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1. Objectives of the Project, Scope of Work and Technical Approach 
Objectives of the Project 
The “Ex-vessel Source Term Analysis” (EVAN) ISTC project includes theoretical and experimental 
research of the processes affecting the late phase fission product release to the PWR containment 
atmosphere at the late stage of the hypothetical severe accident with core meltdown. The main results 
expected to be obtained within the framework of the proposed project are listed below:  
1. Experimental data and numerical analysis of core melt fission product release, applicable to 
different designs of power units, taking into account corium transition from sub-oxidized to fully-
oxidized state and water supply onto the melt surface. 
2. Experimental data and numerical analysis of processes of modeling aerosol transport and 
deposition in primary circuit pipelines at different flow conditions of the medium-carrier, aerosol 
species characteristics. 
3. Experimental data and numerical analysis on how composition of containment sump solution 
and sludge affects content and partitioning of volatile iodine species in the containment atmosphere at 
different temperature, irradiation dose, ambient parameters and covering characteristics. 
The scope of the project may be extended by additional adaptation and validation of computer models, 
continuation of experimental programmes and radiological consequences calculation for selected 
severe accident scenarios. 
This research is a sort of applied investigations. Theoretical and experimental research results can be 
used for computer codes validation for application to new designs, for safety assessment of both 
existing Russian and foreign NPP designs, including probabilistic safety analyses of 2 and 3 level, for 
development of severe accident management strategies and for emergency planning analysis. The 
project features possibility to obtain data directly applicable to new designs of NPP with VVER-type 
reactors  providing severe accident management measures.  
 
Scope of Work and Technical Approach 
  
Task 1. Assessment of results of severe accident sequences modeling 

Task description and main milestones Participating Institutions 
Assessment of results of severe accident sequences 
modeling 
Task Stages: 1) Assessment of results of severe 
accident sequences modeling for different NPP designs 
with PWR or VVER reactors. Justification of initial 
data for experimental investigations. 2) Justification of 
applicability to be obtained experimental data for 
computer codes validation. Preparation of 
experimental programs. 
Tools to solve the task: 1) Results of severe accidents 
modeling. 2) Computer codes 
RATEG/SVECHA/HEFEST, CORCAT, DINCOR, 
KUPOL-M, SCDAP/RELAP, MELCOR. Assessment 
of results of numerical modeling. 

1- SPAEP 
2- IBRAE 

Description of deliverables 
1 Report on initial data for experimental programs for tasks 2, 4, 6 (stage 2) 

 
The goal of the analysis is to determine the parameter ranges within the reactor plant and containment, 
core melt parameters, FP aerosol characteristics, surface boundary conditions at structures and 
equipment, chemical content of containment sump solution, dose rate ranges in the equipment and 
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containment, and other parameters, necessary to develop the final test specification for Tasks 2, 4, and 
6. Participants will also analyze the capabilities of physical models for aerosol generation and transport 
for RATEG/SVECHA/GEFEST. 
 
Task 2. Experimental research on FP release from molten pool/core melt catcher  

Task description and main milestones Participating Institutions 
Experimental research on FP release from molten pool
Work stages: 1) Experimental investigations of low-
volatile fission products release during molten corium 
oxidation. Melt characteristics and composition of the 
FP in question are determined from the results of 
Task 1. 2) Experimental investigations of low-volatile 
fission products release during water supply onto the 
melt surface. 
Tools for solving the task: 1) A set of “Rasplav” 
experimental installations, equipped with aerosol 
sampling system, for studying high-temperature 
phenomena in molten corium. 2) A complex of 
instruments and equipment for tests preparation, 
conducting posttest analyses and processing 
experimental results. The complex includes XRF 
spectrometers, microsizer, mass spectrometer, 
spectrophotometer, auxiliary equipment (crusher, 
microgrinder, laboratory balance, etc.) 

1- NITI 

Description of deliverables 
1 Report on experimental study of low-volatile fission products release during molten corium 

oxidation 
2 Report on experimental study of low-volatile fission products release from molten corium pool 

covered by water layer 
 
A calculated prediction of the main radiation safety objectives during a severe accident requires 
substantiated data, e.g. coefficients of the radiologically significant radionuclides release from molten 
fuel into the environment. At present such data are available for the majority of volatile radioactive FP 
(radioactive noble gases, iodine, Cs, Rb, etc.), which evaporate during the core degradation and molten 
fuel pool formation. The release of such low-volatile FP as Ba, Sr, La, Ce, isotopes of the platinum 
group elements (Ru), lanthanoids and actinoids form a high-temperature molten core pool still has not 
been studied sufficiently due to extremely difficult engineering aspects of experimental investigations. 
For suppressing the FP release, protecting the superstructures from heat radiation from the melt surface 
and increasing the efficiency of corium pool cooling, the core melt catcher (CMC) envisages water 
feeding onto the melt surface after inversion of the oxidic and metallic layers. The resulting decrease in 
radionuclides release into the containment is mainly achieved owing to: 
- capture of a significant part of aerosols by the water layer at bubbling the gas-aerosol flow 
through it, 
- melt surface temperature decrease at the film boiling of water, 
- crust formation at the melt surface. 
At present, there does not exist a unified theory that would describe the mechanisms of evaporation 
from oxidic melts. The complexity of oxidic systems evaporation is that evaporation of few oxide 
follows one chemical pattern (congruously). The majority of data on evaporation have been obtained 
by the classical Knudsen’s method (effusion into vacuum), as well as by high-temperature mass 
spectrometry (a combination of Knudsen’s method with mass spectrometry of the evaporated products) 
and are available for individual oxides. These data are hardly applicable to the multicomponent oxidic 
melts and, correspondingly, to the severe accident conditions. 
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The study FP evaporation from molten corium (Task 2) envisages application of the flow method 
which belongs to the dynamic methods of steam pressure determination. The essence of the method is 
in saturation of the carrier gas passing at a constant rate above the melt (water-flooded, too) with 
vapors of the substance in question. The amount of the transported substance will be determined by 
means of physicochemical analyses. 
The high temperature and chemical activity of the molten ceramic corium place limitations on the 
application of conventional heating methods and crucible materials. The method of induction melting 
in the cold crucible (IMCC) in the RF band has been chosen for producing ceramic melts and 
achieving objectives of the project. 
Characteristic features of the method: 
- internal power in the melt; 
- the presence of a crystallized melt layer (crust) between the melt and the crucible cold wall, 
which prevents mass transfer of the crucible material to the melt. 
This combination of the non-contact heating and the non-contaminating method of oxides melting 
ensures: 
- melt purity as high as that of the initial products; 
- melt superheating above Tliq, chemically active oxidic materials included; 
- melting and long-term maintenance of an oxidic system in molten state in both neutral and 
oxidizing atmospheres; 
- universality and compactness of the melting device. 
The level of experimental investigations is determined to a considerable degree by the available 
material and technical basis. The backbone of the facility are three experimental installations for the 
induction melting of corium in which the IMCC technology is realized at different frequencies of the 
heating current. They allow experimenting with a broad range of corium compositions which differ 
greatly in electrical conductivity when in molten state. The specification of the experimental 
installations are given in Table  1. 

Table  1. Specification of experimental installations. 
Specification Experimental installation 

 Rasplav-2 Rasplav-2/С Rasplav-3 
Molten corium preparation 
method 

Induction melting in the cold crucible (IMCC) 

Installed capacity, kVA 250 250 100 
Melt mass in crucible, kg Up to 5  Up to 10 Up to 2 
Melt temperature,  °С    Up to 3000 
Above-melt atmosphere Air, nitrogen, 

helium, argon 
Air Air, nitrogen, 

helium, argon 
Melt composition Oxidized corium Unoxidized 

corium and steel 
Possible manipulations with melt Ingot production Spreading Ingot production 
Commissioned, year 1988 1995 2002 
The installations are equipped with modern monitoring instruments, including those for measuring the 
melt temperature, electrical characteristics of melting, calorimetry of heat fluxes and the process video 
monitoring. Acquisition, processing and storage of the results of measurements is done using the data 
acquisition and measuring system IIS-R designed and produced by the NITI specialists. IIS-R 
incorporates modern software controlled by the Lab View 5.5 software package. 
The experimental installations are supported by the laboratory equipped with modern instruments for 
physicochemical analyses. 

Table  2  NITI contribution to the EVAN project: suggested experimental. Stage 1. 
 Test Test objective Specifications Notes Time 
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t
a
g
e 
1 

EVAN–FP1 Study of low-volatile 
fission products release 
during molten corium 

oxidation 

Corium composition: UO2 – ZrO2 - Zr, 
U/Zr(at)=1.2, C-32 (specified according 
to the results of Tasks 1 and 2)>C-100, 
Corium mass: 1-2 kg, 
Melt temperature: Tliq+(50-100)C, 
FP: Ru, Mo, Ce, La, Sr, Ba 

Oxidation in air 1-4 
quarter 

Notes: 
- Determination of the FP release coefficients is carried out using stable FP simulators by the 

flow method that envisages measurements of FP concentrations in the melt, gas (steam) flow 
and water layer on the melt surface. 

 
Task 3. Analytical investigation of fission products release from molten pool or 
core catcher.   

Task description and main milestones Participating Institutions 
Analytical investigation of fission products release 
from molten pool. 
Task Stages: 1) Review of modern codes capabilities to 
simulate FP release from molten pool. Justification of 
applicability to be obtained experimental data for 
computer codes validation. 2) Pre tests/post tests 
simulation (in connection with experimental program 
performance). 
Tools to solve the task: High performance computers, 
analytical and numerical calculation models 

1- IBRAE 

Description of deliverables 
1 Report on modeling results of fission products release from molten pool 

 
By now, many physical models of FP release from the molten pool have been implemented in the 
computer codes. They are characterized by the various levels of sophistication, from simplest 
correlation models to mechanistic ones. To do the calculations, it is supposed to use codes 
RATEG/SVECHA (code RELOS, Germany, if provided by counterparts). Experimental data from EU 
Framework Programme LPP project provided by collaborators could be used for additional analysis. 
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Task 4. Experimental study of aerosols transport processes in the primary circuit 
equipment   

Task description and main milestones Participating Institutions 
Experimental study of aerosols transport processes in 
the primary circuit equipment 
Work stages: 1) Final completing and adjustment of 
experimental facilities. Development of research 
procedures. 2) Experimental studies of modeling 
aerosol particles deposition on pipeline surfaces from 
a gas flow and re-entrainment of particles.  
Tools to solve the task: 1) A test facility for studying 
aerodynamics of a "dust-laden flow": distributions of 
velocities, concentrations, and dynamics of deposition 
of aerosol particles (depending on  disperse 
composition of aerosol) on the channel walls and re-
entrainment of particles in the flow,  equipped with an 
online optical monitoring system. A test facility for gas 
cleaning from aerosol impurity. A test facility for 
calibration of the measuring system, adjustment of 
aerosol particle generators and determination of 
spectral composition of the particles. 2) A complex of 
instruments and equipment for experiment 
preparation, performance of post-test analyses and 
processing of experimental results. The complex 
includes: lasers, thermoanemometer, signal analyzers, 
LDA-processor,  PC-based workstations. 

1- CKTI 

Description of deliverables 
1 Report on results of experimental studies  of aerosol particles transport processes in the primary 

circuit pipelines 
   
Fission products deposited at the initial stage of a severe accident in the primary circuit (including 
heat-transfer surfaces of steam generators) can in future enter the atmosphere of the containment or the 
enviontment in case of containment bypass. Account of FP retention in the primary circuit at the initial 
stage of the accident may influence the evaluation of accidental release, which can be both 
overestimated (due to possible additional discharge of deposited FP from the primary circuit to the 
containment atmosphere at a later stage of the accident) and underestimated (in case of reliable FP 
localization within the primary circuit). To forecast the rates of FP leaving the primary circuit surfaces 
(due to resuspension and re-evaporation), it is important to know conditions of aerosol deposition on 
walls of pipelines of different diameters from the steam-gas turbulent flow. Experimental research of 
local problems of particles deposition and resuspension, and processes of FP re-evaporation from 
inside surfaces of the primary circuit will allow more precise definition of characteristics of FP 
entering the containment atmosphere from the primary circuit late in severe accidents.  
Initial stages of the experimental research will be carried out using the available installation that was 
earlier used in experimental study of fluid mechanics and heat transfer in Russian Fissile Material 
Storage Facility cooling pipes. In particular, there is a steel cylindrical channel of 98 mm inside 
diameter, 6.2 m long. Optical windows for flow scanning by laser Doppler anemometers are located in 
four cross-sections along the length. Coordinate devices for flow scanning by wire sensors (thermal 
anemometers and resistance thermometers) are disposed in five cross-sections along the length. All 
measurements are computer-controlled.    
Optical methods as applied to the task under consideration can be successfully used both for measuring 
kinematical characteristics of particles and for fractional analysis of a two-phase flow.  
Kinematical measurements 
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The laser Doppler method is used for kinematical measurements. It permits to measure, with sufficient 
accuracy (of the order of several percent):  
- carrying phase velocity profile, 
- suspended phase velocity profile (for particle size larger than several microns).  
The measuring method is absolute and does not require any calibration. 
The measured velocity range is 0.1…100 m/s.  
 Measurement of both longitudinal and transverse velocity components is possible. Both average and 
pulsating velocity components are measured. The measurements are performed in an online mode.  
The time of traversing the channel diameter is about 1 min. Simultaneous measurements in several (up 
to four) check cross-sections along the pipe length are possible. The tube is supplied with the 
protective glasses. 
CKTI has main measuring equipment units, which does not exclude the necessity of adapting them for 
solution of the problem under consideration. At the same time, adaptation of the experimenta; setup for 
the radial velocity measurements is considered to be unnecessary complex so for the radial flow 
velocity component distribution and its pulsation  characteristics will be measured by three-wire 
thermoanemometer.  
Fractional analysis 
Fractional analysis is understood as measurement of an average size (and, sometimes, also the size 
distribution function) and the volume concentration of particles. Unlike kinematical measurements, 
there is not any optical method today which enables measurements throughout the entire required 
range of particle sizes. Information available at present is not sufficient for final selection of a 
measuring method. As a first approximation, selection of the spectral transparency method (STM) for 
liquid particles  and the particle counter method (PCM) for hard particles seems reasonable. A similar 
solution was used in experiments on the STORM test facility.  
For measurements in flows with particle sizes of up to several microns, optical constants (refraction 
index) of particles must be known.  
STM is absolute method and does not require calibrations, but it is integral (that is, it gives an 
averaged value along the beam path in the medium under study). The use of the method allows 
measurement of a certain combination of size and volume concentration. In some cases, both 
parameters can be measured separately. This depends on particle material and size range. 
PCM has a high spatial resolution (fractions of a cubic millimeter) and allows measurement of a size 
distribution function of droplets. Thus, building of a profile of particle size and concentration over the 
channel diameter is possible. The main drawback of the method is that it is not absolute and requires 
provision of a calibrating apparatus. The exception is performance of relative measurements (e.g., 
piecewise concentration of particles).  
The STM is limited by particles concentration at the lower boundary while the PCM at the upper 
boundary.  
The STM allows online measurements, and the PCM requires a certain time (not more than a minute) 
for measurements at a single point.  
All the above considerations are stated for an assumption that particles have a spherical shape. In case 
the particles  have large deviations from spherical form, special calculations of light dissipation and 
additional experiments on a calibration apparatus will be required.  
Engineering implementation of the fractional analysis methods under consideration will not require 
purchase of any special expensive equipment. All optical methods considered  allow creation of a fully 
automated measurement complex including measurement, traversing and processing of results.  
CKTI has considerable experience both in kinematical measurements of one- and two-phase flows and 
in fractional analysis of two-phase media (in particular, analysis of high-velocity steam flows with 
water droplets of a size from hundredth parts to hundreds microns).  
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Task 5. Theoretical and computer modeling of aerosol transport in the primary 
circuit  

Task description and main milestones Participating Institutions 
Theoretical and computer modeling of aerosol 
transport in the primary circuit. 
Task Stages: 1) State-of-art review of modeling 
capabilities of the processes in question by modern 
computer codes, justification of applicability of the 
expected experimental results for models validation. 2) 
Pretest/posttest calculations (according to the test 
schedule). 
Tools to solve the task: 1) 2D and 3D CFD codes 
coupled with mechanistic aerosol models, 
RATEG/SVECHA/GEFEST code with integral 
aerosol models. 2) High-performance computers. 

1- IBRAE 
2- SPAEP 

Description of deliverables 
1 Short description of model for FP in reactor coolant circuit (PROFIT). Report on modeling results 

for aerosol particles transport in the primary pipelines 
 
Fission products deposited at the in-vessel stage of severe accident in the primary circuit (including 
heat transfer surfaces of steam generators) can be released into containment atmosphere at later stages 
of the accident. Taking into account FP confinement in the primary circuit at the initial stage may both 
increase (due to possible additional resuspension/revaporization of deposited FP from the primary 
circuit to the containment atmosphere at ex-vessel stage) and decrease (due to formation of stable 
chemical compounds with FP at surfaces of primary circuit equipment) FP release. To predict FP 
release rate from surfaces of primary circuit equipment (due to resuspension and revaporization), it is 
greatly important to know conditions of aerosol deposition from steam-gas turbulent flow onto reactor 
plant pipe walls of different diameters. Partly, of the principal interest are the flow characteristics 
(laminar and turbulent flow), fluid density and temperature gradients in the near-wall space for  
analysis of aerosol deposition due to diffusionphoretic and thermophoretic forces. Besides 
experimental investigation of these processes, it is necessary to carry out joint calculations on gas-
dynamical and aerosol models. While modeling the aerosol transport in the real geometry of the 
primary circuit it is necessary to employ such thermal hydraulic models that allow to account for 
Reynolds number change for changing pipeline geometry (e.g. in elbows, and bends). Numerical and 
experimental investigations of local problems related to FP species deposition, resuspension and 
deposited FP revaporization from internal surfaces of the primary circuit will allow better prediction of 
FP release to the containment atmosphere at severe accident ex-vessel stage.  
To model the transport and deposition processes, the hydrodynamics equations with aerosol particle 
dynamics equations will be solved numerically. By now many effective ways to solve hydrodynamics 
equations has been developed. The main problem is to correctly model the turbulent transport 
processes. For this two principally different ways exist. The first approach imply using the Reynolds 
Averaged Navier-Stokes equations (RANS) with semi-empirical constitutive models for turbulence. 
Using this approach, it is possible to build the effective numerical algorithm and to perform 
calculations for complex 3D flows. The main shortcoming of this approach is that the assumption of 
turbulent folws being proportional to the concentration gradients is used (which is not always correct, 
especially for near-wall area) along with not sufficiently accurate modeling of the turbulence 
parameters. 
The other approach is the Direct Numerical Simulation (DNS) turbulence modelling. While using this 
approach, the hydrodynamics equations for turbulent flow are solved at such fine grid so it becomes 
possible to resolve flows for all scales up to Kolmogorov’s turbulence micro-scale. Combined with the 
particle transport modeling, such approach can allow direct calculation of all deposition processes with 
the only external data necessary being aerodynamical particle characteristics and Brownian diffusion 



Project # <No.> Final Project Technical Report Page 13 / 29
 

 
 

coefficient. However, this approach is very demanding for the numerical grids used (number of nodes 
for such grid is about the Re number to the degree of 9/4) which limits is applicability to the relativels 
low Re-number flows. 
The so called Large-Eddy Simulation (LES) approach holds the intermediary position between these 
two approaches. In this approach only relatively large, energy-retaining eddies are explicitly resolved 
at eh grid, while flows with smaller scales (sub-grid) are modeled parametrically. This approcah 
requires significantly less efforts and allows to model the wide range of turbulent flows with minimal 
requirements for empirical constitutive relations. Advantage of this approach compared to RANS is 
that it allows to model with more accuracy the impact of turbulence on the particles behaviour and 
provides more detailed information about turbulence parameters necessary for modeling the particles 
deposition and resuspension. 
SPAEP NPP safety research department and IBRAE have access to the modern high-performance 
computers allowing to use complex and resource-consuming computer codes for necessary 
calculations. 
In IBRAE the aerosol transport processes are modeled with the baseline models implemented in the 
RATEG/PROFIT computer code. The PROFIT models are used for evaluating the fission products 
aerosols and vapours transport within the reactror coolant system and the in-containment source term. 
The PROFIT models are interfaced with RATEG thermohydraulics code. Within this project the Task 
4 experimental data will be analysed with the aid of those models by specialists from SPAEP and 
IBRAE. The 3D models will be used to estimate the limitations of the baseline models and to gain 
independent insights into the modeled processes.  
Thus, for Task 5 realization the hydrodynamics models coupled with aerosol models will be used. 
External boundary conditions necessary for calculations will be chosen based on the results of Task 1. 
Task 5 stages are: (I) analysis of the main processes and the physico-mathematical models for particle 
transport and deposition; (II) calculation and analysis of results; (III) calculations with aerosol kinetics 
models coupled with thermal hydraulic codes, and sensitivity study for different parameters on final 
results. There will be joint work of IBRAE and SPAEP on cross-validation of aerosol transport models 
implemented in the integral RATEG/SVECHA/GEFEST code with CFD-codes. Also analysis of 
experimental date for STORM (JRC Ispra) and PSAERO (VTT) installations is proposed based on 
data provided by collaborators. 
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Task 6. Experimental investigations of containment parameters impact on volatile 
iodine content and correlation  

Task description and main milestones Participating Institutions 
Experimental investigations of containment 
parameters impact on volatile iodine content and 
correlation. 
Task stages: 1) Completing and adaptation of the 
experimental installatios, methodics perfection, 
experimental researches of sludges effect (Fe-
oxyhydrates and silicates) on volatile iodine species 
content and correlation in gas and water phases.   
Tools to solve the task: Autoclave installations with 
sampling for researches of same iodine species and the 
water/gas phase iodine partitioning coefficients in the 
impurities present and the temperature range 20-
1500C, pressure 0,1-0,8 MPa, γ-irradiation-0-5 kGy/h. 
Gamma-radiation, facility RChM-γ-20. Methods and 
sorbents for the determination of iodine species ratio 
in the water and gas phases. Analytical and 
chromatographic methods and techniques for the 
impurities radiolysis products and various iodine 
species detection; ion-selective and red-ox electrodes, 
ionometer, spectrophotometer, gas-liquid-
chromatography, gamma-spectrometry,   iodine 
sensor and other 

1- VNIPIET 
2- NITI (Department 5) 

Description of deliverables 
1 Reports on experimental tests (Information) 
2 Report on experimental researches of sludge effects in water phase on iodine volatility  

 
For assessment of NPP radiation safety under reactor accident conditions and for prediction of volatile 
radioiodine species release it is necessary to have reliable data on main containment parameters and 
impurities in water phase influence on iodide-ions oxidation rate, on iodine partition coefficients 
between water/gas phases, volatile iodine species in gas phase accumulation rate, and on the ratio of 
inorganic/organic gaseous iodine species, particularly during long-term containment conservation 
(post-accident period). 
Among the main factors providing the iodine safety there are the following: supression of gaseous 
iodine species generation, stability of processes of volatile iodine species fixation and trapping, 
accounting for containment parameters and impurities effects on iodine state and volatility. 
Effect of containment parameters, such as temperature, pH and red-ox-potential of water phase, dose 
rate of gamma-irradiation, was researched enough and correctly interpreted. So iodide-ion oxidation  to 
molecular iodine (volatile species)  under gamma-irradiation of aqueous low-acidic solutions depends 
on iodide-ion oxidation by radiolysis water products (mainly OH-radicals), and oxidation rate depends 
on dose rate, solution pH, temperature and iodide concentration. Essential dependence iodide oxidation 
rate from pH was stipulated by participation of H+-ions in competing reaction of radiolytical oxidation 
of ion I- and reduction of I2 by radicals of hydrogen peroxide. Limitation of I2 formation  would lead to 
reducing of generation organic iodides RI (R- alkyl-, aryl), thus mainly two processes influence the 
volatile iodine compounds generation and the ratio of iodine volatile/unvolatile species: water 
radiolysis, molecular iodine and organic iodide generation.  Binding or trapping of elemental iodine 
are more effective processes in comparison with methyliodide where trapping is ineffective. 
The interaction with surfaces in the containment can influence the iodine volatility due to its temporary 
hold-up at the surfaces or due to iodine chemical species change-over owing to reactions with surface 
material components (polymeric paints, steel, sludges). 
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In realistic severe accident conditions sludge including ferric oxides and hydroxides, silicates and gels 
of silicium acid, perhaps boron carbide will be accumulated in the containment sump. These impurities 
can influence the iodine content in the water phase, as they can adsorb and retain the iodide-ions. So 
sludges can act as effective iodine “sinks” and reduce iodine concentration in water phase; 
accordingly, the possibility of iodide-ions oxidation and accumulation of volatile iodine species in the 
gas phase can decrease. Ferric ions (Fe3+) can oxidized of iodide ions in solution ( at low pH), 
therefore iodine behaviour in present of ferric sludges would be predicted with difficulty. 
 These processes have hardly been studied, data on iodine adsorption are scarce, data on iodine sorbing 
behavior are in general not available. It is noteworthy to mention that iodine chemistry and behavior 
under increased temperature  (up to 150-2000C) have not been studied enough and there were problems 
in predicting iodine behavior in realistic accident condition. 
Experimental programme includes the investigations of influence on iodine volatility ferric and silicate 
sludges, at varied proportions m/V, in temperature interval from 25 to 100  0C  , pH – from 7-8 to 5, 
iodine concentration – 10-5-10-8 gat/l, under γ-irradiation and ohne its. 
Ferric oxides sludges impurities are representative for sump water under accident conditions. Ferric 
ions come into water phase by the various types of steel corrosion (mainly carbon steel) and in a state 
of aerosols from corium molten pool (core catcher) (sources – “sacrificial” ferric oxide and structure 
core materials); silicium also can come with aerosols from core catcher (refractory facing) and as 
impurity from construction materials. It is necessary to determine kinetics and sorption degree of 
various iodine species for temperature exposure (20-25; 50; 1000C) and gamma-irradiation (0; 3 
kGy/h). 
Proposing matrix of investigations is given in the Table  3. Experiments are performed in autoclave 
apparatus for researches of iodine mass transfer. Solutions are prepared with high purity water 
(“nanopure”) and addition of boric acid, KOH and HNO3 (for pH regulation), CsI (KI). Inner volume 
of autoclave – up to 2 dm3. 
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Table  3. Proposed matrix of tests on EVAN-project, Task 6   
 

System investigated Medium parameters Test 
code Test purpose Water 

phase 
Sludge 
mass 

CsI 
concentration T, oC рН γ-dose 

rate Atmosph.
Analyzed 

parameters 
Type of 

technique Comment 

I6-B1 0 
2.5 g/l 

0 
~1 kGy/h Argon 

I6-B2 

Determination of effect of γ-
irradiation on sorption by 
sludge and on iodine 
volatility in Ar and air 
atmosphere; investigation of 
process kinetics, impact of γ-
dose 

Water 
– 10 g/l
Н3ВО3 2.5 g/l 

10-5 mole/l 50-60 ~5 ~1 kGy/h
Σ5-10 
kGy 

Air 

рН; Еh; 
concentration 
I−, IO3

−, I2, Fe 
in water phase; 
I2 in gas phase 

pre-test 
and post-

test 

Blank-tests 
with 131I; 
ampoule 
technique 

I6-1 0 
2.5 g/l 10-5 mole/l 50-60 ~5 

I6-2 0 
2.5 g/l 10-5 mole/l 

25; 
95-
100;
150 

~5 

I6-3 

Investigation of process 
kinetics; determination of 
sorption by sludge and of 
iodine volatility depending 
on рН, sludge mass, Т, СI- 

Water 
– 10 g/l
Н3ВО3

2.5 g/l 
5.0 g/l 

10-7-10-8 
mole/l 50-60 4; 5; 

6-7; 8 

~1 kGy/h Air 

рН; Еh; 
concentration 
I−, IO3

−, I2, Fe 
in water phase; 
I2 in gas phase 

pre-test 
and post-

test 

Kinetics 
1-24 h with 

131I; 
ampoule 
technique 

I6-4 

Determination of iodine 
sorption by sludge 
depending on water iodine 
species, рН and Т (no γ-
irradiation). Comparison of 
ampoule and autoclave tests 

Water 
– 10 g/l
Н3ВО3

2.5 g/l 10-4 mole/l 
(CsI, CsI+I2)

50-60
95-
100 

5; 6-
7; 8 

рН; Еh; 
concentration 
I−, IO3

−, I2, Fe 
in water phase; 
I2 in gas phase 

pre-test 
and post-

test 

Ampoule 
technique 

I6-5 

Investigation of iodine 
sorption by sludge and 
sludge components 
depending on content and 
parameters of water phase 

Water 
– 10 g/l
Н3ВО3 
(+5⋅10-

5 
mole/l 
H2O2) 

0 
2.5 g/l 
5.0 g/l 

(H2SiO3, 
FeOOH)

10-4 mole/l 
(CsI, CsI+I2)

25 
50-60
95-
100 

4; 5; 
6-7; 8 

0 Air рН; Еh;  pI-on-
line; 

concentration 
I−, IO3

−, I2, Fe 
in water phase; 
indication of  I2 

in gas phase 

on-line 
pre-test 

and post-
test 

Autoclave 
technique 



January 2006 
This work is supported financially by ISTC  and performed under the contract to the 

International Science and Technology Center (ISTC), Moscow. 
 
 

Experiments in presence impurities and under γ-irradiation can be performed with ampoule 
methodic. VNIPIET is performing experiments without irradiation, NITI – with irradiation. At 
iodine low concentrations (<10-8 mol/l) test are performed with 131I. Solution samples are 
analyzed on iodine total content and ratio of inorganic/organic species. Iodine partition 
coefficients are calculated from experimental results. Experimental autoclave  apparatus would 
be reconstructed and adapted to experimental matrix conditions. Techniques and analytical 
instrumental equipment would be checked and adapted to necessary measurement ranges and 
increased temperatures. Used experimental methods and equipment are given in the Table  4. 
New experimental results on volatility and iodine speciation would be used to iodine behavior 
model for its approximation to realistic accident regimes, also for the assessment of iodine 
environmental source terms for selected accident scenarios. 
 

Table  4.- Methods of iodine analysis 

Phase Component Analytical technique Equipment Sensitivity, 
mole/l 

I− I-selective electrode 
Photometry 

Ion meter ANION-4110 
photocolorimeter KFK-

2MP 

3⋅10-7 
10-6 

IO3
− Photometry Photocolorimeter 10-6 

I2 Extraction, photometry Photocolorimeter, 
spectrophotometer 10-6 

131I (I−, IO3
−, 

IO4
−) 

Radiochromatography  
(frontal chromatography 
at non-organic sorbent) 
Gamma-spectrometry 

Gamma-spectrometer 10-8-10-11 

рН, Еh Potentiometry Ion meter ANION-4110 рН=0.01 
Eh=±1 mV 

Water 

electrical 
conductance Conductometry 

Conductometers 
UPK HJ 98309 
PWT HJ 98308 

 
0.001 μSm/cm
0.1 μSm/cm 

Water ΣFe, 
Fe(III)/Fe(II) 

soluble 
forms 

Analytical techniques, 
photometry, membrane 

filtration 

Photocolorimeter, 
spectrophotometer SF-

2,6 
10-6 

I2 (RI) 
Sorption at filters 

assembly, extraction, 
photometry 

Spectrophotometer SF-
2,6 

1-5 μg of I2 in 
sample 

I2 (RI) Gas chromatography Gas chromatograph 10-9 

131I (R131I) 
Collecting at selective 

sorbents, gamma-
spectrometry 

Gamma-spectrometer 1⋅10-5 Bq/l 

Gas 

I2, HI, CH3I, 
HIO3 

Ion Mobility 
Spectrometry (IMS) 

Ion Mobility 
Spectrometer 
(prototype) 

1 μg in 
sample 
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Task 7. Numerical and theoretical modeling of containment parameters 
impact on volatile iodine species content and correlation  

Task description and main milestones Participating Institutions 
Numerical and theoretical modeling of containment 
parameters impact on volatile iodine species content 
and correlation. 
Task stages: 1)  Iodine model analyses and adaptation, 
choice of parameters and process constants. 2) Pre-
test/post-tests calculation (according to test schedule). 
Tools to solve the task: 1) Containment iodine 
behavior model under accident  conditions, developed 
by VNIPIET/SPAEP. 2) Computer codes for 
calculations of pH and Ered-ox in solution; databases on 
iodine rate and equilibrium constants; published 
experimental and calculation data; proprietary 
unpublished data. 

1- SPAEP 
2- VNIPIET 

Description of deliverables 
1 Preliminary report on iodine model adaptation  
2 Pre-test/post-tests calculation results (information) 

 
The main computer code is based on developed computer model of iodine mass transfer and 
chemical iodine species (I-,I2, IO3

-, CH3I) permanent partition in systems of /water 
phase/steam-gas phase/rooms/equipment surfaces/. Calculations are carried out with the 
available database on rate and equilibrium constants of radiolytical, chemical reactions and 
iodine mass transfer. 
The uncertainty study of the results on volatile iodine species release into containment 
atmosphere is usually performed on the base of mathematical statistics and probability theory 
methods. Uncertainty of results is connected with uncertainty of the values used for constants 
of processes and medium physico-chemical parameters, and also with incompleteness of 
processes and contaminating substances accounted for. Completeness of considered processes 
and contaminating substances in gas/water containment phases is to be estimated. It is 
necessary to range the processes with iodine participation in the containment by their 
significance for iodine release into gas phase, to determine the confidence intervals for values 
used and final calculated results, to carry out the correlation analysis of dependence of volatile 
iodine species release to the containment atmosphere against radiolytical processes with iodine 
participation and iodine mass transfer rate in the containment. 
For pre- and post-tests calculations of effect of water phase impurities on the iodine volatility 
and iodine speciation in water/gas phases, it is necessary to update the iodine model. 
Experimental tests are carried out in steady-state condition without mass transfer in other 
volumes, and at 25 and 500C – without water evaporation and condensation. Types of 
impurities are also limited. Therefore it is necessary to adapt the iodine model to test 
conditions. Numerical simulation of reactions and iodine mass transfer under experimental test 
conditions with database available will be performed. Then the algorithm and computer 
programme for assessment of iodine concentration and its speciation in water/gas phases and 
partition coefficients between phases will be developed. Then pre- and post-tests calculations 
are carried out, from their results the applicability of experimental results for numerical 
modeling is justified, separate factor sensitivity effect is determied, correctness of iodine model 
is estimated and degree of uncertainty of used constants is obtained. Then correction of model 
and computer programme for every tests and for the whole total experimental programme is 
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carried out. Besides the computer model for assessment of radioiodine accident environmental 
source term is developed and used for model calculation, significance of influence of 
impurities and containment medium parameters on iodine concentration in gas phase and on 
iodine accident source term is assessed. 
 

2. Fulfilled work 
 
2.1 Task 1. Analysis of calculation results for severe accident scenarios. 
 
This report presents principal results of implementation of MNTC Project #3345, Task 
1, for quarters 1-Х, 2007. The work is executed in FSUE "SPAEP”, Saint-Petersburg. 
The research was focused on analyses & evaluation of beyond design basis severe 
accidents at NPP-91 featuring VVER-1000 reactors, and designed to be a basis for 
experiments underway.   
 
2.2  Task 2.  Experimental studies of the low-volatile fission products release 
at the oxidation of suboxidized molten corium. 
 
The present work has been performed in the framework of the project entitled “Ex-
vessel Source Term Analysis”. Application of the flow method has yielded 
experimental data on the release of low-volatile fission products (FP), uranium and 
zirconium from molten corium at different temperatures and degrees of melt oxidation. 
Partial pressures of components have been studies using high-temperature mass 
spectrometry. 
 
2.3   Task 3. Analytical investigation of fission products release from molten 
pool or core catcher . 
 
 
Molten corium is a very complex high-temperature melt which consists of molten fuel, 
construction materials (CM) and fission products (FP). In order to describe releases of 
these substances from the molten corium pool it is necessary to describe two-phase 
system: melt-gas. Experiments show that in fact the melt itself can split into metal 
phase and oxide phase, i.e. the system has three phases. 
We expect that FPs and CMs will evaporate from the open surface of the melt. In the 
case of corium in the core-catcher, corium can interact with concrete which may lead 
to appearance of gas bubbles but our models are applicable only to corium at the 
bottom of the reactor vessel where no bubbles expected. 
At present time two models of FP and CM output are being developed. The first model 
is based on the assumption that liquid phase can be considered as an atomic mixture 
with equilibrium state described in terms of the regular solution model. Equilibrium 
pressures of single-atomic gases over such liquid are considered, and the release 
rates are calculated using phenomenological Langmuir model. In the other model, 
equilibrium state of the melt is considered in terms of semi-ideal molecular solution 
model, and two-phase («liquid-gas») equilibrium is evaluated taking into account the 
(given) composition of atmosphere over the melt. For simplicity, all kinetic processes, 
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such as condensed-phase and gas-phase diffusion are neglected, and the rates of FP 
releases are proportional to partial pressures of FP-bearing gases and to the (given) 
flow rate of the gas mixture over the melt. In both models the possibility of corium 
splitting into metal and oxide phases is neglected. 
 
2.4  Task 4. Experimental study of aerosols transport processes in the 
primary circuit equipment 
 
The research has been carried out within the framework of the project on Ex-vessel 
Source Term Analysis. Experimental data have been obtained the characteristics of 
aerosol deposition and resuspension in a riser with ascending air. The investigations 
of deposition have been performed on liquid aerosol and solid aerosol and those of 
resuspension – on solid aerosol. Optical methods as well as number of other 
measurement procedures have been used for measuring flow velocity, size and 
concentration of aerosol particles.  
 
2.5   Task 5. Theoretical and computer modeling of aerosol transport in the 
primary circuit 
 
This report presents principal results of implementation of MNTC Project #3345, Task 
5, for quarters 1-4, 2007. The work was executed in FSUE "SPAEP”, Saint-
Petersburg. 
The research was focused on analyses & evaluation of beyond design basis severe 
accidents at NPP-91 featuring VVER-1000 reactors, and designed to be a basis for 
experiments underway.   
 
2.6    Task 6. Experimental investigation of containment parameters impact 
on volatile iodine species content and correlation 
 
The work has been fulfilled within the framework of ISTC project #3345 "Ex-vessel 
Source Term Analysis". There have been received the experimental data on volatile 
iodine forms release in gas phase at thermal and radiolytic oxidation of iodide ions in 
aqueous mediums in the range pH 4-8, temperature – 30-120(150) oC, in the 
presence of admixture sludge containing FeOOH and in its absence. It was assessed 
the influence of water quality on the volatile iodine forms release. 
 
2.7 Task 7. Numerical and theoretical modeling of containment parameters 
impact on volatile iodine species content and correlation 
 
Work is executed within the limits of project ISTC #3345 "Ex-vessel Source Term 
Analysis". The version of iodine module are created and the calculation program for 
severe accident code modelling behaviour of iodine forms in containment of WWER 
reactors at a chemical stage of accident with destruction of core. On the basis of 
autoclave experiments results on influence of temperature, рН and gamma irradiations 
on formation of volatile iodine forms in water solution of iodide-ion and their output in 
gas phase verification of the created calculation code is lead, including the same at 
presence iron hydroxide sludge in water phase. 
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Abstract 
This report presents principal results of implementation of MNTC Project #3345, 


Task 1, for quarters 1-Х, 2007. The work is executed in FSUE "SPAEP”, Saint-Petersburg. 


The research was focused on analyses & evaluation of beyond design basis severe 
accidents at NPP-91 featuring VVER-1000 reactors, and designed to be a basis for 
experiments underway.   
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Part 1. Radioactive Releases during Severe Beyond-Design-Basis 
Accidents at Nuclear Power Plants with VVER Reactors 


Introduction  
The present report has been within the framework of Task 1 “Analysis of 


calculation results for severe accident scenarios”, ISTC Project #3345.  
According to the work plan, Task 1 is carried out to analyze calculation results for 


severe accident scenarios applied to various designs of nuclear power plants with 
pressurized water reactors and to determine boundary conditions for experimental 
programs.  


The report describes approaches to design calculations of radiological consequences 
of severe beyond-design-basis accidents and to establishing radiological acceptance criteria 
for nuclear power plants with VVER reactors. The analysis of design approaches is 
performed to determine the degree of conservatism of design approaches, to define main 
uncertainties, to minimize them using best estimate codes and to confirm the adequacy of 
the models by experimental findings.  


The report also gives typical values of parameters inside the containment, which are 
needed to determine parameters for experiments to be carried out for Tasks 2, 4 and 6 of 
the Project. 


 


Classification of Accidental Releases 


PSA-2 for the design NPP-91 (VVER-1000) is performed using the accidental 
release classification presented in Table 1.  


Final states of protective barriers/localizing systems at the end of the first day of the 
accident have been listed based on the preformed PSA-1/PSA-2 and the additional analysis 
of probability estimates for failures of protective barriers. Probability of radiological 
releases for these conditions has been estimated (Table 2). Unlikely combinations were 
discarded from the analysis; the value of 10-11 1/year was used for frequency screening. 


For conditions associated with the efficiency of FP localization inside the 
containment (LOCA), the results of the accidental release analysis for reference nuclides 
xenon-133, iodine-131, and cesium-137 released during the first day of the accident are 
shown in Diagram 1. For comparison, the Diagram also shows release levels (R0÷R3) for 
iodine-131 and cesium-137 as their groups by and large account for the predicted level of 
public exposure. The additional scale shows the probability of formation for these 
categories of releases, in 1/reactor⋅year: R0 — 1.2E-05 (conditions contributing less than 
1% of the total probability are not shown); R1 — 6.4E-08; R2 — 1.2E-08, R3 and R4 —
2.9E-9 (without considering 3-LR conditions). 


The level of uncertainty of the existing calculation models and the level of 
sensitivity of the end result to the variations of the corresponding parameters for various 
groups of physical phenomena have been estimated within PSA-2. The results are shown in 
Table 3. 


Accidents characterized by lasting non-isolable primary-to-secondary-circuit leaks 
accompanied by fuel melting (state 3-LR) make main contribution to the probability of 
releases at levels R3 and higher. The higher conservative estimate of accidental release 
formation for this condition gives a value of 4.8E-08 1/reactor⋅year. 
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Table 1 - Classification of accidental releases within PSA-2, NPP-91 
 Accident category Emergency release category according to PSA-2, NPP-91 
No. On scale for operating 


Russian NPPs [22] 
On scale INES [39]  
(According to Chinese NTD [31])
 


Release 
categor
y 
 


Releases of I-
131 and Cs-137 
for the first day 
after the 
accident 


Required scope of protective 
measures for population living 
near NPP  


1 А04: within NPP SCPA the 
main dose limit level for 
population 1 mSv/year is 
exceeded  


Level 4: minor releases - accident mainly at the site 
without major off-site risk 
(Significant accident) 


“R0” Less than 
0.001% core 
inventory 
(Less than 0.1 
MAR) 


Urgent protective measures for 
population (shelter, closing of 
windows and doors, iodine 
preventive maintenance) is of 
low possibility  


2 А03: outside the NPP SCPA 
the criteria lower level is 
exceeded for undertaking 
the urgent decisions at 
accident initial stage. 


Level 5: limited release – “accident with off-site risk”. 
External release of radioactive material (in quantities 
radiologically equivalent to the order of hundreds to 
thousands of terabecquerels of iodine-131).  
(Maximal credible accident) 


“R1” 
 


Up to 0.01% 
core inventory 
(up to LAR) 
 


5 km area: shelter, closing of 
windows and doors, iodine 
preventive maintenance within 
a 5 km radius 
 


3 А02: outside the NPP SCPA 
the criteria upper level is 
exceeded for undertaking 
the urgent decisions at 
accident initial stage 


Level 5  
 
 


“R2” 
 


 Up to 0.1% 
core inventory 
(up to 10 LAR) 
 


Iodine preventive maintenance 
for population in 30 km area  
Temporary relocation near the 
plume area within 25 km. 
Temporary evacuation of large 
masses of population within 25 
km is not very probable. 


4 А02 
 


Level 6: significant release - serious accident. External 
release of radioactive material (in quantities 
radiologically equivalent to the order of thousands to 
tens of thousands of terabecquerels of iodine-131). 


“R3” Up to 1% core 
inventory 
(up to 100 LAR) 
 


Temporary evacuation of large 
masses of population is 
probable 
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 Accident category Emergency release category according to PSA-2, NPP-91 
No. On scale for operating 


Russian NPPs [22] 
On scale INES [39]  
(According to Chinese NTD [31])
 


Release 
categor
y 
 


Releases of I-
131 and Cs-137 
for the first day 
after the 
accident 


Required scope of protective 
measures for population living 
near NPP  


5 А01: acute radiolesions of 
population are possible, as 
well as break of their health 
and contamination of large 
area with radioactive 
materials. Trans-boundary 
transfer of radioactive 
materials is possible. 
Lasting effects on 
environment. 


Level 7: major release - major accident. External 
release of a large fraction of the radioactive material 
from the core (in quantities radiologically equivalent to 
more than tens of thousands of terabecquerels of 
iodine-131).  
 


“R4” More than 1% 
core inventory 
(More than 100 
LAR) 


Exclusion area is more than 
several tens to hundreds 
kilometers 
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Table 2 List of the final states for protective barriers/localizing systems 
No. Code P Description of CET end states  
1 Leakages out from containment (including accidents with shutdown reactor) 


1.1 1LR 5.8E-6 Fuel rods untightness does not exceed safe operation limit 
(small breaks) 


1.2 3LR 4.8E-8 Fuel melting 
2 Leakages to containment, up to 100% of fuel rods un-tightness 


2.1 2L-C11-IO-
C2O 8.8E-6 


Kept function of pH control; design level of secondary 
containment localization 
Reference scenario of LOCA-type under DBA conditions 


2.2 2L-C11-IO-
C2F 1.1E-7 Kept function of pH control; failure of the secondary 


containment  


2.3 2L-C11-IF-
C2O 3.2E-8 Failed function of pH control; design level of secondary 


containment localization  


2.4 2L-C11-IF-
C2F 5.0E-10 Failed function of pH control; failure of the secondary 


containment  
2.5 2L-C15-IO 3.0E-9 Containment bypass; kept function of pH control 


3 Leakages to containment (including accidents with shutdown reactor), up to 100% of fuel 
melting  


3.1 3L-C11-IO-
C2O 2.7E-6 


Pressure inside the primary containment is not higher than 
0.49MPa; kept function of pH control and design level of 
secondary containment localization  


3.2 3L-C11-IO-
C2F 2.4E-8 


Pressure inside the primary containment is not higher than 
0.49MPa; kept function of pH control and failure of the 
secondary containment 


3.3 3L-C11-IF-
C2O 7.4E-9 


Pressure inside the primary containment is not higher than 
0.49MPa; failed function of pH control; design level of 
secondary containment localization  


3.4 3L-C11-IF-
C2F 8.8E-11 


Pressure inside the primary containment is not higher than 
0.49MPa; failed function of pH control and failure of the 
secondary containment 


3.5 3L-C12-IO-
C2O 3.7E-8 


Scenarios with slow increase of pressure inside the containment. 
Containment tightness failure at ex-vessel phase. Pressure does 
not exceed 0.7MPa during the first day; kept function of pH 
control and design level of secondary containment localization  
Reference scenario of LOCA-type under DEC conditions 


4 3L-C12-IO-
C2F 2.4E-10 


Scenarios with slow increase of pressure inside the containment. 
Containment tightness failure at ex-vessel phase. Pressure in the 
primary containment is up to 0.7МPa, kept function of pH 
control and failure of the secondary containment 


5 3L-C12-IF 1.4E-10 


Scenarios with slow increase of pressure inside the containment. 
Containment tightness failure at ex-vessel phase. Pressure in the 
primary containment is up to 0.7МPa, failed function of pH 
control 


6 3L-C13-IO 4.1E-9 


Scenarios with slow increase of pressure inside the containment. 
Containment tightness failure at ex-vessel phase. Pressure does 
not exceed 0.7MPa during the first day; kept function of pH 
control 
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No. Code P Description of CET end states  


7 3L-C13-IF 1.5E-11 


Scenarios with slow increase of pressure inside the containment. 
Containment tightness failure at ex-vessel phase. Pressure does 
not exceed 0.7MPa during the first day; failed function of pH 
control 


8 3L-C14 1.4E-9 
Scenarios with slow increase of pressure inside the containment. 
Early containment failure related with loss of tightness or 
strength (hydrogen explosions, steam explosions) 


9 3L-C15 9.5E-10 Failure of containment isolation system 
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Fig. 1 Point estimate diagram showing accidental releases of reference nuclides for various states of protective barriers/localizing systems 
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Table 3 Main sources of uncertainties of accidental release estimates 
 


Group of phenomena Uncer
tainty 


Sensitivity Note 


Accumulation of fission 
products and actinides in fuel 


Н  С Calculation of fission products accumulation is performed according to the verified methodic 
analogous to international ones. Sensitivity level of results for analysis performed in frames of 
PSA-2 decreases if using the relative scale for release level comparison. 


Release of FP from fuel 
(including the effects of 
oxidizing) under heating and 
melting 


Н-С С-В Uncertainty for fuel model of VVER is related with evaluation of release of Ru forms and effects of 
fuel oxidation on fission products release. Sensitivity level is decreased when reference nuclides 
releases are assessed. 


Aerosol transport and retention 
in the primary circuit  


С-В С-В For analysis of severe accident consequences with containment bypass related with significant 
releases. 


Release of low volatile FP 
from molten pools (in-vessel) 


В С According to results of the performed PSA-1 and PSA-2 for NPP-91 contribution of accidents with 
long-term retention of melt in the RPV is insignificant. Consequences of possible measures to 
control accidents are evaluated conservatively.  


Release of low volatile FP 
from molten pools at the ex-
vessel stage (including during 
inetraction with concrete) 


С  Н TNPP design envisages a core catcher preventing core-concrete interaction and decreasing aerosol 
release at ex-vessl accident stage. 
 


Aerosol behaviour in the 
containment 


Н-С С-В The main uncertainties are related with description of aerosol behavior in containment atmosphere 
under failure of safety system. Besides, in order to exclude effects of thermodynamic conditions in 
rooms, calculations are performed for the referenced scenario where aerosol removal from room 
atmosphere (not starting spray system, emergency bubbler, etc.) is considered only due to 
Brownian and gravity coagulation and gravitation sedimentation. 


Iodine chemistry Н-В С-В Lower level of uncertainty is characteristic for description of iodine forms behavior under 
conditions of pH maintaining in containment. High uncertainty level for organic forms and 
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Group of phenomena Uncer
tainty 


Sensitivity Note 


molecular iodines behaviour with no pH control and also for filtering efficiency for these species. 
High sensitivity of results to parameters determining release of organic iodine forms. Conservative 
assumptions were used in the analysis. 


Release routs and failure mode 
effects  


С В The main modelling uncertainties are related with evaluation of thermalhydraulic conditions inside 
the containment, evaluation of possible loads and analysis of localizing systems failure. 
Sensitivity level of results is related to parameters determining leak rate and mode of containment 
leakage, especially for accident scenarios related to pressure increase over 0.49 MPa. 
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Severe Accidents Associated with Primary Leaks within Containment 
(LOCA) 


Analysis of radiological consequences of severe beyond-design-basis accidents 
characterized by slow growth of pressure inside the containment (with total probability of 
limiting accidental release being at a level of 10-7 1/year) is made in the designs of nuclear power 
plants with VVER reactors for developing a plan of measures to be taken for the protection of 
population and for determining the size of the obligatory (emergency) evacuation/protective 
measures planning zone and of the monitoring zone. 


 


Calculation Model, Input Data  
During accidents characterized by fuel destruction, the most difficult task consists in 


localizing within the plant radioactive matter released inside the containment in considerable 
quantities. 


This section describes the method of calculating radioactive accidental releases and the 
model of FP behavior inside the reactor plant and the containment, which are used to estimate 
radiological consequences of severe accidents for the design NPP-91 (VVER-1000). 


Calculations estimating the character of FP behavior inside the containment («in-
containment accident source term») and FP releases from the primary containment to the 
secondary containment and to the environment have been performed taking into consideration: 


• calculation results showing FP content in the core at the moment of RP trip (as of the 
end of steady-state fuel loading) using the code “Radionuclide” [3]; 


• recommendations for selecting reference source term (RST) to be taken into account 
in the NPP design when developing a package of measures for the protection of 
population in case of a severe accident at power unit [4, 5];  


• recommendations of the Russian Research Centre “Kurchatov Institute” concerning 
FP release from irradiated dioxide fuel, which are based on the latest experimental 
data on FP release during high-temperature tests of irradiated FE fragments [6]. 


For estimating FP release from fuel and FP redistribution within monitored spaces of the 
containment (reactor with main circulation circuit, containment atmosphere and sumps, core 
catcher), fission products are divided into seven groups according to their physical and chemical 
properties: 


• group I – inert radioactive gases; 
• group II – iodines and bromes: volatile; for certain forms the elements have high 


mass-transfer coefficients as, for example, molecular iodine and/or organic 
compounds; 


• group III – cesium, rubidium: volatile; 
• group IV – Te, Se, Sb: less volatile, characterized by considerable coefficients of 


release from fuel in the process of melting, oxidation and evaporation;  
• group V – Sr, Ba: non-volatile, characterized by considerable release during melting 


and by a practically total absence of release during oxidation and evaporation of fuel; 
• group VI – Ru, Rh, Rd, Mo, Tc: properties of the elements are characteristic of the 


group of noble metals; the elements are characterized by considerable coefficients of 
release from fuel in the process of oxidation;  


• group VII - Zr, Nb, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Np, Pu: the elements are 
characterized by extremely low coefficients of release from fuel in the process of 
melting, oxidation and evaporation; apart from fission products the group also 
includes actinoids. 
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• The performed calculations distinguish between aerosol (CsI) and volatile forms of 
iodine (I2, CH3I). Their ratio is determined taking into consideration pH control 
inside the containment. 


• Main fission products that determine levels of public exposure caused by accidents at 
nuclear power plants with VVER reactors are: 


• gaseous fission products - Xe, Kr,  
• volatile forms of fission products –   I2, CH3I, RuO4 
• aerosols – CsI, Te, Sr, Mo, La, Ba, Ce. 
Content and contribution of main fission products to total activity in the VVER reactor 


core are given in Table 3. 
Table 3. Contribution of main fission products to total activity (VVER) 


Element Mass, % Activity, Тrelease = 
0 day, % 


Activity, Тrelease = 
30 days, % 


Xe 0.44 3.9 0.4 
I 0.02 5.2 0.7 


Cs 0.2 3.5 1.3 
Ru 0.19 1.7 9.7 
Sr 0.07 4.2 6.7 
Mo 0.27 3.9 0.01 
Ba 0.14 4.4 2.9 
Ce 0.23 3.3 15.3 
La 0.1 4.8 0.0 


total 1.7 35 37 
 


Effective dose during the first ten days of the accident is mainly formed by iodine 
radionuclides and inert radioactive gases due to external irradiation from the radioactive cloud 
and internal irradiation during inhalation. Radioactive iodine accounts for the total exposure of 
the critical organ – the thyroid gland. The annual dose is mostly formed by long-lived aerosols 
(Cs-134, Cs-137) deposited on the ground surface.  


Terms used in this Section correspond to those used in documents [4, 5]. 


Results of Modeling of Main Thermal-Hydraulic Processes  


Main uncertainties encountered in calculating fission product release at in-vessel stage of 
a severe accident (“in-vessel sources”) are associated with the estimate of heating rate of fuel 
during intensive Zr oxidation, determination of the maximum temperature and duration of fuel 
melting. To provide a better description of the dynamics of FP release from fuel during heating 
and degradation of the core, a more detailed analysis of parameters at the initial stage of a severe 
accident has been performed using the computation code RATEG/SVECHA/GEFEST [31] in 
accordance with recommendations [5, 6]. Radial and axial profiles of energy release distribution 
in the core are taken into consideration in order to make a realistic estimate of fuel temperature 
distribution. Main calculation results are given in Table 4. 


 
Table 4 – Results of Modeling of Main Thermal-Hydraulic Processes Carried out Using Russian 
Computation Codes RATEG/SVECHA, KUPOL-М 


Computed parameters  SBO Dy25+SBO Dy346+SBO 


Beginning of FE cladding failure 
(temperature rising above 8000С), s  


 
14500-14700 


 
14500-15050 


 
1300-1600 


Rate of fuel heating due to residual 
heat, 0С/s 


0.23-0.75 0.51-1.15 0.68-1.35 
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Beginning of intensive Zr oxidation 
(temperature higher than 1200 0С), s  


16200-21700 15500-17200 1600-2300 


Rate of fuel heating caused by Zr 
oxidation, 0С/s: 


   


- as of beginning of steam-zirconium 
reaction (peak values) 


2.61-14.4 2.26-5.76 1.92-6.48 


- further fuel heating 0.2-1.03 0.18-0.87 0.39-1.33 
Beginning of core melting, s 16500 - Zr 


17500 - UO2 
15600 - Zr 
16700 - UO2 


2400 - Zr 
3700 - UO2 


Maximum temperature of melt, 0С  2620 2600 2600 
Core degradation stage (molten 
zirconium moves to the lower core), 
s 


16500-21900 15600-18800 2400-2700 


Beginning of vessel breakdown, s 29000-32000 29000-33000 7000-9000 
End of melt release from reactor 
vessel to core catcher  


 
32000-35000 


 
32000-36000 


 
10000-12000 


End of formation of zirconium oxide 
crust, supply of water onto corium 
melt from above 


 
34000-37000 


 
34000-38000 


 
12000-14000 


Pressure inside containment reaches 
its maximum design value (0.49 
МPа), s 


 
50 000 - 54 
100 


 
46800-52800 


 
37 800 – 43 
200 


 
Emergency gas removal system for SBO and Dnom25+SBO accidents helps in some 


degree to localize aerosols released to the containment atmosphere from the main circulation 
circuit from the bubbler. Accident scenario Dnom346+SBO with maximum rate of FP release 
inside the containment and then to the environment as a result of containment leakiness is 
adopted for calculations performed to estimate RST and the corresponding accidental releases to 
the environment (“radiological release to the environment”): 


Egress of fission products contained in coolant 
and FE gas gap from main circulation circuit to 
containment following FE failure  


1 800s (0.5 h) 


Egress of fission products from main 
circulation circuit to containment due to fission 
product release caused by fuel heating and 
melting 


  
1 800s  to 7200 s  
(0.5 h  to 2.0 h) 


Reactor bottom breakdown 7 200s (2.0 h) 
End of melt release from vessel to core catcher  10 200 s (2.83 h)  
End of formation of zirconium oxide crust, 
supply of water onto corium melt from above 


 
12 200 s (3.4 h) 


Pressure inside containment reaches its 
maximum design value of 0.49 МPа 


 
37 800 s (10.5 h) 


Pressure inside containment reaches its 
maximum value  0.65 МPа 


 
86 400 s (24 h) 


 
Based on the performed thermal-hydraulic calculations (Table 1) the duration of the 


initial phase of the accident (“gap release phase”) is taken to be equal to 0.5 h, early in-vessel 
phase 1.5 h, and ex-vessel phase 1.4 h. In accordance with recommendations [4] the duration of 
the late in-vessel phase is taken to be equal to 10 h.  
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FP Activity in the Core  


Calculations of FP and actinoid buildup in fuel for the end of steady-state fuel loading of 
reactor plant WWER-1000 [3, 8] were performed when developing the design NPP-91.  


Calculations of FP content in FE gas gap during power unit operation under steady-state 
loading conditions [1] have been performed using the code RELVVER [10]. 


FP Release to Containment  


In-vessel phase of accident  
Studies of FP behavior during severe accidents at LWR plants carried out in the last 30 


years [4, 5] and analysis of results of direct experiments with fragments of irradiated fuel [6] 
conducted in Russia, have shown that coefficients of FP release from fuel during fuel heating 
and melting at in-vessel phase can still be determined more exactly. More exact determination of 
these values is a major step in making a realistic estimate of RST and radiological consequences 
of severe accidents at nuclear power plants constructed according to the design NPP-91.  


It has been found [5] that up to the beginning of intensive Zr oxidation there occurs no 
considerable FP release from fuel and that there is practically no FP release from fuel in the 
melting range (“hold time at melt”). It is recommended that for a realistic estimate of an “in-
vessel source”, only calculation results for FP release in Zr oxidation area should be used, while 
computed FP release in fuel melting area (for example, values calculated using the code 
CORSOR-M in the package MELCOR) should be excluded.  


These conclusions are confirmed by the results of direct experiments with fragments of 
irradiated fuel [6] conducted with the heating of the experimental fuel elements. For instance the 
experiments with fragments of irradiated fuel with 9.6 МW.day/kg U have shown that: 


• when temperature rises to 1660°С release of cesium-137 is 5%, 8%, 10% (of the 
amount accumulated in fuel), heating rate being 43°С/min, 34°С/min and 12.8°С/min 
respectively; hold time of about 50 minutes at the reached temperatures increases 
release from fuel to 6%, 8.7% and 10.2% respectively, heating rates being 43°С/min, 
34°С/min and 12.8°С/min.; 


• release of Kr-85 and Cs-137 from sample fuel elements with temperature reaching 
2000°С  (2100°С) at a rate of 12.8°С/min and with 120 min hold time at this stable 
temperature is 88%(94%) and 55%(63%) respectively. 


Despite the lack of direct experimental data on fuel heating under conditions similar to 
those observed during an accident (heating at a rate of about 10С/s during approximately 1500 s 
to 25000С and holding at this temperature during 1.5 h), according to recommendations for 
simplified estimate of a “source”, this report with high probability adopts for in-vessel phase 
experimental coefficients of FP release to containment for elements of groups I, II, III [12]. For 
the other groups of elements (groups IV-VII) upper level of FP release to containment is adopted 
as recommended in publications [4, 5] for PWR under low-pressure conditions in the primary 
circuit system during intensive zirconium oxidation. FP release values are given in Tables 3 and 
4 where they are compared with values recommended for PWR. 


According to the adopted approaches [4], FP release to containment originated at the in-
vessel phase of the accident is studied in Table 5 for three periods: failure of FE cladding and 
initial fuel heating (“gap release”), early in-vessel phase and late in-vessel phase. To estimate FP 
release to the containment at the initial stage of an accident (during the first 0.5 h), the FP release 
value is taken to be 4% of the quantity contained in fuel for inert radioactive gases, iodines and 
cesium taking into consideration recommendations [4], as the release of long-lived nuclides of 
elements of these groups from FE gas gap is approximately 1% [9]. 


In addition, the following conditions are postulated for FP release inside containment: 


• constant FP release rate during each of the indicated phases of accident [4]; 
• content of volatile forms of iodine being 5% of total release [4]; 
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• constant release rate of elements of group IV (Те, Sb) simultaneously with elements 
of the other groups [5]; 


• release of Ru in the form of volatile compounds (oxides RuO3; RuO4) [5,13]. 
 
Table 5 – FP release inside containment originated during in-vessel release phase 


In fractions of content in fuel


Group  NPP-91 NUREG-1465 [4] 
 Initial 


period 
Early 
in-
vessel 
period 


Late in-
vessel 
period 


In-
vessel 
phase 


Initial 
period 


Early in-
vessel 
period 


Late in-
vessel 
period 


In-
vessel 
phase 


 (“gap 
release”) 


   (“gap 
release”) 


   


I  0.04 0.96 - 1.0 0.05 0.95 - 1.0 
II 0.04 0.55 0.1 0.69 0.05 0.35 0.1 0.45 
III 0.04 0.55 0.1 0.69 0.05 0.25 0.1 0.35 
IV  - 0.50 5.0 Е-3 0.505 - 0.05 5.0 Е-3 0.055 
V  - 0.02 - 0.02 - 0.02 - 0.02 
VI  - 2.5 Е-3 - 2.5 Е-3 - 2.5 Е-3 - 2.5 Е-3 
VII  - 5.0 Е-4 - 5.0 Е-4 - 5.0 Е-4 - 5.0 Е-4 
Duratio
n of FP 
release, 
s 


1800 
(0.5 h) 


5400 
(1.5 h) 


36000 
(10 h) 


43200 
(12 h) 


1800 
(0.5 h) 


4680 
(1.3 h) 


36000 
(10 h) 


42480 
(11.8 h)


 
Ex-vessel phase of accident 


For the design NPP-91, FP release inside the containment during ex-vessel phase is 
expected to be very inconsiderable, as the core catcher prevents interaction between melt and 
concrete and ensures quick melt chill-down. Release of FP and actinoids from melt during the 
formation of molten pool in the core catcher is limited due to oxidation of zirconium contained 
in the metal melt and formation of zirconium oxide crust on the metal surface at surface 
temperatures lower than 28000С, which prevents FP evaporation. The layer of water supplied 
onto the oxide melt surface after melt inversion in the core catcher considerably reduces aerosol 
and FP release from the corium during ex-vessel stage of the accident. Recommendations 
NUREG-1465 [4] for corium-concrete interaction conditions are given for comparison in Table 
6. 


The estimates are based on the assumption that by the moment when corium enters the 
core catcher the virtually all inert radioactive gases and more than 60% of iodine and also cesium 
have already been released from the melt. Further release of these elements from the melt is 
hindered [5]. Release of elements of groups IV, V and VII is taken according to experimental 
data [14, 15]. 


Considerable uncertainty still remains for the release value of ruthenium both in the 
process of molten pool formation in the reactor vessel and in the core catcher because of the lack 
of representative experimental data [5, 6]. For RST estimate, release of ruthenium during ex-
vessel stage is taken to be at the level recommended [4] for conditions of melt-concrete 
interaction. Levels adopted for the calculations are shown in Table 6, in which they are 
compared with values recommended for PWR.  


 
Table 6 – FP release inside containment at various phases of accident 


In fractions of content in fuel 
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  In-vessel phase*/ Ex-vessel phase 
Grou
p  


Elements  NPP-91  
 


NUREG-
1465 [4] 


IAEA-
TECDOC-
1127 
[5]**/ 


NPP-91 
 


NUREG-
1465 
[4]****/ 


I  Inert radioactive 
gases 


0.95 0.95 0.51 - 0 


II iodines, bromes 0.65 0.45 0.51 - 0.25 


III cesium, 
rubidium 


0.65 0.35 0.51 - 0.35 


IV  Te, Se, Sb 0.505 0.055 0.51 7. Е-3 0.25 
V  Sr, Ba  0.02 0.02 0.002 2.Е-4 


 
0.1 


VI  Ru, Rh, Rd, Mo, 
Tc  


2.5 Е-3 2.5 Е-3 7.E-7 2.5 Е-
3***/ 


2.5 Е-3 


VII  Zr, Nb, Y, La, 
Ce, Pr, Nb, Pm, 
Sm, Eu, Np, Pu  


5.0 Е-4 5.0 Е-4 2.E-7 2.0 Е-5 5.0 Е-3 


Note 1: 
*/ Without considering FP release during initial period (“gap release”). 
**/ Recommended for determining RST as best estimate for PWR.  
***/ Adopted according to data NUREG-1465 due to lack of experimental data. 
****/ Provided that melt interacts with concrete. 


 
Uncertainties in estimating FP release from fuel  


The adopted rates of FP release from fuel into containment for NPP-91 remain rather 
conservative as compared with recommendations [5] due to the lack of a representative 
experimental database both for high-temperature tests with fragments of irradiated fuel elements 
with fuel UO2 and for melt chill-down. Main uncertainties remain in the estimates for elements 
of group VI (Ru), for which the experimental findings are rather inconsistent [5, 6].  


Ruthenium is oxidized at high temperatures and forms RuO2, RuO3, RuO4. The oxidation 
is performed with the О2 present and do not observe in the steam environment. RuO2 is the solid 
compound and is decomposed at the temperatures above the 1500оC. RuO3, RuO4 are the volatile 
gaseous oxides. RuO3 is the unstable compound decomposing at the temperatures below 900оC. 
RuO4 at the temperature below 100оC in the humid air is decomposed into the RuO2 with decay 
time about 5 hours and has the boiling point at 40оC.  


During LOCA severe accident conditions for the VVER-1000 based NPPs, the RuO4 
formation is possible only during contact of the fuel melt with the air environment of the reactor 
cavity during the reactor pressure vessel melt-through and the core melt relocation to the core 
catcher. The core melt relocation phase is no more than one hour. At in-vessel stage and after 
core melt relocation, the contact of the Ru with О2 is practically excluded.  


The RuO4 released from the reactor plant will remain in the gaseous form in the 
containment, while it can be intensively bound by the polymeric coatings and can decompose 
into RuO2 which is removed from the containment atmosphere as aerosols. When volatile RuO4 
is released into the adjacent compartments (inter containment space) and further to the 
environment with the temperature less than 40оC, RuO4 will condense. The mentioned RuO4 
properties determine its release into the environment and shall be taken into account when 
modeling its behavior in the containment. Accordingly, when analyzing severe accident 
scenarios, it is desirable to consider Ru as a separate FP class taking into account its specific 
properties. 







 23


Spreading of Fission Products in the Primary Circuit 


When calculating RST for the accident sequence class under study, the influence of the 
primary circuit on source behavior inside containment is discarded [5]. This simplification 
eliminates considerable uncertainties associated with accident progress at in-vessel phase. 


Given below for comparison are recommended coefficients of FP retention in the coolant 
system for PWR based on calculation results obtained using codes STCP and MELCOR [8].  


Table 7 – Fractions of radionuclide retention in coolant system for PWR reactors 
FP group Low-pressure scenario High-pressure scenario 


Xe 0.0 0.0 
I, Cs 0.15 0.70 
Te 0.20 0.50 


others 0.20 0.50 
 


Character of FP Behavior in Containment Atmosphere 


The behavior of radioactive gases, iodines and aerosols inside the containment is 
estimated using the absolute mixing model. Input data for calculating the behavior of radioactive 
gases, iodines and aerosols inside the containment during the first 24 hours of the accident are 
given below.  
Aerosol mass transfer processes  


To estimate RST for calculating FP behavior inside the containment (“in-containment 
sources”) it is recommended [5] that the influence of thermal-dynamic conditions in the rooms, 
which are characteristic of each particular accident scenario, should be excluded. It is suggested 
that aerosol should only be supposed to leave atmosphere of the rooms (without activating 
sprinkler system, emergency bubbler etc.) due to Brownian and gravitational coagulation and 
gravitational sedimentation. Period during which half of the aerosol amount leaves room 
atmosphere due to these processes during accidents of this class is estimated to be 7-10 h (for 
containment rooms) [16]. 


In the design NPP-91, RST estimate is confined to three scenarios given in Table 2. The 
results of the calculations performed according to the program NAUA (package STCP) [16] 
were used to determine constants of aerosol sedimentation in containment rooms for the adopted 
reference scenario. The code is used to calculate the behavior of radioactive substances within 
the volume of containment rooms and is based on the modeling of aerosol agglomeration and 
aerosol sedimentation in an atmosphere with condensing steam. The program does not take into 
consideration chemical transformations and radioactive disintegration.  


For the first 0.5 h sedimentation of aerosols on surfaces of equipment and building 
structures is supposed to take place in an atmosphere with condensing steam, and for the 
subsequent hours of the first day under conditions of extremely low steam condensation. The 
lower limit of aerosol particle diameter adopted for the calculations is 2.5 10-8 m; the upper limit 
5.10-4 m. Table 8 shows constants of aerosol sedimentation from containment atmosphere and 
“dry” atmosphere of inter-containment space adopted for RST estimate.  


Steady-state aerosol concentration adopted for the calculations is determined by sub-
micron fraction suspended in the atmosphere [17].  
Table 8 – Computed parameters of FP sedimentation from containment atmosphere 


Parameter Value 
 Constants of sedimentation on surfaces of equipment 


and building structures of containment  
⇒aerosols, during first 0.5 h of accident [16] 4.7Е-4  1/s
⇒aerosols, during subsequent 23.5 h of accident  [16] */ 5.0Е-5  1/s
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⇒for molecular iodine [18] 5.0Е-5  1/s
Water/gas distribution coefficients   


⇒aerosols  10 000 
⇒for molecular iodine [9] 5000 
⇒for organic iodine [9] 2 


 Constants of sedimentation on surfaces of equipment 
and building structures of inter-containment space [19]:  


⇒aerosols  5.0Е-5  1/s
⇒for molecular iodine  1.0Е-5  1/s


*/ For comparison: value for aerosols with diameter of 2 mkm in a “dry” atmosphere is 
recommended in publication [2] ~3.4 10--51/s. 
 


Behavior of radioiodine  
Analysis of the effects produced by radiolysis of aqueous medium on iodide-ion 


oxidation, I2/I− ratio in the aqueous phase and content of volatile forms of iodine in the gaseous 
phase has revealed that an important factor controlling the formation of I2 during I−-ion oxidation 
is рН of the aqueous medium of the containment. When рН falls from 7.5-8.5 to 4-5 (dose rate 
0.5-2 kGy/h) I2 concentration rises tenfold in the aqueous phase, and ten- to hundred-fold in the 
gaseous phase. 


The design NPP-91 solves the “iodine” problem by maintaining and controlling pH level 
in the containment above the value of 7 during the first day by discharging 2 m3 of 30% NaOH 
or KOH solution into the emergency sump. Solution is discharged by operator’s command from 
MCR when sensor readings indicate that fuel has started to melt. 


During the subsequent phases of the accident when power supply at the power unit is to 
be restored, pH level is not expected to become much lower. The value of рН is still controlled at 
a level not lower than 7, which is ensured by discharging 15m3 – 30m3 of alkali solution from 
chemical reagent tanks.  


The formation of volatile forms of iodine is strongly influenced by the level of gamma 
radiation. Variation of gamma-radiation dose rate in the atmosphere and emergency pool during 
a severe accident is shown in Table 9. Compositions of core cooling and sprinkling solutions 
used during accident are given in Table 10. 


According to analytical estimates performed for the design NPP-91 [21], when pH in the 
containment is not lower than 7.5, fractional content of I2 (I, HI) in containment atmosphere can 
be reduced to less than 1%, and organic iodides less than 0.1% of the total amount of iodine in 
the containment. 


 
Table 9. Gamma-radiation dose rate in atmosphere and emergency pool during severe accident 
Time, h Dose rate in 


containment air, 
kGy/h 


Integral dose in 
containment air, 
kGy 


Dose rate at sump 
bottom, kGy/h 


Integral dose at 
sump bottom, kGy 


0 66.9 - 25.0 - 
1 54.7 60.8 20.5 22.7 
10 3.85 324 3.53 131 
24 1.49 362 2.21 171 
72 0.62 417 0.45 235 
240 0.26 486 0.27 296 
720 0.05 560 0.14 394 
1440 0.03 588 0.09 477 
3600 0.02 641 0.08 663 
7200 0.02 716 0.07 930 
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Table 10. Compositions of core cooling and sprinkling solutions used during accidents 
Medium, 
solution 


Weight  
(t) 
 


 
pH 


 
H3BO3 
(g/l) 


Alkali metals 
K++Li++Na+ 
(mg-equ/l) 


 
NH3, 
(mg/kg) 


 
Cl- 
(mg/kg) 


Fe 
(mg/kg) 


 
N2H4
*H2O  


Primary coolant 240 5.8-10.3 0-16 0.50  
(K++Li++Na+ 
mg-equ/l) 


5.0 0.1 0.05 - 


 
ECCS hydrotanks 


200 6.5 16.0 0.1-0.2 
(only K+ 
g/l) 


- - - 200 
mg/kg 


Borated water tanks 1800 4.2 16.0 - - 0.15    - - 
Boric acid alkali 
solution tanks  


30  40 100-150 
(only K+ 
g/l) 


- - - 200-
300 
mg/kg  
 


 
According to recommendations [8], iodine release inside containment under conditions of 


pH control in the containment above the value of 7 is adopted in the design in the following 
forms: 95% - aerosols, 4.85% - molecular iodine, 0.15% - organic compounds. 


In actual fact, the content of molecular and organic iodine in containment atmosphere and 
sump water can be much lower (one third to one tenth of the adopted values) due to adsorption 
and retention of iodine by the protective polymeric coatings and iron hydroxides (steel corrosion 
products and sacrificial material of the core catcher), processes of I2 hydrolysis and oxidation of 
molecular iodine in containment atmosphere by ozone and products of water steam radiolysis 
[24-26]. 


Formation of equilibrium content of molecular iodine in containment atmosphere is 
directly related to the volume of water in the emergency sump during the accident. For the 
reference scenario, the volume of water in the emergency sump during the first 15 h of the 
accident ranges between 800 and 850 t, increasing to 1150 t during the subsequent hours of the 
first day. Constants of molecular iodine sedimentation from containment and inter-containment 
atmosphere adopted in the calculations are given above in Table 8 which also contains 
distribution coefficients for volatile forms of iodine. 


 


Spay system JMN 
Activation of spray system (24 h after the initial moment of accident) ensures further 


effective removal of aerosols from atmosphere of containment rooms reducing their 
concentrations to levels determined by the presence of aerosol sub-micron fraction suspended in 
atmosphere.  
 


Effectiveness of Radioactive Gas and Aerosol Localization 


Calculation model of an accidental release from the double containment is shown in 
Fig.2. 
Inner containment 


To analyze radiological consequences of this class of accidents, containment leakiness 
(with design safety margin) is taken to be equal to 0.2% of the volume per day at pressure not 
exceeding the maximum design value.  
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As the design does not provide for pneumatic tests at pressure exceeding the maximum 
design value, for pressures higher than 0.49MPa the reference scenario postulates containment 
leakiness of 2 per cent of the volume per day, which is by an order of magnitude greater.  


 
Containment bypass 


According to the requirements of the technical specifications for equipment, direct 
leakages to the environment though locks, penetrations and valves are less than 1% of the design 
integral containment leakiness. The computed level of containment bypass is confirmed by local 
tests conducted during equipment erection.  
Outer containment  


To reduce accidental release resulting from containment leakiness, the design provides 
for annular (inter-containment) space under-pressure system that is activated in case of an 
accident. As long as power supply of the unit is not lost, under-pressure in the inter-containment 
space is reliably maintained at a level of 100-400 Pa by emergency exhaust ventilation system 
which incorporates a filtration plant. The system is put into operation automatically by the signal 
of pressure rise in the containment. 


filter


10% bypass


90%


KLC11/41


gate
gate Calculation leakage: 1,6%


vol./day during 4 days, 1%
vol./day during 2,5 days


Impuls and
electrical
penetrations


Underpressure 250 Pа


Permissible leakage 0.2%
vol./day at Р<0.49 МPа


Total predicted leakage
100% vol./day


Ventilation systems
hermetic penetrations
(KLD20/10)


Ventilation systems
penetrations (KLC11/41)


Calculation leakage:
2% vol./day at P>0.49 МPа


Ventilation systems
hermetic penetrations
(KLD20/10)


Ventilation systems
hermetic penetrations
(KLD20/10)


Ventilation systems
hermetic penetrations
(KLD20/10)


Impuls and
electrical
penetrations


filter


10% bypass


90%


KLC11/41


gate


Underpressure 250 Pа


Ventilation systems
hermetic penetrations
(KLD20/10)


Impuls and
electrical
penetrations


Calculation leakage: 0,1% vol./day
             during 22,5 days


1-ый период: медленный рост давления 2-ой период: снижение давления до 0,1 МПа


3-ий период: поддержание давления на уровне 0,1 МПа


Fig. 2- Accidental release from double containment 
 


When power supply is lost the secondary containment partly performs the function of 
localizing uncontrolled release of radioactive gases, iodines and aerosols from the containment. 
The accidental release calculations take into account that radioactive gases and aerosols remain 
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for some time in the inter-containment space. Sedimentation on surfaces of equipment and 
building structures is additionally taken into consideration for aerosols and molecular iodine.  


 Design leakiness of the inter-containment space (not more than 115% of the 
volume per day with a 200 Pa pressure drop) is determined based on the achieved design 
tightness of penetrations and locks taking into consideration data on the permeability of outer 
containment concrete of the reactor building with the assumption that fire dampers of the 
plenum-exhaust ventilation systems are completely closed and additional tight isolation valve is 
installed to isolate exhaust header of the annular space from the exhaust header of the safety 
building and to communicate annular space rooms with one another by means of ventilation 
ducts. 


If exhaust ventilation system fails and power is lost, the volume of air exchange for inter-
containment space rooms may be up to 100% per day taking into consideration typical wind 
loads and permeability of concrete of the reactor building outer containment. 


Table 11 – Computed efficiency parameters of localizing systems  
Parameter Value 
Parameters of containment:     
- free volume of containment,  69169 m3 
- surface area of containment and main equipment 32828 m2 
- design leakiness of containment at pressure up to 
0.49 МPа 


 
0.2% of volume per day 


- leakiness of containment above design value at 
pressure exceeding 0.49 МPа and up to 0.7 МPа 


 
2% of volume per day 


Containment bypass (% of integral containment 
leakiness value) 


 
1%  


Parameters of inter-containment space:     
- free volume  18450 m3 
- area of surface and main equipment 17550 m2 
- air exchange in rooms under loss-of-power 
conditions 


100% of volume per day  


Filtration efficiency of system */  
⇒ coarse filter for aerosols with diameter of 
particles up to 2.0 mkm  


 
99.99%(99.9%) 


⇒ fine filter with filtration efficiency for aerosol 
with diameter of particles more than 0.1 mkm  


 
 
99.99% (99.9%) 


⇒ coal filter with filtration efficiency:  
- for molecular iodine  99.9% (99%) 
- for organic iodine compounds 99% (90%) 
Filter bypass during operation of system  10% 
*/ requirements of tender specifications for purchasing equipment (computed parameters are 
given in round brackets); 


 


Accidental releases  


Calculation results 
The content of radioactive gases, iodines and aerosols in containment atmosphere is 


calculated using the calculation code “BETA-GAMMA-PROEKT” [7], which takes into 
consideration constant rates of FP release from fuel/melt during the accident phases under 
consideration, sedimentation of various groups of nuclides from the atmosphere and radioactive 
disintegration. Estimates of accidental releases are made using the code “VYBROS” which takes 
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into account the content dynamics of various groups of nuclides in the atmosphere of the 
containment and inter-containment space. 


The following is a detailed discussion on the calculation results for the first day of the 
early stage of an accident.   


Behavior of various forms of iodine-131, aerosols (strontium-90, cesium-137, tellurium-
131m, lanthanum-140) and ruthenium-103 (volatile oxides) in the containment atmosphere 
during the first 24 hours of the accident is shown in Fig. 3, 4. Values of computed accidental 
releases of radiation-important nuclides resulting from leakiness of the double containment 
taking into consideration containment bypass at various phases of the accident are given in 
Tables 12, 13 and Fig. 5, 6.  


At the end of the first day, the computed content of radioactive inert gases in containment 
atmosphere is fully determined by the disintegration of fission products; content of molecular 
iodine (iodine-131) by its steady-state concentration, and content of organic fraction by the 
postulated value at the level of 0.15% of the total iodine release inside the containment. 
Computed aerosol content (long lived nuclides) in the atmosphere is at a level of 3% of the total 
in-containment release. For comparison, under conditions of melt-concrete interaction towards 
the end of the first day of the accident the predicted content of fission products in the atmosphere 
is about 10% of the total amount released to the containment [8]. 


The analysis of the results has shown that: 
1. Accounting for the release dynamics of radioactive gases during fuel heat-up results in the 


reduction of their maximum concentration in the containment and, consequently, the 
reduction of the amount released due to leakiness of the double containment. This effect is 
most typical of more short-lived nuclides (krypton-87, krypton-88, xenon-138; iodineorg.-132 


org., iodine org.-134) and is unimportant for long-lived nuclides. 
2. High content of ruthenium-103 in containment atmosphere is associated with the assumption 


that ruthenium is release from fuel in the form of volatile oxides. 
3. With the adopted sedimentation coefficients for the first hours of the accident, the behavior 


of molecular iodine is similar to that of its aerosol fraction. The only difference consists in 
the fact that steady-state concentration of gaseous iodine compounds in the aqueous solution 
in the sump is reached quite rapidly; under the conditions specified in the reference scenario, 
iodine-131 reaches steady-state concentration in 8 hours after the initial moment of the 
accident (∼ 2% of the total content of iodine release to containment). 


 
Table 12 – Accidental release of main dose-forming nuclides to the environment at the first stage 
of severe reference accident  


In terabecquerels 
 
Radionuclide 


Slow rise of pressure in containment during 24 hours 


  
Containment leak 


Containment 
bypass 
 


 
Release to environment 


Xe-133 1.5Е4 6.4E2 1.6E4   
Ru-103 5.0Е1 2.1E0 5.2E1 
I-131 1.9Е2 2.6E1 2.2E2   
Cs-134 2.1E1 3.8E0 2.5E1 
Cs-137 1.2Е1 2.2E0 1.4E1  
Te-131m 1.2Е1 2.5E0 1.5E1 
Sr-90 2.2Е-1 4.0E-2 2.6E-1 
La-140 1.2Е0 2.0E-1 1.4E0 
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Fig. 3 – Behavior of I-131 and Cs-137 in containment atmosphere at various stages of  reference 
accident 
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Fig. 4 – Behavior Sr-90, Te-131m, La-140 and Ru-103 in containment atmosphere at various 
stages of reference accident  
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Fig. 5 – Release of various forms of I-131 during the first day of accident (containment leak) 
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Fig. 6 – Release of fission products during the first day of accident (containment leak) 


 
 







 31


Table 13 – Accidental release of main dose-forming nuclides to the environment at stages 2 and 
3 of severe reference accident  


In terabecquerels 
 
 
Radionuclide 


Stage 2 
Pressure reduction in containment down 
to 0.1 MPa due to action of spray system   


Stage 3 
Maintenance of 
pressure in 
containment at level 
of 0.1 MPa 


   
 Release though 


exhaust system 
KLС11/41 


Containment 
bypass 
 


Release through 
exhaust system 
KLС11/41 


Xe-133 4.0Е5   3.5Е3 1.8E4 
Ru-103 1.7Е2 8.4Е-1 1.7E1 
I-131 2.6Е2   1.0Е1  8.1E0 
Cs-134 1.8E1 5.7E-1 1.5E0 
Cs-137 1.2Е1    4.4Е-1  1.2E0 
Te-131m 6.9Е0 3.4Е-2 6.4Е-4 
Sr-90 5.0Е-1  3.5Е-2  9.2E-2 
La-140 2.9Е0 1.5Е-1 2.3E-1 


 


The character of a day release fully reflects the dynamics of FP release from fuel/melt to 
containment and the postulated containment leakiness above design value, which is reached 10.5 
hours after the initial moment of accident (see Fig. 5, 6).  


Accidental release values for radioactive gases, iodines and aerosols given in Table 9 
correspond to the duration of 6.5 days for the second stage and 23 days for the third stage of  
accident. For the second phase, release of radioactive substances accumulated in the inter-
containment space during the first day of accident with exhaust air through ventilation system is 
taken into account. It is assumed that 100% of radioactive gases and iodines and 50% of aerosols 
contained in the inter-containment space at the end of the first day including those deposited on 
surfaces of equipment and building structures can be released to the environment with exhaust 
air through filtration system during the first hours following restoration of power supply. It is 
also assumed that filers of system are partly bypassed by exhaust air (up to 10% of the flow rate). 
Release of xenon-133 (half-life period more than 5 days) at the second stage of the accident still 
results from containment leakiness during 6.5 days. For radioactive iodines (iodine-131) and 
aerosols (cesium-137), the release caused by their accumulation in the inter-containment space 
during the first day of the accident is ∼60% of the total amount released during the second stage, 
which fact confirmed the necessity of taking it into account. 


Accidental release of long-lived nuclides during the first day of the accident due to 
containment bypass amounts to 4% for gases (Хе-133, Хе-135, Ru-103) and 16% for aerosols 
(% of integral release due to double containment leak); during the second stage of the accident 
1% for IRG and ∼11% for radioactive iodines and aerosols (% of accidental release through 
system). According to the requirements EUR [8] this level is acceptable for present-day power 
units with double containment.  
Uncertainties of accidental release estimates  


In publications [4, 5] and works issued within the design NPP-91 [16] it is noted that the 
calculations of aerosol behavior in containment atmosphere are sensitive to the specific character 
of the accident scenario, average size and the selected size distribution of aerosols.  


Main uncertainties associated with FP release from fuel remain for elements of group VI 
(Ru, Мо) during both in-vessel and ex-vessel phases of accident due to the ability of these 
elements to form volatile oxides. Available experimental data are inconsistent. 
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Maintaining рН value in the containment at a level not lower than 7.5 during all phases of 
a severe accident allows reducing by much radioactive iodine release to the environment. 
However, the analysis has shown that the recommended constant content of volatile iodine forms 
in the containment [8] is a value with a considerable conservative margin and can be reduced 
taking into consideration specific features of a particular design (chemical composition of 
aqueous medium, sorption ability of coatings, iron hydroxides etc.).  


Accounting for the processes of FP spreading in the equipment of the primary circuit 
during a severe accident involves considerable uncertainties associated with the accident 
progress at its in-vessel stage. Detailed study of aerosol transfer processes in the primary 
equipment including coagulation, sedimentation and repeated carry-over may be of importance 
for a narrow class of severe accidents accompanied by primary-to-secondary-circuit leaks.  


 


Severe Accidents Associated with Non-isolable Primary Coolant Leaks outside 
Containment 


Severe accidents accompanied by fuel melting and associated with non-isolable primary 
coolant leaks outside the containment are among the accidents which may have the most severe 
radiological consequences at nuclear power plants with VVER reactors. 


The most probable scenario for this class of severe accidents accompanied by core 
melting involves non-isolable primary-to-secondary-circuit coolant leaks: 


• with SG header break and SG safety valve failure to seat (4.8E-08 1/reactor⋅year) 
• with pipeline break in non-isolable part outside the containment followed by break of 


one or more SG heat-exchange tubes (far less than 1Е-07. 1/reactor⋅year). 
As the probability of the class of severe accidents accompanied by primary-to-secondary-


circuit leak is less than 1E-07 1/reactor⋅year, according to the standard НП-032-01 this class of 
accidents does not have to be considered in VVER NPP designs when planning population 
protection measures and zoning the territory around the plant. However, accidents of this class 
may cause what according to the INES classification [23] is termed “global releases” (category 
R4 in Table 2), which shows that the design is not balanced as regards management of severe 
accidents of this class. Therefore it is necessary both to further improve probability indices 
(which appear to be too high) and to define more exactly computed radiological consequences so 
that additional measures aimed at mitigating these consequences can be developed and justified.  


Analyses [27-30] have shown that one of the important factors determining the value of 
accidental release to the environment for the class of severe accidents with SG tube break is 
taking into account sedimentation of fission products released from melting core in the form of 
aerosols. At high flow velocities in damaged SG tubes (10-100 m/s and more) there can occur 
intensive deposition aerosols in SG tubes due to turbulent deposition processes. 


In estimating the time during which fission products remain in the primary equipment it 
is necessary to take into consideration the carry-over of aerosol particles deposited on primary 
circuit surfaces. Aerosol particle carryover is expected to be appreciable at velocities 100 m/s 
and higher. 


Given below for comparison are recommended coefficients of FP retention in PWR 
coolant system based on the results of calculations performed using the codes STCP and 
MELCOR [8].  
Table 14 – Fraction of radionuclide retention in coolant system for PWR reactor 


FP group Low pressure scenario High pressure scenrio 


Xe 0.0 0.0 


I, Cs 0.15 0.70 


Te 0.20 0.50 
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FP group Low pressure scenario High pressure scenrio 


others 0.20 0.50 
 
In conclusion it should be noted that analysis of arosol sedimentation (deposition) 


processes in RP plant during accidents accompanied by primary-to-secondary-circuit leakage 
and fuel melting is one of the ways to improve measures for managing this class of accidents and 
developing further the safety concept for VVER nuclear power plants.  
 


Conclusions 
The design approaches for calculations of radiological consequence of severe accidents 


and confirmation of radiological criterions for NPP with LWR were analyzed.  The aim was 
identification of the most important factors influencing on the accidental releases magnitude, 
main uncertainties and conservatism rate of design calculations, the way to correct of them by 
best estimate models and foundation of experimental parameters for Tasks 2, 4, 6 of the Project. 


Review of approaches and models used in “NPP-91” project with VVER-1000 and 
recommendation of EUR, NRC and IAEA documents for LWR was executed. 


The following main factors influencing on calculating accidental releases magnitude were 
pointed: 


• high level uncertainties at assessment of FP release from fuel for the elements 
referred to Ru group both in-vessel and ex-vessel stages of accident 


• aerosol deposition and resuspension in reactor equipments are the important factors 
under severe accidents with primary-to-secondary leaks caused the global releases in 
accordance the International Nuclear Event Scale (INES). Fraction of fission products 
retention in coolant system may be measure up 70%. 


• iodine sorption at polymer facing, steel corrosion products and the core catcher 
materials can reduce the calculating iodine release up to 10 time. It’s chiefly 
important at severe accidents with FP localization into containment when effective 
dose for population during the first stage of the accident is mainly formed by volatile 
iodine radionuclides. 


• correct simulation of aerosol behaviour at containment and inter-containment space is 
one of the main way to reduce uncertainties and conservatism rate for accident release 
calculations under severe accidents conditions with FP localization into containment.  


The aim of the next Tasks of the Project is investigation said factors. 
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Part 2. Analysis of the fission product build up in the fuel, FP release from the 
fuel and from the molten pools 


 


Introduction 
During the beyond design basis accidents (BDBA) the fission products (FP) and actinides 


accumulated in the reactor fuel are the source of the decay heat in the fuel.  The accumulated FP 
are also released from the fuel into the fuel cladding gap and in case of the cladding failure are 
release into the reactor coolant circuit (RCS).  FP released as gases, volatile species, and aerosols 
are transported in RCS, are partly deposited on the surfaces, and are transformed and released 
from RCS into the containment. The relevant models are under implementation in the FP 
computer package [1]. 


 


Severe accident integral computer code  


Radionulide module


Production and 
accumulation of 
FP inside fuel


FP release out 
of fuel


FP transport 
inside  reactor 
installation


 
Fig. 1 FP package of the thermal hydraulic code 


 
The roadmap for the FP buildup and release analysis and their interrelation with the other 


EVAN project tasks are given below. 
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Accumulation and release of FP in accidents
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Fig. 2 Roadmap for the FP buildup and release analysis and their interrelation with the 
other EVAN project tasks 


 
In the following document, the approach are analyzed which had been used which are 


used now and are planned to be used.   


FP buildup during normal operation 
The roadmap for the FP buildup analysis during normal operation is given on the 


following picture: 
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Regimes of NPP operation


Thermo mechanic fuel behavior, 
fuel & cladding proparties FP accumulation


FP release out of fuel


Transport of FP in gap
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FP release out of non-
hermetic fuel elements into 


coolant  


 Induced activity of corrosion 
products


 
 


Fig. 3 Activity buildup during reactor plant normal operation 


FP and actinides accumulation in the fuel 
BONUS package [2] (Brief Overview of NUclides Species) is intended for fast 


evaluation of the time dependence of the concentrations, activity, and decay heat of the FP and 
actinides in the fuel during normal operation and after shutdown for VVER reactor types. The 
package has the simplest one-group approach implemented for analysis of FP and actinides 
concentration at neutronic irradiation and also the change of the concentration taking into 
account the γ-  and β-decay and the radiation capture of slow neutrons. For each reactor type two 
parameters are input: the K-factor for fast neutrons, and the probability for the moderated 
neutron to escape the resonance absorption, thus enabling to calculate the buildup of the fissile 
nuclides. Separate table is used for the time dependence for the specific reactor powers which is 
used in the package to evaluate the neutron flux density. The library contains the data for 265 
nuclides including stable ones.  The package had been developed in IBRAE RAS. 


For detailed analysis the RADIONUCLIDE code is used [3], which is intended for 
nuclides compositions, activity and radiation characteristics of the thermal-neutron power reactor 
fuel. The models used in the RADIONUCLIDE code are similar to the known WIMS-D4 [4] and 
ORIGEN codes [5]. The RADIONUCLIDE code handles 879 FP nuclides and 129 actinides.   
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Modeling of FP release from the fuel during normal operation (correlation 
model) 


“Technique for radioactive products release from the fuel rods and beyond the reactor 
coolant circuit during normal operation and accidents” [6] allows calculating the FP activity in 
the gas fuel-cladding gap for the VVER type reactors at steady-state power levels and 
temperatures.   


During reactor operation the FP are released under the cladding, and then migrate along 
the fuel-cladding gap, along the pellet-pellet gaps, along the axial hole.  


The following FP mechanisms are considered: 
• FP release from the fuel due to kinetic energy received by the fission product during 


fission of the heavy element.    
• FP release from the fuel due to fuel evaporation in the fission tracks. 
• FP release from the fuel due to FP diffusion in the fuel. 


 
Fig. 4  FP release during normal operation 


 
• FP release is analyzed in the following approach. 
• The steady-state power level and temperature level are assumed for the normal 


operation of the reactor. Also it is assumed that the fraction of the fuel having 
temperature higher than 1300°С in the design-basis operation is minor. 


• The constant fission density along the fuel rod cross section is assumed. 
• The approach is applicable for the fuel made from the annealed uranium dioxide with 


density of 94-95% of the theoretical one, made as pellets with axial hole enclosed into 
the cylindrical Zr cladding.  


• It is assumed that the fuel burn-out do not exceed 43 MW·day/kgU.  


Modeling of FP release during accident 
The roadmap for the FP release analysis during accident is given on the following 


picture: 


Fuel rod                   Cladding 
 


Clad gap 
 


Fuel pellets 
 


Axial gap 
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Fuel 
Radial gap, pellet-


pellet gaps 
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Accidents 


Thermo mechanic fuel behavior, fuel&cladding properties


Fuel melting and melt formation


FP release out of fuel into gap


Transport of FP in gap


FP release out of melt


FP release out of destructive fuel elements


 
 


Fig. 5 FP release during severe accident 


Correlation models for FP release from intact fuel 
FP release from the solid fuel into the gas gap is described by the correlation models 


CORSOR,  CORSOR-М, and CORSOR-BOOTH which are the basis for the CORREL package 
[1]. In the phenomenological approach the elemental FP composition change rate due to release 
from the fuel is assumed to be the function of only one parameter, namely, the temperature. This 
release rate is calculated with the correlation equations derived from the theory and experiments 
comparison.  To describe the FP behavior, the elemental classes are introduced having similar 
physico-chemical properties. All elements of the class are assumed to have the same physico-
chemical parameters, for example, diffusion coefficients, thermo dynamical potentials, etc. 


In the solid fuel FP release models under consideration the average element j 
concentration change rate is described by the equation  


jjjj SNRN
dt
d


+−=
     (1) 


where Nj – is a medium concentration of the element atom in the fuel at the time t,  Rj –is the 
gap release rate for the element, Sj – is the source. It is noteworthy that the elements from the 
same class (for example, Ce and Zr) are attributed with the same release rate. Since the total 
number of atoms j in the system by the time t normalized by the unit volume is 


∫=
t


j
tot
j dtSN


0                                                        (2) 
Solution of the equation (1) allows calculating the element’s release, 


)()()( tNtNtN j
tot
j


rel
j −=         (3) 


Three variants of the models described below differ by the functional dependence of Rj 
release rate on the correlation parameters. 


 
CORSOR model 
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In this model the release rate is written as 
15.273),exp( −== •• TTTBAR jjj   (4) 


where T – is the fuel temperature in K,  Aj  and Bj  — are the empirical coefficients obtained 
from the comparison of the experimental data. The coefficients take different values depending 
on the temperature range, it is assumed that at T < 1173 K the release rate becomes zero. 
 


CORSOR–М model 
This model differs from the CORSOR model only by the what the release rate depends on 


the temperature: 
)exp( RTQkR jjj −=     (5) 


where T — is the fuel temperature in K,  R  — universal gas constant.  
 


CORSOR–BOOTH model 
To describe the FP gap release, the semi-phenomenological model is used for diffusion in 


the effective sphere (Booth model [9]). In this model Cs is used as a reference released element 
to calculate also the release of the  other elements. 


Effective diffusion coefficient for Cs has the following expression: 
( )RTEDD −= exp0       (6) 


where E  - is the activation energy,  D0  constant depends on the burnup of the fuel.  
The model uses the approach of the gas diffusion resolving in the dense, uniform, and 


spherical medium with radius a and zero boundary condition. If in the initial time,  t = 0,  the gas 
is uniformly distributed along the sphere then the ratio f(t) of the number of gas molecules 
released from the sphere by the time t to the initial amount of the gas is described by the 
following approximate equation  


1для36)( 2 <−= ξπξπξξf    
( ) 1дляexp61)( 22


2 >−−= ξπξπ
π


ξf
  (7) 


where ξ = Dt/a2.  The equation (7) is obtained by joining the asymptotic solutions of the 
diffusion equation for short and long time. As the radius of the equivalent sphere the following 
value had been assumed 


ma 510−=                                                (8) 


 
which corresponds to the characteristic value of the grain radius. 


The Cs release rate used in the equation (1) is calculated as follows: 


∫ ′==
t


Cs aDtdf
dt
dtR


0


2),()( ξξ
     (9) 


The release rates of the other elements (classes) are calculated with the correlation 
equation 


Csjj RCR =       (10) 
where Cj — are the empirical scaling factors chosen from analysis of the experimental data.  
 


Mechanistic models of solid state FP release 
The main object for modeling is a fuel fragment considered as a set of identical grains. 


Due to the fission reaction and further radioactive decay many chemical elements are generated 
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in the UO2 ceramics. The list of the elements included in the model is given in the table where 
the average release per single U atom fission [10]. 


Table 1 List of elements in the RELEASE package model 
El


ement 
Atoms 


per single fission 
El


ement 
Atoms 


per single fission 
El


ement 
Atoms 


per single fission 


C
s 


0.182 Sr 0.078 N
d 


0.303 


I 0.011 Zr 0.326 N
b 


0.008 


M
o 


0.248 L
a 


0.065 Sb 0.0003 


R
u 


0.142 C
e 


0.154 Te 0.026 


B
a 


0.084 E
u 


0.002 Xe 0.241 


 
The below sections are devoted to the following models: 


• Physical phenomena determining the Xe and gas bubbles in the fuel ceramics;  
• Chemical interaction between FP and dissolved O2 which is accompanied by the 


separate solid phases (precipitates) and various gaseous elements released from the 
fuel;  


• Fuel oxidation in gas mixtures of different composition.  
 


FP release from the fuel 
It is assumed that: 


• FP present in the fuel ceramics are in the atomic form. The foreign atoms generated at 
fission diffuse towards the grain edge and can be trapped by the intra-grain bubbles 
(IAGB). It is assumed that IAGB are filled only with the noble gas. Competing 
process is the radiation and thermal resolution  of the atoms from the bubbles.  


• Interaction between the chemically active FP and dissolved oxygen leads to formation 
of some solid phases (precipitates) at the edge of the grains, along with formation of 
the FP vapors in the inter-grain bubbles (IEGB).. 


• Inter-grain bubbles are subdivided into the edge bubbles and rib bubbles. Growth of 
the bubbles at the flat edges of the grains can reach saturation which means their 
coagulation and formation of the channels along the grain surface towards the joints. 
In turn, growth and coagulation of the rib bubbles in case some critical swelling is 
reached leads to long chain of the tunnels along the grain ribs leading to the open 
porosity. It is assumed that this is the final mechanism for FP release into the fuel-
cladding gap. 


In the RELEASE package models the FP release from the fuel is understood as having 
two distinctive stages: 


• Intra grain transport of FP from the grain center towards grain edges,  precipitates 
formation and FP evaporation into the edge bubbles,  


• Accumulation of FP in the inter-grain bubbles and their subsequent release into open 
porosity after the interconnected chain of the channels is formed at the edges and ribs 
of the grains. 


The model ignores the delay time related to the gas transport delay both through the 
channels chain and open porosity. 
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Chemically active FP behavior 
The FP are subdivided into several groups according to their physical chemical 


characteristics: noble gases — Xe, Kr; volatile FP — alkaline Cs, Rib and metalloids I, Te; low-
volatile FP — metals Mo, Ru and alkaline earths Ba, Sr; non-volatile FP — metals Zr, Nb and 
rare earths La, Ce, Nd, Eu. FP chemistry in the oxdic fuel is mainly determined by the fact that 
the systems has extra oxygen since each single U atom fission leads to UO2 molecule generating 
2 oxygen atoms. 


In the chemical model the irradiated fuel including the FP and the dissolved oxygen is 
considered as heterogeneous system comprising several multi-component phases 
[11,12,13,14,15,16]. The model assumes the following equilibrium FP distribution across the 
chemical states and the phases: (1) solid solution phase for the FP and oxygen dissolved in the 
uranium dioxide, (2) metallic phase, including Mo and Ru, (3) solid phase, which models the 
“:grey” phase and includes urinates, molibdates, and zirconates of Ba, Sr, and Cs, (4) CsI(c) 
solid state, (5) gas phase.  


Let us list the main simplifying assumptions used in the model development: 


• The gas phase is understood as the system of the edge bubbles interacting with the 
solid solution and the solid phase precipitates. Such system does not include neither 
the intra-grain bubbles (since they are assumed to contain only Xe and Kr noble 
gases), nor rib bubbles, nor open pores. 


• Formation of the solid precipitate phases schematically depicted at the Fig 6, is 
allowed only at the boundary with the gas phase. Possibility to have such solid phase 
inclusion inside the solid solution (at non-uniformities like dislocations, inter-grain 
boundaries, or at the edge of the fuel pellets) is not considered. 


• Kinetic limitations for the solid phase precipitates formation (nuclei formation 
kinetics, critical radii and concentrations), along with the evaporation kinetics  are not 
taken into account. It is assumed that those phases are formed and further exist in case 
the relevant equilibrium thermo dynamical conditions are met. Diffusive transport of 
the elements within the precipitates is not considered. 


It is also noteworthy that the model does not take into account the possible mechanical 
and thermal effects which occur during solid phase precipitates. 


 


    CsI  
 Solid  solutions  Gray 


phase 
 


    Metal  
        Gas 
      
1 2 … NZ  NZ+1 


 
Fig. 6 Schematic phases location and grain discretization 


Fuel oxidation 
Since the fuel oxygen potential effect significantly the FP behavior and release, the 


RELEASE package includes the modeling of the fuel-gas integration, where gas phase is 
understood as the steam-hydrogen-oxygen-inert gas mixture with relatively arbitrary 
composition. Fuel oxidation is described when making self-consistent analysis of the  surface 
effects of the oxygen exchange at the boundary with the gas phase, of the oxygen diffusion in the 
UO2  ceramics and of the dissolved oxygen integration with the chemically active FP. 


The purpose of modeling is, partly, to evaluate the average stechyometry depending on 
time with given initial and boundary conditions, including the sample geometry, gas mixture 
composition, system temperature and pressure. 
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FP migration under the fuel cladding and FP leakage from the fuel rod 
Methodical approaches to consider the FP migration under the fuel cladding are similar 


both for the normal operation and for the accident conditions. The following processes are 
considered. 


• FP migration into the fuel-cladding gap. 
• FP migration from the gap into the axial hole 
• FP sorption/desorption processes at the fuel rod surface. 
• FP migration from the axial hole to the coolant. 
• FP release at the direct contact between the fuel and the coolant.  
 
Physico-chemical properties of the different FP groups are significantly different. Some 


of FO exist at the working temperature as gases (like noble gases isotopes), some other exist as 
volatile forms (those are halogens and the alkaline elements), some others exist as the non-
volatile forms (practical the direction). Volatile FP, still have the marvelous ability to be 
absorbed at the uranium dioxide  


The software implementation for the described processes are given in the corresponding 
manuals and specifications. 


FP molten pool release models 
The key importance for the severe accident radiological assessment (with VVER-1000) 


belongs to knowledge of the release characteristics  for the radiological significant FP from the 
molten corium pool. 


During meltdown process, the core undergoes changes from the liquid eutectics phases 
formation till the reactor pressure vessel meltdown in case no cooling is available. Before the 
molten pool leaves the vessel it is located for some time at the bottom of the reactor vessel. 
Dynamics of the core degradation and of the reactor vessel bottom meltdown define the initial 
conditions for the corium relocation into the containment or the core catcher – the corium mass, 
temperature and the composition along with the relocation scenario. 


Molten pool configuration and FP release mechanisms 
Molten pool configuration and structure are mainly determined by the accident scenario, 


heat transfer boundary conditions, thermo hydraulic and physico-chemical processes into the 
corium. Here are the main processes listed [17]. 


Crust formation 
Partial crystallization or the chemical reactions of the corium components can lead to 


formation of the solid phase at the surface of the molten pool or at the interphase boundaries of 
the immixable liquid phases. Usually the crust acts as a heat insulation of the adjacent liquid 
volume and is a long term diffusion boundary preventing FP transport beyond the space confined 
by the crust. Due to the significant thermal resistance of the crust at the molten pool surface the 
external crust temperature is significantly lower than the liquid temperature which significantly 
reduces the FP evaporation rate [19]. 
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1 – crust formation; 2 - evaporation; 3 – chemical reactions; 4 – droplet release; 5 - entrainment; 
6 – layer formation; 7 – convective boundary instabilities;  8 – concrete integration and ablation; 
9 – bubble entrainment. 


Fig. 7. Processes defining the FP release from the molten pool 
 


Evaporation 
Different compounds can be transported from multi-component corium to the atmosphere 


via evaporation by two means: by evaporation from the open surface and by evaporation into the 
internal space of the gas bubbles floating in the molten pool within subsequent release of the 
vapors from the bubbles into the atmosphere when bubbles are reaching he surface. The latter 
mechanism plays important role when the corium interacts with some material thus releasing the 
gas products like during core-concrete interactions. 


Chemical reactions 
Corium-atmosphere interaction can be accompanied by the oxidation-reduction reactions 


at the corium surface, e.g. by the corium components further oxidation up to higher oxides. Such 
reactions effect the FP evaporation rates. Chemical reactions during corium interaction with the 
metals, the coolant, concretes, refractory materials, sacrificial materials of the core catcher etc. 
also to high extent effect the FP release rate.  Complex thermo chemistry of FP and non-
radioactive compounds in the multi-component and multi-phase corium system at very high 
temperatures defines main uncertainties during the analytical modeling of the processes [23]. 


Droplet release 
Droplet release onto the corium surface leads to droplet aerosol formation which 


transport FP. At very high flow rates of the gas (dispersed-turbulent flow) droplets can be 
entrained by the direct momentum exchange between the gas flow and the liquid film. At some 
conditions the foam at the corium surface can be formed [20]. 


Entrainment 
Gas flows with significant velocities above the molten pool can lead to waves formation; 


the corium particles can be taken from the waves and be entrained into the gas flow. 
Layers formation 
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Immixable oxides and metallic phase in the corium pool has trend for the density 
stratification with layers separation [18]. 


FP redistribution 
FP redistribution occurs between the stratified layered according to the FP chemical form 


and their chemical potential. FP redistribution across the different layers are to be predicted to 
correctly evaluate the activity release. 


Interfacing layers instabilities 
Interfacing layers instabilities due to free convection of the corium in the molten pool or 


due to forced convective motion in case of inductive corium heating can lead to interfacing 
layers instabilities  and their mechanical mixing. 


Core-concrete interaction 
Physico0chemical and thermal interaction of the molten pool with the substratum layer of 


the concrete (sacrificial material) leads to change of composition, properties, temperature 
conditions of the molten pool and to the bubbling of the gas production through the molten pool. 


Airlift of the immixable layers during gas bubbles floating  
The gas bubbles floating through the two immixable layers can lead to entrainment of the 


lower layer corium into the upper layer corium. 
FP release through the water layer on the corium surface 
To suppress the FP release, to protect the above located structures from the heat radiation 


of the corium surface, and to increase the efficiency of the corium molten pool cool down, the 
water can be supplied onto the corium surface after inversion of the metallic and oxides layers. 
The FP release into the containment atmosphere is thus reduced mainly due to the following 
reasons: 


• Major part of aerosol washout by the water layer during gas-aerosol bubbles floating 
through the water layer, 


• Corium surface temperature decrease during water film boiling, 
• Curst formation at the corium surface (see the relevant section). 
The mentioned processes effect the FP release in different way which is mainly 


determined by the accident scenario considered.  
Due to the complexity of the theoretical modeling of the mentioned processes the 


experimental investigations become especially important.  
 


FP release from the molten fuel (models review) 
Surface evaporation 
This section contains the models description for the FP evaporation from the corium 


surface. The simple models are discussed, based on the one equation for the evaporation rate, the 
chemical equilibrium models, and the combined models using thermo chemical and kinetic 
approaches. 


Albrecht-Wild model 
The SASCHA experiments performed at the Karlsruhe research centre [22] made 


possible to propose the correlation for the release rate. Molar release per time unit (a index 
relates to particular fission product) is the following [21]: 


dMa/dt=-kA(T).MA,  
where kА(Т) – is the experimentally determined relation release ratio (fraction), 


depending on the temperature, МА – current molar concentration for fission product a in the 
pool. The release coefficients are measured during experiments. 


Sehgal-Cubicciotti model 
Sehgal and Cubicciotti [27,28] have developed the technique based on the equilibrium 


chemical thermodynamics to analyze the FP release up to 3000 K. The evaporation/condensation 
processes are taken into account. The chemical forms of the FP (mainly Cs, I, Sr, Ru, and Te) 
evaporating from the fuel at 1500 - 3000 K and gas FP during cool down to 600-1200 K are 
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calculated. The chemically stable forms are evaluated via minimization of the free energy of the 
system FP-fuel-gas. 


It is found that the concentration dependence of the FP is determined by the gas 
temperature. The thermo chemical analysis results are introduced into the simplified model. 
There the molar ratio of the FP and gas at equilibrium vapor pressure is determined by the 
equation of the following type: 


logRA=-AA/T + BA,  
where RA- is the equilibrium ratio of the FP moles (index А) to the total quantity of gas 


moles, Т- temperature. The АА and ВА constants for the relevant FP are tabulated in [27]. The 
models shows that FP leaving the core can condense in the colder areas or at the cool surfaces, or 
to be transported further as solid aerosols. 


Yu and Ludewig model 
The model is proposed to determine the evaporated FP amount as function on the 


accident scenario. The model is based on the relative coefficient for different fractions. This 
approach had been combined with the MARCH code [29], describing the core melting processes. 
The FP release had started at 1273 K and the maximal relative release correspond to the 
temperature 3033 K which means the corium has completely melted. 


Evaporation model proposed for CORCON code 
This model had been proposed for the CORCON code modification to consider the FP 


evaporation from the molten pool during core-concrete interaction. The model was based on the 
methodology proposed in [25], which in turn is based on determining the Gibbs’ free energy 
minimization in the conditions of chemical equilibrium between the molten fuel and the gas 
products of the concrete decomposition.  


Wichner and Spence model 
The FP evaporation had been evaluated using the idealistic procedure including the 


following: 
• specification of phases presenting in the fuel and the structural materials; 
• partial pressure evaluation for each individual components of each phase; 
• presentation of the evaporation degree of the each phase constituents derived from the 


equilibrium condition between each gas and condensed phase within the reactor 
pressure vessel volume [30]. 


It is assumed that the core as a whole is generating the vapors at the constant temperature 
of 2700 K which approximately corresponds to the expected temperature of the fuel and 
structural materials mixture. Despite the fact that such temperature is higher than the reactor 
vessel material melting temperature, it is assumed that the molten mixture and the relevant gas 
phase are confined within the reactor pressure vessel. Using this procedure, it was evaluated that 
the aerosols generated above the molten pool comprise mainly Ag and In, CsOH and Cd – for 
the pressurized water reactors, by CsOH, CsI and Te – for the boiling water reactors. 


Petti et al. model 
Within the framework of the TMI-2 accident, Petti et al. [26] analyzed the FP release. 


During analysis, the different mechanisms can determine the release of the volatile and low-
volatile FP from the molten pool formed during the accident. Since the volatile FP have gas form 
at high temperature of the ,molten pool (more than 2800 K), their dominating release is expected 
using bubble forming and evolution mechanism (gas bubble model). Medium and low volatile 
FP (Sb, Ce, Eu, Ru and Sr), are expected to e in the condensed phase within the molten pool, so 
their release will be determined by the convective mass transfer from the molten pool. In this 
model, to determine the dominating chemical forms and volatility of the FP the oxidation 
potential value for the molten pool is used. The low-volatile FP release is thus calculated based 
on the mass transport via the liquid where the process rate constant depends on the system 
geometry and the mass transfer coefficient. The latter is determined by the poll thermal 
hydraulics.  
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The low release coefficients measured after the TMI-2 accident for the oxides of the low-
volatile products (SrO, Eu2O3, Се2О3), had been obtained by calculation at the result of the low 
partial pressure of those oxides and low surface-to-volume ration for the actual molten pool [26]. 


RELOS/CHEMAPP code model 
To calculate the low0volatile FP release, the model had been developed describing the FP 


transport from the liquid molten pool surface into the colder gas atmosphere which is based on 
the mechanistic transport model related to the thermo chemical models [31,32,33]. Liquid molten 
pool and the gas atmosphere are considered as a two-phase system with the mass transfer 
determined by the diffusion and convective mass transport process. FP release as a function of 
the mass transfer driving force in the gas phase (namely, the partial pressure differences in  the 
gas at corium surface and within the bulk gas volume) and of the resistance preventing the mass 
transfer on the gas phases described as a mass transfer coefficient. 


Mass flux М of the evaporating low-volatile FP (here А index notes the low-volatile FP – 
Ba, Sb, Sr, Te compounds) is given by the equation: 
MA=APool•βAgas•ΔρAgns,  


where Ароol- is a molten pool surface area, (bAgas – mass transfer coefficient depending 
on the Sherwood number, condensed matter diffusion coefficient in the gas phase, and on the 
partial pressure difference deltapAgas of the material А in the gas phase between the value at the 
phase interface surface and beyond the concentration boundary layer.  


 
Thermo chemical calculations of the partial pressure differences are made with the 


СНЕМАРР computer code (programmable interface code based on the CHEMSAGE code [34]), 
which uses the complex multi-component and multiphase chemical equilibrium by total Gibbs’ 
energy minimization for the whole system. Based on the thermo dynamical equilibrium 
assumption in the gas phase above the molten pool, the СНЕМАРР code calculations give the 
equilibrium distribution of the material between the liquid and gas phases taking into account 
possible forming of the compounds from FP due to chemical reactions.  Thermo chemical 
evaluations show that the ,molten pool chemical composition, namely, the stratified layers 
configurations and the FP distribution between the corium phases significantly affect the FP 
release. 


Also decrease of FP release due to enrichment of the gas atmosphere by the FP vapors  
and relevant decrease of the partial pressures difference is also modeled. For this the release rate 
is determined which corresponds t the equilibrium release rate and relevant transient mass fluxes. 
Moreover, the condensation of the evaporated material during cooling down I the colder gas 
leading to aerosols formation and to subsequent effect on the mass flux of the evaporating FP is 
also taken into account by simple technique. 


Possible effect of the crust on the surface of the upper molten pool layer is considered as 
the evaporation rate limited by the fraction of the molten pool surface available for mass transfer 
depending on the crust growth. 


The computer codes review 
The mathematical models reviewed which are important for modeling the FP release 


from the molten corium pool some computer codes with those models implemented are already 
mentioned. Among such codes some of the below list can be used. 


 
MARCH [29] – the code describes the processes during core degradation and is not 


intended for direct use in molten pool modeling.   Still, the maximal FP release coefficients (at 
3033 K) whose temperature dependence is built-in in the code are approximately corresponding 
to the molten pool evaporation  conditions. 


 
CORCON  [25]   -   the code had been developed in the USA (Sandia National 


Laboratories) and its analogue WECHSL code (Germany) for modeling of the core-concrete 
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interaction with the reactor cavity concrete.  The calculations are performed for the 
thermodynamically equilibrium approximation based on the ideal solution/melt model. 


 
SOLGASMIX [35] the thermo dynamical equilibrium code developed in the USA and 


successfully used in interpreting the results of the experiments АСЕ – МАСЕ carried out in 
ANL. 


 
VANESA [24,36] – is a mechanistic code developed in the USA for the core-concrete 


interactions. The code’s advantages are the FP transport kinetic aspects evaluation capability. 
The code takes into account the molten pool thermal hydraulics, FP mass transfer in the liquid, 
evaporation from the surface and into the floating bubbles, bubbles growth during floating up 
and bubbles formation at the concrete interaction surface. 


 
VICTORIA [37] – is a mechanistic code describing the FP evaporation from the molten 


pool within the reactor pressure vessel and FP behavior in the RCS. It accounts for the 
volumetric diffusion, formation and coagulation of bubbles, viscous bubbles floating and FP 
transport from the corium surface into the above gas atmosphere. Still, such code does not take 
into account the natural convection of the corium (all condensed phases within the molten pool 
are considered as static). Besides, the code cannot take into account the crust effect on the 
molten pool surfaces [19]. 


 
RELOS/CHEMAPP code package [32,33]. RELOS code (RE – release , LO –low-


volatiles, S – surface of the molten pool) had been developed in the Bochum University, 
Germany. The latest version is RELOS.MOD2 and had been developed in cooperation of IPSN, 
Siemens, AEAT and others within the framework of the programmes supported by the European 
Commission [38]. The main idea of the RELOS.MOD2 code is in connecting the kinetic 
approach to the diffusion and convective FP transport into the gas phase with the 
thermodynamically equilibrium consideration of the thermo chemical reactions occurring within 
the molten pool and the gas phase. The last task is solved using the thermo chemical module 
СНЕМАРР, which s a code with programmable interface created on the basis of the widely 
known CHEMSAGE thermo dynamical package [39]. Thus both thermo chemical and kinetic 
calculations are performed jointly and step by step. The analytical capabilities of this code for 
calculation of the low-volatile FP release from the molten pool in the reactor vessel bottom and 
in the core catcher make it possible to consider this code as the most suitable for the analysis 
[32]. 


 
MELCOR [40]. Release and transport of the FP are calculated by the RadioNuclide  


(RN) package in the MELCOR integral code. This program uses group calculation for the 
radionuclides release, having similar chemical properties (totally 15 groups with 12 groups being 
the radionuclides, while separate three groups are allocated for the water, boron and concrete 
decomposition products). FP release at in-vessel stage is calculated by the CORSOR-Booth 
model; at ex-vessel stage the mentioned VANESA model is used, which means the CORCON 
code is integrated into the MELCOR code to describe the core-concrete  interactions. 


 
In the end it is noteworthy to say that the available results of the experimental 


investigations and the databases on the low-volatile FP from the molten pool are not complete 
and does not allow the input information for codes verification and for analytical justification of 
the activity release from the molten pool into the containment atmosphere. 


 
The mentioned researches are oriented on the reactor and core designs used in the foreign 


nuclear power plants, using structural and fuel materials which substantially differ from the 
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VVER types. Such differences limit using both the experimental data, and the models derived on 
their basis for NPP with VVER safety analysis. 


Moreover, the computer codes developed, which can still be usable for calculations, 
namely the recommended RELOS.MOD2 code are often not available for the Russian users. 
This make very important experimental research for FP release from the molten pool and the 
activities on developing the domestic code, e.g. on the basis of the SOKRAT code, being 
developed by IBRAE RAS. 


Calculation results 


FP buildup in the fuel 
The integral decay heat dependence is compared for the following models calculations  
• BONUS package 
• RAIONUСLIDE package 
• ANSI/ANS-5.1-1994 standard derived [7]. 
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Fig. 8 Decay heat curve for FP and actinides in the fuel depending on the time after 


reactor shutdown, normalized by the reactor nominal power 
 


The activities of the most significant isotopes are also compared for the fuel for the 
following models:  


• Calculated by BONUS package 
• Calculated by RAIONUСLIDE package 
• Published in [8] 
It can be derived that the fuel FP activities calculated by different codes are adequately 


consistent. 
Calculation of the iodine concentrations in the fuel with the BONUS package 


had been performed. The relative fraction of the stable and radioactive iodine isotopes 
depend on the reactor operation time. In the beginning period of time, the most 
important contribution will be due to the radioactive isotopes, by the end of three-year 
campaign the most significant contribution will be due to the stable isotopes.   


Main portion of the nuclides is accumulated in the core as stable (or long-lived) 
nuclides whose concentration increases practically linear with the time. By the time the 
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campaign ends, the radioactive isotopes contribution practically does not affect the total 
iodine concentration. 


 
Light group,


t=1 h


1.E+11 1.E+12 1.E+13 1.E+14


Se-81


Br-83
Kr*-83
Se-83


Br-84
Kr*-85


Kr-85
Kr-87
Kr-88


Rb-88
Rb-89
Sr-89


Sr-90
Y-90


Sr-91
Y*-91
Y-91


Sr-92
Y-92


Y-93
Y-94


Nb*-95


Nb-95
Y-95
Zr-95


Nb*-97
Nb-97


Zr-97
Mo-99
Tc*-99


Mo-101
Tc-101


Mo-102
Tc-102


Rh*-103


Ru-103
Tc-104


Rh*-105


Rh-105
Ru-105


Rh*-106
Rh-106
Ru-106


Rh-107


Activity, Bk/tU


РН


РХОЯТ 1983


BONUS 1.2


 
Fig. 9 Activity of the “light” group nuclides, by 1 hour after VVER-1000 shutdown 


(green – RN, red – [8]) 
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Fig. 10 Activity of the “heavy” group nuclides, by 1 hour after VVER-1000 shutdown 
(green – RN, red – [8]) 
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Fig. 11  Iodine buildup in the fuel during reactor power operation 


 
The FP buildup in the fuel by the moment of three-year campaign end with burnup of 


45MW·day/kgU. In the table the FP buildup (including low-volatile and non-volatile) by the time 
of reactor shutdown, along with the activity in the different moments of time after VVER and 
PWR shutdown. First three rows describe the volatile and gaseous FP contributing most into the 
radioactive release during severe accident. Furthermore, the FP which form the low-volatile 
oxides and metals are shown, which can also contribute significantly in the late stage 
radioactivity release.   


 
Table 2 FO buildup (VVER, PWR) 


Fission products Mass, % Activity at 0 
days, % 


Activity at 30 
days, % 


Xe 0,44 3,9 0,4 
I 0,02 5,2 0,7 
Cs 0,2 3,5 1,3 


Ru 0,19 1,7 9,7 
Sr 0,07 4,2 6,7 
Mo 0,27 3,9 0,01 
Ba 0,14 4,4 2,9 
Ce 0,23 3,3 15,3 
La 0,1 4,8 0,0 
sum 1,7 35 37 


After 3 years of operation, Burnup: 45 MW/kg of HM 







 55


FP accumulation under the cladding by reactor shutdown and during the 
accident 


Radioactive FP release into the fuel-cladding gap as calculated by the CORREL package 
had been compared with the FP release calculated according to the described techniques [6],  for 
long-lived isotopes by the end of 3 year campaign and during the accident evolving.  


In the CORSOR model the FP release starts only when the fuel reaches the temperature 
T=1173 К. The FP release under the cladding during normal operation during the normal 
operation is not calculated. 


CORSOR-М model produces the non-zero FP release into the fuel-cladding gap at the 
temperature range (500-900°С) relevant for the normal operation conditions. The CORSOR-
BOOTH model also gives non-zero FP release under the fuel cladding at fuel temperatures (500-
900°С).   


In the table the data for the compared nuclides are given. Six radioactive nuclides are 
chosen whose decay time constants are comparable with the fuel operation time. FP release into 
the fuel-cladding gap had been calculated for the two fuel temperatures 500°С and 900°С and is 
given as % from the isotopes buildup in the fuel.  


For VVER-1000, release of all FP under the fuel cladding is the same (the same release 
mechanisms are employed).  


At calculations made according to the models CORSOR-М and CORSOR-BOOTH show 
that the volatile nuclides release (Cs, Xe classes) under the fuel cladding is the same. The 
parameters describing the non-volatile FP release (Sr, Ce, La) are different. 


As follows from the above given analysis and the table, the CORSOR, CORSOR-М and 
CORSOR-BOOTH models do not provide the adequate description of the FP buildup under the 
fuel-cladding by the time of reactor shutdown.  


When the CORSOR, CORSOR-М and CORSOR-BOOTH models are used, all FP (up to 
1000 and more) are combined into several classes (10-15). Since large amount of the isotopes, 
both radioactive and non-radioactive are being combined into the classes, the analysis of the FP 
release becomes very specific. Isotope behavior depends on its decay time and physical –
chemical species. That is why only long-lived isotopes are chosen for the table.  


During the accident the volatile FP and gaseous FP are released completely, then their 
accumulation under the cladding is negligible for the accident analysis.  


The situation is completely different for the non-volatile FP. Such FP are accumulated 
during the normal operation mode in such quantities which significantly exceeds their accidental 
release. Besides, the releases calculated according to the mechanistic (RELEASE package) and 
correlation (CORREL package) models can differ significantly. 


As it is seen from the table, the main quantity of the accumulated FP are remaining in the 
fuel, while the latter is in the solid phase. In relation to the above mentioned, the non-volatile FP 
release from the molten pool gains the special importance.  


 
Table 3 Comparison of FP release from the fuel 


 Isotope Т 
1/2 


Class 


Normal 
Operation: 
CORSOR-
M 
 


Normal 
Operation: 
CORSOR-
BOOTH 


Normal 
Operation: 
VVER-1000 
 


Acciden
t: 
RELEA
SE 


Accident: 
CORREL 


 - год - % % % % % 
 2 3 4 5 6 7 8 9 
1 Kr-85 10.


7 
Xe 1.3e-5  


18 
1.0e-5 
0.24 


0.86 92  ~100 


2 Sr-90 28.
7 


Sr 0 
2.2E-6 


1.6e-8 
3.7е-4 


0.83 1.3е-3   ~52 
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3 Cs-134 2.1 Cs 1.3e-5 
18 


1.0e-5 
0.24 


1.0 89  ~100 


4 Cs-137 30 Cs 1.3e-5 
18 


1.0e-5 
0.24 


0.83 89  ~100 


5 Ce-144 0.8 Ce 0 1.7e-10 
4.0Е-6 


0.79 7е-7 0.04 


6 Pm-147 2.6 La 0 1.0e-10 
2.5Е-6 


0.89 1е-6  0.3 


 
Since the calculated data on the normal operation and accident FP buildup under the 


cladding exhibit large discrepancy, to evaluate the FP release from the power plants, the 
international recommendations are widely used. The next table shows the FP release from the 
fuel under the cladding and during the different stages of the accident. 


 
Table 4  Fission Product Releases, Conditioned by In-Vessel Phase of Accident  


Group Elements As share of content in fuel 


  Gap release 
period 


Early in-
vessel period 


Late in-
vessel period In-vessel phase 


I  IRG 0.04 0.96 - 1.0 
II I, Br 0.04 0.55 0.1 0.69 
III Cs, Rb 0.04 0.55 0.1 0.69 
IV  Te, Se, Sb - 0.50 5.0 Е-3 0.505 
V  Sr, Ba - 0.02 - 0.02 


VI  Ru, Rh, Rd, 
Mo, Tc - 2.5 Е-3 - 2.5 Е-3 


VII  


Zr, Nb, Y, 
La, Ce, Pr, 
Nb, Pm, Sm, 
Eu, Np, Pu 


- 5.0 Е-4 - 5.0 Е-4 


Time period of 
fission product 
release, s 


 1800 
(0.5 h) 


5400 
(1.5 h) 


36000 * 
(10 h) 


43200 
(12 h) 


* - in accordance with NUREG-1465 


Conditions effecting the aerosol formation  
Aerosol release into the containment can be divided into two stages (USNRC, 1975): 


release of the aerosols formed within the RCS (in-vessel) and release of the aerosols due to 
processes outside the RCS (ex-vessel). According to the estimation of the total release during the 
TMLB scenario, totally from 0.5 to 2.5 tons of aerosol matter can be released into the 
containment; the total activity released being in the range of 4·107 to 109 Ci. The containment 
air-borne activity can then reach 108 Ci according to calculations.  


During fuel cladding failure the volatile and low-volatile FP will be released. Noble gases 
are released completely. Other volatile FP (I, Br, Cs, Rb, Te) can be retained under the cladding 
due to high chemical activity. According to the estimations, about one third of those elements 
will be released. Release of the low-volatile FP (Ba, Sr, Ce, La, Ru, Mo) is significantly lower. 


During fuel heatup to the melting temperature practically all volatile fission products will 
e released. Volatile fission products holdup is estimated at the level of no more than 10%. 
Estimations for the Te group and low-volatile group release are at the level 10-2-10-3 with yet 
high uncertainty. 
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During core structures meltdown the aerosol source mass generation rate increases 
drastically by two-three orders of magnitude and the aerosol compositions changes. The main 
component is now the structural materials and fuel aerosols which will carry the fission products.  


During ex-vessel stage the FP transport as low-volatiles FP and their oxides becomes 
important. 


FP release during several accident has big uncertainty.  The least studied phenomenon is 
the low-volatile FP release due to challenging experimental conditions at high temperatures 
(>2400 K) and long test run time (>10 min) needed for generation of the detectable releases. 


The most essential factors influencing the aerosol generation during severe accidents, 
according to the review [41] are given at the below figure. 


 


Boundary conditions of aerosol nucleation


 Boundary conditions of aerosol nucleation inside reactor


- FP & their chemical forms accumulated inside fuel. 
- FP & their chemical forms accumulated inside gap.
- Dynamics of fuel element (FE) destruction in core during accident.
- Dynamics of constructive material (CM) destruction during accident.
- Dynamics of temperature inside reactor installation.
- Dynamics of  oxigen, hydrogen and steam partial pressure in reactor.  


  Boundary conditions of aerosol nucleation above melt


- Dynamics of FE & CM melting during accident.
- Chemical forms of FP & CM inside and above melt.
- Dynamics of  oxigen, hydrogen, steam  and FP vapor partial pressure above melt.  


 
 


Fig. 12 
 


Reactor Aerosols’ Morphology  
 
From morphological viewpoint, aerosol properties may categorized as follows:  


1. Aerosol geometry: isometric particles, fibrae, platelets. 
2. Aerosol dimensions are characterized by the following parameters: Feret diameter, Martin 


diameter, aerodynamic diameter, and Stokes diameter.  
3. Aerosol structure: solid or liquid particles (such as microcrystals, drops, hollow or filled 


forms) coalesced into agglomerates or flocculi.  
4. Surface properties: aerosol is characterized by well-developed surface, on which adsorption 


and chemical reactions may proceed; aerosol surface properties determine its water 
absorption and interaction with electric charges. 


5. Material composition: matters of which aerosol consists. 
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Severe accident results in release of fission products and disintegration of reactor 
structures; at that, thermal and hydraulic parameters of an accident are unstable. Hence, 
morphological exploration of aerosols released during such accidents is very sophisticated and 
labour-intensive task. Nevertheless, such researches are being carried out.    


 
In  [48] emergency release of construction material aerosols was studied, based on 


simulation of ex-vessel severe accident. 
Two experiments were performed to simulate severe reactor accident with air ingress into 


the hot reactor core. The model bundles contained nine PWR type fuel rods. Their cladding was 
pre-oxidised by argon-oxygen (test 1) and steam (test 2). The released aerosol was measured 
continuously by laser particle counters. Morphology and elemental composition of the aerosol 
particles were studied on samples collected by impactors and quartz filters. The highest aerosol 
release was detected at the steepest rise of the bundle temperature. A second increase of the 
aerosol release appeared at the cooling down period. Because of the higher maximum 
temperature at test 2 about two orders of magnitude more uranium was released than in test 1. 
The highest emission was found for tin at test 1 and for zirconium and iron at test 2.  


 
On the surface of each collector plate, both individual aerosol particles and aggregates 


could be distinguished. The shape of the particles was mostly slightly elongated. Long plates and 
rectangular grains were also found. All these features can be seen in the SEM image of Fig. 14. 
The size of the single aerosol particles ranged from about 0,1 μm up to a few μm and usually did 
not extend over 5±6 μm. Larger sizes (several tens of μm) were found for aggregates and for 
long plates. All these were quantified by the results of image analysis performed on 
backscattered electron images (BEI) of some aerosol samples. Fig. 4 shows histograms of the 
mean Feret diameter of aerosol particles measured at magnification of 1000 times for impactor 
samples 1, 5 and 10. Percentage probabilities of the particles in various diameter intervals were 
plotted by particle number and particle area, respectively (Figs. 15(a) and (b)).  


The SEM images have shown that large platelets were mostly found at the beginning of 
the sample collection, however some amounts of plate-like structures were revealed in almost 
every sample. This was proven by the results of particle shape (see Fig. 15(c)).  


 
Рис. 13   SEM image and ED spectrum of impactor sample No. 1 in AIT-1 test. 
 
 
Similar to the first test, both individual aerosol particles and aggregates could be 


distinguished by SEM on the surface of the collector plates.  
The two experiments with slightly different conditions resulted in rather different results 


regarding the amount and composition of the aerosol emitted. In the first test, the highest 
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emission was found for tin and the uranium release was supposed to be a few tenth of μg. It 
seems that the shorter duration of air ingress was not enough to maintain the high temperature to 
degrade seriously the fuel bundle. Also, interaction between the fuel and the cladding occurred 
only in some parts. About two order of magnitude more uranium was released in the second 
experiment. All the results gained by laser particle counters, SEM, EDS and SSMS correspond to 
each other regarding the amount, the size and/or composition of the aerosols released. The 
results of both AIT experiments are unique because the consequences of the air oxidation were 
not yet investigated in integral facilities. 


 


Рис. 14  Results of image analysis for some aerosol samples collected by impactors in 
AIT-1 test: (a) mean Feret diameter plotted by particle number; (b) mean Feret diameter plotted 


by particle area; (c) shape factor. 
 
In [45] emergency release of construction material aerosols was studied, based on 


simulation of ex-vessel severe accident. 
 
Particle sizes. Two methods were used for the measurement of the aerosol granulometry:   
• inertial impactors at points C and G and in the containment, supplying results on the 


aerodynamic diameters and on the mass weighted aerodynamic size distributions;   
• direct post-test analyses observation and counting of aerosol deposits under a SEM 


with a Particle Recognition and Classification (PRC) attachment, supplying the 
geometric diameters of the particles and the number weighted geometric cross section 
distributions.  


The impactor sampling was perturbed by flow instabilities and by overloading of some of 
the successive plates, which increased the measurement uncertainty, whereas post-test 
agglomeration generally supplied too high geometric diameters by Particle Recognition 
Counting. The recommended values for aerosol sizes result from Aerosol Aerodynamic Median 
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Mass Diameter (AMMD) measurements from impactor analyses because they avoided post-test 
agglomeration of the particles. Sampling flow rate perturbations increased the uncertainties, 
mainly on the  geometric standard deviation, and especially at point C. Taking into account these 
uncertainties, the recommended  size for aerosol particles are respectively 0.5–1.2 μm at point C 
with a geometric standard deviation of about 2.5, and 0.9–1.7μm at point G, with a geometric 
standard deviation between 2 and 2.3. Fig. 16 shows a SEM image of  an aerosol deposit on an 
impactor plate with two different magnifying factors. The agglomeration of primary nucleation 
kernels to form larger units is clearly visible. 


Particle composition. Particle PTA confirmed the in-situ observation of multi-component 
aerosol transport: Most of the aerosols showed the typical composition of 30 wt.% Ag, 30% Re, 
and few percent of U, Sn, W, In and (at point G) Cd. All majorfission products, with the 
exception of iodine at point C, were mixed into this material matrix. 


Chemical form. Direct measurements by X-ray methods (XRD and X-ray photoelectron 
spectroscopy, XPS) identified only a few structural material species: Metallic Ag, uranium as a 
mixture of UO2 and more oxidised forms, SnO2, Cd(OH)2, and In2O3. 


 
 


Рис. 15. SEM view of aerosols on impactor plate OC2-32111. 
 
 
 
In [46] emergency release of construction material and non-burnt fuel aerosols was 


studied, based on simulation of ex-vessel severe accident. 
CsI crystals on a platinum substrate exposed to sudden (pulse) heating would melt, boil 


up, and evaporate. As a result, CsI aerosol was released and carried away with convection 
currents. Scrutinizing electron microscope images of CsI deposited onto substrates showed the 
preparations as consisting of globular particles 0.3-0.4 μm in diameter, and coalesced particles 
0.5-0.7 μm in diameter (Fig. 17).  


CsI crystals are known from literatures as (typically) cubic-shaped. However, pulse 
heating of CsI (not exposed to any external fields) yielded globular particles, which may be 
described as solidified drops (Fig. 18). The bigger are CsI particles, the higher is their sintering 
incidence.   
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Fig. 16. Distribution function of particles generated as a result of CsI-carrying substrate 
pulse heating to 800°С (a – aggregated particles, b – single particles) 


 
 


 
 


Fig. 17. Electron microscope images of full-shaped drops generated as a result of pulse 
heating of CsI microcrystals in air 


 
Generation of CsI aerosol in radiation field yields two species of drops (viz., drops 


formed through dispersion, and those formed through vapour condensation) and crystals, which 
is reflected by tri-modal dispersion function ((Fig. 19). Exposure to radiation field (gamma-ray 
emission of radionuclide 


60
Со, absorbed dose equals 1.5 CGy) results in significant faceting of 


particles and their aggregation (as compared with the results of tests without exposure to 
radiation field).  


Exposure to radiation field results in generation of particles 0.1 μm in diameter, which 
were not observed in tests without exposure to radiation field. Hence, radiation field, not 
unexpectedly, contributes into particles generation. Furthermore, the field decreases a rate of 
particles growth, which results in their faceting, and that, in turn, leads to increase in aggregation 
rate.  
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Fig. 18. Electron microscope images of CsI particles generated when gaseous phase is 


exposed to radiation field, and particle size (l) distribution function. 
 
Ex-vessel formation and properties of CsI aerosol were also studied in [49]. The point of 


the research was formation of CsI aerosols in the course of CsI crystallizing in gaseous phase at 
temperatures of 303 and 430К. Aerosol formation was attained through CsI evaporation from 
metal surface heated to 1400-1500К in aerial or argon atmosphere. It was found that CsI 
evaporation would yield 3 groups of particles grouped according to size as follows: 1-10 nm, 
0.1-5 μm, and 50-200 μm; at that, share of the 1st group is significant value, which is greater than 
shares of the rest groups by two orders of magnitude. As to CsI aerosol formation mechanism, 
inter-floccule agglomeration was shown as dominant at temperature of 303К, while at 430К 
intra-floccule agglomeration dominated. According to studies of 137Cs localisation in various 
safety systems, ca. 20% CsI is not retained in scrubbers, and may only be arrested in Petryanov 
filters. An assumption was made of hydrophobic behaviour of particles sized at 1-10 nm. 


In [47] it is presented a description of ex-vessel formation and properties of ruthenium 
aerosol as important for evaluation of accident radiation consequences.  


During routine nuclear reactor operations, ruthenium will accumulate in the fuel in 
relatively high concentrations. In a steam atmosphere, ruthenium is not volatile, and it is not 
likely to be released from the fuel. However, in an air ingress accident during reactor power 
operation or during maintenance, ruthenium may form volatile species, which may be released 
into the containment. Oxide forms of ruthenium are more volatile than the metallic form. 
Radiotoxicity of ruthenium is high both in the short and the long term. The two most important 
isotopes are Ru103 and Ru106. They have half-lives of 39.6 days and 1 year, respectively. The 
other isotopes have too short half-lives to be of interest. 


Ruthenium is an element that has the interesting property that its oxides are more volatile 
than the metal. Some physical and chemical properties of ruthenium and ruthenium oxides are 
presented in Table 5. Generally, it can be noted that the reaction rates of ruthenium compounds 
usually are slow. 
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Табл. 5: Data on some physical and chemical properties of ruthenium and its oxides 


 
In these experiments the behaviour of ruthenium at high temperature oxidising conditions 


was studied. The amount of gaseous ruthenium reaching the bubbler was in dry atmosphere with 
stainless steel tube 0.1 - 0.2 % of the released ruthenium. Using alumina tube or having water 
vapour in the system increased the gaseous ruthenium reaching the bubbler to 4 % of the 
released. This is close to the fraction of RuO4  released if the system is in thermodynamic 
equilibrium. This leads to the conclusion that RuO4 does not decompose at all in these two cases. 
This also indicates that RuO2 does not catalyzed the decomposition of RuO4. 


A major part of the released ruthenium was deposited in the piping, most of it inside the 
tube furnace, due to RuO3 decomposition. Deposition by thermophoresis at the outlet of the 
furnace also took place. Low oxygen concentration and high release temperature decreased the 
deposited fraction. In the decomposition of gaseous ruthenium needleshaped RuO2 particles 
formed. 


 
Рис. 16: TEM images of RuO2 particles. Diffraction patterns, verifying that the particles 


are indeed RuO2, are also presented. 
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Рис. 17: SEM images of the wall of the furnace tube. Needle-shaped RuO2 particles can 


be seen. 
 
It will be seen from the above examples that morphological properties of aerosols 


released during a severe accident are different. Addressing the issue requires both new 
theoretical studies and analyses of existing test results [43]. It should be mentioned as well that 
studies of morphological properties of aerosols released as a result of burnt fuel destruction are 
fragmentary and hard-to-reach. E.g., in [44], studies of aerosol morphological properties are 
presented on a very limited scale.  


Therefore, analyses of aerosols’ behaviour in severe accidents calls for the necessity of 
some simplifying assumptions [9,41] . 


Selecting aerosols for deposition and transport experiments.  
Liquid aerosol has been selected to study the deposition processes. In this case transport 


processes can be practically ruled out. Particles of the liquid aerosol are of even spherical form. 
This allows for reliable optimization of measurement techniques and facilitates clear 
interpretation of the experiment results and application of the acquired results for verification of 
the calculation programs.  


Ammonium chloride (NH4Cl) has been chosen as a source of aerosol generator for 
conducting experiments to study solid aerosol deposition, resuspension and transport processes. 
The main reasons under the selection in question are as follows. 


• The generated aerosol particles morphology is approximately equal dimensions 
along the 3 coordinates, as concluded from the literature data and subsequent 
experiments. Similar picture is observed for the CsI investigated in a number of 
ex-vessel experiments. In the reactor plant simulations such particles are also 
considered as spherical. 


• The NH4Cl crystal has cubic structure, similar to the CsI.    


• The aerosol size spectrum generally corresponds to the size spectrum of aerosols 
generated at the late stage of the severe accidents. The aerosol size varies in the 
range of 0.05 to 10 μm with the mean  value about 1 μm). 


• NH4Cl has good handling characteristics, well-known, and sufficiently available.  
 


Aerosol formation model  
The nuclides which are actively released from the fuel are grouped into the following 


groups for the purpose of study of the aerosol behavior in RCS [42]: 
1. Inert: 
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 Xe, Kr – noble gases        (NG∗). 
2. Volatile: 
 I, Br – halogens (actively react with Cs and form CsI, CsBr)  (CI*). 
 Cs, Rb – alkaline metals (react with water and form CsOH, RbOH)  (CH*). 
 Te, Se, Sb – Te group        (TE*). 
3. Non-volatile:  
Ba – alkaline earth         (BA*). 
 Sr – alkaline earth        (SR*). 
 Ru, Rh, Pd, Mo, Tc, Nb – noble metals     (RU*). 
 La, Nd, Eu, Yb, Pm, Sm – rare earth elements    (LA*). 
 Ce, Np, Pn – Ce croup       (CE*). 
4. Besides the FP, also structural materials aerosols are formed   (PI*). 


 
Mapping of the groups/classes for FP release and RCS transport is given in Fig. 5.  
 
Table. 6 Mapping of the groups/classes for FP release and RCS transport 


№ FP group for RCS transport Group 
code FP classes for release (RELEASE) 


1 CsI class CI I2, Cs, Cs2, CsI, Cs2I2  
2 CsOH class CH CsO, Cs2O, CsMO4 


3 Structural materials class PI Mo, MoO, MoO2, MoO3, Mo2O6, 
Mo3O9, Zr, ZrO, ZrO2, Nb, NbO 


4 Te class TE Te, Sb, Sb2, SbO 
5 Sr class  SR Sr, Sr2, SrO 
6 Ru class Ru Ru, RuO, RuO2, RuO3, RuO4 


7 Lantanides class LA La, La2O, LaO, La2O2, Eu, Eu2O, EuO, 
Eu2O2, Nd, NdO, U 


8 Noble gas class NG He, Xe, O2 
9 Ce class Ce Ce, CeO 


10 Ba class BA Ba, Ba2, Ba2O, BaO, Ba2O2, BaMo4 


 
To calculate the aerosol behavior, the aerosol size distribution and aerosol concentration 


distribution along the sizes are input. It is usually assumed that the aerosol size distribution is 
log-normal and the particles are spherical.  


Considering the CI group as an example, the FP vapors and refractory FP are different 
because the FP vapors can exhibit phase transitions with the rates in average three orders of 
magnitude higher than the rates for aerosol transport and deposition processes. The following 
states are considered:  


• steam in the atmosphere (phase 1);  
• aerosols in air (phase 2);  
• steam condensed at surfaces of the wall and aerosols (both at “native” CI aerosols, 


and at “alien” aerosols) (phase 3);  
• aerosols deposited onto surfaces (phase 4);  
• aerosols chemisorbed by the steel surfaces of the pipes and structures of the RCS 


(phase 5);  
• resuspended aerosols (phase 6).  
CI vapor nucleation, phase transitions, sorption/desorption are taken into account.  


                                                 
∗ Group code 
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For refractory elements the mass of those elements is distributed onto solid spherical 
particles. In general case, the aerosol population characteristics are well described by the log-
normal distribution. For refractory aerosols and for aerosols formed upon nucleation of the FP 
vapors, all the processes relevant for the given spatial volume are taken into account 
(diffusiophoresis, turbophoresis, gravitational deposition, thermophoresis, etc). 


Result of the calculation in each spatial volume produces the masses for 10 FP classes 
distributed along 6 phases and aerosol masses distributed along 19 size bins. 


Conclusions 
As a results of the task the used models for FP buildup in the fuel during normal 


operation and their release during normal operation and accident had been performed. The 
results of calculations for FP buildup and release are presented. 


The calculation results (see Figs. 9, 10, 11, 12, and Table 3) are used in determination of 
boundary conditions in solution of the following sub-tasks: 


• Task 2 – composition and amount of low-volatile fission products in the molten pool. 
• Task 6 – iodine escape to the containment, and dose rate levels in the containment. 
 
As a results of the task, the boundary conditions are formulated for the aerosol formation, 


which include the following:  
• Accumulated FP and their chemical species in the fuel  
• Accumulated FP and their chemical species under the gap 
• Fuel rods failure dynamics  
• Structural materials failure dynamics  
• Core temperature field dynamics 
• Hydrogen, oxygen, and steam partial pressures in the core 
• FP partial pressure dynamics above the molten pool 
The above conditions were, to an extent, analyzed in calculations of severe accidents. 


They were assumed as boundary conditions for solution of the following sub-tasks: 
• Task 2 – thermohydraulic conditions over the molten pool. 
• Task 4 – parameters of gaseous phase medium flowing through a tube. 
• Task 6 – determination of medium composition in the containment. 
Analysis is carried out of reactor aerosols’ morphology. Morphological properties of 


reactor aerosols (viz., their composition, shape, and density) were assumed as boundary 
conditions for the solution of the following sub-task: 


• Task 4 – behaviour of aerosol in experiment. 
Input model of aerosol formation is described. 
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Chapter 3. Conditions of Radioactive Release from Reactor Unit Caused by 
(Severe) Loss of Coolant Accident  


Abbreviations and Denotations: 
Abbreviations: 


NPP  – Nuclear power plant 
ECCS – emergency core cooling system 
SG – steam generator  
FA – fuel assembly  
PRZR – pressurizer 
PCP – primary circulating pipeline 
LMC –  Lower mixing chamber 
STU – Sheath tube assembly 
GA – Grid assembly 
RI – Reactor Internals; 
ECCS – emergency core cooling system 
CPS – Control and Protection System 
RCP – Reactor Coolant Pump 
EPS-1  – Emergency Protection System-1 
ATECCS  – Accumulator Tanks of Emergency Core Cooling System 
QPRP- A – Quick-Acting Pressure Reducing Plant (Atmospheric)  
SCRC –Suspended Cradle of the Reactor Cavity 
SG – Spacer Grid 
IP – Intergranular Bubbles 
BOE – Bubbles On Edges 
BGF –  Bubbles on Granule Fins 
 
 
Denotations: 


C – volumetric concentration,% vol.; 
Cn – oxidation index, %; 
Dn – Equivalent diameter; 
G – mass flow, kg/s; 
L – length, m; 
M – molecular mass, kg/mole; 
m – mass, kg; 
P – pressure, Pa; 
ΔP = P–Pa – excess pressure, Pa; 
pj – partial pressure of “j” component, Pa; 
Q – volumetric flow, m3/s; 
T – temperature, К; 
t – time, s; 
V – volume, m3; 
g – gravitational acceleration, 9.81 m/s2; 
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Introduction 
 
Severe accident simulation is primarily targeted at evaluation of accident consequences 


and offering recommendations for its mitigation. One of factors most severely affecting human 
health and environment is emission of fission products from reactor core in the form of gases and 
aerosols released from disintegrating fuel elements and core structures. Release of fission 
products is characterized by very high uncertainty, and depends on a number of parameters. As 
admitted in NUREG-0772, experimental methods of fission product release studies fail to 
provide satisfactory approximation to real processes typical of severe accident, and are 
characterized by wide data dispersion. Large dispersion of data descriptive of fission product 
release results in certain difficulties in solution of source and transport tasks. On one hand, 
models employed should reflect physics of a process as a whole; on the other hand, in some 
areas, simplified or conservative approach, if methodologically substantiated, is a must. 


According to USNRC, 1975, release of aerosols into the containment is split into two 
classes: release of aerosols generated within the reactor pressure vessel (in-vessel), and that 
caused by events beyond the reactor pressure vessel (ex-vessel).  


Aerosols may contain radioactive substance that poses a danger when escapes the 
containment. However, great bulk of aerosols are not radioactive. According to analyses of 
TMLB accident, over the most part of accident period less than 10% of aerosol mass is 
radioactive. Size and morphology of particles, both strongly affected by total contents of a matter 
in a particle, are definitive factors in aerosols, and, consequently, in transport of fission products 
inside and outside of the containment. 


During reactor operation fission products would accumulate in fuel cladding and fuel 
pellets, and, in case of fuel cladding and/or fuel pellets’ disintegration, would escape into the 
reactor coolant circuit. Fission products may dissipate as fine particles (aerosols) entrained in 
gas/steam flows. In the most part of scenarios in question noble gases would escape from the 
reactor coolant circuit. Most of other substances would settle onto the walls of reactor coolant 
circuit channels. Sedimentation rate of volatile fission products depends on the reactor coolant 
circuit temperature. Aerosols’ sedimentation rate depends on particles’ size. Fission products 
transported within the reactor coolant circuit are changeable. Analyses of transformation, 
transportation and sedimentation processes are basically targeted at determination of fission 
products’ release (in terms of its composition and amount) caused by severe accident involving 
loss of coolant and/or core disintegration, given the following phenomena are there: 


• sedimentation of particles in turbulent or laminar flow caused by inertial forces (at 
channel bends or in a turbulent flow), gravitational forces, lateral thermal gradient 
(thermophoresis); 


• agglomeration (coagulation) of particles due to gravitational, Brownian, and turbulent 
effects; 


• condensation and sorption of vapours of elements or compounds, and their re-
evaporation from particles or surfaces; 


• sorption of radioactive products’ vapours on particles or surfaces; 
• chemical transformations; production of complex combinations; molecular 


dissociation induced by high temperature, radiation, molecular recombination; 
counteraction between fission products and water; 


• generation of aerosol particles due to condensation of oversaturated vapours near 
walls and suspended particles already present in primary circuit, as well as due to 
coagulation processes. 


This work is primarily targeted at determination of boundary conditions to be applied in 
exp for analysis of aerosol release within the reactor coolant circuit of VVER reactors. Essential 
for analyses of aerosol formation and transport in reactor are data descriptive of steam/gaseous 
medium transfer at various phases of a severe accident, and varying medium parameters within 







 


 72


the containment. Steam/gaseous medium transfer velocity is largely dependent on severe 
accident scenario details, including sizes of breaks.  


Severe accident simulation code SOKRAT was used for definition of thermohydraulic 
conditions and physicochemical properties of melts at a phase of a severe accident characterized 
by intense generation of aerosols. Wide range of severe accident scenarios was studied with 
SOKRAT code, as applied to PWR rated at 1000 MW (Tyanvan NPP, Project В-428): 


• Large break (Dnom346) in case of rupture of PRZR surge line which is not 
accompanied by a blackout and followed by a failure of ECCS active part; 


• Large break (Dnom300) from PCP cold leg accompanied by a failure of ECCS active 
part;  


• Large break (Dnom179) in case of rupture of injection pipeline to the pressurizer 
accompanied by a failure of ECCS active part;  


• Small break (Dnom80) from PCP cold leg accompanied by ECCS active part; 
• Small break (Dnom25)  from PCP hot leg accompanied by a blackout and failures of 


diesel-generators; 
Viz., an analysis is carried out of aerosol behaviour in reactor coolant circuit for “Large 


break Dn=346” scenario. Said analysis was carried out with severe accident simulation code 
SOKRAT, assisted with additional radionuclide modules BONUS, RELEASE, and PROFIT.  


Simulation of natural convection over the molten pool was carried out with 3-D CFD 
Code, with a view to clarify thermohydraulic conditions over the melt surface for “Large break 
Dn=346” scenario. 


Severe Accident Simulation with Severe Accident Simulation Code SOKRAT 
The detail review of the physical phenomena determining the progress of the intra-RPV 


stage of severe accident and  evaluation of adequacy of code models based on an example of 
studying two accident scenarios for a reference NPP with WWER –1000 is presented in [1]. 
Consequently, the following physical processes and phenomena, whose modeling quality largely 
influences the accuracy of the analysis findings have been identified: 


• Dynamics of coolant level  in the core dependable on the  break size, residual energy 
intensity of the core, the efficiency of FA-coolant heat transfer and efficacy of active 
and passive emergency core cooling systems; 


• Oxidation and degradation of circonium (Zr+1%Nb) fuel assemblies, FA grid spacers 
and steel elements of internals; 


• Release of corium of core and internal elements and formation of low temperature 
eutectics; 


• Formation of debris mass in the lower part of shaft and reactor pressure vessel. The 
debris is released from the degraded part of the core, core baffle, lower plenum 
chamber and protective pipe unit; 


• Melting of core and internal debris onto RPV bottom; heat-up of the bottom, 
degradation and release of corium into the core catcher. 


Simulation of Closed-Loop Bi-Liquid Thermohydraulics in the Reactor  
Simulation of closed-loop bi-liquid thermohydraulics of reactor coolant loops and other 


thermohydraulic systems, for normal and emergency operation conditions, is being carried out 
with RATEG thermohydraulics simulation code [2] incorporated into SOKRAT code. 
Thermal/hydraulic code RATEG   is designed for numerical modeling  normal and emergency 
operation of nuclear power plants and other various thermal hydraulic systems. Mathematical 
models, onto which RATEG code is founded, allow to model: 


• Leak of double-phase coolant containing non-condensing gas; 
• Heat transfer in FA and other elements of RP design; 
• Heat transfer between coolant and wall; 
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• Heat transfer through  radiation during drying. 
The flow of coolant  in RATEG  is described via double-liquid  heat/hydraulic approximation 


which allows for to consider the peculiarities of the flow important for emergency conditions: 


• Rate and temperature of non-equilibrium flow; 
• Flow structure (single-phase, bubble,  dropping, annular, etc.); 
• Conditions of heat transfer with channel walls  (convective, bubble and film boiling, 


condensation,  departure from nucleate boiling, heat transfer beyond crisis, etc.). 
Heat transport in the structure elements may be calculated on both one-dimensional and 


double-dimensional approximation. Double-dimensional approximation may be required for 
modeling the processes with large temperature gradients in such heat elements where the axial 
heat transfer may not be ignored. 


The set of models of equipment components available in RATEG  (I&C components, 
channels,  chambers, fuel assemblies, accumulators, pumps, valves, etc.) gives an opportunity of 
creating  calculation models of complex, ramified heat/hydraulic grids of nuclear power plants 
and of modeling stationary, transient and emergency conditions. 


The equation system describing the thermal hydraulics of a double-phase medium with 
the additive of non-condensable gases is a system comprising of  partial differential equations 
with algebraic closure relations. This system is approximated by linear, semi-implicit, single-
phase differential scheme. The approximation gives an opportunity of using time periods being 
in excess of Courant limits for both wave transfer and convection.   


The linearization is partially made by the Newton method and partially (where it is 
difficult to define derivatives) by the lagging coefficient method.  Spatial approximation of 
continuity equations and energy is built up by means of  the finite volume method with the 
“donor” identification of flows. Flow equations are approximated in the non-divergent form with 
the use of “upstream” approximation for convective derivatives. 


Double-dimensional heat transfer equations are approximated by a linear non-implicit 
scheme and solved through splitting by directions.  


A library of solvers comprising the solvers on the basis of direct and iteration methods is 
used to solve linear differential equation systems. 


Simulation of Core Heating and Distortion Processes During a Severe 
Accident  


Simulation of core heating and distortion processes during early phase of a severe 
accident is being carried out with SVECHA program module [3], also included in SOKRAT 
code. 


Software SVECHA consists of several interacting modules: Modeling module of FA 
cladding Zr oxidation; dissolution module of UO2  by melted Zr; melting and defluent module 
for melted materials of the core( including ceramic and eutectic mixtures); module of 
deformation and mechanical damages to the multi-layer structure of FA claddings; module of 
oxidation of steel structures of the reactor internals; module of releasing fission products; heat 
exchange module through  FA gas clearance, etc.  Interfaces to internal and external databases  
in terms of material properties are also part of the package.  


SVECHA package is a tool for detail modeling the physical and chemical processes 
occurring in the core (which finally lead to the degradation of the core). For this purpose, instead 
of an approach based upon empirical correlation, the equations based on general physical 
principles are used. 


SVECHA package considers such phenomena as depressurization of fuel assemblies 
accompanied by releasing fission productions and egress of corium out of oxidized cladding; 
cracking of oxide layer (given its influence on the rate of oxidation); double-side oxidation, 
processes occurring in the materials under oxygen starvation conditions; simultaneous existence 
of tetragonal and cubic phases of oxide ZrO2  at definite temperature range; interaction of UO2  
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fuel  with cladding  Zr  in “solid phase”; formation of ceramic (U,Zr)O2-x particles; embrittlement 
of materials and changes in the strength properties of the materials due to oxidation; various 
chemical reactions accompanied by release of hydrogen, changes of core configuration during a 
shift of corium, plugging of coolant channels, heat transfer followed by releasing corium, etc. 


SVECHA code also uses such methods as:   
• Numerical solution of  diffusion task through the multi-layer structure of the fuel 


assembly under oxidation during the modeling of  physical/chemical oxidation 
processes of FA claddings and their chemical interactions with fuel pellets; 


• Numerical solution of averaged hydrodynamic equations  considering the boundary 
conditions (corium – solid structure; corium – coolant) and capillary effects for 
various types of corium flow (drop, jet, film, etc.) in the course of modeling the 
release of  melted materials;  


• Numerical solution of convective equation of mass transfer for the liquid phase and 
diffusion equation for solid phase (given the effect of cladding oxidation layer during 
simultaneous dissolution of UO2 and ZrO2 in the course of analyzing all stages of 
dissolution, including saturation stage and that of precipitation); 


• Numerical solution of parabolic equation for the gain in weight of  oxygen in the 
course of modeling the oxidation of steel structures of the reactor internals. 


Simulation of Thermal Phenomena in Corium and Thermomechanical 
Behaviour of the Reactor 


The  HEFEST module is a part of severe accident code SOKRAT. The  HEFEST is 
intended for modeling the processes occurring in the lower plenum chamber at the later stage of 
a severe accident when the materials of the degraded core transfer into the lower plenum 
chamber [4]. 


The  HEFEST has been developed to module the processes of interacting the core corium 
with the materials of LPC structures and RPV wall, as well as the RPV deformation and failure 
process.   


The following phenomena have been considered in the code:   
• Heat release of radioactive decay,  
• Release of mass and energy in the corium bath (thus  increasing the level in the bath) 


when the core materials getting into the lower plenum chamber,  
• Interaction of released materials with water, 
• Heat conductivity in the solid phase of debris,  
• Convective heat transfer in the liquid phase,  
• Phase transients (melting and formation of crusts),  
• Separation of liquid corium representing immiscible liquids (oxides – steel), 
• Radioactive heat transfer  from the corium surface,  
The  HEFEST gives a numerical solution  of the non-stationary heat transfer solution on 


the two-dimensional axis-symmetrical finite element grid. The coefficients of the equation may 
be freely distributed in the space and be non-linearly dependable upon temperature and 
dependable from time. The module allows for the use of random non-linear  boundary conditions 
of the first, second and third kinds. No challenging task of the convective motion as such has 
been studied in the course of  modeling the convective heat transfer in the liquid phase. Apart 
from the that task, a specifically selected effective heat conductivity is set up onto the intra-phase 
boundary. The heat conductivity is considered to be rather high (i.e. 103 – 105 in excess of the 
molecular one) in the remaining volume of the liquid (except the boundary layer of elements). 
This guarantees the proper stirring to match the physical nature of  heat transfer during natural 
convection. The heat resistance of the boundary layer is selected so as:  


• Full heat flow  on solid wall being cooled  corresponds to Nusselt average number; 
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• Distribution of local heat flow  along  the lower semi-spherical surface of corium 
corresponds to the angle independence  of Nusselt local number  upon the angle 
position on the wall. 


  
Nusselt average and local numbers are specified as the functions of Releigh   number on 


the basis of  empirical correlation. In case of separation of corium and formation of two liquid 
phases (oxides –steel), the heat flows from the upper layer are calculated by the same method as 
per the correlation for plane liquid layer  being heated up from below. Such an approach  allows 
for to ensure the distribution of  heat flows  through the surfaces being cooled up (and, 
consequently, the distribution of temperature throughout RPV wall). The distribution 
corresponds to the natural convection without solving formidable hydrodynamic tasks.  


Simulation of Processes in the Containment  
Simulation of processes in the containment is being carried out with KUPOL program 


module incorporated into SOKRAT code. Containment space is simulated with unrestricted 
quantity of interrelated boxes (control volumes), each of them being connectable with other 
boxes or environment. Gaseous/droplet medium in a box is assumed to be ideally mixed, i.e. 
medium parameters are averaged across each particular box. Gaseous mixture medium is 
transferred through inter-box connections. The boxes may be separated from one another with 
walls; in-box equipment is simulated by flat walls.  


Simulation of Fission Products’ Behaviour in the Containment  
Simulation of fission products’ behaviour in the containment is carried out with 


additional radionuclide program modules BONUS, RELEASE, GAPREL, and PROFIT. See 
Fig. 1 for fission products’ behaviour flowchart in SOKRAT code. 


 
 


Fig. 1  – Fission Products’ Behaviour Flowchart in SOKRAT Code 
 


Input data for modeling severe accidents of NPP WWER-1000  
While analysing the accidents at power units with WWER, the initial conditions have 


been set on the basis of rated parameters considering deviations as determined by the 
measurement accuracy at NPP. Reactor plant main parameters have been accepted within the 
ranges of deviations (as rounded upward) from  rated values  under normal operational 
conditions (Table  1 – 2). 
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Table  1 specifies the input design data used to simulate  the initial state of reactor plant 
WWER-1000. The table also includes the initial values of the primary and secondary parameters  
as used for the estimations.  


 
Table 1 – Initial state of  WWER-1000 reactor 


Parameter Design value 
Reactor power (thermal), MW 3000 
Flow rate of coolant through the reactor, kg/s 17358 
Flow rate of coolant through cold leg, kg/s 4339.5 
Steam pressure in the steam generator vessel, MPa 6.28 
Mass of water in the steam generator during power operation, kg 42000 
Decay heat power ANSI/ANS-5.1-1994 
Coolant pressure at core exit, MPa 15.73 


Coolant temperature at reactor inlet, K 562.5 
Coolant temperature at reactor exit, K 594.0 
Water level in the pressuriser, mm 8770(13770*) 
Vessel water level in steam generator, mm 2400(6400*) 


* against the axis of the cold leg. 
 
Tables  2 and  3  show some of the core element parameters as used in the modelling the 


reactor unit.  
Table  2 – Key geometrical dimensions of the core and fuel assemblies  


Name Value 
Total amount of FA in the core, pieces 163 
Amount of FA with CPS rods, pieces 103 
Amount of fuel rods in FA, pieces 311 
External diameter of fuel rod cladding, mm 9.1 
Internal diameter of fuel rod cladding, mm 7.73 
External diameter of the fuel pellet, mm 7.57 
Diameter of the central hole of the fuel pellet, mm 1.5  
Length of the lower non-heated FA part, mm 281 
Height of the heated FA part (in the cold state), mm 3530 
Flow area of the core in the heated part, m2 4.14 
Equivalent FA flow area (considering interstitial gaps), cm2 254 
Length of the upper non-heated FA part, mm 759 
Pitch between fuel rods, mm 12.75 


 
Prolongation table  2 
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Name Value 
Amount grid spacers, pcs 
Total 
within the fuel column (in a cold state) 
within the fuel column (in a hot state) 


 
15 
13 
14 


Height of grid spacer, mm 
across cells 
along perimeter 


 
20 
30 


Size of grid spacer in FA, mm 235.1 
Pitch of FA arrangement in the core, mm 236 
Weight of fuel in the core, kg 79870 
Weight of all fuel element cladding, kg  23970 


 


Table  3 – Some parameters of the core elements 


Parameter Value 
Material of fuel rod claddings Э-110 
Material of the control rod poison B4C 
Material of the control rod claddings 46ХНМУ 
Material of control rod guiding tubes Э-110  
Material of grid spacers Э-110 
Fuel element central opening  1.5 mm 
Fuel rod arrangement  Triangular 


 
Description of design diagram of reactor plant WWER-1000 
The calculation model  for code RATEG/SVECHA consists of the following key elements: 


• Heat/hydraulic elements, 
• Heat elements, 
• I&C system, 
• Boundary conditions. 
• Special components (pumps, valves, accumulators). 
A few models of valves have been implemented in the code: signal-free inertial (check 


valve), single-signal inertia-free valve (controlled by type 1 trigger), double-signal inertial valve 
(controlled by two type 1 triggers or one type 2 trigger), servovalve  (controlled by transducers). 


Heat elements of reactor model 
Metal structures and elements of the reactor core are represented by two types of 


elements: those processed by RATEG module and those processed by SVECHA module. Heat 
elements are presented in a cylindrical form. Complex structures are also presented by 
cylindrical elements based upon the energy conservation principles and heat transfer surface. The 
heat element multiplication factor is used to preserve this correlation. 
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Fuel assemblies are distributed into three groups of FA with various degree of energy 
deposition according to the radial profile of energy deposition in the core at the end of stationary 
campaign (8th campaign, Teff = 296.6 days, W=3000.0 MW).  


• CORE_FA103  is a share of relative power estimating at 67.87.0 % (a group of 103 
FA), 


• CORE_FA18  is a share of relative power estimating at 14.03% ( a group of 18 FA 
corresponding to cassette groups Nos.8, 10 and 19), 


• CORE_FA42 is a share of relative power estimating at 18.1% (peripheral group of  42 
FA corresponding to cassette groups Nos. 7, 13, 18, 22, 25, 27, 28). 


• Rated heat power (of all FA) is 3000 MW. 


Table 4 – fuel assemblies  


Parameter FA103 FA18 FA42 


Rated power, Wt 2.036 E+9 0.421 E+9 0.543 E+9 


Table name for 
setting rated power POWER-FA103 POWER-FA18 POWER-FA42 


 
Fuel assemblies are divided into 6 radius intervals, including  two intervals for FA 


cladding and into 19 height intervals  within the part being heated up. 


Table 5 - Non-uniformity coefficients along the height at the end of stationary campaign 


№ of interval along 
height 


Interval level, m 
FA103 FA18 FA42 


1 0.0 
0.353 


0.811 0.762 0.7677 


2 0.353 
0.706 


1.031 1.0118 1.0262 


3 0.706 
1.059 


1.022 1.0197 1.032 


4 1.059 
1.412 


1.013 1.0197 1.024 


5 1.412 
1.765 


1.012 1.0197 1.024 


6 1.765 
2.118 


1.019 1.0302 1.0344 


7 2.118 
2.471 


1.029 1.046 1.047 


8 2.471 
2.824 


1.049 1.072 1.071 


9 2.824 
3.177 


1.096 1.1012 1.096 


10 3.177 
3.53 


0
.878 


0
.9172 


0
.878 
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A decay in RP power for the power of residual heat release in case of actuation of reactor 
trip (1) is specified in provided that the reactor operates with nominal parameters during the 
commencement of accident.  


This version of the code shows the modeling of radionuclide volatile fractions as a 20% 
reduction of energy release from the  fuel upon degrading fuel rod cladding.  


Element CONTROL_ROD represents the guide channels of absorbing rods together with 
pulled down rods inside.  


Element CORE_BAFFLE models the baffle in the vicinity of the core. 
Element BARREL models part of the reactor shaft  in the vicinity of the core. 
Element BZT_TUBES  models PTU tubes. 
The remaining reactor metal structures, as well as circulation loop pipelines and SG heat 


exchange surfaces are only modeled by RATEG module. 
 
Hydraulic elements of reactor model  
The reactor is divided into areas in accordance with  the location and geometrical sizes  


of WWER-1000 elements. The reactor modeling diagram is shown in Figures 2 – 5. 
The calculation scheme is a triple-loop scheme (two non-damaged  loops (№2 и№3) are 


modeled as a single loop with double multiplicity, while the first loop and that with pressurizer  
are modeled separately). The operation of the main safety systems has been modeled considering 
possible failures  of accident management systems, equipment and measures. 
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Fig. 2– Reactor Pressure Vessel Nodalization Chart 
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Fig. 3 – Nodalization Chart of the 1st (2nd, 3rd) Coolant Loop 
 


 
 


Fig. 4 – Nodalization Chart of the 4th Coolant Loop 
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Fig. 5 – Steam Generator Nodalization Chart 


 
RP calculation scheme includes the following elements:  


• RPV consisting of the inlet nozzles area (one plenum chamber (RATEG)), 
downcomer (2 heat/hydraulic channels RATEG, 16 calculation cells), lower plenum 
chamber (2 plenum chambers, 1 heat/hydraulic channel), core (3 heat hydraulic 
channels, including bypass), upper plenum chamber(2 plenum chambers, 1 
heat/hydraulic channel),  outlet nozzle area (1 plenum chamber); 


• RCP (without steam generators) is modeled with  2 plenum chamber  and 10 
heat/hydraulic channels in each loop; plenum chambers are located symmetrically in 
both hot and cold legs of all loops, thus allowing to minimize the influence of 
nodalization on the behaviour of various loops (hot leg – one PC, 4 HC; cold leg with 
water lock (upstream the pump) – 4 HC; cold leg  (down stream the pump) – 1 PC, 2 
HC); 


• SG primary circuit of each loop  is modeled with 8 plenum chambers (4  chambers for 
each header) and 3 HC (tube banks); 


• Primary pressure compensating system  connected to the 4th loop consists of surge 
line (2 HC) and pressurizer casing (2 PC and 2 HC); 


• ECCS passive part ( 4 ECCS accumulators are modeled by 2 boundary conditions 
with double multiplicity (with connecting lines) (2 HC); 


• Emergency gas removal system (bubbler with blow-out membrane  and connection 
line with the primary circuit; equipped with  safety valves); 


In terms of height, the fuel assemblies  modeling  reactor trip  in the heated-up part  are 
divided into  10 cells  (0,353 m each) and into 3 cells in the non-heated-up part (heads and 
shanks). According to the energy release profile, 3 groups of fuel assemblies  (18, 103 and 42 
pieces, respectively) and control rods in 103 FA, including drives  have been modeled. 
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Finite-Element Discretization of design area for unit HEFES 
Design area simulating LMC structures is split into a number of reasonably small finite 


elements (see Figure 6). The zone is generated based on defined boundaries of major 
components, such as reactor pressure vessel and SCC. Finite element mesh is broken down into 
sub-zones for the purpose of accident-specific analysis according to expected sequence of core 
debris relocation therein. Whenever necessary, more sub-zones (with linear or elliptic 
boundaries) may be added, in particular, to accommodate incoming core debris. 


Each sub-zone is associated with certain identification number of a material contained in 
(or expected to fill) this sub-zone. Said number defines properties of respective material and 
sequence of filling the sub-zone with incoming corium. This sequence is set in the input master 
file (see Figure 7). Sub-zones may be set to provide any needed rate of discretization, down to a 
single finite element. 


The sequence of finite elements' filling reflects the assumed severe accident algorithm. 
Filled first are finite elements simulating internal space of fuel elements' supports. At this 


stage, molten corium would fill virtual SCC layers following the assumed scenario, which means 
that lower layers are being filled first (from center to periphery and bottom-up). After they are 
filled up, molten materials coming down from lower cells of respective elements yielded from 
SVECHA code stop entering GEFEST code until SG integrity is lost.  


Thereafter, molten core relocation to the reactor cavity resumes. This stage keeps on until 
the reactor cavity wall gets disintegrated. 


Then all the melt remaining above the melt-through point relocates into unconfined 
spaces on the reactor vessel bottom. 


After the wall of the reactor pressure vessel loses its integrity all the melt remaining 
above the melt-through point comes down. 


At the stage of reactor vessel disintegration the code start modeling melt stratification 
(which is temperature-triggered). Layers' arrangement is described based on the following 
assumptions: 


• the melt is assumed to consist of two immiscible liquid layers: corium (oxides and  
zirconium) and steel mixed with zirconium (which accounts for up to 30% of the 
whole liquid zirconium mass); 


• steel is assumed to move upwards; 
• zones above and below the boundary are assumed to consist of "pure" steel and 


"pure" corium respectively, each having material-specific properties; 
• melt stratification does not affect temperature distribution in the layers; it is only 


material composition that is affected; 
• the boundary between the layers is determined based on steel contents in the melt, 


taking into account reactor pressure vessel geometry; 
• average coefficients descriptive of each layer properties are calculated independently; 
• heat emission distribution in layers depends on the ratio of relocating core materials, 


e.g., 90% heat is released in UO2, and 10% - in steel (said ratio is set in the input 
master file). 
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Figure 6 - Finite-Element Discretization of LMC 


 


 
1 – reactor pressure vessel, 2 – SCC wall, 3 – steel supports, 4 – modeled melt layers,  


5 – fuel assemblies' support tubes filled in the first place 
Figure 7 – Stratification of SCC internal space filled with relocating core materials 
 


Results of Analyses of Severe Accidents with VVER-1000 Reactor Unit 
The following scenarios of heavy accidents have been reviewed:  


• Large break (Dnom346) in case of rupture of PRZR surge line which is not 
accompanied by a blackout and followed by a failure of ECCS active part; 
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• Large break (Dnom300) from PCP cold leg accompanied by a failure of ECCS active 
part;  


• Large break (Dnom179) in case of rupture of injection pipeline to the pressurizer 
accompanied by a failure of ECCS active part;  


• Small break (Dnom80) from PCP cold leg accompanied by ECCS active part; 
• Small break (Dnom25)  from PCP hot leg accompanied by a blackout and failures of 


diesel-generators. 
 


According to this scenario, active ECCS systems were inoperable. In full blackout 
scenarios failure of steam generator feedwater system was additionally assumed. 


Any of the above accidents entails severe damage to reactor core, molten pool formation, 
and, ultimately, relocation of molten core to the corium catcher. Decomposition of fuel cladding 
and formation of molten pools result in penetration of aerosol particles into steam/gas medium 
circulating in the reactor coolant circuit.  


This work is targeted at determination of conditions under which aerosols would be 
released from their sources, and coolant flow thermohydraulic parameters during conveyance of 
aerosols through the reactor unit components. The output data may be used for selection of 
boundary conditions and operating values for experiments involved in aerosol behaviour studies. 


 


Conditions of Aerosols’ Release and Propagation within The reactor coolant 
Circuit  


Severe Accidents Involving Reactor Coolant Leakage to the Containment  
Presented in summary Table 6 are main phases of a severe accident progress. 
The process of aerosol escape to the reactor coolant circuit is influenced by parameters of 


reactor coolant in cells adjacent to aerosol sources, such as temperature and partial pressures of 
steam/gas mixture components. Dynamics (i.e. spread and sedimentation) of aerosols within the 
reactor coolant circuit depend on steam/gas flow velocity (Reynolds number). 


Aerosol escape starts when reactor coolant level decreases after repeated (final) core 
dryout. 


At this point of a severe accident fission products accumulated in fuel elements would 
leak into the reactor coolant circuit, which is followed by their transfer and discharge through a 
break. Fission products’ release is limited to the amount of isotopes accumulated in fuel elements 
for the period of reactor steady state operation. 


When fuel claddings collapse, corium melt comes in contact with reactor coolant, which 
triggers emission of aerosols from corium melt surface. At this phase, determination of reactor 
coolant parameters with 1-D circuit code is only correct until the moment of formation of vast 
molten pools, which largely overlap core cross section. From this moment on, reactor coolant 
circulation pattern over the melt is dependent on natural convection in a plenum confined by 
molten pool surface and walls of reactor pressure vessel and reactor cavity.  


Therefore, parameters of reactor coolant for the period of aerosol release and transfer 
may be determined from the analysis with SOKRAT code for time interval between the onset of 
repeated core dryout and formation of molten pools (see Table 6). 


See Appendix 1 for thermohydraulic parameters important for aerosol formation (as time 
functions calculated for 8 selected points of the reactor coolant circuit).  


According to the analyses, steam/gaseous medium transfer velocity is largely dependent 
on the details (sequence) of severe accident scenario, including break sizes. As far as above 
severe accident scenarios are concerned, Reynolds number range in faulty loops was 2⋅106 to 
8⋅102, while respective velocity range was 100 to 0.2 m/s. Maximum steam/gas flow velocity 
values have been registered in a period of most extensive hydrogen formation during 
steam/zirconium reaction. It should be noted that maximum values of steam/gas flow velocity 
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have been observed in pipe break points, or (in case of small leaks), in points of steam/gas mix 
outflow through the gas removal system. 


 







Table 6 – Phases of  in–vessel stage of severe accidents 
Ду 346 Ду 300 Ду179 Ду80 Ду 25 


Main phases of  in–vessel stage of severe accidents Time, s 
Occurrence of primary break. 0.0 0.0 0.0 0.0 0 
Actuation of emergency protection, RCP run-out, disconnection of turbine 
generators. 0.7 0.7 1.2 41 0.7 


Commencement of core dry-out 12 12 160 900 7300 
Actuation of ECCS accumulators in case of pressure drop in RPV  down to 5.9 
MPa (supply of borated solution in the upper and lower chambers of the reactor)  


55 68 210 1250 7700 


Re-filling of the core 80 168 400 1330 7720 
Beginning of core heat-up 910 860 2000 3390/5700 12500 
cut off ECCS water supply 137 168 760 4100 13800 
Commencement of re-dry-out of the core 900 850 1970 5650 12350 
Beginning of hydrogen generation 1400 1370 2730 6870 15200 
FA cladding temperature is in excess of the design threshold  (1473 К) 1520 1585 2800 6940 15600 
Degradation of film ZrO2 of FA claddings   (Т>2250К) 2230 2190 3770 7090 16160 
Complete re-dryout of the core 1550 1486 2860 7670 16400 
Release of the materials of the damaged  part of the core and internals into the 
reactor lower chamber 


2010 2050 4180 7930 17440 


Generation of local melt baths in the core. Excess of fuel melting temperature in 
the degraded part of the core (T>2850K) 


2980 3170 4730 8900 19300 


Generation of local melt baths in the lower plenum 4100 3950 5850 11100 20150 
Melt-through of the suspended reactor shaft barrel at the reactor bottom 6150 5920 8540 14900 27700 
RPV failure. Release of the first portion of corium into the core catcher. 8350 7930 10330 16500 29930 







Severe Accidents Involving Reactor Coolant Escape to the Secondary 
Coolant Circuit  


Presented in this section are results of analyses for severe accident scenario involving 
reactor coolant escape to the secondary coolant circuit, aggravated with full blackout. 
Superposition of an additional failure (complete blackout) is dictated by a target scenario 
involving core dryout and degradation, since, according to preliminary analysis, scenario 
sequence without this failure does not entail core dryout in 3 days. 


Initial power unit condition is normal operation at 100% rated load. 
Initial event is assumed to be a break in fresh steam pipe between steam generator (SG) 


and motor-driven gate valve, with equivalent leakage Dn=600. Said event initiates breaks in three 
steam generator pipes with equivalent leakage Dn=32. 


Event “Leakage from the reactor coolant circuit to secondary circuit” initiates EPS-1 trip 
in response to rise of steam radioactivity in pipeline of a faulty steam generator, or rise of water 
level in any steam generator by 0.3 m above rated value, or drop of water level in pressurizer by 
1 m below rated value. The scenario in question includes an additional fault condition, therefore, 
EPS-1 trips in response to “full blackout” signal. 


In 5 s after the emergency signal EP-1 the shutdown valves of the turbine at each of the 
four loops are closed, the emergency feed water line to the steam generators are closed and 
reactor coolant pumps of all loops are switched off. After RCP stop, the natural circulation is 
established in all the loops. 


The results of analyses with SOKRAT code are presented in Figs. 8 – 12. 
Based on the analyses of thermohydraulic conditions in reactor and core destruction 


progress, the following phases of accident scenarios may be singled out. They are presented in 
Table. 7. 


In the first seconds since “blackout” signal is received, emergency safety system trips, 
which results in decrease of pressure within power unit and drop in reactor power to decay heat 
level. In 2000 s since the accident onset circulation reverses, and core dryout starts. When the 
reactor coolant pressure falls below 5.9 MPa (t ~2612 s), check valves in borated water feed line 
from ATECCS will open. In 7200 s since the accident onset gas removal system will open. 


When borated water is fed from ATECCS, part of it is discharged through the breaks in 
steam generator pipes, yet another part of borated water is discharged to the gas removal system. 
See Figs. 9 – 11 for curves (vs. time) of steam and water mass flow through the breaks in steam 
pipeline, through steam generator pipes, and through the gas removal system. 


Borated water supply from ATECCS stops in ~ 8745 s since the accident onset. Repeated 
lowering of coolant level in reactor core (Fig. 8а) starts in 14200 s since the accident onset, and 
rise in fuel cladding temperature already starts during core dryout phase at a rate of 1.1 ÷1.5 K/s. 
At this stage coolant gradually evaporates from the reactor pressure vessel. In 19350 s since the 
accident onset the core is completely dried out. 


Major hydrogen release starts when fuel cladding temperature exceeds 1200 К (ca. 
16350 s since the accident onset), i.e. when violent steam/zirconium reaction launches, resulting 
in acute temperature escalation. As soon as oxide film disruption temperature is reached, core 
disintegration starts.  


The moment molten core enters the lower plenum chamber, grow of steam flow through 
reactor core, and, simultaneously, pressure in the reactor pressure vessel, starts. At the same 
time, hydrogen generation rate drastically increases. 


Shown in Fig. 11 (b) is cumulative amount of hydrogen generated in the course of core 
and reactor internals’ oxidation. It will be seen from hydrogen release progress over the whole 
accident period that most intensive hydrogen release takes place in the period since 17350 s to 
19630 s, as a result of oxidation of undamaged or partly damaged reactor core. When the bulk of 
disintegrated core and reactor internals falls out into the lower plenum chamber, hydrogen 
generation rate starts drastically decreasing. 
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Reactor pressure vessel collapses in 24490 s since the accident onset, starting from the 
area where molten steel overlaying molten oxide layer contacts with reactor vessel walls at the 
height of 1.64 m over the reactor vessel bottom head. The first portion of melt escaping from the 
collapsed reactor vessel consists of 49000 kg steel at temperature of 2350 К. After reactor 
pressure vessel is melt through, simulation kept on until the whole mass of materials fell out into 
the corium catcher. 


In case of primary-to-secondary leak with extra failure (complete station blackout) the 
coolant is released beyond the containment leading to radioactive releases to the environment 
and loss of reactor core cooling in turn leading to its melt-down. The emergency gas removal 
system actuation leads to decrease of radioactive releases to the environment, and to additional 
leak within the containment and radioactive materials being released into the containment 
atmosphere.  


To justify the boundary conditions for the experimental programmes, the major interest is 
related to the structural elements prove to the aerosols deposition. For the accident under 
consideration, such elements include the emergency gas removal system pipelines, and the stem 
generators tubing.  


Fig.10 shows the steam mass flow rates to the steamline (a), to the gas removal system 
(b) and to the steam generator tube leaks (c, d). Since the aerosols are transported inside the 
reactor plant with the stem, it is evident that the main aerosol flow will be directed into the 
containment. 


Let us consider the gas removal system more specific.  
The emergency gas removal system is a severe accident management system and is 


intended to remove the steam-gas medium formed in the primary circuit and collected under the 
reactor vessel cover, in the SG headers and in the pressurizer during the design-basis and beyond 
design basis accidents, accompanied by the coolant boiloff and coolant dissolved gas release. 
The system is allowed to be used during normal operation conditions and in the anticipated 
transients. 


During the beyond design basis accidents the EGRS ensures removal of the hydrogen 
from the primary circuit, prevents explosive mixture generation in the primary circuit, and 
prevent natural circulation blockage in the loops due to hot legs blockage by the steam-gas 
volume. During BDBAs leading to core melt, the system, together with the pressuruzer safety 
valve ensures the primary pressure reduction down to 1 MPa. 


Fig. 13 shows the process diagram of the EGRS comprising the pipelines and the valves 
installed to direct the steam-gas mixture to the bubble condenser and under the containment: 


- From under the reactor cover (pipeline 38x3.5 mm); 
- From SG primary headers via 18x2.5 mm pipelines; the pipelines then directed into 


joint header 38x3.5 mm; 
- From the pressurizer via 76x7 mm pipeline, connected to the steam relief pipeline 


between the pressurizer and the pressurizer safety valve. 
The removed steam-gas mixture is directed to the bubble condenser via 76x7 pipeline 


with inlet to the team release pipeline 273x20 mm between the pressurizer and the bubble 
condenser. The EGRS equipment is located completely within the primary containment space.  


For successful deposition of the aerosols it is necessary that the steam-gas mixture 
velocity does not exceed 100 m/s, otherwise the aerosols will be blown away and transported 
downstream. 


Further in the table 9 the calculated values of the velocities and the pressures in the 
separate EGRS pipelines up to the moment of 21,200 s corresponding to the maximal FP-
containing steam-gas mixture release to the containment. As the calculation results had shown, 
the most favorable conditions for the aerosol deposition onto the inner surface of the EGRS 
pipelines will be for the pipeline of small diameters d=13, 31 and 62 mm (see Table 9). As the 
accident progresses, the velocities will be reduced since the pressure drop will be reduced 
between the reactor, steam generator and the containment. 
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Let us consider the steam-gas mixture velocities in the failed steam generator tubes. 
When modeling the scenario, various tube failing modes are possible, but from the aerosol 
deposition point of view the tubes failure closest to the cold header is most interesting. Intensive 
aerosol deposition period is from 21,200 s to 24,500 s. The calculated values of the velocity 
variation along the SG tube length depending on the pressure drop are given in the Table 10. 
Thus the inner surface of the SG tubes at the inlet section about 1 m from the header will also be 
favorable for the aerosol deposition. 
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Table 7 – Phases of in–vessel stage of severe accident 
  Key stages of accident propagation time, s 
Occurrence of break. 1000.0 
Actuation of emergency protection, RCP run-out, disconnection of turbine 
generators. 1000.2 


Commencement of core dry-out. 2467 
Actuation of ECCS accumulators in case of pressure drop in RPV  down to 5.9 
MPa (supply of borated solution in the upper and lower chambers of the reactor) 


2612 


Disconnection of ECCS accumulators 9745 
Commencement of re-dry-out of the core 15200 
Commencement of core heat-up 15500 
Commencement of hydrogen generation 17350 
FA cladding temperature is in excess of the design threshold  (1473 К) 17140 
Complete re-dryout of the core 20350 
Degradation of film ZrO2 of FA claddings   (Т>2250К) 17400 
Release of the materials of the damaged  part of the core and internals into the 
reactor lower chamber 


19000 


Melt-through of the suspended reactor shaft barrel at the reactor bottom 24490 
RPV failure. Release of the first portion of corium into the core catcher 26420 


 
Table 8 - Aggregated parameters of mass  release during accident 


Parameter Value 
Integral hydrogen generation, kg 868 
Max. rate of supplying hydrogen into the containment  through the break, kg/s 5.8 
Max. rate of supplying hydrogen into the containment through the emergency 
gas removal system,  kg/s 0.09 


Integral hydrogen mass from: 
-steel, kg 
-Zr, kg 


126 
735 


Integral hydrogen mass from zirconium oxidations in lower plenum, kg 7 
Zr oxidations rate, % 77 
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Fig. 8 – Coolant level variation in the core (a) and pressure  over the core (b) 
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Fig. 9 – Hydrogen mass flow: through the break in clean steam piping (a), to the gas removal 
system (b), and through steam generator piping breaks (c, d) 
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Fig. 10 – Steam mass flow: through the break in clean steam piping (a), to the gas removal system 
(b), and through steam generator piping breaks (c, d) 
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Fig. 11 – Water mass flow: through the break in clean steam piping (a), to the gas removal 
system (b), and through steam generator piping breaks (c, d) 
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Fig. 12 – weight levels in ECCS accumulators (а) Integral hydrogen production (b)  


 


 
 
 


 
Fig. 13 – Emergency Gas Removal System 
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Table 9 – Calculated velocities and pressures in the separate pipelines of the gas 
removal system 


EGRS pipes Dia
meter, m 


L
ength, m


Lo
cation 


Velocity 
(in – out),  


m/s 


Pressure
(in – out),  


MPa 
0.013 1.0 v. 28 5.8 
0.013 15.525 v. 57 – 60 5.7 – 4.6 
0.013 16.375 h. 70 - 102 4.4 – 2.9 


Pipelines 
from SG 


0.013 8.4 v. 111 - 172 2.7 – 1.6 
0.031 13.075 v. 53 - 56 1.6 – 1.5 
0.031 13.375 h. 57 -60 1.48 – 1.4 


Pipelines 
from RPV 


0.031 0.9 v. 60 1.38 
0.062 10.0 h. 47 - 44 1.36 
0.062 5.0725 v. 42 1.35 
0.187 5.0 v. 152 - 157 1.24 – 1.22 
0.187 1.0 h. 157 1.22 
0.207 3.2 h. 222 1.45 


Pipelines 
from PRZ and PRZ 
SRV 


0.207 1.8 v. 230 1.42 
0.062 3.0 v. 41 1.36 EGRS 


connecting pipes 0.062 14.0 h. 40 - 80 1.35 – 1.2 
Comment: 
v. – vertical pipe; h. – horizontal pipe. 
 
 
 
Table 10 – Calculated velocity and flow rate change along the SG tube length 


depending on the pressure drop 
Pressure drop across the SG tube Length from 


inlet of the tube. m 14 atm – 1 atm 8 atm – 1 atm 3 atm – 1 atm 
 Velocity. m/s 


1.0 107 100 83 
2.0 112 106 86 
3.0 117 11 90 
4.0 125 118 94 
5.0 133 125 99 
6.0 143 135 105 
7.0 157 147 112 
8.0 176 164 121 
9.0 204 189 132 
10.0 253 229 148 
11.0 369 315 172 


 Steam flow rate in SG tube. kg/s 
--- 0.0973 0.0541 0.0175 
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Degradation of LMC structures 
Accident-triggered degradation of LMC structures may be split into several stages as follows: 


• Hot debris fills the support tubes; 
• The upper parts of the support tubes and GA disintegrate; 
• Molten corium relocates into the suspended core cage (SCC); 
• SCC integrity is lost; 
• The melt moves and distributes across the reactor bottom space; 
• Reactor pressure vessel disintegrates, and the melt escapes outside. 
LMC structures' degradation sequence is the same for any of the accident scenarios in 


question. Each phase is exemplified below in the case of an accident involving pressurizer surge line 
break with leakage equivalent diameter Dn=346 mm aggravated with failure of ECCS active part. 


• Phase 1. According to the assumed scenario of lower structures' degradation, hot 
corium first fills the internal space of the support tubes and melts the FA support grid. 
The analyses showed FA supports to be filled with zirconium and its oxide added 
with small amount of uranium and uranium oxide, as well as steel of the bottom 
nozzles. The only exception is complete blackout accident where FA supports are 
filled with steel due to early STU melting. 


• Phase 2. It should be noted that FAs in Reactor Unit type V-428 are only supported 
by tubes, while the spacing grid assembly (GA) bears no load. During core 
degradation and debris self-heating GA acts as relatively fusible barrier in the path of 
hot refractory debris. Expected local mechanical loads in GA are relatively small. 
Therefore, it is melting that is assumed to be primary mechanism of GA 
disintegration.  The time of GA melt-through was defined on the basis of additional 
numerical calculation.  This time has been obtained: for accidents with leak Dn346, 
Dn300 and Dn179-1500 seconds, for accident with leak Dn80 - 2000 seconds, and for 
accidents with leak Dn25 and the full blackout - 2500 seconds. Unit HEFEST does 
not work till then GA was destructed. At this time core melt was allocated in the 
lower meshes FA, which modelled by SVECHA unit.  


• Phase 3. When the spacer grid is melted through, invasion of core materials into the 
lower plenum chamber resumes. According to assumed scenario of melt relocation, 
the latter falls onto the bottom of lower plenum chamber, and fills the space between 
the barrels. Distribution of material replaced into the suspended cradle is assumed 
uniform, material composition being found from core degradation analysis. 
Averaging takes account of steel from melting supports and surrounding materials 
that got into the cradle. Shown in Fig. 14 are distributions of materials, temperatures 
and solid/liquid phases for the time moment the corium bulk enters the suspended 
cradle after SG is melted through. 


• Phase 4. After earlier hardened corium is melted again the process of suspended cage 
degradation is similar to that of reactor pressure vessel. It, however, takes lesser time 
due to thinner wall. The analysis demonstrates the upper part of the SCC as failing 
first (See Figure 16). 


• Phase 5. After the material is relocated from the suspended cage to the space between 
the SCC and the reactor vessel, the melt is stratified into metallic and oxidic layers 
(See Figs. 17 – 18). Molten steel of the reactor vessel and core together with some 
zirconium would float up and form a flat ring over the oxidic melt surface. 


• Phase 6. Typically, the reactor vessel is melted through in the area of contact between 
metallic corium and vessel steel, due to so called focusing effect. The latter arises 
from to natural convection of molten metal caused by intensive heat application to its 
lower surface, while radiant heat exchange on its upper surface is insufficient. This 
leads to intensive heating and agitation of the metal, resulting in dramatic increase in 
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heat flux from the melt to the wall of the reactor pressure vessel. After the wall is 
melted through, the melt located above the melt-through point is removed from the 
area in question, while the rest of the corium keeps melting the reactor vessel. 
Simulation of an accident sequence involving pressurizer surge line break with 
leakage equivalent diameter Dn=346 mm aggravated with failure of ECCS active part 
had been led to a moment when relocation of all the melt from the reactor pressure 
vessel was practically completed (See Figs. 19 – 22). 


Some analyses yielded incomplete ejection of substances from LMC. The reason for that is 
that part of zirconium and steel (that hardened due to cooling with water from LMC) had not melted 
again before the surrounding liquid corium leaked out to the core catcher. 


See Appendix 2 for graphic charts of averaged characteristics of molten corium upper 
layer after the reactor pressure vessel is melted through (phase 6). This layer enters the corium 
catcher when upper part of the reactor bottom wall, exposed to the melt, collapses. 
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a) 


 
b) 


 
c) 


Figure 14 - Accident involving pressurizer surge line break with leakage equivalent 
diameter Dn=346 mm aggravated with failure of ECCS active part. Time = 2390 s. 
a) Distribution of substances 
b) Temperature field 
c) Distribution "Solid/Liquid" 
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a) 


 
b) 


 
c) 


Figure 15 - Accident involving pressurizer surge line break Dn=346 mm aggravated with 
failure of ECCS active part. Time = 4000 s. 
a) Distribution of substances 
b) Temperature field 
c) Distribution "Solid/Liquid" 
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a) 


 
b) 


 
c) 


Figure 16 - Accident involving pressurizer surge line break Dn=346 mm aggravated with 
failure of ECCS active part. Time = 5650 s. 
a) Distribution of substances 
b) Temperature field 
c) Distribution "Solid/Liquid" 
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a) 


 
b) 


 
c) 


Figure 17 - Accident involving pressurizer surge line break Dn=346 mm aggravated with 
failure of ECCS active part. Time = 5800 s. 
a) Distribution of substances 
b) Temperature field 
c) Distribution "Solid/Liquid" 
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a) 


 
b) 


 
c) 


Figure 18 - Accident involving pressurizer surge line break Dn=346 mm aggravated with 
failure of ECCS active part. Time = 6900 s. 
a) Distribution of substances 
b) Temperature field 
c) Distribution "Solid/Liquid" 
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Figure 19 -  Accident involving pressurizer surge line break Dn=346 mm aggravated with 
failure of ECCS active part. Time = 7500 s. Distribution of substances 


 
 
 


 
 


Figure 20 - Accident involving pressurizer surge line break with leakage equivalent 
diameter Dn=346 mm aggravated with failure of ECCS active part. Time = 7600 s. 
Distribution of substances 
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Figure 21 - Accident involving pressurizer surge line break Dn=346 mm aggravated with 
failure of ECCS active part. Time = 8650 s. Distribution of substances 


 


 
 


Figure 22 - Accident involving pressurizer surge line break Dn=346 mm aggravated with 
failure of ECCS active part. Time = 17900 s. Distribution of substances 


 
Presented in Table 9 are typical periods of disintegration of reactor cavity and reactor 


pressure vessel, and decay heat for the time of reactor vessel melting through, derived from 
accident simulations.  


Presented in Tables 10 – 15 are composition and temperature of melt upper layer at 
various time points, starting from melt formation on the reactor cavity bottom, up to reactor 
vessel melting through, as well as corium characteristic at this time point. 
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Table 9 – Typical periods of disintegration of reactor cavity and reactor pressure vessel, 
and decay heat 


Severe accident description 


Parameters Dn=346 Dn=300 Dn=179 Dn=80 Dn=25 
Leakage 
from I to 
II circuit 


Reactor cavity melting 
through, s 6 150  5 920  8 540  14 900  27 700  24 490  


Reactor pressure vessel 
melting through, s 8 340  7 930  10 330  16 500  29 820  26 420  


End of melt escape, s 11 800  10 940  13 840  22 200  36 930  31 630  
Decay heat, W  2.34⋅107 2.47⋅107 2.33⋅107 1.92⋅107 1.42⋅107 1.57⋅107 


 
Table 10 – Parameters of melt upper layer and corium for Dn 346 accident 


Composition, mass fraction Time, s UO2 ZrO2 Zr Steel T, K 


Melt upper layer 
4 150  0.664 0.081 0.048 0.207 2 790  
4 650  0.579 0.087 0.09 0.244 2 850  
5 150  0.554 0.089 0.105 0.252 2 980  
6 200  − − 0.072 0.928 3 000  
8 300  − − 0.053 0.947 3 070  
Corium 
8 300  0.786 0.118 0.096 − 3 210  


 
Table 11 – Parameters of melt upper layer and corium for Dn=300 accident 


Composition, mass fraction Time, s  UO2 ZrO2 Zr Steel T, K 


Melt upper layer 
3 950  0,674 0,086 0,045 0,195 2 840  
4 500  0,643 0,071 0,075 0,211 2 850  
5 000  0,621 0,076 0,093 0,21 3 000  
5 700  − − 0,072 0,928 3 040  
6 400  − − 0,063 0,938 2 970  
7 500  − − 0,053 0,947 3 080  
Corium 
7 500  0,808 0,102 0,098 − 3 200  


 
Table 12 – Parameters of melt upper layer and corium for Dn=179 accident 


Composition, mass fraction Time, s UO2 ZrO2 Zr Steel T, K 


Melt upper layer 
5 850  0,659 0,073 0,048 0,22 2 800  
7 700  0,606 0,071 0,108 0,267 3 050  
8 500  0,566 0,066 0,101 0,267 3 170 
8 600  − − 0,077 0,923 3 080  
9 500  − − 0,063 0,938 3 030  
10 300  − − 0,058 0,942 3 000  
Corium 
10 300  0,804 0,094 0,103 − 3 160  







 


 106


 
Table 13 – Parameters of melt upper layer and corium for Dn=80 accident  


Composition, mass fraction Time, s UO2 ZrO2 Zr Steel T, K 


Melt upper layer 
11 100  0,756 0,105 0,029 0,109 2 800  
13 000  0,729 0,093 0,02 0,158 2 970  
14 900  0,614 0,102 0,024 0,259 3 300  
15 100  − − 0,016 0,984 3 000  
16 500  − − 0,016 0,984 3 000  
Corium 
16 500  0,779 0,19 0,03 − 3 100  


 
Table 14 – Parameters of melt upper layer and corium for Dn=25 accident  


Composition, mass fraction Time, s UO2 ZrO2 Zr Steel T, K 


Melt upper layer 
22000  0,541 0,159 0,009 0,291 2690  
25000  0,537 0,11 0,009 0,34 2850  
27000  0,484 0,097 0,008 0,411 2890  
28000  − − 0,06 0,994 2840  
29900  − − 0,06 0,994 2650  
Corium 


29900  0,75 0,233 0,017 − 2970  
 
Table 15 – Parameters of melt upper layer and corium for “Leakage from I to II circuit” 
accident  


Composition, mass fraction Time, s UO2 ZrO2 Zr Steel T, K 


Melt upper layer 
23 700  0,534 0,195 0,002 0,269 2 990  
24 400   0,532 0,194 0,002 0,272 2 850  
25 500  − − 0,002 0,998 3 000  
Corium 
25 500  0,658 0,286 0,056 − 3 200  


 
According to additional thermodynamic analyses, the metal melt may contain up to 


14% (mass) uranium and up to 7% (mass) zirconium. Apart from U, metal layer may contain 
low-volatile (metal) fission product Mo и Ru, while melt oxidic fraction may contain Sr, Ва, Сe, 
and La. This conclusion is supported by experiments carried out in the framework of MASKA 
project, therefore, any analysis of aerosol generation and release from melt surface shall take 
account of the above-listed substances.  


For severe accident (Dn-346) the calculations of fission product release out of melt have 
been performad for the time from vessel melting-throngh and leakage of metallic melt in catcher 
to the time of final melt release in catcher.  Melt composition and temperatures as a function of 
time are shown in table 16. The steel composition is of Fe 76.4%, Cr 17.6%, Ni 5.9%. FP 
concentrations in melt are shown in table 17. Melt surface is accepted as 3.8 м2, atmosphere – 
vapour,  pressure - 2,5 atm. Vapour velocity over the melt is accepted as  1 m/s  in accordance 
with the estimations of  3-D CFD code. 
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Table 16 – Temperature and mass composition of melt surface. 


Time, s Melt surface 
temperature, К 


UO2, 
mass % 


ZrO2 
mass % 


Zr 
 mass % 


Steel 
 mass % 


9 000 3 005 71,1 10,7 5,1 13,0 
9 100 3 010 69,2 10,4 5,0 15,4 
9 200 3 005 67,4 10,1 4,9 17,6 
9 300 3 000 65,5 9,8 4,7 20,0 
9 400 3 000 63,8 9,6 4,6 22,0 
9 500 2 980 62,3 9,3 4,5 23,9 
9 600 2 980 60,8 9,1 4,4 25,7 
9 700 2 940 60,0 9,1 4,3 26,7 
9 800 2 930 58,3 8,7 4,2 28,8 
9 900 2 930 57,0 8,5 4,1 30,4 
10 000 2 920 56,1 8,4 4,0 31,5 
10 100 2 900 55,4 8,3 4,0 32,3 
10 200 2 900 54,5 8,2 3,9 33,3 
10 300 2 870 51,9 7,8 3,7 36,6 
10 400 2 860 51,4 7,7 3,7 37,1 
10 600 2 840 49,9 7,5 3,6 39,1 
10 800 2 620 48,6 7,3 3,5 40,5 
11 000 2 620 48,6 7,3 3,5 40,5 


 
Table  17 –Melt FP concentrations ( in % of total mass) 


ПД SrO BaO CeO2 La2O3 Ru Mo 
% 0.1218 0.2001 0.3915 0.174 0.3045 0.4002 
 
Results of melt component release for the time from 9 000 s to 11 000 s are shown in 


table 18 Total aerosol mass release out of melt in case of vapour velocity over melt surface of 1 
m/s is 20,6 kg. The aerosol release mkes up significant part of total aerosol release in late stage 
of severe accident. 


 
Table 18 – Total release of melt components (in kg).  


U 1.53E+00 Cr 2.30E+00 Sr 1.53E-02 
Zr 1.96E-03 Mo 2.57E-02 La 1.01E-03 
Fe 1.37E+01 Ru 3.52E-03 Ce 1.47E-03 
Ni 3.03E+00 Ba 6.05E-03 Total  20,6Е+00 


 


Analysis of Fission Products Behaviour: Results  
Analysis of fission products behaviour was performed for severe accident scenario 


“Large break Dn=346 in pressurizer surge line aggravated with full blackout”. Time dependences 
of accumulated fission products’ release (calculated with program module BONUS) are shown 
in Figs. 23 – 28. Unless fuel cladding is completely destroyed, fission products would escape 
through a gas clearance between fuel pellets and cladding. If fuel cladding is completely 
destroyed, fission products would escape directly into the reactor coolant circuit. 


Difference in heating rate of three groups of fuel elements, simulated with SOKRAT 
code, results in slower escape of fission products from fuel. 
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Fig. 23 - Time dependences of Cs & Xe release from fuel 
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Fig. 24 - Time dependences of I, Mo and Te release from fuel 
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Fig. 25 - Time dependences of Ba and U release from fuel 
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Fig. 26 - Time dependences of Ru, Sr  & Sb release from fuel 
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Fig. 27 - Time dependences of Zr, La,Ce & Nd release from fuel 
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Fig. 28 - Time dependences of Eu & Nb release from fuel 


 
Shown in Fig. (28 a, b, c, and d) is mass of aerosols discharged through the break, graded 


by aerosol size. It should be noted that practically there are no aerosol bigger than 4.2 μm in size. 
Shown in Fig. 3-7 is mass of all aerosols discharged through the pipeline break. 
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Fig. 29 – Masses of aerosols discharged from the reactor coolant circuit, graded by 
aerosol size (in μm) 
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Fig. 30 - Masses of all the aerosols discharged from reactor coolant circuit 


 
In GAPREL program module, fission products discharged through the gas clearance are 


categorized into fission product groups; as soon as a fuel element collapses, they would escape 
into the reactor coolant circuit. Mass of elements released from a fuel element depend on severe 
accident scenario. Behaviour of ten groups of fission product in the course of a severe accident is 
shown in Figs. 31 – 40. In there figures, solid black line (“Source”) (marked with open squares) 
denotes mass of fission products released from damaged fuel elements; blue dotted line (“Out)” 
(marked with open triangles) denotes mass of fission products released through the break in the 
reactor coolant circuit; and red dashed line (“In”) (marked with open circles) denotes mass of 
fission products left in the reactor coolant circuit. The following fission products are left in the 
reactor coolant circuit: 


• condensed vapours, 
• aerosols deposited onto equipment surfaces,  
• fission products chemically bound with equipment surfaces.  
“In” curve reflects mass (in kg) of fission products remaining in the reactor coolant 


circuit (i.e. fission products that had been released from collapsed fuel elements but not yet 
flowed out through the break). For steady state condition, this is the mass of fission products 
deposited in the reactor. Transient behaviour of fission products depends on thermohydraulic 
conditions in the reactor coolant circuit (such as temperature, velocity, phase concentrations, 
kinds of gases present, etc.). Bell on the curve may result from current presence of fission 







 


 112


product not only in form of liquid or deposit, but also as suspended aerosols and/or vapours. 
Besides, curve parameters will depend on dynamics of fission products outflow from fuel 
element cladding with time. 
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Fig. 31 - Behaviour of FP NG class during a beyond design-basis accident 
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Fig. 32 - Behaviour of FP CH class during a beyond design-basis accident 
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Fig. 33 - Behaviour of FP CI class during a beyond design-basis accident 
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Fig. 34 - Behaviour of FP TE class during a beyond design-basis accident 
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Fig. 35 - Behaviour of FP BA class during a beyond design-basis accident 
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Fig. 36 - Behaviour of FP PI class during a beyond design-basis accident 
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Fig. 37 - Behaviour of FP SR class during a beyond design-basis accident 
 


0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time, s


0


1E-006


2E-006


3E-006


4E-006


5E-006


M
RU


 , k
g


Source
In
Out


 
Fig. 38 - Behaviour of FP RU class during a beyond design-basis accident 
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Fig. 39 - Behaviour of FP LA class during a beyond design-basis accident 
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Fig. 40 - Behaviour of FP CE class during a beyond design-basis accident 
 
It should be noted that aerosol generation models implemented for the moment in 


SOKRAT package do not provide for calculation of aerosol release from melt at severe accident 
phase, characterized by formation of molten pools in lower plenum chamber and on the bottom 
head of reactor pressure vessel, which results in certain underestimation of total fission products’ 
release through the break. Said feature is planned to be added to SOKRAT code in future. 


Calculation for the primary-to-secondary circuit leak accident has been performed with 
assessment of aerosols transport and deposition on the surface of the reactor plant pipelines. It 
should be noted, however, that for the calculations in question the hydraulic diameters of 
channels have not been changed despite aerosols buildup on the walls and were assumed equal to 
diameters of heat exchange tubes without depositions. Therefore, additional calculations have 
been made to predict possible blocking of aerosol flowrate via the tubes.  


The executed calculations have shown that up to 10 % of aerosols released from the fuel 
are deposited within the primary circuit of the reactor plant. The remaining (in case of the 
primary-to-secondary circuit leak accident) part is distributed as follows: about 98 % of aerosols 
enters the gas removal system, of which ~ 80 % enter via the pressurizer, ~ 13 % - from the 
reactor and ~ 5 % - via steam generators; the remaining 2% are released via failed tubes of the 
steam generator. Consequently, emergency gas removal system pipelines outgoing from the 
reactor of 31mm diameter, pipes outgoing from the steam generators of 13mm diameter and the 
steam generator failed tubes have to be considered.  


Distribution of velocities and aerosols buildup along the tube length has been acquired as 
a result of the performed analysis. The major quantity of aerosols is deposited on the first 
segment of steam generator tube, at that, the quantity of deposited aerosols as compared with the 
adjacent segment differs considerably. When comparing the aerosols mass growth rate on the 
first segment of the steam generator tube with the maximum possible mass of aerosols at this 
segment, it may be predicted that total blocking of aerosol flow rate via the steam generator tube 
would take place. Time of the steam generator tube blocking is also affected by detachment and 
transport of aerosols and coagulation of particles.  


The assessments performed with “ROCK’NROLL” module have shown that under the 
realized conditions of coolant flow in the SG damaged tubes and at realized aerosol velocities the 
repeated relocation will not exert a significant influence on the increase of aerosol depositions on 
the tube walls. 


When considering influence of certain physical processes on aerosol deposition during 
their flow inside steam generator tubes, it should be noted, that high velocity of the medium 
leads to intensified coagulation of particles and speeds up their deposition on tube walls. 
Coagulation issues require additional experiments to be conducted. A hotter, when compared 
with the flow temperature, wall of SG tubes leads to some decrease in deposition rate due to 
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thermophoresis, but short presence of particles inside the tubes reduces the  significance of this 
process. In general, it should be concluded that turbophoresis emerges to be the main mechanism 
of aerosols deposition on tube walls, and it is turbophoresis that has to be investigated in detail 
during experiments studying aerosols deposition.  


 


Analysis of Convective Flow over the Melt Surface with 3-D CFD Code 
At severe accident phase characterized by formation of molten pools, 1-D circuit codes 


are unable to take account of convective processes, which shape conditions of aerosol generation 
and precipitation. That is why analysis with 3-D code has been carried out, in order to determine 
thermohydraulic parameters over the melt surface more accurately.  


Statement of Problem 
Simulation of progress in replacement of hydrogen with water steam in the reactor 


pressure vessel during LOCA was arranged as follows. Modelling space was a cylinder 
(representing reactor pressure vessel) connected with external atmosphere of water vapour 
through a piping system (Fig. 41). Two options of output pipe orientation were considered: 
vertical (Fig. 41 a) and horizontal (Fig. 41 b). 


Corium melt was modelled as hot surface at temperature of 20000С, laying on the bottom 
of the cylinder. The analysis took no account of oxidation of melt metal components with steam 
flowing in from the containment. 


At zero time reactor pressure vessel was filled with hydrogen at pressure pa=0.2 MPa, 
hydrogen temperature linearly decreasing from 20000С (lower melt layer on the reactor vessel 
bottom head) to 5000С (upper melt layer). Temperature and pressure of external steam 
atmosphere were respectively assumed at Ta=1200C and pa=0.2 MPa. 


Adhesion condition was used on the reactor vessel walls; constant temperatures of upper 
and lower surfaces Tbottom=20000С and Ttop=5000С respectively were assumed; side face 
temperature was assumed to linearly vary between these two limits. All the rest walls were 
assumed isentropic. Pressure pa and temperature Ta at the boundaries other than walls were 
assumed to be the same as respective parameters of the external vaporous medium (velocity 
components were calculated from local pressure gradients; as to turbulent characteristics, their 
gradients were stipulated at zero). 


 
 


 
a b 


Fig. 41 – Space of calculation 
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Mathematical Model 
Numerical modelling was carried out within the framework of Reynolds-averaged 


Navier-Stokes equations, based on low-Reynolds k-ε turbulence model formulated as follows. 
Expression of turbulent kinetic energy is identical with standard k-ε model (1), while transport 
equation for ε takes the form (2): 
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For a boundary cell, dissipation equation is not resolved, instead, ε is assumed to equal 


2
2
y


kν  (“y+” value in a boundary cell is about 1). 


Values of model coefficients are standard: 
 


Сμ Сε1 Сε2 Сε3 Сε4 σk σε σh 


0.09 1.44 1.92 1.44 при BP >0, 0.0 - иначе -0.33 1 1.219 0.9 
 


Simulation Results  
High-temperature melt layer located on the reactor vessel bottom head induces unstable 


initial hydrogen stratification, which, in turn, initiates complicated convective flow within the 
reactor vessel. At that, hot hydrogen flows up, while a part of relatively cold water steam flows 
into the reactor vessel (Fig. 42). 
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Fig. 42. Hydrogen mass fraction isosurface 2HC
=0.92 at t=150 s 
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b 


Fig. 43 - Temperature fields in reactor pressure vessel cross-section (z=0) at  
t=150 s: а – modelling space with horizontally-oriented output pipe;  


b – modelling space with vertically-oriented output pipe  
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a 


 
b 


Fig. 44 - Temperature fields in longitudinal section of the reactor pressure vessel 
(z=0) at t=150 s: а – modelling space with horizontally-oriented output pipe; b – modelling 


space with vertically-oriented output pipe  
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Shown in Figs. 43 are 44 temperature and velocity fields in reactor pressure vessel 
longitudinal section (z=0) at t=150 s for the options with horizontally-oriented and vertically-
oriented output pipes. It should be mentioned that, in case of horizontally-oriented output pipe, 
manifest stratification of gaseous medium outside the reactor pressure vessel takes place: hot 
hydrogen moves in the upper part of the pipe, while relatively cold water steam flows in through 
the lower part of the pipe from external atmosphere (Fig. 43). This, in turn, contributes into 
higher water steam inflow rate to the reactor pressure vessel, and its more intensive circulation. 
The latter is supported as well by axial distribution of hydrogen mass fraction 


2HC  (Fig. 45а). 


With horizontally-oriented output pipe 
2HC  value is substantially lower than that with vertically-


oriented output pipe; this is particularly true for near-bottom part of the reactor pressure vessel, 
where streaming down water steam accumulates. 


Despite considerable differences in in-vessel mix composition, temperature distributions 
are practically identical for calculation options considered (Fig. 45b). Hydrogen/water steam mix 
is heated rather uniformly, therefore, mix temperature along an axis remains constant: T≅1440K. 
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Fig. 45 - Distribution of hydrogen mass fraction (а) and temperature (b) along 


reactor pressure vessel axis at t=150 s for options with horizontally-oriented (solid line) and 
vertically-oriented (dotted line ) output pipes 


 
With time, discharge of hydrogen/water steam mix to external atmosphere gets 


accompanied with water steam suction from outside. This process is illustrated by Fig. 46, in 
which fields of velocity z-component and hydrogen mass fraction in exit section of a 
horizontally-oriented output pipe are shown. 
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а b 
Fig. 46. Fields of velocity z -component (а) and hydrogen mass fraction (b) in output 


pipe exit section at t=150 s 
 


It will be seen from conjoint scrutiny of 46 (a) and (b) that flow in a pipe may 
conventionally be split into two components: through the upper half of the pipe hydrogen flows 
out to external atmosphere, while through the lower half of it water steam flows in. One should 
note pretty high hydrogen outflow velocity. 


Hence, hydrogen atmosphere in the reactor pressure vessel is being gradually replaced 
with water steam. At time point of t=150 s hydrogen mass fraction in the vicinity of melt surface 
(y=0.1 m) approximates 0.920 with horizontally-oriented output pipe, and 0.936 with vertically-
oriented output pipe (see Fig. 47). By way of comparison, fields of velocity y-component ceteris 
paribus are shown in Fig. 48. 


 


a b 
Fig. 47. Fields of hydrogen mass fraction in the vicinity of melt surface (y=0.1 m) at 


t=150 s with horizontally-oriented output pipe (а) and vertically-oriented output pipe (b) 
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a b 
Fig. 48. Fields of velocity y-component in the vicinity of melt surface (y=0.1 m) at 


t=150 s with horizontally-oriented output pipe (а) and vertically-oriented output pipe (b) 
 
Analyses of convective flow over the melt surface are rather time-intensive. For the 


moment, results are available for the period of t=600 s since the accident onset (an option with 
vertically-oriented output pipe). By that time, hydrogen mass fraction near melt surface 
(y=0.1 m) did not drop below 0.915 (see Fig. 50). This leads to a (preliminary) conclusion that 
replacement of hydrogen atmosphere in the reactor pressure vessel with water steam is a pretty 
slow process. Velocity and temperature fields in the same cross-section are presented in Figs. 51 
and 52. 


 


Fig. 49 – Field of velocity y-
component in output pipe exit cross-section 


Fig. 50 – H2 mass fraction near melt 
surface (y=0.1 m) at t=600 s 
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а b 
Fig. 51 – Velocity fields: absolute velocity (a) and y-component (b) 


 


 
b 


Fig. 52 – Temperature fields near melt surface 
(y=0.1 m) at t=600 s 


 
More accurate simulation of progress in replacement of hydrogen with water steam may 


be achieved through taking account of melt oxidation by steam, since this chemical reaction 
involves release of hydrogen. Such problem statement may be assumed as allowing attainment of 
steady-state flow regime. Analyses taking account of heterogeneous reaction on melt surface are 
planned for the nearest future. 


Conditions of Radioactive Aerosols’ Release and Propagation over the Melt 
Surface in the Corium Catcher  


Selection of boundary conditions on the melt surface in the corium catcher, which might 
be used in experimental programs, requires the following phenomena (affecting fission products 
release from melt surface) to be taken into account: 


• formation of crust, which constitutes a substantial long-term barrier impeding fission 
products’ transport;  


• interaction between melt and atmosphere, possibly attended by oxidation-reduction 
reactions on the melt surface, e.g., further oxidation of melt components to higher 
oxides, which would influence evaporation rate of solved fission product;  
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• chemical reactions involved in melt interaction with metals, coolant, concretes, 
refractory materials, sacrificial material of corium catcher, and other materials that 
may also strongly affect fission product release rate.  


Analysis of materials’ behaviour in VVER-1000 corium catcher has been carried out with 
GEFEST-URL simulation codes based on integral models. 


For VVER-1000 reactor plant the core melt forming scenarios in the core catcher had 
been analyzed for the LOCA Dnom346 using the GEFEST-ULR computer code under 
development. 


The calculations performed allowed to make the following conclusions on the core melt 
interactions with the sacrificial material and on the core melt formation dynamics (composition 
and temperatures) in the core catcher.  


After reactor pressure vessel melt-through the core melt is directed into the basket filled 
with the sacrificial material and located in the core melt vessel. The sacrificial material is the 
specially chose composition of the light iron and aluminum oxides and sacrificial steel. Core 
melt is relocated in portions with the various duration of relocation and with the various 
composition of each portion.  


Initially, during first several hundreds of seconds, about 50 tons of metallic melt is 
relocated to the core catcher, the melt primarily consisting of steel and zirconium with metallic 
uranium. This metallic melt corresponds to the upper metallic layer, diluted by the structural 
steel, generated during in-vessel formation of the core melt. Once relocated to the core catcher, 
the melt interacts with the low-melting sacrificial steel material, gradually melts it and is 
relocated downwards to the core catcher bottom. As the core melt interacts with the core catcher 
elements, its temperature reduces. In case the core melt is cooled down to 1800°C, the chemical 
interaction between the Zr residing in the melt and with the oxidic sacrificial material is 
drastically reduced. The aerosol source during this period of time will be the steel melt surface, 
containing also non-oxidized Zr, U, and steel sacrificial material with temperature 1730 - 
2130°C, and being oxidized in the steam-air atmosphere. 


Further on, during the period of about 300 seconds, the core melt portions are relocated 
into the core catcher, which primarily consist of uranium dioxide and Zr dioxide, with addition 
of structural steel and metallic zirconium. The relocating oxidic portions of the melt interact with 
the remaining steel sacrificial material and with oxidic sacrificial material. At this stage, the core 
molten pool formation in the ore catcher is mainly determined, along with the heat transfer 
processes, by physico-chemical processes of the oxidic core melt material interaction with the 
oxidic sacrificial material, accompanied by the oxidizing-reduction reaction of the Zr with the 
Fe2O3 of the core catcher sacrificial material, and also the core melt natural convection processes 
and layering of the different components due to buoyancy forces. 


During the calculation it was assumed that the core molten pool (containing UO2, ZrO2, 
Al2O3, Fe2O3, ZrO2, Fe, Zr) generated in the core catcher during the relocation period is 
homogeneous. As the UO2continue relocation, the core melt temperature starts increasing and 
the sacrificial materials start to heat up, which in turn lead to melting down the sacrificial 
material and resulting core melt dilution. As the composition of the core melt changes, its 
temperature also changes. Compared to the core melt contained in-vessel, the core catcher melt 
has lesser temperature, and lower FP concentration, hence the expected aerosols generation from 
the core catcher is assumed to be lower. Molten pool upper level investigations before the water 
introduction are given in the table 20. The results show that the temperature of the core melt 
decrease significantly, as the oxidic sacrificial materials are melted down. 


 
 
 
 
 


Table 20 – Core catcher of the upper components 







 


 126


Time, s UO2 
Mass % 


ZrO2 
mass  %


Zr 
mass  %


Fe2O3 
mass  %


Al2O3 
mass  %


Fe 
mass  % 


T, K
mass  % 


8 600  0.1 --- 4.8 15.2 5.1 74.8 2400 - 2000 
9 100  0.8 0.1 4.2 14.9 5.0 75.0 2400 - 2000 
9 600  30.2 4.5 4.3 10.4 3.5 47.2 2680 - 2430 
10 000  31.2 4.7 4.1 11.6 3.9 44.5 2400 - 2100 
10 400  31.5 4.4 4.0 11.9 4.1 43.8 2360 - 2030 


 
The melt composition had been calculated until the moment of water introduction onto 


the melt surface. After water introduction onto the melt surface, the significant reduction the 
aerosols release from the melt surface can be predicted, since high-melting temperature crust is 
formed on top of the core melt and which along with the water steam prevents aerosol release. 


 
When considering core catcher process, not only aerosols release from the molten pool 


surface due to materials evaporation, but also a possibility of their generation during gases 
release from the melt depth should be considered.  


The core catcher release of gases (oxygen) in the melt is possible due to reaction of 
ferrous oxide recovery, which is a part of sacrificial material. At that, interaction of the melt 
oxides with oxide sacrificial material leads to degradation of Fe2O3 in endothermal reactions:  


2Fe2O3=4FeO+O2 ,  
6Fe2O3=4Fe3O4+O2 ,  
A series of experiments to justify NPP-91 core catcher application have been conducted 


to study physicochemical processes that take place during interaction between corium melt and 
sacrificial material. The experiments showed that for the corium melt, which has Zirconium, the 
oxygen emerged as a result of these reactions, is consumed for Zirconium oxidation. At that, gas 
release from the melt is insignificant. The similar result is obtained when corium melt has steel 
and /or FeO. At that, further oxidation of the melt corresponding component is achieved.   


For low concentration of Zr, Fe and FeO, corium experiments have been conducted with 
corium containing Zirconium oxide and no free Zirconium and Ferrum. In this case oxygen 
precipitation from the melt would occur after some time period, during which it will be absorbed 
in the melt due to formation of Uranium oxides with different degree of oxidation (UO2+x type 
compound). At that, emerging Uranium oxides have a higher, when compared with UO2, degree 
of oxidation and lower liquidus temperature, which leads to their predominant release into 
atmosphere in the form of vapors over the melt and formation of aerosols. Thus, in case of sub-
oxidized corium, it is probable that aerosols release would be intensified due to evaporation of 
uranium oxides UO2+x despite lower oxygen release caused by oxygen absorption in the 
corium. This process has to be further investigated by setting additional experiments.  


 


Conclusions 
The results of analyses covering selected severe accident scenarios were used in studies 


of aerosol formation and transport conditions at different phases of a reactor unit accident. These 
results lead to the following conclusions, in support of boundary conditions to be selected for 
experimental programs: 
1. Analysis of these results provided the basis for definition of melt composition and 


temperature, as well as pressure over the melt formed as a product of reactor unit 
degradation at in-vessel phase of an accident, when molten pool is formed on the reactor 
cavity bottom and on the reactor vessel bottom head. Before the melt is stratified, the 
contents of its components vary as follows: 55 to 75 % - UO2, 7 to 20 % - ZrO2, 2 to 10% - 
Zr, 20 to 27% - steel; the melt temperature varies in the range of 2520 to 2920 °С. After the 
melt is stratified (split) into metallic and oxidic components, the contents of its upper 
(metallic) layer components vary as follows: 92 to 98% steel, and 2 to 8% Zr, the upper 
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layer temperature being within the range of 2800 – 2910 °С. According to additional 
thermodynamic analyses carried out autonomously with GEFEST code, the metal melt may 
contain up to 14% (mass) uranium and up to 7% (mass) zirconium. Apart from U, metal 
layer may contain low-volatile (metal) fission product Mo и Ru, while oxidic fraction may 
contain Sr, Ва, Сe, and La. This conclusion is supported by experiments carried out in the 
framework of MASKA project, therefore, any analysis of aerosol generation and release 
from melt surface shall take account of the above-listed substances.  


2. According to analyses, steam/gaseous medium transfer velocity is largely dependent on 
severe accident scenario details (sequence), including sizes of breaks. As far as above 
LOCA scenarios are concerned, Reynolds number range in faulty loops was 2⋅106 to 8⋅102, 
while respective velocity range was 100 to 0.2 m/s. Maximum steam/gas flow velocity 
values have been registered in a period of most extensive hydrogen formation during 
steam/zirconium reaction. It should be noted that maximum values of steam/gas flow 
velocity have been observed in pipe break points, or (in case of small leaks), in points of 
steam/gas outflow through the gas removal system. For severe accident scenario involving 
reactor coolant escape to the secondary coolant circuit, maximum velocities of gas/vapour 
mixture are reached at the breaks in steam generator piping, their peak value being 560 m/s 
for coolant discharging from piping on hot collector side, in the period of violent hydrogen 
generation after the core dryout. Average velocity of steam/gas mixture flowing out on the 
hot collector side is 260 m/s, the same for steam/gas mixture flowing out on the cold 
collector side is 200 to 20 m/s. 


3. In order to address the issues involved in iodine transfer within the containment, values of 
steam/gas flow into the containment were calculated and analyzed. Maximum values of 
leak flow for large leakage accidents were as follows: hydrogen -5.8 kg/s, and steam – 87 
kg/s. As to small leakage accidents, it was gas removal system where maximum values of 
steam/gas leak flow were observed, viz.: hydrogen – 0.8 kg/s, and steam – 200 kg/s. 
Aerosols will be entrained and discharged through leakage together with steam/gas 
mixture. Aerosol release rate vs. time was calculated based on the analysis of fission 
product behaviour is severe accident scenario “Large break Dn =346 in pressurizer surge 
line aggravated with full blackout”. Total amount of released aerosols equals 205 kg.  


4. For the containment bypass and complete blackout scenario is shown that there is 
possibility of plugging the flow area of the SG tubing with the aerosols. Primarily 
deposition mechanism is turbophoresis which is enhanced when aerosols coagulate within 
the tubing. Based on the calculation results the experimental conditions for the 
experimental setup had been determined. 


5. Calculations of interaction between melt and sacrificial material, intended for experimental 
programs, were used as a basis for analysis of processes influencing formation of boundary 
conditions at the melt surface in the corium catcher. Substantiation of experimental 
programs shall take account of the following phenomena influencing fission products’ 
release from the molten pool surface: 


• formation of crust, which constitutes a substantial long-term barrier impeding fission 
products’ transport;  


• interaction between the melt and atmosphere, possibly accompanied by oxidation-
reduction reactions on the melt surface, e.g., further oxidation of melt components to 
higher oxides, which would influence evaporation rate of solved fission product;  


• chemical reactions involved in melt interaction with metals, coolant, concretes, 
refractory materials, sacrificial material of corium catcher, and other materials that 
may as strongly affect fission product release rate. 


Assessment of the conditions for aerosols generation from the molten pool allows 
deriving a conclusion that in-vessel molten pool is potentially more dangerous. In the 
experiments for the aerosols release from the molten pools the main focus shall be given 
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to the modeling of the molten pool conditions and the surrounding atmosphere, 
corresponding to the reactor conditions at the time of RPV failure.  
Also it is noteworthy that there us an uncertainty for the aerosols release for the molten 
pools ion the core catcher, attributed to formation of the low-melting uranium oxides with 
oxidation degree more than 4 in the sub-oxidized corium during reaction of the corium 
with the sacrificial material. To clarify the aerosol release rate for such conditions the 
additional experiments are needed. 
 
 


References for chapter 3 
1 Voronova O., Gatilova R., Ivchenko T, and Samigulin M. RATEG Code for Numerical 


Simulation of Transitional Heathydraulic Processes as Applied to Networks with Double-Phase 
Heat Carrier. Test Analyses. Problems of Nuclear Science and Technologies. Series 
"Mathematical Modeling of Physical Processes", 1994, Release 4 (in Russian). 


2. Vasilyev A., Kiselyov A., Kobelev G., Strizhev V., Voronova O., Danilov F., 
Samigulin M.,, Proklov V., Pylev S., and Tomaschik D. Integral Detailed RATEG-SVECHA 
Code: Architecture, Verification and Preliminary Results of a Beyond Design Basis Accident 
Simulation (In-Vessel Phase) as applied to WWER-1000 NPP. Proceedings of the Workshop 
"WWER NPP Safety Issues". Saint-Petersburg, September 14, 2000 (in Russian) 


3. Veschunov M., Kiselyov A., and Strizhev V. SVECHA Software Package: Modeling 
of WWER-1000 Elements Disintegration during Beyond Design Basis Accident (In-Vessel 
Phase). Proceedings of the Workshop "WWER NPP Safety Issues". Saint-Petersburg, September 
14, 2000 (in Russian). 


4. Bezlepkin V., Kukhtievich V., Sidorov V., Vasilyev A., Kiselyov A., Kobelev G., 
Semyonov V., Strizhev V., Voronova O., Danilov F., Samigulin M., Devkin A., Proklov V., 
Pylev S., and Tomaschik D. RATEG/SVECHA/ HEFEST Code to Simulate Core Degradation 
during a Severe Accident. Proceedings of the 2nd National Conference on WWER NPP Safety 
Issues. Podolsk, November 19-23, 2001 (in Russian). 







 


 129


Appendix A.  Results of Severe Accident Analyses  
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
 
Fig. 53 - Break Dn=346 aggravated with failure of active safety systems: temperature of 
steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 


 
Fig. 54 - Break Dn=346 aggravated with failure of active safety systems: partial pressure of 
non-condensing gases in steam/gas mixture in the reactor coolant circuit  
 
 







 


 131


a) 
1500 3600 5700 7800 9900 12000


Time, s


1E+005


1E+006


2E+005


4E+005


6E+005


8E+005


Pr
es


s,
 P


a


b) 
1500 3600 5700 7800 9900 12000


Time, s


1E+005


1E+006


2E+005


4E+005


6E+005


8E+005


Pr
es


s,
 P


a


c) 
1500 3600 5700 7800 9900 12000


Time, s


1E+002


1E+003


1E+004


1E+005


1E+006


Pr
es


s,
 P


a


d) 
1500 3600 5700 7800 9900 12000


Time, s


1E+003


1E+004


1E+005


1E+006


Pr
es


s,
 P


a


e) 
1500 3600 5700 7800 9900 12000


Time, s


1E+004


1E+005


1E+006


Pr
es


s,
 P


a


f) 
1500 3600 5700 7800 9900 12000


Time, s


1E+004


1E+005


1E+006


2E+004


5E+004


2E+005


5E+005
Pr


es
s,


 P
a


g) 
1500 3600 5700 7800 9900 12000


Time, s


1E+005


1E+006


2E+005


4E+005


6E+005


8E+005


Pr
es


s,
 P


a


h) 
1500 3600 5700 7800 9900 12000


Time, s


1E+005


1E+006


2E+005


4E+005


6E+005


8E+005


Pr
es


s,
 P


a


a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
 
Fig. 55 - Break Dn=346 aggravated with failure of active safety systems: partial pressure of 
steam in steam/gas mixture in the reactor coolant circuit  
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
 
Fig. 56 - Break Dn=346 aggravated with failure of active safety systems: velocity of 
steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
 
Fig. 57 - Break Dn=346 aggravated with failure of active safety systems: Reynolds criteria 
in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
 
Fig. 58 - Break Dn=300 aggravated with failure of active safety systems: temperature of 
steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 


 
Fig. 59 - Break Dn=300 aggravated with failure of active safety systems: partial pressure of 
non-condensing gases in steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 


 
Fig. 60 - Break Dn=300 aggravated with failure of active safety systems: partial pressure of 
steam in steam/gas mixture in the reactor coolant circuit  
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
 
Fig. 61 - Break Dn=300 aggravated with failure of active safety systems: velocity of 
steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
 
Fig. 62 - Break Dn=300 aggravated with failure of active safety systems: Reynolds criteria 
in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 63 - Break Dn=179 aggravated with failure of active safety systems: temperature of 
steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 64 - Break Dn=179 aggravated with failure of active safety systems: partial pressure of 
non-condensing gases in steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 65 - Break Dn=179 aggravated with failure of active safety systems: partial pressure of 
steam in steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 66 - Break Dn=179 aggravated with failure of active safety systems: velocity of 
steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 67 - Break Dn=179 aggravated with failure of active safety systems: Reynolds criteria 
in the reactor coolant circuit  
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 68 - Break Dn=80 aggravated with failure of active safety systems: temperature of 
steam/gas mixture in the reactor coolant circuit  
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 69 - Break Dn=80 aggravated with failure of active safety systems: partial pressure of 
non-condensing gases in steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 70 - Break Dn=80 aggravated with failure of active safety systems: partial pressure of 
steam in steam/gas mixture in the reactor coolant circui 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 71 - Break Dn=80 aggravated with failure of active safety systems: velocity of 
steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 72 - Break Dn=80 aggravated with failure of active safety systems: Reynolds criteria in 
the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 73 - Break Dn=25 aggravated with failure of active safety systems: temperature of 
steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 74 - Break Dn=25 aggravated with failure of active safety systems: partial pressure of 
non-condensing gases in steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 75 - Break Dn=25 aggravated with failure of active safety systems: partial pressure of 
steam in steam/gas mixture in the reactor coolant circuit  
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 76 - Break Dn=25 aggravated with failure of active safety systems: velocity of 
steam/gas mixture in the reactor coolant circuit 
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a) – cold leg of a faulty loop at 3.08 m from the reactor pressure vessel; b) – cold leg of an operable loop at 3.08 m 
from the reactor pressure vessel; с) – middle of a heated part of the core, d) – volume over the core; e) – hot leg of a 
faulty loop at 6.16 m from the reactor pressure vessel; f) – hot leg of an operable loop at 6.16 m from the reactor 
pressure vessel; g) – middle of steam generator pipe of a faulty loop; h) – middle of steam generator pipe of an 
operable loop. 
Fig. 77 - Break Dn=25 aggravated with failure of active safety systems: Reynolds criteria in 
the reactor coolant circuit  
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Appendix B. Characteristic of corium melt at the phase of reactor vessel 
collapse 
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Fig. 78 – Major break of pressurizer surge line (Dn=346 mm) aggravated with complete blackout 
and failure of diesel generator sets. Particular substances' contribution into the melt portion 
escaping to the corium catcher 
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Fig. 79 - Major break of pressurizer surge line (Dn=346 mm) aggravated with complete 
blackout and failure of diesel generator sets. Temperatures of the melt portions escaping to the 
corium catcher 
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Fig. 80 – Major break of pressurizer surge line (Dn=300 mm) aggravated with complete 
blackout and failure of diesel generator sets. Particular substances' contribution into the melt 
portion escaping to the corium catcher 
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Fig. 81 - Major break of pressurizer surge line (Dn=300 mm) aggravated with complete 
blackout and failure of diesel generator sets. Temperatures of the melt portions escaping to the 
corium catcher 
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Fig. 82 – Major break of pressurizer surge line (Dn=179 mm) aggravated with complete blackout 
and failure of diesel generator sets. Particular substances' contribution into the melt portion 
escaping to the corium catcher 
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Fig. 83 - Major break of pressurizer surge line (Dn=179 mm) aggravated with complete 
blackout and failure of diesel generator sets. Temperatures of the melt portions escaping to the 
corium catcher 







 


 157


0.00E+00


1.00E+04


2.00E+04


3.00E+04


4.00E+04


5.00E+04


6.00E+04


7.00E+04


M
as


s,
 k


g


16
40


1


16
40


6


16
42


1


16
52


6


17
17


9


17
79


3


17
81


3


17
84


3


17
86


3


17
87


8


18
00


8


18
26


7


18
34


2


18
90


1


19
02


6


19
63


4


20
85


2


21
98


9


Time, s


Zr


ZrO2


UO2


Steel


Fig. 84 – Major break of pressurizer surge line (Dn=80 mm) aggravated with complete 
blackout and failure of diesel generator sets. Particular substances' contribution into the melt 
portion escaping to the corium catcher 
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Fig. 85 - Major break of pressurizer surge line (Dn=80 mm) aggravated with complete blackout 
and failure of diesel generator sets. Temperatures of the melt portions escaping to the corium 
catcher 
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Fig. 86 – Major break of pressurizer surge line (Dn=25 mm) aggravated with complete blackout 
and failure of diesel generator sets. Particular substances' contribution into the melt portion 
escaping to the corium catcher 


 


2000


2100


2200


2300


2400


2500


2600


2700


2800


2900


3000


Te
m


pe
ra


tu
re


, K


29
81


0


29
81


5


29
90


4


30
05


9


30
39


2


31
59


7


32
02


9


32
03


4


32
04


4


32
06


4


32
08


8


32
22


8


32
29


2


32
35


7


32
41


1


32
47


1


32
53


6


32
63


5


32
84


4


32
92


3


33
09


6


33
61


2


34
85


7


Time, s


 
Fig. 87 - Major break of pressurizer surge line (Dn=25 mm) aggravated with complete 
blackout and failure of diesel generator sets. Temperatures of the melt portions escaping to 
the corium catcher 
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Part 4. Numerical simulation of aerosol particles kinetics and its behaviour 
during severe accidents 


Introduction 
Severe NPP accident may prove to be intensive pollutant sources for environment by 


emission a plenty of radioactive substances in gas and aerosol forms. In order to make relevant 
estimations of consequences of such emissions it is necessary, where possible, to consider more 
full all complex of various physical effects. One of the most important is the kinetics of aerosol 
formation and its depositions on various surfaces. These processes may occur in the 
technological contours and in the reactor containment. Hence, it is necessary to develop aerosol 
kinetic model for such conditions. Present report contains description of the models intended for 
calculation of aerosol kinetics and its depositions on various surfaces. Basic equations, numerical 
solution methods and formulas for calculations of speeds of processes of condensation, 
coagulation and deposition of aerosol in containment and results of the calculations with the 
developed model are presented. 


Mathematical models 


Problem formulation 
Aerosol particles formation in the reactor containment during severe accidents is defined 


by processes of condensation and coagulation, each of which has the specific features, 
characteristic for these conditions. The particles consist of aerosol core, water in a liquid phase 
and various chemical compounds. 


Interaction of dry aerosol particles with water vapor and other chemical elements leads to 
vapor condensation on dry core. Сoagulation process takes place during Brownian movement, 
turbulent diffusion and gravitational settling of aerosol particles. 


Multicomponent condensation is the main feature of the condensation process under 
consideration (vapors of various chemical substances are condensed on composite particles). In 
our model we assume that basic condensed component is the water vapor. 


Coagulation model 
Kinetic equation of coagulation describes time evolution of particles number distribution 


function ( )tmn , : 
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where m is mass of particle, ( )kkmK ,− , ( )kmK ,  are coagulation kernels. 
Formulas for calculation of coagulation kernels due to various interaction mechanisms 


are presented below. 
 
Brownian coagulation 
The combined formula describing Brownian coagulation kernel KB, both for diffusive and 


for free molecular regime, has the following form [1] 
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k is Bolzman constant ( ( ) 116103804.1 −−⋅= Kergk ); 
T is absolute temperature; 


21, rr  are particles radii; 
( )iKni NCBA −+= expα , A=1.257, B=0.4, C=1.10; iKnN  is Knudsen number, 


i
Kn r


N
i


λ
= . 


Dynamic viscosity coefficient in gas phase for i-component is calculated using Lennard-
Jones potential with the formula [2]: 
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where Mi is the molecular mass of i-component [g/mol], ( ) ( )**2,2 TiΩ  is the collision 
integral for momentum transfer which can be approximated by the following expression [3]: 


( ) ( ) ( ) 1472.0*2,2 *157,1* −=Ω TTi  
ε/* kTT =  is characteristic temperature; ][,][ KA εσ  are the Lennard-Jones potential 


parameters. 
Multi-component gas mixture dynamic viscosity is calculated with Wilke formula: 
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where xk is the molar fraction of k-component. 
Gki values are calculated as follows: 
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Free path lenght is calculated using viscosity with the formula [4]: 
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where ρ is the gas mixture density, R is the universal gas constant, M is the molecular 


mass of the gas mixture, ∑
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1
, Ng is the number of gas components. 


 
Turbulent coagulation 
 
According to [5], the turbulent kernel KT  is: 
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where 
Tε  is the turbulent energy dissipation rate; 


sс  is coalescence coefficient, it was taken to be equal to 1; 


ii χγ ,  are the shape factors; 
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ii rd 2=  is the particle diameter; 


21
, pp ρρ  are the particle densities; 


iC  is the Cunningham correction factor, ( )[ ]λλ 21.1exp4.021 islip
i


i dF
d


C −++= , 


257.1=slipF . 
 
Gravitational coagulation 
 
Gravitational kernel KG is [5]: 
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iTV  is the particle sedimentation velocity, 


i


iip
T


Cdg
V i


i ηχ
ρ


18


2


= , where 
ipρ  is the particle density, g is the gravitational acceleration, 


iC  is the Cunningham correction factor, iχ  is the shape coefficient ( iχ =1). 
Modified Kovetz-Olund method [6] is used for numerical solution of equation (1). Let 


jm , j=0,1,…,Np be the discrete points along m axis, 00 =m . Consider values of jM , which are 
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Denote integrals in right hand side of equation (6) as +
jS , −


jS  and calculating it using 
trapezium rule one can obtain: 
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method provides precious mass conservation. 
Explicit scheme for equation (7) can be written as: 
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Algorithm described above can be easy generalized for multi-component coagulation 
case. Indeed, suppose that concentration of i –th species Cij  is the same for all particles of fixed 


size bin j [7, 8]. Assume that i
jM  is mass of i –th species in ⎥⎦
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Following example demonstrates properties of this algorithm. Equation (1) has an 
analytical solution for kernel 


)(),( 2121 mmammK +=  
where a is constant, and special initial conditions (see [9]). The initial distribution [9] was 


divided into three intervals where distribution consists of three different species with the same 
density. Figure 1 shows mass distributions function obtained for a = 1.5 kg-1⋅m3/s. Solution for 
the total mass coincides with analytical very well and it is clearly seen multi-component particles 
formation. 
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Fig. 1 Species mass distributions functions. Mi


0 are initial distributions, Mi are final 
distributions, Mtotal is the total mass, Analitical is analytical solution [9] 


  
Explicit scheme (12) ensures solution positiveness under limited time steps values only. 


The semi-implicit scheme was developed to eliminate this problem. At the first stage the 
following equation is solved 
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Solution of equation (13) is 
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Further calculations use following formulae similar (8) – (11): 
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is positive at any value of Δt. 
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Fig. 2 Particle volume distributions, initially and after 12 h 
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Fig. 3 Particle number distributions, initially and after 12 h 


 


The scheme described above was evaluated with respect results presented in [10]. The 
scenario of polluted urban conditions was considered. Initial distribution was approximated by 
sum of three log-normal distributions, which are an Aitken nuclei mode, an accumulation mode 
and a coarse mode. Parameters of distribution (median diameters of 0.038, 0.32 и 5.7 μm, 
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standard derivations 1.8, 2.16 и 2.21 and total volumes 0.63, 38.4 и 30.8 μm3 cm-3) were adopted 
from [10]. The total PM mass concentration (assuming a particle density of 1.8 g/cm) is 126 μg 
m-3. Figures 2, 3 show the comparison of our results with data from [10]. Presented results were 
obtained using 79 size bins, time step value about 4 sec and semi-implicit scheme (13)-(19). Test 
runs with finer meshes showed that these results may be considered as practically converged. 
Calculation with explicit scheme (12) provided practically identical results. 


These results demonstrate satisfactory agreement with data of [10]. Several discrepancies 
show a slightly higher coagulation rate in our calculations and may be explained by unknown 
environmental conditions which are not described in [10] and differences in coagulation kernels 
and coagulation efficiency that was assumed equal to 1 in our calculations. Nevertheless these 
discrepancies are located in narrow interval of particles diameter only (see fig. 3). 


The technique described above was used for numerical simulation of variable number 
particles systems behaviour. Following approach was used in these simulations. Assuming the 
dilution and mixing are not accompanied by different mass particles separation [11] this 
approach may be realized as follows: during every time step corresponding to t time moment the 
masses of all particles in all size bins were multiplied by value of ψ(t+Δt)/ψ(t), where Δt is the 
time step value, а ψ(t) is the total mass change function. Total mass behaves as conservative 
scalar during turbrlent mixing. Results obtained using such approach are briefly described below. 


System with dilution. Spectrum evolution during dilution of initially momdisperse system 
of 0.05 μm radius particles was simulated. Initial concentration was 1014 m-3. This value 
approximately corresponds to typical concentration directly over the strong fire with soot 
generation rate of 3.5⋅10-4 kg/m2/s (see [12]). Only Brownian coagulation was considered 
because other mechanisms are not effective for such size particles. The dependence  ψ(t) = 
(t+t0)-2 was used. This dependence corresponds to turbulent mixing rate directly near the source. 


Results obtained with 80 and 501 size bins grids usage showed that first may be 
considered as converged at least as regards its averaged parameters (particles number, averaged 
radius, characteristic coagulation time). 


Results obtained for time delay value t0 which is close to initial characteristic coagulation 
time (6 sec in this case) show that new particles formation is restrict to few initial particles 
clusters. When time delay increases large particles number gradually increases. Results obtained 
for t0 = 60 s show that fine particles concentration in this case was distinctly greater than in case 
without dilution. Thus dilution which inhibits coagulation processes may sometimes lead to 
particles number enlargement as compared with undiluted system. 


Coagulation in a system with external source. Figure 4 presents results obtained in the 
presence of external sources of different intensity. These sources generate particles of 0.05 μm 
radius. Simulations were carried out with zero and non-zero initial concentrations. It is clearly 
seen that solution rapidly goes in asymptotic mode when characteristic coagulation times relates 
as (J1/J2)1/2 (J is source rate) and particles number is approximately constant. Spectra evolution 
analisys showed that in this stage the fine part of spectrum formed due to sources does not 
changes, mass growth is compensated due to shift of the coarse part. 


Fluctuation of concentrations. Fluctuation of concentrations was simulated by 
ψ = 1+A⋅sin(2πt/τ) function usage. Here A, τ are amplitude and period of the fluctuation. 
Polydisperse spectrum typical for the urban conditions [10] was used as initial. Characteristic 
time of coagulation was 350 s for this spectrum. Figure 5 presents results obtained with different 
values of A и τ. Brownian coagulation kernel has pronounced minimum for particles of the 
similar sizes. This produces the washout of fine fractions, coagulation of particles of comparable 
sizes is not essential. The process has pronounced linear character: not integral papametrs only 
but the distribution fuctions was coincided to a high accuracy at the end of period. Relative 
averaged particle radiuas was aproximately proportional to the squared fluctuations amplitude. 
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Fig. 4 Particles number evolution 
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Fig. 5 Particles averaged radius evolution 
 
The most significant features are related with evident properties of coagulation process: 


any concentrations changes does not produce averaged radius decreasing and radius increasing is 
proportional to the fluctuation period. It means that averaging over sufficiently large time 
interval produces the more sizes increasing the more period of fluctuations packing in this 
interval. 


Condensation model 
Consider aerosol particles consist of Nс component. Then condensational growth 


equations may be written as (see for example [13]): 
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where ( )tmn ,  is the particles number distribution function (number of particles mass of 
which is varied from m  to dmm + ), ( )tmqi ,  is i - component mass distribution function, 
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is the total mass distribution function) and (20) we get 


conservation law for particle number: 
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To solve the condensational growth equation we use implicit conservative monotonic 
high order scheme. A need to use implicit scheme is caused the fact that the rate of condensation 
may be large. Usage explicit scheme in this case may lead to severe time step limitation. 


The finite-difference scheme WENO (weighted essentially non-oscillatory) is used for 
the (20), (21) equations solution ((20) is solved for i = 1,…, Nc-1 in this case). This scheme is 
intended for approximation of general kind hyperbolic equation in conservative form: 
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The scheme is conservative, monotonous, has 5-th order of accuracy in smooth solution 
and 3-rd order in the breaks in space variable [14]. Here x, t are space and time variables, U is 
solution, F = F(U,x,t) are fluxes, G = G(u,x,t) is the source term. The discrete grid xi, tn with the 
Δx and Δt steps respectively is entered for the numerical solution of this equation. If in the some 
time moment tn the grid solution n


iU  is known, then the solution in the time moment tn+1 can be 
received by the next scheme: 
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The flux n
iF 2/1+ through the i+1/2 boundary of i- grid cell is calculated as: 
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The fluxes increments are computed as: 
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where the difference operator Δ has form: 
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and 
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D is Jacobian (local characteristic velocity): 
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The weight coefficients provide the monotony of the scheme and are computed by the 
following: 
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where ε is the some little value enter to prevent of zero division. The variables IS are: 
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The above scheme has 1-th accuracy order in time and, as by experience, has very good 


characteristics (the accuracy and monotony) for Courant number: 


( ) 4.0max =
Δ
Δ


= D
x
tCFL         (24) 


Some oscillations can appear in the solution for greater Courant number. If raise the 
procedure time order up the second by Runge-Cutta procedure using, the scheme conserves 
stability as far as CFL=1. The scheme can be written in this case as: 
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Corrector: 
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It is possible the situation when the explicit scheme (25, 26) stability condition (CFL<1) 
can be found too severe. In this case one has to use the implicit scheme, that lets to use the 
Courant number more then 1. This scheme can be constructed on the explicit scheme base by the 
following. Write implicit difference scheme for equation (22) in delta-form: 


[ ] nn GFF
xt


U
=+


∂
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+
Δ


δδ ,        (27) 


where nn UUU −= +1δ , nn FFF −= +1δ  are the implicit solution and fluxes increments. 
Linearization the flux increment by ratio UDF δδ =  and splitting Jacobian D to negative and 
positive parts will provide the implicit differential scheme in the form of: 
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For the negative and positive fluxes parts approximation are used corresponding upwind 
differences, which describe correctly disturbing propagation. For the effective solution of 
difference equation (27) factorization is used: 
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where E is the identical operator and L are difference operators: 
1[][] −


+ −= iiL ,             iiL [][] 1 −= +
− .      (30) 


Here ( )xFGtU nn
i ∂∂−Δ=Δ /  represents the explicit increment that can be calculated 


previously by explicit scheme (25) or (26), so the implicit scheme (29) is used after the each 
stage, after predictor and after corrector. 


If the fluxes derivatives by x are limited, that factorization provides the complementary 
error of order ( )2tO Δ , what not formally degraded the second order of accuracy in time. Now, 
the factorized implicit scheme (29) can be easily resolved with regard to implicit increments by 
sequential stream procedures, first from left to the right, then from right to the left. The boundary 
conditions for implicit increments can be used zeros (practically the explicit boundary conditions 
can be used). This is acceptable, as boundary conditions are arbitrary, and the stability doesn’t 
have to depend on them. 


The numerical experiments demonstrated, that the implicit scheme (29) is stable for CFL 
= 10…50. This scheme is of second time accuracy order, so the time step should not be too large. 
For example, if tΔ  is increases twice, the approximation error increases four times. Practically 
CFL=10 is optimal. 


Solving (20) we get masses of Nc-1 components. Mass distribution for last component is 
defined as difference between total particle mass, equal m⋅n, and sum of the rest components. 


In order to validate this method calculation for condensation growth of water drops was 
carried out. Grid consists of 41 nodes for drop size from 4 to 400 μm. Drop growth within this 
range occurs in diffusion regime and corresponding equation has analytical solution. Figure 6 
shows results for this case. Obviously that this method has high accuracy and posses small 
scheme diffusivity especially in comparison with 1-st order scheme [15]. 


For validation of the present code its results were compared with “exact solution” of this 
problem presented in [10]. Unfortunately there is no detailed information about parameters of 
external conditions, namely about temperature and pressure for which results presented in this 
work were obtained. The pressure is the most significant parameter because it defines free path 
length and consequently the correction factor in the formulae for condensational growth rate. 
Fig. 7 shows comparison of the present code results with results presented in [10]. Present results 
were obtained for temperature 15°C and pressure 73000 Pa. 
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Fig. 6 Condensational growth equation solution results. 1 – WENO scheme, 2 – 


analytical solution, 3 – scheme [15], 4- initial condition 
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Fig. 7 Particle volume distributions, initially and after 12 h 


 


Results consistency may be qualified as good with the exception of some differences in 
the height of nuclei mode peak. But this may be connected with differences in the external 
parameters values as it was stated above. Fig. 8 shows comparison of particle number 
distributions. Results consistency may be qualified as good too. Thus the present model results 
conform to other models results. 
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Fig. 8 Particle number distributions, initial and after 12 h 
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Fig. 9 Particle volume distributions, initially and after 12 h. CIT, GATOR and UAM-


AERO models data are from [10] 
 


Next step of verification consist in analyses of results obtained on the coarse grids really 
used in 3D models. To do this test run was performed using grid with 15 nodes. This corresponds 
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to 13 inner nodes that are distributed approximately at the same manner as the nodes of codes 
tested in [10]. Particle volume distributions obtained in this run are presented in fig. 9. 
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Fig. 10 Condensable species volume distributions, initially and after 12 h 
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Fig. 11 Particle number distributions, initial and after 12 h. GATOR and UAM-AERO 


models data are from [10] 
 


Data presented in fig. 9 show that present code correctly represent main feature of the 
solution. Some differences may be connected with form of equations to be solved: total particle 







 


 173


volume is calculated from the solution of equation for particle number which is multiplying by 
the grid node mass while other codes use for this purpose solution of corresponding equation for 
the masses of species. This may produce some error on coarse grid (see initial distribution at fig. 
9). However comparison of condensable component distributions presented in fig. 10 shows that 
this distribution is simulated sufficiently accurate. 


Particle number distributions presented in fig. 11 show that WENO scheme is capable to 
describe this parameter with accuracy compared with the better of tested in [10] codes. 


The special feature of present code consists in the absence non-physical solution behavior 
in small particles domain that is produced by CIT code, based on monotonic scheme usage. 


To verify the ability of the code to describe multi-component gas-to-particle mass 
transfer the following problem [10] was considered. The aerosol particles with log-normal 
distribution with a mass median diameter of 0.3 μm and a standard deviation of 1.8 were placed 
in the atmosphere containing HNO3 (5 ppb) and NH3 (15 ppb). Particulate sulfate concentration 
was 20 μg/m3, ammonium concentration was 9.7 μg/m3 and nitrate concentration was 7.6 μg/m3. 
Simulations were performed in simplified formulation without explicit simulation of chemical 
processes in liquid phase. Two runs were performed. First run was performed with zero species 
surface pressures. This may be considered as the highest estimation. Second run was performed 
with Henry’s law usage. Effective Henry’s constants were fitted to [10] results. The results of 5 
hour run are shown at figures 12, 13. 
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Fig. 12 Aerosol particle composition. Complete absorption condition 
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Fig. 13 Aerosol particle composition for different sizes. Effective Henry’s constants 
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Fig. 14 Aerosol particle composition for different sizes. Effective Henry’s constants. 


Time 30 min 
 


Fig. 12 demonstrates the particular features of kinetic approach: particles of different 
sizes have different composition. When Henry’s law coefficients were taken into account 
ammonium and nitrates concentrations became noticeable lower (fig. 13) and there is clearly 
seen that chemical equilibrium is reached: all particles have the same composition. Detailed 
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analysis shows that process has two stages. At first volatile species condense sufficiently fast. 
90% of its mass condenses during 30 min approximately. But chemical composition of particle is 
different: volatile species concentrations are greater in small particles (see fig. 14). Next phase is 
the phase of slow redistribution of volatile species from small to large particles. 


Figure 15 where components partial pressures and saturation pressures distributions for 
different particle sizes are shown demonstrates interesting features. It is clearly seen that large 
particles reach the equilibrium more slow and ammonium is closer to equilibrium state than 
nitric acid. The last is the known feature of ammonium equilibrium [16]. 
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Fig. 15 Partial (Pp) and saturation (Ps) pressures, Pa 


Particles deposition model 
Total deposition velocity on one of a box surfaces depends on type of this surface: 
     Type = 1. Floor      v =    vg + vbd  + vtp  + vdp  
     Type = 2. Wall     v =            vbd  + vtp  + vdp  
     Type = 3. Ceiling      v =  – vg + vbd  + vtp  + vdp  (31) 
     Type = 4. Pool (water surface)   v =    vg + vbd  
     Type = 5. Boundary with underlying box  v =    vg  
where vg , vbd , vtp , vdp are deposition velocities due to gravity, Brownian diffusion, 


thermophoresis and diffusiophoresis. Velocities vg and vbd are always non-negative but vtp and vdp 
can have any sign. Therefore, if v, calculated by formula (31) , is negative (for Type ≤ 3), then it 
is assumed v = 0, i.e. resuspension is not accounted for. Thus v ≥ 0 in all cases. 


The surfaces of first four types are “physical” but surface 5 is “fictitious” because aerosol 
particles pass through this surface from one box to another. If the given box “A” has next box 
“B” above then aerosol particles come from top box “B” to bottom box “A” due to gravitational 
deposition but in code corresponding fluxes are calculated only once time when next box “B” is 
handled. 
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Gravitational deposition 
Gravitational deposition velocity is calculated by formulas from [17]: 
F(Re) = 32 r3 ρ (ρp - ρ) g Cc / (3η2) ,       (32) 
Re = 2 vg ρ r / η ,         (33) 
Cc = 1 + (λ / r) [Fslip + 0.4 exp( -1.1 r / λ) ] ,      (34) 
where: 
r –   particle radius [m], 
ρ –   gas density [kg/m3], 
ρp –   particle density [kg/m3], 
g  –   gravity acceleration [m/s2], 
η  –   gas viscosity [kg/(m·s)], 
λ  –   free path for gas molecules [m], 
Re  –   Reynolds number, 
Cc  –   Cunningham correction factor, 
Fslip  =   1.257, 
F(Re) is tabulated function which accounts for flow regime around the particle (laminar 


or turbulent, see below). Aerosol particles were assumed to have spherical form and its density is 
much more then gas density. Therefore replacing in (32) (ρp - ρ) with ρp and sustituting 


ρp = 3m / (4π r3) ,          (35) 
where m is the particle mass, we get (instead of (32) ) the following formula: 
F(Re) = 8 m ρ g Cc / (π η2) .        (36) 
F(Re) is monotonic increasing function, hence there is inverse function which we note as 


Ψ(F ). Then from (33) and (36) we have final formula for velocity: 
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The following table with experimental data for dimensionless function 
CD(Re) = F(Re)/Re2 is presented in [17]: 
 Re           0.3      0.5      0.7       1          2         3        5          7        10         20         30         50        70        100  
 CD(Re)    80      49.5    36.5    26.5    14.6    10.4    6.9       5.3      4.1       2.55      2.00      1.50     1.27      1.07 
 Re           200     300     500     700   1000    2000   3000   5000   7000   10000   20000   30000   50000   70000 
 CD(Re)   0.77    0.65    0.55    0.50    0.46    0.42    0.40    0.385   0.39    0.405     0.45      0.47     0.49      0.50 


If Re is small we have 
CD(Re) = 24 / Re ,    Ψ(F ) = F / 24       if  Re < 0.3 .     (38) 
A lot of approximations are known for function CD(Re), some of them are presented in 


[17], but all of them have considerable error in whole Reynolds number range of the table. 
Moreover, for all approximations, except for the simplest and the coarsest, calculation of Ψ is 
brought to solution of transcendental equation. Therefore, accurate and simple method for 
calculation Ψ is its interpolation using experimental data from the table. According to the table 
the dependence ln(Ψ) from ln(F ) is almost linear, hence with good accuracy this dependence can 
be considered as piecewise-linear and, consequently, Ψ can be considered as piecewise-power 
function from F . Code calculates vg  using this table. Arrays of coefficients for piecewise-power 
function Ψ(F ) are calculated once at first call. 


Using (38) for any Re formula (37) has the form: 
vg = 4 r2 ρp g Cc / (18 η) .         (39) 
This coincides with formula from MELCOR code (see (2.33) in [5]). 
 
Brownian diffusion 
Velocity deposition due to Brownian diffusion is calculated by the formula: 
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where: 
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k –   Bolzmann constant = 1.38·10-23 J / 
0K, 


T  –   gas temperature [0К], 
δdiff –   diffusive boundary layer thickness [m]. 
The value δdiff is specified by the user. In code MELCOR this value is specified by 


default as δdiff = 10 -5
 m. 


 
Thermophoresis 
Velocity deposition due to thermo-phoresis is calculated by the formula: 
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where: 
kgas , kp –   heat conductivity coefficients for gas and particle, respectively [W/(m·0K)], 
Tsurf  –   surface temperature [0К], 
q  –   heat flux from box volume to the surface [W/m2]. 
The value kp is specified by the user. If Tsurf > T (gas temperature) then q < 0 and vtp < 0. 
 
Diffusiophoresis 
Velocity deposition due to diffusiophoresis (including Stefan fluxes) is calculated by the 


formula: 
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     when  W < 0  (vaporization) 


where: 
xs  –   water vapor molar fraction, 
xnс  –   non-condensable gas molar fraction, 
Ms  –   water molecular weight [kg/mol], 
Mnc  –   non-condensable gas molecular weight [kg/mol], 
ρs  –   water vapor density at the saturation [kg/m3], 
W  –   mass flux of condensing / steamy water  [kg/(m2s)]. 
 
Change of the aerosol spectrum due to deposition within one time step. 
In the code aerosol spectrum is stored in two dimensional array Mi,k [kg/m3]. The value 


Vbox Mi,k is the total mass of component k in cell i of mass grid , 1 ≤ i ≤ N-1, 1 ≤ k ≤ Nc, Vbox [m3] 
is the box volume; aerosol particles having mass from  (m i-1 + m i) /2 to (m i + m i+1 ) /2 reside in 
the cell i. Since particle mass m corresponds to its radius r (35) so that here and after we shell 
call particles from cell i as particles of i-size. Deposition (as a step in splitting difference 
scheme) are described the following equation 
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for time step [ ]τ+∈ nn ttt , , where Ri [s-1] is the total deposition intensity  for all surfaces: 
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 Ns  –   number of deposition surfaces in the considered box, 
 Sj  –   area of  j-surface [m2], 
vi,j is the total velocity (31), where index i corresponds to particle size and j corresponds 


to surface of the box since velocity depends on surface property. Assuming that Ri does not 
depend on t within interval [ t , t + τ ], we have the following solution of equation (43) 
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Mi,k ( t + τ ) = Mi,k ( t ) exp ( – Ri τ )        (45) 
Subroutine calculating deposition process in a box returns 3D array containing full 


information about deposited aerosol. Element Di,k,j [kg] is the mass of component k in particles 
of i-size deposited on surface j (for Typej ≤ 4) or passed through surface j (for Typej =5) within 
time step τ . Here Typej is the type of surface j (31). It is evident that 


Di,k,j = [ Mi,k ( t ) – Mi,k ( t + τ ) ] Vbox Ri,j / Ri = 
        = [1 – exp ( – Ri τ )] Mi,k ( t ) Vbox Ri,j / Ri      (46) 
If Typej = 5, then aerosol spectrum j


kiM ,  , in the next box connecting on j-surface, 
changes as follows: 


j
boxjki


j
ki


j
ki VDMM /,,,, +→  ,       (47) 


where j
boxV  is the volume of this box. 


Note, that strictly speaking τ should be small so that Ri τ << 1 and exp ( – Ri τ ) ≈ 1 – Ri τ . 
However, requirement  Ri τ << 1 for all i and for all boxes would be excessive since Ri may be 
rather large for large i, i.e. for large particles with high velocity of gravitational deposition. 
Therefore this approximation for exponent is not used in general but in code expression (46) is 
exactly evaluated since it can be small difference. 


Cross-verification using MELCOR 
It was carried out some test runs to verify the code with respect to MELCOR data. 


Several results are presented in present section. 
Test 1. 


Test conditions: 


• Box volume 952 m3. 
• Gas composition: N2 (80%), O2(20%). 
• Temperature 274 K. 
• Pressure 1 atm. 
• Gas density (corresponding to T and Р) 1.28 kg/m3. 
• Aerosol: CsI. 
• Aerosol density 4510 kg/m3. 
• Total mass of aerosol 26.6 kg. 
• Particle diameter interval: Dmin=1 μm, Dmax=10 μm. 
• Mass grid: 8 sections. 
• Initial particle distribution: uniform in first size bin. 
• No sedimentation. 
• Time of coagulation 500 sec. 
• Rate of turbulence dissipation εт = 0.001 m2/s3. 
 
Data presented at figure 16 demonstrate good agreement obtained results. 
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Fig 16. Aerosol mass distribution. Test1 


 
Test 2. 


This test conditions differs from previous in temperature and pressure only. More realistic 
values were taken for these paremeters. 


• Box volume 952 m3. 
• Gas composition: N2 (80%), O2(20%). 
• Temperature 468.7 K. 
• Pressure 3.7 atm. 
• Gas density (corresponding to T and Р) 2.73 kg/m3. 
• Aerosol: CsI. 
• Aerosol density 4510 kg/m3. 
• Total mass of aerosol 26.6 kg. 
• Particle diameter interval: Dmin=1 μm, Dmax=10 μm. 
• Mass grid: 8 sections. 
• Initial particle distribution: uniform in first size bin. 
• No sedimentation. 
• Time of coagulation 500 sec. 
• Rate of turbulence dissipation εт = 0.001 m2/s3. 
 
Figure 17 shows the results comparison. During MELCOR simulations there was used 


four point interpolation by means RNPT000 card: 
Р= 3.7 atm, Т=468.7 К; 
Р= 3.7 atm, Т=468.71 К; 
Р= 3.71 atm, Т=468.7 К; 
Р= 3.71 atm, Т=468.71 К. 
Interpolation simply comes to presious aerosol coefficients calculation in this case. This 


was done to exclude the error arising from interpolation. 
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Fig. 17 Aerosol mass distribution. Test 2 


 
Test 4. 


This test repeats Test 1 with more size bins in wider size interval. Initial particles 
distribution was log-normal and gravitational sedimentation was taken into account. Coagulation 
time (200 sec) was choosen to avoid mass fallout through the right mass interval boundary. 


• Box volume 952 m3. 
• Gas composition: N2 (80%), O2(20%). 
• Temperature 274 K. 
• Pressure 1 atm. 
• Gas density (corresponding to T and Р) 1.28 kg/m3. 
• Aerosol: CsI. 
• Aerosol density 4510 kg/m3. 
• Total mass of aerosol 26.6 kg. 
• Particle diameter interval: Dmin=0.5 μm, Dmax=1000 μm. 
• Mass grid: 20 sections. 
• Initial particle distribution: log-normal, median diameter GMD = 0.7 μm, standard 


derivation σ=2.5. This corresponds to mass median diameter 
MMD=GMD⋅exp(3⋅[ln(σ)]2)=8.68 μm. 


• Gravitational sedimentation. 
• Time of coagulation 200 sec. 
• Rate of turbulence dissipation εт = 0.001 m2/s3. 
Figures 18 и 19 show time evolution of total aerosol mass in box and mass distributions 


at the end of simulation. Some differences in deposition rates are realated with greater 
coagulation rate in MELCOR code. 
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Fig. 18 Aerosol mass in box evolution. Test 4 


 
Fig. 19 Aerosol mass distribution. Test 4 


 
Test 6. Deposition rates comparison 


The object of this test was comparison of deposition due to thermophoresis and 
diffusiophoresis. To exclude influence of gravitational settling the conditions that allows picking 
out the above mechanisms were choosen. The box with one vertical heat structure (steel wall of 
100 mm thickness, see fig. 20) was considered. 
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Fig. 20 Simulation volume configuration 


 
Test conditions. 
 
• Box volume 952 m3. 
• Box height 7.7 m. 
• Deposition area 85.61 m2. 
• Heat structure thickness 100 mm. 
• Constant external temperature 300 K. 
• Gas composition: N2 (80%), O2(20%). 
• Gas temperature 468.7 K (constant). 
• Pressure 3.7 atm. 
• Aerosol: CsI. 
• Aerosol density 4510 kg/m3. 
• Total mass of aerosol 26.6 kg. 
• Initial particle distribution: uniform, d = 0.1166 μm. 
• Diffusion boundary layer thickness 1⋅10-5 m. 
• Gas heat capacity to particle heat capacity relation 0.05. 
 
During MELCOR simulation coagulation processes were switched off by zeroing of 


sticking coefficient STICK=0. 
There were 5 grid points cross the heat structure. 
MELCOR conjugate heat transfer simulations provided heat flux (q=769.16 W/m2) and 


temperature of internal boundary of heat structure (305.5 К) values. These values were used in 
our simulations. 


Figure 21 shows comparison of time evolutions of aerosol masses in box, obtained with 
different codes usage. These results demonstrate its practical identity. 


 







 


 183


 
Fig. 21 Aerosol mass evolution due to sedimentation 


 


Results of calculations aerosol parameters during BDBA 
These models were included in containment code KUPOL-M. This code is the part of 


Russian integral code SOCRAT intended for simulations of the processes during severe accident. 
The basis of the said Computer Code is a mathematical model with lumped parameters, 


derived by integration of the gas dynamics equations with a method of a control volume. The 
containment volume is divided into an arbitrary number of interrelated boxes (control volumes), 
every one of which may have several links with the other boxes or with the environment. It is 
assumed that the gas-drop medium in a box is perfectly mixed, i.e., every box represents the 
average parameters of a medium. Gas mixture is transferred through the links between boxes. 
The boxes can be separated from each other by the walls; the in-box equipment is simulated by 
flat walls. Principal processes, simulated at analysis of parameters change within primary 
containment, are presented in Fig. 22. 
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Fig. 22 Principal Processes Simulated with Computer Code KUPOL-M 
 
Real compartments inside the containment are simulated with the use of 55 design 


volumes. The walls, floors and metalwork’s inside the real compartments are simulated with 358 
equivalent heat structures. Control volumes are interconnected by 160 links in the total, being 
equivalent to real passages (Table 1). At simulating there was considered the space deficiency 
due to large-size equipment. 


The containment nodalization scheme with 55 design volumes is presented in  
Fig. 23 – 24. The said scheme shows the vertical and horizontal links between the control 
volumes. In this case, the input data are detailed to the degree which is corresponding to 
maximum accurate representation of all elements (free volumes, links between the volumes, heat 
structures etc.) in the containment model. 


In next part we presents the results of analyses of steam-gas medium parameters change 
within primary containment at severe accidents followed by complete black-out during 24 hours. 


The severe accident with large break loss-of-coolant accidents followed by the station 
black-out was considered. 


The following scenario of severe accident has been considered: large break with station 
blackout. (LLOCA+SBO). 


Initial data for calculations are mass and energy releases assumed according the 
calculations with thermohydraulic code RATEG/SVECHA/GEFEST. In the beginning of core 
melting containment atmosphere was polluted with СsI and CsOH. 
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Table 1 Geometrical Model of Containment  


Elements of Geometrical Model Quantity 
Internal design volumes  55 
External design volumes 41 Design volumes 
Total sum 96 
Vertical links 75 
Horizontal links 85 Air-links between 


the design volumes  Total sum 160 
Water-links between  
the design volumes   69 


Reinforced-concrete walls  91 
Reinforced-concrete floors 57 
Containment segments 41 
Metalwork’s 169 


Equivalent heat structures 


Total sum 358 
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Fig. 23 Сontainment nodalization scheme with vertical links 
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Fig. 24 Containment Nodalization Scheme with Horizontal Links 


 
Pressure rise within containment is characterized by two stages. At the first stage (in-


vessel stage), pressure build-up occurs due to mass and energy release through break (for 
LLOCA and SLOCA). Said stage is characterized by quick pressure rise within containment. At 
the second stage (ex-vessel stage), pressure rise is occurs due to processes, taking place inside 
core catcher, and characterized by monotone pressure rise until completion of process 
consideration. 


In Fig. 25-28 presented the both parameters in the containment during BDBA with 
LLOCA. 
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Fig. 25 Pressure within Containment   


at Dnom346-break + SBO 
Fig. 26 Temperature within Containment  


at Dnom346-break + SBO 
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Fig. 27 Aerosol mass within Containment  at 
Dnom346-break + SBO 


Fig. 28 Aerosol distribution within control 
volume at Dnom346-break + SBO 


 
A comparison between calculated aerosol output and data obtained according to project 


recommendations [18, 19] has been done. Comparative plot of aerosol output intensity is shown 
in fig. 29. This plot demonstrates considerable discrepancy between calculated results and 
project estimations which give the understated amount of aerosols in containment atmosphere 
during first hours after emission (up to 2 times), however by the end of the first day they exceed 
calculated result up to the order. It is necessary to note that project estimations does not take into 
account particle kinetics (coagulation and condensations), but they just use some effective 
particle size from the range 2.5 10-8 - 5.10-4 m. Obviously, this is the main reason of this 
discrepancy. 
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Fig. 29  Mass of aerosol particles in the containment for two different model of output. 


 


Analysis of calculation results. 
Slow aerosol output at the beginning stage is caused by relatively small size of aerosol 


particles and absence of water vapor condensation due to superheated media (coagulation 
process occurs only). Use of new passive condensation device can change a situation radically 
owing to reduction of media parameters to saturation condition and beginning water vapor 
condensation on aerosol particles. However it requires further substantiation. 
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Our aerosol kinetic models don’t take into account aerosol hygroscopicity. It may lead to 
underestimation of aerosol grow and, hence, to underestimation of output so that the model of 
this process will be included in the code in the next future. 


It is obliviously that the lumped-parameter containment code, in which the containment is 
modeled as a number of homogenized control volumes and which we use, can’t correctly 
simulate convection processes in the separate block as well as in junctions between them. 


Therefore, even despite of correct calculation of aerosol coagulation and condensation, 
velocity of aerosol output can appear essentially distorted if convection processes either were not 
considered correctly, or have been estimated rather approximately. 


Conclusion 
During project the analysis of aerosol dynamics was performed inside containment.  The 


method allows simulate condensation, coagulation and deposition of multicomponent aerosols. 
The method, implemented to thermohydraulic code KUPOL-M. was used for aerosol dynamic in 
reactor containment simulation. Detailed description of processes in condenced phase allows to 
estimate its impact on concentrations of volatile components in containment atmosphere. 


This code uses aerosol release in different accident conditions data as input. One of the 
processes determining such release is particles deposition during its transport in steam generator 
tubes. This processes experimental studies is one of the project tasks. 


All aforementioned processes strongly depend on local thermohydraulic conditions. 
Estimation of theses conditions is impossible whithout detailed hydrodynamic simulation of 
convectice flows in reactor containment. Such simulation using 3D hydrodynamic codes is 
considered as considerable promise now, but this approach meets some problems: correct 
simulation of turbulent mixing in mixed convection conditions, a lot of computational resourses 
that are necessary to this approach using. 


Simulations results presented in current part were used as the boundary conditions for 
Project Task 6. 







 


 189


References for part 4 
 


1. Pruppacher H.R, Klett J.D. Microphysics of Clouds and Precipitation, Kluwer 
Academic Publisher, 1997, 949 p. 


2. Hirschfelder J.O., Curtiss Ch.F., Bird R.B., Molecular theory of gases and liquids. – 
New York, Wiley, London, Chapman and Hall, 1954. 


3. Anfimov N.A. Laminar boundary layer in multicomponemt gas mixture. Izv. AN SSSR. 
Mechanics and mechanical engineering. 1962. N 1. (in Russian). 


4. Cercignani Carlo. Theory and application of the Bolzmann equation, Scottish Academic 
Press, Edinburg and London, 1975. 


5. MELCOR Computer Code Manuals, NUREG/CR-6119, 2000. 
6. Stankova E.N., Zatevakhin M.A. The modified Kovetz and Olund method for the 


numerical solution of stochastic coalescence equation. Proceedings 12th International 
Conference on Clouds and Precipitation, Zurich, 19-23 August 1996, pp.921-923. 


7. Gelbard, F., and Seinfeld, J.H. Simulation of multicomponent aerosol dynamics. J. 
Colloid Interface Sci. 1980. Vol. 78. No 2. P. 485–501. 


8. Piskunov, V.N., Golubev, A.I., Goncharov, E.A. and Ismailova, N.A. Kinetic modeling 
of composite particles coagulation. J. Aerosol Sci. 1997. Vol. 28. P. 1215–1231. 


9. Golovin, A.M. The solution of the coagulation equation for cloud droplets in a rising air 
current. Bull. Acad. Sci. USSR, Geophys. Ser. 1963. No 5, P. 482-487. (in Russian). 


10. Yang Zhang, Seigneur, C., Seinfeld, J. H., Jacobson, M. Z., and Binkowski, F. S. 
Simulation of aerosol dynamics: a comparative review of algorithms used in air quality 
models. Aerosol Science and Technology. 1999. Vol. 31. P. 487-514. 


11. Sutugin A.G. Brownian coagulation laws in system with variable disperse phase 
concentration. Rep. Acad. Sci. USSR. 1987. V. 293. N 2. P. 332–335. (in Russian) 


12. V.N.Piskunov, M.A.Zatevakhin. Numerical simulation of aerosol particle formation kinetics 
in large fires. Abstracts of the reports and communications. V Minsk International Heat and 
Mass Transfer Forum, May 24-28, 2004. Vol. 1. Minsk 2004. P. 208-210. (in Russian). 
(http://www.itmo.by/forum/mif5/S02/2-40.PDF) 


13. Pilinis, C. Derivation and numerical solution of the species mass distribution equations 
for multicomponent particulate systems. Atmos.Environ. 1990. Vol. 24. P. 1923-1928. 


14. Jiang G., Shu C. Efficient Implementation of Weighted ENO Schemes. J.Comp.Physics, 
v. 126, p. 202-228, 1996. 


15. Karol I.L., Zatevakhin M.A., Ozhigina N.A., Ozolin Y.E., Ramaroson R., 
Rozanov E.V., Stankova E.N.  A model of dynamical, microphysical and photochemical 
processes in a convective cloud. Phys. Atmos. Okeana. 2000. V. 36. N 6. P. 1-16. (in 
Russian). 


16. Jacobson, M.Z. Analysis of aerosol interactions with numerical techniques for solving 
coagulation, nucleation, condensation, dissolution, and reversible chemistry among 







 


 190


multiple size distributions. Journal of Geophysical Research. 2002. Vol. 107. N D19, 
4366, doi:10.1029/2001JD002044. 


17. Reist P.C. Introduction to aerosol science. MacMillan, London, 1984. 
18. Antropov, V.N., Fedulov, V.F. Stepanov, V.D.,Tkachenko A.V., Scientific report “The 


analysis of project and severe accident consequences for Finland NPP VVER-1000”, N 
400-07-21, Moscow, 1991 (in Russian) 


19. Davies C.N., (ed.) Aerosol Science. Academic Press, London, 1966 
 
 
 







 


 191


Summary: Substantiation and Selection of Boundary Conditions for 
Experimental Studies 


 
Based on analyses and calculations carried out in the framework of this project, 


experimental studies underway were substantiated, and boundary conditions therefor were 
selected. 


Task 2: experimental studies of fission products’ release from molten pool/corium 
catcher.  


In Chapters 2 and 3 study of aerosol generation from molten pools during severe 
accidents is substantiated. Radioactive aerosols (e.g., ruthenium) greatly contribute into 
radiological impact on population and environment, both in short-term and long-term aspects. 
Scope of existing experimental data is limited, hence difficulties in realistic evaluation of 
exposure levels and detailed verification of simulation codes.  


In Chapter 2 boundary conditions with respect to fission products in fuel are calculated. 
Based on the calculations, conclusion is made of composition and amount of fission products, for 
which experimental study is considered necessary. 


In Chapter 3 thermodynamic and heat-transfer conditions over the molten pool are 
calculated, and boundary conditions for experiment are evaluated. 


 Task 4: Experimental study of aerosol transport processes in the equipment of the reactor 
coolant circuit.  


 In Chapters 1, 2, 3 and 4 studies of aerosol behaviour in the reactor unit and in the 
containment are substantiated. In particular, accident scenario “Leakage from primary to 
secondary coolant circuit” may involve conditions under which turbulence in carrying gaseous 
phase medium would occur. Turbulence may strongly contribute into aerosol sedimentation on 
piping walls.  


In Chapter 2 boundary conditions are evaluated with respect to size, density, shape, and 
composition of aerosols released during a severe accident. In Chapter 3 boundary conditions are 
determined with respect to gaseous phase medium parameters (such as medium velocity, 
Reynolds number, temperature, pressure, composition, etc.).  


 Task 6: Experimental studies of influence of medium parameters in the containment on 
the contents and correlation of volatile iodine forms. 


In Chapter 1 studies of behaviour of iodine and its species in the containment are 
substantiated. Detailed studies of iodine behaviour in the containment enable conduction of 
realistic (rather than conservative) analyses concerning release of radioactive iodine outside the 
containment, and evaluation of radiological impact on population and environment. 


In Chapter 2 boundary conditions with respect to accumulation of iodine isotopes in fuel 
are calculated. In Chapter 3 boundary conditions with respect to release of iodine and its 
compounds from the reactor coolant circuit into containment are calculated.  


Based on analyses discussed in Chapters 2, 3 and 4, level of radiation dose rate in the 
containment is evaluated, and boundary conditions with respect to dose rate in experiment are 
formulated.  


Based on analyses discussed in Chapters 3 and 4, thermodynamic and heat-transfer 
conditions in the containment are being calculated, and boundary conditions with respect to 
temperature, pressure, atmosphere composition etc. for the experiment are being evaluated.  
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ABSTRACT 
 
The Report contains 120 pages, 74 figures, 40 tables, 37 references. 
 
NUCLEAR REACTOR, SEVERE ACCIDENT, CORE MELT, CORIUM, INDUCTION 
MELTING, COLD CRUCIBLE, FISSION PRODUCT SIMULATORS 


 
The present work has been performed in the framework of the project entitled “Ex-vessel Source 
Term Analysis”. Application of the flow method has yielded experimental data on the release of 
low-volatile fission products (FP), uranium and zirconium from molten corium at different 
temperatures and degrees of melt oxidation. Partial pressures of components have been studies 
using high-temperature mass spectrometry. 
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Introduction 
 
Estimation of radiation consequences of severe accidents with core meltdown involves 
calculation of the FP release into the containment (in-containment source term analysis), as well 
as of the temporal dynamics, radionuclide and physicochemical composition of the release to the 
environment during an accident (environmental source term analysis). All this requires 
quantitative analysis of: 


• FP accumulation in the irradiated fuel; 
• FP release from the fuel rod gaps and fuel matrix at fuel heat up and melting in the 


core; 
• FP release from the core melt (in-vessel and ex-vessel); 
• FP transport in the primary circuit (transfer, deposition, re-entrainment from 


surfaces); 
• FP retention in the containment (transport, deposition on surfaces); 
• FP flow and release into atmosphere of the containment and of chemical reactions 


involving FP, which determine FP release to the environment. 
An important aspect of the source term assessment is the estimation of the FP release into 
atmosphere of the containment at the accident late phase. This phase of a severe accident may 
represent core melt retention in the reactor vessel, melt release from the vessel into the reactor pit 
or into the ex-vessel core catcher. These accident consequences may be accompanied by an 
increased containment leakage, as excessive pressure may keep in it for several days. Fission 
products may get released into atmosphere of the containment (and further to the environment) 
by means of different mechanisms of their release from molten corium, from solution in 
emergency sump of the reactor, as well as from surfaces of the 1st circuit, structural units and 
technological equipment. 
By now, a sufficient number of tests have been performed in the framework of research on the 
release and transport of FP and core materials in a limited temperature domain. Such 
experimental programs as SASCHA, VEGA, HEVA-VERCORS, Phebus, etc. should be 
mentioned. Reviews of this research are offered in [1-4]. 


However, most of these tests have been performed using intact fuel assemblies which 
were heated up to and slightly above the level of first melt formation, i.e., the subject of studies 
was the release from solid fuel after degradation of the assembly. In some of the considered tests 
only partial melting of core materials had been attained. 
The release of FP and structural materials from the PWR fuel at higher temperatures was studied 
in small-scale tests performed by CEA (Grenoble, France) on the HEVA/VERCORS [3]. For 
instance, in the VERCORS-HT tests temperatures of fuel melting have been achieved for 
analyzing the release of low-volatile and transuranium elements [5]. The Final Report 
recommends application of the VERCORS tests for determining key directions and possible tests 
aimed at validating the debris bed late phase source term numerical models [6]. 
The closest to the severe accident conditions and most difficult for understanding and 
interpreting experimental data were the Phebus-FP in-vessel integral tests performed for 
analyzing and quantifying such severe accident processes, as the core degradation, FP release 
from the fuel assembly/melt and their behaviour within the primary circuit and containment. The 
program was also aimed at the FP database updating and computer codes validation [1]. 
The present work has been carried out in order to understand local effects influencing 
evaporation of FP and melt components, and to broaden the verification database on FP release 
in the high-temperature domain of molten corium existence. The work was aimed at determining 
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the influence of temperature and degree of melt oxidation on the FP release rate. The chosen 
melt composition and temperature approximately corresponded to an intermediate condition of 
the in-vessel melt surface layer under scenarios of strong and weak coolant leakage (VVER-1000 
SLOCA and LLOCA). 
The experimental program was subdivided into two stages. During the first stage with 
methodological aims, i.e., determining the achievable superheating of melts with different 
degrees of oxidation, testing operation of the entire gas-aerosol system and its individual 
elements (AAF and MAF filters), determining the optimal safe oxidizer flow rate and assessing 
the possibility of on-line control of the melt oxidation rate, a preliminary scoping test Pr1-EV1 
was performed. Molten corium was free from any fission product simulators (FPS) in this test. 
Upon analyzing operation of all systems and experimental data, the aerosol sampling system was 
modernized and experimental procedure of the main test worked out. 
The main test EV1 with FPS in the molten pool was performed at the second stage. 
 


1. Test specifications 
 


Tab. 1.1 offers experimental matrices for the tests Pr1-EV1, Pr2-EV1 and EVAN-1FP. 
 


Table 1.1. Experimental matrices for Pr1-EV1, Pr2-EV1 and EVAN-1FP 
Test 


Test conditions 
Pr1-EV1 Pr2-EV1 EVAN-1FP 


Melt composition, mass.%  
UO2=74.1 
ZrO2=19.7 


Zr=6.2 


UO2=75.5 
ZrO2=18.1 


Zr=6.4 


UO2=72.64 
ZrO2=19.38 


Zr=6.15 
Melt oxidation index, Сn 70÷100 70 70÷100 


Temperature range, °C 2538÷2697 2600÷2640 2535÷2696 


Atmosphere Ar÷Ar/O2 Ar Ar÷Ar/O2 


Fission product simulators, mass % - - 


SrO=0.14 
BaO=0.23 
CeO2=0.45 
La2O3=0.20 


Ru=0.35 
Mo=0.46 


 


1.1. Experimental facility layout 
 
The tests were performed on a facility comprising an HF generator with an oscillating power of 
60 kW. The melt was produced by the method of induction melting in the cold crucible [7]. 
Diagram of the furnace is given in Fig. 1.1. 
In order to have uniform vertical profile of induced power in the melt, the crucible bottom was 
made in the form of a thin, water-cooled calorimeter. The materials used for producing elements 
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of the gas-aerosol system are listed in Tab. 1.2. Elements of the gas-aerosol systems were linked 
by silicon tubes with appropriate diameter. 
Pretest gas-dynamic calculations (see Chapter 6) have been made to optimize rate and structure 
of the gas-aerosol flow, shape and size of the furnace, and to minimize aerosol deposition on its 
elements. The results of calculations were used in the design development and regime 
parameters selection. 
It should be mentioned that quartz partition (3) was missing in Pr1-EV1. After the pretest Pr1-
EV1, a big amount of deposited aerosols was found on quartz tube (4) and furnace cover (1). To 
reduce their amount, i.e. decrease aerosol transport losses, the furnace was modernized. Said 
partition was installed in the above the melt space of the cold crucible to limit area of cold 
surfaces of furnace elements contacting with the gas-aerosol flow. The above the melt space of 
the cold crucible was reduced to the minimum (26 mm) to decrease aerosol deposits on the 
water-cooled crucible sections. 
Fig. 1.2 shows the gas supply and aerosol collection system. To supply oxidizer (argon-oxygen 
mixture) into the furnace, a unit equipped with high-precision Bronkhorst flowmeters/controllers 
was used for mixing said gases. An electrochemical oxygen sensor was installed in the gas 
supply line to the furnace to control oxygen partial pressure in the mixture. Gas was supplied 
through collector in the crucible bottom. Then the gas traveled up in the gap between the quartz 
tube and crucible sections to the furnace cover, entrained aerosols and entered the analytical line 
through the central opening in the cover. The pyrometer shaft was located in the cover side. The 
shaft is meant for the uninterrupted observation of the melt surface through the aerosol layer and 
periodical and brief blowing them off the pyrometer sighting spot by the feeding part of the 
carrier gas into the shaft when measuring the melt surface temperature. Besides, the pyrometer 
shaft was used for melt sampling. For temperature measurements and melt sampling, the shaft 
was briefly lowered and aerosols were blown off by the argon stream supplied at an optimal rate 
determined in separate tests. 
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1- water-cooled furnace cover; 2- water-cooled argon-purged pyrometer shaft; 3- quartz partition; 
4- quartz tube; 5- crucible section tubes; 6- molten corium; 7- inductor; 8- crust; 9– bottom 
calorimeter. 


Fig. 1.1. Induction furnace in EV1 test 
 
 


 
1. Argon and oxygen cylinders; 2. Gas flowmeters; 3. Gas mixing unit; 4. Electrochemical oxygen 
sensors; 5. Induction furnace; 6. Medium Area Filter (MAF, F2); 7. Aerosol Analytical Filter 
(AAF, F1); 8. Bubblers; 9. Gas flowmeter; 10. Fan; 11. Vibrator; 12. Copper pipeline. 


Fig. 1.2. Gas supply and aerosol collection system 
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To capture aerosols, medium area filters (F2) and analytical filters (F1) were installed in 


the analytical line and replaced in turn during the test. At the same time, gas was bypassed to the 
electrochemical oxygen sensor for determining oxygen partial pressure in off-gases and 
calculation of the oxygen balance. For capturing gaseous Ru oxides, the system included two 
bubblers installed after the filters. The first bubbler contains solution of potassium persulfate 
(1M K2S2O8 solution), while the second one – potassium hydroxide (1М KOH solution). 


Table 1.2. Materials used for producing the gas-aerosol system 


Elements Material 
Item. 12, Fig. 1.2 – pipeline Pipe D-20, chemically polished copper 
Item. 3, Fig. 1.1 – partition Quartz glass 
Item. 4, Fig. 1.1 – tube Quartz glass 
Item. 1, Fig. 1.2 – water-cooled 
furnace cover Stainless steel, 12Kh18N10T, chemically polished 


 
To decrease aerosols deposition in the copper pipeline (see Fig. 1.2, Item 12) and 


preventing its clogging with aerosols, the former was supplied with the electromechanical 
vibrator (see Fig. 1.2, Item 11). 
 


1.2. Charge preparation 
 
Charge preparation included the analysis of urania and zirconia for the main substance and 
impurities content (including urania nonstoichiometry determination), checkup of the initial 
oxides moisture content, weighing of the calculated quantities of charge-composing oxides, 
taking into account metallic zirconium for producing molten corium C 70. The powdered urania 
was checked by thermogravimetry and the oxygen/uranium ratio was found to equal 2.0. 
Characteristics of the corium charge components are represented in Tab. 1.3. 
 
Table 1.3. Characteristics of corium charge components 


Component Grade Main substance 
content, mass.% Impurities, mass.% 


UO2 powder, 
<200 μm 
dispersivity 


Pure >99.0 
Fe<0.03; Cu<0.01; As<0.0003; 


PO4
3-<0.003; Cl-<0.003. 


ZrO2  
powder, <100 
μm dispersivity 


ZrO-1 (ZrO2+HfO2)>99.3 
Al2O3<0.03; Fe2O3<0.05; CaO<0.03; 
MgO<0.02; SiO2<0.2; TiO2<0.1; 
P2O5<0.15; (Na2O+K2O) <0.02. 


metallic Zr Nb-1 alloy >99.0 Nb<1 


Sr(OH)2· 
8H2O 


Pure >97.0 
carbonates<2.0; chlorides<0.007; 
heavy metals (Рb)<0.002; Ba<0.1; 
Ca<0.005; Fe<0.001. 


BaO Pure >97.0 
BaO2<2.0; BaCO3<1.7; chlorides 
<0.01; Fe<0.05; heavy metals 
(Pb)<0.002. 


CeO2 Specially >99.9 chlorides <0.005; sulphates<0.005; 
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Component Grade Main substance 
content, mass.% Impurities, mass.% 


pure 12-3” heavy metals (Pb)<0.0002; Ca<0.005; 
Cu<0.0003; Fe<0.002; Mg<0.0003. 


La2O3 Pure >99.8 
chlorides <0.005; sulphates <0.005; 
heavy metals (Pb)<0.0002; Ca<0.005; 
Cu<0.0003; Fe<0.002; Mg<0.0003. 


Ru powder, 
<100 μm 
dispersivity 


Pure 99.95 
Au<0.002, Fe<0.01, Pb<0.005, 
Ba<0.005, Si<0.005, Al<0.005, total 
platinum group elements <0,018. 


Mo powder, 
<100 μm 
dispersivity 


Pure 99.99 Re<0.04; (Cu, Fe, Zn., Ca)<0.02 


 
Such oxides as SrO, BaO, CeO2, La2O3, as well as metallic Mo and Ru were used as the low-
volatile FPS. Concentrations of FPS in corium have been chosen in accordance with their content 
in fuel, taking into account sensitivity of their detection in samples by mass spectrometry. The 
content of FP in the VVER fuel at the burnup of 45 and 60 GW·day/t U is given in Tab. 1.4 
according to the data from IBRAE [8] and RRC Kurchatov Institute [9], respectively, in 
comparison with the corium charge composition. 
 
Table 1.4. Calculated charge composition 


Component 


Component content in 
melt at the depth of 


burnup of 45 GW day/t 
U1), mass.% 


Component content in 
melt at the depth of 


burnup of 60 GW day/t 
U1), mass.% 


Component content in 
charge, mass.% 


UO2 77.50 76.268 72.64 


ZrO2 11.80 9.375 19.38 


Zr 9.60 12.5 6.15 


SrO 0.08 0.139 0.14 
BaO 0.16 0.236 0.23 


CeO2 0.12 0.461 0.45 


La2O3 0.28 0.202 0.20 


Ru 0.19 0.352 0.35 


Мо 0.27 0.469 0.46 


1) – strong leakage, reduced to 100%. 


 


FPS were prepared in the following way: 
- Strontium hydroxide (Sr(OH)2 · 8H2O) was calcinated at 600°С until removal 


of all hydration water, then a carefully weighed sample of water-free hydroxide 
was sintered with zirconia at 1100°С in order to produce strontium 
metazirconate (SrZrO3); 


- A carefully weighed sample of barium oxide (ВаО) was sintered with zirconia 
at 1100°C in order to produce barium metazirconate; 
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- Carefully weighed samples of СеО2 and La2O3 were sintered in a crucible at 


600°C for removing moisture. 


The processed FPS were crushed, combined with powdered Mo and Ru, thoroughly mixed with 
urania (m=186.27 g) and zirconia (m=49.84 g) and then added to the charge by placing them into 
the central part of the load. 
In order to fit all charge materials into the above the melt space of the crucible and avoid adding 
of the charge during molten pool preparation, it was necessary to use fused materials which have 
a higher density. For this purpose, an ingot of corium C 70 was produced in the Pre2-EV1 pretest 
in the framework of preparations for EV1. The ingot from Pre2-EV1 was crushed; then an 
average sample was taken from it and subjected to chemical analysis. Composition of the 
average sample from Pre2-EV1 may be found in Tab. 3.8. Further on, the crushed ingot was used 
as charge loaded into the crucible in EV1. Composition of charge components loaded into the 
crucible in Pr1-EV1, Pr2-EV1 and EV1 is given in Tab. 1.5. 
 
Table 1.5. Charge components composition and mass in Pr1-EV1, Pr2-EV1 and EV1 


Test Component Fraction, μm Mass, g Mass.% 
Urania, UO2 <200 1185.0 74.1 
Zirconia, ZrO2 <100 315.2 19.7 


Metallic zirconium, Zr 
3 plates 


60×5×15 
mm3 


99.8 6.2 
Pr1-EV1 


Σ - 1600.0 100.0 
Urania, UO2 <200 1234.9 75.5 
Zirconia, ZrO2 <100 296.7 18.1 


Metallic zirconium, Zr 
4 plates 


50×5×15 
mm3 


104.7 6.4 
Pr2-EV1 


Σ - 1636.3 100.0 
Corium from Pr2-EV1 
(75.4% UO2; 17.8% ZrO2; 
6.8% Zr) 


200-300 1390.00 81.8 


Urania, UO2 <200 186.27 10.9 
Zirconia, ZrO2 <100 82.59 4.9 


Metallic zirconium, Zr 
plate 


20×5×15 
mm3 


10.03 0.6 


FPS <100 31.11 1.8 


EV1 


Σ - 1700.00 100.0 


Masses of the loaded FPS are given in the material balance table (see Tab. 3.3). 
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2. Description of tests 


2.1 Pr1-EV1 experimental procedure 
 


To remove the air retained by powders and create inert atmosphere, the furnace was 
blown with argon for about 300 s at 600 l/h. Heating was switched on and a molten pool 
produced. Electrical characteristics of the HF generator and pyrometer readings throughout the 
test are presented in Fig. 2.1, and changes of heat and electrical fluxes to the furnace elements 
are shown in Fig. 2.2. The time till 7130 s was devoted to testing the entire system and breaking 
off crusts that formed during molten pool formation and overhanged the melt from the crucible 
top. At 7140 s the pyrometer shaft was shifted to the melt, aerosols blown off and the pool 
surface temperature found to be 2562°C (Fig. 2.5, fragment 1). Taking into account instrumental 
error of the pyrometer and the influence of aerosols presence in the instrument’s sighting spot, 
the total error in the melt surface temperature determination amounted to 1.5% of the measured 
value. Keeping power in the melt unchanged, aerosols were sampled to the analytical filters F1 
from 7450 s through 8400 s. At 8400 s power in the melt was reduced and maintained at the 
same level to sample aerosols again to the analytical filters F1 from 8950 s through 9820 s. The 
melt surface temperature measured under this temperature condition by the pyrometer through 
the shaft with aerosols blown off was found to be 2538ºC (Fig. 2.5, fragment 2). Therefore, the 
release of melt components was measured under two temperature conditions of the melt for the 
suboxidized molten corium C 70. At 9900 s power in the melt was increased and then the 
optimal oxidizer flow rate selected (Fig. 2.4). A mixture of gaseous oxygen with argon was used 
as the oxidizer. The general flow rate for the argon-oxygen mixture was maintained constant at 
600 l/h. The oxygen flow rate was changed in a stepwise manner: 2, 5, 10 and 20 vol. % in the 
mixture and the melt surface was monitored. Since the melt surface was smooth and the melt 
oxidation rate remained within the specified range at the supply of the mixture containing 20 vol. 
% oxygen, further on the argon-oxygen mixture with this particular composition was supplied 
into the furnace. From 10120 s through 12200 s melt oxidation was continued, oxygen content in 
the outgoing furnace gases was controlled and the melt oxidation degree calculated online 
(Figs. 2.4, 2.3). Within the same period, aerosols were sampled to the analytical filters F1 during 
melt oxidation from 10500 s through 12200 s. When the melt achieved a degree of oxidation 
calculated to be C 87, the supply of oxidizer into the furnace was stopped at 12200 s and the 
induction system was reset to reduce power in the melt and decrease the melt surface 
temperature. From 13580 s through 14000 s aerosols were sampled to the F1 filters and at 
14125 s the melt surface temperature was measured through the pyrometer shaft with aerosols 
blown off and found to equal 2628°C (Fig. 2.5, fragment 3). At 14180 s power in the melt was 
increased and from 14550 s through 14940 s aerosols sampled to the F1 filters at stable power 
and constant degree of melt oxidation. Before sampling aerosols, at 14460 s the pyrometer shaft 
was shifted down to the melt, aerosols blown off and the pool surface temperature found to be 
2648°C (Fig. 2.5, fragment 4). At 15000 s an attempt was made to sample the melt with a rod 
sampler, but the attempt failed (the sample did not stick to the sampler and it was the reason to 
change the sampler design later on). At 15450 s oxidizer was again supplied into the furnace. At 
18330 s the supply of oxidizer was stopped upon reaching of the C 100 index by the melt and its 
further superoxidation above UO2 stoichiometry. From 15600 s through 18360 s, aerosols were 
sampled during oxidation to the analytical filters F1. From 18570 s through 18800 s, aerosols 
were sampled to the analytical filters F1 and the melt surface temperature found to be 2710°С for 
the superstoiciometric melt (Fig. 2.5, fragment 5). At 19100 s HF heating was switched off and 
the test terminated. Melt crystallization was performed in argon. 
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1-7 Periods of aerosols sampling to the analytical filters F1 


Fig. 2.1. Anode current (Ia), voltage (Ua) and pyrometer readings (Tm) throughout the test 
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Fig. 2.2. Power extracted by cooling water from the furnace elements throughout the test 
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Fig. 2.3. Evolution of the melt oxidation index (Cn) according to the online measurements 


and calculations 
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Fig. 2.4. Flow rate of Ar (Gar5) and O2 (Gar6), oxygen content of the furnace in-gas (Ox1) and 


off-gas (Ox2), off-gas temperature (TC22) throughout the test







 


 


16 


2100


2300


2500


2700


5000 7000 9000 11000 13000 15000 17000 19000


Time, s


Pre-EV1


Te
m


pe
ra


tu
re


, o C


1                   2                        3                                4           5                            6                       7         


2500


2600


7130 7140 7150


1


2562


2500


2600


9820 9830 9840


2


2538


2550


2650


14120 14125 14130


3


2628


2580


2680


14460 14470 14480


4


2648


2650


2750


18260 18265 18270


5


2697


 
Fig. 2.5. Pyrometer readings with marked fragments which correspond to temperature measurements through the shaft 
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2.2. EVAN-1FP (EV1) experimental procedure 
 
To remove the air retained by powders and create inert atmosphere, the furnace was blown with 
argon for about 300 s at 600 l/h and then HF heating was switched on. History of the anode 
current and voltage, inductor voltage and melt surface temperature throughout the test is shown 
in Fig. 2.6. At 1173 s the crust that had formed above the melt during molten pool production 
and shrinkage was broken through the pyrometer shaft. The part of the crust adjacent to the 
crucible sections could not be broken, so HF heating was briefly switched off at 1258 s and 
broke off all the crusts overhanging the melt after the pool has crystallized. Then at 1357 s HF 
heating was switched on again and a molten pool with the maximum possible temperature 
produced. At 2650 s the pyrometer shaft was shifted to the melt, aerosols blown off and the pool 
surface temperature found to be ∼ 2595°С (Fig. 2.10, fragment 1), and then the melt sample No.1 
was taken through the shaft at 2497 s. It should be noted that the sample was quenched in argon 
right inside the shaft. After that the pyrometer shaft was lifted. From 2720 s through 3400 s 
aerosols were sampled to the analytical filters F1 No.2-7 (regime I). After aerosol sampling, the 
pyrometer shaft was again lowered at 3470 s and the molten pool surface temperature found to 
be ∼2590°С (Fig. 2.10, fragment 2). From 3535 s through 4101 s the inductor voltage (Fig. 2.6) 
and as a consequence power in the melt (Fig. 2.7) were decreased to change the molten pool 
surface temperature from the maximum possible to the lowest achievable (without a crust on the 
pool surface). When heat losses to the cooled furnace elements (Fig. 2.7) have been stabilized, 
the pyrometer shaft was shifted down at 4330 s and the melt surface temperature measured. It 
was found to be ∼ 2535ºС (Fig. 2.10, fragment 3). From 4500 s through 5350 s aerosols were 
sampled to the analytical filters F1 No.9-15 (regime II). Aerosols sampling was followed by 
another measurement of the molten pool surface temperature which amounted to ∼2544ºС 
(Fig. 2.10, fragment 4). At the same time, liquid sample No.1 was taken from bubbler No.2. To 
change the degree of melt oxidation from C 70 to C 85, the argon/oxygen (80:20 vol. % ) 
mixture (Fig. 2.9.) was supplied at 5814 s. Aerosols were simultaneously sampled to the 
analytical filters F1 No.17-21 (regime III). The degree of melt oxidation was calculated online 
during melt oxidation from the of oxygen balance at the furnace entrance/exit (Fig. 2.9). At 
reaching the degree of melt oxidation of approximately С 85 (Fig. 2.8), the supply of oxygen was 
stopped at 7103 s and then the pyrometer shaft was shifted down and the melt surface 
temperature found to be 2655 С (Fig. 2.10, fragment 5). To achieve the lowest melt surface 
temperature possible for the C 85 composition, inductor voltage was regulated from 7774 s 
through 8340 s. Formation of dendrites above the melt surface was observed at decreasing the 
voltage. After voltage stabilization and dendrites melting, aerosols were sampled to the 
analytical filters F1 No.23-29 (regime IV) from 8620 s through 9540 s. Aerosols sampling was 
followed by lowering the pyrometer shaft another time at 9620 s and measuring the melt surface 
temperature. It was found to be ∼2639ºС (Fig. 2.10, fragment 6) and then melt sample No.2 was 
taken for the C 85 composition. At 9846 s liquid sample No.2 was taken from bubbler No.2 and 
then inductor voltage was stepped up to increase the molten pool surface temperature. At 
10100 s internal pressure in the furnace has grown as high as to pose a threat to its airtightness. 
Due to this reason HF heating was switched off at 10654 s and the test terminated. 
After ingot crystallization in argon, the quartz tube was removed together with the furnace cover 
and the gas-aerosol system elements on which aerosols had deposited. All aerosol deposits were 
collected for determining transport losses. Then the gas-aerosol system was assembled again and 
test resumed. 
To remove the air retained by powders and create inert atmosphere, the furnace was blown with 
argon for about 300 s at 600 l/h and then HF heating of the ingot was switched on. At 2640 s the 
above the melt crust was broken through the pyrometer shaft and molten pool surface 
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temperature found to be approximately 2700°C. A part of the crust adjacent to cold walls of the 
crucible could not be broken off, therefore at 2859 s HF heating was switched off like in the first 
part of the test and crusts cleaned off the crucible sections. After the repeated switching HF 
heating on, the inductor voltage was increased from 3232 s through 3895 s (Fig. 2.11) to achieve 
the maximum possible superheating of the melt with the C 85 composition. After stabilization of 
heat losses to the cooled furnace elements, the shaft was shifted at 3941 s and the melt surface 
temperature found to be ∼ 2696°С (Fig. 2.15, fragment 7). From 4140 through 4610 s aerosols 
were sampled to the analytical filters F1 No.34-40 (regime V). In the first part of the test 
formation of dendrites above the molten pool surface was observed at the minimum temperature 
of the C 85 melt. This could cause distortion of the results of determining the melt evaporation 
rate, so from 4649 s through 4962 s the inductor voltage was reduced and investigations on 
evaporation of the melt with said composition repeated. After stabilization of heat losses to the 
cooled furnace elements, the shaft was shifted down at 5025 s and the melt surface temperature 
found to be ∼ 2655°С (Fig. 2.15, fragment 8). From 5260 s through 5850 s aerosols were 
sampled to the analytical filters F1 No.42-48 (regime VI). After sampling aerosols, the shaft was 
lowered again at 5930 s and the repeated temperature measurement found it to be ∼ 2650°С 
(Fig. 2.15, fragment 9). At the same time the melt sample No.3 was taken. At 6760 s liquid 
sample No.3 was taken from bubbler No.2. To change the degree of melt oxidation from C 85 to 
C 100, the argon/oxygen (80:20 vol. % ) mixture (Fig. 2.14) was supplied again at 7000 s. 
Aerosols were simultaneously sampled to the analytical filters F1 No.50-56 (regime VII). At 
reaching the degree of melt oxidation of approximately С-100 (Fig. 2.13), the supply of oxygen 
was stopped at 8326 s and then liquid sample No.4 taken from bubbler No.2. At 8560 s the 
pyrometer shaft was shifted down and the melt surface temperature found to be 2660°С. To 
achieve the minimum melt surface temperature, the inductor voltage was decreased and crust 
formation on the melt surface was recorded. Further on, the crust was melted by regulating the 
inductor voltage. When heat losses to the cooled furnace elements have been stabilized, from 
9210 s through 9770 s aerosols were sampled to the analytical filters F1 No.58-64 (regime VIII). 
Sampling of aerosols was followed by lowering the pyrometer shaft at 9846 s and measuring the 
melt surface temperature. It amounted to 2652ºС (Fig. 2.15, fragment 10). Then melt sample 
No.4 was taken. At 10070 s HF heating was switched off and the ingot was crystallized in argon. 
After that, liquid sample No.5 was taken from bubbler No.2. 


Figs. 2.6–2.15 offer the registered parameters of the test: regimes of the HF generator 
operation, melt and gas temperatures, gas mixture flow rates, heat losses to the cold crucible, 
inductor and calorimeter, and the indexes of melt oxidation. 
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Fig. 2.6. Anode current (Ia) and voltage (Ua), inductor voltage (Ui) and pyrometer readings 
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Fig. 2.7. Power extracted by cooling water from the furnace elements throughout the test 
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Fig. 2.8. Evolution of the melt oxidation index (Cn) according to the online measurements 


and calculations 
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Fig. 2.9. Flow rate of Ar (Gar5) and O2 (Gar6), oxygen content of in-gas (Ox1) and off-gas 


(Ox2), off-gass temperature (TC22) throughout the test 
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Fig. 2.10. Pyrometer readings with marked fragments which correspond to temperature measurements through the shaft 
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Fig. 2.11. Anode current (Ia) and voltage (Ua), inductor voltage (Ui) and pyrometer 


readings (Tm) throughout the test 
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Fig. 2.12. Power extracted by cooling water from the furnace elements throughout the test 
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Fig. 2.13. Evolution of the melt oxidation degree (Cn) determined by the online 


measurements and calculations 
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Fig. 2.14. Flow rate of Ar(Gar5) and O2 (Gar6), oxygen content at the furnace entrance (Ox1) 
and exit (Ox2), history of temperature of gases from the furnace (TC22) throughout the test 
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Fig. 2.15. Melt surface temperature according to pyrometer readings (Tmel) with marked fragments of temperature measurements through the 


pyrometer shaft 
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3. Posttest analysis 


3.1. Macrostructure of ingot from Pr1-EV1 
 
Aerosol deposits were observed on the cold crucible walls, cover and quartz tube during the 
furnace disassembly after the test (see Fig. 3.1). It was impossible to preserve integrity of the 
ingot when extracting it from the crucible, as the former broke into separate fragments, all of 
which were subjected to physicochemical analyses. 


 


 
 
 


Fig. 3.1. Crucible after Pr1-EV1 
 


3.2. Macrostructure of the ingot EV-1 
 
Like in Pr1-EV1, aerosol deposits were observed on the cold crucible walls, cover and quartz 
partition (see Fig. 3.2). Integrity of the crucible couldn’t be preserved at its extraction from the 
crucible. In contrast to the pretest, a metallic inclusion with a mass of 5.11 g was found when 
crushing the ingot in its lower part, about 5 mm up from the top. Appearance of the inclusion and 
diagram of its location in the ingot are presented in Fig. 3.3. All fragments were subjected to 
physicochemical analyses. 
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Fig. 3.2. Crucible after EV1 
 


   
Fig. 3.3. Metallic inclusion: diagram of its location in the corium ingot and appearance 


 


3.3. Mass balances of Pr1-EV1, Pr2-EV1, EV1 
 
In order to make up mass balances of all tests, the initial charge components and samples from 
Pr1-EV1, Pr2-EV1 and EV1 were weighed with accuracy up to 0.1 g. 
Balances of Pr1-EV1, Pr2-EV1 and EV1 are given in Tabs. 3.1-3.3. Debalances in Pr1-EV1 and 
EV1 correspond to the mass of oxygen absorbed by the melt. The debalance from Pr2-EV1 
indicates accuracy of the test. 
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Table 3.1. Mass balance of Pr1-EV1 


Introduced into melt, g Collected after the test, g 
UO2 1185.0 Melt sample 15.7 
ZrO2 315.2 Ingot 1565.1 
Zr 99.8 Aerosols 34.3 
  Spillages1) 35.3 
Σ 1600.0 Σ 1650.4 
Debalance +50.4 
1) – here and in other Tabs: spillages mean the charge that did not react and the partially shed aerosols from the 
crucible sections and crust from the ingot. 


Table 3.2. Mass balance of Pr2-EV1 
Introduced into melt, g Collected after the test, g 


UO2 1234.9 Melt sample No.1 2.7 
ZrO2 296.7 Melt sample No.2 3.4 
Zr 104.7 Ingot 1584.5 
  Spillages 29.9 
  Aerosols 14.9 
Σ 1636.3 Σ 1635.4 
Debalance -0.9 
 
Table 3.3. Mass balance of EV1 


Introduced into melt, g Collected after the test, g 
Corium from Pr2-EV1 
(75.4%UO2; 17.8% 
ZrO2; 6.8%Zr) 


1390.00 Melt sample No.1  3.35 


UO2 186.27 Melt sample No.2  3.17 
ZrO2 49.84 Melt sample No.3  3.27 
ZrO2


1) 32.75 Melt sample No.4  1.81 
Zr 10.03 Ingot 2) 1582.30 
SrO 2.38 Above-melt crust 56.60 
BaO 3.91 Aerosols 64.38 
CeO2 7.65 Spillages 22.54 
La2O3 3.40   
Ru 5.95   
Mo 7.82   


Σ 1700.00 Σ 1737.42 


Debalance +37.42 
1) – zirconia used for producing strontium and barium zirconates, as well as in the protective coating of the zirconia 
crucible in which fusing was carried out; 
2) – a metallic inclusion with a mass of 5.108 g was found in the corium ingot and taken account of in the ingot 
mass. 
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3.4. Samples preparation for the physicochemical analysis 
 
After Pr1-EV1 and EV1, the oxidic ingots, melt samples and the above-melt crusts were crushed 
into particles sized no more than 2 mm and then average samples were taken by quartering and 
ground into particles sized 50 µm at the most. 
The spillages were quartered after Pr1-EV1 and EV1, and the average samples ground into 
particles sized 50 µm at the most. 
The oxidic ingot from Pr2-EV1 was crushed into particles sized no more than 2 mm. An average 
sample was taken by quartering and ground into particles sized 50 µm at the most and subjected 
to physicochemical analysis. Later on, 1390 g of the crushed corium ingot was used as the 
charge material in EV1. 
 


3.5. X-ray fluorescence of samples 
 
The elemental composition of samples from the test was determined by X-ray fluorescence 
(XRF) using the SPECTROSCAN MAX-GV vacuum spectrometer [10]. 
The average samples of corium and aerosols collected from crucible sections, copper pipe, three-
way cock and quartz tube were processed into two-layer pellets for the XRF analysis. 
The metallic inclusion was placed by its flat surface into the specimen holder and analyzed by 
the fundamental parameters method (FPM). 
Discs of 15 mm in diameter were cut from the analytical filters F1, the analyzed surface of the 
former was covered with scotch tape and the discs were placed into the standard specimen holder 
and analyzed applying FPM. 
FPM is a method of qualitative and quantitative X-ray fluorescence analysis in the absence of 
reference specimens. The method is based on the use of theoretical dependences that describe 
physical processes of X-ray fluorescence excitation in a sample and subsequent registration of 
this radiation by spectrometer. The numerical code employing the method is adjusted on a 
particular spectrometer using the high-quality calibration specimens which cover the entire range 
of instrument operation (all crystals and wavelengths). FPM allows calculation of concentrations 
of virtually any set of the determinable elements in the studied sample without the use of 
calibration specimens. Relative errors of the quantitative reference-free analysis depend on 
content of the determined elements and amount to: 


- about 2 relative % in the 0.1 – 1.0 mass.% range, 
- 3 – 5 relative % in the 1.0 – 5.0 mass.% range, 
- 1 – 3 relative % in the 5 – 10 mass.% range, 
- 0.5–2 relative % in the range over 30 mass.%. 


With reference samples, accuracy of the quantitative analysis by FPM is compared well with that 
of the regressions analysis. 
As for the nonidentifiable elements (e.g., oxygen), their content should be determined by other 
methods (e.g., by carbothermal reduction), or there should only be known ratio of their content 
(light matrix composition), e.g., the chemical formula (H3BO3, HCl, etc.). 
The fundamental parameters method (FPM) was combined with the control of the main 
components by the multiple regression method. 
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The regression analysis is a quantitative XRF analysis that employs SPEKTR-KVANT software. 
Its essence is in applying the multiple regression method for calculating concentrations of 
elements from the measured intensities of their characteristic X-ray lines taking into account the 
calculated (during calibration of the X-ray spectrometer) calibration equation coefficients. This 
kind of analysis requires taking into account instrumental drift by referring to measurements of 
the reference specimen, and also of the background in different ways (using points, incoherent 
scattering lines, blank sample). 
When the regression analysis was applied, the error in U and Zr content determination by XRF 
did not exceed 5 relative %. 
Tab. 3.4 offers the XRF data for samples from Pr1-EV1 and Pr2-EV1. 
Table 3.4. XRF data for samples from Pr1-EV1 and Pr2-EV1 


Content, mass.% 
Test Sample U Zr 


Average corium sample 62.2 19.9 
Aerosols from crucible cover and 
quartz tube 78.2 3.4 Pr1-EV1 


Aerosols from filters F1 and F21) 87.5÷84.4 <0.5 


Melt sample No.1 65.9 19.4 
Pr2-EV1 


Average corium sample 66.3 18.9 
1).- Several filters have been analyzed, therefore the Tab. contains the extreme values of U content. 


 
The analysis of samples from Pr1-EV1 (Tab. 3.4) has shown the aerosols collected from 


the crucible cover and quartz tube to contain little zirconium (below 4 mass.%). The reason may 
be in the melt release as droplets. Zirconium content in aerosols collected on filters F1 and F2, 
was below 0.5 mass.%; the remainder were uranium oxides (from UO2 to U3O8 depending on the 
oxygen quantity above the melt). 


Tab. 3.5 presents the XRF data for the oxidic ingot, melt samples and aerosols from EV1. 
 
Table 3.5. XRF data for samples from EV1 


Content, mass.% 
Sample 


U Zr 
Melt sample No.1 64.6 19.9
Melt sample No.2 64.1 20.4
Melt sample No.3 64.2 20.7
Melt sample No.4 63.2 20.6
Ingot average sample 63.9 20.2
Above-melt crust 67.4 17.3
Spillages3) 


62.4 19.8
Aerosols from copper pipe (Fig. 1.2, Item  12) 69.3 3.9 
Aerosols from crucible sections (Fig. 1.1, Item  5) 78.7 2.5
Aerosols from quartz tube1) 


70.9 4.1
Aerosols from cock2) 


82.3 1.7
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Content, mass.% 


Sample 
U Zr 


Aerosols from F1-2 (I regime) 60.7 2.4
Aerosols from F1-10 (II regime) 65.9 2.4
Aerosols from F1-20 (III regime) 65.7 4.5
Aerosols from F1-27 (IV regime) 84.8 1.1
Aerosols from F1-38 (V regime) 84.1 1.0
Aerosols from F1-45 (VI regime) 84.8 1.0
Aerosols from F1-53 (VII regime) 84.0 1.3
Aerosols from F1-61 (VIII regime) 82.8 0.8


1) – aerosols from the quartz tube should be understood as total aerosols collected from the quartz partition (Fig. 1.1, 
Item 3), crucible cover (Fig. 1.1, Item 1) and the quartz tube itself (Fig. 1.1, Item 4); 
2) – a three-way cock was installed in the gas-aerosol system after the copper pipe (see Fig. 1.2, Item 12) and used 
for switching filters F1 to F2; 
3) – Spillages include the charge that did not react and some quantity of the shed aerosols. 


 
The total of 62 aerosol samples was collected on the F1 filters during the test. One representative 
F1 filter was chosen for each regime (I-VIII) and subjected to XRF, mass spectrometry and 
chemical analysis. Later, when calculating the elemental material balance, the results of F1 
filters analysis for each particular regime (see Tab. 3.5) were referred to the entire regime and to 
the total mass of aerosols collected on F1 and F2. It should be noted that filters Nos. 31 and 32 
were rejected and not processed due to leakage of filter holders. 
The results of the metal inclusion (see Fig. 3.3) XRF analysis are as follows, mass.%: 88.8-Ru; 
11.0-Mo; 0.2-Zr. 
The content of FP in spillages, mass.%: 0.38-Sr; 0.59-Ba; 0.35-Ce; 0.05-La; 0.12-Ru; 0.24-Mo. 
 


3.6. Inductively coupled plasma mass spectrometry (ICP MS) 
 
Since concentrations of FP in corium and aerosols are small, they were determined in solutions 
of samples by mass spectrometry with ionization in the inductively coupled plasma (ICP MS). 
For this purpose, the VG Plasma Quad instrument (produced by VG Elemental, Great Britain) 
was used. It is a superhigh sensitivity mass spectrometer for the multielemental analysis (over 70 
elements) of liquid samples which allows detection of main components and microinclusions in 
the 0.01-0.001 μg/l range. 
When preparing for mass spectrometry, such solid samples as the ingot average sample, melt 
samples Nos. 1-4, above-melt crust and aerosols collected from the furnace elements were fused 
with 3.0 ± 0.5 g potassium pyrosulphate at 900±25°С until obtaining a transparent fusion cake, 
which was later heated for dissolving it in 200-250 ml 1М sulphuric acid solution. Then the 
samples were analyzed. 
Notable is that mass spectrometry allows determination of U and Zr in samples, but the error in 
these main components determination is high because strong dilution of the liquid samples with 
water increases the pH and may cause Zr sedimentation and its content underestimation. 
Therefore, determination of the main elements (U and Zr) was done by XRF and chemical 
analysis (Tabs. 3.5 and 3.9). Analytical filters F1 with the captured aerosols were dissolved in a 
mixture of concentrated nitric and sulphuric acids (1:1.5) and the solutions analyzed. 
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Mass spectrometric analysis determined the content of elements in aerosols on F1 filters for each 
regime, in corium (ingot average sample, melt samples Nos. 1-4, above-melt crusts), аn in 
aerosols collected from the furnace elements. The results of the ICP MS analysis for EV1 are 
presented in Tab. 3.6. 
 
Table 3.6. Composition of samples and aerosols on filters according to ICP MS data 


Content, mass.% 
Sample 


Sr Ba La Ce Ru Mo 


Melt sample No.1 0.11 0.26 0.14 0.21 0.06 0.40 


Melt sample No.2 0.05 0.21 0.14 0.05 0.08 0.44 


Melt sample No.3 0.05 0.06 0.14 0.39 0.07 0.72 


Melt sample No.4 0.05 0.11 0.14 0.31 0.08 0.56 


Ingot average sample 0.06 0.17 0.16 0.39 0.08 0.36 


Above-melt crust 0.05 0.09 0.14 0.47 0.06 0.60 
Aerosols from copper pipe (Fig. 1.2, 
Item 12) 0.87 0.38 0.08 0.28 0.15 2.41 


Aerosols from crucible sections 
(Fig. 1.1, Item 5) 3.51 1.22 0.10 0.11 0.13 0.97 


Aerosols from quartz tube 
0.73 0.38 0.10 0.13 0.09 1.49 


Aerosols from cock 
0.88 0.73 0.09 0.07 0.02 1.21 


Aerosols from F1-3 (regime I) 4.56 2.18 0.15 0.16 0.10 0.78 


Aerosols from F1-14 (regime II) 5.95 3.08 0.18 0.06 0.09 0.52 


Aerosols from F1-19 (regime III) 5.01 1.31 0.11 0.10 0.10 0.51 


Aerosols from F1-27 (regime IV) 0.45 0.76 0.09 0.18 0.12 0.88 


Aerosols from F1-38 (regime V) 0.32 0.54 0.11 0.10 0.19 0.89 


Aerosols from F1-45 (regime VI) 0.26 0.52 0.07 0.17 0.22 0.56 


Aerosols from F1-53 (regime VII) 0.25 0.40 0.06 0.23 0.11 0.86 


Aerosols from F1-61 (regime VIII) 0.10 0.15 0.04 0.12 0.09 7.77 


 
Gaseous ruthenium oxides were determined by mass spectrometry of liquid samples from both 
bubblers installed after the filters and filled with potassium pyrosulphate solution (0.1M K2S2O8


 


solution) and potassium hydroxide (1М KOH solution). The results of analysis are given in 
Tab. 3.7. It should be noted that samples Nos. 1-5 of 10 ml volume were successively taken 
during the test from bubbler No.2 for evaluating dynamics of RuO4 release. 
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Table 3.7. Masses of FPS detected in K2S2O8 and КОН solutions 
Mass, mg Sample Sr Ba Ce La Ru Mo 


SampleNo.1 0.017 0.010 0.000 0.000 0.000 0.032 


SampleNo.2 0.020 0.009 0.000 0.000 0.000 0.150 


SampleNo.3 0.002 0.002 0.000 0.000 0.000 0.130 


SampleNo.4 0.002 0.004 0.000 0.000 0.000 0.240 


SampleNo.5 0.002 0.002 0.000 0.000 0.000 0.220 


Bubbler No.2 (EV1(1)) 0.195 0.078 0.000 0.000 0.002 2.860 


Bubbler No.2 (EV1(2)) 0.039 0.075 0.001 0.001 0.001 4.250 


Bubbler No.1 0.019 0.016 0.003 0.002 0.001 0.700 


Total 0.297 0.197 0.004 0.003 0.005 8.582 


Note: After completion of the first part of the test, a new KOH solution was prepared (Bubbler No.2) 


 
Tab 3.7 obviously shows that samples contain FPS in trace quantities. A possible explanation is 
the insignificant break of submicron aerosols through the preinstalled filters. The release of 
gaseous ruthenium was apparently close to zero throughout the test. Insignificant quantities of 
ruthenium in samples corresponding to the final stage of EV1(1) and EV1(2) may be a 
consequence of the above-mentioned filter breakthrough instead of gaseous ruthenium presence 
in the stream. 
 


3.7. Chemical analysis of samples 
 
Samples (see Sect. 3.5 about samples preparation) from Pr1-EV1, Pr2-EV1 and EV1 were 
analyzed for the content of U, Zr and Zrfree. 0.1 g carefully weighed samples of crushed samples 
were dissolved in a mixture of concentrated orthophosphoric and sulphuric acids (1:2) in argon 
and then U+4 and U+6 were determined by photometry with arsenazo III. Free zirconium (Zrfree) 
was determined by volumetry. 
When preparing melt samples Nos. 1-4, the ingot average sample and above-melt crust from 
EV1 for the analysis, the technique of fusion with the flux was used. Samples weighing 
0.1÷0.5 g were fused with 3.0 ± 0.5 g potassium pyrosulphate at 900±25°С until obtaining a 
transparent fusion cake which was later heated for dissolving it in 200-250 ml 1М sulphuric acid 
solution. Then the determination of total zirconium (Zr4+) was done by photometry with xylenol 
orange, and of Utotal – with arsenazo III. 
The method of total zirconium determination is based on the formation of a stained complex 
compound of zirconium (IV) with xylenol orange in a solution of sulphuric acid with the 
equivalent molar concentration of 0.3-0.4 mol./dm3 [11-13]. Large quantities of Мо, W, U, Zn, 
Ti, Fe, Pb, Ni, Cu, Th and Ta (>100 µg) do not hinder zirconium determination [12, 13]. 
The technique of U+4 and U+6 determination is meant for the determination of uranium 
microquantities with a sensitivity of 0.04 μg/ml. The technique is based on the formation of 
stained compounds of the tetravalent uranium and arsenazo III in the 4 N HCl medium. Uranium 
is reduced by granulated zinc in the presence of ascorbic acid. At the interaction with arsenazo 
III, the tetravalent uranium yields a complex of green colour, while with the excessive reagent 
the observed colour is violet of different shades. Spectrophotometry is best with a 2 to 5-time 
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higher molar content of the reagent. Staining occurs almost instantly and is stable for at least two 
hours. The technique allows determination of the tetravalent uranium and the total uranium in a 
solution. The quantity of the hexavalent uranium is calculated from the difference between the 
content of the tetravalent and total uranium (IV). Tab. 3.8 contains the results of chemical 
analysis of samples from Pr1-EV1 and Pr2-EV1. 
 
Table 3.8. Results of chemical analysis of samples from Pr1-EV1 and Pr2-EV1 


Content, mass.% 
Test Sample 


U Zr 


Ingot average sample 
U+4=57.3 
U+6=5.1 
(UO2.08) 


21.0 
Pr1-EV1 


Aerosols from cover and 
quartz tube 


U+4=49.4 
U+6=29.1 


not determined 


Pr2-EV1 Ingot average sample 66.5 
20.0 


of which Zrfree=6.8 
 
The presence of U+6 in the ingot average sample in Pr1-EV1 (see Tab. 3.8) evidences complete 
oxidation of metallic zirconium in the melt, i.e. that the degree of melt oxidation has reached C 
100. A significant content of U+6 in aerosols from the cover and quartz tube should be 
mentioned. It is an evidence of urania superstoichiometric oxidation in aerosols. 
Since it had been planned to use the corium ingot from Pr2-EV1 as charge material in the main 
test, it was necessary to determine corium content and oxidation degree. Toward this end, free 
zirconium (see Tab. 3.8) was determined by volumetry in the ingot average sample from Pr2-
EV1. 
Based on data from Tab. 3.8, the composition of corium from Pr2-EV1 is 75.4% UO2; 17.8% 
ZrO2; 6.8% Zr, which corresponds to the degree of oxidation С 66 and U/Zr atomic ratio of 1.28. 
This composition was further taken into account in calculations of the charge composition for 
EV1. 
Tabs. 3.4 and 3.8 demonstrate satisfactory coincidence of the XRF and chemical analysis results. 
Tab. 3.9 offers the results of chemical analysis of samples from EV1. 
 
 
Table 3.9. Results of chemical analysis of samples from EV1 


Content, mass.% 
Sample 


U1) U2) Zr Zrfree 


Melt sample No.1 U+4=64.0 
U+6=0 63.9 20.4 5.9 


Melt sample No.2 U+4=63.6 
U+6=0 63.3 20.5 4.5 


Melt sample No.3 U+4=63.2 
U+6=0 63.8 21.8 3.1 


Melt sample No.4 U+4=61.5 
U+6=1.3 62.6 22.0 <0.01 







 


 


34
Content, mass.% 


Sample 
U1) U2) Zr Zrfree 


Ingot average sample 
U+4=60.4 
U+6=3.1 
(UO2.05) 


63.2 21.7 <0.01 


Above-melt crust U+4=68.5 
U+6=2.7 67.8 17.0 <0.01 


Aerosols from copper pipe 
(Fig.1.2, Item 12) 


U+4=56.9 
U+6=18.7 - n/determ. n/determ. 


Aerosols from crucible sections 
(Fig.1.1, Item 5) 


U+4=59.2 
U+6=21.9 - n/determ. n/determ. 


Aerosols from quartz tube3) U+4=46.2 
U+6=30.8 - n/determ. n/determ. 


Aerosols from cock3) U+4=72.4 
U+6=10.6 - n/determ. n/determ. 


Aerosols from F1-2 (I regime) U+4=66.3 
U+6=15.9 - n/determ. n/determ. 


Aerosols from F1-10 (II regime) U+4=61.6 
U+6=10.4 - n/determ. n/determ. 


Aerosols from F1-20 (III regime) U+4=16.6 
U+6=51.7 - n/determ. n/determ. 


Aerosols from F1-25 (IV regime) U+4=66.8 
U+6=10.8 - n/determ. n/determ. 


Aerosols from F1-37 (V regime) U+4=77.6 
U+6=6.2 - n/determ. n/determ. 


Aerosols from F1-46 (VI regime) U+4=77.8 
U+6=3.5 - n/determ. n/determ. 


Aerosols from F1-52 
(VII regime) 


U+4=38.4 
U+6=43.9 - n/determ. n/determ. 


Aerosols from F1-63 
(VIII regime) 


U+4=65.0 
U+6=14.9 - n/determ. n/determ. 


1) – a carefully weighed sample was dissolved in a mixture of concentrated acids (Н2SО4+НзРО4) in flowing argon; 
2) – a carefully weighed sample was fused with 3.0 ± 0.1 g potassium pyrosulphate at 900±25ºС until obtaining a 
transparent fusion cake which was later heated for dissolving it in 1М sulphuric acid solution. Total uranium was 
then determined by spectrophotometry with arsenazo III, and total zirconium – with xylenol orange; 
3) – aerosols from the quartz tube should be understood as total aerosols collected from the quartz partition (Fig. 1.1, 
Item 3), crucible cover (Fig. 1.1, Item 1) and the quartz tube itself (Fig. 1.1, Item 4). 
 


The error in U determination by chemical analysis amounts to 5 relative % and to 10 relative % 
for Zr and Zrfree determination. 
 


3.8. Elemental material balance of EV1 according to the XRF, chemical 
analysis and ICP MS data 
 
Tab. 3.10 offers the XRF anfd MS results of samples analysis. This table was composed using 
the XRF data for U and Zr, results of chemical analysis concerning U+4, U+6, Zr+4 and Zrfree, as 
well as the MS data on FP. The elements were transferred into the corresponding stoichiometric 
oxides (UO2, UO3, ZrO2, SrO, BaO, CeO2, La2O3) excluding Ru, Mo and Zrfree, normalized to 
100% and then converted back into elements. 
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Tab. 3.11 contains the elemental balance according to the XRF and ICP MS data. 
When drawing up Tab. 3.11, masses of aerosols collected from the furnace elements (copper 
pipe, quartz tube, crucible sections and cock) were summed up for two stages (EV1(1) and 
EV1(2)) of the test. The total mass of aerosols under each regime (I-VIII) is a sum of aerosols 
collected on filters F1 and F2 during each of these regimes. It should be noted that masses of 
aerosols on F1 filters, which were in operation during replacement of F2 filters, were added to 
the mass of aerosols collected during the previous regime. Masses of aerosols collected on F2 
filters during the start-up regime were added to F2-1 for regime I and to F2-7 for regime V. F2-6 
filter, which operated during the switching off (first stage of the test – regime IV), was treated 
similarly. 
Masses of aerosols collected on F1 and F2 are given in Tab. 3.17. Initial concentrations of U and 
Zr are presented in Tab. 3.5, and of FPS – in Tab. 3.6. 


It is obvious from the elemental mass balance for EV1 (Tab. 3.11) that debalance does 
not exceed 1.5% for U, 4.5% for Zr, 4.0% for Sr, 1.9% for Ba, 3.5% for Ce, 5.9% for La, 0.2% 
for Ru and 0.4% for Mo. 
Tab. 3.12 offers the results of samples examination by chemical analysis and MS. This table was 
composed using the results of chemical analysis concerning U+4, U+6, Zr+4 and Zrfree, and the MS 
data on FP. Tab. 3.13 contains the elemental mass balance according to the chemical analysis 
and MS data. 


Compositions of spillages and the metallic inclusion in Tabs. 3.12 and 3.13 are given 
according to the XRF data. 


It is obvious from Tab. 3.13 that the debalance does not exceed 0.2% for U, 0.04% for Zr, 
1.0% for Sr, 3.4% for Ba, 1.9% for Ce, 7.3% for La, 0.5% for Ru and 1.8% for Mo. 


Physicochemical analysis, including making up of the mass balance and determination of 
the elemental composition by different methods, has shown that: 


− Debalance of the total mass in EV1 amounted to 37.42 g. This value is related to metallic 
Zr oxidation to ZrО2 and partially – to UО2 oxidation to UО3 (see Tab. 3.9, Ingot average 
sample); 


− Debalances for individual elements do not exceed errors in the corresponding elements 
determination; 


− A comparison of the results of the main components (U, Zr) analysis in samples (see 
Tabs. 3.10 and 3.12) by XRF and chemical analysis has shown their satisfactory 
coincidence. 


The values of FPS debalance are smaller in Tab. 3.11 than in Tab. 3.13, therefore data 
from Tabs. 3.10 and 3.11 should be regarded as more precise. These data were taken as the 
resultant ones for detemining the release rates. 
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Table 3.10. XRF and ICP MS data for samples from EV1 


U+4 U+6 Zr+4 Zrfree Sr Ba La Ce Ru Mo O Sample 
mass.% 


Melt sample No.1 64.992 - 14.085 5.936 0.114 0.264 0.136 0.211 0.060 0.405 13.797 
Melt sample No.2 64.272 - 15.943 4.512 0.052 0.210 0.136 0.047 0.080 0.444 14.304 


Melt sample No.3 63.416 - 17.385 3.062 0.045 0.055 0.134 0.383 0.071 0.716 14.733 


Melt sample No.4 61.297 1.292 20.401 - 0.053 0.113 0.134 0.307 0.082 0.558 15.763 


Ingot average sample 60.026 3.031 19.933 - 0.056 0.172 0.158 0.383 0.079 0.357 15.805 


Above-melt crust 63.861 2.517 17.038 - 0.053 0.088 0.133 0.458 0.059 0.595 15.198 


Spillages 62.793 - 19.861 - 0.371 0.592 0.341 0.050 0.120 0.241 15.631 


Aerosols from copper pipe 58.339 19.111 4.359 - 0.970 0.430 0.088 0.312 0.166 2.699 13.526 
Aerosols from crucible sections 56.964 21.002 2.477 - 3.480 1.212 0.098 0.108 0.125 0.957 13.577 
Aerosols from quartz tube 46.689 31.199 4.504 - 0.806 0.422 0.108 0.145 0.097 1.636 14.394 
Aerosols from cock 72.056 10.537 1.706 - 0.881 0.737 0.089 0.070 0.023 1.212 12.689 


Aerosols from regime I  59.773 14.272 2.928 - 5.565 2.658 0.183 0.197 0.127 0.956 13.341 


Aerosols from regime II  63.702 9.561 2.668 - 6.616 3.420 0.197 0.069 0.097 0.580 13.090 


Aerosols from regime III  17.355 53.910 4.881 - 5.434 1.417 0.119 0.107 0.103 0.555 16.119 
Aerosols from regime IV  72.150 11.663 1.087 - 0.445 0.753 0.088 0.178 0.115 0.867 12.654 


Aerosols from regime V  78.300 6.232 1.005 - 0.323 0.547 0.112 0.101 0.186 0.892 12.302 


Aerosols from V regime I  81.293 3.709 1.002 - 0.259 0.526 0.068 0.175 0.222 0.565 12.181 


Aerosols from regime VII  38.385 43.869 1.273 - 0.246 0.394 0.059 0.225 0.110 0.843 14.596 


Aerosols from regime VIII 64.566 14.752 0.766 - 0.099 0.142 0.037 0.118 0.087 7.445 11.988 


Metallic inclusion - - - 0.200 - - - - 88.800 11.000 - 
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Table 3.11. Elemental mass balance for EV1 according to the XRF and ICP MS data 


U+4 U+6 Zr+4 Zrfree Sr Ba La Ce Ru Mo O Sample Mass, g 
g 


Melt sample No.1 3.35 2.177 - 0.472 0.199 0.004 0.009 0.005 0.007 0.002 0.014 0.462 
Melt sample No.2 3.17 2.037 - 0.505 0.143 0.002 0.007 0.004 0.001 0.003 0.014 0.453 


Melt sample No.3 3.27 2.074 - 0.568 0.100 0.001 0.002 0.004 0.013 0.002 0.023 0.482 


Melt sample No.4 1.81 1.109 0.023 0.369 - 0.001 0.002 0.002 0.006 0.001 0.010 0.285 


Ingot average sample 1577.19 946.720 47.799 314.386 - 0.884 2.720 2.490 6.033 1.245 5.637 249.276 


Above-melt crust 56.6 36.145 1.425 9.643 - 0.030 0.050 0.075 0.259 0.033 0.336 8.602 


Spillages 22.54 14.153 0.000 4.477 - 0.084 0.133 0.077 0.011 0.027 0.054 3.523 
Aerosols from copper 
pipe 23.23 13.552 4.440 1.013 - 0.225 0.100 0.020 0.072 0.039 0.627 3.142 


Aerosols from crucible 
sections 8.54 4.865 1.794 0.212 - 0.297 0.104 0.008 0.009 0.011 0.082 1.160 


Aerosols from quartz 
tube 3.67 1.713 1.145 0.165 - 0.030 0.016 0.004 0.005 0.004 0.060 0.528 


Aerosols from cock 4.67 3.365 0.492 0.080 - 0.041 0.034 0.004 0.003 0.001 0.057 0.593 
Aerosols from regime 
I  3.631) 2.170 0.518 0.106 - 0.202 0.096 0.007 0.007 0.005 0.035 0.484 


Aerosols from regime 
II  0.96 0.612 0.092 0.026 - 0.064 0.033 0.002 0.001 0.001 0.006 0.126 


Aerosols from regime 
III  3.18 0.552 1.714 0.155 - 0.173 0.045 0.004 0.003 0.003 0.018 0.513 


Aerosols from regime 
IV  4.422) 3.189 0.515 0.048 - 0.020 0.033 0.004 0.008 0.005 0.038 0.559 


Aerosols from regime 
V  4.073) 3.187 0.254 0.041 - 0.013 0.022 0.005 0.004 0.008 0.036 0.501 


Aerosols from regime 
VI  2.01 1.634 0.075 0.020 - 0.005 0.011 0.001 0.004 0.004 0.011 0.245 
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U+4 U+6 Zr+4 Zrfree Sr Ba La Ce Ru Mo O Sample Mass, g 
g 


Aerosols from regime 
VII  4.21 1.616 1.847 0.054 - 0.010 0.017 0.003 0.009 0.005 0.035 0.614 


Aerosols from regime 
VIII  1.76 1.136 0.260 0.013 - 0.002 0.002 0.001 0.002 0.002 0.131 0.211 


Metallic inclusion 5.11 - - - 0.010 - - - - 4.538 0.562 - 


Collected, g 1737.39 1104.399 332.806 2.087 3.435 2.720 6.459 5.937 7.787 271.759 


Introduced, g 1700.00 1088.54 348.48 2.01 3.50 2.89 6.23 5.95 7.82 234.41 


Δ, g - +15.86 -15.67 +0.08 -0.06 -0.17 +0.22 -0.01 -0.03 +37.35 
1) – includes the mass of the non-analyzed filter F2-1, which operated during the start-up regime at the first stage of EV1; 
2) – includes the mass of the non-analyzed filter F2-6, which operated during the switching-off at the first stage of EV1; 
3) – includes the mass of the non-analyzed filter F2-7, which operated during the start-up regime at the second stage of EV1. 


 


Table 3.12. Results of chemical analysis and MS of samples from EV1 


U+4 U+6 Zr+4 Zrfree Sr Ba La Ce Ru Mo O Sample 
mass.% 


Melt sample No.1 64.392 - 14.589 5.936 0.114 0.264 0.136 0.211 0.060 0.405 13.893 
Melt sample No.2 64.048 - 16.113 4.532 0.052 0.211 0.136 0.047 0.081 0.446 14.335 
Melt sample No.3 62.212 - 18.408 3.052 0.045 0.055 0.133 0.382 0.070 0.713 14.931 


Melt sample No.4 60.051 1.269 21.482 - 0.052 0.111 0.132 0.303 0.081 0.550 15.969 


Ingot average sample 58.691 3.012 21.086 - 0.055 0.170 0.155 0.377 0.078 0.352 16.024 


Above-melt crust 64.957 2.560 16.121 - 0.051 0.085 0.128 0.441 0.057 0.572 15.028 


Spillages 
62.735 n/determ. 19.906 - 0.372 0.593 0.342 0.050 0.121 0.241 15.640 


Aerosols from copper pipe 62.211 20.445 n/determ. - 0.949 0.420 0.086 0.305 0.162 2.640 12.781 
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U+4 U+6 Zr+4 Zrfree Sr Ba La Ce Ru Mo O Sample 
mass.% 


Aerosols from crucible 
sections 59.003 21.827 n/determ. - 3.501 1.219 0.098 0.108 0.125 0.963 13.156 


Aerosols from quartz tube 
49.907 33.272 n/determ. - 0.792 0.415 0.106 0.142 0.096 1.609 13.660 


Aerosols from cock 
73.765 10.800 n/determ. - 0.895 0.748 0.090 0.071 0.023 1.230 12.378 


Aerosols from regime I  64.115 15.376 n/determ. - 4.411 2.107 0.145 0.156 0.100 0.758 12.831 


Aerosols from regime II  5.708 11.093 n/determ. - 6.347 3.281 0.189 0.066 0.093 0.556 12.666 
Aerosols from regime III  18.611 57.962 n/determ. - 5.616 1.464 0.123 0.111 0.107 0.574 15.433 
Aerosols from regime IV  73.040 11.809 n/determ. - 0.493 0.833 0.098 0.197 0.127 0.959 12.444 
Aerosols from regime V  79.347 6.340 n/determ.  0.329 0.556 0.114 0.103 0.189 0.907 12.114 


Aerosols from regime VI  82.391 3.707 n/determ. - 0.274 0.555 0.072 0.185 0.234 0.597 11.986 


Aerosols from regime VII  39.033 44.624 n/determ. - 0.256 0.409 0.062 0.233 0.115 0.875 14.394 


Aerosols from regime VIII  65.009 14.902 n/determ. - 0.104 0.148 0.039 0.123 0.091 7.773 11.811 


Metallic inclusion - - - 0.200 - - - - 88.800 11.000 - 


 


Table 3.13. Elemental mass balance for EV1 according to the chemical analysis and MS data 


U+4 U+6 Zr+4 Zrfree Sr Ba La Ce Ru Mo O Sample Mass, g 
g 


Melt sample No.1 3.35 2.157 - 0.489 0.199 0.004 0.009 0.005 0.007 0.002 0.014 0.465 
Melt sample No.2 3.17 2.030 - 0.511 0.144 0.002 0.007 0.004 0.001 0.003 0.014 0.454 
Melt sample No.3 3.27 2.034 - 0.602 0.100 0.001 0.002 0.004 0.012 0.002 0.023 0.488 
Melt sample No.4 1.81 1.087 0.023 0.389 - 0.001 0.002 0.002 0.005 0.001 0.010 0.289 







 


 


40 


U+4 U+6 Zr+4 Zrfree Sr Ba La Ce Ru Mo O Sample Mass, g 
g 


Ingot average sample 1577.19 925.666 47.509 332.565 - 0.871 2.679 2.452 5.941 1.226 5.551 252.731 


Above-melt crust 56.6 36.766 1.449 9.124 - 0.029 0.048 0.073 0.250 0.032 0.324 8.506 


Spillages 
22.54 14.140 n/determ. 4.487 - 0.084 0.134 0.077 0.011 0.027 0.054 3.525 


Aerosols from copper 
pipe 23.23 14.452 4.749 n/determ. - 0.220 0.098 0.020 0.071 0.038 0.613 2.969 
Aerosols from crucible 
sections 8.54 5.039 1.864 n/determ. - 0.299 0.104 0.008 0.009 0.011 0.082 1.123 
Aerosols from quartz 
tube 3.671) 1.832 1.221 n/determ. - 0.029 0.015 0.004 0.005 0.004 0.059 0.501 


Aerosols from cock 
4.67 3.445 0.504 n/determ. - 0.042 0.035 0.004 0.003 0.001 0.057 0.578 


Aerosols from regime I  3.63 2.327 0.558 n/determ. - 0.160 0.076 0.005 0.006 0.004 0.028 0.466 


Aerosols from regime II  0.96 0.631 0.106 n/determ. - 0.061 0.032 0.002 0.001 0.001 0.005 0.122 
Aerosols from regime III  3.18 0.592 1.843 n/determ. - 0.179 0.047 0.004 0.004 0.003 0.018 0.491 
Aerosols from regime IV  4.422) 3.228 0.522 n/determ. - 0.022 0.037 0.004 0.009 0.006 0.042 0.550 
Aerosols from regime V  4.073) 3.229 0.258 n/determ. - 0.013 0.023 0.005 0.004 0.008 0.037 0.493 


Aerosols from regime VI  2.01 1.656 0.075 n/determ. - 0.005 0.011 0.001 0.004 0.005 0.012 0.241 
Aerosols from regime 
VII  4.21 1.643 1.879 n/determ. - 0.011 0.017 0.003 0.010 0.005 0.037 0.606 
Aerosols from regime 
VIII  1.76 1.144 0.262 n/determ. - 0.002 0.003 0.001 0.002 0.002 0.137 0.208 


Metallic inclusion 5.11 - - - 0.010 - - - - 4.538 0.562 - 


Collected, g 1737.39 1085.922 348.619 2.035 3.377 2.678 6.355 5.917 7.680 274.807 


Introduced, g 1700.00 1088.54 348.48 2.01 3.50 2.89 6.23 5.95 7.82 234.41 


Δ, g - -2.62 +0.14 +0.02 -0.12 -0.21 +0.12 -0.03 -0.14 +40.40 
1) – includes the mass of the non-analyzed filter F2-1, which operated during the start-up regime at the first stage of EV1; 
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2) – includes the mass of the non-analyzed filter F2-6, which operated during the switching-off at the first stage of EV1; 
3) – includes the mass of the non-analyzed filter F2-7, which operated during the start-up regime at the second stage of EV1. 
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3.9. Aerosol release rate 
The mass of aerosols collected on the F1 and F2 filters was determined by the gravimetric 
method using the laboratory equal-arm balance of the 2nd class (VLR -200G). The accuracy of 
weighing was ±0.12 mg. In order to reduce the error in determining the mass of aerosols on 
filters due to the uncontrolled moisture content, exposure in the exiccator with concentrated 
sulphuric acid was used to prepare filters for the test and measure the carefully weighed samples. 
Specifications of filters are given in Tab. 3.14. 


 


Table 3.14. Filters specifications 


Filter F1 F2 


Filtering material AAF-ChA-20 acetyl 
cellulose fiber 


FP(filter 
Petrianov) -


15-3 
perchlorovinyl 


fiber 


Maximum volumetric rate, l/s 3.4 50.0 


Dust capacity, mg 60 12⋅103 


Area unit mass, mg·cm-2 3.0±0.5 7.0 


Maximum allowable gas temperature, °С Up to +150°С Up to +60°С 


Coefficient of standard oil mist breakthrough, % 
at 1 cm/s filtration rate 1.0 0.01 


Filter area, cm2 20 ∼200 


Moisture absorbency hydrophilic hydrophilic 


 


Aerosol release rate V under experimental conditions was calculated using the following 
formula: 


V = m/(S⋅τ), mg/(cm2 h),    (3.1) 
where: m – mass of aerosol deposits, mg; 
S – melt surface area, cm2; 
τ – sampling time, h. 
Measurements employ miscellaneous measurement units for the facility of representing values in 
Tab. 
In the course of sampling, aerosols were depositing not only on the filters (see Fig. 1.2) but also 
on the furnace elements and in pipelines, i.e. it implies transport losses. 
To take into account these losses in determining the aerosol release under different temperature 
regimes, as well as under the regime of melt oxidation, the correction coefficients have been 
calculated. Sampling conditions should be considered and some designations introduced. 
Sampling conditions (same for all tests) 


- During the start-up regime and melt homogenization, aerosols were collected to the filters 
F2-1 (EV1(1)) and F2-7 (EV1(2)); 
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- Later on, at different steady-state temperature regimes and during the melt oxidation 


regimes, aerosols were sampled in turn to the F1 analytical filters and F2 medium-area 
filters; 


- The carrier gas flow rate (high-purity argon during the steady-state regimes and the 
argon-oxygen mixture for the oxidation regimes) was stably maintained at 600 l/h 
throughout the test; 


- changes in the adhesive ability of cold surfaces due to the aerosols build-up was not taken 
into account when calculating the correction coefficients. 


 
The symbols to be used are as follows: 


0
ΣΜ  – mass of total aerosols collected in the furnace (excluding filters), g; 


MAFm  – mass of aerosol deposits on the F2 filter, g; 


AAFm – mass of aerosol deposits on the F1 filter, g; 


MAFДф  – time of sampling to the F2 filter; 


AAFДф  – time of sampling to the F1 filters; 
κ  – correction coefficient for aerosol losses (assumed to be constant during all regimes); 


Σ
MAFV  – rate of aerosols deposition on F2 and in gas pipelines, mg/h; 
Σ
AAFV  – rate of aerosols deposition on F1 and in gas pipelines, mg/h; 
depos
MAFV  – rate of aerosols deposition in gas pipelines during F2 operation, mg/h; 
depos
AAFV  – rate of aerosols deposition in gas pipelines during F1 operation, mg/h; 


MAFV  – aerosol release rate during F2 operation, mg/(cm2·h); 


AAFV  – aerosol release rate during F1 operation, mg/(cm2·h); 
S  – melt surface area, 39.6 cm2. 
 
The mass of aerosol deposits in pipelines during the F2 filter operation is calculated as 


MAFMAF
depos
MAF Vm τΔ⋅⋅κ= Σ ,         (3.2) 


while the total aerosol deposits on the F2 filter is calculated as 


MAFMAFMAF V)k1(m τΔ⋅⋅−= Σ
.        (3.3) 


Similar calculations are performed for the F1 filter: 


AAFAAF
depos
AAF Vkm τΔ⋅⋅= Σ ,         (3.4) 


AAFAAFAAF V)k1(m τΔ⋅⋅−= Σ .        (3.5) 


The total mass of aerosol deposits in the pipelines: 
depos
AAF


depos
MAF


0 mm +=ΜΣ           (3.6) 


By substituting expressions (3.2) and (3.4) into formula (3.6) and taking (3.3) and (3.5) into 
consideration, we obtain: 


)mm(
1 AAFMAF


0 +⋅
κ−


κ
=ΜΣ ,        (3.7) 


from which the correction coefficient for the aerosol losses equals: 
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0
AAFMAF


0


)mm(
k


Σ


Σ


Μ++
Μ


= ,         (3.8) 


It is obvious from (3.8) that the proportion between the mass of aerosols deposited in pipelines 
during an arbitrary time period and the total mass of aerosols released during the same period is 
constant (time-irrelevant) and does not depend on history of the total aerosol release. 
Having determined the correction coefficient k for the aerosol losses from the total aerosols 
collected in the furnace and on the F2 and F1 filters throughout the test, the rates of aerosol 
release during the operation of filters may be determined using the formula 


S
m


)k1(
1V


)i(MAF


)i(MAF
)i(MAF ⋅τΔ


⋅
−


=          (3.9) 


for the F2 filters and  


S
m


)k1(
1V


)i(AAF


)i(AAF
)i(AAF ⋅τΔ


⋅
−


=          (3.10) 


for the F1 filters. 
The aerosol release rate under a particular temperature condition of the melt (Vα) is determined 
as 


S


mm


)k1(
1V j


)j(AAF
)(


i
)i(MAF


)(


⋅τΔ


+
⋅


−
=


α


αα


α


∑∑
 ,      (3.11) 


where α – the temperature regime number, Δτα – duration of all filters operation during the 
temperature regime α (from the start of the first filter operation till the end of operation of the 
last one), h. The numerator summarizes all filters used in said regime. 
Taking into account expressions (3.8) and (3.10), the error in the aerosol release rate 
determination ( )iAAFVδ  may be calculated as 


∑
=


⋅=δ
5


1i


2
i)i(AAF)i(AAF AVV  ,         (3.12) 


where )i(AAF0
AAFMAFAAFMAF


0


)i(AAF
1 m


)mm()mm(m
1A δ⋅⎟


⎟
⎠


⎞
⎜
⎜
⎝


⎛


Μ++⋅+
Μ


−=
Σ


Σ  ,  


 (3.13) 


)mm()mm(
m


A 0
AAFMAFAAFMAF


)i(MAF
0


2
Σ


Σ


Μ++⋅+


δ⋅Μ
=  ,      (3.14) 


0
AAFMAF


0


3 mm
MA


Σ


Σ


Μ++
δ


=  ,         (3.15) 


( )( )
( )iAAF


iAAF
4A


τΔ


τΔδ
=  ,          (3.16) 


d
d2A5
δ


=  ,           (3.17) 


( ) mg1.0=iAAFmδ  – error in determining the mass of aerosols collected from the F1 filters, 


( ) mg 1.0=iMAFmδ  – error in determining the mass of aerosols collected from the F2 filters, 


mg 1000 =ΣMδ  – error in aerosol losses determination, 
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s 2)( )( =Δ iAAFτδ  – error in determining the time of sampling to the F1 filters; 


Δd  = 2 mm – error in determining the melt surface area at d = 68 mm. 
Under the most unfavourable conditions (the minimum exposure of filter), the error in 
calculations using the above formula equals 11 %. 
Tab. 3.15 summarizes characteristics of different temperature regimes in Pr1-EV1 and EV1. 
 
Table 3.15. Characteristics of temperature regimes in Pr1-EV1 and EV1 


Test Regime 
No. 


Operation 
starting 
time, s 


Operation 
ending 
time, s 


О content in 
carrier 


gas, vol.% 


Calculated 
melt 


oxidation 
index 


No.F1 
Tempera
ture, °C 


I 7463 8420 2-6 2562 
II 8960 9850 


0 70 
7-10 2538 


III 10500 12180 20 72…85 12-16 - 
IV 13620 14000 18-21 2628 
V 14550 15550 


0 85 
22-26 2648 


VI 15600 18360 20 85…100 28-34 - 


Pr
1-


E
V


1 


VII 18550 18850 100 36-40 2697 
I 2840 3400 2-7 2595 
II 4500 5350 


0 
70 


9-15 2535 
III 6000 6936 20 72…85 17-21 - 
IV 8620 9540 23-29 2639 
V 4140 4610 34-40 2696 
VI 5260 5850 


0 85 
42-48 2655 


VII 7150 8250 20 85…100 50-56 - 


E
V


1 


VIII 9210 9770 0 100 58-64 2652 
 
Aerosol release rates for the F1 and F2 filters, calculated for Pr1-EV1 and EV1using the above 
equations, are given in Tabs. 3.16 and 3.17. 
Fig. 3.4 shows pictures of the F1 filters with aerosols deposited on them during regimes I-VIII in 
EV1. The colour of aerosols tends to change due to the degree of U oxidation. The colour closer 
to yellow during the oxidation regimes evidences an increased content of U+6 in aerosols. 
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Table 3.16. Aerosol release rates in Pr1-EV1 calculated for the F1 and F2 filters 
Total aerosol release rate during 


filter operation, mg/(cm2·h) 


Parameters of regimes Filter No. Sample mass, g Operation 
starting time, s Exposure, s 


Mass of 
aerosols 


deposited in 
pipelines 


during filter 
operation, g 


taking into 
account losses 
in gas pipelines


w/o taking into 
account losses 
in gas pipelines 


F2-1 replacement with F2-2 F1-1 0.064 7230 75 0.147 255.76 77.58 
F1-2 0.079 7463 96 0.183 248.11 74.81 
F1-3 0.032 7720 60 0.072 157.58 48.48 
F1-4 0.043 7880 80 0.099 161.36 48.86 
F1-5 0.040 8070 80 0.093 151.14 45.45 


С 70 
Т=2562 С 


F1-6 0.049 8320 100 0.112 146.36 44.55 
F1-7 0.047 8960 120 0.109 118.18 35.61 
F1-8 0.044 9180 120 0.100 109.09 33.33 
F1-9 0.047 9350 120 0.108 117.42 35.61 


С 70 
Т=2538 С 


F1-10 0.024 9620 120 0.056 60.61 18.18 
F2-2 replacement with F2-3 F1-11 0.064 10000 120 0.147 159.85 48.48 


F1-12 0.062 10500 120 0.142 154.55 46.97 
F1-13 0.056 10800 120 0.128 139.39 42.42 
F1-14 0.041 11350 120 0.094 102.27 31.06 
F1-15 0.072 11650 180 0.165 119.70 36.36 


С 72÷85 


F1-16 0.074 11890 180 0.170 123.23 37.37 
F2-3 replacement with F2-4 F1-17 0.175 13400 180 0.403 291.92 88.38 


F1-18 0.093 13620 100 0.215 280.00 84.55 
F1-19 0.049 13760 60 0.112 243.94 74.24 
F1-20 0.049 13850 60 0.112 243.94 74.24 


С 85 
Т=2628 С 


F1-21 0.045 13940 60 0.102 222.73 68.18 
F1-22 0.066 14550 60 0.153 331.82 100.00 
F1-23 0.065 14640 60 0.150 325.76 98.48 
F1-24 0.052 14730 50 0.121 314.55 94.55 


С 85 
Т=2648 С 


F1-25 0.053 14810 50 0.121 316.36 96.36 
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Total aerosol release rate during 
filter operation, mg/(cm2·h) 


Parameters of regimes Filter No. Sample mass, g Operation 
starting time, s Exposure, s 


Mass of 
aerosols 


deposited in 
pipelines 


during filter 
operation, g 


taking into 
account losses 
in gas pipelines


w/o taking into 
account losses 
in gas pipelines 


F1-26 0.052 14890 50 0.119 310.91 94.55 
F2-4 replacement with F2-5 F1-27 0.107 15255 78 0.245 410.26 124.71 


F1-28 0.023 15600 60 0.054 116.67 34.85 
F1-29 0.034 15900 80 0.077 126.14 38.64 
F1-30 0.045 16360 100 0.103 134.55 40.91 
F1-31 0.049 16650 100 0.112 146.36 44.55 
F1-32 0.055 16900 100 0.127 165.45 50.00 
F1-33 0.059 17110 100 0.136 177.27 53.64 


С 85÷100 


F1-34 0.066 17400 100 0.152 198.18 60.00 
F2-5 replacement with F2-6 F1-35 0.292 18260 100 0.671 875.45 265.45 


F1-36 0.073 18550 40 0.168 547.73 165.91 
F1-37 0.072 18620 40 0.166 540.91 163.64 
F1-38 0.055 18700 30 0.126 548.48 166.67 
F1-39 0.043 18760 30 0.126 512.12 130.30 


С 100 
Т=2697 С 


F1-40 0.035 18820 30 0.098 403.03 106.06 
F2-6 replacement with F2-7 F1-41 0.001 19113 30 0.081 248.48 3.03 


Start-up regime F2-1 0.935 1771 5459 2.150 51.37 15.57 
С 70 F2-2 0.447 7305 699 1.028 191.83 58.13 


С 72÷85 F2-3 0.557 8420 1580 1.281 105.75 32.05 
С 85 F2-5 1.665 10120 2560 3.830 195.13 59.13 


С 85÷100 F2-5 1.536 13580 1125 3.532 409.54 124.12 
С 100 F2-6 1.745 15333 2287 4.015 228.96 69.36 


At switching-off F2-7 0.976 18360 842 2.244 347.66 105.38 
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Table 3.17. Aerosol release rates in EV1 calculated for the F1 and F2 filters 
Total aerosol release rate 


during filter 
operation, mg/(cm2·h) 


Parameters of regimes Filter No. Sample mass, g Operation 
starting time, s Exposure, s 


Mass of aerosols 
deposited in 


pipelines during 
filter operation, g


taking into 
account losses 


in gas 
pipelines 


w/o taking 
into account 
losses in gas 


pipelines 
I stage of the test 


F2-1 replacement with F2-2 F1-1 0.114 2720 80 0.150 300.00 129.55 
F1-2 0.076 2840 60 0.100 266.67 115.15 
F1-3 0.077 2940 60 0.102 271.21 116.67 
F1-4 0.077 3040 60 0.101 269.70 116.67 
F1-5 0.065 3140 60 0.085 227.27 98.48 
F1-6 0.071 3240 60 0.094 250.00 107.58 


С 70 
Т=2595 С 


F1-7 0.060 3340 60 0.079 210.61 90.91 
F2-2 replacement with F2-3 F1-8 0.080 4360 100 0.106 169.09 72.73 


F1-9 0.064 4500 90 0.085 150.51 64.65 
F1-10 0.060 4620 90 0.079 140.40 60.61 
F1-11 0.049 4750 90 0.065 115.15 49.49 
F1-12 0.064 4880 90 0.084 149.49 64.65 
F1-13 0.044 5000 90 0.058 103.03 44.44 
F1-14 0.062 5130 90 0.082 145.45 62.63 


С 70 
Т=2535 С 


F1-15 0.064 5260 90 0.084 149.49 64.65 
F2-3 replacement with F2-4 F1-16 0.051 5580 60 0.068 180.30 77.27 


F1-17 0.084 6000 90 0.111 196.97 84.85 
F1-18 0.065 6220 90 0.085 151.52 65.66 
F1-19 0.063 6450 90 0.083 147.47 63.64 
F1-20 0.060 6700 90 0.079 140.40 60.61 


С 72÷85 


F1-21 0.058 6840 96 0.077 127.84 54.92 
F2-4 replacement with F2-5 F1-22 0.315 8470 110 0.416 604.13 260.33 


С 85 F1-23 0.063 8620 97 0.083 136.83 59.04 
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Total aerosol release rate 
during filter 


operation, mg/(cm2·h) 
Parameters of regimes Filter No. Sample mass, g Operation 


starting time, s Exposure, s 


Mass of aerosols 
deposited in 


pipelines during 
filter operation, g


taking into 
account losses 


in gas 
pipelines 


w/o taking 
into account 
losses in gas 


pipelines 
F1-24 0.096 8770 120 0.127 168.94 72.73 
F1-25 0.096 8920 120 0.126 168.18 72.73 
F1-26 0.085 9070 120 0.112 149.24 64.39 
F1-27 0.069 9220 90 0.091 161.62 69.70 
F1-28 0.064 9340 90 0.084 149.49 64.65 


Т=2639 С 


F1-29 0.060 9450 90 0.079 140.40 60.61 
F2-5 replacement with F2-6 F1-30 0.129 10000 90 0.170 302.02 130.30 


II stage of the test 
F2-6 replacement with F2-7 F1-33 0.100 4050 60 0.200 454.55 151.52 


F1-34 0.118 4140 60 0.236 536.36 178.79 
F1-35 0.119 4220 60 0.237 539.39 180.30 
F1-36 0.074 4310 40 0.148 504.55 168.18 
F1-37 0.079 4370 40 0.157 536.36 179.55 
F1-38 0.077 4440 40 0.154 525.00 175.00 
F1-39 0.082 4510 40 0.164 559.09 186.36 


С 85 
Т=2696 С 


F1-40 0.077 4570 40 0.154 525.00 175.00 
F2-7 replacement with F2-8 F1-41 0.131 5140 90 0.261 395.96 132.32 


F1-42 0.129 5260 90 0.258 390.91 130.30 
F1-43 0.082 5370 60 0.164 372.73 124.24 
F1-44 0.081 5450 60 0.161 366.67 122.73 
F1-45 0.082 5530 60 0.164 372.73 124.24 
F1-46 0.086 5610 60 0.171 389.39 130.30 
F1-47 0.071 5700 60 0.141 321.21 107.58 


С 85 
Т=2655 С 


F1-48 0.086 5790 60 0.172 390.91 130.30 
F2-8 replacement with F2-9 F1-49 0.161 6870 92 0.320 475.30 159.09 
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Total aerosol release rate 
during filter 


operation, mg/(cm2·h) 
Parameters of regimes Filter No. Sample mass, g Operation 


starting time, s Exposure, s 


Mass of aerosols 
deposited in 


pipelines during 
filter operation, g


taking into 
account losses 


in gas 
pipelines 


w/o taking 
into account 
losses in gas 


pipelines 
F1-50 0.051 7150 60 0.101 230.30 77.27 
F1-51 0.052 7250 60 0.105 237.88 78.79 
F1-52 0.035 7440 40 0.071 240.91 79.55 
F1-53 0.061 7440 60 0.121 275.76 92.42 
F1-54 0.088 7600 90 0.176 266.67 88.89 
F1-55 0.123 8000 90 0.246 372.73 124.24 


С 85÷100 


F1-56 0.156 8160 90 0.311 471.72 157.58 
F2-9 replacement with F2-10 F1-57 0.093 9100 80 0.186 317.05 105.68 


F1-58 0.076 9210 60 0.151 343.94 115.15 
F1-59 0.074 9300 60 0.147 334.85 112.12 
F1-60 0.072 9380 60 0.143 325.76 109.09 
F1-61 0.076 9460 60 0.151 343.94 115.15 
F1-62 0.072 9540 60 0.144 327.27 109.09 
F1-63 0.074 9630 60 0.147 334.85 112.12 


С 100 
Т=2652 С 


F1-64 0.072 9710 60 0.144 327.27 109.09 
Start-up regime F2-1 1.619 1252 1250 2.138 273.24 117.75 


С 70 F2-2 1.471 2800 1200 1.943 258.64 111.44 
С 70 F2-3 0.471 4460 490 0.623 202.97 87.38 


С 70÷85 F2-4 2.803 5640 2258 3.703 261.94 112.85 
С 85 F2-5 0.924 8580 693 1.220 281.25 121.21 


At switching-off F2-6 2.522 10090 542 3.331 981.72 423.01 
Start-up regime F2-7 2.113 2708 693 4.214 829.99 277.19 


С 85 F2-8 1.228 4110 710 2.450 470.93 157.23 
С 85 F2-9 1.257 5230 923 2.507 370.73 123.81 


С 85÷100 F2-10 3.483 6962 1560 6.949 607.93 202.97 
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Total aerosol release rate 
during filter 


operation, mg/(cm2·h) 
Parameters of regimes Filter No. Sample mass, g Operation 


starting time, s Exposure, s 


Mass of aerosols 
deposited in 


pipelines during 
filter operation, g


taking into 
account losses 


in gas 
pipelines 


w/o taking 
into account 
losses in gas 


pipelines 
С 100 and at switching-off F2-11 1.156 9180 820 2.306 383.81 128.16 


Note: 1. F1-1÷F1-30, F2-1÷F2-6 were sampled during the 1st stage of EV, while F1-33÷F1-64, F2-7÷F2-11 were samples during the 2nd stage. 


2. The time of the F2 filter exposure was determined as a difference between the total time of the F2 filter operation and the total time of the F1 filters operation during the 
corresponding regime plus the time of the above-melt crust existence (when aerosol release rate was assumed to be close to zero). 


Numbers of the F2 filters and the time of the above-melt crust existence during these filters operation are given below: 
F2-1–218 s; F2-4–116 s; F2-7–649 s; F2-9–267 s; F2-10–88 s. 
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 v  
Fig. 3.4. Filters with aerosol deposits 


 
Tab. 3.18 contains masses of aerosols deposited on the furnace elements and analytical filters F1 
and F2 during the tests. 
 
Table 3.18. Masses of aerosols deposited during the tests on the furnace elements and 
analytical filters F1 and F2 


Massa, g 
No. Item 


EV1(1) EV1(2) EV1(1)+ 
EV1(2) 


1 Aerosols from copper pipe (Fig. 1.2, Item 12) 9.66 12.31 21.97 
2 Hose from copper pipe to cock 0.36 0.91 1.27 
3 Aerosols from cock1) 0.98 2.63 3.61 
4 Hose from cock to F1 0.10 0.16 0.26 
5 Hose from cock to F2 0.36 0.45 0.81 
6 Aerosols from F1 2.39 2.81 5.20 
7 Aerosols from F2 9.81 9.24 19.05 
8 Aerosols from crucible sections (Fig. 1.1, Item 5) 3.05 5.49 8.54 
9 Aerosols from quartz tube2) 1.60 2.07 3.67 
10 Total 28.31 36.07 64.38 


1) – a three-way cock was installed in the gas-aerosol system after the copper pipe (see Fig. 1.2, Item 12); 
2) - aerosols from the quartz tube should be understood as total aerosols collected from the quartz partition (Fig. 1.1, 
Item 3), crucible cover (Fig. 1.1, Item 1) and the quartz tube itself (Fig. 1.1, Item 4). 
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Note: In the elemental material balance (Tabs. 3.11 and 3.13) the mass of aerosols collected from the copper pipe is 
in effect a sum of aerosols from the pipe itself and from the hose between the copper pipe and the cock (23.23 g), 
and the aerosols collected from the cock is a sum of aerosols right from the cock and from hoses leading from the 
cock to F1 и F2 (4.67 g). 


Fig. 3.5 offers average aerosol release rates for the corresponding temperature regimes, 
taking and without taking transport losses into account, only for the F1 filters (data from 
Tabs. 3.16 and 3.17). 


 
a) 


 
b) 


Fig. 3.5. Average aerosol release rates for the F1 filters: a) Pr1-EV1, b) EV1 
It should be reminded that the FP release rate was calculated using the results of the 


elemental material balance made up on the basis of the XRF and ICP MS data (see Tab. 3.11) 
which showed the least FPS debalance. The calculated rates of FPS release taking transport 
losses into account (only for the F1 filters) are given in Tab. 3.19 and Figs. 3.6-3.8. 
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Table 3.19. FPS release rates (transport losses are taken into account). 


1) – exposure is the time of all F1 filters operation during the particular regime (see Tab. 3.17); 
2) – the mass includes the total aerosols deposited on the F1 filters plus the mass of total aerosols deposited on the furnace elements during operation of these filters (see Tab. 3.17). 


Content, mass. % (see Tab. 3.10) Total release rate of FP during F1 operation, mg/(cm2·h) 


R
eg


im
e 


U Zr Sr Ba La Ce Ru Mo 


E
xp


os
ur


e,
 s1)


 


M
as


s, 
m


g2)
 


U Zr Sr Ba La Ce Ru Mo 
I 74.05 2.93 5.57 2.66 0.18 0.20 0.13 0.96 360 987.2 184.60 7.30 13.89 6.63 0.46 0.49 0.32 2.38 
II 73.26 2.67 6.62 3.42 0.20 0.07 0.10 0.58 630 946.9 100.10 3.65 9.05 4.67 0.27 0.09 0.13 0.79 
III 71.27 4.88 5.43 1.42 0.12 0.11 0.10 0.56 oxidation regime 
IV 83.81 1.09 0.45 0.75 0.09 0.18 0.12 0.87 727 1231.6 129.07 1.68 0.69 1.16 0.14 0.27 0.18 1.34 
V 84.53 1.01 0.32 0.55 0.11 0.10 0.19 0.89 320 1877.0 450.75 5.39 1.71 2.92 0.60 0.54 0.99 4.76 
VI 85.00 1.00 0.26 0.53 0.07 0.18 0.22 0.57 450 1847.6 317.26 3.73 0.97 1.96 0.25 0.65 0.83 2.11 
VII 82.25 1.27 0.25 0.39 0.06 0.23 0.11 0.84 oxidation regime 
VIII 79.32 0.77 0.10 0.14 0.04 0.12 0.09 7.45 420 1541.4 264.64 2.57 0.33 0.47 0.12 0.39 0.29 24.84 
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Fig. 3.6. Sr, Ba, Mo and Zr release rates during regimes I-VIII in EV1 


 


 
 


Fig. 3.7. Ce, La and Ru release rates during regimes I-VIII in EV1 
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Fig. 3.8. U release rate during regimes I-VIII in EV1 


 
 
Later on, the data from Tab. 3.19 were used to establish Arrhenius plots and determine the 
release rate of each element versus the degree of melt oxidation at a selected temperature (see 
Sect. 7). The F2 filters data were not used for the Arrhenius curves plotting due to problems with 
determining the FPS release rates during F2 operation. Firstly, these filters have not been 
subjected to physicochemical analysis; secondly, the pyrometer shaft was not lowered-lifted and 
the melt was not sampled during these filters operation, and some of them worked during the 
transition regime (i.e. under the same degree of melt oxidation when transiting to a different 
temperature regime). 
Similar calculations of the FPS release rates from the melt for F1 and F2 (taking into account 
transport losses data from Tabs. 3.16 and 3.7) are given in Tab. 3.20 from which practical 
coincidence of data in Tab. 3.19 and 3.20 is obvious. 
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Table 3.20. FPS release rates taking transport losses into account. Calculated using accurately weighed samples from the F1 and F2 filters for 
regimes I-VIII in EV1 


1) – exposure is the time of all F1 and F2 filters operation during the particular regime (see Tab. 3.17); 
2) – the mass includes the total mass of aerosols deposited on the F1 and F2 filters plus the mass of total aerosols deposited on the furnace elements during operation of these filters 
(see Tab. 3.17). 


 


Content, mass.% (see Tab. 3.10) Total release rate of FP during F1 operation, taking 
transport losses into account, mg/(cm2·h) 


R
eg


im
e 


U Zr Sr Ba La Ce Ru Mo 


E
xp


os
ur


e,
 s1)


 


M
as


s, 
m


g2)
 


U Zr Sr Ba La Ce Ru Mo 
I 74.05 2.93 5.57 2.66 0.18 0.20 0.13 0.96 1560 4401.2 189.92 7.51 14.29 6.82 0.47 0.51 0.33 2.45 
II 73.26 2.67 6.62 3.42 0.20 0.07 0.10 0.58 1120 2040.9 121.36 4.42 10.97 5.67 0.33 0.11 0.16 0.96 
III 71.27 4.88 5.43 1.42 0.12 0.11 0.10 0.56 oxidation regime 
IV 83.81 1.09 0.45 0.75 0.09 0.18 0.12 0.87 1420 3375.6 181.12 2.36 0.97 1.63 0.19 0.38 0.25 1.87 
V 84.53 1.01 0.32 0.55 0.11 0.10 0.19 0.89 1030 5555.0 414.44 4.95 1.57 2.68 0.55 0.50 0.91 4.37 
VI 85.00 1.00 0.26 0.53 0.07 0.18 0.22 0.57 1373 5611.6 315.82 3.72 0.97 1.95 0.25 0.65 0.82 2.10 
VII 82.25 1.27 0.25 0.39 0.06 0.23 0.11 0.84 oxidation regime 
VIII 79.32 0.77 0.10 0.14 0.04 0.12 0.09 7.45 1240 5003.4 290.96 2.82 0.37 0.52 0.14 0.43 0.32 27.31 
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3.10. Phase composition analysis 
 


Analysis of aerosols deposited on the F1 filters No.9, 24, 35, 40, 62, 56, 50, 21 and 18, was 
performed using the DRON-3M X-ray diffractometer (with CoKα emission) equipped with the 
DifWin automation system produced by Etalon-PTC Co. Thin sections of the filters were scotch-
taped to a plexiglas tray. The obtained difractograms are shown in Fig. 3.9. The F1 filters may be 
subdivide into 3 groups: 


- F1 filters No.9, 24, 35, 40 and 62 on which just one – UO2-based – phase was identified; 


- F1 filters No.21, 50 and 56 on which the main identified phases are UO3, U3O8 with 
relatively small reflections of UO2; 


- F1 filter No.18 on which only one phase (SrUO4) was identified. 


Difractogram shifts relative each other and standard difractograms within 0.2° are presumably 
due to different height of the sections. The non-identified peak at 36° probably relates to material 
of the used tape. This assumption is corroborated by the unchanged intensity of the peak in all 
measurements and its big width typical of organic compounds. 


 


 
Fig. 3.9. X-ray difractograms of sections of the filters with aerosols 


 


3.11. Analysis of aerosol particles size distribution 
 
Aerosols size distribution was measured by the method of small angle light scattering using 


the X-ray particle analyzer Microsizer 201A (VA Instruments). Its specifications are given in 
Tab. 3.21. 
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Table 3.21. Microsizer 201A specifications 


Parameters Specifications 
Particle size range 0.2-300 µm 
Emission source He-Ne laser 
Detector photodiode matrix 
Number of registration channels 38 
Sample preparation system ultrasonic dispergator 
Chamber volume 150-1000 ml 
Ultrasonic emission frequency 50 kHz 
Ultrasonic emission power up to 200 W (regulated) 


 


Operating principle of the analyzer is explained in the diagram shown in Fig. 3.10. 


 
Fig. 3.10. Diagram of Microsizer 201A X-ray analyzer 


 
Emission of the He-Ne laser is focused in the detector plane with the help of a long-focus lens. 
The converging ray bundle is passed through the plane-parallel cell with the sample located at 
some distance L from the detector. Light scattering is observed in presence of particles 
suspension in the cell. The scattering indicatrix (the measured angular dependence of the 
scattered emission intensity) is determined by the size of particles. The method of calculating 
parameters of the particles size distribution using the diffraction theory approximation was 
realized according to the MI theory [16, 17] and the approximated relations from [18, 19]. 
Size distribution has been analyzed for both aerosols collected from the F1 filters and those 
deposited on cold surfaces and in the gas line. The size of particles means their diameter 
expressed in micrometers. 
Samples preparation for the analysis of aerosols collected from the F1 filters included double 
washing of a filter with ultrasonic dispersion within 20 min. Distilled water was used as the 
dispersion medium. A ~0.001 mol./l solution of sodium pyrophosphate (Na4P2O7) was used as 
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the emulsion stabilizer. Application of this technique ensures extraction of 95% of aerosols from 
filters. 
The influence of ultrasonic dispersion on the particles size distribution has not been studied in 
the framework of this investigation, therefore the choice of exposure duration was based on the 
results of research described in [20]. According to this research, an exposure of 10 min and 
longer is enough for destroying practically all instable agglomerates and identifying the most 
stable and dense ones. Therefore, it was decided to carry out ultrasonic dispersion for 20 min 
during samples preparation. 
It should be noted that the presence of particles sized below 0.2 µm (i.e. below the instrument 
range) is characteristic of all studied aerosol samples. The results of analysis of particles size 
distribution in aerosols collected in EV1 are given in Tab. 3.22 and на Fig. 3.11. 
 


0


1


2


3


4


5


6


7


8


0.
2


0.
23


0.
26 0.
3


0.
35 0.
4


0.
46


0.
53 0.
6


0.
69 0.
8


0.
91


1.
05 1.
2


1.
38


1.
59


1.
82


2.
09 2.
4


2.
75


3.
16


3.
63


4.
17


4.
78


5.
49


6.
31


7.
24


8.
31


9.
54 11


12
.6


14
.4


16
.6 19


21
.8


25
.1


28
.8 33


37
.9


43
.6


D, мкм


Р
, %


  


0


1


2


3


4


5


6


7


0.
2


0.
23


0.
26 0.
3


0.
35 0.
4


0.
46


0.
53 0.
6


0.
69 0.
8


0.
91


1.
05 1.
2


1.
38


1.
59


1.
82


2.
09 2.
4


2.
75


3.
16


3.
63


4.
17


4.
78


5.
49


6.
31


7.
24


8.
31


9.
54 11


12
.6


14
.4


16
.6 19


21
.8


25
.1


28
.8 33


37
.9


43
.6


D, мкм


Р
, %


 
Aerosols from crucible sections   Aerosols from quartz tube 


0


1


2


3


4


5


6


7


8


0.
2


0.
23


0.
26 0.
3


0.
35 0.
4


0.
46


0.
53 0.
6


0.
69 0.
8


0.
91


1.
05 1.
2


1.
38


1.
59


1.
82


2.
09 2.
4


2.
75


3.
16


3.
63


4.
17


4.
78


5.
49


6.
31


7.
24


8.
31


9.
54 11


12
.6


14
.4


16
.6 19


21
.8


25
.1


28
.8 33


37
.9


43
.6


D, мкм


Р
, %


  


0


1


2


3


4


5


6


7


0.
2


0.
23


0.
26 0.
3


0.
35 0.
4


0.
46


0.
53 0.
6


0.
69 0.
8


0.
91


1.
05 1.
2


1.
38


1.
59


1.
82


2.
09 2.
4


2.
75


3.
16


3.
63


4.
17


4.
78


5.
49


6.
31


7.
24


8.
31


9.
54 11


12
.6


14
.4


16
.6 19


21
.8


25
.1


28
.8 33


37
.9


43
.6


D, мкм


Р
, %


 
Aerosols from copper pipe    Aerosols from cock 


Fig. 3.11. The results of analysis of particles size distribution in aerosols collected from 
different parts of the sampling system 


 
The practice of aerosols capturing employs the following sizing of aerosols after their separation 
from the gaseous phase: 
• Primary aerosol particles produced by condensation of the above-melt vapour; 
• Particles formed by volume coagulation during the aerosol streams movement along the 


gas lines; 
• Agglomerated particles in the form of small pieces and flakes. 
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Table 3.22. The results of analysis of particles size distribution in aerosols collected during EV1 


Weight fraction of particles (Р, %) corresponding to specified particle sizes D particles size ranges (µm)containing 
maximum of distribution curves 


Item 
0.7 
µm 1 µm 2 µm 5 µm 10 µm 15 µm 20 µm 30 µm 40 µm 50 µm peak 1 peak 2 peak 3 peak 4 


F1-5 45.2 46.3 55.6 84.2 95.6 98.3 99.3 100 100 100 0.4÷0.46 2.09÷2.4 3.63÷4.17  
F1-9 30.2 31.1 43 80.5 92.7 96.6 98.5 99.8 100 100 0.4÷0.46 2.09÷2.4 3.63÷4.17  
F1-18 81.6 83 89.8 94.6 95.9 98.1 99.2 100 100 100 0.4÷0.46 1.59÷1.82 3.63÷4.17 11÷12.6 
F1-21 81.9 83.1 90.2 94.6 95.8 98.1 99.2 100 100 100 0.4÷0.46 1.59÷1.82 3.63÷4.17 11÷12.6 
F1-24 24.2 25.4 33 80.5 93.9 97.2 98.8 99.8 100 100 0.46÷0.53 3.16÷3.63   
F1-35 22 23 30.2 83.3 97.2 98.7 99.4 100 100 100 0.46÷0.53 3.16÷3.63   
F1-40 28.2 29.4 37.2 86.5 95.8 97.8 99 99.8 100 100 0.46÷0.53 3.16÷3.63   
F1-50 78.9 82 89.1 94.6 95.8 98 99.2 100 100 100 0.46÷0.53 1.59÷2.09 3.63÷4.17 11÷12.6 
F1-56 73.7 76.9 87.1 96 98.1 99.4 99.8 100 100 100 0.46÷0.53 1.59÷2.09 3.63÷4.17 9.54÷12.6 
F1-62 29.3 30.6 38.3 72 86.6 93.3 97.1 99.5 100 100 0.46÷0.53 2.09÷2.4 4.17÷4.78 11÷12.6 
F1-64 33.4 34.6 42.3 71.9 87 93.8 97.4 99.6 100 100 0.46÷0.53 2.09÷2.4 4.17÷4.78 11÷12.6 
Aerosols from 
crucible 
sections 


11 15 21.5 43.8 59.4 78.8 90.8 98.6 99.8 100 0.6÷0.69 2.09÷2.4 4.17÷4.78 12.6÷14.4 


Aerosols from 
quartz tube 33.1 37.2 53.2 80.3 94.7 98.4 99.4 100 100 100 0.46÷0.53 2.09÷2.4 3.63÷4.17  


Aerosols from 
copper pipe 49.1 50.7 59.3 76.8 86.7 94 97.5 99.6 100 100 0.35÷0.53 2.09÷2.4 3.63÷4.17 9.54÷12.6 


Aerosols from 
cock 28.6 29.6 38.5 70.9 95.1 99.3 99.8 100 100 100 0.35÷0.53 2.09÷2.4 3.63÷5.49  


*) – blue colour indicates in Tab. 3.22 the F1 filters on which aerosols were collected during the oxidation regime. 
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The performed investigation has shown that both condensed aerosol particles and their 
agglomerates, which formed in flowing gas as a result of particles adhesion or coalescence at 
contacting each other (coagulation), were depositing on filters. The CEA diagram of aerosols 
condensation, behaviour and deposition is presented in Fig. 3.12. 
 


 
 


Fig. 3.12. Diagram of aerosols  condensation, behaviour and deposition 
 
It should be noted that the electric field intensity in the aerosols formation zone was not high 
enough (200 V/cm at the most) to influence size and shape of the forming particles. This is 
evidenced by micrographs of aerosols (see Fig. 3.13) collected under similar conditions during a 
different test on the Rasplav 2 facility. 


Fig. 3.13 shows that the shape of particles is close to spherical. If the electric field above 
the melt significantly influenced formation of aerosols, there would have formed aggregate 
dipoles which form during the directed coagulation induced by a high-intensity electric field. 


 


⎯
 C


oo
lin


g 
→


 


W
al


l 


Melt 


Chemical reactions 


Sorption 
Oversaturated 


vapour 


Condensation 
Nuclei  


formation 


Aerosol 


Coagulation 


Deposition 
Aggregate 
disruption 


G
as


  
st


re
am


 







 


 


63


 
Fig. 3.13. Picture of silver wire with corium aerosol particles on it. Optical microscopy 


photo (scale in Figs. is given in microns) 
 


The character of aerosols size distribution depends on the place of sampling, temperature 
of the melt, its composition and the above-melt atmosphere. 


Local maximums of distribution curves for all the studied aerosols are located in strictly defined 
ranges. This evidences the existence of particles of predominantly 4 dimension types in the gas-
aerosol mixture (see Tab. 3.22). The existence of particles with characteristic dimension types is 
explained by heat coagulation of primary particles in the gas-aerosol mixture, which leads to 
formation of agglomerates containing a definite number of primary particles. The number of the 
latter in an agglomerate is termed “coagulation multiplicity”. The first maximum (peak) of the 
distribution curves corresponds to primary particles sized up to 1 µm (coagulation multiplicity is 
taken as 1); the second maximum refers to small agglomerates sized between 1.59-3.63 µm 
(coagulation multiplicity of 5±2). The third maximum corresponds to agglomerates sized 
between 3.63-5.49 µm (coagulation multiplicity of 9±3), while the fourth one – to large 
agglomerates sized between 9.54-12.6 µm (coagulation multiplicity of 24±4). It should be noted 
that coagulation multiplicity has been estimated quite roughly and averaged. 
Fig. 3.14 shows the results of the size distribution analysis for aerosol particles collected from 
the F1 filters during regimes I and II at evaporation of a melt at different temperatures but with 
the same oxidation index (С 70). 
It is obvious from Fig 3.14 that the melt temperature has no significant effect on the 
characteristic dimensions of aerosol particles. The changing temperature only influences the ratio 
between primary particles and agglomerates. The increasing melt temperature causes the fraction 
of minute primary particles to grow and that of agglomerates to reduce. 
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F1-5, Tmelt=2595°С     F1-9, Tmelt=2535°С 


Fig. 3.14. The results of the particles size distribution analysis for aerosols collected 
during regimes I and II (temperature effect) 


 
The degree of melt oxidation has some effect on distribution of aerosols (see Fig. 3.15). This 
influence can be noticed when comparing the distribution curves for aerosols from filters F1-9 
and F1-64. These curves reflect evaporation of melts with different oxidation degree. 
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Fig. 3.15. The results of the particles size distribution analysis for aerosols collected 
during regimes II and VIII (influence of melt oxidation index) 


 
Fig. 3.15 shows that after melt oxidation from С 70 to С 100 the fraction of heavy particles (with 
diameters 11÷12.6 µm) has noticeably increased. 
Fig. 3.16 offers bar charts which help to discover how size distribution of particles depends on 
the above-melt atmosphere. 
The appearance of oxygen in the atmosphere dramatically changes the picture of size distribution 
of the forming particles (see Fig. 3.16). At the same time, the number of primary particles (sized 
up to 1 µm) significantly increases in aerosols, while the fraction of other particles is very small. 
It means that practically no coagulation takes place during melt oxidation in the argon-oxygen 
atmosphere. This phenomenon should be taken into account when determining radiation 
consequences of a severe accident involving reactor core meltdown. 


Besides, size distribution has been analyzed for the aerosols deposited on different 
surfaces at varying distances of their collection sites from the melt (thermogradient conditions). 
The results of these analyses are presented in Fig. 3.12. 
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Fig. 3.16. The results of the particles size distribution analysis for aerosols collected 
during regime IV (steady-state) and VII (oxidation regime) (influence of oxidation 


process) 
 
The particles of all sizes in the 0.2–50 µm range were depositing on the cold crucible 


sections, but large particles (over 10 µm in diameter – presumably melt splashes) prevailed 
noticeably. Particles of all sized also deposited on the copper pipe surface, but the fraction of 
minute primary particles was obviously larger than all other fractions. Mostly small- and 
medium-size particles were found on the cock surface, while no large particles were discovered. 
This is apparently related to the character of gas-aerosol mixture movement. 


Fig. 3.17 offers bar charts of size distribution of particles from other F1 filters in aerosols 
sampled under different regimes. Conditions of sampling to these filters are summarized in 
Tab. 3.13. 
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F1-18 (regime III)     F1-21 (regime III) 
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F1-24 (regime IV)     F1-40 (regime V) 
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F1-56 (regime VII)     F1-62 (regime VIII) 


Fig. 3.17. The results of the particles size distribution analysis for aerosols collected 
under different regimes 


 


3.12. SEM/EDX analysis 
 
Microstructure and elemental composition of aerosols collected from crucible sections in 


Pr1-EV1 and of the crust that crystallized above the melt in EV1 were studied by means of 
scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX). 


The SEM study of samples employed the scanning electron microscope ABT-55 (Japan), 
and the microprobe attachment Link_AN_10000/S85 (GB) was used for the elemental analysis. 


The spectral characteristic was taken for each region for determining its integral 
composition. The quantitative analysis was made by comparing spectral intensity of the 
reference (superpure, specially prepared substances) and studied samples. The used references of 
U, Zr, and Mo were a part of the Link microprobe attachment set. 


Depending on the electron beam energy and sample composition, the depth of electron 
probe penetration varies from 1 to 5 µm. The microprobe attachment registers emission of a still 
thinner layer of ~1 µm. 


The results of SEM/EDX analysis of aerosols from crucible sections from Pr1-EV1 are 
offered in Fig. 3.18 and Tab. 3.18. 
It should be noted that the size of aerosol particles from regions 2-2 and 2-3 varies within the 1-
2 µm range. Due to high porosity of the structure, the data on mass deficiency are not 
representative. 
Integral composition presented in Tab. 3.18. shows urania to be the main component of aerosols. 
Insignificant amounts of zirconium have also been noticed. Aerosols microstructure allows 
evaluation of both individual particles size and the history of aerosols composition during the 
test (Fig. 3.18). Visually, three layers are identifiable: 
- A layer of aerosols deposited at an early stage of the test (Fig. 3.18, region 2-1). The size 


of particles in this zone is ~1 µm, while the particles themselves are accumulated into 
agglomerates with a characteristic size of ~10-15 µm. Integral composition of the zone is 
given in Tab. 3.18 (SQ2 area). Besides UO2, the presence of zirconia can be mentioned; 


- A layer with particles having a characteristic size of ~1-2 µm (with domination of 1 µm 
particles) evenly spread within the volume. The average distance between particles in this 
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layer is ~3 µm. Integral composition of the zone is given in Tab. 3.18 (SQ3 area). The 
content of zirconium in this layer is twice less than in the previous one; 


- The outer layer with particles having a characteristic size of ~1-2 µm (with domination of 
2 µm particles) evenly spread within the volume. ~5 µm. Integral composition of the zone 
is given in Tab. 3.18 (SQ4 area). The content of zirconium in this layer is also twice less 
than in the previous one. 


 


2-1 (SQ2) 2 (SQ1) 


2-1 


2-3 (SQ4) 2-2 (SQ3) 


2-2 


2-3 
• P1


 
Fig. 3.18. Micrographs of aerosols collected from crucible sections in Pr1-EV1 


 
Table 3.18. EDX results (data for cations) 


No. U Zr 
mass.% 97.66 2.34 SQ1 mol.% MeOx 94.13 5.87 
mass.% 96.34 3.66 SQ2 mol.% MeOx 90.99 9.01 
mass.% 98.47 1.53 SQ3 mol.% MeOx 96.11 3.89 
mass.% 99.65 0.35 SQ4 mol.% MeOx 99.08 0.92 
mass.% 99.63 0.37 P1 mol.% MeOx 99.04 0.96 


 


In addition to aerosols, a polished section from the crust that had crystallized above the 
melt was subjected to SEM/EDX analysis (Fig. 3.19). 
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3 


4 


5 
 


Fig.  3.19. Polished section from the crust that crystallized above the melt in EV1 
 
Figs. 3.20-3.22 show characteristic microstructures of zones marked in Fig. 3.19. Integral 
composition of all the studied zones shows no significant differences (UO2:ZrO2 ratio equals 
64:36 mol.%) except for a ~200 µm-wide strip which is entirely composed of urania (Fig. 3.20, 
regions 3 and 3-1-3; Tab. 3.19, area SQ5, point P3) and is located in the part of the crust which 
was right above the melt surface during the test. A small content of CeO2 has been recorded in 
some zones (e.g., see Tab. 3.19, areas SQ3 and SQ4). Origination of this layer may be due to 
deposition and sintering of aerosols on the crystallized crust overhanging the melt. In all zones 
microstucture is lamellar, it being typical of UO2 and UO2-ZrO2 solid solutions. 
 


 
Fig. 3.20. Micrographs of zone 3 (Fig. 3.19) 


 







 


 


69
 
Table 3.19. EDX results for zone 3 (data for cations) 


No. U Zr Ce 
mass.% 83.76 16.24 SQ1 mol.% MeOx 66.41 33.59 - 


mass.% 82.53 17.47 SQ2 mol.% MeOx 64.42 35.58 - 


mass.% 82.17 17.10 0.73 SQ3 mol.% MeOx 64.18 34.85 0.97 
mass.% 80.48 18.74 0.78 SQ4 mol.% MeOx 61.57 37.42 1.01 
mass.% SQ5 mol.% MeOx


100 - 


mass.% 83.54 16.46 P1 mol.% MeOx 66.05 33.95 - 


mass.% 81.09 18.91 P2 mol.% MeOx 62.18 37.82 - 


mass.% P3 mol.% MeOx
100 - 


 


 
Fig. 3.21. Micrographs of zone 4 (Fig. 3.19) 


 
Table 3.20. EDX results for 4 (data for cations) 


No. U Zr Ce 
mass% 82.84 17.16


SQ1 
mol.% MeOx 64.92 35.08


- 
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Fig. 3.22. Micrographs of zone 5 (Fig. 3.19) 


 
Table 3.21. EDX results for zone 5 (data for cations) 


No. U Zr Ce 
mass.% 81.32 18.68SQ1 mol.% MeOx 62.53 37.47 - 


mass.% 83.07 16.93P1 mol.% MeOx 65.28 34.72 - 


 


4. Kinetics of melt oxidation 
 
Pr1-EV1 
 
In order to assess possibility of determining kinetics of the suboxidized molten corium oxidation 
during Pr1-EV1 and develop an appropriate technique, the mass of oxygen absorbed by the melt 
and the oxidation index were measured online. The determination method is based on the mass 
balance of oxygen supplied to and evacuated from the furnace. The mass of oxygen absorbed 
during the test was calculated in the following way: 
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is the mass flow rate of oxygen at the furnace exit, kg/s, where: 
t0, t – starting time of oxygen supply into the furnace and the current time, respectively, s, 
nO2, nAr – volume fractions of oxygen and argon, respectively, in their mixture, 
pi, po – pressure at entrance and exit, Pa, 
ρO2, ρAr – densities of oxygen and argon, respectively, kg/m3, 
QO2, QAr, QΣ – volume flow rates of oxygen, argon and combined, respectively, m3/s, 
GAr – argon mass flow rate, kg/s, 
MO2, MAr – molecular masses of oxygen and argon, respectively, kg/kmol, 
R = 8.314 J/(mol·K) – universal gas constant, 
T – absolute temperature of gas stream, K, 
“i” and “o” indices mean “into the furnace” and “out of the furnace”, respectively. 
In the derivation of (4.3) the fact of argon mass flow rate constancy along the duct was 
employed: 


ConstQQG o,Aro,Ari,Ari,ArAr =ρ=ρ=       (4.4) 


together with the relation 


)o(i,2O)o(i,Ar n1n −=          (4.5) 


Density of gas components at the furnace entrance and exit was calculated using the absolute 
temperatures, pressures and volume fractions of the gas component in respective points of the 
gas duct: 
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After substituting (4.2) and (4.3) into (4.1), the resulting expression of the current value of the 
mass of oxygen absorbed during the test will look like: 
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The current oxidation index value was calculated in the following way: 
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where MZrO2, MZr, MO2 – molecular masses of zirconia, zirconium and oxygen, 
respectively, kg/mol, 
mZrO2,0, mZr,0 – initial masses of zirconia and zirconium, respectively, kg. 
The result of on-line determination of the oxidation index is given in Fig. 2.3 (Sect. 2.1) 
One of the factors leading to a systematic inaccuracy in calculations of the absorbed oxygen 
mass and of the oxidation index is the error in determining the oxygen volume fraction in the gas 
mixture at the entrance and exit by the Oxic sensors. To quantify this systematic inaccuracy, 
“idle runs” with HF heating switched off (hence, without oxygen absorption by the materials 
loaded into the furnace) were performed. High-purity argon – oxygen mixture with the oxygen 
volume fractions of 2, 5 and 10 vol.% was supplied into the furnace. At the furnace entrance, the 
oxygen volume fraction was regulated by Bronkhorst mass flowmeters/controllers with a relative 
error of 0.5 % in flow rate measuring. Thus, the resulting inaccuracy of determining the oxygen 
volume fraction was 0.6…0.7 relative %, which is significantly smaller than the error of 
measurements by the Oxic sensors (0.2 vol. %, i.e., relative error of 2…10 relative % in the 
range of volume concentrations used in the “idle runs”). Therefore, the value calculated using the 
Bronkhorsts-specified rates was taken as a reference for determining the oxygen volume 
fraction: 
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Fig. 4.1 shows oxygen content in the gas mixture: curve 1 – calculated according to (4.9), 
curves 2 and 3 – measured by the Oxic sensors. 
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1 – oxygen volume fraction determined according to (4.9), 2, 3 – oxygen volume fraction measured 


by the Oxic sensors: 2 – entrance to the furnace, 3 – exit from the furnace 


Fig. 4.1. Changes in the oxygen volume content during the “idle runs”. 
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It should be mentioned that the Oxic sensor readings in Fig. 4.1 were normalized against values 
of pressure in the points of measurement (according to sensors’ certificates): 
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where )norm(
)o(i,2On  – normalized value of the oxygen volume fraction in the corresponding point, 


)measure(
)o(i,2On  – directly measured value. 


For both Oxic sensors which measure oxygen content at the furnace entrance and exit, the 
relation with the value calculated according to (4.9) is expressed by a simple proportion: 


i,2O)o(i)o(i,2O Cn ⋅β≈          (4.11) 


where βi = 1.016 ,βo = 0.997. These proportionality coefficients were determined for the settled 
values of oxygen content. Taking (4.11) into account, formula (4.7) looks like this: 
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Besides, the transportation lag influence on the Oxic1 sensor readings (at the furnace entrance) 
and especially on those of the Oxic 2 sensor (at the furnace exit) is well seen in Fig. 4.1. This lag 
may lead to fictitious absorption of oxygen (oxidation index growth) during the first seconds 
after oxygen supply into the furnace has been started, and to an equally fictitious release of 
oxygen from the furnace after oxygen supply discontinuation. Processing of the “idle runs” has 
determined the time of the Oxic2 sensor lagging behind the Oxic1 sensor, which amounted to 
17.0 (±0.5) s. The lag of the Oxic1 sensor relative to the value calculated with the help of (4.9) 
based on the Bronkhorst flowmeter readings has no special significance, because it is more 
convenient to accept readings of the Oxic sensor at the furnace entrance as the starting time of 
oxygen supply into the furnace. The found transportation lag (17.0 s) is easy to take into account 
during the posttest processing (not during on-line measurements, though) by shifting readings of 
the Oxic2 sensor to the left along the time base for the time lag value. 
It should be added that in addition to the transportation lag in the gas supply and analytical lines, 
there exists the volume lag due to the time required for a gas mixture with a new composition to 
fill volume of the furnace. Due to the lag of this type, the rises and falls in oxygen content 
recorded by the Oxic2 sensor at the furnace exit, are less sharp than changes in oxygen content 
recorded by the Oxic1 sensor at the furnace entrance (see Fig. 4.1). This effect also can lead to 
fictitious absorption/release of oxygen which are much more difficult to take into account due to 
the necessity of using different values when shifting points on the oxygen content curve. 
Besides, the effect of taking this lag into account is usually noticeably smaller than that of taking 
the transportation lag into account. Therefore, the volume lag was not taken into account during 
the posttest processing. 
The posttest gas measurement results processing taking the obtained correlation (4.11) and the 
determined transportation lag in the gas duct into account has yielded a corrected history of the 
oxidation index (of the absorbed oxygen quantity). At first, this technique was tested on the 
results of “idle runs”. The results of consistent account of the oxygen content correction (4.12) 
and of the transportation lag are given in Fig. 4.2. 
Firstly, the below-described peculiarity of “idle runs” should be noticed. The mechanism of 
integration according to formula (4.7) switched on at the moment of oxygen supply into the 
furnace and switched off at the moment of oxygen supply discontinuation, that is, without 
delays. During the latter moment, the reading of the “absorbed” oxygen was zeroed. This is the 
explanation of the momentary vertical drop of the oxidation index (curve 1) down to the initial 
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value of approximately 70.03. Characteristic peculiarities of this (experimental) curve are in 1) a 
sharp surge at the initial moment, which is due to the transportation lag, and 2) a slower, 
monotonous Cn growth following the surge instead of a constant value which should be observed 
in absence of oxygen absorption. The latter effect could lead to a significant, growing with time 
error, while the surge connected with the transportation lag could to a great extent be self-
compensated by a sharp drop after oxygen supply discontinuation, if the integration mechanism 
were not forcibly switched off. Curve 2 shows the absence of monotonous Cn growth depending 
on the time passed after the initial surge. Besides, in the posttest calculations the integration 
algorithm was not switched off until the next regime onset, therefore curve 2 clearly shows 
partial self-compensation of the transportation lag in the form of a steep (but not instant) drop in 
oxygen content. Taking the transportation lag into account (curve 3) helps to noticeably 
(approximately 2.5 times) lower the initial surge and, accordingly, the return sharp drop of the 
curve. For instance, at 10 vol.% oxygen content, the oxidation index returned to its practically 
initial value after completion of transition processes. 
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1 – determined by online measurements, 2 – corrected oxygen content (4.12), 3 –transportation lag 
taken into account. 


Fig. 4.2. Fictitious change of the oxidation index during the “idle runs” 
 
Thus, the correction of the Oxic sensor readings (4.12) and taking the transportation lag 


into account help to significantly reduce both the systematic, monotonously growing integration 
error and the fictitious, jumping (abrupt) changes in the mass of absorbed oxygen and the 
corresponding oxidation index. 
Fig. 4.3 shows changes in the mass of oxygen absorbed during the test (a) and in the oxidation 
index (b). Curves 1 demonstrate changes of the corresponding parameters determined online, 
while curves 2 represent the results of posttest processing of the test findings with correction of 
the Oxic sensor readings (4.12) and taking transportation lag into account. The online-measured 
values are noticeably bigger than those obtained by posttest processing for the corresponding 
time instants. It refers to both oxygen mass and Cn, accordingly. The final excess mass of 
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absorbed oxygen approximately equals 5.7 g. In this relation, the results of posttest processing 
show that complete zirconium oxidation (C 100) in the melt took place ≈620 s past the time 
according to the online measurements (see Fig. 4.3.b). 
The other important finding of the test is the fact that the rate of oxygen absorption by the melt is 
obviously irrelevant to free zirconium concentration in that melt. During the first oxidation stage 
this rate was 9.3 (±0.3) mg/s and 7.3 (±0.2) mg/s for the second one. A somewhat lower 
absorption rate during the second oxidation stage may be explained by the pyrometer shaft 
jamming which influenced to some extent hydrodynamics of gas flow in the furnace and 
apparently worsened conditions of oxygen mass transfer from the gas volume to the melt surface. 
The constancy of oxygen absorption rate is an evidence that the process is in the transport stage 
when the interaction rate is limited (controlled) by oxygen supply to the melt surface, but not by 
the content of zirconium in the melt and not by kinetics of the chemical reaction. 
No reliable influence of changes in temperature of the melt surface (in the investigated range) on 
the oxygen absorption rate has been discovered in the test. 
An interesting experimental finding is that oxygen absorption did not stop when the condition of 
complete oxidation of all zirconium in the melt had been achieved. Moreover, the rate of this 
absorption has not changed much quantitatively. Quite reliably it may be explained by re-
oxidation of urania to an equilibrium state under the given temperature of the melt. This transit 
from the reaction of zirconium oxidation to the reaction of uranium re-oxidation at the constant 
rate of oxygen absorption additionally confirms that the process of oxygen absorption by the 
melt is in the transport stage, when the rate of interaction is controlled by the supply of oxidizer 
to the melt surface. 
The mass of oxygen absorbed above that required for the complete oxidation of zirconium 
(35.02 g) amounted to 3.65 g after oxygen supply discontinuation (see Fig. 4.3.a). In view of the 
charge quantity in this test, said amount corresponds to UO2.05. 
After completion of HF heating and during melt crystallization, the release of oxygen from the 
melt as its temperature kept decreasing was observed from 19150 s till approximately 19400 s. 
The release amounted to 1.25 g. As the results, the mass of oxygen absorbed above that required 
for the complete oxidation of zirconium has somewhat reduced and amounted to 2.40 g. In view 
of the charge quantity in this test, said amount corresponds to UO2.03. According to the ingot 
composition chemical analysis, the degree of uranium oxidation corresponds to UO2.08 (see 
Tab. 3.8). An explanation of the difference may be as follows: a part of the initial mass of urania 
formed a crust and was excluded from the subsequent interaction with oxygen. However, was 
taken into account in calculations and thus could decrease the calculated degree of uranium 
oxidation. 
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1 – determined experimentally, 2 – obtained in the course of posttest processing 


Fig. 4.3. Change in the mass of absorbed oxygen and oxidation index Pr1-EV1 
 


EV1 
The techniques refined in Pr1-EV1 were employed in EV1 for determining the mass of oxygen 
absorbed by the melt and the melt oxidation index by online measurements. The determination 
method is based on the mass balance of oxygen supplied to and evacuated from the furnace. The 
mass of oxygen absorbed during the test was calculated in the same way as in Pr1-EV1 using 
formulas (4.1) – (4.8). The results of the oxidation index online determination are given in 
Fig. 2.8 (Sect. 2.1.) 
To determine the systematic inaccuracy in calculations of the mass of absorbed oxygen and the 
oxidation index, which is related to the error in determining the input/output oxygen volume 
fractions in the gas mixture by the Oxic sensors, “idle runs” with HF heating switched off 
(hence, without oxygen absorption by the materials loaded into the furnace) were performed in 
the very beginning of EV1, like in Pr1-EV1. High-purity argon – oxygen mixture with the 
oxygen volume fractions of 5, 10, 20 and 30 vol.% was supplied into the furnace. Fig. 4.4 shows 
oxygen content in the gas mixture: curve 1 – calculated according to (4.9), curves 2 and 3 – 
measured by the Oxic sensors. 
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1 – oxygen volume fraction determined according to (4.9), 2, 3 – oxygen volume fraction measured 


by the Oxic sensors: 2 – entrance to the furnace, 3 – exit from the furnace 


Fig. 4.4. Changes in the oxygen volume content during the “idle runs” 
 
It should be mentioned that the Oxic sensor readings in Fig. 4.4 were normalized using formula 
(4.10) against values of pressure in the points of measurement (according to sensors’ 
certificates). 
For both Oxic sensors, which measure oxygen content at the furnace entrance and exit, the 
relation with the value calculated according to (4.9) is expressed by a simple proportion: 


i,2O)o(i)o(i,2O Cn ⋅β≈          (4.13) 


where βi = 1.0114 ,βo = 0.9976 (these values are pretty close to those obtained in Pr1-
EV1). 


To calculate the mass of absorbed oxygen, dependence (4.12) was used in both online 
measurements and during processing of the EV1 results (in contrast to Pr1-EV1, in which it was 
used for the posttest processing). Thanks to this, the error of the melt oxidation index online 
determination was reduced in comparison with the pretest. 


Fig. 4.4 clearly shows influence of the transportation lag on readings of the Oxic1 sensor 
(at the furnace entrance) and especially of the Oxic2 sensor (at the furnace exit). The distorting 
effect of transportation (and volume) lag on the online determination of oxygen absorption has 
been described above, so here just the value of this lag is given. Like in the pretest, this time was 
17.0 (±0.5) s, and it was taken into account in the same way, as in Pr1-EV1. Time evolution of 
the oxidation index (absorbed oxygen quantity) was corrected in course of the gas measurements 
posttest processing taking into account a definite transportation lag in the gas duct. In the same 
way as it was done when processing the results of Pr1-EV1, said technique was tested with the 
results of “idle runs”. The results of taking the oxygen content correction (4.12) and the 
transportation lag into account consistently are shown in Fig. 4.5. 


First of all, it is necessary to indicate the following differences between “idle runs” in 
EV1 and Pr1-EV1. The mechanism of integration according to formula (4.6) switched on in EV1 
at the instant of oxygen supply into the furnace, but switched off with a lag (150…200 s). This 
led to an almost complete self-compensation of the transportation lag, and only after that the 
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indication of the “absorbed” oxygen mass was zeroed. That is why the instant vertical drop of the 
online determined oxidation index to the initial value is evident in the corresponding diagrams of 
Pr1-EV1 (see Fig. 4.2) and is absent in EV1. 


Similarly to the results of “idle runs” in Pr1-EV1, the characteristic features of the 
experimental Cn curve were 1) an abrupt surge at the initial moment, which is due to the 
transportation lag, and 2) a slower, monotonous index growth instead of staying constant, as it 
should be in the case of no oxygen absorption. It was shown above that the latter effect may lead 
to a significant error that will be growing with time. Curve 2 (corrected oxygen content) shows 
the absence of monotonous Cn growth after the initial surge, but self-compensation of the 
transportation lag is overexaggerated to some extent. Taking the transportation lag into account 
(curve 3) helps to noticeably (approximately 2.5 times) lower the initial surge and, accordingly, 
the return sharp drop of the curve. It should be noted that after oxygen supply discontinuation the 
oxidation index reduces practically to its initial value, which is close to 69.99. 
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1 – determined by online measurements, 2 – corrected oxygen content (4.12), 3 –transportation lag 
taken into account. 


Fig. 4.5. Fictitious change of the oxidation index during the “idle runs” 
Thus, the correction of the Oxic sensor readings (4.12) and taking the transportation lag into 
account help to significantly reduce both the systematic, monotonously growing integration error 
and the fictitious, jumping (abrupt) changes in the mass of absorbed oxygen and the 
corresponding oxidation index. 
Figs. 4.6 and 4.7 show changes in the mass of oxygen absorbed during the test (Fig. 4.6) and in 
the oxidation index (Fig. 4.7). Curves 1 demonstrate changes of the corresponding parameters 
determined online for both oxidation stages, while curves 2 represent the results of posttest 
processing with correction of the Oxic sensor readings (4.12) and taking transportation lag into 
account. The online-measured values are noticeably bigger than those obtained by posttest 
processing for the corresponding time instants. It refers to both oxygen mass and Cn, 
accordingly. The final excess mass of absorbed oxygen is approximately 0.9 g against 5.7 g in 
the pretest. In this relation, the results of posttest processing show that complete zirconium 
oxidation (C 100) in the melt took place ≈106 s (620 s in the pretest) past the time according to 
the online measurements (see Fig. 4.7.b). 
The second important finding of the test, which confirms the results of the pretest, is the very 
weak dependence of the rate of oxygen absorption by the melt on free zirconium concentration in 
that melt. For both oxidation stages this rate was 15.0 (±0.8) mg/s. A higher than in the pretest 
rate may be explained by the changed conditions of the gas movement in the furnace and, 
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accordingly, of the oxygen supply to the melt at the expense of a different arrangement of gas 
supply to the furnace. Constancy of the oxygen absorption rate (like in the pretest) evidences that 
the process were in the transport stage when the interaction rate is limited (controlled) by oxygen 
supply to the melt surface, but not by the content of zirconium in the melt and not by kinetics of 
the chemical reaction. 
 


5000 5500 6000 6500 7000 7500
Time, s


0


5


10


15


20


25


30


35


40


m
O


2,
 g


1
2


6500 7000 7500 8000 8500 9000
Time, s


0


5


10


15


20


25


30


35


40


m
O


2,
 g


1
2


a) first oxidation stage b) second oxidation stage 


1 – determined experimentally, 2 – obtained in the course of posttest processing 


Fig. 4.6. Changes in the mass of absorbed oxygen in EV1 
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1 –determined experimentally, 2 – obtained in the course of posttest processing 


Fig. 4.7. Melt oxidation degree evolution in EV1 
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No reliable influence of changes in temperature of the melt surface (in the investigated range) on 
the oxygen absorption rate has been discovered in the test. 
An interesting experimental finding is that oxygen absorption did not stop when the condition of 
complete oxidation of all zirconium in the melt had been achieved  
Like the pretest, the test has shown that oxygen absorption did not stop when the condition of 
complete oxidation of all zirconium in the melt had been achieved, and that quantitatively the 
absorption rate did not change much. Just as before, it may be explained by re-oxidation of 
urania to an equilibrium state under the given temperature of the melt. This transit from the 
reaction of zirconium oxidation to the reaction of uranium re-oxidation at the constant rate of 
oxygen absorption additionally confirms that the process of oxygen absorption by the melt is in 
the transport stage, when the rate of interaction is controlled by the supply of oxidizer to the melt 
surface. 
The mass of oxygen absorbed above that required for the complete oxidation of zirconium 
(36.68 g) amounted to 1.04 g after oxygen supply discontinuation (see Fig. 4.6.b). Since the 
quantity of uranium loaded in this test amounted to 1088.54 g, said amount approximately 
corresponds to UO2.014. According to the ingot composition chemical analysis, the degree of 
uranium oxidation corresponds to UO2.05 (see Tab. 3.9). An explanation of the difference may be 
as follows: a part of the initial mass of urania formed a crust and was excluded from the 
subsequent interaction with oxygen. However, was taken into account in calculations and thus 
could decrease the calculated degree of uranium oxidation. 
Unlike in the pretest, no release of oxygen was observed after termination of HF heating 
(10070 s) and during the decrease of temperature of the melt and ingot. This may be explained 
by a relatively lesser degree of urania re-oxidation (UO2.014), if compared to the pretest (UO2.05). 
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5. Computation of the furnace gas dynamics 
 


Prior to performing the tests, the calculations of the gas mixture flow have been made. 
Calculations have been made for a turbulent flow in axisymmetrical quasistationary 
approximation. These results have helped to optimize the design and parameters of regimes and 
may be useful for interpreting experimental results, therefore they are given below. 


Mathematical models. 
A model describing a quasistationary axisymmetrical turbulent flow of a viscous nonisothermal 
mixture of Ar:O2 includes: 
• Raynolds-averaged Navier-Stokes (RANS method) [21]; 
• Heat-balance equation; 
• Mass-balance equation. 


In addition to convective transport, the model takes into account the influence of: 
• Changes in gas density; 
• Gravitation; 
• Viscosity and heat conductivity; 
• Diffusion and thermal diffusion of the mixture components. 


To calculate turbulent viscosity, the Menter's SST – k-ω model applicable to the limited walls 
and free convective flows [22]. 
Heat exchange between two surfaces by radiation was calculated taking angular coefficients of 
the reciprocal elemental areas [23], into which surfaces had been subdivided. The factor of melt 
emissivity (εMelt) equals 0.8, for metal surfaces (εMetal) it is 0.5, and for quartz it is (εQar) 0.05. 
Quartz was assumed to be transparent for radiation. Radiating capacity of the layer of deposits in 
the quartz tube (εDep) was assumed to equal 0.8. 
A hybrid computational grid that included areas with both quadrangular and rectangular cells 
was used. 
Discrete analogs of differential equations were obtained applying the finite volumes method 
[24]. An algorithm for calculating the velocity and pressure fields was constructed using the 
semi-implicit SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) method. 


Initial data: 
• Gas mixture composition Ar:O2=99:1 and 80:20 – volume fractions; 
• Gas mixture flow rate 5, 10, 15 l/min. 


It should be stressed that the gas flow rates used in calculations and therefore in the test should, 
in principle, be prototypic to those under severe accident conditions. However, determination of 
characteristic rates of the vapour-gas flow above the melt in the reactor vessel or in the melt 
catcher was beyond the scope of the present work. Research in this area should probably be 
reserved for the future. This section offers the determined rates of gas flow through the furnace, 
at which aerosol deposition on the furnace elements would be minimal. 


Boundary and initial conditions: 
• Convective heating of quartz by gas and radiation from the melt surface, and 


cooling from the outside by radiation; 
• The condition of gas sticking and zero gradients for the gas components specified 


for the walls of furnace elements; 







 


 


82
• The temperatures of the crucible, of the cooled surfaces and the initial gas 


temperature are constant and equal 27°C; 
• The conditions of gas sticking, 2560°C and complete oxygen absorption specified 


for the melt surface; 
• All parameters extrapolation specified for the exit; 
• A boundary condition concerning kinetic energy of turbulence on the walls and 


melt surface in the SST – k-ω model is ∂k/∂n = 0. Specific dissipation rate in the 
near-wall cell is determined via the value of ω for a viscous and logarithmic layer 
[25]. The center of the first computational grid cell was located in the logarithmic 
area of the boundary layer. The method of wall functions was applied for the 
automatic switch from a low- to a high-Reynolds number formulation of 
boundary conditions [26]; 


• The volume flow rate of the gas mixture and its mole composition have been 
specified for the entrance to the computational domain. 


 
Fig. 5.1 shows geometry of the IMCC furnace computational domain. 


 


 
 


Fig. 5.1. Computational domain of the IMCC furnace 
 


5.1. Gas mixture velocity vectors and temperature distribution 
 
Figs. 5.2-5.4 demonstrate temperature distribution in flowing gas and velocity vectors at 
different flow rates of the gas mixture with oxygen mole fraction of 1 %. It can be seen that a 
recirculation flow is forming at the cover at Q=5 l/min. This flow can entrain corium vapours 
which will be depositing on the cover. 
At the rates of 10 and 15 l/min, the recirculation flow near the cover decreased in size and shifted 
away from the exit. The best result is achieved at Q=15 l/min, as the direct convective 
entrainments of vapors does not occur. However, the role of corium vapours diffusion into the 
recirculation area and further to the wall requires additional analysis. 
The temperature growth in the quartz tube upper part is conditioned by radiation. 


 


Melt surface 
 
Crucible sections 
 
Quartz tube 
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Fig. 5.2. Temperature and velocity vector in flowing gas, Q=5 l/min, Ar:O2=99:1 


 


 
Fig. 5.3. Temperature and velocity vector in flowing gas, Q=10 l/min, Ar:O2=99:1 


 


 
Fig. 5.4. Temperature and velocity vector in flowing gas, Q=15 l/min, Ar:O2=99:1 
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Fig. 5.5 shows the distribution of temperature and velocity vector at Q=10 l/min and 


oxygen mole fraction of 20 %. The increased oxygen fraction has not worsened the structure of 
flow near the cover in terms of the recirculation area parameters. 
 


 
Fig. 5.5. Temperature and velocity vector in flowing gas, Q=10 l/min, Ar:O2=80:20 


 


5.2. Gas velocity 
 
Fig. 5.6 shows the distribution of the gas stream absolute velocity. The velocity is 


maximal along the axis; the buoyancy force structures the stream with the gas release from the 
melt surface center upwards. 


 


 
(a)    (b)    (c) 


 
Fig. 5.6. Distribution of the gas stream velocity at the Ar:O2 volume ratio of 99:1 and 
mixture flow rats (Q) of: a) 5 l/min; b) 10 l/min; c) 15 l/min 
 


5.3. Thermal-diffusion separation of components in the furnace 
 
Fig. 5.7 shows the distribution of the oxygen mass fraction in the IMCC furnace. The thermal-
diffusion separation of components causes an increased oxygen fraction in the high-temperature 
domains near the melt and in the quartz tube upper part. 
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(a)      (b) 


Fig. 5.7. Distribution of oxygen in the furnace, mass fractions, at Q=10 l/min: a) – 
Ar:O2=99:1; b) – Ar:O2=80:20 
 
The results of the performed work suggested a carrier gas flow rate of 10 l/min, which was 
maintained constant throughout the test, and the argon/oxygen volume fractions ratio of 80:20. 
It should be mentioned that installation of a quartz partition has helped to considerably move 
vapours and aerosols away from the cold crucible sections by the gas flowing through gaps 
between sections, and thus reduce aerosol transport losses. 
 


5.4. Computation of gas dynamics in the furnace with quartz partition 
 
Initial data: 
- Quartz partition thickness – 4 mm. 
- The quartz partition is coated with a 1 mm thick layer of oxides (aerosols). 
- The quartz partition is transparent, has loose contact with the crucible and cover and 


interacts thermally with them by radiation. 
Parameters: 
- Ar:O2 mixture composition = 80:20 volume fractions; 
- Mixture flow rate: 10 l/min; 
- Melt surface temperature: 2560°С;  
- Crucible temperature: 27°С;  
- Oxygen consumption 28.07 g/h. 


Fig. 5.8 demonstrates the temperature distribution in the furnace. The scale maximum 
corresponds to the maximum in the quartz partition (it heats up to 1451°С). 
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Fig. 5.8. Temperature in the furnace with quartz partition, visualization of temperature 


distribution 
 
Fig. 5.9 shows the temperature distribution in the furnace with the absolute maximum. 
 


 
Fig. 5.9. Temperature in the furnace with quartz partition 


 


6. High-temperature mass spectrometry 
 
The investigation was carried out using the MS-1301 mass spectrometer designed for 
investigating evaporation processes in low-volatile substances. This instrument employs a 
combination of the classical Knudsen effusion method with the vapour phase mass spectrometry. 
MS-1301 is an instrument with an even sectoral magnetic analyzer and mutually perpendicular 
molecular ion and electronic beams. The principle of spectrometer operation is as follows: the 
masses differing in terms of the m/z ratio value (m is the mass of an ion, z is the charge) are 
separated in the uniform transverse magnetic field in fine vacuum. A standard ion source with 
the ionizing electrons energy of 25 eV and the accelerating voltage of 3 kV was used for ionizing 
molecules. The low value of ionizing voltage made it possible to almost completely suppress the 
dissociative ionization processes (fragments formation) and to simplify the mass spectrum. The 
mass analyzer ensured resolution of no less than 500 at 10  mass.% spectral lines intensity and 
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the range of mass numbers from 1 to 1000. The general diagram of the high-temperature mass 
spectrometer MS-1301 is given in Fig. 6.1. 
 


 
1 – effusion cells moving device; 2 – effusion cells; 3 – thermal screens; 4 - aperture; 5 - 
shutters; 6 – ionizer box; 7 – ion-optical system; 8 – magnetic mass analyzer; 9 – ion detector. 


Fig. 6.1. General diagram of the high-temperature mass spectrometer 
 
A Knudsen effusion cell made of tungsten served as molecular beam source (Fig. 6.2). For 
introducing a sample into the mass spectrometer, a high-temperature evaporator (instrument’s 
standard kit item) designed for producing a molecular beam in the temperature range up to 
2700°С. The evaporator effusion cell was heated by electron bombardment. 


 


 
1 – cover; 2 – cathodes; 3 – case; 4 – supporting rod; 5 – pyrometric holes; 


Fig. 6.2. Single effusion cell 
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The power frame of the high-temperature evaporator stabilized power of the bombarding 
electron current with a ±10 % precision and thus the temperature could be maintained with a 
±10° accuracy. The relative position of cathodes, their diameter and location relative to the case 
were chosen so that there should be no temperature gradient inside a cell. Temperature was 
measured by the optical pyrometer EOP-66 with a ±5° accuracy within the 1500-2500 K range. 
The measurements were corrected for the absorption by glass in the mass spectrometer vacuum 
system. 
Ion identification followed the usual pattern of low-resolution mass spectroscopy involving 
determination of mass numbers for the registered ions using the mass numbers generator and 
comparison between the distribution of ion current intensities in groups of adjacent peaks and the 
isotopic distribution calculated for the supposed molecular formula of an ion. 
Only occasionally the ionizing voltage was decreased for determining the ion’s nature, as the 
used Uioniz. of 25 eV was low enough by itself.. Besides, the use of a known molecular ion for the 
ion source focusing helped to considerably discriminate fragmented ions and thus simplify the 
task. The main and necessary procedure in determining the ion’s nature during the performed 
investigation was the measuring of its appearance energy by recording the curves of ionization 
efficiency. The energy of ions appearance was measured mainly by the vanishing current 
method, i.e., by determining the electron energy at which the ion current ceased registering. The 
curves of ionization efficiency were registered by cyclic automatic scanning of the ionizing 
voltage within 5 V and recorded on the KSP-4 potentiometer. The systematic error was identified 
by determining the appearance energy of the standard with the well-known electronic density. 
The instrument was calibrated against CaF2 [27] which had been chosen as the pressure standard. 
The standard had to meet the following requirements: 
- No chemical interaction or production of solutions either with the test substance or with the 


cell material; 
- Reliable measurement of the pressure of the standard vapour; preferable coincidence with 


that of the sample in terms of order of value; 
- It should be a congruently evaporating substance. 


The equation of the CaF2 vapour pressure dependence on temperature looks like 


089.820367),(lg 2 +−=
T


atmCaFp  (6.1) 


within the 1400-1700 K temperature range. 
Calibration has yielded the values of temperature difference (ΔТ) between those 


measured during the test and calculated using equation (6.1). Further on, this temperature 
correction factor was taken into account during temperature measurements with the optical 
pyrometer. 


Partial pressures of the molecular forms of vapour were calculated by the comparison of 
ion currents using the equation 


γσ
γσ


=
iiss


ssii
si TI


TIpp , (6.2) 


where p – partial pressure of vapour component, I – value of the ion current appearing at the 
ionization of a component in the vapour phase, T, K, σ – molecule ionization cross-section, γ – 
conversion coefficient for the secondary electronic multiplier of the mass spectrometer, the 
indices i and s refer to the investigated substance and standard, respectively. 
Gold (recommended by IUPAC as the pressure standard [28]) was used as the internal standard 
of pressure. The pressure of gold vapour was calculated using the equation 







 


 


89
lgp (Pa) = −(18013±23)/Т+10.8772        (6.3) 
 
The test was carried out in the following way: a substance was weighed on the analytical balance 
with a ±0.1 mg accuracy and then loaded into the Knudsen effusion cell through the effusion 
hole. The pressure standard (gold) was placed in the same cell. The evaporator with the cell was 
put into the mass spectrometer and the whole system pumped for fine vacuum. Before each test, 
the mass spectrometer was heated up to 200 С for 1.5 hour to get rid of the gases absorbed on the 
inner surface and to raise sensitivity of the instrument. Then the cell with the sample was heated 
up to a temperature of the order of 1800 K and briefly exposed at this temperature to achieve 
dynamic equilibrium between the condensed phase and vapour. After that, the partial pressure of 
gold vapour was measured. At the same time, evaporation of volatile components (barium oxide) 
of the test sample was controlled. The Knudsen method has temperature limitations for both 
lower and upper limits. The lower temperature limit is determined by the mass spectrometer 
sensitivity, while the upper one results from the necessity to operate in the mode of substance 
molecular outflow from the effusion hole. The total pressure of molecular forms of vapour 
should not exceed 13 Pa, and only then partial pressures can be determined using formula (6.2). 
Due to the above, the temperatures for the studied samples evaporating were selected as follows. 
After measuring the pressure of gold reliably, the temperature in the cell with sample was raised 
stepwise up to a value at which components of the sample were starting to evaporate. In all cases 
it was a temperature around 2100 K. Having established the beginning of ion peaks registration 
in the mass spectrum of vapour above the test sample, the temperature was raised up to ∼2200 K 
and maintained stable for 60 min. During the first isothermal exposure, ion current intensities 
were measured, as they reflect temporal dynamics of changes in partial pressures of molecular 
forms of vapour. The procedure was repeated two more times, with the temperature raised by 
approximately 100 K each time. Finally, a dependence of partial pressures of vapour components 
on the evaporation time and temperature has been obtained. The integration areas bounded by the 
<intensivity - evaporation time> axes and the piece-wise linear curve of the intensity of ion 
current= f (evaporation time), allow control of brutto content of the condensed phase according 
to the evaporation time. The necessity to completely remove a sample from the cell determined 
the ultimate temperature used in the investigation. After complete evaporation of the sample, the 
cell was cooled down to the room temperature, the evaporator removed from the instrument, a 
new sample loaded and the procedure repeated. To facilitate comparison of the character of 
evaporation, the mass of the sample loaded into the cell was practically the same, as well as all 
experimental conditions. 


 
Results: 


A “standard” that could be used for tracing the influence of the reducing agent (metallic 
zirconium) on the qualitative and quantitative composition of vapour above the studied samples 
was the melt containing the fully oxidized uranium and zirconium, i.e. melt sample No.4 (С-
100). Starting from a temperature of about 2150 K, the mass spectrum of vapour above melt 
sample No.4 showed peaks of UO3


+, UO2
+, UO+ and BaMoO3


+. Only these ions were registered 
within the temperature range of 2150-2200 K. At about 2270 K (the second isothermal 
exposure), the peaks corresponding to Sr+, Ba+, BaO+, CeO+ and CeO2


+ were registered in 
addition to the above-mentioned ions. A peak corresponding to LaO+ appeared in the vapour 
mass spectrum at 2370 K. Peaks of ZrO+ and ZrO2


+, which correspond to zirconia evaporation, 
were first registered at around 2400 K. At this temperature the mass spectrum simultaneously 
contains ion peaks which correspond to evaporation of U, La and Zr oxides. At temperatures 
above 2530 K only zirconia evaporates. Tab. 6.1 offers the values of partial pressures of the main 
molecular forms of vapor above melt sample No.4 (characteristic of vapour composition above 
all the studied samples) depending on the evaporation time and temperature. Pressures of 
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molecular forms of vapour was determined using equation (6.2); the value of σi was calculated 
according to the additivity rule using the values of atomic cross-sections [29]. When decoding 
mass spectra of vapour (determining molecular precursors of ions in the mass spectrum) the 
values of energy of atoms and molecules ionization from the reference book [30] were used. 
Tab. 6.1 does not contain partial pressures of BaMoO3, BaO, and CeO2, which are mentioned 
below in the discussion of the obtained results. 
 
Table 6.1. Partial pressures of the main molecular forms of vapour above melt sample No.4 
depending on the evaporation time and temperature 


Partial pressure(pi), Pa 
Time, min T, K 


UO3 UO2 UO ZrO ZrO2 Ba Sr CeO LaO 
2 
7 
15 
20 
30 
40 
60 
60 
70 
80 
90 
100 
120 
120 
130 
150 
165 
180 
180 
195 
200 
200 
215 
220 
230 
240 
245 


2200 
2200 
2200 
2203 
2203 
2199 
2203 
2267 
2270 
2270 
2275 
2277 
2277 
2369 
2372 
2394 
2394 
2372 
2535 
2536 
2536 
2691 
2691 
2807 
2817 
2776 
2800 


0.05 
0.05 
0.04 
0.04 
0.03 
0.03 
0.02 
0.08 
0.06 
0.05 
0.04 
0.04 
0.02 
0.06 
0.05 
0.02 
0.01 


- 


0.86 
0.86 
0.86 
0.86 
0.91 
0.80 
0.74 
2.60 
2.29 
2.29 
1.93 
1.72 
1.51 
3.98 
3.98 
2.36 
1.15 
0.54 
1.51 


- 


0.14 
0.14 
0.14 
0.17 
0.17 
0.16 
0.17 
0.54 
0.50 
0.52 
0.47 
0.45 
0.42 
0.79 
0.85 
0.66 
0.30 
0.17 
0.40 


- 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.29 
0.43 
0.43 
2.38 
2.38 
9.46 
10.68 
8.96 


- 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.04 
0.06 
0.06 
0.56 
0.56 
1.75 
1.75 
1.50 


- 


- 
- 
- 
- 
- 
- 
- 
- 


0.02 
0.01 


- 
- 
- 
- 


- 
- 
- 
- 
- 
- 
- 
- 


0.02 
0.02 


- 
- 
- 
- 
- 
- 
- 
- 


0.01 
0.01 
0.01 
0.01 
0.01 
0.02 


- 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.01 
0.01 
0.01 
0.01 
0.02 
0.02 


- 


 
Intensity of ion currents of BaMoO3


+, Sr+, Ba+, BaO+, CeO+ and CeO2
+ was low, therefore 


Fig. 6.3 shows only the dependence of partial pressures of UO3, UO2, UO, ZrO and ZrO2 on the 
evaporation temperature and time. 
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Fig. 6.3. Dependence of partial pressures of the main molecular forms in vapour above melt 


sample No.4 on the evaporation time and temperature (�- UO3, Ο - UO2, Δ - UO, ∇ - ZrO 
and ◊ - ZrO2) 


 
Starting from about 2150 K, peaks of UO2


+, UO+, Sr+, Ba+ and CeO+  were registered in the 
mass spectrum of vapour above melt sample No.1. Peaks of LaO+ and ZrO+ started appearing in 
mass spectrum of vapour at 2270 K. A peak of ZrO2


+ was registered starting from 2500 K. 
Tab. 6.2 and Fig. 6.4 offer values of partial pressures of the main molecular forms of vapour 
above sample No.1 depending on the evaporation time and temperature. 


 


 
Fig. 6.4. Dependence of partial pressures of the main molecular forms in vapour above melt 


sample No.1 on the evaporation time and temperature (Ο - UO2, Δ - UO, ∇ - ZrO and ◊ - 
ZrO2) 
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Table 6.2. Partial pressures of the main molecular forms in vapour above melt sample No.1 
depending on the evaporation time and temperature 


Partial pressure, Pa 
Time, min T, K 


UO3 UO2 UO ZrO ZrO2 Ba Sr CeO LaO 
1 
5 
10 
20 
30 
40 
50 
60 
60 
70 
80 
90 
100 
110 
120 
120 
130 
140 
150 
165 
180 
180 
190 
190 
195 
200 
210 
220 
225 


2157 
2123 
2184 
2207 
2203 
2193 
2197 
2197 
2272 
2264 
2272 
2272 
2272 
2272 
2272 
2367 
2390 
2393 
2392 
2392 
2390 
2532 
2532 
2612 
2612 
2770 
2770 
2770 
2770 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
 


0.67 
0.66 
1.63 
1.37 
1.13 
1.01 
0.85 
0.89 
4.35 
4.23 
6.91 
6.16 
5.52 
6.16 
5.42 
11.44 
10.43 
8.58 
5.59 
2.57 
0.82 
2.36 
0.09 
0.07 


- 


1.18 
1.27 
3.72 
3.32 
3.00 
2.43 
1.60 
1.39 
5.63 
3.85 
5.30 
3.87 
3.31 
2.76 
2.43 
4.37 
3.14 
2.44 
1.62 
0.73 
0.23 
0.53 


0 


- 
- 
- 
- 
- 
- 
- 
- 


0.05 
0.07 
0.09 
0.11 
0.12 
0.14 
0.16 
0.18 
0.20 
0.30 
0.26 
0.28 
0.26 
1.09 
1.09 
2.39 
2.99 
16.69 
18.28 
16.69 


0 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.12 
0.12 
0.24 
0.25 
5.17 
4.70 
2.82 


0 


0.15 
0.10 
0.07 
0.5 
0.02 


- 


0.07 
0.5 
0.04 
0.2 
0.01 


- 


0.08 
0.9 
0.11 
0.10 
0.08 
0.06 
0.03 
0.1 
0.09 
0.06 
0.03 
0.02 
0.02 


0 


- 
- 
- 
- 
- 
- 
- 
- 


0.13 
0.09 
0.06 
0.05 
0.04 
0.02 


- 
0.08 


- 


 
Starting from about 2135 K, peaks of UO2


+, UO+, Sr+, Ba+ and CeO+ were first registered in the 
mass spectrum of vapour above sample No.2. The peak of LaO+ appeared in the mass spectrum 
at 2300 K. Appearance of the peak of ZrO+ was recorded starting from 2400 K and that of ZrO2


+ 
– at 2500 K. Tab. 6.3 and Fig. 6.5 offer values of partial pressures of the main molecular forms 
of vapour above melt sample No.2 depending on the evaporation time and temperature. 
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Table 6.3. Partial pressures of the main molecular forms in vapour above melt sample No.2 
depending on the evaporation time and temperature  


Partial pressure, Pa 
Time, min T, K 


UO3 UO2 UO ZrO ZrO2 Ba Sr CeO LaO 
0 
10 
15 
20 
30 
40 
50 
60 
60 
70 
80 
90 
100 
110 
120 
122 
130 
140 
150 
160 
170 
180 
185 
190 
200 
202 
210 
211 
220 
225 
230 
235 
237 


2135 
2129 
2178 
2178 
2185 
2155 
2182 
2176 
2293 
2298 
2293 
2285 
2282 
2282 
2270 
2390 
2393 
2392 
2420 
2420 
2419 
2419 
2531 
2531 
2531 
2631 
2631 
2737 
2753 
2753 
2753 
2753 
2753 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
 


0.05 
0.09 
0.19 
0.20 
0.21 
0.18 
0.25 
0.24 
1.04 
1.04 
0.97 
1.06 
0.90 
0.87 
0.87 
2.66 
2.34 
1.93 
1.71 
1.47 
1.12 
0.63 
1.45 
0.13 
0.01 


- 


0.02 
0.06 
0.11 
0.12 
0.12 
0.11 
0.13 
0.12 
0.53 
0.41 
0.41 
0.41 
0.36 
0.33 
0.33 
0.80 
0.75 
0.70 
0.56 
0.53 
0.38 
0.22 
0.58 
0.05 


0 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.05 
0.05 
0.05 
0.06 
0.06 
0.06 
0.06 
0.25 
0.26 
0.28 
0.93 
1.07 
5.09 
5.47 
5.29 
5.64 
5.30 


0 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.10 
0.10 
0.12 
0.20 
0.20 
0.33 
0.33 
0.35 
0.32 
0.30 


0 


0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 


0 


0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 


0 


0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 


0 


- 
- 
- 
- 
- 
- 
- 
- 


0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 
0.01 
0.01 
0.03 
0.01 


0 
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Fig. 6.5. Dependence of partial pressures of the main molecular forms in vapour above melt 


sample No.2 on the evaporation time and temperature (Ο - UO2, Δ - UO, ∇ - ZrO and ◊ - 
ZrO2) 


 
Starting from about 2160 K, peaks of UO2


+, UO+, Sr+, Ba+ и CeO+ were first registered in the 
mass spectrum of vapour above melt sample No.3. The peak of LaO+ appeared in the mass 
spectrum of vapour at 2300 K. Appearance of the peak of ZrO+ was recorded starting from 
2400 K and that of ZrO2


+ – at 2550 K. Tab. 6.4 and Fig. 6.6 offer values of partial pressures of 
the main molecular forms of vapour above melt sample No.3 depending on the evaporation time 
and temperature. 
 


 
Fig. 6.6. Dependence of partial pressures of the main molecular forms in vapour above melt 


sample No.3 on the evaporation time and temperature (Ο - UO2, Δ - UO, ∇ - ZrO and ◊ - 
ZrO2) 
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Table 6.4. Partial pressures of the main molecular forms in vapour above melt sample No.3 
depending on the evaporation time and temperature 


Partial pressure, Pa 
Time, min T, K 


UO3 UO2 UO ZrO ZrO2 Ba Sr CeO LaO 
1 
5 
10 
20 
30 
40 
50 
60 
60 
70 
80 
90 
100 
110 
120 
120 
130 
140 
150 
160 
170 
180 
180 
190 
200 
210 
220 
230 
240 
240 
250 
250 
260 
265 
270 
271 
275 


2158 
2187 
2187 
2189 
2195 
2205 
2204 
2205 
2313 
2310 
2312 
2312 
2316 
2314 
2316 
2414 
2428 
2421 
2421 
2421 
2423 
2423 
2547 
2551 
2551 
2555 
2557 
2561 
2561 
2667 
2667 
2829 
2765 
2840 
2834 
2834 
2834 


 


0.09 
0.39 
0.39 
0.40 
0.42 
0.54 
0.60 
0.49 
2.13 
1.89 
2.25 
2.13 
2.02 
1.78 
1.66 
4.71 
3.86 
2.36 
2.23 
1.97 
1.79 
1.23 
5.75 
3.27 
2.09 
0.70 
0.39 
0.15 
0.07 
0.23 
0.04 


- 


0.06 
0.15 
0.15 
0.15 
0.16 
0.20 
0.22 
0.17 
0.66 
0.51 
0.59 
0.55 
0.51 
0.48 
0.44 
1.19 
0.93 
0.54 
0.62 
0.54 
0.46 
0.36 
1.51 
0.94 
0.69 
0.24 
0.16 
0.05 
0.02 
0.07 
0.01 


- 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.04 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.07 
0.07 
0.10 
0.12 
0.13 
0.11 
0.11 
0.37 
0.47 
11.23 
9.14 
10.47 
9.10 
1.60 


0 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.07 
0.07 
2.37 
2.40 
2.14 
1.90 
0.31 


0 


0.01 
0.05 
0.04 
0.02 
0.01 
0.01 
0.011 
0.01 
0.01 
0 


0.01 
0.03 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0 


0.01 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.01 
0.01 
0.01 
0 


- 
- 
- 
- 
- 
- 
- 
- 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.03 
0.03 
0.02 
0.02 
0.02 
0.02 
0.01 
0.03 
0.03 
0.02 
0.02 
0.01 
0.01 
0 


 
Starting from about 2200 K, peaks of UO3


+, UO2
+, UO+, Sr+, Ba+, BaO+ were first registered in 


the mass spectrum of vapour above the ingot average sample. Peaks of CeO+ started appearing at 
2300 K and those of LaO+ and ZrO+ were registered at 2400 K. Appearance of the peak of ZrO2


+ 
was recorded at 2540 K. Tab. 6.5 and Fig. 6.7 offer values of partial pressures of the main 
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molecular forms of vapour above the ingot average sample depending on the evaporation time 
and temperature 
 
Table 6.5. Partial pressures of the main molecular forms in vapour above the ingot average 
sample depending on the evaporation time and temperature 


Partial pressure, Pa 
Time, min T, K 


UO3 UO2 UO ZrO ZrO2 Ba Sr CeO LaO 
0 
10 
20 
30 
40 
50 
60 
60 
70 
80 
90 
100 
110 
120 
120 
130 
140 
150 
160 
180 
200 
210 
220 
230 
240 
240 
250 
260 
261 
265 
270 
275 
277 


2230 
2213 
2203 
2217 
2214 
2210 
2223 
2321 
2319 
2121 
2320 
2325 
2321 
2321 
2400 
2407 
2434 
2434 
2434 
2430 
2434 
2426 
2541 
2695 
2695 
2777 
2785 
2770 
2826 
2845 
2845 
2845 
2845 


0.12 
0.03 
0.02 
0.02 
0.02 
0.01 
0.02 
0.06 
0.04 
0.03 
0.02 
0.02 
0.01 
0.01 
0.04 
0.03 
0.02 
0.01 
0.01 
0.01 


- 


0.67 
0.47 
0.42 
0.62 
0.53 
0.40 
0.65 
2.00 
1.92 
1.83 
2.00 
2.17 
1.33 
1.33 
4.32 
4.33 
3.76 
3.76 
3.06 
2.01 
0.73 
0.28 
0.04 
0.02 


- 


0.10 
0.06 
0.07 
0.09 
0.08 
0.07 
0.12 
0.42 
0.36 
0.36 
0.42 
0.44 
0.31 
0.31 
1.02 
0.97 
0.95 
0.95 
0.82 
0.60 
0.18 
0.09 
0.01 


- 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.08 
0.33 
1.33 
1.49 
4.96 
5.90 
4.95 
6.36 
7.72 
7.34 
6.21 


- 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.06 
0.35 
0.33 
1.14 
1.14 
0.81 
1.38 
1.44 
1.22 
1.00 


- 


0.002 
0.005 
0.005 
0.005 
0.002 
0.001 
0.002 
0.0052
0.002 
0.001 


0 


0.02 
0.02 
0.02 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 


- 
 


- 
- 
- 
- 
- 
- 
- 


0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.03 
0.03 
0.02 
0.01 


0 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.02 
0.03 
0.03 
0.04 
0.03 
0.02 
0.02 


0 
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Fig. 6.7. Dependence of partial pressures of the main molecular forms in vapour above the 
ingot average sample on the evaporation time and temperature (�- UO3, Ο - UO2, Δ - UO, 


∇ - ZrO and ◊ - ZrO2) 
 


7. Discussion of results 
 
Mass balance 
Careful collection and weighting of aerosol deposits and materials used in the tests was carried 
out during and after the tests, and in the course of posttest analyses. Debalance, i.e. the difference 
between the mass of initial materials in charge and of those collected after the tests Pr1-EV1 and 
EV1 amounted to +50.40 g (see Tab. 3.1) and +37.42 g (see Tab. 3.3), respectively. The reason 
of debalance was the interaction of the melt and aerosol components with the dose-supplied 
oxygen and the resulting change in the oxygen/total metals ratio in molten corium, i.e., metallic 
zirconium oxidation and urania re-oxidation to higher oxidation degrees. Numerically, 
debalances almost coincide with the calculated amount of oxygen absorbed during the tests. The 
mass balance data were used for deriving coefficients taking aerosol losses into account in 
calculations of the release rates of uranium oxides and FPS. 
 
The influence of temperature and corium oxidation degree on the rates of component 
evaporation 
The generalized results of measuring the rates of oxides evaporation from molten corium 
applying the flow method are presented in Tab. 7.1. It should be noted that oxidation rates during 
transitional regimes when melt oxidation was occurring are difficult to interpret, as the melt 
surface temperature during these regimes was not determined. Obviously, it was changing during 
oxidation that proceeded at the constant inductor voltage due to the heat generated by chemical 
reactions and the changes in power in the melt due to its changed electrical conductivity. It was 
impossible to quantify these effects. 
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Table  7.1. Rates of oxide evaporation in Pr1-EV1 and EV1 


Test 
Degree of 


melt 
oxidation 


Above-melt 
atmosphere 
(carrier gas) 


Carrier gas 
flow rate 
G, l/min 


Melt surface 
temperature, 


T°С 


Evaporation 
rate V1), 


mg/cm2·h 


Pr1-
EV1 
Pr1-
EV1 


EV1(1) 
EV1(1) 


70 Ar 


2562 
2538 
2595 
2535 


156.94 
115.04 
249.29 
136.64 


Pr1-
EV1 


EV1(1) 
72÷85 Ar/O2 (80/20) From 2538 up to 


2626 
127.90 
152.71 


Pr1-
EV1 
Pr1-
EV1 


EV1(1) 
EV1(2) 
EV1(2) 


85 Ar 


2628 
2648 
2639 
2696 
2655 


236.58 
320.23 
154.01 
533.24 
373.25 


Pr1-
EV1 


EV1(2) 
85÷100 Ar/O2 (80/20) From 2648 up to 


2697 
152.23 
299.41 


Pr1-
EV1 


EV1(2) 
100 Ar 


10 


2697 
2652 


546.46 
333.64 


1) – average rate is given only for the F1 filters taking transport losses into account. 


 
Now the influence of temperature and corium oxidation index on the rates of elements 


evaporation should be considered. 
The data from Tab. 3.19 were used to plot in the Arrhenius coordinates temperature 


dependences of element specific evaporation rates for the melt components and FPS. For 
determining the influence of corium oxidation index on the element evaporation rates, the latter 
were extrapolated to one and the same temperature. To minimize the extrapolated region, the 
temperature of 2652 C was chosen, i.e. the data for С 70 and С 85 were linearly extrapolated in 
the Arrhenius coordinates to the high- and low-temperature domains, respectively. (Fig. 7.1). 
This was the way of finding the rates of elements evaporation from the suboxidized corium at the 
temperature, at which corium C-110 evaporation rates have been measured, and of constructing 
dependences of said evaporation rates on the oxidation index (see Figs. 7.2a-h). 


It should be explained that it was impossible to achieve equal melt temperatures for the 
compositions corresponding to different oxidation indices due to significant differences in their 
liquidus temperatures (Tliq) and technical limitations concerning melt superheating above Tliq. 
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Fig. 7.2a. U evaporation rate versus temperature in Arrhenius coordinates 


 


 
Fig. 7.2b. Zr evaporation rate versus temperature in Arrhenius coordinates 
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Fig. 7.2c. Sr evaporation rate versus temperature in Arrhenius coordinates 


 


 
Fig. 7.2d. Ba evaporation rate versus temperature in Arrhenius coordinates 
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Fig. 7.2e. La evaporation rate versus temperature in Arrhenius coordinates 


 


 
 


Fig. 7.2f. Ce evaporation rate versus temperature in Arrhenius coordinates 
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Fig. 7.2g. Ru evaporation rate versus temperature in Arrhenius coordinates 


 


 
 


Fig. 7.2h. Mo evaporation rate versus temperature in Arrhenius coordinates 
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Fig. 7.3a. U evaporation rate at 2652 C versus melt oxidation index 


 


 
 


Fig. 7.3b. Sr, Ba, Ce, La evaporation rates at 2652 C versus melt oxidation index 
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Fig. 7.3c. Ru and Mo evaporation rates at 2652 C versus melt oxidation index 


 


 
Fig. 7.3d. Zr evaporation rate at 2652 C versus melt oxidation index 


 
From Figs. 7.3a-d it can be seen that evaporation rates of most elements decrease with the 
growing degree of melt oxidation, the rate of Ru evaporation does not change much, and that of 
Мо decreases at the oxidation from С 70 to С 85 and then increases again during oxidation up to 
С 100. 
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The integral release of FPS from the melt in EV1 is given in Fig. 7.4 as percentage of the initial 
concentration of the corresponding elements in the melt. It should be noted that evaporation of a 
significant fraction of Sr at С 70 in the beginning of the test has influenced the rate of its 
evaporation at later stages. 
 


 
Fig. 7.4. Integral release of FPS from the melt in EV1 


 
Size distribution of aerosol particles and their morphology 
The samples from EV1 for examination by the X-ray analyzer Microsizer 201A represented a 
particle mixture (primary aerosol particles condensed from the above-melt vapour; particles 
formed by volume coagulation during aerosol streams movement along gas ducts, and 
agglomerated particles in the form of small pieces and flakes). Application of ultrasonic 
dispersion of aerosol particles in the wetting carrier liquid (sodium pyrophosphate – Na4P2O7 
solution) made it possible to destroy the greater part of unstable agglomerates and identify the 
primary and stable secondary agglomerated particles. It was determined that the character of 
aerosol size distribution depends on the sampling place (F1 filters, furnace elements), melt 
temperature (see Fig. 3.14) and composition (see Fig. 3.15), and on the above-melt atmosphere 
(see Fig. 3.16). 
The gas-aerosol mixture contained particles of mostly four typical sizes (see Tab. 3.22). The first 
maximum (peak) in the distribution curves corresponds to minute primary particles sized up to 
1 µm; the second maximum relates to small agglomerates sized from 1.59 to 3.63 µm. The third 
maximum corresponds to agglomerates with sizes within the 3.63-5.49 µm range, while the 
fourth one represents large agglomerates sized from 9.54 to 12.6 µm. A certain quantity of 
aerosols sized around 0.2 µm or less should be mentioned. 
Apparently, the melt temperature has no significant effect on the typical sizes of aerosol 
particles. Changes in the melt temperature affect only the ratio of primary particles and 
agglomerates. A higher melt temperature results in a larger fraction of minute primary particles 
and a smaller one of agglomerates. 
The degree of melt oxidation also has some effect on the aerosol distribution (see Fig. 3.15). 
After melt oxidation from С 70 to С 100 the heavy particles fraction (Ø 11-12.6 µm) grows 
considerably. 
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The appearance of oxygen above the melt drastically changes the situation with size distribution 
of the generating particles (see Fig. 3.16). A significant increase in the number of primary 
particles (sized up to 1 µm) is observed, while the share of other particles is small, i.e., 
coagulation processes are practically absent during melt oxidation in the argon-oxygen 
atmosphere. This phenomenon should be taken into account when determining radiation 
consequences of a severe accident involving core melting. 
Particles of all sizes within the 0.2-50 µm range were depositing on the cold crucible sections, 
but large particles (Ø over 10 µm) – presumably melt splashes – noticeably prevailed. Particles 
of all sizes were also depositing on the copper pipe, but the share of minute primary particles 
was visibly bigger among the others. Primarily small- and medium-sized particles, and no large 
ones were discovered on the cock surface. This should be due to the structure of the gas-aerosol 
flow. 
 
Melt oxidation rate 
An important finding of these tests is that the rate of oxygen absorption by the melt does not 
depend on the content of free zirconium in it. The rates of melt oxidation were: 


- 9.3 (±0.3) mg/s at the first oxidation stage in Pr1-EV1, 
- 7.3 (±0.2) mg/s at the second oxidation stage in Pr1-EV1, 
- 15.0 (±0.8) mg/s during both oxidation stages in EV1. 


Some decrease of the absorption rate during the second oxidation stage in Pr1-EV1 A somewhat 
lower absorption rate during the second oxidation stage may be explained by the pyrometer shaft 
jamming between two oxidation stages which influenced to some extent hydrodynamics of gas 
flow in the furnace and worsened conditions of oxygen mass transfer from the gas volume to the 
melt surface. An approximately two-time increase of the oxidation rate in EV1 in comparison 
with the pretest may be explained by changes in hydrodynamic conditions of the atmosphere in 
the furnace at the expense of the quartz partition installation above the crucible sections. 
Constancy of oxygen absorption under stable hydrodynamic conditions is an evidence that the 
process is in the transport stage when the interaction rate is limited (controlled) by oxygen 
supply to the melt surface, but not by the content of zirconium in the melt and not by kinetics of 
the chemical reaction. Under these conditions, the rate of oxidation is definitely determined by 
the content of oxygen in and flow hydrodynamics of the atmosphere in the furnace. 
It was also discovered in Pr1-EV1 and EV1 that oxygen absorption did not stop when the 
condition of complete oxidation of all zirconium in the melt had been achieved. Moreover, the 
rate of this absorption did not change much quantitatively. It may be explained by re-oxidation 
of urania to an equilibrium state under the given temperature of the melt. This transit from the 
reaction of zirconium oxidation to the reaction of uranium re-oxidation at the constant rate of 
oxygen absorption additionally confirms that the process of oxygen absorption by the melt is in 
the transport stage, when the rate of interaction is controlled by the supply of oxidizer to the melt 
surface. 
A part of oxygen used for urania re-oxidation releases back into the atmosphere during melt 
crystallization. This effect was observed in Pr1-EV1 (see Fig. 2.4, 19150-19400 s time interval). 
No oxygen release back from the melt was observed in EV1 due to a relatively minor degree of 
urania re-oxidation (UO2.014) in comparison with the pretest (UO2.05). 
No reliable influence of changes in temperature of the melt surface (in the investigated range) on 
the oxygen absorption rate has been discovered in the test. 
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High-temperature mass spectrometry 
The present work studied high-temperature behaviour of samples of molten corium, the main 
difference of which was not so much in the content of impurities (BaO, SrO, CeO2, La2O3, Ru, 
Mo) as in the presence or absence of a powerful reducing agent (metallic zirconium) capable of 
reducing oxides in the melt. This, in turn, can lead to a decrease in temperatures of gas release, 
or to growth of partial pressures at the same temperature. While for impurities the influence of 
reducing agent can be assessed qualitatively due to their small concentrations, for uranium 
oxides this influence can be quantified by tracing the dependence of the partial pressures ratio 
p(UO)/p(UO2) on the reducing agent concentration, and evaporation temperature and time. 
As said above, melt sample No.4 was taken as a reference, as it contains no reducing agent and 
the degrees of elements oxidation are the maximal possible under conditions of the test. In the 
beginning of evaporation, BaO was present in the vapour along with atomic barium, and the 
pressure of the former was higher than that of the latter. The vapour contained tree uranium 
oxides (UO3, UO2 and UO), it being typical of both the vapour above UO2-х and the UO2−ZrO2 
system [31, 32]. The same refers to cesium oxides: both СеО and СеО2 were recorded in the 
vapour. During the first minutes after appearance of these oxides in the vapour, their pressures 
are roughly equal and it corresponds to the vapour composition above an individual cesium 
oxide [33]. The system in question behaves in the same way as the UO2−ZrO2 solid solution with 
impurities. The more volatile components leave the sample in the first place, and then the less 
volatile oxides start transiting into vapour, as the temperature and evaporation time grow. 
It should be mentioned that in the very beginning of the test the vapour was found to contain 
ВаМоО3, a product of barium oxide interaction with molybdenum in the presence of oxygen. If 
the release of oxygen was stronger, a more volatile molybdate – ВаМоО4 – could have formed 
[34]. 
Besides, there are no atomic molybdenum and ruthenium in the vapor, an explanation of that 
being their dissolution in tungsten (cell material). In such a case, their release from the sample 
should occur at temperatures exceeding the ultimate temperature of the test. Fig. 7.3 shows the 
dependence of the partial pressures ratio p(UO)/p(UO2) on the evaporation temperature and time. 
It can be seen that during the isothermal exposure with predominant evaporation of uranium 
oxides from the sample, the p(UO)/p(UO2) ratio at 2200 K is constant. At 2270, 2390 K and 
higher, this ratio is gradually increasing. At a temperature rise, the ratio of pressures decreases at 
the expense of shifting equilibrium, which is due to the increased partial pressure of oxygen 
above the system. 


The vapour above melt sample No.1 contains the maximal amount of the reducing agent, 
therefore an absolutely opposite picture is observed (Fig. 7.4). The p(UO)/p(UO2) ratio keeps 
decreasing practically all the test through. The value of initial pressures ratio in the case of the 
reducing agent introduction is twice higher than in the case with the completely oxidized sample. 
Besides, the partial pressures of UO and UO2 at 2200 K (the starting temperature of evaporation) 
differ significantly: the introduction reducing agent into the system increases the UO and UO2 
partial pressures at this temperature almost twice. The vapour above the system was found to 
contain neither uranium oxide, nor barium molybdate, nor СеО2. The appearance of atomic 
barium, strontium, as well as of СеО and LaO in the vapour above the oxidized sample was 
observed at higher temperatures. The partial pressures ratio p(ZrO)/p(ZrO2) in the vapour above 
melt sample No.4 was higher than above melt sample No.1», it being in accord with data from 
[35, 36]. 
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Fig. 7.3. Dependence of the partial pressures ratio p(UO)/p(UO2) in vapour above melt 


sample No.4 on the evaporation temperature and time 
 


 
Fig. 7.4. Dependence of the partial pressures ratio p(UO)/p(UO2) in vapour above melt 


sample No.1 on the evaporation temperature and time 
 
The vapour above melt sample No.2 contained a smaller amount of reducing agent than that in 
melt sample No.1 (Fig. 7.5) and in this case a gradual decrease in the p(UO)/p(UO2) ratio was 
observed practically throughout the test, but the rate of this decrease was lower than in the case 
with melt sample No.1. Likewise, no UO3, BaO, BaMoO3 and CeO2 were observed in the 
vapour. Partial pressures of atomic barium, strontium and СеО were somewhat lower than above 
melt sample No.1, but higher than above melt sample No.4. The same refers to the pressure of 
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LaO vapour. The p(ZrO)/p(ZrO2) ratio in the vapor above melt sample No.2 is an intermediate 
value between that for melt sample No.4 and the one for melt sample No.1. 
Vaporization of melt sample No.2 and melt sample No.3 are very similar both qualitatively and 
quantitatively. It is just the rate of the p(UO)/p(UO2) ratio growth at 2400 K in the case of melt 
sample No.3 (Fig. 7.6) is somewhat higher than in the case with melt sample No.2. Qualitatively, 
the vapour phase above melt samples Nos.2 and 3 is the same. 
 


 
Fig. 7.5. Dependence of the partial pressures ratio p(UO)/p(UO2) in vapour above melt 


sample No.2 on the evaporation temperature and time 
 


 
Fig. 7.6. Dependence of the partial pressures ratio p(UO)/p(UO2) in vapour above melt 


sample No.3 on the evaporation temperature and time 
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Qualitatively and quantitatively, the composition of vapour above the ingot average sample is 
similar to that above melt sample No.4. The oxides UO3, BaO and CeO2 are present in the 
vapour. Barium molybdate has not been detected. However, atomic barium, strontium and СеО 
started appearing in the vapour above the ingot average sample at a lower temperature than 
above melt sample No.4. Zirconium oxide also appeared in the vapour at a lower temperature. 
The characters of the p(UO)/p(UO2) ratio change are roughly similar; the only difference is that 
in the vapour above melt sample No.4 the changes in the p(UO)/p(UO2) ratio at the growth of 
temperature are more distinct due to the differences in partial pressures of oxygen above these 
systems. 


 


 
Fig. 7.7. Dependence of the partial pressures ratio p(UO)/p(UO2) in vapour above the ingot 


average sample on the evaporation temperature and time 
 
The dependence of partial pressures of UO3, UO2, UO, ZrO and ZrO2 on the evaporation time 
makes it possible to calculate the evaporation time dependence of the uranium/zirconium ratios 
in the condensed phase. Since high-temperature mass spectrometry does not allow determination 
of the х and y values in the real UO2±х−ZrO2±у system with impurities because it is impossible to 
take the oxygen that transits into vapour together with said oxides into account, and because of 
the big error in determining mole fractions of the components representing impurities, we limited 
ourselves to calculating changes in the ν(U)/ν(Zr) ratio, where ν is the mole fraction of uranium 
and zirconium in a sample. Tabs. 7.5-7.9 offer the dependences of the uranium and zirconium 
oxide vapours total partial pressures, molar fractions of the uranium- and zirconium-bearing 
components, and of the ν(U)/ν(Zr) ratio on the evaporation time and temperature. 
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Table 7.5. Dependence of the uranium- and zirconium-bearing component molar fractions, 
total uranium and zirconium oxide vapours pressure and the ν(U)/ν(Zr) ratio on the 
evaporation time and temperature for melt sample No.4 


Time, min T, K ∑p(U), Pa ∑p(Zr), Pa ν(U) ν(Zr) ν(U)/ν(Zr) 
2 
7 
15 
20 
30 
40 
60 
60 
70 
80 
90 
100 
120 
120 
130 
150 
165 
180 
180 
195 
200 
200 
215 
220 
230 
240 
245 


2200 
2200 
2200 
2203 
2203 
2199 
2203 
2267 
2270 
2270 
2275 
2277 
2277 
2369 
2372 
2394 
2394 
2372 
2535 
2536 
2536 
2691 
2691 
2807 
2817 
2776 
2800 


1.04 
1.04 
1.03 
1.07 
1.11 
0.99 
0.93 
3.21 
2.85 
2.86 
2.44 
2.20 
1.95 
4.82 
4.87 
3.04 
1.46 
0.71 


- 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.33 
0.49 
0.49 
2.93 
2.93 
11.20 
12.43 
10.46 


0 


0.55 
0.54 
0.54 
0.53 
0.53 
0.52 
0.50 
0.50 
0.48 
0.46 
0.43 
0.41 
0.36 
0.36 
0.29 
0.14 
0.06 
0.02 


0 


0.45 
0.46 
0.46 
0.47 
0.47 
0.482 
0.50 
0.50 
0.52 
0.54 
0.57 
0.59 
0.64 
0.64 
0.71 
0.86 
0.94 
0.98 


1 


1.20 
1.18 
1.16 
1.14 
1.11 
1.07 
1.01 
1.01 
0.92 
0.83 
0.75 
0.68 
0.55 
0.55 
0.41 
0.16 
0.06 
0.01 


0 


 







 


 


112
Table 7.6. Dependence of the uranium- and zirconium-bearing component molar fractions, 
total uranium and zirconium oxide vapours pressure and the ν(U)/ν(Zr) ratio on the 
evaporation time and temperature for melt sample No.1 


Time, min T, K ∑p(U), Pa ∑p(Zr), Pa ν(U) ν(Zr) ν(U)/ν(Zr) 
1 
5 
10 
20 
30 
40 
50 
60 
60 
70 
80 
90 
100 
110 
120 
120 
130 
140 
150 
165 
180 
180 
190 
190 
195 
200 
210 
220 
225 


2157 
2123 
2184 
2207 
2203 
2193 
2197 
2197 
2272 
2264 
2272 
2272 
2272 
2272 
2272 
2367 
2390 
2393 
2392 
2392 
2390 
2532 
2532 
2612 
2612 
2770 
2770 
2770 
2770 


1.86 
1.93 
5.35 
4.70 
4.13 
3.44 
2.46 
2.28 
10.00 
8.09 
12.21 
10.03 
8.84 
8.93 
7.85 
15.82 
13.58 
11.03 
7.22 
3.31 
1.05 
2.90 
0.09 


- 
- 
- 
- 
- 
- 
- 
- 


0.05. 
0.07. 
0.10 
0.11 
0.12 
0.14 
0.16 
0.18 
0.20 
0.30 
0.27 
0.28 
0.27 
1.22 
1.22 
2.64 
3.26 
21.86 
22.98 
19.51 


0 


0.55 
0.54 
0.54 
0.53 
0.52 
0.51 
0.51 
0.50 
0.50 
0.48 
0.45 
0.42 
0.39 
0.35 
0.32 
0.32 
0.25 
0.17 
0.10 
0.05 
0.01 
0.01 


0 


0.45 
0.46 
0.46 
0.47 
0.48 
0.49 
0.49 
0.50 
0.50 
0.52 
0.55 
0.58 
0.61 
0.65 
0.68 
0.68 
0.75 
0.83 
0.90 
0.96 
0.99 
0.99 


1 


1.20 
1.19 
1.17 
1.12 
1.08 
1.05 
1.02 
1.00 
1.00 
0.91 
0.82 
0.71 
0.63 
0.54 
0.47 
0.47 
0.33 
0.21 
0.11 
0.05 
0.01 
0.01 


0 
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Table 7.7. Dependence of the uranium- and zirconium-bearing component molar fractions, 
total uranium and zirconium oxide vapours pressure and the ν(U)/ν(Zr) ratio on the 
evaporation time and temperature for melt sample No.2 


Time, min T, K ∑p(U), Pa ∑p(Zr), Pa ν(U) ν(Zr) ν(U)/ν(Zr) 
0 
10 
15 
20 
30 
40 
50 
60 
60 
70 
80 
90 
100 
110 
120 
122 
130 
140 
150 
160 
170 
180 
185 
190 
200 
202 
210 
211 
220 
225 
230 
235 
237 


2135 
2129 
2178 
2178 
2185 
2155 
2182 
2176 
2293 
2298 
2293 
2285 
2282 
2282 
2270 
2390 
2393 
2392 
2420 
2420 
2419 
2419 
2531 
2531 
2531 
2631 
2631 
2737 
2753 
2753 
2753 
2753 
2753 


0.08 
0.16 
0.30 
0.33 
0.34 
0.30 
0.40 
0.37 
1.57 
1.45 
1.38 
1.47 
1.26 
1.20 
1.20 
3.46 
3.09 
2.64 
2.27 
2.00 
1.50 
0.85 
2.03 
0.18 
0.005 


- 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.05 
0.05 
0.05 
0.06 
0.06 
0.06 
0.06 
0.36 
0.38 
0.40 
1.14 
1.28 
5.43 
5.80 
5.65 
5.96 
5.60 


0 


0.54 
0.54 
0.54 
0.54 
0.53 
0.53 
0.53 
0.52 
0.52 
0.51 
0.49 
0.47 
0.45 
0.43 
0.41 
0.41 
0.36 
0.30 
0.24 
0.17 
0.11 
0.06 
0.03 
0.005 


0 


0.46 
0.46 
0.46 
0.46 
0.47 
0.47 
0.47 
0.48 
0.48 
0.49 
0.51 
0.53 
0.55 
0.57 
0.59 
0.59 
0.64 
0.70 
0.76 
0.83 
0.89 
0.94 
0.97 
0.995 


1 


1.18 
1.17 
1.17 
1.17 
1.14 
1.14 
1.14 
1.09 
1.09 
1.02 
0.95 
0.89 
0.82 
0.76 
0.70 
0.68 
0.56 
0.42 
0.31 
0.20 
0.12 
0.06 
0.03 
0.004 


0 
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Table 7.8. Dependence of the uranium- and zirconium-bearing component molar fractions, 
total uranium and zirconium oxide vapours pressure and the ν(U)/ν(Zr) ratio on the 
evaporation time and temperature for melt sample No.3 
Time, min T, K ∑p(U), Pa ∑p(Zr), Pa ν(U) ν(Zr) ν(U)/ν(Zr) 


1 
5 
10 
20 
30 
40 
50 
60 
60 
70 
80 
90 
100 
110 
120 
120 
130 
140 
150 
160 
170 
180 
180 
190 
200 
210 
220 
230 
240 
240 
250 
250 
260 
265 
270 
271 
275 


2158 
2187 
2187 
2189 
2195 
2205 
2204 
2205 
2313 
2310 
2312 
2312 
2316 
2314 
2316 
2414 
2428 
2421 
2421 
2421 
2423 
2423 
2547 
2551 
2551 
2555 
2557 
2561 
2561 
2667 
2667 
2829 
2765 
2840 
2834 
2834 
2834 


0.15 
0.54 
0.54 
0.55 
0.58 
0.74 
0.82 
0.66 
2.79 
2.40 
2.84 
2.68 
2.53 
2.26 
2.10 
5.90 
4.79 
2.9 
2.85 
2.51 
2.25 
1.59 
7.26 
4.21 
2.78 
0.94 
0.55 
0.20 
0.09 
0.3 
0.05 


0 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.04 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.08 
0.08 
0.11 
0.14 
0.15 
0.13 
0.13 
0.44 
0.54 
13.60 
11.54 
12.61 
11.00 
1.91 


0 


0.53 
0.53 
0.53 
0.52 
0.52 
0.52 
0.52 
0.51 
0.51 
0.51 
0.49 
0.47 
0.45 
0.43 
0.42 
0.40 
0.38 
0.33 
0.30 
0.27 
0.24 
0.22 
0.22 
0.13 
0.07 
0.03 
0.02 
0.01 
0.004 
0.004 


0 


0.47 
0.47 
0.47 
0.48 
0.48 
0.48 
0.48 
0.49 
0.49 
0.49 
0.51 
0.53 
0.55 
0.57 
0.58 
0.60 
0.62 
0.67 
0.70 
0.73 
0.76 
0.78 
0.78 
0.87 
0.93 
0.97 
0.98 
0.99 
0.996 
0.996 


1 


1.12 
1.12 
1.12 
1.10 
1.10 
1.10 
1.10 
1.04 
1.03 
1.03 
0.97 
0.88 
0.83 
0.76 
0.71 
0.65 
0.60 
0.50 
0.43 
0.37 
0.32 
0.28 
0.28 
0.15 
0.07 
0.03 
0.02 
0.01 
0.004 
0.004 


0 
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Table 7.9. Dependence of molar fractions of uranium- and zirconium-bearing components, 
total pressure of vapours of uranium and zirconium oxides and the ν(U)/ν(Zr) ratio on the 
evaporation time and temperature for the ingot average sample 
Time, min T, K ∑p(U), Pa ∑p(Zr), Pa ν(U) ν(Zr) ν(U)/ν(Zr) 


0 
10 
20 
30 
40 
50 
60 
60 
70 
80 
90 
100 
110 
120 
120 
130 
140 
150 
160 
180 
200 
210 
220 
230 
240 
240 
250 
260 
261 
265 
270 
275 
277 


2230 
2213 
2203 
2217 
2214 
2210 
2223 
2321 
2319 
2121 
2320 
2325 
2321 
2321 
2400 
2407 
2434 
2434 
2434 
2430 
2434 
2426 
2541 
2695 
2695 
2777 
2785 
2770 
2826 
2845 
2845 
2845 
2845 


0.90 
0.57 
0.52 
0.74 
0.62 
0.48 
0.79 
2.48 
2.32 
2.21 
2.44 
2.64 
1.66 
1.66 
5.38 
5.34 
4.74 
4.73 
3.90 
2.62 
0.91 
0.37 
0.06 
0.02 


0 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.02 
0.03 
0.05 
0.05 
0.06 
0.07 
0.08 
0.08 
0.40 
1.69 
1.83 
6.10 
7.04 
5.76 
7.74 
9.17 
8.57 
7.22 


0 


0.53 
0.52 
0.52 
0.52 
0.51 
0.51 
0.51 
0.51 
0.49 
0.48 
0.46 
0.45 
0.43 
0.42 
0.42 
0.37 
0.32 
0.26 
0.21 
0.10 
0.02 
0.01 
0.001 
0.001 


0 


0.47 
0.48 
0.48 
0.48 
0.49 
0.49 
0.49 
0.49 
0.51 
0.52 
0.54 
0.55 
0.57 
0.58 
0.58 
0.63 
0.68 
0.74 
0.79 
0.90 
0.98 
0.99 
0.999 
0.999 


1 


1.11 
1.10 
1.10 
1.10 
1.05 
1.05 
1.05 
1.05 
0.97 
0.92 
0.86 
0.80 
0.75 
0.71 
0.71 
0.59 
0.47 
0.36 
0.26 
0.10 
0.02 
0.01 
0.001 
0.001 


0 
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For the sake of clearness, the above-mentioned dependences are presented graphically in 
Figs. 7.8-7.10 with the only difference that the values of total partial pressures of uranium oxides 
have been recalculated into common temperatures applying a temperature coefficient from 
equation (7.1). 


lg p (Pa) = −(31000±400)/T + (13.74±0.06)       (7.1) 
Pressures corresponding to the evaporation time from 0 through 60 min have been recalculated 
for 2200 K, those within the 60 through 120 min range – for 2300 K, and those within the 120 
through 180 min range – for 2400 K. 
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Fig. 7.8. Dependence of the total partial pressures of uranium oxides on the х(U) mole 


fraction at 2200 K. � - Sample 1, Ο - Sample 2, Δ -Sample 3, ∇ - Sample 4, ◊ - Ingot average 
sample 
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Fig. 7.9. Dependence of the total partial pressures of uranium oxides on the х(U) mole 


fraction at 2300 K. � - Sample 1, Ο - Sample 2, Δ -Sample 3, ∇ - Sample 4, ◊ - Ingot average 
sample 
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Fig. 7.10. Dependence of the total partial pressures of uranium oxides on the х(U) mole 


fraction at 2400 K. � - Sample 1, Ο - Sample 2, Δ -Sample 3, ∇ - Sample 4, ◊ - Ingot average 
sample 


Figs. 7.8-7.10 show clearly that a higher volatility of uranium oxides is noticeably stimulated by 
the considerable amount of the introduced reducing agent. It was observed at all three 
temperatures. The reducing agent introduction in a small quantity somewhat reduces uranium 
oxides volatility. It cannot be excluded that impurities play a special role during the two first 
heating stages (2200 and 2300 K) by reducing the pressure of uranium oxides through the 
formation of thermally resistant compounds in the condensed phase. 
Finally, it should be mentioned that the obtained results characterize the regime of samples 
stepwise heating. The temperatures used for evaporation were connected with the limitations 
imposed by the application of the Knudsen effusion method. However, a prompt heating of 
samples up to about 2800-3000 K (pulse heating) may cause the appearance in vapour of such 
complex molecular forms, as uranates and zirconates of the alkaline-earth metals. According to 
work [37], this requires only appropriate conditions for coexistence of oxides of the alkaline-
earth metals with uranium and zirconium oxides, which may be achieved by pulse heating. 


Thermodynamic modeling 
Thermodynamic modeling of the melt components and fission products evaporation 


employed the Gemini2 code with the NUCLEAiv-07_1 database assuming the existence of a 
local thermodynamic equilibrium between the melt and the limited volume of gas passing over it. 


This volume of gas was assessed using the data obtained during the melt oxidation stages. 
The assessment assumed complete absorption of oxygen from the volume of the Ar/O2 mixture, 
which was in chemical equilibrium with the melt. 


The volume fraction of oxygen absorbed by the melt in the test amounted to 
approximately 40 % of all oxygen supplied to the furnace. Therefore, the calculation modeled 
equilibrium between the melt and argon in the amount of 40 % of total argon mass passed above 
the melt during regime I. 


Composition of the melt was specified according to the results of XRF and ICP MS 
analyses of melt sample No.1. The elements Се and Мо were excluded from calculations due to 
their absence in the used database. 
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The diagram in Fig. 7.11 presents a comparison of the results of thermodynamic calculations 
with the experimental data. 
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Fig. 7.11. Comparison of the aerosol release thermodynamic modeling with experimental 
data from regime I. 


 
The figure shows that: 
- the release of uranium, zirconium and barium during melt evaporation is modeled by the 


Gemini code correctly; 
- The calculated values of lanthanum evaporation in an inert atmosphere are noticeably 


overestimated; 
- The releases of strontium and ruthenium are significantly underestimated by the Gemini 


code; 
After the test, a metallic inclusion with the mass of 5.11 g (containing 88.8%Ru, 11%Mo and 
0.2%Zr) was found in the ingot bottom part. This inclusion had a higher density than the average 
density of the melt and it explained location of this phase in the bottom part of the melt at the 
beginning of crystallization. This location, shape and size of this inclusion speak in favour of its 
formation from the metallic liquid phase during melt crystallization. That means, that at the 
moment of crystallization the composition was in the miscibility gap and was composed of the 
oxidic and metallic liquid phases. 


To compare experimental data with the results of thermodynamic calculations applying 
the Gemini2 code and NUCLEAiv-07_1 database, a calculation of equilibrium was made for a 
composition corresponding to the melt average composition at the moment of quenching. The 
results of this calculation are presented in Fig. 7.12. It should be noted that the calculations were 
made excluding Мо and Се from the composition, as they are absent in the NUCLEAiv-07_1 
database. 
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Fig.  7.12. Temperature dependence of the equilibrium phases content in the system 


 
Phases designation: 
FCC_C1, FCC_C1(1) – (U, Zr)O2 solid solution; 
TET(OXIDE) – tetragonal zirconium oxide with a small amount of uranium; 
PEROVSKITE – BaZrO3; 
HCP_A3(1) – ruthenium with a small amount of oxygen; 
LIQUID – liquid phase. 


It can bee seen from Fig. 7.12 that at 2850-2950 K (temperatures of the test) no stratification into 
two liquids was observed in the system, while it had most likely occurred during the test. 
According to the calculations, the phase that contains all ruthenium (HCP_A3(1)) appears during 
crystallization of the remainder of the liquid phase. In the present test, the pattern of ingot 
crystallization should have placed this phase in the central part of the ingot near the shrinking 
cavity, but it contradicts the results of the test. 
Thus, the Gemini2 code and the NUCLEAiv-07_1 database could not model equilibrium in this 
system precisely enough. 
Experimental data on the composition and masses of the oxidic and metallic parts of the ingot 
may be used for optimization of the NUCLEA database. 
It should be noted that all the regularities described in the chapter are characteristic of the 
conditions when the argon-oxygen mixture is present above the melt surface. However, it will be 
a steam-gas atmosphere above the melt during a severe accident. This may influence both 
physicochemical processes in the melt and hydrodynamics of the above-melt flow, and thus 
source term characteristics. 
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Conclusions 


The most important test findings deemed worth mentioning are listed below. 
1. Quantitative data have been obtained on the release of uranium and zirconium oxides, and of 


such fission product imitators as SrO, BaO, La2O3, CeO2, Ru and Mo from molten corium at 
its oxidation from С 70 to С 100 and at different melt surface temperatures. The melt 
temperature has been convincingly confirmed to have the most significant influence on the 
release of fission products and melt components. 


2. The increase of the melt oxidation index from С 70 to С 100 leads to a significant decrease 
of strontium and barium release rates (approximately 20 and 10 times, respectively). At the 
same time, the rate of molybdenum release increases about 3 times. The total aerosol mass 
release rate undergoes approximately a 5-fold decrease. The rate of ruthenium evaporation is 
little sensitive to the index of corium oxidation. Formation of gaseous ruthenium tetroxide 
has not been detected under the test conditions, even after melt oxidation up to С 100. 
Therefore, it can be expected that melt oxidation, for example, in the ex-vessel melt catcher 
will have in general a favourable effect on the radiation situation. This will be promoted not 
only by lower release rates of the most radiologically important fission products, but also by 
the increased liquidus temperature of the system, which will facilitate a solid crust formation 
on the melt surface at equal temperatures. 


3. It has been demonstrated that the melt containing prototype quantities of ruthenium and 
molybdenum segregates into two liquids and practically all ruthenium and a noticeable part 
of molybdenum concentrate in the metallic liquid. 


4. The aerosol particles size distribution has been analyzed by different methods and showed 
that the primary condensation aerosol particles have a characteristic size of less than 1 µm. A 
big difference in aerosol particles size distribution has been noticed to depend on their 
condensation either in an inert atmosphere, or when oxidizer is supplied on the melt surface. 
Right during oxidation the fraction of minute particles is growing, but after the melt has 
oxidized to C 100 the fraction of large (heavy) particles with characteristic diameters of 11-
12.6 μm increases considerably. A circumstance of importance for analyzing processes that 
occur during a severe accident and for justifying such safety systems as SPOT GO/PG 
(passive heat removal system from containment/steam generator PHRS S/SG) and hydrogen 
catalytic recombinators is a tendency of aerosol particles to form dense deposits possessing 
good adhesion to cold surfaces and noticeable thermal and diffusion resistance. 


5. High-temperature mass spectrometry of melt samples has shown that a higher volatility of 
uranium oxides is strongly influenced by the amount of introduced reducing agent (see 
Figs. 7.8-7.10). 


6. XRD analysis has found that uranium oxides condensation above the melt produces mainly 
the UO2 phase. In the oxygen-containing atmosphere the condensed phase is mainly 
U3O8.The rate of oxygen absorption (oxidation rate) does not depend on zirconium 
concentration in the melt and is totally determined by the content of oxygen in and flow 
hydrodynamics of the above-melt atmosphere. 


7. Completion of zirconium oxidation is followed by re-oxidation of urania to an equilibrium 
state under the given temperature of the melt. A part of this oxygen can be released back into 
the atmosphere during melt crystallization. 
 
The obtained experimental data may be used for optimization of databases on the release of 


FP from molten corium and for validation of correspondent modules of severe accident codes. 
Taking the applicational nature of the present research, aimed for instance, at developing a 
justification of the ex-vessel melt catcher, among the most important tasks for the future there 







 


 


121
should be named the determination of the melt component release rates in steam, ultimately in 
presence of a water layer on the melt surface/crust. 
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1 Introduction 


Molten corium is a very complex high-temperature melt which consists of molten fuel, 
construction materials (CM) and fission products (FP). In order to describe releases of these 
substances from the molten corium pool it is necessary to describe two-phase system: melt-
gas. Experiments show that in fact the melt itself can split into metal phase and oxide phase, 
i.e. the system has three phases. 


We expect that FPs and CMs will evaporate from the open surface of the melt. In the case of 
corium in the core-catcher, corium can interact with concrete which may lead to appearance 
of gas bubbles but our models are applicable only to corium at the bottom of the reactor 
vessel where no bubbles expected. 


At present time two models of FP and CM output are being developed. The first model is 
based on the assumption that liquid phase can be considered as an atomic mixture with 
equilibrium state described in terms of the regular solution model. Equilibrium pressures of 
single-atomic gases over such liquid are considered, and the release rates are calculated using 
phenomenological Langmuir model. In the other model, equilibrium state of the melt is 
considered in terms of semi-ideal molecular solution model, and two-phase («liquid-gas») 
equilibrium is evaluated taking into account the (given) composition of atmosphere over the 
melt. For simplicity, all kinetic processes, such as condensed-phase and gas-phase diffusion 
are neglected, and the rates of FP releases are proportional to partial pressures of FP-bearing 
gases and to the (given) flow rate of the gas mixture over the melt. In both models the 
possibility of corium splitting into metal and oxide phases is neglected. 
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2 Atomic solution model 


2.1 Problem statement 
Estimate of release of low-volatile FPs and CMs is based on the analysis of thermodynamic 
properties of corium. Multi-component melt is modeled as a regular mixture of metal and 
metalloid atoms. Analysis of experiments STFM-Fe, conducted within the framework of 
MASCA project, have shown that it is possible to create a model of melt with a minimum 
number of adjustable parameters which reproduces thermodynamic equilibrium between 
oxide and metal phases in O-U-Zr-Fe system [2.1]. It satisfactory describes the results of 
STFM-Fe experiments and allows to make predictions about interaction between O-U-Zr 
corium with Fe.  


This model of corium is the base of model of FPs and CMs release from its open surface. FPs 
are simulated by comparatively low-volatile Mo, Ru, Sr, Ba, Ce and La which can survive in 
the melt at temperatures 2500-3000 оС. According to known estimates the concentrations of 
selected FPs in the corium are as follows: (in mass %): Mo-0.6; Ru-0.45; Sr-0.15; Ba-0.27; 
Ce-0.48; La-0.22. The proportion between these concentrations is the same, if the burnup of 
the fuel is lower, these concentrations are proportionally lower. 


It is well-known that the rate of evaporation from the open surface into vacuum is calculated 
according to Langmuir equation [2.2] 


 ( ) )/(,44.44 25.0 scmgTMPV kkkk ⋅= β , (2.1) 


where Pk is partial pressure (in atm) of k-th component over the melt (k = O, U, Mo, Ba, …); 
βk is the Langmuir coefficient, Т is the temperature; Mk is the atom mass of k-th atom. 


In the regular solution model, the partial pressure of k-th component of the gas phase, kp  , 
over the melt U–Zr–O–FPk has the form: 


 
( )


( ) ( )
OZrOZrOUOU


ZrUZrUkOOkkZrZrk


kUUkkkk


xxLxxL
xxLxxLxxL


xxLxRTPRTPRT


−−


−−−


−


−−
−−+−+
−++=


11
1lnlnln 0


 (2.2) 


Here R = 8,31696 J/(mol⋅K) is the universal gas constant; xk is the concentration of k-th 
element in the melt; Lij = Lji is the coefficient of binary interaction of i-th and j-th component 
in the melt; Pk


o is the pressure (in atm) over the pure melt of atoms «k».  


2.2 Obtaining of excess interaction parameters Lij  
The excess parameters Lij describe non-ideality of the melt. They are responsible for the 
excess Gibbs energy Lij xixj in the melt due to interaction between i-th and j-th components. 
These parameters are adjustable, i.e. their values should be obtained in such a way as to fit 
experimental results. 


The parameters of excess interaction for the system O–U–Zr–Fe are obtained from the STFM 
experiments. For O–U–Zr subsystem they are as follows (J/mol):  


 LU-Zr = 19075;  LU-O = –9180;  LZr-O = –42470.  


The parameters of excess interaction of Mo and with metal atoms in the corium were obtained 
by fitting the model predictions to known phase diagrams [2.3]–[2.6]. The results are shown 
in the Table 2.1. 


Table 2.1. Interaction parameters of Mo and Ru with metal atoms in corium 
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Excess interaction parameter Lij, J/mol 


Мо Ru 


U 1900 8200 


Zr 5790 ± 440 19960 


Fe 2530 18350 


 


Similar parameters for other FP simulants (Sr, Ba, Ce, La) can not be obtained in this way 
because the phase diagrams for the corresponding mixtures are unknown. For obtaining of 
these parameters the method developed by Miedema et al. [2.7]–[2.10] was used. It is based 
on the Pauling’s conception of electronegativity. According to this approach, the crystal is 
divided into electroneutral elementary Wigner-Seitz shells. The distribution of electron 
density in these shells is different for different metals. When different metals are alloyed two 
processes take place. Firstly, the electrons on the boundaries of different metal shells had 
different chemical potentials. After alloying they become equal. Secondly, the electron 
densities at the boundaries of different shells were also different. After alloying they become 
equal too. 


The first process is the result of electric charge transfer which gives negative contribution to 
the total energy. Its magnitude is proportional to square of electrical negativities of different 
components: 


 ( )2211 ~ kkH −Δ  


The second process is related with deformation of the shells. Its contribution to the total 
energy is negative: 


 ( )231
2


31
12 ~ nnH −Δ  


where ni is the electron density at the boundary of Wigner-Seitz shell for i-th component. 


Miedema method is semiempirical since not all the necessary values are known. The values of 
ki can be obtained since we know the work functions of electrons from the metals. However, 
the proportionality coefficient and ni are model adjustable parameters. They were obtained 
empiriacally by the analysis of the massive alloy formation heats. In general, Miedema 
equation for alloy formation excess energy has the form: 


 ΔH =P·(2·f(x) (x1V1
2/3 + x2V2


2/3)) {-(k1-k2)2 + Q·(n1
1/3-n2 


1/3)2 -α·R}/(n1
-1/3-n2


-1/3)2, 
(2.3)  


where the function f(x) = x1
S · x2


S, xi
S = xiVi


2/3 /·(x1V1
2/3 + x2V2


2/3) is the surface molar 
concentration of i-th component for liquid alloys. Factor R takes into account energy loss due 
to p- and d- electrons hybridization, coefficient α is 0,73 for the melts. The factor Р is set 12.3 
kJ/mol for alloys with one transition metal and 14.2 kJ/mol if both components are transition 
metals. The coefficient Q is equal to 9.4. values of parameters ki, ni


1/3,Vi
2/3 and Ri are shown 


in the Table 2.2. 


Table 2.2. Parameters for Miedemma formula of excess energy. 


Element ki ni
1/3 Vi


2/3 Ri 


U 3.90 1.51 5.57 1.00


Zr 3.45 1.41 5.81 1.00


Fe 4.93 1.77 3.69 1.00
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Sr 2.40 0.84 10.48 0.40


Ba 2.32 0.81 11.32 0.50


La 3.17 1.18 7.98 0.70


Ce 3.18 1.19 7.76 0.70


 


As it has been mentioned above, the excess energy of alloy formation defined by Eq. (2.3) is 
related to the excess coefficient: 


 ijji LxxH =Δ  (2.4) 


RRelations (2.3) and (2.4) allows to obtain Lij for metals in corium U, Zr, Fe and FPs Sr, Ba, 
La, Ce. They are shown in the Table 2.3. 


Table 2.3. Parameters Lij for alloys of U, Zr, Fe with Sr, Ba and Ce. 


Excess interaction parameter Lij, kJ/mol 


Sr Ba La  Ce 


U 190.2 204.3 60.6 54.4 


Zr 188.9 204.8 51.4 46.5 


Fe 132.3 140.8 17.7 10.1 


 


The main difficulty is to obtain excess energy of interaction of oxygen with FPs. However, 
MASCA experiments STFM-FP provide necessary information [2.11]: distribution of FPs 
between oxide and metal phases allows obtaining necessary parameters. The results of 
experiments STFM-FP №1 and STFM-FP №2 were used. The compositions of equilibrium 
oxide and metal phases at 2873 K are shown in the Table 2.4. 


Table 2.4. Compositions of oxide and metal phases in experiments STFM-FP1 and STFM-
FP2 at temperature 2873 K. 


Concentration of the element, at.% 


Metal phase  Oxide phase  


 
Element 


STFM-FP №1 STFM-FP №2 STFM-FP №1 STFM-FP №2 


U 15.2692 14.21414 20.309 22.943 


Zr 15.269 13.15538 15.724 13.6253 


Fe 24.18 27.66732 1.18 0.58166 


Mo 0.96539 1.44734 0.06264 0.047563 


Ru 0,7695 0.936 0.05 0.03367 


Sr 0.01695 0.011653 0.10874 0.11475 


Ba 0.0134 0.00793 0.10673 0.10137 


Ce 0.004 0.0039 0.0994 0.0552 


La 0.01425 0.01176 0.100 0.05568 
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Strictly speaking, it is necessary to obtain Lij for pairs FP-FP. But in fact excess terms Lij xi xj 
and their derivatives are negligible due to small values of concentrations of all FPs. So only 
parameters LiO were adjusted, see Table 2.5. 


Table 2.5. Excess parameters for FPs with oxygen. 


Interaction parameter Lij, kJ/mol  
System From STFM-FP #1 From STFM-FP #2 Average 


Mo-O 87.1 110.3 98.7 


Ru-O 81.1 101.1 91.1 


Sr-O - 197.8 - 217.4 - 207.6 


Ba-O - 214.8 - 236.0 - 225.4 


Ce-O - 149.7 - 149.3 - 149.5 


La-O - 122.6 - 131.5 - 127.05 


 


Now we know the free energy and chemical potentials for the melt for all necessary 
compositions at all temperatures. 


2.3 FP release model  
Release rates of FP elements have been estimated using Eq. (2.1). For the considered 
elements, vapor pressures as functions of temperature are presented in Refs. [2.12] and [2.13] 
in the form 


 TCBTAatmpk ln)(ln 10 ++= −  (2.5) 


with the coefficients, A, B, C, reproduced in Table 2.6. At temperatures 2500-3000 K some 
predictions of this formula should be considered as extrapolation.  


Table 2.6. Parameters for saturated vapor pressures of Mo, Ru, Sr, Ba, Ce and La. 


Element A B C Temperature interval, K 


Mo 6.112 - 30324 - 2896-4000 


Ru 9.755 - 34154 - 0.4723 298-2523 


Sr 4.523 - 7423 - 1041-1641 


Ba 4.007 - 8163 - 1002-1200 


Ce 5.611 - 21200 - 1071-2450 


La 5.911 - 21855 - 1193-2450 


 


The most vague parameters in Eq. (2.1) are Langmuir coefficients for CMs and FPs. They 
show the ratio between the number of particles leaving the surface the number of really 
evaporating particles. There is not enough experimental information for obtaining these 
coefficients. In STFM-Fe experiments Fe release has been measured which allows to obtain 
Langmuir parameter for Fe [2.14], [2.15]. When Fe evaporates into neutral atmosphere at 
pressure ~ 1.3 atm this coefficient is estimated as βFe ~ 5·10–4. Other βκ were set equal to the 
same value. New experimental information from EVAN experiments will allow to obtain 
their values in more accurate way. 
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Using the preliminary set of Langmuir parameters, the rate of FPs evaporation has been 
calculated. The temperature was set 2873 K, FPs proportion 0.04 mass % for all the elements. 
In Table 2.7 the rate of FP release from various O–U–Zr coriums is shown. The compositions 
of the coriums are described by two independent parameters: atomic ratio U/Zr and zirconium 
oxidation degree (assuming uranium to be fully oxidized).  


Table 2.7. Model predictions of FP release rate at T = 2873 K for various U/Zr ratios and Zr 
oxidation degrees Cn, mg/cm2 hour 


Atomic ratio U/Zr=1.2 Atomic ratio U/Zr=1.6  
Element C-n=40 C-n=70 C-n=90 C-n=40 C-n=70 C-n=90 


Sr  813 389 255 693 381 268 
Ba  92.5 41.8 26.6 77.2 40.6 27.9 
La 0.100 0.068 0.054 0.096 0.070 0.058 
Ce 0.039 0.026 0.020 0.037 0.026 0.022 
Mo 0.021 0.022 0.023 0.023  0.024 0.025 
Ru 0.094 0.099 0.101 0.102 0.106 0.108 


2.4 Comparison with the experiment EV1 
Within the scopes of ISTC project #3345 an experimental work has been carried out in which 
releases of low-volatile fission products under various temperature conditions and Zr 
oxidation degrees have been measured. The results of this experiment have been summarized 
in Ref. [2.16]. Initial corium composition shown in Table 2.8 was set as follows: Zr oxidation 
degree C-70, U/Zr atomic ratio is approximately 1.2, FP simulants were added as oxides SrO, 
BaO, CeO2, La2O3 and metals Mo and Ru.  


Table 2.8. Composition of the furnace charge in EV1 experiment. 


Component Mass %  Mass, g 


UO2 72.64 1234.88 


ZrO2 19.38 329.46 


Zr 6.15 104.55 


SrO 0.14 2.38 


BaO 0.23 3.91 


CeO2 0.45 7.65 


La2O3 0.20 3.4 


Ru 0.35 5.95 


Мо 0.46 7.82 


 


During the experiment corium was oxidized by oxygen-containing atmosphere and finally 
reached oxidization degree C-100. During this process aerosol and corium samples have been 
taken at different moments. Table 2.9 shows compositions of the corium probes (* - melting 
after crystallization). 


Table 2.9. Corium probes composition [2.16] 


Probe Corium oxidation Element concentration, mass % 
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number  
 


degree U Zr Sr Ba La Ce Mo Ru 


№1 С-70 64.6 19.9 0.11 0.26 0.14 0.21 0.40 0.06 


№2 С-85 64.1 20.4 0.05 0.21 0.14 0.05 0.44 0.08 


№3* С-85* 64.2 20.7 0.05 0.06 0.14 0.39 0.72 0.07 


№4 С-100 63.2 20.6 0.05 0.11 0.14 0.31 0.56 0.08 


 


Aerosols were blown away from the melt surface by an air flux. Its composition was pure 
argon or 80% argon and 20% oxygen; its rate was 600 L/h. Masses of aerosols were 
determined by gravimetric method. Chemical analysis gave their compositions [2.16]. The 
rates of FP release with aerosol loses in lines taken into account are presented in Table 2.10. 


Table 2.10. FP release rates in EV1 experiment [2.16] 


Evaporation rate Vexp., mg/cm2·h  
Probe  


Temperature, оС 


Sr Ba La Ce Mo  Ru 


2535 10.960 5.665 0.326 0.114 0.961  0.161 №1 


2595 14.273 6.817 0.469 0.505 2.452  0.326 


№2 2639 0.962 1.627 0.190 0.385 1.874  0.249 


2655 0.962 1.954 0.253 0.650 2.099  0.825 №3 


2696 1.584 2.682 0.549 0.495 4.373  0.912 


№4 2652 0.363 0.521 0.136 0.433 27.310  0.319 


 


Let us compare the experimental results [2.16] with the model estimates based on (1, 2) for 
the corium probes. Their compositions are shown in Table 2.11 in atomic percents. FP release 
rates were calculated for all the stages of the experiment. Langmuir coefficient βFe  was set 
5·10–4. The results of calculations are summarized in Table 2.12. 


For comparison, the release rates have been also calculated under the assumption that the melt 
is an ideal solution when all the excess interaction parameters can be set equal to zero. In this 
case Eq. (2.3) is simplified to  


 kkk xRTpRTpRT lnlnln 0 +=  (2.6) 


The release rates calculated in this way are shown in Table 2.13. 


Table 2.11. Corium probe atomic compositions 


Concentration, at % Probe 


U Zr O Sr Ba La Ce Mo Ru 


№1 19.4565 15.6376 64.1591 0.0900 0.1357 0.0723 0.1074 0.2989 0.0425


№2 19.1014 15.8608 64.4107 0.0405 0.1084 0.0715 0.0253 0.3253 0.0561


№3 19.7748 16.6355 62.6370 0.0418 0.0320 0.0739 0.2040 0.5502 0.0508


№4 18.4789 15.7149 65.0254 0.0397 0.0557 0.0701 0.1540 0.4063 0.0551
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Table 2.12. Fission products release rates as predicted by regular solution model of corium 


Release rate Vreg, mg/(cm2·h)  
Probe 


Temperature, оС 


Sr Ba La Ce Mo  Ru 


2535 68.5 16.5 0.015 0.010 0.018 0.011 №1 


2595 81.3 20.0 0.023 0.015 0.028 0.017 


№2 2639 40.1 17.6 0.030 0.045 0.043 0.034 


2655 65.4 7.27 0.038 0.047 0.075 0.033 №3 


2696 62.6 8.17 0.050 0.061 0.100 0.045 


№4 2652 36.4 8.34 0.030 0.029 0.060 0.037 


 


Table 2.13. Fission products release rates as predicted by ideal solution model of corium 


Release rate Vid,  mg/(cm2·h)  
Probe 


Temperature, оС 


Sr Ba La Ce Mo  Ru 


2535 1463 276 0.170 0.221 8.8·10-4 5.8·10-4 №1 


2595 1635 307 0.245 0.315 1.55·10-3 1.0·10-3 


№2 2639 796 78,2 0.313 0.095 2.5·10-3 1.8·10-3 


2655 844 80,3 0.355 0.840 0.005 2·10-3 №3 


2696 905 85,8 0.446 1.05 0.007 3·10-3 


№4 2652 798 139 0.331 0.622 0.0035 2.2·10-3 
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3 Molecular solution model 
In the molecular model describing releases of fission product (FP) elements and construction 
materials (CM) from molten corium, the system under consideration consists of condensed 
and gas phases. The condensed phase – melt being, in general, two- (including oxide and 
metallic phases) or single- phase liquid includes, besides the main components, i.e. UO2, 
ZrO2, Zr and dissolved oxygen O, fission product elements in the metallic and oxide forms. 
The gas phase consists of non-condensed gases involving in the melt gas environment, e.g. 
Ar, N2, H2O, H2, O2, and FP-bearing vapors. The list of species of the condensed and gas 
phases considered in the present version of the model is presented in Table 3.1.  


Table 3.1. Molecules in liquid and gas phase. 


Melt U, Zr, Cs, Mo, Ru, Ba, Sr, La, Ce, Nd, Nb, 
Sb, Te, Fe, Cr, Ni  


UO2, ZrO2, Cs2O, MoO2, RuO2, BaO, SrO, 
La2O3, CeO2, Ce2O3, EuO, Eu2O3, Nd2O3, 
NbO, NbO2, Sb2O3, FeO, Cr2O3, NiO 


Gas phase O2, H2, N2, H2O, Cs, CsO, Cs2O, Cs2, 
Cs2MoO4, CsI, Cs2I2, Mo, MoO, MoO2, 
MoO3, Mo2O6, Mo3O9, Ru, RuO, RuO2, 
RuO3, RuO4, Ba, Ba2, Ba2O, BaO, Ba2O2, 
BaMoO4, Sr, Sr2, SrO, Zr, ZrO, ZrO2, La, 
La2O, LaO, La2O2, Ce, CeO, Eu, Eu2O, 
EuO, Eu2O2, Nd, NdO, Nb, NbO, Sb, Sb2, 
SbO, U, UO, UO2, UO3, UH2O4, Fe, FeO, 
FeO2, Fe2, FeHO, FeHO2, FeH2O2, Ni, NiO, 
Ni2, NiHO, NiH2O2, Cr, CrO, CrO2, CrO3, 
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Cr2, Cr2O, Cr2O2, Cr2O3 


The model of fission products and construction materials releases from melt is based on 
equilibrium thermodynamics of the system and should include description of the following 
main physicochemical processes determining the release rates: equilibrium vapor formation, 
evaporation kinetics, diffusion transport of FP and CM vapors through the near-surface 
diffusion layer of the gas phase, mass transfer of vapors and aerosols in the bulk of the gas 
phase above the melt. For adequate description of evaporation, the models resposible for 
description of evolution of the condensed and gas phases should take into account absorption 
of oxygen from the gas phase, the corresponding changes in the gas phase composition, and 
also, the condensed phase diffusion of oxygen accompanied by oxidation of the melt 
components.  


3.1 Model assumption  
The kinetic processes accompanying evaporation release from the melt are described in the 
following time scales:  


• τcond – characteristic time for equilibration in the boundary layer of the condensed 
phase determined by the transport processes (diffusion, convection) with participation 
of FP, CM and oxygen in the melt;  


• τevap – time characterizing evaporation kinetics described, for instance, in the frames 
of Langmuir model;  


• τs-diff – characteristic time of the diffusion transport in the boundary (diffusion) layer of 
the gas phase near the melt surface;  


• τb-diff – characteristic time of the diffusion transport in the bulk of the gas phase;  


• τrelease – characteristic time of the FP release determined by the gas flow rate and the 
gas channel geometry (and size). 


The gas transport model is based on the following assumptions: 


1. Molten corium, at least, boundary layer of this liquid, is assumed to be in 
thermodynamic equilibrium, that is τcond << τrelease. 


2. Evaporation time is suppose to satisfy the conditions τevap << τcond и τevap << τs-diff that 
means the vaporization kinetics is considered as a fast process, and the time delay 
connected to this process can be neglected. Thus, the vapor pressures at the phase 
interface instantaneouslty take equilibrium values determined by the melt and gas 
compositions and the temperature.  


3. In the gas mixture above the melt surface, vapors of FP elements can be considered as 
low concentration impurities partial pressure of which are negligibly small in 
comparison with partial pressures of the main components and total pressure; 
perturbations of the velocity field in the gas mixture related to evaporation are not 
taken into account, and the convection velocities of the vapor transport are the same as 
those for the carrier gas mixture.  


Note that neglecting of the gas phase kinetic processes, in particular, gas diffusion and the 
equilibrations rates, can result in some overestimations of average partial pressures of FP 
vapors and, consequently, FP releases.  
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3.2 Model formulation  


3.2.1 Gas Mass Transport problem 


Let Ei
tot be total number of moles of the element «i» in the considered two-phase system 


which can be represented in the form of sum over the components of the both phases,  


 ∑
=


=
sn


j
jiji bNE


1


tot  (3.1) 


where Ni is the number of molecules «i», ns is the number of species in the system, bij are 
stoichiometric coefficients determining number of atoms of the element «i» in the molecule 
«j».  


The general gas transport problem for FP-bearing molecules from the melt surface to (and 
within) the carrier gas stream is formulated in terms of the local partial densities of gaseous 
species, nj(r,t), and densities of elements, ei(r,t), connected to each other by the relationships 
identical to Eq. (3.1), 


 RTnpnnbne tot
gasj


j
gasj


jij
gas


i === ∑∑
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,,)(  (3.2) 


where n is the mean number density of the gas phase connected to total pressure, ptot , by the 
ideal gas equation of state, total pressure is considered as a given constant. Transport in the 
gas phase is described by the set of convective diffusion equations of the form 


 ( )∑
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−∇∇=
∂
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jjji
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t
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where Dj is the diffusion coefficient of the gaseous component «j» in the gas mixture over the 
melt, v(r,t) is the velocity field in the gas mixture over the melt which is assumed to be a 
given function found from solving the corresponding gas-dynamic problem.  


The molecule number densities, nj(r,t), are connected to the number densities of elements by 
the condition of local chemical equilibrium within the gas phase. That means the number 
densities are defined as the solutions of the «gas» subset of equations of thermochemical 
equilibrium (3.14)–(3.22) discussed below which can be written as  


 ),( )()(
1


gas
n


gaseq
jj e


eefn K= . (3.4) 


The boundary condition for the diffusion problem (3.3) on the melt–gas interface are provided 
by the condition of inter-phase equilibrium and given by 


 eq
jj p


RT
tn 1),(


boundarymelt
=r  (3.5) 


where pj
eq is the equilibrium pressure over the melt determining only by the melt composition 


and temperature. On the other boundary that is the gas channel wall, the evident condition of 
zero flux is used: 


 0),(
boundarychannel


=∇⋅
→→


tns j r . (3.6) 


where s is a normal to a wall surface. Mass balance between the condensed and gas phase is 
represented by 


 )(melt
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where integration is over the open melt surface, and Ei
(melt) is total number of mole of element 


«i» in the melt. Since, as assumed in the model, the condensed phase is in equilibrium state at 
each time point, the system of equations (3.2)–(3.7) should be accomplished by the 
«condensed phase» subset of equations of thermochemical equilibrium (3.14)–(3.22) which 
provides the melt concentrations as functions of the melt elemental composition. Note that 
due to assumption of inter-phase equilibrium formulated as the boundary condition (3.5), Eqs. 
(3.2)–(3.7) describe also the melt oxidation. 


The above formulation of the gas transport problem is now in the stage of development that is 
not yet finish. Therefore, the current version of the model includes also a simplified approach 
based on analogy with the semi-empirical heat/mass transfer theory [3.1], [3.2], [3.2] and 
balance equations for stationary laminar flow regimes. According to this approach the release 
rate Ji (in number of moles per second) of the species «i» vaporized from an exposed melt 
surface area A is proportional to difference between the partial pressures of this species at the 
gas-liquid interface and in the bulk of the gas phase, 


 ( )ieq
i


i
i pp


hRT
DAJ −=  (3.8) 


where pi
eq and pi are respectively the partial pressures at the liquid-gas interface (as in Eq. 


(3.5)) and in the gas bulk. Di is the gas diffusion coefficient of species «i» in the carrier gas, 
and h is the equivalent (or hydraulic) diameter depending of the gas channel geometry.  


On the other hand, this release rate is determined by the outlet flow rate W′ (in moles/s) of the 
carrier gas through the following equation 


 W
p
pJ
tot


i
i ′=  (3.9) 


Equating these two expressions yields  


 
hRTADpW


hRTADWpJ
tot


eq
ii +′


′
=  (3.10) 


It is seen that equation provides reasonable interpretation of the limiting situations: if there is 
fast diffusion (or extremely slow outlet flow) then Eq. (3.10) coincides with Eq. (3.9) with the 
bulk pressure equal to the equilibrium one, in the opposite case of slow diffusion (or fast 
outlet flow) Eq. (3.10) is transformed to Eq. (3.8) with the bulk pressure equal to zero. 


Thus, the rate of release of element «i» and, simultaneously, the rate of changes in the melt 
elemental composition can be calculated from equation 


 i
gasj


jjii SJbWE
dt
d


+′−= ∑
∈


tot  (3.11) 


where the sum is over all components of the gas phase, bij are stoichiometric coefficients 
introduced in Eq. (3.1), and the rate Ji is given by Eq. (3.10). The second term in the right 
hand side of Eq. (3.11) describes a source of atoms «i» which is non-zero only for the 
components of the inlet gas mixture (as usual, H2O, H2, O2 and inert gas molecules). In terms 
of the input partial pressures, pi


(0), this term is given by  


 ∑
=


=
sn


j
totjjii ppbWS


1


)0( . (3.12) 


where W is the gas flow rate of the inlet stream in mol/s connected to the flow rate Φ in STP 
L/s by a standard relationship: 
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 Φ=
0


0


RT
pW   


where the constants p0 and T0 characterize standard gaseous state, p0 = 1.01325⋅105 
kg/(m⋅sec2⋅atm), T0 = 298 K. Note that the rate equation of the type (3.11), (3.12) for the inert 
components of the inlet gas mixture (as Ar) is of a trivial form 


 0)0(tot =+′−= totitotii ppWppWE
dt
d  (3.13) 


which can be used as a definition of the outlet flow rate W′. 


Thus, the system of equations (3.10)–(3.13) accomplished by calculation of equilibrium 
partial pressures pi


eq provides solution of the vapor mass transfer problem. 


3.2.2 Model of Thermochemical Equilibrium 
Thermochemical equilibrium in the considered two-phase system is determined basing on 
solving the system of the mass action equations given by (see for instance Ref. [3.4]) 


 ( )∏
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, (3.14) 


In these equations, Ai is the activity of species «i» proportional, for the condensed phase 
components, to the mole fraction defined by 


 ∑
∈


===
meltk


kcondcondiiiii NMMNxxA ,,γ . (3.15) 


where Ni is the number of moles of the component «i», Mcond designates total number of 
moles in the condensed phase, xi is the mole fractions, γi is the activity coefficient.  


In the case of the gas phase, the activity Ai coincides with the partial pressure (in units of 
atm), 


 0ppA ii = . (3.16) 


As assumed, behavior of FP and CM vapors can be adequately described by the ideal gas 
equation of state, 


 gasVRTNp ii = . (3.17) 


where T is the temperature in K, R is the universal gas constant, Vgas is the gas phase volume. 
The activity in the form of (3.16) is used in the case of equilibrium at constant gas–phase 
volume. If equilibrium at constant total pressure, ptot, is actual, then using Eq. (3.17) gas 
volume is reasonable to represent in the form 


 ∑
∈


==
gask


kgastotgasgas NMpRTMV , , (3.18) 


and thus, instead of Eq (3.16) one yields 


 gasiitotii MNxppxA == ,0  (3.19) 


where xi is the mole fraction of the gaseous species. 


In Eqs. (3.14) representing the action mass law, bij are the stoichiometric coefficients 
introduced in Eq. (3.1), equilibrium constants, Ki , depend on temperature and can be 
represented in terms of changes in standard Gibbs free energy of the reaction of formation of 
species, 
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Here ne is the number of elements in the system, G0
j is the chemical potential or Gibbs free 


energy per mole or pure substance «j» in a standard state [3.4, 3.5, 3.6].  


Equilibrium distribution of elements between chemical states is defined by solutions of Eqs. 
(3.14)–(3.17) with the mass balance restrains,  


 ∑
=


=
sn


j
jiji bNE


1


tot , (3.22) 


where Ei
tot is total number of moles of the element «i» in the system. Total moles of elements 


including non-condensed gases, O2, H2, H2O, along with temperature and total pressure are 
input data for the problem of calculations of thermochemical equilibrium.  


The activity coefficients included in Eqs. (3.14), (3.15) are, in general, functions of the melt 
composition and temperature. In the case of ideal solution model these coefficients are equal 
to 1 for all components of the system that results in significant simplification of equations of 
thermochemical equilibrium. Unfortunately this approximation can not describe adequately 
thermodynamics of such strongly interacting system as molten corium including metallic Zr 
and fission products in metallic and oxide in oxidation/reduction gas environment. A standard 
way to overcome the problem is use of the regular solution model [3.7]–[3.11]. A version of 
this approach is discussed in Section 2 of the present report. 


In the second order regular solution model, the chemical potentials of the melt components 
are represented in the form 
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Hence, the activity coefficient can be represented in terms of the excess correction to the 
chemical potential, μi


(ex1), as  


 ( )RTex
ii


)1(exp μγ =  (3.25) 


In the current version of the model, with a purpose to calculate FP evaporation, the regular 
solution model is used in the following simplified form: 


• the excess corrections to the chemical potentials, μi
(ex1), are ascribed only to the main 


FP-bearing species, SrO, BaO, CeO2, La2O3, Mo and Ru, and interactions of these 
molecules with the main melt components, UO2 and ZrO2, is considered only; 


• since mole fractions of all FP molecules are on the level of few percents, and there are 
no significant changes in the melt composition (in the processes under consideration) 
the excess corrections to the chemical potentials can be calculated in “zero” 
approximation, 


 22
)0()1( ,, ZrOUOjxL jij


ex
i =≈ ∑μ . (3.26) 


where xj
(0) are defined by the initial melt composition.  


Thus, in the discussed approximation, the excess corrections are constants. Moreover, since in 
applications to the problems of molten corium, a relatively narrow temperature interval of 
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2800–3000 K is of interest, the activity coefficients defined by Eq. (3.25) can be considered 
as temperature independent constants. The values of the activity coefficients used in modeling 
of EVAN experiments are presented in Table 3.2 along with the excess corrections, μi


(ex1), 
calculated for T = 2800 K. Note that the sign of μi


(ex1) is here associated, first of all, with the 
solubility of the corresponding species in molten corium. In particular, positive excess Gibbs 
energy ascribed to Mo and Ru is responsible for low solubility of these metals that results, as 
shown in EVAN experiment, in formation of separate metallic phase in the course of melt 
cooling. Evidently, the discussed rough model is unable to explain such processes as liquid 
phase stratification and phase formation. Nevertheless this approximation is enough for 
description the effects of low/high solubility on vapor formation. 


Table 3.2. Activity coefficients for non–ideal solution model 


Species γi μi
(ex1), kJ/mol 


Mo 5.00E+02 144.7 
Ru 3.00E+01 79.2 
BaO 5.00E-02 –69.7 
SrO 5.00E-02 –69.7 
La2O3 5.00E-02 –69.7 
CeO2 5.00E-02 –69.7 
Ce2O3 5.00E-02 –69.7 
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4 Modeling of EVAN experiment 


4.1 Description of EV1 experiment  
Within the scopes of ISTC project #3345 two experiments have been completed: Pr1-EV1 
and EVAN–1FP (EV1). We shall discuss, in the main, the last one in which releases of low-
volatile fission products under various temperature conditions and Zr oxidation degrees have 
been measured. The results obtained for Pr1–Ev1 test are briefly discussed in Section 4.5. The 
experiments were conducted using RASPLAV 3 experimental facility. Corium was created by 
melting the mixture of UO2, ZrO2 and Zr powders. Then simulants of FP were added: oxides 
SrO, BaO, CeO2, La2O3 and metals Mo and Ru. The solid mixture was heated by the method 
of induction heating in cold crucible to the temperatures of ~2800–3000 K. Note that the 
experiment was divided into two steps, EV1(1) and EV1(2), between which the molten 
corium was cooled down and then, after re-crystallizing, heated up and melted again.  


During both stages of EV1 the melt surface was blown at finite rate of 60 L/min by argon and 
oxygen/argon mixture of fixed composition that provided corium oxidation from initial C70 
to C85 in EV1(1) and from C85 to final C100 in EV1(2). It was found that the rate of oxygen 
absorption by the melt was approximately constant of ~15 mg/s for both EV1(1) and EV1(2) 
independently of the degree of corium oxidation even at and after the estimated time of full 
corium oxidation which was slightly lesser than the end time of the oxygen injection.  


The experimental results are summarized in Ref. [4.1]. Initial corium composition is shown in 
Table 2.8. The temperature, gas composition and oxidizing history of EV1 experiment is 
reproduced in Table 4.1 (see Table 3.15 in Ref [4.1]). Each of the regimes during EV1(1) and 
EV1(2) indicated in Table 4.1 was accompanied by measurements of aerosol sizes and 
chemical compositions. Experimental results for the elemental composition of aerosols taken 
from Tables 3.19 in Ref. [4.1] are shown in Figs. 4.4–4.7 along with the model predictions. 


Note here that below, in all figures illustrated the model prediction and comparison of 
experimental and calculated data, the results for the stages EV1(1) and EV1(2) are joint in the 
following way: time scale for EV1(2) is shifted by 10000 sec so that the time sequence of the 
EV1(2) events ranged, in Table 4.1, from 4140 to 9770 sec is shown in figures as being from 
14140 to 19770 sec, whereas the data for EV1(1) are presented in real time scale. (The time 
interval between the stages with the melt cooling and repeated heating is omitted.) 


Fig. 4.1 taken from Ref. [4.1] illustrates the current lines, temperature and oxygen distribution 
in the experimental facility calculated for the conditions close to that occurred in EV1 
experiment. This calculation shows that the assumption of the equilibrium model (the 
temperature is the same everywhere, the oxygen chemical potential is the same everywhere) is 
not quite true for the experiment.  


Table 4.1. Temperature and corium oxidation events during EV1 


EV1(1) EV1(2) 


Regime Time T, K O2 
mol.% 


ZrO2/Zr 
tot Regime Time T, K O2 


mol.% 
ZrO2/Zr 
tot 


1 2840 2868 0 70 1 4140 2969 0 85 
1 3400 2868 0 70 1 4610 2969 0 85 
2 4500 2808 0 70 2 5260 2928 0 85 
2 5350 2808 0 70 2 5850 2928 0 85 
3 5850 2808 20 ~70 3 7000 2928 20 ~85 
3 6000 2811 20 ~72 3 7150 2921 20 ~87 
3 6936 2899 20 ~84 3 8250 2970 20 ~97 
3 6950 2928 20 ~85 3 8326 2933 20 ~100 
4 8620 2912 0 85 4 9210 2925 0 100 
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4 9540 2912 0 85 4 9770 2925 0 100 


 


 


 


   


 


    
Fig. 4.1. Calculated distribution of temperatures, oxygen concentrations and gas velocities in 


RASPLAV-3 facility [4.1]. 


4.2 Modeling of EV1 conditions  
The molecular model for FP releases from molten corium discussed in Section 3 has been 
realized in a stand-alone code in the simplified version for both the non-ideal solution 
chemistry and the gas mass transfer problem. Input data for the code consist of data for the 
facility geometry, initial melt composition and a table including the time–temperature–
pressure–inlet gas composition–flow rate history of the considered test. 


Modeling of EV1 experiment was performed for the melt composition presented in Table 2.8 
and with the temperature – gas composition – flow rate conditions shown in Table 4.1 with 
one exception. A peculiarity of the model is that the condensed phase oxidation kinetics is 
described in a very simplified manner: as assumed, the melt is in instantaneous 
thermodynamic equilibrium with the gas phase. Thus the time delay related to the condensed 
state diffusion of Oxygen is not taken into account, and the rate of the condensed phase 
oxidation can be significantly overestimated being dependent of the gas flow rate and 
temperature only. Therefore, to simulate exactly experimental conditions of oxidation in 
which approximately 1/3 of total oxygen was absorbed, the composition of inlet gas during 
the oxidation time intervals was changed from O2 20%, Ar 80% to O2 6.66%, Ar 93.34% so 
that the oxygen concentration is equal to third of experimental one.  


In accordance with the experiment description presented in Ref. [4.1], the melt surface area 
and the cross-section of the gas channel over the melt are set equal to 6.3×6.3 cm2 and 6.3×1.5 
cm2, respectively. For simplicity, it is assumed that the diffusion coefficients of all gaseous 
species take the same value of 3×10–3 m2/s that is a characteristic value of gas diffusion 
coefficients, for instance O2 or Ar, at T ~ 3000 K. The parameter h determining the mass 
transfer coefficient in Eq. (3.10) is set equal to the channel height, h = 1.5 cm. Note the value 
of the same order of magnitude can be found if h is considered as a size of the boundary layer 
and estimated using the standard relationships [4.3]: h ~ L/ Re  where Re is the Reynolds 
number, Re ~ vL/μ, v is the gas velocity which is of v ~ 102 cm/s for the considered case, L = 
6.3 cm, and μ is the kinematic viscosity estimated to μ ~ 10–3 m2/s. 


4.3 Results for corium oxidation  
The results obtained for the melt oxidation kinetics are shown in Fig. 4.2. In the first of the 
figures, it is seen that the calculated rate of oxygen absorption is a constant of 14.5 mg/s that 
is slightly lower than the experimental value of 15 mg/s. As it is seen in the second Fig. 4.2, 
according to equilibrium thermochemistry, immediately from the beginning of the test, a part 
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of Uranium dioxide is reduced to metallic Uranium with oxidation of the corresponding part 
of metallic Zr. Calculations show that the same is true for all other oxide components of the 
melt those are SrO, BaO, CeO2, La2O3, and the formed metallic components are oxidized at 
the end of test after full U and Zr oxidation. Similar to that in EV1(2), the last event occurs, in 
modeling, slightly earlier, approximately by 200 sec, than the end of Oxygen injection. The 
extra Oxygen is then consumed in the remaining metal oxidation and, mainly, in enhanced 
Uranium and Molybdenum evaporation with formation gaseous oxides like UO3 and MoO3 
(see Figs. 4.4 and 4.5). Note that in the current version of the model, processes of over-
oxidizing of molten corium with probable formation of dissolved Oxygen (or highest 
Uranium oxide in the condensed phase) are not considered. 
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Fig. 4.2. Calculated rate of oxygen absorption by the melt and kinetics of metal oxidation 


4.4 FP release rates  
In Table 4.2 and Fig. 4.3, the results obtained for the rates of total releases are presented. It is 
seen that the calculated release rates are in reasonable agreement with experimental values: in 
both cases variations in the rates follow the temperature changes, while increase of the rates at 
the last time interval is connected to effects of the corium over-oxidation. 


The release rates of Uranium and FP simulants calculated with the molecular release model 
are compared to experimental data in Figs. 4.4 through 4.7.  


As expected for the case of low Oxygen potential that characterizes non-oxidized molten 
corium, Mo and Ru exist in the melt in metallic form, and relatively high releases of these 
elements shown in Fig. 4.5 can be explained by their low solubility in the oxide melt. (For 
such conditions, an ideal solution model yields negligibly small release rates on the level of ~ 
10–3 mg/cm2/h.) Note that in EV1 experiment, this effect resulted in formation of a separate 
metal phase which was found on the bottom of the melt after corium was cooled. A similar 
effect has been observed in STFM-FP experiments [4.2] with the presence of Fe. Significant 
increase of releases of Mo and Ru occurred at the final stage of experiment after completion 
of U–Zr oxidation is due to formation of volatile gaseous oxides MoO3, RuO4 in the reactions 
of the type of MoO2(c) + ½ O2(g) = MoO3(g), and, in part due to formation of gaseous barium 
molybdate, BaMoO4. Note that in experimental conditions the enhanced release of Ru during 
the over-oxidizing stage was not observed. 


In the conditions of low Oxygen potential, Ba and Sr dissolved in the melt in the oxide form, 
BaO(c) and SrO(c), are released noticeably through the reduction reaction BaO(c) = Ba(g) + 
1/2 O2(g). This effect for both experiment and modeling is clearly seen in Fig. 4.7 at the first 
stage of EV1(1). In the model calculations, some reduction of the Ba and Sr release rates is 
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related to inclusion of ternary compounds such as BaZrO3 and SrZrO3 as components of the 
solution that, may be, is not well grounded and requires additional analysis. Due to relatively 
high solubility of Ce and La oxides in molten corium, releases of theses elements shown in 
Fig. 4.6 are small in all considered conditions.  


Table 4.2. Comparison of calculated and measured total FP release rates 


Time, s Corium T, K Vexp, mg/sm2/h Vmod, mg/sm2/h 


2840–3400 С70 2868 249.24 232.11 
4500–5350 С70 2808 136.22 151.52 
6000–6936 С70...C85 ~2900 152.51 189.08 
8620–9540 C85 2912 154.43 131.61 
4140–4610 C85 2969 532.95 472.45 
5260–5850 C85 2928 373.33 293.30 
7150–8250 C85…C100 ~2950 314.84 271.62 
9210–9770 C100 2925 333.98 311.05 
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Fig. 4.3. Comparison of the model and experimental total release rates 
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Fig. 4.4. Comparison of the model and experimental release rates of Uranium 
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Fig. 4.5. Comparison of the model and experimental release rates of Molybdenum 
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Fig. 4.6. Comparison of the model and experimental release rates of Ru, La and Ce 
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Fig. 4.7. Comparison of the model and experimental release rates of Ba and Sr 
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4.5 Results for Pr1–EV1 experiment  


4.5.1 Experiment description and peculiarities of modeling 
Initial corium composition for Pr1–EV1 is shown in Table 4.1 from which it is seen the main 
difference between this test and EV1 is absence of FP simulants. As in EV1, the solid mixture 
was heated by the method of induction heating in cold crucible to the temperatures of ~2800–
3000 K. During Pr1–EV1 the melt surface was blown at finite rate of 60 L/min by argon and 
oxygen/argon mixture of fixed composition that provided corium oxidation from initial C70 
to C85 and then from C85 to final C100. It was found that the rate of oxygen absorption by 
the melt was approximately constant of ~9.3 mg/s for the first oxidation time interval and 
~7.3 mg/s for the second one independently of the degree of corium oxidation even at and 
after the estimated time of full corium oxidation which was earlier than the end time of the 
second oxygen injection by ~ 800 s, that is approximately at t = 17500 s (see Fig. 4.3b in Ref. 
[4.1]). According post-test analysis [4.1], the difference between the masses of oxygen 
absorbed by the melt and needed for full zirconium oxidation was estimated to 3.65 g that 
corresponds to uranium oxide of the type of UO2.05. 


The temperature, gas composition and oxidizing history of Pr1–EV1 experiment is 
reproduced in Table 4.4 (see Tables 3.15 and 3.16 in Ref [4.1]). Each of the regimes indicated 
in Table 4.4 was accompanied by measurements of aerosol mass. In the case of regime 3, 
during the time interval 9900–10120 s composition of inlet gas was changed from pure argon 
to the mixture 20% O2, 80% Ar, aerosol measurements were performed from 10500 to 12070 
s, inverse switching to pure argon was at t = 12200 s. Regime 6 corresponded to the second 
oxidation period from 15450 to 18330 s with aerosol measurements during the interval of 
15600–17500 s.  


 


Table 4.3. Initial melt composition in Pr1–EV1 


Species Mass% Mass, g 


UO2 74.1 1185 


ZrO2 19.7 315.2 


Zr 6.2 99.8 


 


Table 4.4. Temperature and corium oxidation events during Pr1–EV1 


Pr1–EV1 


Regime Time T, K O2 
mol.% 


ZrO2/Zr 
tot Regime Time T, K O2 


mol.% 
ZrO2/Zr 
tot 


1 7463 2835 0 70 4 13620 2901 0 85 
1 8420 2835 0 70 4 14000 2901 0 85 
2 8960 2811 0 70 5 14550 2921 0 85 
2 9740 2811 0 70 5 14940 2921 0 85 
3 9900 2850 0 ~70 6 15450 2900 20 ~85 
3 10120 2850 20 ~70-85 6 15600 2900 20 ~85-100 
3 10500 2850 20 ~70-85 6 17500 2900 20 ~85-100 
3 12070 2850 20 ~70-85 6 18330 2900 20 ~100 
3 12200 2850 0 85 7 18550 2970 0 100 
     7 18850 2970 0 100 
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Modeling of EV1 experiment was performed for the melt composition presented in Table 4.3 
and with the temperature – gas composition – flow rate conditions shown in Table 4.4 with 
the modification of the gas composition by analogy to that used in EV1. Oxygen 
concentrations for modeling conditions of Pr1–EV1 were calculated using a following 
«similarity» rule: in experiment EV1, the rate of oxygen absorption was of ~15 mg/s, and in 
EV1 modeling the oxygen concentration is equal to 6.66%, since the experimental rate of 
oxygen absorption in the first oxidation interval of Pr1–EV1 was of 9.3 mg/s, the oxygen 
concentration for modeling this stage of experiment is set proportionally lower that is 
(9.3/15)×6.66% = 4.2%; the experimental rate of oxygen absorption in the second oxidation 
interval of Pr1–EV1 was of 7.3 mg/s, and correspondingly, the oxygen concentration for 
modeling this stage of experiment is set equal to (7.3/15)×6.66% = 3.3%. The other model 
parameters are the same as those used in EV1 modeling. 


4.5.2 Comparison of calculated and experimental results 
Experimental results concerning changes of mass of absorbed oxygen during Pr1-EV1 are 
reproduced in Fig. 4.8 (this is a copy of Fig. 4.3a from Ref. [4.1]), while the corresponding 
calculated results are presented in Fig. 4.9. Comparison of these results show that the 
experimental physicochemical conditions of oxidation are, in main, reproduced in modeling: 
the calculated rates of oxygen absorption are of 9.2 mg/s and 7.2 mg/s respectively for the 
first and second oxidation periods that is lower that the experimental values by 0.1 mg/s for 
both periods. As is shown in Fig. 4.10, oxidation of the metallic components of the melt is 
completed, in calculations, similar to experiment, approximately at t = 17500 s.  


 


8000 10000 12000 14000 16000 18000 20000
Time, s


0


5


10


15


20


25


30


35


40


45


m
O


2,
 g


1
2


 


Fig. 4.8. Experimental data for changes of the absorbed oxygen mass during Pr1-EV1: 1 – 
obtained in the course of test, 2 – obtained in post-test analysis 
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Fig. 4.9. Calculated total mass of absorbed oxygen in Pr1-EV1 
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Fig. 4.10. Calculated kinetics of metal oxidation in Pr1-EV1 


In the further analysis, two version of the model of the oxide melt are considered: Model A in 
which existence of oxygen dissolved in the liquid is not assumed, and Model B in which the 
dissolved oxygen is considered as a melt component, and thus an opportunity of the melt 
overoxidation is taken into account. Figs. 4.11 и 4.12 represent the calculated data for 
changes of the oxygen masses absorbed by the melt and consumed in the vapor formation 
obtained with the models A and B respectively. . Note that sum of these masses shown in Fig. 
4.9 takes the same value for both models  


In Fig. 4.11 it is seen that according to Model A, from the end of metal oxidation, t > tmet.ox = 
17500 s, and up to the end of the oxygen injection at t = tox = 18330 s, practically all changes 
of oxygen mass in the system are related to vapor formation that is / in the main, gaseous 
UO3. During this time interval the calculated rate of uranium release increases to a value of 
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the order of 5×103 mg/cm2/h, whereas after the end of oxygen injection, t > tox , this rate 
decreases to ~200–300 mg/cm2/h. These results are in contradiction with experimental data 
for the release rates reproduced in the left part of Fig. 4.13 (see Table 3.16 in Ref. [4.1]) 
according to which there is increase in the release rate for t > tox  by a factor of ~2–3.  


Behavior of the release rate observed in Pr1–EV1 is reproduced, at least, qualitatively by 
Model B. From comparison of data presented in Figs. 4.11 and 4.12 one can see that during 
the time interval of tmet.ox < t < tox changes in the oxygen mass in the system are connected, in 
the main, to increase in the concentration of the dissolved oxygen that is in the melt 
overoxidation. As shown in the right part of Fig. 4.13, during this time interval the calculated 
release rate is approximately on the same level as that for the previous stages of experiment 
that is ~200 mg/cm2/h. On the final step of the experiment, tox < t, the oxygen accumulated in 
the system in the dissolved form is partially released, mainly, in the form of UO3(g) with 
noticeable increase of the release rate, that is agreements with experimental data, as is seen in 
Fig. 4.13. According to Model B, by the end of test the melt stoichiometry defined as ratio 
between moles of oxygen and moles of metals is approximately of O/M ~ 2.05 that agree also 
with the experimental results.  
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Fig. 4.11. Model A: changes of oxygen mass in the liquid and vapor phases in Pr1-EV1 
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Fig. 4.12. Model B: changes of oxygen mass in the liquid and vapor phases in Pr1-EV1 
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Fig. 4.13. Comparison of calculated (Model B) and experimental release rates for Pr1-EV1. 
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5 Conclusions 


Two versions of description of thermodynamics of the two-phase U–Zr–O system with 
addition of FP elements and steel components are considered. General problem of evaporation 
and release of the melt components is formulated. Analyzed in details and realized in a stand-
alone code the molecular model is based on the thermodynamic approach with the regular 
solution model interpreted yet in a simplified manner. In this model, vapor releases of the 
melt components are determined by the gas flow rate and simplified version of the gas 
diffusion whereas the processes of convection diffusion in the condensed phase are ignored. 
The results of calculations modeling releases from the molten corium in Argon and Argon–
Oxygen atmospheres for the conditions of EV1 experiment are presented. Detail analysis and 
comparison shows that both calculated corium oxidation rates and the releases for all FP 
elements considered are in reasonable agreement with those measured in the experiment.  


The following step in the development of the model is implementation of more sophisticated 
gas mass transfer and regular solution model discussed above. 
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ABSTRACT 


 


The report consists of 170 pages, 101 figures, 33 tables, 28 references. 


 


NUCLEAR REACTOR, SEVERE ACCIDENT, CORIUM, AEROSOL, DEPOSITION, 


RESUSPENSION, EXPERIMENT, OPTICAL MEASUREMENT METHODS  


 


The research has been carried out within the framework of the project on Ex-vessel Source Term 


Analysis. Experimental data have been obtained the characteristics of aerosol deposition and 


resuspension in a vertical channel with ascending air. The investigations of deposition have been 


performed on liquid aerosol and solid aerosol and those of resuspension – on solid aerosol. 


Optical methods as well as number of other measurement procedures have been used for 


measuring flow velocity, size and concentration of aerosol particles.  
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Introduction 
 


The Report contains a description of works performed in NPO CKTI under ISTC’s 


(International Scientific and Technical Centre) Project No. 3345  


“Ex-vessel Source Term Analysis”. The objective of research that has been 


performed at NPO CKTI was to study experimentally the aerosol transport 


processes in the primary circuit equipment. The research consists of two parts. The 


first part is devoted to investigations of deposition of liquid aerosol drops from the 


flow to the wall and the second part considers processes of deposition and 


resuspension of solid aerosol particles. In both cases, the carrier medium is air with 


natural parameters. As test sections, vertical cylindrical channels with the circular 


cross-section have been used. Accordingly, the Report consists of two parts: the 


first part concerns the investigations on liquid aerosol and the second part – on 


solid aerosol. The approved matrix of experiments is given in Table Intr.1. 


Table Intr.1   


Initial matrix of  JSC “NPO CKTI” experiments 


 on the project EVAN #3345 


St
ag


e 


Aim Re 
number 
range 


Object 
for the 
study 


Aerosol 
particle 


parameters 


Media 


Te
m


pe
ra


tu
r


e
K


Parameters to be 
measured 


Notes 


1 Study of the 
transport 
process and 
deposition 
rate of the 
liquid 
aerosol 
particles 
from the gas 
flow to/onto 
the wall 


from 
10000  
to 
260000 
 


Vertical 
channel 
diameter 


of 98 mm, 
height of 6 
meter (up-


flow), 
alloyed 


steel 
10ХСНД 


Liquid: 
JEM PRO-
SMOKE 
HIGH 
DENSITY 
(SP MIX) 
FLUID, 
approx. 10 
μm 
diameter 


Air  
(without 
prepa-
ration) 


~3
00


 On-line: 
Mean velocity 
profile, 2D 
fluctuating 
components, aerosol 
particle size and 
concentration at the 
in- and outlet of the 
channel, deposition 
velocity 


.  
A) Probe type hot 
wire anemometer 
and noninvasive 
optical methods are 
used. 
B) At least two 
measurement 
cross-sections at 
different height 
levels will be 
studied. 
C) Additionally are 
measured: 
temperature, 
pressure and 
humidity of the air, 
roughness of the 
channel surface  
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2 Study of 
deposition 
and re-
suspension 
of the solid 
aerosol 
particles  
Adjustment 
and 
preliminary 
tests 


from 
~ 50000 
to 
~240000 
 


Vertical 
tube of 
stainless 
steel 
~ 36 mm 
diameter 
and 
~ 6 m 
height 


Solid 
aerosol 
particles 
of 
chloride 
ammonia 
(NH4Cl) 
up to 10 
mm 
size 


Air  
(without 
prepara-
tion) 


~3
00


 On-line:  
Mean velocity 
profile, range of 
aerosol particle sizes 
and aerosol rate at 
the in- and outlet of 
the channel,  
Post test: 
Deposition thickness  
 


Measurements are 
performed  not less 
than two sections 
of  the tube height 
Deposition 
thickness is 
determined by 
plugs-precipitators. 
Deposition and 
resuspension 
values  are 
determined  both 
by optical 
measurements of 
concentration and 
balance deposition 
thickness 
measurements at 
step change of  
carrying media 
velocity. 
Temperature, 
pressure, air 
humidity and  tube 
surface and 
precipitator 
roughness  are 
measured 
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PART ONE 
Investigation of liquid aerosol deposition processes 


 
1. Description of the test facility 


1.1. General 
 


The Aerosol Test Facility (ATF) for studying aerosol deposition and resuspension 


processes is located in the test bench room in Laboratory 102, Department 10, 


NPO CKTI. The room height is 9 m. A site with the dimensions of 4.9 × 3.4 m has 


been allocated for placement of the test facility. The test facility has been 


established on the basis of existing test bench, which was created and used for 


studying flows and heat transfer processes in the cooling channel of RFMSF 


(Russian fissile material storage facility). These works were executed at the order 


of Bechtel company (USA) [1]. The test bench appearance in the course of 


installation is given in Fig. 1.1. Later  the test bench was modernized in accordance 


with problems of the research in question, with preservation of a part of equipment, 


which can be required in further investigations, though not being used at the 


present stage. 


The design of test facility for studying liquid aerosol deposition processes have 


been modified in the course of experiment conduction in accordance with the range 


of operating conditions that take place in a particular experiment. The main 


parameters, upon which the test facility configuration depends, are the aerosol 


droplet size and air velocity at the test section. Conditionally it can be stated that 


the experiments have been conducted on “fine” (with the size of 1 μm) and “large” 


(with the size of about 10 μm) drops at “low” (1-10 m/s) and “high” (over 20 m/s) 


air velocities. Accordingly, two different aerosol generators have been used for 


generation of “fine” and “large” drops, and “low” and “high” air velocities have 


been provided by two different ventilators. The experiment planning has been 
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carried out with the account of the equipment supply schedule. 


 
Fig. 1.1.  General view of the test facility structure (at the stage of installation) 
 


In accordance with the above, in conduction of experiments on liquid aerosol, three 


configurations of the test facility have been used (ATF1, ATF2 and ATF3), which 


schematically are given in Fig. 1.2÷1.4 and will be commented below. 


 


1.2. Test facility composition 
 
1.2.1. Test section provided with measurement sensors. 
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1.2.2. Metal structures (platforms, ladders, enclosures, etc.) for test section 


maintenance. 


1.2.3. Electrical heating system for the test section (not used). 


1.2.4. Water heating system for the test section (not used). 


1.2.5. System for forced air supply in the test section (ventilation system).  


1.2.6. Traversing system for a laser Doppler anemometer (LDA). 


1.2.7. Data acquisition and processing system for velocity measurements by LDA 


method. 


1.2.8. Data acquisition and processing system for hot wire anemometric 


measurements of air velocity. 


Data acquisition and processing system for thermal measurements.  


Removal system of spent gas.  


Aerosol generation and distribution system.  


Data acquisition and processing system for measuring particle size 


distribution characteristics.  


 


1.3. Metal structures 
 
Metal structures are designed for assuring convenience of the maintenance of test 


section and equipment comprising the systems listed in 1.2. Three maintenance 


platforms are located at the elevations of 2.4; 4.4; 6.4 m. The forth maintenance 


level is the zero (0) elevation mark. The maintenance levels are interconnected by 


ladders. The platforms are rectangular with an U-shaped cavity. The cavities are 


located one under another along the vertical axis. The test section is situated in 


these cavities. 


Fixed frames of the LDA traversing system are installed under the maintenance 


platforms.  
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Fig. 1.2. Test facility scheme for  tests with “fine” drops at “small” velocities 
 (ATF1 arrangement)  
 


1 – duct 
2 – exhaust axial fan 
3 – coiled water heater 
4 – thermal isolation 
5 – hot-wire anemom eter probe 
6 – LDA windows 
7 – inlet section 
8 – cellular  honeycomb 
9 – optical fibers inputs for 
      m easurem ents of aerosol 
      dispersion characteristics 
10 – aerosol generator ROSCO 
      FOG/SM OK E M ACHINE 1500 
11 – Cylindrical cham ber of static  
         pressure 
12 – Device for uniform aerosol 
        feeding 
13 – fog rem oval unit 
14 – cellular honeycom b 
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1 – duct 
2 – exhaust axial fan 
3 – coiled water heater 
4 – thermal isolation 
5 – hot-wire anemometer probe 
6 – LDA windows 
7 – inlet section 
8 – cellular  honeycomb 
9 – optical fibers inputs for 
      measurements of aerosol 
      dispersion characteristics 
10 – aerosol generator ROSCO 
      FOG/SMOKE MACHINE 1500
11 – chamber of static pressure 
12 – cylindrical chamber  for  
        large aerosol jet forming 
13 – fog removal unit 
14 – Large aerosol generator 
         PRO ULF 1037 
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Fig. 1.3. Scheme of aerosol test facility for tests with “large drops” at “small” 


velocities (ATF2 arrangement) 
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1 – duct 
2 – high pressure fan 
      AVD m –3.5. 2 - 02 
3 -  coiled water heater 
4 – thermal isolation 
5 – hot-wire anemometer 


probes 
6 – LDA windows 
7 – inlet section 
8 -  cellular  honeycomb 
9 – optical fibers inputs for 
      measurements of aerosol 
      dispersion characteristics 
10- aerosol generator ROSCO 


FOG/SMOKE MACHINE 
1500 


11 –chamber of static  
         pressure 
12 – cylindrical chamber for 
        large aerosol jet forming 
13 – control plate 
14 – large aerosol generator 
        PRO ULF 1037 


 


Fig. 1.4. Scheme of aerosol test facility for tests with “small” and “large” drops at 


“high“ velocities (ATF3 arrangement) 







 15 


December, 2007 ISTC PROJECT #3345  EVAN 
 


 


1.4. Placement of equipment at maintenance levels 


 


The greater part of equipment comprising the test facility system are located at the 


zero (0) elevation. A list of equipments used in the given experiment includes the 


following: 


– workstation for acquisition and processing of LDA data; 


– workstation for acquisition and processing of thermoanemometric measurement 


data; 


– workstation for data acquisition and processing of particle size distribution 


measurements; 


– aerosol generation and distribution system; 


– high-pressure fan. 


The following components of the LDA data acquisition and processing system are 


located on maintenance platforms (elevations 2.4; 4.4; 6.4 m): 


– power supply units for photoelectric multipliers (PEM); 


– Bragg cell exciters; 


– power supply units for lasers; 


– amplification and frequency conversion units. 


– These platforms also accommodate modules of the system for measuring the 


aerosol particle size distribution. 


The levels of mobile frames of the LDA traversing system are combined with the 


elevations where windows on the test section are located (elevations 1.35; 3.65; 


5.40; 6.95 m). 


The fan providing air flow in the test section in ATF1 and ATF2 configurations is 


located at the elevation of 7.2 m. The fan for waste air removal is located above it 
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(see Fig. 1.2 and 1.3). In ATF3 configuration, the high-pressure fan is located at 


the zero (0) elevations (see Fig. 1.4). 


 


1.5. Test section 


 


The main element of the test facility is a TS1 test section depicted in Fig. 1.5. It is 


manufactured from a pipe ∅ 108×5 (L = 670 mm, material: steel 10ХСНД - 


CrSiNiCu). The absolute roughness of internal surface is 0.08÷0.09 mm. The test 


section is located vertically inside U-shaped opening of maintenance platforms. 


The bottom edge of the test section is located at the elevation of 1 m from the floor 


level. 


In order to provide a possibility of flow velocity measurements by means of LDA 


and to conduct other optical measurements, the vertical channel walls are provided 


with optical hatchs at four reference cross-sections (Fig. 1.5) with six protective 


glasses. 


Elevations, at which the hatchs are located (distances from the test section inlet) 


are given in Table 1.1: 


Table 1.1. 


Vertical coordinates of levels for optical measurements 


Number of 
measurement cross-


section 
Elevation above inlet, m 


1 0.35 
2 2.65 
3 4.30 
4 5.95 


 


Two hatchs each are installed in each cross-section, on opposite sides of the test 


section. The design of all eight hatchs is identical. It is shown in Fig. 1.6. 
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1
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3


4


6


5


1 – Duct; 
2 – current-lead clamp; 
3 – coiled water heater; 
4 – thermal isolation; 
5 – hot-wire anemometer probe;
6 – LDA windows. 


 


Fig. 1.5. Test section TS1 
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Fig. 1.6.  Optical Hatches 


1 – pin; 2 – frame; 3 – sleeve; 4 – microswitch; 5 – glass frame. 


 


The hatch design allows for both removal of the holding mandrel with glass and 


full dismantling of the hatch. 


The air velocity in the channel, apart from LDA, has been measured by means of 


hot wire anemometers. The designs of probe and coordinate device for its 


movement over the channel diameter are given in Fig. 1.7. The probe is moved on 


a special bushing being stiffly linked with the channel walls. In order to install the 


bushing and coordinate device housing, process openings with the diameter of 


22 mm are provided in the channel wall.  


Five box-type parts (the bottom part is shown in Fig. 1.7) as well as two probes 


with coordinate devices have been manufactured. Box-type parts are installed in 


five cross-sections over the test section height. The elevations, at which they are 


situated (distances from the test section inlet) are given in Table 1.2: 
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Table 1.2. 


Vertical coordinates  of  levels for  hot wire anemometer measurements 


Сross-section 
number 


Elevation above Inlet, m  


1 0.12 
2 0.67 
3 3.22 
4 5.67 
5 6.07 


 


 


Fig. 1.7. Probe for Carrying out Air Velocity Measurements 
General View of Travel Device with Probe.  Detail for securing travel device to the pipe is 
shown (below). 


1.6. Completion of test facility and test section 


 


The completion of test facility and test section related to solving problems under 


the research in question has consisted of the following: 


- test section modernisation in order to assure measurement of particle size 


distribution characteristics by optical methods; 


- creation of a ventilation system for the test section;  


- creation of a spent gas removal system;  


- creation of an aerosol generation and distribution system;  
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- creation of a data acquisition and processing system for measurements of 


particle size distribution characteristics.  


These measures will be considered below in more detail. 


 


1.6.1. In order to measure the particle size distribution in two cross-sections of the 


test section (near 1st and 4th LDA measurement levels), two opposite holes each 


with the diameters of 4 mm have been drilled, into which light guides 9  


(Fig. 1.2÷1.4) of the data acquisition and processing system for measuring particle 


size distribution characteristics have been placed. The light guide edges are located 


flush with the internal surface of the channel. 


 


1.6.2. The test section ventilation system is designed to create the required air 


flow-rate in the test section and monitor it. In doing so, the fulfilment of the 


following requirements should be assured: 


- the fan should introduce minimal disturbances into the flow; 


- the velocity profile at the test section inlet should be symmetrical and the inlet 


disturbances should be minimal; 


- the fan should be capable to steadily operate during a prolonged time, in 


particular, in the presence of aerosol; 


- the test section ventilation system should be linked with aerosol generation and 


distribution and spent gas removal systems. 


In order to meet these requirements, the following engineering solutions have been 


used: 


- the ascending air flow in the test section has been taken; 


- fan 2 (Fig. 1.2, 1.3) in ATF1 and ATF2 configurations is installed above the test 


section and is operated “for suction”. Fan 2 in ATF3 configuration is also 


operated “for suction” (Fig. 1.4); 
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- the fans are fastened to the test facility elements via special damping devices 


that have fully eliminated vibrations of the test section during the fan operation; 


- the fans are connected with the test section outlet by means of a flexible air 


duct; 


- air exit from the test section is carried out via honeycomb 8 (Fig. 1.2÷1.4) of 


special design being a dense bundle of cylindrical channels with the diameter of 


5 mm. The bundle length is 190 mm. A net with the cell size of 0.5 mm is 


placed at the bundle inlet in 4 layers; 


- an inlet device is installed at the test section inlet. In ATF1 configuration, it 


consists of conical air intake device 7 (Fig. 1.2) overlapped by 6 net layers, 


honeycomb 8 and an inlet reservoir – static pressure chamber 12. The net and 


honeycomb parameters are similar to those described in the previous item, the 


inlet reservoir has the height of 0.9 m and diameter of 0.5 m. It is installed so 


that the distance between the bottom edge of air intake device 7 and reservoir 


bottom 12 equals to 0.27 m. Coaxially with the air intake device, a toroidal 


perforated supply header 13 (Fig. 1.2) of the aerosol generation and distribution 


system is situated.  


The design and dimensions of all elements of the ventilation system described 


above have been elaborated in the course of checkout aerodynamic experiments 


with the use of thermoanemometric measurements, for which some results are 


given in Section 3. 


An axial fan of K315 L has been used in the ATF1 and ATF2 ventilation system. It 


has the following technical specifications: 


Power supply – 220 V/50 Hz; 


Power consumption – 319 W; 


Impeller speed – 2535 1/min; 


Capacity in respect to air – up to 1660 m3/h. 
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Higher air velocities in ATF3 configuration are achieved with the use of a high-


pressure radial fan of АВДм-3.5.2-02  with the following technical specifications: 


 


Impeller speed – 5540 1/min; 


Motor power – 11.0 kW; 


Motor speed – 2915 1/min; 


Capacity in respect to air – up to 2000 m3/h. 


 


1.6.3. The spent gas removal system in the case of using liquid aerosol of Jem Pro 


Smoke High Density SP MIX is sufficiently simple as this substance has a 


hygienic certificate, material safety data sheet (MSDS) and conformity certificate 


for the quality control system under the requirements of ISO 9001 and does no 


harm to the environment. Therefore, in creation of a removal system it was 


important only to assure the absence of environment impact on the air 


aerodynamics in the test section channel at “low” air velocities (ATF1 and ATF2). 


The schematic diagram of the spent gas removal system can be understood from 


Fig. 1.2, 1.3 (see pos.14). The conical air intake device of this system is installed 


above the ventilation system fan and is aerodynamically isolated from it. Air being 


saturated with aerosol is supplied from the air intake device to the exhaust fan, 


from which it is emitted into the environment via a vertical chimney. An axial fan 


of K315 L TW (Systemair) has been used in the system with the following 


technical specifications: 


Power supply – 220 V/50 Hz; 


Power consumption – 310 W; 


Impeller speed – 2480 1/min. 


As before, the fan is fastened to the test facility walls via special damping devices. 
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In ATF3 configuration, air being saturated by aerosol is also emitted into the 


environment via a vertical chimney but it occurs due to the head being created by 


fan 2 (Fig. 1.4). Airways connecting fan 2 with the test section outlet and with the 


chimney have a large diameter (315 mm) in order to reduce hydraulic resistance of 


the air path. 


 


1.6.4. The system for generation and distribution of “fine” aerosol in ATF1 


configuration is based on the use of an aerosol generator of ROSCO FOG/SMOKE 


MACHINE 1500  generating a fog with the droplet size of about 1 μm.  


The schematic diagram of the aerosol generation and distribution system can be 


understood from Fig. 1.2. Apart from aerosol generator 11 (Fig. 1.2), it includes a 


supply pipeline and toroidal perforated header 13 located above the bottom edge of 


the air intake device of ventilation system 7. This design has been elaborated 


experimentally and has allowed to provide axisymmetrical aerosol feed and 


compensation of the aerosol consumption in time at the generator outlet. 


In order to obtain a “large” aerosol (up to 14 μm) in ATF2 and ATF3 


configurations, an aerosol generator of PRO ULF 1037 is used (manufacturer - RL 


FLO-MASTER, USA). It technical specifications are as follows: 


Size of aerosol particles – 12.2÷13.5 μm; 


Jet length – 3 ÷ 6 m; 


Fluid flow-rate – 0 ÷ 240 ml/min; 


Reservoir volume – 7.5 l. 


The use of this generator has required to introduce some changes into the structure 


of aerosol generation and distribution system. It is, in the first place, connected that 


the generator design comprises its own fan creating a sufficiently long-range 


aerosol jet. Therefore, the static chamber design has been modified (see Fig. 1.3, 


1.4). The air supply unit in case of using the PRO ULF 1037 generator consists of 
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a mixing chamber (length 1.5 m, height and width – 0.7 m each) and a pre-


connected cylindrical section with the diameter of 0.7 m playing the role of an 


ejecting device for main air inflow through a clearance between the chamber and 


the cylindrical section. Mixing of the air flow with aerosol particles and the main 


air inflow takes place in the chamber. In addition, a branch pipe ∅ 60 mm is 


brought into the chamber from the ROSCO fine particle generator. It is connected 


with the fact that each experiment with large particles follows an experiment, in 


which fine aerosol is supplied into the chamber with the preconnected fan of the 


large aerosol generator and zero fluid flow-rate. It is used for measuring the 


aerodynamic characteristics of the carrier phase. This design has also been 


elaborated experimentally and has allowed to assure uniform distribution of 


aerosol at the test section inlet.  
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2. Measurement procedure 
The structural and kinematic investigations include measurements of the velocities 


of carrier and suspended phases as well as particle size distribution analysis for the 


two-phase flow. 


Optical methods of investigation are mainly used, which well-known advantages 


are high time and spatial resolution, absence of disturbances of the medium being 


investigated as well high sensitivity [2÷12, 26-28].  


In addition, in order to adjust the circuit, velocity measurements by means of a hot 


wire anemometer are used. 


2.1. Measurement of kinematic characteristics of air flow by optical methods 


 
2.1.1. Measurement method and main dependencies 


The measurement of kinematic characteristics of air flow in the circular cross-


section channel has been performed by means of an automated firmware (hardware 


and software) system. The system is designed on the basis of the laser Doppler 


method, which is implemented by means of a Laser Doppler Anemometer – LDA 


in flow measurement. The following factors can be attributed to its main 


advantages: 


- absence of disturbances of the flow being investigated; 


- high potential accuracy and broad range of velocities being measured; 


- absence of the necessity of instrument graduation (the method is absolute); 


- high spatial resolution (local velocity at the given flow point is measured); 


- high time resolution (“instant” velocity of the flow is measured).  
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The laser Doppler method for velocity measurements and LDA implementation 


versions are described in detail in references [2, 6, 7, 26-28]. An instrument 


implementation of the method is described here, which has been used in this 


research.  


LDA can be structurally divided into two parts: optical parts and electronic 


hardware for signal processing. Various versions are possible for construction of 


the optical part of device. A classical LDA differential scheme in forward 


scattering has been used in this research, under which a local probe volume is 


generated in the flow in the area of intersection of two coherent beams. In order to 


determine the direction of velocity vector projection, an acousto-optic modulator 


(AOM), a Bragg cell, is introduced into the LDA system. The LDA scheme with 


the Bragg cell and a laser beam expander being used herein is given in Fig. 2.1. 


The optical part of the instrument is constructed with the use of LDA optical units 


manufactured by Dantec. 
  
 
 
 
           1                 2         3           4                   5                      6                      7        7                               8                 9 
 
        
 
 


 
          Формирующая                                                                                       Фотоприемное 
      оптическая система                                        устройство 
                         


               Vx 


Fig. 2.1. Differential LDA system with Bragg cell and laser beam expander 
1 - laser; 2,4 – beam splitter; 3 – Bragg cell; 5 – beam expander; 6 – frontal lens;  
7 – working portion; 8 – LD receiving lens; 9 – PEM. 


 


The signal processing hardware can be based on various principles and is 


standardized in a far lesser degree than the optical part of the instrument. The 


methods and engineering solutions being used in the research are discussed in Item 


2.1.2.  


Optical system 
builder 


Photoreceiver 
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Laser anemometers measure the velocity of particles, which move in the flow; 


therefore, in many cases, in particular, during measurements in air flows, particles 


are artificially introduced into the flow. In doing so, it is required that the particles 


should follow all changes in the flow velocity and direction at a certain accuracy. 


An important flow parameter is also the velocity pulsation frequency. The higher 


the pulsation frequency, the larger the conformity between the particle velocity and 


the velocity of flow being studied can appear. Table 2.1 contains normalised root-


mean-square values of the particle velocity in respect to the flow velocity (in 


percent). The values have been determined for particles with the density of  


1000 kg/m3 and various diameter d [μm] during movement in a turbulent air flow 


with the upper pulsation frequency of fp. 


 


Table 2.1. 


Standardized mean-square values of particle velocity 


fп[kHz] 


1 2.5 3 


 


d[μm] 


Relative velocity of particles, % 


0.3 0.002 0.005 0.001 


1.0 0.4 0.95 1.6 


2.0 4.0 9.0 15.0 


5.0 26.0 50.0 61.0 


 


As it follows from the table, in studying air flows with turbulent fluctuation 


frequencies up to 2.5 kHz the particle diameter should not exceed 1 μm; in doing 


so, the measurement error due to particle lag from the flow will not exceed 1%. 


Particles with the size of about 0.5÷1.0 μm have been used in this research during 


measurements of the carrier phase velocity values, which provides the above-


mentioned error values. 
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2.1.2. LDA signal processing 


The signal processing means the process of measurement of main parameters of an 


analogue or digitised photo receiver signal. The key parameter to be determined 


during LDA signal processing is the signal frequency. Once the signal parameters 


are measured, it is required to process the primary parameters being obtained in 


order to obtain secondary parameters directly characterizing the flow. This stage is 


generally called data processing or processing of measurement results.  


Signal processing has been a complicated problem so far due to a high signal 


frequency, its limited duration and broadband noise in the photo receiver. To this 


end, once can use several signal processing methods and corresponding devices: 


• systems for automatic signal frequency tracking (tracker); 


• devices for measuring the Doppler frequency period of countable type 


(counter); 


• correlation or spectral analysis of digitised signal. 


The first method requires a very high concentration of scattering particles in the 


flow and is being limitedly used now. In this research, the second and third 


methods are used: within the velocity range up to 7 m/s – measurement of the 


Doppler frequency period by a countable type device, and at high velocities – 


digital spectral analysis of the signal.  


2.1.3. Technical implementation of the method  


The hardware system for velocity field measurements (Fig. 2.2) included three 


identical measuring systems 2 located in three cross-sections over the height of test 


section 3  and a system control panel 4 located at the zero elevation. 


 Each measuring system includes the following: 


- a platform with the suspension system; 


- the optical part of the LDA system; 
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- a drive for movement remote control; 


- an LDA data acquisition and processing system. 


 
           Fig. 2.2. Hardware system for recording the velocity fields 


1 – steel structure;  2 – measurement set;  3 – test section; 
4 – control panel;  5 – service platform. 


 


 


Suspension system (Fig. 2.3) provides a possibility of measurement of the velocity 


profile in the given cross-section of the pipe by means of movement of the optical 


module in the direction perpendicular to the pipe axis. 


The suspension system consists of a fixed frame 1 installed on elements of truss 2, 


mobile platform 3, on which optical units are located, and flat plates 4, on which 


the platform is hung. The translational movement of the platform is carried out by 


means of remote control drive 7 with a stepping motor.  
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Fig. 2.3. Measurement set mount 


1 – stationary frame;  2 – steel structures;  3 – movable platform; 
  4 – leaf springs;  5 – adjusting screws;  6 – lock screws; 
  7 – remote control actuator. 


 
 


Optical part of the LDA system is located on the mobile platform and consists of 


two modules: a forming optics module and a photo receiver module. The forming 


system (a laser, beam division units, frequency shift and focusing unit) is mounted 


on a support rail fixed to the mobile platform surface. On the opposite side of the 


test section, the photo receiver module is located having devices for large and fine 


focusing of optical elements. 


Optical modules of measurement systems located at various levels differ by the 


radiation source, focal distance of the forming lens and availability of the Bragg 


cell. The main parameters of these modules are given in Table 2.2. 
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Table 2.2. 


Main parameters of LDA optical modules 


                      Level # 
Parameter I II III 


Laser type  Semiconductor Gas(Ar+) Gas (He-Ne) 


Laser wave length λ, μm 0.69 0.5145 0.69 
Laser power, mW 20 100 (25) 20 
Bragg cell - + - 
Beam expansion ratio E 1.94 1.94 1.94 
Focal distance of frontal 
lens F, mm  160 310 310 


Secondary emission 
Photocell type Na-K-Cs-Sb same same 


Focal distance of 
photoreceiver optic, mm 300 300 300 


Beam convergence angle 
θ , degree 10.5 13.8 13.8 


Characteristic size of 
measurement volume 2b, 
μm 


131.8 117 140.4 


Pitch of bands, μm 3.77 2.63 2.87 
Number of bands, pcs 35 44 49 
Velocity range, m/s +0.05…+11.0 -8.0…+8.0 -1.0…+8.5 


 


Remote control drive (Fig. 2.4) is designed for remote movement of mobile 


platform 8 at traversing of the optical module across the channel. The drive travel 


is 150 mm, the design movement accuracy is 0.1 mm.  


Microswitches (contacts) are installed on mobile platforms on the photo receiver 


side, which are adjusted so that their closing occurs at the extreme (initial) position 


of the platform. The contacts are used for initialization of the control system by 


stepping motors. 
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Fig. 2.4. Platform movement drive 


1 – stepping motor; 2 – lead screw;  3 – guide;  4 – microswitch; 5 – scale (ruler);  
6 – handle;  7 – bracket;  8 – mobile platform; 9 – support truss. 


 


The suspension system being developed provides controllable movement of the 


platform with the optical path of LDA system by the channel diameter value. In 


doing so, the LDA measurement volume is moved along the channel axis from one 


of its wall to the other. For visual control of the system movement and current 


position of the platform, all three traversing systems are provided with miniature 


television cameras. The image of the pointer and scale of the platform position can 


be observed on the monitor installed at the system control panel. 


 


System for processing and display of LDA measurement results used at measuring 


low velocities is constructed on the basis of a device measuring the Doppler 


frequency period of countable type (counter). It includes a number of modules, 


some of them are located near the LDA optical modules and the remaining ones – 


at the system control point. The structural diagram of the LDA data acquisition and 


processing system is given in Fig. 2.5. 
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Fig. 2.5. Block-diagram of  the LDA data acquisition measurement system 


1 – light detector device; 2 – working portion; 3 – optical forming system; 4 – laser; 5 – PEM 
power supply; 6 -  Bragg cell driver; 7-laser power supply; 8- stepper; 9 – stepper power supply 
and control; 10 - block of amplifier and frequency converter; 11 – processor of LDA signal; 12 – 
moving platform; 13 – computer; 14- digital oscilloscope. 
 


The electronic part contains the following: 


- power supply unit for laser (7); 


- adjustable unit for high-voltage power supply of PEM (5) with a possibility of 


setting the power supply voltage within the range from 0 kV to 2 kV; 


- excitation unit (6) for the Bragg cell (excitation frequency – 40 MHz); 


- unit for preliminary amplification and reverse conversion of the Doppler signal 


frequency (10); 


- LDA signal processor (11) carrying out signal identification, signal quality 


checkout and frequency (period) measurement with presentation of the result in the 


digital form; 


- stepping motors (8) and controller (9) allowing to perform remote control of the 


positioning of mobile platform (12) from computer (13). 
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The key elements of the signal processing hardware is the signal processing 


processor unit of countable type. The processor’s objective is to select the 


informational signal against the background of shot noise, flare noise and 


electronic hardware noise and measurement of the useful signal frequency. In order 


to select a signal from noise, the processor is provided with a filtration unit, which 


contains eight filters. The pass bands of filters are overlapped generating a 


common processor pass band within the range from 10 kHz to 2 MHz. 


The measurement of signal frequency (period) is based on measuring the duration 


of 16 frequency periods. In order to convert the duration into the digital equivalent, 


an analogue-to-digital converter (ADC) of the countable pulse type is used. The 


digital equivalent of the duration is transferred, via an input/output device, to the 


computer where kinematic characteristics of the flow being under consideration are 


determined by means of software modules. 


The processor used in the research has been developed in the St. Petersburg State 


Marine Technical University [8, 9]. It differs from well-known processors by the 


availability of an automatic filter activation system and an increased measurement 


accuracy. The automatic selection of the filter provides a broad range of 


frequencies being measured and a possibility of measuring dynamic flows 


(periodic and non-periodic pulsating flows). The increased measurement accuracy 


is determined by a very strict criterion for the assessment of quality, by which the 


result rejection is performed. The quality check is carried out by comparing each 


subsequent period of Doppler frequency with the previous period. The relative 


measurement error for the processor Doppler signal frequency within the whole 


frequency band does not exceed 1.2%. 


The total measurement error for the particle velocity in the flow depends upon a 


large number of parameters, e.g. laser power, PEM power supply voltage, external 


flare level, quality of adjustment of the optical train and receiver system, signal 


processing method, size of the particle, trajectory of its motion, etc. The 


measurement error for statistical characteristics of the flow kinematics additionally 
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depends upon the sample volume (number of velocity counts), velocity gradient, 


turbulence intensity, etc. The majority of these factors evade accurate 


determination and measurement and the correct adjustment of the system requires a 


great experience from the experimenter. 


 
2.1.4. Program for hardware system control 


In order to perform an experimental investigation of kinematic characteristics of 


the flow, a program has been developed, which main objectives are as follows: 


- registration of the results of measurement of a solitary Doppler signal and 


calculation of kinematic characteristics of the flow;  


- control of the measurement point positioning system; 


- general arrangement of experiments. 


Upon accumulation of the specified number of results, the measurement system, 


with the account of known parameters of the optical system, calculates the velocity 


of each particle. Once the sample accumulation is completed, the system will plot a 


histogram of particle velocity distribution and find the mean value of the flow 


velocity at the point and intensity of the pulsation component (turbulence 


intensity).  


In order to control the traversing system, the program, after the start-up, performs 


setting of the initial position of the platform and stepping motors. Later on, the 


measurement point coordinates are counted from the initial position. After 


completion of the channel traversing, the profiles of mean velocity and fluctuation 


component over the channel cross-section are plotted. The results of measurements 


are saved in a file, which, apart from the point coordinate, mean velocity value and 


fluctuation intensity, also contains the parameters of operating conditions and 


measurement conditions.  
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The program can function both in the fully automatic mode according to a pre-set 


coordinate table and in the semi-automatic mode – with the monitoring of the 


measurement results at every point. 


Fig. 2.6 shows, as an illustration, a view of work table in the process of 


measurement. Fig. 2.6а shows a working moment of velocity profile measurement 


including the histogram of velocity distribution at the local measurement point (in 


the additional window).  


Fig. 2.6b shows a general view of the work table upon completion of 


measurements: velocity profiles (red curve), fluctuation intensity (green curve) are 


plotted and the result of calculation of the volume air flow-rate is displayed.  


а) b) 


Fig. 2.6. Desktop of the LD measurement hardware system 
a). Snapshot of the velocity profile measurement; 


b). The result of the velocity profile measurement. 


Fig. 2.7 shows general view of one of the measurement systems. 
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Fig. 2.7. LDA measurement set 
The photo shows the movable platform (on the bottom), one of the leaf springs (on the left), 
working portion (center) having optical system windows, laser (on the right), and light detector 
(on the left). 
 
2.1.5. Processing of LDA signal in the spectral region 


The hardware implementation of the system described in Item 2.1.3 does not allow 


to measure velocities over 7 m/s. With the account of turbulent fluctuations, the 


maximal mean velocity is limited by the value about 6 m/s.  


In accordance with the assignment, it is required to measure the flow velocities up 


to 100 m/s and, consequently, the signal frequency reaching 40÷50 MHz. To this 


end, a special hardware and software module has been developed, which contains a 


commercially accessible analogue-to-digital converter (ADC) and special software 


being developed within the framework of this research. Taking into account the 


experience being gained, digital signal processing has been selected in the spectral 


region on the basis of FFT (Fast Fourier Transform). In doing so, the minimal 


value of sampling frequency of the analogue signal should be about 100 MHz, and 


the rate of data generation reached the level of 800 Mbit/s. At the use of general 


purpose computing tools, no direct input of digital data with such velocities is 
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possible; therefore, an intermediate record of the digitised signal in the buffer 


memory is required with subsequent transfer to the computer memory. Preliminary 


evaluation gives the required memory capacity of about 100 MB. The preferable 


version in terms of high speed performance is the use of a computer map on a 


modern fast-acting PCI bus. 


So the following requirements are made for ADC: 


- sampling rate – about 100 MHz; 


- number of parallel operating channels – 2; 


- 100 MB memory per channel; 


- frequency band – 0÷80 MHz. 


ADS212x200M module being used in the research fully meets the above-listed 


requirements. The software being a part of supply does not solve the problem of 


measuring frequency of such signal as Doppler burst being generated by a solitary 


particle. In this connection, a program has been developed for digital processing of 


LDA signal providing measurement of the frequency of each Doppler burst, 


accumulation of the results of measurements and determination of statistical 


characteristics of the signal array.  


The program for measuring the frequency of solitary Doppler bursts is based on 


calculation of the spectral density of energy of the signal fragment containing the 


Doppler burst. The signal containing the Doppler frequency has an explicitly 


expressed maximum of spectral density of energy. The frequency of this maximum 


determines the Doppler signal frequency and the particle velocity. The apparent 


simplicity of such approach is complicated by a specific character of the useful 


signal being limited by duration, which, furthermore, is burdened with intensive 


additive and multiplicative noise, contain a variable number of periods, has a 


varying modulation depth up to zero. The general principles of digital processing 


of Doppler signals are set forth, for example, in [2]. However, in development of 


the software, it was required to select algorithms and specific processing 
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parameters. To this effect, a comprehensive testing of algorithms and programs has 


been performed on signal models. 


The general sequence of velocity measurements with the use of analogue-to-digital 


conversion of the LDA signal and ADC of ADS212x200M type is implemented in 


two stages: 


• registration of the LDA signals by means of ADC with subsequent file 


recording on the hard disk; 


• processing of the file being downloaded from the hard disk into the PC 


random access memory by means of the digital signal processing program. 


During processing in the spectral region, the general structure of the velocity 


measurement system shown in Fig. 2.5 does not vary. The analogue-to-digital 


converter takes place of the hardware signal processing processor – module (11) in 


the structural diagram. As a illustration, Fig. 2.8 shows the record of 


implementation of experimental LDA signal. The frame on the left curve positions 


the signal fragment, which is shown on the right curve on a larger scale. It can be 


easily seen that the signal is characterised by a low signal/noise ratio. In addition, 


distortions of the low-frequency signal component are noticeable caused by 


limitation of the ADC pass band on the part of low frequencies. 
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а) b) 
Fig. 2.8. Experimental signal recordings 
а) – signal realization, duration 0.5 ms; b) – signal of particle (see fig. 2.8а, framing fragment) 
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The signal record shown has been obtained at the velocity profile measurement at 


the 2nd level at the distance from the wall of 8 mm. As a result of processing of the 


sample with the volume of about 500 signals, the following parameters have been 


measured: mean frequency – 4.6 MHz, mean value of velocity – 27.63 m/s, 


standard deviation – 1.5 m/s, turbulence degree – 5.43%. 
 


2.2 Dispersive analysis of two-phase flow 
 


The dispersive analysis means measurement of the mean size (and sometimes the 


size distribution function) and the volume (mass) particle concentration. To this 


effect, optical methods are used in this research. Three optical methods have been 


implemented:  


-spectral transparency method (STM) for investigation of the size and 


concentration of, mainly, fine particles);  


-“small angle” method (SAM) for investigation of the particle size distribution for 


large drops (over one micron); 


-count method for measuring the size and profile of particle concentration. 


 


2.2.1. Spectral transparency method  


A version of the method is used in this research, which is based on measuring the 


spectral transparency for two wavelengths and on the use of preliminary data on 


the character of droplet size distribution law. A similar description of the method 


can be found in [3÷5]. In the region of droplet sizes being comparable with the 


light wavelength, the STM data bear the largest information about the dispersive 


structure of two-phase flow.  


The calculations made according to Mi formulas (Fig. 2.9) show that the ratio of 


logarithms of attenuation of radiation of two wavelengths  
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Fig. 2.9. Calculated  dependence for “Zauter” particle size determination 
        _____  liquid aerosol (n = 1.41), 
            ______ solid  aerosol (n = 1.54). 


 


On the basis of this dependence, the mean particle size has been determined. 


r, μm 
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With the particle size being known, the volume concentration of particles can be 


calculated according to the following formula: 


ln


0.75 ( )


0
32


Ir IС
l K


−=
ρ


,
 


  (2.2) 


where l  is the translucence base. 


 


With the account of density of the particle material, their mass concentration m is 


calculated. 


Within the range of large drops (ρ >10), the measurement of transparency  


ln(I/I0 ) = 1.5 l C/r32   (2.3) 


allows to find the second moment of distribution. It gives a possibility to determine 


the volume concentration of drops if their mean size has been determined by any 


other method. 


Fig. 2.10 shows the sensitivity of STM method for the conditions of our 


experiment. 


The measurements are possible of the parameters of two-phase flow (mass 


concentration and “Zauter” size of drops) are above the boundary curve being 


given. It can be seen that STM has the highest sensitivity within the droplet size 


range up to 1 μm. At the same time, the sensitivity is insufficient for the analysis of 


particle size distribution (dispersive analysis) for “large” drops. 


In order to implement the STM method, a measurement device has been used, 


which flow chart diagram is given in Fig. 2.11. 


The radiation of a halogen lamp attenuated by the medium is decomposed into two 


components (“blue” and “red”), which are registered by photo receivers, for which 


photo-electric multipliers (PEM) are used. Signals measured by means of ADC are 
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fed to the computer where they are processed according to the scheme given in  


Fig. 2.12. 


 
 Fig. 2.10. Threshold  ST (Spectral transparency)method sensitivity 
 
 light beam splitter  


media under 
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photo- 
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Fig. 2.11. Block diagram of  measuring device 
 


The measurements are conducted in two cross-sections over the pipe height in the 


region of the first and third (or second – fourth) levels. The radiation is supplied 


and discharged from the pipe by means of multi-core optical fibres (OF). 
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Fig. 2.12. Algorithm  of  test data processing 


Arrangement of measurement complex  in  the test facility is given in Fig. 2.13. 


 


In order to control the measurement system and data processing, a special program 


has been developed. The results of measurement are the “Zauter” size and mass 


concentration of particles, which in the curves are displayed in real time, and, in 


addition, are recorded into a file for detailed processing after the experiment. 


This hardware has become effective at measuring the integral concentration of fog 


drops and “large” drops at the level of their concentration above 3 g/m3. For 


measuring the integral concentration of “large” drops under low concentration, a 


train with multiple passing of radiation through the medium being under 


consideration has been implemented, which significantly enhances sensitivity of 


the method. The schematic diagram of the measurement device is given in  


Fig. 2.14. 
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I level 
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Fig. 2.13. Arrangement scheme of  complex aerosol particle size measurement 
 LS – light source; SU – supply unit; PEM -  photoelectric multiplier; ADC - analogy-digital 
converter; OF - optical fiber. 


    


 
 
Fig. 2.14. Scheme of “large” drops integral  concentration measurement 


1 – laser; 2 – protection glasses; 3 – mirrors; 4 – optical fiber; 
5 – beam registrator; 6 – signal gauge. 
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As a light source, a laser is used. On the opposite sides of the experimental pipe, 


two mirrors are located, which fine alignment provides multiple passage of the 


radiation through the medium being under investigation (in the given arrangement, 


a sevenfold passage has been implemented, which is not the limit). The attenuated 


radiation falls on the inlet edge of the light guide, which outlet edge is mated with 


PEM. The signal being measured by means of ADC is fed to the computer. In 


connection with dependence (2.3), the volume concentration of “large” drops in the 


given case can be calculated according to the following formula: 


С = ln(I/I0 ) r32/1.5 l к, 


where к is the multiplicity of radiation passage through the medium being under 


investigation. 


In doing so, the droplet size has preliminarily been measured by the “small angle” 


methods described below. 


 


2.2.2. “Small angle” method 


This method is based on registration of the light scattering indicatrix I(β) in a small 


solid angle β forward (within the limits of the first diffraction ring) from a droplet, 


which size significantly exceeds the wavelength of the radiation being scattered 


(ρ>10). 


For this case, the exact solution of the integral equation of light scattering is known 


allowing to restore the droplet size distribution function  


[ ] βββ
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βρβρ dI
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where J1 ( , )ρ β  and Y( , )ρ β  are the first-order Bessel functions of the first and 


second kind respectively. 







 47 


December, 2007 ISTC PROJECT #3345  EVAN 
 


The working range of the method is 3…50 μm. The advantage of the method is a 


possibility of obtaining of the droplet size spectrum as well as that no data on the 


refraction index of scattering particles is required for its use. 


Fig. 2.15 shows a schematic diagram of the measuring device being used in this 


research.  


 
 
Fig. 2.15. Scheme of “small angle” method realization 


1 – laser; 2 – protection glasses; 3 form lens; 4 – travel device; 5 - optic fiber; 6 – beam 
registrator; 7 – signal gauge; А-А – spot of dispersion registration plane. 


 


As a light source, an argon laser is used, which radiation illuminates the pipe 


through optical windows installed thereon. The measurements of illumination 


distribution in the scattering spot is carried out by traversing of the edge of light 


guide (with the diameter of 0.1 mm), which outlet edge is mated with light 


registration device (PEM). The signal being measured by means of ADC is fed to 


the computer. Traversing has been carried out by means of a special travel device 


at the movement accuracy of 1 μm. The adjustment of measuring device and the 


procedure for experimental data processing has been performed with the use of 


club moss particles applied on the cover glass having a monodisperse character of 


size distribution.  
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2.2.3. Measurement of the particle concentration profile and particle size 


distribution 


The methods described above belong to methods for measuring integral 


characteristics of the dispersed phase of the flow. They do not allow to measure 


particle size and concentration locally, i.e. at a certain point of the flow. Local 


measurements are necessary when it is required to determine spatial 


characteristics of the medium flow depending upon measurement point 


coordinates.  


Methods for measuring local parameters are based on spatial limitation of the 


measurement volume, i.e. a local area of the flow or medium, from which data 


are retrieved on the medium characteristics. The main measurement method is 


the solitary particle analysis method. Instruments based on this principle 


analyse each particle moving through the measurement volume of the 


instrument and perform counting of the number of particles per time unit; 


therefore, they are called photo-electric counters (PEC) of particles and the 


measurement method is called the counting method. Particle counters belong to 


instruments measuring the light scattering properties of individual particles. 


If the measurement goal is to obtain a particle size distribution function, then 


by means of known dependencies for each particle the transfer to its size is 


performed, and after accumulation of a certain volume of results – to the size 


distribution function (mean sizes, concentration, etc.). If the dependence of 


scattering upon size is unknown or ambiguous, then it is possible only to 


measure the countable particle flow-rate through the measurement volume 


of the instrument, and in a certain mode the calculation of countable 


concentration of particles in the medium volume. 


One more version of the counting method has appeared during the last 


decade, namely, the analyser of particle size distribution with statistical 


correction. With this approach, it is impossible to measure the parameters of 
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each particular particle but processing the statistical distribution of a 


parameter according to a certain algorithm one manages to find the particle 


size distribution.  


The principle of action of any PEC is based on illumination of the particle moving 


through the measurement volume of the instrument by a light beam and 


registration of the voltage impulse arising at the photo receiver output. In practice, 


two methods are used for generation of the measurement volume: optical electronic 


(free volume) and optical mechanical (isolated volume). PEC with free volume are 


used when it is impossible to take samples of the medium being investigated, they 


are more complicated in implementation and therefore are not commercially 


manufactured but are created for solving a particular problem. In our case it is 


required to measure the particle concentration and size in the flow without 


sampling; therefore, we need an instrument with a free measurement volume. 


A typical generalised arrangement of the photo-electric counter with free 


measurement volume is shown in Fig. 2.16. 
 light module particles 


flux 
light 
beam 


receiver 
module


measurement 
volume 


angle of 
dispersion 


electronic module 


 
Fig. 2.16. Standard general scheme of photoelectric particle counter   


 


Concentration profile measurement. In our case the arrangement given above can 


be implemented with the use a laser light source as a illuminator. Obtaining of full 


information about the dispersed phase characteristics in PEC with a laser 
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illuminator is difficult due to non-uniform illumination of the measurement 


volume. It is possible to rather easily evaluate the dependence of particle 


concentration upon the measurement point coordinate, i.e. the concentration profile 


and, accordingly, compare the profiles measured at various sections (levels) of the 


channel. 


Two versions of implementation of such evaluation by means of available 


equipment are possible: 


- measurement of the frequency of entry of Doppler signals during velocity 


measurement in the LDA arrangement; 


- use of the single-beam illumination pattern and measurement of the frequency of 


entry of the pulses from particles. 


In both cases, the countable particle flow-rate is measured, and in order to transfer 


to concentrations it is necessary to normalise the results by the flow velocity, i.e. 


one should know the flow velocity profile. 


LDA system has a local measurement volume, high sensitivity and is operated in 


the mode with solitary particles, which is required for implementation of the 


method. In measuring velocities, the system is used on the basis of a countable 


type processor. This system, apart from kinematic characteristics, also registers the 


data rate, which is also the measure of concentration. 


In the single-beam arrangement, one beam of the LDA arrangement can be used 


for illumination of the work volume in the flow. In doing so, the volume is limited 


only by the field of vision of the receiving optical system. Counting the number of 


pulses of scattered radiation caused by the particle flight through the measurement 


volume, one can determine the frequency of particle entry into the measurement 


volume (countable particle flow-rate through the measurement volume cross-


section). In order to measure frequency, the МСА2048 pulse amplitude analyser 


module has been used. The principle of operation of the module is based on the 


analogue-to-digital conversion of the pulse amplitude into a digital equivalent, 
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sorting out of values by magnitude and registration of the number of pulses of 


various amplitude during a specified interval of time, i.e. pulse frequency. 


In order to perform operation of the module, a special program has been 


developed, which, after accumulation of pulses during a specified time interval, 


saves the amplitude distribution being measured in a text file.  


LDA systems installed at different levels, due to objective reasons, differ from one 


another. In addition, the test facility does not allow to provide stable parameters of 


the two-phase flow at the channel inlet; therefore, instead of absolute concentration 


values the profile of relative concentrations of particles at various levels and flow 


conditions are determined in the research. 


2.2.4. Statistical dispersity analyser based on PEC 


As was noted in Item 2.2.3, in using the particle counter with a laser illuminator 


and free measurement volume, one manages to correlate the particle size and photo 


receiver pulse amplitude and measure the particle diameter, which is normally 


required at the experimental determination of the particle size distribution. 


However in certain modes it is possible to calculate this functions avoiding 


measurement of the size of each particle by processing the pulse amplitude 


statistics. 


The method of determination of the size distribution is based on the fact that the 


distribution of light intensity in the measurement volume for a single-mode laser 


has been strictly determined and known. Therefore, it is possible to correct the 


pulse amplitude statistics being measured in order to exclude the influence of non-


uniform illumination. As applied to PEC, the method was first proposed in [10] 


and theoretically justified in [11]. It is also possible to use the method in the LDA 


arrangement [12] but the instrument implementation is much more complicated 


from the engineering point of view. Consequently, PEC has been selected as the 


basic device in this research. 
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Let us explain the measurement method idea. Suppose a flow of the two-phase 


medium moves perpendicular to the beam axis, with all particles being of the same 


size, i.e. monodispersed size distribution. If particles in the carrier medium (space) 


are distributed uniformly, then the probability of a particle entry into the zone 


limited by the upper and lower intensity levels is proportional to the area of this 


zone. The areas can be calculated in accordance with the intensity ranges being 


selected. For example, for a laser with the wavelength of λ=0.633 μm and 


constriction radius of ω0=2.5 μm the calculated area values in the case of zones of 


constant width of 0.1Ur
0 are given graphically in Fig. 2.17. 
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Fig. 2.17. Areas of zones  


With statistically uniform distribution of monodispersed particles in the medium 


being measured, the dependence being given also describes the probability o 


particle entry into amplitude zones and hence the expected pulse amplitude 


distribution. 


In case of a poly-dispersed flow, the whole range of particle sizes is divided into a 


certain number of monodispersed classes, each of which makes its own 


contribution into the pulse amplitude statistics. In doing so, the expected amplitude 


is identical for each class (in relative magnitudes), and the scale along the ordinate 


axis is determined by the specific particle flow for the given class. So using the 


probabilities of particle entry into the zones being calculated, one can perform 


correction of the amplitude statistics being measured and find the size distribution 


function. 
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The optical arrangement is given in Fig. 2.18 and corresponds to the generalised 


PEC pattern (Fig. 2.16). The radiation of an argon laser with the power of  


100 MW, which contains several wavelengths, has been used for illumination of 


the measurement volume. The following spectral distribution of radiation has been 


taken in calculations: a) λ=514.5 nm – 50%, b) λ=488 nm – 40%, c) λ=476.5 nm – 


10%. 
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Fig. 2.18. Scheme of particle analyzer with statistical  distribution restoration  


 


The illuminator module consists of a beam expander and a frontal focusing lens 


with Ff = 80 mm. The arrangement being taken provides the beam constriction 


diameter in the measurement volume being equal to db= 32.5 μm. The receiving 


module fixes the illuminated volume on the diaphragm with the width of 100 μm 


with 1.5x magnification. The receiving aperture is determined by the objective 


(Lens 1) with the diameter of 20 mm installed at the distance of 150 mm from the 


measurement volume. Light that has passed through the diaphragm opening is 


converted by PEM into voltage pulses. The МСА2048 amplitude analyser (see 


Item 2.2.3) measures the pulse amplitude distribution, which is supplied to PC over 


the ISA bus for processing. 
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With the above-mentioned parameters of the optical arrangement, the dependence 


of scattered power upon the particle diameter calculated in accordance with the 


theory has the form given in Fig. 2.19. 
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Fig. 2.19. Amplitude characteristics 


(perpendicular polarization) 
The instrument graduation can be performed in the flow of monodispersed 


particles of the known size and with the known refraction index. Generally, for this 


method it is compulsory. Due to difficulties of the arrangement of such a flow, in 


this research the graduation has been performed theoretically. Specific peculiarities 


of the scattering characteristic have been used for graduation. It can be seen that 


the dependence is oscillating, and the scattering minima correspond to the 


following diameters: 0.75 / 1.3 / 1.75 / 2.25 μm. Consequently, minima shall be 


observed on the pulse amplitude distribution at certain amplitude values. As we 


will see below, these minima are observed in the experiment, which allows to 


perform theoretical graduation. 


Elaboration of the algorithm and  program for processing of the amplitude 


distribution being measured has been performed by means of mathematical 


simulation of the instrument and the experiment. In doing so, the measurement 


pulse amplitudes have been simulated from particles, which diameters are subject 


to the logarithmic distribution and motion trajectories are random. The program for 


simulation of the instrument and the measurement process generates a file 


containing random coordinates of the particle flight (statistically uniform 
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distribution), random value of the particle diameter (log-normal distribution with 


specified parameters) and photo receiver pulse amplitude corresponding to a 


combination of theses magnitudes.  


The mathematical expectation of the log-normal distribution has the following 


form 
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where dp is the particle diameter, η  and  σ are mean value and standard deviation 


respectively (for normally distributed logarithm of the diameter). In another form 


of record we have: η= ln(dm) and σ= ln(dd), where dm  and dd are the modal 


diameter and distribution deviation respectively. 


Fig. 2.20 shows the statistics of diameters of the log-normal distribution obtained 


during computer simulation of measurements. The line in this plot is the specified 


distribution with the parameters of dm=1.0 and dd=1.5, and dots denote a random 


“experimental” distribution. 


The particle illumination depends upon its trajectory, which is random, and the 


pulse amplitude at the receiver additionally depends upon the scattering 


characteristic and the diameter, which is also random. As a result, we derive the 


pulse amplitude distribution shown in Fig. 2.21. 


After processing, which corrects the distribution excluding the influence of non-


uniform illumination and transfer from pulse amplitudes to particle diameters, we 


obtain the “measured” distribution. The initial distribution and evaluation being 


obtained as a result of “measurement are shown in Fig. 2.22. 


As can be seen from the plot, the distribution being “measured” corresponds to the 


initial distribution with a satisfactory accuracy, which allows to make a conclusion 
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on effectiveness of the method being proposed and the possibility of its use in 


operation. 
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2.3. Hardware system for measuring air velocity by means of a hot wire 


anemometer 


 
Measurements of the air velocity profiles by means of two-thread hot wire 


anemometer probes (see Fig. 2.23) can be conducted simultaneously at two cross-


sections of the channel. If it is required to make measurements at a large number of 


cross-sections, measurements should be repeated after movement of probes and 


their placement into other box-type parts. Plugs should be installed into the box-


type parts being free from probes.  


 
Fig. 2.23. Probe Sensor 
Two gold-plated  3- to 5-mm long tungsten wires with the diameter of 5 μm welded to holders 
are shown. 


 


The measurement and processing of resistance thermometer (RTD) and hot wire 


anemometer (HWA) signals being used for measuring temperature and air velocity 


in the channel have been performed by means of a measurement computation 


system, which diagram is given in Fig. 2.24. 
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Fig. 2.24. Schematic for resistance thermometer and hot wire anemometer 


signals processing 
 


The accuracy of probe movement over the pipe diameter by means of the 


coordinate device equals to about 0.1 mm. In the process of measurements, the 


probe was moved overt the pipe diameter with a step of 2 mm. The maximum 


possible approach of the probe to the pipe wall on the opposite end of the pipe 


diameter in respect to the opening, in which the probe holder is installed, equals to 


about 2 mm from the surface. On the other end of the diameter the first 


measurement point is located at the distance of 10 mm from the surface. It is 


necessary to note that measurements closer to the pipe surface on the holder base 


side are impossible due to the probe design and probably has no sense as the 


opening in the pipe wall can exert a significant influence on the generation of local 


fields near the surface. 


During the tests, all analogue instruments (oscilloscope, integrator, voltmeters) 


have been used only for visual continuous observations over the measurement 


process. The quantitative measurements have been conducted only by means of 


computer, analogue-to-digital converter and relevant software. 


The selection of sampling rate was based on detailed description of fastest changes 


of the magnitude being measured. As a result of starting-up and adjustment tests, it 


has been obtained that the sampling rate should not be less than 400 Hz. It is also 


possible to select a larger value of frequency but in doing so the volume of 
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information being supplied to the computer significantly grows and accordingly, 


the time of its processing increases. The main measurements have been conducted 


with the sampling rate of 500 Hz.  


In determination of the required number of samples at each measurement point, or, 


the averaging period, which is the same, it has been taken into account that, on the 


one hand, the average value should not depend upon the number of samples, and, 


on the other hand, that the total time of measurement should not be too long. It has 


appeared that the optimal number of samples equals to about 5-6 thousand of 


measurements at each point, i.e. the time of measurement at one point with the 


sampling rate of 500 Hz equals to about 12 seconds. In main experiments,  


6000 measurements have been conducted at each point. In [1] it was shown that the 


relative error of velocity measurement by means of the system being under 


consideration does not exceed 7%. 
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3. Experiment conduction procedure 


3.1. Elaboration the test facility flow-path configuration based on the results of 


measurement of flow velocity characteristics by means of a hot wire anemometer 


 


This subsection contained the results obtained at the use of a two-thread probe 


designed for measuring air temperature and velocity. One of wires was a 


temperature meter (resistance thermometer) and the second one was a velocity 


meter (hot wire anemometer). 


These measurements have been conducted, in the first place, for the elaboration of 


aerodynamics and, in the second place, for a more detailed investigation of flow 


pulsation characteristics.  


The process of elaboration of flow aerodynamics was sufficiently labour-


consuming as we had to test several flow-path design versions.  


As a result of measures on the flow-path elaboration, it has got the 


ATF1configuration given in Fig. 1.2. The data on velocity profiles and root-mean-


square values of pulsations corresponding to this configuration are given in  


Fig. 3.1. 


Fig. 3.2÷3.3 shows the results of measurements of velocity fields for ATF2 and 


ATF3 configurations (Fig. 1.3÷1.4). These data demonstrate an acceptable 


distribution of the velocity across the channel for both configurations. A certain 


asymmetry of the profiles is connected with the influence of measurement probe 


holder (on the plot field, the probe was moved from left to right). In this 


connection, as was shown in [1], one should integrate the right-hand side branch of 


the profile in order to obtain a reliable value for mean velocity.  


Fig. 3.2 shows the results of measurements for the ATF2 final configuration of the 


flow-path. It is possible to evaluate the influence of the ROSCO generator having  
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b) Root-mean-square pulsations of the axial velocity profile; 


Fig. 3.1. Measurement results with the hot wire anemometer for final gas channel 


configuration (ATF1) 
1 – level 2; 2 - level 3; 3 - level 4; 4 - level 2, maximum air flow rate; 5 - level 2, test 1 
repetition.  
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b)  Root-mean-square pulsations of the axial velocity profile; 


Fig. 3.2. Measurement with the hot wire anemometer for final configuration of air 
channel(ATF2) 
 
1 – level 3, aerosol generator is switched on, mean velocity – 13,2 m/s; 2 – level 3, aerosol 
generator is switched out, mean velocity – 13,6 m/s. 
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b) Root-mean-square pulsations of the axial velocity profile; 


Fig. 3.3. Measurement results with the hot wire anemometer for final air channel 
configuration (ATF3) 
1 – level 3, cap is open («6»), mean velocity – 42.1 m/s; 2 – level 3,cap is in middle position 
(«3»), mean velocity – 34.4 m/s  (EVAN-№3345АТ1.2.2, table. 3.1, regime R6, table. 5.3); 3 - 
level 3, cap is open («6»), on the inlet – conical section instead of cylindrical, mean velocity – 
43.5 m/s. In quotes – number of flow rate regulator position. 
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its own fan upon the longitudinal velocity value. Fig. 3.3 shows an example of 


elaboration of the inlet device at high air velocities for the ATF3 configuration.  


The results being presented, along with the results of measurement of velocity 


fields by means of LDA, have been used for the calibration of regulating 


diaphragm, by means of which the required air flow-rate has been set in 


experiments on determination of dispersive characteristics of aerosol particles. It is 


connected with the fact that at the moment of conduction of these experiments no 


possibility was present to simultaneously measure the velocity profile by optical 


methods, and the use of hot wire anemometer is impossible in principle as aerosol 


deposition on the sensitive element of the hot wire anemometer leads to distortion 


of its calibration dependence. 


In the investigation of fluctuation components of the velocity and temperature in 


low-velocity flows, in the first place, the fact is to be noted that the intensity of 


fluctuation motion in similar flows is very high. The intensity of temperature 


fluctuations TѓўtI 2
T =  in the zone of developed turbulent flow may reach the 


values of about 0.15 – 0.25 and the intensity of pulsations of the longitudinal 


component of the velocity vector m
2


U WwI =  lies within the range from 0.20 to 


0.30 and event to 0.40 according to certain data. In doing so, the coordinates of 


maximal values of the pulsation intensities of temperature and velocity do not 


normally coincide. 


Some data on the spectral density of the pulsation intensity are given below  


(Fig. 3.4÷3.6). The spectral density of the velocity pulsation intensity S can be 


determined by the following expression: 


21


0
21 ∑


−


=


−=
N


n
)nTfiexp(]n[uT


NT
)f(S π ,   (3.1) 


where N is the number of samples, Т is the sampling period, u is the pulsation 


component of the velocity, f is the frequency. 
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Fig. 3.4.  Level 2, Vav ≈ m/s, 18 mm and 88 mm – close to wall, 48 mm – on axis. 
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Fig. 3.5. Level 4, Vср≈ 8 m/s, 18 mm and 86 mm – close to wall, 46 mm – on axis. 
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Fig. 3.6. Level 2, Vav ≈ 8 m/s, on axis 
01 – tube without additional devices; 02 – conical air receiver with honeycomb is installed at the 
inlet; 03 - conical air receiver with honeycomb and static pressure chamber are installed at the 
inlet. 


 


Some results of plotting the spectral density of the pulsation intensity (see formula 


(3.1)) are given below for experiments with high air velocities (Fig. 3.7 ÷ 3.9). 


Later similar data have been obtained by optimal methods (see Section 4). 
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Fig. 3.7. Velocity fluctuations on channel axis (upper graphs) and in close to wall 
(lower graphs) 
 Level 3. Sampling frequency (Hz) 525.1 and 523.9. Sampling – 3000 measurements. 
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TEST # 16.11.6, Phase EVAN-№3345 AT1.2.1    
Fig. 3.8. Velocity fluctuations on channel axis (upper graphs) and in close to wall 
layer (lower graphs) 
Level 3. Sampling frequency (Hz) 530.1 и 529.9. Sampling – 3000 measurements. 
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TEST #16.11.11, Phase EVAN-№3345 AT1.2.2     
Fig. 3.9. Velocity fluctuations on channel axis (upper graphs) and in close to wall 
(lower graphs) 
Level 3. Sampling frequency (Hz) 524.7 and 525.0. Sampling – 3000 measurements 
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3.2. Elaboration of the LDA measuring system 
 


3.2.1. Main directions of the measuring system elaboration 


The setup of hardware system consisted of two stages: performance check for the 


engineering solution being taken on the functioning model of the measuring system 


and the setup of all systems after their installation at the test facility. 


In the course of modelling, the measurement procedure has been elaborated and 


elements of the structure and secondary measuring system have been optimised. 


In the process of elaboration of the measurement procedure: 


- the optical arrangement parameters were being optimised (focal distance, angle 


of convergence of transmitting module beams as well as receiving device 


parameters); 


- the measurement techniques were being elaborated in near vicinity from the 


pipe surface; 


- the range of flow velocities being measured was being verified; 


- various methods have been tested for obtaining particles and their introduction 


into the flow. 


The main issue of structural modelling was checkout of the non-standard solution 


for the traversing system being taken: the use of a mobile suspension platform on 


flat springs for movement instead of conventional guides. The criterion of 


sufficient rigidity of the system was preservation of the optical alignment of LDA 


modules during movement of the mobile platform, which was carried out by means 


of a manual drive.  


In the course of setup of the secondary arrangement, the operating parameters and 


algorithm for the Doppler signal process were being optimised with the account of 


peculiarities of the object being under investigation, in particular, considerable 


pulsations of the flow velocity. By the results of investigations on the model, 







 71 


December, 2007 ISTC PROJECT #3345  EVAN 
 


corrections have been introduced into the suspension design and the Doppler signal 


processor has been modernised. 


In the course of equipment setup after its installation at the test facility, the 


alignment of optical units, setup of traversing systems and elaboration of the 


experiment conduction procedure were performed. 


All three optical LDA systems have been mounted on mobile platforms after which 


their setup has been performed, which consisted of the following: 


- setup of optical modules and checkout of functioning of the hardware units 


of LDA information and measurement systems at all levels; 


- determination of geometrical parameters of optical LDA arrangements and 


the transformation coefficient (interference band period), which sets the 


relationship between the flow velocity and the numerical equivalent of the Doppler 


signal frequency; 


- evaluation of the threshold levels of informational signals at each of the 


measurement levels at various particle concentrations in the flow and in operation 


in the conditions of natural dustiness; 


- verification of functioning of the optical modules with the Bragg cell for 


registration of zero and negative flow velocities; 


- determination of critical coordinates of optical windows in the pipe where 


the distortion of information signals occurs and system functioning may be 


violated. 


After setup, the position of all optical modules on platforms was fixed. As a result 


the alignment of systems did not suffer any variation in the conditions of a long 


experiment.  


In the process of setup of the traversing system by adjusting the fixed frame 


position, the axes of all optical modules have been matched over the height in 


respect to the axes of optical windows on the channels being under investigation. 
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In order to provide smooth movement during traversing, the setup of parallelism of 


the fixed and mobile platforms has been performed by their alignment according to 


the level gauge. The setup of mechanical drive was reduced to coordination of the 


lead screw axis with the position of axis of the LDA optical system.  


Optimisation of the experiment conduction procedure has led to the following 


parameters: 


- measurement are conducted at traversing with the step of 2 mm (approximately 


at 50 points over the pipe diameter);  


- processor signal sampling – not less than 100 (optimal number – from 500 to 


2000 signals); 


- duration of the profile measurement at one cross-section does not exceed 5÷7 


minutes.  


A great attention has been given to the optimisation of introduction of scattering 


particles for implementation of measurements by the Doppler anemometry method 


into the pipe without violation of the velocity conditions of the air flow motion. As 


a result, velocity measurements have been performed with the use of a fog 


generator providing particles with the size of about 0.5 μm. 


Some results of setup experiments are given below. 


3.2.2. Measurement of kinematic characteristics of the flow with the use of smoke 
generator  
 


This paragraph contains the results of velocity field measurements by the LDA 


method when solid particles of organic origin were used being generated by the 


smoke generator and having the size of ≈1 μm. These particles have been used for 


the same purpose in experiments [1], and it has been shown that they have no 


internal velocity in respect to the flow and their use provides obtaining of reliable 


information about its kinematic characteristics. Fig. 3.10÷3.12 show the data on the 


profile of longitudinal component of the velocity and turbulence intensity for one 
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regime obtained at three different height levels. Comparing with each other the 


values of Wmean obtained by integration of the velocity profile over the cross-


sectional area of the channel, one can obtain information about the method 


accuracy. 


Wav = 1.194 m/s 
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Fig. 3.10. Measurements results on level 1 
а – Mean axial velocity profile;                                      b – Turbulence intensity profile. 
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Fig. 3.11. Measurements results on level 2 
           а – Mean axial velocity profile;                                    b – Turbulence intensity profile 
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Wav = 1.251 m/s 
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Fig. 3.12. Measurements results on level 3 
           а – Mean axial velocity profile;                                    b – Turbulence intensity profile 
 


At the same time, as the experiments on determination of dispersive characteristics 


are conducted on liquid aerosol, it will be natural to use this liquid aerosol also for 


determination of kinematic characteristics. It is also clear that the presence of solid 


particles in the test section may influence upon the characteristics of deposition of 


liquid aerosol particles. However it was necessary to demonstrate that the use of 


liquid particles as tracers allows to obtain reliable information about kinematic 


characteristics of the flow. These results are given below. 


3.2.3. Measurement of kinematic characteristics of the flow with the use if a fog 
generator 
 


This paragraph contains some results of measurements of kinematic characteristics 


for various values of average velocity of the flow obtained at various levels over 


the channel height. As tracers, fine drops of the SP mix working fluid have been 


used that were generated by the ROSCO FOG/SMOKE MACHINE 1500 for 


generator (“ROSCO”). The fluid density is 1.06 g/cm3; refraction coefficient – 1.4; 


particle size ≈ 0.8 μm. It can be seen from curves in Fig. 3.13 ÷ 3.16 that from 
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methodical point of view the liquid aerosol drops are quite suitable for the use in 


experiments on determination of the velocity  by means of LDA. 


Wav = 1.222 m/s 
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Fig. 3.13. Measurements results on level 1 
а – Mean axial velocity profile;                                            b – Turbulence intensity profile 
 


Wav = 1.225 m/s 
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а) b) 


Fig. 3.14. Measurements results on level 2 
а – Mean axial velocity profile;                                    b – Turbulence intensity profile 
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Wav = 3.939 m/s 
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Fig. 3.15. Measurements results on level 2 
а – Mean axial velocity profile;                                           b – Turbulence intensity profile 
 


Wav = 3,895 m/s 
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Fig. 3.16. Measurements results on level 3 
а – Mean axial velocity profile;                                         b – Turbulence intensity profile 
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3.2.4. Comparison of the results of measurement with the use of smoke particles 


and fog particles as tracers 


 


Curves given in Fig. 3.17 jointly show the data being obtained with the use of two 


types of tracers – liquid and solid for the same conditions. This comparison shows 


convincingly that liquid drops being generated by the ROSCO fog generator can be 


used at measurements of flow velocity by the LDA method; in other words, the 


droplet velocity traces the flow velocity. Therefore, ROSCO generator has been 


used during flow velocity measurements in further experiments. 
 


Smoke: Wav = 2.235 m/s; Fog: Wav = 2.265 m/s  
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Fig. 3.17. Measurements results on level 2  
а – Mean axial velocity profile;                                    b – Turbulence intensity profile 
 
3.3. Basic series of experiments 


 


In the conduction of experiments, the measurement of kinematic and dispersive 


characteristics has been performed consecutively. It is connected with the fact that 


at the moment of measurement of dispersive characteristics there is no possibility 


of simultaneous measurement of the velocity profile by optical methods, and the 


use of a hot wire anemometer is impossible in principle as the aerosol deposition 
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on the hot wire anemometer sensitive element leads to distortion of its calibration 


dependence. Therefore, at the beginning of experiment the required velocity 


conditions are set and detailed measurement of the velocity profiles has been 


performed. In ATF1 and ATF2 configurations, the air flow-rate through the test 


section was regulated by variation of the value of voltage being applied to the fan. 


In ATF3 configuration, the regulation was carried out by means of regulating and 


measuring device for geometry variation having six fixed positions with various 


opening of the petal diaphragm. In all cases, we managed to provide a good 


reproducibility of velocity conditions. 


Then re-mounting of measuring equipment tools place, i.e. equipment designed for 


velocity measurement was replaced with equipment being necessary for measuring 


the size and concentration of drops. Re-adjustment of the aerosol generator was 


performed, i.e. increase of the fluid flow-rate in the flare up to the required value. 


It is connected with the fact that a comparatively small concentration of tracers is 


required for measuring the velocity by means of LDA whereas the concentration in 


deposition experiments should be essentially higher. When a “fine” droplet 


generator is used in experiments, it required a preliminary heating as its operation 


is used on volumetric condensation of vapours of the liquid that evaporated earlier. 


Upon completion of preparatory measures, the velocity conditions being set earlier 


was reproduced, the aerosol generator got turned on and measurements of 


dispersive characteristics started. The matrix of experiments is given below on the 


investigation of liquid aerosol deposition processes (Table 3.1), which includes the 


conditions designed for the use as an experimental base for verification of 


calculation procedures. 
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Table 3.1. 


Matrix of JSC “NPO CKTI” experiments on project EVAN # 3345  
                                               (Liquid aerosol) 
 


Test 


Shortened 
test 


number 
from Table 


5.3 


Velocity 
for 


depositi
on 


phase, 
m/s 


Velocity 
for 


resuspe
nsion 
phase, 
m/s 


Particle 
size d, 


μm 


Tempe
rature, 


K 
Test Purpose 


Aerosol 
particles 


parameters 


Orientation 
and surface 
parameters 
of working 


section 


EVAN–
№3345 
AT 1.1 


R4 
33.8 None 0.2 ÷ 5 300 


EVAN–
№3345 


AT 1.2.1 


R7 
39.6 


EVAN–
№3345 


AT 1.2.2 


R6 
33.8 


EVAN–
№3345 


AT 1.2.3 


R8 
24.8 


EVAN–
№3345 


AT 1.2.4 


R11 
6.5 


None 0.2 ÷ 
28 300 


Investigation 
of transport 


and 
deposition 


rate of 
liquid 


aerosol 
particles 
from gas 


flow 
towards the 


wall 


Liquid  
JEM PRO-


SMOKE 
high 


density (SP 
MIX) 


Vertical 
pipe with 


98 mm 
diameter, 


height 
 ~6 m  


(upwards 
flow), steel 
10ХСНД 


 


4. Results of experiments on measuring flow velocity by optical methods 
 


4.1. Measurement of axial and tangential velocity components  


 


The intensity of aerosol deposition processes depends, apart from other factors, not 


only upon the axial (flow-rate) velocity but also upon its radial component. 


Unfortunately, measurement of the radial velocity component with the given 


configuration of the optical system is impossible. At the same time, the tangential 


velocity component can be measured. It is clear that the tangential component 


being measured on the channel axis corresponds to the value of radial component 


at this point. In addition, information about the profile of tangential velocity 


component is of independent interest. 
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Fig. 4.1÷4.4 show the results of measurements of axial and tangential velocity 


components for two modes. All measurements have been performed at the second 


measurement level. As can be seen, the tangential (and hence radial) velocity 


component is missing on the pipe axis. It evidences that as a result of elaboration 


of the flow-path configuration we have managed to achieve axial symmetry of the 


flow in the test section. However the tangential velocity components appears in the 


near-wall region, building up with approaching to the wall. It means that the flow 


in this region is twisted, which in itself is undesirable as it violated conformity 


between the experiment conditions and the flow model being used at the deposition 


process calculation. Therefore, at the elaboration of test facility flow-path at the 


test section inlet a honey comb has been installed, which has allowed to eliminate 


the flow twist. 


 


Wav =1.585 m/s. Axial velocity parameters 
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Fig. 4.1. Results of axial velocity measurements on level 2 
a – mean axial velocity profile;                         b - standard deviation from mean value 
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Wav =1,585 m/s. Tangential velocity component parameters 
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Fig. 4.2. Measurement results of tangential component on level 2 


       а – velocity profile;                             b – standard deviation from mean value 


 


Wav = 4.389 m/s.  Axial velocity parameters 
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Fig. 4.3. Results of axial velocity measurements on level 2 


a – mean axial velocity profile;                           b - standard deviation from mean value 
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Wav = 4,389 m/s. Tangential velocity component parameters 
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Fig. 4.4. Measurement results of tangential component on level 2 


а – velocity profile;                                  b –standard deviation from mean value 


 
4.2. Measurement of the velocity of large drops  
 


It was shown above that drops being produced by ROSCO generator with the 


diameter of about 1 μm trace the air flow in the test section. At the same time it 


can be expected that larger drops being generated by the PRO ULF 1037 aerosol 


particle generator (“PRO ULF generator”) with the droplet diameter of about 12 


μm can have the internal velocity with respect to the flow. In order to clarify this 


issue, measurements have been performed under the same conditions (i.e. at the 


same air flow-rate); some results of them are given in Fig. 4.5÷4.8. The velocity 


profile measurements have been carried out at the first and third levels. The data 


being given correspond to the conditions with maximal velocity of  


~ 5.5 m/s.  
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I cross-section 
 ROSCO, Q = 0.0351 m3/s, Wav= 4.653 m/s 


16:02:20, 1 cross-section, ROSCO
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16:02:20, 1 cross-section, ROSCO
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 PRO ULF, Q = 0.0345 m 3/s; W av= 4.582 m/s 


16:35:37, 1 cross-sect, PRO ULF
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16:35:37, 1 cross-section, PRO ULF
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Fig. 4.5. Axial component measurements on level 1 
 Imposition of curves for ROSCO and PRO ULF in 1 cross-section                 
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Fig. 4.6. Velocity profiles of “fine” and “large” particles comparison (level 1) 


(ATF2) 







 84 


December, 2007 ISTC PROJECT #3345  EVAN 
 


 ROSCO, Q = 0.0348 m3/s, Wav=  4.609 m/s 
16:13:48, 3 cross-section, ROSCO
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16:13:48, 3 cross-section, ROSCO
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 PRO ULF, Q = 0.0359 m3/s, Wav=  4.754 m/s


16:19:57, 3 cross-section, PRO ULF
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16:19:57, 3 cross-section, PRO
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Fig. 4.7. Axial component measurements on level 3 
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Fig. 4.8. Velocity profiles of “fine” and “large” particles comparison, level 3, 
ATF2 
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As can be seen, though at the inlet section some insignificant discrepancies of the 


axial velocity value in the near-wall area are noticeable, at the third level  


(44 gauges from the inlet) these differences are virtually missing. 


 


4.3. Measurements of kinematic characteristics of the flow under conditions with 
high velocities 


4.3.1. Profiles of mean velocity and turbulent fluctuations. 


At high flow velocities in the channel the optical methods have been used at the 


measurements of kinematic characteristics for two sets of experimental conditions 


(see Table 3.1 – Matrix of experiments in Item 3.3 as well as Table 5.3): with the 


mean flow velocity wmean ~ 25.0 m/s – EVAN-No. 3345АТ1.2.3 (R8) and with the 


mean velocity of ~38.0 m/s – EVAN-No. 3345АТ1.2.1 (R7). The ROSCO fog 


generator has been used for sowing the flow with particles.  


The signal processing has been carried out in accordance with the description of 


procedure set forth in Item 2.1.5. The results of measurements at the second level 


are given on plot shown in Fig. 4.9 and 4.10. 
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Fig. 4.9. Results of velocity profiles measurements on level 2 (wav = 24.6 m/s) 
а – mean velocity value; b – RMS  amplitude of fluctuations 
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Fig. 4.10. . Results of velocity profiles measurements on level 2 (wav = 37.5 m/s) 
а – mean velocity value; b – RMS  amplitude of fluctuations 


 


During measurements at level 4, the velocities of large drops have been measured, 


which may differ from the solid phase velocity. The results of measurements are 


given in Fig. 4.11 and 4.12. 


As can be seen from the plots being given, the mean value of the velocity of large 


drops does not virtually differ from the velocity of carrier phase of the flow. At the 


same time, they are less effectively track the flow velocity fluctuations.  
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Fig. 4.11. Results of velocity profiles measurements on level 4 (wav = 25.3 m/s) with  
fog particles and drops  


а – mean velocity value; b – RMS  amplitude of fluctuations 
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Fig. 4.12. Results of velocity profiles measurements on level 4 (wav = 37,9 m/s) 
with  fog particles and drops  


а – mean velocity value; b – RMS  amplitude of fluctuations 
 


 


4.3.2. Results of measurement of the spectrum of turbulent fluctuations of the 


velocity. 


The hardware and software being developed for measuring high velocities allow to 


obtain additional data on the kinematic characteristics of the flow being under 


investigation at the measurement point. In particular, the program for signal 


processing in the spectral region gives a possibility to register the velocity 


dependence upon time – implementation of a random stochastic process and the 


energy spectrum of turbulent pulsations. The plots illustrating these characteristics 


are given in Fig. 4.13, 4.14 and 4.15.  


Fig. 4.13 shows general character of the results being obtained and measurement 


conditions.  


Fig. 4.14 shows comparative characteristics at the channel centre and near the wall 


at the specified channel cross-section (Level 2). 


Fig. 4.15 shows turbulent fluctuation spectra at various channel cross-sections 


located at Levels 2 and 4, at the channel centre and near the wall. 
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Fig. 4.13. Results of velocity measurements in center of channel, level 2, wav = 25,3 
m/s, Phase EVAN- # 3345 AT1.2.2  


     a – velocity time dependence ;   b -  power spectrum of velocity fluctuations(ATF3) 
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c) d) 
Fig. 4.14. Flow parameters in center (on left) and near the wall (on right).Level 2, 
wav = 25.3 m/s; Phase EVAN- # 3345 AT1.2.2 


 а, b – velocities;  c, d– spectrum. 







 89 


December, 2007 ISTC PROJECT #3345  EVAN 
 


 


0 100 200 300 400 500
0.00 


0.02 


0.04 


0.06 


0.08 


Frequency (Hz) 


Sp
ec


tra
l p


ow
er


 d
en


si
ty


 


 


 


0 100 200 300 400 500
0.00


0.15


0.30


0.45


0.60


Frequency (Hz) 


Sp
ec


tra
l p


ow
er


 d
en


si
ty


 


 
а) b) 


 


0 100 200 300 400 500
0.00 


0.03 


0.06 


0.09 


0.12 


Frequency (Hz)


Sp
ec


tra
l p


ow
er


 d
en


si
ty


 


 


0 100 200 300 400 500
0.0


0.2


0.4


0.6


0.8


Frequency (Hz) 


Sp
ec


tra
l p


ow
er


 d
en


si
ty


 


c) d) 
Fig. 4.15. Comparison of  turbulent  fluctuation  spectra in center (on left) and near the 


wall (on right), wav = 37.5 m/s, Phase EVAN- # 3345 AT1.2.1 
а, b – level 2;  c, d – level  4. 
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5. Results of investigation of the particle size distribution in the flow 
 


5.1. Measurement of the droplet size and concentration 


 


The measurements of fractional composition of the gas-droplet flow have been 


conducted simultaneously at two cross-sections over the pipe height (at the first 


and third or second and fourth measurement levels) at various flow velocities and 


droplet concentrations at the pipe inlet. The investigations have been carried out 


with two types of drops: “fine” drops (being generated by the ROSCO droplet 


generator) and “large” drops  (being generated by the PRO ULF droplet generator). 


Table 5.1 contains the summary of modes being investigated that have been 


included into the experiment matrix (Table 3.1), i.e. conditions, for which a full set 


of parameters being measured has been obtained, which allows to use these results 


for comparison with the results of computer simulation. These are the following 


modes: R4, R6, R7, R8, R11. Out of the modes being used for elaboration of the 


procedure, or with an incomplete set of data, the R3 mode is represented here, in 


which, unlike the above-mentioned modes, the measurements have been performed 


not at the second and fourth but at the first and third levels, i.e. covered the region 


of deliberately unsteady flow. At the same time, the consideration of this mode is 


of a certain interest from the point of view of process development analysis. 


The results of measurements have been generated in the form of short time 


realisations (about 1.5÷2 min), with the time count origin (abscissa axis) from the 


mode setting moment. The recording of all parameters have been carried out with a 


period of 1 s (“current” values). In the course of processing, the averaging of 


measured values has been performed for the time period of 10 s (these values are 


given on the plots as “averaged” values). An example of such processing is given 


in Fig. 5.1 and Fig. 5.2. 
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Table 5.1. 


Parameters of experiments on fractional composition investigations  


 
Phase  


(see Table 
3.1) 


Regime 
number Air velocity, m/s Drop type 


Mass 
concentration of 


the disperse 
phase, g/m3 


 
R3 6.5 "fine drops" 6.5 


EVAN-
№3345АТ1.1 R4 35 "fine drops" 4.8 


EVAN-
№3345АТ1.2.2 R6 35 "large drops" 1.5 


EVAN-
№3345АТ1.2.1 R7 39.6 "large drops" 0.73 


EVAN-
№3345АТ1.2.3 R8 24.8 "large drops" 1.14 


EVAN-
№3345АТ1.2.4 R11 6.5 "large drops" 4.5 
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r,  
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Fig .5.1. Dispersed flow structure. Mean (“Zauter”) size of fog drops (Regime R3, 


table 5.3) 
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Fig. 5.2. Mass particle  concentration   (Regime R3, table 5.3) 
а – mass concentration of fog drops; b – relative  decrease of drop mass concentration along test 
section height  


 


The mean values of the parameters being measured are given in Table 5.2. 
On the whole, it should be noted that the particle size distribution in the flow 


with fine drops only slightly depends upon the droplet velocity and concentration 


level. The droplet size within the range of velocities and concentrations being 


investigated varies insignificantly (from 0.5 μm to 0.6 μm). In doing so, in all 


cases the droplet size in the upper cross-section is somewhat larger. The growth of 


droplet mean size over the height (r3-r1)/r1 in various conditions varies from 3% to  


6%. It can be connected with two circumstances: droplet aggregation due to 


coagulation, or variation of the form of droplet size distribution law, which can 
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also lead to the change of the “Zauter” size. It should be noted that the droplet size, 


unlike their concentration, is stable in time. 


Table 5.2. 


Mean («Zauter»)  radius and  fog drops mass concentration 
 


Mean(«Zauter») size of 
drops, μm 


Mass concentration of 
drops, g/m3 


Phase 
(see table 3.1) 


Regime 
number 


 
le


ve
l 1


 


 
le


ve
l 2


 


 
le


ve
l 3


 


 
le


ve
l 4


 


 
le


ve
l 1


 


 
le


ve
l 2


 


 
le


ve
l 3


 


 
le


ve
l 4


 


 R3 0.52   0.56   6.5   5.7   


EVAN- #3345АТ1.1  R4  0.52  0.54  4.8  4.1 


EVAN- #3345АТ1.2.2 R6  5.5    1.5  0.75 


EVAN- #3345АТ1.2.2 R7  5.5    0.73  0.25 


EVAN- #3345АТ1.2.2 R8  5.5    1.10  0.50 


EVAN- #3345АТ1.2.2 R11  5.5    4.5  2.4 
 
 


The comparison of mass concentration of fine drops at two cross-sections over the 


pipe height shows that in all conditions the concentration at the upper level is 


smaller (approximately by 5÷15%). Taking into account that the growth of droplet 


size is noted in the case, a conclusion can be made that the piecewise droplet 


concentration should decrease much more. So for the conditions of the R2 setup 


mode, the growth of droplet size by 5% was accompanied by a decrease of the 


mass concentration by 14% and piecewise concentration by 25%.  


Measurement of the fractional composition of large drops has been conducted 


at the second level over the pipe height. 


In the process of experiment, the distribution of illumination in the scattering spot 


has been registered by traversing over the scattered light spot diameter with the 


step of 0.5 mm at 40 points. The processing of these data allows to calculate the 


scattering indicatrix I(β). The angle β is calculated according to the following 


formula: 
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β= x/F, 


where х is the distance from the spot centre to the measurement point; 


F is the focal distance of the objective. 


Fig. 5.3 shows an example of scattering indicatrix being registered.  
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Fig. 5.3. Indicatrix of  light  dispersion by “large” drops 
 


On the grounds of these experimental data, a calculation of the droplet size 


distribution function f(r) has been performed according to formula (2.4). To this 


effect, a special program has been developed. The results of solution are given in 


Fig. 5.4. 
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Fig. 5.4. Size distribution of “large” drops  


The analysis shows that the mathematical expectation of piecewise droplet size 


concentration can satisfactorily be described by the logarithmically normal law of 


the form (2.5). 


Fig. 5.4 shows the results of comparison of the experimental distribution spectrum 


with the logarithmically normal one at rm=1.5 μm and σ=1.5. 


So the results being obtained can satisfactorily be described by a two-parameter 


distribution law but in practice the particle size distribution for the gas-droplet flow 


is more often described by a certain “mean” size. In doing so, the mean (modal) 


size of the reduced spectrum reflects the size of drops being more often 


encountered in the flow; but the flow-rate fraction, which they bear, is 


insignificant. It is illustrated in Fig. 5.5.  


Here the normalized droplet size distribution curves for the droplet surface and 


volume being obtained by recalculation of the piecewise concentration dependence 


given above. The modal values of these distributions are also not suitable for the 


characteristic of spectra as the error in determination of the maximum is very high 


due to flatness of the curves. In such conditions, the most expedient is to use 
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average-weighted parameters based on calculation of the spectrum distribution 


moments. So for the spectrum being given the mean “Zauter” droplet size (see 


formula (2.3)) r32=5.5 μm. 
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Fig. 5.5. Distribution of counting concentration, surface and volume of liquid 
particles  
 


5.2. Evaluation of the particle concentration profile 


 
5.2.1. Evaluation of the particle concentration profile by LDA signals 


At the first stage of investigation of kinematic characteristics of the flow in the 


channel by means of LDA and a countable type processor as tracers, smoke and 


fog particles have been used (ROSCO generator). In doing so, the mean velocity 


did not exceed 4 m/s.  


As a example, Fig. 5.6 shows the profiles of relative particle concentration 


obtained at Levels 1 and 3. The evaluation procedure is described in item 2.2.3. 
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Fig. 5.6. Tracer concentration profiles at low velocities (1÷2m/s) 


 


The fluctuation of concentration in the central part of the channel are of random 


character related to non-uniformity of tracer supply. At the same time, the 


tendency of concentration increase is noticeable directly in the vicinity of channel 


walls.  


5.2.2. Evaluation of the concentration profile for large drops 


The results given below have been obtained in the single-beam arrangement of the 


counter designed on the basis of the LDA pattern with one beam, with the second 


beam being blocked. The procedure has been described in Item 2.2.3.  


The profiles of relative particle concentrations in the flow have been obtained at 


the first and third levels at maximum possible flow velocities – the mean velocity 


on the channel axis was equal to ≈42 m/s. In all cases the PRO ULF generator has 


been used for droplet generation. In doing so, the concentration profile 


measurement conditions comply to the requirements being made to a considerable 


extent (see Item 2.2.3). In calculation of particle flow-rates, the parameters of LDA 


optical modules at the first and third levels have been used, which are given in 
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Table 2.3 (Item 2.1.3). The exposition time for each point of the cross-section is  


t = 1 min. 


As is indicated in the procedure description in Item 2.2.3, for the comparison of 


profiles at various levels they are represented in relative magnitudes being 


normalized by the concentration value on the channel axis.  


The relative particle concentration profile over the channel cross-section at the first 


level being averaged by several measurements is given in Fig. 5.7. 
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Fig. 5.7. Relative drop concentration profile on level 1 
 


Due to fast contamination of optical windows at the third level, further 


measurements have been performed at traversing of only a half of the channel 


cross-section. In doing so, the axial symmetry of the profile is assumed, which is 


confirmed  by the results of measurement of kinematic characteristics. Due to such 


experimental conditions, the exposition time for each of the cross-section 


coordinates has been reduced to 20 s. 


The measurement near the channel wall has caused the largest difficulties related 


to the layout of measurement volume near the access window. In case of 
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contamination of the window as a result of particle deposition, the probability of 


the receiver flare with drops that have deposited on the glass increases. It becomes 


evident in the drift of the zero level of the output electrical signal and distortion of 


the amplitude distribution. In this connection, measurements near the wall have 


been performed several ties. Fig. 5.8 shows a relative particle droplet concentration 


profile at the third level being averaged by the results of three measurements. 


Fig. 5.9 shows for comparison the droplet concentration profiles at the first and 


third levels. 
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Fig. 5.8. Relative drop concentration profile on level 3 
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Fig. 5.9. Concentration profiles comparison 
 


5.3. Evaluation of the size distribution for “fine” drops  


 


For particles being produced by the ROSCO 1500 generator, an independent 


experimental evaluation of the droplet size distribution has been performed. The 


research has been carried out at the laser PEC installation, which arrangement is 


given in Item 2.2.4 hereof. The description of procedure and the results of its 


testing are given there too. 


As it was noted above, the transfer from the given distribution of amplitudes to 


diameters requires calibration of the device. We have executed this operation with 


the use of oscillations of the scattering characteristic and corresponding minima on 


the amplitude statistics, which we have detected. 
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The measurement have been performed at various PEM power supply voltages 


(amplifications) within the range of 1.2÷1.5 kV and various expositions: 1 / 5 / 20 / 


30 minutes. Fig. 5.10 shows the distributions obtained in one of the experiments at 


the PEM power supply voltage of 1.4 kV and exposition time of 5 minutes. 
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Fig. 5.10. Experimental distributions 


а – initial amplitude statistics; b – calculated amplitude statistics. 
 


After processing, we have derived reduced distributions of pulse amplitudes.  


Fig. 5.11 shows such distributions obtained in two different experiments. 
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Fig. 5.11. Reductive amplitude distributions for two tests  
Exposition: а -  5 min.; b – 20 min.  PEM: а – 1.4 kV; b –1.3 kV. 
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One can see that in both cases dips or steps are observed on the plot. Similar dips 


have been detected in all experiments. It is evident that they are not of random 


character and caused by the maxima of scattering characteristic at certain diameter 


values. Considering that the scattering minima correspond to the statistics dips, it is 


possible to evaluate the particle size distribution. Fig. 5.12 show the resulting 


“diameter” distributions obtained with the use of such scaling. 
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Fig. 5.12. Size particle distribution estimation (ROSCO 1500) 


 


Experiments “a” and “b” correspond to the data and conditions given in  


Fig. 5.11 a,b respectively. The approximating curve of the log-normal distribution 


is described by the following parameters: modal diameter dm=1.0, distribution 


deviation dd=2.0. 


It should be noted that it is difficult to evaluate the accuracy of the graduation 


technique being used, but it is evident that it is not high as in fact the character of 


influence of the characteristic oscillations upon the amplitude statistics is 


unknown. Therefore, the actual trend of the distribution curve may somewhat 


differ from that shown in the figure. At the same time, the evaluation of the particle 


size range can be considered as adequately justified.  
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5.4. Evaluation of the droplet deposition rate 


On the grounds of measurement of the integral concentration of drops at two cross-


sections over the pipe height, the rate of deposition has been calculated:  


   


 (5.1) 


 


The data on the rate of deposition are given in the summarised table 5.3. It also 


contains values the mass flow F0 on the wall, which was calculated as the ratio of 


droplet mass M precipitating on the wall per time unit to the area f of the pipe 


surface, on which the deposition occurred: 


F0 = M/f . 


Here M=(С1-С2)US, 


where U is the mean flow velocity; 


S is the pipe cross-sectional area. 


Simultaneously with optical measurements of the integral concentration of drops in 


the flow described above in several modes, the direct measurement of the mass of 


liquid aerosol being deposited on the wall has been performed. To this end, a thin 


(0.05 mm) aluminium foil with an adhesive layer has been used. A foil segment of 


50х120 mm was applied on the internal surface of the test section near the outlet, 


in the fourth level area. With a good “rolling” of foil, we managed to give a 


structure of a large roughness of pipe to its surface. The foil was weighed before 


and after “exposition”. The exposition duration was equal to 2 min. The weighing 


accuracy is 0.01 g. On the grounds of these measurements, the values of particle 


flux F0 on the wall and the rate of deposition Vd have been calculated. 


The measurement error was equal to 15-20%. If necessary, it can be reduced by 


improving the measurement procedure. The results of these measurements are also 


given in Table 5.3. 


l
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Table 5.3. 


Consolidated table of disperse flow structure measurements  
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m m2 m m2  m/s μm kg/m2 kg/m3 kg/m3 kg/s kg(m2s) m/s kg/(m2s) m/s 


0.098  3.63Е-03  3.95 1.22 R3 6.5 0.52 6.50E-03 5.70E-03 8.00E-04 3.92E-05 3.23E-05 5.30E-03 
    


    3.30 1.02 R4 35 0.52 4.80E-03 4.10E-03 7.00E-04 1.85E-04 1.82E-04 3.42E-02 
  


  


    3.30 1.02 R6 35  5.5 1.50E-03 7.50E-04 7.50E-04 1.98E-04 1.95E-04 1.50E-01 
  


  


    3.30 1.02 R7 39.6  5.5 7.30E-04 2.50E-04 4.80E-04 1.43E-04 1.41E-04 2.63E-01 1.81E-04 2.48E-01


    3.30 1.02 R8 24.8  5.5 1.10E-03 5.00E-04 6.00E-04 1.12E-04 1.10E-04 1.21E-01 1.81E-04 1.65E-01


    3.30 1.02 R11 6.5  5.5 4.50E-03 2.40E-03 2.10E-03 1.03E-04 1.01E-04 3.03E-02 2.917E-05 6.48E-03


* Related  regime numeration  in form accepted in Matrix of experiments (table 3.1), 
presented in tables 5.1 and 5.2. 


 


5.5. Evaluation of the measurement error 


 


It is possible to show that the measurement error for the particle mass 


concentration is determined by the following dependence: 


 


 (5.2) 


Fig. 5.13 show the evaluation of measurement error for the mass concentration for 


“fine” and “large” drops. It can be seen that at the concentration level above 0.5 


g/m3 the measurement error is below 10%. 


The error of determination of the rate of deposition 


 


 (5.3) 


is determined by the accuracy of droplet concentration measurement. The 


dependence of the error upon the deposition rate value given in Fig. 5.14 at various 
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flow velocities shows that at a low level of the rate of deposition the error reaches 


considerable values. 
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Fig. 5.13. Accuracy of mass concentration measurements 
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Fig. 5.14.  Accuracy of deposition rate determination 
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PART TWO 


Investigations of solid aerosol deposition and resuspension processes 


 


6. Description of the test facility 
 


6.1. General 


 


The most significant differences of experiments on solid aerosol from 


investigations on liquid aerosol described in Part One consist of the following:  


- Unlike experiments on liquid aerosol, in which only deposition processes have 


been investigated, in experiments on solid aerosol the processes of resuspension 


of aerosol being deposited earlier from the test section walls have also been 


studied. In accordance with the Matrix of experiments of the Working Plan (see 


Introduction), the air velocity in the test section in the experiments on 


resuspension should reach 100 m/s. It has required to fully reconstruct the 


ventilation system for the test section. 


- As aerosol, in accordance with the Working Plan, ammonium chloride NH4Cl 


was used. In this connection, the aerosol generation system has been fully 


reconstructed, a special generator has been developed and manufactured, which 


action is based on the reversible chemical reaction of dissociation-


recombination of ammonium chloride. 


- Due to specific chemical properties of ammonium chloride, it cannot be thrown 


out into the atmosphere as liquid aerosol earlier. Air being removed from the 


test section should pass through a system of filters. Therefore, the spent gas 


removal system has fully been reconstructed. 


- In addition to investigation methods that have already implemented in 


experiments on liquid aerosol, a whole number of new procedures have been 
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implanted: quantitative chemical analysis, various sampling devices and 


precipitators in combination with the use of atomic-force and electronic 


microscopes, analytical scales, etc. Optical methods have also required 


improvement. In this connection, a new test section has been developed and 


manufactured, which design has allowed to implement all above-listed 


procedures as well as fulfil the Working Plan requirement with respect to the 


test section material. 


 
6.2. Test section design 
 


TS2 test section (Fig. 6.1) is a vertical cylindrical channel with the internal 


diameter of 50 mm and wall thickness of 3.5 mm. The channel height is 5140 mm. 


It is manufactured from a solid-drawn pipe made from stainless steel of grade 


12Cr18Ni10Ti. The absolute roughness of the internal surface of the pipe is 


0.02÷0.03 mm. The test section is made dismountable, consisting of six elements 


of various length. The description of elements is given in Table 6.1. These 


elements have bores (Fig. 6.2) allowing to connect them to one another without 


violation of hydraulic smoothness of the internal surface. Outside the places of 


connection are fixed by special clamps (Fig. 6.3). 


The inlet section (element No. 1, Fig. 6.1) has a relative length of gauge 32 and is 


designed for hydrodynamic stability of the flow.  


The main part of test section (element No. 4, Fig. 6.1) is provided with two pulse 


static pressure tap-offs, by means of which the pressure drop due to friction at the 


distance between the tap-offs (2890 mm) was measured. By the differential 


pressure being measured, the air velocity in the test section has been determined 


with a sufficient accuracy and, which is the main thing, without introduction of 


disturbances into the flow. Five holes with the diameter of 10 mm are located in 


three cross-sections of element 4 (at the ends and in the middle) uniformly over the 


circumference. Point precipitators have been placed into these holes (Fig. 6.4) 
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being discs with the same diameter of 10 mm and made of the same pipe, from 


which the whole test section is made. They were oriented so that their concave 


surface would “continue” the curvature of the internal surface of the test section 


and would not introduce any disturbances into the flow in the near-wall region. 
 6 


5 


8 


7 


3 


2 


9


1 


4 


 
Fig. 6.1. Solid particles study: test section (TS2) 


1 ÷ 6 – test section elements; 7 – dotted precipitators; 8 – static pressure taps;  
9 – connection clip 


 


The diameter of point precipitators has been selected on the conditions of a 


possibility of their using as a substrate for Nanoeducator probe atomic-force 


microscope. A flat square (12х12 mm) plate is fixed on the rear (convex) side of 


the precipitator, serving a stop when the precipitator is placed into the mounting 
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bore of the test section. It also serves as a stable base when the precipitator is 


placed on the microscope stage. The precipitator’s identification sign and a mark 


for correct orientation over the vertical envelope of its internal cylindrical surface 


are applied on the plate by stamping. 


Table 6.1. 


Test section elements characteristics 
Element number 


(upward) 
Element 


length, mm Element function 


1 1600 Inlet section 
(section of hydrodynamic stabilization)


2 232 Section of optical measurements 
(2-d measurement level) 


3 32 Annular precipitator 
4 3012 Main part of test section 
5 32 Annular precipitator 
6 232 Section of optical measurements 


(4-th measurement level) 
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Fig. 6.2. Connection of test section  elements 
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Fig. 6.3. Connection clip 


 


 
Fig. 6.4. Dotted precipitator 


Elements No. 2 and No. 6 (Fig. 6.5) are installed at the inlet and outlet of the main 


part of test section. They are identical by design and are intended for conduction of 


optical measurements of dispersive characteristics of aerosol flow. Each of them is 
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provided with three optical windows and three nodes for light guide installation. 


Optical window glasses and light guide edges are placed flush with the internal 


surface of the channel in order to minimize flow disturbances. 


 
Fig. 6.5. Element for optica measurements 
At the top - optical windows, at the bottom – points of optical fibers installation. 


Elements No. 3 and No. 5 are also installed at the inlet and outlet of the main part 


of test section. They are ring precipitators with the height of 32 mm. They can 


easily be removed and have a sufficient internal surface area so that the mass of 


deposit being generated thereon could be determined by weighing or by wash-out 


with subsequent chemical analysis. 


The so-called measurement section is fixes to element No. 6 in the upper part of 


the test section (Fig. 6.6). By transverse dimensions and method of fastening, it is 


identical to other elements. Its length is 312 mm. The following assemblies are 


placed on it: hot wire anemometer probe installation assembly, an tap-off device 


can be placed in this assembly for taking a sample for the filter; isokinetic tap-off 
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installation assembly, by means of which the sampling for impactor is performed. 


A full pressure head tube (Pitot tube) can be installed in this assembly too. In the 


cross-section where the full pressure head tube is placed, there is a static pressure 


tap-off on the channel wall, which, jointly with a Pitot tube, allows to select and 


measure the velocity pressure head of the flow. 


 
а) 


 


 
b) 


Fig. 6.6. Measuring section 
a) Measuring section general view. At the top on left -  static pressure tap. At the top on 


right - knot of  impactor sampler (installed) and Pitot tube. At the bottom on right – knot of 
hot wire anemometer probe installation and  sampler of sample  taking  for filter (installed); 


b) Impactor sampler. 
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6.3. Test bench arrangement 
 


The test bench for investigation of deposition and resuspension of solid aerosol has 


been mounted on the same platform and within the same metal structures as the 


test bench for investigation of liquid aerosol described in Section 1. Depending 


upon what process is being currently investigated, one of the following two test 


bench configurations has been used: ATF4 or ATF5. ATF4 configuration (Fig. 6.7) 


is intended for investigation of ammonium chloride deposition and ATF5 


configuration (Fig. 6.8) is intended for resuspension investigation. 


The test section (TS2) has been mounted vertically near the test section for liquid 


aerosol studying (TS1) inside U-shaped openings in the maintenance platforms. 


Over the vertical it is placed so that optical windows of elements No. 2 and No. 6 


(see Fig. 6.1) are at the same elevations as windows of the TS1 section at the 


second and fourth measurement levels. It has allowed to use mobile platforms 


being available for traversing during conduction of optical measurements (see 


Section 1). 


Let us consider the ATF4 installation (Fig. 6.7). The ventilation system in it is 


combined with the spent gas treatment system thank to the use of two 


DELVIR GRAND industrial vacuum cleaners in the arrangement. The main 


technical specifications of the vacuum cleaner are as follows: 


Power supply – 3х380 V/50 Hz; 


Power consumption – 3000 W; 


Maximal rarefaction – 2630 mm H2O; 


Maximal air flow-rate – 350 m3/h; 


Filter area – 7000 cm2; 


Filter-cartridge area – 3000 cm2. 
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1 – Aerosol generator 
2 – Inlet chamber 
3 – Test section  
4 – Measuring section 
5 – Vacuum cleaner 


DELVIR GRAND 
6 – Bypass line 
7 – Regulated plate 
8 – Conical air receiver 
9 – Air duct 
10 – Fan K315 L TW 


Systemair 
 


 
 


Fig. 6.7. Test facility  scheme for deposition of solid aerosol study (arrangement 


ATF4) 
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3   


 


1       


3       


4       


2   


1 – Air blower ТN-200; 
2 – Bypass; 
3 – Dampers; 
4 – Test section 
 


 


Fig.6.8. Test facility scheme for solid aerosol resuspension study 


(arrangement ATF5) 


 


The vacuum cleaners are connected parallel and being completed with clean filters 


are capable to provide a mean flow-rate air velocity of about 48 m/s at the test 


section. As filters become clogged, the air velocity decreases. Deposition 


experiments have been conducted at smaller air velocities in the test section (about 


30 m/s). Therefore, a bypass line has been included into the circuit arrangement, 


connected with the atmosphere via a regulated gate valve. By means of this gate 


valve, constant air velocity has been maintained in the test section during the 


experiment. 
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The vacuum cleaners have been installed in the experiment room and threw out 


treated air via dampers being a part of the delivery set under the air intake device 


of the spent gas removal system. From the conical air intake device of this system, 


air was supplied, over a vertical air duct with the diameter of 315 mm, to the 


exhaust fan, from which it was emitted to the environment via a vertical chimney. 


The K315 L TW Systemair axial fan has been used in the system (see Item 1.6.3).  


Now let us consider the ATF5 test bench configuration (Fig. 6.8) designed for the 


conduction of experiments on aerosol resuspension from the internal surface of the 


main part of test section. In this configuration, a TN-200 industrial blower (power 


consumption – 200 kW) with the capacity of 12000 m3/h (3.33 m3/s) generating the 


pressure head up to 50 kPa has been used for the generation of high-speed air flow 


in the test section. The test section is connected to the discharge outlet pipe of the 


blower via a control valve. The air excess is thrown out into the atmosphere via a 


regulated bypass line. Taking into account the insignificant amount of ammonium 


chloride being blown out from the main part of test section as well the necessity of 


maximum possible reduction of hydraulic resistance of the path, the relief is 


carried out directly into the room at the elevation of the upper edge of test section 


(7.5 m). 


 


6.4. Aerosol generator 


 


6.4.1. Principle of operation of the ammonium chloride aerosol generator 


The generator operation is based on the reversible chemical reaction of 


dissociation-recombination of ammonium chloride: 


 


 


NH4Cl(solid)=NH3(gas)+HCl(gas) 
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This reaction moves towards condensed phase or gaseous phase of the hydride 


mixture depending upon the temperature. The data concerning the equilibrium 


conditions are given in Table 6.2: 


Table 6.2. 


Temperature dependence for hydride mixture pressure 
 


T, 


oС 


260 292 317 324 332 337 340 350 370 400 420 440 460 480 


P, 


atm 


(abs) 


0.13 0.26 0.53 0.66 0.79 0.92 1 1.19 1.82 3.29 4.75 6.72 9.62 12.42


 


The table contains data on the total pressure of hydride mixture consisting of 


ammonium and hydrogen chloride in strictly stoichiometrical quantities. 


Stoichiometry of the reaction provides the absence of necessity to operate with 


highly toxic individual hydrides. Conducting the reaction in the generator at an 


increased temperature within a semi-closed volume in the forward direction, one 


can stimulate the pressure rise aiming to the equilibrium value specified in the 


table. The gas mixture exits at a high speed via a calibrated throttle into the region 


with decreased temperature and pressure where fast reaction shift towards the 


condensed phase takes place. A peculiarity of the hydride binding reaction is the 


tendency to homogenous nucleation, which provides generation of solid-phase 


aerosol. 


The removal of hydrides exiting from the throttle is carried out by a hot air jet. The 


process performance control is achieved by the variation of heat flux being 


supplied to the condensed phase. 
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6.4.2. Generator design 


Generator (Fig. 6.9) includes a basic-lined furnace, an additional heat power 


source, at the same time being a carrier gas source, a dissociator, control and 


monitoring devices, a cooler fan. The aerosol generator takes place in the 


expansion chamber being outside with respect to the generator.             


   
 
Fig. 6.9. Ammonia chloride aerosol generator.  


The basic-lined furnace of resistive type is manufactured from a quartz pipe, on 


which a fechral heating element with the total resistance of 50 Ω is wound with a 


variable pitch. The winding pitch has been selected so that to provide maximal 


extent of the isothermal zone and a sharp drop near the outlet end of the furnace. A 


thermal insulator layer is placed between the heater and the ceramic casing. The 


electrical power of the furnace at the use of rated mains voltage is about 1 kW.  


On the inlet opening side, the furnace is closed with an easily heat-insulating 


flange. On the outlet side, a quartz nozzle, which at the same time performs the 


function of a fixing stop for the dissociator, is introduced inside the heating tube. 


In this cross-section, a seal of reference chromel-alumel thermocouple is placed. 


The furnace end is closed by a steel cover with a branch pipe. The seal of chromel-


alumel thermocouple of the set-point device for the control device is introduced 
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into a thermal contact with the heater in the middle of winding at the cross-section 


coinciding with the dissociator bottom. The interval of steady operation of the 


generator complies with the set-point device temperature of 360 ÷ 480°С. 


Additional heat power source is made on the basis of a construction fan with the 


maximal power of 1.8 kW. The fan provides two operating modes: air flow of 


280 l/s at the temperature of 300°С and 480 l/s at the temperature of 600°С. The 


working unit of the fan is released from its plastic casing and is mounted on a 


tripod. The fan nozzle is connected to the internal space of the furnace by an elbow 


from quartz glass being inserted into the detachable flange. 


Dissociator is made from quartz glass in the form of glass cup with the neck being 


covered by a flat quartz lid. The neck and lid diameters are selected so that an 


annual slot of specified width is generated between them. The lid fixation is 


provided by a segment of heat-resistance cord. Outside the dissociator is provided 


with bosses fixing it in the coaxial position with respect to the furnace. The cup 


capacity as to ammonium chloride powder is about 200 g. 


The furnace control is performed by a 2ТРМ1 two-position programmable 


temperature regulator with the accuracy of + 2.5°С. The temperature control on the 


dissociator lid is carried out by the readings of a digital millivoltmeter.  


The generator is installed coaxially with the inlet chamber of test section, which is 


designed in an individual manner in accordance with the experiment needs. 


Additional cooler fan is installed on a tripod near the inlet end of the furnace and 


service for fast cooling of the path upon completion of the experiment in order to 


reduce the transient mode time. 
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6.4.3. Initial substances and preparation of the experiment 


Working substance is ammonium chloride of grade OSCh 4-5 according to the 


specification TU 6-09-587-75. As ammonium chloride is a weakly hygroscopic 


reactive, it is necessary to dry it up to the constant weight in order to standardize 


the initial conditions of the experiments. Experience shows that during the drying 


of a 3-5 cm layer of powder in an open vessel at the temperature of 120°С the 


weight constancy is achieved within 4 hours. During the experiment conduction 


period, it is expedient to hold dried ammonium chloride at this temperature in a 


drying cabinet. 


Experiment preparation shall be started from bringing the generator furnace to the 


specified temperature mode in order to reduce the transient process time.  


The inlet end of the furnace shall be closed with a flange. Having set the required 


temperature according to the set-point device, the furnace power supply shall be 


switched on and voltage of about 200 V from an autotransformer shall be applied, 


monitoring the current by means of an amperemeter (about 4 А). The temperature 


of set-point device thermocouple seal is quickly rising, and the device transfers 


into the mode of two-position regulation approximately in 5 ÷ 7 min. But holding 


at least during 90 minutes will be required so that the generator furnace should 


achieve a steady thermal state over the whole volume. The set-point device 


temperature, furnace current and moment of the beginning of heating shall be 


recorded in the work log-book. 


The fan shall not be switched at this period but it is to be placed on the tripod so 


that it could easily be connected further to a vertical segment of the quartz elbow. 


During this period of time, it is expedient to prepare the quartz dissociator and load 


it with ammonium chloride. The container and lid shall be preliminarily dried out 


by calcination in the basic-lined furnace and be kept later in the drying cabinet 


parallel to ammonium chloride. Before the experiment, they shall be taken off and, 


after cooling to the room temperature, weighed on VLTE-500 electronic scales, 
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with a short (5 ÷ 7 cm) segment of asbestos cord being added to the scale pan. The 


total weight of tare (container + lid + cord) shall be fixed in the work log-book. 


The vessel with ammonium chloride shall be taken off from the drying cabinet and 


the container shall be filled with powder leaving a small empty space under the lid 


so that the powder could not pour out at the horizontal position of the container. A 


cord segment shall be placed on the container neck over the diameter and fit on the 


lid paying attention to the generation of an annual slot in the assembly between the 


container and the lid.  


The assembly shall be weighed on electronic scales and fixed the assembly weight 


in the work log-book. The optimal weight of charge less the weight of tare shall be 


equal to about 180 g. 


The assembly being prepared shall be placed into the drying cabinet where it shall 


be kept until the moment of loading into the generator. 


 


6.4.4. Basic process 


Once the thermal field becomes steady, the dissociator shall be introduced into the 


furnace. The dissociator shall be moved by pushing until it reached the working 


position and any further movement becomes impossible. The inlet end shall be 


covered with a flange. 


The elbow shall be introduced to the dissociator bottom via the flange opening up 


to the stop and then moved away approximately by 3 cm, which corresponds to the 


same distance from the furnace flange to the elbow shoulder. The elbow shall be 


fixed on a ceramic stand with the socket facing upwards. 


The fan on tripod shall be moved so that its nozzle should fit into receiving socket 


of the elbow and then it shall be switched on. The optimal modes shall correspond 


to the first stage of fan operation. 
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This moment shall be considered as the beginning of the transition mode because 


the aerosol escape from the generator begins at the moment when the fan is 


switched on. Vacuum cleaners shall be switched on, activating the suction flow of 


the inlet chamber. The moment of beginning of the transient mode shall be fixed. 


The readings of leading set-point device thermocouple shall also be fixed, which 


will significantly decrease as compared to the period before the dissociator 


introduction. The reference thermocouple signal, which becomes noticeably 


smaller too, shall also be fixed.  


Achievement of the working mode of the aerosol generator occurs when the 


temperature of the leading thermocouple seal comes to the previous value, 


approximately in 5 min. This moment corresponds to the end of the transient mode, 


which is confirmed by an independent control by optical absorption and visual 


observation of the torch in the expansion chamber. 


The moment of beginning of the working mode shall be recorded into the work 


log-book. 


During the experiment, the leading thermocouple temperature remains at the 


nominal level whereas the reference thermocouple temperature is slowly 


increasing. A small degree of unsteadiness of the thermal field, as the experience 


shows, does not influence on the generation mode stability. Readings of both 


thermocouples shall periodically be recorded in the log-book. 


Finishing of working mode shall be conducted by reducing the power supply 


voltage of the basic furnace to the zero. Without switching it off, the fan shall be 


moved away from the inlet elbow socket, thus scattering the flow. The cooler shall 


be turned on and brought to the socket. The fan shall be switched off and turned 


into the horizontal position in order to avoid overheating of its motor. This moment 


shall be fixed as the end of working mode. 


Under influence of the cooler with the furnace power supply being switched off, 


the aerosol generation stops within 5 min, whereof one can judge by disappearance 
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of the torch in the inlet chamber. The readings of both thermocouples by this 


moment do not exceed 250°С. Not switching off the cooler, the quartz elbow, 


flange shall be consecutively taken off from the furnace and the dissociator shall be 


pushed out by means of a mounting tube. 


After the dissociator becomes cooled, the assembly weight shall be determined and 


recorded in the work log-book. 


The typical mode is as follows: at the initial charge of 170 g, set-point device 


setting of 460°С and experiment duration of 40 min, the assembly weight loss due 


to ammonium chloride dissociation shall be about 145 g. 


The dissociator lid shall be removed and the remainder of ammonium chloride 


shall be carefully taken off by means of a spatula. After grinding, this material can 


be used again.  
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7. Investigation procedure 
 


7.1. Matrix of experiments 
 


The matrix of experiments performed on solid aerosol is given below. It includes 


experiments containing a full set of data and being suitable for use for the purpose 


of comparison with calculation results. 


Table 7.1. 


Matrix of JSC  «NPO CKTI» experiments on project EVAN # 3345 (solid aerosol) 


Phase 


Gas phase 
velocity at 
deposition    


m/s 


Gas phase 
velocity at 
suspension 


Partcle 
size, d μm 


Temper
ature, 


K 


Experiment 
purpose Particles Test section 


parameters 


65 EVAN– 


# 3345 AT 


2.1 


20 
105 


75 EVAN–


№3345 AT 


2.2 


30 
105 


75 EVAN–


№3345 AT 


2.3 


38 
105 


0.3 – 


10 
320 


Deposition and 


resuspension 


study of solid 


aerosol 


particles 


(adjusting   and 


preliminary 


tests) 


Solid 


aerosol 


particles of 


sal ammonia 


(NH4Cl) 


Vertical 


tube of 


stainless 


steel 50 mm 


diameter 


and 5m 


height 


 


 
7.2. Experiment conduction procedure 
 


The test facility operation in deposition experiments occurred as follows: after 


activation of the vacuum cleaners and the exhaust fan the required air velocity in 


the test section was set by regulating the air flow-rate in the bypass line. Then the 


aerosol generator got switched on (see Item 6.4). A jet of ammonium chloride 


particles, mixing with the air flow in the inlet chamber, was supplied to the test 


section and from there – to the vacuum cleaner filters – to the spent gas removal 


system. 
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The duration of a solitary experiment depended upon the specified air velocity in 


the test section and decreased with the velocity growth. For the velocity of 30 m/s 


the experiment lasted for about 40 minutes. This time was determined in the course 


of setup tests on the basis of considerations on aerosol flow-rate constancy at the 


specified dissociator volume and a possibility of maintaining a constant air velocity 


in the test section (such a possibility disappeared when the gate valve on the 


bypass line turned out to be fully closed). Before the experiment and after it the 


dissociator was weighed on VLTE-500 electronic scales with the accuracy of 


0.01 g. During the experiment optical measurements of the aerosol particle size 


and concentration in the test section were conducted, operating parameters were 


monitored and regulated, samples were taken for impactor, for filter, etc. 


After dissociator re-charging and cleaning of the vacuum cleaner filters, the 


experiment was repeated. In setting experiments it was determined that it is 


necessary to serially conduct nor less than four such experiments with full charge 


of the dissociator in order to obtain a deposition layer of the required thickness. 


Upon completion of deposition experiments, the test section was dismantled. The 


sediment was washed out by a dosed amount of distilled water. The sediment was 


washed out from the inlet chamber and elements 1, 2, 6 of the test section (see 


Fig. 6.1). Elements  3, 5 (annular precipitators) were weighed on ADV-200M 


analytical scales with the accuracy of 0.1 mg, after which a half of the deposition 


has been washed out from them. Reference point precipitators were removed from 


the main part of test section and clean precipitators were installed in their place 


performing the role of plugs. So the deposition preserved only on the main part of 


test section. Upon completion of these procedures, the test section was again 


assembled; after that the test bench was re-installed in order to prepare it for 


resuspension experiments, which, due to a certain hygroscopicity of ammonium 


chloride and a number of other factors, were conducted immediately after the 


deposition experiments. 
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The resuspension experiments have been conducted as a rule with two air velocity 


values – about 80 m/s and about 100 m/s. The experiment duration in each velocity 


mode is 10 minutes. 


After experiment in the first velocity mode, the annular precipitators (elements 3 


and 5) were taken off from the test section, the sediment was washed out from their 


reference (not washed out earlier) halves; in doing so, washing out was also carried 


out from the upper element 5 and from the “clean” (washed out earlier) half in 


order to fix a possible repeated aerosol deposition at a high flow velocity. After 


drying the annular precipitators were installed in place and the second resuspension 


experiment was conducted at a higher velocity. 


Upon completion of resuspension experiments the test section was again 


disassembled, washing out of the residual deposit from the main part of test section 


was carried out (element 4). Then the test section elements being dried out were 


again installed on the test bench, which has the ATF4 configuration intended for 


conduction of the subsequent experiment. 


 


7.3. Optical methods for determination of the particle size and concentration 


 


In experiments on solid aerosol, optical measurements were mainly used for 


monitoring the aerosol flow in the test section in the online mode as it appeared 


that possibilities of any one of the optical methods (see Section 2) do not fully 


overlap the whole size spectrum for particles being produced by the ammonium 


chloride aerosol generator. The quantitative results of measurements in this case 


require corrections. 


The measurement of mean size and concentration of ammonium chloride solid 


particles has been conducted by the spectral transparency method set forth in Item 


2.2.1. To this end, the dependence of F(r) has been calculated corresponding to the 


refraction index for ammonium chloride (see Fig. 2.9). 
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In the conduction of experiments, the same measurement system has been used as 


in the investigations of liquid aerosol with the only difference that measurements 


have been performed at the same level at the distance of 1750 mm from the 


beginning of pipe. Additionally the measurement system has been used for 


measuring temperature in the inlet section of the pipe (by means of a thermocouple 


of type E) and differential pressure in the pipe. A serious difficulty in measuring 


the flow transparency in the pipe is, evidently, the appearance of sediments in the 


process of experiment on light guide ends facing the flow. In this connection 


special nodes have been implemented providing light guide protection from 


contamination.  


7.4. Measurement of the mass of ammonium chloride  


 


The measurement of mass of ammonium chloride deposited at the test section and 


separate parts of the installation by direct weighing did not seem to be possible. In 


order to measure the mass, an indirect method has been developed based on a high 


solubility of ammonium chloride. The solubility of ammonium chloride is 35 g per 


100 g of water at 15°С; the salt dissolution in water occurs at a high rate at the 


room temperature.  


In order to take a sample, the test section was washed by a reference amount of 


desalted distilled water. Water after washing was collected in a glass tare, mixed 


and a sample was taken for chemical analysis. 


The determination of mass concentration of ammonium chloride was carried out by 


measuring the mass concentration of chloride ions in the solution. Then the mass 


of ammonium chloride was re-calculated according to formulae (7.1), (7.2):  


−


+


−+ ⋅⋅=
Cl


NH
ClNH M


M
VCm 4


4
, g (7.1) 


+− +⋅=
44 NHClClNH mVCm , g (7.2) 
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where +
4NH


m  is the mass of ammonium ion, g; −Cl
C  is the concentration of chlorine 


ion in the sample being analysed, g/l; −+ ClNH
MM ,


4
 are the molar masses of 


ammonium and chlorine ions respectively, g/mole; ClNHm
4


 is the mass of 


ammonium chloride, g; V  is the washing water volume, l.  


The measurement of mass concentration of chlorides in samples has been carried 


out by the argentic method. 


A sample of water, which volume was dependent upon the content of chlorides 


being supposed was placed into a conical flask with the capacity of 250 cm3 (see 


Table 7.2).  


Table 7.2. 


Qualitative estimation  of chlorides contenting water and volume of water sample 
recommended for  titration 


 


Character of  sample  turbidity Approximate content of chlorides, 
mg/dm3 


Recommended sample 
volume, cm3 


Weak muddiness 1-10 100 
Strong muddiness 10-50 100 
Floating flocculents 50- 100 100 
Deposing flocculents 100-250 100 
White volume deposit 250 - 800 or more  800 50 


25 


 


When the sample volume was less than 100 cm3, it was diluted by distilled water to 


the level of 100 cm3. The sample should have the рН value of 7-10, otherwise рН 


was brought to such values by means of a nitric acid solution of 0.1 mole/dm3, or 


0.4% solution of sodium hydroxide according to universal indicator paper. 1 cm3 


of potassium chromate was added and slowly titrated, under continuous stirring, 


from the burette with a working solution of silver nitrate. With the chloride content 


of 50 mg/dm3 or less and over 50 mg/dm3, a silver nitrate solution was used for 


titration with the concentration of 0.02 mole/dm3 and 0.05 mole/dm3 of equivalent 


respectively. 
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During titration a white sediment of AgCl appeared first. In the course of 


approaching to the end of titration, an orange colouring arose, which disappearance 


rate decelerated as the titration was performed. The end of titration was determined 


by non-disappearing orange colour with mixing, which appeared from one droplet 


of AgNO3 solution. In order to determined the final point of titration, it is 


expedient to use a “witness”, with under-titrated sample with the use of 


approximately the same chloride content as in the sample being analysed as such 


“witness”. 


The titration was repeated, and if the discrepancy between parallel titrations are not 


more than 0.05 cm3 with the silver nitrate up to 5 cm3 and not more than 0.1 cm3 


with the silver nitrate being more than 5 cm3, the result has been taken equal to the 


mean value of silver nitrate solution volume. Otherwise titration was repeated until 


the permissible discrepancy of the results is obtained. 


In order to compare the mass of ammonium calculated according to formula (1) 


and in the sample being under investigation, the measurement of mass 


concentration of ammonium was conducted. 


For qualitative analysis of the presence of ammonium in the solution, a method 


with the use of an indicator has been used.  


Several crystals of Seignette salt and и 0.5 cm3 of Nessler reagent were added to  


10 cm3 of the sample. Yellow coloration, turbidity or falling of a yellow-brown 


sediment indicated to the presence of ammonium ions. With an increased content 


of organic substances, especially humic acids causing the intensification of brown 


colour after alkalisation, a parallel experiment was conducted, with the addition of 


Seignette salt to the sample and 0.5 cm3 of 15% sodium hydroxide solution instead 


of Nessler reagent. 


Determination of mass concentration of ammonium in clear solutions without 


distillates. 1-3 drops of Seignette salt solution or complexon III are added to  


50 cm3 of initial or clarified sample or to its smaller volume reduced to 50 cm3 by 
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ammonium-free water, and the mixture shall be thoroughly stirred. In analysing 


very hard water, the amount of Seignette salt solution or complexon III being 


added shall be increased to 0.5-1.0 cm3. Then 1 cm3 of Nessler reagent shall be 


added, and the mixture shall be stirred again. 10 minutes later, the optical density 


shall be measured. The mixture colouring is stable during 30 minutes. From the 


optical density value, the value of optical density for an idle experiment shall be 


calculated. If necessary, the optical density shall be calculation for the sample, to 


which 1 cm3 of 1.5% caustic soda solution shall be added and find the content of 


ammonium ions according to the plot. 


When the sample is coloured or turbid as well as in the presence of interfering 


organic compounds, a preliminary distillation of ammonium from water being 


investigated was carried out. The ammonium distillation from samples containing 


easily hydrolysable organic compounds was conducted at the рН value of 7.4, 


adding phosphate buffer to the sample. 


By the results of measurements, the density of deposits was calculated and the 


resulting table was drawn up (see Table 7.3). 


Table 7.3. 


       Result of indirect  measurement  of deposits  mass and surface density 
EVAN– # 3345 AT 2.3 


N Element L, m S, m2 m(NH4Cl), 


g 


m(NH4Cl), 


 g/m2 


1 Mixing chamber 1.000 9.42E-01 4.0436 4.29


2 Section of  stabilization 1.600 2.51E-01 2.2056 8.78


3 Optic section 1 0.232 3.64E-02 0.3497 9.60


4 Annular precipitator1 0.032 5.03E-03 0.0062 1.23


5 Test section 0-60 0.060 9.42E-03 0.0280 2.97


5а Test section 60-190 0.130 2.04E-02 0.1124 5.50


6 Annular precipitator 2 0.032 5.03E-03 0.0142 2.82


7 Optic section 2 0.232 3.64E-02 0.0965 2.65
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7.5. Use of impactor for determination of the particle size and concentration 


 


In order to investigate the particle size distribution with the account of the degree 


of their aggregation in gas flows, a six-cascade impactor of inertial particle 


deposition has been used [13]. Samples of dispersed aerosol fractions being taken 


with the use of impactor have been studied by the weight analysis method. 


7.5.1. Sampling of dispersed aerosol fractions by means of impactor 


The principle of operation of impactors is based on selective separation of particles 


by size during passing of a gas-aerosol flow sample though a number of serially 


installed nozzles with decreasing cross-sectional area, under which settling 


substrates are located. The combination of a particular nozzle and substrate forms 


an impactor cascade. A gas sample containing suspended particles is passed 


through the device at a constant flow-rate. On each of the substrates, inertial 


particle deposition occurs; in doing so the mean size of particles deposited in each 


of subsequent cascades will be less than in the previous one. As the last cascade, 


the air filtration through an analytical aerosol filter is used. So the particles being 


analysed are separated into fractions, which amount equals to the total number of 


impactor cascades. 


An important peculiarity of impactors is a strong dependence of deposition 


effectiveness upon the particle size. It allows to introduce a conditional notion of 


boundary diameters di for each impactor cascade, which mean the size of particles 


being deposited with the effectiveness of 50%, and consider that this size 


represents a boundary of separation into fractions for aerosol particles in the given 


impactor cascade [13]. The values of di are derived from the device calibration at 


the specified volume flow-rates. In the course of experiments, a graduated 


impactor designed in L.Ya. Karpov NIFHI (Research Institute of Physics and 


Chemistry) was used. 
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As substrates, we used discs from a thin fibrous material of AFA-VP filters being 


retained electrostatically and by spring-loaded hold-down clips on discs from 


organic glass. 


 


7.5.2. Analysis of the aerosol particle size distribution by the weight method 


Charged impactors were installed in the aerosol sampling line of the experimental 


installation (ATF4). 


The weight analysis procedure implied that all substrate filters, both before 


installation into the impactor and after sampling, were held 0.5 hours in the 


exsiccator, after which were weighed on VLR-200G analytical scales. As a result, 


the absolute values of aerosol dispersive phase batches and the values for each 


impactor cascade being normalised with respect to the sum for all cascades  


(“a fraction by weight”) have been determined. Graphical illustrations of these 


aerosol particle size distribution of the mass have bee presented in the form of 


histograms (see Section 8). 


A great importance for practice has the knowledge of the true form of differential 


distribution function. Theoretically it has been shown and virtually repeatedly 


proved [14] that in most cases the aerosol particle size distribution of the material 


mass is described by a logarithmically normal distribution (LND). The verification 


of application of this distribution law to experimental data of these investigations 


has been performed by means of calculation of empirical correlation coefficients 


(r). It has been determined that for the distribution of mass of ammonium particles 


being generated over aerosol dispersive fractions the r values lie within the range 


of 0.965÷0.992. The closeness of correlation coefficient values to the unity process 


conformity of the distributions being measured in experiments to the LND law and 


allows to calculate its main parameters (dmg, σmg – by weight) characterising the 


aerosol mean size (dmg) and degree of polydispersity (σmg). For LND by weight: 


dmg is the mean geometric aerodynamic diameter, which is the median of the 
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logarithmically normal distribution of the mass and σmg is the standard (root-mean-


square) deviation for the given distribution. 


As impactor provides the separation of aerosol dispersive fractions in accordance 


with their aerodynamic properties, the following relation has been used for 


evaluation of the values of physical median (by weight) diameters of particles 


(dmg
Ф): dmg


Ф =  dmg ×⋅(ρо/ρ)1/2, where ρо and ρ are the unit density and density of 


aerosol particles being investigated respectively. As the value of ρ, the density 


value ρ =1.53 g/cm3 has been used. 


 


7.5.3. Determination of the size distribution by means of a three-cascade impactor 


Apart of six-cascade impactor, a three-cascade impactor has been used in the 


experiments, which design is given in Fig. 7.1. 


 
Fig. 7.1. Block diagram of 3- cascade impactor 


 


The impactor design allows to use substrates with cooled ammonium chloride as 


an investigation object for an atomic-force microscope (see Fig. 7.2). Using such 


approach, it is possible to obtain an approximate particle size distribution. 


Though the exposition time for a six-cascade impactor has been selected to be 


sufficiently long in order to enhance the analytical weighing accuracy, in the case 


of a three-cascade impactor it is necessary to provide the absence of multiple layers 


of particle deposition in order to obtain representative data on particle size 


distribution. Most accurately the particle deposition coefficient is determined 


directly under the outlet port of the nozzle but the maximum of particle deposition 


BASE PLATE-1  BASE PLATE-2    BASE PLATE-3 


Aerosol from 
the volume 
under 
investigation 
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distribution was also observed at this location, at least for the third cascade. 


Therefore, it was required to reduce the impactor exposition time. 


 
 
Fig. 7.2. Probe microscope Nanoeducator of Russian firm NT-MDT, operating in 
atomic-force regime 


 


In our case, the exposition time was reduced to several seconds (2÷5 s). The 


sediment weight in such case was equal to about 5 μg. For particles with the 


diameter of 10 μm it corresponds to the number of particles being observed equal 


to about 100, i.e. to the minimal statistical error of 10 ÷ 15%. For larger size 


particles this error increases much more. 


 


7.6. Measurement of operating parameters 


 


The operating parameters shall include the air velocity in the test section, its 


temperature and humidity at the test section inlet as well as aerosol generator 


operation parameters. Methods for determination of the latter are set forth in detail 


in 6.4. The measurement of air temperature and humidity has been carried out by 
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means of a TESTO 625 device. The issue of air velocity measurement will be 


discussed in more detail below. 


The test section design provides a possibility of implementation of air velocity 


measurements by three different methods: by means of a hot wire anemometer, by 


means of a Pitot tube and by measuring the differential pressure at the length of the 


basic part of test section (distance between static tap-offs – 2890 mm). It should be 


noted that by means of the first two instruments the velocity profile can be 


measured across the channel but both of them block up the channel, which does not 


have a large cross-section, and, in addition, can be implemented only in the open 


air. In fact, aerosol particles, depositing on the hot wire anemometer sensitive 


element, violate its calibration and the impact tube opening will just get clogged. 


Therefore, the main method for velocity determination was measurement of the 


pressure losses due to friction on the basic part of test section. The advantages of 


this method consist of the facts that its use, in the first place, does not introduce 


any disturbances into the flow and, in the second place, it can be implemented in 


case of presence of aerosol particle in the flow. Two other methods have been used 


in setup experiments for verification and, if necessary, correction of the third 


method. 


The hardware devices comprising the hot wire anemometer delivery set have been 


described in Sections 1 and 2.  


The difference of signals from the Pitot tube and from the corresponding static tap-


off was registered by the TESTO 512 device graduated in Pa. 


In order to register pressure losses on friction, an AIR-20/M2 measuring pressure 


converter has been used completed with a set of valves of 9842331W1S1 type and 


single-channel power unit of BP15B-D2-x type. A single-channel measuring 


regulator of ТРМ201 type was used as a smoothing filter. 
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7.7. Elaboration of velocity modes 


 


In the first place, concurrent measurements of the clean air velocity have been 


performed by means of three methods described in Section 6. In doing so, the 


velocity has been measured by a hot wire anemometer and the Pitot tube was 


located in the middle of the channel. 


The velocity profiles being measured by a hot wire anemometer are given in 


Fig. 7.3. By integrating these profiles, the mean flow velocities wmean and then the 


ratios wmax/wmean have been derived. By means of these relations, the maximal air 


velocities measured by a Pitot tube have also been converted to mean values. The 


air velocity from measurements of losses on friction has been determined 


according to the following formula: 


ΔP = λρwmean
2L/(2d). (7.3) 


The comparison of data on mean velocities obtained by different methods is given 


in Fig. 7.4. This comparison has shown that the friction coefficient λ in formula 


(7.3) can be determined according to the Blasius formula: 


λ = 0.3164/Re0,25. (7.4)  


Then the regulation range has been determined at the use of one or two vacuum 


cleaners as a propulsion device under the ATF4 test bench configuration as well as 


a blower under the ATF5 test bench configuration. The experiments have shown 


that the equipment allows to reproduce all the operating conditions being planned. 


When using the ATF4 test bench configuration with the concurrent operation of 


vacuum cleaners and aerosol generator, the time has been determined, during 


which there is a possibility of maintaining of the specified constant flow-rate by 


means of a regulated bypass line compensating the flow-rate drop due to clogging 


of vacuum cleaner filters. It has appeared that this time insignificantly exceeds the 


stable operating time for the aerosol generator with one charge of dissociator. In 
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other words, after each solitary experiment with evaporation of ammonium 


chloride it is necessary to wash and dry out the vacuum cleaner filters. 
 


0


10


20


30


40


50


60


70


80


-25 -20 -15 -10 -5 0 5 10 15 20 25


r, mm


U
, m


/s
 1


2
3
4
5


 
Fig. 7.3. Results of velocity profiles measurements by hot wire anemometer 
1 – wav  =56.27 m/s; 1 – wav =47.74 m/s; 3 – wav =20.12 м/с; 4 – wav =8.52 м/с;  
5 – wav =29.98 m/s. (EVAN-# 3345 AT 2.2)  
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Fig. 7.4. Comparison of mean air velocity obtained by different ways 
Vhwa – velocity measured by hot wire anemometer; Vpitot – velocity, calculated from Pitot 


tube readings; VΔр – velocity calculated from pressure difference measurements. 
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8. Results of experiments 
 


8.1. Measurement of the particle size and concentration by optical methods 
 


Fig. 8.1 shows, as illustrations, the results of measurements of the volume mass 


concentration of ammonium chloride particles for two realisations. The data of 


direct optical measurements as well as data corrected with the account of total 


flow-rate of the powder being charged into the aerosol generator and the results of 


measurements of particle size distribution spectrum. 
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      b) 
Fig. 8.1. Mass concentration of sal ammonia  particles  


а -  measurement 3 EVAN–# 3345 AT2.2.1; b – measurement 4 EVAN–# 3345 AT2.2.4 
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8.2. Measurement of particle size and concentration by means of a filter and 
impactor 


 


For each mode at the stage of deposition (air velocity values – 20, 30, 38 m/s), 


measurements have been conducted for determination of the concentration by 


means of a filter as well as particle size distribution and concentration by means of 


an impactor. The total number of measurements is up to six on the impactor and 


the same number on the filter at different time intervals. 


In each measurement, the air volume passing through the sampling system has 


been monitored. For the impactor, the aerodynamic diameter for each cascade 


stage has been determined by means of calibration tables. 


The results of concentration measurements by means of two systems are given in 


Tables 8.1 ÷ 8.3. The results of measurement of aerosol particle size distribution 


are given in Tables 8.4÷ 8.9. 


Additional measurements have been conducted on the filter in the generator start-


stop mode in order to plot the generator characteristic. The start mode lasts from 


the aerosol appearance until achievement of the required conditions, the stop mode 


lasts from the generator tripping moment until full termination of the aerosol 


generation process. The results of measurement are given in Tables 8.10÷ 8.12. 


Table 8.1. 


Mass concentration obtained for regime 20 m/s 
Time from regime 


starting, min 


Impactor/ 


filter 


Concentration, 


g/m3 


5 Imp. 3 1.97 


5 Fil. 3 1.60 


14 Fil. 4 1.11 


16 Imp. 4 0.96 
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Table 8.2. 
Mass concentration obtained for regime 30 m/s 
Time from regime 


starting, min 


Impactor/ 


filter 


Concentration, 


g/m3 


5 Imp. 1 1.03 


12 Fil. 1 0.87 


15 Fil. 2 0.87 


25 Imp. 2 0.84 


 
Table 8.3. 


Mass concentration obtained for regime 38 m/s 
 


Time from regime 


starting, min 


Impactor/ 


filter 


Concentration, 


g/m3 


7 Imp. 6 0.90 


6 Fil. 6 1,11 


12 Imp. 4 0.68 


15 Fil. 4 0.42 


 


 


By the results of concentration measurements  on the filter, characteristics of the 


generator flow-rate behaviour in time have been plotted. For various experiments 


they are given in Fig. 8.2-8.4 (thin line corresponds to the generator characteristic 


obtained by the charge weight, solid line denotes the generator characteristic 


obtained by concentrations measured on the filter and the impactor).  
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         Table 8.4. 
Aerosol powder. Test EVAN–№3345 AT 2.2.3 


EVAN–# 3345 AT 2.2.3 (Impactor 2) 
Time from regime beginning: t=25min     
Time of sampling: Δt=2min 01sec      
Flow rate through impactor: Q=9.6 l/min     
Cascade Boundary      m, g М, g/m**3 P, % ΣP, % sigmag dfmg 


1 8.49 2.00E-04 1.03E-02 1.2 100.0 
2 3.40 1.00E-03 5.17E-02 6.1 98.8 
3 2.26 2.25E-03 1.16E-01 13.8 92.7 
4 1.05 4.70E-03 2.43E-01 28.7 78.9 
5 0.73 4.85E-03 2.51E-01 29.7 50.2 


filter 0.05 3.35E-03 1.73E-01 20.5 20.5 


2.27 1,20 


Sum 1.64E-02 8.45E-01 100.0    
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) 
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         Table 8.5. 
Aerosol powder. Test EVAN–# 3345 AT 2.2.3 


EVAN– # 3345 AT 2.2.3 (Impactor 2) 
Time from regime beginning: t=25min      
Time of sampling: Δt=2min 01sec       
Flow rate through impactor: Q=9.6 l/min      
Cascade Boundary       m, g М, g/m**3 P, % ΣP, % sigmag dfmg  


1 8.49 2.00E-04 1.03E-02 1.2 100.0  
2 3.40 1.00E-03 5.17E-02 6.1 98.8  
3 2.26 2.25E-03 1.16E-01 13.8 92.7  
4 1.05 4.70E-03 2.43E-01 28.7 78.9  
5 0.73 4.85E-03 2.51E-01 29.7 50.2  


filter 0.05 3.35E-03 1.73E-01 20.5 20.5 


2.27 1,20 


 
Sum 1.64E-02 8.45E-01 100.0     
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         Table 8.6. 
Aerosol powder. Test EVAN–# 3345 AT 2.1 


EVAN–# 3345 AT 2.1 (Impactor 3) 
Time from regime beginning: t=5min      
Time of sampling: Δt=1min 30sec       
Flow rate through impactor: Q=9.6 l/min      
Cascade Boundary          m, g М, g/m**3 P, % ΣP, % sigmag dfmg  


1 8.49 3.00E-04 2.08E-02 1.1 100.0  
2 3.40 2.60E-03 1.81E-01 9.2 98.9  
3 2.26 4.50E-03 3.13E-01 15.9 89.8  
4 1.05 9.75E-03 6.77E-01 34.5 73.9  
5 0.73 1.03E-02 7.15E-01 36.4 39.4  


filter 0.05 8.50E-04 5.90E-02 3.0 3.0 


1.95 1,58 


 
Sum 2.83E-02 1.97E+00 100.0     
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         Table 8.7. 
Aerosol powder. Test EVAN–№3345 AT 2.1 


EVAN– # 3345 AT 2.1 (Impactor 4) 
Time from regime beginning: t=16min      
Time of sampling: Δt=2min 00sec       
Flow rate through impactor: Q=9.6 l/min      
Cascade Boundary m, g М, g/m**3 P, % ΣP, % sigmag dfmg  


1 8.49 1.00E-04 5.21E-03 0.5 100.0  
2 3.40 1.30E-03 6.77E-02 7.1 99.5  
3 2.26 3.25E-03 1.69E-01 17.7 92.4  
4 1.05 7.40E-03 3.85E-01 40.2 74.7  
5 0.73 3.55E-03 1.85E-01 19.3 34.5  


filter 0.05 2.80E-03 1.46E-01 15.2 15.2 


2.15 1,42 


 
Sum 1.84E-02 9.58E-01 100.0     
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         Table 8.8. 
Aerosol powder. Test EVAN– # 3345 AT 2.3 


 
EVAN–# 3345 AT 2.3 (Impactor 5) 


Time from regime beginning: t=12min      
Time of sampling: Δt=1min 30sec       
Flow rate through impactor: Q=14.0 l/min      
Cascade Boundary m, g М, g/m**3 P, % ΣP, % sigmag dfmg  


1 7.15 0.00E+00 0.00E+00 0.0 100.0  
2 2.83 7.00E-04 3.33E-02 4.9 100.0  
3 1.94 2.10E-03 1.00E-01 14.6 95.1  
4 0.81 4.25E-03 2.02E-01 29.6 80.5  
5 0.57 5.50E-03 2.62E-01 38.3 50.9  


filter 0.05 1.80E-03 8.57E-02 12.5 12.5 


2.06 0.99 


 
Sum 1.44E-02 6.83E-01 100.0     
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         Table 8.9. 
Aerosol powder. Test EVAN–№3345 AT 2.3 


EVAN– #3345 AT 2.3 (Impactor 6) 
Time from regime beginning: t=7min      
Time of sampling: Δt=2min 00sec       
Flow rate through impactor: Q=14.0 l/min      
Cascade Boundary m, g М, g/m**3 P, % ΣP, % sigmag dfmg  


1 7.15 4.00E-04 1.43E-02 1.6 100.0  
2 2.83 2.10E-03 7.50E-02 8.3 98.4  
3 1.94 4.00E-03 1.43E-01 15.8 90.1  
4 0.81 1.05E-02 3.73E-01 41.4 74.3  
5 0.57 1.95E-03 6.96E-02 7.7 32.9  


filter 0.05 6.35E-03 2.27E-01 25.1 25.1 


2.55 1,10 


 
Sum 2.53E-02 9.02E-01 100.0     
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Table 8.10. 


        Mass concentration obtained  with help of filter for regime  20m/s 


Regime Concentration, g/m3 


Start 0.661 


Stop 0.410 


                                                                                               Table 8.11. 


             Mass concentration obtained  with help of filter for regime 30 m/s 


Regime Concentration, g/m3 


Start 0.568 


Stop 0.402 


Table 8.12. 


                    Mass concentration obtained  with help of filter for regime 38 м/с 


Regime Concentration, g/m3 


Start 0.493 


Stop 0.397 
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     Fig. 8.2. Aerosol concentration time dependence, EVAN–#3345AT.1  
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Fig. 8.3. Aerosol concentration time dependence, EVAN–#3345 AT 2.2.3  
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Fig. 8.4. Aerosol concentration time dependence, EVAN–№3345 AT 2.3  
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8.3. Measurement of deposition and resuspension by chemical methods 


 


This section contains the results of measurement of the weight of deposited and 


entrained ammonium chloride. The weight of sediment has been determined on 


each test section element, after which the surface density of the layer has been 


calculated. All the data being obtained have been summarised in Table 8.13. For 


convenience of perception, the results are presented in the graphical form (see  


Fig. 8.5 ÷ Fig. 8.8). In the charts, the element boundaries are designated by vertical 


lines. In the middle of segment corresponding to each element a dot has been 


placed denoting the mean value of the surface density of sediment. 


           Table 8.13. 


Results of  deposit mass measurement by chemical methods 
No Section L, m S, m**2 25.01.2008  


    m(NH4Cl), g  m(NH4Cl), 
g/m**2 


1 Mixing chamber 1.000 9.42E-01 2.8934 3.07
2 Section of stabilization 1.600 2.51E-01 2.0289 8.07
3 Optical section 1 0.232 3.64E-02 0.1891 5.19
4 Annular precipitator 1 0.032 5.03E-03 0.0129 2.57
5 Test section 3.013 4.73E-01 - - 
6 Annular precipitator 2 0.032 5.03E-03 0.0700 13.9
7 Optical section 2 0.232 3.64E-02 0.2959 8.12


8* Annular precipitator 1 (resuspension 78 m/s) 0.032 5.03E-03 0.0033 0.65
9* Annular precipitator 2 (resuspenssion 78 m/s) 0.032 5.03E-03 0.0103 2.06


10* Test section  (resuspension 105 м/с) 3.013 4.73E-01 0.1325 0.28
  


No Section L. m S. m**2 30.01.2008  
    m(NH4Cl). g  m(NH4Cl). 


g/m**2 
1 Mixing chamber 1.000 9.42E-01 4.4036 4.67
2 Section of stabilization 1.600 2.51E-01 1.4795 5.89
3 Optical section 1 0.232 3.64E-02 0.0924 2.54
4 Annular precipitator 1 0.032 5.03E-03 0.0063 1.25
5 Test section 3.013 4.73E-01 - - 
6 Annular precipitator 2 0.032 5.03E-03 0.0125 2.49
7 Optical section 2 0.232 3.64E-02 0.1484 4.07


8* Annular precipitator 1 (resuspension 78 m/s) 0.032 5.03E-03 0.0052 1.03
9* Annular precipitator 2 (resuspenssion 78 m/s) 0.032 5.03E-03 0.0098 1.94


10* Test section  (resuspension 105 м/с) 3.013 4.73E-01 0.1334 0.28
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№ Section L. m S. m**2 04.02.2008  
    m(NH4Cl). г  m(NH4Cl). 


g/m**2 
1 Mixing chamber 1.000 9.42E-01 3.1286 3.32
2 Section of stabilization 0-178 0.178 2.80E-02 0.0849 3.04
2а Section of stabilization 178-1600 1.422 2.23E-01 0.5127 2.30
3 Optical section 1 0.232 3.64E-02 0.1353 3.71
4 Annular precipitator 1 0.032 5.03E-03 0.0083 1.66
5 Test section 0-92 0.092 1.45E-02 0.0614 4.25
5а Test section 92-199 0.107 1.68E-02 0.0279 1.66
5б Test section 199-3013 2.814 4.42E-01 0.8381 1.90
6 Annular precipitator 2 0.032 5.03E-03 0.0153 3.05
7 Optical section 2 0.232 3.64E-02 0.0623 1.71


  
№ Section L.m S.m**2 07.02.2008  


    m(NH4Cl). g  m(NH4Cl). 
g/m**2 


1 Mixing chamber 1.000 9.42E-01 2.9396 3.12
2 Section of stabilization 0-182 0.182 2.86E-02 0.1391 4.86
2а Section of stabilization 182-1600 1.418 2.23E-01 0.7286 3.27
3 Optical section 1 0.232 3.64E-02 0.0967 2.65
4 Annular precipitator 1 0.032 5.03E-03 0.0108 2.15
5 Test section 0-92 0.092 1.45E-02 0.0499 3.46
5а Test section 92-227 0.135 2.12E-02 0.0089 0.42
5б Test section 227-3013 2.786 4.38E-01 0.6116 1.40
6 Annular precipitator 2 0.032 5.03E-03 0.0129 2.57
7 Optical section 2 0.232 3.64E-02 0.0379 1.04


  
№ Section L. m S. m**2 11.02.2008  


    m(NH4Cl). g  m(NH4Cl). 
g/m**2 


1 Mixing chamber 1.000 9.42E-01 5.9290 6.29
2 Section of stabilization 0-208 0.208 3.27E-02 0.3386 10.36
2а Section of stabilization 208-1600 1.392 2.19E-01 2.2316 10.21
3 Optical section 1 0.232 3.64E-02 0.0106 0.29
4 Annular precipitator 1 0.032 5.03E-03 0.0155 3.08
5 Test section 3.313 5.20E-01 - - 
6 Annular precipitator 2 0.032 5.03E-03 0.0135 2.68
7 Optical section 2 0.232 3.64E-02 0.2530 6.94


8* Annular precipitator 1 (resuspension 62 m/s) 0.032 5.03E-03 0.0016 0.31
9* Annular precipitator 2 (resuspension 62 m/s) 0.032 5.03E-03 0.0019 0.38


10* Test section (resuspension 106 м/с) 3.013 4.73E-01 0.0521 0.11
11* Optical section 1 (resuspension 106 m/s) 0.232 3.64E-02 0.0179 0.49
12* Optical section 2 (resuspension 106 m/s) 0.232 3.64E-02 0.0066 0.18


  
№ Section L. m S. m**2 14.02.2008  


    m(NH4Cl). g  m(NH4Cl). 
g/m**2 


1 Mixing chamber 1.000 9.42E-01 4.0436 4.29
2 Section of stabilization 1.600 2.51E-01 2.2056 8.78
3 Optical section 1 0.232 3.64E-02 0.3497 9.60
4 Annular precipitator 1 0.032 5.03E-03 0.0062 1.23
5 Test section 0-60 0.060 9.42E-03 0.0280 2.97
5а Test section 60-190 0.130 2.04E-02 0.1124 5.50







 151 


December, 2007 ISTC PROJECT #3345  EVAN 
 


6 Annular precipitator 2 0.032 5.03E-03 0.0142 2.82
7 Optical section 2 0.232 3.64E-02 0.0965 2.65


8* Annular precipitator 1 (resuspension 106 m/s) 0.032 5.03E-03 0.0013 0.26
9* Annular precipitator 2 (resuspension 106m/s) 0.032 5.03E-03 0.0055 1.10


10* Test section 190-3013 (resuspension 106 m/s) 2.823 4.43E-01 0.3108 0.70
11* Optical section 1 (resuspension 106 m/s) 0.232 3.64E-02 0.0314 0.86
12* Optical section 2 (resuspension 106 m/s) 0.232 3.64E-02 0.0667 1.83


 


Fig. 8.5. Surface density of sal ammonia layer. Test AT 2.2.1 
 


 


Fig. 8.6. Surface density of sal ammonia layer. Test AT 2.2.4 
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Fig. 8.7. Surface density of sal ammonia layer. Test AT 2.1 
The plot given in Fig. 8.8 demonstrates a sufficiently good reproducibility of 


results. 


 


 
Fig. 8.8. Surface density of sal ammonia layer. Consolidated  diagram of 
deposition tests. Tests  AT 2.2.1, AT 2.2.2, AT 2.2.3 
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One more verification of the accuracy of measurements by chemical methods 


consisted of the mass balance drawing up. During one experiment from 80 g to  


150 g of aerosol has been supplied to the test section; the total amount of aerosol 


being generated at the deposition stage has been from 480 g to 600 g. In order to 


control the aerosol mass, the quartz dissociator with the batch was weighed before 


the experiment; after completion of the experiment the dissociator with remaining 


ammonium chloride was weighed again. The results of these measurements are 


given in Table 8.14. 
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Table 8.14. 


Generated aerosol mass 


No Δm, g t, min T, С № Δm, g t, min T, С 
EVAN–# 3345 AT 2.1  EVAN–# 3345 AT 2.2.3  
1 92.49 20 460 1 146.9 43 460 
2 81.3 20 460 2 139.2 40 460 
3 94.22 20 460 3 134.2 40 460 
4 82.11 20 460 4 139.3 40 460 
5 86.25 20 460 Sum 559.54 163 - 
6 93.22 20 460     


Sum 529.57 120 - EVAN–# 3345 AT 2.2.4  
    1 126.9 35 - 


EVAN–# 3345 AT 2.2.1 2 88.4 18 - 
1 116.5 25 460 3 147 40 - 
2 152 50 460 4 157.6 50 - 
3 144.8 42 480 Sum 519.9 143 - 
4 159.9 45 480  


 
 


   


Sum 573.2 162 -  
EVAN–# 3345 AT 2.3 


 


 
 


 
 


  1 80.37 17 460 


EVAN–# 3345 AT 2.2.2 2 84.2 16.33 460 
1 135.9 33 460 3 87.78 17.67 460 
2 171.3 45 460 4 80.67 17.17 460 
3 168.3 55 460 5 78.43 15.75 460 
4 117.2 25 460 6 78.46 15.75 460 


Sum 592.7 158 - Sum 489.88 99.67 - 


 


After each deposition stage, the mass of ammonium chloride deposited in the 


mixing chamber was determined. These data are given in Table 8.15. 
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Table 8.15. 


Mass of aerosol  deposed in mixing chamber 


Test # mass, g 
EVAN–# 3345 AT 2.1 5.93 
EVAN–#3345 AT 2.2.1 2.89 
EVAN–#3345 AT 2.2.2 3.13 
EVAN–#3345 AT 2.2.3 2.94 
EVAN–#3345 AT 2.2.4 4.40 
EVAN–#3345 AT 2.3 4.04 


 


Having integrated the curves given in Fig. 8.2 ÷ 8.4, with the account of losses in 


the mixing chamber, it is possible to obtained the mass of aerosol being supplied to 


the test section. The results is given in Table 8.16. 


Table 8.16.  


Mass of aerosol  fed in Test section 


Regime From balance, g From feed in generator, g 


20 m/s 501.20 529.57 


30 m/s 531.50 559.54 


38 m/s 451.72 489.88 


 


It can be seen that the mass balance holds satisfactorily. 


 


8.4. Results of observations on optical and electronic microscopes 


 


Lets us consider the slides obtained in the mode of deposition with particle 


extraction on metal substrates of a three-cascade impactor installed at the main 


section inlet. 


Fig. 8.9 shows the results of scanning of the stainless steel substrate from a three-


cascade impactor on a JEOL-JSM-6060 raster electronic microscope providing 
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magnification (АТ 2.3 mode, 2nd cascade). The scanning has been performed 


1 hour after sampling. From viewing of this photo, it can be seen that the size of 


particle array being extracted on the substrate lies within the range from 0.2 μm to 


1.2 μm.  


Fig. 8.10 shows the structure of aerosol on the stainless steel substrate (at various 


magnification multiplicities) on the first cascade of the impactor (АТ 2.2.2 mode). 


The scanning has been performed 12 hours after sampling. The samples have been 


kept during this period of time in a closed exsiccator, on which bottom a water 


absorber (silica gel) is placed. 


It follows from consideration of these figures that the typical size of structures 


being obtained in the process of aerosol deposition on impactor cascades conform, 


on the whole, to those being obtained in the course of experiments on 


determination the particle size distribution spectra in the flow. 


Fig. 8.11 shows the results of deposition of particles on the substrates of an 


impactor installed on the extraction at the outlet cross-section of the pipe for 


modes, in which the resuspension of aerosol being deposited earlier from the test 


section walls has been investigated at the air velocities in the test section up to  


100 m/s. 


For these photos the high content of large-sized particles is typical. Apparently, the 


agglomeration of particles occurs on the internal surface of the test section in the 


process of deposition. Depositions consisting of “giant” particles can be observed 


on the outer surfaces of the sampling device being taken off from the measuring 


section after the deposition stage. The sizes of such particles reach several tens of 


microns. Morphological analysis evidences that the majority of these particles have 


a crystalline structure, evidently being generated during ammonium chloride 


deposition on the internal surface of test section. 
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Fig. 8.9. Aerosol structure on the base plate of stainless steel, 2-d cascade of 


impactor  (regime АТ 2.3)  


 
а) 
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b) 


 


 
c) 


Fig. 8.10. Aerosol structure on the base plate of stainless steel, 1-t cascade of 


impactor (regime АТ 2.2.2)  
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а) 


 


b) 


Fig. 8.11. Structure of aerosol on base plate of stainless steel  in  regime of 
resuspension  
а) «fine» particles; b) «large» particles. 
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8.5. Measurement error for mass concentration of chlorides 


 
Below the data are given characterising the accuracy of determination of the mass 


of ammonium chloride deposition by chemical analysis methods depending upon 


concentration values. 


Table 8.17. 
Accuracy of  chlorine ions measurements 


 
Measurements 
range, mg/dm3 


Indicator of 
accuracy 
(boundary of 
relative error 
at probability    
Р = 95%) δ, % 


Indicator of 
repeatability  
(relative RMS 
deviation of 
repeatability)  
σV, % 


Indicator of  
reproducibility 
(relative RMS 
reproducibility 
deviation) σR, % 


from 0.05 to 0.10 
incl. 


39 13 16 


from 0.10 to 1.00 
incl. 


35 10 15 


from 1.00 to 4.00 
incl.. 


21 7 8 


 
 
 
 
 
 
Table 8.18. 


Accuracy of ammonia ions measurements 
 


 


Range of 
ammonia mass 
concentration 
mg/dm3 


Indicator of 
accuracy 
(boundary of 
relative error 
at probability    
Р = 95%) δ, 
% 


Indicator of 
repeatability  
(relative RMS 
deviation of 
repeatability)  
σV, % 


Indicator of  
reproducibility 
(relative RMS 
reproducibility 
deviation) σR, % 


Indicator of 
correctness 
(boundaries of 
relative systematic 
error at probability 
Р = 0.95)  δ с, % 


from 10.0 to 
25.0 incl. 


16 5 7 7 


from 25.0 to 
50.0 incl. 


11 3 5 5 


from 50.0 to 
250.0 incl. 


9 2 4 3 
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PART THREE 


Summary of results 


 


9. Discussion of the results of experiments 
 


9.1. Matrix of experiments being performed 
 


Table 9.1. 


   


                 Matrix of performed experiments for phase #1 and #2 
 


Test 
Velocity for 


deposition phase, 
m/s 


Velocity for 
resuspension 


phase, m/s 


Particle size d, 
mkm 


Temperature, 
K Test Purpose Aerosol particles 


parameters 


Orientation and 
surface parameters 
of working section 


EVAN–
#3345 AT 


1.1 
33.8 None 0.2 – 5 300 


EVAN–
#3345 AT 


1.2.1 
39.6 


EVAN–
#3345 AT 


1.2.2 
33.8 


EVAN–
#3345 AT 


1.2.3 
24.8 


EVAN–
#3345 AT 


1.2.4 
6.5 


None 0.2 – 28 300 


Investigation of transport 
and deposition rate of 
liquid aerosol particles 


from gas flow towards the 
wall 


Liquid  JEM PRO-
SMOKE high density 


(SP MIX) 


Vertical pipe with 98 
mm diameter, height 


~6 m  (upwards 
flow), steel 10ХСНД


65 EVAN–
#3345 AT 


2.1 
20 


105 


75 EVAN–
#3345 AT 


2.2 
30 


105 


75 EVAN–
#3345 AT 


2.3 
38 


105 


0.3 – 10 320 


Investigation of deposition 
and resuspension of solid 


aerosol particles (prototype 
and preliminary tests) 


Solid aerosol 
particles of NH4Cl 


Vertical pipe from 
stainless steel with 
diameter 50mm, 


height ~5 m, 


 
9.2. Experiments on liquid aerosol 


 


At the first phase of research the experiments have been conducted at the test 


bench where a pipe with the internal diameter of 98 mm was used as the test 


section.  
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The main series of experiments followed a long period of elaboration of the 


procedure for measurement and adjustment of aerodynamic characteristics of the 


test section. Optical methods and thermoanemometry have been used in the 


measurements. These experiments have allowed to obtain a large volume of data 


on the profiles of velocities, concentrations, turbulent pulsations, etc., which are of 


independent interest and can be used for verification of software systems 


implementing solutions of the Navier-Stokes equations.  


The evaluation of turbophoresis influence on deposition of fine particles has been 


performed on the basis of optical measurements of concentrations at two levels of 


the experimental section. It has been determined that this method can have 


significant advantages to instrumental methods only with a sufficiently large base 


between measurement levels and with considerable concentrations of the dispersed 


phase. It should be noted that additional measures shall be taken on reduction of a 


disturbing impact of optical windows. We have not managed to provide all this in a 


full degree with the test section design being available. 


A generator of “large” liquid aerosol (about 10-12 μm) has been used for the 


investigations of particle deposition processes (turbophoresis). The observation of 


the liquid aerosol deposition process through optical windows has shown that there 


is a solid microfilm, which, in spite of the air flow velocity, has virtually remained 


stationary. The breakup of liquid drops from the film surface, which thickness did 


not exceed 10 μm, is virtually absent with the exception of shoulders at the optical 


window edges. 


The main result of the series of experiments on liquid aerosol is obtaining of 


reliable data on deposition. Secondary effects on the breakup and resuspension are 


practically excluded. Liquid aerosol has an obvious advantage as compared to solid 


aerosol particles as the aerodynamic diameter is known, which equals to the optical 


diameter. 
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9.3. Experiments on solid aerosol 


 


At the second phase of research the experiments have been conducted at the test 


bench where a stainless pipe with the internal diameter of 50 mm was used as the 


test section. Solid aerosol of ammonium chloride being obtained, the same as in 


reactor installations, by a condensation method has been used as the dispersed 


phase. Therefore, it can be expected that morphology of ammonium chloride 


particles is close to morphology of natural reactor particles. In this case, unlike 


liquid aerosol, the aerodynamic diameter of particles is not known beforehand. 


Let us consider this stage of research in more detail. 


In planning of the experiment it was supposed that a considerable part of 


measurement data would be obtained by sufficiently simple methods of analytical 


weighing of precipitators before and after deposition or resuspension. However it 


has appeared that experiment conditions doe not allow to apply these methods 


effectively. A rather prolonged operation of the generator is necessary so that a 


layer of dispersed phase being sufficient by mass should have deposited on the 


precipitator surface. A single cycle was limited not only by a relatively small 


volume of the dissociator but also by a possibility of maintaining a constant air 


flow-rate during the experiment. The clogging of vacuum cleaner filters occurred 


so quickly that we had to stop an experiment due to reduction of the air flow-rate 


below the specified level. Each cycle was accompanied by disassembly of vacuum 


cleaners, cleaning, washing and drying of filters. It led to long breaks between 


cycles. At the same time, continuation of the experiment on the next day was 


undesirable as due to noticeable hygroscopicity of ammonium chloride not only the 


morphological structure of sediment but also its mass could change. Air of natural 


humidity, which was monitored but could not be regulated, has been used in the 


experiments. For the conduction of experiments, days were selected with a low air 


humidity (30÷40%) but one could not guarantee that humidity would not increase 


on the next day. 
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It has also appeared that even an insignificant non-coincidence of internal 


(concave) surfaces of the precipitator and test section of the pipe leads to 


noticeable disturbances of the boundary layer and, consequently, to non-


homogeneity of the layer of a substance being deposited. This drawback can, in 


principle, be eliminated but it was difficult to do it with the test section design, 


which already existed. All this set of reasons has led to the fact that the main 


accent at selecting experimental methods was, as a result, made on chemical 


analysis and sampling by means impactors. These methods have allowed to 


provide a suitable measurement accuracy.  


At the stage of elaboration of the design of solid aerosol particle generator it has 


been determined that the particle shape depends not only upon the temperature, at 


which they are generated but also upon the rate of condensation. The principle of 


operation of the aerosol particle generator is based on thermal sublimation of 


ammonium chloride. By varying temperature on the generator and ratios of air 


flows – hot air passing through the generator and cold air being sucked into the 


mixing chamber – it is possible to regulate, within certain limits, the size of 


particles being obtained during condensation.  


In the course of research, it has been determined that the solid aerosol flow-rate 


during operation of the generator does not remain constant and at the end of 


generation period it is approximately two times as less as at the initial moment. 


This circumstance is undesirable and complicates interpretation of experimental 


data. Later on, it will be necessary to take measures on assurance of time constancy 


of the aerosol flow-rate. It can be carried out either by means of introduction of a 


feedback into the circuit of electrical load control of the existing generator, or by 


the transfer to a fundamentally other generator design. 


It should be noted that the generator produces a sufficiently broad spectrum of 


particles. Therefore, efforts should be taken on narrowing the spectrum of particles 


being generated. It is important from the point of view of facilitation of the 


experimental data processing and subsequent verification of mathematical models 
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on their basis. In order to expand the range of operating parameters of experiments 


to be subject to verification, along with thermal generation of particles, perhaps, it 


will be expedient to elaborate the procedure of ejection of finished monodisperse 


particles with other morphology and other density into the experimental section. 


Optical methods, which were planned to use in the investigations and which have, 


in themselves, a high accuracy as applied to the conditions of our experiment, 


have, unfortunately, appeared to be rather ineffective. The thing is that these 


methods have limitations on applicability, in particular, as to particle size. With a 


noticeable variation of particle sizes, one has to change the procedure and, 


accordingly, measuring devices. It has appeared that, unlike experiments on liquid 


aerosol, the spectrum of sizes of particles to be produced by the aerosol generator, 


is too broad so that one could use only one procedure. It is another argument in 


favour of setting model investigations on monodisperse particles. Otherwise in 


order to enhance the reliability of determination of the concentration by optical 


methods, it will be necessary to transfer to fundamental modifications of the 


arrangement and hardware devices assuring the reliability of measurements, both 


in the region of fine particles and large particles.  


On the whole, it should be noted that measurement methods being used have 


allowed to provide a suitable accuracy of results. 
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Conclusion 
 


In conclusion we are to list the most significant, in our opinion, results of 


experiments. 


1. Quantitative data have been obtained for evaluation of the rate of deposition of 


liquid aerosol with the size from 0.5 μm to 15 μm in a cylindrical vertical 


channel within the range of Reynolds numbers from 10 000 to 240 000. 


2. Quantitative data have been obtained on kinematic characteristics of the carrier 


phase (mean velocities, pulsation velocity components, fluctuation frequencies) 


in a cylindrical vertical channel with the diameter of 98 mm. 


3. Quantitative data have been obtained on characteristics of the dispersive 


structure of the flow including droplet size distribution, variation of droplet 


concentrations and sizes in the cross-section and along the flow in a cylindrical 


vertical channel with the diameter of 98 mm.  


4. A new experimental installation has been established designed for investigation 


of the processes of deposition and resuspension of solid aerosol in cylindrical 


channels. 


5. A design of the ammonium chloride aerosol generator has been developed, 


which is based on the use of a reversible chemical reaction of dissociation-


recombination of ammonium chloride.  


6. Quantitative data have been obtained on the intensity of deposition of 


ammonium chloride aerosol with the size from 0.5 μm to 10 μm in a vertical 


channel with the diameter of 50 mm at the flow velocities from 20 m/s to  


38 m/s. The mass of depositions determined experimentally is the result of two 


phenomena – deposition and resuspension. 
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7. Quantitative data have been obtained on the intensity of resuspension of 


preliminarily deposited ammonium chloride aerosol in a vertical channel with 


the diameter of 50 mm at the flow velocities from 65 m/s to 105 m/s. 


8. The experimental data being obtained can be used for database expansion and 


for verification of corresponding codes. 
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1. Introduction 


In case of a nuclear reactor accident accompanied by core disintegration, the fission products are 


released into the first circuit and may subsequently be released to the NPP building and the 


environment. Only the gaseous fission products and very finely dispersed particles – aerosols may be 


spread passively with the gas flows. Therefore it is important to study the processes of spreading, 


transformation and deposition of aerosols in channels and large cavities. The physical knowledge of 


these processes has been realized in calculation algorithms, which were used to develop the so-called 


aerosol codes. One of such codes, PROFIT, is used in the integral severe accident code SOKRAT.  


Simulation of physical phenomena characterizing the behavior of aerosol particles in reactors or 


power plant containment rooms can be divided into three main tasks: 1) transport of aerosols in a 


circulation loop or room, 2) deposition of particles on circuit pipeline walls or room walls, 3) change 


of the dimensions and composition of aerosols. In order to resolve the first task, it is usually assumed 


that the aerosol particles are transported with the velocity of the gas phase, which is simulated 


separately from the aerosol code.  Therefore the aerosol codes are considering only the second and 


the third tasks. The main processes influencing the changes in particle dimensions and composition 


include adsorption of fission products from the gas phase, phase changes (condensation or 


evaporation) and coagulation.  The biggest theoretical difficulties are experienced in description of 


aerosol particles deposition and coagulation, especially for the case of turbulent flows. 


Virtually all aerosol codes used for severe accidents calculations (e.g. CONTAIN [1], 


MELCOR/MAEROS [2, 3], SOKRAT/PROFIT [4, 5]) assume that various deposition mechanisms 


act independently from one another and the total deposition rate is calculated on the basis of the 


superposition principle, thus not taking into account the interdependency between the mechanisms. In 


many cases, this can be justified, but it is does not reflect the real situation. Therefore the current 


work formulates the task to outline general dependence with account for interaction between various 


deposition mechanisms: Brownian and turbulent diffusion, turbulent migration (turbophoresis), 


gravitational sedimentation, thermophoresis caused by temperature gradient, convective transfer due 


to vapor condensation on walls, diffusiophoresis and centrifugal force when flowing around a curved 


surface or in the case of a flow swirl.   


The process of particles agglomeration in most of the aerosol codes is considered as if various 


coagulation mechanisms were independent from each other and the overall coagulation kernel is 


considered a sum of the coagulation kernels due to separate mechanisms. In reality, however, all the 


coagulation mechanisms are interconnected and linear superposition of the coagulation kernels may 


in some cases lead to noticeable errors. Also, the effect of accumulation (clustering) of particles in 
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turbulent flows, which may substantially increase the rate of agglomeration, has never been taken 


into account.  


The goal of the current work is to describe the physical models and the correlation dependencies 


for aerosol particles deposition built using these models, as well as to draw up generalized 


correlations describing the contribution of significant coagulation mechanisms to the aerosol 


agglomeration process (with account for interaction between these mechanisms), for subsequent use 


in the updated PROFIT code. It is assumed that the density of aerosol particles is substantially higher 


than that of the medium and their dimensions do not exceed 20 μm. Special attention is paid to 


turbulent deposition mechanisms due to the importance and complexity of these processes. 


 


1. Theoretical aspects of aerosol particles deposition. 


 


1.1. Mechanisms of aerosol particles deposition 


 Rate of aerosol particles deposition to the surface limiting the flow is calculated according to 


the superposition principle: 


( )d GF CF TP CT DP DF TBV V V V V V V V= + + + + + +κ .         (1.1.1) 


Here /w wJ Jκ ≡ o  is the sticking coefficient equal to the ratio of the particles deposited on the 


surface wJ o  to the overall deposition flow wJ , and the deposition rate is calculated as  /d w mV J= Φo , 


where mΦ  is the average particle concentration in the considered spatial cell. Equation (1) gives the 


aerosol deposition rate as a sum of separate components, resulting from the following mechanisms: 


gravitation force GFV , centrifugal force CFV , thermophoresis TRV , convective transfer CTV , 


diffusiophoresis DPV , Brownian and turbulent diffusion DFV  and turbophoresis TBV . All the 


mechanisms leading to deposition of aerosol particles may be divided in two types. The first one 


(convective mechanisms) includes the mechanisms which generate average aerosol velocity in the 


wall ward direction as a result of convective movement of vapor-gas medium containing aerosol 


particles (e.g. vapor condensing on walls) or body force influence (gravitation, centrifugal force, 


thermophoresis, diffusiophoresis, etc.). The second type (fluctuation mechanisms) includes the 


diffusion and migration mechanisms inducing deposition due to the fluctuations of particle velocities, 


i.e. as a result of Brownian or turbulent motion of particles. The diffusion and migration 


(turbophoresis) components of the deposition rate originate as a result of non-uniform distribution of 


particles concentration and turbulent stresses of the carrier. These values should be calculated on the 


basis of equations of aerosol concentration momentum conservation, and are strongly dependent on 


the flow mode (laminar or turbulent).  
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Formula (1.1.1) is used in virtually all known aerosol codes developed for calculation of the 


deposition process. According to (1.1.1), it is assumed that separate mechanisms act independently 


and the overall deposition rate is calculated using the superposition principle, i.e. not taking into 


account the interaction between various deposition mechanisms. However, the superposition of 


deposition rates does not cover the general case.  It should also be noted, that there are substantial 


differences between the aerosol deposition processes in laminar and turbulent flow modes. Namely, 


the aerosol deposition rate from the laminar flow for a given channel cross-section is dependent on 


the prehistory of the flow and, in particular, on the thickness of the diffusion boundary layer 


developing from the input cross-section. A priory selection of the boundary layer, which is used in 


some of the codes, does not stand up to the criticism.  On the other hand, the rate of aerosol particles 


deposition from the turbulent flows is dependent mainly on the flow characteristics in a given channel 


cross-section and is weakly dependent on the flow prehistory, i.e. has only local character. In other 


words, the deposition rate of low-inertia particles is weakly dependent on the flow pattern upstream 


from the deposition surface. Therefore, the deposition rate for such particles from the turbulent flow 


can be calculated locally on the basis of flow analysis in the vicinity of the surface in question and 


independently from the peripheral flow pattern. All of the above said demonstrates, that the "point" 


aerosol codes are better suited for calculation of deposition rates in case of turbulent flows. 


 


 


 


1.2. Sticking coefficient (particle resuspension) 


The particle sticking coefficient for suspension is calculated using the condition of suspending 


force caused by velocity shift at the wall (surface stress) being equal to the retaining adhesion force 


s aF F= .             (1.2.1) 


The suspending force is proportional to the product of surface stress and the transverse cross-


section of the particle (square particle diameter) 


2
s w pF d∝σ .            (1.2.2) 


The retaining adhesion force is proportional to the product of surface particle sticking energy 


(adhesion energy) and the sticking perimeter (particle diameter) 


s pF d∝ Σ ,             (1.2.3) 


where Σ  is the adhesion energy. 
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It is well-known (see e.g. [6]), that for turbulent flows the tangent stress at the wall wσ  is not 


constant, but experiences fluctuations around its medial value wσ . We will assume that such 


fluctuations are distributed according to the normal law 


2


1/ 2 2
( )1( ) exp


(2 ) 2
w w


w
w w


P
⎡ ⎤−


= −⎢ ⎥′ ′⎣ ⎦


σ σσ
π σ σ


,         (1.2.4) 


where 2 1/ 2( )w w w′ ≡ 〈 − 〉σ σ σ  is the mean-square fluctuation of tangent stress at the wall. 


According to (1.2.1), the sticking coefficient is determined by 


( )
w


w


w wP d
−


= ∫
o


o


σ


σ


κ σ σ ,           (1.2.5) 


where wσ o  is the critical wσ  value, at which the particles are carried away from the retaining surface 


by the flow.  Substitution of (1.2.4) into (1.2.5) gives 


1/ 2 1/ 2
1 erf erf
2 2 2


w w w w


w w


⎡ ⎤⎛ ⎞ ⎛ ⎞− +
= +⎢ ⎥⎜ ⎟ ⎜ ⎟′ ′⎝ ⎠ ⎝ ⎠⎣ ⎦


o oσ σ σ σκ
σ σ


.          (1.2.6) 


(1.2.1) - (1.2.3) give 


1
w


p


C
d


σ Σ
=o ,              (1.2.7) 


where 1C  is a constant close to 1. 


We will then assume that dispersion of surface stress fluctuations is proportional to its mean value 


2w wC′ =σ σ ,             (1.2.8) 


where 2C  is a constant less than 1. 


Taking (8) and (9) into account, the resuspension coefficient (7) will be equal to 


1 1
1/ 2 / 2 1/ 2 / 2


2 2 2 2


1 1 1erf erf
2 2 2 2 2p w p w


C C
C d C C d C


κ
σ σ


⎡ ⎤⎛ ⎞ ⎛ ⎞Σ Σ
= − + +⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦


.      (1.2.9) 


As can be seen from (1.2.9), κ  is dependent, first of all, on the adhesion parameter / p wd σΣ . The 


/ p wd σΣ  value changes in a wider range if compared to the 1C  and 2C  constants. Therefore, in order 


to simplify (10), we will disregard the second item in the parenthesis and assume 
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erf ef


p wd
κ


σ
⎛ ⎞Σ


= ⎜ ⎟⎜ ⎟
⎝ ⎠


,           (1.2.10) 


where efΣ  is the effective adhesion energy. 


 


1.3. Suspension of aerosol particles caused by convection mechanisms  


This section considers deposition caused by mechanisms generating mean aerosol velocity in the 


wall ward direction.   


Rate of gravitational deposition (sedimentation) is mainly dependent on the force resisting the 


aerosol particle movement and is determined by 


(1 ) cosGF pV A g= − τ ϕ , 


where g  is the gravitational acceleration, ϕ  is the angle between the gravitational force direction and 


the normal to the surface. (1 ) /( )A f p A fA C Cρ ρ ρ≡ + +  characterizes the effect of virtual mass, where 


pρ  is the density of aerosol particles material, fρ  is the density of vapor-gas medium, and AC  is the 


virtual mass coefficient ( AC =0.5 for spherical particles). 


The dynamic relaxation time for a small aerosol particle is calculated using 


0 1


2


(1 / ) (Kn)
(Re )


p A f p
p


p


Cτ ρ ρ ϕ
τ


ϕ
+


= , 
2


0 18
p p


p
f f


dρ
τ


ρ ν
= ,          (1.3.1) 


where 0pτ  is the particle response time (Rep<<1), pd  is the particle diameter, fν  is the kinematic 


viscosity coefficient for vapor-gas medium, Kn 2 /m pl d≡  is the Knudsen number, 2 /m f tl u≡ ν  is the 


molecule free path in the vapor-gas medium, 1/ 2(8 / )tu RT≡ π  is the mean velocity of thermal 


molecule movement, R  is the gas constant, T  is the vapor-gas medium temperature, Re /p p fd W≡ ν  


is the Reynolds number for particle flow, and W  is the velocity of the particle relative to the vapor-


gas medium. 


Relationship 1(Kn)ϕ , which has the name of Canningham-Milliken correction, describes the 


influence of surrounding medium rarefaction on the hydrodynamic resistance and is calculated by 


3
1 1 2(Kn) 1 Kn exp


Kn
AA Aϕ ⎡ ⎤⎛ ⎞= + + −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦


, 


where 1 1.257A = , 2 0.40A = , 3 1.1A =  [7] or 1 1.20A = , 2 0.41A = , 3 0.88A =  [8]. 
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Relationship 2 (Re )pϕ  included in (1.3.1) characterizes the influence of inertia forces on the 


hydrodynamic resistance of the particle and can be described by Schiller-Neumann approximation [9] 


  
0.687


2


1 0.15Re
(Re )


0.11Re / 6
p


p
p


ϕ
⎧ +⎪= ⎨
⎪⎩


  
3


3


при Re 10


при Re 10
p


p


≤


>
. 


It should be noted that for the considered aerosols ( pd ≤20 μm) the 2 (Re )pϕ  correction can be 


disregarded (in contrast to the 1(Kn)ϕ  correction), thus simplifying the calculation process by 


skipping the iteration procedure for calculation of relaxation time pτ . 


The deposition rate induced by the centrifugal force for the flow around a curved surface or flow 


swirls can be determined by 


2(1 ) p xw
CF


w


A U
V


R
−


=
τ


, 


where xwU  is the effective flow velocity in the vicinity of the deposition surface and wR  is the 


deposition surface curve radius. 


The thermophoresis deposition rate is determined by [10] 


2


2
0


36(1 ) TM p f
TM


p f p


A TV
d T y
β τ μ


ρ ρ
− ⎛ ⎞∂


= ⎜ ⎟∂⎝ ⎠
, 


( )
( )( )


1 3


2 3


/ Kn


1 3 Kn 1 2 / 2 Kn
f p


TM
f p


C C


C C


λ λ
β


λ λ


+
=


+ + +
,     (1.3.2) 


where fμ  is the dynamic viscosity parameter of the vapor-gas medium, T  is the flow temperature at 


the walls, 0( / )T y∂ ∂  is the temperature gradient at the wall, pλ  and fλ  are the thermal conductivity 


coefficients of the particle material and the vapor-gas medium. The constants included in (1.3.2) have 


the following values [8]: 1C =1.17, 2C =1.14, 3C =2.18, 


The convection deposition mechanism is connected with the Stephanian flow due to vapor 


condensation. The velocity CTV  of convective transfer of particles at the wall can be taken equal to 


the normal component of the vapor-gas medium velocity due to vapor condensation ywU . The 


deposition mechanism called diffusiophoresis is caused by diffusion of molecules in the vapor-gas 


medium and can take place even in case of absence of convective transfer with the average velocity 


of the vapor-gas medium .  The latter mechanism is in most cases insignificant if compared to other 


deposition mechanisms. 
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1.4. Deposition caused by Browninan diffusion for laminar channel flows 


The rate of aerosol deposition caused by Brownian diffusion during vapor-gas flow through a 


round pipe or a flat slit (through round and flat channels) is calculated using 


1/ 2 1/32 22/3


1/3
3(3 5 )3 (0) 1max , 0.1


2 (1/ 3) (1/ 3) 2 2
m w m wB


DF i
w f B


U r i U rD f iV
r x xD


⎡ ⎤⎛ ⎞ ⎛ ⎞′′ + ⎛ ⎞⎢ ⎥= − +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟Γ Γ⎢ ⎥⎝ ⎠⎝ ⎠⎝ ⎠⎣ ⎦
ν


,    (1.4.1) 


where x  is the distance from the input section; wr  is the radius of the round pipe or half of the slit 


width; mU  is the mean mass velocity of the vapor-gas medium flow in the channel; 0i =  for the flat 


channel and 1i =  for the round channel; (1/ 3)Γ  is the gamma function equal to 2.679; (0)f ′′  is the 


dimensionless gradient of flow at the wall in the laminar boundary layer, equal to 0.332. 


The first item in the square brackets in (1.4.1) characterizes the deposition at the input section of 


the channel with uniform flow profile at the input cross-section, where Blasius solution for laminar 


boundary layer at the plate [11] can be used.  The second item in the square brackets in (1.4.1) is 


correspondent to the asymptotic diffusion solution for high Scmidt numbers and hydrodynamically 


developed laminar flow in the pipes with parabolic flow profile [12]. 


The Brownian diffusion coefficient is equal to 


1(Kn)
3
B


B
f p


k TD
d


ϕ
πμ


= ,             (1.4.2) 


where Bk  is the Boltzmann constant. 


 


1.5. Deposition caused by diffusion and turbophoresis for turbulent channel flows. 


A large number of experimental and numerical studies have been dealing with the research of 


deposition of aerosol particles and droplets from the turbulent flows onto the limiting surfaces, which 


is explained by the practical importance of this problem. Analysis and generalization of experimental 


studies for vertical and horizontal pipes can be found in [13−15]. The first theoretical models for 


particle deposition from the turbulent flows have been proposed in [16, 17], and the review of the 


half-empirical models for definition of the deposition rate known at that time was given in [15]. The 


authors of [16−20] have built Lagrangian models for deposition, considering interaction of particles 


with two-dimensional swirls simulating the organized (coherent) wall structures. Stochastic 


Lagrangian approach was used for calculating deposition rate in [21], which was based on interaction 


of the particles with turbulent flows and Gaussian distribution of velocities. The numerical studies of 


the particle deposition in the flat vertical channel based on trajectory simulation in combination with 
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the DNS and LES methods have been presented in [22−28] and [29, 30] correspondingly. The 


authors of [31−33] have used the stochastic Gaussian field model [34] to generate turbulent velocity 


fluctuations of continuous medium. Numerical simulation for the circular vertical pipe was given in 


[35, 36]. The listed papers included the studies of the influence of gravitational force, movement 


direction (downward or upward), lifting force and Brownian diffusion on particle deposition. 


Numerical simulation of particle deposition in a horizontal channel using DNS was carried out in 


[28], and works [37, 38] dealt with the flat channel with one open (free) wall. The authors of [39−41] 


used the diffusion model to calculate the deposition rate. Works [42, 43] studied the deposition of 


particles from the turbulent flows based on the kinetic equation for velocity PDF . The authors of 


[44−49] have constructed Euler models for turbulent deposition based on the locally equilibrium 


equations for the intensities of normal components of dispersion and continuous velocity. However, 


the models based on the locally equilibrium ratios for the turbulent stress are applicable only for low-


inertia particles and cannot be used for the particles with relaxation times comparable with the 


turbulence scale of the continuous medium. The authors of [50, 51] have specified the locally 


equilibrium models taking into account the "memory effect" using algebraic ratios. The non-local 


transport models of turbulent deposition based on differential equations for the second moments of 


particle velocity pulsations have been proposed in [46, 52−55]. Effect of thermophoresis on aerosol 


particles deposition from the turbulent flows was studied in [56, 57].  


The intensity of particle deposition from the turbulent flow is usually characterized by the 


dependency of deposition coefficient */w mj J u+ ≡ Φ  on the relaxation time 2
0 * /p fuτ τ ν+ ≡ , where 


1/ 2
* ( / )w fu ≡ σ ρ  is the dynamic velocity. The whole range of particles can be divided into three 


characteristic inertia groups in accordance with the dominating deposition mechanism, determining 


the relationship of j+  and τ+ : low-inertia, medium-inertia and high-inertia particles. 


The process of low-inertia particles deposition ( 1τ+ < ) is controlled mainly by Brownian and 


turbulent diffusion. Also significant role may be played by some forces determining the transfer of 


sub-micron particles (e.g. thermophoresis force in non-isothermal flows), as well as convective 


transfer caused by Stephanian flow in case of vapor condensation. If the dominating role is played by 


the diffusion mechanism, j+  monotonously decreases with the rise of τ+ , which is explained by the 


decrease of the Brownian diffusion coefficient value with the rise of particle dimensions. 


The main mechanism of medium-inertia particles deposition (1 100τ+≤ ≤ ) is their turbulent 


migration (turbophoresis) from the flow kernel with high level of turbulent velocity pulsations to the 


zone of viscose sub-layer at the walls. Sharp increase in the dependency of j+  on τ+  is characteristic 


for this range of particle inertia. The authors of [21, 22] were the first to calculate numerically the 
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tendency of the deposited particles to accumulate in the viscose sub-layer section under the 


influence of turbophoresis mechanism, and this accumulation effect has been subsequently reported 


in many works. In this range of τ+  values and for the medium ratio of densities in the dispersed and 


continuous phase /p fρ ρ  there is a substantial effect of the lifting force caused by the velocity shift 


on the deposition intensity. The lifting force causes differences in particle deposition for upward and 


downward flows, thus causing the deposition coefficient to be higher for downward flows if 


compared to upward flows [28]. However, account of classical Saffman force [58−59] for the flow 


conditions realized in turbulent flows does not appear to be correct [27, 30]. The specification of the 


lifting force, performed in [60, 61], shows that the effect for particle deposition is not as substantial 


as for classical Saffman formula [30, 35]. 


High-inertia particles ( 100τ+ > ) are weakly involved in the turbulent motion of the carrier fluid, 


thus decreasing the deposition coefficient j+  in the vertical channel with the rise of τ+ . However, the 


intensity of high-inertia particles deposition is determined not only by the characteristics of near wall 


turbulence, but is also substantially dependent on the external flow parameters, Reynolds number for 


hydraulic diameter of the channel in particular. Also the deposition of high-inertia particles in the 


vertical channel is significantly influenced by the gravitational force, which is mainly manifested by 


the "trajectory crossing effect" [62, 63]. 


Aerosols with dimensions less than 20 μm are considered low- and medium-inertia particles in 


accordance with the accepted classification. Therefore, the current section is limited to discussion of 


the diffusion and turbophoresis deposition modes, which are characteristic for low- and medium-


inertia particles. 


 Deposition of low-inertia particles ( 1τ+ < ) is mainly determined by the processes of 


Brownian and turbulent diffusion and, to a much lesser extent by convective transfer, thermophoresis, 


and other forces characteristic for sub-micron aerosols. Due to the turbulent flow mode, the diffusion 


deposition is determined by flow characteristics in the channel cross-section and does not depend on 


flow prehistory, and is thus a local process. Therefore the distribution of particles near the deposition 


surface can be derived from the diffusion equation, which takes only the concentration changes in the 


transverse direction, y, into account 


( ) 0B T
d dD D
dy dy


⎡ ⎤Φ
+ =⎢ ⎥


⎣ ⎦
,            (1.5.1) 


where Φ  is particle concentration. 


Turbulent diffusion coefficient in the viscous sub-layer is determined by 
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nT


n
f


D yα
ν += ,             (1.5.2) 


where / fy yu ν+ ∗=  is the distance from the wall in universal variables, and nα  is a constant. The 


exponent in (1.5.2) may be equal to 3 or 4. 


The solution of equation (1.5.1) with account for (1.5.2) is 


1
0 Sc


y
w


w n
B n


J dy
u y


+
+


−
∗ +


Φ = Φ +
+∫ α


.           (1.5.3) 


where 0( / )w BJ D d dy≡ Φ , and Sc /B f BD≡ν  is the Schmidt number for Brownian diffusion. 


The deposition coefficient is derived from (1.5.3) taking into account the boundary conditions 


(0) 0C =  and ( ) mC C∞ =  


(1 ) /Sc n n
n Bj −


+ = β , 
1/


sin
n


n
n


n
n


α πβ
π


= .          (1.5.4) 


It should be noted that (1.5.3) clearly shows that the local equation for the deposition coefficient, 


that is the one not dependent on flow prehistory, can not be obtained for laminar flow mode 


( 0TD = ), as the integral does not converge for y →∞ . 


Formula (1.5.4) was proposed in [14, 17] for the diffusion mode of aerosol deposition, using the 


law of the third order of rise of the turbulent diffusion on the viscous sub-layer (1.5.2), i.e. for 3n = ; 


these works take 3β  equal to 0.057. However, as it was theoretically shown in [64], the fourth order 


of magnitude law for the turbulent diffusion coefficient in the viscous sub-layer, which was first 


proposed by Levitch [65], is better justified for the large values of Schimdt number characteristic for 


the Brownian diffusion. The coefficient in (1.5.4) for 4n =  can be expressed using the Prandtl-


Karman constant к , Van Driest constant DA  and turbulent Schmidt number ScT  [46] 


2


4 2
к
ScD TA


α = .             (1.5.5) 


The substitution of the usually used values к 0.4= , DA =26 and ScT =0.9 in (1.5.5) gives 


4
4 2.63 10α −= ⋅ , which is in good correspondence with the experimental value of 4


4 3 10α −= ⋅  [66]. 


The 4β  coefficient in (1.5.4) is equal to 0.115 according to (1.5.5), which is matching the value given 


in [6]. Thus, the aerosol deposition coefficient in the diffusion mode is determined by the expression 


3/ 40.115ScBj −
+ = .            (1.5.6) 
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 In contrast to the diffusion mode, there is no simple solution for the deposition coefficient 


for the case of predominant role of the turbophoresis mechanism. The analytical solutions found in 


the literature are half-empirical ones and are largely dependent on the experimental data. At the same 


time, it should be remembered that due to the sharp increase of the deposition coefficient j+  on the 


inertia parameter τ+  there is a strong sensitivity of the ( )j τ+ +  relationship to the polydispersion of 


aerosol for these conditions. As shown in [27], even minor dispersion of dimensions leads to 


significant increase of ( )j τ+ +  averaged over the particle dimensions. Therefore, care should be taken 


when using the ( )j τ+ +  relationships calculated on the basis of generalized experimental data or half-


empirical models. The generalized dependencies derived using the results of direct numerical 


calculation or theoretical models based on PDF equations for velocity distributions and the second 


moments of particle velocity pulsations appear to be more reliable. The following relationship for the 


turbophoresis mode was proposed in [46] 


4 2.5


3 2.5
2.5 10
1 10


j
−


+
+ −


+


⋅
=


+
τ
τ


.            (1.5.7) 


Fig. 1.5.1 shows the comparison between formula (1.5.7) and the experimental data [67] for the 


downward flow in the pipe, and for direct numerical calculations for a flat channel [22, 30] and for a 


round pipe [35]. It also shows empirical correlations [13] 


4 23.25 10  при 22.9
0.17     при 22.9


j
−


+ +
+


+


⎧ ⋅ <⎪= ⎨
<⎪⎩


τ τ
τ


,          (1.5.8) 


derived by generalization of virtually all experimental data known at that time. It can be seen that for 


medium-inertia aerosols the turbophoresis mechanism causes sharp increase of the particle deposition 


coefficient with the rise of particle inertia. As said above, the high-inertia particles ( 100τ+ > ) are 


weakly involved in the turbulent motion of the carrier fluid, thus making the dependence of j+  on τ+  


less sharp. 
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Fig.  1.5.1 Relationship of the deposition coefficient and the particle inertia for the turbophoresis 


mode: 1 − formula (1.5.7); 2 − empiric correllations (1.5.8); 3 − DNS [35]; 4 − experiment [67]; 5 − 


DNS [22]; 6 − DNS [30] 


 


 The relationship combining the formulae (1.5.6) and (1.5.7) for diffusion and turbophoresis 


modes is the following [46] 


3/ 4 4 2.5


3 2.5
0.115Sc 2.5 10


1 10
Bj τ


τ


− −
+


+ −
+


+ ⋅
=


+
,          (1.5.9) 


Fig. 1.5.2 shows the comparison between the deposition coefficient calculations for various 


values of Reynolds number Re and the Brownian diffusion parameter 1/ 2Sc /BB τ+=  [52, 54] with the 


experimental data for vertical pipes, given in [13], and with the general dependency (1.5.9). The 


calculated values are given in Black, while the solid lines show equation (1.5.9). It can be seen that 


formula (1.5.9) is in good correspondence with the experimental and calculated data for the whole 


range of the particle inertia parameters. The initial decrease of the deposition rate with the increase of 


τ+  is explained by the decrease of the Brownian diffusion coefficient. Further increase of the 


deposition rate with the increase of τ+  is explained by turbulent migration, as said above. The 


influence of Brownian diffusion for 1τ+ >  is very low, therefore the parameter B  characterizing the 


effect of the Brownian diffusion can be excluded from the list of parameters. Thus the deposition of 


aerosol particles is determined by their turbulent diffusion and migration in non-uniform 


concentration and velocity pulsation fields.  
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Fig.  1.5.2. Dependency of the deposition coefficient on the particle inertia for the diffusion and 


turbophoresis mode: 1 − Re =1.5·105, B =5·105; 2 − Re =6.104, B =1.2·106; 3 − Re =1.5·104, 


B =4.2·106; 4 − experimental data [14] 


 


1.6. Deposition for combined mechanisms of convection and fluctuation types. 
 First we will consider aerosol particles deposition from laminar flow as a combined result of 


action of both mechanisms. Effect of thermophoresis on Brownian particles deposition from the 


laminar hydrodynamically developed flow in the channels was analyzed in [68]. The solution 


obtained in [68] can be considered applicable for the case of presence of not only thermophoresis, but 


also the "convection component" of velocity at the wall CV , which is caused by Stephanian flow, 


gravitational force and other forces. In this case the deposition rate is given by 


 
( )1 exp


C
d


C FD


VV
V V


=
− −


κ ,           (1.6.1) 


where C GF CF TP CT DPV V V V V V≡ + + + + , and the diffusion component of the deposition rate DFV  is 


found according to  (14).  


 Formula (1.6.1) matches the relationship describing the influence of transverse mass flow on 


the relative thermal mass transfer law in the framework of the "film theory" [69, 70]. It should be 


noted that if CV  velocity induced by the gravitational force in the sloping pipe, or other factors 


disturbing the axial symmetry of distribution are present, averaging (1.6.1) along the pipe perimeter 


needs to be done. 


 Let us show that the dependency (1.6.1) will be also applicable for diffusion deposition in the 


turbulent flow mode. In this case the diffusion equation with account for aerosol transfer by 


"convection" velocity component CV  can be written as 







 


 


 ISTC Project #3345  EVAN  


19


 ( ) 0B T C
d d dD D V
dy dy dy


⎡ ⎤Φ Φ
+ + =⎢ ⎥


⎣ ⎦
.          (1.6.2) 


 The solution of equation (1.6.2) with account for (1.5.2) is given by 


1
0


1 exp
Sc


y
w


w n
C B n


J dyV
V y


+
+


+ −
+


⎡ ⎤⎛ ⎞
Φ = Φ + − −⎢ ⎥⎜ ⎟⎜ ⎟+⎢ ⎥⎝ ⎠⎣ ⎦


∫ α
, CVV


u+
∗


= .       (1.6.3) 


 The deposition coefficient is derived from (1.6.3) taking into account the boundary conditions 


(0) 0C =  and ( ) mC C∞ =  


( )01 exp
Vj


V j
+


+
+ +


=
− −


,           (1.6.4) 


where 0j+  represents the deposition rate in the diffusion mode, which is determined by the expression 


(1.5.6). It is evident that the relationship (1.6.4) is similar to (1.6.1). 


 Relationship (1.6.4) can be expanded for the diffusion-turbophoresis deposition mode, if we 


use the (1.5.9) correlation instead of (1.5.6) to determine 0j+ .  


 The relationship (1.6.4) was tested by comparing with the experimental data [71] for non-


isothermal flow in circular cooled pipe, when the thermophoresis force plays substantial role. In this 


case velocity CV  is equal to thermophoresis velocity TMV , which is determined by (1.3.2). The pipe 


diameter in experiments [71] was equal to 7.92 mm, and the cooled length of the pipe was 305 mm. 


The temperature at the pipe wall wT  was maintained at the level of 300 К, while the input gas 


temperature 0T  was equal to 505 К, 630 К and 755 К.  The input mean mass velocity mU  was equal 


to 60 m/s. The aerosol was comprised of sub-micron NaCl particles. Mass flow of aerosol at the input 


and output of the cooled pipe were measured in the experiments. The cooling effectiveness was 


calculated using 


0 0


21 1 exp
L


L


m w


J j u dx
J U r


+ ∗
⎛ ⎞


= − = − −⎜ ⎟⎜ ⎟
⎝ ⎠
∫


κξ ,          (1.6.5) 


where the deposition coefficient is derived from (1.6.4) taking (1.5.9) into account. In (1.6.5) LJ  and 


0J  represent mass flow of aerosol at the input and output of the pipe. 


 Figure 1.6.3 gives the dependency of the deposition effectiveness on the aerosol dimensions 


for various input flow temperature. It is evident that thermophoresis effect rises with the increase of 


0T  at constant wT , thus increasing the deposition effectiveness. The resuspension effect increases 


with the increase of particle dimensions. As one can see, the ξ  values forecasted without account for 
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the resuspension phenomena (i.e. for 1κ = ) are substantially lower than the experimentally 


obtained values for the case of relatively large particles. Analysis included in [72] demonstrates 


substantial effect of resuspension on ξ . The sticking coefficient is calculated using (11) for 


efΣ =5⋅10-6 J/m2. The calculation results for deposition effectiveness obtained with account for 


particle resuspension are in better agreement with the experimental data. 
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Fig.  1.6.3. Dependency of deposition effectiveness on particle dimensions: 


1−3 – calculations without account for resuspension; 4−6 – calculations with account for 


resuspension; 7−9 –experiment [71]; 


1, 4, 7 – 0T =505 К; 2, 5, 8 – 0T =630 К; 3, 6, 9 – 0T =755 К. 


 


 


 


2. Coagulation of aerosol particles. 


 


2.1. Collision and coagulation kernels 


The terms of "collision kernel" and "coagulation kernel" appeared due to the fact that both of 


these variables can be included in the intergrand of the kinetic equation describing the changes in the 


particle dimensions spectrum caused by agglomeration processes. Below we will apply these terms 


similar to [73] for the processes characterized correspondingly by the absence and presence of 


particle coalescence in collisions, i.e. maintenance or reduction of the number of particles in the 


system. The coagulation kernel should also take into account the hydrodynamic interaction of two 


particles caused by their relative movement. Thus, the coagulation (agglomeration) kernel 
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characterizing the particle coalescence in collisions can be different to the collision kernel 


accounting only for collision process in the kinematic approximation without analysis of particle 


coalescence probability.  


Without accounting for the hydrodynamic interaction of particles in the framework of statistical 


spherical formulation, the collision kernel of the particles of 1st type with the particles of the 2nd type 


can be determined by the kinematic equation [74, 75] 


2
124 ( ) ( )col


rR w R q R−= − 〈 〉 Γβ π ,           (2.1.1) 


where r  is the distance between the centres of two particles; 1 2R r r≡ +  is the effective collision 


radius; rα  − radius of α -type particles (α =1, 2); r r rw W + w′≡  − radial component of the relative 


velocity of two particles, equal to the sum of mean velocity rW  and pulsation velocity rw′ ; ( )rw R−〈 〉  


is the mean radial relative velocity to the direction of the centre of a sphere with a radius r R=  (i.e. 


rw <0); q  − probability of event rw <0; 12 ( )RΓ  − radial distribution function for r R= . The value 


12 ( )RΓ  describes the particle accumulation effect and is equal to the ratio of probability of the 


presence of type 2 particles in an infinitely thin shell of radius r  around a selected type 1 particle and 


the same value for the system of uniformly distributed particles. 


All the mechanisms causing collision and coagulation of aerosol particles may be divided into two 


types. The first type includes the mechanisms causing collisions due to the fluctuations of particle 


velocities, i.e. as a result of Brownian or turbulent motion. The second type includes the mechanisms 


leading to generation of mean relative velocity between two particles, for example resulting from the 


velocity gradient of the carrier flow or gravitational sedimentation of particles of various sorts, i.e. for 


various relaxation times pατ . First we will consider fluctuation collision mechanism. 


Probability density function (PDF) of the pulsating component of radial relative velocity is given 


by Gaussian distribution 


( )
2


22


1 exp
22


r
r


rr


wP w
ww


⎛ ⎞′
= −⎜ ⎟′〈 〉′〈 〉 ⎝ ⎠π


.          (2.1.2) 


In case of absence of particle coalescence after collision, the mean component of radial relative 


speed is equal to zero ( 0rW = ). In this case the mean velocity value and mean-square radial relative 


velocity can be included in the following equation according to (2.1.2) 


( )
1/2


22| |r r r r r
-


w | w | P w dw = w
∞


∞


⎛ ⎞′〈 〉 = 〈 〉⎜ ⎟
⎝ ⎠∫ π


.        (2.1.3) 


Also in accordance with (2.1.2)  
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| |r rw w−〈 〉 = −〈 〉 , 1/ 2q = .           (2.1.4) 


Taking (2.1.3) and (2.1.4) into account, the collision kernel (2.1.1) will be represented by 


( )1/ 22 2
128 ( )col


rw (R) R R′= 〈 〉 Γβ π .          (2.1.5) 


The coagulation kernel is derived from the equation 


2
124 ( ) ( )coag


rR W R R= − Γβ π ,          (2.1.6) 


which derives the mean radial particle velocities at the contact surface r R=  using 


( ) ( )r rW R w R q−= 〈 〉φ ,           (2.1.7) 


where φ  is the sticking coefficient (coagulation effectiveness) characterizing the probability of 


coalescence of two colliding particles and the effect of hydrodynamic interaction of particles. 


If we still consider that PDF for relative radial velocity is described by the Gaussian distribution 


(2.1.2) and, correspondingly, the equations (2.1.4) are applicable, the equation (2.1.7) will take the 


form 


1/ 22 ( )( )
2
r


r
w RW R


⎛ ⎞′〈 〉
= − ⎜ ⎟


⎝ ⎠
φ


π
.           (2.1.8) 


Substitution of (2.1.8) into (2.1.6) determines the coagulation kernel as 


( )1/ 22 2
12( ) ( )coag


r8 w R R R′= 〈 〉 Γβ φ π .          (2.1.9) 


It should be noted that the equilibrium Gaussian distribution (2.1.2) and equations (2.1.4) and 


(2.1.8) derived from it are not applicable in case of presence of coagulation even if they were strictly 


true in the absence of coagulation (i.e. for φ =0). The main error introduced by such assumptions to 


the determination of the coagulation kernel (2.1.9) may be compensated by correcting the sticking 


coefficient φ . It should also be noted that the coagulation kernel (2.1.9) may be different from the 


collision kernel (2.1.5) in the case when the sticking coefficient φ  is equal to one (though this is 


often ignored in the literature). This fact is explained by the radial distribution functions 12 ( )RΓ  


being substantially different even if the mean-square velocities 2 ( )rw R′〈 〉  are equal for the cases of 


presence and absence of coagulation. For the case of coagulation (in contrast to collisions without 


particle coalescence) the density of the "deposited" particles in the vicinity of the selected particle 


drops. As a result, 12Γ  at the contact surface r R=  has a value lower than for the case of absence of 


coagulation. Therefore, the coagulation kernel can not exceed the value of the collision kernel and 
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correspondingly colβ  can be used as an upper bound for coagβ . The difference between coagβ and 


colβ  for φ =1 depends on the nature of the physical phenomena causing collision or coagulation and 


may be both substantial and insignificant. The ratio of the effective free particle path pl  and the 


radius of the collision sphere R , i.e. the Knudsen number for particles Kn /p pl R≡  can be used as a 


criterion for the possible difference between coagβ  for φ =1 and colβ . If Knp>>1, than the difference 


between  coagβ  for φ =1 and colβ  is insignificant; while in the case of Kn 1p ≤  such a difference may 


become substantial. 


We will proceed with definition of the collision kernel produced by combine action of velocity 


fluctuations and mean relative velocity of the particles. If we consider the equations (2.1.3) to be true 


we can use spherical formulation to define 


2
122 | ( ) | ( )col


rR w R R= 〈 〉Γβ π .         (2.1.10) 


However, for this calculation of || |rw〈 〉  in (2.1.10) requires an averaging operation over rw  and 


the solid angle characterizing the spatial orientation of velocity vector w relative to the vector r  


connecting the centres of the colliding particles 


2


0 0


1| | | | ( ) sin
4r r r rw w P w d d dw


∞


−∞


〈 〉 = ∫ ∫ ∫
π π


ϕ ψ ϕ
π


,       (2.1.11) 


where ϕ  is the polar angle between vector r  and z  axis, and ψ  is the azimuthally angle in the plane 


( x , y ) perpendicular to the z  axis. 


Integration of (2.1.11) over rw  taking into account the Gaussian distribution of the pulsating 


component of the radial relative velocity (2.1.2) gives 


( )


1/ 22 2 2


2 1/ 22
0 0


21| | exp erf sin
4 2 2


r r r
r r


r r


w W Ww W d d
w w


⎡ ⎤⎛ ⎞⎛ ⎞ ⎛ ⎞′〈 〉⎢ ⎥⎜ ⎟〈 〉 = − +⎜ ⎟ ⎜ ⎟⎢ ⎥⎜ ⎟′〈 〉 ′⎝ ⎠ ⎝ ⎠ 〈 〉⎢ ⎥⎝ ⎠⎣ ⎦
∫ ∫
π π


ϕ ψ ϕ
π π


.  (2.1.12) 


For the case of zero mean relative velocity ( 0rW = ) the equation (2.1.12) matches (2.1.3). 


The coagulation kernel for two types of collision mechanisms is determined by 


2
122 | ( ) | ( )coag


rR w R Rβ πφ= 〈 〉Γ ,         (2.1.13) 


where | |rw〈 〉  is described by formula (2.1.12). 
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2.2. Turbulent and Brownian coagulation kernel 


We will consider coagulation of low-inertia aerosol particles under turbulent and Brownian 


diffusion for the conditions of 0.1R ≤  and St 0.6α ≤ , where /R R≡ η  is the dimensionless collision 


radius, St /p kα α≡ τ τ  is the Stocks number for the α -type particles, 3 1/ 4( / )η ≡ ν ε  and 1/ 2( / )kτ ≡ ν ε  


are Kolmogorov spatial and time microscopic scales, ν  − kinematic viscosity coefficient of the 


medium, ε  − rate of turbulent energy dissipation. 


For the case of isotropic turbulence the radial distribution function obeys the spatial continuity 


equation for the movement of two particles [76, 77] 


1212 0k


k


W
t r


∂ Γ∂Γ
+ =


∂ ∂
,            (2.2.1) 


where the mean relative velocity iW  is represented as a sum of diffusion and migration components 


diff migr
i i iW W W= + .            (2.2.2) 


Diffusion relative velocity is represented by 


12lndiff r
i p ik


k


W D
r


∂ Γ
= −


∂
.            (2.2.3) 


The relative diffusion tensor is represented by a sum of three processes, namely the relative 


turbulent movement of two particles in monodispersion approximation, relative turbulent acceleration 


of two particles with various relaxation times, and Brownian motion 


r r r r
p ij p ij a ij b ijD D D D∗= + + .            (2.2.4) 


Tensor of relative turbulent diffusion of two particles in monodispersion approximation is 


represented by 


( )r
p ij p p ij ij ijD S g g∗ ∗


σ ω= τ + Σ + Ω ,           (2.2.5) 


where ( )p ijS ∗ r  is the structure function characterizing the turbulent velocity pulsations of two 


particles in monodispersion approximation; ( )ijΣ r  and ( )ijΩ r  − Euler two-point correlations of 


deformation and rotation velocity pulsations; gσ  and gω  are the coefficients characterizing particles 


involvment in the turbulent movement. The pτ  parameter in (18) represents the effective relaxation time of 


two particles 
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1 2


1 2


2 p p
p


p p


τ τ
τ =


τ + τ
.          


The contribution of turbulent acceleration of particles having various relaxation times and the 


relative diffusion coefficient are calculated as in [77] 


r r
a ij a ijD D= δ , ( )22


0 2 1St Str
a k aD u a T= − ,          (2.2.6) 


where 1/ 4( )ku νε≡  − Kolmogorov velocity scale, 0a  − dimensionless acceleration fluctuation for 


isotropic turbulence, aT  − time scale of acceleration fluctuation attenuation. 


The tensor of relative Brownian diffusion is equal to 


r r
b ij B ijD D δ= , 1 2


1 2


p pr
B B


p p


D k T
m m


⎛ ⎞τ τ
≡ +⎜ ⎟⎜ ⎟


⎝ ⎠
,          (2.2.7) 


where r
BD  is the relative Brownian diffusion coefficient, Bk  is the Boltzmann constant, T  − ambient 


temperature, pm α  − mass of α -type particle. 


The complete structural function of particle velocity pulsations p ij i jS w w′ ′≡ 〈 〉  is presented as a 


sum of three components similarly to the diffusion tensor (2.2.6). These components describe relative 


turbulent movement of two particles in monodispersion approximation, relative turbulent acceleration 


of two particles with various relaxation times and Brownian motion 


p ij p ij a ij b ijS S S S∗= + + .                       (2.2.8) 


For isotropic turbulence 


2( ) ( ) ( ) ( ) i j
p ij p nn ij p ll p nn


r r
S S r S r S r


r
δ∗ ∗ ∗ ∗⎡ ⎤= + −⎣ ⎦r ,          (2.2.9) 


where p llS ∗  and p nnS ∗  − longitudinal and transverse components of p ijS ∗  tensor relative to the r  vector. 


The following equation is used to calculate the contribution of the acceleration of particles with 


various relaxation times to the complete structural function according to (2.2.6)  


a ij a ijS S δ= , ( )22
0 2 1St Sta kS u a= − .        (2.2.10) 


The structural function connected with the Brownian motion equals to 


12


B ij
b ij


k T
S


m
δ


= , 1 2
12


1 2


p p


p p


m m
m


m m
=


+
.         (2.2.11) 


The relative migration velocity caused by turbulence is [76, 77] 
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p ikmigr


i p
k


S
W


r
∂


τ
∂


∗


= − .         (2.2.12) 


Taking into account the spherical symmetry for isotropic turbulence and the equations 


(2.2.2)−(2.2.12), the equation for radial function distribution can be written as 


212 12
122


2( )1 p ll p nn p llr
p ll p


S S S
r D


t r r r r r


∗ ∗ ∗⎧ ⎫⎡ ⎤⎛ ⎞− ∂∂Γ ∂Γ∂ ⎪ ⎪= + τ + Γ⎢ ⎥⎜ ⎟⎨ ⎬⎜ ⎟∂ ∂ ∂ ∂⎢ ⎥⎪ ⎪⎝ ⎠⎣ ⎦⎩ ⎭
,     (2.2.13) 


( )r r r
p ll p p ll ll a BD S g D Dστ ∗= + Σ + + .        (2.2.14) 


For low-inertia particles in the vicinity of point 0r =  the longitudinal and transverse structural 


functions may be presented as 


2


1
1 St


15p ll l
rS ∗ ε ⎛ ⎞= + α⎜ ⎟ν ⎝ ⎠


, 
2


1
2 St


15p nn n
rS ∗ ε ⎛ ⎞= + α⎜ ⎟ν ⎝ ⎠


,       (2.2.15) 


where the Stocks number St /p k≡ τ τ  is determined using the effective relaxation time for two 


particles pτ . 


The transverse component of deformation velocity pulsations llΣ  and the involving coefficient 


gσ , both included in the relative diffusion coefficient (2.2.13) are presented in the vicinity of 0r =  as 


2


15ll
rε
ν


Σ = , 
( )
( )
2 2 2


2 2 2


2St St


St 2 St+2St


A A z z
g


A z A
σ σ


σ
σ σ


+ −
=


+
,        (2.2.16) 


where /T Lz T≡ τ  is the ratio of Taylor differential Tτ  and Lagrangian integral LT  time scales of 


turbulent velocity pulsations of the continuous medium. The Aσ  constant was calculated numerically in 


[78] and equals to 2.3. 


The dimensionless amplitude of acceleration fluctuations and the Taylor and Lagrangian 


turbulence scales are derived from the following equation [79] 


01 0
0


02


Re
Re


a aa
a


∞ λ


λ


+
=


+
, 01a =11, 02a =205, 0a ∞ =7, 


1/ 2


1/ 2
0


2 Re
15T ka


λ⎛ ⎞
τ = τ⎜ ⎟


⎝ ⎠
, ( )1


1/ 2
0


2 Re
15


k
L


C
T


C
λ


∞


+ τ
= , 0 7C ∞ = , 1C =32, 


where 4 1/ 2Re (15 / )uλ ′≡ εν  is the Reynolds number calculated for Taylor spatial microscopic scale, 


and u′  is the mean-square intensity of velocity pulsations of continuous medium. 
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The fluctuations attenuation time scale in (2.2.6) is equal to a a kT C= τ , where aC =3 to match the 


data of direct numerical simulations [77]. 


We will then consider the solution of equation (2.2.13) in quasi-stationary approximation, 


disregarding the time derivative of 12Γ . The first integral of equation (2.2.13) with account for 


(2.2.14) −(2.2.16) in dimensionless variables derived using Kolmogorov microscopic turbulence time 


scales will then take the form of 


( )2 212
1 1 1 12 2


1St St 2St 2
15


r r
l a B l n


g d Cr D D r
dr r


σ⎡ + ⎤ Γ⎛ ⎞+ α + + + α −α Γ =⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
,   (2.2.17) 


rr =
η


, ( )2
0 2 1St Str


a aD a C= − , 
r


r B
B


k


DD
u


=
η


, 


where C  is an integration constant. 


If there is no particle coagulation, C =0, the equation (2.2.17) represents the balance of diffusion 


and migration forces in the direction interconnecting the centres of two particles. The diffusion force 


tends to reduce the non-uniformity in the particle distribution, while the migration force causes 


attraction of particles to one another due to their interaction with the turbulent swirls. After 


integrating (2.2.17) we will get 


/ 22 2


2( )
1


c


c


r rr C
r


χ


Γ


⎛ ⎞+
Γ = ⎜ ⎟+⎝ ⎠


,          (2.2.18) 


( )1 1


1


30St 2
1 15 St


n l


lgσ


α − α
χ =


+ + α
, 


( )
( )


1/ 2


1


15


1 15 St St


r r
a B


c
l


D D
r


gσ


⎡ ⎤+
⎢ ⎥=


+ + α⎢ ⎥⎣ ⎦
.     (2.2.19) 


The lα  and nα  coefficients in the structural functions (2.2.15), and, correspondingly χ  in 


(2.2.19) are all functions of the Stocks number St  and Reynolds number Reλ . However, the effect of 


Reλ  is not significant and the results obtained in [80] may be approximated by the following 


relationships 


2
1 0.16 0.18St 0.3Stlα = − + ,         (2.2.20) 


2 3 46St 10.4St 7Stχ = − + − .         (2.2.21) 


Coefficient CΓ , which is an integration constant can not be found from the solution in the 


vicinity of point 0r =  (2.2.18), which does not take into account the boundary conditions for r →∞ . 
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This coefficient may be determined by coupling (2.2.18) with the solution within the interval 


0 r< < ∞ . Such coupling was used to derive the following formula [80] 


2=1+12StCΓ ,           (2.2.22) 


which is true for St<0.6 . 


Substitution of (2.2.8), (2.2.10), (2.2.11), (2.2.15), and (2.2.18) into (2.1.5) gives the turbulent 


and Brownian collision kernel 


( )
1/ 2 / 21/ 2 2 2


23
1 0 2 12 2 2


12


8 151 15 St+ St St
15 1


col cB
TB l


k c


R rk TR a C
R m u r


χ


Γ


⎡ ⎤⎛ ⎞ ⎛ ⎞+πε⎛ ⎞β = + α − +⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ν +⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦
,   (2.2.23) 


where /R R= η . 


For inertialess particles (St=χ =0), and Brownian motion approximation the Saffman-Turner 


collision kernel can be derived from  (2.2.23) [81]  


1/ 2
3


0
8
15


col
T Rπε⎛ ⎞β = ⎜ ⎟ν⎝ ⎠


.          (2.2.24) 


Fig 2.2.1 shows the comparison between the formula (2.2.23) for turbulent collision kernel of 


low-inertia particles (for monodispersion case St1=St2) and the results of direct numerical simulation 


[83]. It is clearly seen that (2.2.23) has a good agreement with DNS data and predicts the increase of 


the kernel with the increase of Stocks number and decrease of the ratio of particle diameter and the 


spatial microscopic scale. With decrease of St  the collision kernel converges to (2.2.24). 


 


 3


col
T k


R
β τ


 


 0 0.1 0.2 0.3 0.4 
 


4 


8 


12 


9 


St 


2 


1 


  


3 
4 
5 
6 


7 
8 


 







 


 


 ISTC Project #3345  EVAN  


29
Fig.2.2.1. Relationship of the turbulent collision kernel and the Stocks number: 


1, 2 – formula (2.2.23); 3−8 – DNS [83]; 1, 3, 4, 5 – R =0.5; 2, 6, 7, 8 – R =1; 


9 – formula (2.2.24). 


 


 Under the coagulation conditions we will use formula (2.1.8) for φ =1 to obtain the integration 


constant in (2.2.17). Then after integrating (2.2.17) we will get 


/ 22 2


2( )
1


c


c


R rR C
r


χ


Γ


⎛ ⎞+
Γ = ⎜ ⎟+⎝ ⎠


( )
( ) ( )


1/ 2 1/ 22 2 2


/ 2 12 2 2
1


15 ( )
1


1 15 St St 2
c p ll


l R c


R R r S R dr
g r r r


−χ
∞


χ +
σ


⎡ ⎤+ ⎛ ⎞⎢ ⎥+ ⎜ ⎟⎜ ⎟⎢ ⎥+ + α π +⎝ ⎠⎣ ⎦
∫ ,  (2.2.25) 


( )22
1 0 2 1 2


12


1( ) St St St
15


B
p ll l


k


k TS R R a
m u


⎛ ⎞= + α + − +⎜ ⎟
⎝ ⎠


,      (2.2.26) 


where χ  and cr  are determined by the equations (2.2.19) with account for (2.2.20) и (2.2.21). We 


will assume that the integration constant CΓ  is still defined by the equation (2.2.22). The integral in 


(2.2.25) is approximated using 


( ) ( )/ 2 1 / 22 2 2 2 2 2


( )


R c c c


dr f


r r r R R r r


∞


χ + χ


λ
=


+ +
∫ ,         (2.2.27) 


-1( ) 1 tan
2


f πλ
λ = − + λ λ , 


1/ 2


1
3c


R
r


χ⎛ ⎞λ = +⎜ ⎟
⎝ ⎠


. 


Substitution of (2.2.25), and (2.2.26) with account for (2.2.27) into (2.1.5) gives the turbulent 


and Brownian coagulation kernel under the assumption that the sticking coefficient is equal to one 


( )
1/ 2 / 21/ 2 2 2


23
1 0 2 12 2 2


12


8 151 15 St+ St St
15 1


coag cB
TB l


k c


R rk TR a C
R m u r


χ


Γ


⎡ ⎤⎛ ⎞ ⎛ ⎞+πε⎛ ⎞β = + α − + ×⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ν +⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦
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11/ 2


2
1


( )15 ( )1
1 15 St St 2


p ll


c l


S RR f
r g


−


σ


⎡ ⎤⎛ ⎞λ⎢ ⎥× + ⎜ ⎟⎜ ⎟+ + α π⎢ ⎥⎝ ⎠⎣ ⎦
.       (2.2.28) 


In the inertialess limit (St =0) the following is derived from (2.2.28) [73] 


11/ 2 1/ 21/ 2 22 2
2 0


1/ 2 2
12 12


( )8 1
15 (2 ) 15


coag B k B
TB r


B k


k T R f k TR RR
m D m


−
⎡ ⎤⎛ ⎞ ⎛ ⎞τ λπε⎛ ⎞ ⎢ ⎥β = + + +⎜ ⎟ ⎜ ⎟⎜ ⎟ν π τ⎝ ⎠ ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦


,     (2.2.29) 
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It needs to be pointed out that the 0( )f λ  function have been used earlier in [82, 83] to 


characterize the ratios between the turbulent and Brownian coagulation mechanisms . When the 


Brownian diffusion contribution can disregarded ( 0λ →∞ ), the following is derived from (2.2.29)  


11/ 2 1/ 2
3


0
8 1 51
15 6


coag
T R


A


−


σ


⎡ ⎤πε⎛ ⎞ ⎛ ⎞β = +⎢ ⎥⎜ ⎟ ⎜ ⎟ν π⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
.        (2.2.30) 


According to (2.2.24) and (2.2.30) 0 0/coag col
T Tβ β =0.817 for  Aσ =2.3, which is the closest value to 


0.83, obtained by direct numerical simulation [84]. It needs to be pointed out, that the direct 


numerical simulation allowed the authors of [85] to obtain the ratio of the turbulent coagulation kernel of 


inertialess particles to the Saffman-Turner collision kernel (2.2.24), which is equal to 0.83. 


Consequently, the difference between the turbulent kernels for collision and coagulation of inertialess 


particles is not very significant. 


Disregarding the turbulence ( 0 0λ → ) the following is derived from (2.2.29) 


,Kn ,Kn 0


,Kn ,Kn 0


coag coag
B Bcoag


B coag coag
B B


→∞ →


→∞ →


β ⋅β
β =


β +β
, 


1/ 2
2


,Kn
12


8coag B
B


k T R
m→∞


⎛ ⎞π
β = ⎜ ⎟


⎝ ⎠
, ,Kn 0 4coag r


B BRD→β = π .   (2.2.31) 


The relationship (2.2.31) represents the well known approximation (e.g. [86]) for the Brownian 


coagulation kernel in the whole range of change of particle dimensions – from the free molecule 


mode (for high Knudsen numbers), which is characteristic for very fine particles, to continuous mode 


(for low Knudsen numbers), which is realized for relatively large aerosols. 


 


2.3 Effect of gradient and gravitational mechanisms  


The gradient mechanism may play sufficient role for particle collisions in near-wall sections of 


the flow [87]. This mechanism appears due to the difference in the mean velocities received by the 


particles in the gradient carrier flow, and can appear in both monodispersed and polydispersed 


particle systems.  


We will consider the motion of low-inertia particles, which are fully involved in the mean carrier 


flow. The profile of mean liquid velocity in the vicinity of the colliding particles will be given by 


( ,0,0)sz=U , where s  is the velocity gradient. Then the radial component of the mean relative 


velocity of two particles for the case of their contact ( r R= ) will be written as 


cos sin cosrW sR= ψ ϕ ϕ .           (2.3.1) 


After integrating (2.1.12) and taking (2.3.1) into account [88] we will get 
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1/2


22| | ( )r rw w F S⎛ ⎞′〈 〉 = 〈 〉⎜ ⎟π⎝ ⎠
,             (2.3.2) 


2 2


4 1 2
0


3 (2 1) ( 1/ 2)( ) ( 1)
2 ( 1) (2 3/ 2)


n n n
n


n
n


n n SF S
n n


∞


+
=


⎡ π Γ + Γ +
= − +⎢ Γ + Γ +⎣
∑


2 2 1 2 2


4 4
3 (2 3) ( 3 / 2)


2 (2 1) ( 1) ( 2) (2 7 / 2)


n n n


n
n n S


n n n n


+ + +


+


⎤π Γ + Γ +
⎥+ Γ + Γ + Γ + ⎦


, 


1/ 2


2
2


3r


sRS
w


⎛ ⎞
= ⎜ ⎟′π〈 〉⎝ ⎠


,            (2.3.3) 


where ( )xΓ  is the gamma-function, and parameter S  characterizes the relationship between gradient 


and turbulent-Brownian collision mechanisms. 


As the gradient mechanism does not affect the particle accumulation, (2.3.2) can be used to 


represent the kinematic collision kernel for combined action of turbulent, Brownian and gradient 


mechanisms as 


( )col col
TBS TB F Sβ = β ,             (2.3.4) 


where turbulent-Brownian collision kernel is taken from (2.2.23). For 0S →  (2.3.4) will match 


(2.2.23), and for S →∞  Smolukhovsky kernel for gradient collision mechanism may be derived 


from (2.3.4) using (2.3.2) and (2.3.3) 


34
3


col
S


sR
β = .                (2.3.5) 


As was shown in [88], formula (2.2.23) with account for (2.3.2) is confirmed by the data of 


direct numerical simulation [89] for inertialess particles disregarding the Brownian motion, i.e. for 


0
col col
TB Tβ = β , where 0


col
Tβ  is derived from the Saffman-Turner turbulent collision kernel  (2.24). The 


( )F S  function described by (2.3.3) can be fairly accurately approximated by 


( )1/ 22( ) 1F S S= + ,               (2.3.6) 


which allows presenting (2.3.4) with account for (2.3.5) as a square interpolation of turbulent-


Brownian and gradient collision kernels 


1/ 22 2( ) ( )col col col
TBS TB S⎡ ⎤β = β + β⎣ ⎦ .             (2.3.7) 


The gravitational mechanism caused by the various rates of particles sedimentation plays the 


biggest practical role of all the collision mechanisms connected with the presence of relative particle 


velocity. It is obvious that the mean relative velocity caused by the gravitational force can appear 


only for the particles of various types, i.e. having various relaxation times pατ . However, it should 
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be noted that the particles may have various mean velocities not only due to the effects of the 


gravitation, but also due to other forces, such as a centrifugal force appearing when flowing around 


curved surfaces. We will specify that further the appearance of relative velocity between two particles 


will be considered as a result of action of the gravitational force, because generalization for the case 


of presence of other forces appears to be obvious. 


The radial component of the mean relative velocity between two particles caused by the 


gravitational force is equal to 


cosr GW W= ϕ ,             (2.3.8) 


where 2 1| | gG p pW = τ − τ  is the difference in sedimentation rates of two heavy particles. 


After integrating (2.1.12) and taking (2.3.8) into account we will get [88, 90−92] 


1/2
22| | ( )r rw w F G⎛ ⎞′〈 〉 = 〈 〉⎜ ⎟π⎝ ⎠


,             (2.3.9) 
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1 4 2exp erf
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G GF G G
G


⎛ ⎞ π⎛ ⎞ ⎛ ⎞= − + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟π π⎝ ⎠ ⎝ ⎠⎝ ⎠
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1/ 2


2 1/ 2(8 )
g


r


W
G


w
π


=
′〈 〉


,    (2.3.10) 


where G  parameter characterizes the relationship between gravitational and turbulent-Brownian 


collision mechanisms. 


As the gravitational mechanism does not affect the particle accumulation, (2.3.9) can be used to 


represent the kinematic collision kernel for combined action of turbulent, Brownian and gravitational 


mechanisms similar to (2.3.3) as 


( )col col
TBG TB F Gβ = β ,                      (2.3.11) 


For 0G →  (2.3.11) will match (2.2.23), and for G →∞  known gravitational collision kernel 


may be derived from (2.3.11) using (2.3.9) and (2.3.10) 


2col
G gR Wβ = π .               (2.3.12) 


If we approximate (2.3.10) using the same dependency as (51) 


( )1/ 22( ) 1F G G= + ,              (2.3.13) 


we will be able to present (2.3.11) similar to (2.3.7) as a square interpolation of turbulent-Brownian 


and gradient collision kernels 


1/ 22 2( ) ( )col col col
TBG TB G⎡ ⎤β = β + β⎣ ⎦ .            (2.3.14) 
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Combining (2.3.7) and (2.3.14) we will get an equation for kinematic collision kernel 


containing combine action of turbulent, Brownian, gradient and gravitational mechanisms 


1/ 22 2 2( ) ( ) ( )col col col col
TBSG TB S G⎡ ⎤β = β + β + β⎣ ⎦ .          (2.3.15) 


The coagulation kernel describing the combine effect of all the considered mechanisms may be 


presented similarly to (2.3.15) as 


1/ 22 2 2( ) ( ) ( )coag coag coag coag
TBSG TB S G⎡ ⎤β = β + β + β⎣ ⎦ , 


where the ratio between the collision and coagulation kernels for gradient and gravitational 


mechanisms is derived using the appropriate sticking coefficients 


coag col
S S Sβ = φ β , coag col


G G Gβ = φ β . 


Information about the sticking coefficients (coagulation effectiveness) for gradient and 


gravitational collision mechanisms can be found in [93−95]. 


 


3. Application of LES method for simulation of aerosol transport and deposition in turbulent 


boundary layer in the channel. 


 


3.1. Problem description. 


 


The process of aerosol sedimentation from a turbulent boundary layer on a channel wall consists in 


“rejection” of particles on a wall by turbulent pulsations directed on a normal of it (turbophoresis). 


As experiments show [110] (Komte-Bellot, 1968) the maximal intensity of these pulsations in cross-


section  of the channel has value close to dynamic velocity fu : 


ρ
τ w


fu =      


 ( wτ - wall stress, ρ - gas density).  
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Fig. 3.1.1 Wall-normal turbulence intensity for different distances from channel entrance (left) and 


for difference Reynolds numbers (right) 


 


Fig 3.1.1 shows experimental distributions of mean-square wall-normal turbulent pulsation 


(intensities) normalized by dynamic velocity for flow in rectangular duct, D – half width of the 


channel) [110](Komte-Bellot, 1968). From these data it is possible to draw a conclusion that the wall-


normal turbulent intensity normalized by dynamic velocity depends on distance from channel 


entrance and Reynolds number weakly. This fact is confirmed in [111](Loyzansky,1973). 


From physical point of view these weak dependences tell us that wall friction processes is 


the main cause of  the pulsations near the wall (not bulk flow). 


This circumstance is very convenient for experimental setup design because it is not needed to make 


the channel too long for achievement the fully developed turbulent flow, since turbophoresis occur in 


the vicinity of the wall at distances about +y =100. . .150 [112,113] ( Kuerten, Vreman,2005, Brooke 


at al, 1994) which corresponds to 2..3 mm for typical dynamic velocity 1 m/s under normal 


conditions. 


It also follows from this that if radius of wall curvature is mach greater then 1..2 mm then channel 


shape (round or square) does not influence on turbulent pulsation near the wall. 


For mathematical simulation of the particle turbophoresis it is needed to use numerical  


hydro-dynamical methods  which able to resolve velocity pulsation in explicit form. 


Classical approach to simulate turbulent flows is usually based on Reynolds averaged Navier-Stokes 


equations (RANS). Within this technique turbulent pulsations can’t be explicitly resolved in principle 


because numerical solution average all scales of turbulent pulsation using appropriate semi-empirical 


turbulent model which is fully responsible for results. 


LES (Large Eddy Simulations) allows to resolve turbulent velocity pulsations (non-stationary 


velocity oscillations) for all scales equal or greater smallest size of the grid cell (large eddies). 
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And only small eddies, witch have sizes less then smallest size of the grid cell, are averaged using 


so called subgrid turbulent model (usually Smagorinsy type).  


Thus, LES approach allows to resolve large eddies based on physical principles (Navier-Stokes 


equations) while small eddies are resolved based on semi-empiric assumptions.  


Due to its more strict formulation, LES simulations allowed in many cases to get more realistic 


results in contrast to RANS approach. During last years LES modeling has been successfully applied 


to different problems such as channel flows, atmospheric boundary layer simulations and others. 


Let us note some constraints of the LES method.  


As noted above large scale turbulent pulsations in LES modeling are resolved explicitly i.e. they 


appear in the solution as hydrodynamic instabilities.   


In order to these instabilities can occur some initial perturbations are needed. In real flows these 


initial perturbations always exist.   


But in numerical solution initial small perturbations are needed to be introduced synthetically.  While 


calculation is preceded these small perturbations are amplified, become chaotic and eventually grow 


to real turbulent pulsations. 


As showed by many authors, in order numerically initiate such turbulent pulsations numerical 


difference scheme must have an important property – strict conserve kinetic energy  


( ) 2/222
zyx uuuE ++=  for non-viscous flows [102] (Morinishi, at al, 1998). 


The problem here consist in that the governing equations for incompressible fluid does not contain 


energy equation in explicit form (momentum and continuity equations only). In fact, conservation 


law for energy is a consequence of momentum and continuity conservation laws.  Energy equation is 


obtained by multiplying (as a dot product) momentum equation equations by the velocity vector. In 


differential form this energy equation holds strictly but for arbitrary difference scheme it holds 


approximately. So that small kinetic energy errors may appear in numerical solution. 


There is only one knowing difference scheme for momentum equations which can conserve kinetic 


energy strictly. This is so called Piacsek & Williams approximation (Piacsek,Williams, 1970) on a 


staggerd rectangular grid  (with orthogonal grid lines) in general case non-uniform [102](Morinishi, 


at al, 1998). 


Unfortunately, the usage of curvilinear grid (with non-orthogonal grid lines) does not guarantee 


energy conservation even for Piacsek & Williams approximation [103], therefore, application of 


curvilinear grid  may prevent true turbulent pulsation appearance in numerical solution. Here 


additional investigations are needed. This is the main reason why we use rectangular grids only in our 


calculations. 
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Other problem in channel LES modeling consists of the fact that the true turbulent pulsations at the 


inflow boundary are unknown. We can’t just specify random pulsations because real turbulent 


pulsations have specific statistic characteristics.  To cope with the problem many investigators use 


periodic inflow/outflow boundary conditions with specified constant pressure gradient along 


streamwise direction for maintaining undamped flow.  In this case small initial velocity perturbations, 


having amplified during one flight on all length of the channel, get again on an input. 


As a result of such repeated pass through the channel initial small perturbations increase so, that it 


eventually grow to true turbulent pulsations. Thus, LES modeling in this case corresponds to flow in 


the region of the channel with fully developed turbulence. 


 


3.2. Governing equations. 


 


LES modeling became reliable means for realistic research of characteristics of turbulent flows. 


By filtering algorithm of the incompressible liquid equations turbulent motion can be divided into so-


called resolved  and subgrid scales.  


The equations for resolved scales in the conservative form in the cartesian systems of coordinates 


( kji
rrr


,, ) can be written as: 


 


Continuity equation : 


0=⋅∫ Sdu
S


rr .      


Momentum equations (Navier-Stokes system): 


0=⋅+
∂
∂


∫∫ SdFWdV
t SV


rr
, 


where t is the time, ( )Tzyx uuuW ,,=  is the column of depended variables, kujuiuu zyx


rrrr
++=  is the 


velocity vector, V is the arbitrary volume and Sd
r


 is the outward vector normal to the element of 


boundary which encloses volume V, kFjFiFF zyx


rrrr
++=  is the flux vector with components: 
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where ρ is the fluid density (assumed as a constant), p is the dynamic pressure. The components of 
the stress tensor are: 
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where  Km and ν  are the kinematic turbulent (subgrid) and molecular viscosities respectively. 


 


3.3. Subgrid model. 


 


For calculation of turbulent flows in channels with les method subgrid smagorinsky model is widely 


used. In our calculations we used two variants of the smagorinsky models – classic model 


[108](Smagorinsky,1963) and modified one  [109](Leveque at al., 2007): 


( ) SCK Sm
2Δ= ,   - classic model, 


( ) ( )SSCK Sm −Δ= 2 ,  - modified model, 


Where SC  is the smagorinsky constant (0.16 in our calculations). Angle bracket stands for either 


spatial averaging (in homogenous direction) or time averaging and 
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x
uS  is the strain tensor. 


As the authors noted turbulent viscosity for modified model may become locally negative near the 


wall, so that for prevent numerical instabilities total viscosity ( ν+mK ) must be limited below by 


zero.  


( ) 31
zyx ΔΔΔ=Δ  is the typical grid cell size. 


In classical model the wall dumping factor for viscosity is used: 
2


25
exp1 ⎟⎟
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+y , 


Where 
ν


fuy
y =+  is the dimensionless distance to the wall (y – dimension distance to the wall). In 


modified model wall dumping factor is not used. 


 


 


3.4. Particles transport equations. 
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For particle motion and its deposition we use Lagrangian approach. For that we consider motion of 
Np non-interacting particles governing by Newton’s law: 


pk
k Nk


dt
d ...1, == vx  


( )
pBkLk


p


kkk Nk
dt


d ...1, =++
−


= ffvuv
τ


, 


where  kx  is the radius-vector of the particle k, kv is the velocity vector of the particle k, ku is the 


fluid velocity vector at point kx . Lf  is the lift force due to velocity gradient of carrying flow, for 


small aerosol particles it has been defined first by Saffman [115] (Saffman, 1965). Lift force can be 


presented in the form: 


( ) uvuf rot×−
+


= kk
Afp


L
L C


C
ρρ


, 


where fp ρρ ,  are particle and carrying gas densities. 


Bf is the Brownian force causing particle diffusion. This force divided by particle mass represents 


particle acceleration. It was modelled by a random variable so that the average square of particle path 


for a time step tΔ   without influence of other forces, was equal  tDВΔ6  [126] (Landau, Lifshitz, 


1986). Here ВD  is the particle diffusivity defined by formula (1.4.2). 


Lift force coefficient CL according to [115,116] (Saffman, 1965,1968) is 


s
LC


Re
08.3


= , 


where  fps d ν/rotRe 2 u=  is the Reynolds number describing carrying flow gradient, where pd is the 


particle diameter, fν is the fluid  kinematic  viscosity and particle response time pτ  is calculated as: 
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Re18 2


1
2


ϕ
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νρ
ρ


τ = , 


where Kn is the Knudsen number and 


f


kk
p


d
ν


vu −
=Re  


is the Reynolds number for moving particle. 


Cunningham-Milliken correction factor ( )Kn1ϕ  takes into account gas rarity: 
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where 1 1.257A = , 2 0.40A = , 3 1.1A = . Correction factor ( ) 687.0
2 Re15.01Re pp +=ϕ  takes into account 


influence of the Reynolds number on resisting force in Stokes regime flow. 
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3.5. Boundary conditions. 


 


In our calculations the domain was rectangular. In streamwise and spanwise directions periodic 


conditions boundary conditions were specified. For maintaining non-dumping flow constant 


streamwise pressure gradient was applied.  


In order to fine resolution of the boundary layer the grid was stretched to the wall so that minimal cell 


size was about 1≈+y  so that a few grid cell are placed in the viscous sublayer region ( 10<+y ). At 


the wall no-slip conditions 0=== zyx uuu  were specified. 


Particle, coming near to wall at distance equal or less its radius, was removed from calculation and 


considered as stuck to the wall. So the sticking coefficient (1.2.10) is accepted equal to 1. 


 


3.6. Numerical method. 
 


As noted above the choice of numerical method within les technique is limited by two requirements. 


The first requirement is the strict kinetic energy conservation for non-viscous flows and the second 


one is that the scheme must be non-dissipative. [102](Morinishi et al, 1998). 


For this regular staggered grids are usually used. We applied standard scheme of second order of 


spatial accuracy proposed by Piacsek and Williams [103](Piacsek and Williams, 1970) which is non-


dissipative and conserves kinetic energy on non-curvilinear grids. 


Viscous terms are approximated with central differences. For time integration explicit fourth order 


adams-bashforth scheme is used. [105](Grove, 1966). 


In order to hold continuity constrain two steps fractional method is used  (Kim and Moin, 1985). 


Second step of this methods leads to poisson problem for scalar field φ. Poisson equation is 


approximated on collocated grid in integral form: 


Sd
t


Sd
SS


rr
⋅


Δ
=⋅ ∫∫


*1grad uϕ , 


Where *u  is the intermediate velocity obtained after first step with zero pressure field p=0.  


The final divergence free velocity field ( )0 div =u  at new time level is calculated as: 


ϕgrad*1 tn Δ−=+ uu . 


 


3.7. A check of model accuracy. 
 


The accuracy of the basic dynamic framework of this model was checked by directly simulating the 


3D Taylor and Green vortex flow [107] (Green and Taylor, 1937). It is the simplest nonlinear 3D 
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incompressible flow for checking LES and DNS models. Subgrid parameterization was switched 


off. Kinematic viscosity Km was set equal to 1/Re, where Reynolds number Re = 200. Computational 


domain (in dimensionless form) was a cube 2π×2π×2π with periodic boundary conditions applied at 


all boundries. The initial conditions are (coordinate system origin is (0,0, π/2)): 


( ) ( ) ( )zyxzyxux cossincos),,( = , 


( ) ( ) ( )zyxzyxuy coscossin),,( −= , 


0),,( =zyxuz . 


One run was carried out for dimensionless period 10 with a grid number 32 × 32 × 32 cells. 


Figure 3.7.1.  shows four successive pictures demonstrating absolute velocity fields (iso-surfaces 


5.0=u ) during vortex decay. The nonlinear advection terms induce vortex stretching and tilting 


which increase the mean quadratic vorticity and cause the kinetic energy cascade from the larger to 


smaller scales. The molecular dissipation terms reduce both mean quadratic vorticity and kinetic 


energy. 


 
Fig. 3.7.1. Absolute velocity iso-surface (u=0.5) evolution during Taylor-Green vortex decay. 


 


The numerical results were compared with two analytical approximations for this problem 


(time evolution of mean quadratic vorticity), namely: 
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Taylor and Green solution 
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where mean quadratic vorticity is 
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Both analytical solutions are rather accurate for short time period t < 3…4. Figure 3.7.2  


demonstrates this comparison. 


 
Fig. 3.7.2. Comparison of numerical solution with analytical one for Taylor-Green vortex 


problem. 


 


 


3.8. LES simulation of turbulent flow without particles in the channel with parallel walls with 
Re=120 000. 
 
The work [110](Komte-Bellot, 1968) presents results of experimental investigations of turbulent air 


flow in the rectangular channel for three Reynolds numbers (57000, 120000, 230000) fallen in the 


range which we are interesting in. These Reynolds numbers are calculated based on averaged velocity 


and half channel width. These experiments represent good material for validation developed code. 
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Experimental setup was the rectangular channel with length 12 m, height 2,4 m and width H = 2D 


= 180 mm.  


We carried out LES calculation with Re = 120 000. The domain for calculation was a part of the 


channel with length 1 m (x – streamwise direction) and height 250 mm (z – spanwise direction). 


Since channel length in experiment was rather long it is expected that the flow at the end of the 


channel will be fully developed and correspond our calculation with periodic boundary conditions in 


streamwise and spanwise directions. In our calculation streamwise pressure gradient was  


7.155 m/s2  and corresponded  dynamic velocity was uf  =  0,8 m/s (experimental value). 


Reynolds number for this case based on dynamic velocity and half width was Ref = 5440. 


The grid with 160 000 cells was stretched in normal-wall direction so that smallest cell size was 


1.0=Δy  mm ( 61 ≈+y ). 


Next two figures show grid in longitudinal and cross sections. 


 


 
 


Fig. 3.8.1  The grid in longitudinal section. 


 


 
Рис. 3.8.2  The grid in cross section. 
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As initial condition the constant flow ( 15=xu , 0=yu , 0=zu  m/s)  with small random 


perturbations were specified.  Next figure below shows time evolution of longitudinal velocity xu  in 


the middle of the channel. 


 
Fig. 3.8.3. Time evolution of longitudinal velocity xu  in the middle of the channel. 


 


One can see from the picture during first second initial perturbations insensibly increased but did not 


lead to turbulization of the flow. At the same time longitudinal velocity gradually increased under 


constant pressure gradient. Linear time dependence within this period tells about turbulence absence.  


Then, nearly between 1-st and 2-d seconds, velocity pulsations abruptly increased while average 


velocity decreased dramatically being evidence of high hydraulic resistance and turbulence 


developing. After 4-th second true turbulent pulsations and average velocity achieve stationary level.  


At the figures below instantaneous velocity fields in longitudinal and cross sections are shown. 
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Fig. 3.8.4. Instantaneous vertical component of velocity yu  (color flood)  and vector velocity 


field in longitudinal section. 
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Fig. 3.8.5. Instantaneous vertical component of velocity yu  (color flood)  and vector velocity 


field in cross section. 


 


 


Next pictures demonstrate comparisons of experimental data with numerical one. Next figures show 


averaged streamwise velocity profile in cross section and mean-square wall-normal and streamwise 


turbulent pulsations (intensities) normalized by dynamic velocity. Numerical results have been 


obtained using modified turbulent subgrid model with constant time step 510−  s. Unfortunately, 


application of classical Smagorinsky model was unsuccessful. 
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Fig. 3.8.6. Normalized average streamwise velocity profile in cross section. 
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Fig 3.8.7. Wall-normal turbulence intensity normalized by dynamic velocity. 


 


 


 
Fig 3.8.8. Normalized streamwise turbulence intensity. 


 


 


3.9. LES simulation of turbulent flow with particles in the rectangular channel with particles, 


Re=3200 


 


In work [114] (Wang, Squires, 1996) some LES calculations with the mono-sized particles have been 


executed. Reynolds number for this case based on the centerline velocity and channel half width was 


Re = 3200 and corresponding Reynolds number based on friction velocity was Re τ = 180. 


We have carried out the same calculations with our code. In the beginning of the calculation 260 000 


particles were randomly and uniformly placed within the domain with velocities equal to local fluid 


velocity. The case of 5000 000 particles was considered also, both cases gave the same results. 


In both horizontal directions periodic boundary conditions were specified for particle and its 


deposition on the walls. 
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Figure 3.9.1 presents plots of dimensionless particle velocity deposition for this case (normalized 


by friction velocity *u ) versus dimensionless response time 
ν


ττ τ
2u


p=+ . At this picture our LES 


results with and without lift and Brownian forces and Wang & Squires LES results [114] are plotted. 


Analytical approximation (1.5.9) is also shown. Velocity deposition   Vd  [m/s] is defined as: 


C
FV w


d = , 


where Fw [1/(m2 s)] is the specific particle flux on the wall and C  [1/m3] is the average particle 


concentrations in the bulk of turbulent flow.  


Figures 3.9.2 and 3.9.3 demonstrate instantaneous particle positions in different channel sections. 


Background color flood is the vertical velocity field. 


 


 
 


Fig.3.9.1. Dimensionless particle velocity deposition versus the dimensionless response time, 


Re=3200.  


 


. 
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Fig. 3.9.2. Particles in the turbulent flow (from the left to right). Longitudinal section; color 


flood is the vertical velocity component field. 


 


 
 


 


Fig. 3.9.3. Particles in the turbulent flow. Cross section; color flood is the vertical velocity 


component field. 


 


3.10 Conclusions. 


Comparison numerical results with experimental data shows satisfactory agreement and confirm code 


ability to calculate turbulent flows with particles in channels for rather high Reynolds numbers even 


on relatively coarse grid for LES (160 000 cells). This comparison shows also that classical 


Smagorinsky model does not give correct result but modified one only. 


Our calculations showed also that the developed dynamical particle model and code gives good 
agreement with other LES calculation [114] (Wang,Squires, 1996) as well as with Zaichik’s theory 
(analytical approximation 1.5.9). A little discrepancy between our and Wang & Squires results may 
be due to different subgrid models used. They used more complex dynamical subgrid model. 
Based on carried out calculations we can distinguish three ranges of dimensionless particle response 
time: 


1.0<+τ  - diffusion 
11.0 << +τ  - diffusion-impaction 
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1>+τ  - inertia moderated 


Within the first and last ranges particle deposition process is defined by Brownian diffusion and 
inertia (turbophoresis), respectively. In the middle range (diffusion-impaction) both mechanisms 
more or less take place. Note, that taking into account of Saffman’s lift force markedly influences on 
the velocity deposition  between diffusion-impaction and inertia moderated ranges and taking into 
account of Brownian diffusion is important in diffusion range in principle. 
Unfortunately, due to small time step (


510−
 s) caused by strong grid stretching near the wall total 


number of  time iterations required for achievement of stationary turbulence may reach one million 
and such calculation may take time about a month on PC P4 3 GHz. Parallel supercomputers appears 
to be attractive for such calculations. 
 
4.  Particle resuspension model in turbulent flow 
 
4.1. Description of the problem 
 
The existent particle resuspension model in turbulent flow may be classified into two types: dynamic 
models and quasi-static models [127]. Dynamic models assume the energy accumulation and 
resuspension after overcoming its critical value. Quasi-static models assume that the resuspension is 
the result of the breakdown of the equilibrium of forces or moments. Quasi-static models are the 
special case of the dynamic ones, when there is no energy accumulation at the natural resonance 
frequency of the particle-surface vibrations. The resuspension condition in this case is determined by 
the balance between the instantaneous aerodynamic forces/couples and adhesive forces/couples at 
each location/deformation in the adhesive surface potential well. Both types of model are essentially 
statistical, based on either a Monte-Carlo simulation or on formulae for rate constant for 
resuspension: such models are referred to as kinetic models because of the analogy with kinetic 
models for the desorption of molecules a surface and the escape of Brownian particles from a 
potential wall [127-134]. 


Kinetic models for resuspension are based on a formula for the primary rate constant p for 


resuspension for a particle located at a single adhesive site and are of the two types: 


(a) where the formula is analogous to the Arrhenius formula for the desorption rate of 


molecules from a surface, i.e 


 


( )qnp −= exp ,        (4.1.1) 


 


where n – is the maximum frequency for resuspension and typical of the bursting frequency of 


turbulent motion close to the surface in a turbulent boundary layer and q an exponent which is model 


dependent reflecting the influence of the adhesive forces over the aerodynamic removal forces. In the 


simplest model [129] q is the ratio of the adhesive force to the instantaneous aerodynamic removal 


force. Since q is dependent only on the ratio of forces, this model is essentially a quasi-static model 


rather than a dynamic model which admits the possibility of energy accumulation. In the dynamic 


case the value of q is directly analogous to the exponent in the Arrhenius formula. Of this type of 


kinetic model, the earliest model is from [130], appropriate for resuspension due to lift forces, while 


the more recent model described in [127, 132] account both drag and lift removal forces.  
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(b) where the formula for the rate constant for a given adhesive force is obtained by 


multiplying the maximum resuspension rate by the probability that the removal force exceeds the 


force of adhesion fa, i.e., 


( )∫
∞


=
af tt dFFPnp θ ,        (4.1.2) 


 


where   is the probability density distribution for a removal force Ft [133]. 


As it is mentioned in [131, 134], the removal dynamics from the rough surface is determined 


not by the direct effect of the removal force [130], but by the couples, that course rocking of the 


particle about the contact zone of a single asperity, and further removing from the surface (so called 


rock `n` roll model [1]).  


This result was born out by comparison of the fraction resuspended obtained in experiments 


[127] and from simulations by using the model based on the lift force and the rock `n` roll model 


[127, 130]. Model [130] gives the values of the resuspension rate constant much less than the rock `n` 


roll model. It is due to the fact that the removing of particle by rolling is much easier than by pulling. 


The expression of the kinetic model resuspension rate is rather universal. This is since it contains the 


adhesive forces not directly, but normalized to their values on the smooth surface (for more details 


see the next section). Adhesive forces are caused by the van der Waals interactions and for there 


estimation the Lennard-Jones (LJ) potential is used [135]. This allows for known parameters of the 


LJ potential and surface characteristics to recalculate the data on the resuspension rates from one 


material to another. This is promising for getting data on CsI particle resuspension by using the 


results of experiments on ammonia chloride (NH4Cl) resuspension rates. 


 


 


4.2 Resuspension model. 


 


According the contemporary conceptions of the particle resuspension from the surface process 


(rock `n` roll model) it is caused by both lift FL and drag FD forces. The particles are stuck to the 


surface by the adhesive forces fa. The equilibrium position of the deposited particle is determined by 


the moments balance: Ft·a = FL·rL + FD·rD, where Ft is a removal force; a, rL ≈ a/2 and rD are the 


arms of the corresponding forces relative to point P, a at the same time is typical of the distance 


between asperities (see. fig. 4.2.1). The remove occurs as a result of particle rotation around point Р 


while exceeding by the removal force at point Q the adhesive force value faQ, i.e. when 


 


Ft(t) = FL/2 + FD·rD/a > faQ.       (4.2.1) 
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This expression shows that the balance of effectiveness of the lift and drag forces essentially depends 


on the ratio of the surface roughness parameter a and one of the particle size characteristic rD. For 


spherical particles rD ~ r that is the sphere radius. However for the particles of another shape, disk-


like or brick-like for instance, this parameter can be rather small in comparison with a (of the order of 


half-disk thickness or of the order of half-minimal particle characteristic size in more general case). 


 


 
 


Fig. 4.2.1. Scheme of the forces acting on the particle deposited on the rough surface. 


 


Fluctuation of the turbulent flow causes the fluctuation of both forces FL and FD. Starting from  [127], 


majority of the authors use the assumption that the removal forces Ft(t) have a Gaussian distribution 


function. In this case the formula (1.2) for the resuspension rate constant is: 
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where ( )tFt  is a mean removal force value (the averages here are ensemble averages which are 


assumed are equal to time ones), ( ) ( ) ( )tFtFtf ttt −=  is its fluctuating component, and θn  being the 


typical frequency of the forcing motion and is given by 
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where the dot over ft denotes the time derivation. 
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In practice it is convenient to take θn  to be the maximum resuspension rate for a given 


force of adhesion which means that [138]: 


 


θnp =      for ( )( ) ( ) 75.02 ≤− tftFf ttaQ , 


 


p is given by Eq. (4.2.2) for ( )( ) ( ) 75.02 <− tftFf ttaQ . (4.2.4) 


For erf(x) calculation in this case the expansion for small argument may be used. For х = 0.75 three 


term expansion gives the error ~ 0.4%, while one term expansion gives the error ~ 5%. 


 


For mean force values the experimentally adjusted formulas can be used [136] 
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for mean drag force respectively. Here ν is a kinematic viscosity, ρ is a fluid density, uτ is friction 


velocity, and r is an effective gas-dynamic particle radius. 


As a result for the mean removal force for spherical particles one obtains: 
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For characterizing non-spherical particles having the «flatten» form it is convenient to 


introduce two parameters: ||r  as a characteristic particle «radius» in the direction along the surface 


(corresponding to the effective gas-dynamic radius that determines the lift force), and ⊥r  is a 


characteristic particle «radius» in the direction perpendicular to the surface (corresponding to the 


effective gas-dynamic radius that determines the drug force). Then for the mean removal force the 


following formula can be used: 
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where for rD estimation it is natural to take the half of the particle thickness value. 


The root-mean-square values for both lift and drag force as it is shown in [127] can be 


estimated as  


 


( ) DLDL Ftf ,
2
, 2.0~         (4.2.8) 


 


and neglecting the correlation of those forces one gets 


 


( ) tt Ftf 2.0~2 .         (4.2.9) 


 


The value of the typical frequency θn  of the forcing frequency is derived from the 


measurements of the energy spectrum of the lift force (which is assumed to be the same as that for the 


effective fluctuating force) [136] Specifically (in 1/s) 


 


( )ντθ
200658.0 un ≈ .        (4.2.10) 


 


While describing the adhesive effect it is convenient to introduce fa', that is the adhesive force 


fa, normalized on the corresponding adhesive force aF  for perfectly smooth contact, which in the 


model developed in [137], for a sphere of radius r is given by 


 


rFa πγ
2
3


= ,         (4.2.11) 


 


where γ is the adhesive surface energy. 


For brick-like particles aF  is proportional to the effective surface effS  of the particle-surface 


contact: 


 


effa SF β= . 
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where β characterize the adhesive “pressure”, that the particle exerts on the surface. 


The surface particle number density sn  obeys the evolution equation 


 


ss pntn −=dd , 


 


where the resuspension rate constant p is determined by Eq. (4.2.2). Its solution for the fixed value of 


the adhesive force is 
( )tfp


s
aen
'−= . 


Here the deposited particle density is normalized on its initial value. 


Due to highly non-linear dependence of the resuspension rate on adhesive force values this 


rate calculated at the fixed or averaged adhesive forces leads to high errors in rate constant 


determination. Therefore those rates should be averaged with the correspondent distribution function. 


The widely used distribution for this purpose is log-normal one [127, 138-141] : 
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where '
af  is the geometric mean of the normalized adhesive force '


af  and is a measure of the 


reduction in adhesion due to surface roughness; and '
aσ  is the geometric standard deviation (spread) 


of the adhesive forces. Dependence of these parameters on the particle radius derived from the 


experimental data [138] is: 


 


( )920.0' 13.01016.0 rfa += , 


 
4.1' 13.08.1 ra +=σ , 


 


where r is in μm. For '
af  we use the approximation that differs from obtained in [138], but gives 


the same accuracy. 


Typical behavior of ( )'afϕ  function for two values of '
aσ  is presented on fig. 4.2.2: 
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   (a)       (b) 


Fig. 4.2.2 ( )f ′ϕ  plots for 10' =aσ  (a) and for 100' =aσ  (b) (ϕ  and f ′  are dimensionless parameters). 


 


Thus the mean surface density ( )tns  normalized to the density of deposited particles is: 
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−=
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'' ' tfp
aas


aefdfn ϕ . 


 


It should be emphasized that Eq. (4.2.2) is a function of fa, not '
af . 


The resuspension rate ( )tΛ  at time t (in 1/s) is derived from this expression by its 


differentiation over time, namely 


 


( ) ( ) ( ) ( )∫
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−=Λ
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''' ' tfp
aaa


aefpfdft ϕ .      (4.2.13a) 


 


If deposited particles are distributed over the size with the distribution function ( )rdΦ , this 


should be taken into account while resuspension rate calculation. The removal problem for the 


individual particle might be considered to be solved in the framework of model described above. 


Thus the problem is reduced to the averaging of the expression for ( )tns , or directly for ( )tΛ  with 


the distribution function ( )rdΦ . This yet needs the ( )rdΦ  function determination. It easily can be 


done for the spherical particles. For the particles of the arbitrary shape the particles are ranged over 


their masses or over their effective gas-dynamic diameters. This allows to describe the dusty gas 


flow, but the additional problem arise since particles can deposit in arbitrary orientation and the 


addition distribution over their heights rD is needed to be introduced. Restricting ourselves by the 


case of particles of similar shape when the particles of different size are related to each other by the 
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ratio of magnification that is equal the cube root of their mass ratio. In this case under flow 


conditions particles might be considered to deposit similarly (with the same orientation) that allows 


to characterize the removal force (4.2.7b) by one parameter rD: Drkr ⋅= |||| , Drkr ⋅= ⊥⊥ , where ||k  and 


⊥k  are the model constants. Then the resuspension rate can be calculated by the formula: 


 


( ) ( ) ( ) ( ) ( )∫ ∫
∞ ∞


−Φ=Λ
0 0


,''' '


, trfp
DaaaDd


Daerfpfdfrdrt ϕ ,    (4.2.13b) 


 


where the dependence over rD is via the removal force (4.2.7b). For spherical particles the expression 


(4.2.7a) should be used for the removal force, and rD should be replaced by r in formula (4.2.13b). 


 


Formulas (4.2.13a) and (4.2.13b) are proposed to be used for calculation of the fluxes of 


resuspended particles as the boundary condition for the multi-component gas-dynamic equations. 


The model parameters are: 


a is a typical distance between surface asperities, 


rD is a vertical half-size of the deposited particle (for spherical particles it is of the order of its 


radius), 


γ is the adhesive surface energy for spherical particles (see (4.2.11)), or Fa that is the adhesive 


force for perfectly smooth contact, 
'


af  is the geometric mean of the normalized adhesive force '
af , 


'
aσ  is the geometric standard deviation of the adhesive forces. 


The first parameter is the surface characteristic, the second one is the particle characteristic, the third 


one is a characteristic of the particle interaction with perfectly smooth surface, and the forth and fifth 


ones reflects the roughness effect on particle surface interaction. 


Methodology of '
af  and '


aσ  parameters measurement is realized in [127]. 


Listed above parameters should be obtained from the experimental data, that set up a claim to 


the experimental matrix. It is necessary to get information on the shape and characteristic size 


parameters of the particles, as well as to determine parameters of particle-surface interaction. 


 


4.3 Resuspension model for non-spherical particles. 
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Investigation of the generated chloride ammonium particle shape by the electron 


microscope technique shows that it can be approximated by the elongated ellipsoid with the 


oblongness coefficient about 2. 


Let us assume the particles to have the shape of ellipsoid with two identic semiaxes (b) and 


one semiaxis that is α times longer than those two (α ~ 2). The volume of such an ellipsoid is 


Ve = 4/3·παb3. 


We shall also assume that the largest axes of the deposited particles predominantly is parallel 


to the surface. Further we shall consider two extreme cases: (I.) the largest ellipsoid axes is parallel to 


the flow and (II.) the largest ellipsoid axes is perpendicular to the flow. 


In case I. the particle crossection that determines the drug force is equal to πb2, and the 


crossection that determines the lift force is equal to παb2. Thus their dependence on the effective 


radius can be determined by setting reffD = b while reffL = α1/2b. It is natural to set rD = b as a parameter 


that determines the arm of the drug force and that belongs to the removal force definition. To 


determine the adhesive force dependence on particle radius let us use as an effective particle radius 


the geometric mean of two ellipsoid axes that characterize the ellipsoid surface at its vertex that 


corresponds to the smallest axis: r = (α2b·b)1/2 = αb. 


In case II. both particle crosssections that determine drug force as well as the lift force are 


equal to παb2. Thus those forces dependence on particle effective radius can be determined by setting 


reffD = reffL = α1/2b. The parameter that characterize the arm of the drug force and that belongs to the 


removal force definition as in previous case is equal to rD = b. For determination of the dependence 


of the adhesive force on particle radius for the effective particle radius the geometric mean of two 


ellipsoid axes that characterize the ellipsoid surface at its vertex that corresponds to the smallest axis 


will be used as in case I.: ra = αb. 


For the intermediate particle orientation on the surface the crossection that corresponds to the 


drug force is equal to πb2(1 + (α - 1)sinφ), where φ is the angle between the flow direction and large 


ellipsoid axis. The correspondent radius reffD can be determined as reffL = (1 + (α - 1)sinφ)1/2b. 


Characteristic radius, that determines the adhesive force is equal to ra = αb. 


 


4.4 Resuspension model for multilayer coverage. 


 


First of all, let us consider mono-sized particle case. While simulating the resuspension from 


multilayer coverage we shall assume that particles have the monodisperse distribution, the removal 


occurs layer by layer and removal process is determined by the local value of the friction velocity uτ. 


Layer thickness will be assumed to be 2b. Density in the layer will be estimated as 0.7ρ, where ρ is 


the mass density of the particles (that corresponds to the packing close to density one). 
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Up to the moment when only monolayer remains, the resuspension rate will be determined 


according to the formula 


 


( ) ( )∫
∞


=Λ
0


'''
aaa fpfdf ϕ , 


 


while the duration of this period of time is ( ) 11 −Λ−lN , where lN  is the number of deposited layers. 


After that the resuspension rate will be determined by the expression (4.2.13а). In this case all 


characteristics of the removal process, except the mean distance between asperities a can be 


determined by the methodology described above, while a will be estimated as α1/2b for all layers, but 


the first (the deepest), for which this parameter will be determined by the surface roughness. Thus the 


layer thickness evolution will be determined by uτ at the fixed point of the layer. 


While simulating the resuspension of the aerosol that is represented by the particles of 


different sizes it is convenient to distinguish the deposited layer into two sublayers: the upper one and 


the lower one. The upper sublayer is a “free” one in the sense that the particles from it can be 


removed as well as the particles from the bulk can be deposited on it, whereas the bulk flow has no 


access to the lower one that is “covered” one. The particles of the “covered” layer can not be 


resuspended. 


During the time the height of the deposited layer varies and the free layer shifts along the 


radial coordinate. 


Free sublayer mass increment per unit square during time interval dt, owing to the particles of 


the fixed size, can be written as: 


dhdtwdtcvd kkkkdkk ρσσ −−= ,       (4.4.1) 


where k  is a subscript denoting the particle size; kw  is the resuspension rate, 1/s; dkv  is a particle 


deposition rate, m/s; kc  is a bulk (over the deposited layer) particle density, kg/m3; dh  is the distance 


that the lower boundary of the free layer passes while it is shifted along the radial coordinate, m; kρ  


is the particle density in the deposited layer, kg/m3. 


After summation of the expression (4.4.1) over the particle size one obtains: 


( ) dhdtwcvd
k


kkkdk ρσσ −−=∑ ,      (4.4.2) 


where σ  is the total mass of the free sublayer per unit square, kg/m2; ρ  is the total density of the 


deposited layer, kg/m3. 


The surface density of the free sublayer σ  can be represented as a product of its height and 


the total density of the deposited layer: lρσ = . At the presence of the covered sublayer assuming 
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that the height of the free sublayer does not change with the time and accounting, that the total 


density of the deposited layer is constant, one can write: 


0=⋅+⋅= lddld ρρσ . 


Then for the distance passed by the free layer boundary from (4.4.2) it follows that: 


( )dtwcvdh
k


kkkdk∑ −= σ
ρ
1 ,        (4.4.3а) 


If the covered layer is absent, the lower boundary of the free sublayer is fixed: 


0=dh ,         (4.4.3b) 


The transport equations for the bulk particles can be added to these relationships: 


( )kdkkkkk cvw
D


c
x


vc
t


−=
∂
∂


+
∂
∂ σ4 ,      (4.4.4) 


where v  is the gas flow rate, m/s; D  is the tube diameter, m. 


Expression for the particle resuspension rate kw , in compliance with the methodology 


described in section 4.2, can be written in a form: 


∫
∞


=
0


'dfpw kkk ϕ . 


For kp  и kϕ  determination the expressions (4.2.2) and (4.2.12) can be used. 


Particle deposition rate dkv  is determined by the methodology described in [46] and [7].   


Effective roughness parameter of the surface a (see fig. 4.2.1) in the case of multi-layer 


deposition can be chosen as size of particles which are presented in a large amount. This size 


corresponds to maximum of  “numerical” particle size distribution in free layer. 


As a result, by solving the set of differential equation (4.4.1), (4.4.3) and (4.4.4), one can 


obtain the characteristics of the particle resuspension process for monolayer and multilayer 


converges. 


 


4.5 Particle watering effect. 


 


While studying the watering effects it will be assumed that for deposited particles liquid fills 


the cell formed by the nearest neighbor asperities. The cell square can be estimated as a2, where a is a 


mean distance between asperities. Adhesion in this case can be distinguished on adhesion on solid 


asperities and on liquid surface, that are determined by forces fas и faf respectively. Since the contact 


between the particle and liquid film now is not a dot-like (the contact is through the whole area 


between the nearest asperities), the adhesive force arm will differ from the value that corresponds to 


the contact with the solid asperities. Since the liquid is uniform and isotropic and there is no 
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tangential stress in it we will assume that the adhesive force (as well as removal force) are applied 


at the center of the interaction area, and the correspondent force arm will be considered to be a/2. 


Then the correspondent equilibrium condition will take the form fas·a + faf·a/2 = FL·rL + FD·rD. 


Accounting that rL ≈ a/2, the particle removal condition can be written in the form: 


 


Ft(t) = FL + 2FD·rD/a > fas + faf/2.       (4.5.1) 


 


Then the representation for the resuspension rate constant will take the form: 
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where ( )tFt  is a mean removal force value, ( ) ( ) ( )tFtFtf ttt −=  is its fluctuating component, and 


θn  being the typical frequency of the forcing motion and is given by (4.2.3). For the mean removal 


force value for spherical particles of radius r the expression (4.2.7a) can be used. Generalization of 


this expression for the ellipsoidal particles is given by the expression (4.2.7b). 


For adhesion description it is convenient to introduce the value fas' that is the adhesive force 


fas, normalized on the corresponding adhesive force asF  for perfectly smooth contact (see 4.2.11). For 


non-spherical particles this value can be estimated by removing the particle radius in the expression 


for asF  by geometric mean of two ellipsoid radii of curvature (that correspond to minimal and 


maximal axes) at the point of contact of the ellipsoid with the surface as it is described in section 4.2. 


For adhesion on liquid surface description let us introduce the similar value afafaf Fff =' , 


where afF  is the adhesive force that corresponds to the limit r/a → ∞. afF  is proportional to the 


effective surface of the particle-surface interaction effS  ~ a2: 


 


42aFaf βπ= .         (4.5.6) 


 


β characterize the particle “pressure” on the liquid surface between nearest asperities. 


For resuspension rate constant calculation it is natural to use averaging with log-nornal 


distribution (4.2.12) 


The surface particle number density sn , normalized on its initial value obeys the evolution 


equation 
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ss pntn −=dd , 


 


where the resuspension rate constant p is determined by Eq. (4.2.2). Its solution for the fixed value of 


the adhesive force is 


 
( )tfp


s
aen
'−= . 


 


Owing to strong nonlinearity of dependence of resuspension rate constant from adhesion 


forces, the expression of the rate constant, calculated at the fixed or average values of adhesion 


forces, leads to greater errors in definition of resuspension rate constant. In this connection the 


resuspension rate constant should be averaged with corresponding distribution function. The majority 


of authors considers that it has a log-normal of distribution. Thus density of probability ( )'afϕ  has the 


form: 
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where '
af  is the normalized adhesion force '


af , which defines degree of adhesive reduction caused 


by surface roughness and '
aσ  is the standard deviation for this value. Experimental data analysis gives 


the following approximations for the radius dependence (see expression below (4.2.12)): 


 


( )920.0' 13.01016.0 rfas += , 


 
4.1' 13.08.1 ras +=σ , 


 


where r is in microns. 


For '
aff  and '


afσ  the following expressions are suggested: 
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2/016.0' π=aff      for 2ar ≤  
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Thus for the averaged surface density ( )tns  normalized to the density of deposited particles 


one obtains: 


( ) ( ) ( )∫
∞


−=
0


,'''' '' tffp
asafasafs


afaseffdfdfn ϕϕ .     (4.5.8) 


The resuspension rate ( )tΛ  at time t (in 1/s) is derived from this expression by its 


differentiation over time, namely 


( ) ( ) ( ) ( ) ( )∫
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−=Λ
0


,'''''' ''


, tffp
afasasafasaf


afaseffpffdfdft ϕϕ .    (4.5.9) 


 


The distribution of the deposited particles over their size can be taken into account by using 


the expression (4.2.13b). 


 


4.6 Particle resuspension rate calculation. 


 


The physical problem is formulated as following. Ammonium chloride is deposited on the 


inner wall of the vertical tube with the fixed density. Gas is flowing from the bottom side of the tube 


with a fixed flux. The physical target setting was as follows. On the inner side of the vertical tube a 


layer of ammonium chloride particles with the fixed surface density takes place. The gas is supplied 


from the bottom side of the tube with fixed flow rate. It is necessary to calculate the particle 


resuspension rate caused by the gas flow. 


Additionally it is assumed that: 


- gas flow is turbulent; 


- particles are of the spherical form and of the size mach larger than of the gas molecules; 


- particles form the mono-layer deposit; 


- collisions of resuspended and deposited particles a negligible and removed particles are carried 


by the flow. 
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Parameters are: 
Tube length:       L=5.0m; 


Tube diameter:      D=0.050m; 


Gas density:       ρg=1.2kg/m3; 


Gas kinematic viscosity:     ν=1.5*10-5m2/s; 


Adhesive surface energy of the interaction of spherical particles for perfectly smooth contact with the 


surface:     γ=0.56J/m2; 


Ammonium chloride density:     ρNH4Cl=1.53*103kg/m3; 


Deposited particles size distribution function of the ammonium chloride and initial surface 


density are determined experimentally using the electron microscope technique. 


 


 
Fig.4.6.1 Photo of the deposited ammonium chloride obtained by electron microscope technique. 
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Fig. 4.6.2 Particle size distribution histogram  


Estimations of the model parameter a (see fig. 4.2.1)  that characterize the roughness of the inner tube 


surface were done on the base of the experimental results obtained by using the electron microscope 


technique also. 
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Рис.4.6.3 Photos of the inner tube surface obtained by electron microscope technique  


Figures 4.6.2, 4.6.3 are obtained by the team from SPb SU, Faculty of physics. 


From fig. 4.6.3  analysis it was assumed that the large scale roughness having rather smooth profiles and 


characteristic scale about 20·10-6 m can be excluded from the consideration. Small scale roughness have 


characteristic scale about 2·10-6 m. This is of the order of the particle size having the mean size about  


1·10-6 m that was determined from the histogram on Fig. 4.6.2. 
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A number of simulations have been carried out using one- and multi-layer models. 


One-layer model. 


Computations were done for eight values of roughness parameter from 1 to 32 mkm.  


Figs 4.6.4-11 show the temporal behavior of the relative mass resuspension rates (that is the ratio of the 


mass removed per second to the initial deposited mass) for mean flow rates varied from 20 to 80 m/s. On 


Fig. 4.6.12 the temporal behavior of the resuspension rate for a number of roughness parameters is shown. 


On Fig. 4.6.13 the resuspension rate at initial time is given as a function of roughness parameter. 


 


0.00E+0 1.00E-3 2.00E-3 3.00E-3 4.00E-3 5.00E-3
Time, s


1.00E-5


1.00E-4


1.00E-3


1.00E-2


1.00E-1


1.00E+0


1.00E+1


1.00E+2


1.00E+3


1.00E+4


Pe
rc


en
t r


at
e 


of
 m


as
s 


re
su


sp
en


si
on


, p
er


ce
nt


/s


Percent rate of mass resuspension
a=1.0e-6m


v=80m/s


60


40


20


 
Fig. 4.6.4  Relative mass resuspension rate of the deposited particles for roughness  


parameter а = 1.0*10-6m. 
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Fig. 4.6.5  Relative mass resuspension rate of the deposited particles for roughness  


parameter а = 1.5*10-6m. 
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Fig. 4.6.6  Relative mass resuspension rate of the deposited particles for roughness  


parameter а = 2.0*10-6m. 
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Fig. 4.6.7  Relative mass resuspension rate of the deposited particles for roughness 


 parameter а = 2.5*10-6m. 
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Рис. 4.6.8  Relative mass resuspension rate of the deposited particles for roughness  


parameter а=4.0*10-6m. 
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Рис. 4.6.9  Relative mass resuspension rate of the deposited particles for roughness  


parameter а=8.0*10-6m. 
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Рис. 4.6.10  Relative mass resuspension rate of the deposited particles for roughness 


 parameter а=16.0*10-6m. 
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Рис. 4.6.11  Relative mass resuspension rate of the deposited particles for roughness 


 parameter а=32.0*10-6m. 
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Рис. 4.6.12  Relative mass resuspension rate of the deposited particles for gas flow velocity v=80m/s. 
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Fig. 4.6.13  Relative mass resuspension rate of the deposited particles as function of roughness parameter 


for gas flow velocity v=80m/s in initial time moment. 


 


On the basis of the simulation results it can be concluded that the resuspension rate strongly 


depends on the gas flow rate. With the flow rate increasing from 20 to 80 m/s the relative resuspension rate 


grows by 8-9 orders of magnitude for all roughness parameters. 


The surface roughness influences essentially the resuspension rate only if roughness parameter a is 


lower or of the same order as the mean particle diameter, i.e. when the drag force FD effect prevails on the 


lift one (see Equ. 4.2.1). When the roughness parameter is much larger than the mean particle diameter the 


lift force FL prevails in the removal and therefore in the resuspension process, that no longer depends on 


surface roughness.  


 
Multi-layer model. 


 
Calculations of particles resuspension were carried out taking into account particle deposition 


processes.  At the first stage aerosol deposition was calculated in initially clear tube at rather low gas 


velocity with particle input having log-normal size distribution.  


At the following stages, when resuspension process prevails, particle input was canceled and gas 


velocity was increased step by step. 
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Calculations were carried out for three particle sizes dg=1mkm (fig.4.6.14-4.6.25), dg=3 


mkm (fig. 4.6.20-4.6.25) and 7mkm (fig. 4.6.26-4.6.31). Average geometric deviation and maximum 


particle size were σg=2 и dmax=20mkm, respectively. Precipitators of  1 cm in diameter  were placed 


at distances 1.9m, 3.3m и 4.8m from the tube input. 
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Fig.4.6.14 Gas velocity 
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Fig. 4.6.15 Aerosol density at the tube input 
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Fig. 4.6.16 Total mass of deposited aerosol  
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Fig. 4.6.17 Aerosol mass on the precipitators 
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Fig. 4.6.18 Surface density of deposited 


aerosol 
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Fig. 4.6.19 Average geometric particle 


diameter in the deposited layer. 
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Fig. 4.6.20 Gas velocity 
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Fig. 4.6.21 Aerosol density at the tube input 
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Fig. 4.6.22 Total mass of deposited aerosol  
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Fig. 4.6.23 Aerosol mass on the precipitators 
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Fig. 4.6.24 Surface density of deposited 


aerosol 
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Fig. 4.6.25 Average geometric particle 


diameter in the deposited layer 
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Fig. 4.6.26 Gas velocity 
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Fig. 4.6.27 Aerosol density at the tube input 
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Fig. 4.6.28 Total mass of depositrd aerosol  
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Fig.29 4.6. Aerosol mass on the precipitators 
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Fig. 4.6.30 Surface density of deposited 
aerosol 
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Fig. 4.6.31 Average geometric particle 


diameter in the deposited layer 


  


On the basis of calculations results for multi-layer model it is possible to draw a conclusion that 


deposition of large particles occurs mainly on an initial part of a pipe. During resuspension process 


particles sizes distribution on the of along a pipe is leveled. 


Irrespective of the average size of particles on an input of the tube, in all three cases the average 


particles size on a surface of the deposited layer after calculation was equal 3-4 mkm. Resuspension 


rate essentially increases with increase of particles size and gas velocity. 


 


4.7 Conclusions 
 


The model allowing to calculate particle resuspension rate from the surface based on turbulent 


flow conditions is described.  


The particle and surface parameters demanding experimental definition are described. 


 


 


5. Analysis and comparison with experiment. 
 


5.1. Experiments conditions  


 


A number of experiments with liquid and solid aerosol particle deposition and solid particle 


resuspension have been carried out at CBTI. 


Experiments with liquid aerosol have been carried out in vertical tube of length L =6.2 m and  


inner diameter D =98 mm under isothermal conditions and carrier gas velocities from 6.5 up to 35 


m/s.  
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Experiments with solid aerosol particles (ammonium chloride) carried out in vertical tube of 


length 5 m and diameter D =50 мм under conditions close to isothermal and carrier gas velocities 


from 20 up to 107 m/s. 


Carrier gas was the air under normal conditions. Air density was fρ =1.18 kg/m3 and air 


kinematic viscosity was fν =1.6⋅10-5 м2/c.  Aerosol shape was assumed spherical. In experiments 


with liquid particles two spectra were used which we call as “small” and “large” particles. Both 


spectra were log-normal with parameters: 


- “small” particles: =md  4.3 mkm, =σ 2.0; 


- “large” particles: =md 6.78 mkm, =σ 2.53; 


where md  is the mass median diameter,  σ  is the standard deviation. Solid particles log-normal 


parameters are =md 0.93..1.46 mkm, =σ 2.1. Liquid and solid particle densities were 1050 kg/m3 an 


1450 kg/m3, respectively. 


 


5.2. Theoretical velocity deposition on the tube wall. 


 


We will consider particle deposition on the wall of the pipeline for turbulent flow mode, which 


is realized for Re /m fU D≡ >ν 2300. We will limit the consideration to the range of mean-mass 


velocities of mU =0.5−100 m/s to realize the turbulent flow mode. As the pipeline is fairly long 


( / 60L D > ), such a flow can be considered to be hydrodynamically developed.  


Under the specified conditions, the main mechanisms of particle deposition will be turbulent-


Brownian diffusion and turbulent migration (turbophoresis). In this case the deposition rate can be 


calculated using 


3/ 4 4 2.5


3 2.5
0.115Sc 2.5 10


1 10
B


dV u
− −


+
∗−


+


+ ⋅
=


+
τκ


τ
,           (5.2.1) 


where κ  is the sticking coefficient equal to ratio of the particles deposited on the surface to the 


overall deposition flow, τ+  is the dimensionless particle relaxation time and u∗  is the dynamic 


velocity (friction velocity at the wall). 


The dynamic velocity is calculated by 


 


1/ 2


8 mu Uξ
∗


⎛ ⎞= ⎜ ⎟
⎝ ⎠


,             (5.2.2) 
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where the friction coefficient for hydrodynamically developed turbulent flow in the range of 


62000 Re 10≤ ≤  can be found using Filonenko formula 


( ) 21.82 lg Re 1.64 −= −ξ .           (5.2.3) 


Fig. 3.2.1 gives the deposition rate plotted according to the formula (5.2.1) with account for 


equations (5.2.2)−(5.2.3) against the particles diameter for κ =1 and for various flow velocities and 


two different particle density values. The initial decrease of the deposition rate with the increase of d  


is explained by the decrease of the Brownian diffusion coefficient. The subsequent increase of the 


velocity with d  is explained by the rising role of turbophoresis. The increase of mU  flow velocity 


leads to the increase of dV  for both diffusion and turbophoresis deposition modes. The particles 


density does not affect the diffusion deposition mode, as the Brownian diffusion coefficient BD  does 


not depend on pρ , but it does play a substantial role for turbophoresis mode due to the dependency of 


dV  on the particle inertia parameter τ+ .  
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Fig.  5.2.1. Relationship of deposition rate and particle dimensions: 


I − pρ =1000 kg/m3, II − 4000 kg/m3; 1 − mU =0.5 m/s, 2 − 1 m/s, 3 − 2 m/s, 


4 − 5 m/s, 5 − 10 m/s, 6 − 20 m/s, 7 − 50 m/s, 8 − 100 m/s. 


 


 


Mass of particles deposited on the unit of pipeline length per unit of time is equal to 


m dm DC Vπ=& ,             (5.2.4) 
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where m p mC ρ≡ Φ  and mΦ  is the average mass and volume particle concentration for pipe cross-


section 


Under the assumption that the deposition rate dV  remains constant along the pipe length (which 


is true for hydrodynamically developed flows), the particle concentration along the pipe is changed 


according to 


0
4exp d


m
m


V xC C
U D


⎛ ⎞
= −⎜ ⎟


⎝ ⎠
,            (5.2.5) 


where 0 0pC ρ≡ Φ  is the mass concentration of particles at the pipe input and x  is the distance from 


pipe input. 


The distribution of aerosol mass deposited by time moment t  is calculated in accordance with 


(5.2.4) and (5.2.5) using the following formula 


( )0 0
4exp d


d
m


V xm DC V t t
U D


π
⎛ ⎞


= − −⎜ ⎟
⎝ ⎠


,          (5.2.6) 


where 0t  - is the time moment from the start of aerosol input. 


In accordance with (5.2.6) the deposition layer thickness is equal to  


( )0 0
4exp d


d
m


V x V t t
U D


δ
⎛ ⎞


= Φ − −⎜ ⎟
⎝ ⎠


. 


 


5.3 Change of particle size due to coagulation process 


 


As the aerosol moves along the pipe, the aerosol particles agglomerate and increase in size as a 


result of coagulation. As can be seen from the fig. 5.2.1, the deposition rate can be strongly 


dependent on the particle diameter (especially for the range of inertia parameters 0.1 10τ+≤ ≤ ). 


Therefore, it is important to accurately define the dimensions of aerosol particles to calculate the 


deposition rate.   


Let us assess the aerosol dimensions as a result of coagulation on the basis of multidispersion 


approximation, considering the system of aerosol particles characterized by average volumetric 


diameter d  and numerical concentration N , thus making the volumetric particles concentration 


equal to 3 / 6d NπΦ = . In this case the change of average numerical particles concentration along 


mN the pipe length is described by equation 


2


2
m m


m


dN NU
dx


β
= − ,            (5.3.1) 
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where β  is the coagulation kernel. 


To simplify the analysis we will disregard the drop of particles concentration along the pipe 


length caused by deposition. This will give an overestimation of the coagulation effect, because the 


concentration of particles and appropriately their collision frequency are assumed to be higher than 


their real values. The following equation may be written with account for above assumption  


3 3
0 0md N d N= ,             (5.3.2) 


where 0d  are 0N  are the diameter and numerical particle concentration at the pipe input.  


For the conditions in question the main contribution to the coagulation process is introduced by 


the particles collisions induced by Brownian and turbulent motion. Let us assess the coagulation 


kernel for combined action of Brownian and turbulent mechanisms on the basis of superposition of 


coagulation kernels for separate mechanisms 


B Tβ β β= + ,             (5.3.3) 


where 
B


β , and Tβ  are the Brownian and turbulent coagulation kernels. 


If d >0.3 μm, then continuous Brownian coagulation mode with Smolukhovsky kernel is 


realized for normal conditions in the air flow  


4
B


r
B BdDβ πφ= ,             (5.3.4) 


where Bφ  is the sticking coefficient (characterizing effectiveness of Brownian coagulation), r
BD  - 


coefficient of relative Brownian diffusion of two particles. For two similar particles 


2r
B BD D= .             (5.3.5) 


Turbulent coagulation kernel will be defined in accordance with model [97] 


Tβ
1/ 2


2
1/ 2 2


1/ 24 1 1
60 ReT u u


dd u f f
λ


π φ
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪′= − −⎨ ⎬⎢ ⎥⎜ ⎟


⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
,        (5.3.6) 


where Tφ  is the sticking coefficient (characterizing effectiveness of turbulent coagulation), u′  − 


mean-square pulsations velocity of the turbulent carrier flow, uf  − coefficient of particles 


involvement in the turbulent flow, /d d η≡  − dimensionless particle diameter, 3 1/ 4( / )fη ν ε≡  − 


Kolmogorov spatial turbulence scale, ε  − rate of turbulent energy dissipation, 4 1/ 2Re (15 / )fuλ εν′≡  


− turbulent Reynolds number.  


The coefficient of particle involvement in the turbulent movement is determined by 
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z
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τ


= .          (5.3.7) 


The Tτ  and LT  parameters in (5.3.7) are the Taylor differential and Lagrangian integral time 


scales of turbulence, which are defined by the following formulae 


kT a
ττ λ


2/1


0
2/115


Re2
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⎜⎜
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⎛
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λ
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Re
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02


001
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= ∞


a
aaa , 01a =11, 02a =205, ∞0a =7,     (5.3.8) 


( )1
1/ 2


0


2 Re
15


k
L


C
T


C
λ τ


∞


+
= , 70 =∞C , 1C =32,         (5.3.9) 


where 1/ 2( / )k fτ ν ε≡  is the Kolmogogrov microscopic turbulence time scale. 


Mean square pulsations velocity is derived from the dynamic velocity as 


1/ 22u u∗′ = .           (5.3.10) 


The rate of turbulent energy dissipation is found using 


320u
D


ε ∗= .          (5.3.11) 


Fig.  5.3.2 and 5.3.3 show the changes in particle dimensions derived from the solution of 


equation (5.3.1) with account for equations (5.3.2)−(5.3.11) for Bφ = Tφ =1. Figure 5.3.2 demonstrates 


the change of diameter along the pipe length for two monodispersion particle systems with various 


input diameters for a fixed value of input relative mass aerosol concentration 0 0 / fM C ρ≡ . Figure 


5.3.3 shows the output diameter of particles relative to the input diameter against the input aerosol 


concentrations for various flow velocity values. It can be seen that the biggest increase of dimensions 


takes place for finely dispersed aerosol ( 0d =0.3 μm) and low flow velocity. The effect of flow 


velocity mU  depends on the aerosol input diameter 0d . Thus, for the finely dispersed aerosol, the 


coagulation effect drops with the rise of mU . On the contrary, for the coarsely dispersed aerosols 


( 0d =10 μm) the coagulation effect increases with the rise of mU  (though not substantially). This 


phenomena are explained by the fact that coagulation of small particles under low flow velocity is 


carried out in the diffusion mode, and the coagulation kernel (5.3.4) does not depend on mU , while 


the decrease of coagulation effect for rising mU  is explained by the decrease of time of aerosol 


presence in the channel. Coagulation of relatively large particles for high flow rates is carried out in 


the turbulent mode and the coagulation kernel (5.3.5) increases with the rise of mU .  
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Fig.  5.3.2. Change of particle dimensions along the pipe length as a result of coagulation ( 0M =0.01): 


1, 2, 3 − 0d =0.3 μm, 4, 5, 6 − 0d =10 μm; 


1, 4 − mU =1 m/s; 2, 5 − mU =10 m/s; 3, 6 − mU =100 m/s. 
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Fig.  5.3.3. Relationship of the relative input diameter and the input concentration 1, 2, 3 − 0d =0.3 


μm, 4, 5, 6 − 0d =10 μm; 


1, 4 − mU =1 m/s; 2, 5 − mU =10 m/s; 3, 6 − mU =100 m/s. 


 


It should be indicated that the coagulation calculations were performed under a number of 


assumptions and therefore can be regarded only as preliminary (evaluation) results. First, the aerosol 


in the experiment is a system of polydispersed particles with a wide range of dimensions. Also, even 
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if the initial system of aerosol particles was monodispersed, the aerosol will become polydispersed 


as a result of coagulation. Therefore, the monodispersed approximation is an idealized coagulation 


mechanism, applicable only for preliminary evaluation of the coagulation significance. Second, there 


were several simplifying assumptions made regarding the Brownian and turbulent coagulation 


kernels. E.g. the superposition of the Brownian and turbulent mechanisms based on (5.3.3) 


substantially underestimates the coagulation kernel for the range of intermediate conditions between 


the two mechanisms. On the contrary, the assumption of the sticking coefficients being equal to one 


gives an overestimation (although a small one) of both the Brownian [99] and turbulent [74] 


coagulation. And, finally, the relationship (5.3.6) for the turbulent kernel does not take into account 


the particle accumulation (clustering) effect, which may cause rapid intensification of the coagulation 


process for the conditions when the particle relaxation time and the Kolmogorov turbulence scale 


have close values. However, in spite of the above simplifications, the obtained results allow 


identifying the effect of flow velocity mU  and making assessment of the input particles concentration 


0M , above which the role of coagulation becomes substantial.  


The pre-test calculations also verified the effect of particle dimensions distribution function on 


the deposition effectiveness. The calculations results are given in figure 5.3.4. The calculations show 


strong dependence of the deposition effectiveness on the dispersion for the particle dimensions 0.5-2 


μm and mean mass flow velocities in the range of 5 to 10 m/s. In this connection special attention in 


the experiments should be paid to the accuracy of identification of particles dimensions distribution. 
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Fig.  5.3.4 Dependency of the deposition effectiveness on the aerosol particles dimensions 


distribution function for various mean-mass velocities of the carrier flow. (ds – average particle 


diameter) (ds – средний диаметр частиц) 
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5.4 Comparison with experiment 


 


A number of  post-test calculations based on performed experiments with liquid particles have been 


carried out. Table 1 shows comparison between theoretical and experimental aerosol concentrations 


at the entrance (level 2) and exit (level 4) sections of the test tube part. Effective dimensionless 


velocity depositions are presented also. 


 


Table 1. Comparison between experimental and theoretical results for liquid particles (DTube =98 
mm.) 


 
Particle concentration, С, kg/m3 


Level 4 Effective velocity 
deposition, 


*uVd  


Phase 


Pa
rti


cl
es


 


Gas 
velocity 
U, m/s 


Friction 
velocity, 


*u , m/s 


Level 2 


Exper. Theory Exper. Theory 


EVAN
–


№3345 
AT 1.1 


sm
al


l 


33.8 1.534 4.8E-03 4.1E-03 3.0E-03 0.02579 0.07689 


EVAN
–


№3345 
AT 


1.2.2 


la
rg


e 


33,8 1.487 1.50E-03 7.50E-04 7.4E-04 0.11697 0.11924 


EVAN
–


№3345 
AT 


1.2.1 


la
rg


e 


39,6 1.715 7.30E-04 2.50E-04 3.3E-04 0.1837 0.13611 


EVAN
–


№3345 
AT 


1.2.3 


la
rg


e 


24,8 1.125 1.10E-03 5.00E-04 6.3E-04 0.12904 0.09122 


EVAN
–


№3345 
AT 


1.2.4 


la
rg


e 


6.5 0.341 4.5E-03 2.4E-03 4.1E-03 0.08896 0.01317 


 


Distance between levels 2 and 4 was  L24=3.3 m. Velocity deposition velocity is calculated using 


formulae (5.2.5): 
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As we have poly-sized particles, velocity deposition defined by (5.2.5) should be considered as some 


“effective” velocity (averaged within all spectrum and tube length). The same results are presented at 


the pictures below in dimensionless variables ++ −τdV . Dimensionless response time +τ  was 


calculated using theoretical value of ( )THEORdV + . Large eddy simulation results are also shown. 


 
Fig. 5.4.1 Comparison of theoretical and LES results velocities deposition with experimental one. 


 


 Pictures below show experimental and theoretical deposition and resuspension results of solid 


particles (ammonium chloride) along the test tube (DTube=50 mm). Figures 5.4.2 – 5.4.4 (deposition) 


present theoretical results with and without resuspension.  


In calculations an assumption of log-normal particle size distribution at the tube input was 


used.  Impactor observation suggested this assumption, however distribution parameters slightly 


changed in time. 
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As the standard deviation σg markedly influences on the results, calculations were carried 


out for several values of this parameter within experimental data range. At that averaged geometric 


size dg was assumed as average value within aerosol generator cycle period.  


At the pictures plots are shown according to the following log-normal distributions: 


- experiment АТ 2.1    (20 m/s) – dg=1.50 mkm, σg = 1.9, 2.0; 


- experiment АТ 2.2.1 (30 m/s) – dg=1.24 mkm, σg = 2.0, 2.1; 


- experiment АТ 2.1    (38 m/s) – dg=1.04 mkm, σg = 2.0, 2.1, 2.2. 


Figures 5.4.4 – 5.4.7 present theoretical and experimental values of deposited particle surface 


densities. Input datum for resuspension calculation was surface density obtained after deposition 


experiments (see fig. 5.4.2–5.4.4). 


 
Fig. 5.4.2 Comparison between experimental and theoretical values of surface density. Phase EVAN-


N3345 AT 2.1. 
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Fig. 5.4.3 Comparison between experimental and theoretical values of surface density. Phase EVAN-


N3345 AT 2.2.1 
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Fig. 5.4.4 Comparison between experimental and theoretical values of surface density. Phase EVAN-


N3345 AT 2.2.3 


 


 
Fig. 5.4.5 Comparison between experimental and theoretical values of surface density. Phase EVAN-


N3345 AT 2.1 
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Fig. 5.4.6 Comparison between experimental and theoretical values of surface density. Phase EVAN-


N3345 AT 2.2.1 


 
Fig. 5.4.7 Comparison between experimental and theoretical values of surface density. Phase EVAN-


N3345 AT 2.3 
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Conclusion 


General dependencies for the aerosol particles deposition rates resulting from Brownian and 


turbulent diffusion, turbulent migration (turbophoresis) and convective mechanisms (gravitational 


sedimentation, centrifugal force, thermophoresis, Stephanian flow for vapor condensation, 


diffusiophoresis, etc.) have been constructed. 


The relationship of the turbulent coagulation kernel accounting for aerosol particles accumulation 


has been obtained. Simple interpolation approximations describing the coagulation kernel for 


combined action of turbulent, Brownian, gradient and gravitational collision mechanisms have been 


presented. 


The presented correlations of deposition rate and the coagulation kernel were introduced into the 


PROFIT code. 


Calculations have been carried out for aerosol particles deposition on the wall of the vertical 


pipe for the turbulent flow and isothermal conditions for the experiments planned at CBTI. The 


obtained results allow assessing the threshold input concentration of aerosol, above which the 


increase of aerosol particles dimensions caused by coagulation should be taken into account. 


The 3D code for calculation of incompressible turbulent flows based on LES model with 


particles moving under action of drag force, lift force and Brownian force has been developed. 


Comparison numerical results with experimental data shows satisfactory agreement and confirm code 


ability to calculate turbulent flows with particles in channels for rather high Reynolds. This 


comparison shows also that classical Smagorinsky model does not give correct result but modified 


one only. 


Our calculations showed also that the developed dynamical particle model and code gives good 


agreement with other LES calculation as well as with Zaichik’s theory (analytical approximation 


1.5.9).  Note, that taking into account of Saffman’s lift force markedly influences on the velocity 


deposition  between diffusion-impaction and inertia moderated ranges and taking into account of 


Brownian diffusion is important in diffusion range in principle. 


On the basis of known dependences for fixed size particle velocity deposition and 


resuspension the dynamic model is developed, allowing to count combine action of turbulent particle 


deposition and resuspension for arbitrary size distribution and taking into account multilayered 


deposition character. 


The comparison between theoretic and experimental results, concerning solid aerosol 


deposition, has shown, that, unlike a case of liquid particles, it is essentially necessary to consider 


combine action of deposition and resuspension processes. 
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As one can see from figures 5.4.2-5.4.4, the aerosol surface density, calculated without taking into 


account resuspension process, exceeds the corresponding experimental data approximately on the one 


order of magnitude. On the other hand, figures 5.4.2-5.4.7 show that the results of calculation with 


use of combine model of deposition and resuspension satisfactory agree with the experiment. 
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ABSTRACT 
 
In report 59 pages, 24 figures, 11 tables, 36 used references. 
 
NPP, SEVERE ACCIDENT, CONTAINMENT, MEDIUM PARAMETERS, IMPURITIES, 


SLUDGE, IRON, IODINE VOLATILITY. 
 
The work has been fulfilled within the framework of ISTC project #3345 "Ex-vessel Source Term 


Analysis". There have been received the experimental data on volatile iodine forms release in gas phase 
at thermal and radiolytic oxidation of iodide ions in aqueous mediums in the range pH 4-8, temperature – 
30-120(150)oC, in the presence of admixture sludge containing FeOOH and in its absence. It was 
assessed the influence of water quality on the volatile iodine forms release. 
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INTRODUCTION 
 
For assessment of NPP radiation safety under reactor severe accident conditions and for 


prediction of volatile radioiodine species release experimental data are necessary for main containment 
parameters and impurities in water phase impact on rate of iodide-ions oxidation  and volatile iodine 
species in gas phase accumulation, iodine partition coefficients between water/gas phases, the ratio of 
inorganic/organic gaseous iodine species, particularly during prolonged containment conservation (post-
accident period). 


Among the main factors providing the iodine safety there are the following: suppression of 
gaseous iodine species generation, stability of processes of volatile iodine species fixation and trapping, 
accounting for containment parameters and impurities impact on iodine state and volatility. 


Effect of containment parameters, such as temperature, pH of water phase, dose rate of gamma-
irradiation, was researched enough and correctly interpreted. So, iodide-ion oxidation to molecular iodine 
(volatile form) under gamma-irradiation of aqueous low-acidic solutions is caused of iodide-ion oxidation 
by radiolysis water products (mainly OH-radicals), and oxidation rate depends on dose rate, solution pH, 
temperature and iodide concentration. Repressing of I2 formation would lead to reducing of generation 
organic iodides RI (R- alkyl-, aryl). Thus main influence on the iodine volatility and the ratio of iodine 
volatile/nonvolatile species does water radiolysis, molecular iodine and organic iodide generation in the 
presence of organic and inorganic impurities.  


In realistic severe accident conditions sludge consisting on the whole of ferric oxides and 
hydroxides will be accumulated in the containment sump. Iron oxides sludge's impurities are 
representative for sump water under accident conditions. Iron oxides have come into water phase due to 
steel corrosion (mainly carbon steel) and as aerosols from corium molten pool (sources – "sacrificial" 
ferric oxide and structure core materials); silica also can come with aerosols from core catcher (refractory 
facing) and as impurity from construction materials.  


These impurities can influence the iodine content in the water phase, as they are capable to adsorb 
and to retain the iodide-ions. So sludge's can be effective iodine "sinks" and reduce iodine concentration 
in water phase; accordingly reducing the possibility of iodide-ions oxidation and accumulation of volatile 
iodine species in the gas phase. At the same time, ferric ions (Fe3+) can oxidize of iodide ions in solution 
(at low pH), therefore iodine behavior at the presence of ferric sludge's would be predicted with 
difficulty. 


These processes are not studied almost, data on iodine adsorption by ferric hydroxides are small, 
and data on iodine sorption behavior at parameters of accident conditions are in general not available. It 
is necessary to note that iodine chemistry and behavior at elevated temperature (up to 150-2000C) have 
not been studied enough and there were problems in predicting iodine behavior in realistic accident 
conditions. 


Therefore the principal task of this work is experimental investigation of influence of ferric and 
siliceous sludge on rate of formation and accumulation in gas phase of iodine volatile compounds in 
interval temperatures 30 - 1500C, pH – from 4-5 up to7-8, iodide-ion concentration – 10-4-10-7 mol/dm3, 
in the presence of γ-irradiation with dose rate ~ 1 kGy/h and in its absent. 
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Experimental investigations are produced according to work plan on Task 6 and matrix of tests 
(table 1). 


In the course fulfillment of work matrix of experiments was undergone to some correction. The 
main attention was attracted to the study of influence the presence of ferric hydroxide in aqueous phase 
as the most realistic and significant from mass impurities. Introducing ferric hydroxide mass was reduced 
up to 1 g/dm3 accordingly with the results of assessment of air-borne sols mass yield in the severe 
accident. Essential part of experiments was devoted to the study of affect temperature, pH and impurities 
of aqueous medium on iodide ion hydrothermal oxidation as there were discovered that at temperature 
near 100oC and more the rates of irradiation and thermal iodide ion oxidation have been the comparable 
significance. The upper bound of temperature range was reduced from 150 to 120 oC owing to the 
significant stainless steel corrosion at 150o complicating the interpretation of results. 


The sensitivity of used analytical methods for iodine content determination in aqueous phase 
(ionic chromatography and kinetic method) didn‘t make it is possible to spread their on the all iodide ion 
concentrations interval and the investigations was carried out in the range from 10-3 to 10-5 mol/dm3. 131I 
as tracer didn’t used on technical reasons. The majority experiments were performed at iodide ion 
concentration equal 10-4 mol/dm3. The observation for the parameters of autoclave medium on-line in 
experiments on iodide thermal oxidation didn’t fulfilled so on technical reasons – owing to lack co-
ordination of electrodes size (height) and water solution level, necessary for the maintenance of 
appointed relation of water and gas phase volumes in autoclave. It is necessary to note that in the course 
experiments the essential changing of pH and iodide ion concentration magnitudes was not observed. The 
changing Eh is not exceeded of 15-18% from values of red-ox potential. 
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Table 1 – Matrix of experimental investigations on Task 6. Phase 1. Project №3345 
Researching system Medium parameters 


Test Goal of experiment Water phase 
Sludge 
mass,  
g/dm3 


CsI 
concentra-


tion,  
mol/dm3 


Т, 
oC 


рН 
(25o) 


Dose 
rate, 


kGy/h 


Atmo-
sphere 


Analyzing 
parameters 


Type 
analysis Note 


I6-
B1 


0 
1.0  


0 
~1  Argon 


I6-
B2 


Influence of γ-irradiation on sorption by 
sludge and iodine volatility in atmosphere of 
argon and air;  water – 10 


g/dm3 Н3ВО3 
1.0  


10-5  50-
60 ~5 


~1  
Σ5-10 
kGy 


Air 


рН; Еh;  I−, IO3
−, I2, Fe 


concentration in water 
phase; I2 in gas phase 


pre-test 
and post-


test 


Blank-tests 
with use of 


131I;  
Ampoule 
method 


I6-1 0 
1.0  10-5  50-


60 ~5 


I6-2 0 
1.0  10-5  


25; 
95-
100
150


~5 


I6-3 


Study of kinetics processes; determination of 
sorption by  sludge and iodine volatility as 
function from рН, T, sludge mass, CI-, γ-dose


water – 10 
g/dm3 Н3ВО3 


2.5  
1.0  10-7-10-8  50-


60 
4; 5; 


6-7; 8 


~1  Air 
рН; Еh;  I−, IO3


−, I2, Fe 
concentration in water 
phase; I2 in gas phase 


pre-test 
and post-


test 


Kinetics 1-24 
h with use of  


131I;  
Ampoule 
method 


I6-4 


Determination of iodine sorption by sludge 
as function from iodine form in water phase, 
T, рН,  (without γ-irradiation). Comparison 
results of ampoule and autoclave tests 


water – 10 
g/dm3 Н3ВО3 


1.0  10-4  (CsI, 
CsI+I2) 


50-
60 
95-
100


5; 6-
7; 8 


рН; Еh;  I−, IO3
−, I2, Fe 


concentration in water 
phase; I2 in gas phase 


pre-test 
and post-


test 


Ampoule 
method 


I6-5 


Study of iodine forms sorption by sludge 
and components of sludge as function from 
composition and parameters  water phase 


water – 10 
g/dm3 Н3ВО3 


(+5⋅10-5 
mol/dm3 H2O2) 


0 
1.0  
2.5  


(H2SiO3, 
FeOOH) 


10-4  (CsI, 
CsI+I2) 


25 
50-
60 
95-
100


4; 5; 
6-7; 8 


0 Air 
рН; Еh;  pI − on-line;  I−, 


IO3
−, I2, Fe concentration in 


water phase; indication I2 in 
gas phase 


on-line, 
pre-test 


and post-
test 


Autoclave 
method 
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1 EXPERIMENTAL INSTALLATIONS AND METHODS CARRYING OUT OF 
EXPERIMENTS 


 
Ampoules for irradiation at 50-100 oC are manufactured of stainless steel. They are cylindrical 


vessels with hermetically cover, supplied with two stop-cocks with needle valves for sampling gas and 
liquid phases and have total volume 75 cm3. The volume of aqueous phase in experiments with 
irradiation is 25 cm3, gas phase - 50 cm3 (Fig.1.1). At 120-150 oC irradiation is performed in ampoules 
from stainless steel with total volume 360 cm3; volume of aqueous phase - 100 cm3, gas - 260 cm3. The 
ampoules are made in a heating housing with a spiral for maintenance of necessary temperature at 
irradiation and have stop-cocks with needle valves. 


 
Figure 1.1 – Ampoule for gamma-irradiation of researches water-gas systems 


 
Gamma-irradiation is manufactured on installations for gamma-irradiation RChM-gamma-20. 


Power of an absorbed dose makes 0.928-0.980 kGy/h. A source of a gamma-ray is 60Cо (Fig.1.2). 
For carrying out of experiences without irradiation the autoclave installation presented on fig.1.3 


and 1.4 is used. Installation is applicable for researches of interphase distribution, volatility and sorption 
of iodine forms in regimes on-line and routine, with sampling before and after experience. 


The autoclave is a cylindrical vessel from Teflon, volume 2.0 dm3. In hermetically cover 
following detecting elements are inserted into and compressed: electrodes - glass, platinum, iodide - 
selective, reference; the thermometer, the electric heater (a ring quartz tube with a spiral), tubes for 
sampling aqueous and gas medium. Any of the built elements can be removed; the orifice is closed by 
hermetic plug. All lines are executed from Teflon. In autoclave the magnetic stirrer places, and the 
autoclave is positioned on the magnetic device, and also can be placed in heated up thermostat 
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Figure 1.2 – External appearance of installation for gamma-irradiation RChM-gamma-20 


 


 
Figure 1.3 – External appearance of Teflon autoclave for research of iodine thermal behavior  
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Figure 1.4 - Autoclave installation for research of iodine water/gas partitioning 


1 - thermostat (20-150 oC); 2 - autoclave (Teflon); 3 - gas phase; 4 - water solution (I-); 
5 - iodine source; 6 - iodine concentration and forms analysis in aqueous phase; 7 - the device of 


measurement рН, pI and potential; 8 -iodine forms separation in gas samples; 8а - adsorbing 
filters; 8b - barrater; 9 - water-jet pump; 10 - thermocouple; 11 - platinum electrode; 12 - reference 


electrode; 13 - glass electrode; 14-iodide-selective electrode; 15 -iodine sensor control; 16 - locked 
cock; 17 - line of solution sampling or vapor I2(gas) supply; 18 - heater; 19 - gas sample volume 


measuring 
 
All the experiments were produced at constant or periodical stirring of water phase. The 


relationship of volumes of aqueous and gas phases can vary from 1.5/0.5 dm3 up to 0.5/1.5 dm3. The 
autoclave can work in the interval temperatures 20-100 0C. 


Electrodes are connected to a measuring device to рН/ion-meter Anion 4110.  


 
1.2 Method of carrying experiments at γ-irradiation 


 
Procedure carrying out of experiments at the γ-irradiation was included the following operations: 
- Introduction in ampoule of given volume of starting solution boric acid 10 g/dm3 with given 


concentration CsI and value рН; measurement of starting values рН, Eh; 
- At carrying out blank-test (I6-B1) in argon atmosphere content of ampoule blows by argon (after 


introduction FeOOH reflowing by argon is carried out); 
- In experiments with sludge introduction in ampoule a portion of sludge, ampoule shake up 


within 3-5 minutes, then seal, place in a thermostat, heat up to the necessary temperature and further 
produce γ-irradiation during appointed time; 


- After irradiation ampoule extract and in 10-30 minutes samples take a gas phase, then an 
aqueous phase on the analysis; 


- Samples of aqueous medium analyze on content of Fе, iodine forms, determine рН and Eh ; 
sample of gas phase - on content I2, and other volatile iodine forms. Samples of water solutions analyze 
by chromatography, a gas phase - method IMS (about method IMS look part 3.1). 
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At temperature 80-90 oC and above the gas phase contains steam in amounts, inadmissible for 
direct introduction of gas sample in a spectrometer of ionic mobility. In this case autoclave is cooled to 
ambient temperature or the sampling of a steam-gaseous phase is produced in a vessel of fixed volume, 
then from this vessel the sampling is produced and analyzed by method IMS.  


 
1.3 Method carrying out of experiments in the absence of irradiation 


 
Procedure of experiments caring out in the absence of irradiation was consisted in the following. 


It is prepared 1 dm3 CsI(KI) solution containing 10 g/dm3 boric acid, with given pH. The solution (0.9 
dm3) is placed into autoclave and stirred during 10-15 min, sampled of 100 cm3 solution and measured 
the initial magnitude pH, Еh and iodide concentration (by kinetic method and with iodide-selective 
electrode). Then autoclave is closed hermetically, put in the heater or placed in thermostat and heated up 
to given temperature (60-90 oC) in 15-20 min. Then autoclave with solution is maintained at given 
temperature during 24 h. Sampling of gas phase is produced in 5 h and at experiment finishing (24 h). At 
research of kinetics of generation and release of volatile iodine forms in gas phase sampling is produced 
in 2-2.5 h, 5 h, 7-8 h and 24 h. Volume of gas sample – 100 cm3, that is 8% from total volume of gas 
phase. In experiments on the influence sludge on iodine volatility FeOOH portion is introduced into 
solution before initial sampling solution for the analysis. 


After 24 h solution is sampling and measuring pH, Еh, iodide ion concentration. The precipitation 
of FeOOH sludge suspension from solution after experiment ending is occurred in 10-15 min., sample 
take from clear solution. 


In the course of experiments fulfillment there is discovered that in 24 h pH of aqueous phase 
practical is not changing (deviations are no more 7-8%), so and iodide ion concentration (deviation from 
the average is no more 15%, but mainly – 4-6%). Therefore periodical measurement (or on-line) these 
parameters is not expedient. Red-ox potential of aqueous medium can changed the greater extent 
(deviations up to 20%), especially at the introduction in solution red-ox agents (N2H4, H2O2 and other).  


Gas sampling is produced by syringe with volume 100 cm3, with drawing of the sampled volume 
through a filter holder with 1 aerosol filter and 2 beds of CFM (carbon fibrous material) filters. Rate of 
drawing of gaseous medium is calculated from a necessary time of contact gas with adsorbent equal 
0.15-0.20 s. Further it is analyzed the iodine contents in filters and in solutions - washing off from 
surfaces of gas lines and a filter holder. The iodine adsorption from an aqueous medium on autoclave 
surfaces during experience has been tested preliminarily and it is established, that adsorption practically 
is absent. 


In the experiments on thermal iodide oxidation all solutions are prepared on the deionized 
(desalted) water with an electric conductivity ~0.4-0.9 μSm/cm and free chloride-ions content 
4-5 μg/dm3. In the experiments under γ-irradiation special purifying water for ionic chromatography was 
used (deionizing – 2 stages, purification from organic impurities with active charcoal) with electric 
conductivity ≤0.1 μSm/cm and free chloride-ions content ≤2-3 μg/dm3. All used reagents have extent of 
purity "chem.pure". Initial рН solutions it is adjusted with help КОН and HNO3. At producing of 
experiments in air atmosphere water phase contents CO2. 
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2 ANALYTICAL METHODS OF DETERMINATION OF THE IODINE FORMS CONTENT IN 
AQUEOUS SOLUTIONS 


 
The universal physical and chemical method of definition in solutions of iodine forms (I-, IO3


-, 
and oth.) in all range of possible concentration - from 10-3 up to 10-8 mol/dm3 (without application of the 
indicator 131I) does not exist. Therefore the first task is choice and improvement of determination 
methods of iodine ionic forms, whenever possible simple for performing and with accuracy of 
determination it is not worse than ±20-30 %. 


 
2.1 Definition of the iodide ion over the range its contents in sample of solution from 200-300 up to 


2 mg (8-12 g/dm3 - 80 mg/dm3) 
 
For definition of iodide use oxidation it's by potassium iodate up to iodine monochloride: 
IO3


−+ 2I−+ 6H+ + 3Cl−  = 3ICl + 3H2O       (1) 
Solution of iodide titrates by iodate solution at the presence of a chloride-ion. At titration acidity 


should be not lower 3 mol/dm3 HCl. For ascertaining of a finishing point of titration solution is shacked 
up with several cm3 of chloroform. The free iodine formed at the first stage of reaction, colours solvent in 
violet color: 


IO3
− + 5I− + 6H + → 3I2 + 3H2O        (2) 


IO3
−+ 2I2 + 5Cl − + 6H + → 5ICl + 3H2O        (3) 


Finishing point of titration registers on disappearance of traces violet coloring organic layer. The 
course of the analysis is fulfilled: in a flask place 25 cm3 of the solution containing from 200 μg up to 2 
mg of iodide ion, add 60-40 cm3 concentrated HCl and 5 cm3


 CHCl3. Titrate by 0.025 - 0.010 mol/dm3 
solution of KI (it is allowable to use and 0.005 mol/dm3 solution) up to decolorized of the solution 
colored by iodine in brown color. Shake flask up to coloring chloroform in violet color. Further titrate, 
shaking flask after each addition of reagent, up to disappearance of chloroform coloring. Method is rapid 
enough and exact, the relative error of determination does not exceed ±5-7 % at the contents of iodide ion 
in sample from 200 mg up to 2-5 mg. 


 
2.2 A ionic-chromatographic method of definition iodide and iodate ions at its concentration from 


50 mg/dm3 up to 1 μg/dm3 


 
The probability of separation iodide and iodate-ions on columns Transgenomic AN 2 SC, StarIon, 


A1 and R1000 is investigated. The content anions made from 30 μg/dm3 up to 2 mg/dm3 (Fig. 2.1, 2.2).  
It is established, that on the first three columns the iodate ion is retained poorly and thus 


practically is not divided with a fluoride-ion (at standard eluent). Sensitivity of definition of iodide ion is 
insufficient - at concentration of it 50 μg/dm3 the peak is expressed very poorly. On column 
Transgenomic AN 2 SC with eluent 0.015 mol/dm3 NaOH it is achieved high sensitivity and good 
separation iodide and iodate ions (Fig. 2.2). Both ions have acceptable retention times. 
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                         А                                            Б                                                      В 
 


Figure 2.1 - Definition iodide and iodate ions on column А1. Eluent standard. 
Flow rate -1-2 cm3/ min. A loop 970 μl. Repressing АМP 


50 μg/dm3 I− and 100 μg/dm3  IO3
−; Б - I-and IO3


− on 500 μg/dm3; B- - I-and IO3
− on 2 mg/dm3 


 


 
А 


 
Б 


Figure 2.2 - Iodate ion on column Transgenomic AN 2SC. Flow rate 1,2 cm3/min. Eluent 
0.015 mol/dm3 NaOH. Repressing АМP. A loop 970 μl 


А - iodate and iodide ions on 200 μg/dm3; Б- 33 μg/dm3 of iodate and 28 μg/dm3 of iodide 
 
Separation iodate and fluoride ions is attained on column R1000 (for separation of carboxylic 


acids) with eluent 0.0025 mol/dm3 NaOH (Fig. 2.3), but thus owing to high retention time iodide ion 
determination is not possible. Thus separate determination of iodide ions on column Transgenomic AN 2 
SC and iodate ions - on column R1000 is necessary. 
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Figure 2.3 - Iodate ion of 100 μg/dm3 on column R1000. Eluent 0,0025 mol/dm3 NaOH. Rate 


of flow 1,5 cm3/min. Repressing АEMP. A loop 900 μl. Peak 1 – fluoride 
 
Presence of boric acid (10 g/dm3) does not prevent determination of iodate, but separation of 


iodate and fluoride worsens a little (fig. 2.4). On column Transgenomic AN 2 SC boric acid practically 
does not influence on determination of iodide ion. As a whole, found conditions of determination iodide 
and iodate ions are preserved at the presence of 10 g/dm3 boric acid. 


 Relative error of iodide ions determination is ±25%, chloride ions - ±30%, the other anions – 30-


40%. For iodate ions the low bound of detecting – 50 μg/dm3. 


 
А     Б     В 


Figure 2.4 - Chromatograms of iodate and fluoride in a solution of boric acid 10 g/dm3. Column R 
1000. Eluent 0.0025 mol/dm3 NaOH. Rate of flow 1.5 cm3/min. A loop 970 μl. АМP 160 cm 


A - boric acid; Б- 0.5 mg/dm3 of iodate in solution of boric acid; 
В - 0.5 mg/dm3 of iodate and 0.1 mg/dm3 of fluoride in solution of boric acid. 


 
2.3 Kinetic methods of definition of the content of iodide ion in solutions (0.1-1 μg in sample) 


 
Kinetic methods of ions determination, based on catalytic reactions, are differed high sensitivity. 


The least concentration of catalyst which can be detected is defined by magnitude about 10-12 g/cm3. 
Photometric methods have apparently smaller sensitivity, but application of color reactions, in especial 
with basic or acid dyes, allows increasing their sensitivity till 10-7-a 10-8g/cm3 [2]. 


The results of research the probability using dye brilliant green for iodide micro concentrations 
definition were shown that the solution coloring changes too quickly and the linear dependence don’t 
observed; this complicates carrying out of definition. Therefore solution was accepted on performing of 







Project # 3345 Final Project Technical Report Page 15 / 60
 


 


kinetic method determination of iodide micro quantities based on oxidizing reactions of Fe(SCN)2+ by 
KNO2 in nitric acid medium catalyzed by iodide ions. This method allows define the content of iodide 
ion from ~0.8 up to ≤0.2 μg in sample. Solutions with higher content of iodide analyze after dilution. 


In mixture solution of reagents there is formation of red Fe(SCN)2+ which becomes colorless at 
oxidation by nitrite, optical density of solution drops in a time. Rate of discoloration is proportional to 
iodide concentration in sample, but depends on concentration of the substances participating in reaction. 
Concentration of Fe(SCN)2+ should be such that change of optical density was in the limits 0,8-0,2 
providing the least relative error of definition. This ion is the basic component determining reaction rate. 
Concentrations of other components can be varied, but so that they were higher than concentration of 
Fe(SCN)2+ and their influence on reaction rate was constant [3]. 


Composition of solution for determination of content iodide ion in solution by kinetic method: all 
used solutions, except for solution of nitrite, are 0.01 mol/dm3, concentration solution of KNO2 is 0.015 
mol/dm3. Into flask on 10 cm3 induct 2 cm3 of solution {NH4Fe (SO4)2}, 0.6 cm3 of solution KCNS, 1 
cm3 10 mol/dm3 HNO3 (and on 0.45 cm3 on everyone 1 cm3 of 15 % alkaline solution), 3-5 cm3 of 
analyzed solution iodide ion, last induct 1.5 cm3 of solution КNO2. Total volume solution -10 cm3. A 
solution shake up and then in cuvet l=1Cm measure optical density of solution through everyone 1.5-3 
min. within 8-9 min. at wave length 526 nm (with a green light filter). 


Then from the graph of optical density change as a function of a time determine tangent of angle 
(rate of optical density D change) and from the graph dependence rate change of optical density (ΔD/Δt) 
from iodide ion concentration in sample iodide ion content in analyzed solution is determinate (Fig. 
2.5,2.6).  


 
Figure 2.5 - Dependence of optical density calibrating solutions (D) from a time after their mix at 


the content of I−-ion in sample: 
1, 2 - 0.2 μg (parallel definitions); 3, 4 - 0.5 μg; 5, 6 - 0.8 μg 


All measurements are lead within 3 hours 
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Figure 2.6 - Reproducibility of the calibrating graph for definition of an iodide - ion 


1, 2 - collateral measurements; 3 - average values 
 


The relative error determination of optical density solutions does not exceed 1.6-3%, thus 
magnitude of error grows with decrease of iodide concentration. 


The relative error of definition ΔD/Δt averages 5%, relative error of definition concentration 
iodide ion on the calibrating graph -from 10% (0.5-0.8 μg of iodide) up to 30% (0.2 μg of iodide). 


As it has been established, calibrating line it is displaced in a time that is connected to possible 
instability of KNO2 and NH4Fe (SO4)2 solutions (Fig. 2.7). 


 
Figure 2.7 - Calibrating graph of kinetic method of determination of iodide ion in day preparation 


of initial solutions and after 1-2 days 
1 - fresh solution; 2,3 - measurements in 1 and 2 day after preparation of solutions 


 
The relative error of determination of the iodide ion, caused by instability of used solutions in 1 
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day after their preparation, increases at decrease of the content of iodide ion in sample and makes 12,5% 
for 0.8 μg of iodide, 25% for 0.5 μg and 50% for 0.2 μg. In 2 day the error attains 60-100%. Thus, 
instability of used solutions can be the basic error of kinetic method. 


By results of the analysis errors of iodide-ion determination by kinetic method, it is accepted, that 
preparation of solutions of reagents should be made in the evening before day of fulfillment of a set of 
analyses as it has been established, that for reception of resistant results the prepared solutions should be 
aged some hours. For each set of analyses fresh solutions are prepared, calibrating and a set of analyses 
within 1 working day are carried out. In this case the relative error of determination parts of μg of iodide 
ion will not exceed 10-20%. In detail error of iodide ions concentration determination in initial solution is 
not exceed ±10%, and error iodine content in gas phase determination - ±20-30%. 


 
2.4 A method of concentration iodide ion determination in solutions with the help of an iodide-


selective electrode 
 
The iodide-selective electrode is the electrochemical detector which potential depends on 


concentration in solution of iodide ion. A range of operating temperatures of electrode from 5 to 80 оC, 
interval of measured iodide ion concentrations - from 1.0 up to 3⋅10-7 mol/dm3. Working range рН -from 
0 up to 12, recommended area рН - 4-7 units. The potential of electrode in calibrating solution 
10-3 mol/dm3 of KI at temperature 25 оC is equal 190±30 mV. 


It is used standard solutions of KI with concentration 10-7 - 1 mol/dm3 for building of the 
calibrating graph. Measurements carry out at constant stirring with the fixed speed within 2 min. On the 
received data build the graph of dependence electrode potential from the negative logarithm of I--ions 
concentration in solution. In analyzed solution determine potential of electrode and compare received 
value to the calibrating graph (Fig.2.8). The calibrating graph is periodically corrected. Anions of NO3


-, 
SO4


2-, Cl- practically do not prevent definition of iodide ion. 
For improvement of method of determination concentration of iodide ion with the help of iodide-


selective electrode in solutions of various composition is investigated effect of pH, Eh, presence of ions 
Fe3 +, molecular iodine – I2, boric acid, ferric hydroxide on reproducibility indications of iodide-selective 
electrode in the range concentration of iodide ion in aqueous medium 10-6-10-3 mol/dm3. In the beginning 
measurements were made with the solutions of iodide-ion containing 0.3mol/dm3 of KNO3. In solution 
10-3 mol/dm3 of KI with increasing рН measured potentials of iodide-selective electrode increase and 
platinum electrode drop: 


рН   4,0   6,86   9,20 
EI, mV -177 -152 -122 
Eh, mV +534 +501 +384 
 
Changing of potential iodide-selective electrode on 50 mV corresponds to shift of concentration 


iodide ion almost in 10 times. 
Further a probability of determination of the molecular iodine content in solution KI is defined. It 


is known [4], that molecular iodine in solution of iodides forms complex anion I3
−. Results of 


measurements are given in table 2.1. 
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Table 2.1 – Potential of iodide-selective electrode in solutions 
KI concentration, 


mol/dm3 
I2 concentration, 


mol/dm3 
Potential 


KI solution, mV 
Potential 


KI+I2 solution, mV 
10-6 10-7 +30 +32 
10-5 10-6 -31 -29 
10-4 10-5 -95 -89 
10-3 10-4 -162 -150 


 
It is observed decrease of potential of iodide-selective electrode at the presence of molecular 


iodine, apparent at concentration KI≥10-4 mol/dm3, and decrease of measured concentration of iodide ion 
~ in 1,6 times. However the determination of molecular iodine concentration on the basis of these data is 
not obviously possible. 


 
Figure 2.8- Calibrating graph of iodide-selective electrode in solutions KI+H3BO3 (10 g/dm3) 


 
Effect of presence at solution of ions Fe3+ was determined at concentration of iodide ion 


10-5 mol/dm3 in solution 0.3 mol/dm3 KNO3. Concentration of Fe(NO3)3 made 10-4 and 10-5 mol/dm3. 
 pH EI, mV Eh, mV 
Solution КI 4,85 -37 +451 
KI + Fe (NO3)3⋅10-5 mol/dm3 3,82 -27 +529 
KI + Fe (NO3)3⋅10-4 mol/dm3 3,05 -19 +566 
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Raise potential of iodide-selective electrode and red-ox potential testify to a probability of 
oxidation iodide ion by ferric ions in solutions such composition. The presence in solution of ferric 
hydroxide at рН=5-7 in limits of error measurement does not influence on potential of iodide-selective 
electrode at concentration of KI 10-4-10-5 mol/dm3 and ambient temperature. At 95 оC decrease of 
potential iodide-selective electrode and raise рН a solution from 5.3 up to 8.2 is observed, that is 
connected to possible adsorption of iodide-ion by ferric hydroxide and the corresponding decrease of its 
concentration in solution on 30-40%. 


As all experiments are carried out with an iodide ion in solution of boric acid, it is necessary to 
determine effect of boric acid on potential of iodide-selective electrode. Thus KNO3 as the background 
medium is not used, and the salt bridge is filled by solution of boric acid. Calibrating straight line in 
solution of boric acid in limits error of measurement does not differ from line, obtained without boric 
acid. Further all measurements with iodide- selective electrode were made in solution of boric acid 
without addition of KNO3. 


As a whole, owing to effect рН medium and presence of ferric ions on value of the determined 
potential iodide-selective electrode it was applied mainly to definition of concentration iodide-ion in 
initial solutions, and in all other cases value of the content of iodide-ion in solution, fixed with the help of 
an iodide-selective electrode, was controlled by other analytical methods. 







Project # 3345 Final Project Technical Report Page 20 / 60
 


 


3 DEFINITION OF THE CONTENT OF GASEOUS IODINE FORMS IN A STEAM-GASEOUS 
PHASE 


 
In the present work application in researches of radioactive iodine nuclides it is impossible owing 


to interdiction of their use in samples irradiated on installation RChM-gamma-20. Therefore for the 
analysis of the content of iodine forms in a steam-gaseous phase two basic methods choused and fulfilled:  


-Trapping of iodine from gas phase by adsorbent with the subsequent desorption of iodine and 
definition of its content in a desorbing solution; separation of iodine forms in this case is possible by use 
of set of the selective adsorbents trapping mainly one form of iodine. However to find the adsorbents 
combining such properties, as selectivity to the given iodine form and a probability of its full desorption 
from adsorbent, difficultly enough. 


- A new method of spectrometry of ionic mobility in a gas phase (IMS). The gas analyzers based 
on method IMS, have the advantages, such as high sensitivity of determination level of 10-9 part of 
analyzed component and quick action. Detecting devices of spectrometers of ionic mobility are compact, 
autonomous, application of a high vacuum do not demand. 


 
3.1 The analysis of volatile iodine forms in gas phase by method of spectrometry of ionic mobility 


 
Method IMS consists in space separations of generating in gas ions on their mobility in a length-


wise or cross electric field during advance of ions to collector in counter-flow of the drifted gas. 
Depending on method of reception of initial ions - ionization by radioactive radiation, photo-ionization, 
corona discharge, in the chamber ion-formation originate various sets of molecular fragments, ions and 
radicals of analyzed substance. Ionic mobility is a characteristic value dependent on mass, charge and 
size of an ion, electric field tension. The registered spectrum of mobility represents dependence of ionic 
current as the function of ions drift time [5]. 


Practical interest represents the factor of mobility of ion K0 (Cм/В-1C-1) which magnitude depends 
on concrete operation factors of the drifted chamber of spectrometer and individual characteristics of ions 
of the given type: 


K0 = E /l·td           (4) 
Where Е - a gradient of electric field tension, V/cm;  l -length of the drifted space, cm; td -drift 


time of an ion, s. 


Drift time of ion from the moment of its yield from the ionic chamber before hit in a collector: 


td =
EK


l
KET1,0


lP273
0g


=         


 (5) 
Where Р - pressure, МПа; Tg - temperature of the drifted gas, K.  
The analysis by method IMS includes the following sequence of operation: 
- ionization of researched gas or vapor; 
- separation of ions on time of their traffic in electric field of the drifted space at atmospheric 


pressure; 
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- registration of ionic currents on collector of ions; 
- processing electric signal with the purpose of analyzed components concentration determination 


in a received spectrum of ionic mobility. 
The measuring cell of spectrometer, consisting of the block ion-formation and the drifted 


chamber, and gas communications are manufactured of Teflon. 
Table 3.1 - Technical parameters of spectrometer of ionic mobility 


Source of ions Tritium, activity 5.9⋅108 Bk 
Length of a zone of drift 76 – 79 mm 
Accelerating voltage 2000 – 3000 V 
Duration of a pushing out pulse 0.5 ms 
Time measurement of one package of ions 20 ms 
The drifted gas Drained air of a room 


 
Cleaning of a measuring cell of substances adsorbed on its surface is attained by periodic warm-


up of system up to 80 0C and blow by pure gas. 
Spectrometer calibration is produced on set of gaseous (I2, HI, CH3I) and nonvolatile (KI, KIO3, 


I2O5) iodine compounds. The shot of individual substance is placed in vessel from which the sampling of 
given volume of compound vapors is produced into measured vessel. Then the vessel was blown 
incessantly by stream of air up to peak of iodine compound disappear. Air stream containing vapors of 
iodine compound is went to the cell of spectrometer and then it throws in ventilation. For blowing air of a 
room was used at temperature 20±2 0C and relative humidity 85±3% with consumption 0.2 l/min. 
Transportation of ions carried out by a stream of laboratory air drained on the filter with silica gel. 
Consumption of drifted gas - 1.2 l/min. 


At calibration the peak amplitude of iodine compound determinates at various concentrations, the 
graphic of calibration is constructed on which concentration of analyzed compound is determinate. 
Magnitude of the ionic current, created on collector by component of gas mixture, is proportional to its 
concentration 


The ions generation in the cell of spectrometer is proceeded in two stages. At first the negative 
reactant-ions R- are formed owing to action of ionized radiation, as example, hydrated ions (H2O)nO2


−; 
(H2O)nOH−; (H2O)n(CO2)mO2


−. The coefficient n=1-3 depends from water vapors partial pressure and air 
temperature. 


On second stage as result of ion-molecular interaction of reactant-ions with molecules of analyzed 
substance a set of ions is formed, as example, for elementary iodine - mainly ion I−, which can be 
hydrated with the formation of ions (H2O)nI−.  


Besides, in ionizating chamber owing to interaction of elementary iodine with products of oxygen 
and ozone ionization can be formatted the ions IO2


-, IO3
-, IO4


-. Alkyl iodides can generate the ions I− (at 
high concentrations) and ions (MI)−. 


Presented on Fig.3.1 spectrums of ions demonstrate a character peaks of ionized components of 
gas mix, containing the iodine compounds vapors, and their mobility. As a datum mark the molecular 
forms present in air of a room reactant peak (R-peak) are utilized. Value of R-peak drift time - 10.4 ms, it 
is correspond the molecular structure (H2O)nO2


−; n=3-4. At introduction in measuring cell of vapors of 
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molecular iodine (or HI, HIO3) on spectrum of mobility two peaks with drift times 11.2 and 12.8 ms were 
observed. The package ions with drift time 11.2 ms probably is related to form (H2O)nI−. 


 The increase partial pressure of the indicated compounds of iodine in steam-air mix the reactant-
ions in larger extent transfer the charge on iodine molecules, intensity of reactant peak is decrease, and 
specific quota of I- ions is raised. 


Introduction in gas phase of small amounts CH3I (~1ppb) calls emersion on a spectrum of 
mobility of one more, well solvable peak, and its drift time is less than drift time of R-peak and makes 
9.4 ms. Intensity of peak correlates with concentration methyl iodide in the steam-gaseous mix.  


T  
Figure 3.1 - Spectrums of mobility of the ionized forms of iodine compounds 
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At whole, the method of ions mobility spectrometry can detect the total content of inorganic 
and/or organic iodine forms in gas phase. The individual iodine compounds identification can be produce 
with use of mass-spectrometer.  


The steam-gas sampling from the autoclave is produced by air blowing of gas space of autoclave 
at ambient temperature with direct introducing of gas mix into the spectrometer cell. Draining of sample 
from water vapor does not produce. 


Unfortunately the range of detectible concentrations of volatile iodine compounds is small – from 
20 to 600 ppb or from 3⋅10-8 to 1⋅10-9 mol/dm3 (7–0.2 μg/dm3). Error of iodine forms concentration 
determination in this range is equal to 10 ppb. In the range 600-2000 ppb characteristic deviates from the 
linearity, deviation attains ≥30 ppb. Thus iodine forms concentrations in the gas phase more than 
(1-2)⋅10-7 mol/dm3 register by this method with the error ≥50%. Besides, I2 condensation and adsorption 
on walls of drift camera and camera of ions formation is moderate of ionic current measurement and can 
understate the determinative concentration. 


Therefore volatile iodine forms concentration in the gas phase was determinate in parallel on 
iodide ion concentration decrease in the aqueous phase. Though relative error of iodide concentration 
determination by ionic chromatographic method is equal to ±25-30%, moreover within an experiment 
iodide ion decrease may be results from the other processes (adsorption on the walls, leakage of forming 
volatile iodine species and other). Accordingly error of determination on iodine is no less 40-50% and 
more. 


 
3.2 Definition of the content of volatile iodine forms in steam-gaseous phase by method of iodine 


trapping on adsorbent with its subsequent desorption 
 
For trapping volatile forms of iodine with the purpose of cleaning gas-aerosols exhausts usually 


active charcoal, mainly impregnated by silver nitrate, KI and/or amines, and also impregnated silica gel 
(alum gel) are applied. Desorption of iodine forms from these adsorbents is inefficient, as impregnates 
strongly enough connect iodine. Selective adsorbents - iodide of cadmium, iodine-phenol also are 
unsuitable because of impossibility of desorption of iodine. 


Earlier by us it has been established, that the some carbon fibrous materials (CFM) efficiently 
absorb volatile iodine compounds, especially molecular iodine, even without impregnation. They have 
high kinetic sorption properties, capacity on iodine up to 20 mg of I2/cm2, the original porous structure, 
convenient geometrical parameters, high chemical and thermal resistance. CFM absorbs volatile iodine 
forms with sufficient efficiency even at high moisture of air and from steam-gaseous medium. At the 
same time these materials are applicable for desorption of absorbed iodine by solutions of fixed 
composition or organic solvents [6,7]. 


For improvement of method of gas sampling, trapping of volatile iodine forms from gaseous 
medium and desorption of iodine from CFM have been carried out the following researches. 


In the beginning it is absorbed molecular iodine in static conditions on samples CFM. In closed 
vessel it is placed 50-150 mg of crystal iodine and hanged samples CFM the area 5-7 cm2 (mass 0.13-
0.16g). Concentration of saturated iodine vapors in vessel at 20-25 0C makes 2.0-2.25 mg/dm3. After 
exposure within 1-2 day samples CFM extracted and weighed. Walls of a vessel after experience washed 
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out by butanol for removal of iodine rests. It is necessary to note, that the small part of iodine is 
condensed on a hook for hanging CFM. Quantity of absorbed iodine is determined gravimetrically, 
balance of iodine is checked after definition of iodine in wash off from surfaces (solution in butanol). The 
content of iodine in butanol is determined photometrical at λ=360 nm. From samples CFM iodine 
desorbed by butanol, chloroform, water solutions of various composition. Desorption carried out two- 
three-fold, volume of the desorbing solution - 10-20 cm3. 


Sorption of iodine by samples CFM in static conditions makes 85-100%, on the average – 92.5% 
(table 3.2). 
Table 3.2 - Absorption of molecular iodine by samples CFM 


Absorbed iodine Mass I2, mg Mass absorbed I2,mg % Mass, mg/g CFM Маss, mg/cm2 CFM 
105.6 
51.0 
58.6 


111.75 


89.8 
55.3 
52.0 


71.6+20.7+6.4 = 98,7 


85.0 
100 
88.7 
88.3 


579 
358 
324 


243.5 
(max. 554.6) 


15 
9.2 
- 


5.5 
(max. 12) 


The balance on iodine is observed in limits of 95-100%. 
Two-triple desorption of iodine from CFM by butanol or chloroform extracted no more than 34 % 


of iodine. Therefore further desorption of iodine by water solutions of various composition was tested: 
alkaline solution of hydroxylamine, solution KI, alkali liquids, including at elevated temperatures (table 
3.3). The content of iodine in water solutions is determined by titration by iodate of potassium. 
Table 3.3 - Desorption of iodine from CFM by water solutions 


Iodine mass in 
CFM, mg 


Composition of 
desorbing 


solution, mol/dm3 


Т. 
oC 


Iodine mass in 
1-t portion, 


mg 


Iodine mass in 
2-d portion, 


mg 


Total percent of 
iodine desorption 


58.6 0.1КОН+0.29 
NH2OH.HCl 25 20.0 1.27 36.3 


20.7 0.1КОН+0.29 
NH2OH.HCl 80 9.6 0 46.4 


71.6 0.067 KI 80 - - - 


6.4 15% KOH 
(in 0.5 h) 90 5.83 1.0 106 


33.8 15% КOH 
(in 15 min) 80 23.6 3.05 78.8 


29.7 15% KOH 
(in 0.5 h)) 90 23.9 4.3 94.9 


 
Thus, desorption of iodine by alkaline solution of hydroxylamine is inefficient. Use for desorption 


of  solution KI also is inefficient, as definition of small concentration of an iodide-ion on background of 
the KI contents 11 g/dm3 in desorbing solution results in inadequate results. The hot solution of 15% 
alkalis (2.7mol/dm3) desorbs 80-100% of adsorbed molecular iodine. Interacting of alkali with iodine 
proceeds on reaction: 


3I2 + 6KOH ↔ 6KI + KIO3 + 3H2O       (6) 
Nevertheless iodate in a desorbing solution is not detected. The technology of extraction of iodine 


from mineral waters and brines includes oxidation of iodide by chlorine with the subsequent sorption on 
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absorbent charcoal BAU or KAD iodine. Desorption of iodine from charcoal is carried out by washing by 
10-15% solution NaOH at 90-100о (during 2-6 h). The received alkaline solution contains iodine mainly 
in the iodide form (96-98%), the content of ion IO3


- does not exceed 2-4% [8]. Thus, the probability of 
presence at alkaline solution of iodate ion can be not taken into account, as the content of iodate is lower 
than a error of definition. At the same time rate of iodine desorption from CFM is much higher, than from 
granulose charcoal. It is note [8,12] that with temperature raise IO3


−-ion content is reduced. 
As a whole, the method of determination of the contents of volatile iodine forms in gas phase is 


those. After experience extract the CFM filter from a filter holder and immediately place in tightly closed 
vessel. Inlet and outlet of sampling devices with filter holder wash out hot 15% solution КОН, solution 
merge in a flask, and sampling device wash out water and exsiccate. The filter in a vessel is filled in with 
15-20 cm3 of 15% solution КОН with temperature about 90 oC and stand at temperature 80-900 within 
0.5 h, periodically agitating. Then solution decantate and fill in fresh hot alkali solution. In received 
solutions after their cooling determine the content of iodide by kinetic method. Routinely for the analysis 
use 0.5-1 ml of alkaline solution, for neutralization of inducted alkali increase accordingly concentration 
of HNO3 in the analyzed medium. Taking into account variations of completeness of desorption iodine 
from CFM and relative error of definition of iodide by kinetic method, it is possible to count, that 
accuracy of definition of volatile iodine forms in gas phase is in limits ±20-30%. Unfortunately, at 
desorption of iodine from CFM by alkaline solution separate definition of such volatile forms as I2, HI 
and CH3I, it is practically impossible. Therefore it is necessary to carry out periodically parallel definition 
of the content of volatile iodine forms in gas phase by method IMS. 
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4 SYNTHESIS AND DETERMINATION OF CHARACTERISTICS FERRIC HYDROXIDE 
SLUDGE’S 


4.1 Synthesis of ferric hydroxide 
 
It performed three parties of anhydrous sludge’s of hydroxide of iron. The synthesis of 1-t party of 


ferric hydroxide was carried out by slow addition to 1% solution of FeCl3 of 15-20% NH4OH taken in 
small excess. After precipitation of gel of it wash out decantation by water up to absence of a chloride-
ion in washing water. The washed gel is dried at 300C (5-6 h), then a long time at 50-60 0C (50-100 h) 
and further 6-8 h at 100-110 0C. The received product represents grains from red - brown up to black 
color. 


The following two parties of ferric hydroxide were prepared from clear finely divided carbonylic 
iron by its dissolution in ~30% HNO3. From obtained ferric nitrate ferric hydroxide is precipitated by 
ammonia, precipitate is filtrated, washed off water from nitrate-ion and then dried as has been mentioned 
above. The obtained product represents a powder of red - brown color. 


The dried up hydroxide of iron is the prototype of main possible components of the aerosols 
formed and transported in containment under accident conditions on NPP as in quality of a "sacrificial" 
material in the corium-catcher hematite is used. 


 
4.2 Methods determination characteristics of samples ferric hydroxides sludge's 


 
Further characteristics of the synthesized samples ferric hydroxides sludge are determinate. The 


basic determined characteristics: the total contents of iron in analyzed product; the contents of soluble 
forms of iron in water and solution of boric acid (10 g/dm3) above precipitate of oxyhydroxide of iron 
and relationship of Fe(II) and Fe(III) in a solution; disperse composition of suspended particles of ferric 
hydroxide in solution 10 g/dm3 boric acid; specific surface of particles of received hydroxide of iron. 


Obtained samples of ferric hydroxide are Roentgen-amorphous. On the published materials the 
above described way of  synthesis of ferric hydroxide and method of its desiccation result in formation of 
hydroxide of composition FeOOH (Fe2O3·H2O) with the content of iron of 62.86 % on mass [9,10]. 


The content of iron in solutions was determined photometrical by standard method with 
sulfosalicylic acid or an orthophenantroline. 


The total contents iron in samples of hydroxide is determined after dissolution of portion FeOOH 
in HCl (1:1).  


Solubility FeOOH in solution of boric acid 10 g/dm3 is determined as follows: 0.5 g FeOOH 
induct into 200 cm3 of solution of boric acid 10 g/dm3, agitate during 30 min., settle and sampling 
decantate in volume 75-100 cm3, filtrate through dense or a membrane filter. Determine iron in filtrate 
and on the filter (precipitate dissolve in HCl). Similarly determine solubility FeOOH in water. 


Dispersing composition of powder FeOOH is determined filtering through filters of different 
porosity. 2 g of powder FeOOH induct in 1 dm3 solution of boric acid (10 g/dm3), agitate within 15 min. 
with constant speed with the help of magnetic stirrer. In a glass in which agitating is carried out, in 
advance install the device for sampling at fixed height. After 15 min. sampling a part of solution (up to 
400 cm3) direct on 1-t filter with the greatest porosity, filtrate at once is fed on 2-d filter of average 
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porosity, the second filtrate is fed on a membrane filter. The content of iron is determined serially in 
filtrates and on filters of different porosity. To the analysis of disperse composition applied filters: "a red 
tape" - porosity from 3.5 up to 10 μm; "a dark blue tape" - porosity from 1 up to 2,5 μm; a membrane 
filter with pore size 0.15 μm. The method allows estimate a mass relationship of fractions of various 
dispercity. 


Specific surface of powder FeOOH is determined by method of adsorption color indicators - 
congo red (the anionic form) or the methylene dark blue (the cationic form). To 300 ml of water solution 
with рН=8-8.5 bring in 300 mg FeOOH and 9-12 mg congo red, agitate within 30 minutes, settle, 
sampling and determine residual concentration of the indicator by photometry with blue-green light filter 
at λ =500-520 nm. Calibration is carried out in the interval concentration of the indicator of 10-60 
mg/dm3. Specific surface count by formula: 


S = = (a/M) NAA⋅10-20 m2/g = 1982a,        (7) 
Where M, A -molecular weight (693) and the area occupied with a molecule of coloring agent 


counting upon flat orientation (228 нм2); NA - number Avogadro; a - weight of adsorbed coloring agent 
on 1 g of adsorbent. 


The method of definition of specific surface with the methylene dark blue is analogous, molecular 
weight - 319,7; the area of molecule - 112 нм2. 


 
4.3 Characteristics ferric hydroxides sludge's 


 
Received characteristics ferric hydroxide sludge’s are given in tab. 4.1. 


Table 7 - Characteristics of the synthesized samples ferric hydroxide sludge’s 
Solubility of sludge (mol/dm3) 


in solution Н3ВО3 10g/dm3 
Sample 


Total content 
Fe in sludge, 


mass.% 


Soluble forms 
 Fe(II),Fe(III) 


Concentration in 
water, 


mol/dm3 
Soluble forms Disperse 


forms 


Specific surface, 
m2/g 


Dispercity of 
particles, mass.% 


Ferrigel 
64.9 


(FeOOH+ 
admixtureFeO) 


Fe(II) 1.7⋅10-6 
Fe(III)≤3⋅10-7 


 


<1.0⋅10-6, 
<66 μg/dm3 


2⋅10-6, 
182μg/dm3 - - 


FeOOH 
(1) 


64.0 
(95%FeOOH 


+6.15%Fe2O3) 


Fe(II) 3.3⋅10-7 


Fe(III) 4.3⋅10-7 
 


0.35⋅10-6, 
30.8 μg/dm3 
(±6 μg/dm3) 


18⋅10-6, 
158±10 
μg/dm3 


96.4 
82.2 


>10μ-80-88 
1-10 μ -12-20 


1-0.15 μ  ~ 
0.008 


≤0.15 μ  – 
<0.002 


FeOOH 
(2) 66,1 - 


0.34⋅10-6, 
30.25μg/dm3 
(±2.55μg/dm3) 


1.9⋅10-6, 
69.7 μg/dm3 55.5±3.5 


>10 μ -80.73 
10-3.5 μ – 


19.25 
3.5-1 μ – 
0.0127 


1-0.15 μ – 
0.0027 


<0.15 μ – 
0.0014 


 
Let's consider a probability of iodide-ion oxidation by the ions Fe3+ present in a solution. 


Oxidizing reaction: 
2Fe3 + + 2I− ↔ 2Fe2 + + I2          (8) 
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The following mechanism is      this equilibrium: 
Fe3+ + I- ↔ FeI2+              (rapid)        (9) 
FeI2++ + I- ↔ Fe2+ + I2


-     (slow)        (10) 
Fe3+ + I2


- ↔ Fe2+ + I2      (slow)        (11) 
Potential Fe(II)/Fe(III) = +0.771 V; 2I-/I2 = +0.5355V; if concentration Fe (II) = 3.3⋅10-7, and 


Fe(III) = 4.3⋅10-7 mol/dm3, and concentration of iodide ion in solution it is equal 10-5 mol/dm3, 
concentration of molecular iodine in water phase will not exceed 1.3⋅10-9 mol/dm3,(0.013 % from total 
iodine concentration in the solution). But if the oxidation is heterogeneous process then I2 concentration 
in water solution might be the noticeable higher. 


Received powdered ferric hydroxide sludge’s are coarse-grained, the contents of particles size 
more makes than 3.5 μm about 99 %. Specific surface on order of magnitude is close to values of specific 
surface mixed oxyhydrate of Fe(II) and Fe(III) [10]. Under the content of iron the synthesized hydroxides 
are close (in limits of a mistake of definition) to composition FeOOH in which the content of iron makes 
62.86 %. Solubility of prepared hydroxide of iron, about (0.35-0.76)⋅10-6 mol/dm3, does not contradict 
the published data on solubility of analogous compounds. 
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5 RECEIVED RESULTS AND THEIR DISCUSSION 
5.1 Foundation of experiments duration and water phase composition 


 
The choice of experiments duration was performed on basis of published data and with 


accounting of technical possibility work carrying out, and so time allowable for the first phase of project. 
Accordingly published experimental data [11-15] the changing of dose rate gamma-irradiation from 
0.1 to 20 kGy/h is influenced only on duration the achievement of system steady-state which is 
established at elevated integral dose of irradiation – 2.5-4 kGy. Further the changing in irradiated system 
is proceeded appreciable slower. Evans is connected the duration of establishing of iodine form steady-
state in two-phase system under irradiation with approaching to fixed value concentration of H2O2 in 
water phase [11, 13-14]. Hydrogen peroxide is competed for hydrated electron, in reactions with e-


aq to 
form hydroxyl radical, oxidizing iodide ion to molecular iodine, and, on the other hand, H2O2 is reduced 
the ionic product of iodine hydrolyze to iodide ion. These reactions immediately are influenced on 
establishment of stationary equilibrium in the system: 2I− ↔ I2. 


At dose rate for the installations RChM-gamma-20 ~1 kGy/h (necessary integral dose 2-4 kGy) 
duration of irradiation is equal 2-4 h. But the part of experiment there were carried out the experiments at 
more duration of irradiation from 10-12 to – 15 h (integral dose 14 kGy). 


The thermal oxidation of iodide ion in aqueous medium is proceeded appreciable slower that 
radiolytical, although it is possibly catalyzed by light or impurities. On data [11,16] steady-state at 
thermal oxidation of iodide is achieved till 6-10 days, but the lower water quality the more rapid the 
equilibrium can be achieved. In first hours after introduction of iodide into solution iodine partition 
coefficient is enough high but then it is gradually reduced in 10-15 and more times reaching fixed value 
depending from pH and iodide concentration. However that character of changing iodine partition 
coefficient (PC) is inherent on the whole to dilute iodide solutions with low pH at temperature 20-30 0C. 
According [11] at iodide concentration 10-4-10-5 mol/dm3 and pH=4-5 PC is reduced less; steady-state is 
established in 1-2 days. 


It may be supposed that the achievement of stationary equilibrium of iodide ion thermal oxidation 
at concentration 10-4 mol/dm3 and elevated temperatures will be proceeding with more rates. This was 
ascertained (Fig. 5.1) that at 90 0C maximal value PC is observed in 5 h from experiment beginning, in 
interval 7-24 h it is established the steady-state as and in the presence ferric hydroxide sludge. 


Kinetics of the stationary state establishing at temperature reducing is some changing. At 30 oC 
(pH 5) the volatile iodine forms release in interval 2-24 h is not almost changing, only the small 
increasing of release is observed to 24 h (Fig.5.2). At 60 oC b pH 5 the iodine behavior during one day is 
instable, the volatile iodine forms release is varied from <0.09% to 0.43 (Fig.5.2, especially in the period 
2-7 h (on Fig. the average magnitudes of iodine release are presented). At pH 7 the variation of I2 release 
is observed too. 


Further the experiments on iodide ion thermal oxidation (in the absence of irradiation) were 
produced during 24 h with sampling of gas phase in 5 and 24 h from experiment beginning. 


A set of experiments was carried out with introducing of hydrazine into solution at initial 
experiment for deoxygenating of water medium. Introduction of N2H4 is increased pH and decreased the 
red-ox-potential of aqueous solution. Chemistry of primary water coolant of VVER reactor is required 
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deoxygenating by hydrazine all the water solutions of system SACD introducing for cooling core at 
accidents conditions. Solution of sprinkler system contains hydrazine so. Therefore it is necessary to have 
the experimental data on effect of hydrazine on volatile iodine compounds formation and iodine partition 
coefficient. 
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Figure 5.1 – Kinetics of volatile iodine form release in gas phase (mass.%) at 90 oC in the presence 


of FeOOH (1 g/dm3) and in its absent 
Concentration CsI- 10-4 mol/dm3; рН=~5; 90 0C; Н3ВО3 – 0.16 mol/dm3 
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Figure 5.2 – Kinetics of volatile iodine form release in gas phase (mass.%) at 30 oC (pH 5) and 60oC 


(pH 5.7) in the presence of FeOOH (1 g/dm3) (60 oC) and in its absent (30, 60 oC) 
Concentration CsI- 10-4 mol/dm3; Н3ВО3 – 0.16 mol/dm3 


 
In two experiments for simulation effect of water radiolysis products - H2O2 was introduced into 


solution. 
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A number of experiments were performed at iodide ion concentrations in the water phase 10-5 and 
10-3 mol/dm3 for estimation of I−-ion concentration impact on volatile iodine forms yield. 


For estimation of reliability detection of gaseous iodine yield into gas phase and influence of 
comparable concentration of I2 in water phase on iodide ion thermal oxidation some experiments have 
been fulfilled with solution containing ~1.6⋅10-4 mol/dm3 I− + (0.7-1.2)⋅10-5 mol/dm3 I2. 


In some tests it has been performed the several (2-4) parallel experiments and proved a good 
accuracy of results. Magnitudes of I2 steady-state concentration in the gas phase and iodine PC have good 
convergence. The relative error these magnitudes determinations is ±10-12%.  


Under gamma-irradiation two experiments have been fulfilled in argon atmosphere, all the others 
– in air atmosphere. 


 
5.2 Experimental researches of iodine ion thermal oxidation in water phase 


 
Results of experimental researches of iodide ion thermal oxidation in water phase and the role of 


parameters affecting iodine volatility: pH, temperature and impurities, including FeOOH, are presented in 
table 5.1. 


It is compare experimental magnitudes of I2 concentrations in gas phase and calculating 
magnitudes I2 concentrations in water solution at exposition during 24 h: 


Temperature oC               30                      60                                90 
[I2]g  pH 5                    2.2⋅10-7              1.0⋅10-7                        2.5⋅10-7 mol/dm3 
[I2]g  pH 7                    1.2⋅10-7              4.3⋅10-8                        1.8⋅10-7 mol/dm3 
[I2]aq pH 5                    1.6⋅10-5              2.0⋅10-6                        2.5⋅10-6 mol/dm3 
At iodide ion concentration 10-4 mol/dm3 and рН~5 the yield of volatile iodine forms in the gas 


phase in interval temperature 30-90 oC some decreases in time 5-24 h (Fig.5.3). At the presence of 
FeOOH at 60-90 oC the reducing of I2 release is observed too, but the more noticeable – in 2.5 times. 
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Figure 5.3 – Volatile iodine forms yield in gas phase (%) as a function from time and temperature 


(in the absence of irradiation) [I−]aq=10-4 mol/dm3, рН~5 
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Table 5.1- Results of experimental investigations on impact of pH, temperature and presence of sludge FeOOH in aqueous phase on iodide ion 
thermal oxidation and volatile iodine forms yield in gas phase (tests I6-4 and I6-5) at iodide ion concentration ~10-4 mol/dm3*). (Concentration 
Н3ВО3 – 10 g/dm3) 


Parameters of aqueous phase Iodine in gas phase 
№ 


exp.  Т, oC 


FeOOH 
concentra-


tion, 
g/dm3 


рНinit/рНfin 
Eh init/Eh fin, 


mV 
[I−]init⋅104, mol/dm3, 


(mg/dm3) 


[I−] fin·104, 
mol/dm3, 
(mg/dm3) 


Iodine 
yield, μg 


Iodine 
yield, %


[I2]g·107, 
mol/dm3


PC 
iodine 


[I2]aq (calcul.), 
х106, mol/dm3 Note 


1 2 3 4 5 6 7 8 9 10 11 12 13 
5 h     90 0,82 3,2 170 6,4 1 60±3 0 5,08/5,04 +346/+436 1,10 


(13,7) 
1,00 


(12,7) 24 h   31 0,23 1,0 490 2,0 
Iodine balance 96,7% 


1,60±0,025 1,54 5 h     69 0,42 2,26 350 4,5 2 60±3 0 5,42/5,80 +490/+422 
(20,45±0,32) (19,5 ) 24 h   63,5 0,39 2,1 370 4,2 


Iodine balance 101% 


1,14±0,11 1,05±0,15 5 h     56 0,48 1,8 300 3,6 3 60±3 0 4,83/4,75 +490/+422 
(14,5) (13,34) 24 h   34 0,29 1,1 470 2,2 


Iodine balance 96,2% 


1,00 0,98 5 h    35 0,34 1,1 440 2,3 4 60±3 0 4,83/4,80 +527/+536 
(12,75) (12,4) 24 h  42 0,42 1,4 360 2,8 


 


1,25 1,06 5 h     14 0,10 0,46 1,3⋅103 0,9 5 60±3 1,0 4,83/4,80 +523/+475 
(16,0) (13,5) 24 h   30 0,23 0,98 540 0,2 


Adsorption I- ~70% in 5 h. 
Iodine balance 88,6% 


0,95 0,92 5 h     11 0,12 0,4 1,2·103 0,7 6 60±3 2,0 4,83/4,66 +518/+483 
(12,10) (11,7) 24 h   <10 <0,09 <0,35 ≥3·103 <0,7 


 


1,46 1,46 5 h     130 0,88 4,3 170 8,6 7 60±3 1,0 4,82/4,25 +571/+542 
(18,5) (18,5) 24 h    62 0,42 2,0 365 4,0 


 


1,30 1,20 5 h     36 0,27 1,2 555 2,4 8 60±3 0 6,86/6,86 +565/+452 
(16,5) (15,2) 24 h   45 0,34 1,5 445 2,9 


Iodine balance 92% 


1,10 1,06 5 h     13 0,12 0,4 1,23⋅103 0,9 9 60±3 1,0 6,73/6,70 +448/+477 
(14,0) (13,5) 24 h   92 0,82 3,0 180 6,0 


Oxidation I−-ion. 
Iodine balance 106% 


1,22 ~1,17 5 h     20,5 0,17 0,7 870 4,7 10 30±1 0 4,85/4,90 +467/+445 
(15,5) (14,86) 24 h   69 0,55 2,3 265 17 


- 


1,20 1,15 5 h     77 0,63 2,5 240 19 11 30±1 0 4,83/4,80 +520/+498 
(15,24) (14,30) 24 h   82 0,67 2,7 220 20 


 


1,20 ~1,10 5 h     23 0,19 0,8 756 5,7 12 30±1 0 6,25/6,30 +603/+484 
(15,24 ) (14,00) 24 h   36 0,29 1,2 460 9,0 


Introduce 70 mg/dm3 H2O2 
Iodine balance 107% 


0,95 0,94 5 h     51 0,56 1,9 250 14,2 13 30±1 1,0 4,82/4,80 +546/+515 
(12,06 ) (11,87) 24 h   68 0,65 2,2 210 15 


- 


1,30 ~1,24 5 h     45 0,34 1,5 445 1,9 14 90±3 0 4,79/4,76 +482/+455 
(16,5 ) (15,75 ) 24 h   69 0,52 2,2 290 2,5 


Iodine balance 100% 


1,14 1,10 5 h     89 0,77 2,9 196 3,6 15 90±3 0 4,90/4,80 +510/+535 
(14,5) (13,8) 24 h   70 0,60 2,3 250 2,9 
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Parameters of aqueous phase Iodine in gas phase 
№ 


exp.  Т, oC 


FeOOH 
concentra-


tion, 
g/dm3 


рНinit/рНfin 
Eh init/Eh fin, 


mV 
[I−]init⋅104, mol/dm3, 


(mg/dm3) 


[I−] fin·104, 
mol/dm3, 
(mg/dm3) 


Iodine 
yield, μg 


Iodine 
yield, %


[I2]g·107, 
mol/dm3


PC 
iodine 


[I2]aq (calcul.), 
х106, mol/dm3 Note 


1 2 3 4 5 6 7 8 9 10 11 12 13 
4,80/4,70 +540/+483 1,10 


(14,0) 
0,92 


(11,75) 
5 h    1380
24 h   79 


12,30 
0,71 


45,3 
2,6 


11 
180 


59 
3,4 


16 90±3 1,0 


4,82/4,83 +534/+467 1,00 
(12,7) 


0,95 


(12,06) 
5 h     168 
24 h   83 


1,70 
0,82 


5,5 
2,7 


88 
176 


8,8 


3,5 


To 5 h [I2]g increase in  
3,5 time; then decrease; 
 balance 92-102% 


1,10 ~1,05 5 h     50 0,37 1,65 340 2,2 17 90±3 0 6,77/6,76 +435/+380 
(14,25) (13,34 ) 24 h   54 0,40 1,8 296 2,3 


Iodine balance 98% 


1,00 0,98 5 h     115 1,10 3,8 130 4,9 18 90±3 1,0 6,83/6,86 +404/+497 
(12,95) (12,4 ) 24 h   54 0,52 1,76 280 2,3 


At first [I2]g  
increase in 2 time; then 
decrease; balance 101% 


5 h     217 0,97 7,1 120 19 60±3 0 5,20/5,17 +690/+638 [I−]=1,575 +[I2]=0,09 
ΣI=1,80 
(22,28) 


Σ[I−]в = 
(2,16±0,4); 


по I−-электроду 
1,80 


24 h   69 0,31 2,2 400 
Extracted 


[I2]aq(init) = 
2,28 mg/dm3; 


(fin)~0 
[I2]aq (calc.)= 


(1,4-0,44)⋅10-5 


Introduce   
I2 (2,28 mg) 
PC (I2) = 14,6 
Iodine balance 101% 


5 h   140 0,78 4,6 185 20 60±3 0 6,84/6,85 +690/+384 [I−]=1,61 


+[I2]=0,07 


ΣI=1,75 
(22,27) 


Σ[I−]в = 1,65; 
(21,0 ) 


по I−-электроду 
– 1,70 


24 h  20 0,11 6,6 1,25⋅103
Extracted 


[I2]aq(init) = 
1,78 mg/dm3; 


(fin)~0 
[I2]aq (calc.)= 
(1,3-9)⋅10-6 


Introduce   
I2 (1,78 mg) 
PC (I2) = 15,3  
Iodine balance 96% 


5 h     140 0,82 4,6 180 21 60±3 1,0 4,82/4,70 +690/+640 [I−]=1,45 


+[I2]=0,124 


ΣI=1,69 
(21,5 ) 


Σ[I−]в = 1,5; 
(19,0 ) 


по I−-электроду 
– 1,45 


24 h   66 0,38 2,15 395 
Extracted 


[I2]aq(init) = 
3,15 mg/dm3; 


(fin)~0 
[I2]aq (calc.)= 
(4,3-9)⋅10-5 


Introduce   
I2 (3,15 mg) 
PC (I2) = 26,8 
Iodine balance 94% 


5 h     88 9,60 2,9 15 22 30 0 6,18/6,20 +283/+263 0,09 
(1,14) 


0,084 
(1,07 ) 24 h   62 6,80 2,0 21 


- 16 g/dm3 Н3ВО3 
15 mg КOH + 30 mg  
N2H4  / 1dm3 


5 h     127 11,40 4,2 13 - 23 30 0 7,24/7,24 +378/+443 0,11 
(1,40) 


0,105 
(1,34 ) 24 h   14 1,24 0,46 115 3,4 


12 g/dm3 Н3ВО3 
26 mg КOH 


5 h     138 15,00 4,5 9,6 9,0 24 60±5 0 6,46/6,40 +164/+125 0,09 
(1,14) 


0,085 
(1,08) 24 h   73 8,00 2,4 18 4,8 


16 g/dm3 Н3ВО3 
75 mg N2H4 


5 h     96 10,50 3,2 14 4,1 25 90±5 0 4,43/4,40 +727/+467 0,09 
(1,14) 


0,086 
(1,09) 24 h   102 11,20 3,4 13 


 
4,4 


1,6% Н3ВО3 + 
 70 мг H2O2 
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Parameters of aqueous phase Iodine in gas phase 
№ 


exp.  Т, oC 


FeOOH 
concentra-


tion, 
g/dm3 


рНinit/рНfin 
Eh init/Eh fin, 


mV 
[I−]init⋅104, mol/dm3, 


(mg/dm3) 


[I−] fin·104, 
mol/dm3, 
(mg/dm3) 


Iodine 
yield, μg 


Iodine 
yield, %


[I2]g·107, 
mol/dm3


PC 
iodine 


[I2]aq (calcul.), 
х106, mol/dm3 Note 


1 2 3 4 5 6 7 8 9 10 11 12 13 
4 h     1,8  1,20 0,3 230 26* 120±3 0 7,10/6,43 +74/+264 0,114 


(1,45) 
0,123 


V=84cm3; 
ΣI− = 131 μg 


    
[I2]aq =1,9 12 g/dm3 Н3ВО3 


90 mg/dm3 N2H4.  
Condensate 10cm3; [I]~0 
Iodine balance 95% 
 


5 ч     12 8,40 1,9 28 1,3 27** 120±3 0 6,40/6,40 +313/+465 0,115 
(1,46) 


0,13 
V=82 cm3; 
ΣI− = 133 μg   


(0,105) 
V=100 cm3 


     
12 g/dm3 Н3ВО3 
Condensate 11 ml 
[I2]aq = 3 mkg 


5 ч     91 0,10 3,0 1,4⋅103 6,0 28 60±5 0 7,10/8,40 +19/+86 8,70 
(110) 


8,60 
(109) 24 ч   32 0,04 1,0 4,1⋅103 2,0 


90 mg/dm3 N2H4 


5 ч     125 0,14 4,0 1,0⋅103 8,0 29 90±5 0 8,46/8,40 -49/+23 8,70 
(110) 


8,70 
(110) 24 ч   42 0,05 1,3 3,2⋅103 2,6 


90 mg/dm3 N2H4 


5 ч     38 0,05 1,1 3,5⋅103 2,2 30 90±5 0 7,80/7,70 -26/+18 8,70 
(110) 


8,0 
(102)      


90 mg/dm3 N2H4 
16 g/dm3 Н3ВО3 


 
*) Autoclave from Teflon. Vaq=0.8 dm3; Vg=1.2 dm3; sampling of gas phase – on 100 cm3. 
**) Stainless steel. Vaq=0.1 dm3; Vg=0.26 dm3. 
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At рН near 7 in the temperature interval 30-90 oC gaseous iodine forms yield practical is not changed 
in time (until 1 day) (Fig.5.4). 


In the researched diapason of temperatures volatile iodine forms yield is reduced at the raise рН from 
5 to ~7 (Fig.5.5): at 30 oC and 90 oC – in 1.4-2 times, but at 60 oC – it is almost not changing. In most cases 
the most high iodine discharge in gas phase is observed at 90 oC. 


The different character the temporal variation of volatile iodine forms yield as function from рН and 
temperature is explained, evidently, the changing of iodine thermal oxidation rate with temperature increase 
from 30 to 90 oC (Fig.5.6). Decrease the rate of gaseous iodine forms formation at рН raise to 7-10 is well-
known fact [11,12,14-16,22,25]. Temperature influence is not so simple, earlier it is noticed the presence of 
maximum of iodine volatility in the range 80-90 oC (350-360 К) [12]. Our data are shown on minimum of 
iodine volatility at 60 oC (pH 5) to 24 h exposition. 


Unlinear character of temperature dependence of iodine volatility may be explained of the of I2 
hydrolysis process in water medium, increasing with temperature rise, and the reduction of oxidized iodine 
form (I2) solubility in water with temperature rise. Therefore the stationary concentration [I2]aq in water 
phase should decrease with temperature rise. The stationary I2 concentration in gas phase, [I2]g,  is in the 
equilibrium with oxidized iodine forms in water phase in according with PC(I2), reducing with the 
temperature rise. 
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Figure 5.4 – Volatile iodine forms yield in gas phase (%) as function from time and temperature (at 


the absence of irradiation) [I−]aq=10-4 mol/dm3, рН~7 
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Figure 5.5 – Dependence from рН volatile iodine forms yield in gas phase (%) (at the absence of 


irradiation) [I−]aq=10-4 mol/dm3, τ=24 h 
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Figure 5.6 – Temperature dependence of the volatile iodine forms release during 5 and 24 h. 


[I−]aq=10-4 mol/dm3, рН~5 
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On base of data from [12] and others it was proposed the empirical formula for  [I2]aq calculation as 
function from рН, temperature and iodide ion concentration [26]: 


{ } С в - Т  ,)6,4pH(016,0exp)T105,446,3exp(]I[10][I о3324
в


4
в2 −−⋅−= −−−   (12) 


This equation is correct in range рН=3-6; [I−]aq=10-3-10-6 mol/dm3; Т=20-100 oC. 
On the other hand, it is known PC magnitudes for I2 at 20-140 oC experimental obtained [8,27], from 


PC values may be calculated either [I2]g, or [I2]aq, if one from these magnitude is known: 
КР(I2)=[I2]в/[I2]г   ([I2] – в mol/dm3) 
Comparison of calculated and experimental data is presented in tab.5.2. 


Таблица 5.2 – Experimental and calculated magnitudes of I2 concentration in water and gas phase 
(mol/dm3) in temperature interval 30-90 oC at thermal oxidation of iodide ion ([I−]aq=10-4 mol/dm3; 
τ=24 h) 


[I2]g experimental [I2]aq calculated from PC(I2) [I2]aqcalcul. from (9) Т, oC PC (I2) рН 5 рН~7 рН 5   


30 75 (2.50±0.25)⋅10-7 12⋅10-7 
(рН 6.3) 1.7⋅10-5 9.0⋅10-6 1.75⋅10-5 


60 20 (1.40±0.35)⋅10-7 1.46⋅10-7 (2.0±0.8)⋅10-6 (2.1±0.8)⋅10-6 (4.8±0.8)⋅10-6 
90 12-13 (2.30±0.05)⋅10-7 1.8⋅10-7 (2.87±0.63)⋅10-6 2.25⋅10-6 1.9⋅10-6 


 
Obviously, the small minimum of I2 concentration in gas and water phase at 60 oC is present. Values 


of [I2]aq from PC and formula (12) are equal at 30 and 90oC in the error limits, i.e. I2 concentrations under 
irradiation and in its absent may be equal. But the magnitudes of [I2]aq at 60o under irradiation are higher   in 
2 times. The cause of this thermal iodine behavior might be the catalyzed action of impurities in water 
medium or inadequate of iodine analysis methods. 


During iodide thermal oxidation in solution contained 1.6⋅10-4 mol/dm3 I−-ion and 0.9⋅10-5 mol/dm3 I2 
(2I2:I−=1:10) in 5 h at 60 oC and рН 5-7 0.8-1% introduced I2 is released in gas phase. PC of molecular 
iodine is equal ~13. To 24 h I2 yield in gas phase is reduced to 0.3-0.1%. At the same time  I−-ion 
concentration in water phase increase to 1.8⋅10-4 mol/dm3. Besides, at extraction by CHCl3 from initial 
solution sample it was been extracted ~99% of introduced I2, but after ending of experiment I2 was been not 
extracted from solution. 


In analogous conditions from 10-3 mol/dm3 I−-ion + 10-4 mol/dm3 I2, with H2O2 addition and then 
dilution in 103 times it has been extracted 0,1% I2 instead of waited 10%. The ability I2 to extract reduces 
with its concentration decrease [27]. The main cause of reduce of extracted iodine concentration is 
considered  I2 the hydrolysis in water solution. 


At elevated temperatures hydrolysis is occurred with the more high rate, therefore in 24 h practically 
all of introduced I2 undergoes conversion to I−, a magnitude of I2 yield in gas phase is approximated to the 
stationary values  – near 2⋅10-7 mol/dm3 at рН 5 and ~6⋅10-8 mol/dm3 at рН 7 (60 oC). 
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It is necessary note, that in the presence of I2 red-ox potential of solution is raised to  +690 mV,  from 
PC calculation on the magnitude of red-ox potential at рН 5 iodine PC must be near 400 (at 90-100 oC), at 
рН 7 – near 103 [28], that is in conformity with experimental data. 


Accounting good convergence results of the iodine yield magnitudes in gas phase, [I2]g, and PC with 
it magnitudes in the absence of additional I2 (at the same pH and temperature) may suppose that it is proved 
adequacy of used methods  of iodine determination in gas and water phases. 


Effect of the FeOOH presence in water phase on iodine volatility is depended from pH and 
temperature. So at 30o and pH 5 ferric hydroxide sludge is not influence practically on iodine volatility. At 
60o and pH 5 in 5 h volatile iodine forms release is increased to 0.9%, but then it sharp reduces and further 
approximates up to stationary magnitude (Fig.5.1, 5.3, 5.4). At pH 7 it is observed slow raise volatile iodine 
forms release in time. Obviously, it is proceeded iodide ions oxidation on reaction with Fe(III), but oxidation 
process is unstable or it competes with adsorption process as in some experiments iodide volatility reduce 
observes in the presence of FeOOH. At 90o at first gaseous iodine yield is increased in 3 times in comparison 
with thermal process, but to 24 h I2 yield is approached to constant value. So, iodide-ion adsorption on 
FeOOH (at its concentration 1 g/l) is absent practically or is reversible. At raise of temperature ≥60 оC it is 
prevailed the process of iodide-ion oxidation by ions Fe(III) and iodide volatility increase; probably 
oxidation is heterogeneous process. But the raise FeOOH concentration to 2 g/l is reduced essential iodine 
volatility during 24 h at 60º. So, in the absence of irradiation the lowering of iodine volatility in the presence 
of sludge FeOOH may be at T≤ 60 oC  if FeOOH concentration is higher 1 g/l. 


At iodide-ion concentration 10-3 mol/dm3 in water medium the relative release of gaseous iodine form 
in gas phase is nearly one order of magnitude lower at comparing with [I−]aq= 10-4 mol/dm3, but magnitudes 
of steady-state I2 concentration in gas phase is compared; according values PC is one order of magnitude 
higher.  


At iodide-ion concentration 10-5 mol/dm3 PC value is one order of magnitude lower than at 
concentration 10-4 mol/dm3, according the relative iodine release increased 5-20 times. 


So, character of temperature and concentration dependence of volatile iodine forms release at iodide-
ion thermal oxidation and PC magnitudes is in conformity with the according dependencies under gamma-
irradiation [12]. 


Hydrazine addition affect on iodine volatility is dissimilar: mainly in the presence hydrazine volatile 
iodine form release is decreased but in some experiments is observed the increase its yield. 


Hydrazine is the strong reducing agent and must reduce I2 to I− in low-acidic mediums and decrease 
iodine volatility under irradiation and thermal oxidation. But under irradiation is observed moderate increase 
of iodine volatility [25]. It is supposed that hydrazine reduce the concentration of О2


− ion – the reducing 
agent for  I2, removal of О2


− lead to the raise of stationary [I2]g. Hydrazine under irradiation is decomposed 
and it influence on iodine volatility is temporary. Obviously, similar phenomenon’s may be observed and in 
thermal processes. 


Iodine mass balance in the thermal processes in average is 98±4%. 
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Aerosols fraction at the sampling of gas phase is not exceeded 0.3% at [I−]aq=10-4 mol/dm3, 5% at 
[I−]aq=10-4 mol/dm3 from introduced iodine mass. 


 
5.3 Experimental investigation of iodine volatility under gamma-irradiation 


 
Now experimental results obtained at gamma-irradiation two-phase system in the presence and in the 


absence impurities and ferric hydroxide sludge will be considered (table 5.3). 
In argon atmosphere at 60o and pH 5, iodide-ion concentration 10-4 mol/dm3, pH 5 and under γ-


irradiation the presence FeOOH don’t influence on volatile iodine forms yield, it is remained low – on the 


level 0.015% (on analysis by method IMS). Irradiation in air atmosphere at the room temperature ( and in the 


presence FeOOH) is lead to more high yield of gaseous iodine. 


In air atmosphere at 60oC is observed slight lowering of volatile iodine forms yield at the presence of 


sludge FeOOH in water phase (on data as method IMS, as and from Δ[I-]aq – on 8% an average). Actual 


magnitudes of I2 yield, concentrations [I2]g and PC, obtained by two method of analysis, is different more 


500 times. The more prolonged irradiation at 60o (15 h, to integral dose 14 kGy) is lead to essential lowering 


of iodide-ion concentration in water phase but method IMS was shown the absence of I2 in gas phase. At the 


same time in water phase in the all set of experiments ion IO3
- was not discovered, its concentration is lower 


than determination limit (<50 μg/dm3). In gas phase the other volatile iodine forms (CH3I, HI), except I2, so 


was not find. But it is discovered the signs of corrosion on aluminum liner and on surfaces of autoclave. This 


is indicate on the one hand on probability of gas phase leakages, on the other – on the loss of forming I2 on 


reaction with aluminum and steel. Undoubtedly in this test in the autoclave was presented source of 


continuous linkage (or lead away) of forming I2 that was lead to noticeable displacement process of 


radiolytical oxidation of iodide-ion at limited volume  and iodide-ion mass in water phase (380 μg). Probable 


source is iodine corrosion of stainless steel lead to conversion of I2 to I− and formation of black oxidized film 


on the internal surface of autoclave. 


In the presence of FeOOH this effect is reduced in 2 times, probably owing to competitive process – 
partial adsorption of iodide-ion by sludge (to 25%). 


For the determination of nature of observed processes 5 experiments have been fulfilled with the 
prolonged irradiation (10-12 h) at 60 oC and pH 4-8 in the presence of FeOOH and in its absent (pp.8-12 
Table 5.3). At pH 4 in the presence of FeOOH the volatile iodine forms release achieves 0.16-0.36%, the 
results discrepancy is in 2.25 times. The measuring of [I2]g have been produced by method IMS with 
sampling from hot and cooled ampoules accordingly. Iodide concentration during experiment was reduced in 
2.5 times and this result is similar to result of experiment on p.6 but it is sharp distinguished from magnitude 
of iodine release in gas phase that is shown on the leakage probability from ampoule in experiment 6. 
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Table 5.3 – Results of experimental investigation of volatile iodine compounds formation and their yield in gas phase under γ-irradiation in 
function from temperature and рН water medium, the presence of sludge’s FeOOH*) 


 


Parameters of water phase Iodine in gas phase 
№ 


exp. № test Т, oC 


Parameters 
of γ-


irradiation 
(D, τ, J) 


Mass 
FeOOH, 


g/dm3 рНinit/рНfin
Eh init/Eh fin, 


mV 


[I−]init⋅104 
mol/dm3; 
(mg/dm3) 


[I−]fin⋅104 
mol/dm3; 
(mg/dm3) 


Σ iodine 
yield, μg 


Iodine 
yield, 


% 
[I2]g, mol/dm3


PC 
iodine


[I2]aq 
(calcul.), 
mol/dm3 


Note 


1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 
1,20 0,015 4,5⋅10-9 1,3⋅104 9⋅10-8 1** I6-B1 60±3 0,928 kGy/h 


4 h 
J=3,7 kGr 


1,0 4,90/4,80 +446/+651 
(15,24) - 


100 ppb 
(0,057 μg)  (1,15 μg/dm3)   


Atmosphere argon 


1,20 0,015 4,5⋅10-9 1,3⋅104 9⋅10-8 2** I6-B1 60±3 0,928 kGy/h 
4 h 


J=3,7 kGy 


0 4,95/4,83 +451ppb/+656
(15,4) - 


100 ppb 
 (1,15 μg/dm3)   


Atmosphere argon 


0,03 9⋅10-9 
(2,3 μg/dm3) 


5,7⋅103 1,8⋅10-7 3 I6-1 60±3 0,928 kGy/h 
4 h 


J=3,7 kGy 


0 4,94/4,80 +446/+650 1,20 
(15,24 ) 


1,00 
(12,94) 


200 ppb; on 
Δ[I−]= 57 


μg 15,0 4,5⋅10-6 12 8,6⋅10-5 


 


0,027 8⋅10-9 
(2,0 μg/dm3) 


6,4⋅103 1,6⋅10-7 4 I6-1 
I6-B2 


60±3 0,928 kGy/h 
4 h 


J=3,7 kGy 


1,0 4,89/4,84 +442/+660 1,20 
(15,24) 


1,00 


(13,08) 
180 ppb; по 
Δ[I−]= 54 


μg 14 4,2⋅10-6 13 8,4⋅10-5 


 


5 I6-1 60±3 0,928 kGy/h 
4 h 


J=3,7 kGy 


0 4,90/4,90 +376/+650 1,44 


(18,3) 
0,90 


(11,6±3,5 ) 
70 ppb;   0,008 3⋅10-9 


(0,76 μg/dm3)
1,5⋅104 6⋅10-8 


-
Solution on water 


"Р" 


1,17 0,30 - <9⋅10-10 >8⋅104 - 6 I6-1 60±3 0,928 kGy/h 
15 h 


J=14 kGy 


0 4,92/4,82 +451/+691 
(14,9) (3,8 ) 


<20 ppb; on 
Δ[I−]= 277 


μg 
74 2,2⋅10-5 2,7-1,7 - 


Corrosion of steel 
and Al liner; it 
may be leakage 


1,65 1,26 - <9⋅10-10 >8⋅104 - 7 I6-1 60±3 0,928 kGy/h 
15 h 


J=14 kGy 


1,0 4,96/4,84 +451/+676 
(20,9) (16) 


<20 ppb; on 
Δ[I−]= 123 


μg 
23 9,7⋅10-6 7,5 - 


It may be leakage 
or adsorption 
iodide on FeOOH 


1,32 0,51 0,16 
0,36 


5,35·10-8 
1,18·10-7 


855 
390 


- 8 I6-3 60±3 0,928 kGy/h 
10-12 h 
J=9,3-11 


kGy 


1,0 3,9/3,9 +360/+415 


(16,8) (6,5) 


1200 ppbа 
2650 ppbб 
(0,7-1,5 
μg); 


onΔ[I−]=257 
μg 


61 2,0·10-5 2,3 - 


It may be leakage 
or adsorption 
iodide on FeOOH 


1,32 1,31 0,023 
0,034 


7,6·10-9 
1,1·10-8 


8,6·103


5,9·103
- 9 I6-3 60±3 0,928 kGy/h 


10-12 h 
J=9,3-11 


kGy 


1,0 6,8/6,9 +335/+235 


(16,8) (16,5) 


170 ppbа 
250ppbб 


0,12 μg  
on Δ[I−]=7,5 


μg 
 


0,45 5,9·10-7 110 - 


It may be leakage 
or adsorption 
iodide on FeOOH 
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Parameters of water phase Iodine in gas phase 
№ 


exp. № test Т, oC 


Parameters 
of γ-


irradiation 
(D, τ, J) 


Mass 
FeOOH, 


g/dm3 рНinit/рНfin
Eh init/Eh fin, 


mV 


[I−]init⋅104 
mol/dm3; 
(mg/dm3) 


[I−]fin⋅104 
mol/dm3; 
(mg/dm3) 


Σ iodine 
yield, μg 


Iodine 
yield, 


% 
[I2]g, mol/dm3


PC 
iodine


[I2]aq 
(calcul.), 
mol/dm3 


Note 


1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 
<0,004 <9·10-10 >5·104 - 10 I6-3 60±3 0,928 kGy/h 


10-12 h 
J=9,3-11 


kGy 


1.0 8,1/8,1 +305/+185 1,10 
(14,0) 


0,71 
(9,0) 


<20 ppb 
<0,01 μg on 
Δ[I−]=125 


μg 


35,7 9,8·10-6 4,5 - 
It may be leakage 
or adsorption 
iodide on FeOOH 


<0,004 <9·10-10 >7·104 - 11 I6-3 60±3 0,928 kGy/h 
10-12 h 
J=9,3-11 


kGy 


0 6,9/6,9 +310/+275 1,24 
(15,8) 


1,15 
(14,6) 


<20 ppb 
<0,01μg 


onΔ[I−]=30 
μg 


7,6 2,4·10-6 25 - 
It may be leakage 
or adsorption 
iodide on FeOOH 


<0,004 <9·10-10 >5·104 - 12 I6-3 60±3 0,928 kGy/h 
10-12 h 
J=9,3-11 


kGy 


0 8,1/8,1 +340/+295 1,28 
(16,2) 


1,10 
(14,0) 


<20 ppb 
<0,01μg 


onΔ[I−]=55 
μg 


13,5 4,3·10-6 14 - 
It may be leakage 
or adsorption 
iodide on FeOOH 


<0,004 <9·10-10 >5·104 - 13 I6-3 60±3 0,928 kGy/h 
10-12 h 
J=9,3-11 


kGy 


1.0 5,0/5,0 +350/+335 0,16 
(2,0) 


0,13 
(1,70) 


<20 ppb 
<0,01μg 


onΔ[I−]=7,5 
μg 


15 6·10-7 12 - 
It may be leakage 
or adsorption 
iodide on FeOOH 


<0,004 <9·10-10 >5·104 - 14 I6-3 60±3 0,928 kGy/h 
10-12 h 
J=9,3-11 


kGy 
 


2,5 5,0/5,0 +350/+295 0,13 
(1,60) 


0,08 
(0,98) 


<20 ppb 
<0,01μg 


onΔ[I−]=15 
μg 


46 1,2·10-6 4,2 - 
It may be leakage 
or adsorption 
iodide on FeOOH 


0,15 4,5⋅10-8 
(11 μg/dm3) 


1,3⋅103 5,8⋅10-7 15 I6-2 95±3 0,928 kGy/h 
4 h 


J=3,7 kGy 
 


0 4,95/4,81 +451/+681 1,20 
(15,37) 


1,14 
(14,42) 


1000 ppb; 
on Δ[I−]= 24 


6,1 1,9⋅10-6 32 2,4⋅10-5 


 


0,015 4,5⋅10-9 
(1,2 μg/dm3) 


1,3⋅104 5,8⋅10-8 16 I6-2 95±3 0,928 kGy/h 
4 h 


J=3,7 kGy 
 


1,0 4,98/4,79 +451/+686 1,20 
(15,24) 


0,90 
(11,8) 


100 ppb; on 
Δ[I−]= 86 


μg 22,5 6,7⋅10-6 ~7-8 3,7⋅10-5 


 


1,20  0,0045 1,4⋅10-9 4,4⋅104 9,5⋅10-8 17 I6-2 18±2 0,928 kGy/h 
4 h 


J=3,7 kGy 
 


1,0 4,93/4,89 +446/+631 
(15,24) - 


30 ppb 
    


 


1,17   <9⋅10-10 >8⋅104  18 I6-2 18±2 0,928 kGy/h 
4 h 


J=3,7 kGy 
 


0 4,92/4,87 +446/+650 
(14,9) - 


<20 ppb 
-   - 
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Parameters of water phase Iodine in gas phase 
№ 


exp. № test Т, oC 


Parameters 
of γ-


irradiation 
(D, τ, J) 


Mass 
FeOOH, 


g/dm3 рНinit/рНfin
Eh init/Eh fin, 


mV 


[I−]init⋅104 
mol/dm3; 
(mg/dm3) 


[I−]fin⋅104 
mol/dm3; 
(mg/dm3) 


Σ iodine 
yield, μg 


Iodine 
yield, 


% 
[I2]g, mol/dm3


PC 
iodine


[I2]aq 
(calcul.), 
mol/dm3 


Note 


1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 
- <9⋅10-10 >8⋅104 - 19 I6-3 60±3 D=0,928  


3 h 
J=2,8  


0 6,4/6,3 +66/+120 1,45 
(18,3) 


1,36 
(17,3) 


<20 ppb; по 
Δ[I−]= 25 
мкг 


0,055 2⋅10-6 34 4⋅10-5 
In water 
introduced 
N2Н4init=13 
mg/dm3; N2Н4fin=8 
mg/dm3 


0,15 13,0 3,3⋅10-7 28 2,3⋅10-6 20** I6-2 120±3 D=0,98  
2 h 9 min 


J=2  


0 5,50/5,35 +528/+475 
(1,84) 


0,19 
V=67 Cм3 
(160 μg) 


22 
  (25)  


Condensate 8 cm3, 
[I]~0,7 μg 
(~6⋅10-7 mol/dm3) 


0,11 7,6 1,5⋅10-7 52 1,0⋅10-6 21** I6-2 120±3 D=0,928  
2 h 9 min 


J=2  


1,0 5,72/5,61 +493/+426 
(1,43) 


0,16 
V=65 Cм3 
(130 μg) 


10 
  (45)  


Condensate 22 
cm3, [I]~0,05 μg  
(2,0⋅10-8 mol/dm3) 


0,12 8,4 1,9⋅10-7 34 1,3⋅10-6 22** I6-2 120±3 In absence 
of irradiation 


0 6,40/6,39 +313/+465 
(1,46) 


0,13 


V=82 Cм3 


(133 μg) 


12 
  (32)  


Condensate 11 
cm3, [I]~3 μg 
(2,0⋅10-6 mol/dm3) 


0,08 8,2 1,3⋅10-7 31 6,5⋅10-7 23** I6-2 149±4 In absence 
of irradiation 


0 5,49/5,66 +491/+466 
(1,02) 


0,08 
(1,02 ) 


8 
    


 


0,9 76 1,3⋅10-5 0,85 - 24** I6-2 149±4 D=0,98  
2 h 9 min 


J=2  


0 5,53/5,63 +368/+368 
(11,43) 


0,21 
V=40 cm3 


0,963 mg Fe 


868 
    


Condensate 57 
cm3, [I]=171 μg 
(2,3⋅10-5 mol/dm3) 
[Fe]=2,52 mg 


0,9 2,1 3,6⋅10-7 103±22 1,8⋅10-6 25** I6-2 149±4 D=0,98  
2 h 9 min 


J=2  


1,0 4,88/3,83 +367/+363 
(11,43) 


0,58 
V=43 cm3 


(7,40) 


24 
    


 


 
*) Experiments on p.p.1-19 are carried out in autoclave from stainless steel, volume 75 cm3 (Vaq=25 cm3, Vg=50 cm3) 


  Experiments on p.p.20-25 are carried out in autoclave from stainless steel, volume  360 cm3 (Vaq=100 cm3, Vg=260 cm3). 
**) In all tests, except p.p.1 and 2, autoclave atmosphere – air. 
а) Sampling and measuring are produced at elevated temperature of ampoules for irradiation. 
б) Sampling and measuring are produced at room temperature of ampoules for irradiation. 
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At pH~7 the volatile iodine forms release is higher in the presence of FeOOH then in its absent, and it 
is compared with release at pH 5. At pH~8 iodine release is absent practical as in the presence of FeOOH so 
and in its absent. 


Analogous result is observed and in the experiments with iodine concentration in the solution equial 
10-5 mol/dm3. 


At 95о (pH 5) in comparison with analogous experiment on duration at 60о (4 h) yield I2 is increased 
on data of analysis by method IMS, but is decreased – on calculation from Δ[I-]aq . Result of test in the 
presence FeOOH at 95о is indefinite so: on method IMS is observed the lowering of yield I2 in 10 times; 
according with Δ[I−]aq – increase of yield I2 in 3.5 times. Uncertainty results is attributed  the high relative 
mistake determination of  iodine concentration in gas phase, and error of [I−]aq determination (± 25%), so 
that the relative mistake determination Δ[I−]aq is closed on value to determinating magnitude.  


For elucidation of nature processes occurring at prolonged irradiation  it is expediently considere the 
probable iodine interaction with steel [29], and so it is attracted the alternative methods estimation molecular 
iodine concentration in gas and water phases and partition coefficient magnitudes on base of the functional 
dependencies from a set parameters: pH, temperature, iodide ion concentration, red-ox potential and other. 
[20,26,28]. In water medium the magnitudes of constants of iodine rate conversion I2→I− in the process of 
interaction with steel [29], kC, in m/s: 


50 oC  (2.8±0.3)⋅10-8 
90 oC  (7.5±2.2)⋅10-7 
140 oC  1.3⋅10-5÷3.3⋅10-5 
In steam-gas medium, kк,  m/s: 130-160 oC  (1.4-1.3)⋅10-3. 
Calculation of I2 conversion was shown, that at 60 oC conversion of forming I2 in water phase on 


account for deposition and reactions with components of steel (in autoclave with volume 75 cm3 and surface 
area ~100 cm2) may achieve 23% and more. It should be note, that conversion rate I2 (and steel corrosion 
rate) under irradiation may be the more high. 


At the same time, conversion I2 in water phase at 95 oC will not exceed 1%. The rate of conversion I2 
in steam-gas phase is higher on two order of value, but concentration [I2]g is lower on 2-3 order of 
magnitude, and the conversion results of iodine in water and gas phases may be compared. Removal of 
corrosion product off the surface in gas phaseis not always possible, therefore conversion process in gas 
phase is the less reversible. But at [I2]g>10-9 mol/dm3, high air humidity and optimal temperature surface the 
chemical reaction I2 with Fe on steel surface is occurred energetically and is complicated by local corrosion 
(pittings) on the most active defects of surface. 


Processes occurring in autoclave under prolonged irradiation may be present as follows. In water 
phase is generated I2 as result of radiolytical oxidation I- ion. I2 accumulation is limited by it conversion 
owing to processes of hydrolysis and interaction with steel. In gas phase I2 at propitious conditions is 
adsorbed by steel surface and will be reacted with the main steel component – iron with formation FeI2. 
Iodide of iron is hygroscopic and condensed the moist from air. In result of hydratation may be formed 
hydroxy-iodide Fe(OH)I and then Fe(OH)2→FeOOH ( I2 conversion). Hydroxides of 2 and 3-valency iron at 
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elevated temperature are formed the compact oxide film on the stainless steel surfaces as result of 
dehydratation:   


Fe(OH)2 + 2 FeOOH → Fe3O4 + 2 H2O        (13) 
At whole these processes are lead to steel corrosion and formation corrosion film on surface. 
At 150 0C (experiment on p.24) it has been observed an accident with vigorous development  process 


of formation and transferal I2 in gas phase and iodine corrosion of steel surfaces autoclave. On the surfaces 
of the liner in autoclave and the same autoclave are formed  the compact oxide film of black color. Pittings 
and oxide film state changing on the boundary phases are not observed (Fig. 5.7). 


          
   before irradiation     after experiment ending 


Figure 5.7 – Exterior state of the liner in autoclave (steel Cr18Ni10T) after experiment ending 
at 150 oC under irradiation (integral dose 2 kGy); [I-]aq= 10-4 mol/l; pH 5.5 


 
In solution and condensate Fe is present (total quantity 3.5 mg). From mass soluble Fe is calculated 


the minimum corrosion steel rate, which is equal 80-90 mg/(m2·kGy·h). Iodide concentration in solution in 
this experiment decreased in 4.3 times, and the calculated relative value of volatile iodine forms release was 
76%. But during experiment the leakage of steam-gas phase was observed – up to 50 vol.%. In the presence 
FeOOH at the same conditions iodine corrosion was not observed and I2 release was minimum (2.1%).  


Necessary note that removal I2 from gas phase may be occurred and as result of it oxidation by 
radiolysis product of steam and by ozone, forming oxide I2O3 either deposit as aerosol, or modify to soluble  
I4O9 [30-32]. 


It is shown the alternative assessment of I2 concentration in water and gas phases and the iodine 
partition coefficients at experiments  under γ-irradiation. 


From these estimation is followed that magnitudes of I2 concentration in water and gas phases and 
iodine PC calculated from Δ [I−]aq, are not in agreement neither with obtained estimations, nor with results of 
numerous analogous researches. Release I2 is overstate obviously. Therefore for analysis of iodine behavior 
in the presence of sludge these data should not  be used. 
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In general, the changing of iodide concentration in water phase may be the results of several 
processes: oxidation of I−-ion, conversion of generating I2 in water phase (and in gas phase), interaction with 
autoclave surface and with some impurities in solution, mass transfer I2 in gas phase and so on. 
Unfortunately it is impossible distinguish the result of concrete process. 


The results of estimation of iodine volatility by method IMS are not always adequate, possible, not 
only owing to large error measuring, but and in consequence processes leading to linkage or  removing of  I2 
from gas phase. 


In the whole, it may be only qualitative to estimate the influence of FeOOH sludge presence on 
iodine volatility under irradiation. In temperature interval 60-120 oC (pH 5) the presence of FeOOH in water 
medium Cреде is lead to some lowering of yield I2 in gas phase and PC rise: 


60 oC – on 10%; 
95 oC – in 10 times (probably result is overstated); 
120 oC – in 1.7 times. 
Besides, the presence FeOOH can affect on iodine steel corrosion process, inhibiting it. In the 


presence FeOOH I2 yield raise under irradiation it is only in a single experiment observed. For the more 
precise define of FeOOH affect the works must be continued. 


At 120 оC tests have been carried out in autoclave the greater (5 time) volume, analysis have been 
carried out the same methods as at researches of iodide ion thermal oxidation.  "Soft"parameters of water 
phase (iodide-ion concentration 10-5 mol/dm3, рН=5.5-6) were selected, as it was discovered that at 150о and 
concentration I- ion 10-4 mol/dm3 probably the development of iodine corrosion of stainless steel, that make 
difficult the results interpretation. 


At 120о under irradiation  and in its absence it is observed the comparative yields I2 (in the absence of 
irradiation ~ in 1.5 times lower), that is the rates of thermal and radiolytical processes are compared. Release 
I2 at concentration I− ion 10-5 mol/dm3 is higher on the order magnitude then at [I−]aq=10-4 mol/dm3. 
Nevertheless, stationary magnitude [I2]g is not exceed (1.3-3)⋅10-7 mol/dm3. Condensate is not contain 
neither I2, nor I− ion.  In the presence FeOOH release I2 in gas phase is lowering in 1.7 times.  


In experiments with irradiation concentration IO3
− in water mediums was less 50 μg/dm3 (0,3 mass 


%). It is known, that content IO3
− perceptible is decreased with temperature raise [12]; the low yield IO3


− at 
radiolytical oxidation iodide ion (10-4 mol/dm3) and temperature more 60 0C: at 80-100 oC yield IO3


− made 
about 80 μg/dm3 [15]. In water of autoclave with volume 75 cm3 the content IO3


− is not exceed 1-2 μg. 
In experiment with hydrazine addition (p.19) yield I2 in gas phase was not register, hydrazine was 


disintegrated only on 40% during 3 h irradiation. Obviously, in purified water even under irradiation 
disintegration rate  is not great and reducing property of hydrazine is remained. 


Iodine balance in most cases made 80-100%. 
In gas phase after 4 h irradiation CH3I was not discovered. In the first hours irradiation the content of 


iodine-organic compounds is not exceeded 0.1-0.15%, discovery CH3I on level 10-8-10-9 g is difficult. 
Usually alkyl iodides  are accumulated in gas medium over the bounds the first days of irradiation. 
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It is known that gamma-irradiation is increased the generation and release of gaseous iodine at рН<6 
in 102-103 times and is decreased PC owing to iodide-ion radiolytical oxidation in water medium. From 
comparison results of tests under irradiation and in its absence (table 5.1, 5.3) it follows that the release of I2 
and PC are noticeably differenced on value. On iodine analysis results in gas phase by method IMS 
irradiation is lead to raise PC at 60о ~ in 10 times, at 95о – 5 and more times.  


At this iodine partition coefficients at thermal oxidation have sufficiently low magnitudes in 
comparison with some published data obtained with high pure water [11,16], but in the same time they are 
compared on value with the magnitude  iodine PC, presented in [12,17,18]. PC values are depended besides 
pH, temperature, iodine concentration, so from water quality, the presence anionic impurities, metal cations, 
red-ox agents, organic matter. 


Magnitudes PC under irradiation in this work agree with data [14,20,25], but are the greater (in 1-2 
order of magnitude) iodine PC magnitudes in [11,12,18,17,32], where in researches it was used bidistillate. 


The reason of these discrepancies may be the different quality used water, the level of chlorides, 
organic matter, red-ox agents content. 


 
5.4 Impact water quality on iodine volatility 


 
One from reasons the variation of the magnitudes iodine PC can be the different quality of water used 


in tests. For characterization of water quality it is measured its electrical conductivity and determinate 
quantity of anionic impurities. Water type «N», used in tests with irradiation, is prepared by purification of 
reverse osmosis, deionization and purification from organic impurities and intended for ionic 
chromatography. Electrical conductivity this water at once after purification is ≤0,1 μSm/Cm. Impurities 
content is characterized by chromatogram presented on Fig.5.8. Content of chlorides do not exceed 2-3 
μg/dm3. Water type «Р» used in experiments in the absence of irradiation is prepared with help purification 
by distillation with following desalted on ion-changing filters type FMA. Electrical conductivity of fresh 
water is on level ~ 0.3 μSm/cm, impurities content is shown on chromatogram’s (Fig. 5.8). Analysis of water 
quality was produced after 1 day since water sampling; in fresh water chlorides content – 4-5 μg/dm3. 


In experiments both type of water actually have electrical conductivity to 0.6-0.7 μSm/Cm owing to  
CО2 absorption at contact water with air. 


The last method of water preparation is conformed to technology of water preparation on NPP with 
VVER [19]: initial low salted water with content of anionic impurities <5 mg-equiv/kg is purified by 
chemical method desalted in 2-3 stages (on cationite and anionite, then on FMB) or thermical desalting with 
distillate purifying on FMB. Filtrate after FMB has content of salts ≤0.1 mg/kg and electrical conductivity 
0,1 μSm/Cm. This type water is used for the filling up circuits and the refilling loss of water cooling (FMB – 
filter with mixed bed). 
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Figure 5.8 – Content of anionic impurities in water "N" - а) and water "P" - б) 
 
A set of published articles are devoted the investigations on influence some parameters (рН, 


temperature, gamma-irradiation, iodide-ion concentration in water solution) on formation of volatile  species 
and PC of iodine; the solutions were prepared on water high purity "nano pure" [14,16,20]. In solutions 
prepared on water "nano pure" iodine PC  in the absence of irradiation is achieved to magnitude 2⋅103-8⋅106, 
at gamma-irradiation - from (2-3)⋅102 to (1-4)⋅106, that is on ≥ three orders of magnitude  higher then in our 
experiments. But the same level purify of water on NPP it is hard obtained especially in accident conditions.   


In water "N" content of  sulphates – 1-2 μg/dm3, nitrates ~1 μg/dm3. In water "P" content of  nitrates - 
5 μg/dm3, sulphates - 6 μg/dm3, fluorides ≤ 1 μg/dm3. Content of organic impurities in water "P" essential 
higher then in water "N". Under gamma-irradiation this water content of chlorides and sulphates increases 
and anions of organic acids (formiate, acetate, oxalate) generates in solution. So, content of organic carbon in 
water "P" after irradiation make 0.93 mg/dm3, content of oxalate-ion – 30 μg/dm3. If calculate the content of 
organic carbon on acetate-ion, then its content will come 2.3 mg/dm3 or 3.9·10-5 mol/dm3. Chlorides content 
in irradiated water attains 1.4-2.0 mg/dm3 or (3.9-5.6)·10-5 mol/dm3. Accounting the mistakes of 
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determination, chlorides and acetates concentrations in irradiated water are equimolar that is shown on the 
probability of chlorine-organic compounds type RCl (alkyl chlorides) presence in water "P". 


Earlier it was established that chlorine-organic compounds are presence in external sources of water-
supply and in all main stream of secondary    NPP.  Chlorine-organic compounds transfer in steam phase and 
circulate in with the cooling.контуру As result of thermolysis (and radiolysis) chlorine-organic compounds 
become the supplier of chloride-ions. Ion-changing resins of water-preparation and cooling purification 
systems don,t retained of chlorine-organic compounds. Small quantity of chlorine-organics retained in ion-
changing filters has the tendency to suddenly "volley" throwing off. Chlorine-organic content (on chloride) 
in water of secondary NPP WWER varies in range 0-400 μg/dm3.  


Method of chloride content determination in chlorine-organic compounds, developed us early, is in 
following. It is measure of chloride ions content in initial water sample. Then water sample us undergoes 
thermolysis at 300 0C in 2 h in titanium autoclave (or in autoclave from stailess steel), then it is cooled sharp 
(in 1-2 min.) to ambient temperature. Ionic chloride content is determinate in thermal prepared water sample 
and it is calculated chloride concentration combined with organic.   


This method was used for chlorine determination in chlorine-organic compounds containing in water 
"P" and  decomposition degree of alkyl halogenides in tests conditions. The following data were obtained: 
chlorine content in chlorine-organic compounds in water "Р" varies from 120 to 30±5 μg/dm3. Ionic chloride 
initial content - 4 μg/dm3. At 90оC alkyl chlorides thermolysis degree is small, ionic chloride content at 
thermolysis increase up to 6-9 μg/dm3. 


It is known, that iodide-ions can substitude halogenides in alkyl halogenides (nucleophylic reaction). 
These reactions  make possible to obtain the alkyl iodides from primary and secondary alkyl chlorides  [32]: 


I− + R─X ↔ R─I + X−         (14) 
Relative rate of nucleophylic substitution: 


Alkyl CH3─ CH3CH2─ CH3CH2─CH2─ (CH3)2CH─CH2─ (CH3)2CH─ 
Relative rate 145 1 0,82 0,036 0,0078 


 
Magnitude of rate constant of chloride substitution in CH3Cl by iodide is 2.0⋅10-5 l/mol·s. Reaction 


activation energy – 83.7 kDj/mol, accordingly the substitution rate increases noticeable with temperature 
rise.  In aqueous solution the generating alkyl iodides are  undergo the radiolysis and hydrolysis: 


R─I + H2O ↔ R─OH + HI         (15) 
Hydrolysis accelerates in alkaline medium and with temperature rise. Bimolecular constant of 


hydrolysis rate at 25 оC is equal 5.8⋅10-5 , at 50 оC – 1.06⋅10-3 l/mol·s. 
It is established, that iodine volatility increases almost on 2 order of value in the presence of alkyl 


chlorides; analysis is shown the formation of alkyl iodides and chlorine-iodine-organic compounds [33,34]. 
In the presence of alkyl chlorides is raised concentration of I2 in water solution. So it is emphasized 


that in the absence of irradiation temperature has the most action on the formation of organic iodides, 
especially at temperature more 100 оC [35]. 
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Thus in thermal processes are proceeded, at any rate, two type reaction answered for increasing of 
iodine volatility: 


- iodide-ion oxidation by oxygen catalyzed some impurities and ultraviolet; oxidation is probable and 
on owing to impurities of free chlorides; 


- the volatile alkyl iodides formation on reaction of chlorine substitution in alkyl chlorides. 
In according with calculation at chloride content in alkyl chlorides ~ 30 μg/dm3 in conditions of 


fulfilled tests in gas phase it can be released iodine in alkyl iodide form up to 24 μg/dm3  or  ~2·10-7 mol/dm3 
on atomic iodine (provided 100% change and methyl iodide PC equal 2). The remaining part of volatile 
iodine form is, obviously, the product of iodide-ion oxidation. Alkyl iodides are hydrolysed in aqueous and 
stem-gas mediums and its quota in content of volatile iodine forms in exposition time is reduced but the 
quota of molecular iodine increases. 


For assessment influence of impurities content in water on volatile iodine forms generationin thermal 
processes it was fulfilled 2 sets experiments in the same conditions in the absence of irradiation: temperature 
- 60 оC, initial iodide ion concentration in water phase - 10-4 mol/dm3, рН near 5. 


The first set experiments – with water "N", "P" and distillate, containing only KI; the second set – 
with solutions on water "N" or "P", containing 10 g/dm3 boric acid and KI. In experiments with duration 
from 5 to 24 h it is measured рН, Eh, initial and  final iodide-ion concentration, quantity volatile iodine 
forms,  transferring in gas phase (table 5.4). 


In the first set experiments in water "N" and "P" the relative yields iodine in gas phase during  24 h is 
actual equal; PC in water "P" is 1.25 time lower, in the same time in distilled water yield  iodine in 24 h in 
1.5 time higher, PC – 1.6 time lower than in deionized water. In solutions of boric acid prepared on water 
"N" PC in 5 h – in 1.8 times higher than in solution on water "P", but to 24 h the values PC are becoming 
equal on magnitude. It is fulfilled so one experiment with irradiation of solution on water "P", containing 
10 g/dm3 boric acid and 10-4 mol/dm3 iodide ion (experiment on p.5 in tab. 5.3). Volatile iodine forms 
release on method IMS ~ in 3 times lower than in analogous experiment with water "N". 


The obtained data are don’t allowed to make any conclusion about the character of influence water 
impurities on volatile iodine forms release in thermal processes and under irradiation. The probable cause is 
the use for analysis water samples  keep in 1-3 days.  


Ion-chromatographic analysis of irradiated solution on water "P" was shown that impurities content 
in it was raised. Content of  impurities in irradiated solutions is presented in table 5.5. 


At heating or irradiation at 60-95 oC chlorides and nitrates content in aqueous solution noticeably is 
raised (Fig. 5.9). In the presence of sludge FeOOH content of this anionic impurities is increased even in  the 
greater degree (Fig. 5.10). FeOOH was synthesized from ferric nitrate and, in spite of on prolonged the 
washing off,  can contents the nitrate-ion which can be desorbed from sludge. The reason increase of 
chloride content so may be sludge as FeOOH is adsorbent and at washing it can adsorbed from water 
noticeable quantity of chloride-ions and alkyl chlorides which are desorbed at irradiation. The raise of 
chlorides, nitrates and acetate content is correlated with iodine volatility increase. Discharge of aggressive 
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admixtures  under irradiation at elevated temperature can provoke spontaneous development processes lead 
to sharp raise volatile iodine forms release. 
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Table 5.4 – Influence of water quality and aqueous medium composition on  gaseous iodine forms (I2) generation (Т=60 oC; in absence of 
irradiation;Vg=1.2 dm3; Vaq=0.8 dm3; [I−]init=10-4 mol/dm3; autoclave material – Teflon 


Parameters of water phase 
№  


Composition of 
water 


medium 
[I−]init, mol/dm3 


(mg/dm3) рНinit/рНfin 
Eh init/Eh fin, 


mV 
[I−]fin, mol/dm3 


(mg/dm3) 


Total yield I2 in 
gas phase, μg 


[I2]g, 
mol/dm3 


Yield I2 in 
gas phase, 


% 


PC of 
iodine 


[I2]aq (calcul.), 
mol/dm3 Note 


1 2 3 4 5 6 7 8 9 10 11 12 
5 h     68.7 2.25⋅10-7 0.66 225 4.5⋅10-6 1 Water "N"+KI 


χaq(init)=0.6 μSm/cm
1.02⋅10-4 


(13.0) 
5.85/6.20 +390/+436 1.00⋅10-4 


(12.7) 24 h   34 1.1⋅10-7 0.33 460 .,2⋅10-6 
Water "N" – for 
ionic 
chromatograph
y χinit~0.1 
μSm/cm 


+490/+413 1.53⋅10-4 5 h     69 2.25⋅10-7 0.42 350 4.5⋅10-6 2 Water "Р"+KI 
χaq(init)=0.68 
μSm/cm 


1.6⋅10-4 
(20.4±0.6 ) 


5.42/5.80 
 (19.5) 24 h   63.5 2.1⋅10-7 0.39 365 4.2⋅10-6 


Water "Р" – 
deionized 
χinit~0.3-0.4 
μSm/cm 


1.10⋅10-4 
(13.87 ) 


5.97/6.36 +465/+438 1.06⋅10-4 


(13.5) 
5 h     37.4 
24 h   71.6 


1.2⋅10-7 


2.35⋅10-7 
0.34 
0.65 


450 
225 


2.4⋅10-6 


4.7⋅10-6 
3 Water distillate+KI 


χaq=2.7 μSm/cm  
1.10⋅10-4 
(13.75) 


5.89/6.27 +395/+402 1.08⋅10-4 


(13.72) 
5 h     <10 
24 h   54.7 


<3.5⋅10-8 


1.8⋅10-7 
<0.085 


0.50 
>3⋅103 


300 
- 


3.6⋅10-6 


χinit~2.3 
μSm/cm 


+444/+507 1.08⋅10-4 5 h     33.6 1.1⋅10-7 0.30 490 2.2⋅10-6 4 Water "N"+1% 
Н3ВО3 + KI 


1.10⋅10-4 
(13.75 ) 


4.93/4.96 
 (13.72) 24 h   32.7 1.07⋅10-7 0.30 505 2.14⋅10-6 


 


+346/+436 1.00⋅10-4 5 h     59 2.0⋅10-7 0.43 270 4.0⋅10-6 5 Water "Р"+1% 
Н3ВО3 + KI 


1.10⋅10-4 
(13.75 ) 


5.08/5.04 
 (12.7) 24 h   31 1.0⋅10-7 0.23 490 2.0⋅10-6 


 


 
 
 
 







Table 5.5 – Content of anionic impurities in initial solution on purifying water and in water 
solution after gamma-irradiation 


Content of anions in solution, μg/dm3 Type 
Water 


Stage 
 Fluoride Chloride Nitrate Nitrite Sulphate Oxalate, 


acetate 
Initial 


solution 
1-2 9±2.5 23±3 - 27±4 - 


Water 
"N" After 


irradiation 
4±2 28±8 


70*;  400** 


24±6 
120*; 460-


500** 
10-18** 42±20 


20 
Acetate to 
10mg/dm3 


Initial 
solution 


<1 30 25±3 - 26±5 - 
Water 


"P" After 
irradiation 1-2 Up to 


(2±0.6)⋅103 
83±25 7 60±20 


30 
CO3


2—7.6 
mg/dm3 


*) At prolonged (15 h) gamma-irradiation, 60 oC 
**)In the presence of sludge FeOOH,60 oC 


 
Initial sample 


 
Irradiated sample 


Figure 5.9 – Chromatogram’s of  solutions – initial and after heating at  95оC in 2 h 
 


From represented chromatogram’s it is shown that the most changing in solution are observed 
under irradiation and simultaneous heating solutions in the presence of sludge FeOOH and so at 
prolonged irradiation at elevated temperatures (Fig. 5.10, 5.11). 


On chromatogram’s it is shown well-defined the iodide ion concentration changing after 
irradiation and the rise of anionic admixture content at prolonged irradiation. In the presence FeOOH 
under irradiation in solution it is appeared acetate ion in concentration up to 10 mg/dm3 and more.  
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Initial sample 


 
Irradiated sample 


Figure 5.10 - Chromatogram’s of initial solution on p.9 and solution after  4 h heating at 95оC  in 
the presence sludge FeOOH under irradiation 


 
Initial sample                           Irradiated sample 


 
Initial sample                            Irradiated sample 


Figure 5.11 – Influence of prolonged irradiation (15 h) at 60оC on iodide ion and impurities content 
in water solution: а) – without sludge; б) – in the presence of sludge FeOOH 


а) 


б) 
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For assessment of impact autoclave material (Teflon, stainless steel) it is defined volatile iodine 


forms yield in autoclave from Teflon in the presence of the stainless steel plate total area 600 Cm2, 


incidentally area 375 Cm2 was in contact with water phase; 225 Cm2 steel surface was contacted with gas 


phase. Experiment was fulfilled at 55±5оC during 5 and 24 h with solution containing 0.9⋅10-3 mol/dm3 


iodide ion and 10 g/dm3 boric acid, 70 mg/dm3 hydrazine, at рН=6.9-7.1 (in the absence of irradiation): 


Volatile iodine forms 
yield  (5h/24 h)  


μg % 


Concentration  I2 in gas 
phase (5h/24 h) 
10-7 mol/dm3 


Iodine PC  


In the absence of steel 91/32 0.10/0.04 3.0/1.05 1400/4000 
In the presence of steel 70/36 0.08/0.04 2.3/1.2 1800/3350 


 


Obviously, that in limits error of define the obtained results are coincided and consequently 
autoclave material has not noticeably impact on iodine volatility at iodide ion concentration 10-3 mol/dm3 
(up to temperature ≤ 95 oC). 


 
5.5 Discussion of obtained results  


 
At the beginning it is considered the kinetics of iodide-ion thermal oxidation occurring on 


reaction: 
4I− + O2 + 4H+ → 2I2 + 2H2O       (16) 
This process is occurred slow but is accelerated by ultraviolet  and can be catalyzed by some 


impurities  (metal ions, organic substances and oth.). For low acid solutions at 100оC it is proposed the 
following equation circumscribing a dependence rate of oxidation from рН and iodide-ion concentration: 


d[I2]/dt = k [I-]2 [H+] [O2]        (17) 
Constant rate of oxidation k=347 dm3/mol3⋅s at 100о; energy activation reaction is equal 


32,7 kJ/mol [16].  
For solution with iodide concentration from 10-4 to 10-8 mol/dm3 at room temperature it is 


proposed the other equation for description of rate oxidation: 
-d[I-]/dt = k [I-]0,6 {[H+]0,5 + 0,004}       k ≈ 10-9 (dm3, mol, s)   (18) 
This law is described enough high  rates oxidation. Concentration of oxygen is not included in 


equation (18), as it may supposed, that oxidation rate is depended more from catalytically action of 
impurities [16].  


Testing of equations (16,17) applicability for description obtained data on iodide-ion thermal 
oxidation was shown that both equations are described satisfactorily oxidation rate during the first 5 h 
experiment, but with higher magnitude constant rate (two-three orders of magnitude higher). Probably 
really dissolving oxygen isn’t played essential role in this process and iodide oxidation mechanism has 
catalytic nature.  


The most probable is the following mechanism of iodine-ion thermal oxidation: gaseous iodine 
compounds formation is occurred in result of catalytically action of organic impurities on iodide ion 
reaction with oxygen, but in the same time it is occurred its thermolyse with formation of anionic 
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carbonic acid (formiate, acetate, oxalate), which are the reducing agents for iodide. It is probable so 
iodide-ion oxidation by chloride-ions admixtures the presence in solution, for example, on reaction [21]: 


HOCl + I−↔ HIO + Cl−        (19) 
ICl + H2O ↔ HIO + Cl-+ H+       (20) 
Both equilibriums are established  quickly and in low acid medium they are shifted to the right 


and it is generating HIO. It is known that in the presence of chlorides PC(I2) is rised [8].  
Then HIO interacts with iodide-ion formating molecular iodine: 
HIO + I− + 2 H+ ↔ I2 + H2O        (21) 
In the presence of acetate ion formation and discharge of methyliodide are raised, iodine volatility 


increases. 
In water medium it is occurred the process of hydrolysis of molecular iodine (and alkyl iodides), 


its constants rate and equilibrium noticeable are raised with increase of temperature: 
I2 + H2O ↔ HIO + I- + H+     kf = 4.10-2 s-1             kr = 4.4.1012 dm3/mol⋅s (22) 
Hydrolysis process is multistage and total reaction of hydrolysis: 
3I2 + 3 H2O ↔ 6 H+ + 5 I− + IO3


−       (23) 
At рН 5-7 in pure water and low acid mediums it is prevailed the first reaction. Constant of 


equilibrium this reaction at 25оC is equal 5⋅10-13 and it is increased one order of magnitude at 50оC 
[12,14]. To 120оC constant of hydrolysis is increased 4 order of magnitude, in the same time IO3


− 
concentration with raise temperature is dropped [12].  


With use calculation was shown that at temperature ≥60о in our experimental conditions  
(hermetic system, static conditions) hydrolysis of molecular iodine is occurred  intensively and iodine 
concentration is decreased noticeable during 10-12 h. This is imposed repartition of molecular iodine 
from gas phase to water phase up to establishment of stationary equilibrium (steady-state). Necessity note 
that stationary concentration of volatile iodine in gas phase at рН 5, iodide-ion concentration 10-3- 10-4 
mol/dm3 and temperature 30-120 оC is in range  (2-4)⋅10-7 mol/dm3 (on g-atom iodine).  


Besides hydrolysis as cause of the lowering of I2 concentration in water phase can be the reaction 
iodine reduction by anions carbonic acids (formiate, oxalate) in low acid solution  [8]. 


Impact of raise рН at iodide thermal oxidation is shown enough well-defined: at рН ~ release of 
gaseous iodine is decreased mainly in 1.5-2 times. 


Influence of FeOOH presence in water phase in the termal processes is depended from pH and 
temperature. At 30o and pH 5 ferric hydroxide sludge is not influence practically on iodine volatility. At 
60oand pH 5 at the beginning volatile iodine forms release is increased to 0.9%, but to 24 h iodine release 
in gas phase is reduced up to stationary magnitude. At the same time at pH 7 it is observed slow raise 
volatile iodine forms release in time. Obviously, it is proceeded iodide ions oxidation, but oxidation 
process is unstable or it competes with adsorption process as in some experiments iodide volatility reduce 
observes in the presence of FeOOH. But the raise FeOOH concentration to 2 g/l is reduced essential 
iodine volatility during 24 h at 60º and pH 5,  iodine PC is increased in 3-4 times. At 90o at first gaseous 
iodine release is increased in 3 times in comparison with thermal process, but to 24 h iodine release is 
approached to constant value. So, iodide-ion adsorption on FeOOH (at its concentration 1 g/l) is absent 







Project # 3345 Final Project Technical Report Page 56 / 60
 


 


practically or is reversible. At raise of temperature ≥60 оC it is prevailed the process of iodide-ion 
oxidation by ions Fe3+ and iodide volatility increases; probably oxidation is heterogeneous process.  


 So, in the absence of irradiation the lowering of iodine volatility in the presence of sludge 
FeOOH may be at T≤ 60 oC during 1 day if FeOOH concentration is higher 1 g/l. The process of iodide-
ions oxidation by ions Fe3+ proceedes on reaction which mechanism is shown in section 4.3: 


2Fe3+ + 2 I−↔ 2Fe2+ + I2        (24) 


Probably, oxidation is the heterogenic process and it is occurred on surface of ferric hydroxide. It 


is supposed, that oxidation reaction on surface oxide can be occurred with the participation of oxygen 


[22]: 


Fe2+ + 2 I- + 1/2 O2 ↔ FeO + I2       (25) 


According a few published data [23,24] iodide-ion adsorption on hydrated ferric oxide is 


depended from рН, maximum adsorption is observed at рН=5-6. Adsorption as ion-exchanging process 


may be described by dependence: 


log (y/1-y) = npH + log Ka + log Stot       (26) 


where y/1-y = Kd , cm3/g;  Ka - constant equilibrium of changing reaction; Stot - concentration of sorbent 
(adsorbed places); a – stechiometric coefficient; n - number of protons (or hydroxo-groups), participating 
in changing. For iodide-ion on ferric hydroxide n = -0.73. Existence of maximum on curve adsorption is 
shown that  mechanism adsorption is more complex then simple changing. Probably, in the same time is 
occurred the chemical reaction type formation of iodide iron; it’s quite possible  and electrostatic 
interaction, as adsorption is noticeable reversible and is decreased with duration of exposition. The whole 
iodide-ion desorption from ferric hydroxide is achieved at processing by solution 0.1 mol/dm3 NaOH. 


At gamma-irradiation, unlike from iodide thermal oxidation, it is observed inconsiderable at 60оC 
(рН 5), but the more essential (10 time) at 95оC raise of gaseous iodine yield in the presence of ferric 
hydroxide sludge. At  120-150оC gaseous iodine yield is decreased in 2-5 time. At temperature 18-30оC it 
can be no observed effect from the presence sludge FeOOH, neither at thermal process, nor under 
irradiation. Dependence iodide-ion adsorption on ferric hydroxide from temperature with maximum near 
100оC is shown on chemical interaction with the matrix hydroxide, which is contributed the some 
dehydratation of exterior shells of sorbent particles, the first stage of dehydratation is occurred usually in 
this range temperature. Dehydratation is simplified the penetration of iodide-ion immediately in 
adsorbent structure and the interaction with it. Process dehydratation is contributed gamma-irradiated. 


The more synonymous effect the presence of FeOOH in water phase under irradiation can be 
explained so the presence continually active source (water radiolysis products) in water medium, 
possessing oxidizing ability on relative to iodide-ion. In the same time in thermal process the sources of 
iodide oxidation (micro admixtures) can be completed in time. 


On the whole, the following qualitative assessments set of effects is the result of fulfilled work: 
1. At thermal iodide oxidation in the presence of sludge FeOOH ([I-]aq= 10-4 mol/dm3; рН 5) 


iodine volatility depends from temperature: 
- at 30о effect FeOOH is absent; 
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- at 60о effect is unstable, it is observed as reducing, so and increasing of iodine volatility in 
parallel experiments; 


- at 90о iodine volatility increases. 
2. It is supposed, that at interaction of iodide with FeOOH in aqueous medium mainly two 


processes proceede: 
- the reverse iodide adsorption by oxyhydrate of iron; 
- the heterogeneous iodide oxidation on the surface of FeOOH or by ions Fe3+ in aqueous 


medium.                       
3. Under irradiation it is prevailed the process of iodide adsorption on the surface of FeOOH, lead 


to iodine volatility reduce on 10% at 60оC, and in 2-10 times at 90-120 оC. In the thermal processes it is 
observed the competion of adsorption and iodide ions oxidation processes, at temperature ≥90 оC  the 
oxidation prevails. 


4. It is supposed, that iodine noticeable volatility, observed in the thermal processes, stipulate by 
catalytical action of impurities (organic, anionic and other) on iodide oxidation, oxidation by chlorides 
ions, generation of volatile alkyl iodides at the substitution chloride by iodide in alkyl chlorides, come in 
deionized water from the sources of water-supply and ion-changing resins of purification systems.   
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CONCLUSION 
 
1. Equipment for carrying out of experiments: ampoules and an autoclave; devices for sampling 


aqueous and gas phases; installations for a gamma-irradiation, has been performed and approved.  
Procedure of fulfillment of experimental tests and sampling in experiments under γ-irradiation and  in the 
absence it has been performed. Methods of the analysis of iodine forms in aqueous and a gas phase have 
been performed. For  analysis of aqueous phase chromatographic and kinetic analytical methods are 
selected; for the analysis of iodine forms in a steam-gaseous phase - a method of spectrometry of ionic 
mobility and method trapping of iodine gaseous forms by adsorption with subsequent desorption iodine 
in  alkaline solution and iodine content determination by kinetic method. 


2. 32 experiments have been fulfilled on the thermal oxidation iodide-ion (in the absence of 
irradiation) and it is shown the formation volatile iodine compounds with yield 0.1-1.7% at 60-90оC and 
iodide concentration 10-4 mol/dm3. The changing of iodide concentration on the one order of the 
magnitude  is changed the relative release of volatile iodine compounds accordingly in 7-10 times.  
Increase pH to 7-8 decreases iodine volatility. It is supposed that catalizators of thermal iodide oxidation 
and alkyl iodides formation were the impurities of water (chlorides, alkyl chlorides, organic matter). The 
presence FeOOH is not influenced on iodine volatility at 30º, at 60ºC FeOOH impact is instable: it is 
observed as reducing, so and increasing the iodine volatility; at 90º iodine volatility increases. 


3. Under irradiation of iodide ion solution in autoclave from stainless steel (25 experiments) 
iodine release in gas phase is lower on 1-2 order of the magnitudes in comparison with thermal oxidation 
of iodide. With temperature rise and the lowering pH iodine release is increased. At temperature the more 
100 oC (120o, 150 oC) the rate of thermal and radiolytical oxidation of iodide ion is compared. 
Discrepancy of magnitudes iodine release in gas phase and iodine PC at thermal and radiolytical 
oxidation of iodide at 20-95 oC are stipulated by the different degree purification of water used in 
experiments and the influence of chlorides, alkyl chlorides and organic matter impurities, and by the low 
accuracy of iodine determination in water and especially in gas phases. The FeOOH presence small 
reduces iodine volatility at 60ºC, but with temperature rise FeOOH influence as adsorbent intensifies and 
in interval 90-120ºC the  iodine  release in gas phase under irradiation decreases in 2-10 times.   


5. It was researched the influence of water quality on iodine volatility and it was established  the 
essential increasing of chlorides, nitrates and acetate content in the solution under irradiation correlating 
with the rising of iodine volatility. It is discovered the presence of alkyl chlorides in deionized water.   


6. Extent influence of sludge ferric hydroxide (FeOOH) on iodide-ion thermal oxidation is 
depended from temperature and рН of water medium. It is observed two processes: reversible adsorption 
by FeOOH and iodide-ion oxidation in the presence of ferric hydroxide (probably heterogeneous 
process). At gamma-irradiation in the FeOOH presence it is observed at 60о (pH 5) slightly lowering 
yield of volatile iodine compounds, intensifying at increased of temperature, i.e. adsorption of iodine 
form by FeOOH prevails. At the thermal iodide oxidation at T≥60ºC process of iodide oxidation 
predominates with the rise of iodine volatility.  It is supposed that it is occurred the chemical interaction 
of iodide-ion with ferric hydroxide. 
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ABSTRACT 
 
In the report of 29 pages, 5 figures, 3 tables, 8 used sources. 
 
THE ATOMIC POWER STATION, SEVERE ACCIDENT, CALCULATION, IODINE 


MODULE, CONTAINMENT PARAMETERS, SLUDGE, IRON, IODINE VOLATILITY. 
 
Work is executed within the limits of project ISTC #3345 "Ex-vessel Source Term Analysis". The 


version of iodine module are created and the calculation program for severe accident code modelling 
behaviour of iodine forms in containment of WWER reactors at a chemical stage of accident with 
destruction of core. On the basis of autoclave experiments results on influence of temperature, рН and 
gamma irradiations on formation of volatile iodine forms in water solution of iodide-ion and their output 
in gas phase verification of the created calculation code is lead, including the same at presence iron 
hydroxide sludge in water phase. 
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INTRODUCTION 
 
The given work finishes a series of works on creation iodine module for severe accident code 


modelling exvessel accident on NPP with reactors WWER-1000, WWER-1500. 
We had been lead the analysis of foreign experience of such accidents modelling. It has been 


examined general severe accident codes MELCOR, ESCADRE, FIPLOC, IODE, IMPAIR, LIRIC, etc. 
In view of distinctions between domestic water-water reactors of WWER type and foreign reactors РWR 
type in water chemistry, structure of SAOZ solutions entered in sump at accident, in structure of core 
materials, and also protective polymeric coverings and cable isolation inside containment, iodine modules 
of foreign severe accident codes are suitable for use in a domestic practice only restrictedly. They can be 
used, at the best, only as the prototype during development iodine module for domestic severe accident 
code. 


As such prototype iodine module INSPECT in structure of general code MELCOR has been 
chosen by us. The components and structure of the developed module, dictated by list of the basic 
considered physical and chemical processes, have been determined and also procedures of parameters 
determination for these processes are offered, the structure of a necessary database and the requirements 
to external parameters entered from a general code are fixed. 


The structure of the developed module includes the following blocks:The water volume block 
(water radiolysis, hydrolysis and radiolytic reactions of iodine forms, reactions with impurities);  


− The рН  block  (рН calculation on the basis of water phase current composition); 
− The block of surfaces in water phase (sorption-desorption processes of iodine water forms 


on surfaces in water); 
− The block of atmosphere (reactions of iodine gaseous forms with components of 


atmosphere); 
− The block of coverings in atmosphere (sorption-desorption of iodine gas forms on surfaces 


in  atmosphere); 
− The block of the common memory (dynamics and exchanges). 
The description of the processes entering this module blocks has been brought up to  level of 


kinetic equations and calculation algorithms for solving this received system of equations, and also 
interactions of its individual blocks among themselves and with the general code have been given. The 
preliminary database containing kinetic constants, rate constants of mass transfer and a number of 
equilibrium constants are formulated. Thus, the initial breadboard model the iodine module (or its first 
version) which in the further has been modernized has been developed. 


The final version the iodine module was a basis of the present work within the limits of the Task 7 
projects ISTC №3345, during which 


− The computing program for the given version of the module has been created; 
− Adequacy of the mathematical model put in a basis of computing, has been checked up by 


comparison of calculation results with the experimental data received from references (verification of 
model); 
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− By results of experiments newly performed within the limits of given work (the Task 6 
projects ISTC №3345) for the purpose of definition of iodine volatile forms output and influence factors 
on distribution coefficient as function of рН, temperatures, concentration of  iodide-ion and presence of 
impurities (СО2, КОН, ions and iron sludge) a verification of the model was performed. 
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1 DESCRIPTION OF MODEL AND IODINE MODULE STRUCTURE 
1.1 Description of waters radiolysis, radiolytic and hydrolytic iodine reactions in a sump solution 


 
For description of water coolant radiolysis in sump we offer the set of 58 reactions describing the 


following kinds of interactions: radiolysis waters, reactions of additives and ions of metals with waters 
products. 


а) Radiolysis of waters [1] 
1.  eaq


− + H2O2 → OH + OH− 
2.  eaq


− + O2 → O2
− 


3.  eaq
− + H+ → H  


4.  H + H2O2 → H2O + OH 
5.  H + O2 → HO2 
6.  H2O2 + OH → HO2 + H2O 
7.  H2 + OH → H + H2O 
8.  2HO2 → H2O2 + O2 
9.  O2


− + HO2 → O2 + HO2
− 


10.  HO2 → H+ + O2
− 


11.  H+ + O2
− →HO2 


 
б) Hydrolysis of iodine 


12.   I2+H2O→I2ОН−+Н+ 
13.   I2OH- +H+ → I2 +H2O 
14.   I2ОН−↔HOI+I− 
15.   HOI +I− → I2OH− 
16.   2HOI→IО2


−+I−+2Н+ 
17.   IО2


−+I−+2Н+→2НОI 


18.   HOI +IO2
− → IO3


− + I− +H+ 
19.   IO3


− +I− +H+→ HOI + IO2
− 


20.   HOI→H++IO− 
21.   H++IO−→ HOI 
22.   I2+I−→I3


− 
23.   I3


−→ I2+I− 
в) Reactions of various forms of iodine with water radiolysis products 
Key reaction, as it is accepted in all iodine codes developed to the present time, oxidation of a 


iodide-ion by a radical OH is: 
24.   I−+ОH→НОI− 
25.   НОI−→I+OH− 


with the subsequent reactions disproportionation and recombination: 
26.   I+I−→I2


− 
27.   I2


−→ I+I− 
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28.   2I→I2 
Reducing of various iodine forms in water occurs in reactions with ion-radicals НО2


−, О2
−: 


29.  I2+НO2
−→НООI+I− 


30.  НООI+I−→I2+HO2
− 


31.  НОI+HO2
−→НООI+ОН− 


32.  НООI+ОН−→I2
−+О2+H2O 


33.  I2+ О2
−→I2


−+О2 


34.  HOI− +I → I2 +OH− 
35.  2HOI− → I2 +2OH− 
36.  I2


− +O2
− → O2 +2I− 


в) Reactions of the additives correcting  water chemistry, with water radiolysis products 
This set of reactions is borrowed from code VNIRATER-NH3 [2] which is applied to coolant 


radiolysis modelling of reactors WWER: 
37.   Н3ВО3 + H2O →Н++Н4ВО4


− 
38.   Н++ Н4ВО4


−→Н3ВО3 + H2O 
39.   NH3+H2O→ NH4


++ОН− 
40.   NH4


++ОН−→NH3+H2O 
41.   NH4


++е−
aq→NH3+H 


42.   NH3+ОH→NH2+H2O 
43.   NH3+H→NH2+H2 
44.   NH2+H2O2→H2O+NHOH 
45.   NH2+HO2→O2+NH3 
46.   NH2+O2


−→O2+NH3+ОН− 
47.   NH2+H→NH3 
48.   ΝΗ2+е−


aq→NH3+ ΟΗ− 
49.   2NHOH→N2+2H2O 
50.   NH2+NHOH→N2+H2+H2O 
г) Reactions of radiolysis products with ions of metal (Fe) in water: 


51.   Fe3++еaq
−→Fe2++H2О 


52.   Fe3++H→Fe2++H+ 
53.   Fe2++OH→Fe3++OH− 
54.   Fe2++НO2→Fe3++НО2


− 
д) Reactions with organic chemistry: 


55.  CH4+OH→CH3+Н2О 
56.  CH3+I2→CH3I+I 
57.  CH3I+еaq


−→CH3+I− 
58.  CH3I+Н→ CH3+Н++I− 
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To reactions (1) - (58) there correspond to system of the ordinary differential equations of 
chemical kinetics which decision gives change in time of concentrations of all participating forms if their 
concentrations at the initial moment of time are known. 


To find a solution of  chemical kinetics equations, the system of scientific and technical 
calculations MATLAB Version 5.3 Release 11 with solver ode 15s, based on Gear's algorithm for rigid 
systems, is applied. The initial data and parameters of the problem: the temperature, absorbed doze rate, 
рН value, presence and quantity of water sludge , and also length of  time interval and value of initial 
concentration are entered in MATLАB variant of the program through the common-block (and in 
FORTRAN variant - through input files). Parameters of calculation, including the list of the chosen 
reactions, rate constants of reactions and activation energies, and also track yields of radiolysis products, 
pH-dependent factor Кd (sorption on sludge coefficient) and other parameters of the problem are 
contained in internal files of the program. In MATLAB versions of the program they also can be 
changed.  


The developed water coolant radiolysis model can be applied to the iodine module of general 
radionuclide code as the most approached to parameters of WWER reactor. Values of track yields 
necessary for calculations, rate constants of reactions, their activation energies are taken from the 
literature. 


 
1.2 Sorption on surfaces description 


 
Form A adsorption from water by of steel, organic and polymeric coverings surfaces is described 


by the equations: 


{ }
aq


surf
sdesaqads


aq


V
S


]А[k]А[k
dt


]А[d
⋅+−= ,       (1.1) 


where kads, kdes – adsorption and desorption rate constants of A-form, s-1; Ssurf - the area of a surface of 
coverings, m2; Vaq – volume of water phase, m3. 


Records of the sorption-desorption equations for concrete iodine forms in water and gas phases, 
and also rate constants base for these processes are given in [3]. 


 
1.3 Description of mass exchange between water and gas phases 


 
All iodine codes model iodine mass transfer between phases equally: mass transport through an 


interface of phases by diffusion according to two-films model. 
Mass transfer it is described by the equations: 


)CCH(
V
S


k
dt


dC
aqg


aq


aq
t


aq −⋅=         (1.2) 


)CHC(
V
S


k
dt


dC
gaq


g


aq
t


g ⋅−= ,        (1.3) 


where Cg, Caq – concentration of the volatile form of iodine (I2, I, HOI, CH3I) in gas and water phases, 
mol/dm3 (Сaq(t) is taken from the solution of system of the iodine radiolysis equations); Vg, Vaq – volume 
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of gas and water phases, dm3; kt – the interphase constant of transfer, s-1; Н – factor of distribution 
between phases of the given form of iodine (Henry's constant - dimensionless quantity); Saq – the area of 
a surface of a water phase, dm2. 


 
1.4 Reactions in containment atmosphere 


 
In containment atmosphere course of the following reactions is supposed: 
I2 thermal reducing: 


I2 + Н2 ↔ 2 HI;  2
rHI22rH


2 ]HI[k]H][I[k
dt


]I[d
+−= ,     (1.4) 


where krH, krHI – rate constants of direct and reverse reaction, dm3/(mol⋅s) and s-1 accordingly. 
I2 radiation reducing: 


I2 + Н2 → 2 HI;  ]H][I[k
dt


]I[d
222Ir


2 −= ,       (1.5) 


where krI2 – rate constant of radiation reducing, dm3/(mol⋅s). 
HI radiation  decomposition (chain reaction with final stoichiometry): 


2HI → Н2 + I2; 2
IrH ]HI[k2


dt
]IH[d


−=        (1.6) 


HI oxidation: 


4HI + О2 → 2I2 + 2Н2О; ]O[]HI[k
dt


]IH[d
2


4
IxHo−= ,     (1.7) 


where koxHI – rate of oxidation constant HI, (dm3)4/(mol4⋅s). 
CH3I formation: 


CH3 + I2 → CH3I + I; ]I][CH[k
dt


]ICH[d
23I3CH


3 −= ,     (1.8) 


CH4 + I2 → CH3I + НI; ]I][CH[k
dt


]ICH[d
244CH


4 −= ,     (1.9) 


where kCH3I, kCH4 – constants of rate of formation CH3I, dm3/(mol⋅s). 
CH3I radiolytic disintegration: 


CH3I → CH3 + I; ]ICH[k
dt


]ICH[d
3rad


3 −= ,      (1.10) 


where krad – rate constant of radiolytic decomposition CH3I, s-1. 
CH3I thermal decomposition: 


CH3I → CH3 + I; ]ICH[k
dt


]ICH[d
3rt


3 −= ,      


 (1.11) 
where krt – rate constant of thermal decomposition CH3I, s-1. 


CH3I oxidation:: 


CH3I + О2 → CH2O + НОI; ]O][CH[k
dt


]ICH[d
23xo


3 −= ,    (1.12) 
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где kох – rate constant of oxidation CH3I, dm3/(mol⋅s). 
Reaction I2 with ozone: 


I2 + О3 → IO3 + I; ]O][I[k
dt


]I[d
32oz


2 −= ,       (1.13) 


where koz – rate constant of oxidation I2 by ozone озоном, dm3/(mol⋅s). 
Reaction of ozone radiolytic formation and decomposition: 


O + O2 ↔ O3; D]O[k4]O][I[kDk
dt


]O[d
3232oz1


3 −⋅−= ,    


 (1.14) 
where k1, k2 – constants of rate of formation and decomposition of ozone, s-1. 


Recombination of atomic I: 


I + I ↔ I2; RTK
][I


[I]
2I


2= , KI2 – recombination constant     (1.15) 


The accepted base of rate constants for the specified processes is given in [3]. 
 


1.5 рН determination 
 
As parameters of water volume in containment to the beginning of iodine module work are 


entirely determined by the script of a previous stage of the accident calculated by a general code, in the 
given work we consider рН as the external parameter set by the user. 
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2 CALCULATION OF A SORPTION TERM DESCRIBING SORPTION ON IRON 
HYDROXIDE 


 
The basic iodine water form - iodine-ion I− possesses the expressed property to sorb on surfaces 


of iron hydroxide particles (sludge) in water solution. The theory of a stationary equilibrium sorption 
well-known for a long time and is described in the literature [4,5]. If to designate through "y" a share of 
sorbed I− against initial its amount provided constant volume of a solution 


eq0
eq
с


0


eq
c ССС  ,


С
C


y −== ,         (2.1) 


where concentration eq
0С  - equilibrium concentration of sorbed iodine-ion (mol/dm3), С0 – initial 


concentration of iodine-ion in  solution (mol/dm3) then experimentally observable ratio takes place: 


sldK
y-1


y
ρ⋅=           (2.2) 


Here ρsl=m/V - mass of iron hydroxide (sludge) in unit volume of solution, and Kd - a constant 
depending only on temperature, the nature of oxide and value of a alkali-acid parameter- рН. рН 
dependence Kd at 25o C on for interesting us pair sorbat and sorbent - iodine-ion and iron hydoxide are 
resulted in [6,7]. 


The value of sorbent capacity ε (mol/g) (in moles on gram of sorbent) has great value, enabling us 
to determine maximal sorbat amount at preset values of temperature and рН, capable to be sorbed by one 
gram hydroxide (or any other sorbent). Maximal sorption concentration is determined as follows: 


)(mol/dm  ,
V


V
С 3


sl
sl


max,с ερ
ερ


==         (2.3) 


Linear equations (2.1) and (2.2) will take place, if only saturation is not reached, that is the 
condition is satisfied 


maxс,
eq
с СС <            (2.4) 


After achievement of saturation of a sorbent the further increase С0 leads simply to linear growth 
of iodine-ion concentration in water Сaq. In experiments of given project condition (2.4) is fulfilled with a 
great stock. 


This section of the report is devoted to decision of the problem of dynamical description iodine-
ion sorption on a sludge water solution, so-called internal sorption unlike sorption on walls of a vessel - 
external sorption. More precisely: system of the differential equations describing dynamics volume molar 
concentration iodine forms in water both gas phases and considering hydrolysis, radiolysis, and mass 
transfer, it is necessary to enlarge chemical reactions by the members describing sorption dynamics of 
iodine-ion. 


After authors [4] we shall enter dimensionless size q(t) – a share of surface area of particles of a 
sorbent occupied by sorbat molecules (I−) against maximal possible one at fixed рН, temperature and 
sludge mass in a unit of solution volume ρsl.. At the description of sorption dynamics it is necessary to 
consider dependence q(t) on time. Rate of two processes of adsorption and desorption can then be written 
down in the following form  
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Vads = а(1-q (t))Caq(t) 
Vdes = bq(t) 


Here a and b are two constants of dimensions 1/s and mol/(dm3⋅s) accordingly. The balance 
condition gives  


 ,
b
a      ,


С1
С


eq
aq


eq
aqeq =


+
= λ


λ
λ


ϑ , 


And from condition of saturation the well-known law - Langmuir isotherm follows 


eq
aq


eq
aq


maxс,
eq
с С1


С
СС


λ
λ
+


= ,         (2.6) 


That is connection between equilibrium values of sorbat concentration in water and on sorbent. 


If sum Сaq(t)+Сc(t) is kept during sorption period (and then it is equal 0
eq
aq


eq
с ССС =+ , that 


means, the sorbat is not involved in any others processes) the ratio value will depend because of 
nonlinearity Langmuir isotherm on initial value of water sorbat concentration С0. However, if itself С0 it 
is not enough, i.e. С0<<Сс,max, sum Сс(t)+Cв(t) can and not be kept, however linear ratio (2.1) both (2.2) 


will be executed also a designation χ=eq
aq


eq
с


С
С


 is meaningful that is χ - a constant equal is obvious 


χ=Kdρsl           (2.7) 
And from Langmuir isotherm the ratio follows also only at small Сaq: 


χ=Сс,max⋅λ           (2.8) 
enabling to determine λ. According to experiment [10,11] at capacity iron hydroxide ε=(0,1-1)⋅10-3 mol/g 
and density ρsl=2,5 g/dm3, iodine-ion initial concentration С0=10-5 mol/dm3 has sorbed ~20 % from initial 
amount. Simple calculations give Сс,max=2,5(10-4-10-3) mol/dm3 and λ=100-1000 dm3/mol. This size 
concerns to 25 Co, data for 150o C are absent. For pretest calculations within the limits of offered iodine 
models value λ=300 dm3/mol is accepted. 


From the accepted relations (2.5) the dynamic equation follows 


dt
t)(dCaq =-а(1-q(t))Caq(t)+bq(t).        (2.9) 


And if to accept obvious connection 
Сс(t)=Cc,maxq(t),          (2.10) 


Then it can be written down the kinetic equations for concentration Caq(t) and Сс(t) in the form of:  


[ ])t(C)t(C)t(C)t(C
dt


t)(dC
aqcaqc


aq λχα +−=       (2.11) 


[ ])t(C)t(C)t(C)t(C
dt


t)(dC
aqcвc


c λχα +−=       


 (2.12) 
Constants χ and α can be picked up from comparison of simulated and experimental dependences 


(α influences only time scale of process). With reference to our model: Св=[I−]aq; Сс=[I−]Saq 


(concentration I−, sorbed on oxide). 


(2.5) 
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The right part of the equation (2.11) is added as item in the right part of the kinetic equation for 
[I−] in our iodine model. The equation (2.12) entering a new variable [I−]Saq, supplements the system of 
the kinetic equations of the model. 


These changes, besides introduction of new input parameters (volumes, the areas, initial 
concentration, etc.) finish adaptation iodine models to conditions of the executed experiments. 


In table 2.1 the results of pretest-calculation are given from witch the values of parameters α, Kd, 
λ were determined 
Table 2.1 – Pretest calculations results 


In absence of sludge In presence of FeOOH, 2,5 g/dm3 


Initial I−-
concentration in 


water phase, 
mol/dm3 


рН I2-output in 
gas phase, %


I2 –distribution 
coefficient 


between water 
and gas phase, 


KРI2 


I2-output in gas 
phase, % 


I2 –distribution 
coefficient 


between water 
and gas phase, 


KРI2 
4 26→14* 3,85→5,7* 14→0,85 7,1→37,6 


6,5 8→8 12,5→7,9 11→1,50 9,1→33,3 10-5 


8 1,45→2,0 69→45 1,7→1,45 59→57 
4 6,2→1,35 16→74 4,0→0,5 25→96 


6,5 6,4→1,5 15,6→67 4,5→0,7 22→73,5 10-7 
8 6,3→1,5 16→67 5,0→1,1 20→72,7 


 * First figure – after 20 min., second figure – after 10 h from start of experiment. 
 
The note: In pretest calculations of value α, Kd and λ have been specified as: 
α=2,5⋅10-6 s-1;   Kd=26,9 dm3/g, λ=300. 
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3 INTERACTION THE IODINE MODULE WITH GENERAL SEVERE ACCIDENT CODE 
 
The iodine module is intended for definition of dynamics of iodine forms (I−, I2, IO3


−, CH3I) and 
their distributions between an atmosphere, the water environment on floor of a room (water pool) and 
surfaces of a room during emergency operation (till 30 day - 720 hours). Calculation is made for 
individual volume (room), but can be used and for of some volumes with various properties. 


The iodine module adequately works only at presence in a given room of a water phase, an 
atmosphere and iodine; limiting temperature of water pool - ≤425 To, limiting pressure - ≤1 МПа. 


Thus, the iodine module joins in system of general code calculations at later stage (through 6-
10hours from the beginning of accident) when in considered rooms conditions are reached necessary for 
the iodine module, and dynamic balance (a chemical phase of accident) is established. In these conditions 
the contribution of volatile iodine forms, formed as a result of radiolytical oxidations of iodine-ion in 
water phase, can be weighty. At earlier stages of accident processes with participation of the aerosols 
containing radionuclide, including CsI, dominate. 


As input data the iodine module uses heat-hydraulic parameters for the given room: temperature, 
To and pressure, Па; absorbed doze rate in gas and water phases, Gy/h; amount (mass, activity) of iodine 
, remaining in the given room and its distribution between a water phase, an atmosphere and the room 
surfaces for a moment of beginning of calculation by the iodine module. 


Besides the data on dynamics of mass of water in sump, steam in atmosphere are necessary; the 
area of surfaces of room, including the area of metal surfaces, surfaces of polymeric coverings and the 
cable isolation, contacting to an atmosphere and a water phase (and a film of condensate); composition of 
gas atmosphere, composition or marks of applied organic polymeric materials. 


As the iodine module is a part of the general code, it should obtain initial data from the General 
code and remove in it output data. All time interval counted by the general code, is broken into 
subintervals - the steps which are passed in a cycle, and the iodine module is started on each such step 
and upon termination of calculation returns management in general code. 


In the block of the direct calculation of the general code, working in a cycle, on each step of a 
cycle check of starting conditions of the iodine module is controlled. At performance of these conditions 
("to start the iodine module criterion") the first call of the iodine module occurs, i.e. transfer of 
management by process to the iodine module operating block. At the moment an input of initial data 
takes place, i.e. initialization of constants and the files used inside the iodine module, and parameters of 
the calculation which are transferred from the general code (for example, the moment of the beginning of 
calculation t0 and duration of a time step in a cycle). In the beginning of iodine module work the 
description of variables is accomplished, the block of input of initial data works. If current calculation is 
conducted with the changed values of some stored constants in the input block then they should be 
entered by user. Besides data input by the first call there is an initialization of all dynamic blocks, i.e. 
filling of files of initial data in all blocks where dynamics of concentration of iodine chemical forms is 
calculated.  


At the subsequent time steps the values of concentration calculated on the previous step are used 
as initial data for dynamic blocks. At start on calculation the block of initialization works only once and 
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on a following step of a cycle it does not work any more, i.e. is outside of a time cycle. 
The set of time-dependent variables (temperature of gas and water phases, pressure of 


atmosphere, absorbed doze rate in both phases, concentration of oxygen and hydrogen in atmosphere, 
etc.) is transferred from the general code with each step of a time cycle in the operating block the iodine 
module and among others variables the moment of the beginning of calculation on ith step ti and its 
duration Δti, i = 0, 1, 2, … (on the first step t0 and Δt0)is transferred too. 


All blocks of the iodine module, counting dynamics of iodine chemical forms concentration, 
calling for the operating block, use ti and Δti as constant parameters, and during  integration of system of 
differential equations on an interval [ti, ti+Δti] in such dynamic blocks, solvers choose steps of integration 
automatically and independently. 


Concentrations of impurities in a water phase can be set from the general code through the block 
of initial data input, or should be calculated inside of the iodine module oneself. In the latter case the 
block of рН calculation should be anticipated by work of the block of impurity calculation . 


Further fulfil the dynamic blocks counting iodine forms concentration in water phase, in 
atmosphere and on surfaces of a room. Thus the exchange of the calculated data between counting blocks 
go on through the operating block, i.e. data recording in the operating block the iodine module happens 
dynamically. 


After record of all results obtained at the end of a time step, in files of the general code  the end of 
work of iodine module occurs and transfer of process management to programs of the general code. The 
block diagram of the program the iodine module is resulted below. 


At the end of calculations in general code on the given step of a time cycle and transition to a 
following step the iodine module will be again called through the operating block and all variables of a 
new time step dependent on time will be transferred to it  through the same block from the general code. 
The new cycle will be continued before achievement of given time of calculation in the general code. 


The algorithm of calculations in the iodine module consists in consecutive calculation of 
concentration of iodine forms and other substances on time interval ti, ti+1, etc. with their subsequent 
transfer to following counting block, and also recording to files of the output block. Data transmission 
occurs through files of the management (common) block. 


After passage in cycle of the general code all time interval as a result of iodine module work in 
files of the output block iodine forms concentration arrays (time trajectories) in both phases and on 
surfaces of a room will be saved up. 


The similar method of calculation is applied and in case of calculation iodine mass transfer in a 
system including several containment rooms. 
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Figure 3.1 - Block diagram of calculation algorithm in the iodine module 


 


After the termination of calculation of concentration and distribution of iodine sources in given 
room volume which are carried out in the general code, there is a call the iodine module and initialization 
of data files and constants used in the iodine module. After end of calculation of iodine forms 
concentration dynamics by the iodine module on a time step ti+ Δti the record of output data in files of the 
output block occurs and transfer these data through the block of management to the general code. The 
general code counts mass transfer of water and gas media from the first room in the second one in view 
of additional data on change of iodine concentration in both phases due to its redistribution, counted by 
means of the iodine module for the first room. These data arrays are used as initial data for calculation of 
iodine forms dynamics in the second room at the parameters describing a conditions of the given room. 
Calculations by means the iodine module are carried out on the same algorithm, as well as for the first 
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room. Further calculation on 2-nd, 3-rd, … n-th time steps in 1-st, 2-nd, … n-th containment rooms is 
made uniformly. 


Finally, the iodine module counts dynamics of iodine forms in atmosphere, in water phase and on 
surfaces of all containment rooms during all time of action of emergency operation - from t0 up to tn, 
where n - till 720 hours from the beginning of accident. 
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4 INITIAL DATA FOR CALCULATIONS 
 
Initial data for calculation of formation and mass transfer chemical impurities in containment in 


conditions of emergency and transitive modes of reactors of type WWER are physical and chemical 
parameters of media (temperature, doze rate, the geometrical data), concentration of components in water 
volume and an containment atmosphere, volumes of water and gas phases, the areas of surfaces, values of 
some constant parameters and coefficients. 


In structure of input file are included: 
− a calculation step, s; 
− last calculation moment, h; 
− value of temperature Т oC,  in an interval from 20 up to 160 oC, input by user; Т value, 


corresponding to the average temperature in containment volume; 
− rate of sorption on sludgeе, 1/s; 
− volume of water phase, m3; 
− the area covered by a polymeric covering in water, m2; 
− the area of a steel surface in water, m2; 
− the area of division surface between gas and water phases (water mirror), m2; 
− volume of a gas phase, m3; 


the areas of a walls surface in gas: 
- the area covered by a polymeric covering, m2; 
- the area of a steel surface, m2; 


− pH; 
− doze rate in water, kGy/h; 
− doze rate in gas, kGy/h; 


concentration of oxygen, hydrogen, metane, mol/dm3: 
- O2 concentration in gas; 
- H2 concentration in gas; 
- CH4 concentration in gas; 
- CH4 concentration in water. 


Concentration of stable and unstable forms should be brought in input file data at the moment of 
the beginning of calculation, mol/dm3 
                   а) in a water phase: eaq-; H2O2;  OH;    O2


-;  H;    HO2;   HO2
-;  I2;  I-;  I; 


                       I2
-; I2OH-; HOOI; HOI; HOI-; IO2


-; I03
-; CH3I; H3BO3; NH3; 


                       NH4
+;  NH2;  NHOH; Fe3+;  Fe2+;  CH3;  H4BO4


+;  IO-;  I3
-; 


                   б) in gas phase: 
                       I2;   HI;   CH3I; I;    O3;  HOI; 
                   в) on walls: 
                       [I2]aq_st;   [I2]aq_po;   [I-]aq_po;   [I2]g_st;   [I2]g_po;   [I-]int, 
       where: 
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                       [I-]int – iodine sorbed on sludgeе, 
                             And indexes for other iodine forms designate: 
                      aq_st – in water on steel;  g_st – in gas on steel; 
                      aq_po –  in water on polymer;  g_po – in gas on polymer; 


These concentration are initial data at the solution of system of ordinary differential equations 
(ODE). 
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5 VERIFICATION OF A CALCULATION CODE (POST-TEST CALCULATIONS) 
 
The detailed description of experiments on determination of iodine distribution coefficient 


between liquid and gas phases in autoclaves at different temperatures (60, 90 and 120 oC), parameters of 
the water phase (рН, redox-potential, Н3ВО3 concentration, presence of hydroxide sludge in a solution), 
in conditions of γ-irradiation and without it is out of limits of the given work. 


Results of the executed experiments have been used for verification of the developed calculation 
code. 


With this purpose initial parameters of each experiment were entered into an input file of the 
program, namely: 


− volumes of liquid and gas phases, areas of surfaces of a mirror and an autoclave walls; 
−  temperature of carrying out of experiment; 
− doze rate of γ-radiation; мощность дозы; 
− hydroxide sludge mass, entered into water solution; 
− initial рН value in water phase; 
−  initial concentration of components in water (Н3ВО3, H2O2, Fe3+, Fe2+, I−, I2) and in gas 


(I2, О2, Н2) phases; и газовой фаз; 
− time of an irradiation. 
Значения α, Kd, λ приняты такими же, как в претестовых расчетах. 
As a result of calculation under the program were determined depending on time: 
− total concentration of all iodine forms in water phase; 
− the same - in gas phase; 
− superficial iodine forms concentrations on walls of autoclave; 
− concentration of sorbed  iodine-ion per mass unit of hydroxide sludge; 
− distribution coefficient of iodine, defined as 


3


3


dm/olm
dm/olm , 


gas in ionsconcentrat forms iodine of sum
water in ionsconcentrat forms iodine of sumDC = . 


The received dependences for experiment №1, 4, 5 are given on Fig.5.1-5.3 (conditions of 
experiments are given in Tables 5.1, 5.2). Dependences for other experiments have a similar shape. 


On the basis of the received dependences were determined: total iodine concentration in water 
phase, gas phase, and also iodine distribution coefficient at the moment corresponding the termination of 
experiment. 
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Figure 5.1 - Total concentration of iodine forms in experiment №1 (120 oC, at an irradiation): 


1 - in water, 2 - in gas, 3 - on a wall 
 


 
Figure 5.2 - Total concentration of iodine forms in experiment №4 (95 oC, witout FeOOH): 


1 - in water, 2 - in gas, 3 - on a wall 
 


 
Figure 5.3 - Total concentration of iodine forms in experiment №5 (95 oC, with FeOOH): 


1 - in water, 2 - in gas, 3 - on hydroxide sludge, 4 - on a wall 
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Calculated values were compared to the experimental data presented in Table 5.1. Results of 
comparison are given in columns 10 and 11 of Table 5.1. Experimental values are received in autoclaves 
from stainless steel at a γ-irradiation. 
Table 5.1 - Output of volatile iodine forms in a gas phase at an irradiation (experiment) 


I− concentration in 
water ⋅104, mol/dm3 


Iodine partition coefficient 
(PC) № 


expe-
riment 


Т, oC 
FeOOH 
mass, 
g/dm3 


рН 
(init.) 


Doze rate, 
kGy/h 


Time 
of 


experi
ment, 


h 
initial final. 


Final I2 
concentra-
tion in gas, 
mol/dm3 exper. calc. 


1 2 3 4 5 6 7 8 9 10 11 
1 120 0 5,50 0,980 2,15 0,15 0,19 3,3⋅10-7 28 256 
2 120 1,0 5,72 0,980 2,15 0,11 0,16 1,5⋅10-7 52 191 
3 120 0 6,40 0 5,0 0,12 0,13 1,9⋅10-7 34 5,23⋅103 


4 95 0 4,95 0,928 4,00 1,20 1,14 4,5⋅10-8 32/1,3⋅103 103/8,5⋅103 


5 95 1,0 4,98 0,928 4,00 1,20 0,90 6,7⋅10-6 
4,5⋅10-9 7,5/1,3⋅104 118/0,8⋅104 


6 60 0 4,94 0,928 4,00 1,20 1,00 4,5⋅10-6 


9⋅10-9 12/5,7⋅103 22/3,3⋅103 


7 60 1,0 4,89 0,928 4,00 1,20 1,00 4,2⋅10-6 


8,0⋅10-9 13/6,4⋅103 20,6/2,8⋅103


8 60 0 4,92 0,928 15,00 1,17 0,30 2,2⋅10-5 


<9⋅10-10 1,7-2,7/>8⋅104 1,8⋅104 


9 60 1,0 4,96 0,928 15,00 165 1,26 9,7⋅10-6 


<9⋅10-10 7,5/>8⋅104 3,5⋅104 


10 60 0 6,90 0,928 10-12 1,24 1,15 2,4⋅10-9 


<9⋅10-10 25/>7⋅104 2,88⋅104 


11 60 1,0 6,80 0,928 10-12 1,32 1,31 7,6⋅10-9 


1,1⋅10-8 110/0,59⋅104 2,86⋅104 


12 60 0 8,10 0,928 10-12 1,28 1,10 4,3⋅10-6 


<9⋅10-8 14/>5⋅104 3,53⋅104 


13 60 1,0 8,10 0,928 10-12 1,10 0,71 9,8⋅10-6 


<9⋅10-10 4,5/>5⋅104 3,04⋅104 


14 60 1,0 3,90 0,928 10-12 1,32 0,51 2,0⋅10-5 


5,35⋅10-8 
2,3/855 29/1⋅103 


15 60 1,0 5,00 0,928 10-12 0,16 0,13 6,0⋅10-7 


<9⋅10-10 12/>5⋅104 666/1,8⋅103 


16 60 2,5 5,00 0,928 10-12 0,13 0,08 1,2⋅10-6 


<9⋅10-10 4,2/>5⋅104 537 


17 18 1,0 4,98 0,928 4,00 1,20 - 1,4⋅10-9 4,4⋅104 4,7/678 
18 18 0 4,92 0,928 4,00 1,17 - <9⋅10-10 >8⋅104 4,48/821 
19 150 0 5,49 0 2,15 0,08 0,08 1,3⋅10-7 31 2,73⋅103 
20 150 0 5,53 0,980 2,15 0,90 0,21 1,6⋅10-5 1,7÷2,8 88,7 
21 150 1,0 4,88 0,980 2,15 0,90 0,58 3,6⋅10-7 103 57,9 


 
As follows from Table 5.1 data resulted calculated values of  distribution coefficient (DC) 


strongly differ among themselves depending on the moment of iodine determination in a gas phase. 
Calculated values in numerator are received for the moment to time corresponding the termination of 
experiment. Calculated values in a denominator (experiments 4-7, 14, 15, 17, 18) correspond 
establishment of iodine equilibrium distribution (when the single calculated value is given, DC at the 
moment of the termination of experiment is identical to equilibrium DC). The experimental values 
received at an irradiation, unfortunately, are ambiguous. Short time of an exposition does not guarantee 
achievement of equilibrium, and in longer experiments collateral processes are possible also. I2 







Project # 3345 Final Project Technical Report Page 24 / 29
 


concentration in gas was determined as a difference of concentration of an I--ion in a water phase before 
and after experiment(1-st method) or after cooling an ampoule by a method ions mobility spectrometry 
(IMS). The experimental values received on the first method (numerator) agree within the limits of order 
of value with calculated values DC at the moment of the termination of experiment (excepting 
experiment 3 at zero doze). The values received by IMS method (denominator) are closer to calculated 
equilibrium DC (see the Final report on a problem 6 projects №3345). 


According to calculation, equilibrium is reached only in experiments 8-13? 16, 19-21, therefore 
coincidence (in order of value) experimental values (the second method) with calculated in other 
experiments yet has not found an explanation. 


Calculation predicts DC growth in absence of an irradiation whereas the experimental value 
received in the given series of experiments has not confirmed this (experience 3-19). Therefore a series of 
experiments in absence of an irradiation has been lead. 


Data of the second series of experiments (in absence of an irradiation) and calculations are 
resulted in Table 5.2. 
Table 5.2 - Output of volatile iodine forms in gas phase in absence of an irradiation (experiment 
and calculation) 


I− concentration in water 
⋅104, mol/dm3 


Iodine partition coefficient 
(PC) № 


expe-
riment 


Т, oC 
FeOOH 
mass, 
g/dm3 


рН 
(init.) 


Time of 
experiment, 


h initial final. 


Final I2 
concentration in 


gas ⋅107, 
mol/dm3 exper. calc. 


1 2 3 4 6 7 8 9 10 11 
5 2,5 240 456 1 30 0 4,83 24 1,20 1,15 2,7 220 456 
5 1,9 250 139 2 30 1,0 4,82 24 0,95 0,94 2,2 210 18,5 
5 0,7 870 320 3 30 0 4,85 24 1,22 1,17 2,3 265 320 
5 0,8 756 319 4 30 0 6,25 24 1,20 1,10 1,2 460 319 
5 4,2 13 515 5 30 1 7,24 24 0,11 0,105 0,46 115 515 
5 1,1 440 319 6 60 0 4,83 24 1,00 0,98 1,4 360 319 
5 1,8 300 321 7 60 0 4,83 24 1,14 1,05 1,1 470 321 
5 0,46 1,3⋅103 326 8 60 1,0 4,83 


24 
1,25 1,06 


4,3 540 326 
5 2,0 170 99 9 60 1,0 4,82 24 1,46 1,46 0,4 365 14 
5 <0,35 1,2⋅103 21,5 10 60 2,0 4,83 


24 
0,95 0,92 


3,2 >3⋅103 7,2 
5 1,0 170 318 11 60 0 5,08 24 1,10 1,00 2,26 490 318 
5 2,1 350 325 12 60 0 5,42 24 1,60 1,54 4,5 370 325 
5 2,4 9,6 373 13 60 0 6,46 24 0,09 0,085 0,4 18 373 
5 3,0 1,23⋅103 252 14 60 1,0 6,73 


24 
1,10 1,06 


1,2 180 104 
5 1,5 555 319 15 60 0 6,86 24 1,30 1,20 3,0 445 319 


16 60 0 7,10 5 8,70 8,60 1,0 1,4⋅103 430 







Project # 3345 Final Project Technical Report Page 25 / 29
 


I− concentration in water 
⋅104, mol/dm3 


Iodine partition coefficient 
(PC) № 


expe-
riment 


Т, oC 
FeOOH 
mass, 
g/dm3 


рН 
(init.) 


Time of 
experiment, 


h initial final. 


Final I2 
concentration in 


gas ⋅107, 
mol/dm3 exper. calc. 


1 2 3 4 6 7 8 9 10 11 
24 3,2 4,1⋅103 430 
5 3,4 14 457 17 90 0 4,43 24 0,09 0,086 1,5 13 457 
5 2,2 445 325 18 90 0 4,79 24 1,30 1,24 5,5 290 325 
5 2,7 88 136 19 90 1,0 4,82 24 1,00 0,95 2,9 176 22 
5 2,3 196 451 20 90 0 4,90 24 1,14 1,10 1,65 250 451 
5 1,8 340 607 21 90 0 6,77 24 1,10 1,05 3,8 296 607 
5 1,76 130 553 22 90 1,0 6,83 24 1,00 0,98 1,1 280 403 


23 90 0 7,80 5 8,70 8,0 4,0 3,5⋅103 0,983⋅103 
5 1,3 1,0⋅103 3,04⋅103 24 90 0 8,46 


24 
8,70 8,7 


1,9 3,2⋅103 3,04⋅103 
25 120 0 6,40 5 0,115 0,13 0,3 28 4,7⋅103 
26 120 0 7,10 4 0,114 0,123  230 1,4⋅104 


 
This series of experiments has been lead in an autoclave of teflon. Iodide-ion sorption on teflon 


experimentally is not found out, therefore during calculation in the equations of the model corresponding 
members have been equal to zero. In this series of experiments sampling of gas phase was made from an 
autoclave on-line. I2 from gas caught by filters, then desorbed from them and further was defined by a 
kinetic method. 


As follows from comparison of values in columns 10 and 11 Table5.2 calculated values, as well 
as earlier in Table 5.1, agree with experimental ones within the limits of the order of value for the 
majority of experiments. 


Comments: 
The maximum divergence (disorder) we can see for the experiments, included hydrazine in initial 


solutions. 
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6 DISCUSSION OF RESULTS 
 
The earlier developed iodine model is modernized with reference to problems of the present stage 


of works. The model is capable to predict iodine behaviour in containment during a chemical phase of 
severe accident with fusion of core and an output of corium out of limits of a reactor vessel. The 
calculation program (in language Visual Fortran Professional Edition 6.5) which is intended for inclusion 
in structure of general severe accident code which primary goal is prediction of a  radiological 
consequences of severe accident and management of emergency operation is developed. 


The iodine model considers chemical and radiolytical-chemical reactions of iodine in water phase 
of containment (on the basis of the water radiolysis description ); mass transfer between water and gas 
phases; a number of chemical and radiolytical reactions of iodine forms in gas phase; adsorption of iodine 
forms on  surface of stainless steel. At modernization of model the description of mechanism of 
molecular iodine hydrolysis has been specified (4 reactions describing HOI dissociation and 
recombination of I3


− ion) are entered. The kinetic equations describing adsorption of  iodine-ion on iron 
hydroxide are offered and entered into model. Primary calculations of influence of I−-ion adsorption on 
FeOOH (iron sludge) on iodine volatility and its distribution coefficient are lead with use of values of the 
constants calculated from published experimental data [6,7]. 


The scheme of a chemical phase and chemical model of experiment, which results should describe 
the iodine  module during its verification, are those: 


2I−
aq↔ I2aq↔I2g. 


Scheme of chemical phase and chemical model of experiment witch results should be described 
by iodine module during its verification are such: 


I2г


CH3I


HI


IOx


FeOOH I−


I2g


CH3I


HI


IOx


adsorbtion


FeOOH I−
aq HOI I2aq


adsorbtion hydrolysis


oxidation


I2г


CH3I


HI


IOx


FeOOH I−


I2g


CH3I


HI


IOx


adsorbtion


FeOOH I−
aq HOI I2aq


adsorbtion hydrolysis


oxidation  
 


Figure 6.1 - Model of a chemical phase of accident 
 
I2 interactions in a gas phase are not investigated in experiment, adsorption on walls of autoclave 


(stainless steel) is considered only. 
Similar models are considered in [8] with the purpose of verification of calculation codes IODE 


4.2, ASTEC-IODE v.1.2 and module MELCOR 1.8.6. In them organic reactions, chemistry in gas phase 
and even adsorption on a wall were not activated, but interaction with argentum in a water phase was 
considered. It has appeared, that in these codes the importance of radiolytical oxidation processes  of  







Project # 3345 Final Project Technical Report Page 27 / 29
 


iodide-ion and linkage its by silver is various; in code ASTEC-IODE the greater importance is given to 
process of I2 hydrolysis, but the role of a doze rate in oxidation of an I--ion is insufficiently accounted. 
The iodine behaviour in a gas phase described by ASTEC-IODE more precisely, but it is tolerant to рН 
change. At the same time iodine module of MELCOR sensitive to рН, overestimates I2 concentration in 
gas for the order of value in comparison with ASTEC-IODE. For a water phase both code predict 
prevalence of soluble iodine forms (i.e. not reacting with Ag). According to code ASTEC-IODE in water 
form IO3- prevails. As a whole, both of the code describe real experiment with essentially different 
approximations and deviations; accordingly, their further perfection is necessary. 


Verification developed by us the iodine module and a calculation code has shown, that they well 
express influence of an irradiation, temperatures and рН iodine release in gas phase in conditions of the 
lead experiments. 


The analysis of data Table.5.1 and 5.2 allows to draw following conclusions. 
Without an irradiation: 
− at identical entry conditions (temperature, initial concentration of iodide-ion in water) 


calculation shows iodine DC growth with рН increase. At рН in a range 4÷6 this tendency is expressed 
poorly (tabl.5.2, experiments 1-5 at T=30 oC; experiments 7, 11, 12 at T=60 oC), but it becomes more 
obvious at рН>6 (experiments 13, 15, 16 at T=60 oC, experiment 17-21, 23, 24 at T=90 oC), in 
experiment such dependence obviously is also traced; 


− injection in an initial solution of iron-hydroxide sludge (at the identical temperature and 
close pH) can cause both increase of iodine DC (table 5.2, experiments 7, 8, 14, 15), and its appreciable 
falling (table 5.2, experiments 1-3, 18, 19) - if to start with data of experiment. Calculation predicts DC 
falling in all cases. Probably, that at pH=6-7 and temperature 60 oC heterogeneous oxidation of iodide-
ion by trivalent iron proceeds. 


At an irradiation: 
− the iodine DC 1-st method at identical рН, temperature and the moment of sampling falls 


on the order of value concerning experiments without irradiation; 
− increase of DC with pH is traced in an interval pH 4,9-8,1, 60 oC; in calculation 


(experiments 6, 8, 10, 12), but not in experiments; 
− with injection of iron-hydroxide sludge in an initial solution at identical temperature 


(60 oC) and рН≅5 increase of iodine DC is not traced distinctly (experiments 6 and 7, 8 and 9); 
apparently, sludge influence at the given conditions of an irradiation (dose rate, duration) is insignificant. 
At 95 oC and 120 oC and sludge presence DC grows by 2-10 times (experiments 1 and 2, 4 and 5). 


Thus, the lead verification has confirmed working ability of the developed calculated code and 
satisfactory agreement calculated and experimental data (to within the order of value). The iodine model 
and a calculation code can be used for post-test calculations in the project #3345 and in a general severe 
accident code. 
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CONCLUSIONS 
 
1. The module and the calculation program for domestic severe accident code modelling iodine 


forms behaviour in containment of WWER reactors at a chemical stage of accidents with destruction of 
core are created. 


2. Verification of the created calculation code is lead with use of autoclave experiments results on 
influence of temperature, рН and gamma irradiations on formation of volatile iodine forms in a water 
solution of iodide-ion and on their output to the gas environment, including at presence iron hydroxide 
sludge in water phase. 


3. Experimental and calculation values of iodine distribution coefficient in the investigated pH 
range, initial iodide-ion concentrations and temperatures in view of the reached accuracy of 
measurements agree within the limits of the order of value. 
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