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ABSTRACT

This report briefly summarizes the phenomena believed to

occur during a severe core meltdown accident and discusses their

chemical and physical significance for the release, transport and

deposition of radioacive materials during such accidents. The

models used in the computer codes FPRAT, AEROREL, MATORET, RETAIN

and NUCLEIDS are described and discussed in light of current

knowledge and the experience obtained by running these codes.

Possible deficiencies in the models are identified and some

suggestions are given for further work on code development. Some

results from a limited sensitivity analysis and from case tests

with the codes are also presented. Finally the report presents

the conclusions drawn by the RAMA source term group regarding the

usefulness of, correctness of results from and desired further

development of the codes tested and used within the RAMA project.
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1 INTRODUCTION

The wording "source term" is commonly used to designate

several different sources of radionuclides during a nuclear acci-

dent. In order to be more precise, we will use the words "core

source term" to designate the primary release of radionuclides

and other material from the core into the primary system. The

release of radionuclides into the containment will be referred to

as the "containment source term", and finally the release of

activity and material to the environment will be called the

"external source term".

The core source term depends on many factors. Among the more

important are:

Reactor type and normal specific power level.

Fuel inventory and fuel history.

Time between reactor shutdown and the beginning of fuel

overheating.

Availability of water and steam in the primary system after

the beginning of fuel overheating.

Temperature of walls and structural materials.

Gas phase composition and gas temperature in the primary

system.

Chemical reactions between fission products, fuel, canning,

water, control rod material and stuctural materials.

The containment source term depends, of course, on the core

source term, but also on transport processes and transport paths

between the primary system and the containment, the direct entry

of molten fuel and structural material from the primary system

into the containment and its further fate there, e.g. aerosol

generation due to core - concrete interaction.

The external source term depends mainly on the amount and

composition of the atmosphere-borne activity in the containment

as a function of time, humidity, leakage rate and leak paths

between the containment and the environment.

Because detailed, realistic, verified chemical and mechanis-
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Figure 1.A. Interconnection of programs and flow of data for

calculation of the external source term.
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tic models for the evaporation of fission products and other

materials from overheated fuel are lacking and there are uncer-

tainties about the geometries, the calculated core source terra

involves a considerable amount of uncertainty. This uncertainty

also affects the calculated containment source term, which is

then reflected as an uncertainty in the external source term.

Furthermore, the transport of activity and other material between

the various compartments in the primary system, the containment

and, in some cases, the reactor building depends on melt, water

and gas movements between these compartments and hence uncer-

tainties in such data are compounded with uncertainties in the

calculated release and deposition rates. The results from the

source term calculations will thus depend strongly on the pre-

scribed flow and temperature data.

Earlier estimates of the source terms have been based on

crude "safe estimates", which probably in most cases grossly

overestimate the release of individual fission products and of

structural materials.

The work done by the RAMA source term group is intended to

provide up to date tools for computing best estimates of the

different source terms, given the temperature, pressure, gas

composition and flow patterns as functions of time. Such data are

provided by the tools developed and tested by the RAMA contain-

ment group. However, the source term calculations can also be

based on any other source of temperature, composition and flow

histories for the relevant compartments. In such a case some

manual interpretation and coding of the required data may be

needed. Figure 1.A shows the relevant programs and the flow of

data between them.

2 CHEMICAL AND PHYSICAL PROCESSES

The different source terms are dependent on the type and the

sequence of events occurring during accident progression and

their timing. In order to understand the basis and limitations of

the computation methods and models used, it is necessary to have

a picture of the physical and chemical environment in which the
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release occurs and the mechanisms behind the release. This sec-

tion provides the minimum background information needed for com-

prehension of the assumptions made, models used and calculations

needed to obtain the source terms.

2.1 BACKGROUND AND GENERAL OVERVIEW

Many of the ideas and methods used for estimating the size

of the different source terms were already presented, and/or

used, in the Reactor Safety Study, WASH-1400. Further development

in this area, up to 1981, has been summarized in "Technical Bases

for Estimating Fission Product Behavior During LWR accidents",

NUREG-0772. Presently, another report, Radionuclide Release under

Specific LWR Accident Conditions, NUREG-0956, is being prepared

for the US NRC, and has been available to RAMA for review in

draft form and as BMI-2104. The main development between the last

two reports is in the area of calculational methods. Several new,

or improved, computer programs were developed and used to provide

the results on which NUREG-0956 is based. A technical summary of

the IDCOR (Industrial Degraded Core Rulemaking Program) effort

was published at the end of 1984. Most of the computer codes used"

within the RAMA project (MAAP, FPRAT and RETAIN) originate from

the IRCOR effort.

The increasing understanding of the processes important for

the release, transport and removal of radionuclides makes it

necessary to continuously update the available calculational me-

thods and data used. On the other hand, as the understanding and

models develop, a certain lack of data from basic research be-

comes limiting and model verification becomes important as well.

This has led to the initiation of many research projects in

several countries with experiments varying in size from small

advanced laboratory scale research projects to large in-pile

experiments. Some examples are given below.

EPRI has a source term research program for LWR in which

most of the experimental projects are designed to be finished

during 1984.
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To guide the research programs, an estimate of the thermo-

hydraulic conditions in the primary system during a severe acci-

dent has been made for some key accident sequences. The result is

published in EPRI-NP-3120, 1983.

Based on this study is e.g. a scale model experiment with

the purpose of estimating the aerosol retention in the upper

plenum of a PWR. The 1/7 scale PWR-model at Westinghouse is

utilized.

An experiment to identify volatile fission products released

at high temperature from preirradiated fuel pins using spectro-

graphic techniques has also started.

Together with NRC, DOE, Ontario Hydro and Belgonucleaire,

EPRI supports an in-pile experiment, which is to be carried out

in the TREAT reactor in Idaho. The purpose is to evaluate the

physical and chemical state of the fission products, especially

the aerosol characteristics near the fuel pins.

All the projects mentioned above are scheduled to be fin-

ished during 1984.

Another EPRI project is the LACE program (LWR Aerosol Con-

tainment Experiments), which is planned to start in June 1984.The

purpose of the program is to provide a data base for validating

aerosol retention in containment and related thermo-hydraulic

computer codes and also to experimentally investigate aerosol

retention in connection with postulated severe accidents. Initial

tests concerning the V-LOCA sequence will be performed and fin-

ished during 1984, and thus the results will be available before

termination of the RAMA project.

The LACE program can be considered as a complement to other

aerosol experiments done, e.g. the DEMONA project which is sup-

ported by Germany and Switzerland and performed to verify the

NAUA code.
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EPRI and NRC, together with eight countries, are involved in

a full scale test at Marviken which was started in order to

investigate the attenuation of aerosols in the primary coolant

system during a severe accident. This experiment will take about

three years and is expected to finish during 1985.

NRC has scheduled an integrated research program called SARP

(Severe Accident Research Program) which covers research for the

period January 1982 - January 1986. The intent of the SARP pro-

gram is according to NUREG-0900 "to establish a sound technical

basis on which an evaluation of the need for changes in nuclear

plant design and operation can be made". SARP consists of 60

separate research programs divided into 13 program elements.

Number nine of these elements deals with fission product release

and transport. Battelle Columbus Laboratories are under contract

with NRC to compile progress reports for all of the SARP pro-

grams.

The OECD LOFT project group has planned a program with eight

experiments classified into two major groups: Thermal hydraulic

experiments and Fission product transport experiments. They are

all planned to be finished during the period 1983 - 1985. The two

fission product transport experiments, FP-1 and FP-2, are de-

scribed as "gap release (special bundle)" and "increased gap

release (special bundle)" experiments. FP-1 is proposed to be

vapor dominated and FP-2 aerosol dominated. The target date for

FP-1 is 1985-01-08 and for FP-2 1985-07-30.

In Canada, most of the internal research program concerning

reactor safety is carried out at WNRE (Whiteshell Nuclear Re-

search Establishment), CRNL (Chalk River Nuclear Laboratories)

and CANDU Operations, where computer models are developed. At

WNRE the fission product experiments are focussed on volatile

fission products, e.g. iodine, in solution and gas phase. Organic

iodine compounds in solution are also investigated. At CRNL the

investigations are concentrated on fission product release from

fuel. All experimental programs at CRNL will be used to develop

computer codes for prediction of fission product release from UO2

fuel.
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In France, the PITEÅS project concerning sand filter vents

and aerosol behavior in a wet atmosphere is partly a supplement

to previous investigations on conditions in a dry atmosphere.

At the research center of the French Commissariat å

l'Energie Atomique at Grenoble, experiments on fission product

release from preirradiated damaged fuel pins in the temperature

range 1350 - 1800cC will be completed in 1984.

As mentioned above, Germany and Switzerland support a large

research project called DEMONA (Demonstration of behavior of

Nuclear Aerosols). The experiments are performed in a PWR-model

containment similar to the BIBLIS-A containment, but scaled down

to a hundredth by volume. The aim of the DEMONA project is to

demonstrate the aerosol behavior in a large scale LWR facility

after a core meltdown and, with help of these results, verify the

NAUA code. The DEMONA project will be completed in 19d5.

BETA is a German project illustrating the core-concrete

reactions in connection with a core meltdown accident. The aim of

the BETA experiments is to verify the results from earlier calcu-

lations with different computer codes, e.g. CORCON developed by

SANDIA and WECHSL developed by KfK. These experiments started in

the first half of 1984 and will be completed at the end of 1985.

The verification of the codes will run in parallell to the exper-

iments and end at the same date.

As the understanding of the basic processes increases, the

requirement for a more accurate and detailed description of

temperatures, pressures and transport also increases. This often

gives longer computation times and may come into conflict with

economic restraints due to the computer time needed.

2.1.2 PHENOMENOLOGY OF CORE OVERHEATING AND MELTDOWN

Fission products and ac<:inides are built up in the fuel

during reactor operation. Due to flux variations within the core

and the fuelling strategy used, the individual fuel pins and fuel
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elements will, at a given moment, contain different amounts of

radioactive and stable nuclides other than uranium. Thus both

decay heat, radioactivity content and composition vary over the

reactor core. This is often neglected in phenomenological calcu-

lations of core behavior during severe reactor accidents and in

calculations of release rates and radioactivity released to the

primary system and to the containment. In principle, the fuel

pins containing the largest relative amounts of shortlived radio-

active nuclides (low burn-up fuel) will deteriorate first and

release their activity at an early time, whereas fuel pins which,

on average, contain relatively more longlived nuclei (but about

the same absolute equilibrium amount of shortlived nuclei) will

melt at a later time. This is due to the fact that high burn-up

fuel normally operates at lower specific power than low burn-up

fuel and thus reaches high temperature in an accident at a later

time. This simple rule is partly offset by a few other factors,

mainly the position of the fuel radially in the core and the

availability of water or steam for cladding oxidation.

During reactor operation some fission products, and perhaps

also some actinides and oxygen, migrate in the fuel, both radial-

ly and axially. This movement is due to differences in chemical

potential within the fuel pins. Migration might be divided into

chemical reactions, e.g. oxidation or reduction, and thermal

diffusion axially and to or from the gap (Joh 82a, Mat 80).

Transport processes within the fuel pins thus lead to uneven

distribution of heat sources, but probably also to differences in

the release rates during fuel heatup and melting.

When part of the core is uncovered, the surface of the

uncovered fuel will heat up due to levelling of temperatures

radially within the fuel pins, decay heat from shortlived radio-

active nuclides, and, when the surface temperature is high enough

and steam is present, the heat generated from the oxidation of

zirconium by water, about 6.3 MJ/kg Zr.

Due to radiant heat loss from the uncovered part of the core

to the surrounding structures, the outermost regions of the

uncovered core will, in general, be cooler than the central
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region of the uncovered core (Coh 82). This will give a radial

and vertical temperature variation, the hottest parts being be-

tween the top of the core and the water level vertically and in

the center of the core radially, if the effects of flux varia-

tions and fuel history are neglected.

Immediately after reactor shutdown, the internally stored

heat in the fuel pins will be the major source of heat available

for raising the fuel surface temperature. Center temperatures in

a BWR fuel pin are around 1200 C during normal reactor operation

(Ase 78, Nei 83). After this initial period, the energy from the

decay of shortlived actinides and fission products is the main

source of heat.

Cladding surface temperatures during normal operation are

around 295°C for BWRs (Nei 83). Once the cladding reaches a

temperature of about 900 - 1200°C (NUREG-0772, Vog 83), and a

sufficient supply of steam exists,' the oxidation of zirconium by

water will become the main energy source for fuel heatup. How-

ever, part of the heat of oxidation will be carried away by the

hydrogen produced in the reaction. The amount of zirconium per

weight of fuel varies considerably between PWR and BWR reactors,

especially when the fuel boxes are included. When eventually all

zirconium is oxidized, only radioactive decay energy will remain.

When the fuel pin surface temperature rises to around 800

900°C (Vog 83), and if system pressure is lost, PWR (and also

probably BWR) fuel cans are likely to burst open due to the high

internal pressure and embrittlement of the canning material from

recrystallization of the high temperature beta phase (Boc 83).

This will give a rapid release of gaseous fission products pres-

ent in the fuel-cladding gap followed by a slower, transportlim-

ited release.

When the fuel pin surtace temperature exceeds the melting

point of the zircaloy used for fuel canning, about 1850 - 1950°C

(Eth 58, Vog 83), the canning will melt. The molten canning

material will in general flow downwards along the pin and solidi-

fy again, much in the same way as stearine from a dripping candle

behaves (Eps 80). Because of this similarity the process is
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called candling. Melting of the can will remove the heat of

fusion for the can material, about 250 kJ/kg, from the pin at the

point of melting. The latent heat of fusion of the canning will

be released again when the molten and dripping can melt solidi-

fies.

Because of the relatively small spacing between the fuel

pins, the solidifying can melt may block the channels between the

pins, and between pins and shroud for a BWR element. This may

lead to the formation of a solid layer between pins. As the

heating continues, more can will melt and flow down, so that the

solid layer moves downwards by remelting and accumulating in a

pool on top of this layer. The downward movement depends on the

local heating and any superheating of molten can material on its

way down. As the zirconium dioxide formed in the oxidation proc-

ess has a much higher melting point (2400 - 2650°C) than the

alloy, it will tend to flake away from the pins as the metallic

inner part of the can melts and drains downwards. The occurrence

of such solid particles will probably help in strengthening the

channel blockage.

The exposed fuel will tend to fracture into smaller pieces

due to internal stresses caused by trapped fission products,

gaseous at the actual pin temperature (Dim 79, Dim 83). Fuel

fragmentation is believed to vary with burnup and heatup rates.

Low burn-up fuel shows no fragmentation at all. Higher burnup,

higher linear power and higher heat-up rate tend to increase

fragmentation and decrease fragment sizes for both PWR and BWR

fuels. Fuel fragmentation has an important effect on the progres-

sion of fuel melting and on the release of fission products.

Before the uranium dioxide fuel reaches its melting tempera-

ture, about 2850°C for stoichiometric uranium dioxide, melting of

structural materials and control rods will occur. The melting

point of the silver alloy used in PWR control rods is about 700 -

750°C (Vog 83), whereas the rod can melts at about 1400 - 1500°C

(Vog 83). The cadmium (B.p. 765°C) in the silver alloy will give

a high vapor pressure at a temperature considerably lower than

1400°C. This might lead to bursting of the control rods and



REACTOR ACCIDENT MITIGATION ANALYSIS RAMA 85-3 17

spraying of their content onto neighbouring pins (Par 82). Sil-

ver-zircaloy alloys of lower melting point may form and accel-

erate the candling process. Zirconium-silver eutectic has a melt-

ing point of about 1250 C. The steel control rods containing

toron carbide in a BWR core are not believed to behave in a

similar way, but at high temperatures (1600°C) the steel will

melt, and at very high temperatures (2350°C) the boron carbide

might melt and/or oxidize to boric acid. However, the spacer

elements of Inconel-X in the BWR fuel melt at about 1300 - 1500°C

(Eth 58), and will probably alloy with the zircaloy in the fuel

cans and lower its melting point (Jon 81, Vie 82). The melting of

control rods and structural materials will absorb the correspond-

ing latent heat cf fusion. The melting points for these materi-

als vary considerably. The properties of the resulting melt or

melts are not completely known, especially with regard to viscos-

ity and rate of oxidation. Superheating of molten materials may

occur when they come into contact with hotter materials or oxi-

dize.

While the oxidation and candling processes remove the can-

ning material from the outside, uranium dioxide and zircaloy

react on the can-fuel interface forming zirconium dioxide and

zirconium-uranium alloy. The rate of the latter reaction is

estimated to be about the same as that for the oxidation (Die 84,

Hof 82). Hence, the fuel will rapidly become oxygen deficient,

which affects transport rates and compound stability within the

fuel (And 83, And 84, Mat 80).

At a later stage of the core heatup process, temperatures

sufficiently high to melt uranium dioxide and zirconium dioxide

may occur. The melting point of pure zirconium dioxide is about

2700 C and the melting point of stoichiometric uranium dioxide is

normally considered to be 2850°C. However, the melting point is

probably dependent >n stoichiometry and the content of impurities

such as other actinides and fission products. Melting of the

zirconium and uranium dioxides requires an additional heat of

fusion, 706 and 282 kJ/kg respectively. Further addition of heat

to the molten uranium dioxide gives the superheating needed to

avoid instantaneous formation of a layer of solid phase upon
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contact with cooler materials.

Molten fuel is believed to drip down into the pool of molten

cladding resting on a layer of solidified cladding melt. The

oxide melt will tend to sink in the pool of molten metal and

increase the temperature of this pool and accelerate its downward

movement. At the same time, some refreezing of uranium dioxide

must be assumed.

Sooner or later, the supporting structures will give away

and the molten pool, together with unmolten material, will sink

or fail down into the lower end of the reactor tank.

During these sequences the various melts will interact and

two separate phases are believed to emerge, an oxidic melt con-

taining most of the uranium and part of the zirconium and a

metallic melt containing unreacted zircaloy, stainless steel,

possibly silver alloy from control rods and some metallic urani-

um. Due to density differences, the metallic melt will initially

float on top of the oxidic melt. However, melting experiments

have shown that this situation is reversed after a time due to

changes in the densities caused by chemical reactions between the

melts (Par 82a). Detailed data on the properties of such melts

are lacking.

In scenarios where water is left in the reactor pressure

vessel during the meltdown sequence, the downcoming molten masses

are probably quenched by this water. The steam generated will

accelerate zirconium oxidation in the fraction of fuel still

remaining higher up in the core regions. Given time, all water

present will have evaporated and remelting will begin.

Calculations show that, given time, the falling or remelting

mass will penetrate the reactor pressure vessel bottom by melting

through the smaller tubes present (Fau 82). Depending on the

pressure in the vessel, the melt will either pour through or

spray out through these openings. The opening area will increase

rapidly due to ablation. When the melt has passed out of the

tank, any residual water will follow the melt out. It is likely

that further melt will exit from the tank this way at a later
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stage.

In all scenarios the exiting melt will come to rest on

concrete. The cooling action of radiation to the surroundings and

heat given off to the concrete leads to a freezing of the outer

layer of the melt. The heating of the concrete and reactions

between the melt surface and the concrete leads to the formation

of steam, hydrogen, carbon monoxide and carbon dioxide. These

gases pass partly through the melt and partly around it. The gas

stream sparges some material from the melt into the escaping

gases. The heating and reaction lead to an initially rapid, but

slowing down, erosion of the concrete in contact with the melt.

Some of the oxides formed from the concrete dissolve in the melt,

changing its properties. In general this is assumed to result in

a lowering of the melt solidification temperature. The release to

the gas phase during the core-concrete reaction is called the ex-

vessel source term and will be discussed further in section

2.1.5.

Later in time, the combined reaction and decay heats can no

longer make up for the heat lost by radiation, conduction and

convection. The melt will then solidify permanently. If water is

present in large amounts before melt solidification it is proba-

ble that the molten mass will disintegrate into smaller, more

easily coolable pieces. This would then mark the end of the more

rapidly progressing parts of the accident.

A fairly large amount of electric cabling and other equip-

ment exists below the reactor pressure vessel. Insulating materi-

als present will heat up strongly and give off various organic

vapors. The types of vapor depend generally on the composition of

the surrounding atmosphere. The gaseous products obtained in the

presence of air can be estimated from analytical data on the

organic materials used. A special investigation of the pyrolysis

of relevant materials in steam and nitrogen atmospheres was

initiated by RAMA (Fri 84).
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2.1.3 RELEASE MECHANISMS FOR FISSON PRODUCTS

When discussing the rates and mechanisms for the release of

fission products, it is important to realize that fission pro-

ducts are always micro-constituents of the solid fuel and of

melts occurring during accident progression. Because of this,

their vapor pressures should generally follow Henry's law, i.e.

the vapor pressure of a micro-component, pA, should be proportio-

nal to the product of the vapor pressure of the pure component,

P , and its mole fraction, x., see Figure 2.1.3.A.

PA = k PA xA (2.1.3.1)

In ideal systems, the proportionality constant k is unity.

In most real systems, however, the constant of proportionality

has to be determined empirically for each case. In many formula-

tions of Henry's law the vapor pressure of the pure component is

included in the constant.

When definite chemical compounds are formed between the

micro-component and a macro-component, e.g. between molybdenum

and hyperstoichiometric uranium dioxide, smaller than normal

values are expected for the proportionality constant in Henry's

law. On the other hand, limited solubility of the micro-component

is expected to give a higher than normal value of the proportion-

ality constant, see Figure 2.1.3.A. Another way to treat such

deviations is to assume ideal behavior, such as for noble gases,

and assign the variations in the proportionality constant to a

chemical activity factor. In cases where deviations from lineari-

ty occur, several approximate theories for activity factors exist

and may be used tc interpolate or extrapolate available data,

e.g. van Laar's or Margule's two- or three-suffix equations.

The high melting temperature and electric conductivity of

molten uranium dioxide and molten zirconium dioxide indicate that

these materials form ionic melts. It is an open question if

compounds still present in the melt will dissociate, e.g. Csl

would dissociate to Cs+ and I". If this occurs, it should lead to

the vapor pressure of such dissociated compounds becoming propor-

tional to the product of the mole fractions of the ions instead

of proportional to the mole fraction of the compound. Ionic
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Figure 2.1.3.A. Vapor pressure in binary systems.
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dissociation would also lead to an interdependence of the release

rates for compounds having a common ion when dissociated in the

melt, as well as a dependence of the release rates on composi-

tion.

Because the rate of mass transfer is always limited by the

slowest intermediate step, which is normally one where a very low

concentration occurs, it can be assumed that the transport of the

micro-component in the solid fuel is rate limiting before the

fuel melts. The dominant transport mechanism can be either normal

diffusion from the interior of fuel particles to internal gas

bubbles or to the surface, diffusion and convection in the gas

phase present outside the grains, or movement of gas "bubbles"

through the fuel structure, or a combination of these (Mat 80).

Evaporation from exposed fuel surfaces can safely be assumed to

be instantaneous because it will not be rate limiting. After

melting, transport of the micro-component to the evaporating

surface may be by both diffusion and convection, the latter

always being the dominant process, except in some special geo-

metries.

Once outside the solid or liquid, the evaporated compound

should mainly be transported through gross movements of the

surrounding atmosphere. The transported form is originally vapor.

When the gas cools, either by mixing with cooler gas or by con-

tact with cooler surfaces, a competition will exist between the

formation of new gasborne droplets or solid particles (nuclea-

tion), condensation onto particles in the gas phase, and conden-

sation on cooler (wall) surfaces; this will determine whether the

vapor will form aerosols or plate out on surfaces. It is impor-

tant to realize that the condensing material has a different

composition from that of the gas phase. Thus, condensation

changes both the total amount in the gas phase and its composi-

tion.

2.1.4 RELEASE MECHANISMS FOR FUEL AND STRUCTURAL MATERIALS

Uranium dioxide and structural materials, like iron and
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zirconium, are always present in significant amounts and normally

constitute the bulk of the solid and liquid materials. Because no

low concentration occurs in the transport from internal volumes

to surfaces it is safe to assume that the transport to the sur-

face is instantaneous for all macro-components. Hence, the evapo-

ration rate of the macro-component from exposed surfaces must be

the rate limiting process. Some minor components may be "diffu-

sion" limited in the same way as the fission products.

The vapor pressure of a macro-component, p , follows approx-
A

imately Raoult's law, i.e. its vapor pressure is assumed to be

equal to the product of the vapor pressure of the pure material,

P., and its mole fraction, x., see Figure 2.1.3.A.
A A

P A = P A x A (2.1.4.1)

In the same way as deviations from Henry's law often occur,

deviations from Raoult's law must be expected and for the same

reasons. Such deviations can be handled in the way described

above for micro-components. Calculated vapor pressures of solid

and molten U02 are reported by Breitung (Bre 75).

It seems justified to assume that all components have the

same specific evaporation rate at a given temperature and pres-

sure. This means that the transport in the gas phase boundary

layer is limiting for the release rate of macro-components (Lor

82).

2.1.5 RELEASE MECHANISMS IN CORE - CONCRETE INTERACTIONS

When the core debris falls down on the pedestal floor an

interaction between the core debris and the concrete floor will

occur. The core debris probably consists of two layers: a liquid

metal layer interacting with the concrete, and on top of this a

metal oxide layer.

Water vapor is released during the interaction between the

core debris and the concrete, but only small amounts of carbon

dioxide due to the low content of calcium carbonate in Swedish

concrete. Hydrogen is formed when the water vapor reacts with the
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melt. The relatively large amounts of gas penetrating the melt

will increase the release of aerosols to the containment atmo-

sphere. Two mechanisms have been suggested for the aerosol gene-

ration:

Vaporization and condensation of species from the high

temperature mixture of core debris and molten concrete.

Mechanical aerosol generation from violent sparkling

and agitation of the melt during the oxidation.

These mechanisms have been studied at Sandia (Pow 83) and to

a lesser extent at Oak Ridge. However, in the first of the BETA

experiments at Karlsruhe no aerosol formation was observed. This

is contrary to the experience from experiments performed in the

US (Joh 84). The difference in results has not yet been explained

and needs further investigation.

The important role of the core - concrete interaction has

been pointed out by Powers et al. (Pow 83). Two important

features are:

Aerosol emission from the ex-vessel core - concrete

interaction will accelerate settling of the fission

product containing aerosol, earlier produced in the

vessel.

The ex-vessel source term from core - concrete interac-

tion might provide a long term aerosol source in the

containment. This is, however, dependent on how the the

core melt will be cooled, i.e. by the pressure supres-

sion pool or by flooding with water.

In the calculations performed within the RAMA project on the

Oskarshamn 2 and Ringhals 1 reactors it has been assumed that the

core melt will swiftly fall down into the pressure supression

pool.

It should be pointed out that if the core is not cooled an

entirely different release of nuclides to the environment may be

expected. From a radiological point of view, relatively volatile

species, such as Cs, I and Te, dominate the release. If these
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species are washed out of the containment atmosphere by

aerosols from the core - concrete interaction, the long term

emission of aerosols, containing e.g. Sr, Ru and perhaps Te, from

this source will become more important from a radiological point

of view.

2.2 PHENOMENA AND PROCESSES

A more detailed and segmented description of the basic

processes governing the release and transport of radionuclides

and structural materials will be given below. These descriptions

form the basis for the modelling of the different processes, but

they often include more phenomena than the models to show some of

the possible deficiencies of the models used.

2.2.1 DIFFUSION

Diffusion can be defined as the transport of one component

in a mixture relative to the bulk of the mixture. The driving

force consists of differences in chemical potential. The diffu-

sion process transports the components in the direction of de-

creasing chemical potential for each component. After the initial

dynamic period, the relative transport of material has led to

such changes in the composition that the chemical potential

differences have disappeared and a static situation arises. By

removing one or more of the components from a boundary the static

situation will be disturbed and transport of more material to the

removal point will occur.

Depending on the mechanism for transport, diffusion proces-

ses can be divided into five types. Each of these will be treated

separately below.

2.2.1.1 LATTICE DIFFUSION

Transport of a micro-component, like a fisson product,
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through a homogeneous solid is called lattice diffusion. The

reason is as follows. The macro-component normally forms a crys-

talline structure and the micro-component moves through this

lattice by jumping from position to position. The available

positions are normally some kind of vacancy in the crystal lat-

tice. This mechanism requires a certain energy excess in each

micro-component atom, or molecule, making a jump. The mobility of

the micro-component thus increases with temperature. The effect

of temperature is normally well described by an Arrhenius type of

equation as follows:

DT = DQexp(-Q/RT) (2.2.1.1.1)

where D is the diffusion coefficient, index T refers to tempera-

ture T and 0 to infinite temperature, Q is the activation energy

for the diffusion process, R the general gas constant and T the

absolute temperature. The constants DQ and Q have to be measured

for each medium and diffusing substance.

,The noble gases, Kr and Xe, are the substances whose diffu-

sion in uranium dioxide is best investigated and understood (Mat

80). Their diffusion in stoichiometric uranium dioxide is be-

lieved to take place via triple vacancies in the uranium dioxide

lattice (missing U and two 0). The stoichiometry has a strong

effect on the diffusion rate. Moreover, the accumulation of

fission products in uranium dioxide and radiation damage to the

crystal structure both affect the diffusion rate, usually re-

sulting in an increase. The radiation effect is believed to

explain the differences observed between diffusion rates measured

in and out of pile (Mat 80).

Table 2.2.1.1.A summarizes typical diffusion data obtained

from laboratory experiments.

2.2.1.2 DIFFUSION OF BUBBLES

Due to their limited solubility in the fuel matrix, some

relatively volatile fission products, e.g. Br, Kr, Rb, I, Xe, Cs,

will tend to appear as a separate phase, a fission gas bubble, in

the fuel (Woo 79). Depending on the bubble radius, temperature
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and partial pressure inside the bubble, gaseous fission elements

will enter the bubble or redissolve in the surrounding fuel. In

certain cases, the bubble moves as a whole through the fuel

grains, carrying with it the fission gases. Interconnection of

bubbles may lead to channels along grain boundaries in the fuel

(Bak 79). The presence of these bubbles, containing high pressure

gas, is believed to be one reason for the severe fuel fragmenta-

tion sometimes observed on heating after irradiation (Dim 83).

2.2.1.3 GRAIN BOUNDARY DIFFUSION

Fission gas and other elements reaching a grain boundary can

diffuse along the boundary in the direction of decreasing chemi-

cal potential. In many cases this will be in the direction of

lower temperature, i.e. to the fuel-cladding gap, where less

volatile fission products like cesium will condense and may form

compounds such as cesium uranate. Fission gases accumulated at

the grain boundary will tend to form new grain boundary bubbles.

As the concentration of bubbles increases they tend to interlink

to form tunnels through which the fission gases and volatile

fission products like cesium, iodine and tellurium can escape

(Chi 83, Res 83).

Heating of uranium dioxide in steam leads to an increase in

the 0/U ratio. This leads to increased diffusivity of fission

products in the fuel (Cub 81). One computer program, FPRAT, for

estimation of fission product release during fuel heatup uses a

model developed by Cubicotti which is based on this idea (Cub 81,

Res 83). The model probably loses physical significance when the

fuel melts. The basic assumptions behind this model have recently

been criticized (Chu 83, Res 83a).

2.2.1.4 DIFFUSION IN THE MOLTEN STATE

Diffusive transport in liquids is only important when free

convection is hindered by geometrical constraints. In most cases

the Stokes-Einstein law predicts diffusion coefficients in rea-

sonable agreement with measured values of diffusion coefficients
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Table 2.2.1.1.A. A collection of diffusion data from the litera-

ture; D in cm /s and Q in eV.
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D r R T/6 Tf i| r N (2.2.1.4.1 )

where D is the diffusion coefficient, R the gas constant, T the

absolute temperature, r̂  the viscosity, r the radius of the diffu-

sing molecule, and N is the Avogadro number.

2.2.1.5 DIFFUSION IN THE GAS PHASE

Diffusive transport is only important for stagnant layers of

gas. In this context it may be of importance for the passage of
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vapors and aerosol particles through boundary layers near sur-

faces. Lorenz used a correlation for heat transfer by natural

convection above a heated flat surface under laminar flow condi-

tions and the analogy between heat and mass transport to calcu-

late mass transfer coefficients for core-melt experiments in the

SASCHA facility (Lor 82). He found a reasonable agreement between

calculated values and data from the experiments, which points to

the importance of transport in the gas phase boundary layer above

a melt.

2.2.2 CONVECTION

Convective transport is often the dominant transport mecha-

nism, except in solids and through stagnant fluid films. In

general the models used for the description of convective trans-

port during severe accidents are very crude. Only convective

transport over boundaries between completely and instantaneously

mixed compartments is treated. It is important to realize that

these simplifications may lead to overestimation as well as

underestimation of the amount of gas-borne material at a given

time and point.

2.2.3 EVAPORATION

The rate of evaporation of a substance per unit area is the

difference between the number of molecules leaving that area per

unit time, the specific loss rate, and the number of molecules of

the same kind hitting that area from the gas phase per unit time.

When the liquid/solid phase is in equilibrium with the gas phase,

the rate of evaporation is zero by definition. This gives the

relation (Moo 62)

dN/dt = p (2 IT M R T ) " 1 / 2 (2.2.3.1)

where dN/dt is the specific loss rate, p the the partial pressure

of the molecules in the gas phase, M the molecular weight, R the

general gas constant, and T the absolute temperature.

The vapor pressure of a pure substance, p, can normally be
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expressed over a range of temperatures by the equation (Gla 62)

In p = i - B T R~1 - Ls <R T)" 1 + A R~1 In T (2.2.3.2)

where Ls is the heat of sublimation, i is a constant of integra-

tion, and A and B are two empirical constants. Very often this

equation is fitted directly, or after omission of some terms, to

empirical p/T data, and the result expressed as:

log p = a + b T + c / T + d l o g T ( 2 . 2 . 3 . 3 )

Table 2.2.3.A contains a compilation of a, b, c, and d

values for some selected inorganic compounds and elements. Most

of the data used for the fitting have been traced back to an old

compilation by Stull (Stu 47).

By combining equations 2.2.3.1 and 2.2.3.3 above, it is

possible to estimate the specific loss rate, dN/dt, for different

compounds and temperatures. The results are shown in Figure

2.2.3.A for a few elements and compounds of interest. The speci-

fic loss rate is practically independent of the total system

pressure; typical changes are in the order of 1% per MPa.

Figure 2.2.3.B shows an Arrhenius plot of the release rate

data given in Figure 4.3 of NUREG-0772. Some similarities between

Figures 2.2.3.A and 2.2.3.B can be found. However, the fairly

similar slopes of the curves in Figure 2.2.3.B indicate that a

mechanism other than the surface evaporation rate is dominant. It

is reasonable to assume that this is diffusion to the surface

(And 83, And 84) or in the stationary gas film (Lor 82).

2.2.4 CHEMICAL REACTIONS

Most of the components present inside the containment con-

sist of substances that may react with each other under abnormal

conditions, such as high temperatures. The various primary reac-

tion products may then mix and initiate further reactions until

the whole system approaches chemical equilibrium. The types of

reactions believed to be of importance for the materials origi-

nally present inside the containment are described and discussed
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Table 2.2.3.A. Some constants for the vapor pressure equation:

log(p) = a + b T + c / T + d log(T), with p in Pa and T in K.
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Figure 2.2.3.A. Arrhenius plot of specific evaporation rates for

some pure substances.
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Figure 2.2.3.B. Arrhenius plot of the fractional release rate, f,

using data from Figure 4.3 in NUREG-0772.
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below for each major element. The mathematical models used to

describe the chemical reactions in the codes tested by RAMA are

given in section 3.2.

2.2.4.1 ZIRCONIUM

Large amounts of zirconium are present in the reactor core

as the zirconium-tin alloy, zircaloy, which contains about 1.5%

tin and small amounts of other elements. During core overheating

and melting the zirconium in this type of alloy will react with

some other substances, mainly water, hydrogen, nitrogen, uranium

dioxide, silver and tellurium.

The main reaction is believed to be oxidation of zirconium

by water according to the mechanism

Zr(s) + 2 H2O(g) = ZrO2(s) + 2 H2(g) (2.2.4.1.1)

The heat of reaction, AH, varies with temperature according

to

AH = -6669#103 + 257 T (2.2.4.1.2)

where ^ H is in J/kg of Zr consumed and T is the temperature in

deg. C (Bak 62). The oxide layer formed normally adheres to the

surface and lowers the reaction rate by limiting the steam supply

rate because the water molecules have to diffuse through the

oxide layer to reach the metal surface where they can react with

zirconium, see section 3.2.1 below.

Metallic zirconium also reacts slowly at red heat with

gaseous hydrogen forming zirconium hydride according to the mech-

anism

Zr(s) + H2(g) = ZrH2(s) (2.2.4.1.3)

This well known reaction converts metallic zirconium to a

fine gray-black powder of zirconium hydride. The reaction is

normally used as a step in the production of zirconium metal

powder, because the hydride decomposes again to the metal and

hydrogen gas when heated in vacuum. It is not known if this

reaction will take part between hydrogen produced from the water

- zirconium reaction and any remaining zirconium metal. The reac-
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tion might be of importance in steam starved core volumes with

abundant hydrogen.

In a large BWR LOCA the inert atmosphere, which contains

nitrogen, may enter the hot core. It is then possible that some

hot zirconium may react with nitrogen according to the following

mechanism

2 Zr(s) + N2(g) = 2 ZrN(s) (2.2.4.1.4)

The nitride forms yellow-brown crystals having a melting

; of about 2980°C and a he;

per kg of Zr reacted (Wea 81).

point of about 2980°C and a heat of formation at 25°C of -1.89 MJ

Partly oxidized zirconium metal, oc-Zr(O), can reduce uranium

dioxide to uranium metal. The uranium metal then alloys with

unreacted zirconium metal. The melting point of the (U,Zr) alloy

is about 1150°C at low zirconium content, and increases with

zirconium content. Zircaloy reacts in the same way (Die 84). The

formation of molten (U,Zr) alloy during core overheating was

confirmed by analysis of debris from some in-pile transient tests

(Hob 84). The rate of reaction between uranium dioxide and hot

zircaloy-4 is nearly the same as the rate of oxidation by water.

Hence, the destruction of the zircaloy cladding should be about 4

times faster than by steam oxidation alone (Die 84). This effect

is not included in the models used and may have some importance

for the time to core-slumping.

Zirconium may also alloy with some other metals. The forma-

tion of an alloy with silver is of special interest in PWR acci-

dents. The silver alloy has a lower melting point than zircaloy

and thu3 silver has been used for high temperature soldering of

zircaloy.

Although little is known about reactions between tellurium

and zirconium, some experiments indicate that these elements may

react under the conditions present during a core meltdown. In

particular the (Zr,Ag) alloy is believed to react with tellurium

(Par 82), which is of importance in PWR accidents.
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2.2.4.2 CESIUM

Cesium is one of the fission products of special interest in

reactor accidents because its compounds have relatively high

vapor pressures and hence are released fairly easily from over-

heated fuel. In large accidents it is considered to be the lar-

gest contributor to long term ground contamination. Cesium is

probably present in the fuel as the oxide, as cesium bromide, as

cesium iodide and as cesium uranate. Part of the cesium compounds

with the halogens and the oxide are located in the fuel-cladding

gap.

The reducing effect of zircaloy will tend to liberate cesium

from the cesium uranate by converting the hexavalent uranium to

tetravalent. A possible mechanism could be (Cub 84)

4Cs2UO4(s) + 3H2(g) + H2O(g) = 8CsOH(g) + 4UO2 25<s) (2.2.4.2.1)

Cesium oxide will react rapidly with water vapor to form the

cesium hydroxide, which is a very hygroscopic substance. The heat

of dilution with water to an infinite volume at 25°C is for LiOH

-5.6, for NaOH -10.6, for KOH -13.8, for RbOH -14.9 and for CsOH

-17.1 kcal/mole of hydroxide. Thus cesium hydroxide is the most

hygroscopic of all the alkali hydroxides. This will strongly

affect the size of aerosols containing cesium hydroxide in an

environment of saturated steam by uptake of water. It is believed

that cesium hydroxide is the major chemical form of cesium early

in an accident sequence. The remaining forms are cesium iodide,

about 10 % of all cesium, and cesium bromide, about 1 % of all

cesium. However, it should be observed that other alkali metals

and halogens also occur in non-negligible amounts, especially on

the mole fraction scale, see Table 2.2.4.2.
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Table 2.2.4.2. Alkali metals and halogens in reactor fuel.

Alkali metal

Lithium
Sodium
Potassium
Rubidium
Cesium

Amount/t U
(moles)

16
0.4
0
2.7

14

Halogen Amount/t U
(moles)

Fluorine
Chlorine
Bromine
Iodine

0.2
0.4
0.2
1.2

2.2.4.3 IODINE

Iodine is an important element in nuclear accidents because

it is easily released and easily taken up in the biosphere. It

may occur temporarily as an aerosol.

Elemental iodine, I-, has a melting point of 113.7 C at a

pressure of one atmosphere. It also has a fairly high vapor

pressure and may therefore exist in significant amounts either as

solid and gas or as liquid and gas, depending on the total a-

mount, the gas volume and the temperature. Below the melting

point, the amounts of solid iodine, m(s), and gaseous iodine,

m(g), in equilibrium can be calculated from the total amount,

m. fc, as follows

m
tot (2.2.4.3.1)

Above the melting point, the amount of liquid iodine, m(l), can

be calculated as follows

m tot m ( 9 )

These calculations use the approximate relation

m(g) * P Mw / R T

(2.2.4.3.2)

(2.2.4.3.3)

where m(i) is the amount in grams of iodine present as phase i

(solid, liquid or gas), p is the vapor pressure of iodine at

temperature T (K) over the solid/liquid iodine, V.. is the total

available mixed gas volume, M is the molecular weight of iodine

in g/mole and R the general gas constant expressed in appropriate

units.

Currently it is regarded as unlikely that elementary iodine
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will be released and it is believed that almost all the iodine

will primarily be released as alkali metal iodides, mainly cesium

iodide (e.g. Baw 83, Paq 83). Due to the excess of cesium hydr-

oxide, the aqueous solutions formed in an accident sequence

should initially be alkaline. The high pH should prevent radioly-

tic formation of elementary iodine (e.g. Bur 83). Acidic decompo-

sition products from the pyrolysis of insulating material (Fri

84), mainly electrical cables, could lower the pH at a later

stage which could then lead to some evolution of hydrogen iodide

or even of elementary iodine from solutions in high radiation

fields. It has also been suggested that some materials, e.g.

Teflon, should not be permitted inside the containment due to the

adverse effects of their radiolysis products on iodine chemistry

(Bur 83).

Elementary iodine is adsorbed on surfaces by diffusion into

the surface material and by chemisorption. The latter process may

be irreversible. Experiments on iodine sorption have been done by

Hilliard et al. (Hil 70). The results have been applied to rele-

vant accident sequences in the US Reactor Safety Study (RSS 75),

where the appropriate models were incorporated into the CORRAL

program. Experiments on the adsorption of iodine in sand and

crushed rock beds have been done by Hesböl (Hes 81, Hes 82). A

corresponding computational model has been developed by Häggblom

(Häg 83a).

According to Christensen (Chr 84) the best estimate of the

amount of iodine present inside the containment as organic io-

dides is 0.2%, in accordance with TMI experience. Such small

fractions may well be within the error band in calculations using

the codes tested by RAMA.

2.2.4.4 TELLURIUM

Tellurium isotopes are of radiological importance, and some

tellurium isotopes are also precursors to iodine isotopes of

biological importance. Thus, the release of tellurium in reactor

accidents is of interest. The detailed knowledge of tellurium
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chemistry under the conditions expected in reactor accidents is

limited. It is currently expected (e.g. Cub 84) that released

tellurium will mainly occur as elementary tellurium or hydrogen

telluride. Tellurium shows a tendency to react with stainless

steel surfaces, with silver and with zircaloy (Lin 84). The

chemically bound tellurium may be released again at higher tem-

peratures or when the zircaloy is oxidized. The main effect of

the surface reactions should be a lowering of the tellurium vapor

pressure and a delay of the tellurium release (Joh 84 ).

2.2.4.5 RUTHENIUM

103Ru (T1/2 = 40 days) and
 106Ru (T., j2 = 368 days) are the

most important radioisotopes of ruthenium in core melt accidents.

Several studies (RSS 75, SSI 79) have shown that one of the major

contributions to the lung dose may be due to ruthenium. The

ruthenium isotopes considered can also -cause long-term land con-

tamination.

Significant quantities of ruthenium are present in irradiat-

ed fuel. The amount depends on the fuel burnup. The decay time is

less important because of the long half-lives of the isotopes.

The fraction of ruthenium released in a core melt accident de-

pends on the chemical form of the substance in the fuel, the

temperature and the amount of oxygen present, i.e. the accident

sequence. When the oxygen concentration is high, ruthenium may be

released due to the formation of highly volatile compounds. Most

notable is perhaps RuO., but other oxides of ruthenium may also

be formed. RuO, decomposes at temperatures above 108°C and re-

duces easily to RuO~. According to a study from 1983 (Joh 83), a

probable form of ruthenium after an accident is particulate RuO2

or RuO_ adsorbed on an aerosol.

The Reactor Safety Study (RSS 75) recognized that steam

explosion caused by the interaction of molten material with water

could be a potential release mechanism for fission products.

Ruthenium was expected to be one of the most important of these.

High-pressure melt ejection and core-concrete interaction
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could theoretically be other release mechanisms for ruthenium,

mainly through spray, meltdown and vaporization releases.

Although the release from fuel may be significant, the

amounts reaching the environment are in most cases reduced by

retention mechanisms in the containment.

It can be concluded that:

1) There is still great uncertainty about the amount and

chemical form of released ruthenium in a core melt

accident.

2) If ruthenium is released in significant amounts to the

environment it may cause severe effects.

2.2.4.6 MOLYBDENUM AND TECHNETIUM

Many tests have shown that oxidizing conditions during fuel

overheating may lead to a considerable release of volatile molyb-

denum trioxide and technetium oxide, whereas reducing conditions

give very low releases of these elements (e.g. Lin 82). Hence the

behavior of molybdenum and technetium is strongly dependent on

the oxygen pressure during the accident.

2.2.5 AEROSOL PROCESSES

Most of the fission products causing radiological harm will
exist as particulates.

Besides noble gases, only Br 2, I 2, HBr and HI have a low

enough boiling point to be able to exist as vapor or as an

aqueous solution. In the presence of water, HBr and HI are ab-

sorbed into the water due to their low vapor pressure above

aqueous solutions. The vapor pressure of HI above a 4% HI solu-

tion in water is only 0.085 Pa at 25°C.

If a gas, containing an iodine aerosol, is in contact with
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cool surfaces, the existence of the aerosol is only a transient

phenomenon as iodine will evaporate from the aerosol and condense

on the cool surface until the iodine aerosol has disappeared.

This will happen even if the gas and surface temperatures are

equal due to the different surface curvature. The rate of iodine

transport is limited by the process having the lowest transport

capacity of the following: evaporation from the aerosol parti-

cles, transport in the gas phase, and condensation on the coolest

surface of the largest (or smallest negative) radius. Small

negative radii can occur on rough, flat surfaces.

The aerosol processes can be subdivided into four parts:

condensation/evaporation processes

agglomeration processes

deposition processes

resuspension processes

The condensation/evaporation processes are treated in sec-

tion 2.2.3 above.

2.2.5.1 PARTICLE AGGLOMERATION

The particles in an aerosol will collide and agglomerate

with each other because of their motion, which is caused by

concentration and temperature gradients plus for example

Brownian, gravitational and turbulent motion.

It is known from experiments that not all collisions between

particles will leave them stuck together. In fact bouncing has

been observed, especially between particles of substances with

different surface wetting properties (Fuc 64). However, to sim-

plify the calculations a sticking probability of unity is assumed

in all codes studied. This can to some extent be compensated for

by the selection of a suitable shape factor for the aerosol

particles, differing from the factor that might be computed from

the geometrical shape of the particles. However, complete compen-

sation can only be achieved at a single value of temperature,



REACTOR ACCIDENT MITIGATION ANALYSIS RAMA 85-3 42

turbulence etc, as the sticking probability varies with the

relative collision velocity. In nuclear accidents it is possible

that the sticking probability will change with time due to water

uptake by initially dry aerosol particles, and a time dependent

shape factor might be needed.

It can be expected that the condensation of vapor will

result in very small particles, less than 1 micron. These primary

particles will grow in size due to agglomeration, which is a

particle growth mechanism decreasing the number concentration of

particles in a gas, but not the mass concentration.

Agglomeration is caused by four basic mechanisms:

Brownian motion

Gravitational settling

Turbulent gas motion

Inertial gas motion

Brownian agglomeration is due to collisions caused by the

random motion of particles imposed by collisions with gas mole-

cules, Brownian motion.

Gravitational agglomeration arises when slowly settling

particles collide with and are captured by more rapidly settling

particles.

Turbulent agglomeration is a process where the collision

frequency between particles is considerably increased by the

turbulent motion of the gas carrying the particles.

Inertial agglomeration arises because of differences in

density between the particles and the gas. Particles of different

sizes will therefore respond differently to acceleration/retarda-

tion forces which will lead to an increased collision frequency.
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2.2.5.2 PARTICLE DEPOSITION

Particles suspended in a gas can be removed by transport to

and adhesion/deposition on a surface. To simplify the calcula-

tions it is again assumed (see 2.2.5.1) that all particles which

collide with a surface stick to the surface for ever. This does

not agree with the results from experiments using solid aerosol

particles at low humidity, high turbulence etc (Fuc 64), nor with

recent experiments using high gas velocities (Bio 84).

Five basic transport mechanisms are involved:

Turbulent deposition

Diffusion

Diffusiophoresis

Thermophoresis

Sedimentation

.Turbulent deposition means that particles are transported to

the vicinity of a wall by eddy diffusion. The eddy diffusivity is

supposed to be the same as for the carrier gas. In the vicinity

of a wall there is a boundary layer of stagnant gas. Deposition

of the particles occurs because of the drag force of the stagnant

gas imposed on the particles.

Diffusion is caused by the Brownian motion described above.

This deposition mechanism is only important for sub-micron parti-

cles.

Diffusiophoresis is related to diffusion, but it refers to

the molecular diffusion of the carrier gas. The gas diffusion

will cause a momentum transfer to the particles in the same

direction as the diffusive flow of the carrier gas. One example

of this deposition mechanism is steam condensation on a cold

surface.

Thermophoresis arises in an inhomogeneous temperature dis-

tribution in the following way. Molecules colliding with a parti-

cle have different velocities, depending upon the temperature at

the point where their kinetic energy was determined. Thus, the
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momentum imposed on the particle has a direction towards the

lower temperature, e.g. a surface colder than the surrounding

medium.

Sedimentation is gravitational settling on horizontal sur-

faces.

Most of the deposition is r. result of aerosol processes

which are described above. No deposition occurs for noble gases

and organic iodides of low molecular weight. Most of the iodine

occurs in the form of cesium iodide, which is a soluble aerosol

below about 600 C. However, some elementary iodine may occur if

it escapes the reaction with cesium, or is liberated from cesium

iodide by a chemical reaction involving other materials.

2.2.5.3 RESUSPENSION

The following resuspension mechanisms have been identified:

aerosol relevitation by a high gas velocity along a

surface with deposited particles

evaporation by surface heating and subsequent aerosol

formation

evaporation of volatile species from water solutions

aerosol formation in jet streams, e.g. by pressurized

melt ejection from a reactor vessel

desorption from surfaces by diffusion which may, or may

r.ot, be connected to chemical mechanisms.

The resuspension mechanisms are poorly understood and only

qualitative information about them has been obtained. They are

responsible for the decreasing deposition on surfaces observed at

high linear velocities and highly turbulent flow, e.g. in a

pneumatic transport tube for fine powder. It is, however, reason-

able to believe that deposited particles, which are resuspended

mechanically, will be relatively large and will deposit quickly

by settling in a compartment where the gas velocity is low.
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A recent review of the knowledge of some of the resuspension

mechanisms has been made by Morewitz (Mor 84). According to

Morewitz, systematic studies of solid particle resuspension are

in the elementary stages due to the absence of reliable data on

the forces which hold the particles to the surface, uncertainties

about the aerodynamic force acting on particles deposited on a

surface, and a lack of understanding of the mechanism of resus-

pension. Reference is made to works by Corn (Cor 66), Fish (Fis

66) and Punjrath (Pun 72), but none of their results are cited by

Morewitz.

The problem of bouncing has been treated by Dahneke (Dah

71), who gives formulae for the collision energy, KE,, between

wall and particle and for the relative velocity, v ., in the

wall direction for dry particles and dry wall. According to

experiments all particles stick to the wall if KE, <_ 2*10

joule, which is true for all particles smaller than about 200 urn.

Preliminary results from experiments under dry conditions

are given by Wright and Pattison (Wri 84). The tests were made in

a 2.95 m long, 0.26 m diameter, segmented vertical pipe. The

aerosol materials were tungsten, nickel, manganese, iron oxide

and tin oxide of different sizes and deposition thicknesses. The

resuspension rate was measured as a function of the gas velocity.

The rate was strongly dependent on the materials and parameters

used, but resuspension was always observed for gas velocities

above 4 - 6 m/s. For high deposition thickness "layer stripping"

occurred when bursts of particles were removed from the surface.

In a system such as the RCS after a degraded core accident,

CsOH, Csl and other hygroscopic particles pick up water from the

surrounding atmosphere and rapidly grow in size and become liquid

drops (Zeb 56, Cin 71, Fer 77) which coalesce into liquid films

when they are deposited on pipe walls. When a gas flows over a

liquid film along a pipe wall, re-entrainment of drops from the

film may take place, or the bulk fluid may be partly hydraulical-

ly pushed out of the pipe. For air-water mixtures, the super-

ficial gas velocity, j , at the onset of entrainment of water

drops from an air-water film has been predicted to be in the
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range 15.8 < j < 28.5 m/s (Mcr 84).

Breakup of the ejected liquid sheet at the end of the pipe

may constitute the largest mass fraction source of re-entrained

drops. However, this mechanism produces mainly large (mm size)

drops compared to the fine (urn size) drops produced by other

mechanisms. This has, for example, been observed in the "LV7R

Aerosol Containment Experiments" (LACE) reported by Muhlestein

et al. (Muh 84). Both dry and liquid aerosols were injected in a

pipe system terminating in a vessel simulating a containment. A

steam-air mixture with a gas velocity of 100 m/s produced high

resuspension of aerosols in the pipe system, but a large fraction

of the liquid aerosol was collected in the large diameter pipe

section between the test piping and the vessel. Another large

fraction reached the opposite side of the vessel and was depo-

sited. Less than 3% of the aerosol was vented from the vessel.

2.2.,5.4 REVAPORIZATION

Vapors of fission products will condense as aerosols when

hot gas from the areas with hot fuel mixes with colder gas or

condenses on sufficiently cold surfaces. In the latter case a

surface deposit of fission products will form. The decay energy

released in these deposits may be sufficient to raise the surface

temperature so much that vaporization starts. The heat capacity,

heat conductivity and heat loss rate from the structure to which

the surface belongs determine if the temperature will rise suf-

ficiently for revaporization to occur and also the time delay

between deposition and revaporization. It is a common mistake to

assume that revaporization will only take place when the surface

temperature is near or above the boiling point of the deposited

material. This has already been discussed above for aerosol

processes in connection with iodine, see 2.2.4.3 and equations

2.2.4.3.1- 3. These equations describe the equilibrium state

after a long time at constant mtot/
 vtot a n d T # T h e r a t e o f

transition from one equilibrium condition to the next after a

change in any one of tie constants depends on several factors,

i.e. temperature, turbulence, diffusivity and heat of vaporiza-

tion. In general the rate of condensation or evaporation can be
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expressed as follows

dm/dt = k A (p - pw) (2.2.5.4.1)

where dm/dt is the condensation rate (kg/s), A is the surface

area (ra ), p is the partial pressure of the substance in the bulk

gas phase (Pa), p is the equilibrium vapor pressure of the

substance on the surface at the surface temperature (Pa) and k

is the surface-to-gas phase mass transfer coefficient. Several

empirical correlations exist for the estimation of k . Often

these correlations are given as functions ot the Reynolds number,

the gas temperature and the diffusivity of the component in the

gas phase, etc. Several functionalities are usually employed,

each covering e.g. a certain range of Reyolds number.

In the laminar flow region, the constant k may be computed

as follows:

k « D / (R T B_) (2.2.5.4.2)
g F

where D is the effective diffusion constant for the condensing-

evaporating substance at the mean temperature between gas and

wall, R is the gas constant, T is the mean temperature between

gas and wall, and B_ is the film thickness.

In the turbulent regime, the Reynolds analogy between heat

and mass transfer may be of use. The Reynolds analogy gives

reasonable results inside the range 0.5 < u /f D < 2 . It states

that "the ratio between the mass transfer rate and the total rate

at which the component flows past the surface in excess of equi-

librium concentration is equal to the ratio between the rate of

heat transfer to the surface and the total rate at which heat, in

excess of surface temperature, flows past the surface".

It is also possible to estimate k from the effective diffu-
9

sion constant multiplied by the Sherwood number.

Effective diffusion constants can be predicted for mixtures

using several correlations, e.g. the Wilke and Lee modification

of the Hirschfelder, Bird and Spotz equation (Wil 55). A simpli-

fied version of this equation is used in RETAIN and the mass

transfer coefficient is computed by multiplication with the esti-
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mated Sherwood number.

2.2.6 RADIOLYSIS

The RAMA source term group has not studied in detail the

phenomena associated with raiiolysis in the gas or water phase in

the containment. However, a literature survey has been made (Chr

84).

According to Christensen, CsOH and Csl are the stable forms

of cesium and iodine in the containment atmosphere even when

radiolytic effects are considered. Liberation of iodine from

alkaline aqueous solutions by radiolysis is unlikely, but elemen-

tary iodine or HI may form in solutions at low pH. Low molecular

weight alkyl iodides may form in the containment, e.g. methyl

iodide, due to radiolytic effects. A best estimate seems to be

that about 0.2% of the total iodine amount may occur as alkyl

iodides.

2.3 MASS TRANSPORT MECHANISMS

The mass transport mechanisms of importance are:

1. Brownian motion with diffusion

2. Diffusiophoresis

3. Thermophoresis

4. Transport by laminar gas flow

5. Transport by turbulent gas flow

6. Gravitational agglomeration and sedimentation

7. Evaporation

All these mechanisms occur in all parts of the space consi-

dered, but the effects may still be quite different. The pheno-

mena will therefore be treated separately for the core, the

primary circuit and the containment.
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2.3.1 CORE

In the core, the most important phenomenon is the liberation

of fission products and other materials by heating. Diffusion and

evaporation are the main liberation mechanisms. Large temperature

differences occur between the inner and the outer parts of the

core, which will cause strong convection currents. High steam

flows occur as long as there is water in the vessel. The tempe-

rature distribution in the vessel is not well known, but the

fission products will probably be in gaseous form, at least in

the center of the vessel, until most of the core has been covered

by water in the lower head. In a LOCA, or when the relief valves

are open, both active and inactive gases will flow rapidly out of

the vessel. If there are any aerosols in the core, they will

agglomerate because of Brownian motion and turbulence. Some of

the particles will deposit due to diffusion, thermophoresis and

gravitational settling. The rest will follow the gas flow either

to the upper part of the primary circuit or out of the vessel.

2.3.2 PRIMARY CIRCUIT

The upper part of the primary circuit contains important

structures, which will influence the mass transport. In a boiling

water reactor, these structures are mainly the steam separators

and the steam dryers, which will both function as effective heat

sinks for some time period. Thus, the thermal convection and the

turbulence will be enhanced. Deposition by diffusion, thermopho-

resis, turbulence and gravitational settling will occur on the

large surfaces. However, the deposited fission products will

cause heating of these surfaces and they will therefore probably

evaporate again after some time. If a substantial amount of

fission products remain, the structural components will eventual-

ly melt down. The further fate of the fission products in the

primary circuit depends upon the thermo-hydraulic and flow condi-

tions, but the larger part of the fission products will sooner or

later leave this compartment.
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2.3.3 CONTAINMENT

The containment cannot generally be considered as a single

compartment with specific transport conditions. In a Swedish

boiling water reactor three compartments can be distinguished,

namely, the upper drywell (or simply drywell), the lower drywell

(pedestal region) and the wetwell. The transport of gases and

fission products is from the primary circuit to all of these

compartments, either directly or via one or two other compart-

ments. The behaviors of gases and aerosols are strongly dependent

on the different thermo-hydraulic conditions in these compart-

ments. The highest temperature will occur in the pedestal, which

has practically no cooling of the walls. Therefore, even though

heavy deposition of fission products may occur momentarily in the

pedestal, heating of walls and floor will probably cause evapo-

ration and removal of the fission products out of the pedestal.

One recipient of gases and aerosols is then the wetwell. Gases

will at first penetrate into the water through the downcomers as

long as these are intact. Bubbles with a diameter of 3 - 10 mm

will be formed and an effective transport of fission products

from the bubbles to the water will occur (Owe 83, Mar 82). This

transport is caused mainly by diffusion, diffusiophoresis and

sedimentation and is strongly dependent on the particle sizes. A

simultaneous particle growth will occur, caused by Brownian and

gravitational agglomeration and by condensation of steam upon the

particles. The latter phenomenon is a combination of diffusion

and evaporation, where the dominant factor is determined by the

temperature, the pressure, the lowering of water vapor pressure

by dissolved substances and the surface tension of the condensed

water. Table 2.3.3.A contains data on the water vapor pressure

above solutions of sodium hydroxide as a function of concentra-

tion for a series of temperatures. Sodium hydroxide is much less

hygroscopic than cesium hydroxide, at least at room temperature.

The drywell can also receive fission products, other gases

and aerosols from all other compartments. All kinds of agglomera-

tion and deposition can occur. An additional factor determining

the fission product behavior in the drywell is the possible

occurrence of containment spray. This spray is an efficient
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Table 2.3.3.A. Water vapor pressure above sodium hydroxide solu

tions. Data from Perry et.al., Chem. Eng. Handbook, 4th Ed.
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remover of fission products, both by direct impaction and by

causing diffusiophoresis and condensation. There is, however, a

possibility that surface heating will later cause evaporation of

deposited fission products. This resuspension is avoided if con-

densed water washes the surfaces and transports most of the

fission products to the wetwell. Special consideration must be

devoted to the case when all water has boiled off from the wet-

well. This can eventually lead to strong resuspension of the

fission products.

3. MODELS

In this section we will describe and discuss the most impor-

tant of the models used in the codes for release, transport and

deposition of gas-borne materials during a hypothetical core-melt

accident. These models are normally included in the codes FPRAT,

AEROREL and RETAIN used by RAMA.

3.1 LIBERATION OF GASES

The materials in the reactor core are structural materials,

control rod materials, fuel rod materials and fission products.

The fission products are noble gases (Kr, Xe), volatiles

with melting points in the range room temperature - 1500 K (e.g.

I, Cs and Te), less volatile materials with melting points in

the range 1500 - 2500 K (e.g. Sr and Ru) and materials with very

high melting points, > 2500 K (e.g. La and Pu).

3.1.1 FISSION PRODUCTS

The models to be used for the release of fission products

depend on the state of the core, i.e. intact, burst cladding,

melting cladding, melting rods or melted core. In the codes used

to estimate the "core source term" in this project the cladding

is not considered as a barrier against the release of fission

products.
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The rate controlling steps to be considered in the release

modelling are migration out from the fuel matrix and vaporization

from the fuel rod into the gas flow.

The release of fission products from the fuel matrix is a

diffusion process. The main controlling pellet characteristics

are the diffusion coefficient and the diffusion distance. When a

sufficient amount of fission gases is present these can build up

a network of grain-edge tunnels. This reduces the necessary

diffusion distance. When the fuel is oxidized, for instance by

steam, the diffusivity increases. Both these processes thus in-

crease the release rate.

The most important variable is the fuel temperature. For

accident fuel temperatures below 1204°C very little release is

expected. In this case it is also mainly dependent on releases

during earlier normal operation. The FPRAT code gives a meaning-

less release below about 1200°C.

In the range 1500 - 3000 K a reasonable model choice is a

diffusion-like time-temperature dependence. To this should be

coupled a vaporization model. Actually vaporization may also be

needed for effective transport through the U02-pellet via the

grain-edge tunnels formed when the fission gases are released.

In the codes considered in this project, one (FPRAT) uses a

two-step model for release. Release from the fuel matrix is by a

diffusion process. The diffusion coefficient is enhanced due to

oxidation by steam. The diffusion distance is the pellet radius

(f) and height (L).

The fractional release (F) used is (Cub 81):

F = 1 - (1 - 4(rH/1T)
/;Z )(1 - A(TSM)

/Z + rs) (3.1.1.1)

where 7^ •.-. Dct/L
2, Tg = Dct/

 2, t is the time in seconds, Dc is

the diffusion constant in m /s computed from equation 3.1.1.2

below and T is the temperature in K.

Dc = 0.0099 e
2 8 6 0 0 / T (3.1.1.2)
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To this model has to be added a vaporization model. This is

done by calculating the saturation concentration of fission pro-

ducts and core materials in the gas phase. The transport of the

vaporized materials through the core can then be evaluated. The

flow model used is, however, only good as long as the core is

intact and no severe geometrical changes like melting or rod

fragmentation have occurred.

The vaporization model used is based on calculation of the

ratio (R) between the number of moles of a particular fission

product required for saturation and the number of moles of steam

plus hydrogen (c.f. Cub 84a).

log R = A/T + B (3.1.1.3)

where A and B are constants for each material and T is the

temperature in K.

In the other code available (AEROREL) a more empirical

approach is used. The strong temperature dependence of both

diffusion and vaporization makes temperature the most important

variable. Summation of contributions from different time steps is

always very difficult. In this treatment a release rate (dM/dt)

is used:

dM/dt = - kM (3.1.1.4)

where M is the quantity of the nuclida considered, t is the time

and k is the release rate coefficient derived from experiments.

The experimentally determined release rate coefficients are ap-

proximated with the following equation,

k = A e B 1 (3.1.1.5)

where A and B are constants obtained from the fit of equation

3.1.1.5 to data and T is the temperature in K.

For both codes, the most important part is, of course, the

numerical values of the constants used. The values used in FPRAT

are given in the manual (Rin 83) and the values used in AEROREL

are given in NUREG-0772 (Sil 81). A test of FPRAT (Mai 84, Mai

84a) has shown that its modelling yields results similar to those
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found using AEROREL.

3.1.2 STRUCTURAL MATERIALS

For the structural materials, control rod materials and fuel

rod materials the release step is non-existent or different (e.g.

Sn released from Zr).

The FPRAT code assumes that tin is released from zircaloy on

oxidation. It also considers the release of manganese from stain-

less steel. PWR control rods do not give off more material by

vaporization when the melting temperature of stainless steel is

reached because they are assumed to drop out of the core on

melting.

For vaporization of the non-fuel materials a slightly more

complicated treatment is used in FPRAT than for the fission

products, considering more possible vapor species.

Recently a treatment was published (Cub 84) which also

considered the possibility of chemical compound formation between

the fission products in the steam. This treatment is not included

in the present FPRAT version.

The AEROREL code uses release rate modelling for fuel,

cladding and structural materials in the same way as for fission

products.

3.2 CHEMICAL REACTIONS

A very limited modelling of a few chemical reactions exists

in FPRAT, AEROREL and RETAIN. These models will be described

briefly below. A more realistic and more detailed chemical treat-

ment might be desirable in the future, but this would probably

increase program size and running time considerably.
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3.2.1 CHEMICAL REACTION MODELS IN FPRAT

FPRAT has no models for chemical reacMons of the fission

products with the structural materials cadmium and silver. How-

ever, for indium and tin there is a simple modelling of the

transition between metal, oxide and/or hydroxide as the solid

phase in equilibrium with the gas phase. This is done by compu-

ting the transition temperature, Tv, from the partial pressures
X\

of water and hydrogen using the following type of equation

TR = A / ( B + C ( log pH2 - log pH2O )) (3.2.1.1)

where A, B and C are empirical constants and pH~ and pH2O are the

partial pressures of hydrogen and water, respectively.

Given the solid phase for indium, tin and manganese, the

vapor pressures of d few chemical species above the selected

solid phase are computed from semi-empirical vapor pressure equa-

tions, which for vapor species different from the solid phase

contain in addition to temperature the partial pressures of

hydrogen and/or water (see also Cub 84a).

FPRAT expects data on the partial pressures of steam and

hydrogen in the output from MAAP. As such data was lacking, a

fixed ratio between steam and hydrogen was "hard wired" into the

current FPRAT version.

3.2.2 CHEMICAL REACTION MODELS IN AEROREL

Only one chemical effect is modelled in AEROREL. This is the

reaction of tellurium with zircaloy. The model is very crude and

predicts only two states for tellurium; when all zirconium is

unoxidized in a node all tellurium is assumed to be chemically

absorbed by the zircaloy, when a fraction of the zirconium is

oxidized the same fraction of the initially absorbed tellurium is

assumed to be released again. The data on the fraction of oxi-

dized zircaloy is expected in the output from the preceeding MAAP

calculation.
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3.2.3 CHEMICAL REACTION MODELS IN RETAIN

RETAIN uses a maximum of eight "fission product" groups. No

chemical reactions are permitted which could move an element from

one group to another, e.g. iodine from group four (as Csl) to

group two (as I?)*

In general RETAIN only accepts "chemical reactions" that

irreversibly lead to the removal of a given part of an element

from the calculation. In other words, RETAIN uses removal rate

constants to account for a few chemical reactions, e.g. removal

of iodine by the reaction of elementary iodine and hydrogen

iodide with zircaloy and stainless steel surfaces.

It is deplorable that water does net constitute one of the

element groups as it is not only important in chemical reactions

but may also be a major aerosol component, e.g. fog or water
«

solution drops. A careful material balance for water might be

required if more realistic physical and chemical models were

desired.

A better chemical modelling of the processes, especially

reactions transferring elements from one group to another, is

desirable and future work should aim to remove the current con-

straints. However, even simple chemical models may be totally

incompatible with the aerosol equations which constitute the

framework of the RETAIN program and with the lack of material

balances for water, oxygen and hydrogen.

3.3 PARTICLE GENERATION

The codes tested within the RAMA project have no models for

particle generation either from oversaturated steam or by mechan-

ical ablation. It is highly desirable that some kind of particle

generation (nucleation) model should be included in the codes as

soon as possible. The lack of a nucleation model may lead to

vapor deposition on a few already fairly large particles, which

will then grow still larger and give an exaggerated and unrealis-
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tic deposition. If supersaturated vapor appears in a compartment

originally free from aerosol, all vapor will deposit on the

available surfaces and no aerosol formation will take place,

contrary to experience.

The current opinion is that the initial aerosol particle

size and size distribution is unimportant as long as the size is

small enough (Eng 84). The initially small aerosol will grow

rapidly to the proper size and the only effect of too small an

initial size is an unnecessarily long computing time, caused by

very small time steps during the rapid growth period (Lil 84).

Thus it seems that even a fairly simple nucleation model would be

useful as long as the particle size generated by the model is not

too large. However, a spontaneous nucleation model is probably

incompatible with the popular log-normal approximation for aero-

sol particle size distributions.

3.3.1 CONDENSATION

RETAIN models condensation/evaporation of volatile species,

excluding water, on/from walls and gas-borne particles. The depo-

sition (evaporation) velocity for walls is given by

v = Kw 3h / D (3.3.1.1)

where v is the velocity in cm/s, Kw is the effective diffusion

coefficient in cm /s, Sh is the Sherwood number and D is the

hydraulic diameter of the compartment. Kw is predicted in RETAIN

from a simplified Wilke and Lee type equation (Wil 55). However,

some inconsistencies have been noted in the use of this equation

in RETAIN as some parts of the equation are evaluated using data

for steam and iodine, whereas other parts of the same equation

are evaluated using data for steam and cesium iodide. This has

not been considered as a serious error compared to that intro-

duced in RETAIN by the use of the same equation and the same

constants not only for all substances in a group of substances

but for all groups of substances. Thus it would probably have

been sufficient to use a simpler equation, e.g. Gilliland's

equation (Gil 34).
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The deposition/evaporation rate for particles is computed

from

a = Ap Kp / Rp (3.3.1.2)

where a is the deposition rate in s~ , Ap is the particle surface
2 3area concentration in cm /cm , Kp is the mass transfer coeffi-

2
cient in cm /s and Rp is the mass averaged particle radius in

cm. Kp is computed from an empirical correlation.

3.3.2 ABLATION

Ablation may be a significant aerosol formation process in

sequences where high gas velocities and large particle sizes

occur. The process would be analogous to sand blastering of

surfaces. No model of ablative aerosol generation or resuspension

is included in FPRAT, AEROREL or RETAIN.

Ablative resuspension has been modelled in a crude way by

prescribed resuspension fractions at given times, see further in

section 8.

3.3.3 CORE MELTING

The models for core melting and fission product release are

different in MAAP, FPRAT, AEROREL and RETAIN. Although the diffe-

rences are sometimes small they may still JLead to contradictions

which can only be resolved by a feedback mechanism. This has led

to attempts to unify the models and include thermo-hydraulic,

core source term and aerosol transport calculations in a single

code (Eng 84). More details about the modelling of the core in

FPRAT and AEROREL are given in section 3.1 above.

3.3.4 VESSEL MELT-THROUGH

The penetration of the molten core masses through the vessel

bottom can occur with or without a considerable driving pressure

difference. If a high pressure difference exists, vigorous
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spraying pf molten materials is likely and may produce important

aerosol masses. Such a mechanically produced aerosol should have

approximately the same density and composition as the melt. As it

would contain fair amounts of actinides it may have a high biolo-

gical effect. Neither the core source term codes FPRAT/AEROREL

nor RETAIN have any models for mechanical aerosol formation.

It has been recommended that the following tentative data on

mechanical aerosol formation in a high pressure melt-through

event should be used (Lil 84): 1 % of the ejected mass is con-

verted to a bimodal aerosol which has 50% of its mass with abo!3T

1 um size particles and 50% of its mass with about 30 jirn size.

The small particles are enriched in volatile elements, whereas

the larger particles retain the melt bulk composition (see also

Bro 84).

Data on high pressure spray-out aerosols are .incompatible

with the present log-normal approximation used in RETAIN.

3.3.5 CORE - CONCRETE INTERACTION

RETAIN contains no model for the interaction between con-

crete and the molten core material. Such data have to be gene-

rated manually and supplied as input to the FPRAT-MATORET-RETAIN

package. Data for use in the selection of input have been collec-

ted by RAMA, see section 6 below.

It is desirable to include a reasonable interaction model in

the future. Such a late source is in principle incompatible with

the log-normal approximation used by RETAIN and the lack of a

nucleation model, as the generated aerosol now has to be of the

same size and size distribution as the aged aerosol present when

the evolution of aerosols from the core - concrete interaction

starts.
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3.3.6 MELT - WATER INTERACTION

No model of melt - water interaction exists in the current

FPRAT/AEROREL-MATORET-RETAIN package. It is not clear if any such

detailed models will be needed in the future, as this depends on

the degree of accuracy required in the calculations.

If water is included in the calculations and transfer be-

tween the element groups is permitted, it might be unavoidable in

the future to include at least a crude model of the melt - water

interaction, e.g. hydrogen formation, formation of gaseous hydro-

gen telluride.

3.3.7 REVAPORIZATION

Wall condensation and revaporization models are included in

RETAIN for cesium, iodine and cesium iodide, see section 3.3.1,

equation 3.3.1.1 above.

A special code, NUCLEIDS, was developed for RAMA by Kvist at

ASEA-ATOM AB to evaluate the effect of internal and external

natural circulation and of fission product deposition/revaporiza-

tion on the temperature of the reactor vessel wall. NUCLEIDS uses

empirical equations for the vapor pressure of cesium hydroxide

fitted to data from Sandia or from the JANAF tables. Cesium

hydroxide is assumed to be an acceptable compromise representa-

tion of the vapor pressure of cesium hydroxide, cesium iodide and

tellurium species.

NUCLEIDS uses a rate equation for condensation and evapora-

tion similar to equation 2.2.5.4.1. The mass transfer constants

for condensation and evaporation are assumed to be different, but

constant, and are given in the input data to NUCLEIDS (Kvi 84).

In most of the demonstration examples given by Kvist (Kvi 84) a

common and constant numerical value was assumed for these coeffi-

cients (0.002). This treatment is equivalent to the use of con-

stant alpha values for the heat transfer. A lower value of the

mass transfer constant (0.0002) significantly affects some of the

results, whereas a higher value (0.02) has a smaller effect.
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3.4 AEROSOL PROCESSES

The models described below are obtained from standard text-

books (Dav 66, Fri 77, Fuc 64). The models for agglomeration

processes are described in section 3.4.1, those for the deposi-

tion processes in section 3.4.2 and those for the resuspension

processes in section 3.4.4.

3.4.1 AGGLOMERATION

The models for aerosol agglomeration are based on experi-

ments, correlations and classical physics. Extensive literature

is available in for example references Hid 71 and Pru 78.

If we consider collisions between two particles in an in-

finite medium and neglect spatial dependence, a collisional cross

section can be defined as

ft(V, V1) n(V,t) n(V',t) dV dV = number of collisions be-

tween particles of volume V in dV and particles of

volume V' in dV1 at time t, per unit volume.

The aerosol distribution function is here given by

n(V, t) dV = number of particles of volume V in dV at time t

per unit volume

For computational reasons, this distribution is often

treated as log-normal in codes like HAARM, RETAIN and the first

version of TRAP-MELT.

The cross-section p has units of cm /s and is known as the

coagulation coefficient. The most important parts of the total

cross-section are due to Brownian ((^B)/ gravitational (#G) and

turbulent (£>_,) motion as described in section 2.2.5.1. In the

following it is assumed that particles always stick to each other
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after the collision.

Brownian agglomeration is only important for particles of

submicron size. Smoluchowski has shown that

I V W = 4Tf # (D1 + D2 ) (R1 + R2] (3.4.1.1)
where Y= collision shape factor, D. = diffusion coefficient of

particle i and R. = radius of particle i. The diffusivity is,

however, a fundamental quantity and some of its features will be

explained. If the mobility of a particle , B, is defined by the

expression

B = F / u (3.4.1.2)

where F is the force causing the motion and u is the velocity,

then the diffusivity, D, is given by

D = k T / B (3.4.1.3)

where k is Boltzmann's constant and T is the temperature in

degrees K. The mobility is constant only for low velocities. A

crucial quantity in this connection is Reynold's number, Re. B is

constant if Re < 1 and the: particle radius is less than about 18

urn. Another parameter which influences the mobility is the Knud-

sen number, Kn, defined by

Kn = 1 / re (3.4.1.4)

where 1 is the mean free path in the gas and r is the equivalent

particle radius. For Re < 1 the mobility is obtained from

B = (1 + A Kn +Q Kn e"b/Kn)/(6 ff n Z re) (3.4.1.5)

where i} = viscosity, X. = dynamic shape factor and A, Q and b =

empirical constants.

If A and Q = 0 and /£ = 1 , equation (3.4.1.5) is identical

with Stokes' law. The deviation of the numerator from 1 gives the

so called Cunningham correction. It is important only for sub-

micron particles.

The dynamic shape factor, X , must be distinguished from

another shape factor, the collision shape factor, usually denoted

by f. While 7t determines the mobility of a particle in a gas, f

is a measure of the influence of the particle shape on the proba-



REACTOR ACCIDENT MITIGATION ANALYSIS RAMA 85-3 64

bility of collision with other particles. Both factors are equal

to 1 for spherical particles. Particles have been found experi-

mentally to be spherical for aerosols produced in LWR meltdown

accidents (Sch 81). Supersaturated steam will always be present

at some time during the accident and will cause the particles to

contract into spherical shape due to surface tension.

Gravitational agglomeration is under certain circumstances,

e.g. large particles in a slowly flowing situation, a dominant

agglomeration process. A survey of available information is given

by Prupachar and Klett (Pru 78) or more recently by Pertmer and

Loyalka (Per 80).

The gravitational agglomeration cross section can be expres-

sed as:

P G ( V 1 ' V -^G ( V1'V I U1,s (V - u2,s(V2>i (3.4.1.6)

where dr = cross section, dimension cm and u. = settling speed
\j x f S

for particle i.

The cross section O can be wri£ten as

<$n = y
2 = (R., + R,)2£(R1/R,) (3.4.1.7)

where y = maximum initial horizontal separation between the

particles (center lines) that leads to a grazing collision be-

tween the particles and £ = "collision efficiency".

The relation between y and £ is given by

£ . ( ) 2 (3.4.1.8)
R1 + R2

Turbulent aqglomeration is important for large particles and

if there are small eddies of the gas (fluid) motion. j3 T has a

complicated dependence on particle size and flow characteristics.

Saffman and Turner (Saf 56) have given a simple expression

12 (3.4.1.9)

2 3where £* = energy dissipation by turbulence, cm /s and v> *
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kinematic viscosity of the fluid, cm /s.

This is not, however, a particularly accurate expression and

the formula is therefore expanded in a computer code such as

RETAIN.

3.4.2 DEPOSITION PROCESSES

The models for aerosol deposition are based upon experiments

and on classical physics. Most of the models and their experimen-

tal bases are described in standard textbooks (Dav 66, Fri 77,

Fuc 64).

The deposition on surfaces is governed by diffusion, diffu-

siophoresis, sedimentation and thermophoresis. Once a particle

has been deposited it is bound to the surface by adhesive forces.

A concentration gradient always arises in a stagnant boundary

layer close to the surface and this gradient causes a flow of

particles given by

0(ro,t) = -D(r ) grad C(r ,t) (3.4.2.1)

where r = equivalent radius of the particle, D(r_) = diffusivitye e

for the particle of radius r in the medium proper and C(r ,t) =

particle concentration for particles with radius r at time t.

The diffusion occurs through a boundary layer with a thick-

ness <T . In some models <T is given as an input quantity, but this

is less appropriate because it is a function of both the diffusi-

vity and the gas velocity. In particular, the behavior is differ-

ent depending on whether the flow is laminar or turbulent. A

unified model, based upon experiments, has been given by Wood

(Woo 81). The results can for most cases be approximated by the

following expression for the turbulent deposition velocity:

4.5x10~4u*(? d2u,2/18§ V 2 ) 2 (3.4.2.2)

where u* = fluid friction velocity, § = particle density,

tu -*•-"*•«' -#ijpk

u* = fluid frictic

fluid density, d = particle diameter and V = kinematic viscosity.

The Brownian diffusion is important only for very small
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particles. The theory is reviewed in section 3.4.1 above.

Closely connected to diffusion is diffusiophoresis. In this

case the diffusion is occurs in the carrier gas, e.g. steam

condensing on a cool surface. The gas diffusion will then cause a

momentum transfer to the particles in the direction of gas diffu-

sion flow, i.e. towards the surface. In some models used for

calculating aerosol transport it is assumed that the condensation

mass flow of steam, W (kg/s), towards a surface is given (Dun

83). The particle velocity towards the surface, v, , is then

vdp = (ps W ) / ( p Ss
 A ) (3.4.2.3)

where p = steam pressure, p = total pressure, § = steam densi-s s
ty and A = surface area.

Sedimentation is defined as t?.e process where particles in

the laminar boundary layer at the compartment floor fall by

gravitation to the floor. According to the definition of the

mobility in equation (3.4.1.2), the corresponding velocity, v ,
s

is given by the quantity m g B, where m is the particle mass and

g is the gravitational acceleration constant. Thus,
ve = (4 If r

 3 % g B) / 3 (3.4.2.4)

where 2 is the particle density. Because B is inversely propor-

tional to r . v is proportional to the square of the particle

radius. The sedimentation velocity against a compact floor is

independent of the gas velocity because this is negligible in the

boundary layer. Gas convection serves to keep a constant particle

concentration within the compartment and is thus a feeding mecha-

nism for the deposition of particles.

Thermophoresis arises in an inhomogeneous temperature dis-

tribution in the following way. Molecules colliding with a parti-

cle have different velocities, depending on the temperature at

the point where their kinetic energy was determined. Thus, the

momentum imposed on the particle has a direction towards the

lower temperature. The thermophoretic velocity, v,., is given by

vth * " ( 3^ ^ C T 7 T ) / 2 T (3.4.2.5)

where
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k g / k
P

C t K n

(
1 + 3CmKn 1 + 2k /k + 2CfcKn

(3.4.2.6)

and C = Cunningham correction factor, C = steam momentum slip

coefficient, C. = temperature jump coefficient, Kn = particle

Knudsen number, k = thermal conductivity of gas, k = thermal

conductivity of particle, V T = temperature gradient, T = tempera-

ture and \> = kinematic viscosity.

The deposition velocity affects the time derivative of the

particle concentration in the same way for all deposition proces-

ses. They can therefore be summed up in the following way:

• Ai

-- vi C (3.4.2.7)

i

dC
--
dt

where A. = surface for deposition process i, V = compartment

volume, v. = deposition velocity for process i and C = particle

concentration.

The formulae above are functions of the particle radius, r .

The aerosol contains a continuous distribution of particle sizes

over a broad range. The processes have then to be integrated over

the size distribution. This is in practice given either in form

of an analytic function or in form of discrete classes which are

calculated numerically. An often used analytic function is the

log-normal volume distribution. It has become known during opera-

tion of the RAMA project that the log-normal approximation may

lead to considerable errors in the gas borne mass after a long

time.

3.4.3 SCRUBBING

The absorption of fission products in water is often called

scrubbing. As water is generally abundant in the reactors

considered, this mechanism is important for the final

consequences of an accident. Many fission products, such as

elementary iodine and different iodides, are highly soluble in

water, but insoluble aerosols are also subjects for scrubbing
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under som very general conditions.

The most important scrubbing devices are the condensation

pool in a BWR and the containment spray. In many of the accident

scenarios blowdown of the steam-hydrogen mixture from the vessel

to the condensation pool will occur simultaneously with fission

product generation. In some of these cases the blowdown passes

the drywell, but the scrubbing effect on the accompanying

fission products is very large, at least as long as the pool is

subcooled. Experiments have also shown that even a boiling pool

has a significant effect (Kuh 84, Pau 84).

Similarly, spray water is very efficient as a decontamina-

tion agent, although the mechanism is quite different. The remov-

al of gas-borne substances by water sprays has long been studied

and used in chemical technology (see e.g. Has 23, Joh 38, Joh

39). Experiments showing that water sprays are also efficient for

fission product removal were done even before the first US

Reactor Safety Study (Hil 70) and were used for the CORRAL compu-

ter program in that study.

In the pool scrubbing process the gas mixture will form a

large number of bubbles which diminish rapidly in size. An impor-

tant process within the bubbles is steam condensation, which

causes fission product deposition on the bubble walls by diffu-

siophoresis. However, as the bubble sizes decrease all the other

aerosol deposition processes will also become important. Sedimen-

tation is facilitated by the fact that the bubbles are oblate

with a much smaller height that their horizontal diameter. The

efficiency is of course strongly dependent on the particle size.

According to experiments (Kuh 84) the lowest decontamination

factor is obtained for particles of the order of 0.1 - 0.5 urn.

For particles larger than 1 micron the decontamination factor is

between 10 and 10 . In RETAIN-S it is assumed that the size

dependence is parabolic, such that the decontamination factor is

100 for zero particle radius and 1000 for 1 micron particle

radius.
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3.4.4 RESUSPENSION PROCESSES

No useful models for resuspension are known to the authors,

although several processes are suggested in the literature, see

section 2.2.5.3. Resuspension by sudden depressurization is be-

lieved to be small (Eng 84).

4. METHODS AND TOOLS

The available methods and tools will be described below.

Most of them have been tested against a very limited amount of

data.

All the aerosol programs available lack a realistic treat-

ment of particle bouncing on collision and of resuspension mecha-

nisms. Thus they fail to completely describe aerosol deposition

on dry surfaces at high turbulence or high linear flowrate. In

general they predict an ever increasing deposition' with increas-

ing particle velocities, whereas the limited amount of data

available show a maximum deposition at medium velocities and then

a rapidly decreasing deposition with increasing turbulence ̂  and

linear velocity (Fuc 64). This is further confirmed in the ini-

tial LACE scooping tests (Bio 84, Muh 84).

4.1 CORE SOURCE TERM

Two programs, AEROREL and FPRAT, were initially available to

the RAMA project. They both describe the release of fission

products from overheated fuel. In addition there is a limited

modelling of the behavior of control rods and structural materi-

als.

Difficulties in the direct interaction with MAAP have made

it necessary to manually transfer a lot of information from MAAP

to FPRAT. In addition, the MAAP version available was not able to

produce the file which AEROREL expected.

This made it very difficult to use AEROREL in a MAAP-
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AEROREL-RETAIN package. However, AEROREL can now be used for test

runs by using FPRAT indirectly to obtain an AEROREL input. Not

all the expected output from MAAP can be obtained this way, which

limits the usefulness of AEROREL in a package. The code presently

used is FPRAT but both codes are available and described here.

The codes FPRAT and AEROREL consider the release of fission

products from fuel pins. The cladding is not considered as a

physical barrier, which means that the models are unsuitable for

the lower temperature range, e.g. analysis of LOCAs successfully

terminated below 1204°C.

At the other extreme, the fixed modelling of core geometry

means that special attention has to be given to it in cases where

behavior and release during and after meltdown are of importance.

The modelling of fission product release in FPRAT is a two-

step process. First release from the fuel during oxidation is

considered, and then release from the core through evaporation.

It is questionable whether release can occur from the fuel with-

out vaporization since the normal release path is via grain

boundaries and grain edge tunnels. For the gases (Kr and Xe) and

the volatiles (Cs, I and Te) this is of no concern. For the two

remaining fission products considered in FPRAT, Ru and Sr, one

has to be careful when core motion occurs.

In AEROREL an empirical time and temperature dependent model

is used with, in effect, release properties similar to those in

the FPRAT two-stage model. In this modelling the fission products

belong to the fuel until they are released. AEROREL considers

more fission products than FPRAT (Sb, Mo and Zr) and also dif-

ferentiates between Sr and Ba. In addition it has models for fuel

clad zirconium and structural materials. Clad tin is considered

in both codes but the PWR control rod materials (Cd, In and Ag)

are only considered in FPRAT. FPRAT alsc considers Mn, which is

the most volatile element in the stainless steel.

The chemical forms of Cs and I are not considered by the

codes but have to be introduced by the user when transferring
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data to RETAIN.

The interaction of Te with Zr is considered by AEROREL. For

correct use the state of the zirconium (oxidized or unoxidized)

must be obtained from MAAP. There is no easy way of doing this

now, which is a deficiency in our MAAP versions.

The fraction of condensed phase transported with gas in the

form of aerosol must be given as input to FPRAT.

AEROREL only considers the released amount and not the

physical form, i.e. gas or aerosol.

To summarize, the codes are expected to yield similar re-

sults for Kr, Xe, I and Cs in their range of applicability (>1 %

release and before core slumping). For Te the ORNL-model is an

interesting option in AEROREL. However, it is difficult to use

AEROREL correctly with this option because essential data from

MAAP are lacking. Only FPRAT has a model for PWR control rod

materials. Only AEROREL considers fuel and other less volatile

structural materials.

Since the FPRAT code is used in the MAAP-FPRAT-RETAIN pack-

age some further comments are made on FPRAT.

FPRAT uses as input data:

A time to temperature table from MAAP.

Masses of materials and their distribution in the core.

Dimensions of core, upper assembly and upper plenum used for

flow calculations. The upper plenum part should, however, be

left to be treated by RETAIN.

Steam pressure and steam flow in the core.

Input from a separate core melt - concrete interaction re-

lease model. In the present package this is handled by

RETAIN in another way and the FPRAT option is not used.
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FPRAT calculates:

Release and evaporation of Ru, Te, I, Cs, Sr, Kr and Xe from

fuel using a given temperature history.

"Release" and evaporation of Sn from zircaloy.

Evaporation of Mn from stainless steel.

Evaporation of Cd, In and Ag from PWR control rods.

FPRAT does not calculate:

The effect of chemical reactions like Cs-I-f^O or Te-Zr, see

paper by Cubicciotti and Sehgal (Cub 84).

The possible formation of boron oxide from the boron carbide

in BWR control rods. However, in Cub 84 it is stated that,

"The influence of boron in the vaporization equilibrium was

evaluated because of the possibility that boron oxides can

react with cesium and potentially enhance the effective

volatility of iodine. The evaluation indicated that the ef-

fect of boron on the volatility of iodine was minor".

The properties of the aerosol generated, i.e. initial size

distribution.

4.2 IODINE TRANSPORT

As most of the iodine will occur as cesium iodide (Cam 81),

the most important transport mechanisms are those for aerosols.

Aerosol transport is considered in a number of computer codes and

three of them will be described in the paragraphs below. Elemen-

tal iodine is considered in two generally available codes, namely

CORRAL-II (Bur 77) and the first version of TRAP-MELT (Jor 79),

and in the commercial code RETAIN, which is very similar to TRAP-

MELT. The model in CORRAL-II for surface deposition was developed

by Knudsen and Hilliard (Knu 69). It uses correlations for natu-

ral convective heat transfer coefficients and a mathematical

analogy between heat and mass transfer. The deposition is then

dependent on the temperature difference between wall and bulk gas

and on the kinematic viscosity of the gas. Evaporation of iodine

from surfaces is not considered in CORRAL-II. In TRAP-MELT, the

model for surface deposition on steel is based on experiments by
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Genco e_t al. (Gen 69). The deposition velocity is then a function

of the average temperature only. Deposition on other walls is

calculated using principles similar to those in CORRAL-II. How-

ever, equilibrium between vapor and liquid phases is calculated

in more detail in TRAP-MELT by relating the equilibrium concen-

tration to the temperature. This is done through experimental

correlations for the vapor pressure. The concentration growth

rate in the gas is proportional to the difference between the

equilibrium concentration at the wall surface and the actual

concentration in the gas. The proportionality constant is the

product of the surface-to-volume ratio and the mass transfer

coefficient which is also given by empirical correlations (Roh

61), but with some theoretical bases. Material balance is main-

tained between the different spaces and surfaces.

4.3 RETAIN

The RETAIN code for calculation of fission product transport

has been developed by the IMPELL corporation (Bur 83, Ozb 83). It

is based on the first version of TRAP-MELT (Jor 79), but improved

and extended for consideration of diffusiophoresis and thermo-

hydraulic effects caused by surface deposition. The following

fission products can be handled separately, at least to some

extent:

1. Noble gases and inert aerosols

2. Iodine, bromine vapors and aerosols

3. Cesium, rubidium vapors and aerosols

4. Cesium iodide/hydroxide vapors and aerosols

5. Tellurium, antimony vapors and aerosols

6. Strontium, barium aerosols

7. Ruthenium, molybdenum aerosols

8. Lanthanum, plutonium aerosols

The vapors are handled as described for iodine in the prece-

ding paragraph, but it should be noted that cesium and rubidium

can condense to aerosol form and the noble gases cannot condense

at all. In the calculations of aerosol processes all species are
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added together and are assumed to have the same particle size

distribution and density. A common deposition rate is then calcu-

lated and used in a transport matrix equation of the form

dC/dt = S - ( a + a d ) C (4.3.1)

where C = concentration of a given fission product, S = source

for a given fission product, a = leakage rate, a, = deposition

rate and t = time.

The following aerosol deposition mechanisms are considered:

Brownian diffusion

Turbulent settling

Diffusiophoresis

Thermophoresis

Sedimentation

Agglomeration is treated separately from deposition. This

leads to a demand for short time steps in solving equation

(4.3.1) because the deposition rate a, is strongly dependent on

the particle size which varies with time due to agglomeration,

condensation and vaporization. In order to amend this deficiency,

a special version, RETAIN-S, has been developed in Studsvik (Häg

84). The agglomeration and deposition are coupled together in

this version and the aerosol transport is calculated indepen-

dently of the individual fission product transport. The solution

method is the same as in the HAARM-S program developed from the

HAARM code by Häggblom (Häg 83b). However, the transport between

different compartments is considered by a superposition method.

The problem is trivial when a single chain of compartments is

considered. For a complicated transport matrix it is necessary to

divide the transport time into sufficiently small intervals so

that the source is approximately constant during the interval.

RETAIN also considers the heating of walls and other sur-

faces due to deposition of radionuclides. It is then assumed that

the temperature increase in the wall is constant over the wall

thickness and is determined by the heating power, the heat capa-

city and the heat resistance of the surfaces. Plugging of pipes

by aerosols is considered by assuming a homogeneous distribution
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of the aerosol over the inner pipe surface.

Decontamination of compartments by e.g. spray or gas flow

through the supression pool as well as resuspension can be con-

sidered by introducing corresponding decontamination factors,

which are independent of particle size.

Only 20 time values can be used for the time-dependent input

data in the present version of RETAIN. The results from thermo-

hydraulic calculations using the MAAP code can be given for seve-

ral hundred time values and they have therefore to be smoothed. A

smoothing routine using linear regression theory was developed by

R. Burns at the IMPELL Corporation and implemented with the

RETAIN/2B version. For RETAIN-S this routine is used as a sepa-

rate program, MATORET. This program converts data from a MAAP

output file to suitable data for RETAIN by using linear interpo-

lation equations over varying time intervals.

RETAIN-S can consider the effect of internal natural convec-

tion on turbulent deposition and agglomeration. The model assumes

a vertical wall with a temperature difference between the wall

and bulk gas. The gas velocity equation was based on the assump-

tion of laminar flow, but it turned out that only a small renor-

malization had to be done for correlating to turbulent flow

velocities.

A common approximation for RETAIN and HAARM is the assump-

tion that the particle size distribution is log-normal. This may

lead to significant errors in time intervals where an internal

aerosol source occurs and also for long deposition times. Another

deficiency is that steam condensation on particles is not consi-

dered in HAARM or RETAIN.

4.4 HAARM

The HAARM-S code has not been used in the RAMA project, but

as it was used extensively in the preceeding FILTRA project a

short description is given below.
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HAARM-3 (Gie 78) is an aerosol transport program for one

compartment. The transport equation is solved by assuming a log-

normal particle distribution, which contains the average concen-

tration, the average particle volume, and the standard deviation

of the particle volume as parameters. These parameters are calcu-

lated by a moment method, leading to three coupled integro-

differential equations which are solved numerically. The deposi-

tion mechanisms considered are:

Brownian diffusion

Turbulent settling

Thermophoresis

Sedimentation

For Brownian diffusion a boundary layer thickness is given

as an input quantity. Another input quantity is the turbulent

energy dissipation.

HAARM-S differs from HAARM-3 in the following ways:

A multicompartment geometry in the form of a single

chain of compartments can be considered

Deposition in a granular bed can be considered

The turbulent energy dissipation is calculated from the

temperature differences between wall and bulk gas in

the same way as in RETAIN.

The internal natural convection is calculated in the

same way as in RETAIN

A special routine for the integration of stiff, highly

non-linear differential equations has been implemented.

The routine has been developed at the Royal Institute

of Technology in Stockholm (Dah 81).

4.5 NAUA-4

NAUA is a program developed at Karlsruhe Nuclear Research

Center for special consideration of steam condensation on partic-
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les (Bun 82). It calculates the aerosol behavior in the conden-

sing steam-saturated atmosphere of an LWR containment and has

been checked against experiments made in the same project. NAUA

assumes homogeneous distribution of radioactivity in the total

aerosol mass, but tracks the mass distribution among different

particle size classes.

The following processes are included:

Steam condensation on and evaporation from particles

Brownian agglomeration

Gravitational settling

Diffusion

Leakage

Arbitrary time-dependent sources for fuel and steam

The dry part of the calculation uses 100 linearly equidis-

tant particle size classes and variable size classes for conden-

sation. A step function approximates the size distribution. Dif-

ferent time steps must be used in the very fast condensation

process and for the slower aerosol processes. The steam condensa-

tion on particles is calculated by the Mason equation (Mas 57).

The process can be divided in two parts:

Transport of steam molecules to the surface of the

particles. A water layer is obtained by condensation.

The binding energy corresponds to the surface tension.

Simultaneous transport from the particle surface of the

heat liberated by condensation.

The accuracy of the NAUA code is higher than for HAARM and

RETAIN, even if steam condensation does not occur, due to the

purely numerical approach used in NAUA. However, NAUA does not

incorporate any models for resuspension processes nor does it

account for vapor pressure lowering due to formation of aqueous

solutions during steam condensation. Vapor pressure lowerirg

effects are especially important for steam, cesium hydroxide,

hydrogen bromide and hydrogen iodide, see sections 2.2.4.2, 2.2.5,

2.3.3, and Table 2.3.3.A.
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4.6 NUCLEIDS

NUCLEIDS is a small code written by Kvist (Kvi 84) for the

calculation of natural circulation in a BWR reactor vessel and

the effect of fission product deposition on internal vessel

walls. NUCLEIDS relies on a prescribed pressure-temperature his-

tory for the containment which must be obtained separately e.g.

from MAAP. It computes the rate of fission product release from

the core in a way similar to that in MAAP, i.e. the fraction of

melted fuel is computed from a heat balance and the corresponding

fraction of fission products is assumed to be liberated to the

gas in the vessel. NUCLEIDS can be used together with data from

MAAP for estimation of the effect of internal circulation in the

reactor vessel on the condensation/revaporization of fission pro-

ducts.

NUCLEIDS computes the following:

Core melting from the heat balance calculation

Natural convection inside the vessel driven by hot core

Buoyancy and pressure driven external convection to or

from the vessel

Heating of walls by direct gamma radiation from the

core

Heat loss from walls through external insulation

Heat loss by external convection to or from vessel

Fission product release from the melting core (Cs, I

and Te)

Fission product deposition by surface condensation

Fission product heating of vessel walls

Fission product revaporization from vessel surfaces

Fission product release to the containment by means of

the external circulation from vessel to containment

A scouting calculation is recommended and the results should

be used for verification or estimation of the proper mass trans-

fer coefficients used or to be used in the input data.
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5 PROGRAM VERIFICATION

Of the computer codes used in the RAMA program for calcula-

ting the fission product transport, comparisons between calcula-

tional and experimental results have been made for NAUA (Sch 81)

and HAARM (Sil 81). The experimental part of the NAUA program was

concerned with the aerosol behavior at various levels of steam

supersaturation. Aerosols studied were uranium dioxide, platinum

oxide and sodium nitrate. Steam condensation occurred on the

particles but was intentionally avoided on walls. Comparisons

were made between measured and calculated droplet concentrations,

between droplet diameters, and of the suspended droplet mass

concentration vs time. Good agreement was obtained for the cases

considered, but it must be pointed out that they were far from

LWR accident conditions. In particular, the following conditions

have not been tested:

Competition between steam condensation on walls and

particles.

High aerosol concentrations.

High pressures and/or temperatures.

High convection currents.

Multicomponent aerosols with different generation time

behavior for different components.

NAUA is, however, the only code available for computing

steam condensation on particles and no other code can do it more

accurately. Furthermore, the numerical method for calculating

agglomeration and deposition of dry aerosols is very accurate.

The code can therefore be used as a standard for obtaining errors

made in corresponding calculations with the HAARM and RETAIN

codes.

A good summary of comparisons between calculations and expe-

riments made before 1979 is given in the State-of-the-Art Report

published by NEA (NEA 79). It can be concluded that the HAARM

code generally underestimates the deposition rate for time inter-

vals without aerosol generation. This conclusion is, however,
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only valid for low aerosol concentrations, see also section 5.1.

Experiments and calculations made in Studsvik (Häg 82) on granu-

lar beds confirm these conclusions. Comparisons between NAUA and

RETAIN-S have been made in Studsvik for the Marviken-V experi-

ments. As mentioned before, the HAARM-S code has not been used in

the RAMA project. Comparisons with the RETAIN-S code have been

made in preparation for the Marviken-V experiments. The codes

have then given practically identical results when the same

formula for the mean free path was used. This may be fortuitous,

but it still shows the consistency of the equations and the

coding.

5.1 RETAIN-S

To verify the RETAIN-S code the following work has been

performed within the RAMA project:

1. An investigation of the applicability of the log-normal

approximation of aerosol size distributions (Häg 84-

471 ).

2. A comparison of results from the NAUA and RETAIN-S

codes with results from the Marviken-V experiments

test 1 and test 2B (Häg 84-470, Häg 84-474).

5.1.1 LOG-NORMAL DISTRIBUTION

The equation for aerosol agglomeration and deposition is of

an integro-differential type which is very cumbersome to solve

numerically. To decrease the computing time, Cohen and Vaughan

(Coh 71 ) assumed a log-normal size distribution of the aerosol

particles. The loa-normal approximation has then been used in

several of the aerosol transport codes, e.g. HAA-3, HAA-4, HAARM-

3, HAARM-S, TRAP-MEIT, RETAIN-2 and RETAIN-S.

As late as 1979 no serious discrepancies had been found

between results from these codes and from experiments (NEA 79).

Since then it has been recognized that core melt accidents will

involve high aerosol concentrations of the order of 10 g/cm or
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more, due to the aerosol release from control rods and structural

materials. Consequently such high aerosol concentrations have

been used in recent experiments (Hil 84, Mar 84). This has drawn

the attention of the users to the weakness of the log-normal

approximation. Recent calculations by Fermandjian (Fer 84) sup-

port this criticism.

In the work of Fermandjian the results of the ABCOVE experi-

ments were used. In one of the tests, AB5, a maximum suspended

aerosol concentration of 170 g/m was measured, providing condi-

tions for a very high agglomeration and settling rate. Blind

post-test predictions were made, based on the actual aerosol

source and thermal conditions, with 8 different aerosol transport

codes. Of these codes, four used the log-normal approximation and

four used discrete bins for the particle size distribution. The

result of these blind predictions was that the codes based on the

log-normal approximation generally gave too low suspended aerosol

mass concentrations, especially for the very large attenuation at

long times. The RETAIN-2 code has also been tested against re-

sults from the AB5 experiment and yielded results similar to

those for the other codes using the log-normal approximation (Bur

84a).

Within the RAMA project the RETAIN-S code has been tested

against the NAUA code (Häg 84-470) and against data published by

Fermandjian (Fer 84).

In the comparison with the NAUA code, data resembling the

Marviken-V test 1 were used. Only the pressurizer was considered

in these calculations. Deliberate diversions from the experimen-

tal data were made in these calculations, the most important one

being that the source was terminated after 3600 seconds in the

calculations to obtain a pure decay of the suspended mass due to

agglomeration and settling. The results are shown in Figure

5.1.1.A. As expected, the RETAIN-S code shows a faster decay than

the NAUA code, which uses a discrete bin model for the particle

size distribution. The discrepancy is considerable at 7200

seconds (nearly a factor of 3).



REACTOR ACCIDENT MITIGATION ANALYSIS RAMA 85-3 82

Figure 5.1.1.A. Comparison of RETAIN-S and NAUA with respect to

calculated airborne mass as a function of time.
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Figure 5.1.1.B. Comparison of RETAIN-S and some other codes with

respect to suspended mass concentration for reference case (Fuchs
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Figure 5.1.1»C. Comparison of RETAIN-S and some other codes with

respect to mass median radius for reference case (Fuchs - S =

£
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In the other comparison, against the data published by

Fermandjian, the RETAIN-S code was compared with five other

codes. In Figure 5.1.1.B the results of these calculations are

shown. As can be seen, the codes using the log-normal distribu-

tion predict a faster decay of the suspended mass after the

source is shut off than that indicated by other codes or experi-

ments. The error in mass concentration is a factor 8 - 1 0 when

the concentration predicted by RETAIN-S has decreased by three

orders of magnitude. This corresponds, however, to a release

ratio of about 10 for a containment break at 35 hours and

neglect of effects from reevaporation in the reactor vessel and

of constant leakage out of the containment.

R. Burns (Bur 84b) has found that the log-normal approxima-

tion overpredicts the settling rate for small particles, and

underpredicts the settling rate for large particles. This means

that the settling rate will become increasingly overpredicted as

time passes. This conclusion is supported by Figure 5.1.1.C,

which is taken from Fermandjian and extended with the results

from our RETAIN-S calculations.

Conclusions; Two conclusions can be drawn:

1. It is unlikely that errors exist in the RETAIN-S code

which significantly affect the results. This conclusion

is supported by Figure 5.1.1.B, where it can be seen

that the results from the RETAIN-S code agree well with

the results from the similar French code AEROSOLS/A2,

and also by Figure 5.1.1.A, where the results from the

RETAIN-S code agree well with the results from the NAUA

code up to the beginning of the decay part.

2. If the release ratio is determined by the suspended

mass at the time of containment break and the real

ratio is 10~3, the RETAIN-S code will predict 10~4.

Because of the many uncertainties lower values are

usually of less interest. However, these conclusions

can only be drawn fcr a single compartment.
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5.1.2 COMPARISONS WITH THE MARVIKEN-V EXPERIMENTS

Calculations have been made with the RETAIN-S code on the

Marviken-V tests 1 and 2b (Häg 84-474). In these two fissium

tests, CsOH, Csl and Te were vaporized simultaneously into the

pressurizer. In test 1 the retention factor in the pressurizer

was 25% for Csl and 28% for Te. The calculated retention was,

however, only 3%.

This large difference cannot be explained by the log-normal

approximation of the aerosol size distribution because this ap-

proximation would have overpredicted the retention factor. No

formal or coding error can be assumed to be responsible for this

discrepancy as similar results were obtained from the NAUA code

(Häg 84-470). As the dominating deposition mechanism is gravita-

tional settling, the error can only be caused by a wrong average

particle size. In the calculations, the averaged particle diame-

ter was assumed to be 0.25 urn in the generated aerosol.

One possible reason for too small a size is the neglect of

the hygroscopic properties of CsOH and Csl. Such effects were

observed in the experiments. However, a more important reason is

that the aerosols are generated with larger particle diameters

than assumed. Calculations with the RAFT code (Luw 84) have given

an initial particle diameter of 7 pm for the test 1 experiment.

The large particle size is partly due to the specific experimen-

tal conditions such as thermal gradient and gas mixing in the jet

stream. Thus, it cannot be concluded that the particle size is

equally large in a reactor core melt accident.

The calculations for test 2b were made in such a way that

the retention factor was obtained as a function of the initial

areosol mass diameter. It was found that agreement with data from

the experiment could be obtained if an initial aerosol particle

diameter of 5 - 8 pm was assumed. The smaller vilue agrees with

that obtained from the RAFT code.

Conclusions: The calculated retention factor for the pressu-

rizer will only be of the right order of magnitude if initial

particles produced by the aerosol source are assumed to have
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diameters between 5 and 8 um. This size agrees approximately with

results from the RAFT code.

5.2 NAUA-4

As mentioned above, results from the NAUA code have been

compared with results from experiments within the NAUA research

program (Sch 81). Only very limited testing of the NAUA code

against results from the Marviken experiments has been made

within the RAMA project (Häg 84-470), see also Figure 5.1.1.A.

5.3 NUCLEIDS

The results from NUCLEIDS depend on the selection of several

parameters, e.g. the area of openings in the vessel bottojn and in

the steam lines, the mass transfer coefficients, and the amount

of fission products lost from the vessel before the start of core

melting. A limited series of tests on a few sequences have shown

the relative importance of the bottom hole area and the amount of

fission products lost before core melting starts, see Table

5.3.A.

6 PLANT AND EXPERIMENTAL DATA

A collection of the data required for source term calcula-

tions on Swedish reactors is needed in order to facilitate the

use of the available programs. Such collections have been made at

the request of the RAMA source term group, see below.

6.1 FUEL AND ACCESSORY MATERIALS

Through ASEA-ATOM a typical initial fuel composition has

been obtained, which alse gives typical values of impurities in

the fuel. Data on fission product concentrations, box weights and

structural materials have also been compiled. Fission product
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Table 5.3.A. Qualitative conclusions from comparative

calculations using the NUCLEIDS code and general data for F3/O3

taken from the original report by Kvist (Kvi 84).

+ = increases on change from old to new value
- = decreases on change from old to new value
* = practically unaffected

LARGE STEAM-LINE BREAK

Parameter

Bottom hole
area (sqm)

Initial FP
loss (%)

Old
value

0.13

0
50

New
value

0.06

50
90

Max wall
temp.

+

*

Release
time rate

+ t<10h -
t>10h +

:l :

SMALL STEAM-LINE BREAK

Parameter

Bottom hole
area (sqm)

Initial FP
loss (%)

Old
value

0.13

0
50

New
value

0.06

50
90

Max wall
temp.

*

-

Release
time rate

* *

t<45h -
* -?

TB

Parameter

Bottom hole
area (sqm)

Initial FP
loss (%)

Old
value

0.13

0
50

New
value

0.06

50
90

Max wall
temp.

*

Release
time

*

rate

*

-
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concentrations are mainly determined by the maximum fuel burnup

as specified by the fuel manufacturer. The results are given in

an ASEA-ATOM report, based on data for the reactors F3 and 03, to

serve as a guide in selecting core inventories for ail BWR reac-

tors (Lun 84). In Table 6 of this report total core inventories

are given for one initial ton of uranium; the actual amounts of

the elements listed can be obtained by multiplication with the

total initial core inventory of uranium for a given reactor. The

corresponding data for PWR in Sweden, based on the reactors R3

and R4, are given in a Swedish State Power Board report (Hel 84).

6.2 PLANT DATA

Relevant plant data for the nuclear steam supply system of

ASEA-ATOM built BWRs in Sweden are given in Table 1 of the report

by Lundgren (Lun 84) and for the Westinghouse built PWRs in

Sweden data are given in Table 1 of the report by Hellström

(Hel 84). Such data can also be found, together with geometrical

information for all the important parts of the power scations, in

the MAAP input files compiled by the RAMA containment group.

6.3 PYROLYSIS DATA

The pyrolysis of typical cables in a steam-nitrogen atmos-

phere has been studied. The data obtained consist of gas volumes

from 400 to 1000°C, total amounts of acids liberated in the same

temperature range, and approximate gas composition (Fri 84).

Experiments in the presence of large amounts of elementary

iodine showed a very small production of organic iodides, in fact

very near 100% of the added iodine was later found in the pyroly-

sis residue and on the walls of the pyrolysis vessel. Similar

results were obtained in experiments using potassium iodide as a

model substance for cesium iodide.

Considerable amounts of acidic gases were produced from PVC

and to a lesser extent also from Lipalon insulation. In some

accident sequences, and BRW reactors, the amount of acid produced
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Table 7.A. Key event times calculated by the MAAP code for the

test sequences used in testing of the release and transport codes

an- release fractions for the test cases.

Reactor

Sequence

Reactor scrammed (s)

Core uncovered (s)

Start of core melt (h)

Vessel failure (h)

Containment failure (h)

End of RETAIN
calculation (h)

Cs+I fraction of in-
ventory

Suspended mass in con-
tainment at endtime

Release to environment

<

TB

1.5
34(m)

2.5

2.9

53.6

41.7

1 .4-5

-

Dskarshamn 2

ADB

1.1

5.7

1 .0

1.4

11 (s)

27.8

-

0.15

AB

1.1

5.7

1.1

1.4

56.5

27.8

6.9-4

-

AV-5

1.2

5.3

1.1

1.4

leak

13.9

-

1.0-2

Ringhals

TB

4.1

32(m)

2.6

3.8

38.

40.6

-

2.9-3
*

AV-<5

1.2

4.9

1 .0

1 .25

leak

13.9

-

1.9-3

1

SY

1.1
54.2

2.8

3.0

by-
pass

41.7

-

1 .5-2

*

*) Actually release to the reactor building.

Note: Small fractions are expressed in this table as follows:

1.4-5 stands for 1.4 10~5, 1.0-2 stands for 1.0 10*"2, etc.
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Table 7.B. Summary of computer code versions used, report numbers

and known errors.

Reactor

Sequence

MAAP version1* MBWR-

MAAP-report
Studsvik/NR-84/

Manually changed flows

Core source term

COPTA calculations

RETAIN version4* 84-

RETAIN report5J

Oskarshamn 2

TB

5B

398

No

FPRAT

NO

0515

S416

ADB

8A

448

NO2)

FPRAT

No

0827

0394

AB

8B

447

No

FPRAT

No

0405

S402

AV-S

8A

449

No

FPRAT

No

0405

S419

Ringhals 1

TB

5B

446

No

FPRAT

No

0827

V87

AV-S

8A

450

No

FPRAT

No

0405

S408

SY

8D

425

Yes3)

FPRAT

Yes

0827

S462

Notes:

1) MAAP verslons: MBWR5A (Nov 83) Missing flows described below.

MBWR8A (Feb 84) Also plotting gas flows, pedestal to
wetwell gas volume and both gasflows pede-
stal-drywell and drywell-pedestal.

MBWR8D (May 84) Special version of MBWR8A for the
Sy-sequence.

2) An erroneous flow from wetwell back to vessel given by MAAP was
manually changed to zero flow.

3) Hand and COPTA calculated flows through the reactor building were
used.

4) RETAIN versions: 840405 Code error which gave a too high settling
rate (about a factor of 2).

840515 Code error in earlier version corrected.

840827 Changes inserted to make the Sy calcula-
tions possible.

5) RETAIN reports:

Oct 84 Slight changes in output and plot file.

S416 Studsvik/NR-84/416
0394 OKG-rapport D-394/84
S402 Studsvik/NR-84/402
S419 Studsvik/NR-84/419
V87 Vattenfall KS-87/84
S408 Studsvik/NR-84/408
S462 Studsvik/NR-84/462
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by pyrolysis may be larger than the amount of alkaline materials

evaporated from the fuel, at least temporarily or locally. The

acids will affect the iodine chemistry in the containment, espe-

cially with regard to radiolytic formation of iodine at pH-values

below 7.

6.4 DATA ON CONCRETE AND CORE - CONCRETE REACTION PRODUCTS

Data on the composition, properties and amounts used for the

concrete types found in Swedish power reactors have been compiled

for the RAMA source term group by Carlson (Car 83).

A survey report and data compilation on the core-concrete

interaction has been made by Carlson for use within the RAMA

project (Car 83a).

7 ACCIDENT SEQUENCES CONSIDERED

The accident sequences considered are selected from those

used for testing of MAAP and thermo-hydraulic data from MAAP test

runs have been used. Tables 7.A and 7.B give an overview of the

calculations performed, the code versions used, known program

errors, and the external source terms obtained for these test

cases.

7.1 BWR SEQUENCES

Source term calculations with the FPRAT and 3ETAIN-S codes

h-/e oeen made for the following sequences and reactors (R1 =

Ringhals 1, 02 * Oskarshamn 2):

Sequence Reactor Description

1. TB, R1 and 02 Transient with loss of all AC

power.

2. AV-S, R1 and 02 Large LOCA with loss of core
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spray and with leaking con-

tainment.

3. AB, 02 Large LOCA with loss of all AC

power. Leads to late contain-

ment overpressure.

4. ADB, 02 Large LOCA with loss of all AC

power and failure of vapor

supression leading to early

containment overpressure.

5. SY, R1 LOCA outside containment, i.e.

containment bypass.

Already in the WASH-1400 report (RSS 75) it is pointed out

that three conditions must be fulfilled simultaneously in order

to cause any substantial release of activity to the environment:

1. Airborne activity

2. Driving force

3. Path to the environment

Consequently, important factors for the external source term

are:

1. Is the pressure in the reactor vessel high or low when

the core melts through the vessel?

2. Will the containment fail before, at the same time, or

after vessel failure?

The answers to these questions make it possible to place the

selected sequences in a matrix form.
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Containment

failure time

Before vessel

After vessel

failure

failure

Pressure

at vessel

Low

AV-5

ADB

SY

AB

in primary system

meIt-through

| High

TB

It should be pointed out that one of the reasons for selec-

ting the ADB and TB sequences was the analysis of these sequences

in the FILTRA project (Häg 82a, Häg 82b). The ADB sequence was

dimensioning for the filtered venting plant at the Barsebäck

power station.

One important feature in the hV-8 sequence is that the

containment spray is working, which will decrease the external

source term.

The S,, sequence was selected for several reasons:

1. It is similar to the V-LOCA sequence for a PWR, accor-

ding to WASH-1400 the risk-dominant PWR sequence.

2. The retention factor in the reactor building is probab-

ly important due to the steam condensation. The conden-

sation was calculated with the COPTA code.

3. This sequence is also characterized by the high volume

flow in the bypass pipe to the reactor building. It was

considered important to test the RETAIN-S code on this

feature.

It was considered that the selected sequences would be

suitable for testing of the RETAIN-S code on important condi-

tions. As the RETAIN-S code has no model for steam condensation,

the use of the COPTA code to supply the RETAIN-S code with such

data was tested.
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7.2 PWR SEQUENCES

Although it is believed to be important to test the tools on

PWR accidents also, no PWR sequences were considered within the

RAMA project due to time and budget limitations.

8 RESULTS OF CALCULATIONS

The results given below should only be regarded as demon-

stration tests of RETAIN-S and their main objective has been to

show that RETAIN-S can be used without numerical or other diffi-

culties to calculate fission product transport in accidents using

data and sequences selected as reasonably typical for Swedish

power reactors.

8.1 C*.v NATIONAL STRATEGY

A 3 calculations were concerned with the transport of fis-

sion oducts and non-radioactive aerosols for boiling water

reacc rs. A geometric model was used which described the diffe-

rent i ompartments inside the containment and, for some cases, one

or rrt: re external volumes. A model with one external volume is

shown in Figure 8.1.A, where the in-containment sources are also

indie ted.

The behavior of the accidents considered is described in

more detail in section 7. The thermo-hydraulic behavior was

calculated using the MAAP code (Bio 84a). The fission product

transport calculations were made with RETAIN-S (Häg 84a). MAAP

produced the following data for RETAIN-S:

Gas flow between different compartments.

Gas pressures and gas temperatures.

Wall temperatures.

Steam condensation rates on walls.

The most important gas flows inside the containment are

those going from the vessel to the different compartments because
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they determine the retention in the vessel.

The pool scrubbing effect for BWRs is determined by the flow

from the vessel to the pool and also from the drywell to the

pool. The composition of the gas, together with its pressure and

temperature, influences the physical behavior of the aerosol.

RETAIN-S considers the gas flow as consisting of pure steam.

It is strongly recommended that the flow data obtained from

MAAP should be inspected carefully, and their meaningfulness

judged, before they are used as input to MATORET. Sometimes

manual adjustments have to be made. It is also strongly recommen-

ded that the realism of the approximations to the MAAP flow data

obtained from MATORET should be assessed.

The gas temperatures were calculated by MAAP assuming a

given proportion of volatile fission products in the gas phase,

but the wall temperatures were calculated by MAAP without consi-

dering fission product heating of surfaces. The wall heating by

fission products was computed by RETAIN-S.

The following additional data were needed for the transport

calculations:

1. Core inventory of fission products and the thermal

power.

2. Geometrical data.

3. Fission product sources and sources of non-radioactive

aerosols.

4. Particle mean size and standard deviation of the size

distributions generated by the aerosol sources.

5. The decontamination factor of the supression pool for

particles with 1 urn radius. The general decontamination

factor is assumed to be proportional to the square of

the radius.

6. Filter efficiencies.

7. Containment spray rate.

8. Resuspension event times and ratios.
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Figure 8.1.A. Example of a geometric model for transport calcula-

tions.
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Figure 8.1.B. Example of a typical time-flow diagram from MAAP

showing data to be used by MATORET in preparing RETAIN flow

input. The data must be converted by MATORET into max 20 straight

line segments.
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Of these data only those in points 1, 2, 6 and 7 above can

be obtained . asily with sufficient accuracy. The existing filters

could not be taken credit for because they are not dimensioned

for the conditions occurring.

Release of fission products and non-radioactive aerosols was

assumed to occur as gap and melt release from the core and re-

lease by core - concrete interaction. The release from the core

within the vessel is called the core source term. It was obtained

from PPRAT calculations (Rin 83) followed by condensation of the

time steps using MATORET (Häg 84). The main input data for FPRAT

are the core geometry, fission product inventory, and the time -

temperature behavior of the core. The latter data were obtained

from MAAP. It is important to note that there is no release of

steel, uranium or plutonium in the FPRAT model. Thus the source

of non-radioactive aerosols might be underestimated. But the

content of tin and manganese is 700 to 1100 kg and this will

vaporize nearly completely and form aerosols. The neglect of

plutonium is not important from an aerosol transport point of

view because it behaves in the RETAIN-S models like Sr and Ru.

However, there might be slight differences in the real behavior

of these elements.

Cesium and iodine were assumed to form Csl and CsOH, and

these species were considered as a homogeneous material with the

same vapor pressure as CsOH. Tellurium, strontium and ruthenium

aerosols are generated by FPRAT as long as there is any core

material in the vessel. As there is no indication in the MAAP

output of core node temperatures that a node has disappeared

(FPRAT expects zero temperature/ zero mass in non-existent nodes)

and the version of FPRAT used had no model for core slumping, the

generation was arbitrarily interrupted at 20,000 seconds. The

resulting uncertainty in the generation of these species is

believed to be of the order of 30%. It was assumed in the FPRAT

calculations that the fission products were transported in aero-

sol form to the upper plenum of the vessel.

There was no model available to RAMA for prediction of the

release from core - concrete interaction. For the boiling water
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reactors considered, the amount of molten core remaining on the

concrete floor of the pedestal was of the order of 2 m - in area

and of about 50 mm thickness. Arbitrarily it was assumed that the

integrated source consisted of 200 kg non-radioactive particles,

1.5 kg tellurium, 1.5 kg strontium and 1.5 kg ruthenium. These

materials were generated with constant rate during 3000 seconds.

The choices of particle radii and standard deviation were

made considering the following facts:

If the source particle radius is below about 0.2 urn, a

very fast agglomeration process increases the radius to

that order or larger in a short time.

The choice of very small particles causes long compu-

ting times without increasing the accuracy of the cal-

culation of aerosol behavior.

Therefore, the source particle radii chosen were:

For the core source term: r = 0.15 urn.

For the core - concrete source term: r = 0.50 um.

The standard deviation was d » 1.5 for both sources. This

is a rather small value. A larger value would increase the depo-

sition.

The decontamination factor of the suppression pool for par-

ticles with 1 um radius was always set equal to 1000. This is

believed to be representative for results from experiments (Kuh

84).

The number of time steps from MAAP and FPRAT could be seve-

ral hundreds, but the input routine to RETAIN-S is written in

such a way that only data for a maximum of 20 time steps can be

read in for one calculation. In principle there should not be any

such limitation, but time and money restraints have not permitted

any attempt to ease this constraint. The necessary reduction in

the number of data points, was instead made using a small code,

MATORET (Häg 84a), which uses a group of linear regression rou-

tines developed by IMPELL Corporation (IDC 83). MATORET also
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makes a restructuring of the data into a form readable by RETAIN-

S.

It turned out that the gas flows calculated by MAAP oscil-

lated rapidly, probably due to numerical instabilities in MAAP,

see Figure 8.1.B for a typical case. These oscillations were

reproduced in the RETAIN-S input data in a rather arbitrary way,

and they should be considered when the accuracy of the results is

estimated.

The RETAIN-S calculations were made under the following

assumptions concerning the wall heating:

1. The walls were heated as if the fission products were

evenly distributed over the surfaces. This is not cor-

rect in the beginning, but as time goes on the tempe-

rature will be smoothed out, at least in the vessel.

The calculated release to the environment can, however,

be erroneous if the leakage from the heated compartment

to the environment starts when the heating is limited

to a part of the volume.

2. All walls were assumed to be of steel. An imaginary

steel lining with 10 mm thickness was assumed on the

concrete walls. The concrete was considered as a heat

resistance only. In order to take account of the heat

capacity, the resistance was assumed to be low. The

resulting low value for the temperature is incorrect. A

correct value can only be obtained by changing the

computational model.

The thermal characteristics of the compartments within the

containment and of an external volume are shown in Table 8.1.A.

These values together with the deposited masses of the most

important fission products are used by RETAIN-S to calculate the

surface heatup corrections due to radioactive decay.
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8.2 OSKARSHAMN 2

The geometrical data inside the containment used for the

RETAIN-S calculations are given in Table 8.2.A. The equivalent

diameter chosen does not always agree with the actual geometry,

but it was selected to give the right Reynold's number for con-

vection. The height of the drywell was somewhat too large, which

causes underestimation of the particle settling. The thermal

power at time zero was set to 1700 MW.

The core inventory and the released masses for the fission

products and non-radioactive materials, which are considered in

FPRAT, are given in Table 8.2.B for the different sequences.

Estimations of the release fractions for a large group of

materials have been made by the Battelle Columbus and Oak Ridge

Laboratories in investigations sponsored by the NRC (Sil 81, Gie

83). Table 8.2.C shows the core inventory and the estimated total

release of materials not considered in FPRAT, based on the above

data. According to the RETAIN-S model, the external release

fractions for these materials are approximately the same as for

strontium and ruthenium. Some difference may be caused by differ-

ent release from the core - concrete interaction.

8.2.1 SEQUENCE TB (Häg 84-416).

The RETAIN-S calculations were performed to 42 hours. As

containment failure occurred at 54 hours the external release

after that moment was not obtained. Only the space inside the

containment was considered.

The gas flow from vessel to pedestal was either zero or

negative, which is a questionable behavior as there was a higher

pressure in the vessel than in the containment before vessel

rupture (Ene 84-398). There was a flow from vessel to wetwell

from 0 to 10,600 seconds, which caused a substantial decontamina-

tion due to pool scrubbing. Considerable steam condensation on

walls occurred in the drywell with simultaneous high aerosol

concentration. This caused diffusiophoretic deposition.
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Table 8.2.A.

Oskarshamn 2.

Geometrical data for RETAIN calculations on

Compartment Height

(m)

Eq.diam

(m)

Sed.area Wall thickness

(m)(m2)

Primary circuit 20. 5.0 19.6 0.13
Pedestal 10.3 6.8 36.3 1.0
Drywell 21.6 20.5 294. 1.0
Wetwell 8.2 20.5 330. 1.0

Table 8.2.B. Oskarshamn 2. Core inventory and released masses for

the fission products, fuel and construction materials considered

in FPRAT.

Species Inventory
Mass Activity
(kg) (EBq)

Released mass (kg) in sequence
TB ADB AB AV- 8

Kr+Xe
Iodine
Cesium
Tellurium
Strontium
Ruthenium

285.
11.

143.
23.
49,

111.

7.8
2.1
0.93
4.4
5.9
4.8

Cd+In+Ag+Sn+Mn 771 .

269.
11.2

146.
30.5
1 .5
1.5

699.

285.
11.2

143.
29.6
8.6
5.2

637.

285.
11.2

143.
29.6
8.6
5.2

637.

Note 1. Activity is given at 2.5 h after shutdown.

Note 2. Numerical approximations (e.g. reduction of the number
of time steps) sometimes give too high a released mass.
It should not be larger than the inventory.

Note 3. 1 EBq (Exa Becquerel) * 27 MCi (Mega Curie)

Table 8.2.C. Oskarshamn 2. Core inventory and estimated released

masses for some fission products, fuel and construction materials

nor considered in FPRAT.

Material or species

Uranium
Steel
Zirconium
Np+Pu+Am+Cm
Nb+La+Ce+Pr+Nd
Mo+Tc+Rh+Ba+Sb

Inventory
Mass
(kg)

77500.
13800.
37900.
533.
462.
427.

Activity
(EBq)

5.6
32.
14.
10.

Released
Mass
(kg)

230.
170.
450.
2.1
6.7

20.

Activity
(EBq)

0.17
0.13
0.20
0.48
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No filter or spray effects were considered for this sequen-

ce. The leakage from the containment was also neglected. The

largest deposition was in the wetwell where it was caused by

scrubbing. No deposition of cesium or iodine occurred in the

drywell because there was no flow from the wetwell to this com-

partment. The deposition in the vessel was small and revaporiza-

tion was therefore also small in the time interval considered.

These results are of course dependent on the gas flows and the

temperatures given by MAAP. A lower flow from the vessel to the

suppression pool would give more revaporization of fission pro-

ducts. Further, it should be kept in mind that the source from

core - concrete interaction was only roughly estimated. This

affects especially the behavior of less volatile fission pro-

ducts.

No numerical difficulties were experienced in the computa-

tions for this accident sequence.

8.2.2 SEQUENCE ADB (Ben 84)

The RETAIN-S calculations were performed up to 27 hours into

the accident. As the containment was assumed to fail in the

wetwell immediately after core uncovering, the transport to the

auxiliary building was most essential for the whole time inter-

val. This volume was considered as the fifth and last one in the

calculations.

The gas starts flowing to the drywell after pipe break and

continues to the pedestal and the wetwell from which it finds its

way to the auxiliary building through the break. The containment

break flow calculated by MAAP was, however, probably incorrect

because the effect of quenching the molten core in the pool could

not be observed.

The flow from vessel to pedestal was strongly oscillating,

probably due to numerical instabilities in the MAAP calculations

(Bio 84-360). The steam condensation rate was negligible in all
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compartments and the containment spray was not working. The core

source term vris interrupted at 1 hour, leading to a lower inte-

grated source than for the other sequences.

A substantial amount of fission products were deposited in

the vessel where they were potentially available for revaporiza-

tion. The calculated amounts of Cs and Te deposited in this

volume may be too high considering the effect of local deposition

and revaporization. This might make the present calculation non-

conservative with respect to the release to the external volume.

The results of these calculations should only be considered

as preliminary, partly because of the questionable flow data,

and partly because of fluctuations in the aerosol behavior and

deposition of Cs and I which have not been explained.

8.2.3 SEQUENCE AB (Häg 84-402)

The RETAIN-S calculations were performed to 28 hours. As

containment failure occurred at 56 hours, the external release

after that moment was not obtained. Only the space inside the

containment was considered.

The gas flows from the vessel and the drywell to the pres-

sure suppression pool were initially high, but they decreased

rapidly during the course of the fuel melting. The pool scrubbing

effect was consequently small. The flows from vessel to pedestal

and to drywell oscillated rapidly, probably due to numerical

instabilities in MAAP (Bio 84-360). Steam condensation leading to

considerable diffusiophoretic effect occurred mainly in the dry-

well. No filter or spray effects were assumed.

The largest revaporization occurred in the drywell because

the imaginary steel lining was assumed together with a realistic

concrete wall resistance and the heat capacity of the wall was

neglected. The revaporized fission products were sucked into the

vessel and contributed to its heating. About 10% of the aerosols

(16% of Cs and I) were deposited in the vessel. This can cause
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considerable revaporization of volatile fission products at later

times.

No numerical difficulties were experienced in the computa-

tions, but the RETAIN-S version used for the calculations had a

minor programming error.

8.2.4 SEQUENCE AV-5 (Häg 84-419)

The RETAIN-S calculations were performed to 14 hours. No

containment failure occurred because of the postulated non-isola-

tion of the containment. The leak was assumed to be in the wall

between the drywell and the auxiliary building. The latter

compartment was considered as volume no 5 (last volume) in the

calculations (Figure 8.1.A). The containment spray was working

for the whole time interval.

There was a gas suction from pedestal to vessel which is

difficult to explain, but the main flow was from vessel to dry-

well and further to the auxiliary building (Ene 84-449). Steam

condensation on the wetwell walls caused some diffusiophoretic

deposition.

The largest deposition was in the vessel, but a substantial

amount of aerosols leaked to the drywell where the spray is an

important decontaminator. The deposition in the vessel causes

heating in the long run, but within the time interval considered

there was negligible revaporization.

No numerical difficulties were experienced in the computa-

tions.

8.3 RINGHALS-1

The geometrical data for the in-containment volumes used for

the RETAIN-S calculations are given in Table 8.3.A. The equiva-

lent diameter of the vessel is smaller than the total inner

diameter in order to consider the inner structure for obtaining a
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Table 8.3.A. Geometric data for RETAIN-S calculations on Ringhals

1 .

Compartment

Primary circuit
Pedestal
Drywell
Wetwell
Auxiliary building

Height

(m)

20.
17.4
13.9
8.2

20.0

Eq.diam

(m)

4.7
7.6
20.5
20.5
15.0

Sed.area

(m2)

27.8
45.4

314.
358.
300.

Wall thickness

(m)

0.13
1.0
1.0
1.0
0.3

.402.
16.1

208.
36.0
9.5
5.6

778.

404.
16.2

210.
39.0
1.5

, 1-5
1026.

456.
16.1

212.
41.3
1.5
1.5

1172.

Table 8.3.B. Ringhals 1. Core inventory and released masses for

the fission products, fuel and construction materials considered

in FPRAT.

Species Inventory Released mass (kg) in sequence
Mass Activity Av-<5 S TB
(kg) (EBq)

Kr+Xe 409. 11.
Iodine 16.1 3.0
Cesium 208. 1.3
Tellurium 34.6 6.7
Strontium 71.5 8.5
Ruthenium 161. 7.0
Cd+In+Ag+Sn+Mn 1115.

Note 1. Activity is given at 2.5 h after shutdown.

Note 2. Numerical approximations (e.g. reduction of the number
of time steps) sometimes give too high a released mass.
It should not be larger than the inventory.

Table 8.3.C. Ringhals 1. Core inventory and estimated released

masses for some fission products, fuel and construction materials

nor considered in FPRAT.

Material or species Inventory Released
Mass Activity Mass Activity
(kg) (EBq) (kg) (EBq)

Uranium
Steel
Zirconium
Np+Pu+Am+Cm
Nb+La+Ce+Pr+Nd
Mo+Tc+Rh+Ba+Sb

112000.
19900.
54800.

770.
669.
617.

7.8
42.6
22.0
14.

450.
240.
660.
3.1

21.
29.

0.24
0.17
0.67
0.63
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realistic Reynold's number.

The core inventory and the recalculated masses for the

fission products and the non-active materials which are consi-

dered in FPRAT are given in Table 8.3.B for the different sequen-

ces. The estimated released masses for other materials are given

in Table 8.3.C. The thermal power at time zero was set to 2270

MW.

8.3.1 SEQUENCE AV-<? (Häg 84-408)

The RETAIN-S calculations were performed to 14 hours. No

containment failure occurred because of the postulated non-isola-

tion of the containment. The leak was assumed to be situated in

the wall between the drywell and the auxiliary building. The

latter compartment was considered as the fifth and last volume in

the calculations, Figure 8.1.A. The containment spray was working

for the whole time interval.

Due to an error in the MAAP calculation, no flow was ob-

tained from vessel to drywell and the results from RETAIN-S are

therefore also erroneous. The case is only reported as an exer-

cise. A new MAAP calculation was made after the RETAIN-S calcula-

tion (Ene 84-450). The flow out of the vessel was very low, as

was also the flow to the auxiliary building for times larger than

about 3.8 hours. Significant diffusiophoretic deposition occurred

in the wetwell.

The largest deposition occurred in the vessel, causing a

substantial long-term heating. In reality the deposition would be

smaller, that is, of the same order as for the corresponding

Oskarshamn-2 case. The calculated temperature at 14 hours was too

high.

No numerical difficulties were experienced in the computa-

tions, but the RETAIN-S version used for the computations had a

minor programming error.
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8.3.2 SEQUENCE S^ (Häg 84-462)

Thr« geometrical data for this case included a broken pipe

from the vessel to an external rectangular shaft and several

external compartments. The geometry is given schematically in

Figure 8.3.2.A. The shaft surrounds the containment and the exit

from this volume is a culvert leading to the reactor hall. The

environment was represented by volume No 9. Its dimensions were

chosen arbitrarily.

The RETAIN-S calculations were performed to 42 hours. No

containment failure occurred. Containment spray started at 11,000

seconds.

The thermo-hydraulic data within the containment were ob-

tained from a MAAP calculation (Nor 84) up to 9.4 hours.

A flow goes in sequence from the vessel through the broken

pipe, the shaft, the culvert and the reactor hall to the enviro-

nment. This flow and the condensation on the walls were obtained

by calculations using the COPTA code up to 10 hours (Bio 84-

458).

For larger times the internal flow was assumed to go from

the wetwell through the pedestal and the vessel to the broken

pipe. This simplification was justified by the fact that no

suspended fission products occurred in the containment. The flow

for this interval was calculated manually by Blomquist (Bio 84-

458).

The gas flows went mainly in the upward direction from the

containment through the vessel and the broken pipe to the auxil-

iary building. Strong condensation of steam occurred in the shaft

and in the reactor hall and the aerosol residence times in these

volumes were therefore sufficient for a substantial sedimenta-

tion. In addition to sedimentation, diffusiophoretic deposition

was important in these volumes. This effect was only considered

up to 10 hours because the COPTA calculations were interrupted at
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Figure 8.3.2.A. Geometrical arrangement of compartments used in

the RETAIN calculations on Ringhals 1.
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that time value.

Resuspension of aerosols because of the high gas velocity

was assumed in the broken pipe. It was assumed that 90% of the

deposited material was resuspended on 10 occasions.

The largest deposition was in the vessel because of the

relatively low gas flows in the interval 1 - 8 hours when the

source was strongest. The vessel was therefore heated so strongly

that I, Cs and Te were revaporized to a substantial degree.

One source of uncertainty in the results is the fact that

there was no model for the nucleation of particles formed by the

condensation of vapor in the gas. The revaporized and recondensed

fission products were assumed to have the same particle size

distribution as the aerosols already present. One could argue

that this approach gives too large particles, but comparison with

results from the Marviken experiments (Häg 84-474) indicates

still larger particles when CsOH and Csl are condensed in a steam

atmosphere. The mass median particle radii in the different

compartments are shown in Figures 8.3.2.B and 8.3.2.C.

Another factor of uncertainty is the assumption that the

vessel is heated homogeneously, neglecting the fact that internal

structures can be heated much faster. If more geometry dependent

heating had been considered, different release fractions would

probably have been obtained.

Some initial numerical difficulties were experienced in the

computations, due to a combination of high gas velocity and low

aerosol concentration in the broken pipe. They were avoided by a

small modification of the code.

8.3.3 SEQUENCE TB (Low 84)

The RETAIN-S calculations were performed to 41 hours with

containment failure a_ 36 hours. The system was modelled as five

interconnected compartments, Figure 8.1.A, and the amount of
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Figure 8.3.2.B, Mass median particle radii for R1 Sy-M1
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Figure 8 .3 .2 .C Mass median particle radii for R1 Sy-M1
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material flowing into the last compartment can be seen as the

potential release to the biosphere.

The gas flows (Ene 84-446) were similar to the corresponding

flows for Oskarshamn-2 and the same remarks apply. The largest

deposition was again in the wetwell and was caused by scrubbing.

The deposition in the vessel caused a low revaporization during

the time considered.

No numerical difficulties were experienced in this calcula-

tion.

8.4 COUPLING OF SOURCE TERM AND THERMO-HYDRAULICS

The results from the testing of the NUCLEIDS code demons-

trate the importance of combined fission product deposition/re-

vaporization, heat, internal circulation and pressure effects.

Thus it is highly advisable to integrate thermo-hydraulics, core

source term calculation and fission product transport and removal

calculations in a single code. In the mean time, it is necessary

to use all the available codes (MAAP-FPRAT-RETAIN, COPTA, AEROREL

and NUCLEIDS) meticulously to shed as much light as possible on

the relative importance of the neglected cooperative effects of

fission product release/deposition and thermo-hydraulics. Finally

a manual assessment of the realism of the flows obtained from

MAAP should be made and the maximum errors introduced by the

neglected feed-back should be estimated.

9 UNCERTAINTIES

The uncertainties arising in a calculation of the external

source term using the presently available tools are of four

different origins.

Inadequate modelling of physical and chemical

phenomena and of reactor system functions

Inadequate segmentation of the computer codes into
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thermo-hydraulic phenomena and fission product release

and transport phenomena

Inadequate mathematical and numerical methods in the

codes

Code errors

Uncertainties and errors in the data used

The tests performed on the codes give a reasonable assurance

that most of the code errors have been removed and that the major

mathematical problems have been ameliorated. However, it is not

possible to acertain the proper operation of the codes on untes-

ted sequences, as that would have required a testing effort at

least a magnitude larger.

9.1 MODELS

The causes of uncertainties in the different models have

already been discussed. These uncertainties will be summarized in

this paragraph and an attempt will be made to estimate their

relative importance.

The fission product transport codes need as input geometri-

cal data, thermo-hydraulic data, and data for fission product

sources and for sources of other aerosols. The source data are

mainly from melt release and core - concrete interaction. They

have been compiled and evaluated in the source term group and

they will here be called "primary source data".

Some of the earlier of the reported RETAIN calculations used

values and time functions for the primary source based on estima-

tions in NUREG-0772 (Sil 81). Two commercial codes for calcula-

ting the core source term are available, AEROREL and FPRAT.

AEROREL is also based on NUREG-0772, but it calculates a detailed

time dependence of the source using the temperature distribution

as an input quantity. FPRAT is more mechanistic, based on a

theory for fission product release. Whichever model is used, the

uncertainty in the time dependence is very large. The effect of

this uncertainty must be estimated by parameter studies. The

total release is better known for most of the fission products.
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For the most important fission products it is assumed to be 100

%, but this is not sufficient for conservatism in all cases,

because the external source term is also strongly dependent on

the chemical forms. For example, it is not known with sufficient

accuracy how much of the iodine will be transformed to organic

iodide, which cannot be retained in the containment. Fractions

between 0.03 and 1% have been given.

Another area of uncertainty is the release from core

concrete interaction. No model for the calculation of such data

is available. The only known code is VANESA (Pow 83). It was

shown in the RETAIN-S calculations that this source gives a very

significant contribution to the external source term, in fact the

major one for the sequences TB and AB. A third primary source

term may be significant for pressurized water reactors, namely

Melt Jet Aerosol Formation, which arises when the melt-through of

the reactor vessel occurs under high pressure. Only tentative

data for this source term are available (Lil 84) and it was not

considered in the RETAIN-S calculations done within the RAMA

project.

The approximations and deficiencies in the transport models

which we have recognized are:

Some codes assume that the particle size distribution

is log-normal. The error due to this approximation is

largest when sources are present and when the concen-

trations are high. This assumption is made in all known

versions of the RETAIN and HAARM codes.

The codes have not been tested for high particle con-

centrations. For example, gravitational agglomeration

is then one of the most dominating agglomeration pro-

cesses and the accuracy of the corresponding computa-

tional model has not been assessed.

All models need correction factors for the particle

shape. The probability is high that the particles are

spherical for water reactor accidents, but it might be

dependent on the sequence. See also section 4.

Only a few codes can consider steam condensation on
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particles. The only available code with this feature is

NAUA. Calculation of this effect is very time-consu-

ming.

No known codes have mechanistic models of resuspension.

Very few data for this phenomenon are known. It is

supposed to be of great importance e.g. in pipes with

high gas velocity. This assumption has been verified in

the LACE scooping tests (Bio 84).

Steam pressure decrease due to hygroscopicity is not

considered in any known code. This mechanism causes for

example some absorption of water by cesium hydroxide

even in overheated steam. Particles containing hygro-

scopic materials will then increase in mass and get an

increased deposition rate.

No known code has mechanistic models for chemical reac-

tions between metal surfaces and species other than

elemental iodine. One fission product of importance in

such reactions is tellurium.

A homogeneous aerosol distribution is assumed in each

compartment.

Only one particle source distribution is allowed in

HAARM and RETAIN-S. In reality, the source distribution

is different for different species and release mecha-

nisms.

The above mentioned uncertainties and simplifications cause

errors in both positive and negative directions. The most impor-

tant errors leading to under-estimation of the external source

term are probably connected with the effects of physical and

chemical resuspension.

At the current state-of-the-art it is impossible to assign a

value to the uncertainty caused by resuspension, especially in

the case of iodine. For other fission products, resuspension is

strongly dependent on the accident sequence. In particular, me-

chanical resuspension in pipes is important in the interfacing

systems LOCA (V-sequence) in pressurized water reactors. Similar

accidents may also occur for boiling water reactors. The external

source term is then 3trongly dependent rn the size distribution
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of the resuspended particles.

Many of the model uncertainties may lead to overestimation

of the external source term, but it is often hard to prove that

this is the case. In most experiments, the calculated deposition

has been lower than the measured one. The overestimation may be

up to some orders of magnitude, depending on the thermo-hydraulic

conditions.

9.2 DATA

The core source term data are mainly based on experiments.

These experiments have only been concerned with small specimens

(Alb 79, Alb 81, Lor 81, Par 82a). Furthermore, large discrepan-

cies exist between different experiments for such important spe-

cies as uranium dioxide, iron, silver and tin. This leads to

corresponding uncertainties in the total aerosol mass, which is

of primary importance for the coagulation rate. For a 1700 MW4-h

BWR the total mass from the melt has a lower limit of 300 kg and

an upper limit of 1000 kg. The source from core - concrete inter-

action is strongly reactor dependent. In this case, experimental

data can only serve as a base for checking of models such as the

VANESA code (Pow 83). Thus, the corresponding external source

term can be in error by some orders of magnitude in the present

calculations.

The input data for the source also include the particle

size, the corresponding standard deviation and the particle den-

sity. The diameter of uranium oxide particles is of the order of

0.01 microns a few seconds after their formation (NEA 79), but

they grow rapidly, and it is appropriate to use a value between

0.1 and 0.5 microns in the source data. The logarithmic standard

deviation is between 1.4 and 1.8. According to measurements by

Schöck et al. (Sch 81) the particle density is of the order of 4

- 6 g/cm . The deposition calculated f<

sensitive to variations in these data.

- 6 g/cm . The deposition calculated for a couple of hours is not

The accuracy in the thermo-hydraulic data is of great impor-

tance and great care should be taken to obtain as accurate flow
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data as possible. Presently available MAAP versions give an

output which is often of too poor a quality to be useful in

aerosol transport calculations. The most important data are:

The time for vessel failure.

The volume flow between different compartments and to

the condensation pool.

Possible production of superheated steam.

The mass of the molten core interacting with concrete.

The temperature difference between the bulk gas and the

walls.

The rate of containment spray.

The leakage rate out of the containment.

The time for containment failure

The error in the leakage rate gives the same relative error

in the external source term. A time difference of 1 hour for the

containment failure may change the external source term by a

factor of two in the beginning of the accident if the atmosphere

is superheated, by an order of magnitude if the atmosphere is

supersaturated, and by several orders of magnitude if the pool

scrubbing or the containment spray is working. Thus, high priori-

ty should be given to obtaining good accuracy for these data.

10 SENSITIVITY ANALYSIS

The sensitivity analysis serves to assess limits of uncer-

tainty due to errors in input data and also to illustrate the

importance of different phenomena and mechanisms. An example is

given in Figure 10.A, where the effect of pool scrubbing can be

seen. The ratio between the suspended particle mass in the wet-

well for the decontamination factors 1 and 100 decreases rapidly

with time. It can be concluded that the decontamination factor

for pool scrubbing is important only if the time to containment

failure is short. Other input data for which sensitivity analyses

have been made are:
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The time dependence of different source components.

The total aerosol mass.

The mean particle radius of the source.

The particle density.

The gas temperature in the primary circuit.

The time dependence of different source components has been

tested for sequence AB by assuming that all aerosols in the core

source t^rm are generated in 0.5 hours after the uncovering of

the core. The resulting suspended mass in the containment is

shown in Figure 10.B together with the result for the normal case

where cesium and iodine are released faster than other aerosols.

It can be concluded that simultaneous release of all aerosols in

this case causes a larger suspended mass. This is because nearly

all aerosols from the melt release have disappeared at the time

for the core - concrete interaction. The agglomeration will then

be lower in this interval and later. The difference is, however,

small. The same kind of effect occurs when the total mass of

aerosols is decreased by decreasing the total aerosol mass in the

vessel from 847 kg to 300 kg. This is also shown in Figure 10.B.

The suspended mass after 50,000 seconds has decreased by 28 %,

but the ratio betwesn the suspended mass and the core source term

has increased by a factor of two.

Figure 10.C shows the effect of decreasing the mean particle

radius of the source from 0.15 to 0.05 micron. The effect is

observable only for times when there is an aerosol source and a

few hundred seconds thereafter. Small particles mean a very high

increase in the number concentration, which leads to rapid agglo-

meration. Thus, the deposition is usually insensitive to the

choice of source particle size. Figure 10.C also shows the effect

of decreasing the particle density. This leads also to an in-

crease in the number density for a constant source in mass per

unit time. Thus, the sensitivity to a change in aerosol density

is also rather small.

The gas temperature in the primary circuit is usually given

with poor accuracy. In the version of the MAAP code which pro-

duced input data for the present aerosol transport calculations,

the convective heat transfer and the radiative heat transfer were
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Figure 10.E. Calculated total suspended aerosol mass
in the containment for different primary
circuit temperatures.

Full line: low temperature
Dotted line: high temperature
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neglected in the primary circuit. The temperatures obtained were

obviously too low. In order to investigate the effect of this

error, the gas temperature in the primary circuit was assumed to

be 1700 C at the time of the melt release. This affected the

behavior in the primary circuit in two ways, namely:

Strong internal convection and turbulence increased the

agglomeration and the turbulent deposition but dec-

reased the gravitational settling.

The suspended part of the cesium and the iodine (in

the form of cesium hydroxide or cesium iodide) was

vaporized.

The suspended total aerosol mass and the mass of suspended

cesium and iodine in the primary circuit is shown in Figure 10.D

for low and high gas temperatures. The figure demonstrates the

fact that the deposition of non-volatile aerosols is only weakly

dependent on the temperature. The competition between different

mechanisms is important as it maintains the deposition within

certain limits if the particle mass is constant.

Figure 10.E shows the suspended total aerosol mass in the

containment for different primary circuit temperatures. The

cesium and iodine are in aerosol form in the containment. Because

the deposition in the primary circuit was small, the suspended

mass in the containment was virtually independent of the change

in the gas temperature of the primary circuit.

11 CONCLUSIONS AND RECOMMENDATIONS

It has been found that the MATORET-RETAIN package, after

corrections and modifications, can be used together with data

from MAAP and arbitrary primary aerosol source term time func-

tions to calculate the gas-borne aerosol mass for a few typical

BWR sequences. The results indicate the need for some kind of

feedback from RETAIN to MAAP of the temporary location of heat

sources due to deposited fission products. This may only be

achieved in a satisfactory way by an integrated code containing
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both thermo-hydraulics and fission product transport calcula-

tions.

It has also been found that the currently available M A A P -

FPRAT-MATORET-RETAIN package can be used together with manually

generated data to compute transport and deposition of gas-borne

materials. However, the accuracy of the results is probably often

poor and decreasing in the chain from MAAP to RETAIN. The results

also often contain artefacts produced by incomplete modelling/

poor numerical methods and/or poor coding. To really test such a

package a much more sophisticated thermo-hydraulic code than MAAP

would be desirable.

Although it might be hard to prove objectively from the

limited tests available, it is the opinion of the source term

group that, if used skilfully and given correct flow, temperature

and core source term data, the aerosol transport part of RETAIN-S

will give results which are of the right order of magnitude for

remaining gas-borne fractions above 1 % and too low by a factor of

about 10 when the predicted remaining gas-borne fraction reaches

0.01%. The error then stays on the same side (too high a predic-

ted deposition) and the error tends to increase for smaller gas-

borne fractions. The main reason for this error has been identi-

fied as the log-normal approximation used in RETAIN-S to speed up

calculations.

The general recommendation is to use codes in the future

which do not rely on the log-normal approximation. To day there

exist a few fast discrete codes which avoid the fallacies of the

log-normal approximation.

RAMA has only used a "dummy model" for the aerosol and gas

evolution during the core - concrete interaction. It is highly

advisable to include real models for these phenomena in future

calculations.

The relative amount of tellurium released during various

stages of an accident is a controversial issue. Silver from the

control rods in a PWR and unoxidized ziicaloy in both PWR and BWR
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may react chemically with tellurium and delay its release. A

higher retention of tellurium during core melting will lead to a

higher released fraction of tellurium at a later time during core

- concrete interaction.

It should be noted that not all fission products have been

considered during the program testing done within the source term

group. This was due to the feeling that the incomplete and unsa-

tisfactory separation of the chemical substances in RETAIN-S did

not warrant an inclusion of more fission products in the calcula-

tions, and that the results, if obtained for many fission pro-

ducts, could easily lead to delusions about the capabilities of

RETAIN.

The specific studies done show the important effect of

revaporization on many results and we draw the following conclu-

sions:

Materials released by revaporization often dominate the

external source term (release to the environment). •

The temperature in the pressure vessel is important but

often poorly known because only crude and highly sim-

plified models are used.

Revaporization may give low release rates during a long

time.

The release calculations have only been carried out up

to about 50 hours after initiation of the accident and

revaporization may give considerable release later on.

Areas of importance for sensitivity analyses which have not

been dealt with in the RAMA project are:

The flow between vessel and containment.

The break area at containment failure.

Influence of containment spray.

Influence of core - concrete interaction.

Influence of hygroscopy.

Influence of resuspension.
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Such studies are recommended for future work.

A future code should preferably contain thermo-hydraulics,

core source term, nucleation, chemical reactions and aerosol

physics in an integrated form using accurate and verified models.

A deviation from this goal consisting of the uncritical use of

"engineering" simplifications or crude correlations may save

computer time at the expense of trustworthiness of the results

and is thus not recommended at the current level of understan-

ding. Current codes are so complicated and illogically written

that few persons, if any, can understand exactly how and why the

calculated results are obtained for a given case, even less judge

the compounded effect of several simplified models. The require-

ments for any new code can be expressed as follows. The code

should:

Use a systematic approach, easily understood, well

documented and meticulously implemented in the coding.

Use mathematical and numerical techniques which are as

explicit as possible.

Combine release-from-fuel, thermo-hydraulic, chemical

reaction and transport calculations in one code.

Have a model for spontaneous nucleation.

Use a discrete method for aerosol physics calculations.

Calculate the activity content of aerosols and vapors

released to the environment (isotopes and amounts).

Check that models are not used outside their limits of

validity.

Contain error estimation procedures for the combined

effects of uncertainties in data, numerical methods and

models.

Avoid phenomena with little effect on the results.

Avoid grouping of chemical elements and chemical com-

pounds as far as possible.
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