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NOTI

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, nor assumes any legal liability or responsi-
bility for any third party's use or the results of such use of any informatiom,
apparatus, product or process disclosed in this report, nor represeants that
its use by such third party would not infringe privately owned rights.
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ABSTRACT

A new computer code called MATADOR (Methods for the Analysis of
Transport And Deposition Of Radionuclides) has been developed to replace
the CORRAL cumputer code which was written for the Reactor Safety Study
(WASH-1400). This report contains a detailed description of the models
used in MATADOR. A companion report prcvides a User's Manual for the code.

MATADOR is intended for use in system risk studies to analyze
radionuclide transport and deposition in -eactor contsinments. The
principal output of the code is informatioa on the timing and magnitude of
radionuclide releases to the environment as a -ecult of severely degraded
core accidents. MATADOR considers the transpori of radionuclides through
the containment and their removal by natural deposition and the cperation
of engineered safety systems such as sprays. The code requires input data
on the source term from the primary system, the geometry of the containment,
and thermal-hydraulic conditions in the containmenct.

MATADOR was written with the principal purpose of correcting
three deficiencies identified in the CORRAL-2 code. First, it improves
upon several cranaportiand deposition models used in CORRAL and includes
models for potentially important processes not present in that code at
this time. Second, it incorporates a source term i the transport and
deposition equations, thereby providing much needed flexibility ia the
description of the time dependence of the source term; this improvement
also implies that releases of structural materials can be modeled using
MATADOR. Third, it improves upon the CORRAI treatment of particle size by
allowing particles of up to tem sizes to coexist and explictly wmodels aerosol

agglomeration.
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SRMMARY
The analysis of the transport and deposition of radicactive
material in containment buildings is important in determining the conse-
quences of degraded core accidents in light-water reactors. The first
attempt at constructing & detailed model to perform this analysis was made
at the time of the Reactor Safety Study [l] when the codes CORRAL-PWR and

co -BWR were written. They were subsequently combined into one ccde,

RRAL
agn‘v-

2, which has been in prominent use since that time but has received
no significant modeling or structural improvements.

It wvas, therefore, considered appropriate that a thorough review
of CORRAL-2 be undertaken to identify its major shortcomings. The review
revealed several areas where improvements were possible, and it was decided
that a new code should be written to replace CORRAL-2. This new code,
MATADOR (Methods for the Analysis of Transport And Deposition Of Radionuclides),
incorporates both structural and modeling changes. It includes the radio=-
nuclide source term in the transpert and deposition equations, thereby pro=-
viding much needed flexibility in the description of the time dependence of
the release. Additiocnally, the release groups are input by the user, whereas_
in CORRAL they were fixed within the code. This allows for an explicit
analysis of the behavior structural materials which may be released to
the containment during a

MATADOR allows £ t - of up to tem sizes,
whereas CORRAL assumed that t size. MATADOR
also models vapor and particle depositicn processes not currently included
in CORRAL and provides for the use of improved correlaticns for existing
processes. Specifically, MATADOR models iodine transport by both natural and
forced convection and treats depositionon both dry and wet surfaces. Particle
deposition by gravitational settling and diffusional, thermophoretic, and

{ffusiophoretic deposition is modeled. Removal of airborne radionuclides
uch engineered safeguards as syrays, filter , suppression pools, and ice
snsers is also included in the code. MATADOR takes into account the

possible degradation of filters. It also treats the attenuation of radio-

1

auclides during passage through leak pathways in the concainment. The new




has been written in a u fashion to
and improvements.
included in MATADOR.

a mechanistic, first-principles code but

xecute quickly while producing reasonably ac

be useful in system risk studies w

[ i1
tacilitate

uture modifications
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1.0 INTRODUCTION

The computer codes CORRAL-PWR and CORRAL-BWR were written at
time of the Reactor Saféty Study [1]. They were subsequently combined
one code called CORRAL-2. This code models radionuclide tramsport and
deposition in light-water-reactor containment buildings during loss-of-coolant
(LOCA) and meltdown accidents, and it calculates the resulting releases of

adicactivity to the environment. No significant changes in the modeling

of radionuclide transport and depositiom by CORRAL have been made since the
time of the Reactor Safety Study. Those changes which have been made relace
to improving the flexibility of the code to treat a wider spectrum of
accidents and reactor designs.

In the past few years, it has become apparent rhat several
potentially important radionuclide transport and deposition processes are
not modeled in CORRAL., Examples of processes not modeled tut which can be
important are removal of radionuclide vapors by steam coudensing on the
containment walls and thermophoretic particle devpositionm. Additionally, a

aumber of the models presently used in CORRAL can now be replaced by newer

nd improved cnes. Furthermore, there is a need for a more flexible des-

cription of the radionuclide source term €O the containment and in improved
treatment of particle size by CORRAL. Presently, CORRAL employs a rather
four-component source term (see Chapter 3) and does not consider inert
zay be released to the containment in a meltdown accident.
n have a significant effect on radionuclide behavior in the contain-
article size is a key variable in controlling aerosol removal rates,
and CORRAL utilizes only a very simple descriptiom. ing to the lack of a
formal subroutine structure, modifications which have been made to the code
have caused it to become unwieldy and difficult to develop further. For all
these reasons, it was decided that a new code should be written. In this
we provide details of the results of the review of CORRAL-2 and
the major improvements cthat were considered necessary. A description

that was
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- In Chapter 2, the existing CORRAL code is reviewed and discussed.

Chapter 3 examines the radionuclide source term in detail. An overview of
the way the MATADOR code classifies the radionuclide states and handles
transfers betwean these states in light-water-reactor (LWR) containments
is given in Chapter 4. The vapor and aerosol behavicr models presently
used in CORRAL are reviewed in Chapters 5 and 6, respectively. In these
chapters, we also discuss the models used in the new code. Chapter 7 ocutlines
the aerosol coagulation and gravitational settling models used in MATADOR.
The need for providing designed interfaces with cther computer codes used
in reactor accident analysis is discussed in Chapter 8. Some of the codes,
such as MARCY and TRAP, provide input data to codes such as CORRAL, while
codes such as CRAC use the output from CORRAL.

After the list of the references cited in the report, two appendices
have been included. The first appendix outlines the solution method used
in solving the matrix rate equations employed in the code, and the second
appendix lists major assumptions made in putting the code together.

The description of the code with its major subroutines, imput

1 B cge BN dwe [ e g ceon BN s

po—

1]

and output is provided in a companion report [2].




2.0 THE CORRAL CODE

The CORRAL computer code models radionuclide transpert and
depcsition in the LWR containments during loss-of-cooclant and meltdown
accidents. Both vapor and particulate radionuclide forms are considered
in the code. The radionuclides that could be released during an accident
are classified into eight groups, based on their volatility and chemical
nature. A detailed descriptiom of this classification scheme and the time
dependence of the radionuclide source term is provided ia the next chapter.

The LWR containment is modeled in CORRAL as a series of inter-
connected compartments. The nature of the accident defines the path of
£1uid flow between these compartments. The radionuclides released to the
containment from the primary system are assumed to transport inm phase with
the fluid flow, and the fluid in each compartment is assumed to be well
mixed. This latter assumption implies that all radiocnuclide concentrations
as well as thermal-hydraulic conditions such as temperature, pressure, and
moisture fraction are uniform within each compartment. The subdivision
of the reactor containment into a sufficiently large number of compartments
helps to validate this assumption. However, the division of the contii‘'=
ment into 2 series of well-mixed compartments is not always possible. Ome
known instance where the well-mixed assumption can be expectel O break down
is in the boiling-water reactor (BWR) dry-well annular airspace. The CORRAL
code models this region of the reactor containment as a cylindrical annulus
with a gradient of radionuclide concentration alcng its length rather than as
a well-mixed volume. The model assumes, however, that all thermal hydraulic
conditions remain uniform even in *his volume.

Input data to CORRAL can be classified into several groups. First,
information is needed on the radionuclide source terms from the primary
system. Second, the geometry of the containment and the flow path of the
radionuclides frcm their point of origin to their point of release to the
environment is required. Third, thermal-hydraulic data for the containment
need to be specified; these include the temperature, pressure, surface

temperature, and fluid composition in each compartment used to describe
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the eontaioment, as well as the flow rates and compositions of the fluid
flows between compartments. Finally, information on the operation of the
engineered safety features in the containment is needed.

CORRAL uses these input data and the transport and deposition
models within it to calculate the release rates of the various radioﬁuclidcs
*o the environment. This is its primcipal output. The airborne concentra-
tions of the radionuclides in the various compartments used to model the
containment are also output, and one can compute, by differcnce, the
quantities of radioactivity removed by the natural processes and engineered
safeguards. The calculated environmental release rates can be used in a
code such as CRAC to estimate the health effects of the accident. Figure 2.1
summarizes the relationship between the various codes that can now be used to
model the consequences of severe core damage accidents in light-water reactors.

Several radionuclide deposition and depletion processes are
modeled in the CORRAL code. These could either be natural or be the result
of the operation of the engineered safety features. Vapors are assumed
tc deposit on the containment surfaces due to natural convectiom, and
particulate radionuclides are removed from the containment atmosphere due to
gravitational settling. In addition to these natural processes, several
engineered safety features are also modeled in the code. These include
absorption by the spray systems, filters, and the BWR suppression pool
water.

For a particular radionuclide and release type, the transport and

deposition equations in CORRAL-2 take the following form:

4€ . ac (2-1)

dt

where C is a column vector of airborne release fractions in the various
compartments, A is a matrix of rate comstants for the several removal,
deposition, and leak processes acting Eo deplete the radionuclide concentra-
tion, and t is time. A more detailed description of the system equationms,
including their development, may be found in Appendix VII of Reference [1].
The set of equations is solved using a2 numerical technique, and the solution
yields the magnitudes of the radionuclide releases to the environment

from the breach in the containment building as a function of time.
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- In its present form, the CORRAL computer code lacks a subroutine
structure. In addition, the manner in which changes have been made to it
over the last several years has resulted in a code that is not easily
amenable to further modificatione and/or improvements.



The Reactor Safety Study estimated radionuclide source terms from
the reactor core during LWR ter iinated LOCAs and meltdown accidents using
sizmple models and limited experimental data available at the time. For the

joritv of the accident sequences considered, it was assumed that the

uantities of radionuclides entering the containment were the same as

hose released from the core. This simplification was used because of a

‘ack of information about the extent of radicnuclide deposition on primary

system surfaces.
There are mary materials present in the reactor core that could
These include fission products
h as plutonium, as well as
materials such as
ort and deposition analyses usi
classification of t! i1 1id into several
similar chemical nature and volatilirty can be

have in similar ways during transport and deposition

these properties were used as a basis for the class

-
“e

¢ the eight groups listed in
The noble gases (Xe, Kr)

are assumed port through the containme

nt

Members of the iodi ily constitute another

in the Reactor udy, that a fraction of

converted to an i . probably methyl iodide. The fracti
available info tion

d

e
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Pd, Mo, Tc®

Ce, Pr, Nd, Pm,

reactor accident, radionuclides are probably released
continuous fashion. was broken down in

the CORRAL-Z cpde.

These components quantify to i physical processes

g the course of a core meltdown. {rst component is
occurs as a result of the fuel clad being breached
The breach in the release of
in the voi he fuvel rods.
fraction } eltdown scurce
ses, fuel melting occurs as a result
uclides released during this period of

constitute the second component, called the melt release

’

Later in the meltdown accident, the molten mixture of
tructural material pemetrates the reactor pressure vessel and
the reactor cavity. In the event that water is contained in
rity, a steam explosion
Owing to the presence
jere and the large surface area
the explosion, a release of radionuclides

is associated with this event.
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third component of the Reactor Safety Study source term and is called
the oxidation release. The fourth and last component of the Reactor
Safety Study source term is associated with the interaction between the
molten core and the concrete of the reactor basemat. The resulting
decomposition of concrete produces gases that bubtle through the mol-en
core material and help release radionuclides.

The Reactor Safety Study provided estimates of these four scurce
term components for the radionuclide groups listed in Table 3.1. It also
specified the time-dependence of these releases for use in the CORRAL
calculations. The gap release was assumed to take place instantanesusly
at the beginning of the accident. The melt release was assumed to take
place uniformly over the meltdown period. However, CORRAL-2 models this
release as ten equally spaced spikes with each spike quantifying one tenth
of the total melt release. " An exponentially decaying rate expressiomn was
found adequate to describe radionuclide rglea-es due to vaporization. As
in the case of the melt release, the vaporization release is modeled as a
series of 20 spikes. The sizes of the spikes are such that one half of
the total vaporization release takes place in the first half hour and the
other half over the next one and a half hours. The oxidation release was
assumed to be instantaneous. At the time that the analyses for the Reactor
Safety Study were performed, few data were available on the mechanisns and
magnitudes of radionuclide releases during reactor accidents. Consejueatly,
estimates of the four components of the source term have large associated
uncertainties.

The four-component source term developed during the Reactor
Safety Study has consistently been used in reactor meltdown accident
analyses using the CORRAL code. Nevertheless, this method of treating the
releases of radionuclides has been recognized to have its limitations. It
has been shown, since the publication of the Reactor Safety Study, that other
mechanisms for radionuclide release exist under accident conditioms. For
example, a delayed diffusional release for radionuclides has been
postulated by researchers at Oak Ridge National Laboratory [¢]. This
sustained release takes place immediately following the burst release

associated with clad rupture but prior to meltdown.
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Other mechanisms affecting the magnitude of the radionuclide source term

{ica the ~ore can also be postulated. For example, the high fluid flow

rates that occur during certain periods of time for some accident sequences
could cause physical carryover of radionuclide particles that are only loosely
attached to the fuel. Additionally, for radionuclides that are released from
the central regiom of the core, the outer fuel could act as an effective
filter, trapping a fractiom of them and decreasing the magnitude of the source
term. On the other hand, the trapped radionuclides could be revaporized

at some later time. These phenomena were not addressed at the time of the
Reactor Safety Study. As a result, the radionuclide source term that has

been in use since that time needs major modificaticms.

Additionally, except for the crganic form of iodine, no chemical
interactions were taken into account in the formulation of the radicnuclide
source term. For example, the assumption that, except for a small amount
of methyl iodide, all of the icdine is released in elemental form does not
appear to be substantiated. It has been po;tula:nd that under reducing
conditions the iodine will be released principally as cesium iodide (CsI).
Similarly, the chemical forms of the other released radionuclides were not
considered in the Reactor Safety Study. Also, the release of structural
and control component material was not considered in the Reactor Safety
Study. These releases can be expected to have a significant impact on the
consequences of meltdown accidents by changing the number cconcentration of
particulates in the containment building and thereby affecting their
deposition rates. Additionally, CORRAL imposes severe restrictions on
the time dependence of the radionuclide souice to the containment. Many of
these shortcomings have been uvercome in the radionuclide source term
developed for use in the MATADOR code.

A time-dependent source term is used in MATADOR as part of the
transport equations modeling the behavior of the released radionuclide in
the reactor containment. The set of differential equations formulated and
solved by CORRAL (see Chapter 2 of this report) has been modified to include
this source term. The transport equations can thus be represented.in the

following compact form:
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- £ - ac+s . (3-1)
Equation (3-1) is similar to Equatiom (2-1) except for the § term. The
elements of the C vector are the masses of a particular radiocnuclide in
various radionuclide statin in the different compartments used to describe
the LWR containment, and the elements of the A matrix are obtained from
radionuclide deposition, removal and leak rate models (see discussion in
Chapter 4). The incorporation of the source vector § into the set of
equations describing radionuclide tramsport provides much needed flexibility
in the time-dependence of the radionuclide releases into the containment.
Equation (3-1) is solved numerically using an algoritha described in detail
in Appendix A.

In CORRAL, the radionuclide release groups were fixed within the
code itself. This means that analyses using CORRAL can be performed only
for the eight specific release groups given in the Reacter Safety Study.
This is no longer true in MATADOR, where the release groups are user-
specified. This facilitates the analysis of the behavicr of structural
material that could be released to the containment in some degraded core

accidents for it need only be treated as an aaditiopal species.
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4.0 THE MATADOR CODE TREATMENT OF RADIONUCLIDES

]

‘
\

\

. \
' \

‘

In the MATADOR code treatment, each radicnuclide can exist either
as vapor or aerosol. If it exists as aerosol, it can be in up to 10 particle
size classes. ththa: the radionuclide exists ag vapor or as particles, it
is considered to reside in 4 different states within each containment control
volume: (1) it can be suspended in the avmosphere; (2) it may be deposited
on the containment walls: (3) it may be picked up by spray water droplets
if sprays are operatismal; (4 it may reside in the bulk water in the sump
or on the containment floer. Radionuclides can also be picked up and collected

r
.

-3

by engineered saiety sysiems cther than sprays such as filters, ice condensers,
and Jressure suppression pools. The transfer and =emoval 0f rauionuclides
through these systems, called adhoc transfers, are affected by the use of
decontamination factors and do not enter into tie rale equations to be
discussed below. |

Tf one considers a containment Svstem consisting of 3 contrel volumes,
the chemical species mclecular iodine could exist in the vaper form in 12

1

different states, 4 in each contrel volume. A chewical spscies that exists

——
.

as particle, cesium for easzpie, cac have up to 10 particle forms. Particles
in each form belong tc a different size .lass and cap exist in 4 states within

P —
| H

each volume. Thus, assuming 10 particle size classes and 3 comtrol volu es,
cesium can exist in 120 difiereat states.
Radionuclides can transfer from one state to another within each
¢ompartment as a result ol processes such as deposition om the walls or spray
water droplet pickup. They can Alsc transfer from one compartrmsal to another
l

through inter-compartamental flows.
These transfers among rh& various radionuclide states within a given

I

containment system a-e expressed a8 first order rate .equ~"ions that can be

expressed in matrix form ad:

ey i

G

j? w AT+ 5 (3=1,

where C /s a vector Whose compohents are the radionuclide masses in varicus

radionuclids states. S is alsc a veccor whuse corponents give the scurce

T e R ——" W SSNERSERRSEY | RSN T,
P —
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rates into respective radionuclide states. As pointed out above for a 3~
volume, l10-particle size case, C and S have dimensions of 12 for species
that exist as vapor and dimensions of 120 for species that exist as particles.

The matrix A is comstructed by comsidering the various intra-
compartmental and 1nt.:-coipartnnatn1 transfers among the radionuclide
states. How onme arrives at the individuzl rate coefficients for each trams-
fer is discussed in Chapters 5 and 6. :

Once comstructed, however, the structure of the A matrix is as
follows. It consists of (NV) X (NV) sub-blocks as shown in Figure &.1.

Here NV is the number of volumes consideredi. Each sub-block is dimensioned
to (NS) X (NS) where NS is the number of radionuclide states in each volume.
For a chemical species existing as vapor, NS = &4, and for a species in
particle form, NS = NPS X 4, where NPS is the number of particle size classes
considered. For a three volume (NV = 3), and 4 state (NS = 4) case, the A
matrix looks as shown in Figure 4.2.

In Figure 4.2, the elements of the A matrix are grouped into appre-
priate sub-blocks. One can observe that the off-diagonal sub-blocks are all
diagonal matrices. These sub-blocks are associated with the transfer of mate-
rial from ~ne volume to another due to atmospheric flow. The diagonal sub-
blocks of the matrix A can have non-zero elements both on and off the diagonal.
The off-diagonal elements of these sub-blocks are related to transfers among
different states within a given volume, and the diagonal elements are the
rate constants for the total rate of disappearance of the radionuclide mass
from a particular state in a given voluce.

1f we assume that the matrix A displayed in Figure 4.2 is for a chemical

species k, the rate equation for the mass of this species k in volume i and state

m can be written as:

iF k k k
4=
* 5 jm ij b Eim ¢ » sim (4=1)

k
im

k

im m.k .k
L g, C

dec ofe in in 491
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with
k
B =-02 %y + I JF ] (4-2)
osm 3#i
C:- = mass of radionuclide species k in volume i and state m
ns:n = transfer coefficient for :fansport of species k in
volume i from state m to state n
jrin = transfer coefficient for transport of fissionm product
in state m from volume i to voliume j
S:n = source rate of species k in volume i and state m.

The summations in Equations (4-1) and (4-2) are either over the
radionuclide states within a given volume or over the control volumes withina
the containment system under consideration.

The set of equations of the ferm of Equation (4-1) are solved over
a finite timestep with a given initial condition and assuming that the ele-
ments of the matrix A and vector S remain comstant over the given timestep.

In Equations (4-1) and (4-2), F's are calculated from inter-
compartmental flow rate data supplied to the code as input. The calcula-
tion of 8's for various deposition and transport mechanisms are outlined
in Chapters 5 and 6.

The aercsols in the containment atmosphere, in additiom to plating
out on the walls and being removed by engineered safety systems, also go
through the processes of agglomeration and settling due to gravity. Naturally
all processes are ictive simultaneously. However, dpe to the modeling diffi-

culties and long execution times associated with the agglomeration calculations

of multi-size-group particles, the two processes are separated and the calcula-
tions are done consecutively. However, care is takern that within any given
timestep the aerosol mass and particle density suspended in the containment
atmosphere do not change by more tham a predetermined amount so tﬁat one

phase of calculations does not unduly affect the results of the other phase.




After equations of the type of Equation 4-1 are solved for
aerosols, the total particle number density for each pa-ticle size class
is calculated.! The particle number demsities for discrete particle size
classes within each containment volume are then folded inte a log-normal
distribution with an average particle volume and standard deviation.
Particle coagulation and gravitaticnal settling calcul
using this log-normal distribution of particle density.
these calculatiocns and the models used are given in chapter 7.

After the coagulation calculations are completed, the modified
varticle number density distribution is converted back to discrete number

or discrete particle size classes. It is assumed that coagula-
does not affect the chemical composition of aerosols but only the
number density and mass if gravitational settling occurs. The number
density conversions between the discrete sizes and
the mass of aeroscls. The eand point radii
classes usually are not the same before and af

coagulation calculations but vary with the accident time.

rticle size classes stays the same, however. The code
T

s
standard deviations to either side of the mean in the 1
ulates the discrete particle demsities
similarly to CORRAL. They
are assumed to simply t £ in ph ith t} uid flow and not deposit

on the surfaces or be
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5.0 VAPOR DEPOSITION AND REMOVAL MODELS

The only natural vapor deposition process modeled in CORRAL-2
{s natural convection onto the containment system surfaces. It was as-
sumed that the temperature difference between the bulk fluid and the
surfaces provided a driving force and a heat transfer/mass transfer
analogy was used to develop a model for this process. In additiom,
several engineered safety features are also modeled in the code:
reactor building sprays, filters, and suppression pools.

It is now clear that other natural and engineered processes,
such as forced convection and removal by containment cracks can be expected
to contribute to the removal of vapors from the containment atmosphere.
Additionally, several models now used in CORRAL can be replaced by newer
and better ones. In this chapter, we preseant the correlations that are now

used in CORRAL and discuss the ones that have been included in MATADOR.

5.1 Natural Deposition on Surfaces

The CORRAL computer code utilizes the concept of a deposition
velocity to quantify the deposition rate of a radionuclide from the bulk
of a well-mixed volume to the containment surface. The deﬁosition velo-
city is calculated in CORRAL using mass transfer correlations. Natural
convection due to temperature differences between the bulk fluid and the
containment surface is assumed to provide the gradient for the transfer
of iodine vapor to the walls upon which it deposits. ’Accordingly, the
mass transfer coefficient, k, for vapor deposition in well-mixed compart-

ments is calculated using the following correlation:

Sh - i Shz - 2 Sh1 4 (5-1)
g
Sh) = 0.59 (Grese)*’®, 1f 6r < 109 (5-2)

Sh. = 0.13 (Gr-sc)*/3 9

5 , 1f 10%¢ Gr < 10*% (5-3)
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respectively.
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forced convective
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- U = bulk velocity of fluid in the annulus, and

R, = hydraulic radius of annulus = cross sectional flow area/
wetted perimeter = annular width/2.

In each instance, the calculated mass transfer coefficient can be used to

compute a deposition coefficient (kvapor. pap,) Usisg:

Avapcr. s, (A/M)k ’ (5-6)

where

A = surface area of deposition, and

Vv = volume of compartment.

The Reactor Safety Study assumed that natural convection due to
the gradient created by the temperature difference between the bulk £fluid
and the contaioment surfaces is the dominant mechanism for vapor depositiom.
This assumption appears to be unjustifiable in several instances. For exam-
ple, thermal-hydraulic data for several accident scenarios show that there
are time periods when the fluid flow rates are high and temperature gradients
small. Under these circumstances, forced convection would also contribute to
the vapor deposition rates. MATADOR therefore incorporates models both
for natural and forced convection of iodine vapor in the well-mixed compart-
ments. CORRAL also assumes that fluid flowing in the well-mixed volumes
develops turbulence at a distance of 10 feet from the leading edge of the
containment wall. This assumption, implicit in Equatiom (4-3), was
justified on the basis of data obtained in the Containment Systems Experi-
ments [10]. MATADOR uses correlations that do not require the use of such
an assumption and, therefore, can be expected to better model situations
where the conditions are different from those in the Containment System
Experiments. Finally, CORRAL uses correlations £or.th¢ calculation of
the mass transfer coefficient for iodinme vapor based on data obtained for mass
transfer to dry surfaces. There are accidents where significant condensation
of steam on the containment walls can be expected and where correlations for
mass transfer to wetted walls would be more appropriate. HAIADOﬁ provides

for their use when significant steam condensation is predicted for an accident.



The fraction of the containment surfaces that are wet is input by the code user
and MATADOR appropriately weights the two depositon velocities, i.e., to the
dry and wet surfaces, using the input value for the wetted fractionm.

MATADOR utilizes the correlatiomns discussed below to calculate the
mass transfer coefficient for vapor depssition onto the containment
surfaces [11.12.13]. These correlations are more recent and therefore are

expected to better represent available experimental data. They are:

a) for vapor deposition due to natural couvection:
o Sc e 1/4
ShL 0.678 [67333—:7§E GrL Sc] if 0 <GtLSC< 108 y (5=7)

sh, = 0.555(cr, -se)*/® 1 10% < crse<10® (5-8)

0.6
sh, = 0.021(cr, )% 1 107 < Gr, Se < 0% . (5-9)

o

Gr.
sh, = 0.0266[- L 575 8’V ihervise (5-10)
|1+ 0.494 sc 3 g

b) for vapor deposition due to forced comvection:

= 0.666(R¢L)1/2(Sc)1/3 if Re <320,000 , and  (5-11)
g
kL -
L - 0.037 s:1/3[agg .. s,soo] if Re, > 320,000 . (5-12)
L L
.~
=
L ¢) for deposition in the BWR annulus, where the well-mixed
i~ assumption is nmot valid:
e
. 2.8 _ 0.4 0.45
’ Shi = 0.046 ReF Sc (dz/dl) (5-13)
2 for the inner surface,
r 3 0.8 _ 1/3 0.14 .
4 Sho 0.046 RQF Se (ubulk/uwall) rRe- > 2100 (5'14)

for the outer surface,
and

Sh = 1/2(sh, + Sh) . J
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- . . 1/3 0-1‘
Sh = 1.86 {n.F Sc (‘Rh/‘.nn) (“bulk/“vall) (5-15)
R‘F < 2100 .
d) for transfar to wet containment surfaces:
kD 0.83,. .0.44
-—331 = 0.046(Re )" " (Se) (5-16)
-

In all of the above equations, it is assumed that the rate determining step
for deposition is gas phase mass transfer. For vapors such as iodine,
this assumption is believed to be justified in most cases. However, there
are some cases, especially following high energy releasing events such as
hydrogen deflagration or detonation when resuspension of the deposited radic-
nuclide vapors may occur. The data available at this time cannot support
the development of models for these processes. The MATADOR code, however,
has been written in such a manner that it is possible to include models to
describe resuspension processes with litctle effort at a later date.

The mass transfer coefficient calculated for the tramsfer of
{odine to the containment surfaces from the bulk fluid is converted to a
deposition velocity through the use of Equation (5-6).

In Equations (5-7) through (5-16) above, normal engineering

nomenclature is used. The symbols used are:

Sh, = average sherwood number for length of surface

L
o k(characteristic length)
D ’
: ,
GrL = Grashoff number for length of surface
-1’ 2
LS oyuni! Couik = Puarn’ 1747
ReL = Reynolds' number based on length of surface = L%E .
Rer = Reynoldsf aumber for BWR annulus; calculated using 4 x hydraulic
radius as *he characteristic length ,
R‘eq = Reynolds' number for a compartment calculated using the

equivalent diameter as the characteristic length ,
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L = length of the surface of a volume ,
k = a mass transfer coefficient, and
U = average velocity of fluid in volume.

5.2 Removal by Engineered Safety Systems

The removal of iodine by the containment sprays is modeled in
CORRAL as a mass transfer process. The mass transfer coefficients for
iodine in the gas phase and within the liquid droplet were calculated
using standard correlations. They were then used in calculating a depo-
sition coefficient (X ) in terms of the volume of the sprayed
vapor, spray
compartment, the flow rate of the sprayed liquid, and the terminal velo=-

city of the spray droplets. The model used is:

m N -6klte
Avapoz, spray = v = = 73 (e 7%, D) (5-17)
where
= 3 = = ]
F = spray flow rate, cm”/sec = gm/sec if _— 1 gm/ee,

H < equilibrium Henry's Law constant for iodine (ratio of
liquid phase concentration to gas phase concentration
of iodine at equilibrium),

V = volume of sprayed compartment,

d = diameter of sprayed droplets,

t = fall time (height of fall of drop/terminal velocity of
droplets, vt)

D, = diffusivity of iodine in the droplet

k_ = gas phase mass transfer .coefficient of iodine

LI
- £ (2.0 + 0.6 Rel/? sc1/3y, and

k, = liquid phase mass transfer coefficient of iodine = 6.58 Dl/d'

The value of V: is found by matching the velocity independent dimensionless

number:
fDRez - lolo, - 0)d g/ 3u?
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with-the appropriate range of Reynolds' number. For 10<Re<100, fbkez =

15.71 Re* %17 and ‘or 100<Re<700, fnngz - 6.455 Rel-02

density of the liq .id droplets and Re is defined by:

°l is the

Re = dovt/u 5

This model for calculating the rate of iodine vapor removal by
the containment sprays is believed to be adequate. It was developed on
the basis of observations in the Containment System Experiments, and the
data show that the model describes the actual behavior of iodine very well.
It was therefore decided that no major modification to this model was

necessary and it has been retained in MATADOR.

Removal by other engineered safety features such as filters, ice
condensers, and suppression pools are modeled in CORRAL-2 utilizing the concept
of a decontamination factor (DF). Attenuation of the concentration of iodine
vapor due to passage through the filters 6: the suppression pool is
not modeled as a rate process; rather the value of the DF is used to take out
= some of the fodine and deposit it in the filrer or the suppression pool. The
value of this factor is input to the code.

The decontamination factor approach has been retained in MATADOR
for treating vapor removal by the filters, ice condensers, suppression
pool, containment cracks, etc. These processes are called "adhoc" processes
i and they alter the airborne mass of vapors in a containment volume in the
following way. I£f, at the beginning of timestep 4t, the airborne mass in
volume s is Cso and in volume r is Cro.and if the adhoc process fakes its
inlet from volume s and releases its output to volume r, then the airborme
¥ masses of the radionuclide in volﬁmes s and r are changed over the time-

step At according to

- c =¢C (1 - M) ' (5-18)
3 so v

F ot ' (5-19)

¥
|
|
i
|
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where C. and Cr are the airbornz masses of the radionuclide in volumes s
and r at the end of timestep, F is the volume flow rate from volume s to
volume r through the adhoc process under comsiderationm, Vs is the volume
of volume s, and Dcf is the decontamination factor. In the code, Dcf's are
input as a function of time for each achoc process and for each chemical
species. The source and receiver volumes s and r could be the same voluze,
in wnich case the function of the adhoc process is simply to take out some
of the airborne radionuclide mass from that volume.

There are several reasons for modeling some vapor removal processes
using decontamination factors rather than rate expressions. In the case of
suppression pool scrubbing, there are not, at present, sufficient experimental
data available to provide a sound basis for developing models to estimate
vapor removal rates by the pool water. In the case of the filters and the
ice condensers, the decontamination factor approach probably models the ac-
tual removal process more realistically than a rate expressiom. This is because
the process of radionuclide removal by these systems probably cannmot be
modeled as a first-order process for inclusion in the transpor: and Jdeposition
equations. It is appropriate to point out here that all designs of the
filters and pools can be mcdeled using this treatment. Ia all instances,
the value of the decontamination factor is input to MATADOR as a function

which depends on both time and radionuclide species.
Several cther processes not included in CORRAL-2 could contribute

to radionuclide removal and thereby reduce the levels of radioactivity re-
leased o the environment during an accident. These processes include fil-
tration by ice condensers, vént filters, and containment cracks. The MATADOR
code provides for modeling these processes by using decontamination factors.

A more mechanistic approach was not practical at this time due to lack of

experimental data.
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= 5.3 Iodine Equilibrium

wWhen airborme mulecular iodine is depleted by either sprays or
depositon cn the va:e:.'thc depletion rate becomes independent of these
mechanisms when the concentration falls below about 1 percent of the initial
value plus the sum of sources up to that time [1.10]. At concentrations below
this level, an apparent equilibrium situa:ién exists where the concentratiomns
in liquid and gas phases are related by an equilibrium distributiom coamstant,
H= Cl/Cs. H 418 a function of time (probably due te slow liquid phase chemical
reaction) and has been experimentally determined. In MATATOR it has been
possible to incorporate H = H(t) when equilibrium conditions exist. This
treatment is similar to that in CORRAL.

To get the equilibrium described quantitatively, an equivaleat lambda
for depletion of gas phase Iz had to be developed. Since the value of H increases
with increasing time, the gas phase is being depleted as time goes on. To
get this equivalent lambda, we can write a mass balance for IZ. 1f cgo is the

initial airborme concentration, then

. Y. =LY% + €V ., 5-20
go g L1 g g (20
or
e, EEZL " &l . (5-21)
- ¢V, 4-cgv8 v, A v, .
Cvg T+l
’ g
Then for H = H(t), we can write the remcval rate of ;2 by
c /cC v
b o ENIEMEIAT, USSR B -1 ”
d dt vz 2 v dt (5-22)
Bg-+1 §
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where the equivalent lambda is

— Yoan| dc == aat (5-23)
Cc v T
z g
ac -
E! = - Adt (5-24)
g
-\t
c = C o 5-25
g(‘) go ( )

where C‘° is the concentration of airborme molecular iodine that would

have existed if there were nc iodine depletion.
Data shows that H VR_/V3 >>1 for boric acid and caustic solutions

in equilibrium with 12' so that

l dH
A 3 ac (5-26)

Typical data for sprays are shown in Tables 5.1 and Seds
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TABLE 5-1. EQUILIBRIUM DATA FOR I, WITH BCRIC

ACID SPRAYS [10] :
Time, min 8 : €y/Con
° 2676 0.01

100 1.5 x 10* 1.8 x 107 :
500 4.0 x 104 6.75 x 10~
1000 7.0 x 10* 3.86 x 132
2000 1.5 = 10%° 1.8 x 207

4000 s x 10°° 5.4 x 10

27000 1 x 10° 2.7 x 107

TABLE 5-2. EQUILIBRIUM DATA FOR I, WITH CAUSTIC

SPRAYS [10] 2
Time, man 4 Cq/c9°
0-100 Constant H, i=0 0.01
100-1000 variable H, )=.095 hrt
1000 7.0 x 164 3.86 x 107
2000 1.8 x 10° 1.8 x 107
€000 s « 10° 5.4 x 10°°
7000 1 x 10% 2.7 x 10°°
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6.0 AEROSOL DEPOSITION AND REMOVAL MODELS

Deposition and removal mechanisms depleting aerosol concentraticms
in the containment are modeled in CORRAL-2 in a manner similar to that for
vapors. Mass transfer éoqfficien:l are calculated using simple models which
give deposition velocities for incorporation into the main structure of the
CORRAL code. Removal due to natural processed and to emgineered safety
features is considered. :

The models currently inclul:d in CORRAL-2 to simulate aerosol
behavior 2eed modification to enable the code to better simulate conditions
likely to be present in a containment atmosphere during degraded core accidents.
Accordingly, MATADOR utilizes a different treatment of particle size, employs
different correlations for modeling processes currently in CORRAL, and includes
processes for aerosol removal not present in CORRAL. These modifications are

now discussed in detail.

6.1 Particle Size

Currently, the CORRAL code permits the existence only of time varying,
single-size aerosols. The initial size of the particles is taken as 15 um,
and it is assumed to decrease to 5 um over a certain time period which is
chosen by the user. Thereafter, the particle size remains constant. This
treatment of particle size is consistent with the results obtained in the
Containment Systems Experiments [10] for the removal of the suspended aercsol
mass from the system. It is not expected, however, that this treatment is an
accurate reflection of aeroscl behavior in situaticns where conditions in the
containment are very much different from those in the Containment Systems
Experiments. One can rectify these shortcomings with a complex treatment of
the problem involving a large number of aeroscl part?cle sizes; however, the
model development, computer storage requirements, and code executicn costs
become considerable. Therefore, we limited the number of particle sizes that
coexist at any given time to ten. Using more than 10 particle sizes would
be highly desirable from a design point of view. Howevar, for a systems study
code such as MATADOR, 10 particle sizes should be adequate to sboﬁ the effect
of particle size on various aerosol traamsport and deposition processes in
LWR containments. One can also employ less than ten particle sizes as an
‘nput option. The code calculates the particle sizes and number densities
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at later times assuming Brownian, turbuleat, and gravitatiomal coagulation
to have occurred. The initial particle sizes and densities are iaput by

the user.

In addition to the radionuclides and structural and contrel com-
ponent materials which are vaporized and result in aerosol formatiom, very
large quantities of water may be released to the containment with the par-
ticles. The injection of this very bot water vapor into the cooler environ-
ment of the containment is expected to leaﬁ to supersaturation with respect
to water in the immediate vicinity of the release. The high conzentratien
of aerosol particles in this region will provide a large number of condeunsa-
tion sites to relieve the supersaturation. The amount of water which will
condense on the particles is determined by the mass release race of water
vapor, the initial size and number concentration of the aerosol, and the
nature of the concentration fields of particles and water vapor. The simul-
ation of this aspect of aerosol behavior in the post-accident contaimment in
a mechanistic fashion is extremely difficult. After the aerosol particles
leave the region where the supersaturation exists, the suspending atmosphere
will very likely be at or very near saturation. If this is the case, and
if the particles have grewn to a size large enough so that the Kelvin ef-
fect does wot significantly increase the vapor pressute of the water as-
sociated with the particles, thereby causing their evaporaticn, there will
not be much further change in the size of the aerosol particles due to
condensation or evaporation. Also, if the particles are released with
the eordensing water vapor, as duringz the melt phase, the mechanism of
condensation at the soint of release tends to make the aerosol size dis-
tribution narrower. Since steam condensation is not modeled in MATADOR,
the user is required to specify an initial size and density o«f the radio-
nuclide particles, with steam condenséd on theu.

Providing the ccde witi: the capability of handling up to 10 user
specified particle sizes makes it feasible for ome to simulate aerosol
particles released througu different mechanisms. If, for example, dry
particles are released at some time during the accident but larger water
jacketed particles at some other time one can simulate both releases by the
use of different size classes and different material demsities for different
sire particles.

The sizes speqified by the user for the particles at the time
they are emitted into the rontainment atmosphere will affect the rates
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of aerosol removal by the mechanisms considered in the code. Different
removal rates will be calculated for particles in different size classes.
Changes in particle size zre accommodated through shifts in particle

number concentrations between the number of size classes under consideration
and through changes of the particle radii permitted. Brownianm, turbulent
and gravitational coagulation are assumed to be the three mechanisms causing
particle agglomeration. Models used for coagulation processes are explained
in detail in Chapter 7.

6.2 Natural Removal Processes

6.2.1 Gravitational Settling

Gravitational settling of the particles is the only natural re-
moval process currently considered in CORRAL-2. The terminal velocity of
the particles in the steam-air atmosphere is calculated assuming that the
particles are spherical. MATADOR determines the aerosol loss rate due to

gravitational settling according to the following relatioms:

y 2
A - 8351 (ppi-O) Ag for K < 3.3 (6-1)
gi 72u v
I 1.6 ) 1
A, =) %845y PoyP) ITTZ A, for 3.3<K< 43.6
" 0.6 0.4 f (6-2)
bSS.Su g v
0.5
' [4gd_; (0 4=9) ] »
» _f for 43.6 < K < 2360 (6-3)
gl | 1.32p 7
where )
A, = floor area of containment (or more accurately, the sum
£
of all horizontal areas)
V = vyolume of containment
= acceleration due to gravity
= fluid viscosity
Dpi = density of particle of size dpi
o0 = fluid demsity
and 3 _ 1/3
dp {gs(op - o)}

K = 2
u
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CORRAL-2 used equatiom (6-1) at all times to calculate the settling velocity
of the fadianuclidc particles, which means that the aerosol is alwayes assumed
to be such that the Stokes' Law of settling applies. The MATADOR model 1is
more general siuce it is able to describe particle settling for all three
ranges of K values in équations (6-1) to (6-3).

As explained in Chapter 4, agglomeration is superimposed on the

transport and deposition of particles. Since gravitational sertling is affected

most by particle size, and since particle size is altered due to agglomeration,
it is more appropriate to include the gravitational settling as part of agglo-
meration calculations. For this reason, if the aerosol coagulatiom is assumed

to take place in any compartment, the settling of particles due to gravity in

that compartment is taken ‘ato account with the coagulation calculations. This

is explained more fully ir Chapter 7. Otherwise, if there is no coagulatiom,
models explained here are used.

In addition to gravitational settling, other processes of particle
deposition onto the contaimment surfaces could be important in certain acci-
dent scemarios. When the particle size is in the submicrom range, Brownian
diffusion becomes an important mechanism and when there are large temperature
gradients between the bulk fluid and the surfaces, diffusiophoretic and ther-
mophoretic disposition are important. MATADOR models these processes as

well.

6€.2.2 Qlffusional Deposition

The removal of particles from a volume due tO their diffusion to
the internal surfaces of the containment is now considered. The flux of

particles to a surface is given by Fick's law and one can derive

3n1 k‘ICi A, 33— (6=4)

i
ot 6ﬁuri v oy

where k = Boltzmann's constant,
¢
Aw = yvertical or wall deposition areas,

= particle slip co;rectiou factor,

and the subscript i is usec to indicate the size class to which the particle
belongs.

The particle concentration gradient near the wall of the contain-
ment, 3n1/3y. needs to be specified and is user input in the code. As in
most mass transfer analyses, the particle concentration is assumed to be

zero at the wall, and a, far from the wall. The containment is considered



Y

:
£

| SO

= Ly

-

9w 52

CEX:

g

-

ol
M

(7

to be well mixed up to within a small distance from the wall. So the
particle concentration changes from 0 at the wall to a, at distance 4
from the wall. Since the choice of A is left of the user, one obtainms:

kICiAv

App 6miz VA i (6-5)

6.2.3 Thermophoretic Deposition

Aerosol deposition on internal surfaces of a container due to
temperature gradients normal to those surfaces is termed thermophoretic
deposition. The theory of this process, due to Brock [14], yields the fol-
lowing expression to describe the rate of decrease of particle concentrationm:

3Aqu‘r 1 C:K"i B luzf/ks

= (6“6)
it 2Vp T ||1 + ZCnKni 3> _ZCtKn1 +* Zkflks

where Cm is a constant associated with the Cunningham correctiom factor
and for the low Knudsen number, Kni, particles ~an be taken as 1.66 by
approximating the expression of Fuchs [1s]. Ct is a constant associated
with the thermal accommodation coefficient at the particle thermal con-
ductivity, and a value of 0.05 is used [16] and 4T is the normal com=

ponent of the temperature gradient at the wall.

6.2.4 DNiffusiophoretic Deposition

The diffusiophoretic deposition of aerosol particles on coatain-
ment surfaces is a process which, it has been suggested, may be of potential
importance in post-accideat containment atmospheres [17] but is not cur-
rently included in CORRAL. Aerosol losses can be brought about by this
process since the particles find themselves in a hot steam-air atmosphere
bound by a relatively cold-walled container. This temperature difference
leads to water condensation on the walls and sets up the conditions appro-

priate for diffusicphoresis of the pcrticles to occur. Specifically, the

- - ———— 4 S—— - -
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partial pressure of the water vapor in the containment atmosphere far from
the cold walls is expected to be equal to the saturation vapor pressure of
water at the prcvailing.gas temperature. Very near the cold walls, where
condensation has established a water film, however, the partial pressure of
water will correspond to the saturation vapor pressure of water at the
temperature of the walls. Since the total pressure in the containment is
uniform, a concentration gradient of water vapor is established, the vapor
corcentration increasing with distance from the walls. This leads to a
diffusive flux of water vapor towards the walls which will be maintained as
long as the temperature differential remains and the containment atmosphere
recains saturated with water vapor.

An aerosol particle present im such a diffusing binary gas mixture
will experience a diffusiophoretic force, in this case directed towards the
wall. For the theory of this process the reader is referred to Waldmann and

Schmitt [18] and Goldsmith and May [19] and references therein. The theory
predicts that diffusiophoresis will result in the particle having a deposition

rate coefficient given by:

&1 D Pl(r) - Pl (Tv) 5,_ (6=7)

Ma ° W F Y% 5, a *

where Ml’ M2 are the masses of the water vapor and air molecules,
Yl’ YZ are the mole fractions of water vapor and air,
D is the diffusion coefficient of water vapor in the air,
Pl(T) is the partial pressure of water vapor at the temperature
of the containment atmosphere,
Py is the partial pressure of air in the contzinment
atmosphere
pl(Tw) is the partial pressure of water vapor in equilibrium
with water at the temperature of the wall, and
A 1is the user specified boundary laver thickness.

This equation describes the observed behavior of particles smaller than the
mean free path of the molecules of the suspending medium quite well but is

not as accurate for larger particles. It is worth noting that the particle
size and shape are not expected to influence the diffusiophoretic deposition

of particles.
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correlations presented above are applicable only to the well
volumes within the containment. For regions such as the BWR
the fluid moves more 1ike plug flow, the concept of a decon-

tamination factor is invoked to simulate particulate deposition. This
treatment is similar to that used to treat vapor removal by filters,

for axample.

€.3 Removal by Engineered Safety Systems

Removal of particles by sprays is currently modeled in CORRAL using
the data obtained in the Containment Systems Experiments [10]. An analysis
of these data allows the calculation of a deposition rate coafficient, A , for

particulate removal by sprays using the equation

where

m < A O W
-

The

AlPrlY. particles = %%EE (6-8)

spray flow race

spray fall height

spray drop diameter
compartment volume, and
spray collection efficiency.

functional dependence of E on (Ft/V) was arrived at from an

examination of the results of the Containment Systems Experiments and is

given as

-13.

825 (Ft/V) + J.055; 0<Ft/v<0.002 - (6-9)

£ e { 0.06125 - [0.08626 + 42.68 (Fe/v)]/2/21.34; 0.002<Fe/v<0.0193

0.0015; Ft/v>0.0193
This treatment of particle attenuation by sprays is modified somewhat in

cae MATADOR code.



o The losc rate coefficient for aeroscl removal due to water spraying

is as follows [or more than ome narticle size: i

4 A =3 o . (6-10)
[ - - TS T

{j - The important comsideration now is to describe the collection
::ﬁ efficiency, ci, as a function of aserosol an& drop sizes., Because of hydro-
i dynamic interaction between the two particles only a certain fraction of those i
. in the "sweep out area" of a large particle will actually be contacted. If i
.{_ we define the "sweep out area" as the area of a circle with the radius of the
the larger particle, then the collision efficiency, €, is defined as the
;[: fraction of the small particles in the sweep out area which are collected.
Furthermore, the smaller particle must stick to the larger one to complete
f' the collision process. BHere, the sticking or attachment probability is
;- assumed to be unity, since this value is likely and very little theoretical or
i‘ experimental evidence concerning this phenomenon exists.

\ In general, there are two major pertipent collision mechanisms

! which emable a particle to overcome the hydrodymamic repuision and collide

e with the water drop. The first mechanism is inertial impaction, which

} accounts for the deviation of a particle from a steamline due to its inmertia.
The other mechanism is called the interception effect, which takes into account
the increase of collision probability due to the finite extent of small

particles. Thus, we write

e € = &y * &y (6-11)

T where el is the collision efficiency due to particle imertia and ez is the
=) collision efficiency due to interception.

o For relatively low particle velocities an empirical formula for
L; the efficiency of inertially caused particle collisions is reported by

-y Fuchs [15] and is given by:

-2
) 0.75 fa (2 Stk) (6-12)
¢ [" + stk - 1.214 ]



Here, Stk is the Stokes number defined by

2

where pp is the particle deasity, V8 is the settling velocity of the water
drop, vzi that of the particle, Ty and R the radii of particle and water
droplet. The efficiency :1 is taken as zero whea Stk <1.214.

For viscous fiow about a spherical collector, Lee and Gieseke [20]
present an equation for the interceptional collisien efficiency which 1is
valid for smalil values of the ratio ri/R:
(£, /0
1/3

(6-14)

rjw

€, =
(1+ rilk)
It is clear from the expressions for € and €y that separate efficiencies
are calculatad for each particle size in MATADCR.

Removal by the other engineered safety featurus like the filters
and ice condensers are treated in the new code using the concept of decon-
tamination factors. Decontamination by the containment cracks and vent
filters are also modeled. This treatment is similar to that used for vapor
species.' The only difference is that different decontamination factors

are used for different size particles.
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size particles differently.

7.0 AEROSOL COAGULATION AND GRAVITATIONAL SETTLING MODELS

The agglomeration of aerosols takes place in the containment
atmosphere as a result of aerosols moving and colliding with one another in
Brownian motion or under the influence of forces that affect the different

While the coagulation preserves mass and there-

fore does nct alter the amounts of ' adionuclide aerosol directly, it does

reduce the number comcentration and modify the aerosol size distributionm

and thereby alter the rates at which the particles are removed by processes

which depend on either particle size or concentration.

The

governing integro-differential equation describing the rate

of change of particle concentration due to various agglomeration and
deposition mechanisms can be written in the following form {21}):

where

E 3

at

t =
¢$(x,§) =

S(x,t) =

x -
a(x,t) = [1/2 [ ¢(&,x-6) o(E,t) a(x-E,t) d§
- a(x,8) [ ¢(x,8) a(&,t) ¢t)

- a(x,t) R(x) + s(x,t) , (7-1)

time

the normalized collision kernel predicting the probability
of collision between two particles of volume x and § due to
Brownian motion, gravitational settling, and turbulent gas
motion. _

volume of particle with radius r

volume of particle with radius r'

the size distribution function

the removal rate of particles due to gravitational settling
to the floor, diffusica to the walls (wall plating), turbulent
motion of gas, thermophoresis and leakage

the source rate of particles introduced to the enclosed space

of the vessel.
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The first integral in Equation (7-1) represents the formation rate
of narticles between the sizes X and x + dx as a result of collisions between
particles of volumes § and x - §. Similarly, the second integral represents
the disappearance rate of particles in the sire range between X and x + dx

dues to collisicns with all other particles.
The functional form of the collision kernel ¢(x,£) depends upon

the coagulation mechanisms present in a given system. Ia an enclosed con-
tainment vess2l, possible mechanisms causing relative motion between
particles, and thus coagulation, include Brownian motion of the particles,
gravitational settling, and turbulent gas motion. In most analyses where
more than one of these mechanisms are present, they are assumed to be

separable and additive such that
#(x,8) = Ky(x,8) + Ro(x,8) + K (x,8) . (7-2)

where

KB = collision kernmel due to Br&wnian diffusion
K. = collision keruel due to gravitatiomal settling

G
KT = collision kermel due to turbulent gas motion.

The aerosol deposition mechanisms to be included in R(x) depend
on gravitational settling, Brownian diffusion to the walls and deposition
due to thermophoresis. These mechanisms are also assumed to take place
separately.

The only mechanism included in R(x) is settling due to gravitcy.
S(x,t) is always set oqual to zero. The source term and the other mechanisms

in R(x) are taken into account in solving the rate equations described in

Chapter 4.0.
To convert Equatiom (7-1) into a set of first order

differential equations, the equation is multiplied by xk and integrated over
x. After some manipulaticn, the following general form for the moment

equations results:

k

]

;;! - %-L: dg§ n(g,t) L: dz n(g,t) ¢(§,8)](E + C)k - ﬁk - %

'_Rk(‘) + Sk(t) ’
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where

h

!k - £: n(x,t) xk dx 1is termed the kt moment of the size

distribution (7=4)

R (6) = [T R(DE a(E,0) de (7-5)

5,(5) = [0 56, 006" ag . (7-6)

The solutions of Equatiom (7-3) can be analytically obtained by
assuming that the airborme particle concentraticn is represented by a log-
normal distribution function at all times. Hence, in terms of particle
volumes, the number distribution may be written

n(x,t) o —Bifd. exp
v2r u(t)

N(t) = the total number concentration of suspended particles
x(t) = geometric mean particle volume

u(t) = logarithmic variance.

Then Xo, xl, and X. are related to the three parameters of the log-normal

2
aerosol size distribution by the following relations:
-, .k kz
L‘(t) = N(t) x(t) [exp 5 u(e)] , (7-8)

so that

%_(2) = N(t) : (7-9)

X, (£) = N(2) X(e) S(8)/2 (7-10)
and

X, (2) = N(t) 20y %8 C o (7-11)
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Altsfnatively.
N(t) = X T (7-12)
2l o xi/txilel’z (7-13)
and i
o(t) = (X X,/%) . | (7-14)

Equation (7-3) is converted irsc a set of three simlianecus iiist
order differ¢eniial equations for k = 0, 1, &4 2. Using equation (7-7) and
after some manip:latson, the following three equations are obtailed [21,2Z,
23,57

ix .
el 8 € = - R 2
iR S Bt L R T VR TR TR

- ‘Iz"o - :rl(xo.v.l - 3x1/232/3) - GAGGO (7-15)
d
-i.x-l - S - ll
dt 3
Sy 2 - -
de Sy - Ryt 2B (X F X, Kyt MERy YR

~ -~ - 7&
Here,

Si ~ Wexzents of sourcé tarm
Ri = moents of the réloval terms
B, - (2/3)(&l/y) = Biownian coagulation ~o«¥ficient
k = Boltzmann comnstait
¥ = dynsmic viscosisy of steam

4" ﬁxacr
Tl gL T first turbulent coagulation coefficient

€. = tUrbulent energy dissipation rate

v % rinematic ¥{scosity of steam




1/4

°p ‘13
2 0.0717‘17 T5v = second turbulent coefficient

particle material density
collision efficiency

=)
Ll

0
v

first order slip correction factor

. xi exp[(22 + L)y + (12 - l.+'%)UI‘[¢

] >
“

1/3(D+lu)r(u) & AG(“)]

where
Fu) = e/ 181¢%/3 uf(§ /D) + 2 erfG 41, and

-2u/9

G(w) erf(% 3 + e erf(—é‘ Wy

In equations (7-15) and (7-17), the terms with square brackeis are
Brownian agglomeration terms, terms containing Tl and Tz are turbulent
agglomeration terms, and GAGGO and GAGG2 are the gravitationmal agglomeration

terms. The remaining variables are definea as

1 - u
63 in x + 73

x1/3 s xo .

an®

x2/3 . xo '

x--2/3 " %

x4/3 - Xo -

5/3

in §2 Su

u
o) - —
0.75(6.84169 x 1071 2 x xfe ° e - e’)

GAGGO

2u
(1 - erf (A;E )) +Ae ’ (1= el:‘f(-z/‘z )) - (1 - erf(iz-‘T N1
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’ 2a X Su 4y
GAGG2 = 2(6.84169 x 10°14 Lx,%, (e 6 J18 ..Y)
]
2
Yo 9 /u

(1 - erf ( 232 )) +Ae (1 - erf ('% N

'(l-ttf(-i"‘z))] :

The source terms in equations (7-15) to (7-17), So, S1 and s2 are always

o I o 1

ey —
! \ .

——

—_——

zero,
The removal terms due to gravitational settling are
(2 lg x . %F)
R = TF*X e
-] e
R1 - r~x° -
(8 tn x +‘2%?)
Rz B r*xo -
and
[}
F--z.—-z-!_A-
9 uw V
with
g = gravitational acceleration
A = gedimentation area

V = compartwent volume

The three differential equations (7-15) to (7-17) are solved
simultaneocusly to obtain Xo. Xl, Xz using the initial conditons at the
beginning of the timestep. Once X , X, anl X, are knowm, N, X and u are
calculated from equations (7-12) to (7-14).
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8.0 INTERFACES WITH OTHER CODES

MATADOR requires a variety of thermal-hydraulic parameters to
perform the tndicnuclid‘ transport and deposition calculations. These
parameters are all fuanctions of time and are calculated by the MARCH
code. However, MARCH takes hundreds, or even thousands, of timesteps to
determine these quantities. Because of ccwﬁu:ct storage space limitatious,
a user must choose at most twenty values of these parameters for input to
MATADOR so as to provide an adequate linear approximatiom to the function.

An algorithm which was originally writtem for the CORRAL~2
code provides the necessary rules for picking the appropriate values from
the output of the MARCH code. If we donate the thermal-hydraulic parameter
by P and let ;'rcptescn: the vector of parameter valuss at each MARCH

timestep, i.e.,

P (Pyy Pyyeees B) 3£ (¢) (8-1)

then we wish to devise an algorithm for defining a vector ry

c = (Cys Cgaeees C) # 8 (t) (8-2)
where

and .

- S — . —— ——— - ————— ——— W—
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" The functions £(t) and g(t) are discrete, however, and ve make then

continuous by comnecting each successive point with a straight line. The
problem is to choose the vector ¢ such that f(t) and g(t) are approximately
equal. In order tc do this ve define a linear cperator, L:.

t
Le ()= Jf () ae . (8=3)

Next we begin at the initial time step and calculate a least squares fit of
a linear function to this and the successive point. Demoting this function

Y(t) we have
Yl (¢) = at, + D1 , 1=1,2 . (8-4)

Finally we calculate a functiom R(t) as

L £(t) - L Y.(t)

£y g, 1 St lrit (8-5)
L. £(¢) -

%2

R(tz) -

I1f R(t) is greater thanm ’o’ which is supplied by the user, the program choses
t, as its first point. If R(t) is less than Ro' (as it must be for the first
time step) then a third point is added and we have
L, £(t) - L TY,(t)
R(ty) = 53 €y .2 } (8-6)

L, f(c)
€3

This procedure is continued until the program reaches the final value in the
; vector. If more than twenty points are chosen before the time £y reaches
ta the value of Ro {s increased by 10 percent and the algorithm is restarted.
At the end of the calculatiomns two arrays are returned to the main program:

R = (Ty, Tppeees Ty)s 2SN <20 (8-7)

IR = (Y(Tl), Y (Tz),.... Y (TN)) . ' (8-8)
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The user has the option of requesting integral values rather than point
values, in which case the YR array is given by:

W e Oy (¥, (e)), : ) (Ty(E))suees Ly (Ty(2))) . (8=9)

An example of this procedure is shown iu Figure 8.1. In this
figure, the containment temperature during in accident sequence is shown.
The solid boxes indicate the points chosen from this curve by the algorithm
when the convergence criteriom, ‘b' was one percent. When using the MATADCR
code, the user has the option of either selecting to imput thermal~hydraulic
data or to allow the code to read a tape on which output from the MARCH code
has been writtem, use the algorithm just described to select an appropriate
pumber of them and use them for input.

The source rates of the various radionuclides that eanter the cen-
taiument through the breach or release point in the reactor primary system
have for most accidents been assumed to be equal to the release rate from
the fuel with no allowance made for primary system deposition. Receat
calculations performed using the TRAP code have indicated, however, that
the assumption of negligible primary system deposition is not always
justified, particularly for the less volatile radionuclides [24]. 1t
therefors becomes important that, ia future calculations, the source term
reflect radionuclide depletion during transport through the reactor primary
system, The MATADOR code has been written such that it can directly accept
source terms calculated by such codes as TRAP.

The output of the MATADOR code consists of environmental radio-
auclide ielease fractions for each of the radionuclide groups. These re-
leases can thenm be used in a radiological consequence code such as CRAC
to caleulate the health effects of reactor accidents. CRAC, in its present
version, performs atmospheric diffusion calculations using burst releases,
whereas MATADOR predicts radionuclide releases to the environment over several

ki ieaipontabics i o Sl s Kb ig oo -
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hours. Different approaches to modify these output dati into a form suit-
able for input to CRAC will have to be evaluated before an interface with
the health effects code can be constructed. A better approach would be

to suitably modify CRAC to treat continuous releases of radicactivicy to
the environment since burst releases would not be expected to occur in all

possible accidents.
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APPENDIX A

SOLUTION TECHENIQUE USED IN SOLVING
TRANSPORT AND DEPOSITION EQUATIONS

The set of differential cquationi describing the tramsport and
deposition of a radiocnuclide species in the containment may, conveniently, i

be expressed in the following compact form:

g-m'bs » ; (A-1)

dc

In the above equatiom,

M 1is a vector of radionuclide masses in each state ia each control ‘

volume,
S {s vector of radionuclid: source rates to each state in each

control volume,
A is a matrix of intrastate and intravolume transport coefficients, and

T is time.
The solution to the set of equations (A-l) under the assumption of

constant A and S over a timestep of integratiom, 4t, is i
Mo+ Al (M0 - nan + s)ae (A-2)

where

M =Matt=0 .
o _

Equation (A-2) may be rewrittem in the following form:

2, .2
MeM +[1+ME L AL Ll +s|ae (A=3)
(] 2 3! (o)
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Equafion (A-3) may also be writtem in the following form:

AX Atz Azx (A:)3 ]
3!

M= Ho + [xou - 3 - (A-4)

wvhere -~
xo - AHO +S-.
The expression (A-3) has been coded in the computer code as the subroutine

ALCEMY. The subroutine sums the series to an appropriate number of terms
in order to calculate the value of the vector M at the end of a time-step

using a kaown Ho.

The suboutine scales the elements of the A matrix in order to
ensure that the series summation converges regardless of the value of the
time-step 4t. The elements of the A matrix are scaled by powers of 2 if

acf| Al > 1

1Al =+ fi5ed,, (4-5)

and 'ij are the elements of A.

where

The solution is obtained using the expressicn in Equation (A-4)
if the A matrix i{s not scaled. Powers of A are not evaluated. Rather the
jth term in the series within the square brackets is computed from the |
(J = 1)th term by multiplying it by AAt/j. 1If the elements of the A matrix é
are scaled, the solutiom in obtained by using the expression in Equation (A-3). ‘
Assuming that Z is the scaled A matrix such that

- \
i
£, _lz“ : 1,3 (A=6)

where the z,.'s are the elements of Z, the subroutine evaluates the sum

i
Mt

1 st (eu: - 9- At :’lzn(e ¥ 1 .
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n=-1
At 02 -1

2n—1 A.l -1

is obtained from the value of the sum

Ait

: | 2*

Le” e 1] =3

2% A7

as the value of the expression

. 2
2°+1 B” At + B .
A repeated application of this formula 'n' times allows the calculation of
- - - >
A 1A: : (CAA: lAt 1 (e"At - I). The value

of M is then evaluated simply by substitution into Equation (A-3).
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APPENDIX B

; MATADOR ASSUMPTIONS

MATADOR is intended to describe the tramnsport and depositon behaviocr
of radionuclides within LWR containment buildings under accident conditicams.

Its intended role is to predict the important characteristics of the airborme '

release from the reactor building for reactor risk studies given the release
from the primary system as input. In order to achieve widespread acceptance
of MATADOR, potential users must believe that the code predictions are
sufficiently credible so ::at MATADOR can be used with confidence in reactor
risk studies. The credibility of the code calculaticns can be established
by:
1. Suitable integral validation of the code calculations.
This could include comparison of MATADOR results with
data from suitable experiments and/or comparison with
the results of other more accepted code calculationms.
2. Examination and evaluation of the MATADOR models and
assumptions.
In using the second of these approaches, it should be remembered
that the approach adapted from the outset, in developing MATADOR has been
to include adequate descriptions of all of the important processes which
affect the transport and deposition of airbornme radicnuclides while at the
same time avoiding the detailed analysis and more complex models that would
result from a careful comsideration of the microscopic details of the pro-
cesses involved. This approach was consistent with the intended code appli-
cation. With this design basis it can be expected that the code is based,
to some extent, on the intuition and judgement of the authors. We therefore
emphasize that the credibility of the MATADOR results should, for the most
part, be established through the integral validation approach mentioned
above. BHowever, we also believe that tﬂc following discussion of some of the
key assumptions which are implicit in the code can with proper interpretation
give the user some insight iatc the code output credibility.
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Implicit in the use of MATADOR are the following assumptions:

1.
2.

The following list ideatifies some of the key phenomenclogical and simplifying

All of the important phenomena are described.

All of the phenomena descriptions (models) are
adequate. +

assumptions implicit in the code use.

List of Assumptions

The flow paths in the containment building can

be treated as a series of well mixed coatrol volumes

The radicnuclides in the containment can be treated as

goninteracting species, e.g., chemical reactions are not

treated

NOTE: Species coupling is implicit in the way the aercsol
particles are treated

Transformations that result from radicactive decay are not

treated

The transport and deposition behavior of vapors and aerosols

in the reactor building can be adequately treated by assuming

a limited number of allowed "states" for each species

All vaper deposition processes are assumed to be mass

transport rate limited

Rcsuspcﬁsion is not treated except insofar as it is implicic

in the equilibrium behaviir of iodine

Condensation and evaporation from the aerosols in the con-

tainment atmosphere is not treated

The geometric and other similarity comsiderations which

would completely justify the applicatiom of the individual

process models have not been studied in detail

Aerosol particles are spherical

Coagulation does not alter the chemical compositicn of

the aerosols within a size class over a timestep

Noble gases transport through containment in phase with

fluid flow with no deposition

Organic iodide is not treated in a special way. It could

either be included with noble gases or molecular iodine

or both.
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