NUREG /CR- -4343
SANDS8S - 1639

R4

Printed December 1985

Integrated Severe Accident
Containment Analysis with the
CONTAIN Computer Code

K. D. Bergeron, D. C. Williams, P. E Rexroth, J. L. Tills

&10) ) )& .
bVLZB8025% 851231

=T
[7I)FJ r“(‘}{[r(
CR-4343 R~ PDR

Prepared for

U. S. NUCLEAR REGULATORY COMMISSION




NOTICE




NUREG/CR- 4343
SANDBS . 1639
R4

INTEGRATED SEVERE ACCIDENT CONTAINMENT
ANALYSIS WITH THE CONTAIN COMPUTER CODE

K. D. Bergeron

D. C. Williams
P. E. Rexroth
J. L. Ti31s"

December 198%

Sandia National Laboratories
Albuquerque, New Mexicoe 87185
Operated by
Sandia Corporation
for CLhe

Department ¢f Energqgy

Prepared for
Division of Accident Evaluation
Office of Nuclear Requlatory Research
U.S. Nuclear Requlatory Commission
Washington, DC 20555
Under Memorandum of Understanding DOE 40-550
NRC #FIN NO. All98

L. Tills and Associates, Inc., Albuquerque, N#

75




ractlions JET LOonN and
performance gineered
}m{)‘x"x‘"” has { 1 that a
require applicatio gsultes
ch would treat oniy a
a ther hydraulics
interaction code, etc
opment and some recent
offers an 1ntegrated
phenomena and the 1inter
gsults c series of
1¢ accia
These calculati
tha have potentil

lly

and/or containment

Lmposelble to treat
described show
effects codes can
gource term and,
whether the

or




TABLE OF CONTENTS

EXECUTIVE SUMMARY
INTRODUCTION

MODELING REQUIREMENTS FOR SEVERE ACCIDENT
CONTAINMENT ANALYSIS

- 3 Severe Accident Containment Phenomenoclogy
2.2 Categories of Severe Accident Questions

THE CONTAIN CODE FOR SEVERE ACCIDENT CONTAINMENT
ANALYSIS: SURVEY OF MODELS

General Approach--Inteqgrated Analysis
Atmosphere Thermodynamics and Intercell Flow

Aerosol Behavior (MAEROS)

Fission Product Transport, Heating and Decay

Lower cell Models
Engineered Safety Features
Modeling Limitations in CONTAIN 1.0

INTEGRATED CONTAINMENT ANALYSIS SENSITIVITY STUDIES
Aerosol Deposition and Decay Heating
Depressurization Condensation on Aerosols

Effects of Steam and Heat Sources
Station Blackout Sequence

TMLB' Sequences with ESF Recovery

Integrated Analysis of Isolation Failure
Sequences

CONCLUSIONS
REFERENCES

APPENDIX A




LIST

of
or

Sequence
coupling f

computer
the BMI

Potentially
aerosol behavior,
fission product decay

lmportant

containment
of 1nte

Reactor
configquration

Schematic illust
of the four aerocsol p
text.

Containment pressure
showing the effect of
£1i ion product decay

88
Partitioning of decay
and the contalnment
enerqy 168 1ntroduced

a

Containment
water mole
eilther as
(Case 13)

atmospher
fraction f
a vapor (Cea

Containment pressure
rates for two
and 0.02 mz,

emall leak

represen
rate

Alrborrnse water
fol l’.‘*\d.‘.

aero
containment

80
g
masseg of c¢
chowing t
by wate
depressurization

Suspended
containment
"f t ect

the

caused

code

2104 source

thermal

building

ration

as

containment

OF FIGURES

with
ternm

8 used one-way

study
coupling effects
hydraulics,

, heating

among
and
and transport
to a
compartments

reduced
v‘(i

rconnect

of the

r o 3-8 -1.0
tocegees

effects

the

typical

discussed

Ln

TMLB accident
Lreatments

for
varlious

heating

a

of

between &t ctures
when the

pr oduct

r
:io-c‘dy

aerosols

enerqy
tmosphere
fission

relat
decay
Z) Or

1C
or
ge

.ve

ener

humidity and
gy 1ntroduced

an aercsol

. 3 . >
showl '1*'}/{"?)‘,U.1-”1Y}

glzes, 8
large and

on

m/

ng
holes

both

O

ting a

l6 withlin contalilnment
depressurlization

witnin
decontamination
followlng

avity aerosols
he partial

'

r condensation




Fiqure

‘)dgp

Reductions 1n leaked cavity aerosols when water
condensation within containment is modeled for
two wldely varying depressurization rates
Pressure-time history for the Surry TMLB'
("Station Blackout")Sequence.
Aerosol ccllection efficiencies for a 1000 um
spray drop as a function of particle size

for the collection mechanisms treated in the

CONTAIN spray model.

Pressure-time hilstorlies for the Surry TMLB
base case wlith no spray recovery and for two
scenarlos with augmented hydrogen inventories
and with spray recovery at 12000 s and 25000 s
respectively

’

Alrborne radionuclides as a function of time

for the three scenarios of Figure 4-10

'iots of interrelated key parameters during
1 shortly after spray recovery for

the TMLB' early recovery scenario with

augmented hydrogen inventory

¢
the perioc

Alrborne radionuclides S \ ! of time
for three variations ¢ t ' gcenari1o with
spray recovery at

Containment release fractior
as a function of time for he Surry AB-8
(1solation fallure) sequence for a 0.0% me
leak area and for a 1.0 m? leak area with and
without hydrogen burns

RCS aeroscls

Time-1ntegrated containment release fraction
of RCS aerosols as a function of leak area as
*alculated by the American Nuclear Society
stud’ and as calculated by CONTAIN with and
without hydrogen burne being permitted

vii




LIST OF TABLLS

Effect of Steam anda Heat Sources on Hydrogen
Burns

Response of Containment Conditions to Steam
and Heat Sources

Results of Parameter Variations, Spray Recovery
Scenario




#{ CKNOWLEDGMENT

There have been many individuals who have contributed,
knowingly or not, to this work, but we will single out only
two. Ken Murata's work in model development and calculational
studies were very important for this project. And S. Bradley
Burson of the NRC has been a continuous source of insight on
integratad esevere accident analysis for all the years he has
been program monitor for the CONTAIN project.







These feedback effects are nf always 1mportant, but without an
integrated analysis tool, 11 1s often difficult to predict
whether they need to be considered or not

The range of{ phenomena which must be considered 1n CONTAIN
18 quite large. As 1n the analyslis of Design Basis Accldents
(DBAs ), prediction of the pressure and temperature of the
atmosphere requires analysis of the thermodynamics of mixtures
of steam and noncondensible gases, as well as sources and sinks
of heat and mass. Condensation heat transfer to walls nd other
gstructures 1§ 18 an 1i1mportant mass and enerqy sink while
internal heat sources include hydrogen combustion, radiant heat
transfer from molten pools and decay heat from suspende’ or
leposited radiolsotopes An mportant source of gases that must
te modeled is the decomposition of ~2cncrete aue to ablation by
melten core iebris. The flow of gases and 1liquids between
connartments 18 modeled 1N CONTAIN, as 18 the effect of
engleered sately features {8.Q., containment sprays or 1ce
condeaser) on atmospheric thermodvnamic conditions.

Besides these thermal- hydraulic phenomena, <detailed modeling
of the evolution of the aerocol particle size distribut n <
included in the code This requires not only 1lalyel of
natural agglomeration and deposition processes,
decontaminating effects of engineered safety features A
critical aspect of the coupling between aerosols and thermal
hydraulics is the modeling of condensation onto and evaporation
from aerosol particles.

In addition to aerosols and thermal hydraulics, CONTAIN also
includes models for the 1nventory and location of radiolsotopes
1N the contalinment. These models Lnclude the effects of
radiocactive decay and the resulting generation o¢f heat The
migration of each radiocactive species from one material to
another ig also considered, albeit by means of parametric models

The models implemented in the CONTAIN code are intended to
reflect the current state of understanding of severe accldent
phenomenoloqy, to the extent possible in a8 syetem- level code
Nonetheless there are 1dentifliable limitaiions 1in the code, and
- proper understarding of the significance of calculational
results requlires an awareness of these limitations Perhaps the
most Lmportant of these 18 the reliance yn the well -mixed
atmosphere assumption 1n each control volume (or cell) and the
use of an orifice flow model to govern the transfer »f gas
between cells. The well-mixed assumption 1is invoked primarily

calculational cells to a minimu:), but many other limitations 1in
the models are simply a reflection of an 1ncomplete knowledge
base, which can be remedied only by additional phenomenological
research. Where possible, provisions have been 1ncorporated 1in

for calculational tractabillity (e.g to keep the number f

the code to allow the user to 1investigate the consequences of

alternative hypothesesg concerning such uncertain phenomena
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used However, it appearzd that some of the more 1mportant
differences could be traced toO 1ssues involving integrated
aerosol/therma! hydraulics analysis. Ln particular, the
mydeling of the suspended atmospherlic water poses nroblems for
a thermal hydraulic code which (like that used 1in the ANS
study) does not perform aerosol calculations. The suspended
liquid inventory predicted by CONTAIN was depleted by aerosol
deposition processes to the extent that hot gases released
prior to the release of fission product aerosols evaporated all
of the remaining aerosolized water This depletion of the
atmospheric liquid inventory also permitted significant
superheat to develop, as well as steam concentrations low
enougn to permit hydrogen burns (which were not predicted 1n
the ANS study). On the aerosol side of the problem there were
related effects: CONTAIN predicted no water aerusol remalning
at the time solid aerosols wWere released, S0 the removal
process was slow compared to the ANS aerosol model prediction,
which assumed that the high suspended 1liquid water 1nventory
predicted by the thermal hydraulics code would be depleted only
by agglomeration and settling, without evaporation.

The examples studied here l1llustrate the variety of
synergistic effects which are possible in severe accident
containment analysils when the couplings among apparently
disparate phenomena are taken 1nto account. The quantitative
effects observed in these cases ranged from modest to orders of
magnitude. The explanations for the feedback effects were
sometimes simple and sometimes surprisingly complex. As
additional severe accident analysis 1is performed with CONTAIN
(for example, studies 1nvolving Boiling Water Reactors or Ice
Condensers), 1t 1§ expected that additional evidence ot the

importance of integrated analysls wlll be discovered
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The TMLB' sequence is typically initiated by simultaneous
loss of ofi-site and on-site AC electrical power, and 1is
therefors sometimes called a Station Blackout seguence. All
active core cooling systems are postulated to be 1noperative,
s0 the RPV water begins to boil (due to residual decay heat in
the core), relieving steam through a satety relief valve.

From the containment viewpoint, then, the tirst primary
system source is a two phase jJet of superheated steam and
water. The large volume of the containment and the effective
transfer of heat (through condensation) to the walls and other
heat sinks limit the pressure and temperature rise to values
well witnin the design capabilities of the containment.

As the water 1in the EPV boils away, the core becomes
uncovered and the steam sources to containment diminish. More
important, however, is the fact that sources characteristic of
degraded core accidents begin to appear. As the temperature of
the exposed Zircalloy claddirng rises in the steam-rich core
region, hydrogen is produced by reaction of H0 with Zr.
Shortly thereafter, the integrity of the cladding around the
fuel 1is breached, and gaseous fission products which were
trapped within this seal escape 1into the hydrogen steam
mixture, which is then released through the relief valve 1into
containment. As temperatures continue to 1increase, other
volatile fission products are vaporized, then recondense to
form aerosols, which can then be transported via gas flow to
the containment. Eventually, most of the primary system water
inventory will have bciled away, and temperatures inside the
RPV will increase above the melting point of the structural and
fuel materials. If recovery of core coocling does not occur in
sufficient time, the core will melt and slump to the bottom of
the RPV. At this point, it is probably only a matter of time
before the vessel falils and additional sources of hydrogen,
steam, gaseous fission products, aerosols, and molten debris
are injected into the containment.

A number of new types of models for containment analysis
are needed at this point. For example, the hydrogen source
raises the possibility of combustion events of which there are
three basic types: deflagrations, detonations, and diffusion

flames.

A deflagration 18 a self-propagating hydrogen oxygen
recombination event that propagates with a combustion front
moving at a velocity below the speed of sound. lts principal
effect 1s to raise the temperature and pressure of the gas
(more or less uniformly throughout the volume) due to the heat
generated from the exothermic chemical reaction. Deflagrations
occut typically at relatively low hydrogen concentrations
(typically less than about 14%, but greater than 8% mole

fraction). Since the atmosphere is partially transparent to
thermal radiation from such events, a fraction of the burn
energy is transmitted radiatively to exposed surtaces. Low

thermal conductivity materials may achieve very high surface
1%




temperatures in this way, so a second concern is the effect of
hydrogen burns on exposed equipment and electrical cables. For
example, melting of plastic materials due to hydrogen burns
occurred during the TMLl-2 incident.

At higher hydrogen concentrations detonations may occur;
i.e., the combustion front can propagate at or above the speed
of sound, and a shock wave results. Dynamic loading of walls
and structures due to detonations can be considerably larger
than static loads imposed by heating the atmosphere alone.
Most hydrogen burns are expected to occur at concentrations
below the value needed for a detonation, but since the
transition to detonation can be influenced by obstructions in
the flame front propagation path, and by atmospheric turbulence
induced by fans or containment sprays, the possibility ot
detonation in containment cannot be precluded.

The third type of burn 1is a diffusion €flame, which can
occur 1t there is a steady, localized source of hydrogen into
an oxygen-rich atmosphere, where size and temperature is
limited by diffusion of oxygen into the flame zone. This is
the familiar flame of the kitchen stove or candle, and it can
occur, tor example, above the pressure suppression pool of a
BWR. It differs in effect from deflagration principally in
that the energy source is highly localized in space but greatly
extended in time, so that nearby structures and systems can
recelve excessive thermal loads.

The appeacance of radinactive gases and aerosols from the
primary system creates the need for other models not needed for
DBA analysis. First, the transport of radiocactive gases must
be considered. The noble gases are the easiest  -all that is
needed 1is an accounting for the heat they generate due to
radioactive decay, and, in some cases, an accounting for the
accumulation of dsughter isotopes and diminishment of the
parent inventories, as radioactive decay proceeds.

The non-noble gases may require more atteantion. In
particular, the concentration of scluble gases is affected by
absorption onto and desorption from wet surfaces, and sumps.
In addition, containment sprays can enhance the removal rate of
soluble radiocactive gases.

The presence of radioactive aercsols complicates the problem
even further. Small aerosol particles can remain suspended for
hours or days. Removal from the atmosphere th:ough deposition
on surtaces takes place via a number of distinct mechanisms
that are, 1in general, quite sensitive to particle size.
However, the particle size can increase through agglomeration.
Hence, accurate modeling of suspended radioisotopic inventory
in containment requires the analysis of aerosols as a particle
size distribution which evolves in time through agglomeration
and deposition.




Subsequent events in containment are strongly intluenced by
the mode of RPV failure, about which there is considerable
ancertainty. In particular, there is some question concerning
whether the pressure is relieved prior to gross failure and
nmelt release, or whether bottom head failure occurs at high

pressure. If the vessel fails at low pressure, the molten
debris will fall or pour 1into the reactor cavity at low
velocity. If there is a large water inventury in the cavity at

this time, a steam explosion (or fuel-coolant interaction) may
then quench some or all of the debris, generate a large steam
pressure "spike," and possibly eject the debris/water mixture
out of the cavity into the rest of the containment.

If the tailure occurs at high pressure (e.g., near the
telief valve set point) other scenarios may occur. ot
particular concern is the possibility that the melt will be
ejected first (perhaps out of a failed instrument penetration),
followed by a high velocity gas jet (hydrogen and steam) which
could have sufficient velocity to entrain the melt, fragment it
into small droplets, and eject it out of the reactor cavity to
other parts of the rcontainment.ll There are many potential
effects of such a process, but one of the most serious is the
possibility that the unoxidized metals (zirconium and steel) 1in
the melt could react chemically with the ocxygen 1in the
atmosphere, and the resulting heat, added to the sensible heat
of the melt, could be transferred to the atmosphere gas. The
result would be pressure and temperature locads on the
containment, which could potentially severely challenge the
containment integrity.1!?2

Debris that is not quenched or ejected from the cavity will
probably form a molten layer on the cavity floor, where
ablation of the concrete will take place as socon as it is
heated to its melting point. This debris concrete interaction
is important for a number of reasons. First, steam generated
from the boiling of water overlying the melt and gases produced
by the decomposition of the concrete can contribute to the

pressurization of the containment. Slowly, the failure
pressure of the structure may be approached, then exceeded.
Second, some of these gases may be combustible (e.g., hydrogen
and carben monoxide). These will add tc the existing
combustible gas inventory, increasing the thteat of containment
tailure from burns. Third, radioactive aerosols can be

generated and injected into the containment atmosphere,
contributing to the source term, but also affecting the
transport and deposition of the aerosouls that were released
earlier in the accident from the primary system. Finally, it
enough time passes, the erosion of the concrete may become very
extensive, resulting in penetration of interior walls (leading,
for example to ingress of water ‘nto a dry cavity) or
penetration of the concrete basemat, which could result in a
release of fission products into the groundwater beneath the
plant.

L5-
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The principal concern from a4 risk standpoint, however, is
not concrete basemat penetration, but failure or leakage of the
containment to the outside atmosphere. It is possible that
there are pre-existing leakage paths at the time of accident
initiation; these failure-to-isclate sequences can result, tor
example, from neglecting to close valves or hatches following

toutine maintenance or testing. Loss of containment integrity
can also occur as a result of the temperature or pressure loads
imposed by the <containment atmosphere. As these loads

increase, failure may occur gradually, through a leak which
depressurizes the containment slowly, or through a catastrophic
failure of a large section of the containment external shell.
There are two Kkey processes governing the loading of the
containment structure; first, decay heat is removed from the
debris by ablating concrete, boiling water, or heating gas:
second, heat 1s removed from the atmosphere by condensation and
convection heat transfer to the walls, floors, roof, and
intecnal structures (or heat sinks) of the containment building.

Since the TMLB' sequence is predicated on the absence of any
electrical power in a large dry containment, this brief chro.
nology of key containment phenomenology includes no discussion
of the effect of Engineered Safety Features (ESFs). In other
sequences or plants, these systems can play a key role, not only
in reducing pressures and temperatures, but also in reducing
the concentration of suspended radionuclides. As an example,
we can consider the S,D sequence, which is characterized by a
small break LOCA with a failure of Emergency Core Cooling, but
with containment ESFs generally available. Containment sprays
will have much the same effect for the severe accident as for
the design basis accident--that is, the cold water droplets in
intimate contact with the atmospheric gas will cool the gas,
condense steam, and reduce the pressure. One difference 1is
that in severe accident situations, superheated (rather than
saturated) conditions are expected during much of the accident
sequence, so spray models must be able to deal with such
conditions. More important, the sprays can have a dramatic
effect on the suspended radionuclide concentration, since the
falling droplets can collect the aerosol partticles as they
sweep through the gas, and can also absorb soluble gaseous
fission products (e.g., elemental iodine). The contaminated
water from these sprays will collect in the containment sumps,
along with other tission product- laden water which has condensed

on heat sinks and drained down. The heat from these fission
products can be sufficient to boil the water in these sumps,
adding to the steam concentration in the atmosphere. Fan

coolers can have effects on gas temperature and pressures
similar to those of sprays, and there is also a related fission
product decontaminating effect (principally through the
condensation of steam) though it is generally not as dramatic
as for containment sprays. lce condensers are extremely
effective pressure reduction systems that also work on the
principle of condensation of steam, in this case onto the
surface of ice whicnh is held in large baskets suspended in the

-16-




gas flow between the lower plenum and upper containment dome.
Again, fission product decontamination occurs primarily as an
accompaniment to steam condensation (the aerosols are swept
into the ice surface by the mass flux of condensing steam).

This narrative summary is not a complete survey of severe
accident phenomenology, but it should provide some petrspective
concerning the types of calculational tools needed for
analysis. But in addition to understanding the relevant
phenomena, it is also necessary to define what gquestions need
to be answered, before the reguirements of calculational tools
can be defined. This is the subject of the next section.

2.2 Categories of Severe Accident Questions

It should be apparent ¢from the description above that
severe accident containment phenomena are highly complex, and
moreover, a great deal of uncertainty exists concerning them.
In delineating the needs of calculational tools, At ke
important to understand the difference between this type of
analysis and more conventional engineering computational work
(e.g., for design studies). The severe reactor accident is
intrinsically a hypothetical and improbable event. Unl'.ke many
other safety engineering disciplines, there is virtually ne
historical record of vessel failure accidents from which to
ledarn. Consequently a wide range of event sequences and
alternative phenomenological scenarios is possible, aand the
experimental and modeling data base is often extremely
limited. Furthermore, the reactor and its containment are
extremely complex systems, and their designs vary substantially
from one plant to another. In addition, the fuel debris and
the materials it contacts are expected to be gsubject to extreme
conditions; consequently, the behavior of even small
sub-elements of these complex systems ig not easy to predict.
Laboratory-scale experiments improve our understanding, but it
is difficult to circumvent the fundamental difficulty in severe
accident analysis: extrapolation, both in physical scale and
system complexity.

These difficulties should be recognized as intrinsic *o the
problem, and should rot diminish the incentiva to develap
adequate analysis tools. The key questinn is what is
"adequate." To answer this it is necessary first to define
what questions the analysis tools are intended for. In this
section, we wiil identify a naumber of broad categories of
severe accident analysis gquestions, hoping to be complete
encugh to cover all, or almost all specific types of questions
which are currently encountered in reactor satety analysis.
Thage categories are:’

L. Containment loading and cesponsge.

2. Source term calculations.




3. Probabilistic risk assessment.
4. Equipment survival/accident management analysis.

Below, we will  briefly discuss the types of issue
encountered in each of these categories, with an emphasis on
the implications for modeling approaches. This discussion will
then serve as an introduction to subsequent sections in which
the focus will be narrowed to include only those types of
analysis which can be treated with the CONTAIN code.

Containment Loading and Response

There are a number of scenarios for the mechanism by which

containment wight fail. Some analyses are concerned with
failure due to excessive global pressure or temperature in the
containment. These loads could be due to long-term
pressurization (resulting from a combination of steam and
debris-concrete interaction gasesg). They could also result
from the combustion of hydrogen and/or cactbou monoxide
superimposed on the existing pressure. This type of analysis

does not require detailed information about local conditions
inside the containment, and, assuming that mixing processes are
sufficient, it is likely that a “control volume" or "lumped
patameter" treatment will be adequate. In such an analysis,
the containment atmosphere is divided into a relatively small
number of cells whose boundaries correspond to real physical
pactitions (walls, floors, etc.) in the building. These cells
are considered to be well mixed repositories of gas mass and
energy, and flow between cells occurs through tlow paths which
are typically modeled with orifice flow correlations. Since
combustion of gases is of concern, the fluid model must track a
nuuber of different gases as well as steam (which must be
treated as a two-phase material). There must also te a model
for combustion which is based on the global concertrations of
the various gases, and which predicts the energy and duration
of the burn. Since decay heating due to suspended fission
products is an important contributor to pressurization, some
way of modeling a volumetric heat source to the atmosphere is
also needed. The power of this heat source changes in time due
to the change in radioisotopic composition of the suspended
inventory, and Dbecause the aerosols and gaseous fission
products are removad from the atmosphere by a variety of
mechanisms. Some way of modeling this power history is needed,
either with a mechanistic aerosol behavior model, or by more ad
hoc methods. Clearly, mode2ls are also needed for the internal
sources of mass and energy, e.9g., gas from debris-concrete
interactions and steam from boiling sumps. The debris-concrete
mudel also should provide for radiant heat transfer from the
surface of the molten pool to the atmosphere or 1internal
structures.

These sources of pressure are counteracted by heat and mass
transfer to the heat sinks. Condensation heat transfer is the
dominant passive heat transfer process, and a model for it must

= ke



deal with a variety of thermodynamic conditions in containment
(e.g., superheated conditions). Because the heat conduction
process 1is highly nronlinear, provision must be made for
transient heat conduction into a number of heat sink structures
of different compositions and sizes. One dimensional heat
conduction modeling 1is wusually considered sufficient. This
model must also take account of the heating due to fission
products deposited on the structure surfaces. Finally, the
effects of engineered safety features on global contaiament
pressure and temperature and oun radionuclide location must be

modeled.

All of these features are compatible with a lumped
parameter code. However, there are some containment loading
questions which require a more detailed analysis of local
conditions in the containment. For example, 1if the mixing
forces are not sufficient, it is possible for there to be
substantial variations in combustible gas concentration
throughout the containment atmosphere. Of particular concern
is the possibility of local hydrogen concentrations exceeding
the criterion for detonation, even though, based on global
concentration, one would predict only a deflagration. Such a
problem would require a multi-dimensional analysis of gas
floew. Similacly, local sources of heat (e.g., a diffusion
flame at rthe location of a hydrogen source) could cause leakage
due to intense heating of a seal or penetration, which would
not be predicted on the basis of globally averaged conditions.

Another distinct analysis a4area is the prediction of
containment performance under these pressure and temperature
loadings. In pacticular, it is important to be able to
calculate the maximum pressure the containment can support
without loss of function (e.g., leakage or <catastrophic
failure). For such gquestions, attention must be focused on the
deformation of the outer shell of the containment at pressures
well in excess of the design pressure. Except when impact of
missiles or the effects of detonations are being considered,
the loads increase on time scales which are long compared to
characteristic response times for the containment structure, so
that only static loads usually need to be considered. However,
prediction of the containment performance is complicarted by
non-uniformities of the structural shell, e.qg., electrical
penetrations and hatches, which tend to concentrate stresses
and are often the initial failute points. Another concern is
failure of seals in the vicinity of penetrations without gross
failure of the structure. Degradation of seal performance is
most often considered to be a result of high pressure, but
excessive temperatures in the vicinity of the seal is also a
petential cause. The result is slow leakage as opposed to
massive failure.

The prediction of containment performance under severe
accident conditions has generally been accomplished with
specialized calculational tools which trea® the containment
loads as boundary conditicne. Neglecting feedback between
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containment locading and containment performance is no doubt an
acceptable assumption for the catastrophic failure scenario,
since the expansion of the containment volume prior to failure
is negligible for the loading analysis and, moreover, the
failure itself would occur on time scales very short compared

to characteristic times for thermal hydraulic response. For
the slow leakage secenario, however, the situation is not so
simple. At a minimum, the feedback between containment

pressure and leakage must be included in the calculation. One
approach is to incorporate parametric models for effective leak
path area as a function of pressure or temperature in the
containment loading codes. Such models could be developed from
detailed analysis of seal response performed independently of
the loading analysis. However, additional complications arise
when the effect of aerosols on leak paths is considered, since
deposited aerosols may actually change the flow characteristics
of the leak path. The extent to which euch aerosol deposits
could quantitatively affect the leak rate is uncertain, but it
is likely that the aerosol particle size distribution exiting
the leak path would be affected (a phenomenon of more
importance to source term issues than containment loading).

Source Term Calculations

Here, the goal is to predict the released inventory of
radicactive material in the event of containment failure or
leakage. As in the case of containment loading calculations,
it is necessary to predict the global thermodynamic conditions
in the atmosphere, but there are other requirements as well.
Because of their importance to off -site consequence analysis,
it is important to provide more detail about the radioisotopes
than would be necessary if only loading were of concern.
Quantitative prediction of the radioisotop: release to the
environment (the source term) requires detailed moceling of the
aerosol particle size distribution 1in containment and the
radicisotopic composition of each particle size class (though
it is common to consolidate the hundreds of possible isotopes
into a smaller number of groups). Again, contral volume
treatments for aerosol behavior are adequate, if it ecan be
assumed that adequate mixing forces exist.

The source term to the environment is essentially
determined by the concentration of suspended radionuclides at
the time of containment failure and/or by the history of the
suspended concentration over the period during which leakage
from the containment occurs. The aerosol component of this
concentration may vary over five or more orders of magnitude
duting the course of the accident sequence (several days). In
considering the accuracy requirements for integrated
containment models, it 1i& necessary to consider this fact in
conjunction with another fact: early containment failures are
expected to be much less probable than late failures, &0 the
difference in source terms between early and late failureg may
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be compensated by the difference in probabilities. Moreover,
considerable uncertainty exists concerning these probabilities.
These considerations result in one of the most difficult
challenges to integrated containment 3analysis: predicting the
aerosol and radionuclide concentration with reasonable accuracy
at both the low and the high end of the concentration
range--that is, at both early and late times.

Models for engineered safety features must be considerably
more sophisticated for soutrtce term calculations, because the
decontaminating effect of the sprays, fan cocolers, pressure
suppression pools, and ice condensers must be modeled. Some
treatments separate the analysis of thermal hydraulic and
decontamination effects of ESFs completely, greatly simplifying
the analysis, but there is evidence that a coupled analysis is
needed for some cases (e.g., see Section 4.4).

Probabilistic Risk Assessment

The principal difference tor this type of application is
that a large number of calculations are typically tequired for
any given study, and that accuracy requirements are
considerably relaxed, since uncertainty 1is inherent in the
analysis method. The emphasis tor modeling therefore becomes
speed, and alsc user access to uncertain parametersg, so that

estimates of uncertainties in risk can be made. It is also
more important to be able to perform complete calculations
iavolving the primary system, containment, and ex- plant

consequences in the same computational run, so that lacge
numbers of calculations can be pertormed without close
monitoring of interfaces by the analyst. These are some of the
goals of NRC's MELCOR code,? which also has specialized
features allowing automatic statistical analyses of the results
of large numbers of runs. More detailed models can be used to
benchmark the simpler treatments of the PRA code.

Equipment Survival/Accident Management Analysis

The principal concern for this type of problem is the
successful performance of equipment in contsinment for control,
instrumentation and accident mitigaticn. In the past, a
convenient aseumption for risk studies has been either that
thete is no operator intecrventior, ot that the operator actions
assumed to occur are unrelate.: to conditions or perceived
conditions in the reactor or the containment. More recently,
this simplification has been questioned, and more realistic
analyses are needed of what information might be available to
the operator during an accident, what actions mighkt be possible,
and what effect these actions might have. one reason such
analyses are difficult is that human factors must be taken into
account. Of more interest to the present discussion, however,
is the affect of extreme conditions on instruments, cables, and
control devices. The principal difference between thie problem
and the global containment loading problem above is that the
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conditions in the vicinity of tLhe equipment may not be properly
approximated by globally averaged conditions. It is unclear
how tine a nodalization is needed for such analyses, and what
the appropriate calculational technique should be.

For the remainder of this report, we will be natrowing our
focus of attention to deal only with those types of analysis for
which the CONTAIN code was developed. These are primarily the
containment loading and source term problems. In particular,
the broad range of phenomena treated (including aerosol and
fission product behavior as well as thermal hydraulics) make
CONTAIN particularly suited to best-estimate gource term
calculations. (By “"best-estimate” code, we mean that
state-of-the-art models are used and that there 18§ no
intentionil bias towards "conservative' results.) However, in
its publicly released configuration (version 1.0), it is a
lumped parameter code, and the explicit numerical solution
technique used is not well suited to nodalization of open
containment volumes into many small calculational cells.*
Hence, analysis of multi-dimensional effects are not easily
performed, and when these effects are a dominant part of the
problem, the use of CONTAIN 1.0 is not advisable. Fortunately,
there is a broad class of analysis problems for which these
assumptions are acceptable.

* Developmental versions of (e.g., 1.04 and beyond) CONTAIN have
telaxed these restrictions.



3. THE CONTAIN CODE FOR SEVERE ACCIDENT CONTAINMENT
ANALYSIS: SURVEY OF MODELS

3.1 General Approach--Integrated Analysis

It should be clear from the preceding discuscions that the
tange of phenomena of importance to severe accident containment
analysis is very broad, and that, although the state of the art
of modeling these phenomena is evolving rapidly, ther:» are
still many areas for which adequate models do not exist, or for
which existing models remain unproven. A full discussion of
the status and needs of analytical methods for all of the types
of questions described in Section 2.2 would be beyond the scope
of this report. Therefore, we will now narrow the focus of the
discussion to a subset of these questicns, namely, the source
term and containment loads issues which can be addressed with a
code utilizing the well mixed atmosphere assumption in a
network of one to, pechaps, twenty control volumes. In
particular, we will consider a series of calculational studies
pecformed with the CONTAIN 1.0 computer code.

CONTAIN is unique among containment analysis tools in that
it simultaneously models thermal hydraulics, aerosol behavior,
and fission product decay, heating and transport. Because of
the breadth of range of these phenomena, it 1is sometimes
necessarty to use simplifications in the modeling (e.g., the
well-mixed assumption). However, CONTAIN is the only tool
available to analyze some of the synergistic effects which can
occur when feedback loops among many disparate phenomena are
taken into account. Figure 3-1 indicates some of the couplings
among these phenomena. ln some cases, analysis with CONTAILIN
indicates that the coupling effects are not important, and that
the use of separate effects codes linked together through
one-way data transfers is justitied. ln other cases, it is
tound that the feedback effects are significant, and that it is
not possible to obtain accurate results without an integrated
analysis approach. Examples of both types of findings will be
given in Section 4.

The purpose of the present section 1is net to give a
complete introduction to the CONTAIN computer code, but only to
provide enough information that the results to be presented in
Section 4 will be meaningtul to the reader who is unfamiliar
Wwith the code. Mathematical details will be given only when
needed to clarify the discussion of the calculations to follow,
and only concerning those features of the code which were
activated for those calculations (e. 3., models tor Liquid
Metal Reactors will not be discussed). A more complete
description of the code's teatures and models can be found in
the User's Manual.l
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Figure 3-1. Potentially important coupling effects among
aerosol behavior, thermal-hydraulics, and fission
product decay, neating and transport.

3.2 Atmosphere Thermodynamics and Inter-cell Flow

Figure 3-2 shows a typical reactor containment building
reduced to a network of interconnected compartments or “cells”.
The cells represent the internal subdivisions of the reactor
containment building, and one of the principal modeling assump
tions in CONTAIN is that gases and aerosols are 'well-mixed"
within each of the cells. Because the numerical solution
technique in CONTAIN 1.0 is explicit, each calculational cell
is usually chosen to correspond to a portion of the containment
volume which is relatively distinctly bounded by physical
pactitions (e.g.., walls, floors). (Future versions of
CONTAIN, using implicit sclution techniques, will not have this
testriction.) The cells communicate with each other by means
of gas flow resulting from pressure differences and/ort heat
flow (thermal conduction through intervening structures). The
environment outside of the containment building can be con
cidered as one of the cells, so that a radio'ogical release to
the environment appears as a flow into that cell.

The general inter-compartment flow equation 16 a simple
temporal acceleration equation including the effect of the
flow path as a friction effect.
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whete ng is the mass flow rate (kg/sec) between cells i and

§ the pressure difference between them, Aijy is the
flow ath area, p 1is the gas density, Lij is the effective
length of the flow path and C is the discharge coefficient.l3
For many calculations, the effect of the inertia of the material
in the flow path is negligible, so the left side of Egq. (3.1)
can be set to zero. This gives the quasi steady flow option,
which is a simpler equation to solve.

The atmosphere not only 1s a repository for the masses of
steam, w<ater, and noncondensible gases, but it also exchanges
heat with a number of other components in contact with it. In
particular, heat sinks typically absorb heat from the atmosphere
through condensation and convective heat transfer. Also, heat
from the decay of gaseous or aerosol-borne fission products is
added to the gas mixture. Finally, combustion of hydrogen adds
additional heat,.

An arbitrary number of heat sink structures within each
compartment can be treated, and each structure can be composed
of an arbitrary combination of layers of different materials.
The floors, walls, roof, as well as the surfaces of enclosed
objects such as pumps or other machinery, are approximated in
the input by choosing shapes that most closely resemble the
objects to be modeled. Slabs, hemispheres, and cylinders are
used as a standard set of shapes from which the choice can be
made, and the heat conduction equation 1is solved in one
dimension for the appropriate geometry. The heat released by
fission products deposited on surfaces by condensation or
aerosol deposition is taken into account in the heat conduction
calculation.

Under most circumstances, the dominant mechanism for heat
transfer is condensation of water on the heat sinks. Because
CONTAIN must deal with a broader range of conditions than DBA
codes, its model for condensation and evaporation mass and heat
transfer is more general and mechanistic than what is usually
found in such codes. A boundary layer in the atmosphere
contributes the principal thermal resistance under condensing
conditions. This is because the coolant vapor must diffuse
through a region of enhanced noncondensible conrentration and
depleted condensible vapor concentration. This resistance 1is
considered to be in series with smaller resistances of a
condensate film and a layer of oxide or paint at the structure
surface. Condensation and convection (i.e., conduction through
the turbulent boundary layer) are treated as occurring
simultaneously. To obtain a condensation rate, it is necessary
to have a mass transfer coefficient. Since appropriate
correlations for such cefficients are not
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generally available, wuse is made of a mass transfer/heat
transfer analogy which provides a mass transfer coefficient in
terms of a Nusselt number (dimensionless heat transfer
coefficient). The Nusselt number is then calculated through a
variety of correlations which depend on wall aad atmosphere
conditions, and the type, dimensions and orientation of the
structure. This method of calculating condensation heat and
mass transfer is similar to the one outlined in Reference 14.

The condensate film which accumulates on the cold surfaces
plays a minor role in the heat transfer process, but it can be
relatively important in accounting for water inventory in the
overall containment calculation. To account for it CONTAIN
calculates a film thickness which varies in time according to a
simple model for the accumulated condensate mass on each
exposed surface. When the thickness builds wup beyond a
specified amount, any additional condensate is assumed to flow
off to the containment sump.

Hydrogen burns are assumed to occur whenever the levels of
oxygen, hydrogen, and water vapor are within certain concentra
tion ranges. 1In particular, if the oxygen mole fraction exceeds
5%, the hydrogen mole fraction exceeds 8%, and the steam mole
fraction is less than 55%, a hydrogen burn ignition is assumed
to occur. These 1ignition criteria are taken from the HECTR
code for hydrogen combustion analyses.!® A number of other
burn characteristics are also treated with HECTR correlations
(which are experimentally based). These include the degree of
completeness, burn duration,, and criteria for propagating from
one cell to the next. In CONTAIN, the burn is always treated
as deflagration, and all of the heat released is deponsited in
the atmosphere.

State variables (such as femperature, pressure, and enthal
py) are calculated according to equilibrium thermodvnamics.
The pressure of the noncondensible gases and the condensible
vapor under superheated conditions is given by the ideal gas
relation. Under saturated conditions the pressure of the
condensible gas is equal to the saturation vapor pressure.
Analytic expressions for the saturation vapor pressure and for
the specific enthalpies of the noncondensible and conlensible
gases are stored internally.

3.3 Aerosol Behavior (MAEROS)

One of the principal purposes of CONTAIN is to chatacterize
the radiological source term in the event of containment
failure. Aervsols are one of the prinecipal mechanisms for
transport of radiocactive materials within the containment and
to the external environment, should containment failure occur.
The MAEROS module in CONTAIN allows for a multi sectional,
multi component treatment of aerosols.'® This means that the
particle size distribution is discrete ("multi sectional”) and
can therefore have an arbitrary shape, and that each patticle
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size class can have a different composition among several
component materials ("multi-component”). One of the unique
teatures of CONTAIN is that condensation/evaporation of coolant
onto aerosols 1is modeled in a manrer consistent with the
atmosphere-thermodynamics calculation. Moreuver, these
processes can occur simultaneously with condensation or
evaporation from heat sinks.

The evolution of the aerosol particle size distribution
proceeds under the influence of four general processes:

(a) agglomeration (or coagulation), whereby two
particles collide and form a larger particle

(b) deposition onto surfaces

(¢) size change through condensation or evaporation
of water

(d) sources of aerosols.

Figure 3-3 illustrates the effect each of these four processes
has on a typical particle size distribution.

The evolution of the aernsol particle size distribution is
governed by a complex integro differential equation. Gelbard
and Seinfeldl” have developed a method of discretizing this
equation into a form which can be solved numerically. The full
range of particle diameters is divided into m "sections”, and
the equations are integrated over each of these sections,
resulting in a set of "sectional equations”. 1If the subdivision
of the particle size range is chosen such that each section
corresponds to particle masses which are at least twice the
mass of the previous size class, these equations can be written:
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Here, Q: is the mass of material k in size section 1,
and

Q. = L Q - (3.3)
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Figure 3-3. Schematic illustration of the typical effects of
the four aeroscl processes discussed in the text.
(1) the source shown adds small particles;
{2) agglomeration increases the population of
larger parcticles at the expense of smaller ones;
(3) condensation accomplishes the game hotizontal
effect on the distribution, but it also adds mass
at the same time: (4) deposition processes remove
mass, particularly the larqger particles (it
gravitational effects dominate).

Each term in Equation (3.2) represents a distinct mechanism
for changes in mass of material k in a particular size class.
The first three represent growth through agglomeration. The
first involves addition of mass from smaller particles without
enough addition to move the agglomerated particle into the next
higher size class. The next two terms account for movement of
particles 1into the % size classe from the next lower one
through agglomeration with a still smaller particle. The
fourth term represents losses from the f class resulting from
movement into the next higher one due to agglomeration with
other particles.




The Bj; are called sectional coefficients, and they can
be evaluated by using a variety of formulas which incorporate
the effects of the different physical processes operating.
These include gravitational agglomeration (a larger particle
overtakes a smaller one as they both fall) and agglomeration
through diffusion (either Brownian or turbulent).

K K K

The sl. Rl and G' are mass change
rates from sources, deposition, and growth, respectively. In
CONTAIN 1.0, sources appear either through intercell flow or
via user -specified input tables. {(Future versions of CONTAIN

will include sources from release processes such as
debris-concrete interaction phenomena )

Deposition occurs through a number of processes, including
gravitational settling, diffusion to surfaces, thermophoresis
(a Brownian process causing migration of particles towards
higher temperatures), and diffusiophoresis (deposition induced

by condensation of water vapor onto surfaces). For some ESF
decontamination calculations, a fifth process, inertial
impaction, is included. Again, these processes are accounted
for in CONTAIN through formulas for the R: in terms of
various state variables. These expressions are given in
Reference 16, except for impaction, which is given in

Reference 18.

The condensation term, G: used in CONTAIN 1s taken

from Reference 19. Both condensation and evaporation may take
place on aerosols, and either process can occur simultaneously
with condensation or evaporation from heat sink surfaces.
Condensation on and evaporation from aerosols is one of the
principal couplings between thermal hydraulics and aerosol
behavior (see Figure 3 1).

These equations describe the evolution of the particle size
distribution within each computational cell. Each cell has its
own distribution, and the aerosols are carried from one cell to
the next by the gas flow (assuming zero slip). As we will see
below, the aerosols may be associated with fission products,
resulting in decay heating of the gas, heat sinks or water
pools, depending on what aerosol transport or deposition
processes have taken place.

3.4 Fission Product Transport, Heating and Decay

The composition of the fission product inventory in the
reactor core at the time of escram can be determined with
teasonable accuracy through a knowledge of the power history
and the application of any one of several well documented
“burn-up" codes. During a core melt accident, however, the
physical disposition of the radioisotopes is highly uncertain.
Because CONTAIN does not analyze in vessel phenomena, (it
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depends on inputs (rom the user or other codes to specify the
initial locations and time dependent sources of the fission
product inventory. From that point on, CONTAIN models three
aspects of fission product behavior: transport (which
determines the locations), decay (which determines inventories
of each isotope), and heating (which couples back to the

thermal hydraulic behavior).

To determine the location of the radioisotopes being
studied, CONTAIN tracks them as if they were physically
attached to a "host" material or structure. Each fission
product can be “released"” from one host and “accepted” by
another at rates which are specified by the user.

The reason for this flexible system of fission product
transport is that the masses of (ission products involved are
usually very small compared to the masses of the hosts, whose
transport is modeled in the thermal hydraulics analysis. Thus,
the movement of the radioactive material 1is controlled by the
movement of the nonradicactive materials, which 1is modeled
mechanistically. The principal uncertainty is in the physical
and chemical forms of the fission products and their affinities
for the various host materials. The experimental and modeling
data base for the release of fission products from fuel, and
for subsequent chemical changes in the various isotopes, |is
currently inadequate to provide reliable mechanistic models for
a code like CONTAIN. The release and acceptance formalism is
therefore used to allow the analyst to evaluate the
consequences of different modeling assumptions.

The decay of each radioisotope 1is modeled according to
user-specified decay chains, half lives, and decay powers.
This accomplishes two things: first, the daughter products may
be a different element, and may be released and accepted among
hosts at different rates; second, the heat of the radioactive
decay is deposited at the location of the host material. (This
is a simplifying assumption.) However, it is usually
undesirable to specify in detail all of the radioisotopes that
would contribute to decay heating, since this would require a
large amount of input. Normally, only a selected subset of
radioisotopes is of interest for health physics reasons, and it
is these radioisotopes that are typically speciftied by species
or, if desired, by fission product groups. The remaining decay
heat from the reactor fuel can be handled in a different way.
A standard decay power curve is used to calculate total decay
power as a function of time since shutdown. The powet
associated with the specified individual fission ptoducts is
subtracted from this total power, and the remaining power 1is
then deposited in a number of locations (coolant pool,
atmosphere, etc.) according to fractions specified in the user
input. This greatly simplifies many calculations.
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3.% Lower Cell Models

Each cell in CONTAIN is divided, tor computational
pucrposes, 1into an upper cell, dealing with the atmosphere and
solid structures in thertmal contact with it, and an (optional)
lower cell, dealing with liquids and fuel debris on the floor.
Core-melt accident scenarios generally lead to a breach of the
primary system and the development of some kind of “bed" or
“pool" of core debris and coolant in the bottom of the teactor
cavity. Ablation of the concrete floor and walls threaten
basemat penetration while simultaneously producing water vapor,
other gases, and aerosols, all of which carey tission products,
heat, and teaction products into the uppet containment
atmosphere. The lower cell model deals with these phenomena.
In some cells, not all of these processes will occur; for
example, the lower cell system may setve simply as & sump tor
collecting coolant.

The lower-cell model is a system of layers of differeant
materials which communicate with each other primarily through
heat conduction. These layers may include a conctrete layer,
intermediate layers, and a cooclant pool layer. The intermediate
layers allow for further breakdown into othetr layers such as
molten metal and oxide by products of core/concrete inter
actions. Because a high level of phenomenological uncertaintly
prevails concerning the contiguration of debris, coolant, and
other materials, CONTAIN allows the user to override the default
configuration and analyze other systems of layers.

The principal interaction among the various layers is heat
transfecr. Generally, each layer is treated as a single lumped
thermal mass, with heat transfer coefficients between layers
that are selected from a4 variety of correlations (or are
supplied through input). Two layers, however, are treated
in special ways. First, the concrete layer \is separately
nodalized, and one-dimensional transient heat conduction is
modeled. The concrete layer can also be ablated if the
temperature of the overlying material is sutficiently high.
Second, the pool layer is unique in that it can boil if the
temperature exceeds the pressure  dependent boiling
temperature. Coolant can also evaporate from ot condense onto
the pool surface.

As heat flows from che core debris into the conctete,
temperatures rise and the concrete suffers thermal ablacion.
The material becomes molten and begins to decompose. The
vaporized and liquefied materials mix with the core debris
where further chemical reactions take place. The chemical
reactions generate hydrogen, carbon mnonoxide, and other
products. The CORCON code, a detailed mechanistic code, models
these processes.?? CONTAIN has its own one dimensional model
for making these calculations, but it draws heavily trom the
CORCON code (which is two -dimensional). Because CONTAIN's
treatment is relatively simplistic, any problem in which
core/concrete intecactions are critical should probably use
CORCON-ModzZ, or an equivalent phenomenclogical code, for this
part ot the analysis. Many of the calculations described in
Section 4 make use of CORCON via mass and enerqgy tables.
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3.6 Engineered Safety Features

Virtually all nuclear power plants include Engineered Safety
Features (ESFs), designed to reduce pressure, temperature, and
fission- product concentrations in order to assure containment
integrity and limit fission product release should leakage
occur. CONTAIN 1.0 has detailed models for three major ESFs:
containment sprays, fan coolers, and ice condensers. Associated
with these models is a framework for constructing systems that
provide sources and sinks for the liquids connected with the
ESFs. The components available for such systems include tanks,
pumps, orifices, pipes, valves, and heat exchangers, as well as
user-speciilied external ligquid sources.

The ESF models are generally mechanistic in nature so that
their range of applicability is greater than would be possible
with more empirical models. Because of the integrated treatment
of fission products, aerosols, and thermal hydraulics, it is
possible to analyze the redistribution of fission products and

aerosols effected by the ES¥s.

The containment spcay system represents a nearly universal
safety feature in FPWR plants. This system provides a high
pressure, water spray to the containment atmosphere. Heat
transfer to the droplets and subsequent condensation of
atmospheric steam provide a rapid reduction in temperature,
pressure, and fission product concentrations. The sprayed
water, as well as much of the condensate, collects in a sump at
the bottom of the containment. Generally, the initial spray
source is the refueling water s*torage tank. When that source
is exhausted, water is pumped f(rom the sump, through a heat
exchanger, and back to the spray nozzles. A model has been
developed for CONCAIN that determines the heat transfer between
the droplets and atmosphere and the resulting evaporation from
or condensation anto the droplets.

The containment spray model allows for the removal of
fission products and aerosols as a result of the sprays. At
present the model allows for elemental iodine removal from the
containment atmosphere, as well as spray washout of airborne

aerosols. Models are included for diffusional deposition,
thermophoresis, diffusiophoresis, inertial impaction, and
interception. These mechanisms and their relative importance

are discussed further in Section 4.4,

Fan coolers are included in dry PWR containments to provide
non emergency cooliny and to augment the heat removal
capabilities ot the water sprays in the event of a4 LOCA. These
coolers consist of banks of finned, service water cooled coils
across which large capacity fans circulate the contaiament

atmosphere. CONTAIN has two fan cooler models, available
at the wuser's option, that provide reasonably mechanistic
treatments of fan cooler performance. The first model is
simiiar to that developed (ot the MARCH code b It is simple

33



and fast and reproduces the cooling capacity of actual plant
equipment under normal conditions adequately. It can be used
whenever the effects of non condensible gases or superheated
conditions are expected to be relatively minor.

A second, more mechanistic fan cooler model is based on the
condensation heat transfer formulations used throughout the
CONTAIN code. The model calculates condensation and convective
heat transfer coefficients which depend on the cell atmospheric
conditions. This model can treat the effects of non condensible
gases and superheated conditions. However, it requires a more
detailed knowledge of fan-cooler characteristics than the
simpler model described aboave.

Because of the relatively cool surfaces and high condensa
tion rates provided by fan c¢oolers, substantial amounts of
aerosol fission products will be removed from the atmosphere.
This process 1is included in the more detailed CONTAIN fan
cooler model.

lce condensers are used in some PWR containment systems to
condense steam released from the primary system during a LOCA.
In so doing they reduce containment pressure and temperature.
The CONTAIN ice condenser model uses the atmospheric flow model
to determine the dynamic and thermodynamic condition of the

air-steam mixture through the ice compartment. Flow through
the 1ice condenser can be initiated by pressure differential
criteria specified by the |user. Heat transfer to and

condensation on the ice structures is treated by the forced
convection/condensation wall heat transfer model that is used
throughout CONTAIN. As with the other ESFs discussed above,
the code models the effects of aerosol removal by the ice
condenser.

3.7 Modeling Limitations in CONTAIN 1.0

The preceding brief description of the CONTAIN code has
focused on the capabilities and features of the models. It is
also important to be aware of the limitations of those models,
80 that the significance of the calculations for any particular
application can be properly understood. There ate many reasons
for such limitations. Clearly, the modeling system is very
complex, and there are limitations of resoutrces, not only
computational time and memory, but also code development time.
Hence an element of judgment 1is required concerning what
simplifications to make, and what phenomena to neglect,.
Moreover, perceptions change about what is important, often
because of understanding gained from experimental research.
Thus, model limitations result from A combination of
inadequacies in the experimental data base, the unavoidable
time lag required to develop and implement models incorporating
the latest phenomenological understanding, and simple opragmatic
considerations of the limitations of human and computer
resources,
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An issue which is closely related to model limitations is
code validation. On one hand, successful validation (i.e.,
comparison of code predictions against experimental results)
can allay doubts which stem from simplifications inherent in
the models. On the other hand, even the most detailed analytic
methods must be considered somewhat speculative in the alsence
of experimental wvalidation. Considerable effort has been
expended in the validation of CONTAIN, particularly through
blind code prediction exercises.?!.22  jowever, there are
still numerous aspects of the code for which validation 1is
inadequate, partly because appropriate experimental data is
often lacking. This problem is not unique to CONTAIN, which is
probably better validated than most codeg¢ used 1in severe
accident analysis. However, the need for additional validation
must be Kkept in mind in evaluating the significance of the

predictions of CONTAIN.

In the remainder of this section, we will briefly identify
a number of key simplifications and assumptions which are made
in CONTAIN, so that the results to be presented in Section 4
can be understood in their proper context. We will discuss
these limitations in two categories, though the distinction
between them is not precise. The first cateqgorty involves
simplifying assumptions or other sources of uncertainty in
existing models. The second involves the actual neglect of
phenomena. The discussions will be very brief, since they are
intended only to be warning flags, not assessments of the
importance of the limitations for any specific application.

Simplifying Assumptions and Uncertainties in the Models

We have already referred, in Section 2.2, to the importance
of the well mixed atmosphere assumption. Clearly, any situation
in which spatial inhomogeneities within a single calculational
cell are important cannot be adequately modeled with a lumped
parameter code in which the cells are constrained to correspond
more ot less with compartments having real physical boundaries.
Such a limitation does exist in the released version (1.0) of
the code because the explicit numerical solver used suffers
from severe stiffness problems when cells are connected by
large-area flow paths. An implicit sclver for CONTAIN is under
development, which will allow a finer nodalization of the
atmosphere, but it is not clear whether or not some g¢gas
transport problems will require a true finite difference
treatment of the hydrodynamic partial differential equations.

There are other limitations in the flow models as well.
For example, intercell transport of aerosols or spray droplets
by diffusion or settling through flow paths is not treated.
These two limitations are related to the explicit solution
technique, since any practic.l calculation will generally have
flow path areas which are small compared to the cross sectional
area of any cell. Similarly, buoyant forces are generally
neglected for 1intercell gas transport because the explicit
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solver cannot handle them. Thus, natural convection processes
cannot be modeled 1in CONTAIN until the implicit solver is
implemented.

Another difficulty is that the treatment of blowdown jets
assumes spatially homogeneous condensation on aerosols,
neglecting the localized nature of such plumes or jets, and
probably underestimating the amount of liquid that falls out of
the jet immediately. (As discussed in Section 4.5, however,
this error is probably transitory.)

The hydrogen burn model is based on correlations developed
from experiments, and it can play a key role for many accident
scenarios, However, there are several parts of the parameter
space for which the existing data base is quite sparse, and the
correlations somewhat questionable. This is true, for example,
of the criteria for burn initiation, burn time, and burn
completeness, under conditions of relatively high steam ccncen
tration. Other important deficiencies in the combustion modeis
are the absence of a model for burning carbon monoxide and the
neglect of thermal radiation in the calculatiun of heat transfer
from the gas to the heat sinks. (These problems will be
remedied in the near future.)

The <cecay energy of radioisotopes is also treated in a
simple way; generally the host material receives all the decay

heat. In addition, heat from radioisotopes deposited on heat
sinks goes entirely into the first heat conduction node of the
structure. This treatment ignores the ability of gamma

radiation to penetrate materials (gases, liquids in the pool,
and the structural solids) and it also neglects the ability of
radioisotopes deposited on structural surfaces to heat the
gas. Section 4.1 discusses some calculational results which
shed some light on the magnitude of the resulting uncertainty.

Finally, there is a general category of limitations of
CONTAIN 1.0 models which involves nonmechanistic treatments of
various transport phenomena. In building the code, cognizance
has been taken of the existence of these phenomena, but the
current state of phenomenological understanding has been
inadequate to implement a validated, predictive model. Instead,
teatures have been implemented in the code to allow the user to
transfer conserved quantities at rates that are consistent with
his understanding of the problem under consideration. For
example, the fission product release and acceptance formalism
allows the user a great deal of flexibility in changing the
host assignments of the various radioisotopes as a function of
time. The structure of the formalism is not inconsistent with
many of the physico chemical processes governing the migration
of radioisotopes from one location to another, but the code
lacks a data base of release and acceptance coefficients
derived from experiment or theory. The principal reason for
this deficiency is that such a reduction of the knowledge base
would be a very large undertaking, and would necessarily be
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incomplete, since there is much about fission product chemistry
that is still not known.

Another example of nonmechanistic treatment of uncertain
phenomena involves interactions between molten debris and water
in the reactor cavity. When melt pours into the water pool, it
is likely that a steam explosion will occuc, though the amount
of debris and water participating in it are quite uncertain.
This process is not modeled explicitly in CONTAIN, but it is
possible to simulate the gquenching effect (with the user
controlling the timing ard the extent of participation of the
melt) with the lower-cel:. model. More mechanistic treatments of
such phenomena will be included in future versions of the code.

Neglected Phenomena

There are a number of phenomena or systems that may be
important in some applications but which are not modeled 1in
CONTAIN. In some cases, models are feasible and under con-
sideration for future improvements of the code. It is also
possible in many (but not all) cases to simulate the effect
of the phenomenon with the source tables or the other
nonmechanistic features of the code (as discussed above).
Below, we will identify a number of these neglected phenomena,
without attempting to discuss in detail the consequences of the
neglect, or to provide a complete list of such phenomena.

One area of concern is the possible feedback between the
primary system and the containment. It is possible that the
pressure and temperature in containment will affect the rate of
heat or mass transfer from the primary system. However, since
the containment atmospheric conditions will be confineda to a
range (e.g., 1-10 atmospheres of pressure) which is fairly
narrow compared to the primaty system range, this neglect is
not expected to be important except in special circumstances,
e.g., release of revolatilized fission products from the failed
RPV. Another issue is the treatment of the failed RPV when it
is exposed to the reactor cavity atmosphere through a large
opening (e.qg., following massive circumferential failure of the
lower head). With the remaining core and molten pool in thermal
contact (mediated either by radiation heat transfer or by
convection through the intecrvening gas), it would be difficult
to analyze this configuration without a coupled treatment.

Another general area that is lacking in the code involves

the generation of aerosols. The most important mechanism in
containment occurs at the molten pool surface during melt
concrete interactions. in BML 2104,% the VANESA model,

coupled with CORCON, was utilized (see Figure 1 1). A two way
link between CONTAIN and VANESA/CORCON is planned, but in the
meantime, these aerosol and radioisotope sources can be input
to CONTAIN through source tables (as is done in many of the
calculations discussed in Section 4). Other potential aerosol
sources to containment include those due to high pressure melt
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ejection from the RPV, &nd resuspension events (e.g., following
hydrogen burns and containment failure). At present, these must
also be suppliad to the code in the form of source tables.

We have discussed the fact that CONTAIN provides a number
of two-way coupling mechanisms between aerosol behavior and
tiermal- hydraulics. There are also some potential couplings
which have been neglected. For example, the possibility that
aerocsols may plug narrow leak paths, thereby affecting the
pressure and temperature histories has sometimes been
suggested. CONTAIN has no mechanistic models for this process.
Another, more important coupling is the transport of fission
products within containment via liquid pathways. Cf particular
importance is the possibility that aerosols deposited on walls
will be washed down by condensing steam, and be redeposited in
containment sumps. This process can be simulated, to some
extent, by the release and acceptance machinery, but a
realistic model would be preferable. Similarly, water that is
transferred from one ¢ell to another (e.g., by means of
engineered safety features) does not carcy dissolved or
suspended fission products with it.

A number of phenomena involving interactions between the
molten debris and concrete should be mentioned. The debris-
concrete interaction model in CONTAIN does not treat two
dimensional effects. Thus, radial ablation does not occur, and
it is not possible to predict penetration of interior walls
(leading, for example, to ingress of water to a previously dry
cavity). This deficiency can be remedied by replacing the
CONTAIN model with the CONTAIN/CORCON link. However, there are
a number of potential phenomena that cannot be so easily
handled. In particular, the effects of radiant heating of
concrete, which is not in direct contact with the melt, are not
modeled in CONTAIN or CORCON. These include ablation (perhaps
by spallation) and outgassing of steam or carbon dioxide.

The removal of molten debris or water from the cavity
because of hiqh velocity gas entrainment at the time of vessel
failure, or because of steam explosions, is another process not
modeled in CONTAIN. It may be important to consider not only
the transport of this material to the upper containment, but
also the heat transfer and possible chemical reactions between
the gas and the hot debris. Future versions of CONTAIN,
incorporating models taken from the MEDICI code?? will
improve this situation.

It should not be inferred from this brief summary of
modeling limitations that calculations performed with CONTAIN
1.0 will not be realistic. Many of the deficiencies are simply
a consequence of inadequacies in our current understanding of
severe accident phenomena. Furthermore, the potential impact of
most of the limitations can be assessed through the use of the
user-controlled features in the code (e.g., source tables, user
overrides, etc.). The ways this can be accomplished have been
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noted in numerous places above, but the best way to understand
how the flexibility of the code can be exploited is to consider
a number of detailed accident sequence calculations. This is
the subject of the next section.
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4. INTEGRATED CONTAINMENT ANALYSIS SENSITIVITY STUDLES

In this section, we will describe a number of sensitivity
studies performed with CONTAIN 1.0. The purpose of the studies
is to identify or 1illuminate one or another aspect of
integrated containment analysis. These calculations are based
on realistic accident sequences at actual pcwer plants, though
in some cases parameters have been chosen to emphasize
particular effects. However, in all cases, the inputs and
parameters chosen are believed to reside within the uncertainty
ranges for each plant/sequence combination.

4.1 Aerosol Deposition and Decay Heating

The effect of containment therwal-hydraulics on aerosols is
widely understood to be important for source term calculaticns,
but what is less widely appreciated is the fact that feedback
from aerosol physics te thermal-hydraulics can be an important
consideration when assessing containment loads and, ultimately,
the likelihood of containment faillure. Containment pressure
and temperature histories are required in such an assessment,
and these depend on a proper treatment of all energy sources,
including fission product decay heat. The CONTAIN code has the
capability to evaluate the feedback between heat sources and
the conditions that the sources are affecting within the

containment. An example of such a situation is the effect of
aerosol processes on the location, and hence the effects, of
decay heat sources (see Figure 1-1). In this section we will

focus on this coupling by means of a series of TMLB' accident
sequence calculations that differ only in the manner in which
fission preduct decay heat 1is treated. (The general event
sequence in a TMLB' accident was reviewed in Section 2.1.)

A useful simplification for analyzing the effects of decay
heating is to organize the major isotopes contributing to the
decay heat into a few radionuclide groups. The approximate
breakdown of the decay power of a PWR for times greater than
about an hour after shutdown is the following: 70% refractories,
20% iodine, 5% tellurium, and %% noble gases. For a TMLB'
sequence, the noble gases are slowly released through the
pressure rcrelief wvalve opening to the containment atmosphere
before reactor vessel failure, and then in large amounts at the

time of failure. These gases remain in the atmosphere as a
continuous source of heat diminished only by radiocactive
decay. Other decay soutces are released to the atmosphere

primarily as aerosols both at the time of vessel failure (pufft
release) and during core-concrete interactions (continuous
release) that occur later. There are also gsignificant
quantities of inert aerosols released atl vessel failure and
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during core-concrete interactions that, while they do not
generate heat, are an important part of the decay heat analysis
within the containment because they atfect the deposition rate
of the radiocactive aerosols.

Nonintegrated containment codes (e.q., MARCH) cannot
mechanistically treat! decay heat sources to containment when
these sources are in the form of aerosols which undergo natural
depletion. For such purely thermal-hydraulic codes, decay heat
from scurces other than noble gases are often modeled as
continuous heat sources to the containment gas throughout the
accident. However, for many species this treatment is
inaccurate. For example, there is evidence® that the
dominant iodine species for most accident conditions is cesium
iodide, Csl, which would be in aerosol form in the containment.
The calculations to be discussed in this section address the
sensitivity of containment conditions to aerosol heat sources.

As discussed in Section 2.2, thore i 8 considerable
flexibility in CONTAIN regarding the treatment of decay
heating; cach tission product can be input to the containment

atmosphete either 48 4 gas or aerosol, and either as an
individual isotope or as part of a fission product group with a
specified decay power curve. Once in the atmosphere, all decay
heat is deposited into the yas. When the aerosol is deposited
on stcuctures, the heat is deposited in the surface node of the
structure. (In reality, the decay power has a gamma radiation
component, which is absorbed partially in the gas and partially
in the structures. We will relurn to this point at the end of
this section.)

Fot the TMLB' sequence to be discussed here, the
containment is that of a large dry PWR, generally resembling
the Bellefonte plant. The containment phenomena occurring
during this sequence were outlined in Section 2.1. For the
CONTAIN calculations, a one-cell representation ot the
containment was used, the gas sources from the RCS are taken
from MARCH 2.0 output, and the gas sources from cote-concrete
intecactions are obtained from CORCON ModZ. Only two aerosol
scucrtcee are included, in order to simplify the problam. The
fission product decay source is input as one aerosol material,
named “Csl," while the inett aerosols are named "Other." The
"Csl" 1is released as a 40 kg puff at vessel failure. "Other"
is released as a 17200 kg putf, followed by an additional
continuous source which simulates the core concrete aerosols.
The aerosol sources are similar to those used in the QUEST
study? of the Surry plant, but are scaled here tc the 3,800
MWt Bellefonte plant.

To simplify the analysis of aerosol effects on decay
heating in the atmosphere, all the released decay pownr is
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assumed to be in the form of Csl. To be more accurate, one
would partition this heat between noble gases and a number of
aerosol groupings. However, since the noble gases represent a
relatively small fraction of the decay heat for a scenario with
maximum decay heat —release, the noble gas contribution ie
neglected here. The concern for the refractory contribution is
met by noting that only emall fractions of the refractory
inventories are released from the fuel, and it is unlikely that

this source will make a large contribution compared to products
(such as iodine) with high release fractions.

Figure 4-1 shows the containment pressure histories for
four different ¢treatments of decay heat within containment.
The boltom curve (Case 1) is a baseline calculation showing the

history calculated without any decay heat source. The 1initial
pressure rise is due to the steam and water sources reledased to
containment through the pressure relief valve. The next

pressure spike at about 6300 seconds is a result of the RPV
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Figure 4-1. Containment pressure for a TMLB' accident showing
the effect of various treatments of fission product
decay heating.

failure. The late time increase is due to Hp, CO,, CO and
steam, from the core-concrete interaction. The top curve
(Case 2) shows the effect of placing all the decay heat into the
gas, while Case 3 shows the effect of puttiny the decay heat on
the Cel aerosol. The span of nearly two atmospheres in pressure
at late time between Case 1 and Case 2 clearly shows the

.



importance of including decay heating when late time
containment integrity 1is an issue. When suspended fission
prodvcts are treated as aeroscls (Case 3), the pressure history
tracks a path that is about midway betweenr the two bounding
calculations.

These first three calculations (Case 4 will be discussed
later) indicate that late time atmospheric pressure can be
significantly reduced when decay products are considered as

aeroso.s rather than as gases. As an aerosol, the energy
source to the atmosphere is reduced not only by decay, but also
through rapid natural deposition processes. Some of the

heat-carrying aerosols are deposited on wall structures, and
some on floors; as a consequence, the location of the decay
power source is altered, as shown in Figure 4-2. Initially,
the heat locad in the gas is reduced. as steam released from the
failed vessel rapidly condenses on the cool containment walls,

taking with it suspended aerosols (the effect of
diffusiophoresis). Latet, agglomeration of the suspended
aerosols (primarily “"Others") increases the mass median

diameter enough that gravitational settling dominates, and
floors become the principal deposition surface. As the inert
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Figure 4-2. Partitioning of decay energy between structures

and the containment atmosphere when the decay energy is intro-
duced as fission product aercsols.
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aerosols settle out, they also sweepr out the Cs! aerosols,
carrying the decay heat to the containment floor. The sweepcut
process is quite rapid, illustrating the importance of including
inert aerosols for decay heat analysis. At times greater than
about 30,000 seconds, virtually all of the nearly 7.0 MW of
total decay energy is removed from the atmosphere and deposited
on structures, 30% going to walls and 70% going to the floor.

Thus far, we have discussed the location of the sources of
decay heat. Another concern 1s the proper treatment of the
absorplion of this energy. This 1s the purpose of Case 4 in
Figure 4-1, which is a variation on Case 3. To understand it,
it 1is necessary to review some simplifying assumptions in
CONTAIN's treatment of absorption of (fission product decay
power. As discussed in Section 2.3, all decay heat in the
atmosphere is assumed to be deposited in the gas, while fission
products deposited on heat sinks deliver their energy to the
surface node of the heat sink. In reality, most of the gamma
radiation energy will be deposited at some depth in the heat
sink structures (e.g., up to 10 cm or meore in concrete) almost
independently of whether the radionuclides are airborne or
deposited. On the other hand, significant fractions of the
beta energy from deposited radionuclides may be emitted into,
and absorbed by, the atmosphere.

There are Lwo opposing effects of these simplifications.
Since CONTAIN deposits all structure heating in the tirst node,
instead of at some depth, there is a tendency for the surface
tempecatures to be too high, and hence the heat transferred
from the structure back to the atmosphere through normal
convection or evaporation of water films on the surface 1is
overestimated (or else there is an underestimate of heat flow
in the opposite direction, which amounts to the same thing for
the present discussion). This effect by itself would lead to
overpredictions of temperatures and pressures by the code.
However, the heating of the gas due to gamma and beta radiation
from deposited fission products (which CONTAIN neglects) has an

effect in the opposite direction. Hence it 1is difficult to
predict whether CONTAIN s calculations would be too high or too
low as a result of these simplifications. However, a simple

variation of the CONTAIN input for Case 3 provides some insight
concerning the lower bound of the variation due to these
simplifications. This is achieved simply by deleting the floor
as a heat sink from the problem (but retaining it as a
deposition surface). This variation is Case 4 in Figure 4-1.
The result of deleting all floor heat sinke from CONTAIN is the
loss from the analysis of all the decay power associated with

fission products deposited on the floor. Since this is
esgentially equivalent to depositing the heat at an infinite
depth, and since the floor is the major repository of decay
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power at late times (see Figure 4-2), it 1is reasonable to
conclude that a proper treatment of gamma radiation deposition
would result in late time pressures higher than those obtained
in Casz 4. Obtaining a reasonable upper bound on the pressure
(other than Case 2, which is extreme) is not &0 simple, and
further progrese in this assessment will probably require
actual implementation of improved models in the code, an effort
beyond the scope of the present review, bul! one which 1is
actively being pursued as part of the continuing development of
CONTAIN.

We have focused on containment pressure, but other
gquantities are also of importance to the accident analysis, and
can be affected by the tireatment of decay heating. One such
quantity is relative humidity, which may be important to
aerosol behavior (a point to be discussed 1in more detall in
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later sectionte), and as a consequence, represents a link
between aercsols and thermal hydraulics which is a true two way
feedback loop. Figure 4-3 shows the relative humidity and

water mole fractions predicted icr Cases 2 and 3 as described
above. Clearly, the treatment which gives the higher pressures
(Case 2) also gives significantly mocre superheated conditions
as well as higher mole fractions of water. In subseqguent
sections it will be shown that such differences in relative
humidity and water mole fractions can have significant
censequences on  the nature of hydrogen burns, atmospheric
turbulence, aad aerosol shape factors.

4.2 Depressurization Condensation on Aerosols

The Nuclear Regulatory Commission (NRC) and the American
Nuclear Society (ANS) have recently published source term
studies which predict the leakage of radionuciides from a
reactor containment building as a result of a containment
failure during overpressurization.®.3 In the case of early
failure, the overpressurization occurs coincident with reactor
pressure vessel (RPV) melt-thruugh when large quantities of
high temperature steam and hydrogen are released from the RPV.
The primary component of the total containment pressure igs the
water vapor partial pressure. Unless the containment
atmosphere is superheated to a substantial degree,
depressurization will cause substantial condensation of water
-0 the atmosphere, similar to what occurs in a Wilson cloud
chamber. For source term prediction, an interesting aspect of
the depressurization 1is that atmospheric condensatien can
enhance aerosol settling, and can therefore pactially
decontaminate the containment atmosphere during the release
phase. The resulting natural depletion may be significant in
reducing source terms for certain accident sequences and rates
of depressurization. Failure to include condensation may
therefore result in source terms which are overly conservative.

When containment thermal hydraulics are decoupled from an
aerosol transport calculation, as has been the case in both the
NRC and ANS studies, there is a tendency to neglect certain
coupling phenomena which are difficult to interface between two
dissimilar codes. Condensation of water on aerosols is such a
coupling, and since it has been neglected in previous source
term calculations, it seems worthwhile to investigate the
sensitivity of atmospheric condensation for a selected accident
scenario.

In the following calculations for the TMLB' accident
gsequence, the quantitative effect of condensation during
depressurization for two containment failure hole sizes,
0.8 m2 and 0.02 m2, is analyzed using CONTAIN input options
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to selectively turn off atmospheric condensation for times
following containment failure. The calculation makes use of
the containment description (passive heat sinks and volume) of
the Zion nuclear plant. The steam and gas sources into con-
tainment during the accident sequence are obtained from MARCH
calculations. Two aerosol sources are included: an RPV source
that is a puff release of 100 kg at the time of vessel failure
(13000 seconds), and a continuous release of aercsol in the
cavity that simulates the core/concrete source, beginning at
the time of RPV failure. For brevity, only the cavity aerosols
are considered here.

The containment pressure histories for the two failure hole
sizes are shown in Figure 4-4. The containment failure time
(19000 seconds) was chosen arbitrarily to occur slightly after
the time of maximum overpressure so that there is no suspended
water aerosol present at the time of depressurization. The
containment atmosphere is approximately 6 degrees superheated
at the time of containment failure. Fission product heating 1is
neglected in the calculation for simplificity. It should be
pointed out that the analysis is not based upon actual failure
pressures for the Zion containment, which are much higher than
the pressures calculated here. However, the purpose of the
calculation is to provide insight that may be usea to judge the
relative importance of a selected phenomenon that may be
occurring during a severe accident.

As the containment depressurizes, atmospheric water vapor
condenses on suspended solid aeroscls. The mass of water
condensed on the aerosols 1is dependent on the rate of depres
surization, i.e., the containment hole size. For the example
problem, Figure 4-% shows that the slow depressurization
results in a peak suspended water aerosol mass of ~ 1100 kg,
while the more rapid depressurization produces three times that
amount. These water aerosol masses can be compared to the more
than 140,000 kg of water vapor present in the atmosph=2re at the
time of containment failure. The relatively small condensed
fraction implies that the atmospheric thermal hydraulics within
the containment are insensitive to the condensation process.
The depressurization curves of Fiqure 4.4 therefore apply
whether condens&sti:o is arcounted for or wot.
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In the CONTAIN code, aerosols are assumed to flow between
cells (e.g., from the containment to the envircnment) without
slip along with the atmospheric gases. The rate of aerosol
transport out of the containment is therefore proportional to
both the aerosol concentration within containment and the gas
flow rates out of the containment. The rate of deposition of
the suspended aerosols onto surfaces is dependent mainly on
mechanisms involving condensation, aerosol agglomeration, and
gravitational settling, all of which take time to have an
effect. If the leakage of solids is to be significantly reduced
by the condensation effects, the aerosol processes must have
time to act btefore containment depressurization is complete,
since it 1is during containment depressurization that most of
the release of gases and aerosol will take place.

For the slow depressurization case (0.02 m® leak size),
Figure 4-6 presentc the suspended masses of the cavity aercsols
within containment as calculated with and without condensation,
starting at the time of containment failure. It is apparent
that condensation effects eventually reduce the concentration
of solid aerosols by large factors, but the effect is not
immediate. Condensation begins about 1000 seconds after
containment failure, but another 3000 seconds are required
before the combined effects of condensation and enhanced water
aerosol agglomeration substantially enhance the settling rates
of the latter. During the first 4000 seconds following a
containment failure, therefore, leakage of solid aerosol from
containment is almost independent of whether condensation has

been occurring. However, depressurization of the containment
is incomplete at this time, and the subsequent release 1is
substantially reduced by the condensation effects. Overall,

the effect upon the total time- integrated release is
significant, as can be seen in Figure 4-7.

In the case of the rapid containmeanl dJdepressurization
(0.8 m? leak size), gas flow rapidly transports the aerosol
out of the containment. The amount of condensation is actually
larger in this case than in the slow depressurization case, and
the delay in the effects of condensation upen the amount of
airborne solids 1is somewhat shorter. However, containment
depressurization is so much faster that it is complete before
condensation has any effect. Hence, the impact of condensation
upon the amount of aerosol released is insignificant.

In summary, atmospheric condensation during containment
depressurization can have a significant decontamination effect

- 49.



~N

o

o
T

160 +

120

-4

\ CONDENSATION
40 - CONDENSATION ON )
ON

o - > 4
12 18 24 30 3€
TIME (ks)

AIRBORNE CORE-CONCRETE AEROSOLS (kg)

Figure 4_.6. Suspended masses of cavity aerosols within
containment showing the partial decontamination
effect caused by water condensation following the
depressurization.

240
)
x - g > S
~ 200} f “SSLARGE LEAK 1
« CONDENSATION
Q ! OFF AND ON
= 160 e
F 1 o
-l 'o'
8 CONDENSATION_ .-~
o 120 + ' OFF B',.f .
£
<«
w 8 1
=
-3
g 40 +
x
<
° 4 | A
18 21 24 27 30 a3 36

TIME (ks)

Figure 4-7. Reductions in leaked cavity aerosols when water
condensation within containment is modeled for two
widely varying depressurization rates.

-50-




that will reduce leaked radionuclide aerosols. The
depressurization must, however, be slow enough to allow the
processes of condensation, agglomeration and gravitat.onal
settling to reduce the aerosol density during the time when
the driving pressure within containment 1is still high. The
reduction factor of 0.6, obtained in the example calculation
for a slow depressurization, 1is not large compared to some
other uncertainties in the source term, but it 1is also not
insignificant. 1In other sequences or scenarios, the effect may

be larger.

This analysis is not intended to be an exhaustive study
of this effect; the point to be made here is simply that there
are many potentially important phenomena that couple thermal
hydraulics to aerosol transport. For some accident scenarios,
the coupling is weak, but for others it can be quite strong.
To evaluate the magnitude of such effects, it 1is generally
necessary to use an integrated aerosol/thermal hydraulic

analysis.

83 Effects of Steam and Heat Sources in the Stac,on Blackout
Sequence %

Once the reactor vess~l has failed, impor-ant sources to
the containment include noncondensible gases, steam (e.g., from
debris concrete interactions), aerosols, radionuclides, and
thermal energy. The 1influence of aerosol and radionuclide
sources was considered in Section 4.1. In this section the
effects of steam and energy sources 1s considered. The impact
of these sources upon possible hydrogen burns, containment
thermal hydraulic conditions, and certain parameters that
affect aerosol behavior will be discussed.

The containment to be studied for this analysis is that
of the Surry plant, a Westinghouse large dry PWR in which the
containment is held at a subatmospheric pressure (typically 0.7
bar). The sequence to be used as an example is basic lly the
Surry TMLB' sequence used as a base case in the QUEST study
discussed in some detail 1in Reference 2, except that the
releases of radinnuclides and aerosols from the RCS when the
vessel fails were reduced by factors of three to five, in order
to better conform with the final results of BMI 2104,
volume 5. The parameter variations c¢hosen are illustrative
rather than intended to represent best estimates for specific
accident scenarios, though the values are taken from the range
thought to be credible for these parameters. P single cell
representation of containment was used.



In the tase case for the Surry TMLB' analyses considered
here, the only long-term sources (o the containment were those
from core-concrete interactions as calculated by the CORCON
code. These involved a small amount (typically -0.1 kg/sec)
of very hot steam plus noncondensible gases with a total
enthalpy input corresponding to roughly 0.5-1 MW of sensible
heat. In addition, decay heat ftrom airborne radionuclides
tanged from about 1.5 MW immediately after vessel failure to
less than 0.5 MW at late times (> 10 hr) into the accident.
Though the noncondensible gases generated were not very
significant as a source of containment pressurization, a major
component of the gas was hydrogen in amounts sufficient to be
important in terms of potential hydrogen burns. In the TMLB'
sequence, steam inerting is expected to preven:. this hydrogen
from burning until some substantial time after vessel failure,
but sufficient condensation may eventually occur to permit
combustible gas compositions to develop (a proc:ss referred to
as "de-inerting"). Since 1inerting permits latge amounts of
hydrogen to accumulate without burning, the burns that result
when Je-inerting finally does occur can be especially severe.
The calculations to be described below illustrate that the
occucrrence and timing of de inerting burns in the TMLB'
sequence is gquite sensitive to the steam and energy soutrces to
the containment.

It is entirely possible that there are additional sources
of steam not properly accounted for in the base case source
term calculations. Radionuclides released from the fuel can be
tcansported ¢to the sump or other water pools where the
tesulting decay heating can generate steam. Steam generation
rates of up to 1 kg/sec, or somewhat more, could result from
these processes. Larger steam sources are possible 1f water
can flow to the cavity and interact with the melt. Though this
may be unlikely for the Surry TMLB' sequence, it could occur in
TMLLB' events at other PWR plants and might be important for
other sequences at Surcty. Still other steam sources that may
exist include steam released from concrete heated by radiant
energy and hot gases coriginating from the melt in the reactor
cavity.

Many of these various steam sources are not modeled

mechanistically in CONTAIN. Though progress 1s being made,
inadequate understanding of some of the phenomena involved have
limited the capability to develop mechanistic modeling. For

example, modeiing of transporct of tadionuclides within
containment via liquid pathways would require information as to
the detailed physical and chemical properties of the
radionuclides involved, and this information is not presently
available. Despite the lack of mechanistic models for these
processes, CONTAIN can be used to simulate their effects 1in
various ways, and the code can therefore be used to investigate
the consequences of postulated steam sources that might result
from these effects.
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In addition to steam sources, there exist othet potentially
important sources of thermal energy to the containment. In
particular, <core-concrete interaction calculations for the
Surcy TMLB' sequence employing the CORCON Mod2 code indicate
that radiant heat loss from the upper surface of the melt is of
the order of 10 MW, assuming a high effective emissivity for
the melt. The fate of the radiated energy is quite uncertain.
It is not known whether thiv radiant energy heats the gas ot
heats the adjacent structures or is simply reradiated back to
the melt surface. The opacity of the aerosol-laden atmosphere
above the melt is cne of a number of contributors te this
uncertainty. As in the case of the additional steam sources,
it is possible to use the CONTAIN code to explore the sensitiv-
ity of the containment response to the additional heat sources.

Calculations were run for the Surcty TMLB' base case (which
does not include the sources discussed above) and for variations
with the following additional sources specified:

A. A source of L kg/sec saturated steam (enthalpy = 2.73
MJ/kg), relative to water at 2731°K,

B. A source of 2.24 MW of thermal energy, without
additional steam,

e Both (A) and (B) together,

D. A source of 10 MW of thermal energy, without

additional steam,
E. Both (A) and (D) together.

All these sources were assumed to start at vessel failure
time and continue until the end of the calculation, 20 hours
after accident initiation. The thermal energy input in case B
is equal to the latent heat of the steam input in case A. The
thermal energy input in the last two cases is intended to
tepresent approximate upper limits to the energy that might be
radiated from the melt to the overlying atmosphere, and may
well be larger than is realistic.

Effects on Hydrogen Burns

The pressure-time histories for all six cases are shown in

Figure 4-8. 1In all cases, there is an initial pressure rise to
abou® 5.4 bars due to vessel failure and steam generation when
the accumulators dump onto the melt. Strong hydrogen burns

occur in the base case and in cases A and B, while the other
three cases remain steam inecrted throughout the calculation
(and would probably remain so indefinitely if the late time
sources continued indefinitely).
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Table 4-1

Effect of Steam and Heat Sources on Hydrogen Burns

Additional
Sources? Burn
Initia- Duration Maximum
Steam Heat tion Pressure
Case (kg/s) (MW) (s) (s) (bars)
Base 0 Q 28266 88.1 &.19
A 1.0 0 43154 64 .8 7.76
B 0.0 2.24 40550 66.7 T B

Cases C, U and E: No Burns

Maximum
Temp.
(K)

1167
L3sce

13595

4ln addition to the sources listed, the base case sourcas were

assumed to be present in all cases.




I R R

Table 4-1 summarizes key teatures of the burns for the base
case and cases A and B. In all cases, the burn is initiated by
de-inerting, wnich is assumed to occur when the mole fraction
of steam in the containment atmosphere falls to 55%. The pres
ence of the steam soutce (case A) or the heat source (case B)
delays the burn by several hours, which permits more hydrogen
to accumulate before de-inerting occurs and thus results in a
more severe burn. 1n all cases, the burn duration is relatively
long, several tens ot seconds. This time is long enough to
permit heat transfer during the burn to provide some reduction
cf the peak pressures and temperatures that would otherwise
occur. The 1long burn durations are characteristic of de-
inecting burns because the code employs correlations for the
flame speed (taken from the HECTR code) which predict low flame

speeds in steam-rich atmospheres. It should be noted, however,
that sream-rich hydrogen burn data are somewhat sparse, so
there is considerable uncertainty in the correlations. Burn

times would be over an order of magnitude shorter in a dry
atmosphere.

It 1is noteworthy that the heat source without steam 1is
almost as effective 1n delaying the burn as the steam source
with the equivalent enthalpy in the form of latent heat. The
reason is that de-inerting requires condensation c¢f steam upon
the containment structures, and the tate at which this process
occurs is governed primarily by the rate at which heat can be
conducted into the structures. The latter rate does not depend
upon whether the heat 1is transferred to the structure as
sensible heat of hot gases ot released at the surface as latent
heat of condensation. Hence, increasing the thermal load to
the structures from the atmosphere by a given amount delays
de-inerting by about the same amount, independently of whether
the enthalpy 1is input to the atmosphere as sensible heat or as
latent heat of steam.

With additional delays 1in de ilnerting times, hydrogen
accumulation continues, but burn severity does not increase
without 1limit because the supply of oxygen 1is limited.
Additional calculations (not shown) similar to cases A and B,
but with slightly greater energy sources, show that the burn
becomes oxygen-limited if it 1is delayed beyond 60000 sec, with
peak pressures of about 8.4 bars being the maximum obtainable
from a de-inerting burn. In this connection, it should be
remembered that the Surry containment is subatmospheric, which
reduces the oxygen supply:; 1in an atmospheric containment,
larger burns would be possible.
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Effects on Thermal-hydraulic Conditions

Additional insight 1nto containment response to steam and
energy sources 1s provided by a more detailed examination of
some of the thermal-hydraulic quantities calculated by the

code. Some of these results are tabulated in Table 4-2 for a
time of 28000 sec after accident initiation, which is before
hydrogen burns occur in any of the cases. For cases C E.,

which had no hydrogen burns, results are also given at late
times (72000 sec).

In Table 4-2, TGAS 1is the bulk temperature ot the
containment atmosphere and TSAT is its saturation temperature.
TWALL2 1is the surface temperature of the wall structure having
the largest surface area (several heat transfer structures were
included in these calculations, and their temperatures are not

all the sane). The next two columns give, resfpectively, the
relative humidity and the mole fraction of water vapor in the
atamosphere. The last column 1n the table gives the total

atmospheric pressure, PGAS.

The presence of additional steam and heat sources increasges
TGAS, with the effect of the heat sources being considerably

larger, much as one would expect. However, case A and case B
have closely similar values of TSAT, mole fraction Hy0, and
PGAS. For all these quantities, the most important parametet

governing the results is the net balance between steam
condensation and steam input. As discussed above in connection
with the delay in the hydrogen burns, this balance is expected
to be about rthe same in case A and case B, since the limiting
process 1is conduction 1iato heat sinks. Norte, however, that
the higher temperature of case B implies a considerably lower
value of the relative humidity, even though the absolute
quantity of water vapor is about the same.

Except for late times in case D, which had a high heat input
and a low steam input, the CONTAIN code calculates that there
will be films of condensed water on at least some of the heat
transfer surfaces. For these cases, it is seen in Table 4-2
that TWALLZ 1is very close to TSAT. The reason 1is that in
steam-rich atmospheres condensation and evaporation provide a
very efficient heat trarsfer mechanism between the structure
surfaces and the atmosphere whenever the difference between
TSAT and TWALLZ is substantial. Hence substantial differences
between TSAT and TWALL2 cannot be supported for any length of
time, and the two temperatures closely approach one another
except when heat sources are sufficiently large that the
structures completely dry out, as at late times in case D.
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Response of Containment Conditions to Steam and Heat Sources

Table 4-2

Additional
§22£SS££’
Mole
Steam Heat Time TGAS TSAT TWALLZ2 Rel . Frac. PGAS
Case kg/s Mw (s) (K) (K) (K) Jqumidity H0 (bars)
Base 0 0 28000 390.7 378.8 378.4 0.694 0.553 2.30
A 1.0 0 24000 398.4 387.5 387.0 0.726 0.618 2.75
B 0 2.24 28000 413.8 386.5 386.3 0.466 0.611 2.681
C 1.0 Z.24 28000 417.9 392.5 392.2 0.503 0.653 3.17
72000 416.6 392.2 392.1 0.515 0.615 33
1] 0 10.0 28000 464 .8 402 .4 403.9 0.235 0.713 4.28
72000 482.8 408.1 432.2 0.195 0.713 5.19
E 1.9 10.0 28000 463.7 408.7 408.6 0.284 0.747 4.83
72000 £79.3 424.9 427 .4 0.319 0.792 T30

A1n addition to the sources listed, the base case sources of steam, gas and
energy wWere assumed to be present

in all cases.




For all cases, the relative humidity 1is significantly less
than unity and is much less than unity when there are large
heat socurces to the containment. This result is quite general
in CONTAIN <calculations: the code calculates a saturated
atmcsphere to exist only ia rather special circumstances, e.g.,

during certain containment depressurization events (see
Section 4.2) or shortly after containment spcays have been
turned on in some scenarios (Section 4.4). This =-esult is in
accord with physical expectation. As noted above, TSAT and

TWALLZ are usually constrained to lie close together. However,
in the presence of heat scurces other than saturated steam,
maintaining a thermal balance wusually requires removal of
significant amounts of sensible heat from the containment
atmosphere in addition to removal of steam and its associated

latent heat. Transfer ot sensible heat is relatively
inefficient unless TGAS 1is significantly higher than TWALL2
and, hence, higher than TSAT. The various temperatures and

vapor pactial pressures ianvolved therefore tend to correspond
to significant degrees of superheat.

The heat source in cases D and E is sutficient to substan.
tially reduce condensation on structures during much of the
time period of interest. Hence, the high pressures following
reactor vessel failure do not decline greatly, and there is a
tendency for the pressure to increase at late timas. In case
D, the increase is slow because the CORCON sources of steam and
gas are rather small. The reduction in condensation with the
large heat sources means that the additional steam source of 1
kg/sec in case E is mcre effective 1in pressurizing the
containment at late times, since there is less mitigation by
condensaticn. Thus, the impact of the steam source at late
times in going from case D to case E 1is greater than when heat
sources are smaller, i.e., in going from the base case to case
A and from case B to case C.

It is worth noting that many «arlier analyses of the TMLB'
sequence, notably analyses with the widely -used MAKRCH code, gave
results qualitatively resembling cases D and E in Table 4 2 and
Fijure 4-8 rather than the CONTAIN base case. In particular,
those calculations indicated that inerting would prevent
hydrogen burns, but that long term overpressurization ot the
containment would occur. There were at least two reasons for
this difference. First, the [INTER module of MARCH, which
calculates core-concrete interactions in that code, typically
gives gas and steam rates several times as great as those given
by CORCON. The second is that MARCH assumes that all of the
volatile species will be released from the fuel and will remain
suspended indefinitely in the containment atmosphere, with all
of the decay heat going to heat the atmosphere. As discussed

59.



in Section 4.1, CONTAIN mechanistically models the aerosol
processes which remove much of the radionuclides and their
associated decay heat from the atmosphere. Thus, 1t is entirely
reasonable that the MARCH predictions ot pressure should re-
semble the CONTALN calculations with enhanced steam and energy
sources more than they resemble the CONTAIN base case. However,
CONTAIN's prediction of significantly superheated conditions
are not seen in the MARCH calculations, presumably because of
important differences in the models for condensation heat and
mass transfer; as discussed in Section 3.2, condensation and
drv convective heat transter are treated as parallel processes
in CONTALN, while MARCH appears to alternate periods of gpure
condensation with periods of pure dry heat transter.

The presence of additional heat sources te the atmosphere
has two consequences which can aftect the rate of agglomeration

and settling of aerosols. The first ot these is the decrease
in relative humidity already discussed in connection with
Table 4-2. At low relative humidities, non spherical pacticle

shapes are more likely to yield aerosol shape factors differing
substantially from wunity, which may enhance agglomeration
rates. In addition, the heat sources increase the difference
between the wall temperature and the bulk gas temperature which
drives natural convection, and this in turn is expected to
increase the degree ot turbulence in the containment
atmosphere. Turbulence can enhance agglomeration rates,
especially when the shape factors are large. Some quantitative
examples of the potential impact of these effects are given in
Reference 2.

4.4 TMLB' Sequences with ESF Recovery

Background

Analyses of the TMLB' sequence wusually assume that AC
electric power remains unavailable and that the accident
proceeds free of human intervention indefinitely. la the real
world, it hardly seems likely that the accident would continue
in this "hands off" mode for the many hours or even days
required to realize such scenarios as containment failure due
to slow overpressurization. [t 18 more likely that power would
be restored at some point; even 1if the normal off site power
and the emergency on-site power sources remain unavailable, it
is quite possible that mobile power sources could be brought to
the plant in the long times available in such scenarios.

Thic possibility has inspired some discussion as to how, or
even whether, ESFs schould be operated if power 1is recovered.
1f containment heat- removal systems are recovered, their
operation can prevent containment failure due to steam over
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pressurization; however, condensation of sufficient steam may
lead to de-inerting of the containment atmosphere and thus
permit hydrogen burns, which could challenge containment
integrity if sufficient hydrogen has accumulated during a long
period of inerted conditions.

In analyzing questions related to ESF recovery, attention
has centered more on the containment loads issues than on the
effects wupon the airborne radionuclide inventory, which
determines the potential source term should containment fail.
In the present subsection, we shall examine the effects upon
airborne radionuclides and upon hydrogen burns which result
from spray 1initiation following power recovery in the TMLB'
sequence at the Surty plant (which does not possess fan
coolers). We will show that integrated analysis of this
scenario provides a particularly rich interplay of phenomena
which combine to yield a potentially important practical
result, namely, that the sprays are especially effective ir
bringing about a rapid decontamination of the containment
atmosphere in this particular situation. Before examining
these results in detail, it will be helpful to provide a brief
description of spray modeling in CONTAIN and to discuss a few
related 1issues.

Spray Modeling in CONTAIN

The problem of collection of particles and small drops by
larger drops falling through the atmosphere has been studied in
many different contexts: npnuclear safety, industrial peollution
control, phenomena involving natural precipitation, etc. No
attempt will be made to review in detail the experimental and
theoretical literature here. However, it should be noted that
detailed modeling can be gquite complex and, even with such
modeling, obtaining good agreement between theory and experiment
over wide ranges of conditions has proven to be an elusive goal.

Five collection mechanisms are considered in the CONTAIN
model for aerosol removal by spray droplets:

| lnertial impaction, which occurs because the particle
has a finite inertia, leading the trajectory of the
particle center of mass to cross the flow streamlines
around the drop and thus to intersect the surface of
the drop.

Ilntecrception, which arises because the finite size of
the particle permits its surface to contact that of the
drop, even when the particle center of mass 1s on a
trajectory which does not intersect the drop.

N
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3. Brownian diffusion, which results from molecular
ditfusion of the particles across the flow boundaty
layer around the drop.

4. Diffusiophoresis, which arises as a response of the
pacticle to concentration qgradients and vapor flow
toward (or from) the drop surface when condensation on
(or evaporation from) the drop is occurring.

5. Thermophoresis, which results from the migration of a
pacrticle down a temperature gradient due to the effect
of differential molecular impacts.

These effects are assumed to be additive 1in CONTAIN.
The first three effects are primarily a function of drop and
pacticle size, while the phoretic effects &zre primarily a
function of temperature and humidity of the atmosphere and of
the temperature of the drop. The latter changes rapidly at the
start of the drop's fall throuyh the atmosphere, and particle
collection is therefore integrated over the drop's fall history
in CONTAIN. Under evaporating conditious, the diffusiophoretic
effect becomes negative, as would the thermophoretic effect in
the unlikely circumstance that the drop were hotter than the
atmosphere. In such cases, the total collection efficiency is
still constrained to be non-negative. Under extreme conditions
(e.g., those resulting from hydrogen burns) the drop may
completely evaporate during its fall; when this occurs, the
solid residue is returned to the appropriate size section of
the aerosol distribution.

It is useful to consider the relative importance of the
various mechanisms as a function of particle size, but doing so
is somewhat ccmplicated by the sensitivity of the phoretic
effects to containment conditions and spray temperature.
However, when sprays are operating, containment conditions
tend to approach a quasi-steady state in which the sprays are
temoving about as much steam and energy from the containment
as the various sources are supplying to the containment.
(Ilmportant exceptions to this behavior arise during and shortly
after major transient inputs of steam or energy to the
containment.) Likewise, the drop itself tends to reach a
quasi-steady state with respect to the containment atmosphere
very early in its fall, with 1little change in the drop
pacameters (such as temperature) after the first few tenths of
a meter or so of its fall. Over much of the accident history,
the spray eifectiveness will therefore be dominated by the drop
collection efficiencies under these quasi- steady conditions.
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Collection efficiencies as a function of particle size as
calculated by CONTAIN for a typical set of quasi- steady condi
tions are shown in Figure 4-3. The collection efficiencies are
defined as the ratio of the number of particles collected by
the drop to the iumber present in the atmospheric volume swept
out by the drop as it falls. The particular conditions assuned
in Figure 4-9 are those that prevailed about five hours into
the Surcy S,;D sequence analyzed for QUEST and discussed in
more detail in Reference 2. A particle material deasity of
3000 kg/m? and a drop size of 1000 um have been assumed.
In interpreting these results, it should be noted that spray
intensities are sufficiently high that a unit ecollection
efficiency would correspond to very short particle residence
times, typically 1.5 to 7.% seconds.

It is seen from the figure that impaction gives very
efficient collection for particles of a few microns atd lacger,
while the dowinant process for smaller particles is
interception, down to sizes of about 0.1 micron. Foer still
smaller parcticles, Brownian diffusion becomes important;
however, such small particles are generally calculated to
agglomerate rapidly with each other and with larger particles,
with or without sprays, and consequently, the size regime
dominated by Brownian diffusion usually is not very important
to the overall source term.

For all particle sizes, the phoratic effects are small
compared with at least one of the other collection mechanisms,
under the conditions for which Figure 4-9 was calculated. It
also should be noted that the diffusiophoretic effect i3
negative in the present example, while the thermophoretic
effect 1is positive. This result is typical of quasi steady
conditions, which generally involve a slight amount of
superheat (typically of the order of a degree) unless there are
essentially no heat sources to the containment. The drop
therefore undergoes a slight amount of evaporation as it falls
and maintains a temperature slightly bLelow that of the
atmosphere. The sign of the net balance between the opposing
phoretic effects is sensitive to both modeling uncertainties
and various partic)e parameters, and valid generalizations can
not be offered as tc whether the net phoretic effect will be

positive or negative. On the other hand, the conclusion that
the net phorertic effect will be small compared with other
effects is valid for most quasi-steady conditions. “horetic

effects may becowe gquite important, however, during transient
conditions.
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Containment Phenomena Following Spray Recovery

The sequence to be analyzed here as an example of the
effects of spray recovery is essentially the same as the Surry
TMLB' sequence analyzed in Section 4.3. However, the hydrogen
inventory was increased so that burn severity would be limited
only by the oxygen inventory of the Surry containment, not by
the amount of hydrogen. The trationale was that the actual
hydrogen inventoty is gquite uncertain, and only hydrogean burns
with a severity near this upper bound pose a substantial threat
to the Surry containment.

According to the Surry Safety Analysis Report,44 npormal
operating procedures for the Surry sprays start with operation
of the injection spray at a design flow of 252 kg/sec. After
about 90 seconds, the recirculation spray initiates also, with
a design flow of 347 kg/sec. The injection spray is supplied
from the refueling water storage tank, having a capacity of
2120 m3, and will shut off whan this is exhausted, after a
maximum of 8400 seconds. The recirculation spray then continues
alone. This sequence of events was assumed in the present
calculation, even though it is not clear that it would actually
be followed in the TMLB' power recovery scenario. The effects
of some alternative assumptions will be explored in the limited
sensitivity studies reported later in this section.

Two alternatives were investigated as to the assumed time
of spray initiation. In one case, designated the "early" case
in the discussion below, a time of 12000 seconds after accident
initiation was assumed. This is only 2500 seconds after vessel
failure, and radionuclide levels are still high; however, steam
concentrations are also high (about 75 mole percent) and the
Sspray systems wmust operate about 820 seconds before the 5%%
de-inerting criterion is met. In the second case, designated
the "late" case, spray initiation was defarred until 25000
seconds into the accident, when radionuclide concentrations
were lower but steam concentrations had also fallen to about
56.5 mole percent. Hence, the de-inerting criterion was met
only 80 seconds after spray initiation, and during this short
time only the injection sprays were operating to remove
radionuclides. In both cases, a hydrogen burn was assumed to
initiate as soon as de- inerting took place.

Pressures are plotted as a function of time for the
base case (no sprays) and the two spray recovery cases 1in
Figure 4-10. At the time of the hydrogen burns, pressures
tise to slightly over six bars, not enough to severely
challenge the containment although the pressure combined
with high temperatures (in excess of 700 K) might conceivably
act to induce leakage, e.g., due to seal failure. In these
calculations, the standard CONTAIN flame speed correlations
were assumed, which implied a slow burn with a duration of
about 5% seconds in the steam rich atmosphere characteristic of
de-inerting burns. 7This duration is sufficient to permit the



*
b
o(ﬁ

®
o
-
-1
ol

~r

NO SPRAY

b
o
T

40 -

CONTAINMENT PRESSURE (pa)

SPRAY ON
- —
2.0 AT 12 ks \ - SPRAY ON
\ AT 25 ks
o'o e L 1 1 1 | 1
0 5 10 15 20 25 30 35
TIME (ks)

Figure 4-10. Pressure-time histories for the Surry TMLB' base

case with no spray recovery and for two scenarios
with augmented hydrogen inventories and with spray
recovery at 12000 s and 25000 s, respectively.

spraye to substantiaily mitigate the peak pressures that would
otherwise develop. There is, however, little data available to
support the flame speed correlations at these high steam frac-
tions and no data at all to support their use in the presence of
sprays. Shorter burn times yielding higher pressures cannot be
ruled out and the effects of shorter burn times are explored in
the sensitivity studies discussed below.

In Figure 4-11, airborne radionuclides, expressed in total
curies, are plotted as a function of time for these three cases.
Once the sprays initiate, the airborne radicactivity declines
very rapidly. Substantial decontamination prior to the hydrogen
burn occurs even for tha2 late spray initiation case, where the
available time is short. Indeed, airborne radicnuclide curves
appear to dip to anomalously low levels shortly after the
hydrogen burne, and also before the burn in the early spray
initiation case.
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Figure 4-11. Airborne radionuclides as a functicn of time for
the three scenarios of Figure 4-10.

Rapid decontamination by sprays may be in accord with
intuitive expectations; however, examination of the parameters
of this calculation shows that it is not immediately obvious
that such rapid decontamination should be expected and that some
explanation is indeed called for. A simple analysis of decon-
tamination rates that might be expected can be performed by
noting that the mass median diameter of the aerosol sources in
these calculations was 1 wum for all species, except for two
minor components of the aerosol released at vessel failure

time. For particles of this size and a spray drop size of
1000 um, as was assumed here, Figure 4-9 indicates that the
collection efficiency will be about 0.0025. A simple

calculation using the spray parameters assumed in this analysis
then indicates that a factor of two decontamination prior to the
hydrogen burn would be expected in the early initiation case;
allowing for the enhanced phoretic effects characterizing the
transient conditions of the present problem would yield another
factor of two, for an overall decontamination factor of about
four. In the late case, very little decontamination prior to
the hydrogen burn is predicted by this kind of simple analysis,
even allowing for the phoretic effects.




The actual effects of the sprays as calcuiated by CONTAIN
are dramatically lacger. ¥or the early spray initiation case,
the sprays reduce airborne radionuclides from 75.5 MCi to 1.65%
MCi at the time of the hydrogen burn, a factor of %0. Even for
the late initiation case, aitbortne radionuclides are reduced
from 24.6 MCi to 4.2 MCi, a factor of almost 6, in the short

interval prior to burn initiation. An investigation into the
details of the CONTAIN analysis leads to the conclusion that
simplistic calculations are 1inadequate, and an integrated

calculational tool is needed for accurate predictions of aerosol
removal by sprays.

There are several reasons for the very rapid decontamination
by the sprays. The rsimplest has to do with the effect of
agglomeration, which shifts the actual size distribution of the
airborne aerosol toward siies significantly larger than those of
the source. At the time the sprays come on, particles larger
than 1.5 um were calculated to account for about 62% of the
airborne mass in the early case and about 85%% in the late case.
For these particles, Figure 4-9 indicates that scavenging by the
inertial impaction mechanism will be very efficient. In the
late case, it was found that, at the time of hydrogen burn
initiation, the latger aerosol particles had been greatly
depleted, while particles of 1 um diameter and less had
undergone very little depletion, much as one might expect from
the simple analysis.

The situation is more complex for the early spray initiation
case. Here all parts of the size distribution were substantially
depleted. Examination of the detailed CONTAIN output shows that
cooling of the atmosphere by the spray produced supersaturated
conditions within the containment atmosphere during the interval
between spray 1initiation and the hydrogen burn. As a result,
water aerosol condensed in the containment atmosphere, with the
amount being one to twe orders of magnitude greater than the
total solid aerosol present. The combined effect ot condensation
and agglomeration shifts the effective particle size of the
solids into the region of higher spray collection efficiencies.

The 1nterplay of key variables over the time interval of
interest (11000 - 16000 s) is illustrated in more detail for the
early spray initiation case in Figure 4-12. In the figure,
plots are given for the pressure, the temperature, the effective
collection efficiency for airborne radionuclides (averaged over
all particle sizes and averaged over the drop fall history), the
total curies airborne, and the concentration of water aerosol.
After the sprays initiate, the pressure declines by a factor of
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two prior to the hydrogen burn and the temperature declines
along the saturation curve. The radionuclide <collection
efficiency is initially very large, corresponding to collection
of particles from the large end of the size distribution, but
it falls very rapidly as these large particles are depleted
until the condensation of water aercsol begins. At this point,
the collection etficiency rises significantly. The
radionuclide concentration declines steadily until the hydrogen
burn occurs, at which point the water aerosol immediately
evaporates and the collection efficiency decreases very sharcply
(1t actually becomes undefired during the period of highest
temperatures, as the spray drops evaporate completely during
their fall). Airborne radionuclides start to increase for a
brief period, since radionuclide sources are fairly strong at
this time, about 7500 kCi/sec.

Following the hydrogen burn, the temperature recovers almost
immediately, but the immediate recovery of the pressure is less
complete because most of the hydrogen burn energy initially goes
into evaporating spray water, and the resulting steam partially
repressurizes the containment. As this steam is recondensed,
the course of events following spray initiation is repeated:
water aerosol reappears, radionuclide collection efficiencies
rise, and airborne radionuclide levels resume their decliune.
Eventually the containment reaches a quasi-steady state with a
small degree of superheat as described in the previous sub-
section. At this point, the water aerosol disappears,
radionuclide collec%tion efficiencies decline, and airborne
radionuclide concentrations 1increase (the increase woculd be
larger were it not for a decline 1in radionuclide source
strengths to the containment at this time). However, by the
time the water aerosol disappears, the containment pressure has
returned to subatmospheric levels; had damage from the hydrogen
burn resulted in a leak, the leakage would have ceased by this
time.

ln the late spray initiation case, the interval between
spray 1initiation and the hydrogen burn 1is too short for
the condensation of water aerosol to develaop and have
any significant effect upon the airborne radionuclide
concentration. After the burn occurs, however, the sequence of
events 1s essentially the sawme as in the early spray initiation
case. It is the effect of the water aerosol resulting from the
atmosphere cooling by the sprays that leads to the deep dip in
the radionuclide concentration following the hydrogen burn
(Figure 4-11). Once again, the containment has reached
subatmospheric pressures by the time the water aerosols and
their effects cdissipate.




Variations in Spray and Hydrogen Parameters

The Surcry 1injection and recirculation epray systems are
both fully redundant with 100% of design capacity and, based
upon the SAR descriptions, it appears that operation at 200% of
design flow rates is possible. Hence, the consequences of
doing 80 Wwere explored. In addition, calculations were
performed for the "normal' or base case hydrogen sources,
without the augmentation assumed in the preceding analyses.
Finally, calculations were run assuming a substantially
shortened (5 sec.) hydrogen burn time with the large hydrogen

supply.

In Figure 4-13, the response of total curies airborne to
variations in spray flow rate and in hydrogen quantities are
illustrated for the case of spray initiation at 12000 sec.
Plots are given for the case discuscsed above, the same case
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Figure 4-13. Airborne radionuclides as a function of time for
three variations on the TMLB' scenaric with spray
recovery at 12000 S. Burns occur at the top of
the first maximum following spray initiation in

each curve.
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with the spray at 200% of design flow, and the case with 100%
of design flow and only the base case hydrogen sources assumed

present. Doubling the spray tlow rates accelerates the course
of events following spray initiation, but otherwise the sequence
is quite similar. When containment steady state conditions are

reached, concentrations of airborne tadionuclides are smallerc
with the higher flow trates but the difference is slightly less
than a factor of two; apparently the reduced residence times at
the higher flow rates reduce the degree to which agglomeration
can enhance particle size and collection efficiency during
spray operation. The times at which total spray flow rates
decrease due to shutoff <f the injection spray 1is also
reflected in Figure 4-13 (and in Figure 4-11) by small but
rather abrupt rises in the airborne radionuclide curves.

For the case with only the base case hydrogen sources, the
sequence of events following spray initiarion 1is similar to
that found with the augmented sotirce except that the burn is
slightly delayed because the hydrogen concentration takes
longer to reach 8% (which occurs some time after steam
de-inerting has occurred). Following the burn, the effects are
still similar to the previous case but not quite as strong.
This 1initial burn does not reduce oxygen levels to a degree
sufficient to prevent subsequent burns and, at about 26000
seconds, sutficient hydrogen from core-concrete interactions

accumulates that a second burn does occur. This burn is guite
mild and 1leads to the production of only relatively small
amounts of steam. Nonetheless, some condensation of water

aerosol 1is calculated to occur, and a noticeable dip in the
concentration of aicborne radionuclides results.

Some of the more important results of these additional
studies are zummarized in 7Table 4-3. The first column gives a
run identification number and the next four columns describe the
conditions of the run: spray intensity relative to the design
basis, spray 1initiation time (tg,,)., hydrogen inventory at
the time the burn initiates, and the burn duration time. The
latter quantity is actually calculated by the CONTAIN default
burn correlations for all cases but the last two. The last
five columns summarize some results of pacticular interest: the
peak pressures and temperatures resulting from the burn, the
time delay between spray 1initiation and burn initiation, and
the radioactivity (curies) airborne at the time the sprays
initiate and at the time the burn initiates.

Key results concerning spray recovery for the Surcy TMLB'
sequence may be summarized as follows:
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The challenges posed by hydrogen burns with the base
case hydrogen sources are all very mild, partly because
of the smaller hydrogen inventories but also because
reduced hydrogen concentrations lead to longer burn
durations in the CONTALIN correlations. Other things
being equal, increasing the spray intensity reduced the
thermal-hydraulic challenge from the hydrogen burns, as
one would expect.

Lf much shorter burn times are hypothesized, the large
hydrogen inventory cases yield more severe challenges
to the containment (cases 9 and 10), even though spray
flow rates at 200% of design basis were specified for
these cases. The 5 second burn time assumed hece may
be overly conservative; however, it should be noted
that the actual degree of burn slowing due to high
steam fractions 1is very uncertain, especially with
sprays operating. Moreover, the CONTAIN correlations in
the case of low steam concentrations would give even
shorter burn times, about 2.8 seconds. Moreover, it
has been suggested that turbulence resulting from spray
operation might accelerate hydrcgen burns.

In all cases, very substantial decontamination resulted
during the interval between spray initiation and burn
initiatios, even when this interval was short. The
degree of decontamination was not very sensitive to the
parameters varied in this study.

All the cases with sprays exhibited steam condensation,
water aerosol production, and enhanced decontamination
during the time interval between the hydrogen burn and
complete containment depressurization due to the action
of the sprays. Again, the occurrence of this behavior
was not sensitive to the paramete.s that wete varied in
this study.
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Table 4-3

Results of Paramete:r Variations, Spray Recovery Scenario

Sprays Hydrogen Radionuclides
Time Burn Burn Alrborne (MCi)
P low On, Mass at pura- e

(% of l. r tbutn tion ’u' T..' tbu(n‘t.pt at at
Case Design (s? (kg) (8) bar (x) (s) tepr thucn
1 None - 780° 4.4 6.33 1192 b - - 22.9
2 008 12000 lec 113 2.76 467 13% 74.3 1.45
3 100% 25000 127c $3.1 3.80 513 185 24.5 2.44
4 1008 12000 llSSd 54.8 6.12 742 820 75.5 1.65
5 1008 25000 1224° $3.6  6.25 752 s 2.6 .10
6 200% 12000 074c 112 2.9 424 570 73.5 0.93
7 200% 25000 726C 93.7 3.1} 458 110 24.5 2.41
8 2008 12000 xlsod 54.9 4.87 534 425 74.3 1.84
9 200% 12000 lll!d 5.0 8.57 1320 42° 7%.5 1.59
10 200% 25000 1224d 5.0 9.01 1410 45 24.6 3.99

agurn duration from CONTAIN default corre lation for Cases 1-8.
bpurn occurred at 29550 sec. for all cases.
Cpase case hydrogen sources.

dluq-nntod hydrogen sources; burn magnitude oxygen- limited.



Some caveats should be made lest it be concluded that the
benefits of these phenomena can be counted upon for all spray
recovery scenarios. Even though the time required for sub.
stantial decontamination upon spray 1initiation 1is very short,
it 1s obvious that no such decontamination can be expected to
occur prior to the hydrogen burn 1if spray 1initiation also
initiates the burn. This event could arise 1f the atmosphere
had actually de-inerted prior to spray initiation and the spray
systems provide an ignition source (e.g., electric sparking).
It is also possible that the atmosphere composition might be
inert while stagnant but support combustion in the presence of
spray- induced turbulence. In addition, the strong post-burn
decontaminating effects of the sprays will provide little miti-
gation if the hydrogen burn results in catastroph.c containment
failure, as might occur in Cases 9 and 10 in Table 4-3. Still
another concern would be spray disablement as a result of the

burn.

There are a number of parameters whose effects upon these
phenomena have not been studied here. These pa~ameters include
the inlet spray water temperature. There 1s some reason to
believe that water temperatures higher than those assumed here
(324-331 K) could reduce the water aerosol effects, though no
detailed studies have yet been made. Another parameter of some
significance 1is the densit of the aerosol materials; values
lower than the 3000 kg/m assumed here would reduce spray
effectiveness somewhat.

On the other hand, one modeling uncertainty should be noted
that could mea2n that CONTAIN 1is actually underpredicting the
decontamination associated wwith sprays 1n these scenarios.
Many potential aerosol components have at least some atfinitly
for water, even 1if they are 1insoluble, and some components
(e.g., CsOH) may even be strongly hygroscopic. CONTALIN does
not allow for any affinity of the aerosol materials for water,
and this effect could increase the amount cf condensation upon
aerosols. Indeed, it is quite possible that affinity for water
could 1lead to condensation of significant water upon the
aerosols even during the gquasi- steady conditions, when the
atmosphere is generally superheated but typically only by very
small margins, with relative humidities 1in the 90 9%% range.
Shculd this be the case, the calculation may be significantly
underestimating spray effectiveness under the quasi steady
conditions normally prevailing during spray operation, not just
the transient conditions emphasized here.



4.5 Integrated Analysis of lsolation Failure Sequences

Recently, there has been an increasing appreciation of the
effectiveness of natural processes in depleting airborne
radionuclides within containment during severe accidents.
Hence, there has been a corresponding focus of attention upon
sequences involving early containment failures, in which the
natural processes will have a minimal opportunity to mitigate
accident consequences. Unless such sequences can be shown to
be especially improbable, they will likely dominate total risk
because of their higher consequences.

One important class of such sequences involves containment
isolation failure (B sequences, in WASH 1400 terminology)., such
that the containment 1is impaired from the very start of the
accident. Calculations concerning one such sequence, the Surry
AB-8 sequence, will be discussed here. Results will be
compared with other recent evaluations of this sequence and
examined for the purpose of identifying the kind of effects
revealed by integrated analysis.

The AB sequence is defined as a large break LOCA with loss
of all AC power and rhus failure of both emergency core cooling
and all containment ESFs. The sequence is of low probability
and therefore not thought toc be a major risk contributor.
However, if it is assumed the break is in the hot leg (as in
all analyses to be discussed here), radionuclide transport path
lengths and residence times within the primary system are
minimized. Hence, AB hot leg sequences provide maximum
opportunity for the radionuclides to escape from the primary
system to the containment, which is one reason the sequence has
been of interest in cource term calculations, despite the low
probability believed to be associated with it.

The AB B sequence is one of those selected for study in the
early Battelle source term analyses reported in Volume 1 of
BMI 2104,% and was included when the Surry analysis was
repeated using revised models and revised input assumptions as
reported in Volume V of BMIL 2104. The sequence also was
analyzed ian some detail in an important study of severe
accident soutrce terms performed {(or the American Nuclear
Society {ANS) by Stone and Webster Engineering
Corpo:ation.3 Both the present work and the ANS work were
patterned in part after BMIl 2104 in order to facilitate
comparisons among the various studies; since the more recent
version of the Battelle analyses was not available at the time
that the ANS and CONTAIN studies were initiated, both the
latter employed Volume 1 of BMI 2104 as a source of needed
input data.
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In this section, comparisons will be made between CONTAIN
calculations and some of the ANS results for this sequence (For
some comparisons between CONTAIN and BMI-2104, Vo!. 1, see
Reference 25.). In the ANS study, a number of sensitivity
studies were performed, including a study of the release as a
function of the the effective area of the leakage path or paths
characterizing the isolation failure. The study found that
there was a "worst case" hole size of about 0.093 m?
(1 itz). with larger 1leak areas as well as smaller ones
giving lower releases. A similar study has been performed with
CONTAIN, and the results obtained will be presented and
compared with those of the ANS study.

The AB sequence is characterized by a very rapid blowdown,
lasting at most a few tens of seconds. Remaining water in the
vessel boils off until the level drops to below the core, after
which any further boiloff contirnues at much reduced rates until
hot core material begins to descend into the vessel lower
plenum. In typical calculations using the MARCH code, as
described in BMI 2104, core melt starts within the first half
hour of the accident, core slumping into the lower plenum
begins at 40 5% minutes, and vessel failure occurs well over an
hour into the accident. Major releases of the relatively
volatile species (noble gases, Csl, and CsOH) from the fuel are
calculated to begin before core melt, and most of these species
are calculated to be released from the fuel by the time of core
slump. At this time, substantial amounts of water (20,000
25,000 kg) are calculated to remain in the lower plenum,
pcoviding an important source of steam and hydrogen to the
containment when the core slumps. Steam sources to containment
during i‘he period from the start of core degradation to core
slump are calculated to be strongly superheated in these
analyses.

The total aerosol mass assumed to be released from the RCS
was about 435 kg for the CONTAIN calculations, and this
material included slightly over half of the core iaventory of
the volatile species. Since the aerosol released from the RCS
was calculated to have a considecrably higher specific activity
than rhat of the aerosol generated in core-concrete
interactions, the RCS aerosol dominates the potential
consequences of an early containment failure. Results to be
presented will be discussed in terms of the “containment
release fraction,"” which 1is defined to be the ratio (RCS
aerosol released to the environment)/(total RCS aerosol
released to the containment).



In Figure 4 14, the RCS aerosol release fraction is plotted
as a function of time for leak sizes of 0.0% m? (Case 1) and
1.0 m2 (Case 2). For the smaller 1leak, the RCS aerosol
teleased increases smoothly as a function of time, with the
rate of increase declining a4s the driving pressure within
containment decreases and as the RCS aerosol remaining airborne
within containment decreases. For the larger leak sizes, the
velease of RCS aerosol is more concentrated around the time of
steam and hydrogen sources to coptainment that are associated
with core slump into the lower plenum. With the large leak
sizes, lhe containment fully depressurizes from the initial
blowdown before the RCS aerosols are released to the
containment and driving forcee for expelling these aetosols are
small until the steam and hydrogen sources associated with core
slump commence. Indeed, in- leakage of outside air is
calculated to occur during some intervals, because cooling and
steam condensation within the depressurized containment exceed
the heat and gas sources at these times. Similar behavior was
observed in the ANS study.

For the large leak sizes, the release associated with the
steam sources during and shortly after core slump is
substantially augmented by pressurization due to simultaneous
hydrogen burns. The default assumption in COUNTAIN is that a
burn 1initiates whenever the flammability criteria are met,
i.e., whenever hydrogen and oxygen concentrations exceed 8 and
5 mole percent, respectively, and the steam concentration is
less than 55 mole percent. For the larger hole sizes, steam
concentration is calculated to be in the range 45 0 mole
percent at the start of core s lump and the hydrogen
concentration is 7 7.9 mole percent; thus, burne have not
occurred up to this time because hydrogen concentrations ate
insufficient, although the steam concentration is low enough to
permit burns. At the time of core slump, metal water reactions
in the lower head produce a burst of hydrogen sufficient to
drive the containment hydrogen concentration to values of the
erder of 9.5 mole percent, thus initiating a burn. It is
interesting to note that the "window" for burn initiation is
quite short in this calculation; if a burn is hypothesized not
to occur at this time (e.qg., for lack of an ignition source)
the burn criteria would cease to be satisfied after less than
ten minutes because of steam inerting and/or dilution of
hydrogen by steam.

For the smaller leak sizes, containment depressurization
from the initial blowdown is not complete at the time of core
slump, and the gas density is, therefore, higher. Hence, the
hydrogen is diluted to a greater extent than with the large
leak sizes and concentrations in excess of the burn initiation
criterion do not arise during this period.
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The margins by which the burn criteria are satisfied or not
satisfied are often rather small in these calculations. Whether
the burn criteria are met is celatively sensitive to the
thermal hydraulic conditions at the time of 1interest, as well
as to the exact timing and magnitude of the hydrogen sources.
Furthermore, it is not obvious that an ignition source will be
available during the relatively brief period that the burn
criteria were calculated to be satisfied. Hence, it is plausi
ble to assume that no burns will occur at the time of core
slump, even for the large leak size. Case 3 in Figure 4 14
shows the containment release fraction as a function of time
for the 1 m? leak size with hydrogen burns deleted from the
calculation. Much of the release is still concentrated during
the time of boiloff following core slump, but the total release
is significantly smaller than when the hyvdrogen burn was
permitted to occur.

To understand the similarities and differences between
these results and the ANS study results, it is necessary to
compare the ANS calculational method to the CONTAIN work. In
both the ANS study and the present work, all sources of
radionuclides and aerosols to the containment were taken from
Volume I of BMI 2104, as were all sources of gas, eteam, and
energy to the containment following vessel failure. Prior to
vessel failure, the ANS study used steam sources to containment
calculated by the RELAP 4 code for the blowdown phase of the
accident and sources were calculated using hand calculations
for the boiloff and core slump phases. in the CONTAIN work,
steam and hydrogen sources were those of BMI 2104 Volume I
(calculated using MARCH 1.1) except that the sources during and
after core slump were modified to correspond more cleosely to
the sources used as input in the ANS study, which also were
considerably closer to the corresponding sources in Volume V of
BMI- 2104 than to those of Volume 1. Although the steam and
hydrogen sources assumed in the present work are not identical
to those of the ANS study, it is thought that the remaining
differences in these sources are not sufficieat to cause ma jor
discrepancies in the calculated radionuclide release.

In the ANS study, aerosol and radionuclide transport and
deposition were performed using the NAUA aerosol code,?% and
containment thermal hydraulic analyses were performed using the
THREED code.? In the present work, the CONTAIN integrated
thermal hydraulics and aerosol analyses were used for all
phases of the in containment analyses. For both studies, the
results to be discussed below were obtained using single cell
representations of the containment, although the ANS study also
included some multi compartment analyses.
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In Figure 4-15, the containment release fraction is plotted
as a function of effective leak area for both the CONTAIN and
the ANS studies. Results are given at a time of three hours
into the accident; leakage of RCS aerosols 1is largely complete
at this time and results at much later times would not be
significantly different. For the CONTAIN calculations, the
complete series was run both with and without hyd ogen burns
being permitted whenever the burn criteria were met.
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Figure 4-15. Time-integrated containment release fraction of
RCS aerosols as a function of leak area as
calculated by the American Nuclear Society study
(S&W)and as calculated by CONTAIN with (Case 1)

and without (Case 2) hydrogen burns being

permitted.
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Qualitatively, there are important similarities between the
two sets of CONTAIN results and the ANS results. For the
smallest leak sizes, the amount of leakage is limited by the
amount of material that can flow out the leak before natural
processes deplete the airborne RCS aerssol within containment:
the containment remains substantially pressurized in these
cases. For the smaller 1leak sizes, the release therefore
increases as the leak size increases. In all three series of
calculations, there is a maximum in the release fraction for
leak sizes of the order of 0.05 0.1 m?, with the release
fraction tending to decline when the leak size is increased to
somewhat larger values. The reason is that larger leak sizes
permit the 1initial pressurization of the containment to
completely dissipate before the radionuclides are released from
the RCS.

For the CONTAIN results with hydrogen burns, after a slight
dip, the release fraction as a function of leak size again
turns upward. Hydrogen burns occur at the time of core slump
in these calculations for all cases with leak areas of 0.093
m? or lacrger, but the leak area must be significantly greater
than this for the burn to be very effective in increasing the
containment release fraction. One reason is that the pressure
pulse due to hydrogen burns is quite short, considerably
shorter than that due to bursts of steam, and large leak sizes
are required if this brief pressure pulse is to drive large
amounts of material out of the containment.

For leak sizes of 0.05 m? or smaller, no burns occur
until much later in the accident, roughly three hours after
initiation. The effects of these burns upon the RCS aerosol
telease fraction is totally insignificant.

Despite the qualitative similarities, there are significant
quantitative differences between the results of the ANS study
and the CONTAIN results, even when hydrogen burns are
suppressed in the latter (the ANS study did not predict burns
to occur at this time). The CONTAIN calculations tend to give
higher containment release fractions, especially for the larger
leak areas. The reasons for these differences have not been
fully identified. However, some possible effects related to
integrated analysis have been identified, and it is instructive
to consider them.

The effects of interest are related to the difficulty of
giving a proper account of the liquid water content in the
containment atmosphere in a conventional thermal hydraulic code
which, like THREED, does not treat aerosol processes, The
conditions of the initial blowdown are such that somewhat less
than half the primary system water actually flashes to steam,
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and the remainder 1is 1introduced into the containment as
ligquid. In CONTAIN, this liquid is introduced by condensation
as a4 waler aerosol uniformly throughout the volume. In
reality, a localized two phase jet occurs s0 TONTAIN's
treatment of this source would tend to overpredict the amount
of liquid water in the form of fine particles, as opposed to
larger droplets. However, the treatment of the subsequent
agglomeration and settling of the water aerosol is
mechanistic. The initial aerosol density iec extremely high by
normal aerosol standards, about 2 kq/-3, and it is therefore
very rapidly depleted by agglomeration and settling. It is
characteristic of <calculations involving initially dense
aerosols that the system quickly loses "memory" of the initial
conditions, and the amount airborne at later times 1is
insensitive to these initial conditions. Hence, the CONTAIN
description of the 1liquid water content of the atmcsphere at
later times (i.e., after a few minutes) is expected to be
reasonably realistic.

In THREED, as in CONTAIN, the blowdown is assumed to result
in a steam-water mixture, but THREED has no means of
mechanistically modeling the behavior of the liquid water in
the atmosphere. In the ANS study, the liquid was left in the
at-osghete by modeling it as steam with a quality of less than
one .2 Since precipitation of the liquid fraction by aerosol
processes is not modelea, the calculation can substantially
overestimate the containment atmosphere liquid water content at

later times.

In the CONTAIN calculation, agglomeration and settling
reduced the 1liquid content of the atmosphere to less than
0.1 kg/n3 by the time superheated steam and yas associated
with core degradation began to flow into the containment. By
the time zay solid aerosols were introduced, evaporation due to
the superheated steam, plus continued settling, had essentially
totally eliminated the water aerosol from the atmosphere, and
the water aerosol initially present actually played no role in
the subsequent solid aerosol and radionuclide behavior.
Indeed, the flow of hot gases into the containment resulted in
substantial superheat developing, of the order of %0 K, and
steam fractions fell to levels sufficiently low to permit
hydrogen burns, as noted previously.

In the ANS study, superheated conditions did not develop
because the superheat of the steam and gas sources from the
core went to evaporating part of the liquid water (raction
assumed to be still present in the atmosphere. One possible
consequence involves the occurrence of hydrogen burns. While
the ANS study did not treat the effects of hydrogen burns upon
aerosol release, it was found that the THREED calculations
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indicated steam fractions in excess of 60% at the time of core
slump,2? probably too high to permit hydrogen burns in any
case. It is likely that the evaporation of the atmospheric
liquid water fraction assumed to be still present played a
significant role in maintaining the calculated steam fractions
at these high levels.

In the ANS study, it was recognized that ligquid water
aerosol could affect the behavior of the solid aerosols, and
that THREED could not give an adequate accounting of the amount
of liquid airborne. Hence, NAUA calculations were performed to
address the water aerosol behavior. In the calculations
tefecrred to in Figure 4-1%, it was assumed that 25%% of the
total blowdown liquid, or about 28000 kg, was initially
introduced as a water aerosol. As in CONTAIN, NAUA calculated
agglomeration and settling to reduce this water by large
factors before solid aerosols are released to the containment.
However, the codes were decoupled, and in the absence of
evaporation due to superheat, substantial (~1000 kg) water
aerosol did remain airborne at the time release of solid
aerosols began. Although this amount of water aerosol is not
very significant in terms of thermal hydraulics, it is quite
significant in terms of aerosol physics, and agglomeration of
the liquid aerosol with the solid aerc=ol would be expected to
significantly enhance the settling rate of the latter and
thereby reduce the release fractions.

In the ANS study, it was recognized that the amount of water
aerosol injected at the time of the initial blowdown was quite
uncertain. A sensitivity study was therefore performed for the
0.093 m? leak case, in which the water aerosol assumed to be
initially present was varied from 0 to 28000 kg. It is the
results with no water aerosol that would be analogous to the
CONTAIN calculation, since the latter evaporated all its water
aerosol. For this case, the ANS study calculated a release
fraction of 0.33, which is in very good agreement with the
release fraction of 0.29 calculated by CONTAIN for this leak
size, without hydrogen burns. It would probably be an over
simplification to attribute all the differences between the
CONTAIN calculations and the ANS results to these effects, but
this agreement is certainly suggestive.

To summarize, it appears that the analyses of the AB B
sequence illustrate the interplay of phenomena in an integrated
analysis in the manner suggested in Fiqure 3 1. 1In the CONTAIN
integrated analysis, aerosol processes rapidly deplete the
grea® majority of the 1liquid water initially airborne; the
small remainder is quickly evaporated following the onset of
sources of superheated steam and gas from the RCS. Hence,
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liquid water plays no role in the transport and deposition of
the sclid aerosols and associated radionuclides, and steam
fractions fall to sufficiently low levels to permit hydrogen
burns to add to the driving forces available to expel
radionuclides from the containment. In the thermal hydraulic
calculation without an integrated model for water aerosol, the
ligquid water assumed to remain in the atmosphere is large
enough to keep the atmosphere saturated and probably at least
contributes to keeping steam fractions high enough to prevent
hydrogen burns until much later in the accident; the
non- integrated aerosol calculation predicts sufficient water
aerosol to remain airborne to significantly affect the behavior

of the solid aerosols.

5. CONCLUSIONS

A number of general conclusions can be made on the basis of
the calculations and analyses discussed in this ceport. It is
clear that severe accident coutainment analysis involves complex
interactions among many disparate phenomena, and that simple or
intuitive analyses are likely to be inadeyuate (and may be
completely misleading). The calculational studies presented
here indicate (among other things) that severe accident
containment codes need to take account of two way couplings
among aerosol, thermal hydraulic, and fission product
phenomena. These feedback effects may not always be important,
but in many cases they are, and it is difficult to even assess
their importance without an integrated analysis tool.

In this regard, one important point must be stressed. It
should not be supposed that the effects of integrated analysis
described here (especially 1in Section 4.4), were fully

anticipated in advaence and the calculations run to demonstrate
them. On the contrary, considerable scrutiny of the detailed
CONTAIN output, as well as some amount of physical
understanding, were required in order to reconstruct the
interpley of phenomena described here. Experience has shown
that it is extremely difficult to intuitively predict the net
effects that arise in integrated analyses of this type, even in
a4 qualitative sense, Indeed, it is difficult to predict in
advance whether integrated analysis will yield results
exhibiting any significant differences (rom results of more
traditional approaches. It is for precisely this reason that
integrated analysis tools are expected to play increasingly
important toles as the technology for severe accident
assessmeat matures.
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For containment analysis, CONTAIN is unique among
present-generation computer codes in 1its ability to couple
these areas of phenomenology, and for that reason it has been
used for the studies presented in this report. However, the
results preserted should be considered to be only the
first steps towards understanding integrated severe accident
containment phenomenoloqgy. As continuing experimental research
provides better understanding of individual phenomena and as
calculational tools become more sophisticated and better
validated against experiment, further reductions in uncertainty
concerning severe accidents can be expected, so that decisions
made by industry, requlatore, and the public can be made on a
more rational and consistent basis.
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APPENDIX A

SAMPLE CONTAIN INPUT FILE

The following is the input file with whicn the station blackout
with spray recovery at 25000 seconds case (see Fig. 4-10) was
performed. The reader will note that this series of calcula.
tions used numerous and extensive tables to describe the
sources of gas, fission products, and aerosols to the atmosphere

These were obtained from other computer codes

(MARCH,

CORCON, VANESA) used in the source term studies described in
References 2 and 5. This large amount of source data is not

representative
tive of all CONTAIN calculations.

CRAY
B e s i ek s s wm e JIEEE = cm A was Wi e
&8 - ---- SURRY TMLB SEQUENCE - - SPRAYS ON AT 25000 S
& - - ----- AUGMENTED H2 AND DESIGN BASIS SPRAY -
& - - -4APR84 T R ——

&8 - - ADDITION OF LIQUID WATER FROM RCS
&8 - - -FINER SOURCE TABLE AT VESSEL FAILURE TIME
&& - -RADIOACTIVE CHAINS TELl32 AND TELl31M

&& - INCLUDE TC IN REFRACTORY AEROSOLS

&8 - - - -EXTENDED AER AND FISSION TABLES

&& - - -EXTENDED CORCON GAS TABLES

&8 - - ----RELEASES FROM RPV UPDATED 9/25/84 AS PER DCW

&& creeemeeen=--AEROSOL/FISSION PRODUCT MATCH -
&& DESCRIPTION AEROSOL FISSION
SPECIES (CONTAIN)

&8 Csl uo2 CS AND 1
A& CSOH PU Cs2

&& TE u TE

&& REFRACTORY MNO RF

88 OTHER MGO OTH

5& HP EJECTION(1) TiO2 NOT PRESENT
&& HP EJECTION(Z) CAO NOT PRESENT
A& PHOTON CLOUD NONE CURIES
CONTROL=9 2 2 8 15 11 20 8 1 O

MATERILAL

COMPOUND H2 02 CO CO2Z H20L H20V FE N2 CONC UOZ PU

U MNO MGO TIO02 CAO K20
FISSION

TE

I

CS

RF

XE

KR

OTH

cs2

TEL32 1132 XEl32

TELIIM [131 XEL31
CURIES



TIMES 720.0 0.0

&8 - oo TIME ZONES- - - - - - -
20. 40. 200,
25. l100. 1000.
25. S500. 2%5000.
S 15. 25090.
$. 0. 25100.

5. 50. 27000.
5. 100. 30000.
10. 1000. 40000.

| SR T
THERMAL
FLOWS

AREA(1,2)=0.01 AVL(1,2)=0.1 CFC(1,2)=2. TOPEN(L,2)=1.E8 QUASI
PRHEAT PRFISS PR.ER PRFLOW PRH-BURN PR USERO PRENGSYS

FISSION 1 K20 ¢
11111111331
TE
L
cs
RF
XE
KR
OTH
cs2
TEL32 1132 XEl32
TEL31IM 1131 XEl1l31

CURILES
1.0E20
1.E20
1.E20
1.E20
1L.E20
1L.F20
1.E20
L.E20
Z.B0BES 8.28B0E3 1.0E20
L.OBES 6.945ES 1.0E20
L.E20
FGPPWR =4
L.77ES 3.861lE-04 1.714E4 1.25E-0%
3,33E5 1.194E-05 5.03ES 2.525E-04
6.48E4 4.528BE-04 B817.5 B8.889E- 06
0.5 0.0 0.5 0.0
L.97E4 8 .861lE 04 1.29E3 2.342E.-0Q7
2.231ES 5.75E-04 B8.891E4 7.389E 0%
0.% 0.C 0.% 0.0
6.48E4 4.528E-04 817.5 B.889E 06
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0,0 0.0

&&
A&
A
A&
&5
&5
&5
5&
&5
&4
&b
&6
A&
b

&b

~TE
-1

cs
RY
XE
Kk

-« ~OTH
-+ C82

TEL32
L1132
XKL32

~TEL3I 1M

LL31
X131

CURILES




FPM- CELL=1
HOST=GAS 0. 0. 0. 0. 0. O, 0. 0. 0. 0. 0. 0. 0.

RELEASE

CS=0.1

1=0.1

FF=0.1

OTH=0.1

TE=0.1

1=0.1

Cs2=0.1
EOL

HOST=K20 0. 0. 0. 0. 0. Q0. 0. 0. 0. 0. 0 0. 0.
RELEASE

TEL32= 1.419E-05

[132= 1.0E-03

TELIIM= 1.419E-05%

I131= 1L.0E-03
EOL
ACCEPT

CS= 0. 1

E= ©. }.

RF= Q. 0.

TE= 0. 0. .
OTH= 0. 0. 0.
CS2s 0. 0. 1. . . » . . . '
TEl32= 0. 0. O;. 1. 0. 0, O0. 0. 0. 0. 0. 0. O.
TEL31M= 0. 0. 0. 1. 0. 0. 0. 0. 0. 0. 0. 0. O.

Cocoo
cCoOoC

[132= 0. 0. 0. 0. 0. 1. 0. 0. 0. 0. 0. 0. 0
I131l= 0. 0. 0. 0. 0. 1. 0. 0. 0. Q. 0. 0., ©
EOL
EOIL
TITLE

SURRY TMLB' WITH SPRAYS AT 25000 S

RUN NO. PNELL, AUGMENTED H2 & DESIGN BASLIS SPRAY
AEROSOL 1 1.E-7 2.5E-4 0. 0. 0. 0.
RHO=3000.0

Uuoz= L.0QE-¢ 0.7

PU= 1.0E-6 0.7

Us 1.0E-6 0.7

MNO= 1L.0E-6 0.7

MGO= 1.0E-6 6.7

TIO2= 0.7E-6 0.47

CAO= 30.0E-6 0.6913

H20V=: 1L.E-8 .405%
&8 c-einea END OF GLOBAL INPUT
CELL=1
CONTROL =20

005 11

0 08 224

O 0 12 26

16 26 0 1

00165

1 ]

0.




SR B b B iR Sl e SLar sl e L
:

GEOMETRY 5.097E4
6.85E4

ATMOS =3
H20V=0.010
02=0.23
N2=0.76

CONDENSE

SOURCE 8

HZ 4 1FLAG=1

T
0.0
MASS
0.0 8.3
TEMP
c.0
EOL

94138.

420.

&8 ~=s

H20V
T
.0000E+0Q0
1.2006E4+02
1.2001E403
3.2401E+03
3.3901E+03
31.5401E+03
3.6901E+03
3.8401E+403
3.9901E403
4.1401E403
4.2901E+403
4.5601E+03
5.0701E«03
5.5801E+03
6.0751E+03
6.5701LE403
7.0801E+03
7.5751E403
B8.0701LE4+03
8.4001E4+03
8.5051E403
8.61L0LE403
8.6B85LE«03
8.7601LE4+03
B.8351LE403

224

-

-

S -

-

$3.3%
310.9

--RPV SOURCE

-------- BASE CASE

- ——— e e e e e

...... REVISION L7FEBS4

- -

9498. 60000

0.0 0.0

420. 420.

IFLAG = 1

6.0000E-02
L.5006E+02
L.7101LE+03
3.2701E+03
3.4201E+03
3.5701E+03
3.7201E+03
31.8701LE+03
4.0201E+03
4.1701LE+03
4.3201E403
4.6801E4+013
5.L601E+03
5.6701E403
6.1801LE403
6.6751E4+03
7.1L701LE+403
7.6801E+03
B8.1751E+03
8.4301E.03
B.5201LE+03
8.6251E403
B8.7001E+03
B.7751LE4+03
8.8501LE+03

DD DN NTOTCELLDWWEWWN W

RSN SRUS— . 1 )

.0060E4+01
.8006E+02
.1L901LE+03
.3001E+03
.A4501E+«03
.600LE+03
.7501E403
.9001E+03
.0501E403
.2001E«+03
.3501E403
.7701E403
.28B01E+03
LT751E403
L.2T01E4+03
.7801E+03
L2751E+03
LT7T01E40%
.2B801E+«03
LA451E403
.5501E403
.6401E+013
L7L51E40Q3
L7901LE«03
. B651LE«O]

A-4

L4DEC- - -

NN OO LW WWENNDD

o>

.O060E«O1
.1006E+02
.7001E+013
.3301LE+03
.48B01E+03
.6301E+03
., 7801E+03
.9301E+03
.OBOLE+O3
.2301E«D3
.3801E4+03
.8601E403
.3701E403
.BBOLE+OQ3
.3751E+03
.B701E+03
.3B0LE+O3
.B751E4+03
.3701E403
AR01E«Q]
. 56%1LE4+03
+655LE«O}
L7301LE40O3
LBOSLEWOQ3
.BBOLE+03

NN E DR W wWww o

e e e e e e e e e e e e e e e e A e

.0060E+01
.9006E+02
.2101E+013
. 3601403
.5101E4+03
.6601E+03
.B1L0LE+O3
.960LE4+03
.1101E+03
.2601E+0Q13
.4701E4+03
.9B0LE+O3
.4601E+03
L9701E4013
.48B01E«03
L9751E403
LAT0LE«Q3
LYBOLE+O]
.3B51E«0Q3
L4901E403
. 5801E+«03
,6701E4073
L7451E403
.B201E+013
. B89%51KE+03



8.9101E+03

.9851E403

9.0601E403
9.1351E+03
9.2101E+03

9
9
9
9

.2851E+03
.3601E+03
.4252E+03
.5051E4+03

9.5825E+03

9

.6825E403

1.0029E+04
1.0476E404

1
L
1
L
1

.0768BE+04
.1L108E+«04
.L499E+04
.2078E+0G4
.2378BE+404

L.2682E404

3

.2963E404

MASS

1

L
1
1
L

FNNNNN

.0000E+ 00
-1535E401
.Q000E4 00
.8522E+01
.B299E+01
.9698E«O1L
.9892E+01
.0298E+01
.2050E401
.2489E401
.3036E401
.4581E402
.0000E4 00
.0000E+ 00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+0Q0
.0000E+ 00
.Q000E+00
.00N0E+00

.0000E+00

.0000E+00
.0000E+00
.0000E+00
.0000E+00

.0000E+00

.0000E+00

.0000E+00

.0000E+00
.0000E+00
.0000E+00

8.
.0001E+03
.0751E+03
.1501E403
.2251E+03
.3001E+C3
+3751E+03
.4472E403
.520BE«03
.5974E403
.741L3E+03
.00B9E+04
.0536E+04
.0B03E+04
.1L228E+04
.1619E404
.2L36E404
.2436K404
.2716E404
.2985E404

ﬁr—rﬂwuﬂrﬂwo~P'0-0\0vo130«0~9190
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.€082E+0686
.6155E+06
.6426E4008
.979BE+06
.4072E4+ Qe
.7905E+06
.1B29E4+ 06
.2428BE4 086
.2430E+06
.2431E4+06
.2431E4+06
.7404E+06
.7405E+06
.7436E406
.7435E+06
.7423E+06
.7412E+06
.7409E4+06
.7404E+06
.7458E4+06
.7405E+06
.7416E+ 06
.7419E+06
.0000E+00

IFLAG = 2

.0000E-02
.5006E+02
.7101E+03
.27C1E+03
.4201E+03
.5701E+03
.72C01E+03
.8701E+403
.0201E+23
.1701E+03
.3201E+03
.6BOLlE+03
-1l601E+03
.6701E+03
.1801E+03
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.T242E+ 06
.0000E+0Q0
.0000E+ 00
.567BE+06
.5699E+06
.5B04E+ 08
.5966E+06
.6034E+086
.6065E+06
.7037E+0C6
.0000E+00
.O000E- 00
.6082E4 08
L,61l76E+058
.7019E+ 06
.0554E+06
.5044E4+C8
.BB3ISE+UE
.2395E406
.2427E+06
.2429E4 086
.2430E+08
L.7790E406
.7401E+ 056
.7T411E+06
.7T443E4+06
.7433E+06
.7416E+4 086
.7412E+0686
. 7406E+ 06
.7404E+06
.7440E+ 06
.7415E+06
.7405E+06
.0000E+00
.Q000E+00

.0060E+01
.8006E+02
.1901E+03
.3001E+03
.4501E+03
.6001lE+03
.7501E+03
.9001E+03
.050LE+C3
.2001E+03
.3501E+03
.7701E+03
.2B01E+03
.7751E+023
.2701E+03
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.B853E40¢
. Q000K+ 00
.0000E+00
.5687E+06
.5702E406
.5845E406
.5986E+06
.6040E+06
.6084E+06
.0000E+ 00
.7102E4+06
.7065E406
.6097E406
.6197E4+06
.7582E406
-1356E406
.6041E+ 06
.9408E+06
.2429E40¢
. 2428E+068
.2430E+0C6
.0000E+« Q0
.7414E+06
.7399E406
.7418BE« 06
.7446E406
. 7425E406
.7416E+06
.7410E4+0C6
.7405E406
.7407E4+06
.7412E+06
.7406E+06
.7417E4+06
.0000E+00
.0000E+00

.0060E4+01
.1006E+02
.7001E+03
.3301E+03
.4B801E+0Q3
.6301E+03
.7801E+03
.2301E+03
.0BO1E+03%
.2301E+03
.3801E+03
.B601LE+C3
.3701E+03
.8BOLE+03
.3751E+403

et
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.1330E+08
.0000E+00
.5659E406
.56%3E406
.5708E406
.S8BOE+06
.6001E«Q86
.6043E+0686
.61L10E+086
.0000E+ 00
.Q000E+00
.0000E400
.61LBE+06
.6223E4+06
.B5%2E+ 068
L2249E406
.661L5E+06
.0203E+06
.2430E+06
.2429E+06
.2430E+06
.2432E+06
.7411E+06
.739BE«06
.7424E4+06
.7443E406
.7422E4+06
.7416E+06
.7411E+06
.7409E4+06
.7406E4+06
.74085E4+06
.7416E+06
.7405E4+06
.0000E4+00

.C060E+0L
.9006E402
.2101E+03
.3601E+03
.5101E+03
.6601E+03
.8LO0LE+03
.9601E+03
.1101E+03
.2601E+03
.4701E+03
.9801E+03
.4601E+03
.9701E+03
.4B01E+03
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WHMFMFFEFMFPEFMFPMPODOOOOOOOY D000 0D®DI

.5701E+03
.0B01lE+03
.5751E+03
.0701E+03
.4001E+03
.5051E+03
.6101E+03
.6B51E+03
.7601E+03
.B351E+03
.9101E+03
-$851E+03
.0601E+03
.1351E4+03
.2101E+03
.2851E+03
.3601E+03
.4252E403
.5051E+03
.5825E+03
.6825E+03
.0029E+04
.0476E+04
.0768E404
.110B8E+04
.1L499E+04
.2078E+04
.2378E+04
.2682E+04
.2963E+04

MASS

5
2

6
6
8

.0000E+0Q0
.0000E+Q0
.0000E+0Q0
.Q000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0UO0E+00
.0CO0E+00
.Q000E+ 00
.0000E+00
.0000E+00
.0000E+0GC
. L694E-0Q7
.163BE-04
.1303E-03
.3696E-03
.7895E-03
.0000E+00
.0000NE+00
.0000E+00
.3089E-02

6.
T
-
8.
.4301E+03
.5201E+03
.6251E+03
.7001E+03
.7751E+03
.8501E+03
.9251E+03
.0001E+03
.0751E+03
.1501E+03
.2251E+03
.3001E+03
.3751E+03
.4472E403
.5208BE+03
.5974E+03
.7413E+03
.0089E+04
05362404
.0B803E+04
.1228E+04
.1619E+04
.2136E+04
.2436E+04
.2716E+04
.2985E404

e e Y
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6751E+03
L701E+02
6801E+03
1751E+03

.0C00E+ 00
.0000E+«0O0
.0000E+00
.0000E+20
.0000E+0Q0
.0000E+ 00
.0000E4 00
.0000E+0G
.0000E+00
.0020E+00
.00C0E+00

000CO0OE+00

.0COCQCE+00
.Q351E-10
.1231E-06
.2279E-04
.6064E-03
.6763E-03
.0544E-C3
.0000E+00
.0000E+00

L.1876E-02

.5746E-02
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,7801E+«03
.2751E+03
.7T701E+03
.2801E+03
.4451E+03
.5501E+03
.6401E+03
.7151E+03
.7901E+03
.B651E+03
.9401E+03
.0151E+03
.0901E+03
.1651E+03
.2401E+03
.3151E+02
.39501E+03
.4581E+03
.5348E.03
.61l47E+03
.7T792E+03
.0209E4+04
.2595E404
.0B63E+04
.1276E+04
.1B99E+04
.2193E+04
.2501E+04
.2776E+04
.300BE+04

.0000E+00
.0000E+0Q0
.0000E+00
.0000E+0QO0
.0000E+ 00
.0000E+ 00
.CO00E+00
.00COE+0GC
.000GE+QO
.0000E+00
.0000E+0Q0
.0000E+00
.0000E+ 00
.1059E-08
.1796E-Cé6
.9511E-04
.2009E-03
.9609%E-03
.0000E+00
.0000E+0Q0
.000VE4 0T

4.2298BE-02

.4183E-02
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.8701E+03
.3801E+03
.B8751E+03
.3701E+02
.4601E+403
-5651E+03
.6551E+03
.7301E+03
.BO51E+23
.BE01E+03
.9551E+03
.0301E+03
.1051E+03
.1801E+03
.2551E+03
.3301E403
.4046E403
.4784E403
.5533E403
.6273E+03
.8392E4+03
.0296E+404
.0655E404
.1017E+04
.1319E+04
.1L97CE+04
.2256E4+04
.2561E404
.2B96E+04
.0024E404

.0000E+00
.0000E+00
.COQUE+ 00
.0000E+0Q0
.Q000E+00
.C0QOE+00
.0000E+0Q0
.0000E+00
.0000E+00
.0000E+00
.00C0E+0Q0
.0000E+00
.0000E+00
.1463E- 08
.6628BE-05
.4363E-03
.7046E-03
.3180E-03
.0000E+ 00
.0C00E+« 00
.0000E+ 00
.0€57E-02
.L3B4E-01

N PMPRMEPP DO OO OO OIOOODODTDTTTIDODODDDE NI

NOAWwOoO e

9751E+03
-4701E+03
-9801E.03
.38B51E+03

.4901E+03
.5B801E. 03
.6701E+03
.7451E+03
.8201E+03
.B951E+03
.9701E+03

.Q451E+03
.1201E+013

.1951E4063

.2701E403
.3451E+03
.4142E+03

.4877E+013
.5691E4+03
.6383E+03
.2956E+03

.0356E404
.0713E+04
.104BE+04
.1379E404
.2018E+04
.2316E404
.2623E+04
.3097E+04

.0000E+ 00
.0000E+00
.Q000QE+00
.0000E+00

.0000E+00

.Q000E+00

.0000QE+00

.0000E+00
.0009KE+00
.GOO0OE+0QO0
.0000E+CO
.36B0E- 14
.7558E- 14
.2B81BE--Q7
«7912E- 0%
.3015E-03
.8228E-03
.9023E-03
.0000E+00
.0000E+00
.0000E4 00
.5481E-02
.2564E-01
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|

L.
.6025E-01

5

4.
8.
4.
3
25
8.
3.
.0000E+00
.0000E+00
.0633E-14
.1231E-14
.51%8E- 14
.5158E- 14
.0955E-14
.0000QE+0Q0
.3356E- 14
.0000E+00

W~

wm

.2252E-01
.L893E+Q0

0061E+0Q0

6339E-01
3553E-03
5096E-03
0265E-04
Ol30E-04
9531E-02
2034E-05
3728E-09

ENTH
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e e o T

.0000E+0Q0
.0000E+00
.0000E+00
.0000E+00
.0200E+00
.QCOCE+00
.0000E+00
.Q000E+00
.0000E+00
.Q000E+0Q0
.0000E+00
.0000E+0Q0
.0000E+0Q0Q
.0000E+00
.0257E+06
-1503E+06
.2178BE+06
.2372E+0C6
.2379E+06
.00COE+00
.0000E+00
.0000E+00
.3001E+06
.3803E+06
.3838E+06
.0l39E407
.2858BE+07
.5323E+07
.6212E+07
.6212E+Q7
.62L2E+0Q7

WrHEBONOO DWW WMWY~

~

(S AN S S LIS A -

PR NOe D

.0583E-01
.1L981E+00
.4329E-01
.6547E-01
.3218E-01
.145ZE-03
.363KE-03
.613%E-04
.8625E+00
.3832E-03
.1721E-05%
.7951E-11
.7987E- L4
.5158E-14
.0444E- 14
.0000E+00
.5978E- 14
.4189E- 13
.0000E+00
.7901E-14
.0316E-14
.C00CE+00

.0000E+0Q0
.0000E+0Q0
.0000E+00
.0000E+00
.0000E+0Q0
.0000E+00
.0000E+0C
.Q000E+0Q0
.0OCO0E+0Q0
.COO0E+00
.0000E+0Q0
.00C0E+00
.0000E+0Q0
.9962E+06
.0497E406
.1L702E+06
.2253E+406
.2376E+06
.2379E+C6
.0000E+00
.0000E+00
.2556E4+06
.3109E+406
.5050E+06
.B646E+06
.0771E+07
.3306E+07
.5846E+07
.€213E+Q7
.B6212E+07
.6213E+07
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.0400E+0Q0
.1725E+00
.8087E-01
.4876E-01
.9053E-01
.4238E-03
.23BlE-03
.3734E- 04
.7604E409
.1080E-03
.2447E-06
.3270E-13
.C3loE-14
.3568E- 14
.0000E+0Q0
.9276E-14
.2190E- 14
«.3303E-13
.B579E-14
.0000E+00
.0Q000E+0Q0
.0000E+00

.0O000E+ 00
.0000E+00
.0000E+0Q0
.0000E+GCO
.0000E+00
.0000E+0Q0
.0000E+0C
.Q000E+0Q0
.0000E+0Q0
.0000E+0Q0C
.0000E+00
.0000E+00
.0000E+0Q0
.9989E+06
.Q773E+06
.1LB64E+06
.2313E+06
.2379E+G6
.0000E+0Q0
.0000E+00
.0000E+00
.2629E+06
.3256E+06
.0L67E+06
.3B69E+06
.L419E+07
.3785E+07
.6208E+07
.6213E+07
.6213E+C7
.6212E+07
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.71%4E+00
.1250E+00
.2003E-01
.2460E-01
.70L1L3E-02
.9935E-03
.3489E-03
.00C0OE+00
.0766E-01
. 1409E-04
.7053E-07
.Q000E+00
.B141E- 14
.0000E~-00
.1635E-14
-L761E-13
.0000E+00
.0000E+ 00
.0000E+00
.9267E-14
.0CO0E+0QO0
.0000E+QCQ

.0000E+00
.0000E+0Q0
.0000E+0Q0
.0000E+« 00
.0000E+00
.0000E+0Q0
.000CE+00
.0000E+00
.0000NE+CO
.0000E+0Q9
.0000E+00
.Q000E+00
.J000E+00
.0009E+06
.LO50E+ 06
.20C1E+068
.2348L+06
.23B1lE+06
.0000E+«00
.0000E+00
.0000E+00Q
.2744E406
.3434E+06
.3944E+06
-9440E+06
.20BQE+Q7
.42B6E+Q7
.6222E+07
.6213E+07
.6212E+07
.0000E+0Q0
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.6246E400
.0668BE4+00
.9769E-01
<9525E-01
.0426E-02
.7051E-03
.4697E- 04
.2434E-04
.1984E- 01
.7346E-04
.E559E-08
.CO00E+00
.1000E-13
.515%8E- 14
.0000E+ 00
.0000E+0Q0
.5158E- 14
.COO0E+00
.9697E- 14
-0000E+00
.NO00E+00

.0000E+0Q0
.0Q000E+Q0
.0000E+0Q0
.QC00E+ 00
.0000E+0Q0
.0000E+0Q0
.0000E+00
.Q000E+CO
.0000E+00
.0000E+00
.0000CE+ Q0
.9641E+06
.9BT4E+06
.006%E+06
.12B1E+06
.2100E+08
.2364E+06
.2380E+06
.0000E+00
.0000NE+00
.0000E+00
.2878E+06
.3624E+06
.9568E4+06
.528B5E+06
.2460E+07
.4B0LE+07
.6216E+07
.6212E+07
.6212E+Q7
.6213E+07



-3611E+06
-0554E+06
.0680E+0C6
.0000E+00
.00COE+00
.0000E+00
.Q000E+00
.3554E+06
.0000E+00
.3967E+086
.0000E+00
.0000E+«0Q0
.C000E+GO
.0000E+00

2.0734E+06
2.0531E+06
2.0768E+06

.0000E+0Q0

3.3554E+06

.0000E+00
.0000E+00
.0000E+00
.0000E+Q0
.0000E+0Q0
.0000E+CGO
.0000E+00C
.0000E+0C0
.Q000E+00

2.06G2KE+06
2.0523E+086
2.0B45E+06
.0000E+00
.C000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+0COC
.Q00CE+00
.CO00E+0C
.0000E+00
.Q000E+00

------- CORE/CONCRETE INTERACTION GASES-

1.621L2E+07 1.8213E+07
2.0638E+06 2.0582E+06
2.0536E+06 2.0607E+06
2.0912E+06 2.0921E+06
.0000E+00 .0000E+00
.0000E+00 .0000E+0Q0
.0000E+00 .0000E+00
.0000E+0Q0 .Q00CQE+00
.0000E+0Q0 .0000E+00
.O000E+Q0 1.9738E+06
.0000QE+00 .0000E+00
.0000E+ 00 .000CE+00
.QCOQE+00 .0000E+00
.000CE+00 .0000E+00
EOIL
&& - mmmeeae-
Cco =33 IFLAG=2
! 1
9.438E+03 9.49BE+03
1.424E+04
1.544E+04 1.664E:04 1
2.144E+04
2.264E+04 2.3B4E+404 2
2.864E404
2.984E+04 3.104E+04 3
3.584E+04
3.704E+04 131.824E+04 3
4.304E+04
4.474E+04 5.024E+04 7
MASS
1.008E-05 1.737E-05
3.059E-03
1.560E-03 #£.050E-05 5
1.530E-01
5.522E-02 1.07%E-02 1
2.142E-02
2.515E-02 2.776E-02 2
2.765E-02
2.661lE-02 2.526E-02 2
2.104E-02
1.469E-02 8.333E-03
ENTH
L. 757E+06 1.881lE+06
2.042E406
1.799E+06 1.800E+06 1
2.189E+086
2.217E+06 2.277E+06 2
L.839E+06
2.083E+06 2.059E4+06 1
2.158E+06
2.134E+06 2.1L1L6E+06 1
1.924E+06
L.924E+06 1.924E+06

1.064E+04

.78B4E+04

.5U4E+04

.224E+04

.944E+04

.2E+04

2,.197E-04

.273E-05%

.249E-02

<93SE-Q2

.461E-02

2.211E4+06

.BO3E+08

-.307E406

.B37E+06

.967KE4+06

1.184E4+04

1.904E-+04

2.624E+04

3.344E4+04

4.064E+04

2.245E-03

5.074E-05

1.423E-02

2.953E-0¢

2.346E-02

2.253E+06

1L.BOSE«06

2.329E4+06

2.01424+0686

1.940E+06

2

2

3

1

1

1

£

2

2

2

2

2

1.204E+904

.024E+«04

.744E404

-464E404

.1lB4E4 04

J.565E-03

.Q27E-01

.721E-02

!.874E-02

.059E-02

2.268E406

177E4+08

.059E406

.1lB4E+06

.058BE+06



EO1

Coz2 =33 IFLAG=2
T
S.438E+03 9.49BE4+03
1.424E+04
L.544E+04 1.664E+04
2.144E.04
2.264E4+04 2.384E+04
2.8B64E+04
2.984E+04 3.104E+04
3.58B4E+04
3.704E+04 3.8B24E+04
4.304E+404
4.424E+404 5.024E404
MASS
2.149E-03 4.391E-03
1.700E-02
L.221E-02 8.391E-03
6.534E-03
5.251E-03 & .388E-03
1.103E-02
1.434E-02 1.713E-02
2.11BE-02
2.130E-02 2.107E-0Q2
2.890E-02
2.779E-02 2.667E-02
ENTH
L.78BE+06 1.946E+06
Z.11L3E40686
1.833E406 1.834E+06
2.245E4068
2.28B9E+406 2.334E+06
1L.875E406
2.136E+08 2.093E406
2.20BE+06
2.1B7E:06 2.167E+06
1L.960E4+ 0686
L.960E+06 L.9ok4 06
EOIL
2 =33 IFLAG=2
T
9.438E+03 9.498E+03
1.424E+04
1L.544E+04 1.664E+04
2.144E+04
2.264E+04 2.3B4E+04
2.864E+04
2.984E+04 3.104E+04
3.5B84E+04
3.704E+404 3.B24E+04
4.304E+04
4.424E+04 5.024K4+04
MASS
2.274E-03 3.807E-03

1.064E+04

L.7B4E+04

2.504E+04

3.224E+04

3.944E+404

7.2E404

8.594K-03

7.530E-03

6.088E-03

L.945E-02

2.272E-02

0.

2.226E+06

L.836E4+06

2.366E406

L.872E+06

2.000E+06

0.

1L.064%404

1.784E404

2.504E404

3.224E+404

3.944E404

7.2E404

7.752E-03

A-13

L.Ll84KE+04

1L.904E+04

2.624E+04

3.344E+04

4.054K4+04

L.770E-02

7.801E-03

6.79%E-03

2.053E-02

2.545E-02

2.298E4086

1.839E406

Z2.389E406

2.0864E406

1.994E406

1.184E+04

1.904E+04

2.624E+04

3.344E404

4.064E+04

L.631E-02

1.304E4+04

2.024E+04

2.744%4+04

3.464KE404

4.184E404

2.07%E-02

7.8B48E-03

8.072E-03

Z2.083E-02

2.601E-02

2.325E4+06

<.028E406

2.107E4086

2.236E406

2.104E4+06

L.304E+04

.024E404

N

2.744E+04

3.464E+04

4.184E+04

L.470E-02



3.001E-02
4.061E-02
1.1C6E-02
6.595E-03
1.465E-02
1.720E-02
1.891E- 02
1L.820E-02
1.129E-02
8.562E-03
ENTH
2.299E+07
2.442E+07
2.351E+07
2.827E+07
2.886E+07
2.400E+07
2.699E407
2.791E+07
2.763E+07
2.504E4+07
2.504E+07
EOI
H20V =
T
9.438E+03
1.424E+04
1.544E+04
2.144E+04
2.264E+404
2.864E+04
2.984E404
3.584E+04
3.704E+04
4.304E+04
4.424E404
MASS
8.396E-03
6.643E-02
4.768E-02
2.545E-02
2.059E-02
4.365E-02
5.668E-02
8.347E-02
8.399E-02
1.412E-01
1.24E-01
ENTH
3.453E406
4.114E+06
3.543E+06
4.3B80E+068
4.471E406
> 629E406

2.767E-02
7.356E-03
1.898BE-G2
1.728E-02
5.833E-03
2.444E+07
2.352E+07
2.937E+07
2.670E+07
2.740E+07
2.504E+07
33 IFLAG=2
9.498E+03
1L.664E+04
2.38B4E+04
3.104E+04
3.824E+404
5.024E+04
L.715E-02
3.278E-02
2.128E-02
6.764E-02
8.306E-02
L.067E-01
3.773E+406
3.545E+06

4.561E+406

2.482E-02

8.546E-03

2.008E-02

1.683E-02

0.

2.823E+07

2.355E407

2.9/4E+07

2.397E+07

2.556E+07

1.064E+04

L.784E+04

2.504E4+04

3.224E+04

3.944E404

7.2E+04

3.357E-02

2.942E-02

2.407E-02

7.676E-02

8.941E-02

4.341E+06

3.551E+06

4.626E4+06

A- 14

2.447E-02

9.736E-03

2.019E-02

1.495E-02

2.894E+07

2.358E4+G7

5.001E+0Q7

2.615E+07

2.512E+07

1.184E+04

1.904E+04

2.624E-+04

3.344E+04

4.064E+04

6.913E-02
3.048E-02
2.688BE-02
8.100E-02
1.099E-01
4 .48BE+06
3.556E4+086

4 .673E4+06

1.993E-02

1.177E-02

L.965E-02

1L.157E-02

2.922E+07

2.538E+07

2.670E+407

2.822E+407

2.669E+07

1.304E+04

2.024E+04

2.744E404

3.464E404

4.184E+04

8.106E-02

3.060E-02

3.196E.02

8.213E-02

1.246E-01

4.544E406

3.939E406

4.100E406



4.130E+06 4.072E+06 3.624E+06 4.012E-05 4.362E«06

4.3C06E+06

4.259E406 4.219E+406 3.882E+06 3.891E+06 4.094E406
3.804E+06

3.804E+06 3.804E+06 0.

88 ~--ccnmecco----_END OF GAS
SOURCES----~--cmmme e e m e

H-BURN

STRUC
&& ------w----. --HEAT SINK STRUCTURES- -

DOME ROOF SLAB 11 5 310.9 10.0 0.0 0 2.323E3

0.0 5.563E-3 1.113E-2 1.676E-2 2.286E-2 3.2E-2 “.486E-2
L.036E-1

2.012E-1 3.962E-1 7.010E-1 1.i5%9

FE FE CONC CONC CONC CONC CONC CONC CONC CONC CONC

WALLL WALL SLAB 11 5 310.9 10.0 0.0 0 4.343E3

0.C 5.563E-3 1.113E-2 1.676E-2 2.286E-2 3.2E-2 5.486E-2 1.036E-1
2.012E-1 3.962E-1 7.01E-1 1.1%9

FE FE CONC CONC CONC CONC CONC CONC CONC CONC CONC

FLOOR FLOOR SLAB 11 5 310.9 10.0 0.0 O 1.045E3

0.0 5.563E-3 1.113E-2 1.676E-2 2.286E-2 3.2E-2 5.486E-2 1.036E-1
2.012E-1 3.962E-1 7.01E-1 1.1%9

FE FE CONC CONC CONC CONC CONC CONC CONC CONC CONC

WALLZ2 WALL SLAB 8 7 310.9 10.0 0. 0. 10.666E3

0.0 3.04BE-3 9.144E-3 2.134E-2 4.572E- 2 9.449E-2 1.92E-1
2.896E-1

3.993E-1

CONC CONC CONC CONC CONC CONC CONC CONC

WALL3 WALL SLAB 2 1 310.9 10.0 0. 2.747E3
0.0 1.250E-2 2.53E-2
FPE PE

B - i v o e e . e o i i e 0 B e

AEROSOL=8 UO2=0. PU=0. U=0. MNO=0. MGO=0. TIOZ=0. CAQ=0.
H20V=0.1

SOURCE=12
B SR i 5 dntmin AEROSOL SOUBCES FROM RPV- - - - oo

Uo2=4 IFLAG=1

&8 - o 8 - T UGPSR e S
T=

0.0 9.438E3 9.498BE3 (.0OELO

MASS =

0.0 0.0633 0.0 0.0



EO1L
&&

&&
T=
0.0
MAS
0.0
EOI
&&
U=4
8&
T=
c.0
MAS
0.0
EOIL
&&

- ——— . b e e e

9.43BE3 9.498E3 1.0El0
S=
0.383 0.0 0.0

IFLAG=1

9.438E3 9.498BE3 1.0El0
S=
0.0217 0.0 0.0

MNO=4 IFLAG=1

&a
Ts=
0.0
MAS
0.0
EO1L
&S

i e it e 5 S PIPRALTOR Y = = = o e v s s o o o o 1
9.438E3 9.498E3 1.ELO

S=
«153.09.0 0.0

MGO=4 IFLAG=1

&&
T=
0.0
MAS
0.0
EOIL
&&
&5
TI1O
&&
T=
0.0
MAS
0.0
EO1L
&&
CAO
T=
0.0
MAS
C.0
EOQI
&&
&&

&&
&&

------- s o st AT THIEIR s~ = = i s i gt 5 et b 1 B

9.438EZ 9.498E3 1.0El0
S=

2.02 0.2 0.0
2=4 IFLAG:=1

~-eee-----HIGH PRESSURE EJECTION-MODE 1- - -« - - v .

9.438E3 9.498E3 1.0ElO0
S=
0.833 0.0 0.0

---------------- HIGH PRESSURE EJECTION MODE 2- - - - - -cooono
=4 1FLAG=1

9.438E3 9.498E3 1.0ELOQ

S=
0.833 0.0 0.0

o aime s e = e- B BPY AEROBOL SOURDE- - - - - - con v msme s oms

=5 s es cewe-«CORE/CONCRETE AEROSOL SOURCE- e e
o o B i e 4 TR = '~ » = 8 403 ot e v 0 o ar i e i

A-16



=26

MGO
;
9.438E+403
1.544E404
1L.664E404
2.264E404
2.38B4E+404
2.984E-+04
3.104E404
3.704E4904
3.824E+04
MASS
L.644E-02
6.881lE-02
5.079E-02
7.937E-03
9.643E-03
2.351E-02
2.165E-02
9.505E-02
1L.557E-02
EOIL
&8 -
MNO
&& --
T
9.438E403
1.544E404
1.664E+04
2.2E64E+02
2.3B4E+04
2.984E+04
3.104E+04
3.704E+04
3.824E+04
MASS
9.357E-0%
L.BO1lE-03
1L.023E-03
2.550E-04
3.186K-04
8.110E-04
7.466E-04
3.187E-04
5.262E-04
EC1
&& -

=26

4] =26
&& ~ -

-
9.43BE+03
1.544E+04
1.664E+04
2.264E+04

IFLAG=2
1.064%+04 1.184E+04 1.304E+04
1.784E+04 1.904E+04 2.024E+04
2.504E+04 2.624E+04 2.744E+04
1.224FE+04 1.344KE.04 1 464K .04
7.2E4+04
2.119¥-02 4.401E-02 6.080E-02
4.494E-02 4.140E-02 2.607E-02
1.267E-02 1.628E-22 2.057E-02
1.906E-02 1.609E-02 1.490E-02
0.

IPLAGs2
cumsme e vn o e REPRACTORY - - ~ =~ -

1.064E+04 1.184E+04 1.304E+04
1.784E+04 1.904E+04 2.024E+04
2.504E+04 2.624E+04 2.744E404
31.224E+04 3.344E+04 13.464E+404
7.2E+04
1.295E-03 2.242E-03 2.641E-03
7.716E-04 5.766E-04 4.186E-04
4.252E-04 5.517E-04 7.031E-04
6.538E-04 5.454E-04 5.004E-04
0.

.26 1euac-z 7
----------------- TE
1.064E+04 1.184E+04 1.304E+04
1.784E+04 1.904E+04 2.024E+04

L.424E404

2.144E+404

2.884E+04

3 SB4E.04

7.830E-02

9.981lE-03

2.353E-02

1.276E-902

1.424E404

2.144E+04

Z2.864E404

3.58B4E+04

2.829E-03

3.036E-04

8.097E-04

4.275E-04

L.424E+04

2.144E+04




2.384E+04
2.9B4E+04
3.104E+04
3.704E+04
3.8B24E+04
MASS
8.420E-06
3.079E-04
2.251E-04
9.765E-05
1.072E-04
2.3B9E-04
2.333E-04
1.321E-04
L.741E-04
EOI

. i s v s o i

=25 IFLAG=2

PU
&&

2.504E+04

3.224E+04

7.2E+04

1.135E-04

2.098E-04

1.301E-04

2.189E-04

0.

2.624E+04

3.344E+04

2.152E-04

2.135E-04

1L.582E-04

1.972€-04

--=«CSOH

BRI i ot b i i o e

i
9.438BE+403
1.544E+04
1.664E+04
2.264E+04
2.384E+04
2.984E404
3.104E+04
3.704E+04
3.824E+04
MASS
3.925E-06

9.438E403
1.544E+04
L.664E+04
2.264E+404
2.3B4E+04
2.984E+04
3.104E+04
3.704E+04
3.824E404

=25

1.064E+04

1.784E+04

2.504E+04

3.224E+04

. 155E-05

ocooOowN

L.184E+04

1.904E+04

2.624E404

3.344E+404

.037E-05%

ococosm

1.064E+04

1L.784E+04

2.504E+04

3.224E+404

IFLAG=2

1.18411404

L.904E+04

2.624KE:04

3.344E404

coowNn

.744E+04 2.8B64E+04
-464E+04 3 .58B4E+04
.035E-04 3.837E-04
.958BE-04 1.367E-04
-951E-04 2.272E-04
.935E-04 1.718BE-04
.304E+04 1.424E404
.024E+04 2.144E+04
.744E+04 2 _.B64E+04
.464E+04 3 .5B4E+04
.037E-0% 0.

0.

.

0.
.304E404 1.424E+04
.024E+04 2.144E+04
-744E+04 2.864E+04
-464E+04 3 .584E404

cooOo







e e e e e e e e e e e e e e e e e e e R e e e e e e e e

&&

........................ e AR PSRN S S L o ) <
RF=4 IFLAG=1

T=

0.0 9.438E3 9.498E3 1.0EL0

MASS=

0.0 0.153 0.0 0.0

EOI

&&

&8

------------------------- PEB = v o s e 3t A . b i e RS e B
OTH=4 IFLAG=1

T=

0.0 9.438E3 9.498E3 1.0ELQ

MASS =

0.0 2.02 0.0 0.0

EOIL

B il g s o s I = . o o ey i o 5 R s
XE=4 IFLAG=1

T=

0.0 9.438E3 9.498E3 1.0ELC

MASS -

0.0 4.308 0.0 0.0

EOL

&&

&5

R . L e S o0 S O o | 1o
Kk=4 IFLAG=1

T-=

0.0 9.438E3 9.498E3 1.0EL0
MASS =

0.0 0.2217 0.0 0.0

ECI

&5

& - - -F1SS10N SOUKRCES FOR CORE/CONCRETE

AEROSOLS- - -~~~ = -

OTH =26 IFLAG=2

T

9.438E+403 1.054E+04 1.184E+04 1.304E+04 1.424E«04
1.544E+04
1L.664E404 1.7B4E+04 L.904E+04 2.024E+04 2.144E+04



2.264E404

2.384E+04

2.98B4E+04

3.104E+04

3.704E4+04

3.824E+04

MASS

1.644E-03

6.8BlE-02

5.079E-02

7.937E-03

$.643E-03

2.351E-02

2.165E-02

9.505E-03

1.557E-02

EOI
&&

=26

RF
; 3

9.43BE+03

1.544E+04

1L.664E+04

2.264E+04

2.3B4E+04

2.9B4E+04

3.104E+04

3.704E+04

3.824E+04

MASS

9.357E-05

1.801E-03

1.023E-03

2.550E-04

3.186E-04

8.110E-04

7.466E-04

3.187E-04

5.262E-04

EOI
&&

e

IFLAG=2

TE
T

9.438E+03

1..544E+04

1.664E+04

2.264E+04

2.38B4E+04

2.984E+04

3.104E+04

31.704E+04

3.824E+04

=26

2.504E+04

3.224E+04

7.2E+04

2.119E-02

4.494E-02

1.267E-02

1.906E-02

0.

1.0€4E+04

1.784E+04

2.504E+04

3.224E+04

7.2E+04

1.295E-03

7.716E-04

4.252E -04

§.538BE-04

0.

1.064E+04

1.784E+04

2.504E+04

3.224E+04

7.2E+04

IFLAG=2

2.624E+04

3.344E404

4.401E-02

4.140E-02

1L.628E-02

1.609E-02

1.184E+04

1.904k4+04

2.624E+04

3.344E404

2.242E-03

5.766E-04

5.517E-04

5.454E-04

1.184E+04

L.904E+04

2.624F+04

3.344E+04

2.744E+04

3.464E+04

6.08B0E-02

2.607E-02

2.057E-02

1.490E-02

1.304E+04

2.024E+04

2.744E404

3.464E+04

2.641E-03

4.186E-04

7.031E-04

5.C04E-04

L.304E+04

2.024E+04

2.744E+04

3.464E+04

2.864E404

1.58B4E+04

7.830E-02

9.981E-03

2.353E-02

1.276E-02

1.424E+04

2.144E+04

2.864E+04

3.584E+04

2.829E-0C3

3.036E-04

8.097E-04

4.275E-04

1.424E+04

Z2.144E+04

2.864E+04

31.584E+04




3

9

2

MASS

8.420E-06

.Q79E-04
2.251E-04

.765E-05%
1.072E-04

.389E-04
2.333E-04

1.321E-04

1.741E-04

EOI

- e e

IFLAG=2

9.438E+03
.544E+04
1.664E+04
.264E+04
2.38B4E+04
.984E+04
3.104E+04
.704E+04
3.824E+04
MASS
3.702E-06

(oNelole)

EOI

&

IFLAG=2

1

2

E

&

Cs
T
9.438E+03
.544E+04
1.664E N4
.264E+04
2.384E+04
.984E+04
3.104E+04
.704E+04
3.824E+04
MASS
3.949E-06
.470E-07
3.710E-C8
.337E-10
1.013E-09
0.
0.
Ol

=25

=25

1.135E-04

2.098E-04

1.301E-04

2.189E-04

1.064E+04

1.784E+04

2.504E+04

3.224E+04

2.033E-05

(o o=

1.064E+04

1L.784E:04

2.504E+04

3.224E+04

3.386E-05

1L.302E-08

9.565E-10
0.

2.152E-04
2.135E-04
1.582E-04

1.972E-04

1.184E+04
1.904%+404
2.624E+04

3.344E+04

80BE-05

3.
0.
0.
0.

1.184E+04
1.904E+04
2.624E404

3.344E+04

7T.237E-05
6.522E-09

8.542F- 10
0.

3.035E-04

1.958E-04

1.951E-04

1L.935E-04

1.304E+04

2.024E+04

2.744E+04

3.464E+04

.921E-05

OO0 r

1.304E+04

2.024E+04

2.744E+04

3.464E4+04

4.364E-05

3.02BE-0Q9

4 .808E-10
0.

3.837E-04
1L.367E-04
2.272E-04

L.718E-04

1L.424E+04
2.144E+0a
2.864E404

3.5B4E+04

0.
0.
0.
0.

1.424E+04
2.144E+04
2.864E+04

31.584E+04

2.183E-06
L.371E-09

0.
0.

oo Co



&&

I =25 IFLAG=2
T
9.438E+03 1.064E+04 1.184E+04 .304E+04 .424E+404
1.544E+04
1.664E+04 1.784E+04 1.904E+04 .024E+04 .144E+04
2.264E+04
2.384E+04 2.504E+04 2.624E+04 .744E+04 .864E4+04
2.984E+04
3.104E+04 3.224E+04 3.344E+04 .464E+04 .584E+04
3.704E+04
3.824E+404
MASS
3.771E-06 3.234E-05 6.911E-0% 4.168E-05 .0B4E-06
2.358E-07
3.543E-08 1.243E-08 6.228BE-09 2. 892E-09 .309E-09
7.963E-10
9.672E-10 9.135%E-'10 B8.158E-10 4.592E-10 0.
0. s [ 0. Q. 0.
0.
EOIL
S&&
TE1l32 = 4 IFLAG=1 HOST=13
T
0.0 9438.0 9498.0 1.0ElC
MASS
0.0 3.186E-03 C.0 0.0
EO1L
&GO ~-cccrcr e e o e e e
TEL31M = 4 IFLAG=1 HOST=13
T
0.0 9438.0 9498.0 1.0ELlOQ
MASS
0.0 1.196E-04 0.0 0.0
EOIL
&& -~~~ END OF FISSION SOURCE ON CORE/CONCRETE AEROSOL
Bl v om0 e e e i e e e e e e e
&8& ~—--mmm e = CONTAINMENT SPRAY INPUT ---cccrvvvcr v~
ENGINEER SPRAYS 2 1 1 O.
SOURCE=1
H20L=5
IFLAG=1
T= 0. 12000. 12090. 16200. 60000.
MASS= O. 252.52 599. 346.67 346 .67
TEMP= 315. 315. 324.22 330.97 330.97
EOIL
SPRAY SPHITE=18.25 EOIL
EOI
CELL=2

A-23



CONTROL=20

N2=0.75
EOF

24
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Analysis of physical and radiclogic®} condiffons inside the containment building during a
severe (core-melt) nuclear reactor accide s quantitative evaluation of numerous highly
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