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1.0 EXECUTIVE SUMMARY

This is Volume 5, dealing with the Surry nuclear power plant, of a
seven-volume report of work done at Battelle's Columbus Laboratories to esti-
mate the amount of radioactive material that could be released from light water
reactor (LWR) power plants under specific, hypothetical accident conditions.

To make these estimates, five power plants were selected that represent the
major categories of LWRs: three pressurized water reactors (PWRs) and two
boiling water reactors (BWRs). Specifications and data from these plants,

along with data from laboratory experiments, were input to computer codes
designed to describe various conditions prevailing and nhysical processes occur=-
ring inside reactor systems, including the containment and other buildings.
Ultimately, these computer codes provide an estimate of how much radioactive
material would be able to escape to the environment if a specific series of
events (an “accident sequence") took place.

This volume reports the results of the analysis of the Surry power
station, a Westinghouse PWR housed in a large, dry, high-pressure containment
building. The specific accident sequences investigated for the Surry plant
were selected to represent cases of high risk, severe consequences, and most
importantly, a wide range of physical conaitions. The computer codes used to
analyze the accident sequences include the new code MARCH 2. The Surry plant
was previously examined in this study using an earlier version of the code,
MARCH 1.1; those results were reported in Volume 1 of this series. Other power
plants included in the study are Peach Bottom BWR (Volume 2); Grand Gulf BWR
(Volume 3); Sequoyah PWR (Volume 4); and Zion PWR (Volume 6). The seventh
volume will address technical questions raised during peer review meetings
sponsored by the Nuclear Regulatory Commission.

The possibility of radioactive material being released to the environ-
ment has long been the forus of considerable public concern about the safety
of nuclear power plants. Since 1962, several major reports have addressed
that concern by using computer codes to estimate the release of fission products
(radioactive material produced during reactor operations) to the reactor
containment building, and thence to the environment, during a hypothetical
severe accident. Although these analyses have improved over the years, in
terms of how realistically they describe what happens during a hypothetical
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accident, it has not previously b ssible to apply the various codes
sequentially to follow the transport of fission products along their flow path
from the core to the environment. This limitation resulted in piecemeal,
parametric estimates of release.

The research results reported here are intended to provide a system-

atic, sequential application of the codes as well as to present analyses

performed with improved computational procedures. It is to be recognized that

this report describes an analytical approach for estimating radionuclide trans-
port and deposition which incorporates individual physical and chemical
processes or mechanisms. This approach is baing evaluated for use in predict-

ing the amount fission product release (the "source term") to the environment

for specific reactors and accident sequences. When verified, these prediction

techniques are expected to be more specific and perhaps to supersede generic

tables of release fractions provided by previous analyses.

The purpose of this report is then io:

Develop updated release-from-plant fission
product source terms ror four nuclear power
plant designs and for accident sequences
giving a range of conditions. The estimated
source t»rﬁatafw to be based on consistent
Dy-step analyses using improved computational
for predicting radionuclide release from

iel and radionuclide transport and deposition.

Determine the effects of major differences in

plant design and accident sequences on fission

" . ain )
:\I".J‘UJ. t reieases.

Provide in-plant time- and location-dependent
distributions of fission product mass for use
in equipment qualification.

This study was conducted by selecting specific plants and accident

" >

sequences and then using consistent and improved analyses of fission product

from fuel and radionuclide transport and deposition to predict fission

the envirorment for these specific cases. The approach

of «\rnpr : 1n the comt 1ned ,‘1ﬂ).7 ':rv"‘_ the res i’*"\ are




specific to a particular set of accident conditions, and each step is based on
results from analyses of the previous step.

The Surry Plant

Surry Unit 1 was selected to characterize large, high-pressure PWR
designs. In some respects, Surry is not an ideal choice: it is not especially
large, the subatmospheric design feature is representative of only a handful
of plants and its power output is lower than the U.S. average. In another
respect, Surry is the natural choice because it was the basis of the WASH-1400
study; by choosing to study the same plant, a direct comparison can be made
with results of WASH-1400. Although clearly not a main goal, the comparison
of results was judged important enough to guide the plant selection. To
compensate for discrepancies between Surry and other large, high-pressure PWR
designs, analyses have been performed for two accident sequences for the Zion
plant. These results are reported in Volume 6 of the study.

Accident Sequences Chosen for Study

Three criteria were used in selecting accident sequences for analysis.
The set of sequences wés chosen to include: sequences which had been found to
dominate risk in previous risk studies, sequences which would be expected to
have particularly severe consequences, and sequences covering a broad range of
physical conditions.

AB Sequence:

Loss-of-Coolant Accident (LOCA), loss of AC power.
Emergency Core Cooling injection system does not operate.

vepressurization of the reactor coolant system occurs rapidly
foilowing the break.

e Containment safety features (containment sprays and containment
cooling systems) are not available.

e A break in the hot leg is assumed for this study to examine a
minimum pathway and presumably minimum fission product reten-
tion within the reactor coolant system.
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THLB' Sequence:

Transient, loss of primary system heat removal.

System pressure remains high during core heatup (i.e., core
uncovery is delayed for a few hours).

High pressure, essentially stagnant flow, a much longer release
path, and interactions between core materials and water in the
reactor cavity take place.

Containment safety features (containment sprays and containment
cooling systems) are not available.

Rapid pressure rises in the containment follewing vessel failure
could threaten containment integrity and lead to a potentially
large release of fission products.

520 Sequence:

® 5Small pipe break, failure of Emeragency Core Cooling system.
9 g S)

@ Low flow and intermediate pressure occur in the reactor coolant
system during the meltdown period.

Containment safety features (containment sprays and containment
cooling systems) are operable up to containment failure.

This is the only sequence analyzed in which the effectiveness
of containment safety features is examined.

V Sequence:

¢ Interfacing systems Loss-of-Coolant Accident (LOCA

9 Check valves that separate the low-pressure Emergency Core
Coolirg system from the high-pressure primary system fail

The pathway for release bypasses the protection normally
provided by the containment building, so the amount of reten-
tion in the reactor coolant system is particularly important.

This sequence potentially involves a large fission product
release to the atmosphere.

Our efforts built on previous computer modeling work performed at
Battelle-Columbus, at Sandia, and in the Federal Republic of Germany, and on

experimental and model evaluation studies performed at Oak Ridge, EG&G Idaho,

Sandia, and Pacific Northwest Laboratories. In addition to the calculations
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performed at Battelle-Columbus, calculations of thermal-hydraulic behavior and
fission product release related to molten core-concrete interactions were
performed by Sandia. Research efforts specifically directed toward increasing
our understanding of fission product release and transport under severe acci-
dent conditions are under way at the laboratories listed above, as well as at
cther research installations around the world. Over the next few years, it is
expected that considerable progress will be made in this area. Therefore,
this report must be considered as an expression of current knowledge, with the
expectation of future validation or modification of the calculated fission
product releases.

The first step in analyzing accident sequences was to collect plant
design data and perform thermal-hydraulic calculations. Thermal-hydraulic
conditions in the reactor over time were estimated with the MARCH 2 code, and
detailed thermal-hydraulic conditions for the reactor's primary coolant system
were estimated with the MERGE code, developed specifically for this program.

The time-dependent core temperatures from the MARCH 2 code were used
as input to another code developed for this program, CORSOR, which predicts
time- and temperature-dependent releases of radionuclides from the fuel inside
the reactor pressure vessel. Releases of radionuclides from the interaction
of the melted reactor core with the concrete outside the reactor vessel were
estimated by Sandia National Laboratories using their computer code, VANESA.

Using the MARCH/MERGE-predicted thermal-hydraulic conditions and the
CORSOR-predicted radionuclide release rates as input, a newly developed ver-
sion of the TRAP-MELT code was used to predict vapor and particulate transport
in the primary coolant circuit. Transport and deposition of radionuclides in
the containment were calculated using the NAUA-4 code. In Volume 1, analyses
were also performed with the CORRAL-2 code to relate the results to WASH-1400
assumptions.

The calculations performed in this study were of a “"best estimate"
type. Whenever possible, input was derived from experimental measurements.
Data employed in these analyses include vapor deposition velocities, aerosol
deposition rates, aerosol agglomeration rates, fission product release rates
from fuel, particle sizes formed from vaporizing/condensing fuel materials,
engineering correlations for heat and mass transfer, and physical properties
of various fuel, fission product, and structural materials.
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Summary of Results

A number of accident sequences that had been analyzed previousiy in
Volume 1 of BMI-2104 were reanalyzed in this report. The principal difference
in the analyses involved the use of the MARCH 2 computer code rather than the
MARCH 1.1 code used in Volume 1. In addition, a gradual fuel slumping mode!l
was used in the MARCH 2 analyses which is believed to provide a more realistic
Characterization of thermal-hydraulic conditions in the reactor coolant system
during slumping. It is interesting to compare the results obtained in the
current effort with both the earlier Volume 1 analyses and the results from
WASH-1400 for the same plant and accident sequences.

The release of fission products from fuel during the period of fuel
heatup and melting in-vessel and during ex-vessel attack of the concrete
predicted in this study is not markedly different from the results in WASH-
1400. Essentially all of the volatile fission products are predicted to be
released from the fue! in all cases.

Retention of fission products during transport through the reactor
coolant system was not credited in the WASH-1400 study. In the current study
the amount of retention in the reactor coolant system is in many cases substan-
tial (e.q., 85 percent of the iodine in TMLB') depending on the thermal-
hydraulic conditions in the system. The uncertainty regarding the ultimate
fate of fission products deposited within the reactor coolant system is very
great, however. Follow-on analyses of decay heating of reactor coolant system
surfaces and the reevolution of fission products are in progress and will be
reported in an Appendix at a later time.

The results of the containment transport analyses performed for this
study indicate that the potential for retention in the containment building
and secondary buildings is somewhat greater than predicted in WASH-1400. This
is partially because of an underestimation of removal processes in the WASH-
1400 CORRAL code and partially because of an increased time to containment
failure in the current analyses.

In general the results of the current study indicate that for many
important accident sequences the source term in WASH-1400 is overestimated by
approximately an order of magnitude. The effect of a reduction of this magni-
tude on estimated risk would be essentially proportional for the risk of latent
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fatalities (i.e.. an order of magnitude) but would be even more dramatic for
the risk of early facalities because of the threshold behavior of this measure.

0Of the important sequences analyzed, the one in which a major reduc-
tion in consequences was not observed is the interfacing LOCA sequence, v, for
the assumotion of no overlying pool of waier at the entry point into the safe-
quards building. If there is an overlying water layer, the source term is
considerably reduced. Although this is no longer considered a risk-dominant
sequence because of steps taken to suppress its likelihood, the existence of
credible sequences with potentially large consequences can have public percep-
tion and regulatory implications regardless of the risk significance of the
sequence.

It is important that the reader recognize the magnitude of the uncer-
tainties in the "best estimate" release terms presented ir this report. The
prediction of fission product release has been shown in this study to be
sensitive to accident thermal-hydraulics and core melting and slumping behavior

as well as to the mechanisms of fission product release, transport, and deposi-

tion. The reader is referred to the companion QUEST study being undertaken by

Sandia National Laboratory to obtain a perspective on the magnitude of the

incertainties in these results.




2. INTRODUCTION

The possibility of radioactive material being released to the envi-
ronment from LWRs has long been the focus on public concern about the safety
of nuclear power plants and the impetus for safety research. Most reactors in
the United States were designed, and their sites were chosen, on the basis of
accidental release assumptions described in research report TID-14844.(2.1)
Published in 1962, TID-14844 prescribes a formula for the release of fission
products (radioactive material produced during reactor operations) to the
reactor containment area during a hypothetical severe accident. Although these
assumptions are representative of the state of knowledge at the time, the
behavior of fission products has become better understcod in the intervening
years. In the period 1972 to 1975, the Nuclear Regulatory Commission conducted
the Reactor Safety Study to assess the accident risks in U.S. commercial nuclear
power plants. The report of that study, known as WASH-1400,(2.2) provided a
more comprehensive and physically accurate description of fission product
behavior. The amount of fission product release (the "source term") estimated
in WASH-1400 has since been used extensively in planning and evaluating reactor
operations.

The WASH-1400 source term to the environment for accident sequences
has had broad implications for operating LWRs--in licensing, emergency plan-
ning, safety goals, and indemnification policy. However, additional research
continued to provide even better methods for estimating fission product release
and transport. In 1981, the Nuclear Regulatory Commission issued the report
“Technical Bases for Estimating Fiscion Product Behavior During LWR
Accidents”,(2.3) a review of the state of knowledge at the time. As part of
the Technical Bases report, the assumptions, analytical procedures, and avail-
able data were evaluated, and new estimates were made. One advantage of the
new estimates was that they took into account the fact that some radioactive
material would be deposited inside the reactor during an accident and would
therefore not escape from the reactor core to the environment. On the other
hand, because of the limitations of the computer codes available at that time,
the new estimates could not follow the transpori of fission products along
their flow path from the core to the environment by applying the various codes
sequentially. This resulted in piecemeal, parametric estimates of release.
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reported here are intended to provide this
systematic, sequential application of the codes as well as to present analyses
performed with computational procedures improved since the "Technical Bases"
report. It is to be recognized that in this study, an analytical approach was
developed for estimating radionuclide transport and deposition which incorpor-
ates individual physical and chemical processes or mechanisms. This approach
is being evaluated for use in predicting fission product source terms for
release to the environment for specific reactors and accident sequences. When
verified, predictions made with the approach usec here are expected to replace
the generic tabular release fractions such as those in Table 6, Appendix V of
WASH-1400, where release fractions are given for broad classes of accidents.
The purpose of this report is then to:
(1) Develop analytical procedures and use them
to predict updated release-from-plant fission
product source terms for four types of nuclear
power plants and for accident sequences giving
a range of conditions. The estimated source
terms are to be based on consistent step-by-step
analyses using improved computational tools for

predicting radionuclide release from the fuel and
radionuclide transport and deposition.

Determine the effects on “1ssion product releases
associated with major diftecences in plant design
and accident sequences.

Provide in-plant time- and location-dependent
diztributions of fission product mass for use in
equipment qualification.
[t is not necessarily the intent of this work to produce an all-
encompassing definition of source terms, but rather to make best estimates of
source terms for a range of typica!l plants and several risk-significant

seéquences covering a wide range of conditions. These analyses are to be made

with the best available techniques, in a consistent manner, tollowing along

release pathways for fiscion products, and at a level of detail consistent
with current knowledge of pertinent physical processes. Based on state-of -
the-art techniques, these best-estimate analyses should provide an indication

0f the conservatisms inherent in current source term assumptions and guidance

for the development of new source terms. The analytical methods and




corresponding predictions presented here are based on currently available
information and are subject to revision and improvement as better analytical
procedures are developed and as a more extensive experimental base evolves.
The preparation of this report, therefore, is an evolutionary process which
will be carried out over a period of time, with verification and possibly
revision of the procedures continuing over several years.

As a part of this evolutionary process, it should be noted that this
report is expected to be revised using improved analytical procedures and
incorporating predictions of possible fission product reevolution during decay
heating of deposits. The results of these calculations are to be published as
an appendix to this report.

2.1 References

(2.1) DiNunno, J. J., et al, “"Calculation of Distance Factors for Power
and Test Reactors Sites", TID-14844 (March 23, 1962).

(2.2) "Reactor Safety Study--An Assessment of Accident Risks in U.S. Com-
mercial Nuclear Power Plants”, WASH-1400, NUREG-75/014 (October,
1975).

(2.3) “Technical Bases for Estimating Fission Product Behavior During LWR
Accidents”, NUREG-0772 (June, 1981).
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3. GENERAL APPROACH

The general philosophy behind this study is that mechanistic predic-
tions of radionuclide release and transport are possible if proper modeling is
performed to represent the physical and chemical processes occurring during
LWR accidents. The study, then, represents an attempt to describe in a reason-
ably complete but tractable fashion the processes influencing radionuclide
release to the environment for selected plants and accident conditions.

The objectives of this study originally called for a consistent
analysis of radioﬁuclide behavior by following fission product transport along
flow paths, starting with release into the core region and ending with final
release to the environment. To meet these objectives, numerous decisions and
assumptions were required for the analyses: selection of plants and sequences
for consideration; choice of analytical tools to be used or upgraded; evalua-
tion and incorporation of experimental data; and determination of major physi-
cal effects which would be considered on a parametric variation basis to
determine the sensitivity of calculations to such variations. Some of the
major considerations will be reviewed and discussed in this section.

The general approach in this study was to select specific plants and
accident sequences for consideration and then to use consistent and improved
analyses of fission product release from fuel, transport, and deposition to
predict fission product release to the environment for these specific cases.
The approach consists of a series of steps performed in sequence such that in
the combined analysis, the results are specific to an individual set of acci-
dent conditions, and each step is based on results from analyses of the pre-
vious step.

3.1 Plant Selection

The first major step in the process was the selection of types of
nuclear power plant designs to be considered and a specific piant to represent
each type. The types to be considered were: large, dry PWRs; Mark I BWRs;
Mark 111 BWRs; and ice-condenser containment PWR designs. The specific plants
chosen to represent each type, respectively, are the Surry and Zion, Peach
Bottom, Grand Gulf, and Sequoyah plants. These selections were made on a
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combined basis of typicality of design and availability of design details
needed for analysis.

3.2 Selection of Accident Sequences

Accident sequences were chosen for each plant such that significant

contributions to risk and a wide rarge of physical conditions were represented

in the analyses. The selected plants and accident sequences are listed below:

PWR: Large Dry .
Containment PWR: Large Dry BWR: Mark I

(Surry-Volumes 1 Containment (Peach Bottom-
and 5) (Zion-Volume 6) Volume 2)

TMLB' TC
S20 AE
TW

PWR: Ice Condenser
BWR: Mark I11 Containment
(Grand Gulf-

(Sequoyah-
—Volume 3) Volume 4)

SoHF
TMLB'
TML

The accident sequences for each plant are described in detail in

>ection 4.2 of the volume of the report dealing with that plant.

Lodes Used in the Study

Following the selection of plants and sequences, the required plant
lesign data were collected and thermal-hydraulic

analyses performed for each

Overall thermal-hydraulic conditions on a time-dependent
Das1s were estimated with the MARCH code,(B-l)
conditions

accirdent sequence.

and detailed thermal-hydraulic
for the primary system were estimated with the MERGE code(3.2)
developed specifically for this program,

The time-dependent core temperatures were used as input to another
code developed for this program, :JQEJ9'3-3’, which predicts time- and




temperature-dependent mass releases of radionuclides from the fuel within the
pressure vessel. Releases during core-concrete interactions of radionuclides
remaining with the melt were provided by Sandia National Laboratories using
their newly developed model, VANESA(3.4)

Using the MARCH/MERGE-predicted thermal-hydraulic conditions and the

CORSOR-predicted radionuclide release rates as input, a newly developed ver-

sion of the TRAP-MELT code (TRAP-MELT 2){3-5) was used to predict vapor and

particulate transport in the primary coolant circuit.

Transport and deposition of radionuclides in the containment were
calculated using the NAUA-4(3.6) code.

The basic stepwise procedure described above is illustrated in
Figure 3.1, which shows the relationships among the computational models. The
calculations were of a "best estimate" type using input derived from experi-
mental measurements whenever possible. Types of data employed in the analyses
include vapor deposition velocities, aerosol deposition rates, aerosol agglo-
meration rates, fission product release rates from fuel, particle sizes formed
from vaporizing/condensing fuel materials, engineering correlations for heat
and mass transfer, and physical prop:rties of various fuel, fission product

and structural materials.

"
Assumptions

t—

In preparation for performing calculations of thermal-hydraulic con-
ditions and radionuclide transport and deposition, it was necessary to make a

number of assumptions or to select conditions from among several options.

Major assumptions used in this study of the Surry plant, using the MARCH-2
yde, are listed below in the categories of geometry, thermal hydraulics,

mechanisms, and sequences.

seyme ey
aeome v‘x

within the containment building available for radio-
jeposition include onl major geometrical features

ywilding.
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There is no attenuation of radionuclides as they pass through
leak paths in the containment shell.

Mechanisms

sequences

ment volume prior t

Before pressure vessel failure, flow in the primary coolant
system is restricted to direct leak paths.

The upper plenum geometry is modeled in terms of surface areas,
steel thickness, and compartment heights rather than with exact
geome*ries.

Decay heating of surfaces by deposited fission products is
neglected in the calculations reported in the main body of this
volume but is considered in the Appendix (to be added later).

No operator intervention occurs that would lead to cooling of
the steam generators.

Neither deposition nor resuspension of radionuclides occurs
during rector coolant system depressurization at the time of
pressure vessel melt-through.

In the long term (after pressure vessel failure), deposited
radionuclides remain in the primary system indefinitely. Th
effects of this assumption are considered in the Appendix (t
be added later).

e
0

No change in fission product physical or chemical properties
results from radioactive decay.

In the V sequence, all fission products released from the fuel
after pressure vessel failure are assumed to mix in the contain-

o flowing back through the reactor coolant
system to the environment.

Vaporization release is scrubbed by an overlying layer of water
in the 570 sequence.




Some of the above assumptions have been relaxed or changed to accommodate best
estimates of conditions and occurrences in specific cases. These are dis-
cuised in greater detail for each plant in Section 6.1 of the volume of the
revort dealing with that plant.

3.3.2 Uncertainty Considerations

The computation of radionuclide release and transport using mechanis-
tic models is subject to many uncertainties of various magnitudes and importance.
Quantitative estimates of uncertainties in individual parameters, and hence
the overall importance of such uncertainties, has been outside the scope of
this st:1y. Where practical, however, qualitative (and in some cases quantita-
tive) estimates of uncertainties have been noted.

Some of the uncertainties in the analyses and procedures can be iden-
tified that are currently considered significant. The following is a list of
some uncertainties that are believed significant and warrant further evalu-
ation through more detailed analyses:

(1) The simplified fuel melting model in MARCH (i.e., a single

melting temperature) could bias the predicted release of material

from overheated fuel, particularly regarding the source of inert
and low volatility fission product aerosols.

(2) The rate coefficients for the release of fission products from
overheated fuel are empirical, rather than mechanistically based,
and rely largely on scaled, simulant experiments.

(3) The model for the release of fission products and inert materials
during the attack of concrete has a very limited experimental
basis.

(4) The flow patterns in the reactor coolant system are uncertain.
The adequacy of the simple thermal-hydraulic models used in
this study will require experimental verification.

(5) Primary system transport models used in these aralyses have not
been validated against integral experiments.

(6) The mode and timing of containment failure in severe accident
sequences can have a major influence on fission product behavior
but are subject to large uncertainty.

(7) The calculation methods for water condensation in the contain-
ment are based on limited, small-scale experiments and require
verification at larger scales.

3-6



(3.1)

(3.2)
(3.3)
(3.4)
(3.5)
(3.6)

(8) Deposition velocities for vapor species used in the TRAP-MELT
calculations were taken as a mid-points in order-of-magnitude
ranges of experimental data. More accurate data would reduce
the uncertainty in these parameters and in the resulting rates
for deposition by scrption.
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4. PLANT SELECTION AND ACCIDENT SEQUENCES

4.1 General Plant Description

The plant selected to characterize pressurized water reactors with
large, high-pressure containment designs is Surry Unit 1. In some respects,
the selection is not ideal: the Surry plant is an older design, and in
comparison with ave ‘age parameters for U.S. plants, its power output is low,
its containment volume is small, and its containment design precsure is low.
However, the Surry plant was chosen because its design was analyzed in the
Reactor Safety Study, and, a direct comparison of our predicted source terms
and those predicted in the Reactor “ifety Study was judged important enough to
guide our selection. Important differences between Surry and the "ideal"
choice have been examined by parametric variation.

The Surry unit is a pressurized water reactor (157-inch diameter
vessel with 157 fuel assemblies) designed by Westinghouse. A detailed descrip-
tion of plant data is provided in Table 4.1. The reactor is designed to operate
at a nominal power of 2441 MW(t) and a reactor coolant system pressure of 2250
psia. The containment is a steel-lined reinforced concrete structure with a
free volume of 1.8 x 106 ft3; it is operated subatmospheric with initial
pressure and temperature of 10 psia and 100 F. Figure 4.1 illustrates the
layout of the containment.

4.2 Selection Basis and General Description
of Accident Sequences

The four accident sequences selected for analyzing the large, high-
pressure containment PWR plant design were AB, TMLB', S»D, and V. (Table 4.2
relates the letter used in the accident identifier to the type of event and to
the failure of the engineered safety systems.) Two criteria were used in
selecting sequences. Firsi, the selected sequences were to be risk dominant
for a number of design variations within the large high-pressure containment
category of PWRs. Second, these sequences were to cover a range of accident
conditions and engineered safety system performance within the reactor coolant
system and containment building.
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TABLE 4.1. PWR DATA

2,441 MW(t)

Nominal power 4
8,331 x 10° Btu/hr

Internal energy of water 246.9 x 106 Btu  (2.66 x 10'0 kg-m)
Sensible heat in the core 16.35 x 106 Btu  (1.76 x 109 kg-m)
Total water in the system 423,200 1b (192,000 kg)
Avg temperature (Excl. pres,) 571.8 F (300 C)
Pressure 2280 psia (15.7 MPa)
Reactor coolant system volume 10,370 (293.7)
Pressurizer volume, total 1,336 ft3 (37.83 m3)
water 816 ft3 (23.1 m3)
steam 520 ft3 (14,7 m3
Three accumulators, total volume 4,350 ft3 (123.2 m3)
water volume 2,775 ft3 (78.58 m3)
pressure 665 psig (4.585 MPa
temperature 120 F (48.9 C)
Containment recirculation spray
2 systems, flow each 3,500 gpm _ (220.8 1/s)
Containment free volume 1.8 x 106 ft3 (5.1 x 104 m)
Initial temperature 100 F (3.778 C)
Initial pressure 10 psia (6.89 x 104 Pa)
Dewpoint 80 F (26.7 C)
Primary system hot metal 1,686,285 1b (766,000 k
Temperature 572 F (300 C)
Containment Heat Sinks
Thickness Area
Walls inside containment 1.0 ft (0.3048 n.) 3,320 ft¢ (308.4 m?)
Walls inside containment 2.0 (0.6096 27,600 (2564)
Walls inside containment 3.0 (0.9144 19,400 (1802)
Walls inside containment 4.0 (1.219) 5,000 (464.5)
Walls inside containment 6.5 (1.981) 2,100 (195.1)
Containment wall 4.5 (1.372) 46,747 (4343)
Dome 2.5 (0.762) 25,000 (2323)
Floor above foundation mat 2.0 (0.6096) 11,250 (1045)
Foundation mat 0.0 (3.048) 11,250 (1045)
Containment liner
Walls .38 in. (0.9652 cm) 46,747 (4343)
Dome .50 in. (1.27 cm) 25,000 (2323)
Floor 4 (0.635 cm) 11,250 (1045)
Miscellaneous metal - 1,200,000 1b (544,308 kg)
Core
Equivalent diameter 19.7 in, (3.04 m)
Active height 44.0 in, (3.658 m)

-

Total cross sectional area




TABLE 4.1. PWR DATA (CONTINUED)

Core (Continued)

No. of fuel assemblies 157
Rods per assembly 204
Pitch 0.563 in. (1.430 cm)
Assembly dimensions 8.426 in. square
Fuel rod diameter 0.422 in. 1.072 cm)
Clad (Zr-4) thickness 0.0243 in. (0.0617 cm)
Total number of fuel rods 32,028
Core weight 226,200 b (102,700 kg)
uoz 175,600 1b (79,820 kg)
Zircaloy 36,300 1b (16,500 kg)
Misc. 14,300 1b (6,500 kg)
Fuel pellet diameter, Region 1 0.3669 in. (0.9319 cm)
2 and 3 0.3659 in. (0.9294 cm)
Fuel pellet length 0.6 in. (1.524 cm)
Diametral gap, Region . 0.0065 in. (0.01651 cm)
2 and 3 0.0075 in. (0.01905 cm)
Fuel density, Region 1 94%
2 92
3 91
Fuel enrichment, Region 1 1.85 w/o
2 2.55
3 3.10
No. of grid spacers 7
Neutron adsorber Ag-In-Cd
Clad 304 ss
Clad thickness 0.024 in. (0.06096 cm)
No. of control assemblies 53
Full length 48
Part length 5
Rods per assembly 20
Burnable poison rods R16
No. per assembly 12
No. of assemblies 68
Material Borosilicate glass
0.D. 0.4395 in. (1,116 cm)
1.D. 0.2365 in. (0.6007 cm)
Clad 304 ss
Boron (natural) loading 0.0429 g/cm
Reactor vessel
1.0. of shell 157 in. (3.99 m)
Belt line thickness (w/o clad) 7.875 in.  (0.2000 m
Head thickness 5.0 in. (0.127 m)
Clad thickness 0.125 in.  (0.3175 m)
Overall height 40 ft-5 in. (12.32 m)
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TABLE 4.1.

PWR DATA (CONTINUED)

Reactor vessel (continued)
Inlet nozzles

Outlet nozzles
Water volume with core and
internals in place
Core barrel 1.D.
0.0.
Thermal shield 1.D.
0.D.
Safety Injection Charging Pumps
Number
Design pressure, discharge
Design pressure, suction
Design temperature
Design flow
Maximum flow
Design head
Low Head Safety Injection Pumps
Number
Design pressure, discharge
Design temperature
Design flow
Design head
Maximum flow
Containment Spray Pumps
Number
Design flow
Design head
Design pressure
Recirculation Spray Pumps Inside
Containment
Number
Design flow
Design head
Recirculation Spray Pumps OQutside
Containment
Number
Design flow
Design head
Recirculation Spray Coolers
Number
Design duty, each
Refue)fng Water Storage Tank
Volume
Boron concentration
Design pressure
Design temperature
Water temperature

27.5 in.
29 in.

3,718 ft3
133.9 in.
137.9 in.
142.6 in.
148.0 in.

3

2750 psig
250 psigq
250 F

150 gpm
600 gpm
5800 ft

2

300 psig
300 F
3000 gpm
225 ft
4000 gpm

2

3,200 gpm
225 ft
250 psig

2
3500 gpm
230 gpm

3 500 gpm
249 ft

4

55,534,520 Btu/hr
350,000 gal

2,500 ppm

(0.699 m)
tapered to 35.4 in. (0.899 m)
(0.737 m)

(1.053 x 102 m3)

3.401 m)
3.503 m)
(3.622 m)
(3.759 m)

(18.96 MpPa)
1.724 Mpa)
121 C)
(9.46 1/s)
(37.8 1/s)
(1768 m)

148.9 ()
189.2 1/s)
(68.58 m)
(252.3 1/s)

;2.07 MPa)

5201.9 1/s)
68.58 m)
(1.724 mPa)

(220.8 1/s)
(14.5 1/s)

5220 .8 1/s)
75.89 m)

Hydraulic head

150 F
45 F

{65.6 C)
7.22 €)

4-4
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FIGURE 4.1. LARGE, HIGH PRESTURE CONTAINMENT PWR DESIGN
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TABLE 4.2. KEY TO PWR ACCIDENT SEQUENCE SYMBOLS

Intermediate to large loss of coolant accident (LOCA).

Failure of electric power to engineered safety features (ESF).

Failure to recover either onsite or offsite electric power within about
1 to 3 hours following an initiating transient which is a loss of
offsite AC power.

Failure of the containment spray injection system.

Failure of the emergency core cooling injection system.

Failure of the containment spray recirculation system.

Failure of the containment heat removal system.

Failure of the emergency core cooling recirculation system.

Failure of the reactor protection system.

Failure of the secondary system steam relief valves and the auxiliary
feedwater system

Failure of the secondary system steam relief valves and the power
conversion system.

Failure of the primary system safety relief valves to reclose after
opening.

Massive rupture of the reactor vessel.

A small LOCA with an equivalent diameter of about 2 to 6 inches.

A small LOCA with an equivalent diameter of about 1/2 to 2 inches.
Transient event.

Low pressure injection system check value failure.

Contaimment Failure Modes:

steam explosion

containment isolation failure

overpressurization due to hydrogen combustion

early overpressure failure due to steam and noncondensib

delayed overpressure failure due to steam and noncondensi

basemat melt-through




Although the large, high pressu~e PWR containment design is often
referred to as "dry", a great quantity of steam would be released to the
containment building in each of the sequences analyzed (except V, in which
steam would be released to the safequards building). In these cases, steam
condensation on the walls and on aerosols can enhance the natural removal of
radionuclides from the containment atmosphere. The containment spray systems
would be even more effective, in those sequences in which they operate; sequences
were selected to illustrate the performance of the containment system with and
without spray operation.

In the Three Mile Island accident, the release of radionuclides to
the containment atmosphere was significantly limited by a large quantity of
water in the pathway of release to the envircnment. This is not characteristic
of accident sequences leading to complets core melting of the type selected
for the present analysis. In the sequences studied here, fuel heatup would
not begin until the water level had dropped below the top of the core, and
very hot steam and hydrogen from the melting core would superheat the struc-
tures in the pathway to the contzinment.

There are large variations in the volume and design pressure of large
high-pressure containments. To some extent, generic accident sequences can be
defined which are independent of variations in plant designs; for example, the
sequence AB- & (large LOCA, loss of all AC power, and failure of containment by
overpressurization) could occur in any PWR, because the general safety philoso-
phy and safety functions provided to protect the plants are the saase. Different
vendors and architect-engineers have chosen different approaches to satisfy
these safety functions, however, so the likelihood of each sequence may vary
greatly between plants. Similarly, the timing and order of events in an acci-
dent sequence may also vary, depending on the design.

4.2.1 Sequence AB (Loss of Cnolant Accident,
Loss of AC Power)

A large pipe break accident was selected for analysis because it
represents one extreme of reactor coolant system conditions during core melt-
down. Depressurization of the reactor coolant system is expected to occur
rapidly following the break. If all AC power is lost, the accumulators
discharge into the vessel to supply some emergency coolant, but the pumped ECC
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‘njection systems does not operate. As the water level decreases in the core,
heatup of the fuel and fission product release occur at the same pressure as
the containment building atmosphere. A break in the hot leg break rather than
the Zold leg was seiected in order to examine a case involving a minimum path-
way and, presumably, minimum fission product retention within the reactor
coolant system. The flow path for fission products from the core, to the upper
plenum, and to the hot leg brak is illustrated ir Figure 4.2. In this sequence,
flow through the other loops is assumed to be blocked by hydrogen, and possibly
by water seals, in the low points of the system. The flow path during the
vaporization release period is shown in Figure 4.3.

In terms of reactor coolant system response, there is little

difterence between AB and AD (involving failure of pumped ECC injection rather
than loss of all AC power). The containment conditions for AD would be very
similar to those of 52D, which was also analyzed. It was felt that AB provided
an opportunity to examine a numbter of containment failure modes in which fission
products would be retained by natural deposition.

Three failure modes were examined for the AB sequence: containment
isolation failure (8), early overpressure failure resulting from hydrogen
combustion (y), and pasemat melt-thiraugh failure (e). For the Surry plant,
the probability of isolation failure is quite small, =ince the plant's operat-
ing containment pressure is significantly Jess than atmospheric; for other PWR
designs, however, this may be a major potential failure mode. The conditions
leading to early overnres<ure failure ars rot expectzd to occur in AB, but

D¢

cause of the potentially large consegiences of this failure mode and the
uncertainty in the processes associated with it, the associated fission product
release was evaluated. Delayed overpressure failure and melt-through of the
basemat without aboveground failure (e¢) are the most likely modes of contain-
ment failure. Because of the long deley 1o failure, the consequences of these
two modes of fai'ure are expected to be similar and to differ primarily in the

magnitude of noble gas release.

4 Sequence TMLB' (T sie Loss of
+.c.c dequence TMLB_(lransient, Loss of
Primary System Heat Removal)

- _J p—— e ———

. n - 2 m \ .-y e ~ 3 " : JA €
sequence was f to be a major risk contributor in WAS!

1 s 3
release fractions for )ntainment overpressurization
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S5 .
lure mode for this sequence were od

. D
J;}‘ |

> release category PWR

The reactor coolant system behavior of TMLB' nt sharply with AB

because the reactor

core heatup and fission product release The beginning of re covery is
also delayed for a few hours, providing some time for the decay heat power to

be reduced.

The flow path for fission products through the reactor coolant system
is illustrated in Figure 4.4, Prior to core uncovery, the water in the pressur-
izer is predicted to be carried from the pressurizer with the steam flow or to
fall back into the hot leg during periods when the relief valve is closed. If
the reactor pump seals were to fail in this sequence, the results are expected
to be similar to a cold leg break.

As in AB, containment sprays are assumed to be inoperable in this
sequence. One reason for selecting THLB' was to investigate the effect of

ontainment failure time on fission product retention. Early and late failure
containment by overpressurization (&, €) are considered. Although early
is considsered unlikely, it was evaluated because of its potentially

v

juences. Interaction between molten core material and accumulator
avity could lead to early failure of the containment.

on mixing and heat

are uncertain.

quse containment cooling and the containment spray systems

are

able in this sequence, the expected release of fission products to the

ironment would

result, the contribution to the

Icted public health k would also be expected to be small. This type of

likely, however, and is of interest for
sequence analyzed in which the effective-
ontainment safety features is examined.

s of particular interest in this case because steam
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pressures and with leakage from the reactor coolant system augmented by the
deoressurization.

The flow path of fission products in the primary system is illus-
trated in Figure 4.5. Other possible flow paths to the break through the intact
loops were assumed to be sealed by water in the low points of the primary system.
1f these flow paths were available, the residence time and retention of fission

products in the primary system would be greater than for the case analyzed.

Sequence V (Interfacing Systems
of Coolant Accident)

This sequence was the largest individual contributor to risk identi-
fied in WASH 1400. Having recognized the potential system weakness, it has
been possible to reduce the likelihood of the sequence substantially. The
interfacing LOCA is of interest even at reduced probability, however, because

the pathway for release bypasses the protection normally provided by the

containment building. Retention in the reactor coolant system is particularly

important in this sequence.
The flow path for release from the reactor coolant system is

>

ed in Fiqures 4.5 and 4.6.
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ANALYTICAL METHODS

This section describes the analytical methods used in reassessing
the source term to the environment for the Surry plant, a PWR with a large,
high pressure containment. The methods employed here differ significantly
from those used to analyze the Surry plant, as described in Volume 1 of this

(5.1)
report’ ’

The first major difference between the methods used here and those
described in Volume 1 is that the MARCH 2 code (which includes an improved
model for core slumping) is used here for the overall thermal-hydraulic calcu-
laticns, replacing the MARCH 1.1 code used for Volume 1. The second major
change is that in the present analysis, an accounting is made for the effect
of Zircaloy cladding oxidation on the release rate for tellurium. Finally, a
new code called SPARC is used here to predict the retention of aerosols in
suppression pools.

Some other, less significant changes have been made as well. These

iscussed in the text.

Thermal Hydraulic Behavior

section descrihes e computer code MARCH 2, which, along with
was used to analyze the thermal-hydraulic response of the

primary coolant system, and the containment system for the

L
L

(Me1tdown Accident Response CHaracteristics) compu

er

al processes involved in severe fuel-damage accidents
[ )

Version 2 of the code replaces Version 1.1.'7"7/ The

two versions include changes in models, code struc-
‘

programming lanquage. The new models in MARCH 2 were jeveloped

vstitutions, including Battelle, Sandia National Laboratories, Oak

Nationa) Laboratories, Brookhaven National Laborator and the Tennessee

Y
In many cases, these models are provided as options to

[




existing models. The changes in MARCH were largely undertaken to address
recognized deficiencies in the early version related to modeling approximations,
time-step control, and transportability of the code to other installations.
The MARCH 2 code was developed primarily for use in probabilistic
risk assessment. The uncertainties in many of the MARCH 2 models are large,
and in many cases the extent to which the models have been validated against
experiments is limited. More mechanistic codes are being developed by the
NRC, such as SCDAP and HECTR, but they were not available for use in this program.
The MARCH 2 code examines the behavior of a large variety of accident
processes including depressurization or leakage from the reactor coolant system,
core uncovery, core heatup, oxidation of Zircaloy cladding, fuel melting, fuel

slumping, fuel-coolant interaction in the lower vessel head, vessel head fail-

ure, fuel-coolant interaction in the reactor cavity, debris bed ccolability,

core-concrete interactions, production of combustible gases, gas combustion
the containment, containment heat transfer, intercompartment flows, and the
effect of engineered safety features on containment thermal hydrauiic behavior.
>ome of the principal modeling improvements in Version 2 of the MARCH code are

described below.

1.1 Containment Response. The containment response modeling in

MARCH 2 includes the following principal changes: provision for expanded blow-
down nput via subroutine INITIAL, the ability to accept two input terms from
the primary system, completely revised treatment of burning of combustibles,
addition of a heat sink for radiation heat transfer from the debris in the
reactor cavity, and removal of a number of restrictions in the earlizr code.
The expanded blowdown table input capability is intended to facili-
tate the interfacing of the MARCH crde with more detailed thermal-hydraulic
odes tha* may be used to describe the initial portion of the accident sequence.
The containment response subroutine, MACE, has been changed to accom-
date simultaneous break and relief/safety valve flews from the primary system.
'he two inputs can be directed to different compartments if desired e.qg.,
break flow to the drywell and relief/safety valve flow to the suppression pool

¥ a BWR,
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5.1.1.2 Primary System Response. The MARCH 2 treatment of the

primary system includes both improvements in the treatment of initial (early)
primary system response and the addition of several phenomenological models to

treat the processes following core collapse into the bottom head. Included

are changes in the steam generator model to remove some of the restrictions

1

and limitations of the earlier version, improved break flow models, changes in

tr

the flashing model in response to primary system pressure changes, provisions

c1m

;imultaneous break and relief/safety valve flow, changes in the treatment

heat transfer to structures, and consideration of the transport of fission

s
)

ucts within the primary system.

-

3 Water and Steam Properties. The representation of the

nnert1ec
percies

been improved in MARCH 2. This has included
rrelations i orated in ¢ code as
required by the new phenomenological

the ASME steam tables.

irrent American
evaluating fission product decay heating as a
itdown and time at power, including the contributions

simplified version

as a f:)"v’ft‘r]r‘w nf ime

J

articularly appropriate

fhere e power history would be provided

4 J

retains Das) model of
corporates additional models
cesses., Heat transfer between
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surrounding structures and water surfaces, can now be calculated. The heatup

of the core support barrel by thermal radiation is included. Additional changes
include corrections in the heat transfer analysis of partially covered core
nodes and improvements in the metal-water reaction model.

5.1.1.6 Core Debris. A number of phenomenological models have been
added for the treatment of the core debris in the reactor vessei bottom head.
These include a flat plate critical heat flux model, a fragmented debris-to-
water heat transfer correlation, and several options that consider formation
of debris beds within the vessel head while water is still in the vessel. The
bottom head heatup model utilizes a calculated heat transfer coefficient between
the molten debris and the vessel head.

A major area of concern and controversy in the analysis of core melt-
down accidents has been the behavior of core and structural debris upon contact
with water in the reactor cavity. The highly simplified models of MARCH 1.1
have been supplemented with a flat plate critical heat flux model, a part culate
heat transfer model with more mechanistic heat transfer coefficients, and several
debris bed heat transfer correlations. If desired, the switchover from one
model to another can be based on calculated conditions, e.qg., debris temperature.
The production of hydrogen from steel-water reactions has been incorporated
into these models in addition to the zirconium-water reaction previcusly avail-
able. Also included are the heating of the evolved gases by the debris beds
and the effect of hydrogen flow on bed floodings.

A heat sink has been provided for the thermal radiation from the top
of the core debris as calculated by the INTER subroutine. The decomposition
of concrete due to radiated heat flux is treated by an ablation-type model
with the resulting yases added to the containment atmosphere. Also, the geometry
of the corium-concrete mixture is fixed following solidification of the melt.

5.1.1.7 Burning in Containment. The treatment of combustible gases

now includes consideration of the burning of hydrogen and carbon monoxide if
their concentrations exceed flammability limits. Included are explicit consi-
derations of inerting due to high steam concentrations and oxygen depletion,
direction-dependent compositions for flame propagation between compartments,
and burn velocities as functions of composition. Various options are available
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to explore the effects assumptions about the burning of hydrogen and carbon

monoxide.

5.1.2 Primary System Thermal

HydrauTics: MERGE

When the MEKGf(5'6’

describing the thermal-hydraul’: behavior of a core meltdown accident were not

code was written, the existing computer codes

capable of analyzing the flow and temperatures in the individual volumes of

the reactor coolant system downstream of the core in the pathway for release

to the containment. The report "Technical Bases for Estimating Fission Product
Behavior During LWR Aacidents“(5'73, published by the NR” in 1981, indicated
that in at least some accident sequences, the retention of fission products 1n
the reactor coolant system (RCS) could be significant. To support more realis-
tic analyses of fission product retention with the TRAP-MELT code discussed in

)

an effort was undertaken to write a simple stand-alone code,

esy
predict gas temperature, surface temperature, and flow within the
ylant system.
31lculations are based on the output of MARCH, and the output
input to the TRAP-MELT code. The MARCH results used by MERGE are:
m pressure, the flow rate of hydrogen leaving the core, the
steam leaving the core, and the average temperature of gases |
The MERGE analysis accounts for conservation of energy and
n of mass by species. It is assumed that the gases within a volume
well mixed and have the same temperature, and that the pressure differen-
between volumes is negligible.
In MERGE, the equations are solved with an explicit time difference
a particular time step, conditions within the first volume down-
the core are calculated first, and the solution proceeds from each

) |

the next downstream volume. Knowing the initial 1

and inlet flc

OW
lume, MERGE solves for the value of the outlet flow

s L

the known ire, {eat transfer from flowing gas




radiative heat transfer from the core to the first structure is calculated
pased on a MARCH-calculated radiative flux.

The MERGE code involves certain approximations and limitations. In
the MERGE analysis, the flow of gases in the upper plenum is assumed to be
one-dimensional; in reality, circulation patterns would more probably be
established in this region due to the strong temperature gradients. Whether a
more detailed analysis is required for this region must be determined by the
results of sensitivity studies with the TRAP-MELT code. The need for validation
experiments must also be evaluated.

5.2 Radionuclide Release from Fuel

source Within Pressure
CORSOR

sngnan 5. B A 4 : :
LUQSuQ( ) 1S a simple correlative code which estimates aerosol and

fission product release rates from the core during the period of core melting

in a light water reactor. Quantifying the aerosol and fission product release

from the core region is an important first step in determining the radionuclide
source term to the containment during a hypothetical severe core damage acci-

dent The timing of the release of various materiais influences their reten-
"

)n in the reactor coolant system because it determines which species emanat-

ing from the core will be able te interact. The timing also determines the

residence time of the released materials and the temperatures in the reactor
coolant system, since these are both dynamic parameters. Simplistic source
terms, such as constant or linearly increasing release rates with concurrent
releases for all radionuclides, may therefore lead to unrealistic estimates of
radionuclide transport behavior.

Fhe reassessment of the surry plant includes the most recent ad just-
ments of CORSOR. In comparison with the initial assessment of Surry reported
in Volume 1 of this report, this analysis uses a refined method for
alculating tellurium release from fuel and a physica'iy-based m=thod for

dlculating aerosol release from stlver-indium-cadmium control rods.

For the present analysis, the core has been divided into 240 nodes
10 radial and 24 axial, which have distinct temperatures as predicted

&}y
MARCH '
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equally among the nodes. |1 ctual reactor, the distribution would
and would change with time., Typicaily, fuel
three radial zones during its irradiation history.
the power distribution across the core, the freshest fuel is placed 1
outside zone of the core and the most highly burned-up fuel is placed in the
central region. Thus, an abrupt change in the spatial distribution of radio-

nuclides occurs at the time of refueling but then continues to shift during

the cycle as the fissile inventory is preferentially depleted in the regions

f higher flux

Alternative distributions of fission products can be used in the
JRSCR program, and the effect on fission product release rates of the "flat-

flux" assumption can be quantitatively assessed by examining the results of

R 1

parametric studies such as those described in Appendix B of Volume

nties in the release rate coefficients are expected to have a more
, as at ) p p

ant effect on release rates than will the assumptions regarding fission

nodes are obtained from the MARCH cod
5, beginning at the start of the accident and
jser-specified time. An average temperature is computed over
re heatup and melting, and if the temperature is less
ccur from that node. The average
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to the temperature set
(5.1)
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require more careful analysis if less severe hypothetical accident conditions
were considered.

Subseqguent mass release as the nodes progress toward melting is
calculated on a nodal basis as the product of the amount of each species
remaining, the release rate coefficient, and the time interval of integration.
The mass released is then summed over all the nodes in the core for each species
to give the total mass released during the time step. It should be noted that
the MARCH code predictions for core temperatures do not take into account the
heat of vaporization of materials released from the core.

The computation of the fractional release rate coefficients for fis-
sion products is based on empirical correlations derived from experiments
performed by Lorenz, Parker, Albrecht, and others.(s‘lo”s'le) The data from
these experiments were graphed and curves developed of the releases. A
fractional release rate coefficient, K(T), is derived for species by fitting

an equation of the form
K(T) = AeBT

to each of these curves. The resuiting values of A and B for three different

temperature regions of the graph are given in Table 5.1 and are basically the

/)

: ; ! - (5.
same as those defined in Appendix B of the "Technical Bases Report" 8 ut
-

. R : (5
nave, in many cases, been adjusted to account for updated evailuations.'”’

[t should be noted that the fractional release rate is a function of
temperature and elemental species only, and any effects of pressure and

specific surface area of the melt on the release rate are not considered.
Additionally, details of complex phase interactions of various components

1thin

'S 144 ~ v - ¢ - - Sy v 3 ] .
~ ne meiting core are, for the most part, not known quantitative Y

1

e the release rates are valid only to the extent that the exper .ments upon

which the release rates are based adequately modeled a core meltdown

lease rate efficients used in CORSOR in the analyses
volume are similar to those presented in Volumes 1-3, except
alculating tellurium release from the fuel elements has
fellurium release is dependent on the extent of oxidation of
ladding.
ne equation showr oove, depending upon the local extent of
ation, different o«

5 are used. For a node where zirconium

complete, on \ value is used, ard for a node at which




is less than some specified fraction, the A value is lowered

For the two-side oxidation of zirconium fuel-rod cladding,

oxidation used as the delimiter between higher and lower release
.70 in CORSOR. For one-side oxidation this figure would be 0.96-
It is recognized that this is a simplistic treatment of a complex process,
but it is believed to be the best representative of the
information.

Several uncertainties associated with the CORSOR predictions must be

5 1
mentioned. These uncertainties most strongly impact the predicted release

rates for aerosols. rather than for the more volatile materials. One difficulty
’

in predicting aerosol release is that as core melting progresses, the tempera-

’
s increase throughout the core until, eventually, a loss of geometry would
expected to occt In the BWR analyses, core slumping occurs in such a way
remove iial regions from the core in an incremental fashion. Thus,
ion products from the fuel rods which have fallen to the
included in the calculations of the source to the primary

sents a change from the PWR analysis reported
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released from the rod. While this release model is physical, there is no
1dequate set of experimental observations against which its predictions can be
objectively assessed.

Une further point regarding the calculation of release rate coeffi-

cients should be noted. During core melting, the MARCH code predicts some

core nodal temperatures above the UD2 melting point (approximately
s 1

2880 C) "7 which are not regarded as being realistic. Using these high

5.19)

values in the expression for the release rate coefficients would lead to
excessively high estimates of release rates for the lower-volatility meterials.
Thus, the release rates calculated in this work are calculated using a tempera-

ture value of 2760 C in place of any values predicted by MARCH in excess of

this value. The "Technical Bases Report"'”* states that the melting point

\ §

may be Towered by up to 300 C with the addition of IZr07, and even lower
'ther compounds, such as control rod material. Thus, it is not yet clear

mum achievable temperature should be. The sensitivity of the
to uncertainties in the maximum temperature, the core

>

and the release rate coefficients used in the calculations is
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5.3 Radionuclide Transport and Deposition

5.3.1 Transport in Reactor
Coolant System: TRAP-MELT

The TRAP-MELT code that was used for the primary system radionuclide
transport analyses of this study was developed from the published TRAP-MELT
code(s‘zo) used for the "Technical Bases" report(s’s). Major changes were
made in the treatment of aercsol particle transport and behavior and in radio-
nuclide condensation on and evaporation from particles. In addition, the
internal data base of the code was increased to include ohysical property data
for tellurium and cesium hydroxide. An outline of the code, highlighting these
changes, is given below. A more detailed description is given in the TRAP-
MELT Users' Manual(s'zo).

The TRAP-MELT model is designed io treat radionuclide transport in
an arbitrary flow system whose thermal-hydraulic conditions are given as func-
tions of time. For this study, the data needed by TRAP-MELT to define the
thermal-hydraulic conditions of the primary system were generated by MERGE.

In addition, TRAP-MELT requires the definition of source terms for each radio-
nuclide; these terms were developed by CORSOR.

Once the flow system is defined, it is subdivided into a series of
control volumes that can, in principle, be arbitrary in number and flow connec-
tions and that are chosen on the basis of characteristic geometry, thermal-
hydraulic conditions, and suspected significant radionuclide behavior such as
change of phase, agglomeration, or deposition. Radionuclides in each control
volume are assigned, with uniform distribution, to one of two carriers: the
wall surfaces and the gas phase. Each radionuclide is allowed to reside on
these carriers in either particulate (liquid or solid) or vapor form so that
by combining carrier with furm in the concept of “"state", the condition of a
radionuclide in a given control volume is completely determined by its state.
TRAP-MELT thus considers five states:

o Radionuclide vapor carried by gas
® Radionuclide particle carried by gas
e Radionuclide vapor carried on wall surface
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lide particle carrie

lide vapor chemis

This 1ist of states is not exhaustive (for instance, in two-phase flow, the
carrier water must be considered) and the logic of the code has been chosen to
accept an arbitrary number of states readily

Radionuclide transport can occur among the five states of an indi-

vidual control volume or between certain states of different control volumes

are connected by fluid flow. The former types of transport are modeled or

correlated in the code itself. The latter are assumed to occur in phase with
the fluid flow (as developed by codes suf s MERGE) and are imposed on the
of radionuclides to may Occ in any volume and

time.

TRAD

ylume transport mec sms containe in TRA

wall surfaces
and tellurium

'_1‘,/‘?‘1
r")."-/-p‘) »
from other . by flow of parti s out of the volume

mechani Sms




Considerations of stiffness and lTinearity split the system of first-
order differential equations resulting from the above-listed transport
mechanisms into three classes. Most of the deposition mechanisns (transfer
from gas to wall surface) are taken as first order in the concentration of
radionuclide species on the carrier (gas, particle, or wall) from which the
transfer occurs. They constitute the first class, whose transport scheme can
be written in the form:

€ .54 M, (5.1)
dt

where C is the concentration vector of the species in question for each state
and volume, ¢ is the source rate vector for each state and volume, and M is
the transport matrix between all states and volumes. Because the deposition
terms are taken as first order, M is independent of C and depends, with S, on
time only. It is thus possible to solve Equation (5.1) as a set of first-
order differential equations with constant coefficients by standard techniques.
This is done in TRAP-MELT for the class of linear mechanisms. Condensation
and evaporation, which have a much shorter time constant than the linear pro-
cesses, constitute the second class and are treated outside this framework but
parallel to it, as is particle agglomeration, which constitutes the third class
of mechanisms in the TRAP-MELT code.

The approach to this parallel treatment is as follows: Equation
(5.1) is taken as the master time-translation operation of the radionuclide
system, Time steps are adjusted so that S and M change little over a time
step and so that the time step does not exceed one-third of the smallest flow
residence time for any control volume. The latter assures that the system
does not translate excessively between couplings to the other two classes of
mechanisms. In addition, the characteristic coagulation time for the aerosol
in each volume is evaluated and compared to the master time step. If the
former is short compared to the latter, the master time step is appropriately
reduced.

At the beginning of each time step, phase transitions of radio-
nuclides are modeled by examining each control volume in turn and solving the

molecular mass transport equations for vapor transport among the gas phase,
particles, and wall surfaces. Because of the low heats of vaporization of the
5-14




radionuclides in question, this transport is assumed to be isothermal.
Transfer to the walls assumes the Dittus-Boelter correlation(s’s) for pipe
flow and transfer to the particles occurs by diffusion basad on the size
distribution at the beginning of the time step. Redistribution of the vapor
phase occurs in a time that is small compared to the master time step; there-
fore, this redistribution is essentially decoupled from the other processes
considered which justifies the use of a time parallel solution treatment.

Once redistribution of the vapor phase has been effected, its effect
on the existing particle size distribution (in the volume in question) is cal-
culated by assuming that each size class gains (or loses) mass in proportion
to the rate of vapor transfer to (or from) that size class. Conservation of
number for each size class then dictates redistribution between, in general,
two new contiguous size classes, the number in each size clasc being determined
by mass conservation.

At the end of a time step, the particle size distribution in each
volume is reevaluated over that time step to account for possible particle
agglomeration, sources, and flow terms. The agglomeration algorithm has been
excerpted from the QUICK aeroso) behavior code 5‘22), which is based on a size
discretization scheme.

The approximations inheren® in this parallel treatment are minimized
by relegating mass redistribution and conservation to the master Equation (5.1),
except for redistribution due to radionuclide phase change. Agglomeration and
particle evaporation/condensation serve only to modify the particle size distri-
bution and therefore affect particle deposition indirectly through mass-distri-
bution-averaged deposition velocities. Thus the aerosol aspect is solved (cver
a master time step) completely in parallel to Equation (5.1), using all sources,
flow terms, and particle removal terms evaluated for each size class considered.
The resultant distribution is used to evaluate average particle deposition
terms for use in the master equation only. Similarly, reevaluation of the
particle size distribution due to radionuclide phase change affects these
average deposition terms only.

In addition to the time-dependent thermal-hydraulic conditions and
mass input rates by species, the TRAP-MELT code requires input information on
the initial particle size distribution of the source, the control volume
geometry, and the physical properties of species (including deposition veloci-

5-15



ties on surface materials). The code provides output in terms of time- and
location-dependent mass by *Cies and state, as well as sive distribution of

suspended particulate materia)

There are a number of uncertainties which affect the TRAP-MELT code

predictior " primary system retention of materials. Any errars or impreci-

$10ns in the input to the code will clearly affect the quality of the results

»

both for the primary system thermal-hydraulics provided by MERGE and for the

core release rates determined by CORSOR. The extent of interaction among the

materials released from the melting core is jetermined largely by the timing
of their Y'tl,’ﬂd‘,w*y, and : S "i"',h""“,“!‘:?_';, a ]HF,S ':trdfqﬁt‘()rwarj‘ but no ]Qt"‘;

important, potential effect on the code's results due to input inaccuracies.
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within a containment vessel where a condensing steam atmosphere may exist.
The model for steam condensation on particles was validated by small-scale
experimental neasurements(s'zs), and jarger-scale validation is being planned.

The NAUA code calculates physical processes, excluding chemical
changes and radioactive decay. The removal processss considered include gravi-
tational settling and diffusional plateout. Interactive processes include
Brownian and gravitational agglomeration and steam condensation. Aerosol
sources and leakage are also included. Compositional changes resulting from
time-dependent compositions for the input aerosol are tracked by the code.

The particle size distribution is defined by a number of monodisperse
fractions. In this approach, the governing integro-differential equation is
transformed into a system of coupled first-order differential equations. In
effect, the particle size fractions interact and deposit according to the
included mechanisms, generating a time-dependent distribution of mass among
the various size fractions. Steam condensation is handled in a separate inte-
gration. Output from the code includes mass concentrations of condensed water
and dry aerosol materials (airborne and on surfaces), as well as particle size
distributions at various times throughout the calculation.

Since the original version of the NAUA code has no provision for
engineered safeguards, calculations were made to account for removal of aerosol
particles by sprays, as follows:

d
3 emRN (Vg - von, (5.2)

where

n is the aerosol particle concentration,
¢ is the collision efficiency,

Vg and vy are settling velocities of the spray drops and aerosol
pgrticleg. respectively,

R is the radius of the spray drop, and
N is the water drop concentration.

Due to hydrodynamic interaction between a falling water drop and airborne
particles, only a small fraction of the particles within the cross-sectional
area of the water drop is removed by spraying. To account for this hydrodynamic
effect, the collision mechanisms due to inertial impaction, interception, and
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Brownian diffusion of aerosol particles were used by defining € in

(5.2) as:

where €1, €p and €p are the collision efficiencies due to intertial impaction,
interception, and Brownian diffusion, respectively. The following collision

efficiency models were utilized for the three mechanisms:

Stk’

©1 " T8tk + 0.35)2

1.5(r/R)?
——A——*—r\.—

(1+r/R)'/°

}

-2/3
. 2/3 .
€p * 3.5 Pe Z .6

where Stk is the Stokes number for aerosol particles based on a characteristic
length of water drop with radius R; r is the rarticle radius; and Pe is the

Peclet number. The Stokes number and the Peclet number are defined as

2 FZL vV C

Stk = —g—f—— and

2V_R
Ve = —
0

wher¢ the diffucion coefficient of aerosol particle
the settling velocity of water drop
the Cunningham slip correction factor
the particle density

the gas viscosity.

in general, for relatively large narticles, the inertial effects on the overall

collision efficiency are larger than the interception term because the water

jrops are much larger than the aerosol particles. As particle size become:

smaller, the Brownian diffusion term vill become increasingly important.

should also be mentioned that Equation (5.4) is given by Hetsronil®

[ §

tquations (5.5) and (5.6) are based on the work of ee and Gieseke




Another particle deposition mechanism, diffusiophoresis, was added
to the NAUA code. Diffusiophoresis results from steam condensation onto
containment walls and involves two mechanisms: a net flow of gas toward the
wall surface (known as Stephan flow), and a molecular weight gradient caused
by the steam concentration gradient. In general, the effects of Stephan flow
ar” much larger than those of the molecular weight gradient and result in
deposition of particles on the wall surface. The condensation rate toward
wall surfaces calculated by the MARCH code has been used to calculate deposi-
tion due to diffusiophoresis.

In utilizing the NAUA computer code for calculating aerosol behavior
during various accident sequences, it was noted that in certain cases the code
requires a long computing time to calculate the rate of condensation of water
vapor onto particles. This type of problem takes place when a large amount of
condensible water vapor was used as an input. It was noted that a supersatura-
tion ratio of much greater than 1.0 was frequently encountered even after the
condensation calculation was completed.

some literature suggests that pure water vapor at 20 C will spontane-
ously form water droplets in the absence of condensation nuclei when the super-
saturation ratio exceeds 3.5, and at 0 C a saturation ratio of 4.3 is required
for homogeneous nucleation. This mechanism has been implemented in MNAUA in

addition to the existing condensation calculation. As the critical supersatura-

tion for the homogeneous nucleation, the following correlation equation given
(5 29) )
by Green and Lane'" """’ was used:

| I

3

where

is the critical supersaturation
1§ surface tension
1$ the temperature in

the nmolecular weight of water.

r self-condensation rate:
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other particles containing solids. Although the effects of this mechanism on
the overall aerosol concentration change are insignificant, the computational
tine i¢ reducea considerab’y by this implementation.
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BASES FOR TRANSPORT CALCULATIONS

6.1 Plant Geometry and Thermal Hydraulic Conditions

MARCH 2 code calculations were performed for several variations of
each of the four accident sequences considered. The results of the MARCH
analyses are used as input for three aspects of the fission product release
and transport calculations:

(1) The predicted time-dependent temperatures

of the fuel are used by CORSOR to calculate
fission product release.

The primary system pressure and flow of steam
and hydrogen from the core are input to MERGE to
calculate primary system thermal-hydraulic input
to TRAP-MELT.

The thermal-hydraulic conditions in the contain-
ment building as well as leak rates out are
input tc the containment transport codes.

A summary of MARCH modeiing options utilized in the analyses is presented in

v

fable 6.1*, The design parameters for the Surry plant were summarized in

One of the many areas of modeling uncertainty for thermal-hydraulic

ysis for this study has been the behavior of the flow in the reactor cool-
ant system in the pathway of release to the containment. In particular the
conditions in the upper plenum and upper dome region are quite uncertain and
could have a significant effect on the transport of radionuclides. The first
problem in describing flow behavicr in this region is in obtaining an adequate
characterization of the structures. These structures are not described in
detail in publicly available reports because of proprietary Jdesign features.
This problem was alleviated by input from Westinghouse Electric Corporation,
the reactor manufacturer for the Surry plant. In addition, even if the
geometries of these structures had been well known, there is significant
uncertainty as to the nature of the flow patterns in the upper plenum and dome

during accident conditions, and as a result how much of the flow reaches the

*A11 tables in this section of the report have been placed at the end of the
r

section.

6-1




available surfaces. The current version of TRAP only considers one structure
with a given surface to mass ratio within a volume. While this limitation can
be circumvented by subdividing the volume of interest into a number of smaller
subvolumes, each with a particular structure, such an approach would reguire
information on the possible series/parallel flow splits ameng the subvolumes,
1.e., how much of the flow is seen by each of the structures. Such fine detail
was not warranted by the existing level of understanding of flow patterns in
the upper plenum. As a practical matter the gases leaving the core were assumed
to flow in series through the upper core support structures, past the control
rod guide tubes and support columns, past the top support structure, along the
upper core barrel, and out the hot legs. Clearly alternate flow paths are
possible, e.g., after passing through the upper core plate some of the flow
could go directly to the hot legs without passing pa-t the other structures.
The sensitivity of results to this approximation will be investigated later in
the program.

[n the following sections of the report, the results obtained with
the MARCH and MERGE codes are described for each of the accident sequences.
In Section 6.1.6, some of :he uncertainties in the analyses and sensitivities

to assumptions are discussed.

1

6.1.1 Sequence AB (Hot Leg)

A large pipe-break accident with failure of the active emergency
core coolant injection system, as would result from total loss of AC power,
would be expected to result in comparatively rapid core meltdown. This is
because core uncovery would occur essentially at the start of the accident
with the decay heat level relatively high. The luss of electric power would
also preclude the operation of containment safety features. Table 6.2 indicates

the times of key events as predicted by the MARCH code for the input and model-

Ing assumptions utilized. Table 6.3 provides details of the core and primary

system conditions for this sequence. Core uncovery, heatup, and melting would
cur at low primary system pressure, corresponding to the pressure of the

ntainment. 1he temperature of selected fuel regions is illustrated as a

r

unction of time in Figures 6.1a and 6.1b. in this. as well as 1n subsequent

»

ore node temperatures, the designation ROD (X,Y) denotes the core
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node in axial position X and radial region Y. For these analyses the core was
divided into 24 axial nodes and 10 radial regions.

Prior to the accident, the piping and structures in the reactor cool-
ant system would be in the temperature range of 290-315 C. Because heatup of
the fuel and the release of fissicn products would occur at about 172 kPa (25
psia), these surfaces would be expected to be considerably superheated. In
addition, because of the high boiloff rate (high decay heat level) and low
density of gases in the primary system (low primary system pressure), the
velocity of gases passing through the reactor coolant system would be high in
comparison to other accident sequences. At the time of core uncovery, the
velocity of steam in the upper plenum is estimated to be approximately 1/2
meter/sec (2 feet/sec). The total residence time in the system, from leaving
the core to exiting the break in the hot leg, would be less than 1 minute. As
the water level in the core drops, the production of stzam decreases
accordingly. Just prior to slumping into the lower plenum, most of the steam
that is being generated is predicted to be reduced to hydrogen.

Temperatures of the structure in the reactor coolant system are
illustrated in Figure 6.2. Structure 1 represents the upper core plate,
Structure 2 represents the control rod quide tubes and support columns, and
Structure 3 represents the top support structures and core barrel. (In this
figure, time is measured from the start of core uncovery.) The gas temperatures
leaving the core rise rapidly as the core melts and begins to slump. When the
core collapses into the bottom head of the reactor vessel, large quantities of
steam are generated, resulting in a sharp decrease in gas temperatures as well
as cooldewn of the structures in the upper plenum. The maximum temperature of
gases leaving the hot leg is estimated to be in the range of 650 C (1200 F),
but these persist only a short time. A schematic of the gas flow path for the
AB sequrnce is illustrated in Figure 6.3.

Several possible times and modes of containment failure have been
investigated for this sequence: failure to isolate (g), early failure due to
hydrogen burning (y), and basemat melt-through (¢). Table 6.4 presents the
details of the containment recponse for the various cases considered. For
this analysis, the containment isolation failure is assumed to exist at the
start of the accident and to be in one of the penetrations from the containment

€-5
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safeguards or auxiliary buildings. Thus, both these volumes were consi-
in the analyses for the AB-g sequence.
The containment press ind temperature histories for this sequence
In these figures, Compartments 1 ard
represent the conta‘nment and the safeguards building, respectively. As a
result of leakage through the isolation failure, the containment pressure
decreases fairly rapidly after primary system blowdown. The large steam genera-
tion associated with the collapse of the core into the bottem head leads to a
temporary increase in the pressure. The pressure in the safeguards building
1S seen to stay near atmospheric except for a sharp increase at about 200
minutes, when a hydrogen burn is predicted to take place. At other times, the
leakage from the safeguards building is able to keep the pressure low. It
chould be noted that a pressure rise of the type calculated could lead to the
failure of the safequards building.
The timing of the burn is controlled Dy the combination of increasing
hydrogen concentration due to leakage from the containment and decreasing steam

ncentration due to condensation. (High steam concentration tends to inert

ntainment atmosphere early in the sequence.) The early overpressure

ntainment failure ( considered was associated with a hydrogen bi~n taking

Iring the concrete-attack phase of the accident. The hydrogen was

allowed to burn when flammable conditions were reached. The timina of the

Irn was determined by the increasing hydrogen concentraticn from concrete
lecreasing steam concentration aque to condensation.
The containment pressures and temperatures for the AB-1 sequence are

istrated in Figures 6.6 and 6.7. Different containment pressure responses

>

)

ve predicted 1f the assumptions regarding hydrogen generation and burning

were varied. The likelihood of containment failure due to a hydrogen burn or

|

ther event would, of course, depend on the failure pressure as well as the
nagnitude of the pressure; however, quantifying the probabilit

1S not a part of this effort. If the containment is

| - - ~
1er challenges, long-term overpressure failure or basemat me

the eventual outcome for this sequence.

T

'he current MARCH calculations, using as input a concrete composition

"y ant \ 1
present l.Y |

ve of that actually used at Surry, indicate that meit-through of

basemat would take place before long-term overpressurization. This ig tt

16
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that was analyzed as representative of delayed failure modes. The contain-
pressure and temperature histories for this sequence are shown in
6.9. (Containment melt-through is predicted to take place at

s

0 minutes into the accident. nce upon melt-through the containment

depressurizes through the ground, only a small change in the containment pres-

sure is seen for the conditions encountered here.

1t should be noted that there is substantial uncertainty regarding

the progression of concrete attack, and the timing of the occurrence f melt-

through could ry considerably. It is also possible that overpressure failure

.cede melt-through. In the Surry design, the reactor cavity and the

ent sump are not connected; thus sump water evaporation 1s not a source

‘9
h |

nment pressurization. After reactor vessel penetration, the principal

force for pressurization would be the release of gases from the decom-
f the concrete. The time required to reach the assumed failure level
(100 psia) we be longer than the melt-through time predicted
cular case considered here. If, however, lateral attack of the
core debris leads to the ingress of sump water into the reactor

ntainment pressurization could be increased.

summarizes the containment leakages for the various

from the \4:«& ¥ v‘p("}'ytkl and J‘,»*J n ’_hﬂ ,\\Ja] jation

i J

from containment

the transient sequence TMLB the ability to remove heat from the

]
containment safety features are not avail-
power. Decay heating following reac
jown bo1ls ¢ he water in the secondary side of the steam generator
steam )s"\,\v-x_f w dry ”t‘ the primary gvgtpm pressure rises to thp wa'
\\p"'. 1n . 2] Tgy' ( ’|"3‘;.jnt 1% w‘,“g.\‘hav"zp"‘ fhr‘_':Jrlh tv,‘ v‘,,“w,
j1timately to the containment building.

wy events as _"‘yr‘r}f ted by the MARI(

Table 6 The emper
. 4 \ J (# « " £
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psia). Because of the high density of steam at this pressure, the flow velo-
city in the primary system would be quite small -- generally less than 1/2
cm/sec (1 foot/min) -- until the start of core slumping.

The Reynolds Number in the upper plenum is predicted to be in the
laminar regime until core slumping begins, as for the AB case. The Rayleigh
Number, however, is substantially larger in the range of 1011-1014. Thus,
significant mixing could occur in the upper plenum cculd be driven by tempera-
ture gradients and the buoyancy of hydrogen. The temperatures of the gas and
structures in the volumes of the primary system are i'lustrated in Figures 6.1la
and 6.11b. Volume 2 represents the reactor vessel upper plenum with its struc-
tures and Volume 3 represents the piping and the pressurizer. Within Volume 2
(the upper plenum), Structure 1 is the top core plate, Structure 2 represents
the control rod guide tubes and support columns, and Structure 3 represents
the top support structure and the core barrel. In Volume 3, Structure 1 is
the pressurizer and Structure 2 represents the piping. In these figures, the
time is measured from the start of core uncovery. A schematic of the gas flow
path for TMLB' is illustrated in Figure 6.12.

Two specific containment failure mode possibilities were considered
for the TMLB' sequence, an early and a late failure.

6.1.2.1 Early Failure: TMLB' ()

The early failure was assumed to be the result of the rapid steam
generation from the interaction of the core debris with accumulator water in
the reactor cavity. The failure of the vessel bottom head releases the high
pressure steam from the primary system to the containment and discharges the
core debris into the reactor cavity; tne resulting drop in the primary system
pressure allows the accumulators to discharge onto the top of the core debris.
Figures 6.13 and 6.14 give the containment pressure and temperature histories
for TMLB- 4, in which the containment is assumed to fail early due to the pres-
sure rise from the debris water interacting in the reactor cavity.

MARCH calculates the rate of steam and hydrogen production resulting
from the debris-water interaction in the reactor cavity. Several user-selected
options in MARCH can be used to describe these interactions, ranging from a
simple quenching model to several debris-bed models; combinations of models

6-18
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are also possible. A1l the models require user inputs for which there is little
basis. Perhaps the most important input parameter is the assumed debris-
particle size; additional inputs that may be reguired relate to such items as
debris-bed porosity, bed area, and criteria for transition from particulate to
debris bed heat transfer. The rate and magnitude of the calculated contain-
ment pressure rise can obviously be sensitive to the input and modeling assump-
tions utilized. The use of the simple quench models in conjunction with small
particle sizes tends to maximize the amount as well as rate of steam production
from debris-water interaction; since in such cases the debris are quenched
rapidly, only sma!l amounts of hydrogen are predicted to be generated under
these assumptions. The debris bed models can also predict large amounts and
rates of steam generation, depending on the input parameters, but generally
lead to slower rates of containment loading. In some cases, associated with
marginally coolable debris beds, large amounts of hydrogen generation can be
predicted.

6.1.2.2 Late Failure: TMLB' (¢)

The containment pressures and temperatures for a representative
TMLB-¢ sequence are given in Figures 6.15 and 6.15. The effect of the debris-
water interaction is seen in the sharp pressure increase at about 160 minutes
in Figure 6.15. In the particular case illustrated, the pressure rise would
probably not challenge containment integrity; higher pressures could be
predicted if alternate assumptions were used.

If the containment maintains its integrity through the above early
pressure transient, the containment pressure will decline somewhat due to
condensation of steam on internal structures, but will later increase again
due to thre attack of the concrete basemat by the hot core and structural debris.
Since the gas and vapor input rates from concrete decomposition are low, except
when the debris is very hot, a long time would be required for the pressure to
build up to levels at which the likelihood of failure is significant. While
the pressure is slowly building up, basemat melt-through could precede and
preclude a long-term overpressure failure.

Melt-through of the concrete basemat, with venting of the gases
through the ground, is reflected in the sharp pressure decrease at about 740
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minuter in Figure 6.15. It should be noted that the progression of concrete
attac’: by the core debris, and hence the possible timing of melt-througnh, are
highly uncertain, and that the high partial pressures of steam in the con-
tainment atmosphere throughout most of this sequence are predicted to preclude
hydrogen burning.

It may be noted that some of the input parameters for the TMLB-¢
sequence were changed from those in TMLB-¢, leading to a higher containment
pressure peak. In considering the occurrence of an early containment failure,
no represantation is irade as to the likelihood of such failure; the quantifi-
cation of the probzbility of containment failure due to such interactions is
beyond the score of this study. It is suggested, however, that the magnitude
of the , _ssures resulting from debris-water interactions may be sufficiently
high that the possibility of failure should be considered.

Table 6.5 summarizes the containment leak rate information derived
from the MARCH results and used in the evaluation of the fission product release

from the containment.

I I's
1 ') L O0 \

D.,1.J equence Vv

The V sequence, or intertacing systems LOCA, is initiated by the

’

failure of the check valves separating the low pressure emergency core cooling

system from the primary coolant system. The release of the high pressure
primary cooiant inventory to the low pressure piping would not only lead to
the failure of the emergency core cooling system but also provide a path for
the release of radioactivity that bynasses the primary containment. It is
also po.sible that the primary system blowdown would result in the failure of
the safeguards or the auxiliary building.

The interfacing systems LOCA sequence is of particular interest
because the containment building is bypassed for much of the sequence, and the
primary system could represent the principal location for the retention of
fission products released from the core. The possibility of retention in the
safequards (or auxiliary) building also exists if it does not also fail; this
possibility would be quite design dependent.

The thermal-hydraulic behavior of system during the period of

fuel melting *s similar to that of the Seq ce AB. Following a period of 1/2




c
2

hour, during which blowdown and los
point of core uncovery, melting of f
1/2 hour.

The temperature histories

Figures 6.17a and 6.17b. The timing

of reactor coolant inver y lead to the

LI

Jel would occur over an interval of another

of selected core nodes are given in

of key events is presented in Table 6.2.

The core and primary system ~haracteristics at key times during the

sequence in Table 6.3. In

are qiven
wou |

10

A\

would be reduced to approximately
hyirogen flowing back through the EC

greater than 1 m/s. The re

exit to the atmosphere of

minute, with the majority

The predicted temperatures

the auxiliary building are illus

) lume represents the reactor

4 the steam generator, and Vo

me
i

The three¢ structures in the

igures 6.19a-d show the

the emergency

core

rather than a single volume.

from the start of core unco

+ AR
Lthe AD

sequence.

of the

qas
and

are given in Table 6.4.

“‘g. riv .‘.(!

from the MARCH

to the environment.

,,xLJ,:y\ )

This break

.ﬂ\/wt.r”‘

tion

™

|

conditions

and the low pressure sequences

ntainment heat rem

va l

maintained at

d be slightly more elevated (0.68 MPa), a:.d

trated

vessel upper plenum, Volume

cooling syst

flow

containment

interme 13 ate

this case, the primary system pressure

the velocity in the upper plenum

cm/s. The velocity of the steam and

C injection line tc the auxiliary building

sidence time in the reactor coolant system

the auxiliary building would be on the

of the time spent in the upper plenum.

of gases and structures in the flow path

in Figures 6.18a-d. In these figures,

3 the hot leg piping,

lume 5 the emergency core cooling system

upper plenum (Volume 2) are as previously

an alternate breakdown in

was represented as four connected

sets of figures, the time is

Very. results are similar to those

path for V is illustrated in Figure 6.:

characteristics at various times during

Table 6.5 summarizes

to

the containment

analyses and used evaluate fission

with faiiure of ECC

1 n “‘ eC=-

high pressure meltdown sequence

RS in the sequence, the

' V(‘t“‘"“: are operat Ing,; thus the cont 'for_

1 "
Iow levels, except perhaps f brief




3ININD3S A AYYNS Y04 SIANLIVYIAWIL 300N 3¥0D 0312373S  "BLL™9 3¥N214

0091 Oovl 00<1 0001 009
L L 1 1

f L Ja0N
b2 _:x A
((* c 10 0005
f

r~ R_Avv_
FHaod
0 0001

00051
0 0002
000%e

0 000%.

00001




JININDIS A AYYNS HO4 SIUNLVHIAWIL 300N 330D 0310313 "ALL°9 ELURIE

utw *awtj

0091 0ovi 00cl 0001 00Oy 009

r | - ¥ 1

(or'z1aod ‘
0L L)a0H .
1 “p2)aod 0 004

0 0001

0 0051

0 000<

0O OO0t




lE-9

TEMPERATURES OF VOLUME 2F

SURRY Vi

25000
O GAS INLET
AGAS OUTLET
+ STRUCTURE 1
X STRUCTURE 2
© STRUCTURE 3

20000 -

i /g/

//K
4
e
10000 _p—F
il
A
P
T o s o S .- S
5000
T¢ = 26.5 minutes MARCH accident time
00 T . | ; T g i T T
100 150 200 250 300 350 400 450 500

TIME - (MINUTE)

FIGURE 6.18a.

PRIMARY SYSTEM GAS AND STRUCTURE TEMPERATURES FOR SURRY V SEQUENCE

550



2€-9

TEMPERATURES OF VOLUME 3F

SURRY V1

14000
O GAS INLET
A GAS OUTLET
+ STRUCTURE 1
1200 0
1000 0 - ///ﬁj///ﬁy///kr/’ia /4////ﬂ\\\\\
/ o
e L
6000 - /
GO0.0J " i o +
T¢ = 26.5 minutes MARCH accident time w
4000 T Y - T T T T
100 150 200 250 300 350 400 450 500

TIME — (MINUTE)

FIGURE 6.18b.

PRIMARY SYSTEM GAS AND STRUCTURE TEMPERATURES FOR SURRY V SEQUENCE

559



£€-9

TEMPERATURES OF VOLUME 4F

SURRY VI

12000
OGAS INLET
& GAS QUTLET
11000 - / + STRUCTURE 1

10000

/\
e

800.0 /j?//,lrfzzérrfffr’
700.0
6000 e %
e —H— & —k—— - —— M

500.0

T¢ = 26.5 minutes MARCH accident time

4000

L 1 1 Ll

100 150 200 25,0 200 350 400 450 500
TIME - (MINUTE)

FIGURE 6.18c. PRIMARY SYSTEM GAS AND STRUCTURE TEMPERATURES FOR SURRY V SEQUENCE




FININDIS A AVMNS ¥O4 SIUNLYYIWIL JUNLINYLS ONV SVYD W3LSAS AdVWIYd “P8L°9 3Jdn9l4

(ALOANIW) — AWIL

00¥ 0ce 00€ 0Ge 002 0GI
1 1 | L | |
ALY JUBPLIIR HIYYW S3INULW G' g

&S
v v 00¥S

I 14 V .z,ro +

Ch: |
L1 :r i SVH v
ARCH SVD

A Ad¥E




066G

(0% 4
]

JININO3S A A¥HNS
404 SIUNLVYIdWIL INIdId W3ILSAS INIT00D 3803 AINISY3W3

(MLOANIW) — ANIL

00¥ oGt 00oe 0Se Noe
1 L

L 1 l

"e6L°9 JWNOI4

oGl 001
f

L] JUBPLIIR HIYYW »93NuUlW §°9Z = 9}

I JHNLON

LAINI

A

At
A

e byb

00¥S

HIS +
QYN v
VO«

VIdddNdl

1

1
LA

NOTOA 40 Sd

Yy
-
[

v iy
-
. -




JONINDIS A ANHNS ¥OJ SIUNLYYIAWIL INIdId WILSAS ONIT00D 3¥0D AINIOHIWI 96179 3WN914

(ALOANIW) dN 1L

04S 00S 00¥ 0Ge 00t 0%e 00<c 06l
1 1 | ol e " '
3Uil] JUBPLIIL HIYYW SInuLw G*92

[

LA

00%S

dNLVIAd NG

-~y
o

0096

0

d

\L

W10,

v
4
(-1

I 3HNLONHLS +
SVO WV
LAINI SVD




(E-9

TEMPERATURES OF VOLUME 7F

5900

SURRY VI

56800

570.0

5600

550.0

5400 A

5300 -

OGAS INLET
ACAS QUTLET
+ STRUCTURE 1

5200

T¢ = 26.5 minutes MARCH accident time

100 150 200 25,0 300 350 400 450 500
TIME - (MINUTE)

FIGURE 6.19c. EMERGENCY CORE COOLING SYSTEM PIPING TEMPERATURES FOR SURRY V SEQUENCE

550



SURRY VI

5900
OGAS INLET

AGAS OUTLET
+ STRUCTURE 1

ME 8F

5700

TY7Y
Lo

VO

OF

-\\

N

5500

%
=

m
'L

5400

MPERA

5300 J
o=

T¢ = 26.5 minutes MARCH accident time
T T 1 T 1 1 !

. T
100 150 200 250 300 350 400 450 500

TIME (MINUTE)

FIGURE 6.19d EMERGENCY CORE COOLING SYSTEM PIPING TEMPERATURES FOR SURRY “ SEQUENCE




SAFEGUARDS BUILDING

ECCS PIPING

i

4
STEAM GENERATOR

3
PRIMARY PIPING

2

UPPER PLENUM
(3 STRUCTURES)

i

CORE

FIGURE 6.20 SCHEMATIC OF MERGE CONTROL VOLUMES
FOR SURRY Vv SEQUENCL

6-39



periods wnen rapid transient loadings may be encountered. Two containment

|

failure moces were considered for this sequence: an early overpressure fail

resulting from hydrogen combustion (S,D-v), and basemat melt-throu

Jn ’
[&

with no direct atmospheric failure of the containment (S,D-¢). The timing
2.

significant events is given in Table 6. Core and primary system parameters
are summarized in Table 6.3. Selected core node temperatures are illustrated
in Figures 6.21a and 6.21b. The dicted temperatures of gases and struc-

~ »

tures in the primary system are illustrated in Figures 6.22a, 6.22b, and 6.22c.
again represents the upper plenum with its associated structures,
represents the hot leq piping, and Volume 4 represents the steam

jenerator. In these figures, the time is measured from the start of core

very. A schematic of the gas flow path for S»D is

.4 summarizes the containment response at key times during
e. Since the rate of primary coolant loss is rest
the containment sprays are operational, pressure
] remain relatively low during most of this accident
trated by the pressure history for the melt-thrcoiugh
cerresponding temperature history is given in
1inment pressure increases would require the
herent burn ing nf ] irqe amounts of h‘/ 1'r*,~',“,v
f failure due to a hydrogen burn, the latter was
when the hot core debris
core debris into the
The containment
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bed could form. In such a case, the Sp0 sequence would be terminated without

containment breach.
able 6.5 summarizes the containment leakages derived from the
calculations that were used in the evaluation of fission product releases

the containment.

6.1.5 Other Cases Considered

The primary containment in the above cases was modeled as a sir
compartment with its inherent assumption of being well mixed. For the AB-:
and V sequences, the releases from the primary containment were input into the
safequards building before their release to the atmosphere. Thus the potential
for fission product deposition in the safeguards building was tocYoddd n the
analyses for these two cases. In the other sequences, the ~elease from the
primary containment was directly to the environment.
To investigate the possible effects of containment compartmental
tion on the release of radioactivity to the environment, the AB-g sequen
reformulated to model the primary containment as a system of four inter
mpartments. While the Surry containment has many internal structures
partitions, the flow paths between adjacent subcompartments
large, and multiple flow paths are possible. Thus there is no
approach to containment compartmentalization. The containment model
restricted to handling only compartments connected in series. The
volume representation utilized was a practical compromise between the a
ntainment design and the code modeling capabilities. With the four-
mpartment containment model, the melt release took place into a different
compartment than the vd;)f)v‘ilr\fiﬂf‘y re]ease’ Yalo s the melt release was a
to enter one of the steam generator cubicles and tne vaporization rele
into the reactor cavity. The location of the containment leak was in
another compartment.
In the V sequence, the rupture of the coolant system takes p]
the low pressure emerqency core ccoling system piping outside the primary
mtainment. There is a long length of pipe between the core where the
products leave the fuel and the safeguards building where they leave the

In the base-case analysis, this piping was represented a




gain insight on the possible sensitivity of the predictions this analysis was
repeated with the piping being divided into four equal volumes.

The analyses for this sequence as discussed up to this point have
included consideration of fission product deposition in the safeguards building
but have taken the safeguards building as an open structure.

A number of variations of the V sequence are possible. The effect
of the primary system blowdown on the secondary structures may result in signi-
ficant changes in secondary building integrity. Other questions relate to the
operability of various engineered safety feature systems and/or components:
€.9., does the failure of the low pressure emergency core cooling system piping
necessarily imply failure of the emergency core cooling system pumps? If some
of these pumps are operable, they could serve to delay the time of core uncovery
and subsequent overheating, or in the least they could flood the area in which
the break in the system is postulated and thus provide a possible mechanism
for fission product removal.

While many variations of the V sequence can be postulated, it has
been suggested by Stone & Webster, the Architect-Engineer for the Surry plant,
that a realistic consideration of the building layout in the area where the
emergency core cooling piping is located and where the break in the system is
postulated, would lead to the conclusion that this area would be flooded by
the water from the refueling water storage tank. Representatives of Stone &
Webster have indicated that the compartment where the system break is likely
to occur, given the other assumptions related to the definition of this
sequence, would be flooded to a depth of 5 feet above the floor of the compart-
ment. The water depth would be limited to this height by an opening in the
wall at this level; additional water would spill through this opening to other
parts of the plant. Since the piping is aproximately 2 feet off the floor,
the effluent from the primary system would have to pass through about 3 feet
of water before being released to the safeguards building atmosphere and subse-
quently to the environment. The volume of water contained on the floor of
this compartment is understood to be approximately 30,000 gallons.

An additional analysis was performed to investigate the possible
fission product attenuation by passage through the 3 feet of water if the
sequence of events is as described above. The water in the Surry refueling
water storage tank is maintained at a temperature of 45 F to improve its
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effectiveness for emergency core cooling purposes. After spilling to the floor
of the compartment, this water would be heated by the passage of steam generated
during core uncovery and subsequently by the high temperature steam and hydrogen
during core melting. It is possible that some of the water on the floor would
be boiled off during these stages of the accidert, and this has been calculated
by Stone & Webster staff to give a reduction in water depth of a few inches.

For purposes of the additional fission product attenuation analyses, it was
assumed that the water was heated to saturation at atmospheric pressure and

that the submergence of 3 feet was maintained throughout the duration of the
accident sequence. The releases from the primary system were then input into
the SPARC code to determine aerosol attenuation by this pool of water.

An zdditional calculation was performed accounting for water spilied
on the floor of the safeguards building for the V sequence. The water was
assumed saturated and a submergence of 3 feet was used as discussed in Section
6.1.5. Table 7.18b shows the culculated locational distribution of fission
products in various compartments as predicted by the additional calculation.
when compared with 7.18a, the additional fission product attenuation due to
the water present in the safeguards building is found to be significant. It
should be noted that for a rigorous calculation, it is necessary to perform a
complete thermal-hydraulic analysis fo: this sequence to obtain the accurate
temperature conditions of water and of the safeguard atmosphere.

6.1.6 Genernl Discussion

The release and transport of fission products are strongly influ-
enced by the thermal-hydraulic behavior of the accident. The computer codes
MARCH 2 and MERGE that have been used to predict the thermal-hydraulic condi-
tions treat various aspects of accident behavior with different degrees of
confidence. In the following paragraphs, the principal areas of uncertainty
in the analyses, simplifying assumptioas and approximations, and the implica-
tions for fission product transport will be discussed.

In the MARCH 2 analyzes of fuel heatup, the reactor core was sub-
divided into 24 axial and 10 radial mesh regions. The variation that would
occur in the timing of heatup and fission product release across the core is
well characterized. Up to the point of cladding melting and fuel/cladding
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liquefaction, the theoretical treatments of the thermal behavior of the fue)
and oxidation of the cladding are supported by experimental data. Reasonable
agreement has been obtained in the past between different computer codes in
analyzing this behavior. The MARCH code makes the simplifying approximation
that the fuel would melt at a single characteristic temperature which is input.
The selected input melting temperature of 2550 X (4130 F) has been chosen to

be between the temperature at which the fuel would dissolve into molten
Zirconium and the melting point of uranium dioxide. In the actual system,
melting would occur over the above range of temperatures up to the melting
point of uranium dioxide, with the actual melting or liquidus temperature being
a function of local composition and state of oxidation. As a result of the
single melting point approximaticn, the peak fuel temperatures predicted by
MARCH may be underestimated for some quantity of fuel. The time for which

fuel stays at elevated temperature is also very dependent on modeling uncertain-
ties. These uncertainties will have little effect on the predicted release of
volatile fission products but could affect the vaporization of involatile
materials, most likely by underprediction.

The MARCH analyses for the present study utilized meltdown model "A"
with no movement of fuel out of the core until the bottom node in any radial
region was molten. At that point, the molten nodes in that region were allowed
to slump to the core support plate. As the bottom nodes in successive radial
regions melted, these ragions were allowed to slump. When 75 percent of the
core was molten, the entire core was assumed to slump into the lower head of
the reactor vesscl. The assumptions regarding fuel slumping and ultimate
collapse into the vessel bottom head also affect the driving forces for fission
product transport, the timing of reactor vessel dryout, and subsequent analyses
of head heatup and failure. MARCH does not attempt to describe fuel melting
and movement mechanisticzily. There is no actual redefinition of core geometry.
The slumping models attempt to treat mathematically what would happen if the
fue! were to move in accordance with the selected scenario. These representa-
tions are highly intuitive but have some support from core meltdown simulation
experiments.

The MERGE code was developed specifically for the analysis of reactor
coolant system temperatures in this study. There is very little past experience
in performing this type of analysis. The flow patterns in the system could be
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quite complex, particularly in the upper plenum region, and are treated
approximately. If there is substantial internal recirculation, both the
fission product residence time and the heating of structures could be higher
than calculated here. The flow within the reactor coolant system is treated
as one-dimensional, with well-mixed volumes. Natural convection within the
upper plenum is considered in predicting the heat transfer to structures.
Although convection patterns are not examined explicitly, the mixing which is
expected to result would be consistent with the well-mixed approximation. The
one-dimensional treatment of the upper plenum does not take into account the
radial temperature profile of gases leaving the core and transporting through
the upper plenum. The calculated temperatures are averages across the flow
cross section and would be expected to be higher near the center and lower
near the periphery.

As demonstrated later in this report, the timing of containment fail-
ure has a major impact on the predicted release of fission products to the
environment. The pressure level at which the containment would be expected to
fail is input into MARCH. To the extent that this failure pressure is uncertain
(typically it is quite uncertain), it would tend to compound any uncertainties
associated with MARCH code calculations. The thermal-hydraulic conditions
within the containment can be predicted with relative confidence if the driving
forces are well defined. The principal early challenges to containment integrity
are the rapid stear generation from core debris interaction with water and the
burning of hydrogen. The analysis of steam generation from debris quenching
is particularly uncertain and is sensitive to the input and modeling assump-
tions utilized. This phenomenology is inherently uncertain and one in which
unique answers, except in & bounding sense, cannot be expected.

The prediction of the pressures due to hydrogen burning is fairly
straightforward if the initial conditions and the timing of the burn are known;
however, this is generally not the case, and key assumptions must be made.

The amount of hydrogen present in the containment at any point in time is

subject to the uncertainties in the prediction of core slumping, vessel failure,
debris interactions in the cavity, etc. For any set of conditions, the composi-
tion of the atmosphere and its potential flammability can be tracked as a func-
tion of time. Except in the presence of igniters, however, the occurrence of
ignition cannot be predicted and must be assumed. Typically containment integrity
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would be challenged by large coherent burns, but it would not be challenged by
extended combustion; the timing of the ignition is the key difference between
the two predicticns.

Tables 6.6 and 6.7 provide the information on which the calculations
of radionuclide transport and deposition in the containment were based.
Table 6.6 gives containmen. geometrical data, and Table 6.7 provides contain-
ment spray parameters.

6.2 Radionuclide Sources

6.2.1 Source Within Pressure Vessel

Inventory

The reactor fission product inventory whtch was used in all four
sequences considered in t. 's report is based upon ORIGEN calculations for the
Surry plant with a three region model, with the maximum burnup corresponding
to 33,000 MW days/ton. Table 6.8 contains the inventory of the fission products
and control rod structural materials. Since release rate information is not
available for ail these species, rates for members of the various groups consi-
dered in the Reactor Safety Study were taken to be equal when no other informa-
tion was available.

The nonfission product materials constitute the bulk of the aerosol
mass released during core melting. The value for Ag in this table is based on
a total of 1060 control rods composed of 81 mol percent Ag, 14 mol percent In,
and 4.9 mo) percent Cd. The inventory of fission products was distributed
according to the power peaking factors in Table 6.9, and the control rod and
structural materials were distributed according to the volume of each radial
node.

Release From Fuel

The rates for radionuclide release from the fuel were computed using
the CORSOR code for the core temperature profiles specific to each accident
sequence. The mass of each species of interest released as a function of time
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is shown in Figures 6.28 through 6.32 for the AB, TMLB', V, and S0 sequences.
Two runs of CORSOR were performed for the SZD sequences, € and y. This was
done because the conditions which give rise to the v containment failure mode
engender somewhat different temperatures in the melting fuel and produce a
significantly different time to bottom head failure. In these figures, aeroso!l
materials were considered to be the sum of fission products Sb, Sr, Ba, Ru,

Mo, Zr, and A, along with nonfission products Fe, U0y, Zr (cladding), Ag, In,
Cd, and Sn. After melt-through of the reactor pressure vessel, the release
during the core-concrete interaction was taken as a release to the containment.
The inventory available for release during the core-concrete interaction is
listed in Tables 6.10 and 6.11.

Regrouping of Released Species

In order to track the Reactor Safety Study groups independently, an
additional CORSOR run was performed for the AB and TMLB' sequences which
produced release rates for all groups. A description of the makeup and methodo-
logy for release of each group follows.

o Group 1 (Xe, Kr) -- Xe and Kr releases were summed
and a release rate computed. This group was not
previously computed.

e Group 2 (I, Br) -- Br release was not considered
due to an absence of data concerning Br release
and its small inventory relative to I (1:16).

e Group 3 (Cs, Rb) -- Thermodynamic and physical
properties of Rb justify treating it identically
to Cs. As a result, the Rb inventory was lumped
into the Cs inventory for treatment by CORSOR.
Releases for I and Cs were combined to produce
release rates for Csi and CsOH which were the
forms assumed to be transporting through the
primary system. This assump“ion is based on the
predicted temperatures and gas compositions com-
bined with consideration of the lzgely ch?mical
thermodynam:.c equilibrium states.!®- »6.2

e Group 4 (Te, Se, Sb) -- Se and Sb were not consi-
dered based on their small inventory and lack of
data concerning their behavior. Their inclusion
in this group would be further complicated by
the dependence of Te release on Zircaloy oxidation.
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e Group 5 (Ba, Sr) -- Ba and Sr were released
separately and their releases summed to form the
release rates for this group. Further, their
releases were not included in the aerosol materials
sum,

e Group 6 (Rh, Pd, Tc, Ru, Mo) -- Rh, Pd, and Tc¢
inventories were added to the Ru inventory for
purposes of release. The releases of Ru and Mo
were then summed to produce release rates for
this group. The aerosol materials sum does not
include Mo or Ru releases.

® Group 7 (La, Y, Eu, Nd, Np, Sm, Pm, Py, ZIr,
Ce, Nb, Pr) -- A1l members of Reactor
Safety Study Group 7 with the exception of
Ir were treated identically for purposes
of release, using UD; release rate
coefficients. Their release and the release
of Zr were summed to produce release rates
for this group. Table 6.8.B lists initial
inventories of Group 7 members not included
in Table 6.8.

e Aerosol Materials (Fe, UOp, Zr (cladding),
Sn, control rod: Ag, Cd, In) -- The release
rate for this group includes only nonfission
products.

Table 6.8.C lists initial inventories and final CORSOR releases for
the Reactor Safety Study groups and compares the results from AB and TMLB'
sequences.

It is necessary to select an initial particle size for those materials
forming the aerosol species. It has been shown(6'3) that when significant
agglomeration occurs, the initial aerosol size has a negligible effect on subse-
quent aerosol behavior after agglomeration hac proceeded for a very short time,.
Nevertheless, initial particle sizes were chosen to correspond to the best
available information. Numerous reviews of experimental mean aerosol sizes
from vaporizing and condensing fuel will be from slightly below 0.01 um to
about 0.1 ym with the most likely size being about 0.05 um.(6'4'6‘5) A number
median radius of 0.05 um and a geometric standard deviation of 1.7 were assumed
for the primary particles in the current analyses, and a bulk density of 3
g/cc was assumed for the particles.
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6.2.2 Sources ‘hin the Containment

Radionuclides enter the containment as they are transported through
the primary system and on melt-through of the reactor pressure vessel. Material
that is still suspended in the RCS is transported into the containment as the
RPV and containment pressures equalize. The final source considered is material
that is released during the core-concrete interaction. Because of a lack of
release information or, even more generally, a lack of evidence that they are
of potential importance, sources sometimes postulated as arising from steam
explosions (oxidation release) or from jet emission of hot, mo ten corium at

the time of RPV failure were not included in these analyses,
L 4

Release from Primar! System

The source to the containment of material penetrating the prinary
system is defined in mass input rate by species of interest and on a time-
dependent basis by the output from the TRAP-MELT calculations. Also provided
in the TRAP-MELT output is the size distribution of the particulate material,
This calculated information is included in Chapter 7.

Volatile metals, leaving the primary system are assumed to be
condensed as they enter the containment to particles having the same size
distribution as the particles otherwise predicted to be released from the
primary system.

Release from Core-Concrete Interaction

VANESA was used to predict aerosol and gas release rates and composi-
tions as a function of time. The composition of the core materials contacting
the concrete was, as determined with the CORSOR code, to be the materials
remaining in the melt at the time of head melt-through. These compositions
for the various sequences are given in Tables 6.10 and 6.11. The concrete was
taken to be basaltic (CaCO3 = 0.05, CaOH = 0.09, 51020 = 0.60, H,0 = 0.04,
A150, = 0.22), and the initia) temperature of the molten material was as
calculated with the MARCH code. The total release rates and composition of
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the release are given in Tables 6.12 through 6.16. These rates and compositions
define the source to the drywell after vessel failure.

Source Term for Volatile lodides

In a previous section it has been shown that the thermodynamics of
the cesium-iodine-hydrogen-oxygen system indicate that iasdine will be present
primarily as a nonvolatile iodide in the primary coolant system. After release
from the primary system, a small fraction of the iodine inventory in the con-
tainment is believed to be present as volatile 1odides.(6’l) The presence of
volatile iodide species in containment-type systems has been observed in
experiments(s’s) and in the TMI-2 post-accident containment atmosphere.(6'7)

At present, the mechanisms responsible for the generation of these volatile
iodides are not well understood. Since a theoretical model is not available,
an empirical approach has been seiected for the formulation of a source term
for volatile iodides. This source term consists of two components. One compo-
nent represents the fraction of the containment iodine inventory which is
present as volatile iodides oefore containment failure. The second component
represents a generation rate for volatile iodides after containment failure.
The containment inventory of volatile iodides present prior to containment
failure was estimated from levels observed in TMI-2(6‘7) and from estimates of
the probable detection limits in relevant experiments.(ﬁ'e)
fodide generation rate was estimated from a conservative evaluation of the
measurements of the airborne iodine levels in the TMI-2 containment over the

time period from 100-2000 hours after reactor trip. Based on these estimates

it has been assumed for this study that 0.05 percent of the containment iodine
inventory will be present as volatile iodides prior to containment failure and
after containment failure, additional volatile iodides will be generated at a
rate of 2 «x 10'7 fraction/hour of the containment iodine invento:ry.

Of this volatile iodine source, it is believed that a fraction of
the iodine inventory in a reactor containment will be present as vnlatile
organic iodides (predominantly CH3I).(6'1) (Other volatile species may also
be present.) Therefore, in the analysis of reactor accidents involving a
radionuclide release from the reactor system and containment failure, formation
in the containment and subsequent release of organic iodides should be considered.

The volatile
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Unfortunately, the mechanism responsible for the generation of organic iodides
has not yet been elucidated. As a result, it is not yet possible to establish

a definitive source of organic iodides. Early estimates of the organic iodine
source terms were based on a conservative in .rpretation of experimental systems
studies.(6‘6'6'9) Early thermodynamic studies predicted that organic fodides
should be present in much smaller concentrations than observed in experi-
ncnts.(s'lo) These calculations predizted that CH3I would comprise only 10°4
percent of the total gasevus iodine inven‘ory modeled. Experimental data(s's)
and “chemical species specific" measurements of the TMI-2 airborre iodine
inventory(6°7) imply that the concentration uf organic fodides present in a
reactor containment during and followiny an accident may be higher than the
concentrations predicted by thermodynamic calculations for an equilibrium system,
Additionally, observations of the airborne fodine behavior at TMI-2(5:7) jno1y
the presence of competing sources and sinks for volatile iodire species. In
light of these data, a kinetic description may be required to adequately quan-
tify the time dependence of the organic iodide concentratior in reactor
containments during and following reactor accidents. Pending results of
studies, such as those which are currently under "y’(ﬁ.Z) use of a general
source term for volatile fodides rather than separate source terms for CH3I,

I2, etc., has been assumed as noted above.
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TABLE 6.1. REACTOR CHARACTERISTICS, CONTAINMENT PARAMETERS, AND MARCH
OPTIONS FOR LARGE DRY PWR CONTAINMENT

ECC storage and injection tanks
Accumulator RWST
Weight of water 171,300 1b 77,700 kg 2.92 x 10° 16 1.3245 x 10° ko
Initial pressure 665 psia 45.9 MPa 14.7 psia 0.1 MPa
Temperature 120 F 48.89 C 4; F 7.22 C

Fractional value of RWST to start ECC recirculation: 0.01
Fractional value of RWST to start spray recirculation: 0.143

Large LOCA blowdown

Time, min Enthalpy Blowdown Rate
0 %ﬁfg 2%:‘%?56 ?%%151?55 17599 x 709
.20 602.7 288,400 2.115 x 108 1.599 x 10°
201 89.73 42,930 2.770 » 10° 2.094 x 10°
401 89.73 42,930 2.770 x 10° 2.094 x 10°

Calculated model input

Core heatup section:
Number of radial zones: 10
Number of axial zones: 24
Meltdown model: BOIL model A
Core melting temperature: 4130 F (2277 C)

Core slumping: Starts when lowest node in a zone has melted

Core collapse: Occurs when 75 percent of core has me]ted

Zircaloy - water reaction: Urbanic-Heidrick reaction rate data, hydrogen
blanketing, steam lim‘ted, continues for melted
nodes, reaction of molten Zircaloy in the bottom
head calculated.
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TABLE €6.1. (Continued)

End of blowdown conditions for large LOCA:
Water in vessel: core covered

Peak core temperature: 1700 F (927 C)
Accumulators: empty

Bottom head failure section:
Head melting temperature: 2800 F (1538 ()
Debris melting temperature: 4130 F (2277 C)
Heat locs from top of debris: Radiation to core barrel
Debris thermal conductivity: 8 Btu/hr ft F (0.1384 w/cm/C)
Tensile strength of vessel: o = min (80,000, 1.49 x 1016 TEMP-3.9105),
1b/in2

Reactor cavity processes, debris fragmentation:
Particle diameter: 0.5 inch (1.27 cm)
Particle thermal conductivity: 2.0 Btu/hr ft F (0.0346 w/cm/C)

Reactor cavity processes, concrete decomposition:
Metal-concrete interface heat transfer coefficient: HIM = 0.01 w/em? K
Oxide-concrete interface heat transfer coefficient: HIO = 0.01 w/em? K
Top surface emissivity: E = 0.5

| Heat to cover water: film boiling plus 50 percent of area radiating
at internal temperature of top layer.

Containment Section:
Atmosphere-wall heat transfer coefficient:
h = he (TSAT-TWALL) + 0.19 (T-TWALL)4/3 /(T-TWALL)
he = 0 if TSAT < TWALL
2.0 < h_= Uchida data < 280 Btu/hr ft2 F
Containment break area: 7.0 ft2 overpressure failure (0.65 n“)
0.349 ft2 isolation failure (0.0324 n°)

2
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Failure of safety systems:

(1) Containment failure fails the containment sprays
(2) Containment failure fails ECR if sump is saturated.

|
|
TABLE 6.1. (Continued)
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TABLE 6.2 ACCIDENT EVENT TIMES

Time, minutes

Surry AB-¢

Core Uncover

Start Melt

Core Slump

Core Collapse

Bottom Head Dry
Bottom Head Fail
Start Concrete Attack
Containment Leak

End Calculation

Core Uncover

Start Melt

Core Slump

Core Collapse

Bottom Head Dry
Bottom Head Fail
Start Concrete Attack
Hydrogen Burn
Containment Fail

End Calculation
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TABLE 6.2 (Continued)

Time, minutes

Surry AB-:
4 Volumes 2 Volumes

Core Uncover 7.1 9.4
Start Melt 24.6 27.2
Core Slump 41.5 44.6
Core Collapse 42.5 45.
Bottom Head Dry 62.5 65.
Bottom Head Fail 87.9 104.
Start Concrete Attack 97.95 104,
Hydrogen Burn 108.1 198.
Hydrogen Burn 129.

Hydrogen Burn 145.

1
4
Hydrogen Burn 226.9
End Calculation 698.3

Surry TMLB'-#

Steam Generator Dry 67.
Core Uncover

Start Melt

Core Siump

Core Collapse

Botiom Head Fail
Containment Fail
Reactor Cavity Dry
Start Concrete Attack
End Calculation

o
o

BN N WO DO WWw ! D:n




TABLE 6.2 (Continued)

Event Time, minutes
Surry TMLB'-¢€
Steam Generator Dry 67.5
Core Uncover 95.5
Start Melt 118.3
Core Slump 146.3
Core Collapse 147.3
Bottom Head Fail 157.3
Reactor Cavity Dry 214.9
Start Concrete Attack 289.9
Containment Fail 738.2
End Calculation 1100.0
Surry $2D-¢
Cortainment Spray Injection On 20.0
Containment Spray Recirculation On 25.0
Core Uncover 27.8
Accunulators Empty 91.5
Containment Spray Injection Off 114.7
Start Melt 134.6
Core Slump 147.3
Core Collapse 148.8
Bottom Head Fail 227.5
Reactor Cavity Dry 325.7
Start Concrete Attack 407.7
End Calculation 2210.4
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TABLE 6.2 (Continued)

Event Time, minutes
Surry S2D-Y
Containment Spray Injection On 20.0
Containment Spray Recirculation On 25.0
Core Uncover 27.8
Accumulators Empty 91.4
Containment Spray 'njection Off 114.7
Start Melt 134.0
Core Slump 146.6
Core Collapse 150.8
Bottom Head Fai) 163.6
Containment Fail 163.7
Reactor Cavity Dry 264.9
Start Concrete Attack 336.9
End Calculation 1114.6
Surry V
Containment Fails 0.0
Core Uncover 20.6
Start Melt 39.7
Core Slump 56.6
Core Collapse 60.5
Bottom Head Fail 149.9
Start Concrete Attack 149.9
End Calculation 750.2
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TABLE 6.3 CORE AND PRIMARY SYSTEM RESPONSE

_—

Primary
Primary System
System Water Average Core Peak Core Fraction Fraction
Accident Time, Pressure, Inventory, Temperature, Temperature, Core Clad
Event minutes psia 1bm F F Melted Reacted
Surry TMLB-¢
Core Uncover 95.5 2369  8.58 x 10° 669 675 0. 0.
Start Melt 118.3 2366  5.65 x 10° 1990 4130 0.00 0.06
Start Slump 146.3 2362  5.37 x 0% 3709 a147 0.55 0.33
Core Collapse 147.3 2364 4.79 x 10° 4130 i 0.82 0.58
Bottom Head Fail 157.3 2368  1.95 x 10° 3820 s s 0.59
Surry TMLB-&
Core Uncover 95.5 2369  8.68 x 107 669 675 0. 0.
Start Melt 118.3 2366  5.65 x 10° 1990 4130 0.00 0.06
Start Slump 146.3 2362  5.37 x 10° 3658 a150 0.55 0.33
Core Collapse 148.0 2367  4.52 x 10° 4130 - 0.79 0.89
Bottom Head Fail 152.8 2369  9.33 x 10" 4130 B - 0.93
Surry S2D-Y
Core Uncover 27.8 1168 1.01 x 10° 577 585 0. 0.
Start Melt 134.0 292 7.03 x 10° 2067 4130 0.00 0.08
Start Slump 146.6 131 6.37 x 10° 1688 4139 0.58 0.48
Core Collapse 150.8 337 5.88 x 10° 4207 - 0.77 0.89
Bottom Head Fail  163.6 617  2.46 x 10° 3925 - - 0.89



TABLE 6.3 (Continued)

M

Primary
Primary System
System Water Average Core Peak Core Fraction Fraction
Accident Time, Pressure, Inventory, Temperature, Temperature, Core Clad
Event minutes psia 1bm F F Melted Reacted
Surry S20-c
Core Uncover 27.8 1M64  1.01 x 10° 577 585 0. 0.
Start Melt 134.6 293 7.04 x 10° 2046 4130 0.00 0.07
Start Slump 147.3 129  6.38 x 10° 3658 a147 0.58 0.48
Core Collapse 148.8 213 6.20 x 10° a130 kg 0.76 6.59
Bottom Head Fail 227.5 18 2.46 x 10° 4130 WA - 0.60
Surry V
T Core Uncover 20.6 129 1.1 x 105 367 380 0. 0.
®  Start Melt 9.7 24 7.97 x 10* 2094 4130 0.00 0.05
Start Slump 56.6 17 7.7 x 10° 3597 4135 0.49 0.22
Core Collapse 60.5 122 7.3 x 10* 4130 - 0.75 0.41
Bottom Head Fail  149.9 15 0. 4130 - .- 0.41

Core Uncover 9.4 4.2 8.32 x 10° 288 296 0. 0.
Start Melt 27.2 3.3  5.64 x i0° 1952 4130 0.00 0.05
Start Slump aa.6 3.2 5.34 x 10° 3629 132 0.5 0.24
Core Collapse a5.6 1.7 5.05 x 10% 3729 1.0 0.40
Bottom Head Dry  65.8 % 4 0. 3234 0.40
Bottom Head Fail 104.3

24.9 0. 4130 - e 0.40
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TABLE 6.3 (Continued)

-— ——— e ——— -
- == T - T - == e

Primary

Primary System

System Water Average Core Peak Core Fraction Fraction
Accident Time, Pressure, Inventory, Temperature, Temperature, Core Clad
Event minutes psia 1bm F F Melted Reacted

Surry AB-¢ (4 Volumes)
Core Uncover 7.1 a1.3  8.40 x 10° 286 295 0. 0.
Start Melt 24.6 29.8  5.62 x 10° 1962 4130 0.00 0.05
Start Slump a1.5 2.0 5.38 x 10° 3623 a1 0.54 0.24
Core Collapse 2.5 25.2 5.08 x 10° 4207 0.76 0.39
Bottom Head Dry  62.5 28.4 0. 3236 - 0.39
Bottom Head Fai:  97.9 18.7 0. 4130 e 0.29
Surry AB-</Y

Core Uncover 9.4 0.2  7.50 x 10° 296 157 0. 0.
Start Melt 24.8 %6 5.70 x i0° 1960 130 0.00 0.05
Start Slump a2.1 N8 5.33x0° 3644 4139 0.54 0.24
Core Collapse 435 33.5  5.02 x 10° 732 1.0 0.40
Bottom Head Dry  64.4 2.2 0. 3299 0.40

Bottom Head Fail 110.1 33.9 0. 4130 .- e 0.40
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TABLE 6.4 CONTAINMENT RESPONSE

Reactor
Sump Reactor  Cavity  Steam
Compartment  Compartment RWST or CST Sump Water Water Cavity Water Cond.
Accident Time, Pressure,  Temp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>