NUREG/CR-1817
LA-8615-MS

R4

Comparison of COMPARE MOD-1 Subcompartment
Calculations with Battelle-Frankfurt

D-Series Test Results

J. W. Bolstad
R. G. Gido
W. S. Gregory
P. E. Littleton*
G. J. Willcutt, Jr

Manuscript submitted: November 1980
Date published: December 1980

Prepared tor
tegratior
ffice of Nuclear Reactor Regulat
Nuclear Regulatory Commiss

Washington, DC 20555

NRC FIN No, A7111

*Undergraduate Cooperative Program. New Mexico State University 3s Cruces, NM 88001

Q10110080%



CONTENTS

I. INTRODUCTION . . . . . O T I S

IT. DESCRIPTION OF THE BATTELLE-FRANKFURT D-SERIES

ITI. MODE
A.
B.
C,

IV. COMPARISON OF COMPARE MOD-1 RESULTS WITH TEST DATA . .

A.
B
C
D.
E
F
G.
V. MOD
A
B
C.
D
P

VIO

VII.

A
B
C
D
E.
CONC
A
B

REFERENCES .

APPENDIX .

LING PROCEDURE AND ASSUMPTIONS .

Volume Geometry and Initial Conditions .
Junction Daks. « + & . o 4o s o ua & e

Blowdown Data. . . . . . . . e

Experiment D1. .

. v . . . . LR R

Experiment D6. . . . + ¢« « & ¢« « & &« &

RPrmInt U8, - + o« « s o & ¥ 4 '»

Experiment D11 . . . . . ¢« ¢« &« . . & :

Experiment D14 . . . . . . « + « « . .
Experiment D15 . . . . « « &+ + « . .

SIRIPE: < o 5 2 5 o8 s 5 & & & .

-2 RESULTS FOR EXPERIMENT D1. . . .

Introduction . . . . . .
Problem Formulation, . .
Results,
Summary and Conclus1ons.

ARAMETER STUDIES AND RELATED WORK . .

Previous Studies With COMPARE. . .

Sensitivity to Blowdown Fluid Qual1ty.
Sensitivity to Inertia . . . . . ..
Sensitivity to Noding. . . . . . . .
Summary of Parameter Studies Performed

LUSIONS AND RECOMMENDATIONS.
ConclusionS. + v v v o « o &
Recommendations. . . . . . .

. v .
. "

- & & & F @ ¢ w & & % B & S

. . ¢ & & % B N U N NE s

TESTS

.
. . . . .
. - - - .

. s s o s .

. s s e =

$ B¢ & ¥

8.9 K.'s % -

oWl % Fp L%



COMPARISON OF COMPARE MOD-1 SUBCOMPARTMENT CALCULATIONS
WITH BATTELLE-FRANKFURT D-SERIES TEST RESULTS

by

J. W. Bolstad, R. G. Gido, W. S. Gregory,
P. E. Littleton, and G. J. Willcutt, Jr.

ABSTRACT

This report describes the results of calcu-
lations performed with the COMPARE MOD-1 and COM-
PARE M0OD-2 computer codes. The calculations were
performed for six of the Battelle-Frankfurt D-se-
ries experiments. The main emphasis of the study
is to present a comparison of calculated results
and experimental data. The system models used are
based on regulatory rather than best-estimate
assumptions. The Battelle-Frankfurt D-series
tests are described and complete noding informa-
tion is given for experiments D1, D6, D09, Dll,
D14, and D15. The main features distinguishing
these tests from the others are described. De-
tailed comparisons between COMPARE MOD-1 calcula-
tions and experimental data are given for abso-
lute pressure, differential pressure, and temper-
ature at various peints in the system. General
trends in the comparisons are noted. Results
usine a method-of-characteristics approach (COM-
PARE MOD-2) are presented for experiment Dl.
These results are compared with both the MOD-1
and experimental data. Summaries of parametric
studies performed using COMPARE, as well as stud-
ies performed by others, are described for the
D-series experiments. Recommendations are given
for assessing the conservatism in the calcula-
tions.

[. INTRODUCTION

In & loss-of-coolant accident (LOCA) within a light-water-reactor con-
tainment system, a high-energy source of water and steam will be released into
the containment system. Internal structures, shielding walls, and equipment
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within the containment form confined volumes that become pressurized by the
break effluent build-up and flow between these volumes. These volumes are
commonly referred tc as subcompartments. Local transient differential pres-
sure loadings will occur on internal structures and equipment within and be-
tween the subcompartments. Nuclear power plant safety guidelines require that
subcompartment analyses be performed to determine localized containment pres-
sure distributions that might result from high-energy-line breaks.l These
pressure distributions may be used as input in structural analyses.

The COMPARE MOD—I2 computer code was specifically developed to perform
subcompartment transient response analyses of nuclear prwer plants, including
those with ice condensers, and the Nuclear Regulatory Commission {NRL) recog-
nizes it as a tool to perform such analyses. The subcompartments are repre-
sented as volumes that are connected by junctions. The voiume thermodynamics
and flow equations are for a homogeneous mixture assumed to be in thermody-
namic equilibrium and consisting of any one or any combination of (a) steam,
(b) two-phase water to its triple point, and (c) any three perfect gases such
as air or helium. Flow between volumes can be bt .ed on (a) compressible (pol-
ytropic or isentropic) orifice flow of an ideal gas-like mixture that can be
used to approximate the homogeneous equilibrium flow model, (b) Moody flow
with an arbitrary multiplier, and (c) a one-dimensional solution of the momen-
tum equation that includes an accounting for the effects of inertia. Variable
area doors and heat sinks can also be modeled.

Briefly, COMPARE MOD-1 incorporates the following features.

e Flow and thermodynamic calculations that reflect the current state-of-
art for containment subcompartment analysis.
Thermodynamics of inert gases such as air.
Flexibility in the selection of junction or vent flow calculation
methods.

e Water thermodynamic properties down to the triple point of 273.16 k
(32.018°F).
Representation of thermally conducting structures (heat sinks).

e Modeling of isolation doors of variable area whose opening depends on
forces of pressure, springs, viscous damping, gravity, and irertia.

e Capability to model multivolume problens.
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® A modular program structure to facilitate comprehension of the inter-
nal program operation and to provide a convenient framework for fu-
ture improvements and additions.

Experimental verification has been a problem in assessing the accuracy of
the results of subcompartment codes because tes. data are unavailable on geo-
metries and thermodynamic conditions representative of those needed for sub-
compartment LOCA situations.

A previous study3 was performed 1in which COMPARE and RELAP3 code-
calculated results were compared with the Battelle-Frankfurt C-series test
results. These tests used a blowdown source of saturated Tiquid, which in-
troduced a two-phase mixture into the analysis. These test results were calcu-
lated using regulatory guidelines for modeling. In addition, several parame-
tric studies were conducted to investigate the effects of (1) nodalization,
(2) Moody multiplier, (3) use of the Homogeneous Equilibrium Model, and
(4) entrainment. The study recommended that tests having a simpler geometric
configuration and a simpler blowdown fluid, for example, series connections
and air, be used to evaluate the ability of the codes to simulate simpler
physical situations.

In general, computer code simulations of the (-series tests predict much
higher pressures than those measured in the tests. The reason for this is not
easy to determine because of the complex connections and orifice locations,
the need to model two-phase flow phenomena, and the lack of some pertinent
experimental data for the C(-series tests. The D-series tests were devised
because of these problems. The D-series tests used a steam blowdown, and sev-
eral of the tests used rooms connected in series.

This study presents & comparison of computed results using COMPARE MOD-1
with test results from selected Batteile-Frankfurt D-series experiments. The
emphasis is on a computer model of the system using regulatory assumptions; no
attempt is made to revise the code models to produce results that agree with
experiment. In addition, COMPARE MOD-2 results are presented for one of the
experiments. This code is an advanced containment subcompartment analysis
code using the method-of-characteristics solution procedure. This procedure
should be ideal for problems that are predominately one dimensional and highly
compressible. Finally, we report the results of a sensitivity analysis per-
formed on D-series experiment Dl. Sensitivity analyses of this type are re-
ported in Refs. 3 and 4.



11, DESCRIPTION OF THE BATTELLE-FRANKFURT D-SERIES TESTS

The Battelle-Frankfurt tests involve blowdown experiments performed with
a scale-model containment. The geometric scaling for the interior subcompart-
ments and vent areas is 1:64 and is based upon a 1200-MW pressurized water
reactor (PWR) plant, Biblis A. This geometric scaling allows a 1:1 scaling on
the pressure histories; therefore, the test results can be extrapolated to a
full-size containment in a straightforward manner.5

The mode)l containment is constructed with nine inner subcompartments that
are interconnected by 57 vent ducts with orifice plates of various sizes and
types. Thus the system may be configured in a variety of geometries to simu-
late more or less complicated situations. A more complete cescription of the
experimental apparatus is given in Refs, 3 and 5.

The D-series tests are characterizea by tne single-phase blowdown of ap-
proximately 69.6 bar saturatec steam. Basic variations in the tests included
the blowdown mass flow rate, blowdown location, subcompartments involved in
the test, and the way the subcompartments were connected. Fifteen experi-
ments, D1 through D15, were performed in the U-series tests. The earlier
tests in the series were simpler (for example, Dl with 3 subcompartments) and
the later tests were the most complicated (for example, 015 with 6 subcompart-
ments).

The experimental conditions and test data obtained for the 15 tests were
reviewed to select those experiments that would yield maximum information for
verification of the code. Some experiments were duplicated to test the repro-
ducibility of the experiment and to retest the measurements of mportant para-
meters. Also, some duplication was necessary to measure important parameters
that were missed because of failure of the data acquisition system or its
transducers. From 15 tests performed, 6 were selected for analysis. Each
test (D1, D6, D9, D11, D14, and D15) is unique and represents a different lev-
el of system geometric complexity.

I11. MODELING PROCEDURE AND ASSUMPTIONS

This section describes the COMPARE model for each experiment. All per-
vinent information is given so that others can model these experiments without
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performing the preliminary hand calculations. We also list the data usec for
(1) volume geometry and initial conditions, (Z) junction data, and (3) blow-
down mass and erergy rates.

A. Volume Geometry and Initial Conditions

Each node (volume) in COMPARE is assume¢ to contain a stagnant homogen-
eous mixture of steam, water, and air. To obtain information about the spa-
tial profiles within subcompartments, the subcompartments are broken into sev-
eral nodes. In general, the nodes used here were picked so that all those
within a subcompartment had about the same volume (Tables I--V).

The initial temperature distributions, specified in the test reports,
were about 13--22°C (Tables I--V). The initial test pressures were atmos-
pheric pressure (1 bar), which we used for all nodes, and the relative humi-
dity was taken as 100% for all nodes.

The basic experimental configuration and COMPARE noding for experiments
01 and D6 are shown in Fig. A-1 in the Appendix. In these experiments, the
blowdown source was directed intoc the end of room € (R6), and was moceled as
being inserted into node 1 of the COMPARE model. Longitudinal flow existea
through R6 and R4, and was directed into the receiver volume RS. The volume
of each COMPARE node and its corresponding initial temperature are shown in
Table I for experiments D1 and D6. The principal difference between these
experiments is that experiment Dl had 0.6-m nozzles as vents between the
rooms, and experiment 06 has 0.75-m orifices. The blowdown mass flow rates
were also different.
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The basic experimental config-
uration and COMPARE noding for ex-
periment D9 are shown in Fig. A-Z.
The blowdown source was directed
into R6 and was modeled as being
inserted into node 1 of the COMPARE
model. This test featured a four-
subcompartment chain-type arrange-
ment: R6 (longitudinal flow) to R8
(longitudinal flow) to R7 (trans-
verse flow) to R9, The test used

e four subcompartments,

e overflow from R6 to R8 through
a channel (0.74-m diam by
2.05-m long),



e overflow from R8 to R7 and R7 to R9 through 0.75-m orifices, and
o transverse flow through subcompartment R7.

The volume of each COMPARE node and its corresponding initial temperature are
shown in Table II.

The basic experimental configuration and COMPARE noding for experiment
D11 are shown in Fig. A-3. The blowdown in this experiment was directed into
R6 and node 5 of the model. This test featured a five-subcompartment
chain-type arrangement: R6 (transverse flow) to R5 (transverse flow) to R7
(longitudinal flow) to R4 (transverse flow) to R9. There were

five subcompartments,
transverse flow in the break compartment (R6) and the following com-
partment (R5), and

e all overflow cross sections were 0.75-m orifices.

The volume of each COMPARE ncde and its corresponding initial temperature are
shown in Table III.

The basic experimental configuration and COMPARE noding for experiment
D14 are shown in Fig. A-4. The blowdown is in R5 and node 10 of the model.
This test had featured a six-subcompartment arrangement with both series and
parallel flow paths; longitudinal flow in subcompartments R5 and R7, trans-
verse flow in sibcompartments R6 and R8, and a combination of both in subcom-
partment R4, The experiment featured

six-subcompartment series and parallel arrangement,

overflow from R5 to R7 through 0.388-m orifice,

overflow from R5 to R4 through 0.75-m orifice,

overflow from R4 to R8 through 0.53-m orifice,

overflow from R6 to R9 through 0.49-m orifice, and

overflow from R4 to R6 and R8 to R9 through 0.424-m orifices.

The volume of each COMPARE node along with its corresponding initial tempera-
ture are shown in Table IV.

The results of experiment D15 formed the basis for an international Con-
tainment Analysis Standard Problem (CASP) for verification of containment




codes, The basic configuration of the test and its corresponding COMPARE nod-
ing are shown in Fig. A-5. The blowdown source was injected into room 6
(node 1 of the COMPARE model), this test featured a five-subcompartment series
flow arrangement: R6 to R8 to R7 (all with longitudinal flow) to R4
(transverse flow) to RS (longitudinal flow) to R9. This test featured

e overflow from R6 to R8 through a channel (0.74-m diam by 2.05-m long)
e overflow through the remaining rooms via 0.75-m diam orifices.

The volume of each COMPARE node and its corresponding initial temperature are
shown in Table V. The main reason for the nonuniform node size is that our
model was originally set up to analyze the (-series tests and the nodes were
located relative to potential data measurement locations.

8. Junction Data
Extensive junction data needed to run COMPARE include

e node number of the two adjacent nodes (denoted NV1 and NVZ),
area at the plane of connection between the two acjacent nodes, pre-
ferably the minimum flow area,

e entrance loss coefficient for flow from the NV1 volume to the junc-
tion (ENLK12),

o exit loss coefficient for flow from the junction to the WNVZ volume
(EXLK12),

o entrance loss coefficient for flow from the NVZ volume tc the junc-
tion (ENLKZ21),

o exit loss coefficient for flow from the junction to the NV1 volume
(EXLK21), and

o sum of the inertia term (L/A) for half-volumes adjacent to the junc-
tion.

The values used for these parameters are shown in Tables VI--XI.

The junction area used is the actual geometric flow area at the plane of
connection between the adjacent nodes. The head losses comprise entrance and
exit losses if the junction coincides with an area change, and wall friction
losses. The entrance and exit losses are estimated from standard formulas for

8
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6 The wall friction losses were basea on a Blasius

incompressible flow.
friction factor of U.02 used in the Darcy equation. Entrance ang exit losses
listed in the tables include tne wall friction lesses tor the adjacent nodes.
In general, flow losses between nodalized volumes of a subcompartment are don-
inatea by the wall friction losses, whereas the tlow losses at Junctions cor-
responding to an drea change ére usually cominatead by expansion and contrac-
tion losses. The LJA values are based on actual geometry tor the flow path of
the nalf-volumes on either side of the junction. Each L/A value listed in the
tables is the sum of L/A for the constant area flow paths associated with a
junction.

The vent flow option selectea for these calculations is flow with iner-
tia (KJUN = 3) with a Moody nultiplier of U.b.2 These assumptions cre in
accordance with licensing calculations.

s Blowdown Data

The blowdown mass and energy sources usea in these calculations are
shown in Tables XII--XVII. The blowdown mass flow rate is given as a function
of time in the experiment test reports. The eneray source rate 1s calculated
as the product of the given mass flow rate and enthalpy of the fluid (given).
COMPARE obtains values at arbitrary times from such tables.

TABLE Xl TABLE X111
BLOWDOWN DATA FOR EXPERIMINT O} BLOWDOURN DATA FOR EXPERIMENT D6
1 ime Mass rate Energy rate Time Mass rate Energy rate
{s) Akals)h i) Sk ~Akgis) O .
0.0 0.0 0.0 0.0 0.0 0.0
0.02 2.4 200.8 0.02 80.7 223.8
0.05 84.6 231,48 0.05 93.0 258.0
0.07% B6.6 280.2 0.06 94.5 262.1
0.1 82.4 2286 0.07% #5.0 735.8
0.2 7.4 19g.1 0.1 1.7 226.6
0.3 57.8 160.3 0.2 gl.7 206.6
0.5 43.9 13e.8 0.3 79.2 219.7
1.0 a5.3 125.7 0.5 76.6 212.5
1.5 43.1 1ig.0 1.0 72.8% 201.1
2.0 al.8 114.8 1.66 63.3 175.6
3.0 3.8 102.1 1.8% 48.2 111.8
2.0 131.7 161.8
2.5 130.2 177.3
2.7 132.6 184.0
4.0 121.4 171.4
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. e e

TABLE xiv TABLE xv

BLOWDOWN DATA FOR EXPERIMENT D9 BLOWDOWN DATA FOR EXPERIMENT 011
T ime Mass rate Energy rate Time Mass rate Energ, rate
(s) —Akgis) W - ) _kgls) —
0.0 0.0 €.0 0.0 0.0 0.0
0,02 77.0 213.6 0.008 0.0 0.0
0,08 8.3 236.6 0.02 70.5 195.6
0.07 88.8 246.3 0.06 80.8 224.1
0.1 78.9 2i8.9 0.1 73.7 204.4
0.12% 76.7 212.8 0.2 60.3 167.3
0.2 7.6 167.5 0.3 £3.9 149.5
0.3 §7.8 160.3 0.8 49.4 137.0
0.5 50.2 139.3 0.5 a7.4 131.5
1.0 43.3 120.1 1.0 42,2 117.3
1.5 41.0 113.7 2.5 3.5 101.3
2.0 38,2 108.7 2.7% 35.8 99.6
2.8 3.6 108.3 2.9 19.8 54,9
2.9/ 3.0 99.9
3.14 26.1 72.4

TABLE x¥1]

BLOWDOWN DATA FOR EXPERIMENT D15

Time Mass rate Energy rate
TABLE X¥1 {s) —lkg/s)
BLOMDOMN DATA FOR EXPERIMENT D14 0.0 0.0 0.0
0.007 0.0 0.0
A 0.015 70.6 194.1
Time Mass rate Energy rate
() (kg/s) () 0.025 82.0 227.4
b o P 0.06 88.0 2460
ouih o 2o 0.08 7.0 213.1
0.07 85,5 237.2 g';: ;;g i:;:
o o T o:ss 7.0 129.5
0.72 47.4 131.%
' . i 0.75 5.0 i23.9
2.8 37.8 108.9 =8 %0 103.5
2.9 28.2 78.2 i .0 70.8
3.0 60.0 88.7
4.0 73.0 108.5
6.0 57.0 91.5
10.0 40.0 76.7

IV.  COMPARISON OF COMPARE MOU-1 RESULTS WITH TEST UATA

This section presents the results of the COMPARE MOD-1 calculations alony
with the experimental data for comparison. For most of the experiments, the
duration of steam admission into the containment is approximately 3 s ana short-
term experimental data are available for 0 to 2.5 s; therefore, we show the
results for the first 2.5 s of the blowdown transient. The results show that
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this time scale includes the phenomena of primary interest, that is, the time
of the maximum pressure differential between rooms.

Available data from the test reports7"12 (differential pressures,
absolute pressures, and temperatures) are compared for each room; however,
subcompartment R9 is not noded to give detailed temperature histories, so that
value is unavailable for comparison. The experimental data shown in this re-
port for comparison purposes are typical data when many measurements are taken
in a given volume. In general, the experimental data traces shown are smoothed,
but some oscillations are shown for display purposes. Therefore, in general,
the data scatter and uncertainty are not shown on the experimental plots; how-
ever, more detailed information is available in the experimental repor‘ts..7"12

One of the major concerns regarding subcompartment analysis codes is the
adequacy of the critical flow model used. The D-series tests do not allow a
detailed analysis of critical flow models because the tests were at low pres-
sure, and, in general, pressure ratios were less than 1.2. Therefore, criti-

cal flow did not occur in these tests.

A. Experiment D1

Figures A-6--8 show the calculated and experimental absolute pressures
for R6, R4, and R9. The calculations overpredict the measured pressures for
all three rooms, with the greatest overprediction in blowdown room ké, and the

smallest in containment room R9.

The calculated and experimental differential pressures between the three
rooms are shown in Figs. A-9--11. The calculated differential pressures are
higher than the measurements, with the larger difference across the second
orifice (R4 to R9).

Figures A-12 and A-13 show that calculated temperatures were higher than
measured temperatures., Actual measurements show saturation temperature for the
existing room pressures, whereas the calculated temperatures are approximately
50°C superheated after a short time.

B. Experiment D6

Although Figs. A-14--16 shew that the calculated pressures are generally
higher than the measured absolute pressures for R6, R4, and R9, the agreement
is closer than it was for cxperiment D1. The decrease in pressure between 1.7
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and 2.0 s is due to a decrease in the blowdown mass flow rate (as inaicated in
Table XIII) during this time.

The celculated and experimental differential pressures for the three
rooms are shown in Figs. A-17--19, Agreement is excellent between c<lculation
and experiment for the differential pressure between R6 and R4. At the same
time, the difference between calculation and measurement between R4 and R9 is
about the same as in experiment D1 at the time of maximum differential pres-
sure (+0.5 s). (Remember that the principal difference between experiments D1
and D6 is the vent geometry.)

Figures A-20 and A-21 show that, as in experiment D1, the calculated room
temperatures are higher than the measured temperatures; however, at 1.7 s (when
the blowdown mass flow rate decreases), the calculated temperature in R6 quickly
decreases to saturation temperature, and thereafter is in excellent agreement
with the measurement. The same behavior is exhibited in R4 approximately 0.4 s
later,

C. Experiment D9

Figures A-22--25 show the calculated ana experimental absolute pressures
for the four rooms. The figures show the calculated pressure to be higher than
the measured pressure. In general, the results are similar to those shown for
the previous experiments, except that the calculated pressure in the contain-
ment is lower than that measured for the first second, and the agreement between
the calculation and the measured value is better over the entire 2.5 s.

The calculated and experimental differential pressures between R7, RS,
and R9 are shown in Figs. A-26--28. The experimental pressure differentials
among these three rooms are essentially zero, but the calculated pressure dif-
ferentials are significant. This is probably caused by the jet effect, which
occurs between R8 and R9 because of the straight-through geometry (see
Fig. A-2). No attempt is made to account for this effect in the present cal-
culational tool and good agreement is not expected. The calculated overall
differential pressure between R6 and R9 is higher than measured, as shown in
Fig. A-29,

The calculated and experimental temperatures for R6, R8, and R7 are shown
in Figs, A-30--32. The calculated temperatures are much higher than experiment
for R6 and R8, whereas the calculated temperature in node 12 of R7 is much
closer to experiment. The much lower temperature in node 12 is because it is a
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stagnant volume and very little steam flows into it as there is no longitudinal
flow through R7. In this arrangemeht, large temperature differences will occur
between nodes 12 and 13 (Fig. A-2), but at the same time, flow or pressure dif-
ferences between these nodes will be small.

D. Experiment D11
Calculated and experimental absolute pressures for the five rooms are

shown in Figs. A-33--37. Calculated pressures in R5 and R6 are very close to
the experimental measurements, unlike the other tests where calculatec blowdown
volume pressure is significantly higher than that measured. Calculated pres-
sures in R7, R4, and R9 are higher than the measurements, but the agreement is

quite good.

Experimental pressure differentials are shown with corresponding calcu-
lated values in Figs. A-38--42. Note the excellent agreement between
calculated and measured pressure differentials between R5 and RG shown in
Fig. A-38. It is interesting to note that the only other pressure differential
plot that shows such good agreement is for test D6 (Fig. A-17). The common
characteristic in these two experiments is that both have 0.75-m-diam orifices
for the overflow cross section. Figure A-39 shows very good agreement for the
pressure differentials between RS and R7 as well. Figure A-40 illustrates an
unusual result; the calculated pressure differential is less than the measured
pressure differential, although the difference between the two is small. This
is the only example of such behavior in all the comparisons. The calculated
pressure differential between R4 and R9 (Fig. A-41) 1is higher than that
measured. The calculations have underpredicted the differential pressure
between R7 and R4 and over-predicted that between R4 and R9. However, note
that the net effect is almost perfect agreement for the pressure differentials
between R7 and R9 shown in Fig., A-42., As in experiment D9, we felt that the
discrepancy in the pressure differential comparisons was caused by the jet
effect, which occurs between R5, R7, and R4 because of the straight-through
geometry (Fig. A-3). This effect is not accounted for in the COMPARE code, end
good agreement is not expected for this type of geometry.

The calculated and measured temperatures for R6, R5, R7, and R4 are shown
in Figs. A-43--46. Fairly good agreement was obtained in R6, RS, and R4, which
have stagnant volumes. At the same time, the calculated temperature for R7,
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which had transverse flow conditions (Fig. A-45), is much higher than measured.
This is the same phenomenon that was discusc<ed for test D9.

Es Experiment D14
The calculated and experimental absolute pressures for the six rooms are
shown in Figs. A-47--52. In general, the calculated pressures are higher

than the measured pressures; however, the agreement is quite good at early
times for R6 (Fig. A-50), and is quite good at all times for R9 (Fig. A-52).
We noted a nonsymmetric cressure distribution in R6 and R&, located in paral-
Tel branches of the flow path. This occurred in the experimental data as well.

Calculated and experimental differential pressures are shown in
Figs. A-53--59. Good agreement is obtained for the differential pressures be-
tween R7 and R5 (Fig. A-53), R4 and RS (Fig. A-54), R4 and RS (Fig. A-56), and
R4 and R7 (Fig. A-59). The calculated pressure differential is higher than
measured between R4 and R6 (Fig. A-55), R6 and R9 (Fig. A-57), and R& and RY
(Fig. A-58). It is interesting that the larger overpredictions occurred at
locations of small (0.424- and 0.49-m-diam) orifices (unlike any of the others
vhere good agreement was obtained).

Calculated and experimental temperatures are shown in Fi1gs. A-60--54,
The trend is the same as for previous experiments D9 and D1l. Good agreement
is obtained for R7, R6, and R8, which had stagnant volumes (Figs. A-60, A-63,
and A-64), but the calculated temperature is much higher for those rooms (RS
and R4) with longitudinal flow (Figs. A-61, A-62).

Fa Experiment D15

Calculated and experimental absolute pressures for Re, R8, R7, R4, and
R9 are shown in Figs. A-65--69. As in the previous experiments, good agree-
ment is obtained between measurement and calculation for the first 0.2 S, with
an overprediction of pressure (~0.1-0.3 bar) near the end of blowdown (~2.5 s)

Calculated and experimental differential pressures are shown in
Figs. A-70--73. Good agreement is obtained for the differential pressures be-
tween R6 and R4 (Fig. A-70), R8 and R4 (Fig. A-71), and R7 and R4 (Fig. A-72).
The overall pressure differential, that is, between R6 and R9, is slightly
over-predicted (Fig. A-73), but the agreement is still quite good.

Calculated and experimental temperature measurements for test D15 are
shown in Figs. A-74--78. The obvious trend is that the calculated temperatures
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are nhigher than measurec, consistent with the comparisons shown for the other

exper iments for rooms with longitudinal flow.

6. Summary
The COMPARE MOD-1 application to the Battelle-Frankfurt U-series tests

and comparisons with experimental data show the following.

e In general, the code predicts pressures that are higher than those
measured for all subcompartments; the greatest overprediction occurs
near the hlowdown source with better agreement near the containment
(sink) volume,

e In general, the precicted differential pressures at overflow cross
sections are higher than those measured. Comparison of the results
for experiments Ul and U6 show that better agreement for differential
pressures is obtained across orifices than across nozzles.

e In general. the calculated temperatures are higher than those mea-
sured at locations in tne flow stream. Gooo agreement is obtained at
locations of low flow rates (dead-ends).

e Where jet effects are important (for example, experiment L9, RE), the
difference between calculation and measurement is even greater than

it is at other locations.
| MOD-2 RESULTS FOR EXPERIMENT D1

A, Introduction

The MOD-2 version of COMPARE uses the method-of-characteristics (MUC)
approach to solve the complete equations for the one-dimensional tiow of an
13,14 As a result, the effects ot com-

ideal gas in a constant area duct.
pressibility and density variations with length are automatically provided
for. Two-dimensional effects are not provided for by the MOC approach, S0 we
have used loss coefficients in conjunction with the compressible iceal gas
nozzle equations to account for area changes caused by duct inlet and exit and
to orifices or nozzles. The MOD-Z code requires at least one source and sink
condition in the form of stagnant volumes at the duct ends for the definition
of boundary conditions. Flows with water, steam, and air are assumed to be
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homogenecus for the determination of properties that are used in the ideal gas

and MOC equations,

B. Problem Formulation

The MOD-z code was used to analyze the Battelle-Frankfurt 01 test, in
which blowdown was introduced into one end of R6, left trom the other end, and
went tc R4 through a nozzle. In R4, the flow proceeded upward and left
through another nozzle going to R9, a large room (Fig. A-1j.

Early attempts to use MOD-2 assumec that fractional parts of R6 near the
break could accept the blowdown and establish an upstream stagnation source
condition to be imposed on the MOC representation of the remainder of Ré and
all of R4, RS was the downstream stagnation volume. Unfortunately, severe
pressure oscillations were calculated to occur in the blowdown volume. The
imposition of these pressure variations on the MOC calculations caused numeri-
cal convergence problems, This problem was avoided by making all of R6 the
blowdown volume.

s Results

Two MOD-2 calculations for test D1 were performed: Rurn 1 used R6 as the
blowdown volume, R4 as a MOC duct with nozzles at both ends, and RS as a stag-
nant volume; run 2 was the same, except that the lower 257 of R4 was a stag-
nant volume, as in the MOD-1 calculations discussed above. This was done be-
cause the flow enters the lower part of R4 horizontally and must turn upward.
Significant mixing probably would result and the assumption of a stagnation
condition might be appropriate. Loss coefficient and geometric descriptions
were the same as those used for the MOD-1 calculations.

Figures A-7S and A-80 show the measurements and the MUD-1 calculated
results of both calculations. The pressures in R6 are compared in Fig. A-79
and R9 pressures are compared in Fig. A-80. The MUD-z calculations compare
favorably with the measurements, with maximum R6 pressures within about 10% of
the measurements. An interesting result is that the MOD-2 calculation
predicts R9 pressures below the measurements, which is expected if upstream
calculeted pressures are higher than measured, as at early times. This
expectancy is based on the conservation of mass and energy principle and on
pressure increasing with increasing mass and energy. Note that this does not
happen with the MOD-1 calculation.
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One explanztion for the difference between the MUD-2 and MCD-1 results
is the differenc® between entry and exit mass flow rates in R4, as shown in
Fig. A-8l. The M'0-2 results indicate that considerably more mass is stored
in R4, which would explain the lower MOD-2 RO pressure,

D. Summary and Conclusions
The MOD-Z code application and the comparison of the MOD-2 ana MOU-1

calculated and test results show that

MOD-2 MOC approach calculations compare well with the measurements;
MOD-2 calculations compare better with the measurements than the
MOD-1 code;

MOD-2 requires a better means for representing the blowdown boundary

(4

condition than the stagnation volume approach currently available;

@ the tests are still difficult to model because certain effects, such
as jets, are not conveniently modeled; and

e blowdown room pressures and the blowdown roum-to-sink pressure cif-
ferences are calcylated to be greater than those measured.

Vi. PARAMETER STUDIES AND RELATED WORK

A. Previous Studies with COMPARE

The main purpose of this study is to present a comparison of COMPARE
predicted results with experimental results using regulatory assumptions. The
calculated and measured data comparisons allow & determination of the degree
of conservatism exhibited in the calculated results. We have not attempted to
adjust code parameters to obtain good fit to the experimental cata, nor have
we performed a best-estimate calculation.

However, for design of verification experiments or to perform best-
cstimate calculations, it is important to know how sensitive these results are
to both the initial and boundary conditions and to parameters contained within
the code. The sensitivity of the code predictions to variations in its para-
meters has already been studied in detail in Ref. 3, which presents the sensi-
tivity of calculated results to the following code parameters:

® subcompartment nodalization,
e use of the Homogeneous Equilibrium Model rather than the Moody criti-
cal flow model,
18



@ Moody Multiplier correction factor, uid

¢ liquid entrainment effects.

However, we conclude that, in general, a reasonable variaticn in these para-
meters will not bring the calculations in line with the experimental measurec-
ments. Therefore, aaditional parameters ang effects must be investigatea to
produce a good best-estimate calculation.

The possibility of using other codes for the calculations has also been
explored. As mentioned in Sec. I[Il, experiment D15 formed the basis for an
international Containment Analysis Standard Problem. COMPARE MOL-1 calcula-
tions were performed for this experiment befcre January 14978 without knowledge
of the experimental results, except for the provided mass anu enercy release
data. In addition, at least 11 set: of calculations from different codes were
submittec by others. The detailec results of all these calculations are com-
pared against experimental data in Ref. 15.

It is not appropriate to compare the various code results with each oth-
er because some calculations were performec with regulatory subcompartment
analysis assumptions and others were performed with pest-estimate assumptions:
for example, the inclusion of heat sinks. However, in general, CUMPARE re-
sults compare quite favorably with results of similar coges anc nodels. The
best comparisons with the measured pressures were obtained using more sophist-
icated codes such as BEACUN.1° The best temperature predictions were made
by codes that model heat transfer effects, which appear to be important (dis-
cussed below) in the D-series tests. Heat transfer effects were not modelea
in the resuits presented here.

B. Sensitivity to Blowdown Fluid Quality

We have shown that the COMPARE MOD-1 calculations tend to predict temp-
eratures ara presssures higher than measured for nearly all time ana space
points in the D-series experiments. From the egquation of state, we concluge
that we are overpredicting either the mass of fluid in the system or the ener-
gy stored in the fluid. Because the initial conditions are known anu the
blowdown mass flow rate is specified, it appears that we are overpredicting
the total system internal energy. This could be caused by either of two ef-
fects; (1) overprediction of the blowdown fluid enthalpy, or (2) neglecting
heat transfer from the fluid to the containment walls., In this section we
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discuss the sensitivity of the first effect. The second will be discussed in
Sec. E.

The intent of the D-series tests was to use saturated steam as the blow-
down fluid. Because the blowdown source is some distance (~30 m) from the con-
tainment, the actual blowdown fluid may be slightly wet rather than saturated
steam. We have performed a calculation for experiment Dl to investigate the
sensitivity of the calculated results to this parameter.

Figure A-82 shows the effect of the blowdown fluid gquality on the temp-
erature in R4. The base case run (100% quality) is the same calculation as
shown in Fig. A-13. Notice that a drop of only 5% quality in the blowdown
fluid leads to a noticeable improvement in the R4 temperature calculation.
Cigure A-83 shows the R4 pressure results for the same set of calculations.
Again, decrease of quality of the blowdown fluid leads to a much better code
prediction.

The results of this calculation are not presented to cast coubts on the
experimental measurements, but the calculations do show that an error in the
blowdown fluid enthalpy is a plausible explanation for part of the difference
between experiment and measurement in the computed results. Furthermore, it
shows that this is an important experimental input and accurate measurement
could be crucial to good code predictions.

#5 Sensitivity to Inertia

A concern in previous similar analyses was the importance of the inclu-
sion of the inertia effect and its effect on the calculational results. Ex-
periment D1 was selected as a basis for a parametric stucy of the sensitivity
of the calculated results to the value of inertia included in the calculation.
The experiment was simulated with COMPARE using the ncaing shown in Fig. A-l.
For the base case calculation, the calculaticnal parameters used were those
shown in Tables I and VI. Two additional calculations were performed; the
first used values for inertia one-half of those shown in Table VI, and the
second used values double those shown in Table VI. None of the other para-
meters was altered.

The results of the three calculations are shown in Table XVIII. The
table compares the maximum calculated differential pressure between the three
rooms and the time at which this maximum pressure differential occurred. The
results indicate that the sensitivity of these two parameters to the value of

inertia is small.
20



TR wix

COMPARL CRLCURATED MAXIMS DIFFERENTIAL PRESSLSES AND TWER Tieg of

O s ¢ LE iy wmw ETERINT I8 a Ay
g A f - N “ DETIWRENGE T08 THETS DIFREOINT NODINL LOSIW0Y P08 CERfRIeEST |

0. Sensitivity to Noding
A concern in analyses such as those presented here is whether a suffi-

cient number of nodes has been used in the computer mode! simulating the phys-
ical geometry. Experiment D1 was selected as a basis for a parametric stuay
of the sensitivity of the calculated results as a function of the number of
nodes selected in the computer model. Three differert noding configurations
were investigated.

1. Three nodes total. R6, R4, ana R9 each represent one volume in the
COMPARE model.

2. Ten nodes total. Five nodes in R6, 4 nodes in R4, and 1 node in RY,
This noding scheme is shown in Fig. A-1, and is identical to the nod-
ing used in the previous calculations shown above for COMPARE MOD-1.

3. Nineteen nodes total. Ten nodes in R6, 8 nodes in R4, and 1 node in
R9. This noding basically consists of doubling (over the base case)
the number of nodes in R6 and R4.

To allow a direct comparison of results for the three cases, no attempt was
made to include wall friction in the entrance and exit losses for the Jjunc-
tions.,

The results of the three calculations are shown in Table XIX. The table
compares the maximum calculated differential pressure across the two nozzles
and the time at which this maximum pressure differential occurred. The re-
sults show that increasing the number of nodes from 3 to 10 changes the maxi-
mum differential pressure appreciably, but increasing the number of nodes from
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10 to 19 alters the results only slightly., We expect that if more noces were
used, the results would be unchanged. Futhermore, this study irgicates tihat a
sufficient number of nodes were used in the base case calculations discussec
in Sec. IV. of this report. There is reascnable assurance that the main re-
sults of this report would uve valid if the conputer simulation of the experi-
ments were rerun with an increased number of nodes in the model.

E. Surmary of Parameter Studies Performeu by Gthers

Cverprediction cof temperature and pressure in computer code calcula-
tions of these experiments has been typical in many calculations.” "3 This
has oenerated a significant amount of eftort to determine which cocde para-
meters could be adjusted to obtain good best-estimate calculations. Mhost of
these studies have been conducted by Gesellschaft fur Reaktorsicherheit (GRS)
anc¢ focus meinly or the heat transfer between the containment walls and con-
tainment atmosphere. The codes used, COFLOW and 20C0 6, are similar to
COMPARE, so their results prcbably will apply to CUMPARE calculations as well,

The results of the calculations of experiment Dl using COFL0h17
that the computer predictions of both temperature and pressure are greatly

show

improved by using a heet transfer coefficient of approximately 104 W/meK
between the containment walls and atmosphere. The calculations also show that
18 heat transfer correlation are not much better
than the base cese (no heat transfer).

Reference 8 shows a similar trend for expertment D6, in which the cal-

results of using the Tagami

culation used a heat transfer coefficient of 1300 w/ﬂ k. In general, lower
pressurization was exhibited (compared with the base case) but there was still
an overprediction of pressure in the rupture subcompartment. However, the
temperature calculations are greatly improved.

Similar calculations for experiment DS wusing Z0CU ¢ are reported in
Ref, 19. Heat transfer coefficients of approximately 3000 H/m2K were usec
to produce good results. Similar results and assumptions are presented in
Ref. 10 for experiment D1l and in Ref. 11 for experiment D14,

The results of these parametric studies indicate that using a large val-
ue of the heat transfer coefficient with high velocity flows yields much bet-
ter code predictions of both temperature and presssure. Therefore, it appcars
that heat transfer within the containment is an important parameter to study
for best-estimate ¢~ culations. However, as stated in Ref. 11, it is generally
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thought that the magnituce of the coefficierts used in these studies were
unrealistically large in comparison with conventional cocntainment congens ing

heat transfer correlations, As a result, it is recommenced that other physi- .
cal phenomena be investigated.

On the cther hand, we believe that the existence of higner-than- convene l
tional coefficients should not be rejected, primarily because the physics of :
the D-series tests were much different from those for the tests that form the |
basis for the conventional correlatiors. In particular, the conventignal :
COrre]ﬂtionsls’ZU are for large air-fraction volumes without a directed {
flow. B8y contrast, not only is directed flow common in the D-series tests, |
but it might move most of the air ahead of the blowdown. As a result, it |
seems that certain areas experienced high heat transfer rates because of the I
congensation of relatively pure steam with some velocity. :

VII. CONCLUSIONS AND RECOMMENDATIONS

s s

A, Conclusions
COMPARE MOU-1 results (using regulatory assumptions) obtained here are
conservative in the sense that :

e in general, the subcompartment pressures are overprecdictec; !
® in general, the overflow cross-section di“ferential pressures are

overpredicted; and |

e in general, the subcompartment temperatures are gverpredicted. !

‘

As expected, the pressure precdictions are less accurate where the geometric ;
complexity of the experiment precludes code meceling of important effects (for
example, jet effects). !

COMPARE MOD-Z results incicate that some conservatism in the MOD-1 cal-
culations may be due to treatment of one-dimensional effects. The MOD-Z pre-
dictions are mcre accurate in the pressure calzulation than these of M0D-1.
This may be because the codes predict significantly different mass flow rates
between compartments. Unfortunately, there are no experimental flow rate ‘
measyrements to compare against the calculated results. |

Many parametric studies have been performed using COMPARE and cther codes |
to quantify the sensitivity of the computed results to varicus models and input
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cata to the codes. Two parameters thét cculd explain much of the conservatism
in the calculations are (1) the enthalpy of the blowcsewr fluid, and (2) con-
tainrmert atmosphere to wall and condensation heat transfer. The selection of
hest-gstimate values for these parameters has not been addressed in this
report. Beceuse critical flow did not occur in either the experiment or
calculations, the Battelle-Frankfurt D-series tests co not allow a detailed
analysis of the adequacy of the critical fiow mocels incorperated in COMPAKE.

A review of the'CASP results for experiment D15 shows that COMPARE MOU-1
results, in general, compere quite favorably tc those produces by similar
codes. It may be pessible tc obt2in much better results using advanced codes
such as BELACON,

8, Recommendat.ions

It is reeassuring to report that, for this series ot tests, calculated
results from CCMPARE MOD-1 are conservative in the sense that the absolute
pressures, differential pressu~es, and temperatures are overpredicted. How=
ever, the reasons for the conservatism are not entirely understood. We feel
that the nature of the conservatism involved could be best uncerstood by per-
forming a best-estimate calculation for one experiment and evaluating the rel-
ative importance of the different effects,

Three principal code mndels contained in COMPARE MOD-1 that should be
investigated are the compressible flow, heat transfer, and geometric models.

e The validity of the flow prediction models used in the code should be
assessed with respect to their predictive ability when applied to
water-steam-air mixtures.

e The relative importance of heat transfer effects in the D-series
tests c<hould be assessed. One of the experiments should be recal-
ca’:ted using a reasonable value for the condensation heat transter
coefficient. The parameter studies performed by others should be
stucied to assess the validity of the magnitude of the heat transfer
coefricient used to produce the best-estimate results.

e The importance of the effects of complex system geometry should be
assessed. This includes jet effects, corners and constrictions,
which are not modeled adequately in COMPARE.
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The above objectives could be accomplished most efficiently by a comparison of
COMPARE results with those obtained by a bec’-estimate advanced code that pro-
duces results that agree closely with tre experimental data. Note that com-
parisons between the BEACON and ZOMPARE codes and the Battelle-Franmkfurt data
sre screduled to be performed in FY 1980. We must use other analytical pre-
dictions rather than the experimental data because the crucial parameters, the
heat transfer and mass flow rates, are not measured. If a code produces goou
comparisons with pressure anc temperature measurements, it is assumed that
predictions are good fur unmeasured quantities (if they are important). COM-
PARE results are similar for all the D-series tests, so comparison woulg only
be necessary for one of the simpler tests rather than the whole series. The
relatively simple geometries of D1 and D6 make them likely candidates for this
comparison,

The data provided by this set of experiments were valuable in assessing
the predictive capabilities of COMPARL; however, they would have been much more
valuable with error bands on the data and with mass flow rate data at the
orifices, and we recommend that future experiments include such measurements.

Reference 3 presents a detailed proposal for a feasibility study to see
if it is possible to create an experiment that can isolate parameters that
affect analytical predictions. We recommend, as a result of our experience,
that such 3 feasibility study be initiated.

REFERENCES

1. "Standard Review Plan for the Review of Safety Analysis Reports for Nuc-
lear Power Plants,"” Section 6.2.1.2. Office of Nuclear Reactor Kegula-
tion, US Nuclear Regulatory Commission report NUREG-0800, LWR edition,
formerly NUREG-75/087.

2. R. G. Gido, J. S. Gilbert, R. G. Lawton, and W. I. Jensen, “(COMPAKE
MOD-1: A Code for the Transient Analysis of Volumes With Heat Sinks,
Flowing Vents, and Doors," Los Alamos Scientific Laboratory report
LA-7199-MS (March 1678).

3. W. S. Gregory, J. R. Campbell, R. G. Gido, and A. J. Webb, "Comparison o?
COMPARE/RELAP-3  Subcompartment Calculations With Battelle-Frankfurt
C-Series Test Results," Los Alames Scientific Laboratory report to be
published.

25



Lo L

TR TR T

10.

11.

12.

13

14.

15.

26

"Irvestigation of the Phenomena Occurring Within a Multi-Compartment
Containment After Rupture of the Primary Cooling Circuit in Water-
Cooled Reactors,” US Nuclear Regulatory Commission report NUREG/TR-0045

(November 1977).

7. F. Kenzleiter, "Experimental Investigations of Pressure ano Tempera-
ture Loads on a Containment After a Loss-of-Coolant Accident,” Kuclear
Engineering Design 38, pp. 159-167 (March 1976).

1. E. Idelichik, “"Handbook of iydraulic Kesistance, Coefficients of Local
Pesistance and of Friction," US Department of Commerce report AEC-bu3U

(1966).

“Investigation of the Phenomena Occurring Within a hulti-Compartment Con-
tainment After Rupture of the Primary Cooling C(ircuit in Water-Cocled
Reactors,” Battelle-Institute e.V. Frankfurt/Main West Germany, Techni=
scher Bericht BF-RS50-32-D1 (May 1977).

“Investigation of the Phenomena Occurring Within a hulti-Compartment Con-
tainment After Rupture of the Primary Couling Circuit in water-Cooled
Peactors," Bettelle-Institute e.V. Frankfurt/Main West Germany, Techni-
scher Bericht BF-RS50-32-D6 {May 1977).

Investigation of the Phenomena Occurring kithin a Multi-Compartment Con-
tainment After Rupture of the Primary Cooling Circuit in Water-Cooled
Reactors," Battelle-Institute e.V. Frankfurt/Mzin West Germany, Techni-
scher Bericht BF-RS50-32-D9 (November 1977).

"Investigation of the Phenomena Occurring Within a hulti-Compartment Con-
tainment After Rupture of the Primary Cooling Circuit in Water-Cooled
Reactors,” PRattelle-Institute e.V. Frankfurt/Main kest Germany, Techni-
ccher Bericht BF-RS$50-32-D11 (January 1978).

"Investigation of the Phenomena Occurring within a Multi-Compartment Con-
tainment After Rupture of the Primary Cooling Circuit in Water-Cooled
Reactors," Battelle-Institute e.V. Frankfurt/Main West Germany, Techni-
scher Bericht BF-RS50-32-014 (June 1978).

"Investigaticn of the Phenomena Occurrirg Within Multi-Compartment Con-
tainment After Rupture of the Primary Cooling Circuit in Water-Cooled
Reactors," Battelle-Institute e.V. Frankfurt/Main West Germany, Techni-
scher Bericht BF-RS50-32-D15-2 (November 1978).

M. J. Zucrow and J. D. Hoffman, Gas Dynamics, Vols. 1 and 2 (John Wiley
and Sons, New York, 1977).

A. H. Shapiro, The Dynamics and Thermod namics of Compressible Fluid
Flow, Vols. 1 and 2 [Ronald Press, New York, 1953).

W. Winkler, "Deutsches Standard-Problem No. 1, Dampfleiturgsbruch in
einer Raumkette,” Gesellschaft fur Reaktorsicherheit (GRS ) (February 1579).




R. A, Wells, "BEACON/MODZA: A Computer Program for Subcompartment Analy-
sis of Nuclear Reactor Containment--User's Manual," EGAG Idaho, Inc. re-
port CDAP-TR-051 (March 1979),

G. HKellings, "Nachrechnurgen zu den beim Battelle-Institute, Frankfurt/
Main Durchgefuhrten versuchen Dl und D3 des RS 50 Forschungsvorhabens
Druckverteilung in Containment," Gesellschaft fur Reaktorsicherheit (GRS)
report GRS-A-72 (December 1977).

T. Tagami, “Interim Report on Safety Assessments and Facilities Estab-
lishment Project in Japan for Period Ending June 1965 (fNo. 1)," unnub-
lished work, February 28, 19u6.

“Investigation of the Phenomena Occurring Within a Multi-Compartment Con-
tainment After Rupture of the Primary Cooling Circuit in Water-Cooled
Reactors," US Nuclear Regulatory Commission report NUREG/TR-0043

(November 1977).

H. Uchida, A, Oyama, and T. Teogo, "Evaluation of Post Incident Cooling
Systems of Light-Water Power Reactors," in Proceedings of the Third

Internatinnal Conference on the Peaceful Uses o omic Ener Held 1in
Geneva, August 31, 1964, Volume I§, New York: United ﬂafions, 1965
(I?Conf. ‘E;iﬁ?l?ﬁ) (May f?EHS.

27



ey W —

Fig. A-l.

APPENDIX
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WITH BATTELLE-FRANKFURT D-SERIES TEST RESULTS
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