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BEACON/MOC3 ASSESSMENT/ADJUSTMENT REPORT

INTRODUCTION

. BEACON/MOD3 is the latest version of the BEACON Code. Several major
additions were made to the previous version (MOD2A) to produce MOD3. These
include:

0 "Best-estimate"” calculations for:

- Interphase drag~
Interphase mass transfer
- wWall film formacion

0 Form loss i“put option

0 Out-of-plane coupling option.

. The optional "best-estimate" package was checked and adjusted, using
separate-effects problems. The addition of the form loss and out-of-plane
v coupling models required that several assessment problems be run to allow

Judgerent of the performance of the code. This report documents the
BEACON/MOD3 assessment/adjustment task which was completed before the cude
was released to the National Energy Software Center.




OVERVIEW

The problems presented in this report were run in order to check and
adjust the "best-estimate" models and to assess the overall performance of
the code.

The overall technique used was to adjust the "best-estimate" variables
for interphase drag, evaporation/condensation, and flashing, based on two
separate effects experiments, and then to evaluate their validity in
modeling two containment tests and an entrainment/deentrainment
experiment. Additionally, a nodalization study was performed to assess
BEACON form losses in junctions with respect to an analytical solution of
the same type of junction. The sensitivity of this calculation to
nodalization was the: determined. The calculations performed were:

Separate Effects Calculations Containment Calculations

KWU Jet Test 6 0 Battelle-Frankfurt C-9 Experiment
Battelle-Frankfurt C-12 Jet
Pipe Flow Nodalization Stuady

o © © o

Orexel Entrainment/Deentrainment o Battelle-Frankfurt D-3 Matrix
Analysis

The main text of this report summarizes the findings of these studies
and dJescribes any problems encountered. For details of each individual
study, see Appendices A through E.



MODEL ASSESSMENT/ADJUSTMENT

"Best-Estimate" Mocels

Interphase Drag

Interphase momentum exchange is calculated in BEACON as a function of
the velocity difference between the liquid and vapor phases multiplied by
the arag coefficient KDRAG. This coefficient has dimensions of
N‘s/md. For the "best-estimate" option, KDRAG is recalculatea each
computational time-step as a function of density, void fraction, velocity,
and viscosity. It was determined from the jet problems that a minimum
value for absolute stability presently is KDRAG = 1 «x 107. This is the
current minimum value used in the code. The Drexel Test runs were made
using KDRAG calculated without this constraint, and results indicate that
the computed values give quite good experimental agreement. However, as a
result of these same runs, it was determined that the KFIX equations used
in the code are unstable using these values for KDRAG (between 1 x 1073
and 1) and eventually diverge. Presently, work is being done to improve
the KFIX equations to allow the use of the best-estimate drag coéfficient
values which, for those regimes in which the code was able to run, appeared
to give excellent agreement with experimental data.

Interphase Mass Transfer

In addition to studying KDRAG, the jet problems were run to evaluate
the evaporation and condensation rate muliipliers, RLAME and RLAMC, and the
flashing criterion, FLCRIT.

Values of 0.1 for the evaporation and condensation rate multipliers
gave the closest agreement with the jet experimental data.

At calculated values of liguid superheat above the flashing criterion,
FLCRIT, the BEACON "best-estimate" model uses the Rivard-Torrey flashing




model.] Between saturation and FLCRIT a c¢iffusion limited evaporation

mode) is used.’ During the Battelle-Frankfurt C-9 and D-3 test runs it

was discovered that the discontinuities of switching between evapsration e
models in liquid superheat regimes caused instabilities in the wall film
model. Therefore, the present value of FLCRIT is 0.0, thereby using the
flashing model for all liquid-superneat evaporation rates. This gave good
overall resul*ts in the containme..t problems.

wall Film Formation

The Battellz-Frankfurt C-9 and D-3 test runs both used the ~-all film
model. In addition, the D-3 cases included a matrix to assess the effect
of the film model on the overall results.

The results show fairly good data agreement, but the
present difficulty with interphase drag complicates the evaluation. The
present high drag value has the effect of transporting too much liquid to
locations throughout the containment in simulations such as these. This
promotes excessive wall film build up in the code, inhibiting heat transfer
to the walls.

Form Loss

The KFIX numerical scheme used in BEACON calculates entrance and exit
losses for junctions with two-dimensional meshes. The accuracy of the loss
is dependent on the degree of nodalization. A Pipe Flow nodalization study
(Appendix B) was executed to determine the effect of nodalization on the
accuracy of the calculated form losses. The Battelle-Frankfurt D-3 test
matrix also contained a nodalization study which investigated this effect.

Sufficient nodalization for the code to exhibit this effect occurs
when the Eulerian region of greater flow area is wider by at least two r

cells on each side of the junction. This conclusion is reached as a result
of both nodalization studies.



The Pipe Flow study showed that the magnitude of the effective form
loss for incompressible flow agrees with the analytical solution for flow
through a thin orifice but is about double the analytical result €or
entrance or exit losses for any single abrupt area change. This error in
effective loss, however, had a relatively minor effect on flow rates with
respect to the analytical solution.

BEACON/MOD3 now contains an optional input for junction form loss.

This is primarily intended for one-dimensional to lumped-parameter
Junctions, as the numerical scheme will not calculate any loss at this type
of interfece. This feature improves stability for lumped-parameter
calculations, and was used in the calculation of the Drexel and the
Battelle-Frankfurt C-9 and D-3 tests. Results of these cases indicate that
this model works as intended, improving results and eliminating the
previous instabilities.



e i e

Qut-of-Plane Coupling

The out-of-plane coupling option was used in modeling the
Battelle-Frankfurt C-9 Test and exhibited proper performance with no
apparent problems. This fealure improves the flexibility of the BEACON ' '
code in modeling complex containment problems. The option provides a
quasi-third-cimensional capability in the flow model.




CONCLUSIONS

The check and adjustment task has been completed. Several problems
involving interaction among models were encountered and solved. The one
’ signi. icant problem remaining is the interphase drag calculational scheme,
which is presently being investigated. The BEACON code is now capable of
modeling quite complex FWR geometries, with a high degree of detail.
Several future assessment tasks will be performed, without further
adjustment of the models, in order to evaluate the performance of the code
in its present configuration.
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APPENDIX A

JET IMPINGEMENT ANALYSIS

INTRODUCTION

Two interphasic mass transfer formulations are used in the BEACON
best-estimate computational mode. For flashing flow or flow regimes where
high mass transfer rates are present, the Rivard-Torrey bulk-boiling model
is used. For other flow regimes, the Sahota diffusion-limited,
dispersed-fl. formulations are used. The basis for determining which
model to use .s by means of a simple flashing parameter defined as

FLORIT = (T) - T) C)y/ng,

where
T] - liquid temperature (K)
Ts = saturation temperature (K)
Cp] = specific heat at constant pressure (J/kg-K)
hfg = heat of vaporization (J/kg).

This parameter is a measure of the degree of superheat in the liquid. If,
in a given cell, FLCRIT is computed to be greater than an internilly
specified value, the Rivard-lorrey model is used; otherwise, the Sahota
formul=*ions are used. The computation of FLCRIT and selection of the
appropriate model is done automatically on a cell-by-cell basis.

The purpose of the jet impingement analysis was to adjust the

interphasic exchange rate in the flashing moge and to determine the FLCRIT
value at which to switch flashing models. Adjustment of the Sahota
dispersed-flow formulation had been previously accomplished.
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The second jet modeled was taken from the Battelle-Frankfurt
containment blowdown test Cl12 which is reported in References A-2 and A-3.
This jet was larger than the KWU jet, with a jet discharge diameter of
100 mm, a pa®fle plate diameter of 600 mm, and a separation distance from
. plate to exit of 240 mm, for an (L/D) ratio of 2.4. The aischarge flow was
high pressure saturated liquid water.

MODEL DESCRIPTION

Both jet geometries were modeled in two-dimensional axisymmetric
coordinates with the flow field assumed symmetrc about the centerline of
the issuing jet. The left boundary of the two-dimensional computing mesh
was the centerline of symmetry and the top boundary of the mesh was the
baffle plate surface. A bottom inflow boundary was used to model the jet
exit flow. The nozzle exit velocities and state conditions were computed
from upstream measurements of state conditions and mass flow rates.

The remaining bottom boundary of the computing mesh was treated as a
rigid, free-slip surface. The right boundary was specified as a constant
pressure boundary. Both of these boundaries were removed as far away as
practical from the vicinity of the jet core by using several coupled
meshes. Variable mesh spacing was used to minimize the number of
computational cells.

Analysis of the KWU Jet

The test geometry for the KWU jet is shown in Figure A-l. The
critical mass flow rate (m), pressure, temperature, and quality as measured
upstream of the nozzle exit (xv) are also noted in Figure A-1. The
conditions out the nozzle exit, which served as inflow boundary conditions
for the computer model, were determined to be:

Pressure 2.75 MPa

11
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Temperature 502.2 K

Void fraction 0.728 .

Velocity 134 m/s.

These corditions were computed from a momentum-force balance between the
nozzle exit and the baffle plate, taking into account the actual loads
measured on the plate, and assuming that homogeneous, eguilibrium flow
ex'svd between the nozzle exit and the point of measurement.

The computing mesh setup is shown in Figure A-2. Two additional mesh
regions were used to extend the right and bottom boundaries away from the
Jet core vicinity in order to minimize the influence of boundary
conditions. A listing of the input card images for th s mosel is given in
Figure A-3.

Analysis of the Cl2 Jet

The test geometry of the Cl2 jet is shown in Figure A-4. The upstream
mass flow conditions are also noted. The noua. zation of this problem is
shown in Figure A-5. As ir the KWU jet modelii,. additional meshes were
used to move the bottom and right boundaries away :rom the flow field of
interest. The nozzle lip protruding above the jet exit plane was modeled
with rectangular obstacle cellis. The jet inflow velocity was determined
from continuity calculations with the assumption that homogeneous,
equilibrium flow existed between the measurement station and the nozzle
exit. A force balance check of the jet exit momentum against the measured
loads on the plate indicated that this was valid. A listing of the input
data cards for this model is given in Figure A-6.

13
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TABLE A-1. COMPUTED PRESSURES IN MPa ALONG BAFFLE PLATE, KWU JET

2 A-1.1 Effect of » (K = 1.0 x 107, R = 1.0 x 1010, FLCRIT = 0.05)

(FLCRIT = 0.03)

Cell (I,J) A = 0.001 A = 0.01 A = 0.03 A = 0.1
2,5 3.579 3.597 3.627 3.735
3,5 2.734 2.756 2.793 2.887
4,5 1.426 1.457 1.512 1.638
5,5 0.832 0.863 0.920 1.050
6,5 0.507 0.535 0.582 0.676
759 0.318 0.340 0.374 0.439
8,5 0.207 0.222 0.247 0.291
9,5 0.140 0.151 0

.167 0.197

A-1.2 Effect of K (x = 0.01, R = 1.0 x 1010, FLCRIT = 0.1)

Cell (I,d K= 1.0 x 10 K =1.0 x 107 K =1.0 x 108
2,5 2.695 3.602 4.198
3,5 1.967 2.745 3.217
4,5 0.869 1.446 1.608
5,5 0.574 0.857 0.891
6,5 0.406 0.534 0.520
7,5 0.294 0.339 0.314
8,5 0.222 0.223 0.202
9,5 0.172 0.151 0.136
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TABLE A-1. (Continued)

A-1.3 Effect of R (x = 0.025, K = 1.0 x 107, FLCRIT = 0.03)

Cell (1,) R =1.0 x 10° R«1.0x 100 Ra1.0x 101
2,5 3.593 3.643 3.645
3,5 2.746 2.771 2.769
a,5 1.476 1.496 1.496
5,5 0.857 0.907 0.911
6,5 0.530 0.573 0.575
7,5 0.341 0.367 0.369
8,5 0.230 0.242 0.243
9,5 0.161 0.164 0.165

A-1.4 Effect of FLCRIT (x = 0.01, K = 2.0 x 107, R=1.0x 1010)a

Cell (1,J) FLCRIT = 0.05 FLCRIT = 0.1 FLCRIT = 0.2
2,5 3.707 3.696 3.603
3,5 2.797 2.821 2.732
4,5 1.410 1.447 1.371
5,9 0.830 0.831 0.711
6,5 0.499 0.493 0.408
7,5 0.313 0.307 0.359
8,5 0.205 0.201 0.228
9,5 0.139 0. .57 0.148

a. The cases shown reflect slightly different inflow velocities which
since have been changed.
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RESULTS
KWU Jet

A problem transient time of 0.0005 second was sufficient to attain
steady-state conditions.

Computer analyses were obtained for parametric variations of i, K, R,
and FLCRIT. These parameters were varied individually. The computational
cell pressures along the baffle plate are presented in Table A-1 as follows:

Table Parameter Parameter

Section Parameter Function Variation

A-l.1 A Mass transfer 0.001, 0.01, 0.03, 0.1

A-1.2 K Momentum transfer 1.0 x 105, 1.0 x 107,
1.0 x 108

A-1.3 R Heat transfar 1.0 x 108, 1.0 x 1010,
1.0 x 1015

A-1.4 FLCRIT Flashing switch 0.05, 0.1, 0.2

From Table A-1, it can be seen that K has a strong effect on pressure while X3
R, and FLCRIT have negligible effects. The pressure profiles for K are
compared to measured data in Figure A-7. Based on this compariscn the
best-estimate value for K is 1.0 x 10’.

The flow field of the jet, with established best-estimate parameter
values, is shown by the velocity vector plot of Figure A-8. Expansion of the
Jet flow is suppressed by the width of the nozzle lip and the clcse proximity
of the nozzle lip to the baffle plate. Beyond the nozzle 1ip, the flow
expands and plumes considerabiy, with the result that there are no flow
vortices or recirculation near the nozzle lip, as might be expected from
entrainment effects [see the velocity vector plot for the Cl2 jet
(Figure A-13), for example. ]

21
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Figure A-7. KWU jet pressure distribution showing the effects of momentum transfer.
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Contour patterns for pressure, void fraction, and net mass transfer
rate are shown in Figure A-S for the jet core vicinity (mesh region 1).

The pressure contours show that the pressure is highest at the center of B
the plate and rapidly diminishes radially outward. The void fraction
contours show that the liquid phase of the two-phase inflow mixture tends :

to accumuiate in the jet core. Even though the inflowing void fraction is
0.728, the void f;action of the jet core at the baffle plate is 0.436. The
net mass transfer rate contours show that interphasic mass transfer is
inhibited until the flow has a chance to expand further. The higaest mass
transfer rate occurs along the plate away from the jet core and not in the
nozzle exit or near the nozzle lip, as might be expected.

The analysis of the KWU jet serves to tentatively select 2
best-estimate value for the interphasic momentum transfer rate. The KWU
Jet was insensitive to the other interphasic exchange parameters and these
needed to be determined by analysis of the Cl2 jet.

Cl2 Jet

A problem transient time of 0.005 second was sufficient to reach
steady--tate flow conditions.

Parametric variations of A, K, R, and FLCRIT were alsc obtained for
the Cl12 jet. The computed pressures alorg the baffle plate for the
following variations are tabulated in Table A-2:

Table Paraneter Parameter

Section Parameter Function Variation

A=2.1 A Mass transfer 0.001, 0.005, 0.01, 0.03

A=2.2 K Momentum transfer 1.0 x 10%, 1.0 x 107,
1.0 x 108

A=2.3 R Heat transfer 1.0 x 108, 1.0 x 1010,
1.0 x 1045

A-2.4 FLCRIT Flashing switch 0.025, 0.05, 0.1, 0.2

24
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From Table A-2, it can be seen that A has the strongest effect on
pressure. The effect of varying K and R is negligible or pressure, as is
FLCRIT, with various values of A. The pressure variation due to 1 is
plotted in Figure A-10 and is compared to measured data. The shapes of the
computed pressure profiles are the same as the curve fit given for the test
data in Reference A-3, and is lower in magnitude than the measured data.
[Increasing A above 0.03 did not appreciably increase the pressure level,

Numerical instabilities occurred for cases where R < 1.0 x 108.
Numerical instability also occurred for K < 1.0 x 105, but the lower
Timit of K was '.0 x 107 based upon the KWU jet analysis. Certain
combinations of A and FLCRIT also affected numerical stability. Table A-3
presents the ccmbination of A and FLCRIT values investigated and their
effect on nume:ical stability. Based on this comparison, it appears that
FLCRIT must be less than 0.05 in order to achieve numerical stability for
the range of A inve:tigated.

The C12 jet geometry had a nozzle lip flange extending 40 mm above the
nozzle exit plane (see Figure A-4). Further analysis revealed that the
nozzle Tip height had a strong effect on the pressures computed on the
baffle plate. As previously mentioned, the nozzle lip flange was modeled
with rectangular obstacle cells. The cell dimensions used in the computing
mesh modeled the 1ip height as 30 mm instead of 40 mm. This approximation
of the nozzle 1ip was fa2lt to be sufficiently accurate for the analysis.

In an attempt to more :losely match the test data, the correct lip
height of 40 mm was modeled. The axial cell dimensions were progressively
changed so that the nozzle lip height of 40 mm could be modeled without
changing the number of computational cells. The required input cards to
change the axial cell dimensions are:

11030 .040, .037, .034, .031, .028, .025, .023, .022

21030 (Same as card 11030)
31030 .086, .066, .051, .040.
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TABLE A-2. CGMPUTED PRESSURES IN MPa ALONG BAFFLE PLATE, Cl2 JET

2.1 Effect of 2 (K = 1.0 « 107, R = 1.0 x 10}V, FLCRIT = 0.03)

Cell (i,J) A = 0,001 A = 0.005 A = 0.01 A = 0.03
2,9 0.399 0.458 0.513 0.602
3,9 0.352 0.460 0.515 0.605
£,9 0.340 0.446 0.501 0.591
5,9 0.317 0.418 0.471 0.558
6,9 0.286 0.381 0.430 0.512
7,9 0.254 0.339 0.383 0.458
8,9 0.223 0.297 0.334 0.401
9,9 0.197 0.259 0.288 0.346

10,9 0.174 0.226 0.247 0.296
11,9 0.154 0.199 0.212 0.252
12,9 0.138 0.177 0.182 0.215
13,9 0.123 0.159 0.157 0.182

A-2.2 Effect of

Cell

es9
3,9
4,9
5,9
6,9
7,9
8,9
9,9
10,9
11,9
12,9
13,9

I,J

K=1.0x 106

0.591
0.595
0.581
0.550
0.506
0.454
0.399
0.345
0.296
0.253
0.215
0.182

K (» = 0.03, R = 1.0 x 1010,

K.IOO

X 107

0.602
0.605
0.591
0.558
0.512
0.458
0.401
0.340
0.296
0.252
0.215
0.182
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FLCRIT = 0.03)

K=1.0 x 108

0.604
0.607
0.592
0.559
0.512
0.458
0.401
0.346
0.296
C.252
0.215
0.182




TABLE A-2.

(Continued)

A-2.3 Effect of R (» = 0.03, K = 1.0 x 107, FLCRIT = 0.03)

Cell (I,J

2,9
3.9
4,9
5,9
6,9
7s9
8,9
9,9
10,9
11,9
12,9
13,9

R = 1.0 x 108

Unstable
Unstable
Unstable
Unstable
Un *able
cable
stable
Jnstable
Unstable
Unstable
Unstable
Unstable

R « 1.0 x 1010

0.602
0.605
0.590
0.558
0.512
0.458
0.401
0.346
0.296
0.252
0.215
0.182

A-2.4 Effect of FLCRIT (K = 1.0 x 107, R = 1.0 x 1019

R « 1.0 x 1013

0.602
0.605
0.590
0.558
0.512
0.458
0.401
0.346
0.296
0.252
0.215
0.182

at » = 0.007 at A = 0.025
Cell (I,J) FLCRIT = 0.05 0.1 0.2 0.025 _0.05

29 0.476 0.472 0.360 0.588 Same
3,9 0.479 0.475 0.364 0.59! Same
4,9 0.466 0.462 0.352 0.571 Same
5,9 0.438 0.434 0.327 0.544 Same
6,9 J.399 0.397 0.296 0.499 Same
7,9 0.356 0.354 0.262 0.446 Same
8,9 0.312 0.310 0.230 0.390 Same
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TABLE A-2.

(Cont inued)

at A = 0.007 at A = 0,025
Cell (I,J) FLCRIT = 0.05 0.1 0.2 0.025 0.05
9,9 0.270 0.269 0.201 0.337 Same
.0,9 0.234 0.234 0.177 0.288 Same
11,9 0.204 0.204 0.158 0.246 Same
12,9 0.180 0.179 0.142 0.209 Same
13,9 0.159 0.158 0.129 0.177 Same
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TABLE A-3.

EFFECT OF x AND FLCRIT ON NUMERCIAL STABILITY

0.03
0.025
0.02
0.01
0.007

w v o w»vw o »vw v

w owvm own v on

s = stable

u = unstable

“w v v w»nw C
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The revised nodalization was investigated for i's of 0.01, 0.02, 0.03,
and 0.1. The pressure profiles are shown in Figure A-ll and compared to
measured data. The change in nozzle lip height resulted in significantly
higher pressures in the jet core vicinity and a more favorable comparison
to test data. At distances greater than 150 mm ‘rom the jet :enterline,
closest agreement with the data was obtained with x = 0.1.

The revised nodalization was also investijatea for FLCRIT = 0.0 and
0.03 where A = 0.03. The results were nearly identical, substantiating the
earlier conclusions that FLCRIT had negiigible effects on calculated
pressures.

The effect of nozzle lip height is more evident in Figure A-12 which
shows the pressure profiles obtained for nozzle lip heights of 40 mm, 30 mm
(the original model), and O mm (no 1ip). The jet flashing and flow
expansion is so strong and immediate that any relief in terms of increased
flow area between the jet exit and plate results in significant pressure
differences on the paffle plate.

A velocity vector plot of the C12 jet flow field, with the correct 1lip
height and interphasic values of i = 0,02, K = 1,0x107, R = 1.Ox1010.
and FLCRIT = 0.02, s presented in Figure A-13. In constrast to the KWU
Jet flow field (Figure A-5), there is no pluming effect beyond the nozzle
lip. Furthermore, flow entrainment and recirculation are evident in the
surrounding flow field which is not present in the KWU jet flow field.

Contour plots of pressure, void fraction, and net mass transfer rate
are presented in Figure A-14 for the jet core vicinity. These contour
patterns show that flashing occurs immediately after the jet flow exits and
that most of the interphasic mass transfer takes place in the area
surrounded by the nozzle lip flange.
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Figure A-12. (12 jet pressure distribution showing the effect of nozzle lip height.
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Figure A-13.

BEACON velocity vector plot from the C12 jet analysis.
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CONCLUSIONS AND RECOMMENDATIONS

Two jet impingement tests have been modeled and analyzed. Parametric
variations of the interphasic exchange parameters have been obtained.
Best-estimate values for these parameters have been selected based on
comparisons with test data. The best-estimate values selected are:

Parameter Function Value
A Mass transfer multiplier 0.1
K Momentum transfer rate 1.0 x 107
R Heat transfer rate 1.0 x 1010
FLCRIT Flashing switch 0.0

The value of A = 0.1 was selected for two reasons. First, using this
value and the correct nozzle lip height gave very good results at distances
greater than 150 mm from the (12 jet centerline. Since BEACON containment
analyses normally involve distances much greater than this, the greatest
accuracy would probably result from using » = 0.1. Second, previous
flashing model studies by Rivard and Torrey using the KACHINA code”-4
also indicated that the best value for A was 0.1. The best-estimate values
of K = 1.0x107, R = 1.0x10%%, and FLCRIT = 0.0 were selected based on
code stability criteria and data agreement considerations.

The analysis has »1so shown that the nozzle 1ip geometry has a strong

effect on the jet flow field. Future analyses of other two-phase jet
experiments should use an accurate modeling of the nozzle lip geometry.
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APPENDIX B

PIPE FLOW NODALIZATION STUDY

INTRODUCTION

Pressure losses in a flowing fluid caused by variations in the
configuration of the flow channel are calculated by the BEACON code when it
is used for the hydraulic analysis of a fluid flow system.

This study was made to determine the accuracy of the pressure 10ss
values computed by BEACON and also to determine if tie results were
dependent upon the degree of flow channel nodalization used. The study was
made using practical rates of incompressible flow through various
geometries in varying sizes of pipe. The selected combinations of
geometries and pipe sizes resulted in an array of nine basic cases. For
each case, the nodalization was adjusted to determine the effect of mesh
fireness on pressure loss calculations. In most cases, the results were
reasynable but higher than the analytical solution and independent of
nodalization.

SYSTEM DESCRIPTION

The flow system used for this stucy consistec of an inlet line
connacted to an out’et Tine in a manner which aligwed representation of an
abrupt contraction, an abrupt expansion, or a thin nlate orifice. Pipe
sizes of 2-, 3-, 4- and 6-in. diameter were used to obtain flow area ratios
of 2.25:1, 4:1, and 9:1. Incompressible fluid flow th.rough the system was
maintained by imposing a driving force of 4 psi at the system inlet. Pipe
lengths were selected in ~rder to meintain & minimum length,diameter ratio
of 20:1.

Figure B-1 shows the array of nine basic cases which resulted from the
combination of three flow geometries with three flow area ratios. The
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Geometry

Contraction Orifice Expansion
Case 110 Case 140 Case 170
2.25:1
Case 120 Case 150 Case 180
Gross mesh Gross mesh
Flow J
area 4:) Typicaliy varied Typically varied
s ratio to study mesh effect to study mesh effect
Fine mesh Fine mesh
Cuse 130 Case 160 Case 190
g:1

Figure B-1. Pipe flow study cases.




figure also indicates how the problem nodalization was varied from gross
mesh to fine mesh for each case.

Each (3se was analyzed tc a real time value at which steady-state
conditicns were achieved. Steady-state conditions were verified by
substituting code calculated values in the one-dimensional steady-state
continuity equation until these values satisfied the equation.

MUDEL DESCRIPTION

The piping system for each pire flow study case was represented for
code analysis with an axisymmetric mesh using obstacle cells to obtain the
desired gecmetric ccnfiguration. Figure B-2 depicts the actual flow system
and the corresponding code representation used for the case of an abrupt
contraction with an area flow ratio of 4:l.

To simplify the evaluation of results, the pipe flow cases were
analyzed using the input option of zero gravity. A test case specifying
full gravity effects verified that this approach did not invalidate
results. The no-slip input option was specified to simulate friction at
the outer boundary of the mesh which represented the pipe wall.

A driving force of 4 psi was maintained across the system by using a
constant velocity input boundary and a constant pressure outflow boundary.
Incompressible fluid conditions at the system inlet were miintained at
approximately 50 psi and 100°F. Inlet flow velocities for each case were
based on suggeste. flow rates through various pipe sizes taken from a
handbook of fluid flow. 2!

With these initial conditions specified, each case was analyzed to
obtain values of pressure, temperature, density, and velocity at steady
state. These values were used to determine the pressure losses for each
case and the effect of mesh size on the calculated values.
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RESULTS

For each case, a comparison was made of code calculated form loss
versus reference or experimental torm loss. This was done by using the
code calcu'ated hydraulic parameters to compute a form resistance
coefficient for each flow case. Thic analytic coefficient was then
compared to a reference coefficient taken from a flow resistance
coefficient handbook (see Reference B-2). A complete tabulation of form
loss coefficients versus reference values is shown in Table B-1. The table
shows that the analytically determined form loss coefficients were
generally larger than the experimental values taken from the reference
handbook. It also shows that the values did not vary appreciably as the
mesh finen2ss was increased. This is shown graphically in Figure B-3.

Following is a typical calculation which demonstrates the evaluation
procedure used for each flow case. Figures B-4 and B-5 show BEACON code
input and one page cf code output for this typical case.

Case 120:

Abrupt Contraction
Flow Area Ratio 4:1
Gross Mesh.

Qutput Values at 4 Seconds:

Inlet Qutlet

P = pressure (N/m®) 316368.  296476.
o = density (kg/m3) 988.986  988.920
V = velocity (m/sec) 1.21926 4.88201
A = area (m?) 0.00811  0.00203
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TASLE B-l .

FORM LOSS COEFFICIENTS

Flow Geometry

Flow Mesh Fineness
Area (Inlet Node
Rat10 Cells) Contraction Expansion Orifice
Experimental 0.278 0.309 1.22
value
2.25:1 1 S 0.74 i
(Gross mesh)
2 0.58 0.74 1.37
4 0.58 —_— 1.37
(Fine mesh)
Experimenta) 0.375 0.563 1.85
value
1 —— .94 ——
4:1 2 0.81 0.94 1.69
4 0.75 0.94 .78
6 0.75 0.94 1.72
8 0.75 — 1.79
Experimental 0.444 0.790 2.53
value
1 — 0.99, e
9:1 2 1.42 0.99 1.8/
4 1.42 T 1087
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Steady-State Check:

(DVA)iﬂ < (DVA)Out
(988.986)(1.21926)(0.00811) = (988.920)(4.88201)(0.00202)
9.77929 ~ 9.78860

0.00931
9.77929

Error = x 100 = 0,09

This indicates values are steady-state.
Analytical Form Loss:

o 2
J ,oV
Pin * iy = Poue * (Belue * F,

+F
v

J636a + 1988.986)(1.21926)2 _ o0, (988.970)&4.88201)2

F = 316368 + 735 - 296476 - 11785

F, =  form loss = 8842 N/m® (amalytical).

Experimental Form Loss:

0 H

Re = Reynold's No. = -

w » flow velocity (m/sec)



Re

hydraulic diameter (m)
kinematic viscosity (mzlsec)

(4.88)(2)

5
= 6.5 x 107,
(1.5 x 10™°)

This indicates that appropriate form loss coefficients should be taken
from Section III, Diagram 3-9 of Reference B-2. For expansion cases,
the values were taken from Section IV, Diagram 4-1. For orifice cases
the coefficients were taken fr.m Section IV, Diagram 4-13.

e/

v

Result:

v3
K (&)

form- loss coefficient = 0.375

2
988.920) (4.88201 )
(0.375) & ﬂ}

(0.375)(11785)

form loss = 4419 N/m2 (experimental).

The code calculated form loss is about twice the experimental
value for this case. In terms of the form loss coefficient, the
reference form loss is 0.375 while the analytical form loss is 0.75.
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CONCLUSIONS ANC RECOMMENDATIONS

The study showed that the BEACON code predicted form related pressure
losses which we.e reasonable, but which were generally higher than expected
based upon experimental results taken from a handbook of hydraulic
resistance coefficients (see Reference B-2). The study also showed that
the BEACON calculated form losses were relatively independent of the degree
of nodalization used for each problem.

Specifically, for incompressible fow in pipe sizes of 6-in. diameter
*ni smaller, the BEACON code calculates pressure losses associated with
abrupt area changes which are larger than experimentally determined
values. The closest agreement was obtained for the orifice geometry while
the expansion and contraction cases resulted in coefficients which were
about double the predicted values. For the typical case reported in the
results section, a doubled value for the resistance coefficient actually
amounted to an error of less than 1 psid in the oredicted pressure 10sS
across the system. The degree of nodalization had little effect on
predicted values.

The BEACON numerical technique yields pressure loss values which are
reasonable but high for ligquid flow through abrupt area changes in small
pipes. This conforms with conclusions based upon results obtained with a
smaller transient analysis code.B'3 For this type of a problem, a form
loss value should not be specified in BEACON input values. Neither should
a fine mesh be specified in defining nodalization for this type of analysis.

The form loss calculational technique in the BEACON code should be
modified to permit the input option of a negative form loss. This would
permit the downward adjustment of form related pressure losses for cases
where it is known that the analytical values are too high. Presently, a
negative form loss is identified as a fatal input error. A companion
analysis using incompressible flow in large ducts would be of value as
further code evaluation. This should be done following the addition of the
negative form loss capability to the code.
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APPENDIX C

OREXEL ENTRATNIMENT/DEENTRAINMENT ANALYSIS

INTRODUCTION

The purpose of this analysis was to examine the ability of BEACON to
correctly calculate entrainment and deentrainment of liquid water in
subcompartments subjected to LOCA conditiors. This task was accomplished
by using BEACON to model an experiment which was carriea out at Drexel
University to determine entrainment rates.c'1 Although evaluating
deentrainment rates was not a specific objective of the Urexel experiments,
deentrainment data was included in the report as part of the time-history
plots for entrainment.

SYSTEM DESCRIPTION

Figure «-1 is a schematic of the Drexel experimental setup. A
premixed 2ir-w:ter mixture was sprayed through a nozzle into a square steel
duct. The rativ of air to water was held constant throughout the test
whick lasted for approximately 4C minutes. As the mixture flowed through
the test section, the portion of iiterest for the BEACON analysis, part of
the water settled in the test section and part flowed out the orifice at
the end of this section. In order to measure the amount of water settling
in the test section, tae collected water was weighted at selected tim2
intervals until steady-state was achieved. The water volume history from
this experiment was used in the BEACON comparison.

MODEL DESCRIPTION
Figure C-2 is a schematic of the BEACON medel of the Drexel
experiment. The BEACON mode!l consisted of three Eulerian meshes and one

Tumped parameter compartment. The first mesh consisted of one cell which
had air and liquid sources with mass flow rates matching those used in the
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Orexel experiment. This céll was coupled to the left end of mesh 2, which
was a two-dimensional (two-D) mesh, simulating the test section of the
experiment. The right end of mesh 2 was tnen coupled to another
one-dimensional (one-0) mesh which was used to model the outlet orifice of
the test section. Finally, this one-D mesh was coupled to a very large
lumped parameter compartment which functioned as a receiver for the
outflow. The inlet nozzle to the test section was not considered to be of
great importance in relation to the objectives of the problem and was thus
not modeled. The BEACON input data is shown in Figure C-3.

The comparison to be made witi; the data at a given time is the total
amount of liquid water mass in mesh 2. Tnis is done by the summation

N
Total liquid mass = 2 (°L/) (V;)
1=] i

where

o( B microscopic liquid density in cell i; mass of liquid in

cell i per unit volume of cell i (printed out 1n BEACON major
edits as RLP)

¥, = volume of cell i

N - total number of fluid cells in mesh 2.

It was not practical to run the code for the full 40 minutes of the
test. Instead, BEACON was used to model the first few seconds of the test
to compare deantrainment rates. Then, the code was run for a few seconds

under conditions which existed in the Drexel test section at steady-state
to evaluate entrainment calculations.
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RESULTS

When the first BEACON deentrainment run was completed, it was quite
evident that not enough water was being deentrained (see Figure C-4). The
reason for this was that the interphasic drag coefficient, KDRAG, was
limited in the code to a minimum value of 107. Since the best-estimate
calculations for KDRAG generally range between 10-3 and 10, the
best-estimate drag calculations were effectively disabied and the two-phase
velocities were locked together, thus preventing correct liquid
deentrainment. [t was therefore decided to rerun the problem with the code
modified to lower the minimum KDRAG value from 107 to 1073. This
allowed the code to use the internally calculated vales for KDRAG. The
results of this run were very close to the Orexel deentrainment data for
0.0 to 2.0 seconds (see Figure C-4).

The first entrainment run was made with KDRAG limited to values above
107. In this case, too mu:n water was entrained and BEACON did not
achieve a steady-state condition as in the experiment (see Figure C-5).
when the lower limit on KDRAG was set to 10‘3, as in the deentrainment
run, the numerical scheme became unstable and the code was unable to run.

Entrainment /deentrainment in BEACON is also influenced by the film
model, which models liquid films on the walls of compartments. In order to
see how the film option might affect the Drexel problem, both the
entrainment and deentrainment runs were repeated using the film option.
Minimum values for KDRAG were set to 107 and then to 1073, The effect
of the film was so small that the runs with film showed aimost identical
results as those without film.

CONCLUSIONS AND RECOMMENDATIONS
At the present time, BEACON cannot use realistic values for an

interphasic drag coeffi.ient due to instabilities which exist in the
numerical scheme. If, however, unrealistically high values are used, the
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code will run but is very inaccurate in predicting entrainment/deentrain-
ment rates. Investigation of this phenomenon indicates that this occurs
because some of the K-FIX equations are unstable at extreme void fractions
with reasonable values of KDRAG. It also appears that it may be possible
L0 "tune" the equations so that realistic values of KDRAG could be used for
the intcrphasic drag coefficient, resulting in realistic

entrainment /deentrain-

ment calculations. The n:w equations would then be unstable for very high
values of KDRAG, and wo' (d not allow a user to lock the phases together
artificially. Since the emphasis in BEACON development has been on

best-estimate calculations, it is recommended that this “tuning" of the
equations be done.

60



REFERENCES

C-1. Drexel University, Water Entrainment in Intercompartmental Flow, EPRI
d NP-648 Project 275-1, February 19/8.

61



APPENDIX D

BATTELLE-FRANKFURT C-9 EXPERIMENT

INTRODUCTION

The C-9 experiment was one in a series of tests performed at the
Battelle-rankfurt facility in Germany simulating the rupture of a primary
coolant pipe in a dry PWR containmert. This series of experiments was
conducted to investigate pressure and temperature phenomena occurring
during postulated LOCA conditions. Data obtained from these tests were
then used in the development and verification of containment computer codes
such as BEACON.

This analysis of the C-9 experiment represents the first time a
containment water-line break has been modeled with BEACON/MOD3. The
purpose of this study is to evaluate the best-estimate correlations in the
new MOD3 version of the code, to identify any areas where further
deve lopment would be advantageous, and to establish guidelines for future
use. The ultimate goal in the development of the code is to obtain results
that accurately predict pressure and temperature response during a
loss-of-coolant accident.

The Battelle-Frankfurt C-9 experiment was modeled using heat
structures, wall film, and best-estimate correlations options. Only the
first 2 seconds of the test were analyzed since BEACON is primarily a
short-term analysis code. Comparisons were made between the calculateu
pressures and temperatures and those observed during the simulated LOCA.

SYSTEM DESCRIPTION
The Battelle-Frankfurt test facility is a 1:64 volumetric-scale

version of the 1200 Mw Biblis, Block A nuclear power plant
containment.o'1 Experiments utilize up to nine rooms, interconnected by
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orifices, nozzles, and circular wall apestures. The interior of the
facility is constructed of reinforced concrete coated with several layers
of fillers and sealers to prevent water infiltration. Steel and aluminum
plates and instrument shields are present in various locations throughout
the compartments. The tests are initiated by puncturing a rupture disc to
permit pressurized water or steam from an external pressure vessel to enter
one of the compartments. A view of the containment test system is given in
Figure D-1.

The configuration used for the C-9 experiment consisted of nine
compartments concentrically arranged around a central buffer tank. The
compartments were interconnected by sharp-edged steel orifices and circular
wall openings. A schematic of the test, showing room volumes and aperture
flow areis, is given in Figure D-2. Initial conditions were reported (only
for Roon 9) as:

Pressure = 0.1 MPa
Temperature = 290 K.D‘2

Initial conditions were assumed to be the s.  throughout th¢ -<ontainment.

For the (-9 test, the coolant pipe rupture was simulate by
introducing water from the pressure vessel (11.85 MPa, 564.4 K) into Room 4
through a 100 mm diameter orifice in the rupture device. The blowdown was
directed onto a 600 mm diameter baffle plate 240 mm from the (rifice.

During the experiment, the blowdown mass flow rate, tempera ure,
pressure, and density data were measurad as well as selected temperatures,
pressures, and differential pressures in the various compartments.
Blowdown enthalpies iere determined from the temperatures recorded in the
high pressure system.
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MODEL DESCRIPTION

The C-9 test facility was modeled using a combination of
one-dimensional (1-D) and two-dimensional (2-D) Cartesian meshes and one
lumped parameter region (LPR), as shown in Figure D-3. The total numbar of
volumes used in the BEACON calculation was:

(8 200 cells in five 2-D meshes
. 8 Ten one-dimensions] meshes
3. One lumped parameter region.

Roows 4, 5, 6, 7, and 8 were modeled using BEACON two-dimensional
Cartesian meshes with the variabie spacing option. The actual lengths and
depths of the compartments were utilized with small adjustments in room
heights made to achieve correct volumes. The sumps in the floors of
Rooms 4, 6, and 8 were simulated by using the restricted flow option in the
lower row of cells. This option allowed the reduced volumes and flow areas
in the lower part of these rooms to be modeled.

Fine nodaiization was used in the break compartment (Room 4) in order
to adequately describe the source and to model the rapidly changing
conditions. Coarser nodalization was utilized in the other rooms where
conditions did not change as significantly. In all rooms, however,
restrictions were placed on the cell dimensions such that (a) the lengths
of neighboring cells did not differ by over a factor of two, and (b) the
flow areas of neighboring cells did not differ by over a factor of four.
This was done to avoid abrupt differences in adjacent cell sizes.

The apertures between the rooms were modeled using one-dimensional
meshes of equivalent flow area. In Rooms 6§ and 8 there were several
openings leading to Rooms 3 and 9. These were combined and modeled as one
aperture from each room to reduce the total number of meshes for the
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prablem. Where needed, the out-of-plane coupling option was used to
connect the 1-D meshes to the Cartesian meshes.

Rooms 1, 2, 3, and 9 were combined into one lumped parameter region
because of the complexity of the problem and because of computer time
limitations. The combined volumes of these rooms was 406.85 m3. The
lumped parameter model is generally used for large rooms where velocity
effects are negligible and homogeneous conditions are assumed.

Junction form losses were input only where the 1-D meshes connected to
the lumped parameter region. Estimated values for these losses were
obtained from a handbook of hydraulic resistance coefficients.0-3
Previous experience with the code has shown that the use of form losses are
necessary into the LPR to eliminate pressure oscillations in the results.

Form losses were not used in the 2-D regions because they are implicitly
calculated within BEACON.

The no-slip option was specified for al) meshes to simulate friction
along the walls, while Fanning friction factors of 0.005 weire input to
simulate frictional pressure losses due to fluid motion.

The wall film mode! was specified for all 2-0 meshes. This option is
used to track liquid film accumulation on walls and other structures. Film
was not used in the 1-D regions as previous experience has shown that it
does not affect the results discernibly in these regions. There is no film
model for lumped parameter regions.

The concrete, steel, and aluminum surfaces in the 2-D and LPR rooms
were modeled using 22 heat structures of equivalent surface area and
thickness. These models simulate the effects of heat transfer to the
compartment walls and other surfaces from the fluid regions. Where
possible, several objects of the same material were combined into one
common heat structure to save computing time. No heat structures were used
for the 1-D regions because of their small surface areas. A single layer



of coating on the concrete was simulated by summing the thicknesses and
averaging the thermal conductivities and volumetric heat capacities of the
various fillers and sealers.o'4 The BEACON best-estimate correlations
were used to calculate heat transfer coefficients between the heat
structures and the adjacent vapor, liquid, or film. Locations of the
various heat structures are depicted in Figure D-4.

Initial conditions for the C-9 test were assumed to be the same for
all of the rooms. The values used were:

Pressure = 0.1 MPa
Temperature = 290 K
Mass Fraction for Air = 0.9925
Void Fraction = 1.0.

The BEACON time-dependent mass and energy source option was used to
model the high pressure water-line break in Room 4. Four source cells were
chosen in order to provide a means of simulating the dispersion of the flow
upon impact with the baffle plate and to center the break location within
the framework of the selected nodalization. The source was directed
radially from the centers of each of the break cells as shown in
Figure D-3. Source velocities were estimated by relating results of a
previous jet test analysis (C-12) to the C-9 mass flow rates. The blowdown
specific enthalpies were then corrected for velocity effects.

The BEACON auto-timestep option was selected for use throughout the
mesh regions. BEACON calculates this timestep based upon fluid velocities
and cell sizes in the Eulerian regions. In the initial C-9 run, the
calculated timestep was reduced by a Courant multiplier of 0.5 and limited
by a maximum timestep of 0.00l second. These limitations were not
sufficiently restrictive, however, and had to be progressively reduced to
0.2 and 0.00015 second, respectively, to overcome code instabilities.

A constant timestep of 0.001 second was used for both the lumped
parameter region and heat structure calculations.
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[teration parameters used for the C-9 calculations were OMEGA = 1.0
and EPSG = EPSL = 0.00001. Recent studies have shown that, for most
problems, significant CPU time savings (up to 509 can be realized by
running with a low value for the relaxation parameter (OMEGA). Also,
preliminary runs for C-9 indicated that allowing the maximum relative
errors 1n the gas ard liquid density calculations (EPSG and EPSL) to exceed
0.00001 rasulted in discrepencies in the conservation of mass.

The BEACUN best-estimate correlations were used to calculate the
interphasic exchange parameters. The flashing criteria parameter (FLCRIT)
was specified as 0.0 because preliminary attempts to run with higher values
were unsuccessful. This parameter dictates the amount of superheat allowed
before flashing takes piace. The flashing and condensation rate
multipliers (RLAME and RLAMC) were set to 0.1 based on previous results
using the KACHINA code.Cl-3

A listing of the BEACON input for the C-9 experiment is given in
Figure D-5.

RESULTS

In this section. comparisons are made between the BEACON calculated
pressures and temperatures and those obtained experimentally from the C-9
test. This stuay was made to establish a basis for evaluating results
obtained using the BEACON/MOD3 best-estimate correlations. The BEACON
cells used for the comparisons were selected to be equivalent to the actual
sensor locations as nearly as possible. It should be noted, however, that
some of the differences between calculated results and data may be
attributed to imperfect correspondence between the BEACON cell and the
sensor location. Identification numbers on the graphs and in Figure D-3
correspond to the sensor locaticns used in the test.
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Pressure Comparisons

Pressure comparisons for Rooms 4, 5, 8, and 9 are given in Figures D-6
through D-9. Those for Rooms 6 and 7 are not presented, since the results
are similar to those of Rooms 8 and 5, because of near-symmetrv. In
genera., pressure agreement 1s gquite good, especially in Room; S, 8,
and 9. The pressures near the break in Room 4 overpredict th. data by
about 18%at 2 seconds. However, effects in this room are magrified
because of its small volume (13.02 m3). Calculated pressures in Rooms 5
and 8 underpredict the data slightly (about 2%) while pressures for Room 9
show very good agreement with data.

The results suggest that overly large pressure losses are being
calculated by BEACON through the apertures from Room 4 to Rooms 5, 7,
and 9. A comparison between calculated and measured pressure differences
between Rooms 4 and 5, shown in Figure 0D-10, support this theory. Although
data for this sensor were available only to 0.5 second, similar results are
also observed between Rooms 4 and 9 out to 2 seconds, as shown in
Figure D-11. Prior investigations using incompressible flows have shown
that, when abrupt changes in flow area are modeled, BEACON calculates
pressure losses larger than those derived experimentally. These losses are
believed to be inherent in the K-FIX numerical scheme, upon which BEACON is
based. Although similar investigations have not been made with
compressible flows, the C-9 results seem to substantiate these observations.

The high pressures predicted for Room 4 may be attributed to the
incorrect calculation of pressure losses across the flow aperatures. The
high resistance to flow limited the transfer of fluid out of the room
resulting in the overprediction of room pressure. To verify this theory, a
comparison was made of the totals (for al! rooms) of the measured and

calculated ;1 terms. These totals were nearly identical, indicating that the
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errors in calculated room pressures were due to incorrect calculation of
losses between rooms. This further implied that the overpredicted pressure
values were not due to insuficient heat transfer or to overflashing. ’

Temperature Comparisons .

Temperature comparisons are shown in Figures D-12 through D-16.
Excellent agreement betweer calculated and experimental data is seen in
Room 4, after the initial temperature spikes (Figures 0D-12 and D-13).
Similar results are observed in Rooms 5, 8, and 9, after an initial lag
(Figures D-14 through D-16).

Previous studies have suggested that some of the differences between
calculated and measured temperatures may be attributed to response time of
the thermocouple (TC), location of the sensor, and condensation on the TC.
The importance of two of these effects is illustrated by the C-9 results:

(1) First, the exact location of the sensor may be either

impracticable or difficult to model with a 2-0 code such as *
BEACON. Correct choice of the BEACON cell to be used in the data
comparison is necessary, as shown in Figure D-17. In this i

figure, calculated gas temperzstures from two adjacent cells are
compared with data. Results from one are excellent, from the
other, poor.

(2) Second, condensation on the thermocouple may cause saturation
temperatures to be recorded during the test instead of gas
temperatures. This is probably the effect seen in Room 8 as
iliustrated in Figure D-17. Here, BEACON saturation temperatures
follow the data lag exactly, indicating that saturation
temperatures instead of gas temperatures were probably being
measured. Similar effects were observed in the other rooms but .
are not plotted.



(K)

Temperature

Temperature (K)

Figure D-

(S

- . nw ATCANCAL
—)ata Sensor 4TSO05A50

A
N

Lemper

gas
ature

and measured

temperatures

N

— — —BEACON gas
-emperature

Comparison of calcu

in Room near the

33

r -
O
o
o

&

and measured
the room.

temperatures

Q



é.
o

jas temperature

~ature (K)

[emper

Figure D-14. Comparison of calculated and measured
temperatres in Room 5

¥ =

Room 8

= ¢ e OTC T EOMD
Data Sensor 8TS158M24

K)

- == - BEACON gas temperature

mperature (

le

;
Time (s
Figure D-15. Comparison of calculated and measured

»)
.:

temperatures in Room 8.

84



Temperature (K)

K)

Temperature (

-

£

1)

(-

N gas temperature

19

"o

Room

Data Sensor

EACON

- o5 w0 BEEN

- :

.
'---.’

. —
-

Comparison
illustratin
conditions

e d

can

nparison of calculated and measured
3

ratures in Room

as temperature
saturation temperaturc

gas temperaiilite.—s =

-alculated and measured temperatures in Room 8
a how choice of cell locaticn and saturated

affect BEACON

85

results.



CONCLUSIONS

The BEACON/MOD3 best-estimate correlations appear to accurately
predict the temperature and pressure response in the Battelie-Frankfurt C-9

experiment. Oifferences between calculated and measured values are small
and explainable. Pressure differences are probably the result of
overpredicted pressure losses where abrupt area cnanges are modeled.
Temperature differences are thought to result partly from inexact
representation of sensor locations. Additionally, it appears that the
recorded data were possibly not gas temperatures, but saturation
temperatures, representing condensation on the thermocouples. BEACON
saturation temperatures show very close agreement with the data.

Several recommendations for the development and future use of the code
have resu’ted from this study:

(1)

(3)

(4)

An investigation of the auto-timestep mode of calculation should
be made to determine why the timestep must remain so small after
nearly steady-state conditions have been attained.

[f, as suspected, the overprediction of pressure losses for
abrupt changes in flow area is inherent in the BEACON numerical
scheme, a means of correcting this should be incorporated *nto
the code. Also, an investigation of compressible flow behavior
under similar conditions would be useful.

Running the code with a relaxation parameter of OMEGA = 1.0
generally will result in a CPU time savings.

The relative errors in the gas and liquid density calculations
should be limited to a maximum of EPSG = EPSL = 0.00001 to ensure
conservation of nass.



(5) For the C-9 prohlem, the interphasic parameters which are
presently used in the best-estimate correlations
(RLAME = RLAMC = 0.1 and FLCRIT = 0.0) give good results.
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APPENDIX E

BATTELLE-FRANKFURT D-3 MATRIX

INTRODUCTION

When confronted with the task of modeling a reactor containment with a
thermal-hydraulic code such as BEACON, the user must select which of the
many options in the code are to be used. Frequently, the use of more
options (i.e., wall film, heat structures, or finer nodalization) offers
greater accuracy at the expense of running time and, therefore, cost. The
prospective user must balance the costs and benefits of utilizing various
Code capabilities when defining the problem. The purpose of this study is
to develop guidelines for the use of several BEACON modeling options. The
effects of the following options on results and running time are examined:

0 wall film

0 Heat structures

0 Degree of nodalization.

This evaluation was done by running a series of models of the
Battelle-Frankfurt D-3 test and comparing the BEACON results with measured

data. The D-3 experiment was chosen specifically because of the two-phase
blowdown which occurred after 1.88 seconds of the test.
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SYSTEM DESCRIPTION
The Battelle-Frankfurt D-3 test consisted of a steam and two-phase
blowdown into the first room in a series of three coupled compartments.
The following rooms formed the D-3 test configyuration:
Room 6  (volume = 41.26 m3)

Room 4  (volume = 13.0 m3)

Room 9 (actually Rooms 1, 2, 3, 5, 7, 8, and 9 combined; total
volume = 550 m3),

Room 6 was connected to Room 4 via a converging nozzle 'vith a minimum
diameter of 0.6 m. Room 4 was connected to Room 9 with 2 similar nozzle.
A schematic of the Battelle-Frankfurt test facility is shown in Figure E-1.
Initial conditions in the facility for the D-3 test were as follows:
Pressure = (.1 MPa
Room 6 temperature = 287.6K
Room 9 temperature = 287.9K.E']
The initial temperature for Room 4 was assumed to be the same as for Room 6.
The blowdown was initiated by breaking a rupture disk in the high
pressure system. The incoming steam and water then impinged upon a
deflector piate, dispersing the flow. Because BEACON is a short-term

containment code, only the first 2.5 seconds of the blowdown were used for
this study.
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Figure E-1. Schematic of the Battelle-Frankfurt test facility.
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MODEL DESCRIPTION

The cases whict were modeled for the Battelle-Frankfurt D-3 matrix
study are listed in Table E-1. Cases 1 through 4 were run to study the
effects of using wall film and heat structures and Cases 5 through 7 were
run for the nodalization stusy. Case 5 was also used as the
“best-estimate” case for comparison with test data.

The fine nodalization used for the first five cases s shown in
Figure E-2. The coarser nodalizations used for Casés 6a and 6b are shown
in Figures £-3 and E-4, respectively. Both are shown as overlays on the
fine nodalization case, for reference.

Restricted flow cells in the lower portions of Rooms 4 and 6 were used
for Cases 1 through ob. This option was used to model a projection of
concrete which ran the lengths of both rooms.

Case 7 is a model of the same geometry as Cases 1 through 6b with both
of the two-cimensional meshes replaced by lumped-parameter regions as shown
in Figure E-5.

The configuration of the converging nozzles which connected the three
rooms is shown in Figure E-6. The 0.6 m diameter pcrtion had an effective

flow area of 0.28 m2. The curvature of the entrance end of the nozzle
was not known.

The nczzle models used in the BEACON calculations for Cases | through
6b are shown in Figures E-7 and E-8. The flow area used for both of these
passages was 0.35 mz, or 1.26 times 0.28 me. The factor 1.26 was
determined from the relationship between the flow loss coefficient fur a
converging nozzle and for a thick orifice. The expectation was that the
BEACON numerical scheme would calculate the effect of losses for an
orifice, because of the two-dimensional nature of the equations, and that
these orifice losses would be too high for the nozzles. Since the code did
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TABLE E-1. BEACON D-3 MODEL MATRIX

CASE NO. FILM
s [ No
‘ 2 Yes
3 No

4 Yes

5 Yes

6ba Yes

6b Yes

7 o

HEAT STRUCTURES

No

No

Yes
Yes
Yes
Yes
Yes

Yes

ANALYSIS

TIMESS)
|

e
1.

o o o o

o O

wun

NODALIZATION

Fine
Fine
Fine
Fine
Fine
Coarse
Coarser

Lumped parameter




Room 9

(Lumped parameter 1)

zle 2 X
(Mesh 4) (Mesh 3) ‘
Blowdown
cell
k.
Room 6
(Mesh 1)
,/I.V p /V‘ v |/ /[ 4,/ [(/ AVAVAYi
% ,4’ F ra VZ /,/ / F i v
bl Vil e NS 4 ' |
Nozzle Restricted flow cells
(Mesh 2)

Figure E-2. Fine nodalization of the Battelle-Frankfurt D-3
facility used for Cases 1 through 5.
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Figure E-3. Coarse nodalization of the Battelle-Frankfurt
D-3 facility used for Cese 6a.
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Figure E-4.
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Coarser nodalization of the Batt.ile-Frankfurt D-3
facility used for Case 6b.
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Figure E-5.

Lumped parameter modeling of the Battelle-Frankfurt D-3 facility used
for Case 7.
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Figure E-6. Nozzle configuration for the D-3 test.



1.076 m
1///////////’ <:3::: Flow
!

0-31 m Flow area = 0.35 m°

= 1.26 (0.28 m2)

0.3 m——lﬂ

Figure E-7. Room 6 to Room 4 nozzle model for Cases 1 through 6b.

Form loss 1.0 4
coefficients 0.75*/
o
0.588 m

0.3 m

[———0.6 n———]
ﬁ} Flow area = 0.35 m° = 1.26 (0.28 m°)

Flow

Figure E-8. Room 4 to Room 9 nozzle model for Cases 1 through 6b.
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not allow input of negative flow losses, an artificial method was used.
The flow areas of the nozzl.s were adjusted to reflect the ratio of the two

loss coefficients. All of the coefficients were obtained from
Reference E-2 and are as follows:

For a thick orifice of the D-3 nozzle dimensions:

Entrance loss = 0.5
Exit loss = 1.0
Total Loss = 1.5
i

For a converging nozzle of the D-3 dimension in foreword flow
direction:

Entrance loss = 0.1875
Exit loss =z 1.0
Total Loss = 1.1875

Factor = +%73- = 1.26
This technique would be invalid for flow in the opposite direction
from that expected, because the factor for the reverse flow would be 0.9).
Because flow reversal was not expected to occur for the D-3 problem, this
was not considered relevant. |

The areas were then adjusted by the fac.or:
\

The use of form loss ccefficieats was necessary for the
lumped-parameter junctions, since these losses are not calculated by

BEACON. The values used were 1.0 in the forward direction and 0.9 in the
reverse flow direction.
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The nozzle models for Case 7 (lumped-parameter case) are shown in
Figures E-9 and E-10. The flow area for each nozzle was input as
0.28 m?, The 1.26 factor was not used because flow loss coefficients
were input for all junctions. The values were:

In forward flow direction:
Entrance loss = 0.1875
Exit loss = 1.0

In reverse flow direction:
Entrance loss = 0.75
Exit loss = 0.9.

Tables for the blowdown mass flow rates and enthalpies were derived
from Reference E-1. The inflow was pure steam until 1.88 seconds and was
at saturated conditions with varying quality thereafter. Two sources were
located in the upper right <orner of Room 6 to model the blowdown. A steam

> source was used from the beyinning of the test and a liquid source was
aaded beginning at 1.88 seconds.

Heat structure information for Cases 3 through 7 was obtained from
keference E-3. Table E-2 shows the various heat structure areas,
connections, and materials. The main structure of the Battelle facility
was concrete wit . a protective coating on the test compartment surfaces.

In the BEACON model, the concrete areas were attached to the faces of the
two-dimensional meshes. The structural steel and piping, which was locatad
along the upper portion of Room 6, was modeled at the top of the mesh.
Assorted pieces of steel, which were stored in Rooms 4 and 6, were modeled
at the bottom of the meshes. The steel nozzle heat structures were
attached to the faces of the respective one-dimensional meshes. Remaining
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Form loss
1.0 /0.75 0.1878 0.9 coefficients

0.852 m

<L; Flow

0.33m 2

Flow area = 0.28 m

Figure E-9. Room 6 to Room 4 nozzle model for Case 7.

_-— ey

7' 1.0

0.75

Form los
coefficients

m 0.18

>
. »

ﬁ Flow area = 0.28 mo’

. Flow

Figure E-10. Room 4 to Room 9 nozzle model for Case 7.

102



TABLE E-2.

HEAT STRUCTURES FOR CASES 3 THROUGH 5

€0l

Structure Connection Arga Thickness
Side (ns) Material
3 (Room 4) 4.9 Right 1.745 Steel
2,7 Left 0.6 Aluminum
2,2 faces 8.345 Steel
2,4 Faces 38.631 Concrete
1 (Room 6) 7,5 Faces 1.694 Steel
13,5 Faces 1.918 Steel
18,2 18,7 Right 3.600 Aluminum
A 18,7 Top 6.781 Steel
12,5 - Faces 1.148 Aluminum
2,2 18,2 Bottom 13.68 Steel
2,2 6,7 Faces 22.16 Concrete
7,2 7,4 3.33
8,2 w,? 24.01
12,2 13,4 7.76
14,2 18,7 25.49
LPR1 (Room 9) - None 890.059 Concrete
- 120.848 Steel
- 10.43 Aluminum
2 - Faces 0.990 Steel
4 - Faces 0.990 Steel
1 7,7 Faces 5.19 Concrete
] 13,7 Faces 5.17 Concrete




cover plates and instrument junction boxes were connected to cells
representative of their respective locations in the Battelle facility. For

the lumped-parameter regions, the heat structure models have no spatial
location.

A1l heat structures were connected to the walls on one side only.
Connecting the heat structures in this way reduces the problem run time.
For those structures which were, in reality, connected on both sides within
the containment, this simplification should nct have affected the results
because of the short-term blowdown.

Listings of the BEACON input for Cases 4, 6a, 6b, and 7 are given in
Figures E-11 through E-14.
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(continued).

Figure E-14.
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Figure E-14.
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RESULTS

The results are discussed in three-sections. First, a comparison
among the first four cases is made, thereby focusing on the effects of heat -
structures and film. Second, a comparison of the effects of nodalization
(Cases 5 throgh 7) is made. Experimental data are included on the time '
history plots for these two studies but will not be addressed in the text
and are for reference only. Last, the performance of the "best" model is

compared to recorded test data to assess the overall performance of the
code.

Effects of Heat Structures and Film

The options used in the first four cases were:

Film Heat Structures
Case 1 No No
Case 2 Yes No
Case 3 No Yes
Case 4 Yes Yes

Figure E-15 shows pressures in the break room for the first four
cases. The presence of film. in the absence of heat structures (comparing
Cases 1 and 2), has negligilyle effect on the results. This is because
virtually no film was formed when heat structures were absent. In Case . 8
the addition of heat structures caused significantly lower pressures to be
‘alculated. This was not due to a decrease in temperature, but to a marked
ncrease in condensation, thereby removing mass from the gas-phase and
‘epressurizing the room. In Case 4, the addition of film increased the
ressure moderately from Case 3. This was due to the insulating effect the
iim had between the fluid regions and the heat structures, and ics
ubsequent effect on temperatures. This is illustrated in Figure £-16, v
hich shows gas temperatures (TG) and wall temperatures (T,) for
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for Cases 3 and 4 in Room 6.



Cases 3 and 4 for a typical fluid cell in Room 6. The temperature
difference at any given time was substantially greater for the
film-insulated case than for the no-film model.

The temperatures for the break room displaysd the same trend as the
pressures. Figure E-17 shows the temperatures near the break. The
transient responses which occurred between 0 and 0.2 second show a
sensitivity to the use of film and heat structures which varied the results
over a range of approximately 25 Kelvin. Cases 1 and 2 have identical peak
temperatures, but the second case falls further below the peak for the next
0.2 second. This is not an overall temperature response but is symptomat::
of a redistribution of energy due to the film. Both heat structure cases
have lower peak temperatures than the non-heat structure cases, while the
insuleting effects of the film appear in the form of slightly higher
temper. tures. The longer term responses sh.w# little differences among the
models. The no-film heat structure case gives slightly lower temperatures.

Figure E-18 shows temperatures for Room 6 further f.om the .reak
(Cell 13,4 - approximately 2.5 m from break). At this location, the
difference in results among the cases was much more pronounced. The
proximity of the previously described cell to the source caused the
temperature to show very little sensitivity to the models used. I'n this
cell, however, the effects of the options were more .'early seen. The
primary differences between this and the prev.o.s cell were the wider
spread of temperatures (approximately 70 K) and the medium-term response in
Case 4 (at approximately 0.8 s).

The response of Case 4 with respect to Case 2 seems to be contrary to
intuitively expected results. The temperature of the film/heat structure
model is higher, for a short time, than that for the film only model. The
reason for this is that the temperatures in this cell represent those of
approximately 1% of the total mass of the room. The most realistic model
(Case 4) shows that the dynamics of the problem were more complex than the
simpler models predicted. This effect is seen in Figure E-19, which shows
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temperature contours in Room 6 at 0.8 s for . es 2 and 4. Without the
presence of heat structures, the film model (CSse 2) gives results that
agree with an intuitive prediction. The addition of heat structures

(Case 4) had the effect of making the film more of a factor in the
calculation and shows a much more complex temperature distribution. A
pocket of high-temperature steam has traveled across the top of the room
and become somewhat isolated in temperature due to mass-transfer effects.
The steam pocket is probably unrealistically elongated because it was
traveling along a single steeil heat structure at the top of the room.
Using this type of representation in BEACON tends to equalize temperatures
along the surface. The final difference seen is the much wider temperature

variation across the room for Case 4, with both a higher peak temperature
and a lower minimum.

Pressures in Room 4 show trends similar to those in Room 6 for the
same reasons (Figure E-20). The temperatures, however, show a reversal of
results for Cases 3 and 4 (Figure £-21). In examining the printed output
for these cases, it was discovered that .he total water mass
(steam + liquid) in Room 4 was 14% greater for Case 3 than for Case 4.

This was due to liquid transport from Room 6 to Room 4 being greater in the
no-filin case. When film was present, liquid was "trapped" on the walls of
the mesh and was inhibited from traveling with the fluid flow. As a

result, in this case, the greater mass increased the thermal inertia in
Room 4, and the effects of heat removal via heat transfer became somewhat
less pronounced. This resulted in higher temperatures for the no-film case.

In Room 9, pressures and temperatures were not a function of film
presence (Figures E-22 and €-23). This is reasonable since Room 9 was
modeled as a lumped-parameter region and BEACON does not have the option of
film for lumped-parameter regions. Pressures and temperatures were
functions of the use of heat structures in the lumped-parameter case, with
the heat structure option reducing the magnitude of both. This is
consistent with the simpler fluid model used for lumped-parameter regions.

Conducting heat from the volume reduces temperature, and consequently,
pressure.
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A comparison of the BEACON computation times for the D-3 study is
given in Table E-3. The effects of aading film and heat structures to the
no-film, no-heat structure model (Case 1) can be seen by comparing the
computation times for Cases 1 through 4. The addition of film in Case 2
required a large inc--ase in run time (82%). Interestingly, the addition
of only heat structures in Case 3 caused an 11% decrease in computing At
time. This decrease occurred because the average timestep calculated in
Case 3 was larger than that in Case 1. The Courant timestep, upon “thich
the BEACON timestep is based, is inversely proportional to the velocity.
The calculated velocities in Case 3 were lower because of lower driving
pressures, as seen in Figures E-15 and E-20. The addition of both film and |
heat structures (Case 4) required a 100% increase in computation time over :
Case 1. Probably the interactions between the film and heat structure
models require more time cumulatively than the addition of each model
individually.

Effects of Nodalization

In addition to the use of the film and heat structure options in

running BEACON, the user also must select the degree of nodalization to be .
used for the problem. Because of the nature of the finite difference
numerical scheme used in BEACON, increasing the coarseness of the model "

will increase the calculational error in the code. The nodalization study
was used to determine the magnitude nf this error and whether the code
produces higher or lower results with coarser nodalization.

There are two obvious ways to quantitatively biscuss a degree of
nodalization. One is to describe the average cell size for a given
procolem. The other is to define the number of cells used to describe a
particular room. Neither of these is adequate for describing nodalization
f r a two-dimensional code. For example, because of the use of a
two-dimensional numerical scheme with momentum-exchange functions, BEACON
will behave as though form losses exist at junctions with unequal flow
areas, if the inequality is sufficiently modeled in the two-dimensional

134



GEl

TABLE E-3. COMPARISO: CF COMPUTATION TIMES FOR CASES 1 THROUGH 7
Case He at Total No. of Analysis Computation
No. Nodalization Film Structures Interior Cells Time(s) Time(s)
1 Fine no no 138 1.0 2684
2 yes no 4873
3 no yes 2382
4 yes yes 5405
5 yes yes 2.5 13131
(5405 to 1.0 s)
ba Coarse yes yes 48 1.0 1591
6b Coarser yes yes 32 1.0 906
7 Lumped-parameter -- yes 5 55 348

mode 1ing

(148 to 1.0 s)




direction. In short, fine nodalization in both dimensions is required near
flow junctions. For this reason, nodalization for BEACON must be
considered in a two-dimensional form.

The nodalization of Cases 5, 6a, 6b, and 7 is shown in Figures E-2
through E-5. The nodalization was changed only for Rooms 6 and 4, and is ‘
summarized in Table E-4.

Figures E-24, E-25 and E-26 show pressures in Rooms 6, 4, and 9,
respectively, for Cases 5 through 7. The two-dimensional models show
appreciable decreases in pressure in Rooms 6 and § and overpressurization
of Room 9, with increasingly coarse nodalization. The lumped-parameter
case shows sizable overpressurization in Rooms 6 and 4, and lower pressure

in Room 9. All of these are a result of the flow rates through the
one-dimensional regions.

In Cases 6a and 6b, the flow through these junctions was too large.
As the nodalization becomes coarser, the flow rate increases because the
entrance and exit losses at the junctions are no longer adequately
modeled. The lumped-parameter model relies solely on the flow loss
coefficients which have been input and these may be higher than in the
actual experiment. -

Figures E-27, E-28, and E-29 show temperatures in Rooms 6, 4, and 9
for Cases 5 through 7. For Cases 6a and 6b, the trend is the same as for
the pressures, with the exception of Room 4 temperatures for Case 6a. This
was the only case run with the film option enablec¢ in the nozzles. With
film enabled, the heat between the fluid and the nozzle itself was greatly
inhibited, keeping the fluid temperature quite high in Room 4. For the

lumped-parameter case, temperatures were kept at saturation temperature for
the entire problem.
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TABLE E-4. NODALIZATION FOR CASES 5 THROUGH 7.

Room 6

A Case 5 17 x 6

Case 6a 9 x 3

j Case 6b 7 x2
Case 7 Lumped-parameter

Room 4

2 x ¥
3 x6
3% 5

Lumped-parameter
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Figure E-24.

Comparison of effects of nodalization on calculated pressures in Room 6.
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Figure E-27. Comparison of effects of nodalization on gas temperatures in Room 6.
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Comparison of effects of nodalization on calculated gas temperatures in Room 4.
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A comparison of the computation times for Cases 5 through 7 is given
in Table E-3. Significant savings in computing time (83%) resulted from
using the coarser mesh (Case 6b) instead of the fine mesh (Case 5).

Further computation time savings were also obtained by using
lumped-parameter modeling (Case 7) at the expense of accuracy (see

Figure E-24). An analysis of Table E-3 results suggests that BEACON
computation times are directly proportional to the number of interior cells
defined for a problem. This relationship holds only for cases having the
same modeling options.

"Best Estimate" Model Comparisons with Data

The "best-estimate" case selected ror the comparison with test data,
was modeled with fine nodalization, wall film, and heat structures
(Case 5). This model was run to 2.5 seconds and the results are compared
with test data in Figures E-30 through E-35. No comparisons are plotted
for the Room 9 temperatures, since test data were not available. BEACON
saturation temperatures (Ts) were included in the temperature plots
because these were believed to be the values actually recorded by the
thermocouples.

Figure E-30 shows the pressure history in Room 6 for the problem<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>