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ANALYSES OF 1/15 SCALE CREARE BYPASS

TRANSIENT EXPERIMENTS

Abstiract

RELAP4 analyses of several 1/15 scale Creare H-series bypass
transient experiments have been done to investigate the effect of
using different downcomer nodalizations, physical scales, slip
models, and vapor fraction donoring methods. Most of the analyses
were thermal equilibrium calculations performed with RELAP4/MODS,
but a few such calculations were done with RELAP4/MOD6 and RELAP4/
MOD7, which contain improved slip models. In order to estimate
the importance of nonequilibrium effects, additional analyses
were performed with TRAC-PD2, RELAP5 and the nonequilibrium option
of RELAP4/MOD7. The purpose of these studies was to determine
whether results from Westinghouse's calculation of the Creare ex-
periments, which were done with a UHI-modified version of SATAN,
were sufficient to guarantee SATAN would be "conservative" with
respect to ECC bypass in full-scale plant analyses.

The two major results of this study are that (1) a nonequi-
librium code may be needed to correctly model the dominant flow
phenomena of these particular Creare tests, and (2) results from
a full-scale nodalization developed via K* scaling criteria can-
not be validly compared to the 1/15 scale Creare data. Therefore,
the calculations reported here indicate that Westinghouse's Creare
analysis results have not proven their UHI-modified version of
SATAN will always generate conservative values for ECC bypass.
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1. INTRODUCTION

The term Upper Head Injection (UHI) is used to describe a
relatively new ECC design feature developed by Westinghouse for
use in PWRs having ice condenser containment systems. The UHI
syetem supplements the standard ECC system by delivering coolant,
at room temperature, directly to the upper head of the reactor
vessel from an additional accumulator. The nature of the UHI
system increases the need for adequate thermal-hydraulic code
modelling of such phenomena as top-down quenching in the core,
separated two-phase flow, and transfer of fluid from the upper
head to the remainder of the system. Therefore, Westinghouse
proposed1 several changes to their proprietary SATAN code?
which they would use for licensing unalyses cf LOCAs in UHI-
equipped plants.

The NRC originally asked Sandia tc help evaluate the Westing-
house UHI modifications to SATAN by assessing their effects on
large break LOCA analyses for full scale plants. This was done
by modifying the standard audit tool, RELAP4/MODS,3 to simulate
the new Westinghouse models. A topical report4 has been written
which discusses both those detailed evaluation calculations and
a PWR large-break LOCA audit calculation using all of the UHI
models developed.

Among the new models whose effects were to be evaluated is
the Westinghouse-Zuber UHI-modified slip model. A standard treat-
ment for modelling separated two-phase flow with relative velocity
(slip) between the phases is to have the slip velocity be a simple
function of void fraction, as is normally done in RELAP4/MODS.

For UHI calculations, Westinghouse proposed a drift flux model

for separated flow in which the component volumetric fluxes are
functions of total mass flux, veoid fraction, flow distribution
parameter and drift velocity. The latter two in turn depend on
flow regime, void fraction, fluid material properties and Reynolds'
number. The use of a split downcomer to simulate azimuthal noding
was another part of the UHI model modifications that Westinghouse
developed for SATAN analyses of LOCAs in UHI-equipped plants.

As a follow-on in evaluating these particular SATAN UHI modi-
fications, the NRC asked Sandia to analyze several 1/15 scale
Creare bypass transient experiments (both with and without the UHI
models in RELAP), and to compare the results to those from Westing-
house calculations. If the results proved unsatisfactory, we were
to investigate what additional model changes might be required to
adequately analyze the Creare data. The purpose of this study was
to determine whether SATAN contained suitable features which would
cause a LOCA analysis using that code to always be "conservative",
since Creare experiment analyses with the UHI-modified SATAN had
predicted conservative results.l (The term “"conservative" here
means that the code would predict more cold leg ECC bypass than
would actualiy be expected during a LOCA.)
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The Creare bypass transient tests to be studied (the "H-
series" experiments) are part of a continuing effort to develop
analytical tools and predictive techniques to permit calculation
of lower plenum filling rates, as a function of time, during a
postulated LOCA in PWRs. The effects of countercurrent flow,
lower plenum voiding, steam in the cold leg, and superheated down-
comer walls have all been investigated separately and in combi-
nation under test conditions which included elevated vessel pres-
sure, transient steam flows, transient vessel pressure, and
coupling of reverse core and cold leg steam flows.> A range
of geometric and hydraulic parameters were tested at Creare, in-
cluding two annulus gap sizes, a scaled and a Jeep lower plenum,
and various ECC water temperatures and flow rates. The particular
Creare tests for which Westinghouse performed analyses that are
of interest here will be described in more detail in Section 2.

The Westinghouse SATAN analyses, summarized in Section 3,
consisted of imposing steam flow transients on an isolated PWR-
size lower plenum and downcomer. The results were compared to
the experimentally determined bypass threshold (the time when
water delivery to the lower plenum h»egan) and the rate of water
downflow for the 1/15 scale tests. The SATAN results showed
that the bypass threshold predictions were conservative relative
to the measured data, that the predicted lower plenum filling
rates were slower than the experimental rates, and that the
observed relationship between bypass threshold and steam ramp
rate was preserved.

In the Sandia study, equivalent calculations were done for
both an actual 1/15 scale Creare model and a full PWR scale
model. Two basecase nodalizations were developed, with a single
and a split downcomer respectively, which are described in Section
4. Besides studying the effects of these different downcomer
models, calculations were also done which compared the results
of using the generic RELAP4 slip correlation and the Westinghouse-
Zuber UHI-modified slip model. Most of these calculations were
made using RELAP4/MOD5 and are discussed in Section 5, but calcu-
lations were alsc performed with other thermal-hydraulic codes.
Section 6 g%ves the results of analyses using RELAP4/M0066 and
RELAP4/MOD7/ (both equilibrium and nonequilibrium calculations
were done with MOD7). Results found using the new nonequilibrium
code RZLAP58 are presented in Section 7.

All of the RELAP codes and SATAN are one-dimensional codes.
Since multi-dimensional effects might be important in these analy-
ses, a final set of calculations was performed with TRAC-PD29,
which allows three-dimensional noding of the vessel in addition
to nonequilibrium thermodynamics. These results are given in
Section 8.
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2. DESCRIPTION OF CREARE EXPERIMENTS AND FACILITY

The li-series expe:riments to be modelled were performed at
the Creare 1/15-scale cylindrical elev-ted pressure facility,
with the vessel geometry shown in Figure 1. The vessel is a
0.609 m (24 in) cylinder with an inside diameter of 0.292 m
(11.5 in) and walls 4.44 cm (1.75 in) thick. The core barrel
walls are approximately 3.18 cm (1.25 in) thick, and provide a
downcomer gap size of 1.27 em (0.5 in). The lower plenum is a
hemisphere with « 0.146 m (5.75 in) radius. Four cold legs are
simulated by 7.62 cm (3.0 in) OD and 4.76 cm (1.875 in) ID pipes.
Four hot leg locations are each represented by a sealed-off
region in the downcomer. The broken cold leg discharges into a
containment-simulating separator vessel 0.914 m (3 ft) in diameter
and 2.134 m (7.0 ft) tall, with a volume of 0.946 m3 (250 gal)
below the cold leg. This separator vessel was vented to the
atmosphere during the tests considered, allowing an uncontrolled
depressurization.

The 1.58 cm (0.626 in) ID ECC injection pipes in the intact
cold legs are located 0.277 m (10.9 in) from the vessel inner
wall, at a 60° angle to the cold leqg pipe. For the H-series ex-
periments modelled, each ECC pipe carried 1.255 kg/sec (2.77 1b/
sec or 20 gpm) of 327 K (130°F) subcooled water. Steam entered
the core region through many holes in a manifold pipe extending
into the core barrel. During the bypass transients considered
here, the steam mass flow started at 0.34 kg/sec (0.75 1lb/sec),
large enough to ensure perfect bypass of the injected ECC water,
and was then ramped from this initial value to zero in a given
time, 1, by closing a valve in the steam line. In the first
12, basecase, H-series experiments, the time periond between the
start of the transient and complete valve closure was varied
from 10 to 150 seconds.

Typical results from three such experiments are shown in
Figure 2. Cc. parison of these plots illustrates the effect of de-
creasing the rate of the steam mass flow transient, from a fairly
fast transie-t (1 = 16 seconds) to a fairly slow transient
(t = 104 seconds). The start of lower plenum filling occurred
at greater and greater values of the dimensionless steam flow
J§c (see Appendix 1) as the duration of the transient was in-
creased. The results of all the basecase series of tests are
summarized in Figure 3, in which the dimensionless steam flow
rate at the time water begins to be delivered to the lower plenum
has been plotted against the inverse of 1, which represents
the rate of the jéc transient. Also indicated on the figure
are the no-penetration (i.e., no water delivered to the lower
plenum) and complete-penetration (i.e., all the ECC water de-
livered to the lower plenum) limits of j§c determined from
steady state experiments using the same water flow condition:z,
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Since these transient experiments were started at j&. (0) =
0.325 + 0.025, they were all well above the perfect bypass limit
initially. The fact that the transient data do not fall within
the steady state limits merely indicates that the controlling
flow phenomena are time-dependent. (Further discussion of the
controlling phenomcna is beyond the scope of this document, and
Ref. 10 should be consulted for additional details.)



3. WESTINGHOUSE RESULTS

As demonstration that the SATAN UHI downcomer model conformed
to NRC licensing criteria, Westinghouse performed an analysis that
consisted of imposing steam and water flows on an isolated PWR-
size lower plenum and downcomer. The results indicated conser-
vative predictions of the bypass threshold and the rate of water
downflow relative to the Creare 1/15 scale steady state results
(the no-penetration and complete-penetration limits in Figure 3).
In addition to this steady state data comparison, SATAN analyses
using the UHI downcomer model were also required by NRC for the
Creare transient steam flow tests.

Two approaches were considered for simulation of these tran-
sient tests. A SATAN-UHI model of the Creare 1/15 scale facility
was developed: the input description for this model included the
actual dimensions of the Creare vessel and the experimental steam
and water flow rates. The second approach applied a full-size
PWR downcomer model to the Creare tests, and the results were
then compared via K* scaling (see Appendix I) to the Creare 1/15
scale transient test data. Both approaches included the UHI
drift-flux calculation and the downcomer azimuthal noding repre-
sentation shown in Figure 4. All calculations were initialized
by fixing the steam flow at its initial value from 0 to 4 seconds,
ramping the water flow f.om zero to full flow from 2 to 4 seconds
(the water flow was kept at zero from 0 to 2 seconds), and then
initiating the steam flow ramp as soon as the water flow reached
its full value at 4 seconds. No steady state analyses .ere
performed.

The Creare basecase transient test series was selected for
comparison purposes by Westinghouse because these tests most
closely approached the anticipated plant coolant injection rates
and injection water subcooling. The basecase test series con-
sisted of tests run with minimum vessel wall superheat. From
the entire 12-test series, tests Hl, H5, and H8 were initially
chosen by Westinghouse as reasonable bounds to the expected PWR
transient times.

The most direct approach, transient calculations with the
actual Creare vessel representation, was tried first. The con-
trol volume sizes that were required for this model were extremely
small, due to the small physical size of the Creare test facility,
and computer code stability problems (possibly due to the small
control volumes) were encountered during the water flow ramp,
which terminated the calculation. Meaningful results could not
therefore be obtained through SATAN calculations with this model.
The PWR downcomer model was then used for the transient calcu-
lation. (It should be noted that this model is a representation
of an actual PWR and not a carefully scaled-up Creare vessel.)
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When observed bypass thresholds were compared to the first

PWR-scale SATAN-UHI predictions of tests H1l, H5, and H8, a con-

servative result was oktained only for the Hl calculated transient.

Although the calculated results for H5 and H8 yielded a noncon-

servative prediction of bypass threshold, the filling rate of

the lower plenum was still much slower than indicated in the
filling rate was predicted

"

recorded data. Thus, a "conservative

for all three transient calculations. (This is not surprising
when one realizes that the absolute ECC flow rate obtained usinrg
K* scaling is ~ ¥ 15 lower than the absclute ECC flowrate based

on the Creare 4* scaling, and that while the lower plenum volume
scales as (15)° the ECC flow rate using K* scalina increases

\

oo

only as (15)

The pr2am-ture SATAN prediction of water downflowv for tests

» and HB8 was found to result from differences in the calculated
fluid conditions between the two control volumes modelling the

upper annulus. A wide variation in void fraction with a prefer-
1

ential filling of the intact loop side of the upper annulus and
the resulting lower void fraction within the intact loop side

ntrol volume contributed a significant hydrostatic head com-
pared to the head associated with the break side control volunme.
This hydrostatic head difference was a major factor in da2termining
the steam flow distribution below the upper annulus. Th2 head
lifference acted to redistribute the steam toward the break side
»f the annulus and contributed to an earlier prediction of water

/ downflow on the intact locp side of the annulus.
The void fraction distribution for the upper annulus control

umes is determined in part in SATAN by the horizontal flow

C i between these volumes. The relatively low crossflow

between upper annulus nodes was found to be associated with the

low path modelliing assumption--horizontal flow with no elevation

terms considered. A modification was made in SATAN to the annulus

crossflow calculation to include the density difference between

these nodes in the pressure gradient that drives flow. While

this modification 1s included for all cross flow paths modelled
lowncomer, it has the most impact for the crossflow at the

The simulacions of Creare tests Hl, HS5, and H8 were rerun
with the crossflow modification included, and in addition, tests
H2 and H3 were modelled. The new bypass threshold predictions

were all "conservative" relative to the measured data, as seen

in Figure 5. (In fact, the Hl calculation indicated perfect ECC
bypass, even when the steam flow was identically zero.) The

ower plenum filling rate predicted in the new calculations for
the water accumulation was always less than the measured collec-
tion rate. (As already mentioned, this is only to be expected.)

None of the new calculations show the lower plenum more than
20% full at the end of the calculation.




The lower plenum prussuru“ and void fraction calculated for
the 32-second H5 transient are shown in Figures 6 and 7. Although
the pressure was set to the correct experimental initial pressure
at t = 0 of the calculation, it had dropped substantially by the
time the steam ramp was initiated at t = 4s of the calculation
(which is t = 0 for the experiment). Experimental pressures
(of fset by 4 seconds) are provided for comparison in Figure 6 and
show little agreement ',ith the calculated value for pressure,
which is low at early times and high at late times. The experi-
mental values for the lower plenum void fraction, also offset by
4 seconds, are provided for comparison in Figure 7. (Westinghouse
apparently only offset their calculated end-of-bypass times by 2
seconds, which seems to be an error large enough to reduce their
conservative margin significantly, but not large enough to make
a supposedly conservative calculation nonconservative.)
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4. RELAP4 NODALIZATIONS AND INITIALIZATION

Two basic RELAP nodalizations were used to model the Creare
transient experiments at Sandia. The first, a single downcomer
nodalization, is shown in Figure 8; the core region, lower plenum
and separator vessel are represented by large single volumes,
while the three intact cold legs are lumped together into a
single equivalent volume. The downcomer and break pipe are each
ccmposed of several small volumes. Heat slabs modelling the core
barrel and vessel wall are included, and the containment volume
is held at a constant 1 atm pressure.

The single downcomer calculations were started with an estab-
lishe? steam flow equal to the experimental initial value of
0.75 1b/sec through the vessel and cit the break pipe, with the
lower plenum initial pressure at the specified experimental value.
The ECC water flow was then ramped up to its full 60 gpm value
in 1 second, similar to the Westinghouse initialization procedure.
With only the steam flowing, the system depressurized rapidly.
As ECC flow was introduced, the system pressure fire% increased
and then dropped again as the intact cold legs, upper downcomer
and breaX pipe gradually filled with water. As the steam origi-
nally present in these volumes condensed, the water packi-~
associated with crossing the saturation line in RELAP4 d.ove
pressure waves around the system and caused a discontinuity in
the calculated solution. Depending on parameters such as the
time step size and ECC water pressure and temperature, the run
either terminated abnormally due to water-pack instabilities (as
shown in Figure %), or achieved a smooth solution after the upper
downcomer was filled with subcooled water (Figure 10), whereupon
the system again began to depressurize.

As seen in Figure 10, the lower plenum pressure usually re-
turned to the experimental initial value (27 + 4 psia) twice during
these initialization calculations. At the first point ( ~ 2s), the
upper downcomer was full of saturated water and the pressure con-
tinued to drop, while at the second ( ~ 4s8) it was filled with
subcooled water and the pressure remained constant for a short
time. Ttris second solution was then used as the initial con-
ditions for the transient calculation, after an additional form
loss coefficient of ~ 1.5 was added at the break pipe exit. With
this added form loss, the system remained at a steady state until
the steam ramp was initiated. Without this added form loss coef-
ficient, the pressure began dropping again past ~ 5s as shown in
Figure 10. The single downcomer transient calculations were
thus started with the core region, lower plenum and lower down-
comer filled with saturated steam and the upper downcomer, in-
tact cold legs and break pipe filled with subcooled ECC water
(i.e., perfect bypass), and the steam flow ramp was initialized
with time reset to zero to facilitate comparison with the data.



A second nodalization in which the downcomer is split
two separate, equal-area vertical flow paths was studied in
attempt to model the mul*i-dimensional nature of the downcome
flow more realistically. Open crossflow paths were provided
the various downcomer axial volume stacks, with the only flow
restriction being the hot legs extending through the upper down-
comer. This nodalization is shown in Figure 1l1. The three lumped
0ld legs were replaced by a single intact cold leg entering the
upper downcomer half where the break pipe is located, and by two
lumped cold legs connecting to the other half of the upper down-
omer. The heat slabs representing the vessel and core barrel
were eliminated to i1ncrease calculational speed, since studies

>rmed with the single-downcomer nodalization showed tbh:m to

A negligible effect on results. The rest of the nodalization

unchanged.

irst we attempted to initialize the double~downcomer
ions as we did the single downcomer--with the steam
established at 0.75 1b/sec and the ECC flow ramped up
to 1ts full value over several seconds. In this case,
the water packing did not cause a discontinuous jump in
1; the water simply oscillated between saturated and
onditions around the downcomer. Therefore, an alter-
d of findi initial steady state was found. 2
alization c culations were started with the core region,
plenum and lower downcomer volumes filled with saturated
filled with subcooled ECC water, as calculated by the
lowncomer nodalization. All the crossflow was assumed
ln the upper downcomer; it was set to zero in the lower
T'he ves L pressure was specified to be at 27 psia
Y, ) matct he measured lower plenum initial pressure

" . : = ™ - v " Wy : 1e w - - - -
f 27+4 psia. 'he stea and water fills were run at constant

P il o G

1
A
the upper downcomer, intact cold legs and break pipe

values for o 15 seconds to allow establishment of crossflow
patterns in the lower downcomer. A good steady state was reached
when using this procedure, as seen in Figure 12, and the transient

ations were then started.

t should be noted again thaq for all these initialization
1gle and oubl lowncomer nodalizations), a

arge artificial form loss of was needed at the break pipe
n

1 order to maintai

ations (both sir
:

the vessel ‘essure at the correct experi-

1

iring the state Without the additional
system depressurize nd a good starting condi
11 A3 Tl
114 not




RELAP4/MOD5 TRANSIENT PREDICTIONS

Calculations for the Creare transient experiments described
in section 2 were first Jdone with RELAP4/MOD5. Both a single
and a double downcomer nodal.zation, described in the previous
section, were used. Predictions were made using both the generic
RELAP4/MODS5 slip correlation and the Westinghouse-Zuber UHI-
modified slip model, for both 1/15 scale and PWR-scale vessels.
Various other code changes were also implemented; these included
using a continuous analytic equation of state rather than the
liscrete wa’ 2r property table lookups normally used by RELAP,
and corre:t. . ng the void fraction calculation at junctions to
self-consistently include the flooding curve derived from the

slip "odz2ls in the drift-flux formalism (see Appendix II).

The transient calculations were begun from a perfect bypass
state, and an appropriat: steam flow ramp for the experi-
question was initiated at t = 0, as discussed in the
section. For all but one experimental steam flow tran-
nt modelled with the single downcomer nodalization, complete
C bypass was predicted until several seconds after the steam
flow was totally shut off. This bears old PWR results?® in-
| ECC bypass will not end a single downcomer
odalization un the system pressure below containment
pressur 'he system pressure in these calculations remains
almost constant for the entire transient, dropping abruptly some
seconds after the steam flow is shut off, when penetration of
ECC water begins. The maintenance of a too-high system pressure
can be traced to the form loss coefficient required for the
break pipe during the initialization calculations. A typical
lower plenum pressure is shown in Figure 13, where it is compared
to the experimental data and results calculated using the double
ilowncomer nodalization.

iicati

louble downcome 10dalization was then used to study
eam flow transients: calculations were made using both
RELAP4/MODS5 ip correlation and the Westinghouse-
Zuber UHI-modified slip mode The early time behavior is quite
imi ~ to that predicted using the single downcomer nodalization.
pressure remains almost constant for an extended
time before rapidly decreasing, but the onset of ECC
penetration in the split downcomer calculations occurs before
steam flow reaches zero. Shortly after the pressure dropped

penetration began, the calculations usually terminated abnor-

to either steam table or choked flow table failures

flow rever-

rally associated h water packing and violent

wer plenum this tin e only 5-10% full; the

the y\lculatic : 1 1 1n Figure




The behavior was qualitatively the same for most of the
transients studied, with only a change in the time of the sudden
pressure collapse and the corresponding start of penetration.
Only one split downcomer calculation (for the 10-second Hl tran-
sient) did not terminate abnormelly. The lower plenum pressure
and water mass for that calculation are shown in Figure 15 to-
gether with the results for Hl calculations in which the time
step was reduced. When we cut the maximum allowed time step in
an effort to remove the pressure oscillations, we found that the
original solution was not converged. Unfortunately, the con-
verged solution terminated abnormally, as all the other runs
had, making it clear that these numerical problems are not the
result of convergence problems.

If the sudden pressure drop does 1ndeed always mark the
start of ECC penetration even though the calculations terminate,
then the results of ca

lculations done for various transients
with the two slip models usually bracket the "correct" experi-
mental penetration time (except for very short transients), as
shown in Figures 16 and 17 for test HB and as indicated in the
following table:

Transient Generic Slip Experime

10 sec HI 4 sec ] sec

rious code changes were implemented in an effort to elimi-
nate the anomalous behavior after the start of penetration. Using
equation of state rather than the water property tabu-
I I
l:ally used by RELAP made no appreciable difference
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PWR Scale

"ransient Generic Slip Experiment

10 sec HI 8 sec 7 sec

L6 sec H2 sec 8 sec

16 sec H3 3 secC 8 sec

120 sec H 0 s 32 sec
For the PWR-scale calculations, the UHI-mod fied slip model pre-
dicts the earlier penetration and the generic MOD5 slip model

seems conservative for short transients only. This is opposite
to the effect of these slip models in the 1/15 scale analysis.

Besides studying the conservatism of the various slip models
and downcomer nodalizations, we wanted to examine oscillations
which had been obse
their possible effect

1

rved in the UHI plant audit calculations and

ct on ECC delivery. Generally our calculations
(particularly at 15 scale) terminated just acs hes oscillations
were beginning, but tho full-scale calc ions ¢ occasionally
romplete the transient without code f: ic 22 shows the
mass flow rate in the junction between the lower num and the
lowncomer, for two PWR-scale Hl transient calcula Both slip
models show mass flow oscillations starting at the onset of pene-
tration, but the UidlI-modified slip moldel does prudugv large
>scillations throughout refill while the generic MODS5 slip models
produce oscillations almost an order of magnitude smaller. This
confirms the old plant calculation results®.




RELAP4/MOD6 AND MOD7 RESULTS

The Creare transients were also analyzed using RELAP4/MOD6
and the thermal equilibrium option of MOD7. The split downcomer
nodalization was utilized in the analyses. As seen in Figures 23
and 24 for test H8, none of these calculations showed any change
in the overall systems behavior. The time at which the pres-
sure drop and subsequent code termination occurred agreed with
that calculated using the Westinghouse-Zuber UHI-modified slip
package in MOD5 rather than with the time calculated using the
generic MOD5 slip model. Since the generic slip models in MOD6
and MOD7 consist of different correlations in different flow
regimes (some of which are identical to those in the UHI slip
model), this result is not unexpected.

Calculations were then attempted with the nonequilibrium
option in RELAP4/MOD7. Starting from perfect bypass, it was
found to run very slowly and to yield widely oscillating pres-
sures and junction mass flows even during the first second of
the initialization calculation (when the steam and water fills
were held constant to allow crossflows to be established). When
the calculation was started by ramping the steam and water flow,
it still ran very slowly but did come to a "steady state" perfect
bypass which was very oscillatory (due to water packing) and
usually resulted in an abnormal code termination before the tran-
sient was well underway. However, no additional form loss was

needed in the break pipe to maintain the vessel pressure during
the initialization because the flow out the break pipe was choked.
The calculation, in fact, maintained too high a pressure ( ~ 60
psia) .




RELAPS5 RESULTS

Calculations run with the nonequilibrium option of RELAP4/
MOD7 seem to indicate that the problem of correctly initializing
the Creare transient tests at a perfect bypass steady state with-
out adding artificial form loss coefficients may involve non-
equilibrium effects. Additional analyses were tried with RELAPS,
a fully nonequilibrium code, in an effort to verify this.

RELAPS5/MODO and early versions of RELAP5/MOD1 generally ter-
minated during the initialization due to code errors. These
errors have been fixed in later versions of RELAPS5/MOD1l, since
INEL has adopted our Creare transient model as a test problem.
Results obtained using the current release version of MODl1l are
shown in Figures 25 (lower plenum pressure) and 26 (lower
downcomer-to-lower plenum mass flow These are not transient
calculations - they are still initialization calculations. The
results show the break flow to be nonequilibrium and choked, and
wildly oscillatory. No transient calculations were tried.




In addition to RELAP, we also tried using the TRAC-PD2 code
to predict the Creare transient experiments, since TRAC is a non-
equilibrium code with a multi-dimensional vessel module. The
nodalization used is shown in Figure 27. The vessel is modelled
using five axial levels with each level subdivided into two radial
and four azimuthal zones, for a total of 40 mesh cells. The four
cold legs are each divided into three mesh cells; one cold leg
is connected to a 1 atm break while the other three are connected
to fills representing the ECC injection. Four pipes are used to
ensure symmetric injection of the steam into the four cells of
the core region in the top vessel level.

The calculation was started with the steam flow and water
flow both zero, and the vessel filled with saturated steam. The
steam flow was ramped up to its full value in one second; the
ECC water was ramped up to its full value over the next two
seconds and the calculation was run for an additional few seconds
to verify that a valid steady state (perfect bypass) was reached
before the transient was started. TRAC is the only code which
has proved capable of calculating the initial steady-state con-
litions without using any artificial form loss coefficient or
other assumptions.

The lower plenum pressure seen in a TRAC calculation of the
‘reare Hl transient is seen in Figure 28. The initial system
pressure calculated is too high (31 rather than 28 psia), but
within the uncertainty of 27 *+ 4 psia, and the overall behavior
matches the experiment very well. The lower plenum began to
refill 6 seconds into the 10 second transient as seen in Figure
29, earlier than the experiment which began refill at 7 seconds,
and was completely full by the end of the transient. The calcu-
lation was very slow running, with the 5-second steady state
and 10-second transient requiring about 3 hours of 7600 ccmputer
time.

The TRAC calculation did correctly predict that at the start
>f the transient the flow out the break pipe was choked. This
was due to the presence of a small amount of saturated vapor
rarried along with the subcooled liquid. The penetration time
of 6 seconds found in the TRAC calculation agrees very well with
the 6 second penetraticn time seen for the same 10 second tran-
sient in the only RELAP4 calculation that did not terminate
abnormally. (As previously mentioned, it was one of the split
lowncomer calculations.) The RELAP4 calculated system pressure,
however, is very different from that seen in the experiment and
in the TRAC calculatioa. It not only remains high for long
periods of time, but also lacks the lower plenum pressure oscil-
lations seen in Figure 22 for the TRAC calculation (which are
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al
lations have also been seen in full-scale PV
when done with the UHI-modified slip model i

so present in the experiments). Similar lower plenum oscil-
'R plant calculations
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onset of large flow oscillations, uS! ly by code failure,
as the lower plenum refills. (In the « culation run to completion,
the lower plenum refilled at almost e ly measured f£i ate.)
The high system pressure is maintained by t

efficient added to the break pipe during initialization. Without
it, the initial perfect bypass is not a steady state condition

and the vessel begins to blow down instantly (as, indeed, the

lower plenum pressure trace shown in Figure © indicates was alsc

predicted by the Westinghouse SATAN-UHI calculations)

he large form S 0=

™A

he results were quite different when the RELAI MOD5 model
d up to a full size PWR using K* scaling. 'he SATAN-UHI
slip model predicts earlier ECC penetration than the generic MOD5
] 1

was scale
[

l1ip model and the generic slip model is conservative, although

only for short transients. The vessel pressure decays relatively

smoothly and the lower plenum refill rate is much slower than the

measured experimental value.

No substantive differences were seen for calculations per-
formed with RELAP4/M" .7, until the nonequilibrium option in MOD7
was used. In this cuse, no additive form loss coe

fficient was
needed. The initial system pressure was maintained at a steady,
albeit too high, value because the break flow was in a choked,
nonequilibrium condition. The transient could not be run because
of stability problems. RELAP5/MOD1 had similar stability prob.ems
-=- the system pressure oscillated wildly during the initialization
calculation, whether the water flow was ramped up from zero or
the system was started at perfect bypass. The break flow was
predicted to be choked and nonequilibrium, as it was in the TRAC-
PD2 calculation. Only TRAC-PD2 showed a smooth and well-behaved
initial nonequilibrium choked flow, followed by the proper system
pressure drop during the transient. During the transient, TRAC
correctly predicted that th: lower plenum refilled at exactly
the measured fill rate. All these nonequil ]
ran very slowly.

librium calculations

None of the calculations reported here indicate that the
Westinghouse analysis with the UHI downcomer model has been show
to be conservative. The two major results to emerge are that (
a nonequilibrium code is needed to correctly model the Creare
experiments and (2) results from a full-size PWR downcomer model

cannot be validly compared via K* scaling to the 1/15 scale Cres

| LC

transient tests, which are based on iji* scaling.




APPENDIX I - Scaling Laws

'ne dimensionless variable used in presenting the 1/15 scale
‘reare countercurrent flow test data i1s the Wallis parameter,

iefined as

where mer annulus circumference,
are the steam ar ties respectively, g is
g, 2 is the gas umetric flux (referenced
he downcomer flo

The Kutateladze number

surface tension. Unlike ij* scaling,
scale, but depends

sy 18 the gas-liguid
utateladze number contains no overt length

i

on fluid properties.




- - . " r B E
ER L | = - = o - . .
N _ J ) = g s et < _
D)=
1
» N E N . " 1 - £ om 1 T v . : . y - L r— :
IX II1 - Effect of Flooding on Vertical Junction Void raction

it

wough the vapor volume fraction (void fraction) is basi-

. cally a cell center ("volume") qnantity, any drift-flux code such
E as RELAP must include a prescription for defining its value at a
“ cell boundary ("junction"). This value is used both to calculate

11
a relative velocity and to rvsolv@ the net mass flux
momentum equation) into its liqui

a generalization of the cl >
terms in Eulerian hydrocode
= stability have led .o the ‘r
"donoring." Current versions of RELA

+ o~ t
Hh
»
o
3
-+
Y

and vapor componen

use <:orﬂ:1ruat1un;5 a,f com-
ponent donoring and average values We believe that this problem
1 3
] i

1s implicated in observed stability prcblems with these co

Void fraction and mixture density are equivalent variables.
RO In the absence of slip, stability requires use of the value for

e upstream ("Ewn(n") volume. While slip should not change

N thi iclusion for stronaly cocurrent flow, there is an obvious
probiem IfOr countercurrent or near-countercurrent flow. Séro
insight ly be gained from a characteristics analysis, recognizing

. that the no-slirg %ﬂn;r "oll ls upstream on the material character-

O 1stic. As shown in Re 12 the generalization Qf the material

*haracteristic to a drif ?—‘lux model 1is the continuity-wave
characteristic, so that "donor" should be replaced by "upstream
for continuity waves."

0 " This concept, although derived and stated rather dlffpr»ﬁfly,
s 1s the basis for the Westinghouse model incorporated in SATAN and
in Sandia versions of RELAP modified for UHI analysis. The "donor"

1s to be chosen either as the void fraction in the lower volume,

IgOT: ©Or as that in the higher volume, apgp. 2 continuity wave
travels with the velocity Voy = (3jq/8a)3, where jo is the gas
volumetric flux (superficial velocify), 3 is the total volumetric
s flux, and a is the void fraction. If one assumes that a finite-
T amplitude continuity wave, or "continuity shock," travels with the
- ,] velocity V. s = Ajg / Aa, where Aa aBOoT - arTop and ‘Wq 18
1 the difference in gas fluxes computed with the two void fractions,
B Adq lg (apoTr) - jg (arop). the sign of V.g may be used t
| lefine a donor. The results may be expressed as:
L}
- 1 a If aporT ¢ apop., which is almost equivalent to PROT 2
o prop and corresponds to a gravitationally stable density
- gradient, use that a which gives the lesser upward j,
- and therefore minimizes phase separation. '
"= o 2. If agor > apop, corresponding to a gravitationally
unst ]f ]f? !(3‘7‘51’}! /"r‘{l‘i‘.“.'.‘,, use that 1 whi /‘}» j1ves the

W

jreater upward )4 and maximizes phase



=22

Examination of a few cases will show that this reduces to the
ventional definition of "donor" for strongly co-current flow.

The scheme just described contains a serious flaw. Consider
a situnation involving pure liquid suspended above pure vapor with
no initial vertical motion. This occurs during the complete by-
pass phase of emergency core coolant (ECC) injection or, more
prosaically, «nen a glass full of water is suddenly inverted.
Sooner or later, one would expect the liquid to fell. However,
neither of the cellcenter void fractions, a = 0 or a = 1, pernits
countercurrent flow and the fall must be initiated on numerical
"noise." This is the basic reason that a split downcomer model
is essential for ECC penetration in most of the calculations
described in this report: The fall of liquid can then develop
from a circulatory flow rather than from accumulation of "noise."

This prorlem may be sulved using a generalization of the
argument which led to the previous model. One imagines a continu-
ous variation in void fraction along the path connecting adjacent
volumes, considers the development of this profile in time under
the influence of continuity waves, and takes as the cell-boundary
void fraction that which will ultimately exist after propagation
and interactions of these waves. The result is remarkably simple:
'he Westinghouse result is changed only to the extent that the
entire range of a from apor to apop must be considered in find-
ing a cell boundary a which minimizes or maximizes the rate of
phase separation.

clear that if this generalization allows a solution
from the previous result, the solution must satisfy
). This relationship defines the flooding curve,
locus Of states of two-phase flow tnrough which no continuity-
wave information n propagate.l3 While there are exceptions
(see Fig. 4.4 in Ref. 13) the flooding curve is primarily the
limit of countercurrent flow, and it is thus that it solves our
problem of falling water. Between a = 0 and a = 1, there is a
point on the flooding curve, say ap, which corresponds to zero
net mass flow. The generalized rule will find this value, ap,
as the initial cell-boundary void fraction, and the water will
fall (when pressure differentials permit) in a state of flooding.

While the genesralized rule has further implications, they
are beyond the scope of this Appendix.
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several 1/15 scale Creare H-series bypass transient experiments have
the effect of using different downcomer nodalizations, physical
and vapor fraction donoring methods. Most of the an

alyses were
i,')‘

Iculations performed with RELAP4/MOD5, but a few such calculations
AP4/MOD6 and RELAP4/MOD7, which contain improved slip models. In order
ortance of nonequilibrium effects, additional analyses were performed

brium option of RELAP4/MOD7. The purpose of these

i
ts from We%tirchﬁuse‘: calculations the Creare ex4

periments, 11Ch were done with a u“!—”ui1 1ed version SATAN, were fficient to

Sut
guarantee SAT/ ould be "conservative" with respect to ECC bypass in full-scale plant
anaiy

ytuad

) ]
with TRAC-PI RELAPS5 and the nonequil
lies wa od mine whether resul

two major resul of this study are that (1) a nonequilibrium code may be vpeceu to
jominant flow phenomena of these particular Creare tests, and (2)

-scale nodalization developed via K* scaling criteria cannot be v

y

reare data. Therefore, the calculations reported here
Creare analysis results have not proven their UHI-modified
generate conservative values for ECC OYE
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