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ABSTRACT

This report presents the TRAC-PD2/MOD]1 independent assessment calcula-
tions performed at Brookhaven National Laboratory (BNL) using the Emergency
Core Cooling (ECC) bypass experiments conducted in a 2/15-scale PWR vessel
at Battelle Columbus Laboratories (BCL). Both steady-state experiments
with virious ECC water subcoolings and transient tests with hot wall ef-
fects were simulated. Besides the base cases, several sensitivity calcula-
tions were performed to study the effects of nodalization, particularly the
relative locations of the hot leg penetrations in the downcomer. In addi-
tion, calculations were performed to determine the effect of slight in-
creases in the reverse core steam flow and the associated form losses due
to the hot leg penetrations. Code corrections as received from the code
developers at Los Alamos National Laboratory (LANL) were also incorporated
during this study.

The TRAC-rD2/MOD]1 code results were found to be highly sensitive to no-
dalization and other input parameters. Thus, good agreement with the ex-
perimental data could be fortuitous. However, the code does calculate a
strong multidimensional flow behavior in a PWR downcomer during the refill
period, and has the potential to be a very useful tool for best-estimate or
realistic analysis of PWR larqge break LOCA.
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EXECUTIVE SUMMARY

The TRAC-PD2/MOD]1 code, which is an updated version of the TRAC-PD2
code developed at Los Alamos National Laboratory (LANL), has been assessed
at Brookhaven National Laboratory (BNL) using the ECC (Emergency Core Cool-
ing) bypass experiments conducted at Battelle Columbus Laboratories (BCL).
As a best-estimate PWR LOCA code, TRAC-PD2/MOD1 is expected to accurately
predict all three major stages, namely, the blowdown, refill, and reflood,
of a large-break LOCA in a PWR,

The objective of the present study is to assess the capability of TRAC-
PN2/MOD1 in predicting the refill stage, i.e., the lower plenum filling
rate after the ECC water is injected into the cold legs of a PWR system.
The ECC water penetration rate (or the lower plenum filling rate) depends
on the water injection rate, water temperature (or subcooling), reverse
core steam flow rate, system pressure, and equipment size or scale. More-
over, the process of water penetration is the result of many interacting
phenomena such as countercurrent flow limitation (CCFL), direct-contact
condensation, steam generation due to hot walls, and asymmetric (multi-
dimensional) flow behavior. Thus, an accurate prediction of the ECC-bypass
test is a formidable task for any code.

A large number of steady-state and transient ECC-bypass experiments in
a 2/15-scale PWR vessel were conducted at BCL., Two series of steady-state
tests and one transient test were chosen for simulation with the TRAC-
PN2/MOD1 code at BNL:

(i) Test INs = 26715 and 26719 (steady-state tests with "low"
subcooling)
(i1) Test INs = 26502 and 26505 (steady-state tests with "high"
subcooling)
(111) Test ID = 29302 (a transient test with "hot" wall).

- xX1 -



Besides the base cases, several sensitivity calculations were performed to
study the effects of nodalization, particularly the relative locations of
the hot leqg penetrations in the downcomer. In addition, calculations were
performed to determine the effect of slight increases in the reverse core
steam flow and the associated form losses due to the hot leg penetrations,
Correcticons as received from the code developers at LANL were also incor-
porated in the code.

The major conclusions from the study are the following:

1. The TRAC-PD2/MOD1 code may predict the ECC bypass (or ECC delivery
into the lower plenum) during a PWR large-break LOCA with reason-
able success. However, the code results are highly sensitive to
nodalization and the relative locations of the hot leg penetra-
tions in the downcomer annulus. This precludes making any firm
statemerdt ahout the code accuracy and providing user quidelines
for PWR LOCA studies.

Zs The code does calculate a strong multidimensional flow behavior
expected in a PWR downcomer during the refill stage of a large
break LOCA. Thus, the code has the potential to be a very useful
tool for best-estimate or realistic analysis of PWR large break
LOCA.

It is recommended that the code developers at LANL reexamine the code
very carefully for possible coding errors. The constitutive package should
be scrutinized again because some of the correlations as used in the code
are node-size dependent, Also, various nodalizations, particularly various
relative locations of the hot leg penetrations, should be attempted while
applying the TRAC-PDZ2/MOD1 code to the PWR large-break LOCA analysis in
order to investigate their effects on the predicted peak clad temperature
(PCT),
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Finally, Fiqure 4.9 shows the comparison of the average liquid penetration
rate for Test INs = 26716 and 26719. Reasonably qood aareement between the
test data and TRAC-PD2/MOD]1 prediction has been obtained with the chosen nodal-
ization., The effect of nodalization will be further discussed in Chapter 5,

4,1.2 High ECC Water Subcooling Tests

Figures 4.10 through 4,13 show the comparison between the measured and
predicted values of break mass flow rate, fluid density in the broken leg,
lower plenum water level, and lower plenum pressure for Test [D = 26502, As
shown in Table 2.1, most of the ECC water injected was delivered into the lower
plenum. TRAC also predicted this complete water delivery without a bypass sit-
uation as measured in the experiment, It can be seen from Figure 4,10 that
virtually no water was predicted to be bypassed; on the contrary, steam from
the containment was occasionally sucked into the pressure vessel, This was
caused by a somewhat lower calculated pressure in the vessel as a result of
steam condensation on highly subcooled ECC water. Therefore, the TRAC-predict-
ed water delivery rate was slightly higher than that measured in the experi-
ment .

The situation was completely different for Test ID = 26505. In this test,
the reverse core steam flow was high enough to bypass most of the ECC injec-
tion. Thus, the water delivery rate into the lower plenum was very small., The
comparisons between the measured and predicted values of the pertinent para-
meters for this test are shown in Figures 4.14 through 4.17. Unlike the three
preceding calculations, TRAC did not correctly predict the experimental trend
for this test., The code severely underpredicted the break flow rate (Fiqure
4.14) and overpredicted the lower plenum filling rate (Figure 4,16). However,
this is consistent with the underprediction of lower plenum pressure as shown
in Fiqure 4,17. It seems that overprediction of condensation rate caused the
underprediction of pressure which, in turn, caused excessive water delivery in-
to the lower plenum,
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Figure 4.17 Comparison Between the TRAC-PD2/MOD1 Prediction
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A few more calculations were performed to study the code sensitivity to
reverse core steam flow rate., KXeeping everything the same as in the previous
calculation for Test ID = 26505, the reverse core steam flow rate was increased
in steps of 2% until the code predicted a complete bypass situation. With only
a 4% increase in the steam flow rate, the code did predict a complete bypass
condition, This demonstrates that for high ECC water subcooling (~95°C),
TRAC-PD2/MOD1 may switch from an almost ECC-delivery to a complete ECC-bypass
situation with just a slight increase in the reverse core steam flow., In other
words, the code may predict an on-and-off-type ECC water delivery behavior for
high FCC water subcooling typical during a large-break LOCA in PWRs, Finally,
Figure 4,18 shows the comparison between the measured and predicted average
water penetration rate for Test [Ns = 26502 and 26505 including the sensitivity
runs.

4,2 Transient Experiment

As mentioned earlier, the transient Test ID = 29302 with hot walls was al-
so simulated with the TRAC.PN2/MON]1 (Version 27.0) code with BNL corrections,
Also, three different modeling choices were made regarding the two hot leq
plugs physically present in the downcomer annulus: (a) no hot leg plugs, (b)
hot leg plugs inside cells, and (c) hot leg plugs on cell boundaries. A
lumped-parameter heat slab model was used to simulate the vessel wall as this
was the only option available in the TRAC-PD2/MOD1 (Version 27.0) code. The
core steam flow rate and the containment pressure were specified as shown in
Figure 2.2(a) and (b)., ECC water injection at a rate of 22.52 kq/s began at
11.5s into the transient, Several key variables were monitored and they are
compared with the experimental data in Fiqures 4,19 through 4,22,

Figure 4,19 shows the lower plenum water level as a function of time,
Three TRAC predictions for water level (or plenum filling rate) were somewhat
different from one another, but it is encouraging to see that all three calcu-
lations showed reasonable agreement with the data, The calculations did pre-
dict a delay in water penetration due to the hot wall effect, i,e,, extra steam
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generation because of high initial wall temperature. The calculation with no
hot leg plug shows an almost steady refiil process, whereas the calculations
with hot leg plugs (either inside the cells or on the cell boundaries) show
variations in tke filling rate with time. Furthermore, the calculation with
the hot leqg plugs on the cell boundaries yielded a larger refill rate than that
with hot leg plugs inside the cells, This is to be expected, because in the
former case, the hot leg plugs block the water flow in the azimuthal direction
and help the water to flow downwards. This will be further discussed later in
this section.

The predicted pressures in the lower plenum are compared to the measured
values in Figure 4.20, The results of all three calculations were quite close
to one another; however, all of them overpredicted the pressure during
12 ¢ t < 20s. The same trend can be seen in Figure 4.21 where the calculated
volume-averaged fluid temperature in Cell 5 of Level 6 is compared to the ex-
perimental data. With some liquid in the cell, this temperature was only a few
degrees above the saturation temperature corresponding to the pressure shown in
Figure 4,20, Therefore, the calculations seem to be self-consistent, and the
discrepancies are most probably due to the lumped conduction model for vessel
heat slabs. Because of the lumped model, the heat transfer rate from the ves-
sel wall was overpredicted which generated more steam and a higher pressure in
the vessel. This notion is supported by Figure 4,22 where the predicted vessel
surface temperature at axial Level 6, azimuthal Cell 5, is compared with the
data. Because of the lumped treatment, the predicted surface temperature which
is the same as the mean wall temperature remains higher than the data until t >
20s.  Therefore, the driving potential for heat transfer, Tgurface=Tfluids
is higher which results in the higher heat transfer rate and the nigher pres-
sure in the TRAC calculation,

As shown in Fiqure 4.19, the calculation with no hot leg plug indicates an
almost steady filling rate, whereas the other two calculations show variations
in the penetration rate. To improve our understanding of this behavior, the
predicted 1iquid and steam flow directions in the downcomer annulus were mapped
at various points in time.
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Figures 4.23 and 4,24 show the predicted liquid and vapor flow directions
and the void fraction distribution in the downcomer annulus (unwrapped) for no
hot leg plugs at 18.4 and 22.4s, respectively. The water penetration rates
were 9.8 and 11.9 kg/s, respectively. Both figures are quite similar regarding
the flow directions and the void distribution. ECC water was predicted to be
penetrated only through the azimuthal sector 5 which was diagonally opposite to
the broken leg (located at azimuthal sector 7). Most of the water injected
through the cold legs in azimuth.l sectors 6 and 8 were predicted to flow in
the azimuthal direction and out through the break because of steam updraft and
proximity to the broken leg. The void fraction distribution also shows consi-
derable water presence in the axial level 9 (although not completely filled
with water) and in all levels in the azimuthal sector 5. Most of the other
cells were almost completely filled with steam. It is interesting to note that
steam was predicted to flow upwards in all azimuthal sectors except in the 5th
sector where both co-current and countercurrent flow situations were predicted.
In general, the predicted flow directions and void distributions look reason-
able from a qualitative viewpoint, and the calculation demonstrated the multi-
dimensional feature of the ECC-bypass phenomenon,

Figqures 4,27 through 4,28 show similar maps for the TRAC calculation with
the hot leg plugs inside the cells., It can be noted in Figure 4.19 that this
calculation showed an extended period (20 < t < 28,5s) of little water penetra-
tion into the lower plenum, Before this period began, i.e., t < 205, the flow
behavior in the annulus was very similar to that without hot leg plugs. This
can be seen by comparing Figure 4.25 where the results at t=18,32s are shown,
with Figures 4,23 and 4.24, However, at t > 20s, the water bypass rate in-
creased and the flow behavior in the annulus changed significantly. This is
shown in Figures 4,25 and 4.27 where the flow directions and void fractions are
mapped for t = 22,29 and t = 26.42s, respectively. Notice that there was
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significant storage of water in the upper levels of the downcomer. The small
amount of water that was able to penetrate was either through the 8th or 5th
azimuthal sector., At t = 28.5s, the ECC water began to penetrate again and the
flow behavior became similar to that at t < 20s. This can be seen by comparing
Figures 4.25 and 4,28, It should be noticed that during significant water pen-
etration (Figures 4,25 and 4.28), the flow is mostly co-current downwards in
the 5th azimuthal sector, whereas it is mostly countercurrent in the same sec-
tor during ECC bypass (Figure 4.27).

Finally, the flow directions and the void fraction distribution for the
calculation with hot leg plugs on the cell boundaries are shown in Figures 4,29
through 4.32 for t = 18.31, 22.29, 26.51, and 27.71s, respectively. Since the
plugs were blocking 98% of the flow area in the azimuthal direction (at axial
Level 8) between Cells 8 and 5, and Cells 6 and 7, very little water or steam
could flow across these boundaries. This created an adverse condition for the
ECC water bypass, and thus 1y favorable situation for water penetration into the
lower plenum, This explains why the lower plenum filling rate for this calcu-
lation is larger than that for the hot leg plugs inside cells (see Figure
4,19). As before, the flow directions and void fraction distribution look rea-
sonable qualitatively, and the calculation shows the multidimensional feature
of the ECC-bypass phenomenon.

In spite of TRAC's success in predicting a reasonable plenum filling rate
for Test ID = 29302, a number of unresolved issues remain. For example, which
of the three choices for modeling the physically present hot leq plugs or pene-
trations should be recommended? Why did the TRAC prediction for lower plenum
water level keep rising even though the steam flow rate was raised at t = 26s
and the data showed a constant level beyond 27s (see Figure 4.19)? Why did
TRAC predict a reasonable penetration rate even though the wall-to-fluid heat
transfer rate and the extra steam generation rate were probably higher than
that in the test?
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0,0R
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0.0F
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0.12497E
0,0€
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