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The present document deals with Relap5/Mod3.2 analysis of the International
Standard Problem (ISP-42) exercise performed in PANDA facility on April 21-22,
1998. PANDA is installed at PSI (Paul Scherrer Institute). PANDA is a large-scale
thermal-hydraulic test facility suitable for the simulation of passive containment for
Advanced Light Water Reactors (ALWR).

The work focuses phase A of the ISP-42 experiment, including the break in the main
steam line, and the Passive Containment Cooling System Start-Up. The objective is
to investigate the start-up phenomenology of passive cooling system when steam is
injected into cold vessel filled with air and to observe the resulting system behavior. A
detailed nodalisation was set-up at the University of Pisa, in order to model 3-D flow
paths with a 1-D code.

The comparison between pre-test predictions and experimental data is discussed.
Overall time behavior is reasonably well predicted, showing a rather good and robust
overall code behavior in the simulation of the global test scenario. The results of a
preliminary post-test analysis are discussed, including the comparison with the
experimental data.
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1. INTRODUCTION

The evaluation of performance or the assessment and the validation of large thermal-
hydraulic codes and the accuracy evaluation when calculating the safety margins of
Light Water Reactors are among the objectives of international research programs.
Examples are those organized by Committee on the Safety of Nuclear Installation
(CSNI) and the Code Application and Maintenance Program (CAMP)

The demonstration of the quality of the code predictions is connected with the
effectiveness of engineered safety features of the nuclear plants and, eventually,
leads to cost reductions through better design. These activities could also contribute
to the determination of a uniform basis on which to assess the consequences of
reactor system failures in Nuclear Power Plants.

An international team of utilities, designers and researchers is developing the
European Simplified Boiling Water Reactor (ESBWR). The plant is designed to meet
the requirements formulated in the European Utility Requirements Document (EURD)
for future light water reactor power plants, uses the modular design of SBWR passive
safety systems and takes advantage of the economy of scale.

Under this frame, a number of test series to investigate passive safety systems for
the next generation of Light Water Reactors have been performed in the in the
PANDA facility at the Paul Scherrer Institute. The large-scale thermal-hydraulic test
facility allows investigating Passive Containment Cooling Systems (PCCS) and the
long-term containment behavior after a Loss of Coolant Accident (LOCA).

The present work deals with post-test analysis performed with Relap5/Mod3.2 in
predicting a reactor containment under a LOCA transient, as a part of the activity
performed at University of Pisa, in the context of the participation to CSNI
International Standard Problem ISP42.

The objective is to confirm the capability of the analyzed code in reproducing the
relevant phenomena and to optimize the features of nodalization. An additional work
of this subject can be found in ref. [1]

2. DESCRIPTION OF THE EXPERIMENT

2.1.PANDA facility

PANDA is a large-scale thermal-hydraulic test facility for the investigation of
both overall dynamic response and the phenomena of passive containment systems
during the long-term heat removal phase of a LOCA transient, for Advanced Light
Water Reactors (ALWR). After a detailed scaling analysis, power and volumes were
scaled 1:40, while pressure, relevant heights and pressure drops are 1:1.

Fig. 1 shows a diagram of PANDA test facility. It mainly consists of six large
vessels, two dry-wells (DW-1 and DW-2), two wet-wells (WW-1 and WW-2) one
reactor pressure vessel (RPV) containing an electrically heated simplified core and
one gravity driven cooling system tank (GDCS). In addition, three passive
containment coolers (PCC) are located on the roof of the facility, which consist on an



arrangement of pipes submerged in a water pool. The vessels and PCC are
connected each other by system lines.

E31 Stem
r i Nomsn&'htlb-* I

Fig. 1: Scheme of the PANDA test facility for the ISP-42 test

The RPV is a cylinder with a core simulator, which consists of 115 electrically
heated heater elements.

The DW consists of two large cylindrical vessels of 89.9 m3 each, connected
by a large diameter pipe. This is filled with gas, except the amount of liquid water due
to steam condensation. It is connected to the RPV via the two Main Steam Lines
(steam supply to the system).

Each of the tree PCC consist of a PCC unit which is submerged in a separate
water pool, where the bottom of the pool is located 19.8 m above the ground floor.
The PCC unit itself consists of an upper drum, 20 condenser tubes and a lower
collector drum. On its top, the upper drum is connected to the DW by the feed lines,
whereas the lower drum has two connections, one to the vent line and one to drain
line at its bottom. Steam/air mixture enters the top of the PCC unit. The steam part is
then condensed in the tube bundle and drained out of the PCC via the drain line to
the RPV whereas non-condensable gases may be vented via the vent line to the
WW.
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Fig 2: Relap5 nodalisation scheme of PANDA facility
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The WW consists of two large cylindrical vessels of an inner volume of 115.9 m3

each, filled with water to a level of approximately 4 m. Two large diameter pipes connects
each other, one in the liquid phase and one in the gas phase. They are connected to the
DW via the two Main Vent Lines and the Vacuum Breaker Lines, and to the three PCC
units via the PCC vent lines.

Detailed description of the facility can be seen in ref. [2].

3. ADOPTED CODE NODALIZATION

A detailed nodalisation reproducing each geometrical zone of the facility has been
developed (fig. 2). In principle it is suitable for different types of transients.

An special effort as been done in order to model 3-D flow paths with a 1-D code, specially
within big volumes where the flow paths are not well-defined (DW, WW and PCC pools), in
order to allow the movement of the fluid. The general methodology followed for setting up
and qualifying the nodalizations is described in refs. [3] and [4].

4. ANALYSIS OF BLIND PRE-TEST CALCULATION RESULTS

In the present work, the code run considered as a blind pre-test calculation is identified as
S3. This was the final"case of the Blind"calculations and is fully documented in ref. [5]
(however this was not submitted for the comparison report). The S3 code run case differs
from the case submitted for the Blind Phase Comparison Report for not using the
momentum flux in both to'and from'junctions in the volumes of the WW. This reduces
the amplitude of oscillations of levels in WW. This was the base case in the sensitive
analyses shown in this report.

4.1 Comparison between predicted results and experimental data (time trends)

A comparison between predicted and measured trends has been done. Representative
trends are shown in figs. 3 and 4, ref. [7].

System pressurization

Time behavior of pressure constitutes an important quantity for assessing the whole
system from the safety point of view, and will be the main parameter to be analyzed.

The DW pressure follows very closely the RPV one. Similar results have been obtained for
the WW. There is an almost constant pressure difference between the DW and WW,
because of the hydraulic height in the PCCS vent line related to the WW level.

As can be seen in Fig. 3, the overall time behavior is reasonably well predicted. A minor
delay (difference between pressurization start and break opening time) in the DW
pressurization is attributable to the to heat capacities of the system. Later (at around 500
s), the DW pressure slope decreases; this effect is attributable to the DW condensation, as
will be shown in the sensitivity study. The S3 code run slightly over-predicts the pressure
magnitude around these times. In the range of 3000-4000s, the DW pressure slope is
presumed to be due to presence of non-condensable gases. In the final part, a nearly
steady state is reached, and then almost the whole steam produced in the vessel
condenses in the PCC tubes. Pressure reached under the final steady state is largely
affected by the thermal power exchanged through the PCCS. In particular, the pressure
rise stops when PCCS can remove the total RPV power.
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Mass inventories

The decrease of liquid mass inventory in the RPV determines the production of steam
(boil-off phenomenon), which is injected into the two DW. At the beginning of transient,
partial condensation occurs on the DW walls. Toward the end of the transient most of the
condensation occurs inside the primary sides of the PCCS.

Condensation in DW walls is important at the beginning of transient, as already mentioned.
The amount of steam condensation depends on the energy that is needed to heat-up the
walls until they reach their final temperature. By means of a simple calculus, an amount of
approximately -800 kg is needed for both the DW tanks to heat-up the structures. This
represents -30 % of total evaporated RPV liquid.

PCC performance

Calculated heat transfer taking place inside the PCCS is shown in fig. 5. It is positive when
the thermal power is transferred from the pool to the primary side. It depends on
temperature difference between both primary and pool sides (fig. 4), mass flows (fig. 6)
and air concentration.

All three PCCS approximately achieve the same thermal loads(symmetric test). Heat
transfer is affected upon the content on non-condensable gases in the feed flow and
therefore upon their distribution in DW. The PCCS vent line mass flow includes the portion
of the PCCS feed mass flows which is not condensed by the PCCS itself and
consequently does not contribute to the heat removal out of the primary system. The non-
condensable gases are vented in this way to the WW. The three vent mass flows were the
only mass and energy sources for WW during phase A.

Since the experimental mass flow rates have been below the range of the spool pieces
during the whole experiment (below 63 g/s), the experimental results are not valid.
However, the calculated results show that at the transient start the mass flow in the PCCS
vent lines follows the mass flows in the PCCS feed lines (see fig. 6). This implies that the
removal of thermal power from PCCS is relatively small. During this period, there is also
steam from the RPV flowing to the condensers coming directly through the drain line
(about 1000 s since the transient start). Because this steam bypasses the DW, it arrives to
the condenser hotter and with lower non-condensable fraction. This causes a relatively
high heat transfer to the pool in the lower drum of the condenser (see fig. 5). On the
contrary, at the end of transient, the flow to the PCCS vent lines goes to zero and all the
mass flows goes to the condensation line. This implies that the entire steam flow produced
in the RPV is condensed in the PCCS. At this time the system reaches a steady state.

More detailed information about the PCC system performance can be found in ref. [6]
(Post-Test sensitivity studies).

5. POST-TEST SENSITIVITY STUDIES

In order to gain deeper knowledge about the experiment and code performance, a series
of sensitivity studies has been carried out, ref. [7].

The analysis was focused to study the dependence of the DW pressure rising when
different input parameters are varied. The dependence of the delay of DW pressure
increases in the beginning of transient, and the pressure slope till the 3000 s were mostly
considered in the analysis. The following three factors were been considered in the study:

• Heat capacity of the RPV system (Heat capacity of heaters, Water inventory in RPV,
Heating power),
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• Steam dynamics in DW (DW nodalisation),

• PCCS performance (Pool temperature, Heat transfer area).

The most significant differences where found when changing variables related to the DW
nodalisation. The influence of variations in the values of quantities related to RPV system
and PCCS performance was found of lower importance, ref. [7].

The results from two additional sensitivity calculations are considered hereafter:

Case P15. A simplification of the DW nodalisation was considered, modeling the whole
tank with only one node (Fig. 7). A simplification of the PCCS feed lines was also
considered: main vent lines and vacuum breaker lines were removed, as they are not used
in this phase. The results show also good agreement with experiment, and remain very
close to the results of the base case (see also figs. 3 and 4) except for some increase in
the steam lines flows oscillations. This code run allowed us to demonstrate that a
completely mixed fluid in the DW is still a good prediction of the experiment.

Case P16. In the nodalisation, the free volume of both DW and WW is represented by an
external annular part (which is in contact with the thermal structures, descending region for
the fluid), by an internal part (rising region for the fluid) and by different connections
between the two parts. This allows the natural convection of the fluid inside the tanks.
However, the subdivision of volumes between internal and external parts is rather
arbitrary. In order to analyze the sensitivity of this parameter upon the results,
internal/external volume rate in the DW was changed from 1 to 9. The decrease in
pressure slope (respect to the base case) in the interval between 1000 and 2000 s,
approaching to the experimental data can be observed in fig. 3. Other parameters of the
predicted scenario, like the initial delay of pressure rise (related to the experimental value)
and the final value of the pressure are not changed
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5.1.FFTBM application

The FFTBM method was applied in the present study to evaluate, in a quantitative value,
possible improvements in the prediction of the overall system scenario. Detailed
information about the FFTBM method is given in ref. [8]. The FFTBM method has also bee
applied for the quantitative accuracy evaluation of all cases submitted for the ISP, ref. [9].

Table 1 shows the code runs considered for the FFTBM application. P16 case is
compared with the code run S3, base case for the sensitivity analysis. Also the previously
submitted case (A9) is presented.

Absolute values of pressures show a good level of quantitative assurance (< 0.1). Also can
be seen that values for pressures and also final value of AAtot are improved in case P16,
respect to the base case, S3. Nevertheless, S3 case results to be less accurate to the
experimental case than A9, the submitted case.

It should be noted that Weighting Factors (WF) have been proposed mainly for Large and
Small Break LOCA scenarios. Therefore, final values of AAtot shouldnt be taken as
absolute measures of accuracy, only for relative comparison.

It can be observed that a significant improvement of the calculation results is difficult
without important changes in nodalisation.

Param
MP.RP.1
MP.D1
MP.S1
MPG.D1.2
MPG.D2.2
ML.D1
ML.D2
ML.RP1
MLU1
MLU2
ML.U3
MV.MS1
MV.MS2
MV.I1C
MV.P1F
MV.P2F
MV.P3F
MTG.D1.3
MTG.D2.3
DT.U1
DT.U2
DT.U3
Aatot

WF
0.062
0.062
0.062
0.015
0.015
0.040
0.040
0.040
0.040
0.040
0.040
0.012
0.012
0.012
0.012
0.012
0.012
0.094
0.094
0.094
0.094
0.094
1.000

(0-3900s)
A9

0.081
0.083
0.091
0.077
0.412
0.271
0.270
0.057
0.013
0.014
0.018
0.616
0.648
0.540
0.688
0.742
0.702
0.051
0.052
0.215
0.313
0.224
0.178

S3
0.092
0.096
0.104
0.073
0.400
0.268
0.268
0.057
0.013
0.014
0.018
0.660
0.707
0.560
0.530
0.837
0.805
0.053
0.052
0.234
0.339
0.239
0.188

P16
0.078
0.081
0.094
0.067
0.370
0.243
0.183
0.052
0.013
0.014
0.019
0.670
0.706
0.600
0.596
0.862
0.815
0.042
0.041
0.237
0.334
0.237
0.180

(0-5373.6S)
A9

0.053
0.054
0.061
0.051
0.428
0.328
0.327
0.062
0.028
0.029
0.036
0.426
0.456
0.348
0.442
0.460
0.447
0.044
0.044
0.194
0.242
0.193
0.149

S3
0.066
0.069
0.083
0.053
0.424
0.323
0.323
0.060
0.028
0.030
0.036
0.552
0.585
0.383
0.338
0.545
0.524
0.046
0.046
0.200
0.270
0.201
0.161

P16
0.056
0.058
0.074
0.048
0.413
0.304
0.254
0.057
0.029
0.030
0.037
0.548
0.574
0.406
0.372
0.522
0.511
0.036
0.035
0.206
0.258
0.204
0.153

Table 1: Application of FFT based method to case A9, S3 and P16
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6. CONCLUSIONS

During the analysis, a deep understanding of the present phenomenology was achieved.

- PCCS showed to have a good performance during start-up.

- The concept of progressively removing of non-condensable gases from the DW, by
venting them to the WW through the PCCS, showed to be a good design feature.

- Dependence of pressure evolution with different parameters and natural convection
were studied.

Applicability of slide nodalization & vertical split, for simulating fictitiously" natural
convection in large volumes, showed to be a good methodology and allowed a reasonable
simulation the measured'phenomenology. In particular, this also allows the simulation of
3-D flow scenario by a 1-D code.

It could be stated that the adopted RELAP5/Mod3.2 code-nodalisation showed reliability
and good performance in simulating containment phenomenologies under accidental
conditions, as it has been tested with PANDA facility.

A comprehensive comparison between measured and calculated data has been performed
and documented in a different report, ref. [7]. This involved qualitative and quantitative
accuracy evaluation. The FFTBM tool was adopted for the quantitative accuracy
evaluation

Finally, it can be emphasized that the objectives fixed for the present activity, i.e. to
confirm the capability of the code-nodalisation in predicting the relevant phenomena
measured in the PANDA containment experiment and to optimize the features of
nodalisation, have been achieved.
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