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Abstract

The present paper discusses the application of the code-nodalisation to the analysis of
experiments performed in the UPTF and the PANDA facility available in Germany and in Switzerland,
respectively. The UPTF simulates all the internals of the reactor pressure vessel of a Pressurized Water
Reactor with 1/1 scale of the geometric dimensions (diameters and lengths). The PANDA simulates the
containment system of a Simplified Boiling Water Reactor and the vessel of the reactor. The
considered experimental data base includes the occurrence of three-dimensional phenomena that are
relevant to the refill phase of a large break Loss of Coolant Accident in a PWR and to the coupling
between primary system and containment performance in a SBWR.

The application of the code also required to adapt and to extend the methodology for
nodalisation development. The results from the qualitatively point of view are satisfactory as far as the
performance of code-nodalisation is concerned and do not show any important code limitation. They
also confirm the suitability of the code for applications in the nuclear technology. However, this
conclusion should be considered as preliminary because of the lack of independent proofs.

1. INTRODUCTION

The implementation of a nuclear program in any country requires the availability and the use of
advanced techniques in order to ensure the safety and the economic operation of the nuclear power
plants. The capability to perform complex accident analyses is part of the above. The Relap5 code
constitutes one of the computer tools, widely diffused, that can be effectively used to demonstrate the
safety margins for the operation of any water-cooled reactor, i.e. whatever is the size or the power of
the system. To this aim, wide range research activities have been completed and the code is
unanimously judged by the international technical community as mature for proving the safety of the
existing plant and of the plant designs. The recent availability of experiments performed in large scale
facilities makes it possible the confirmation of the code capabilities in a range of geometric parameters
closer or corresponding to those expected to characterise the transients in actual nuclear systems. This
is especially true in relation to the occurrence of three-dimensional phenomena at low pressure largely
affected by the diameters of the concerned pipelines and vessels.

A number of research activities have been conducted at the DIMNP (Dipartimento di Ingegneria
Meccanica, Nucleare e della Produzione) of the University of Pisa aimed at the demonstration of the
qualification level of the system codes suitable for the licensing and the design of the Nuclear Power
Plants. In this area, procedures for the consistent code assessment, ref. [I], for the qualitative and
quantitative evaluation of uncertainty, e.g. refs. [2] and [3], and finalised to the evaluation of the
uncertainty, i.e. the error expected to be associated with any computer code calculation results, e.g. ref.
[4], have been proposed. The uncertainty methodology discussed in ref. [4], as well as the more recent
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development that allows the internal assessment of the uncertainty, are all based upon the error made in
the comparison between relevant experimental data and code predictions. In particular, the internal
assessment of uncertainty makes it possible the automatic association of uncertainty bands with a
generic code calculation, e.g. ref. [5],

All of the above research activities, as also stigmatised by reports issued by the international
Organisations in this area (therefore agreed by the international technical community), e.g. refs. [6] to
[8], suffer of a limitation or deficiency that cannot be removed by a theoretical approach. The
deficiency lies in the lack of demonstration that the possible acceptability of the code, verified in the
front of small scale experiments, can be extended or extrapolated up to a geometric scale that includes
the dimensions of actual NPP. This is true notwithstanding the wide range researches connected with
the scaling issue that have been completed, e.g. see refs. [9] to [11].

In the present paper, an outline is given of the results achieved from the recent application of
one system code, that is the Relap5 code, ref. [12], to experiments performed in large scale facilities.
The considered facilities are UPTF, ref. [13], and PANDA, ref. [14], simulators of PWR with a volume
scaling factor equal to 1 and of the SBWR containment with a scaling factor approximately equal to
1/20, respectively. These facilities cannot be considered as ITF (Integral Test Facilities), though
sometimes are classified as such. The reason is that not all the systems that are part of the reference
NPP are part of the experimental mockups. Rather, these should be classified as SETF (Separate
Effects Test Facilities) suitable for simulating the behaviour of selected physical zones of the reference
NPP during limited time intervals. In addition, the experimental program of the UPTF is finalised to the
thermohydraulics of the ECCS (Emergency Core Cooling Systems), i.e. the classical objective of the
considered code development. On the other hand, the experimental program of PANDA is focused
toward the containment behaviour, also addressing the issue of the interaction between containment
and primary system. Therefore, in both cases, the measured phenomena are outside the validation range
of parameters assessed so far and, in the case of PANDA, some of the phenomena under examination
can be considered outside the original target for the development of the code.

The purpose of the paper is the demonstration that errors in predicting relevant quantities are
not larger than typical errors done in predicting phenomena in smaller (as far as volume is concerned)
scale facilities. The stated purpose can be reached more qualitatively than quantitatively, owing to the
limited resources available so far for a quantitative analysis and, in the case of PANDA, to the limited
availability of information from the experimental side, at present.

2. OVERVIEW OF UPTF AND OF THE CONSIDERED EXPERIMENTS

The UPTF has been constructed and managed in the framework of the so-called 2D/3D
agreement between Germay, US and Japan.

The UPTF (Upper Plenum Test Facility) is a full scale simulator of the primary system of the
four loops 1300 MWe Siemens/KWU Pressurized Water Reactor installed at Graferheinfeld. A sketch
of the system is given in Fig. 1 from which an idea of the main dimensions of the facility can be
derived. The vessel interior including the upper plenum internals, the upper head and the lower plenum
are replicas of the corresponding components of the reference plant. The same is valid for the piping
connected with the pressure vessel including the hot and the cold legs. However, important components
of the PWR like the core, the coolant pumps, the steam generators and the containment are replaced by
simulators designed to reproduce the thermalhydraulic performance of these systems. End of
blowdown, refill and reflood phases of a Large Break LOCA (Loss of Coolant Accident) are transient
scenarios selected for the simulation in the UPTF. The ECCS simulators are configured in the facility
to reproduce the various ECCS configurations of German, US and Japanese PWR.
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Fig. 1 -Sketch of the UPTF, rcf. (13].
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The core simulator consists of 17 pipes for both steam and liquid injection. The main injection
pipes are subdivided into a total of 193 steam/water injection nozzles simulating each fuel assembly of
the reference plant. The injection nozzles are installed one below each dummy fuel assembly that
represent, in a 1/1 scale (number and diameter of pins), the top half meter of the fuel elements of the
reference core. Regulating the steam flow in each nozzle allows the simulation of the core radial
peaking.

Each of the three intact loops contains a steam generator simulator. The flow resistance of the
reference steam generators is preserved.

The containment simulator is designed to reproduce the containment back-pressure history
following a LOCA.

2.1 Considered experiments

Several tens of tests have been performed in different experimental campaigns. Phenomena like
flooding, countercurrent flow limiting, stratification in horizontal pipes, mixing in liquid and with
presence of steam, formation of plumes of cold liquid into the downcomer, have typically been
investigated in a 'full' 3D geometry.

The attention is focused hereafter to the global system behaviour during three experiments or
phases of what are called experiments in the UPTF research, ref. [13]:

• The test 5A consisting in a blowdown starting from (nearly) the maximum pressure
achievable in the facility.

• The run 200 test 7 (hereafter identified as run 200/7): starting from a low pressure situation
typical of the end of blowdown with a 100% break in the broken loop, saturated or nearly
saturated liquid is injected by LPIS in two of the three intact loops.

• The run 131 test 6 (hereafter identified as run 131/6): starting from conditions close to those
depicted at the item above, subcooled liquid and nitrogen is injected in the three intact
loops.

In the case of the test 5 A the main objective was to characterise the depressurisation and the
interaction inside the downcomer between the downflow of liquid injected by the ECCS and the upflow
of the saturated steam water mixture caused by the lower plenum vaporisation consequence of the
break opening.

The main objective of the run 200/7 was the study of the 'mechanical' interaction between
liquid and steam during the refill phase of a large break LOCA.

The main objective of the run 131/6 was the study of the 'thermal' and 'mechanical' interaction
between liquid and steam during the refill phase of a large break LOCA. Nitrogen was also injected to
account for incondensable gas coming from accumulators.

The initial conditions, the imposed sequence of main events and relevant boundary conditions
can be seen in Tabs. 1 to 3.

Run

Pressure in downcomer
[MPa]

Level in lower plenum

M

5A

1.8

1.75

131/6

0.25

0

200/7

0.25

1.5

Tab. 1 — Simplified list of initial conditions for the considered UPTF experiments.
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Run

Test start
Start of steam injection into the core simulator

(simulation of core power)

Start of steam injection into the steam generators

(simulating the heat release from SG)

Start of nitrogen injection (simulating
accumulator discharge)

Start of ECCS injection, liquid in Cold Legs
[CLs]

Break valve opening
End of the test

5A

0

23

24

29
100

131/6

0

33

33

38

45

0
112

200/7

0

29.5

CLl
CL2
CL3

38

205
0

" 374.5

Tab. 2 - Simplified list of imposed sequence of main events for the considered UPTF experiments
(all timings are given in seconds).

Run

5A

131/6

200/7 part I

200/7 part II

200/7 part III

200/7 part IV

200/7 part V

Gs

[kg/s]

...

396

104

54

102

102

150

GN2

fcg/s]

0.33

1

GL,CL1

[kg/s]

508

478

494

736

735

500

700

^JfL,CL2

[kg/s]

507

485

30

...

[kg/s]

506

488

...

...

...

500

r*q
177

59

20

7

22

22

22

Tab. 3 - Simplified list of boundary conditions for the considered UPTF experiments.

With reference to the symbols in Tab. 3, G is the mass flowrate and ATsat is the difference
between the temperature of the injected liquid and the saturation temperature corresponding to the
initial pressure of the experiment. In relation to the indexes, 'S', 'L' and 'N2' identify steam, liquid and
nitrogen flowrates, respectively. Finally, CLl to CL3 identify the injection location in cold leg 1 or 2 or
3. From the same table it may be noted that the run 200/7 consisted of five different parts: at the end of
each part a quasi-steady situation was attained.
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The information reported in Tabs. 1 to 3 gives an idea of the test conditions and of the evolution
of the transient. However, a much wider database is necessary to perform the analysis by system codes.
Additional data can be derived from refs. [13], [15] and [16].

3. OVERVIEW OF PANDA AND OF THE CONSIDERED EXPERIMENT

PANDA is a scaled thermal-hydraulic test facility for investigating passive decay heat removal
system for the next generation of Light Water Reactors, ref. [14]. Six cylindrical pressure vessels
represent the GDCS (Gravity Driven Cooling System) tank, the Reactor Pressure Vessel, the DryWell
(DW) and the WetWell (WW). Four pools open to the atmosphere contain three Passive Containment
Coolers (PCC) and one Isolation Condenser (IC). Both DW and WW are simulated by two vessels: the
two DW vessels are connected by a large diameter pipe, the WW has two large interconnecting lines,
the first in the gas space and the second connecting the suppression pools, i.e. the space occupied by
liquid. System lines interconnect the vessels, the pools and the condensers. This arrangement allows for
investigation of three-dimensional phenomena (such as the distribution of steam and non-condensable
gases and mixing within the containment), and provides flexibility to investigate a variety of system
design and passive decay heat removal methods.

After a detailed scaling analysis, power and volumes were scaled 1:40, while elevations, pressure
and pressure drops were scaled 1:1. Prototypical fluids under prototypical thermodynamic conditions
were used in all tests, except that the nitrogen filling the DW has been substituted by air, and the
injection of helium simulated the release of hydrogen in the case of a severe accident.

The PCCS removes the long term heat decay from the Drywell (DW) employing three heat
exchanger, installed inside pools located on the upper part of the reactor building and permanently
connected to the DW, from which a mixture of steam and non-condensable gases may enter the
condensers. The steam will condense and drain to RPV, while gases must be vented into the
Suppression Pool (SP) in the Wetwell (WW) to assure the proper operation of condensers.

The gas space above the GDCS pools is connected to the WW gas space, so this increases during
the GDCS injection phase, providing a lower peak pressure of the system during the accident.

A sketch of the facility in the configuration utilised for the considered experiment, i.e. Phase A of
the International Standard Problem (ISP) 42, is given in Fig. 2, ref. [17].

3.1 Considered experiment

Several tens of tests have been performed in different experimental campaigns, as in the case of
UPTF. Phenomena like injection of steam into air filled vessel, gravity driven discharge of cold water
into saturated vessel, steam venting from large dome, heat transfer, mixing and natural convection in
pools, have been investigated.

The considered experiment constitutes one of the six phases foreseen for the International
Standard Problem 42, as detailed in ref. [17]. The passive start-up of the cooling systems (PCC) is
foreseen originated by the start of the injection of steam from the RPV simulator into the drywell.
Specific or local phenomena like air/steam venting from DW to the WW, gas mixing and stratification,
steam condensation on the walls for a variety of gas temperatures and velocities, are foreseen. A
simplified list of boundary and initial conditions is given in Tab. 4.
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Fig. 2- Sketch of the PANDA facility in the configuration used for ISP 42, Phase A, ref. [17].

Quantity

Test initiation

Test end

RPV pressure
RPV mass inventory
WW mass inventory

PCCS pool temperature
Building temperature

Core power

Unit

s

s

MPa
Kg
Kg
K
K

Kw

Value

0

6000

0.1208
5860
84630

368
301/296
1000.6

Notes

Switch-on of the RPV power
Or pressure less than 15 Kpa
in both drywell

Top/bottom
Average during the test

Tab. 4 - Simplified list of initial and boundary conditions for the considered PANDA experiment.
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4. NODALISATIONS

The standard/official Relap5 code, made available by the US NRC in the frame of the CAMP
(Code Assessment and Maintenance Program) agreement has been utilised. However, different code
versions have been applied to the two experiments.

The development and the qualification of the nodalisations and the procedure for carrying out
the comparison between experimental data and code calculated results followed, as far as possible, the
criteria given in refs. [18] and [1]. Sketches of the developed nodalisation and more details about their
features can be found in ref. [15] related to UPTF and in refs. [19] and [20] related to PANDA. In both
cases, more than one thousand hydraulic nodes and about five thousands meshes for conduction heat
transfer are part of the input deck.

The following should be noted related to the UPTF noding:
• Eigth paralled downcomer stacks have been considered for UPTF. These are connected by "cross

junctions" where appropriate form losses coefficients have been used.
• Four cold legs depart from the downcomer: therefore, two downcomer stacks are associated with

each cold leg.
• Four parallel zones are distinguished in the upper plenum and are associested with each hot leg:

bypass fow paths connect the upper plenum and the downcomer regions corresponding in the
azimuthal direction.

• An annular region and a central region are distinguished for the lower plenum. Therefore mixing in
the RPV (reactor pressure vessel) may occur in the lower plenum and in the downcomer.

The following should be noted related to the PANDA noding:
• Each of the four vessels of the facility simulating the DW and the WW has been nodalised by two

parallel stacks. A central stack where an ascending current of the concerned fluid is allowed (no
connected structures) and an annular/peripheral stack with all 'cold' structures simulating the walls
of the facility. In this way, a chimney effect and therefore a natural convection loop are artificially
constituted.

• The technique described above has been used to nodalise the cooling pools for the heat exchangers
of the PCCS. In addition, four parallel hydraulic paths (or pipes) are adopted to nodalise the
primary system of the PCCS.

• Two parallel pipes have been used to nodalise the horizontal connections between DW and WW. In
this way, at a given time, countercurrent flows of the same fluid phase are allowed between
hydraulic zones at the same elevation.

5. ANALYSIS OF ACHIEVED RESULTS

When analysing the comparison between two complex sets of data as those measured in
facilities like PANDA and UPTF and those calculated by a 'larger-than-one-thousand' nodes
nodalisation, different phases of the analysis should be distinguished. These include qualitative system
behaviour (involving subjective judgement), quantitative accuracy evaluation (tools similar to what
used in ref. [2] can be used), analysis of global system performance and of local phenomena. Such a
comprehensive analysis has not been performed in the present framework that is limited to the study of
the global system performance.

All the discussed results outcome from 'blind' analysis, as far as possible. In particular, the
application of Relap5 to the UPTF experiments has been completed following an extensive analysis
performed by Cathare code, as documented in ref. [16]. This implies that the experimental system

296



scenarios were known before developing the nodalisation. However, no feedback existed between the
comparison experimental-calculated data and the input deck. In the case of PANDA, the reported
results outcame from the participation to the 'blind' phase of the ISP-42. However, data from other
experiments performed in the same facility were available at the time when the nodalisation was
developed.

Results related to the test 5A performed in-UPTF are shown in Figs. 3 to 5. Discrepancies
between measured and calculated trends at the beginning of the transient (pressure trend, Fig. 3) and at
about 50 s into the transient (break flowrate trend, Fig. 5), are originated by inadequate simulation of
the assigned boundary conditions. Reverse flow occurs at the break owing to containment pressure, in
the calculation, that results larger than the pressure at the break location. Two collapsed levels bound
the measured RPV level in Fig. 4 apart from the period between 25 and 50 s. The calculated values are
computed on the core side and on the downcomer side (CNTRLVAR 1 and 2, respectively).
Differences between the two quantities are due to dynamic effects caused by steam production in the
core region and liquid entrainment in the downcomer region.

Results from the UPTF runs 131/6 and 200/7 are shown in Figs. 6 and 7, respectively. The
measured and calculated pressure trends in the downcomer are reported. Acceptable qualitative
calculation performance can be evaluated in both cases. However, the acceptability of the quantitative
comparison is questionable in the case of the run 200/7 (Fig. 7). More deep studied, not completed so
far, are needed to explain the reason for these discrepancies, though approximations adopted in
supplying some boundary conditions have already been demonstrated to constitute important sources of
error, ref. [15].

WmGraf 3.2 - 03-08-2000

10.0 90.0 100.0

Fig. 3 - Results of 'blind' analysis of UPTF test 5A: comparison between measured and
calculated trends of lower plenum pressure.
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Fig. 4 — Results of 'blind' analysis of UPTF test 5A: comparison between measured and
calculated trends of RPV level.
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Fig. 5 - Results of 'blind' analysis of UPTF test 5A: comparison between measured and
calculated trends of break flowrate (gas phase).
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WkiGraf 3.2 - 03-08-2000
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Fig. 6 - Results of 'blind' analysis of UPTF run 131/6: comparison between measured and
calculated trends of downcomer pressure.

50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0
Time (s)

Fig. 7 - Results of 'blind' analysis of UPTF run 200/7: comparison between measured and
calculated trends of downcomer pressure.
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Results from the blind Phase A of the ISP 42 performed in PANDA facility are shown in Fig. 8.
Four curves are reported: other than the experimental and the calculated trend, this last one obtained by
the Relap5/mod3.2 code run at the University of Pisa, the upper and lower bounds predicted by
participants to the ISP are represented, ref. [21]. Relap5 results are well within the 'dispersion' band
and are reasonably close to the experimental data. In particular, the phenomenological condition
constituted by the stop in pressure increase owing to a power balance between core thermal power and
power extracted from the PCCS, is well predicted at about 4000 s into the transient.
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Fig. 8 - Results of 'blind' analysis of PANDA ISP42: comparison between measured and
calculated trends of pressure in drywell region.

6. CONCLUSIONS

The performed code assessment process deals with an area in the space "volume-pressure" not
covered by previous code validation analyses. The aim of the activity is to enlarge the domain of the
code validation, not only in relation to the range of relevant parameters, but also in relation to the
phenomena. Experimental data gathered from researches performed in the UPTF (full scale simulator
of the PWR vessel) and in the PANDA (simulator of the SBWR containment with primary system
interface) facilities are considered. In particular, the PANDA phenomena can be assumed as
containment-system relevant and are not part of the primary objective of the code that is restricted to
the simulation of the primary system behaviour. Relap5/mod3.2 is the thermohydraulic system codes
under evaluation in the present study.

A comprehensive analysis of the comparison between measured and predicted data has not been
performed in the present framework. This constitutes a limitation for the conclusions that are achieved.
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Nevertheless, results of 'blind' (as far as possible) studies are considered and the global systems
performances are analysed.

The main conclusion is that the simulation of large-scale system performances by the adopted
ensemble code-nodalisation-user/options does not show discrepancies in the comparison between
measured and predicted time trends, larger than those resulting from the simulation of small scale
experiments. The concerned code is Relap5 and the user options and the nodalisation features are those
proposed at the University of Pisa and widely adopted and validated from the analysis of small-scale
experiments.

The gathered databases fill a gap in the validation matrix of the code. This is specifically true in
relation to the PANDA experiment whose peculiarities are not only connected with the facility
geometrical scale but also with the simulation of containment related phenomena. In the considered
scenarios, condensation in the presence of incondensable gases play a significant role together with
natural convection within confined environments and natural circulation at low pressure and with small
driving forces.
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Fig. 1 - Sketch of the UPTF, ref. [13]. (meta di fig. 4.1.2 e fig 4.1.3)
Fig. 2 - Sketch of the PANDA facility in the configuration used for ISP 42, Phase A, ref. [17]. (Fig
3.1, pag 8 di ref 17)
Fig. 3 - Results of 'blind' analysis of UPTF test 5A: comparison between measured and

calculated trends of lower plenum pressure. (Fig. 1 pag 22 di NT 379)
Fig. 4 - Results of 'blind' analysis of UPTF test 5A: comparison between measured and

calculated trends of RPV level. (Fig. 2 pag 22 di NT 379)
Fig. 5 - Results of 'blind' analysis of UPTF test 5A: comparison between measured and

calculated trends of break flowrate (gas phase). (Fig. 1 pag 22 di NT 379)
Fig. 6 — Results of 'blind' analysis of UPTF run 131/6: comparison between measured and

calculated trends of downcomer pressure. (Fig. xx pag 34 di NT 379)
Fig. 7 - Results of 'blind' analysis of UPTF run 200/7: comparison between measured and

calculated trends of downcomer pressure. (Fig. 1 pag 25 di NT 379)
Fig. 8 — Results of 'blind' analysis of PANDA ISP42: comparison between measured and

calculated trends of pressure in drywell region. (Fig. da fare)
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