@E.@D
NEA

General Distribution

NEA/CSNI/R(92) 7
OIS Doy iy
Mo pes proncice BV,

Plagsea 2o vins ot

ISP22

OECD/NEA/CSNI

International Standard Problem No 22

EVALUATION OF POST-TEST ANALYSES

July 1992

COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

OECD NUCLEAR ENERGY AGENCY

Le Seine St-Germain - 12, boulevard des Iles F-92130 Issy-les-Moulineaux - France
Tel: 33 (1) 45 24 11 10 - Telex: 640048 Electronic mail: NEA.FRNEABS1







DIPARTIMENTO DI COSTRUZIONI MECCANICHE E NUCLEARI
UNIVERSITA' DI PISA '
VIA DIOTISALVI, 2
56100 PISA

AN

EVALUATION OF POST-TEST ANALYSES OF OECD-CSNI
INTERNATIONAL STANDARD PROBLEM 22

W. AMBROSINI
M.P. BREGHI
F. D'AURIA

G.M. GALASSI

- Work performed under contract between ENEA and University of Pisa -

Pisa, July 1992 NT 184 (91) REV.1







III

INDEX

ACKNOWLEDGEMENTS

ABSTRACT

LIST OF TABLES

LIST OF FIGURES IN THE TEXT

NOMENCLATURE

1. INTRODUCTION

2. SPES EXPERIMENT SP-FW-02
Outline of the facility

2.1
2.2 Experiment description
2.3 Initial and boundary conditions

3.  OVERVIEW OF PRE-TEST ACTIVITIES

3.1 Summary of the pre-test comparison report

3.2 Insights and comments concerning the
pre-test activities

3.3 Post-test workshop

4. . OVERVIEW OF POST-TEST PARTICIPANTS MODELS
4.1 DRESDEN University (DDR)
4.2 CEA (France)
4.3 BHA BHA (India)
4.4 PISA University (Italy)

S. EVALUATION OF POST-TEST PARTICIPANTS CALCULATIONS
5.1 DRESDEN UNIVERSITY (DDR)
5.2 CEA (France)
5.3 BHA BHA (India)
5.4 PISA UNIVERSITY (Italy)

6. OVERALL COMPARISON BETWEEN POST-TEST
CALCULATIONS AND EXPERIMENTAL DATA

6.1 Sequence of events

6.2 Pressures

6.3 Liquid levels

6.4 Rod surface temperatures

6.5 Pressure drops and mass flowrates

Pag.

"

"

Vv

VII

IX

XI

XIII

o W

17

17

20
21

27

27
28
29
29

41

41
43
45
46

53

53
S5
56
57
58



v

6.6 other quantities

7. QUALITATIVE AND QUANTITATIVE ASSESSMENT
OF PRE-TEST AND POST-TEST APPLICATIONS

7.1 Introductory remarks
7.2 Qualitative assessment
7.2.1 Description of the adopted methodology
7.2.2 Evaluation of pre-test applications
7.2.3 Evaluation of post-test applications
7.3 Quantitative assessment
7.3.1 Description of the adopted methodology
7.3.2 Evaluation of pre-test applications
7.3.3 Evaluation of post-test applications
7.4 Concluding remarks

8. CONCLUSIONS

9. REFERENCES

APPENDIX I: Selected individual comparison plotters
for post-test participants

S8

71

71
72
72
74
78
80
80
85
87
87

101

103

105




ACKNOWLEDGMENTS

The authors wish to acknowledge ;he encouragement had from Dr.
P. Corticelli and Dr. G. Santarossa of ENEA and from Prof. G.
Forasassi and Prof. M. Mazzini of DCMN to carry out this activity
considering the current situation of the researches in nuclear energy
in Italy.

Thanks are also due to Dr. S.N. Aksan (PSI, Switzerland) and Dr.
A. Annunziato (JRC, Ispra) who gave an important contribution to the
final workshop notwithstanding their organizations were not involved
in ISP22.

Still, thanks are due to Dr. C. Billa (ENEA) and Mr. C. Sorrente
who contributed at different 1levels, to the analysis of the data;
Prof. F. Oriolo contributed to the organization of the workshop.

Special thanks are due to Ms. D. Del Corso for the typing and
the editing of the manuscript.






VII

ABSTRACT

The present report deals with the open re-evaluation of the
originally double-blind CSNI International Standard Problem 22 based
on the test SP-FW-02 performed in the SPES facility. P

The SPES apparatus is an experimental simulator of the
Westinghouse PWR-PUN plant. The test SP-FW-02 (ISP22) simulates a
complete 1loss of feedwater with delayed injection of auxiliary
feedwater.

The main parts of the report are:

- outline of the test facility and of the SP-FW-02 experiment;

- overview of pre-test activities;

- overview of input models used by post-test participants;

- evaluation of participant predictions;

- evaluation of qualitative and quantitative code accuracy of pre-test

and post-test calculations.
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1. INTRODUCTION

In the frame of the development and assessment of large system
codes, the International Standard Problem (ISP) series of CSNI
constitutes a recognized, fundamental reference activity. The
methodology pursued to evaluate the code capabilities essentially is
based upon the analysis of the comparison between the experimental
results, relevant to reactor safety, with the results of code
simulations. Essentially, three classes of ISP are distinguished:

- open: the experimental data are available at the moment of setting
up the nodalization;

- blind: the experimental data are available only after the submission
of results by the participants, but data from other tests already
performed in the same facility are available;

- double-blind: no information is available to participants before the
submission of results, in relation to the experiments performed on
the involved facility.

The first class of ISP allows the execution of sensitivity
calculations with the aim to evaluate the accuracy of code prediction,
and to identify code deficiencies and limitations.

The second and third classes of ISPs are aiming to evaluate the
capability of the code in predicting a specific transient scenario and
to test whether a code user, generally not involved in the code
development, can correctly apply the code.

For all these classes, the successful performance of an ISP
depends to a great extent on the accuracy and completeness of
information given to the participants with respect to test initial and
boundary conditions as well as to specific features of the test
facility. This is particularly challenging in case of a double-blind
ISP where the characteristics of the new facility might not be fully
known. The present activity concerns the open re-evaluation of a
double-blind standard problem. The reference test is the loss of
feedwater experiment SP-FW-02 performed in the PWR simulator SPES
facility. The test was selected as ISP22 and was the first eéxperiment
made available from the SPES research.

The SPES is a three 1loops experimental simulator of the
Westinghouse PWR-PUN plant. Volume and power scaling ratio is 1/427
and height scaling ratio is 1/1 /1/, The experiment selected as ISP22

originated from a complete loss of feedwater; SCRAM occurs following




low liquid level in the downcomer of the steam generators. The lack of
heat sink causes pressure and temperature increase in the primary side
and opening of the pressurizer relief valve. The consequent depletion
of primary mass inventory led to core dryout that was quenched as a
consequence of the actuation of the emergency feedwater. The overall
duration of the test was 8000 s. The test was performed on December
1988.

Twenty-one participant from sixteen countries submitted, within
the fixed deadline (Aug. 1989), their code predictions to ENEA that
was the host organization for ISP22 /27,

The qualitative evolution of the experiment was predicted Dby
most of the calculations, but the actual discrepancies between
measured and calculated time sequence of main events were quite
remarkable; the same conclusion is valid in relation to some relevant
events (e.g. emptying of pressurizer) and phenomena (e.g. natural
circulation onset and break-down) during the transient.

The pre-test comparison workshop, held in Rome on March 1990,
did not 1lead to a complete understanding of the reasons for
discrepancies /3/; so an additional workshop was supported by CSNI
dealing with post-test calculations.

The Dipartimento di Costruzioni Meccaniche e Nucleari of Pisa
University (DCMN) had the task from ENEA to organize the above ISP22
workshop. This was held in Pisa on July 1991: four organizations
contributed to the workshop with post-test calculations.

The purpose of the present document is to discuss the main
outcomes of this activity giving emphasis to the explanation of the
reasons for the mentioned discrepancies. In order to match this
objective, a review of the pre-test activities and a detailed
evaluation of the accuracy of both blind and open calculations has
been made. This also implied the use of a special method previously
developed at DCMN 74/,




2. SPES EXPERIMENT SP-FW-02
2.1 Outline of the facility

The SPES (Simulatorz PWR per Esperienze di Sicurezza) Integral
rest Facility 7Y/, 72/, /5/. /6/ is designed to simulate the whole
primary circuit, the relevant parts of the secondary circuit (steam
generator secondary sides, main feedwater lines up to the isolation
valves, main steam lines upstream the turbine valves), and the most
significant auxiliary and emergency systems (charging and let-down
system, safety injection system - HPIS, LPIS, accumulators -,
emergency feedwater system, steam dump and so on) of the Italian
Standard Nuclear power plant (PWR-PUN, Westinghouse 312 type, 3 loops,
2775 MWth core power).

The basic design choices of the facility are the following:

three active loops to simulate a three loops reactor;

- design pressure 20 MPa, design temperature 640 K; this choice allows
the execution of tests with primary pressure over the reactor design
pressure (17.2 MPa);

- electrical heating of the power channel: 97 electrically heated
rods, with uniform flux (local hot spots can be simulated by means
of three rods with a peaking factor of 1.19); '

- maximum channel power corresponding to about 140% of the reactor
nominal power, this choice allows the simulation of reactor power
excursions;

- volume scaling factor and power scaling factor (nominal power
about 6.5 MW) equal to 1:427;

- the height of all the components is the same as in real plant,
except for the pressurizer which is shorter, in order to preserve
the volume scaling ratio and to maintain at the same time an
acceptable flow area.

A ‘sketch of the facility is reported in Fig. 2.1 and a
simplified flowsheet of the plant is shown in Fig. 2.2. In Tab. 2.1
the main characteristics of the facility, also with respeét to the
reference nuclear power plant, are given.

In the SPES rig, 375 measurement points are available, providing
a large set of -both direct physical quantities (absolute and
differential pressure, temperature, voltage, etc.) and derived

physical quantities (void fraction, mass velocity, quality, etc.) /11,
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In particular, various kinds of transducers are located in the SPES
facility (thermocouples, heéted thermocouples, pressure transmitters,
differential pressure transmitters, gammadensitometers, void fraction
probes, Venturi tubes, turbines, catch tanks), supplying the following
parameters: temperature, pressure, differential pressure, ; liquid

level, density, void fraction, velocity, flow pattern and fluid mass.

2.2 Experiment description

The selected test is a Loss Of Feed-Water (LOFW) 4in all the
three steam generators with emergency feedwater (EFW) actuation
delayed. This transient, named SP-FW-02, was perfofmed by SPES team on
December 1988 and constituted the reference thermalhydraulic problem
for ISP22 double blind exercise /2/, /5/, /1/, 18/,

In order to obtain the fixed sequence of events, the following
modifications have been made to the nominal configuration of the SPES
ITF:

- pressurizer safety valves locked in the closed position;

- steam generators safety valves locked in the closed position;

- pressurizer spray line switched off;

- ECCS excluded;

- steam generator 2 and steam generator 3 EFWs switched off, in order
to inject water only into steam generator 1;

- primary pump rotation speed at a constant value until the trip
condition occurrence;

- three integral flowrate measurement stations installed on the
following lihes:
- pressurizer PORV discharge line;
- steam generator 1 PORV discharge line;
- steam generator 2 and steam generator 3 PORV discharge line.

The involved test evolves through 5 phases (Figs. 2.3 and 2.4);
25 meaningful events (Tab. 2.2) /2/, /8/, can be selected.

Phase 1: from LOFW to SCRAM

Due to the LOFW, the downcomer level drops quickly in each steam
generator. As the low-low level set point in achieved (at t = 33 s),
the SCRAM signal occurs causing the core power shut off (SCRAM at t
= 44 s) and MSIV closure (at t = 38 s).
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Phase 2: from SCRAM to pressurizer PORV opening

This phase is characterized by the progressive loss of secondary
system mass inventories, due to the cycling of steam generator SRVs.

After SCRAM, a quick depressurization occurs in primary side as
a consequence of a fast primary temperature decrease. As the steam
generators dryout is completed, the primary temperature fises
continuously, causing system repressurization till pressurizer PORV
opening.

In this period pressurizer level should increase; on the
contrary, it decreases because of primary side fluid 1leak (roughly
0.043 kg/s). The primary side pressure increase is due to the excess
of pressurizer heaters power. At about 2170 s into the transient, the
primary side volume expansion overcomes the leak effect and
pressurizer level starts rising again, with a rate of roughly 3.6 x

10-3 m/s.

Phase 3: from pressurizer PORV opening to PCPs trip

While the primary pressure is kept at pressurizer-PORV set
point, the primary temperature rises continuously and approaches the
saturation value. The PCP are switched off when the fluid subcooling
at the inlet reaches the set point value (3 K): this event occurs at t
= 4848 s. ’

The different rates of depressurization in secondary sides are
due to the different mass leaks to the environment in the three steam

generators.

Phase 4: from PCPs trip to EFW actuation

Due to the progressive voiding of the primary side, the core
heat up occurs and the EFW actuation signal in steam generator 1 is
generated by high rod temperature.

Steam production in primary side causes stop in natural
circulation at around 5750 s into the transient. At 6527 s the rod

surface temperature reaches the set point for EFW actuation (658.5 K).

Phase 5: from EFW actuation to the end of the transient

Dryout propagation occurs.into the core at the period beginning.
EFW actuation in steam generator 1 causes a quick repressurization in
it and reestabilishes heat transfer between' steam generator 1

secondary side and primary side, leading primary temperature and




pressure to strongly decrease. The emptying of pressurizer is a
consequence of this. The liquid from pressurizer drains into the core,
causing rod rewet. Steam generator 1 secondary' level increases
continuously till the restoration of the DC level.

It should be noted that the core dryout in this period,; starts
from the upper side and propagates toward the core bottom. Even-the
rewet occurs from the top and firstly involves the rod closer to the
hot leg of loop 2, where the pressurizer is connected.

Finally, condensation in U-tubes of steam generator cause some
oscillation in loops flowrates and pressure drops, toward the end of

the transient.
2.3 Initial and boundary conditions

The reference boundary and initial conditions necessary for this
analysis are summarized in Tabs 2.3 and 2.4, taken from Refs. /2/,
/7/, /8/, /9/. It should be noted that this data set is the updated
version supplied by the host organization to all the ISP22
participants.

The pressure distribution and particularly the localized
pressure drop coefficients have been evaluated on the basis of
assigned values reported in Ref. /7/.

The spatial distribution of heat losses to the environment,
together with their overall value, both in primary and secondary
systems, have been supplied by ENEA/SIET and are reported in Ref. /6/.

Additional boundary conditions are related to:

- the pressurizer external heaters power that remains constant during
all the test and equal to the initial value (see Tab. 2.3);

- the pressurizer internal heaters power curve (Tab. 2.5): about 250 s
after the SCRAM (t=44 s), a temporary decrease of the internal
heaters power occurred;

- the core power decay curve (Tab. 2.6);

- the EFW flowrate as a function of time (Tab. 2.7).

.It should be noted that all the values reported in tables from
2.3 to 2.7 (ref. /2/) have been obtained by experimentalists (in some
cases the way the values are reported appears to be not consistent

with the declared uncertainty ranges).




PARAMETER

Nominal pressurizer pressure
Core outlet fluid temperature
Number of fuel rods

Core active height

Fluid volume (V)

Core power (P)

P/V

Core inlet flow

Hot leg diameter

Hot leg length

Number of loops

(MPa)

(K)

(MW)
(MW/m3)
(kg/s)
(m)

(m)

Number of tubes in steam generator

SPES

15.5

599.

97.

3.66

0.633

6.494

10.24

32.1

0.067

4,22

3.

13.

Tab. 2.1 - Significant hardware characteristics

comparison with the reference PWR.

PWR-PUN

15.5
599.
41448.
3.66
270.06
2775. (th)
10.28
13730.
0.737
7.36

3.

5624.

PWR/SPES

426.0
427.3
1.00
427.3
11.0
1.74
1.

432.6

of the SPES facility and




No | phase TEST EVENT UNIT TIME
1 phase | Loss of Feed Water s 0.
1
2 Maximum primary pressure s 45.
(MPa) {(16.2)
3 Steam generator low-low level S 33.
signal
4 Main Steam Isolation Valve s 38.
closing
5 SCRAM s 44,
phase | Minimum primary pressure s 100.
2 (MPa) (14.5)
7 SG1 Safety Relief Valve opening s 200.
8 SG2 Safety Relief Valve opening s 106.
SG3 Safety Relief Valve opening s 82.
10 Minimum PRZ level s 2200.
(m) (2.3)
11 SG1 dry-out s 3347.
12 SG2 dry-out s 3437.
13 SG3 dry-out s 3282.
14 Pressurizer PORV opening s 4134,
15 | phase | PRZ full S 4268.
16 3 Primary pumps shut-off s 4848.
17 Saturation conditions in RCS s 4870.
18 | phase | Start of core heat-up s 6511.
19 4 EFW start s 6532,
20 | phase | Maximum heat rod surface s 6550.
5 temperature (K) (770.)
21 Core recovery s 6666.
22 PRZ empty s 6800.
23 SG1 Safety Relief Valve opening s 6878.
24 SG1 DC level restoration s 8062.
(2.6 m)
25 End of the transient s 8062.

Tab. 2.2 - Sequence of events for SPES test SP-FW-02, ISP22




PARAMETER

1. Pressure
Pressurizer top

SG1 steam dome

SG2 steam dome

SG3 steam dome

2. Fluid temperature
Core inlet
Pressurizer

Loop 1, 2 & 3 HL

SGl, 2 & 3 DC

SGl, 2 & 3 SD

Core bypass

Downcomer bypass

SGl, 2 & 3 FW

SG1, 2 & 3 emergency feedwater
3. Mass flowrate

RPV downcomer

Core inlet

Core bypass

DC~-UH bypass

Loop seal 1, 2 & 3

SGl1, 2 & 3 DC

SGl, 2 & 3 FW

SGl, 2 & 3 steam lines

SG1, 2 & 3 recirculation ratio

UNIT

=

"W R AR R

kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
kg/s
xg/s

(DC mass flowrate/FW mass flowrate)

loop 1, 2 & 3 EFW
Pressurizer top leak
Reactor pressure vessel leak
SGl, 2 & 3 dome leak

kg/s
kg/s
kg/s
kg/s

EXPERIMENT (1)

15.110 + 62-1073
6.136 + 31-1073
6.126 + 31-1073
6.151 + 31-1073

559.75 £ 1.7
615.7 £ 1.5
598.2 +1.5/596.1
+1.7/595.7 £1.5
550.3/549.8/550.1 (+1.5)
560.6 + 1.5
528.4 + 1.5
430.6/430.6/431.7 (£1.5)
306 £ 1.5

30.76 + 1.3
29.43 (2)

1.329 + 5.5-1072
0.516 + 2.8-1072
10.18/10.34/10.51 (£0.397)
3.62/4.27/4.23 (41.8-1072)
1.18/0.97/0.95 (£4.7:1072)
1.11/1.04/1.07 (£5.1-1072)
3.1/4.4/4.4

0./0./0.
0.
0.
0.

(1) a1l values are estimated by least square method (Ref. /2/).

(2) calculated a-posteriori making

flowrate and core bypass mass flowrate.

subtraction between RPV DC mass

Tab. 2.3 (part 1) - Main initial conditions for SPES test SP-FW-02, I1SP22
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PARAMETER UNIT EXPERIMENT (1)
4. Liquid level
Pressurizer m 4.119 (45.-1072)
SG1 downcomer m 12.43 (16.;10‘2)
SG2 downcomer m 12.92 (46.-1072)
SG3 downcomer m 12.69 (6.°1072)
5. Mass
Primary system kg -
| SG1 secondary side kg 137.430
i SG2 secondary side kg 151.430
| SG3 secondary side Xg 145.430
6. Pressure drop
| Loop 1 total kPa 181.4
j Loop 2 total kPa 182.0
i Loop 3 total kPa 178.8
1 Loop 1, 2 & 3 pump 526.1/485.8/516.4 (£2.)
| SGl, 2 & 3 inlet-outlet 186.1/180.2/196.9 (41.5)
| Across core kPa 81.3
Across SGl, 2 & 3 riser kPa 49.8 +£0.218/55.2
4+0.156/57.6 +0.218
SGl, 2 & 3 dome kPa 44.,2/40.9/37.7
(£0.031)
7. Power
Core power kW 6568
SG1, 2 & 3 exchanged power kW -
Pressurizer internal heaters kW 4.37
Pressurizer external heaters kW 3.619
(power given up to fluid) (3)
Heat losses primary side, excluding PRZ kW 165
Heat losses secondary side kW 75

8. Pump velocity
Velocity of pump 1, 2 & 3 rad/s 324.8 +8.12/314.9
+7.87/315.2 +7.88

(1) A1l values are estimated by least square method (Ref. /2/) .
(3) Tne efficiency of the pressurizer external heaters is estimated to be
77%

Tab. 2.3 (part 2) - Main initial conditions for SPES test SP-FW-02, ISP22
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QUANTITY UNIT VALUE
Loss of main FW in all the three SGs ) s 0.
Main feed water closing time s < 2.
Low-low SG water level occurrence at t=t; m 8.76
Delay after t; for SCRAM power curve initiation(! s T 1.
Delay after tj for MSIV closure s 5.
SG relief valve set pressure MPa 7.84
SG relief valve reset pressure MPa 7.61
Pressurizer relief valve set pressure MPa 16.24
Pressurizer relief valve reset pressure MPa 16.05
SG relief valve orifice diameter mm 5.2
Pressurizer relief valve orifice diameter mm 3.2
Estimated leak on primary side at vessel bottom kg/s 4.3- 1073
Estimated leak on SG1 xg/s 7.0- 1073
Estimated leak on SG2 kg/s 4.7- 1073
Estimated leak on SG3 kg/s 5.4- 1073
Pump inlet subcooling (=Tgat - Tsuction)at time K 3.
of pumps trip
Rod surface temperature for EFW actuation in SG1 K 658.5
Emergency Feed Water mass flow to SG1 kg/s (2)
Emergency Feed Water temperature (Tgpy) K 306.
Set point level for PRZ internal heaters trip m 1.18
End of transient on SG1 downcomer level m 2.6
Surge line distributed heat losses kW 2.955
Pressurizer top leak kg/s 0.
Pressurizer positive thermal unbalance!3 kW 1.9
Pressurizer internal heaters power kW (4)

(1) SCrRaM curve in Table 2.6
(2) gee Table 2.7 for mass flow rate versus time
(3) PRz energy balance:Wyy - heat losses = (4.37 + 3.619) - 6.089 = 1.9 kW

(4) gee Table 2.5

Tab. 2.4 - Boundary conditions for SPES test SP-FW-02, ISP22.



TIME POWER
(s) (kW)
0 4.37
48 4.37
16 2.57
296 ' 4.37 S
power-off trip(®) 4.37

(°) PRz level less than 1.18 m

Tab. 2.5 - Pressurizer internal heaters power for SPES
test SP-FW-02, ISP22

£ - £*(1) POWER
(s) (kW)
0. 6537.7
2. 1117.6
12, 1112.3
16. 1053.6
18. 1012.0
22, 1006.3
24. 940.3
26. 934.6
28. 822.8
32. 817.1
34, 739.7
36. 736.8
38. 668.0
42. 668.0
123. 513.0
279. 421.0
574. 385.0
910. 359.0
1496. 355.0
1994. 347.0
2014. 336.0
3025. 336.0
3036. 324.0
4046. 313.0
6037. 313.0
6049. 301.0
end of transient 301.0

(1) ¢* = t; + DELAY (for SCRAM power curve.initiation) = 44 s

Tab. 2.6 - SCRAM curve for SPES test SP-FwW-02, ISP 22
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t - terw MASS FLOW
(s) (kg/s)
0. 0.
15. 0.1285
61. 0.1322 ‘
163. 0.1217
348. 0.1038
881. 0.0998
1229. 0.1007
1378. 0.0935
1450. 0.0935
end -of tra?sient 0.0935
Tab. 2.7 - Emergency Feedwater mass flow versus time for SPES

test SP-FW-02, ISP 22 (tgpy(exp.) = 6532 s)
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3. OVERVIEW OF PRE-TEST ACTIVITIES

ISP22 activities began in 1986 with the submission to the CSNI
working group of the ISP proposal, and took a long time to be
completed. . " ,

The preparatory workshop (1st 1ISP22 workshop) was held’ in
Piacenza on November 1987, and the test was performed on December 1988
instead of March 1988 as previously scheduled (the delay can be
explained considering that SPES was a new facility and it needed to go
through the normal process of qualification including start-up
problems) .

The dead line for the submission of the pre-test "double-blind"
calculations was July 1989 and the related results were discussed in
the 2nd ISP22 workshop held in Rome on March 1990.

The comparison report has been issued on March 1990 and was
approved by the CSNI working group on June 1990 /107,

It appears worthwhile to mention two aspects of ISP22:

- the international relevance; ISP22 is the first OECD International
Standard Problem open to non-OECD countries;

- the meaningfulness for Italian nuclear research in a moment when
following the political decision of suspending nuclear electricity
production, the nuclear activities were restricted to research and
development connected with innovative reactors.

In the following sections relevant aspects of the pre-test
comparison report are summarized, also taking into account the
discussions had during the Rome meeting; some comments about_ﬁhe pre-

test activities are made.
3.1 Summary of the pre-test comparison report

The objectives of the pre-test comparison report /2/ jinciude:

- the identification and description of the relevant discrepancies
between the "double-blind" predictions and the experimental data;

- the explanation of the discrepancies in termm of code limits and/or

user errors and/or experimental uncertainties; T

- the presentation of the comparison analysis results in an ordered
and easily readable form.

This last objective is particularly importaﬂt for a problem like

ISP22 which was predicted by seventeen participants with 8 different
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codes (only seventeen of the original twenty-one participants to the

ISP submitted the pre-test calculation results).

Tab. 3.1 shows the complete 1list of tﬁe ISP22 active
participants; eight out of the seventeen participants are from eastern
countries i.e. Bulgaria, China, DDR, Hungary, India, Yugqgslavia,
Poland and U.S.S.R. a

Column three of the same table reports the participant
jdentifier. This short name was used in the text to quickly identify
the participant during the management of pre-test and post-test data.
In the fourth column of the table the computer code used by each
participant is reported.

The computer performance of each participant are summarized in
Tab. 3.2.

As aforementioned, the experiment was divided into five phases,
which were defined by the following events:

- reactor SCRAM time;

- pressurizer PORV opening;

- reactor coolant pump trip;

- EFW actuation;

- steam generator 1 downcomer level restoration.

36 key parameters (over 141 required to participants) were
selected for their significance in the description of the relevant
phenomena in the test.

The individual calculation are then compared with the
experiment, using comparison tables and plots of key parameters during
the time windows of interest. N

A final overall comparison was made, using a set of fundamental
parameters which were selected among the 36 used in the individual
comparison.

Such a comparison revealed that there were three main
discrepancies between experimental data and calculations:

1) the timing of the event was "compressed" in all the calculations,
so that, these did not predict that the transient would last as
long as it did. This was caused mainly by problems in cdlculating
steam generator dryout times and, consequently, the primafy heat -
up; also the natural circulation and flow stagnation, which
resulted in excessive liquid discharge from the pressurizer, were
not well predicted; )

2) the primary pressure trend in phase 2, from the SCRAM to the




~-19-

opening of the pressurizer PORV was not well calculated. This was
attributed essentially to failures in calculating the cold insurge
effect from the pressurizer surgeline;

3) there was a general failure to calculate the primary circulation
mode in phase 5, following EFW actuation, due to codes unability
in modelling counter-current flow 1limiting conditions in the steam
generators U-tubes and possibly because of incorrect modelling of
the interphase drag in the core pundle. In general the 1liquid
accumulation in the steam generator 1 tubes was not predicted.

In addition, there were some minor discrepancies. Such as
failure to predict the pressurizer level decrease during natural
circulation, the role of the pressurizer in the core quench, the
maximum core temperature, and the recovery of the level in steam
generator 1.

In contrast, it was noted that the ISP had revealed several
successes in the calculations, including the good calculation of the
primary pressure during phase 1, the pump trip event during water
solid conditions, the stabilization of the pressurizer level during
the stagnation perioq, the primary system inventory at the time of
core dryout, and the‘iong term core cooling by EFW actuation.

The reasons for the discrepancies were divided by the host
organization into an wimmediate" category (i.e., simulation aspect or
comparison parameter recognized as the immediate source of the
discrepancy) and an wultimate" category (i.e., code limits, user
errors, experimental uncertainties).

A 1list of common reason for the discrepancies was included in
the comparison report (see Tabs. from 5.2.1 to 5.2.13 in Vol. IV of
the comparison report, Ref. /2/).

A systematic assessment of the codes perfdrmances was
tentatively done by defining three accuracy levels for the selected
parameters evaluation (good, sufficient and ppor), and setting some
thresholds (based on engineering judgements), for the acceptable error
bands of each parameter (see Tab. 4.1.1 in Vol. II of the comparison
report Ref. /2/).

As a results of such an analysis, ‘the following conclusions have'
been drawn:

- the ultimate reasons for the discrepancies are generally complex,
gnd in only few cases it is possible to clearly identify one of

the discrepancy sources as being preminent;
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- the exercise showed how important is a complete understanding of
the details of the facility, and the quality of the SPES features
and their impact on the simulation must be counted as an
achievement of the ISP;

- modelling of heat losses and thermal capacities (i.e., structural
slabs, nodalization) are very important, and must be considered
carefully expecially in such small facilities:;

- it 1s difficult to quantify how much the codes contribute to the
overall discrepancies, and to what degree there are synergistic

effects. This might be addressed further in post-test analyses.
3.2 Insights and comments concerning the pre-test activities

The conclusions drawn from the analysis above reported could be
used to identify the discrepancies coming from "code limitations"”,
wyser errors" and "experimental uncertainties" but no indication of
interaction of these items is given. Questions remain in relation to
the item which mostly contributes to the discrepancy.

The analysis attempt, including the calculation and the test
results, provided by the host organization, was an excellent effort
but did not present other than qualitative statements. As an example:

- the good performance of RELAP4/MOD6 is not justifiable considering
the well known limitations of the code that is a large break LOCA
code;

- the good blind prediction of CATHARE2 code is partly a consequence
of a wrong nodalization of the steam generator downcomer that
affects the secondary side mass inventory (increased by about 17%
with respect to experimental value, chapter 6 of Ref. /2/).

Furthermore, more dialogue  appears necessary with the
experimentators. Due to the relatively small capacity of the test
facility, a critic influence upon the response of the system of any
small change of the following parameters (as emphasized by preliminary
post-test calculations done by most ISP22 participants presented at
the Rome meeting) can be expected both in the short and ‘long time
ranges: ' .

- initial primary mass balance;

- pressurizer energy and mass balance (i.e., heaters power history,
pressurizer vessel and surge line heat losses, PORV

characteristics);
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- steam generator steady state data (initial mass, recirculation
ratio, initial value of liquid hold-up in the steam dome region);
- leakages from primary system, secondary system and pressurizer.
The above considerations emphasize the need for additional work,
trhat should consider the ISP22 pre-test activities. =z
Attention should be given to the evaluation of the user effects

and to the uncertain experimental aspects.
3.3 Post-test workshop

The post-test workshop was held in Pisa in July 1991.

The participation to the post-test workshop, notwithstanding the
reasons mentioned in the two previous sections and the recommendations
by CSNI /10/, has been much more limited with respect to the pre-test
workshop. Among the seventeen double-blind participants, only four
submitted post-test calculations to DCMN and are listed in Tab. 3.3;
CEA submitted two calculations. In the same Tab. 3.3, the list of
scientists who attended the final workshop is reported too. It should
be noted that among the nine non-OECD participants only two submitted
post-test calculations (Dresden University, Germany, and BHA BHA
Research Centre, India) but did not attend the workshop. Furthermore
no one among the four UK pre-test participants attended the meeting or
submitted calculations.

on the other hand, three non-OECD organizations (i. e. from
Poland, Hungary and Soviet Union) attended the meeting but did not
send post-test calculations. Apologies for the absence were received
from Yougoslav colleagues (J. Stefan Institut of Ljubliana and
University of Zagreb) who were not allowed to come owing to political
situation in their country.

Finally, no OECD-CSNI representative took part in the meeting.

More details about each pre-test participants can be found in
Tab. 3.4.

During the workshop other than the re-evaluation of the
experimental data base, the evaluation of post-test calculations and
the communications from the various participants, the following main -
presentations were discussed:

- N. Aksan /11/. Review of the pre-test activities and comments to the
Comparison Report;
- A. Annunziato: Outline of LOBI test BT-17 and differences with
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respect to SPES test SP-FW-02
- W. Ambrosini: Accuracy evaluation of pre- and post-test calculations
(method development);
- M. P. Breghi: Accuracy evaluation of pre- and post-test calculations
(application to ISP22): =
- C. Billa /12/: Evaluation of phenomena and accident management
procedures based on SPES test SP-FW-02.
A relevant part of discussion during the workshop was devoted to
the selection of relevant thermalhydraulic aspects that have been

utilized in the present document for the qualitative accuracy

evaluation.
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PARTICIPANT

ENERGOPROEKT

S.W.A.A.D.C.

VIT

CEA

TECH., UNIV. DRESDEN

CENTRAL RESEARCH INSTITUTE
BHA BHA ATOM. RES. CENTER
UNIVERSITY OF PISA

JAERI REAC. SAFETY RESEARCH
INSTITUTE OF ATOMIC ENERGY
STUDSVIK ENERGITEKNIC AB
NATIONAL POWER SAFETY AND TECH.
NNC

UKAEA

UNIV. OF STRATCHCLYDE
KURCHATOV INST. OF ATOM. EN.
J. STEFAN INSTITUTE

COUNTRY
BULGARIA
CHINA
FINLAND
FRANCE
DDR
HUNGARY
INDIA
ITALY
JAPAN
POLAND
SWEDEN
U.K.
U.K.
U.K.
U.K.
U.S.S.R.
JUGOSLAVIA

Tab. 3.1 - ISP22 active pre-test participants

IDENTIFIER CODE

BULG
CINA
FINL
CEAF
UDRE
HUNG
INDI
UPIS
JAER

STUD
CEGB
NNCL
AEAT
USCL

IJSJ

RELAP5/MOD2
RELAP5/MOD1
SMABRE
CATHARE 2
RELAP4/MOD6
RELAPS/MOD1
RELAP4/MOD6
RELAPS/MOD2
TRAC-PF1/MOD1
RELAP4/MOD6
TRAC-PF1/MOD1
RELAP5/MOD2
NOTRUMP
TRAC-PF1/MOD1
TRAC

MOOT
RELAPS/MOD2




PARTICIPANT
IDENTIFIER
INDI

HUNG

CEAF

CEGB

BULG
IAE
JAER
KURCHATOV
IJSJ
NNCL
UPIS
UsCL
STUD
CINA
AEAT
FINL

() For 100 s of transient,

CODE

RELAP4/MOD6
RELAP5/MOD1
CATHARE
RELAPS5/MOD2
RELAP4/MOD6
RELAP5/MOD2
RELAP4/MOD6
TRAC-PF1
MOOT
RELAP5/MOD2
NOTRUMP
RELAPS5/MOD2
TRAC
TRAC-PF1/MOD1
RELAP5/MOD1
TRAC-PF1/MOD1
SMABRE
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COMPUTER

NORSK DATA 570
IBM 3081

CRAY XMP

CRAY 2

EC 1055

IBM 3090

IBM 3081
FACOM M-780
IBM-PC-AT

VAX 8650

CRAY 2

IBM 3090

CRAY 2

CYBER 180-835
IBM 404

CRAY 2

VAX SERVER 3600

(2y For 4000 s of transient time

TRANSIENT
LENGHT (s)
3500

1392

5726

3850

4026

5250

1480

6000

(6)

11446

5761

5130

4693 (5)
5785 (5)
983

4551

3580

10 msec of time step

CPU TIME CPU/TRANS

(s)
18000 (1)

31607 =

36444
6630 (2)
1886400
19425
=)

9539
587.5 (3)
306800
31776
34884
25752 (4)
122280

> 29 hrs
31850
390.5 (M

RATIO

180
22.7
6.36
1.66
468
3.7
(=)
1.59

(=)

26.8
5.52
6.8
5.25
21.14
(-)
6.99
1.95

(3) CPU time depends on nodalization accuracy and it lies within 0.01

0.09 CPU sec for one time-space node

(4) Including steady state

(s) Calculation length

(6) Calculation stops because of failure

(1y For 1000 time steps (200 s)

(-) Data non available

Tab. 3.2 - Computers performances in pre-test calculations
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PARTICIPANT ORGANIZATION COUNTRYES
1 AKSAN PAUL SCHERRER INSTITUTE SWITZERLAND
2 AMBROSINI DCMN PISA UNIVERSITY ITALY
3 ANNUNZIATO C.E.C. ITALY =
4 BILLA ENEA-NUC-RIN ITALY
S BOLOGNINI SIET ITALY
6 BREGHI DCMN PISA UNIVERSITY ITALY
7 D'AURIA DCMN PISA UNIVERSITY (*) ITALY
8 DEL NERO ENEA-DISP ITALY
9 DEVKIN KURCHATOV INST. OF ATOMIC EN. USSR
10 ELKIN KURCHATOV INST. OF ATOMIC EN. USSR
11 GESI ENEA-NUC-RIN ITALY
12 GALASSI DCMN PISA UNIVERSITY ITALY
13 MELONI ENEA-NUC-RIN ITALY
14 PERNECZKY KFKI-AEKI HUNGARY
15 PINTORE DCMN PISA UNIVERSITY ITALY
16 POCHARD CEA-CEN FAR (*) FRANCE
17 SZCZUREK INSTITUTE OF ATOMIC ENERGY POLAND
18 VESCOVI SIET ITALY
19 NO PARTICIPANT BHA BHA (*) INDIA
20 NO PARTICIPANT DRESDEN UNIVERSITY (*) GERMANY

(*)Post-test calculation tape provided

Tab. 3.3 - List of post-test participants and attendees £6 the

workshop

final




COUNTRY

Bulgaria
China

Finland

France
Hungary
India

Italy
Japan
Poland
Sweden

UK CEGB

UK NNC

UK Winfrith
UK Strathclyde

USSR

Yougoslavia
(Ljubliana)
Yougoslavia
(Zagreb)
CSNI-OECD

Tab. 3.4 - Response of pre-test participants to th
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REASON FOR NOT
EXECUTING
POST-TEST

Funding

Involved person

was abroad

Funding

Man-power

?
Funding
"

n
"

Code available
not suitable

Funding

REASON FOR NOT
PARTICIPATING TO
3rd WORKSHOP
Furding

2

Organization

difficulty

?
?

- Funding

Personal reasons

Political

situation

- Funding

OFFICIAL
COMMUNIC.

NO

1 week before

workshop

YES
YES
NO
YES
NO
YES
YES
YES
YES
YES

1 week before

workshop

YES

NO

e ISP22 final workshop
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4. OVERVIEW OF POST-TEST PARTICIPANTS MODELS

Input models (nodalization) and computer resources utilized by
the participants to the ISP22 post-test analysis are outlined in this
section. 2

A total of four submittals, using three different codes were
sent to the DCMN. The participating organizations and the utilized
codes are presented in Tab. 4.1. Details of the used codes can be
found in Refs. /13/, /14/, /15/, /16/, /17/. The Tab. 4.1 also
contains the directory descriptor which is used in the figures to
identify a particular participant or calculation, the utilized
computer resources, the predicted transient length and the CPU time.

In Tab. 4.2 the main characteristics of the post-test
nodalizations are summarized together with the pre-test ones. It
should be noted that the four participants used different detail in
the consideration of geometric features of the SPES facility (e. g.,
the number of nodes ranges between 45 and 264). Even the physical
time calculated by the various participants is very different ranging
between 6000 s and 8900 s (the duration of the experiment is 8062 s).

4.1 DRESDEN UNIVERSITY (DDR)

The calculation of the University of Dresden /13/ yas performed
by RELAP4/MOD6 code, running on EC 1055 Computer.

This code was developed by the Idaho National Engineering
Laboratory (INEL) in 1978; it extends the calculation capabiiities of
the previous RELAP4 code series from blowdown and refill through core
reflood for PWR systems. The basic components of a nodalization are:
volumes, junction, valves, pumps and heat structures. The hydrodynamic
model is based on three equations, one-dimensional, and is valid
essentially for homogeneous mixture. Several additional models are
available for phase separation, heat transfer, critical flow, bubbles
rise, slip, etc.

" The nodalizations utilized to simulate the SPES facility in the
pre-test and in the post-test calculations are shown in Figé. 4.1 and -
4.2 /13/, 114/,

The input data set for the pre-test analysis includes:
- 58 volumes, 77 junctions, 37 heat slabs;

- individual model for each loop:;
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- symmetric initial conditions for all loops, corresponding to the
average values of the given initial data (exception: secondary mass
inventory (too low), steam generator downcomer level (too high)):

- 6 volumes for each steam generator;

- '3 primary volumes, 3 heat slabs for each U-tube-bundle; -

- 3 volumes, 4 heat slabs for core section, only average rods
considered;

- 3 volumes for pressurizer, 1 volume for surge 1line, no modelling of
heaters and pressurizer heat losses.

The main characteristics of the input data set for the post-test
analysis are the following:

- 45 volumes, 67 junctions, 32 heat slabs;

- loops 2 and 3 are lumped;

- symmetric initial conditions for the two loops, secondary mass
inventories and steam generator downcomer level corresponding to the
average values of the given data (riser flow area has been
increased);

- system of fills for pressurizer and surge line in order to simulate
the difference between heat losses and heat supply;

- horizontal slip model at the hot leg-vessel connections in order to
allow flow back of liquid from the U-tubes and the pressurizer;

- new model for pressurizer PORV and steam generator PORV, which
allows the application of choked flow tables with consideration of

valve hysteresis.
4.2 CEA (France)

Two post-test calculations by CEA were submitted to DCMN /15/,
they were performed by CATHARE 2 code, running on CRAY XMP Computer.
The CATHARE code was developed in the frame of a cooperation between
EDF, CEA and FRAMATOME in order to perform best estimate calculations
of pressurized water reactor transients.

Basic components of the nodalization utilized by the CATHARE 2
code are: pipes, capacities, tees, pumps and boundary conditions. It
has different hydrodynamic models: one—dimensional equations for -
pipes, two-point equatiens for capacities and a specific model for
tees. Heat losses from structures and power supplied to structures can
be simulated.

The nodalization utilized to simulate the SPES facility (the




-29-

same as in pre-test) is shown in Fig. 4.3 (part 1 and part 2). The
primary circuit is composed of 7 capacities, 1 tee, 16 pipe elements
and 1 boundary condition. The secondary circuit is modelled by three
jidentical loops with: 1 capacity, 1 tee, 2 pipe elements and the steam
lines (2 pipes, and 1 boundary condition); the three steam generators
are connected to a capacity in the pre-test nodalization; in the post-
test one they are disconnected.

In the first calculation the discharge line of the pressurizer
and the heat losses in the surge line and in the core by-pass were
considered; in the second calculation the heat losses in the core by-
pass have been increased up to 25 kW. On the contrary in the pre-test
blind calculation it was assumed that heat losses in the pressurizer
were compensated by internal and external heating.

In the post-test calculation number 1 the calculated interfacial
friction drag value is divided by 10 at the outlet of the surge line,
at the outlet of the pressurizer and at the outlet of the rod bundle
for limiting the liquid drops dragging with steam.

4.3 BHA BHA (India)

The BHA BHA Atomic Research Centre performed the post-test
calculation /17/ py the RELAP4/MOD6 code running on NORK DATA 570.

Since the BHA BHA did not provide the utilized nodalization for
the post-test calculation it was supposed that the nodalization was
the same.

The nodalization is shown in Fig. 4.4; it consists of 53

volumes, 68 junctions and 28 slabs as in pre-test.
4.4 PISA UNIVERSITY (Italy)

The post-test analysis of SPES test SP-FW-02 /18/, /19/ was
executed by the DCMN of the Pisa University with the RELAP5/MOD2 code
running on IBM 3090. The RELAP5/MOD2 is a thermalhydraulic computer
code developed at INEL for the prediction of nuclear power plant
behaviour in case of accidents. It is the updated. version of the
RELAP5/MOD1 developed for best estimate predictions, design, safety
analysis and licensing of LWR. Extension of the component set with
respect to RELAP4 code series includes new coﬁponents like pipes,

branches, check valves, control systems, steam separator, cross flow
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junctions and turbine. Two fluids, six equations, noncondensable
component in the steam phase'and non volatile component in water phase
can be modelled. '

The nodalizations utilized to simulate the SPES facility in the
pre-test and in the post-test calculation are shown in Figs. 4.5 (part
1, 2 and 3) and 4.6. .

It should be noted that four modifications have been introduced
in the SPES input-deck, with respect to the version utilized for the
pre-test prediction.

The first one is connected with the inconsistency (observed in
all the steam generators) between the measured data of steam generator
downcomer level and of steam generator secondary side fluid mass. In
order to obtain the right simulation of the experimental level and
mass, the volume of the bottom of all steam generators risers have
been increased by a factor of 1.5 (the overall volume increase of the
whole steam generator is less than 5% of the experimental value).

The second modification is related to the separator component.
In the previous version of the nodalization this component was
directly connected with the steam generator riser. In the post-test
calculation, an intermediate volume (a branch component) has been
introduced between the riser and the separator itself: this
modification allows the achievement of more fluid mass below the
separator component, where the water quality is fixed by the code.

The third modification is related to the CPU time requirement.
In order to limit the CPU costs (but without neglecting the precision
requirement), the overall number of conduction heat transfer mesh
points has been strongly decreased (roughly 25%) with respect to the
nodalization utilized in the pre-test 2/

The fourth modification is related to the physical simulation of
the steam generators leaks: in order to avoid numerical problems, they
have been simulated by motorvalve components (with "ad hoc" area)
instead of time dependent junction components (with an imposed mass

flowrate).




-31-

COUNTRY ORGANIZATION IDENTIFIER ADOPTED CODE COMPUTER CPU
TIME (%)
DDR UNIV. DRESDEN UDRE RELAP4/MOD6 EC 1055 1.886.400
FRANCE CEA CEAl/ CEAZ CATHARE 2 CRAY XMP . 36.444
INDIA BHA BHA INDI RELAP4/MOD6 NORSK DATA 570 18.000(*)
ITALY UNIV. PISA UPIS (carLco3’/1?/y  RELAPS/MOD2 IBM 3090 34.884
(*) values referred to pre-test calculations
(**) For 100 s of transient, 10 ms of time step
Tab. 4.1 - ISP22 post-test analysis: participants and computer code
performances
IDENTIFIER CODES VOLUMES JUNCTIONS SLABS TRANSIENT
DURATION
pre post pre post pre post pre post
(s)
UDRE R4 /M6 58 45 11 67 37 32 4026 6033
CEAl CAT2 53 (»» 53 61 61 (**) 5726 6152
CEA2 CAT2 53 (v 53 61 61 (**) 5726 6260
INDI R4/M6 53 53 68 68 28 28 3500 6000
UPIS R5/M2 259 264 268 271 299 299 6140 8900
83 Sum of pipes, volumes, tees, boundary conditions
(*»y Data not available
Tab. 4.2 - 1ISP22 post-test analysis: main characteristics of the

nodalizations utilized for post-test calculations

ones are.reported for comparison)

(the pre-test
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5. EVALUATION OF POST-TEST PARTICIPANTS CALCULATIONS

In this section the results of each post-test participant are
compared with the available experimental trends, in the attempt to
identlfy the capabilities and limitations of the submitted
calculations, also taking into account the comments made by the post-
test participants /3/, /14/, /16/ at the meeting held in Rome on the
22nd-24th March 1990.

Twenty-one significant variables (see Tab. 5.1) have been
jdentified to this aim. These have been chosen for their importance in
the characterization of the transient evolution also considering the
five phases of the experimental test and the relevant phenomena- /20/.
Additional details related to this choice can be found in Sect. 7.
Among the 21 variables, the quantities from 1 to 14 listed in Tab. 5.1
have been utilized to evaluate the accuracy of code predictions both
considering the pre-test or the post-test calculations.

In Appendix I the comparison plots between the experimental and
calculated trends of UDRE, CEAl, CEA2, INDI and UPIS respectively, are
reported separately with reference to the 21 selected quantities.

5.1 DRESDEN UNIVERSITY (DDR)

The quantities obtained in the post-test calculation by the
University of Dresden are reported in Figs. from A.l to A.21; the main
experimental and calculated data which characterize the five phases of
the transient are compared in Tab. 5.2. The post-test analysis
submitted at the DCMN appears qualitatively better than that presented
at the Second Workshop /14/, but no information relating to the
modifications utilized to improve the calculation has been made
available at DCMN.

In the post-test data, the first phase ranges from 0 s to 51 s
(the experimental interval is 0 s - 44 s). After the loss of main feed
water at time 0 s the secondary inventory decrease causes, at 40 s,
the achievement of the set point of low low level (7 s delay compared
with the experiment); five seconds later MSIV closure occurs and after
additional 6 s there is the SCRAM.- During this ‘phase the maximum
primary pressure reaches 16.2 MPa at 44 s and is in good agreement
with the experimental values.

The second phase ranges from 51 s to 3600 s (the experimental
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interval is 44 s - 4134 s); after the SCRAM, the pressurizer level
drops to 2.0 m at 2216 s, (about 16 s after the measured value) and
the minimum primary pressure reaches 13.3 MPa at 1863 s while the
experimental minimum value occurs at 100 s. The steam generators
safety relief valve opens at about 46 s (instead of 200 s for steam
generator 1, 106 s for steam generator 2 and 82 s for steam generator
3 safety relief valves) and the secondary system continues to lose
mass through the PORVs and at about 3300 s the steam generators dryout
are predicted (Figs. A.6, A.7, A.8). Subsequently, primary heat up
occurs and the pressurizer level and the primary pressure increase.

The third phase ranges from 3600 s to 4718 s (the experimental
interval is 4134 s - 4848 s), primary heat up continues and the
pressurizer level increases until the component £fills up with liquid
at 3940 s (instead of 4268 s). Due to secondary mass leakage secondary
pressure decreases (Figs. A.2, A.3, A.4) and at 4718 s (130 s earlier
than in the experiment), the pumps trip is predicted.

The fourth phase ranges from 4718 s to 5818 s (the experimental
interval is 4848 s - 6532 s); after the pumps stop the primary
pressure rises, the pressurizer remains full of liquid until the end
of the phase (Fig. A.5). At 5785 s (instead of 6511 s) the core heat
up starts and 33 s later EFW actuation starts (Figs A.10, A.1ll).
Secondary systems continue to depressurize because of the mass leakage
(Figs. A.2, A.3, A.4).

The fifth phase ranges from 5818 s to 6033 s (the experimental
interval is 6532 s - 8062 s); the EFW actuation causes the primary
system depressurization and the consequent pressurizer PORV closure
(Fig. A.1). The maximum heat rod surface temperature is 657 K at 5794
s (while the measured value is 770 K at 6550 s) and the core recovery
occurs at about 5830 s. While the steam generators 2 and 3 continue to
depressurize (Fig. A.3,>A.4), the steam generator 1 repressurize up to
steam generator PORV set pressure (Fig. A.2), due to EFW boiling, at
5956 s (instead of 6878 s).The pressurizer empty is predicted at 6014
s (instead of 6800 s), see Fig. A.5, and level restoration of the
steam ‘generator 1 downcomer occurs at 6033 s. The end of the transient
is at 6033 s, about 2000 s earlier than in the expériment. -

The calculation shows good qualitative..agreement with the
experiment, but there is a shift in the times at which certain
phenomena are predicted. The primary pressure history is strongly

influenced by the pressurizer behaviour; this appears to be not
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reproduced in the calculation. The main reason is that in RELAP4/MOD6
no model seems able to predict with sufficient accuracy heat transfer
in components where flow is close to zero.

The pressurizer behaviour during phase 4 and the duration of
this phace are influenced by the type of primary circulation, which is
connected with the primary mass distribution. The duration of this
phase was quite short in the pre-test, because no flow back of liquid
from the steam generator U-tubes could be predicted. The nodalization
of SPES facility is changed in the post-test analysis /3/ (sect. 4.1),

thus explaining the improvement in the results.
5.2 CEA (France)

The CEA performed three separate post-test analyses which have
been presented at the Second Workshop /3/. The main goals are to
evaluate the effect of the isolation of the steam generators (while in
the pre-test they were connected each other), to understand the
behaviour of the surge line, pressurizer, discharge line and safety
valve and to look at the water mass distribution and core cooling
process after pump trip.

In the first calculation the interfacial friction value in the
surge line, in the pressurizer and at the outlet of the rod bundle was
varied to 1limit the liquid drops dragging with the steam flow. In
addition, the bottom of the pressurizer incorporated a fine mesh, to
obtain a gradual mixing of the fluid entering from the surge line.
Finally it included certain heat losses for the pressurizer and surge
line.

The second post-test calculation included only the interfacial
friction change and the heat losses, while the third post-test
calculation included only changes in the heat losses in the
pressurizer and surge line, and in the core bypass and power channel.

As a result of the modifications, it was determined that the
heat losses in the pressurizer and the surge line have an effect on
the calculation before the coolant pumps are stopped. They cause a
decrease in the calculated primary pressure when the pressurizer is
full, which results in a later opening of the PbRV'(the cold insurge
effect).

The small mesh sizes at the bottom of the pressurizer cause a

more rapid drop of primary pressure after the SCRAM, but pressure
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gradient is well predicted until the steam generator dryout and after
EFW initiation. '

After the pumps are tripped, the modifications to account for
the heat losses have no effect on the core behaviour. However, the
interfacial friction value modification resulted in a . proper
simulation of the oscillations in the pressurizer level.

The quantities obtained in the second and third post-test
calculations, (here identified respectively as CEAl and CEA2), were
submitted at the DCMN and are reported in Appendix A (see Figs. A.22
to A.61). The main experimental and calculated data which characterize
the five phases of the transient are compared in Tab. 5.2 with
experimental data. '

From the data of CEAl the first phase ranges from 0 s to 47 s
(the experimental interval is 0 s - 44 s) while from the data of CEA2
this phase appears not well predicted because when the loss of main
feed water occurs, the set point of steam generator low low level is
already reached (33 s earlier with respect to the measured values);
five seconds later MSIV closure occurs and after further six seconds
there is the SCRAM. During this phase the maximum primary pressure in
the two calculations are respectively 15.1 MPa at 0 s and 16.2 at 60 s
(the experimental values is 16.2 MPa at 45 s).

The second phase ranges from 47 s to 3750 s for CEAl and from 11
to 3293 for CEA2 (the experimental interval is 44 s - 4134 s). After
the SCRAM, the calculated pressurizer level drops to a minimum value
of 2.1 m at 1877 s in CEAl and of 2.5 m at 1820 s in CEA2, about 300 s
earlier than the measured minimum of 2.3 m. The minimum primary
pressure reaches 13.1 MPa at 2788 s in CEAl while the prediction of
CEA2 (13.3 MPa at 166 s), is closer to the experimental data (14.5 MPa
at 100 s). The steam generators safety relief valves open
simultaneously at about 73 s in CEAl and 64 s in CEA2, instead of 200
s for steam generator 1, 106 s for steam generator 2 and 82 s for
steam generator 3 as in the experiment. The secondary system continues
to lose mass through the PORVs and at about 2900 s and 2700 s in the
two calculations, respectively, the steam generator dryouts are
predicted always early with respect to the expe;iment (Figs. 'A.27,
A.28, A.29 and A.- 47, A.48, A.49). The resulting primary heat up is
still quite well predicted.

The third phase ranges from 3750 s to 4940 s for CEAl and from
3293 to 4500 for CEA2 (the experimental interval is 4134 s - 4848 s).
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The primary heat up continues and the pressurizer level increases
until the component fills up with liquid at 4066 s and 3710 s in CEAl
and CEA2 respectively, instead of 4268 s as in the experiment. Due to
secondary mass leakage secondary pressure decreases (Figs. A.23, A.24,
A.25 and A.43, A.44, A.45). At 4940 s and 4500 s respectively the
pumps trip is predicted, the experimental event is at 4848 s.

The fourth phase ranges from 4940 s to 5284 s for CEAl and from
4500 s to 4976 s for CEA2 (the experimental interval is 4848 s -
6532 s); after the pumps stop the primary pressure rises, the
pressurizer remains full of liquid until the end of the phase (Figs.
A.26 and A.46). At 5256 s and 4945 s respectively (instead of 6511 s)
the core heat up starts and about 30 s later EFW actuation'bccurs
(Figs A.31, A.32 and A.51, A.52). Secondary systems éontinue to
depressurize because of the mass leakage (Figs. A.23, A.24, A.25 and
A.43, A.44, A.45).

The fifth phase ranges from 5284 s to 6152 s for CEAl and from
4976 s to 6260 s for CEA2 (the experimental interval is 6532 s - 8062
s), the EFW actuation causes the primary system depressurization and
the consequent pressurizer PORV closure (Figs. A.22 and A.42). The
maximum heat rod surface temperature is 768 K at 5348 s in CEAl and
743 K at 5016 s in CEA2 (while the measured value is 770 K at 6550 s)
and the core recovery occurs at 5384 s and 5072 s. While the steaﬁ
generators 2 and 3 continue to depressurize (Figs. A.24, A.25 and
A.44, A.45), the steam generator 1 repressurize up to steam generator
PORV pressure opening set point (Figs. A.23 and A.43), due to EFW
boiling, at 5452 s and 5132 s (instead of 6878 s). The pressurizer
emptying is predicted at 5553 s and 5252 s (instead of 6800 s, see
Figs. A.26 and A.46) and level restoration of the steam generator 1
downcomer occurs at 6045 s and 5708 s. The end of the transient is at

6152 s, and 6260 s instead of 8062 s.
5.3 BHA BHA (India)

- The quantities obtained in the post-test calculation by BHA BHA
are reported in Appendix A (see Figs. A.62 to A.74) and ‘the méin
experimental and calculated data which characterize the five phases of
the transient are compared in Tab. 5.2 with the experimental data.

In the first phase it is difficult to define the test events
because the BHA BHA did not provide the DCMN with the steam generators
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levels. During this phase the maximum primary pressure reaches 16.6
MPa at 48 s (instead of 16.2 MPa at 44 s as in the experiment).

In the second phase, after the SCRAM, the pressurizer level
drops to 2.3 m at 3064 s (about 800 s later than the experimental
value) and the minimum primary pressure reaches the values of 14.6 MPa
at 3320 s while the experimental minimum value occurs at 100 s.

The time intervals of the third, fourth and fifth phases are not
defined because the primary pumps shut-off and the core dryout is not
predicted. Due to secondary mass leakage secondary pressure does not
decrease as expected (Figs. A.63, A.64, A.65) and the pumps trip is
not predicted. The end of the transient is at 6000 s, about 2000 s

earlier than in the experiment.
5.4 PISA UNIVERSITY (Italy)

In the framework of post-test activities a preliminary post-test
calculation /18/ and a final post-test calculation /19/ nave been
performed by the University of Pisa.

The preliminary post-test calculation was executed before the
Second Workshop, it consists of three sensitivity calculations.

In the first one the heat losses in the pressurizer and in the
surge line were changed, the steady state values are 4 kw in the
pressurizer and 24 kw in the surge line; the same quantities held 0 kw
and 5 kw in the pre-test.

In the second calculation the volumes of the riser of secondary
side steam generators have been modified, the new values of secondary
side mass are 143 kg, 168 kg and 152 kg for steam generator 1, steam
generator 2 and steam generator 3 compared to 113 kg, 139 kg and 122
kg for the pre-test.

In the third calculation the effect of both the heat losses in
pressurizer and in surge line and the node dimensions of secondary
side have been considered. The values of pressurizer and surge line
heat losses was set to 4 kw and 3 kw, respectively while the volumes
of secondary side nodes are the same as in the second calculation.

The preliminary post—teét calculations led to two main
conclusion: '

a) the increase of heat losses in pressurizer is effective in delaying
the time of actuation of emergences feed water;

b) the consideration of the actual mass in steam generators (lower
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initial values was assumed in the pre-test with respect to the
experiment), is effective in reproducing the heating of primary
coolant fluid during phases 2 and 3.

A proper combination of the above two aspects appeared necessary
to simulate the measured scenario. e

The final post-test calculations have been performed ;fter
changing the following quantities with respect to pre-test, and
preliminary post-test, used input deck:

1) initial and boundary conditions: the code has been updated on the
basis of the 1last test specifications released by the host
organization;

2) secondary side nodalization: the steam generators and risers- nodes
have been modified in order to improve the comparison between
steady-state calculation and experimental values of secondary side
mass inventory and downcomer level.

Table 5.3 1lists the main parameters considered in the final
post-test analysis, compared with that of the pre-test.

Five sensitivity calculations have been performed from a base
case characterized by a full compliance with the update experimental
initial and boundary conditions.

The five calculations are mainly related to the investigation of
the influence upon the test scenario of some parameters not well
understood from the blind prediction or retained to be not well
defined in the experiment:

- pressurizer and surge line heat losses and their influence on phase
2 primary pressure trend;

- secondary side leak and EFW fluid-wall interaction (hot wall delay)
and their influence on phase 5 primary pressure and steam generator
1 secondary level trend.

Here the results of calculation number 03 /19/ are reported;
this was chosen because it was available when the quantitative
evaluation of the code accuracy /20/ of 1SP22 was made.

The first phase ranges from 0 s to 44 s (the experimental
interval is 0 s - 44 s). After the 1loss of main feed water at time
0 s, the secondary inventory decreases, and'at 3} s the set point of
low low level is reached, five seconds later MSIV -closure occurs and
after further six seconds there is the SCRAM. puring this phase the
maximum primary pressure reaches 16.1 MPa at 50 s, in good agreement

with the experimental values.
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The second phase ranges from 44 s to 3065 s (the experimental
interval is 44 s - 4134 s). After the SCRAM, the pressurizer level
drops to 2.05 m at 2280 s, (about 80 s after the méasured value) and
the minimum primary pressure reaches 14.5 MPa at 90 s while the
experimental minimum value is 14.5 at 100 s. The steam generators
safety relief valves open at about 260 s for steam generator 1, 295 s
for steam generator 2 and 250 s for steam generator 3 (instead of 200
s, 106 s and 82 respectively) the secondary system continues to lose
mass through the PORVs and at about 2800 s the steam generators dryout
are predicted (Figs. A.80, A.81, A.82). A subsequent primary heat up
occurs, the pressurizer level and the primary pressure increase.

The third phase ranges from 3065 s to 4546 s (the experimental
interval is 4134 s - 4848 s), primary heat up continues and
pressurizer level increases until the component fills up with liquid
(at 4380 s, instead of 4268 s). Due to secondary mass leakage
secondary pressure decreases (Figs. A.76, A.77, A.78); at 4546 s (300
s earlier than in the experiment), the pumps trip is predicted.

The fourth phase ranges from 4546 s to 6753 s (the experimental
interval is 4848 s - 6532 s), after the pumps stop the primary
pressure rises, the pressurizer remains full of liquid until the end
of the phase (Fig. A.79). At 6740 s (instead of 6511 s) core heat up
starts and 13 s later EFW actuation occurs (Figs A.84, A.85);
Secondary systems continue to depressurize because of the mass leakage
(Figs. A.76, A.77, A.78).

The fifth phase ranges from 6753 s to 7500 s (the experimental
interval is 6532 s - 8062 s); EFW actuation causes the primary system
depressurization and the consequent pressurizer PORV closure (Fig.
A.75). The maximum rod surface temperature is 695 K at 6820 s (while
the measured value is 770 K at 6550 s) and the core recovery occurs at
7120 s. While the steam generators 2 and 3 continue to depressurize
(Fig. A.77, A.78), the steam generator 1 repressurizes up to steam
generator PORV set pressure (Fig. A.76), due to EFW boiling, at 7200 s
(instead of 6878 s). The pressurizer emptying is predicted at 7150 s
(instead of 6800 s), see Fig. A.79 and the condition of level
restoration in the steam generator 1 down-comer is not reached. The
end of the transient is at 7500 s, about 500 s earlier than in the
experiment.

The main aim of the post-test 3 is the 'analysis of phase 5
characterized by the EFW injection.
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In order to compensate for the underestimate of the hot wall
delay phenomenon, the EFW mass flowrate was reduced and the related
temperature was increased. The same effect could have been obtained by
imposing a fictitious heat transfer coefficient on the internal wall
at the steam generator 1 secondary side structures. N

Owing to the reported change, the prediction of the primary
depressurization during phase 5 is initially improved, but the
flashing of 1liquid in the steam generator bottom volumes stops the
depressurization a first time at around 7000 s into the transient. In
fact the steam generator 1 secondary PORV mass flowrate at that time
equilibrates the EFW injected mass flowrate and also the level
increasing is stopped. A

A correct simulation of the steam generator 1 secondary PORV
behaviour (prediction of correct mass flowrate and opening-closure

timing) is also important to reproduce the phenomena during phase 5.
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NUMBER QUANTITY UNIT FIGURE(*) QUANTITY DESCRIPTION
IDENTIFICATION NUMBER
1 ENEAP-027P MPa 1 Pressurizer pressure
2 ENEAP-104S MPa 3 Steam dome SG1 pressure
3 ENEAP-204S MPa 4 Steam dome SG2 pressure
4 ENEAP-304S MPa 5 Steam dome SG3 pressure
5 ENEAL-010P m 6 Pressurizer level
6 ENEAL-110S m 7 Downcamer SGl1 level
7 ENEAL-210S m 8 Downcomer SG2 level
8 ENEAL-310S1 m 9 Downcamer SG3 level
9 ENEATWO13P27 X 49 Rod bundle surface temperature
(elevation 1074 mm)
10 ENEATW018P11 X 51 Rod bundle surface temperature
(elevation 3294 mm)
11 ENEATW020P49 X 52 Rod bundle surface temperature
(elevation 3640 mm)
12 ENEAT-012P ¢ 53 Vessel upper plenum fluid
temperature
13 ENEADPCORP kPa 58 Core pressure drop
14 ENEADPDH3P kPa 67 SG3 U-bend/outlet (down-hill)
pressure drop
15 ENEADP-109P kPa 68 SG1 outl_et loop seal bottam .
pressure drop
16 DCMN-PSM kg 85 Primary coolant mass inventory
17 DCMN-CIF kg/s 95 Core inlet mass flowrate
18 ENEAELDEN1 kg/m3 100 Hot leg 1 denmsity
19 ENEAF-110P kg/s 125 Loop seal 1 mass flowrate
20 DCMN-PSHLO kw 131 Primary system heat losses (o)
21 DCMN-PRZB kw - Pressurizer heaters power minus

(*) Original ISP22 request

(o) Including surge line and pressurizer

pressurizer heat losses

Tab. 5.1 - List of variables required to ISP22 post-téét participants
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No | Phase TEST EVENT UNIT EXP POST-TEST
UDRE CEAl CEA2 INDI UPIS
1 phase Loss of Feed Water ) s 0. 0. 0. 0. 0. 0.
1
2 Maximum primary MPa 16.2 16.2 15.1 16.2 16.6 16.1
pressure (*) (s) (45.) (44.) (0.) (60.) . (48.) (50.)
3 . Steam generator low- s 33. 40. 36. 0. (xw) a3,
low level signal 1
4 Majin Steam Isolation s 38. 45. 41. s, (*rx) 38.
Valve closing
5 SCRAM s 44, S1. 47. 11. (***) 44.
6 phase Minimum primary MPa 14.5 13.3 13.1 13.3 14.6 14.5
2 pressure (*) (s) (100.) (1863.) {2788.) (116.) (3320.) (90.)
7 SG1 Safety Relief s 200. 46. 73. 64. 48. 260.
Valve opening
8 SG2 Safety Relief s 106. 46. 3. 64. 48. 275.
Valve opening .
9 SG3 Safety Relief s 82. 46. 3. 64. 48. 250.
Valve opening ’
10 Minimum PRZ level (*) m 2.3 2.0 2.1 2.5 2.3 2.05
(s) (2200.) (2216.) (1877.) (1820.) (3064.) (2280.)
11 SG1 dry-out s 3347. 3260. 2941. 2756. (**x*) 2800.
12 SG2 dry-out s 3437. 3368. 2957. 2780. (***) 2800.
13 $G3 dry-out s 3282. 3368. 2948. 2774. (x**) 2800.
14 Pressurizer PORV s 4134. 3600. 3750. 3293. {**) 3065.
opening
15 | phase PRZ full s 4268. 3940. 4066. 3710. 3368. 4380.
3
16 Primary pumps shut-off s 4848. 4718. 4940. 4500. (**) 4546.
17 Saturation conditions s 4870. 4396. 4752. 4358. {(**) 4570.
in RCS
18 | phase Start of core heat-up s 6511. 5785. 5256. 4945. (**) 6740.
4
19 EFW start s 6532. 5818. 5284. 4976. (**) 6753
20 ] phase Maximum heat rod K 770. 657. 768. 745. 620. 695.
S surface temp. (*) (s) (6550.) (5794.) (5348.) (5016.) (6000.) (6820.)
21 Core recovery s 6666. 5830. 5384. s072. (**) 7120.
22 PRZ empty s 6800. 6014. 5553. 5252. (r**) 7150.
23 $G1 Safety Relief s 6878. 5956. 5452. 5132. (***) 7200.
Valve opening
24 SG1 DC level s 8062. 6033. 6045. 5708. 6000. {(**)
restoration (2.6 m)
25 End of the transient 8 8062. 6033. 6152. 6260. 6000. 7500.
Code CPU time/transient - (ww) 2.4 2.4 (xx*) 8.3
Behaviour .time

(*) Value and time
(**) Condition not reached
(***) Information not available

Tab. 5.2 - Sequence of events: comparison between experimental and calculated data




PARAMETER

PRZ heat losses
(kW)

Surge line heat
losses (kW)

PRZ heaters power
(kW)

SG1 leak mass
flowrate (g/s) ()

SG2 leak mass
flowrate (g/s) (%

SG3 leak mass
flowrate (g/s) (%)

EFW mass flowrate
(kg/s)

EFW temperature

SGl1 initial mass
inventory (kg)

SG2 initial mass
inventory (kg)

SG3 initial mass
inventory (kg)

Tab.

2.7

306.

137.

151.

145.

(*) Steady-state value
(**) Set constant during the transient

Tab. 5.3 - Main
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PRE-TEST POST TEST
CASE 1 CASE 2 CASE 3 CASE 4 CASE 5
0. 6. 6. 6. 6. 6.
5. 3. 3. 3. 3. 3.
5. 7.9 7.9 7.9 7.9 7.9
7.(**) T.(**) 7. 7. 7. 7.
4.7(**) 4.7(**) 4.7 7. 7. 7.
S.4(**) 5.4(**%) 5.4 7. 7. 7.
100% 100% 100% 50% 70% 50%
nominal nominal nominal nominal nominal nominal
306. 306. 306. 306. 306. 306.
119. 119. 150. 150. 150. 150.
138. 138. 161. 161. 161. 161.
122. 122. 160. 160. 160. 160.
post-test calculations performed

characteristics of
University of Pisa

by
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6. OVERALL COMPARISON BETWEEN POST-TEST CALCULATIONS AND
EXPERIMENTAL DATA

In this section, the results submitted by the participants are
compared among each other and with the experimental data. The sequence
of the events is discussed firstly; then, the graphical resultslare
presented for the variables requested to the participants.

Considering that each participant calculation is discussed
separately in the previous section, the aim of the present section is
to evaluate, on an overall basis, the predictive capabilities of the
utilized computer codes, considering the phenomenology of the
transient.

A better understanding of the involved physical phenomena
appears from an overall look of the results submitted to DCMN compared
with the blind predictions: almost all the relevant thermalhydraulic
aspects measured during the test have been simulated in the post-test
calculations (see also sect. 7).

Qualitative and quantitative accuracy of the various predictions
is evaluated in Sect. 7; so, only a description of the trends is
provided hereafter with reference to each variable or consistent set

of variables.
6.1 Sequence of events

The measured and calculated sequences of the events for the
test SP-FW-02 are summarized in Tab. 5.2.

In the first phase, from the loss of feed water to the SCRAM,
the main event to be predicted is steam generator low-low level. The
analysis of the post-test results shows that its occurrence is well
predicted by UPIS; CEAl slight overestimates it, on the contrary CEA2
starts its transient calculation with low-low level condition reached;
UDRE overestimates it of 7 s and the first phase of INDI calculation
cannot be identified because the steam generators level trend has not
been submitted to DCMN. The improvement of the post-test calculations
in this phase is due to a better kxnowledge of secondary mass inventory
in steady state condition; in the case of UDRE ﬁrediction, it is due
also to a more detailed secondary side schemati;ation (compare Figs.
4.1 and 4.2); in the case of UPIS, it is also due to the modification

of the secondary side nodalization of the steam generators (compare
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Figs. 4.5 and 4.6) that also led to the improvement of the comparison
between steady-state calculation and experimental values of secondary
side mass inventory. )

In the second phase, from the SCRAM to the pressurizer PORV
opening, the timing is widely influenced by the knowledge of bhoundary
conditions like the heat transfer between primary and secondary side,
the secondary side mass inventory, the time of pressurizer heaters
shut-off, the heat losses in the pressurizer, in the surge line and in
the upper head.

The improvement of the post-test calculations in this phase is
due to the effort to get closer to the experimental the values of the
above-mentioned boundary conditions. '

As reported in Tab 5.2 the time of occurrence of the minimum
primary pressure is well predicted by UPIS and CEA2; the other
calculations largely overestimate it of some thousand seconds; the
steam generators SRV opening is generally underpredicted except for
UPIS; the time of occurrence of the minimum pressurizer level is
overpredicted only by the two CEA calculations; the UDRE calculation
well predicts the time of steam generators dryout while the other
organizations underestimate it of some hundred seconds and INDI did
not submit the steam generator levels; the pressurizer PORV opening
time is underpredicted by all the participants except for INDI
calculations that does not reach the set point pressure of PORV
opening.

In the third phase, from the pressurizer PORV opening to primary
coolant pumps trip, the timing is mainly influenced by the heat losses
distribution in the primary loop, by the heat stored in the core
region (large structural mass due to several flanges) and Dby the
occurrence of the degradation of the heat transfer between the primary
and secondary side.

The time of pressurizer full occurrence 1is generally
underestimated except in the case of UPIS; the primary pumps trip is
generally underestimated except in the case of CEAl; INDI does not
foreseée this event. The time of saturation condition occurrence in the
primary side is underpredicted by all the participants.

In the fourth phase, from the primary coolaht'pumps trips to the
EFW actuation, the. timing is mainly influenced by the heat transfer
between the fluid and the structure in the pressurizer and by the void
redistribution after the pumps trip. The participants results depend
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largely by the adopted pressurizer nodalization.

INDI calculation was stopped before the time of core heat up and
the EFW actuation; UDRE, CEAl1 and CEA2 calculations underestimate it;
UPIS calculations overestimates the time of start of core heat.up and
the time of EFW actuation. .

In the fifth phase, from EFW actuation to the end of the
transient, the observations made on the fourth phase relating to
phenomena affecting the timing, are still wvalid. The time of
occurrence of all the events in this phase is underestimated by all
the organizations except by UPIS and all the calculations
underestimate the time of the end of the transient.

6.2 Pressures

The experimental pressure trends in the pressurizer and in the
three steam generators are compared with the post-test calculations in
the Figs. 6.1 to 6.4.

In the first phase the primary pressure increase up to the
values of pressurizer PORV opening, is predicted by the various
participants. Only CEAl seems not to have this effect; this appears to
be connected with the too large time interval between the supplied
values (one pressure values at the beginning of the transient and the
subsequent is at time 74 s); this explanation is supported by the
behaviour of CEA2 calculation which foresees a pressure increase with
a maximum value of 16.2 MPa at 60 s.

puring the second phase, following the SCRAM the experimental
primary pressure decreases at 14.5 MPa and afterwards it increases
continuously up to pressurizer PORV opening. The pressure trend is
slightly undrepredicted by CEA2 and overpredicted by UPIS while the
other participants obtained a decreasing trend of the pressure after
the SCRAM with a minimum some thousand seconds after the experimental
values (see Tab. 5.2). The discrepancies in the pressure prediction in
this phase appear to be due mostly to wrong consideration of
pressurizer heat losses.

During the third and fourth phases, the primary pressure remains
at the values of pressurizer PORV opening: this:iS'well predicted by
all the calculations, apart from the INDI one.

During the fifth phase the primary pressure decreases until the
end of the transient. This is not predicted by UPIS. Owing to the

o
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reported change, (Sect. 5) /19/ the prediction of the primary
depressurization during the fifth phase is initially improved, but the
flashing of liquid in the steam generator bottom volumes stops the
depressurization at around 7000 s into the transient. This trend is
not similar to the remaining sensitivity calculations performed by the
University of Pisa in the frame of the post test activity.

In the first phase the secondary side pressure rises till the
steam generator SRVs opening, this is predicted by all the
participants.

In the second phase the secondary pressure remains constant at
the set point of steam generator SRV opening; after the steam
generators dryout, even due to the 1loss of mass in the - steam
generators secondary side, it decreases. The predicted pressure trends
are in accordance with the measured value apart for the INDI
calculation that assumes constant secondary side pressure in each
steam generator during all the transient.

In the third phase the secondary pressure decreases essentially
due to the leaks: the participants predictions are reasonable.

In the fourth phase the secondary pressure in the steam
generator 1 reaches its minimum value; afterwards it increases quickly
after EFW actuation. This phase, in the steam generator 1, is largely
influenced by the heat exchanged across the U-tubes. The pressuré
trend is reasonably predicted by all the participants, with the
exception of INDI. In this phase the secondary pressure in the steam
generator 2 and steam generator 3 decreases and is qualitatively well
predicted.

In the fifth phase the secondary pressure in the steam generator
1 remains at the set point of the SRV opening while in the steam

generator 2 and steam generator 3 continues to decrease.
6.3 Liquid levels

Liquid levels are reported in Figs. 6.5 to 6.8. It must be noted
that the INDI submission included only the calculated trend of the
pressurizer level. )

Relating to the pressurizer level a good .agreement between all
the code predictions and the experimental trend, can be noted. This
represents a remarkable difference with respect to the blind

calculations, and is a consequence of a better knowledge of the
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boundary conditions with main reference to the heat losses in the
pressurizer and surge’ line.

The pressurizer level trend after the pumps trip up to the end
of the transient is well predicted by UPIS either in the timing and
values; also UDRE evaluate a pressurizer trend similar .to the
experimental one. The two calculations of CEA do not predict well the
pressurizer level trend in the fourth and fifth phases. The INDI
calculation stops before primary coolant pump trip.

The steam generators level trend is underpredicted by all the
participants but there is a good agreement with the time of dryout
occurrence. The UDRE calculation shows an irregular trend of the level
probably due to the consideration of the swollen level by RELAP4/MOD6
code. The dryout condition remains in the steam generator 2 and steam
generator 3 up to the end of the transient, while in steam generator 1
the level restoration is predicted, following EFW injection. The
evaluation of the predictions related to the steam generator 1 level
during EFW actuation 1leads to the conclusion that, assuming the
nominal values of the EFW mass flowrate, the utilized codes are unable
to predict the heat transfer from hot walls towards the injected
subcooled liquid. This is recognizable in Fig 6.6 where only UPIS:
calculation (where the EFW flowrate has been largely reduced) is
similar to the experimental signal during the steam generator 1 level

restoration period.
6.4 Rod surface temperatures

The discrepancies between measured and calculated trends at the
beginning is due to the thermocouples position inside the rod: surface
temperature is reported from the calculation, while an internal value
is consistent with the measurement. These discrepancies between the
code prediction and the experimental values, Figs. 6.9 to 6.11, are
maximum during the steady state (maximum power) .

Apart from the latest period, the temperature trends are
predicted by all the organizations; the two calculations of CEA and
UPIS predict the maximum rod bundle surface temperature closest to the
measured values; UDRE predicts a "difference of 110 K between the
experimental and calculated maximum temperatures and INDI interrupts
its calculation before the dryout occurrence. The different timing and
values of the calculated temperature compared to the experimental
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trends can be understood taking into account the observations made in
the previous paragraphs relatively to the influence of the boundary
conditions on the transient evolution.

It is dimportant to remark that all the participants foresee,
after the dryout, the core recovery with a primary coolant mass
inventory practically constant or slightly decreasing (see Fig. 6.16).
With regard to this it must be noted that the availability of the
experimental values of this integral quantity would have been very

interesting.

6.5 Pressure drops and mass flowrates

The core pressure drop, the steam generator 3 U-bend/outlet
(down-hill) and steam generator 1 outlet loop seal bottom pressure
drop are reported respectively in Figs. from 6.13 to 6.15; the core
inlet mass flowrate is reported in Fig. 6.17. It must be noted that
the experimental values of this variable are not available. The loop
seal 1 mass flowrate is shown in Fig. 6.19.

The experimental trend of the core pressure drop shows the
occurrence of two-phase natural circulation after pump trip.

The initial values predicted by the participants are affected by
boundary conditions. Some inadequacies in the definition of local
loss coefficients during the steady state phase appear from the data.
Afterward the qualitative trend during the transient is predicted by
all the participants. Only UDRE obtains a large number of oscillations
after the pump trip; this is due to the inadequacy of the RELAP4/MOD6
when predicting two phase natural circulation. CEAl and CEA2 predict a
natural circulation period shorter than in the experiment; UPIS
foresees a natural circulation period closer to the experiment and
INDI calculation does not show any natural circulation.

In relation to the experimental trend of the pressure drop in
the steam generator 3 U-bend/outlet down-hill (Fig. 6.14), the results
of the participants calculation are similar to the case of core

pressure drop.

6.6 Other quantities

In Fig.6.16 the primary coolant mass inventory is reported. In
this case the experimental signal is not available; the participants
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predictions are in good qualitative agreement among each other.

In Fig.6.18 the experimental and calculated trends of hot leg 1
density are reported. The trend is qualitatively predicted by all
participants in the first two phases but the reflux oscillations are
not well predicted by any calculation.

In Fig. 6.20 the primary system heat losses are reported; also
in this case the experimental signal is not available but however the
participant predictions are qualitatively in agreement among each
other; only the two CEA calculations foresee primary system heat

losses half than the other participants.
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7. QUALITATIVE AND QUANTITATIVE ASSESSMENT OF PRE-TEST AND POST-
TEST APPLICATIONS

7.1 Introductory remarks

The reliability of the predictions obtained by thermalhydréulic
system codes, adopted for safety analyses of Nuclear Power Plants
(NPP), is the result of many factors involving code features and user
experience. The most important items are the number and the type of
balance equations, the constitutive models, the numerical method, the
characteristics of the nodalization developed to describe a complex
geometrical system.

The main objective of the code qualification process, including
the developmental assessment and the application to tests performed in
separate effects and integral facilities, is the definition of the
acceptability of the code itself.

This requires the solution of two main problems:

- the first one concerns the evaluation of the "accuracy" of a code
in the prediction of the scenario of tests performed in scaled
facilities;

- the second is related to the definition of the "uncertainty" in
the evaluation of the behaviour of the full scale NPP. ’

The reactors are characterized by geometrical dimensions much
larger than those of the experimental facilities:; limited information
is available from measurements in NPP. So, scaling problems must be
solved in going from accuracy to uncertainty.

Large efforts are in progress in the international framework in
order to develop objective criteria to be used in the code
qualification process (CSNI, ICAP, national activities). Difficulties
occur in this context, even due to the lack of an accepted approach to
the problem, mainly concerning the following aspects:

1. the evaluation of uncertainties in the measurements of physical
quantities taken as reference for code calculations;

2. the effect of the user experience in the selection of code options
and in the development of nodalizations for complex facilities;

3. the need of engineering judgement in the selection of relevant
variables to be considered in evaluating the codes;

4. the lack of an objective basis to extrapolate phenomena measured

or foreseen considering small scale facilities in order to achieve
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information about full scale plants.

In the present section, the above mentioned concepts will be
considered in the aim to define accuracy of pre-tést and post-test
ISP 22 applications. This will be obtained in two steps. The first one
is a qualitative approach to get a preliminary evaluation  of the
results obtained in each code application. By the observation of' the
‘curves submitted by participants to pre-test and post-test analyses,
the method is aiming to state how much each application can be
considered representative of the phenomena actually occurred during
the experiment.

In the second step a technique previously applied at DCMN to
other integral test predictions (ISP 18 and ISP 21) /21/ g adopted.
It consists of a quantitative approach to the problem of accuracy
evaluation developed at University of Pisa in the years 1987-89. On
the basis of the Fast Fourier Transform (FFT) of the experimental and
the calculated trends, the technique calculates quantitative indexes
of accuracy which allow the comparison among each other of the
considered code applications.

The two steps are intended to give a complete picture of
accuracy of ISP 22 predictions, covering both the qualitative and the
quantitative aspects. As the second step involves a rather new
approach, it can be considered as a pilot study toward the definition

of an objective procedure for the quantification of code accuracy.
7.2 Qualitative assessment
7.2.1 Description of the adopted methodology

In the aim to obtain a meaningful comparison between its own
pre-test and post-test predictions, the University of Pisa set up a
table of relevant events to be considered of primary importance for
code simulations/19/.

The table (see Tabs. 7.1 and 7.2) has been discussed between
participants at the Final Workshop on ISP 22, adding further items or
changing phenomena definitions. In its final form the table comprises
19 relevant thermal-hydraulic aspects for the five phases identified
in the transient (see for instance Sect. 2), which are briefly

discussed hereafter.



-73-

Phase 1: from LOFW to SCRAM

In this phase two main aspects to be predicted by code
calculations were selected, being primary pressure increase, due to
the degradation uf heat exchange conditions with secondary system, and
the steam generator level, «hose deérease triggers the _reactor

shutdown and the MSIVs closure.

Phase 2: from SCRAM to pressurizer PORV opening

This phase is characterized by the continuous loss of secondary
fluid through the cyclic opening of steam generator SRVs, which causes
primary system fluid heat up and pressurization up to the opening of
the pressurizer PORV. Steam generator boil-off, primary - fluid
temperature, PORV opening and the overall mass and energy balance in
the pressurizer were considered of greatest importance for code

simulation of this transient phase.

Phase 3: from pressurizer PORV opening to primary coolant pumps trip
The main phenomena occurring in this phase are the continuing
primary system fluid heat up at nearly constant pressure (the PORV
opening setpoint), until saturation is reached and PCPs are stopped.
In the steam generator secondary side, pressure continues to decrease
due to the fluid leakage to the environment. Energy and mass balance
in the pressurizer, the pumps trip event, primary coolant temperature
increase in primary system and pressure behaviour in steam generators

were chosen to represent this transient phase in code calculations.

Phase 4: from primary coolant pumps trip to EFW actuation

In this phase, the continuous voiding in primary system causes a
stop in natural circulation, a partial outsurge of liquid from
pressurizer and dryout in the core rods. The partial emptying of
pressurizer, the stop of natural circulation in primary system, the
dryout occurrence, the actuation of EFW and the pressure behaviour in
the secondary system are considered the main aspects to be simulated

in this phase.

Phase 5: from EFW actuation to the end

The restoration of the heat sink causes a repressurization of
steam generator 1 and a quick cooling of primary system; this is
mainly responsible for the complete pressurizer emptying which
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produces top down quenching of rods in the core; the raising of liquid
level in steam generator 1 shows a slope smaller than expected, due to
vaporization of EFW on the hot downcomer surfaces. The phenomena
selected for this last phase of the transient are the complete
emptying of pressurizer, the stop of temperature excursion . in the
core, the hot wall delay and the pressure behaviour in secondary
system.

Five symbols were used to fill the table of relevant thermal-
hydraulic aspects corresponding to different levels of accuracy in
their representation by pre-test and post-test analysis. The first
symbol (*) indicates that the code application succeeded in
representing the main qualitative and quantitative features of the
addressed aspect. The second one (°) indicates that only a
qualitatively acceptable representation is obtained by the
calculation. The third and the fourth symbols (+ and x) are used to
identify those applications which failed in ©predicting the
experimental trends even from a qualitative point of view, using the
former when the reason of the obtained deficiencies are well
understood, the latter in all the other cases. Finally, the symbol (=)
jndicates that the calculation had an early stop and the addressed
phenomena were not calculated.

This methodology allowed to obtain an overall picture of the
ability of codes and code users in representing the main phenomenology
of this test. The improvements obtained in post-test applications with

respect to pre-test ones are a further outcome of the analysis.
7.2.2 Evaluation of pre-test applications

Tab. 7.1 summarizes the results obtained in the application of
the above described methodology to pre-test participant submissions.
As it can be noted, some of the participant organizations were not
included in the table due to the lack of required information about
the calculated trends. Tab. 7.2 lists the figures of Ref. 2 considered
to perform the analysis.

It can be noted that in several cases a qualitatively acceptable
description of the transient was obtained. This is due to the fact
that the majority of participants gave an acceptable description of
the transient but with a timing different from the real one, generally

faster, because of different errors (mass inventory underprediction or
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overprediction, bad initial levels and so on).

As a consequencé, in these cases it was not possible to use the
category "predicted qualitatively and quantitatively", even if a good
qqantitative evaluation of maximum and minimum values of variables was
obtained. Furthermore, in the comparison the five phases of the
transient could not be considered as fixed time windows, but as
periods of different length for each participant in which the
considered events were calculated to happen.

Concerning single phases in the table, the following

considerations can be made:

Phase 1:

Primary pressure increase due to the loss of the heat sink (item
1 in Tab. 7.1) was qualitatively predicted by most participants. It is
worthy to note that the trends reported in Figs. 1Bl to 1B4 show
pressure curves which, due to the lack of plotted points in this
period, may not be completely representative of the actually
calculated trend.

Fewer participants predicted good steam generator level trends
in this period (item 2), although discrepancies with the experiment
appear just after scram. The considerable uncertainties on

experimental level evaluation can be mentioned in this connection.

Phase 2:

Although most participants predicted the phenomenon of complete
emptying of steam generators due to mass escaping from the SRVs (item
3), only CEAF gave an acceptable qualitative description of the timing
of the phenomenon.

On the contrary, a qualitatively good description of primary
system temperature rise (item 4) was obtained by all the code
applications, except CINA, whose calculation stops Jjust after ‘the
beginning of this phase, IJSJ, showing an abnormal temperature trend,
and HUNG, which calculates a too fast temperature rise with
superﬁeated conditions due to an early core dryout.

The timing for pressurizer PORV opening (item 5) is too much
anticipated in every calculation to be considered acceptable. In this
connection, it can be recalled that the bad prediction of secondary
system behaviour and pressurizer PORV opening were the main reasons

requiring a second Final Workshop on ISP 22, aiming to clarify the
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‘causes of discrepancy.

Finally, the energy and mass balance in the pressurizer (item 6)
was generally qualitatively well predicted, with a remarkable result
obtained by CEAF in simulating the pressurizer level trend. It can be
mentioned that the heat losses in pressurizer and surgeline were not

taken into account in the calculations.

Phase 3:

Concerning the prediction of pressurizer phenomena during this
phase (item 7), considerations similar to those related to the
previous phase can be reported. However, in this case the CEAF
calculation, although predicts correctly the 1level, shows  some
discrepancy in the pressurizer pressure trend, may be due to some heat
unbalance.

In most calculations, the time for primary coolant pumps trip
(item 8) is coherent with the previously mentioned anticipation in
pressurizer PORV opening. So, all the predictions in which this event
occurs after a time lag from PORV opening similar to that in the
experiment were considered qualitatively acceptable. The CEAF
calculation shows a good quantitative agreement with the experiment
for this item too.

Also in this phase primary coolant temperature rise (item 9) was
qualitatively well described by all code applications but IJSJ and
HUNG ones.

Secondary pressures (item 10) is also qualitatively well
predicted up the EFW actuation. In particular, the CEAF and IJSJ
submitted calculations got closer to the experimental curves than the
other participants, although they show, respectively, an anticipation
and a delay in EFW actuation whichiiééuse discrepancy in the next

phase.

Phase 4:

_ The partial 1liquid outsurge from pressurizer was at least
qualitatively well pfedicted by six of the fourteen considered pre-
test applications. The UPIS calculation was considered also
qualitatively correct, as the time duration of the predicted level
plateau is almost the same as in the experiment. The reasons for the
discrepancies obtained in CEAF, INDI, UDRE and FINL calculations seem

to be understood; in fact, in the first one the representation of
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flooding phenomena at the surgeline seems to be incorrect, while the
other three calculations were performed by codes '(RELAP4/MODG and
SMABRE) which hardly can simulate phenomena involving the
representation of mechanical non equilibrium between the liquid and
the vapour phase.

Concerning the onset of natural circulation after pump 'frip
(item 12), the pressure drop in the steam generator U-tubes shows that
many code applications were able to give at least a qualitative
picture of the phenomenon. The CEAF calculation also predicts
correctly the timing for the phenomenon.

Dryout occurrence (item 13) was also predicted by almost all the
submitted pre-test calculations, although the timing is not the
correct one.

Taking as reference the time lag between the primary coolant
pumps stop and the EFW actuation (item 14) it can be seen that only
the UPIS calculation obtained a value close to the experimental one
(1660 s in the calculation, 1674 s in the experiment). Most of the
other pre-test predictions are considered to give only a qualitative
representation of the phenomenon.

Secondary pressure in this phase (item 15) is predicted
qualitatively well by some calculations and also quantitatively by the
IJSJ and CEAF ones. '

Phase 5:

The complete emptying of pressurizer (item 16) was predicted by
all calculations, but the INDI one, in a qualitative way. Similarly,
all were able to predict the quenching of core rods (item 17) mainly
caused by water coming down from the pressurizer.

On the contrary, no code predicted correctly the delay in steam
generator 1 downcomer filling caused by the considerable heat transfer
from the hot downcomer shell (item 18). As a results the slope of the
steam generator level trend is generally higher than in the
experiment. The fact that in some cases a lower slope is observed can
be considered the result of code deficiencies or user effect, since
codes have no model able to correctly predict the phenomenon.

During this phase, the pressure behaviour in secondary system
(item 19) is mainly characterized by a remarkable increase of steam
generator 1 pressure due to EFW actuation, while in the other steam

generators pressure continues to decrease due to the fluid leakage to
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the environment. This last feature was qualitatively predicted by
almost all applications, the only exception being the CEAF one, which
calculated the transient with the three steam geﬁerators connected
each other. Due to discrepancies in EFW actuation timing, no code was
akle to provide the correct pressure trend in steam generator 1,
although some gave good predictions of the lower value of pressure

reached before this event.
7.2.3 Evaluation of post-test applications

With reference to the comparison plots reported in Sect. 6, Tab.
7.3 summarizes the phenomenological performance of 1ISP22 post-test
predictions. In the following the obtained results are briefly

discussed considering the various phases of the transient.

Phase 1

During this phase UDRE and UPIS calculations obtained good
qualitative and quantitative results in the prediction of primary
pressure increase and steam generator level. The second calculation
provided by CEA and the INDI one represented the expected trends only
qualitatively. On the contrary the first calculation by CEA fails in

predicting the observed evolutions of the two variables.

Phase 2

Some improvement is found in the prediction of steam generator
boil-off timing in both calculations by CEA with respect to pre-test.
The UDRE calculation present oscillations of very large amplitude
probably due to a wrong evaluation of swell phenomena. The UPIS
calculation still predicts a too fast emptying of steam generator and
the INDI one did not provide the required calculated data.

Primary temperature increase during this phase is now well
predicted by all participants. Nevertheless, the INDI calculation
shows some quantitative discrepancies.

_-The time of pressurizer PORV opening is anticipated in the UPIS
calculation. This has been understood on the basis of the strong
influence of préssurizer and surgeline heat losses on the timing for
this event. The other calculations predict a more realistic behaviour
in this phase.

Energy and mass balance is well predicted by the post-test
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analyses. The INDI calculation fails in predicting this item mainly
due to the use of a code which has not the capability for a correct

description of mechanical non-equilibrium phenomena.

Phase 3

The considerations made for energy and mass balance in the
previous phase hold also in the present one. The calculations by CEA
show now a lower degree of accuracy with respect to the previous
phase.

Pumps trip, primary coolant temperature increase and pressure
behaviour in secondary side are now very well predicted in all the
analyses but the INDI one, which since this phase on fails in
predicting the most important transient phenomena. In this light the
INDI post-test calculation can be considered only a sensitivity
analysis related to the phenomena occurring in the first two phases of

the transient.

Phase 4

Also in this phase a good representation of transient phenomena
is achieved by almost all participants to the post-test analysis, with
the only exception of partial liquid outsurge from pressurizer which
is well predicted only by the UPIS calculation. The reasons for this
discrepancy lie either in the use of a reduced interfacial friction at
the surgeline junction, (in addition to the deficiencies observed in
pre-test analysis concerning flooding at the surgeline) as in the
calculations by CEA, or in the adoption of a code which can hardly
represent these phenomena, as in the case of UDRE. The failure of the

INDI calculation in predicting this transient phase is evident.

Phase 5

Complete emptying of pressurizer and the stop of rod surface
temperature excursion are at least qualitatively well predicted by all
code applications but the INDI one.

On the contrary no relevant improvement is found in the
prediction of hot wall delay, due to the observed lack of proper
models in codes.

Pressure behaviour in secondary system is well predicted by UPIS
and UDRE applications. The two calculations by CEA did not give a

reasonable representation of the secondary préssure due to the early
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EFW actuation.
Also in this phase the INDI calculation did not succeed in

predicting correctly the transient phenomena.
7.3 Quantitative assessment
7.3.1 Description of the adopted methodology

In the aim to identify one or more indexes quantifying the
accuracy of a given code calculation, several approaches have been
proposed. Refs. 22 to 25 report some of the techniques which were
presented at CSNI in the period 1985-1986.

Although these techniques were able to give some interesting
information about accuracy, they were not considered satisfactory as
they still involved some empiricism and were lacking of a precise
mathematical meaning. As a consequence, alternative approaches were
investigated at DCMN following the simple arguments summarized below.

In principle, the original information about the accuracy of a

given calculation is obtained by the curve of the difference

AF(t) = Fgaiclt) - Fexp(t) (7.1)

In the definition of one or more "figures of merit" giving a
synthesis of this instantaneous information, it is necessary not to
loose interesting details, in order to avoid misleading conclusions.
The ideal definition should be capable of identifying uniquely a given
difference curve allowing, as far as possible, to distinguish it from
all different trends. Of course, it is very difficult to find a
procedure satisfying this requirement, especially when searching for
functions expressing all the information through a single value;
therefore, it is worthy to consider procedures leading to more than
one value to characterize the code calculation.

In this respect, previously developed integral formulations
/22-25/ integral formulations preserve only part of the information
required to properly compare experimental and calculated trends.

Trying to overcome these problems, the suitability of the
Fourier analysis for the definition of one or more values
characterizing the accuracy of code calculations was investigated. It

is well known that the Fourier Transform can translate a given
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function of time, g(t), in a corresponding complex function defined,
in the frequency domain, by the relationship:

+00
Jginr = [ gty e12FEE ac (1.2)
-0

In the following, it is assumed that the experimental and
calculated trends to which the Fourier Transform is applied satisfy
the analytical conditions required by this application; i.e., it is
assumed that they are continuous in the considered time intervals (or
discontinuous only in a finite number of points) with their first
derivatives and their absolute value can be integrated in the whole
real axis.

This last requirement, can be easily fulfilled in our case,
since the addressed functions assume values different from zero only

in intervals ( 0, T ). Therefore :

T
yg(f) =f g(t) e~i2mft 4¢ (7.3)
0

When using functiohs sampled in digital'form, the Fast Fourier
Transform (FFT) can be used. The FFT is an algorithm which allows a
fast evaluation of Fourier Transform of functions identified in
digital form by a number of values which is a power of 2. Thus, if the
number of points defining the function in the time domain is

N = 2m+l (7.4)

the algorithm gives the transformed function defined in the frequency

domain by 2+l yajyes corresponding to the frequencies

£, = -1 (n = 0,...,2M (7.5)

in which T is the time duration of the sampled signal.
Taking into account that the adopted subroutine packages
evaluate the FFT normalized to the time duration T, from egs. (7.3)

and (7.5) it can be easily seen that |3:(0)| represents the mean value

of the function g(t) in the interval (0 , T)/ lgé(fn)lrepresents the
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amplitude of the n-th term of the Fourier polynomial espansion for the
function g(t).

The method developed to quantify the accuracy of code
calculations is based on the amplitude of the FFT of the experimental
signal and of the difference between the experimental signal and the
calculated trend. In particular, the method defines two values which

are characteristic of each calculation:
- a dimensionless average amplitude

zm

2 |7 AF (£0) |

=0
AR = = (7.6)
zm

Z | Fexp (£n) |

n=0

- a weighted frequency :

2m

Z IJAF (£0) | £n

WE = 222 7.7

zm

z IgAF(fn) |

n=0

The average amplitude, represents a sort of "average fractional
error"™ of the addressed calculation, while the weighted frequency
gives an idea of the frequencies which give the greatest contribution
to the inaccuracy.

The two obtained values can be used to evaluate the accuracy of
a code calculation by representing the discrepancies with respect to
the experimental data through a point in the AA-WF plane. Of course,
the most interesting information is given by AA, which represents the
relative magnitude of these discrepancies; WF adds a further
information allowing to better identify the character of accuracy.
Considering that experimental signals of interest generally involve
low frequencies, this information can be used to understand what part

of the signal is mainly affected by discrepancies.
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As a consequence, oscillations of the calculated values around
an average trend can be readily identified by the method. Moreover,
this information could be used, in principle, in the quantification of
accuracy. In fact, depending on the transient and on the variable
considered, low frequency errors can be more important than high
frequency ones, or vice versa. )

An example of use of the above described information is reported
in Figs. 7.1 and 7.2, showing respectively six sample calculated
curves compared with a sample experimental one and the corresponding
AA vs. WF plot. In this case, increasing acceptability curves were
traced in the assumption that low frequency errors have to be
considered less acceptable than high frequency ones.

Trying to give an overall picture of the accuracy of a given
calculation, it is needed to combine the information obtained for
single variables into average indexes of performance. This is obtained

by the following quantities:

Nvar
(AR) ot = Z (AR) 4 (wg) (7.8)
3=0

Nvar
(WF)por = 2, (WE)y (Wedy (7.9)
3=0

in which Ny,, is the number of variables selected for the application

and (wg)y are weighting factors introduced to represent the

importance of each variable in affecting relevant safety parameters.

This point'can be regarded, of course, as the weakest one in the
described procedure, since it possibly introduces some degree of
engineering judgement, thus decreasing the objectivity of the method.
Due to the present unavailability of commonly agreed criteria to
assign a weight to the addressed variables, in the applications of the
method performed so far all the weighting factors were given the value
1/Nyar-

Although some criticism can be raised in relation to the above
definitions, especially because the use of AA and WF involves the loss
of some information concerning the calculated values (e.g., the phase

spectrum of 3;F(f) tilde plays no role in the present formulations),

it can be recognized that the new approach constitutes an improvement
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with respect to previously developed techniques.

The results obtained in the applications of the above method to
sample problems and real calculations (e.g., ISP 18,.ISP 21) /21, 25/
showed that it is advisable to take the average amplitude, AA, as the
real quantitative index defining accuracy, leaving to the weighted
frequency, WF, the role of an additional qualitative information.- The
possibility to give WF a better definite role is still matter of
study.

In the present application /20/, fourteen variables were
selected to be considered for accuracy evaluations (Tab. 7.4). The
choice of these variables was made in the aim to identify the most
representative ones for the characterization of transient evolution,
avoiding any possible redundance. The five phases of the experimental
test and all the relevant phenomena occurred in each phase should be
identified by the chosen set.

In particular:

- the absolute pressures in the pressurizer (P-027P) and in the
three steam generators (P-104S, P-204S, P-304S) are representative
of the overall energy balance in the apparatus;

- the core pressure drop (DPCORP) is representative of the liquid
level and of the heat transfer in the core;

- steam generator 3 U-bend/outlet pressure drop (DPDH3P) is
representative of the liquid level and of the heat transfer in the
steam generator;

- the levels in the downcomer of the primary circuit ((L-010P) and
in the downcomer of each steam generator (L-110S, L-210S, L-3108)
are representative of component behaviour and of the heat transfer
from the primary to the secondary side;

- the fluid temperature (T-012P) is representative of the fluid
condition and, in particular , it is connected with mass flow rate
and flow regime in the primary system;

- the temperature distribution in the heater rods (TWOl13P27,
TWO18P18, TW020P49) has the greatest interest in safety analyses,
being the parameter defining the safe or unsafe conditions along

the whole transient.

In order to be applied to the fourteen selected variables, the
above described method required the linear interpolation of the curves
submitted by participants in order to obtain a set of 1024 points
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equally spaced in time to be processed by the FFT algorithm. A cut
frequency of 0.05 Hz was used in handling the obtained amplitude
spectra for the definition of AA and WF, as the data submitted for the
analysis are generally sampled at a frequency of 0.1 Hz. As done in
all the previous applications of the method/21/ 25/ equal values were
adopted for the weighting factors appearing in egs. 7.8 and 7.9,

giving each variable the same importance in accuracy evaluation.
7.3.2 Evaluation of pre-test applications

Fourteen code calculations including the quantities chosen for
accuracy evaluation were analyzed considering three different time
intervals, as the submitted curves had different time durations. The

selected periods into the transient were:

1. from the beginning up to 1000 s;
2. from the beginning up to 4000 s;
3. from the beginning up to 6000 s.

By considering these intervals it was possible to compare among
each other the results of the majority of the participants on the
basis of common time windows. )

In the first interval all the fourteen calculations were
considered. Fig. 7.3 summarizes the results obtained, giving average
values of AA and WF for the fourteen selected variables. As it can be
noted, the best (i.e. the lowest) values of AA range from 0.46 to 0.56
and were obtained by the following organizations: CEAF (CATHARE 2),
UPIS (RELAPS5/MOD2), BULG (RELAP5/MOD2), FINL (SMABRE), AEAT (TRAC-
PF1/MOD1) and JAER (TRAC-PF1).

In the second time interval (0 - 4000 s) only eleven out of the
fourteen calculations were compared. Fig. 7.4 summarizes the related
results. In this case, the best values of AA range from 0.35 for CEAF
to 0.47 for IJSJ.

Finally, in the third time interval (0 - 6000 s) only seven out
of the fourteen calculations were compared. Fig. 7.5 summarizes the
results obtained. The best values range from 0.40 for CEAF to 0.49 for
I1JSJ.

The maximum range of variation of AA considered in the above

mentioned figures is (0 - 1). Values greater than 1 were not plotted
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because AA has roughly the meaning of a relative error: so, values
greater than 1 involve errors greater than 100%, which has been taken
as upper bound of acceptability.

Fig. 7.6 presents a comparison between the amplitude AA in the
three time intervals for tho participants who calculated a transient
duration of about 6000 s. From this figure it can be drawn that an
analysis of AR as a function of time is necessary to evaluate accuracy
of calculations and their acceptability during the various phases of
the transient. It can be noted that JAERI, CEAF, IJSJ and UPIS remain
below the value AA=1 in the three time intervals considered.

In the present case, the reason for the greater spread between
the obtained points in the time window from 0 to 4000 s can be
explained considering that most calculations predict EFW actuation
during this interval, leading to greater discrepancies between the
calculated and the experimental curves. In the last time window, these
discrepancies are averaged over a larger time interval, leading to a
decrease in the calculated values of AA.

In Tab. 7.5, in addition to the fourteen variables addressed in
the comparison of code calculations, other 55 variables are listed
which were considered for the analysis of the impact of the type and
the number of the selected variables on the results of the adopted
method. This analysis was performed only on the pre-test calculation
submitted by the University of Pisa.

In this aim the 69 variables were divided into five groups:

1. from 1 to 14 (it is the original group of variables):

from 1 to 28;

3. from 1 to 43;
4, from 1 to 52;
5. from 1 to 69.

Fig. 7.7 summarizes the overall results obtained for the various
groups and Tab. 7.5 reports the values of AA and WF for each variable.
It can be noted that the first group of variables seems to be the most
critical one from the point of view of code prediction, coherently
with the fact that in its definition it was tried to select the most
important parameters characterizing the transient. Some smoothing
effect can be observed in the groups containing greater numbers of
variables.

Concerning the effect of the type of variables considered it can
be noted that groups containing absolute and differential pressures
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have the greatest values of AA with respect to the others, as these
variables are affected by the greatest errors. This effect points out
the need for the definition of weighting factors for the selected

quantities, translating their relative relevance toward safety.
7.3.3 Evaluation of post-test applications

The results obtained for the five post-test calculations
submitted for the evaluation of accuracy are reported in Fig. 7.8 and
Tab. 7.6. It can be noted a general improvement with respect to pre-
test predictions for all the organization except CEA. This is partly
due to an error compensation effect present in the pre-test
calculation which was not obtained in the post-test analysis due to
error correction in the input deck.

Other details can be found looking at the table and the figure.
It is worthwhile to note, for instance, that although the INDI
calculation seems to be better than the UDRE one, for the first
organization the analysis considered only 11 of the 14 required,
obtaining to a misleading effect.

Finally, the improvements of the post-test calculation by the
University of Pisa with respect to the pre-test one can be also noted,

pointing out the effect of tuning of relevant parameters.
7.4 Concluding remarks

The results presented in this section concerning the
phenomenological and quantitative performance of code calculations of
ISP 22 experiment confirmed that in the double blind exercise the
majority of codes was able to predict qualitatively the main phenomena
occurred along the transient, although relevant quantitative
discrepancies, mainly arising from timing differences, were observed.
The expected general improvement obtained in post-test analyses with
respect to pre-test ones is another relevant outcome of the presented
data.

The methodology adopted to assess code predictions was aiming to
be as complete as possible, addressing both qualitative
phenomenological features and quantitative details of the submitted
trends. These two steps are considered of great importance for a

meaningful assessment of code applications, as they allow for an
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overall estimate of the consistence of the calculated scenario with
the experimental one, highlighting features that have to be carefully
considered together.

In fact, on one hand, the qualitative Jjudgement about
acceptability of code calculations would be a merely subjective
opinion if it is not followed by an objective procedure to state how
much the observed discrepancies are actually acceptable. On the other
hand, the application of a procedure to measure discrepancies between
calculated and experimental trends would be only a computation
exercise if it is not translated into a judgement on the capability of
codes and of code users in predicting phenomena of interest for
safety.

Some problems concerning the method adopted for accuracy
quantification were found by method developers themselves during the
present application and were discussed at the Final Workshop on ISP
22. Among these problems, requiring further analysis and possible

improvements, the following can be mentioned:

- Dependence of the index of accuracy on the number and the type of
variables considered. This is probably the weakest point in the
whole procedure, since the choice of the variables to be
considered in the analysis is likely to introduce engineering
judgement, thus decreasing the objectivity of the results
obtained. Perhaps, the definition of weighting factors translating
the relative importance of each variable for safety, based on
commonly agreed criteria, may help in reducing the effect of this
problem. In particular it seems achievable to define a unique set
of quantities with a relative weight to be used in every transient
analysis.

- Dependence of the index of accuracy on the chosen time window. It
was seen that local discrepancies may strongly affect the value of
AA for particular choices of the time window. An analysis of the
behaviour of AA and WF versus time seems to Dbe advisable to
correctly quantify accuracy. In particular, WF tends to decrease
increasing the considered transient duration, going toward low
frequencies which generally characterize the recorded experimental
signal; AA may also decrease due to peculiarities of the
considered transient. An upper limit of AA should therefore be
selected to distinguish acceptable and unacceptable calculations,
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depending on the trend of AA vs. time.

Error compensation. The present form of the procedure did not
succeed in discriminating some error compensation occurriné in the
pre-test calculation of CEA. Improvements could be needed in the
definition of AA and WF to overcome this problem. However, in most
cases, as it was in the present one, the qualitative observation
of plots of calculated variables may be a guide in detecting error
compensation.

Neglect of erroneous boundary and dinitial conditions. Errors in
these parameters, which are not time-dependent quantities and
cannot be treated by the FFT approach, may result in an apparently
petter behaviour of the time-dependent calculated trends because
of error compensation. This can be avoided by the analysis of
boundary and initial conditions.

Lack of information about qualitatively correct trends. By the
present form of the method it is not possible to clearly
distinguish between trends which are qualitatively correct, but
were obtained with a faster or slower time scale, and trends which
are not correct even from a qualitative point of view. In this
respect, the previous phenomenological evaluation of calculation
should be used to discriminate between qualitatively correct and
incorrect calculations. Only the former should be analyzed by thé

FFT method, while the latter should be rejected.
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N. PHASE RELEVANT THERMALHYDRAULIC ASPECTS FTIGURE
IN REF. 2
1 PHASE |Primary pressure increase 1B1-1B4
1
2 Steam generator level (relevant for SCRAM) 7B1-7B4
3 PHASE | Steam generators boil-off 7C1-7C4, 8C1-8C4,
2 9C1-9C4
4 Primary fluid temperature trends 12C1-12C4
S Time of pressurizer PORV opening 1C1-1C4
6 Energy and mass balance in the pressurizer 1C1-1C4, 6C1-6C4,
113C1-113C4
7 PHASE |Energy and mass balance in the pressurizer 1C1-1C4, 6C1-6C4,
3 113C1-113C4
8 Pumps trip 90C1-90C4, 91Ci-
91C4, 95C1-95C4
9 Primary coolant temperature increase 12C1-12C4
10 Pressure behaviour in secondary side 3C1-3C4, 4Cl-4C4,
5C1-5C4
11 PHASE |Partial liquid outsurge from pressurizer 6C1-6C4
4
12 Primary system natural circulation (start and|89C1-89C4, 62C1-
stop) 62C4, 95C1-95C4
13 Dry-out occurrence (closely connected with 51C1-51C4, 52Cl-
mass distribution) 52C4
14 Actuation of EFW 7C1-7C4
15 Pressure behaviour in secondary side 3C1-3C4, 4C1-4C4,
5C1-5C4
16 PHASE |Complete emptying of pressurizer 6C1-6C4
5
17 Stop of rod surface temperature excursion (PS]|51C1-51C4, 52Cl1-
depressurization and heat transfer with SGs) 52C4
18 Hot wall delay (SGl refill) 7C1-7C4
19 Pressure behaviour in secondary side 3C1-3C4, 4C1l-4C4,
5C1-5C4
Tab. 7.2 - List of Figures taken from Ref. /2/ that have been considered for

the evaluation of phenomenological code performance in pre-test

calculations
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N LABEL MEANING
1 P027P Absolute pressure in PRZ
2 P104s Absolute pressure in SG1
3 P204S Absolute pressure in SG2
4 P304S Absolute pressure in SG3
S Loiop Level in vessel downcomer
6 L110S Level in SG1 downcomer
R 7 L210S Level in SG2 downcomer
8 L310s Level in SG3 downcomer :
9 TWO013P27 Cladding temperature
10 TW018P11 Cladding temperature
11 TW020P49 Cladding temperature
12 TO12P Primary fluid temperature
13 DPCORP Differential pressure across the core
14 DPDH3P SG3 U-bend outlet pressure drop

Tab. 7.4 - List of variables selected for quantitative accuracy evaluation
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DCMN for 69 variables
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WE  0.1521627D-01 0.1660537D-01 0.25831900-01 0.3025488D-01 0.1883783D-01
TWO20P49 0.100D+01

AR 0.3506279D400 0.3343630D+00 0.17422700400 0.1420721D+00 0.1188104D+00

WF  0.2042686D-01 0.1576204D-01 0.2200740D-01 0.2916232D-01 0.12474250-01
T012P 0.1000+01

0.1388436D+00 0.1512960D+00 0.8692055D-01 0.6233120D-01  0.6969041D-01
0.13356164D-01 0.11905646D-01 0.3330507D-01 0.1142487D-01  0.1156607D-01
0.3898330D+00 0.5125726D+00 0.1261878D+01 0.6030662D+00  0.6445167D+00
WF  0.1160343D-81 0.1011913D-01 0.2951583D-01 0.11665300-01  0.1081151D-01

DPDH3P 0.100D+01
0.1216611D401 0.1318355D+01 0.3151709D+01 0.1455845D+01  0.15297250+01

DPCORP 0.100D+01

WFTOT  ©0.18128590-01 ©0.1698774D-01 0.2619003D-01 0.2273497D-01 0.1344264D-01

AATOT  0.5360126D+00 0.54910520+00 0.8531819D+00 ©0.4282171D+00 0.5173126D+00

-

Tab. 7.6 - Quantitative éccuracy evaluation : results for post-test
calculations in the time interval (0 - 6000s)
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Fig. 7.1 - Quantitative accuracy evaluation: sample calculated
and experimental curves
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Fig. 7.2 - Quantitative accuracy evaluation: results obtained by
the method based on the FFT for the sample calculated
trends reported in Fig. 7.1
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Fig. 7.3 - Quantitative accuracy evaluation: results obtained for
pre-test double blind calculations in the time
interval (0-1000 s)

t,0
-4
a
0,0 4 N
3 0.6 O CEAF CATHARE 2

< o UPIS  RELAPS/MOD2
< L] A JAER TRAC-PFI

0.4 ' O AEAT TRAC-PFI/MOD!

D m s} RELAPS/MOD2
0,2
°.° v T
20 30 40 So
1/WF
tot

Fig. 7.4 - Quantitative accuracy evaluation: results obtained for
pre-test double blind calculations in the time
interval (0-4000 s)
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Fig. 7.5 - Quantitative accuracy evaluation: results obtained for
pre-test double blind calculations in the time
interval (0-6000 s)
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Fig. 7.6 - Quantitative accuracy evaluation: results obtained for
pre-test double blind calculations as a function of
the chosen time window
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Fig. 7.7 - Quantitative accuracy evaluation: results obtained for
pre-test double blind calculations of the University
of Pisa as a function of the chosen group of variables
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Fig. 7.8 - Quantitative accuracy evaluation: results obtained for
post-test calculations
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8. CONCLUSIONS

ISP22 was a double blind standard problem based on a loss of
feedwater experiment performed in SPES facility. Large discrepancies
between measured data and results of the blind predictions, suppcrted
the opportunity of additional analysis of the overall data base and to
organize the final workshop.

The pre-test activity is summarized in a CSNI report consisting
of four volumes and more than 1500 pages. Owing to:

- the quite large number of participants including many different
levels of experience in the analysis of complex transients, and
the use of codes having different capabilities, i

- the tight time schedule between the submission of data ;nd the
final workshop,

- the actual duration of the transient (more than 2 hrs) and the
influence upon the transient evolution of some boundary conditions
(e.g. heat losses) that are known with typical uncertainties with
main reference to their spatial and time distribution in
facilities like SPES,

it was not possible to characterize, in the frame of pre-test

activity, all the discrepancies found between the measured and

calculated trends.

The activity documented in the present report has been carried
out at two levels: s
1) evaluation of the accuracy of pre-test submission by utilizing a

methodology based on the Fast Fourier Transform;

2) evaluation of post-test analysis to better understand the reasons
toi discrepancies between pre-test calculations and experimental
data, and to achieve a judgement about code capabilities.

In the first step, 19 "relevant thermalhydraulic aspects" have
been selected for comparison with code prediction during the 5 periods
of the transients. The qualitative judgement of the code performance
was essentially confirmed by the quantitative accuracy evaluation and
emphasized the difficulties of the RELAP4 generation codes, in
predicting non-equilibrium phenomena 1ike the filling of the
pressurizer as a consequence of the PORV opening and the subsequent
partial emptying in following the stop of the recirculation pumps.
Limitations of the first generation codes in predicting the natural
circulation after pumps stop also came out from the analysis.
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Furthermore the unability of all codes in evaluating the heat exchange
between the cold emergency feedwater and the steam generator hot
downcomer walls during the final period of the transient, was
evidenced in the analysis.

aAlmost all other discrepancies appear to be due to nodalization
inadequacies, errors in the input deck, unsatisfactory consideration
(from the code user) and/or specifications (from the host
organization) of the boundary conditions. The heat losses in the
pressurizer and in the surge line play a very important role in this
connection. The general underestimation of the initial value of the
steam generator secondary side fluid mass was the additional important
source of discrepancy between pre-test results and measured data with
the exception of the CATHARE code calculations. ]

The participation to post-test activities was much more limited
than in the pre-test as reported in sect. 3.3 and only 4 participants
submitted calculations. The discussion at the final workshop and the
evaluation of post-test submission essentially confirmed the above
findings i.e.:

- the heat losses in pressurizer and surgeline were not
satisfactorily specified in the input decks;

- RELAP4 code (and similar ones) are not able to deal with this kind
of transient even if experimental data are available (post-test
calculations);

- the steam generator secondary side mass at the initial _steady
state was not well predicted even because the recirculatiori ratio
or the riser flowrate were not known; proper "tuning" of pressure
drop across the riser allows the reproduction of this quantity;

- the heat transfer from hot steam generator walls and the falling
injected feedwater film was identified as a clear code limitation
(the phenomenon is also known as hot wall delay):;

- the influence of code user both in defining the nodalization and
in specifying the boundary conditions is noticeable especially in
this kind of long lasting transient.

The demonstration of the suitability of the methodology to
evaluate quantitative accuracy constitutes an additional outcome from
this activity.
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Fig. A.1 - ISP22 post-test calculation by DRESDEN: pressurizer
pressure
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Fig. A.2 - ISP22 post-test calculation by DRESDEN: SG1 steam dome
pressure
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Fig. A.3 - ISP22 post-test calculation by DRESDEN: SG2 steam dome
pressure
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Fig. A.4 - ISP22 post-test calculation by DRESDEN: SG3 steam dome
pressure
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Fig. A.5 - 1SP22 post-test calculation by DRESDEN: pressurizer
level
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Fig. A.6 - ISP22 post-test calculation by DRESDEN: SGl1 downcomer
level
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Fig. A.7 - 1ISP22 post-test calculation by DRESDEN: SG2 downcomer
level
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Fig. A.8 - ISP22 post-test calculation by DRESDEN: SG3 downcomer
level
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Fig. A.11 - ISP22 post-test calculation by DRESDEN: rod bundle
surface temperature (elevation 3640 mm)
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pressure
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pressure
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Fig. A.83 - ISP22 post-test calculation by DCMN: rod bundle
surface temperature (elevation 1074 mm)

750 T — Y

oc:  EXPETW0IESHT
T893 ¢+ ess  UPISHTTEMPASCTICI 4

T2t E

ToC | E

$6S 4

660 4

649 - 4

s20} | - ]
600 |- ]

S§o E

0.1 0.25 0.35 045 0.55  0.63 o.'r_s .65 0.95  1.08
TIME (8) X194

B oos

Fig. A.84 - ISP22 post-test calculation by DCMN: rod bundle
surface temperature (elevation 3294 mm)
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Fig. A.85 - ISP22 post-test calculation by DCMN: rod bundle
surface temperature (elevation 3640 mm)
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