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Untersuchung des VVER-1000 Kihlmitteltransiente Benchmarks Phase 1 mit dem gekop-
pelten Programmsystem RELAP5/PARCS

Zusammenfassung

In Rahmen der F&E Aktivitdten im Bereich “Multiphysikmethoden zur Auslegung und Sicher-
heitsbewertung von Reaktorsystemen” beteiligt sich das Institut fir Reaktorsicherheit des
Forschungszentrums Karlsruhe an der Validierung und Qualifizierung von gekoppelten Si-
cherheitsanalysecodes im Rahmen von internationalen Programmen wie z.B. das CAMP
(Code Application and Maintenance Program) der US Nuclear Regulatory Commission.
Diese Arbeiten sind von grol3er Bedeutung zur Verbesserung der Aussagefahigkeit numeri-
scher Codes sowie zur Forcierung der Verbreitung und Akzeptanz fortschrittlicher gekoppel-
ter Programmsysteme. Die VVER-1000 Benchmark Phase 1 zur Untersuchng einer Kiihimit-
teltransiente (V1000-CT), verursacht durch das Wiederanfahren einer Hauptkihimittelpumpe,
bietet eine einmalige Gelegenheit, reale Reaktordaten (des Kernkraftwerks Kozloduy) zur
Qualifizierung nicht nur der Thermohydraulik (RELAPS5) sondern auch der Neutronik
(PARCS) von Programmsystemen zu verwenden. Die zu untersuchende Anlagentransiente
wurde bei der Inbetriebnahme des Kozloduy Kernkraftwerkes gefahren, wobei die Anlage mit
nur drei Kihlmittelpumpen und einer Leistung von 824 MWth betrieben wurde. Ausgeltst
wurde die Transiente durch das Wiederanfahren der Kihimittelpumpe Nr. 3, wodurch sich
die mittlere Kuhlmitteltemperatur im Reaktordruckbehalter reduzierte. Infolgedessen konnte
ein Leistungsanstieg aufgrund der Moderator- und Dopplerkoeffizienten gemessen werden.
Das Benchmark beinhaltet folgende Aufgaben: a) integrale Anlagensimulation mit Punktkine-
tik b) Kernsimulation mit 3D Thermohydraulik- und Neutronenkinetikmodellen und c) integra-
le Anlagensimulation aus der Kombination von a) und b). Bereits vor dem Versuchbeginn
herrschten komplexe thermohydraulische Bedingungen im Reaktordruckbehélter, insbeson-
dere im Ringraum und im oberen Plenum, aufgrund der Rickstrémung durch den 3. Strang.
Durch das Wieder-Anfahren der Kihlimittelpumpe begann unmittelbar nach dem Versuchs-
start die Stromungsumkehr im 3. Strang. Bei zirka 13 Sekunden konnte der Nominalmas-
senstrom dort wieder erreicht werden. Die Reaktorleistung stabilisierte sich bei einem héhe-
ren Wert durch die positive Reaktivitatszufuhr wahrend der Erhéhung des Massendurchsat-
zes im Kern.

Zur Simulation der genannten Benchmark-Aufgaben wurde ein detailliertes Anlagenmodell
der kompletten VVER-1000 Reaktoranlage fir RELAP5 und PARCS erstellt. Diese Modelle
wurden schrittweise getestet, so dass das Experiment mit unterschiedlichen Methoden d.h.
mit einem vereinfachten Thermohydraulik-Kernmodell und ein Punktkinetik sowie mit einem
3D Thermohydraulik/Neutronenkinetik-Kernmodell untersucht werden konnte.

In diesem Bericht werden die Besonderheiten der Reaktoranlage sowie die entwickelten Mo-
delle im Detail vorgestellt. Der Vergleich von berechneten Ergebnissen mit den verflgbaren
Messdaten wir ausfuhrlich dargestellt und diskutiert. Zusammenfassend kann festgestellt
werden, dass das Programmsystem RELAP5/PARCS gut geeignet ist, komplexe Transien-
ten realer Anlagen unter Bertcksichtigung der Thermohydraulik-Neutronik-Wechsel-
wirkungen zu simulieren. Die Untersuchungen haben gezeigt, dass mehrdimensionale
Thermoydraulik-Modelle notwendig sind, um die Kuhlmittelvermischungsvorgange im
Reaktordruckbehélter besser zu beschreiben.



Abstract

As part of the reactor dynamics activities of FZK/IRS, the qualification of best-estimate cou-
pled code systems for reactor safety evaluations is a key step toward improving their predic-
tion capability and acceptability. The VVER-1000 Coolant Transient Benchmark Phase 1
represents an excellent opportunity to validate the simulation capability of the coupled code
system RELAPS5/PACRS regarding both the thermal hydraulic plant response (RELAP5) us-
ing measured data obtained during commissioning tests at the Kozloduy nuclear power plant
unit 6 and the neutron kinetics models of PARCS for hexagonal geometries. The Phase 1 is
devoted to the analysis of the switching on of one main coolant pump while the other three
pumps are in operation. It includes the following exercises: (a) investigation of the integral
plant response using a best-estimate thermal hydraulic system code with a point kinetics
model (b) analysis of the core response for given initial and transient thermal hydraulic
boundary conditions using a coupled code system with 3D-neutron kinetics model and (c)
investigation of the integral plant response using a best-estimate coupled code system with
3D-neutron kinetics. Already before the test, complex flow conditions exist within the RPV
e.g. coolant mixing in the upper plenum caused by the reverse flow through the loop-3 with
the stopped pump. The test is initiated by switching on the main coolant pump of loop-3 that
leads to a reversal of the flow through the respective piping. After about 13 s the mass flow
rate through this loop reaches values comparable with the one of the other loops. During this
time period, the increased primary coolant flow causes a reduction of the core averaged coo-
lant temperature and thus an increase of the core power. Later on, the power stabilizes at a
level higher than the initial power. In this analysis, special attention is paid on the prediction
of the spatial asymmetrical core cooling during the test and its effects on the local power dis-
tribution within the core. The code’s predictions are strongly influenced by the way how cool-
ant mixing is modeled by the analyst by means of 1D-thermal hydraulic codes. Sensitivity
evaluations are therefore necessary to identify the most important phenomena and assump-
tions affecting the numerical predictions of coupled codes. Selected results of these investi-
gations will be presented and discussed. A comparison of the thermal hydraulic data ob-
tained during the tests with the code’s predictions will be also given. It can be stated that
even though the overall trends of most plant parameters are in a reasonable agreement with
the experimental data, these investigations show that multidimensional thermal hydraulic
models are needed for a more realistic description of the coolant mixing phenomena within
the reactor pressure vessel. Hence the subsequent Phase 2 of this V1000-CT benchmark is
focused on CFD-based simulations for transient conditions typical of a main steam line break
transients of VVER-1000 reactors.



TABLE OF CONTENTS

N [ oo o [ 1o 1T T o SR 1
2 Short description of the reference plant.............cccco o, 1
3 DesScCription Of thE SCENAIO ...t e e e e e s e e e e e 6
3.1 Pre-test plant CONAIIONS ........oooviiiiiiiiiiiiit e cee e e 6
3.2 Switch-on of the main coolant PUMP #3 tESt........ccuuiiiiiiiiiee it e 7
4  Developed plant models and NodaliSation ...............cceiiiiieiiiiiie ceviiiiiiin e 8
4.1 Integral Plant MOGE ........coo i e e e e e 8
4.2 Multidimensional core modelling.............ooooiiiiii o, 10
4.2.1  Neutron KinetiCsS Core MOdel.........coooviiiiiiiiee e e 11
4.2.2  Thermal hydraulic core MOdel..........cooveviiiiiiiiiiiiiis e e, 12

5  Performed CalCUIAtiONS.........coooiiiii e e e 14
6 Selected results of the CalCUlatioNS ............oooiiiiiiiiiiiis e e 15
6.1 Steady state results for integral plant model ... 15
6.2 RELAP5/PARCS results for the 3D core model ...........ccccuvvviiiiieeeiiiis e, 17
6.3 Transient results for the integral plant model ... e, 19
6.3.1  Global Plant FESPONSE .....covveiiieeiieiiiiiiit ceeee e ettt aas eeeaaaaaaaaaaaaaaaaaaas 19
6.3.2  Code predictions versus experimental data..............cccveevveeiiiiins e, 22
6.3.3  Multidimensional Core beNaVIOUN ...........ccuuiiiiiiiiiee e e 29

7  Results for the eXtreme SCENAIIO .......uuuuruiiiiiiiiiiiiiiiien ereeee e e eeeeeeeeeeeeeeeereeaees eeeaeeaeeeeeeeees 32
8  Code-t0-COUE COMPAIISONS.....ccceeviiierirreiiiriiiiiits eerteeeererrrerreereeerrrr————s ceeaeaeaaaeeareerrereeeeens 36
LS T @0 o Tox [ 1S3 o 0 TSIV T 0 U1 o o 42
O LT (=T €= g ot 2SO 44



LIST OF TABLES

Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:

Dimensions of the fuel rod and fuel assembly

Measured plant data before the test with error band of measurements
Comparison of predicted and measured data for steady state conditions
HZP results obtained with RELAP5/PARCS compared to reference values
Position of the control rod groups for the HFP states (100: out, 0: in)

HFP results obtained with RELAP5/PARCS for the steady state conditions

15
18
18
18



LiST OF FIGURES

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

© 0O NO Ol WDN -

WWRNNNNMNNNNMNNNNMNRPERRERRERRPRE
PO OWMOM~NOUNRNAWNRPROOOO~NOOU A~AWNLERO

32
33
34
35
36
37
38
39
40
41
42
43
44
45

Horizontal arrangement of the primary loops of the VVER-1000 plant 2
Vertical arrangement of the VVEr-1000 primary components 3
Typical horizontal steam generator of the VVER-1000 plant 4
Vertical cut through the reactor pressure vessel of the VVER-1000 plant 4
Core configuration with the position of the different control rod groups 5
Nodalization of the Kozloduy plant (reactor pressure vessel with two loops) 9
Core averaged axial power profile at BOC-conditions before the test 10
One sixth of the core with the number of FA- and RA-types at BOC 10
Radial arrangement of the different FA-types in the core (type 1 to 28) 11
Axial discretisation of each FA/RA-type in the core as used in PARCS 12
Coolant channels numbering for the mapping between RELAP5 and PARCS 13
Axial nodalization of the core (RELAPS part) 13
Flow conditions in the downcomer 16
Flow conditions in the upper plenum 16
Complex coolant mixing in the upper plenum predicted by CFX-5 17
Comparison of the predicted axial power profile for the HFP steady state 19
Predicted reverse flow of the loop-3 during the test 20
Predicted Change of the total primary mass flow rate during the test 21
Predicted core averaged coolant temperature during the test 21
Predicted power increase for Exercise-1(Ex-1) and Exercise-3 (Ex-3) 21
Predicted reactivity increase for Exercise-1(Ex-1) and Exercise-3 (Ex-3) 22
Predicted reactivity with main contributors (moderator and Doppler coefficients)22
Comparison of predicted and measured pressure in upper head 23
Comparison of the predicted and measured PZR-water level 24

Comparison of the predicted coolant temperature of the cold leg-1 with the data24

Comparison of the predicted coolant temperature of the hot leg-1 with the data 25
Comparison of predicted pressure drop over MCP-3 with the experimental data25
Comparison of measured and predicted water level of the SG-1 26
Comparison of predicted pressure drop over MCP1 with data 27
Comparison of predicted collapse liquid level with data 27
Comparison of predicted temperature of the hot leg-1 with the data 28
Comparison of predicted temperature of the cold leg-3 with data 28
Predicted core averaged axial power profile at specific time windows 29
Predicted 2D relative radial power per fuel assembly at steady state conditions 30
Predicted relative power in the core at steady state conditions 30
Predicted relative radial power in the core 15 s after transient initiation 31
Predicted relative radial power in the core at 15 s after transient begin 31
Comparison of predicted total power change during the transient 32
Comparison of the predicted core reactivity for the two scenarios 33
Predicted relative radial power profile for the extreme scenario 34
Predicted relative radial power per fuel assembly 35
Predicted relative radial power per fuel assembly at 13.3 s 35
Comparison of core average fuel temperature change 36
Comparison of the core average moderator temperature change 36
Comparison of total power change 37

Vv



Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

vi

46
47
48
49
50
51
52
53
54
55
56
57

Comparison of total reactivity change

Code-to-code comparison of K for the HZP

Code-to-code comparison of the normalized axial power profile
Code-to-code comparison of maximal axial power peaking factor for the HZP
Code-to-code comparison of the tripped rod worth for the HZP
Code-to-code comparison of the axial power factor
Code-to-code comparison of the axial offset

Code-to-code comparison of maximal radial peaking factor
Code-to-code comparison of power change

Code-to-code comparison of reactivity change

Code-to-code comparison of core averaged moderator density
Code-to-code comparison of core averaged fuel temperature

37
38
38
38
39
39
40
40
40
41
41
41



Introduction

1 Introduction

FZK is involved in the overall qualification of computational tools for the safety evaluation of
nuclear power plants of different design to improve their prediction capability and acceptabil-
ity. In this framework, the code RELAP5/PANBOX was qualified within the OECD/NEA PWR
MSLB-benchmark [San00]. As continuation of this work, partly as a contribution to the inter-
national Code Assessment and Maintenance Program (CAMP) of the US NRC, the coupled
code system RELAP5/PARCS is being validated. The PARCS-capabilities for quadratic fuel
assembly geometry has been qualified in the frame of both the PWR TMI-1 Main Steam Line
Break (MSLB) [KozI00] and the BWR Peach Bottom Turbine Trip (PBTT) [Bous04] bench-
marks. Especially the new PARCS-capability [Joo02] for hexagonal geometries is of in-
creased interest for FZK. These aspects are important not only for VVER-type LWR but also
for innovative reactor concepts. The international OECD/NEA VVER-1000 Coolant Transient
Benchmark Phase 1 is an excellent opportunity to validate the overall simulation capability of
RELAP5/PARCS regarding both the thermal hydraulic plant response (RELAPS) using
measured plant data and the neutron physics models (PARCS). The Phase 1 of this bench-
mark is devoted to the analysis of the pump restart test while the other three pumps are in
operation. It covers following exercises: a) Exercise-1: investigation of the integral plant re-
sponse using a best-estimate thermal hydraulic system code with a point kinetics model b)
Exercise-2: analysis of the core response for given initial and transient thermal hydraulic
boundary conditions using a coupled code system with 3D-neutron kinetics model and c)
Exercise-3: investigation of the integral plant response using a best-estimate coupled code
system with 3D-neutron kinetics. For the analysis of these exercises, the following steps are
followed:

- Development of an integral model of the Kozloduy nuclear power plant (NPP) includ-
ing all major systems for RELAP5,

- Development of a three-dimensional core model for RELAP5/PARCS, and

- Integration of the above developed models in one integral coupled model to investi-
gate the plant response.

In this report both the plant components and the developed models are presented. The per-
formed investigations are described and the main results are discussed in detail by compar-
ing the predictions with the measured data. Final conclusions are drawn and identified points
for further investigations are outlined.

2 Short description of the reference plant

The Kozloduy Plant unit 6 was selected as the reference plant for the Benchmark. It is a
Russian design VVER-1000 reactor of type W320 with a thermal power of 3000 MWth. The
plant consists of four loops, each one with a horizontal steam generator (SG) and a main
coolant pump (MCP) [lvan02a]. The reactor is equipped with only one turbine. Details of the
layout and construction of the plant are given in Figure 1 and Figure 2. The horizontal
steam generator is characterized by a large water inventory on the secondary side compared
to western-designed vertical steam generators, see Figure 3. The reactor pressure vessel
design differs also from that of western PWR, especially due to the constructive peculiarities
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in the lower and upper plenum that strongly impacts the flow patterns during normal and ac-
cidental situations. In Figure 4 a vertical cut through the reactor pressure vessel (RPV) is
given. The lower plenum consists of an elliptical cone with many perforations that result in a
narrowing gap in direction of the central RPV-point. In addition 163 support columns are pre-
sent in the lower plenum which in the lower part is a full slab and in the upper part is a tube
with wall perforations of different size. Hence the flow coming from the downcomer has to
pass through very complex flow paths to enter into the core. In the upper plenum, two con-
centric cylinders with perforations are present, where the lower part of the outer cylinder is
conic.

The core consists of 163 fuel assemblies (FA) and 48 reflector assemblies (RA), see Figure
5. Each fuel assembly has 312 fuel pins which are characterized by a central hole of 0.7 mm
diameter. The main data about the FA and fuel rod design are given in Table 1.

Figure 1 Horizontal arrangement of the primary loops of the VVER-1000 plant
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Figure 2 Vertical arrangement of the VVER-1000 primary components

In this Figure the numbers have the following meaning:
YP10BO1: Pressurizer,
YD40DO01: Main coolant pump, and

YCO00BOL1: Reactor pressure vessel.



Short description of the reference plant

5670

#219x16

1850 /

2150 | atso

4190
Jw
s
]
|15
]
. (o2}
A
I \ L
Too
1

720

13
94000
U=

26/0
N

3
4

43 _— \ { . ) | g Lo |
2760 1150 1150 | 2760 ,‘

Coolant Inlet 4 1840 Coolant Qutlet
1. Vess 7 Gas Removal Nozzle
2. Drainage Nozzle 8 Emergency Feedwater Spray Unit
3. Blow Down Nozzle 9 Steam Nozzle
4. Heat-Exchange Tubes 10 Steam Header
5. Separation Units 11 Emergency Feedwater Nozzle
6. Main Feedwater Spray Unit 12 Access Airlock

Figure 3 Typical horizontal steam generator of the VVER-1000 plant

LA LI L 1 Upper Block
(= & =

mentisultafectmteslert s
S il |
1

Main Seal Parts

Temperature Templates

N - Shielding Tubes Block

[
| i / Outlet Nozzle
@ : <7 __ [”"spacer Ring
[ Barrel
.~ [
[ Inlet Nozzle
|
| R (
{‘ : < Reactor Vessel
M Neutron Temnlates

%/ Core Basket

é\ Fuel Assembly

é\ Console

Figure 4 Vertical cut through the reactor pressure vessel of the VVER-1000 plant



Short description of the reference plant

As can be seen in Figure 5 the ten control rod groups (I to X) are arranged in the core sym-
metrically. The main coolant pumps (MCP-1 to -4) are located asymmetrically with respect to
the main axis I-lll. The fuel pins are arranged in a triangle within the FA, where the central
position is occupied by an empty rod (instrumentation). In addition the fuel pins have a cen-
tral hole of around 1.4 mm diameter while the western-type pins are a full slab.

Figure 5 Core configuration with the position of the different control rod groups
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Table 1: Dimensions of the fuel rod and fuel assembly

Parameter Value
Pellet diameter, mm 7.56
Central void diameter, mm 14
Clad diameter (outside), mm 9.1
Clad wall thickness, mm 0.69
Fuel rod total length, mm 3837
Fuel rod active length (cold state), mm 3530
Fuel rod active length (hot state), mm 3550
Fuel rod pitch, mm 12.75
Fuel rod grid Triangular
Number of guide tubes 18
Guide tube diameter (outside), mm 12.6
Guide tube diameter (insde), mm 110
Number of fud pins 312
Number of water rods/assembly 1
Water rod diameter (outside), mm 11.2
Water rod diameter (inside), mm 9.6
FA wrench size, mm 234
FA pitch, mm 236

3 Description of the scenario

3.1 Pre-test plant conditions

The pump restart test (switch-on MCP-3) was performed during the decommissioning phase
(beginning of cycle BOC) of the NPP Kozloduy, Unit 6, to investigate the behaviour of the
plant. The pre-test phase started reducing the power from 75% to approximately 21% by
consecutive switching off of MCP#2 and MCP#3. Afterwards the MCP #2 was switched on
some hours before the test. Then the reactor power stabilized at around 27.47 % of the
nominal power i.e. 824 MWth. The average core exposure amounted 30.7 effective full
power days (EFPD). Before the test the reactor is operated with only three MCPs at a ther-
mal power of 824 MWy, while the MCP-3 is non operable. Under such conditions, part of the
coolant injected into the downcomer by the three pumps is flowing back through the piping of
the affected loop-3. This results in a considerable mixing of cold and hot coolant in the upper
plenum.

The main plant parameters of the primary and secondary system just before the test begin
are summarized in Table 2.
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Table 2: Measured plant data before the test with error band of measurements

Unit| Data JAccuracy

Thermal core power MW| 824 + 60
RCS massflow rate Kals| 13611 | +800
Primary side pressure MPa| 15.60 +0.3
Sec. side pressure MPa| 5.94 +02
Cold leg temp. loop-1 °K | 555.55 +2
Cold leg temp. loop-2 °K | 554.55 2
Cold leg temp. loop-3 °K | 554.35 +2
Cold leg temp. loop-4 °K | 555.25 +2
Hot leg temp. loop-1 °K | 567.05 +2
Hot leg temp. loop-2 °K [ 562.85 2
Hot leg temp. loop-3 °K | 550.75 2
Hot leg temp. loop-4 °K [ 566.15 2
M ass flow rate loop-1 Kals| 5031 + 200
M ass flow rate loop-2 Kgls| 5069 =200
M ass flow rate loop-3 Kals| -1544 | +200
M ass flow rate loop-4 Kals| 5075 + 200
PZR water level m 7.44 +0.15
\Water level in SG-1 m 230 | £0.075
\Water level in SG-2 m 241 | £0.075
\Water level in SG-3 m 249 | £0.075
\Water level in SG-4 m 243 | £0.075
DP over core MPa| 0.225 +02
DP over MCP-1 MPa| 0.492 +0.2
DP over MCP-2 MPa| 0.469 +0.2
DP over MCP-3 MPa| 0.179 +0.2
DP over MCP-4 MPa| 0.500 +0.2

3.2 Switch-on of the main coolant pump #3 test

The test starts by switching on the MCP-3. Immediately the reverse flow through the loop-3
goes to zero within 15 s leading to an increase of the total mass flow rate through the core.
The increased coolant inventory leads to a decrease of the coolant temperature and to an
increase of the coolant density. Hence the core power undergoes initially a rapid increase
stabilizing later on at a power level higher than the initial power. Due to the coolant mixing in
the downcomer, the mass flow rate of loop-1, -2 and -4 slightly decreases while the mass
flow rate of loop-3 greatly increases until around 13 s. Afterwards the mass flow rates of all
four loops are similar. These modifications of the coolant stream influence the heat transfer
across the steam generators leading e.g. to an increase of the water level of steam generator
1, 2 and 4 and to non-symmetrical core cooling. The test is characterized by interactions be-
tween the core neutronics and the system thermal hydraulics. The experiment lasted for 130
s. In this time, most of the important primary and secondary thermal hydraulic parameters of
the plant were measured.
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4 Developed plant models and nodalisation

To study the plant response during the MCP-switching-on test with system codes both the
primary and secondary plant systems including the safety and control systems need to be
represented by the numerical model. All data needed to develop the respective models for
PARCS and RELAPS were taken from the benchmark specifications [lvan02a]. Based on this
information, an integral plant model starting with a point kinetics approach (Exercise-1), a 3D
neutron kinetics and thermal hydraulic core model (Exercise-2) as well as an integral plant
model with a 3D core model (Exercise-3) were elaborated. Details of these models will be
described in the following subchapters.

4.1 Integral plant model

The integral plant model developed for the Exercise-1 and -3 is shown in Figure 6, where
only two of the four loops are exhibited. In this model most relevant primary, secondary, and
safety systems of the Kozloduy plant are represented [Metz03]. For Exercise-1 a point kinet-
ics model was implemented. The Core (volumes 845 and 843) is represented by two parallel
volumes, one representing the core average channel and the other one the core bypass. The
downcomer (volumes 108,208,308,408) is represented in four equal parts, each one con-
nected to one loop so that the complex flow conditions prevailing during the pre-test phase
and during the first 13 s of the transient are simulated appropriately. The primary circuit
consisting of the piping system (loop-1: volumes 146, 140,141, 142, 144, 145), the pumps
(volumes 144, 244, 344, 444), and the steam generator tubes (SG-1 volumes: 120, 121, 122)
is fully incorporated in the model. In addition, the pressurizer (PZR) with the 4 groups of
heaters is also included in the model. Furthermore the make-up and drainage system are
included in the model. The full data of the Russian-type main coolant pumps is taken from
the specifications. Each steam generator (SG) consists of 11000 tubes that are horizontally
arranged between the hot and cold collector tubes. They are vertically grouped in three units
associated to the primary and secondary volumes.

The secondary side of the steam generators is characterized by a complex 3-dimensional
flow inside this big volume. The back flow in the SG-downcomer (SG-1 volumes: 150, 151,
152, 109) is represented in the model, too (see Figure 6). The feedwater system (SG-1:
volume 190) is simply modelled by a volume providing a constant coolant mass flow with the
predefined coolant temperature. No emergency feed water system is considered in the
model since these systems are not expected to be activated during the transient. The steam
lines (loop-1 volumes: 181, etc.) are in detail modelled including the valves, common
header, turbine stop valves and the associated safety steam valves and the steam dump
valve groups. The core fuel pins, the steam generator tubes, the PZR-heaters, as well as the
walls of all relevant primary and secondary systems (RPV, cold and hot legs, steam genera-
tor shell) are considered in the model as heat structure components with its respective
heat transfer area, heater diameter, material data, and heat source when available. They are
connected to the corresponding fluid volumes via convective boundary conditions. In the
point kinetics model the given neutron physical data characterizing the VVER-1000 fuel like
prompt neutron lifetime, effective fraction of delayed neutrons, decay constants of delayed
neutrons, axial power profile, moderator and Doppler reactivity coefficients are implemented.

8
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The Doppler feedback is calculated using the following Doppler temperature (Tpoppier) inStead
of the volume averaged fuel temperature in all three exercises:

T

— surface center
Doppler — 0.7 foud + 0'::"X-I-fuel :

The moderator and Doppler reactivity coefficients for this model were given in the Specifica-
tion as follows:

Moderator temperature coefficient (MTC): -4.2652 e-3 $/K
- Doppler temperature coefficient (DTC): -2.2853 e-3 $/K
The effective fraction of delay neutrons (R.f) amounts 0.007268. The axial power profile

was predicted by a 3D-neutronic calculation performed by the benchmark team. The axial
power shape at the BOC-conditions before the test is shown in Figure 7.

Ciormimeon
Heades

Figure 6 Nodalization of the Kozloduy plant (reactor pressure vessel with two loops)
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Figure 7 Core averaged axial power profile at BOC-conditions before the test (from bot-
tom to top)

4.2 Multidimensional core modelling

For the Exercise-2 and -3 a multidimensional core model is needed for both the thermal hy-
draulic as well as the neutronic representation of the core for the coupled code system RE-
LAP5/PARCS. This core model is developed for the Exercise-2, where only the core behav-
iour is evaluated for given boundary and initial conditions at the core inlet and outlet. Later on
this model is fully merged with the integral plant model so that the test can be analyzed with
the coupled code system RELAP5/PARCS. In the core there are 28 types of fuel assemblies
and 2 additional reflector assemblies (radial and axial), see Figure 8. It can be also seen
that the enrichment of the pins varies from 2 up to 3.3 %.

Fuel assembly with Fuel assembly with
Enrichment 2.0% Enrichment 3.3%*
Fuel assembly with X

Enrichment 3.0% Radial reflector

Fuel assembly with
Enrichment 3.3%

1-Type of fud assembly
2 —Burnup MWd/kgU

1 2
1219 1.283 1311

Figure 8 One sixth of the core with the number of FA- and RA-types at BOC

10



Developed plant models and nodalisation

In the Benchmark Specifications, the 29-FA and —reflector assembly (RA)-types are subdi-
vided in 12 axial elevations of equal height but of different material composition (10 nodes for
the core region and two for the upper and lower reflector). Hence the neutronic data needed
for 3D-core calculations were prepared for a total of 283/260 unrodded/rodded material com-
positions. Each one is characterized by unique material properties like enrichment, density
as well as burn-up, absorber rod history and spectral history. These cross-section data were
delivered by the Benchmark team to all participants as look-up tables. All neutronic parame-
ters for two energy groups such as diffusion coefficients, scattering, absorption, and fission
macroscopic cross sections, assembly discontinuity factors, etc. are given in these libraries.
Additional information about the delayed neutron fractions, decay constants and neutron ve-
locity are provided in the look-up tables. PARCS has several models to read in different for-
mats of cross-section libraries. The nuclear data for the fuel assemblies with absorber rods
are delivered in an additional library containing 260 material compositions to account for ab-
sorber rods movement.

4.2.1 Neutron kinetics core model

The 3D neutron kinetics model (PARCS) is coupled to RELAPS5S via PVM [Bar98]. It solves
the time-dependent neutron diffusion equation in two or more energy groups using the trian-
gular polynomial expansion (TPEN) method [Joo02]. In the core model, 8 hexagonal fuel
assembly (FA) rings and a reflector assembly (RA) ring are considered to describe the whole
core, where each assembly represents a numerical node in the radial plane, see Figure 9.
Axially, all assemblies are subdivided in 12 equal nodes, one for the lower and upper reflec-
tor and 10 for the fuel zone, see Figure 10. A total of 283 material compositions (unrodded)
are considered for this problem. The look-up tables are functions of fuel temperature and
coolant density. A suitable parameter range of these variables was selected to cover the ex-
pected parameter changes for the steady state and during the transient progression. PARCS
uses a multidimensional interpolation scheme for the online update of the cross-sections
during the transient phase in dependence of the actual parameters.

zZ9 23 z9 25 23 zZ9 zZ3
29 29 8 27 25 22 18 13 Z9 8
29 13 7 26 24 21 17 12 72 Zg
z9 18 12 6 23 20 16 11 6 26 27 29
29 2z 17 11 5 13 15 10 5 23 24 25 28
29 25 21 18 1D 4 14 9 4 1% Z0 21 22 29
z9 27 24 20 15 E) 3 38 3 14 15 16 17 18 =29
29 25 zZo 23 19 14 =) 2 2 =) 8 10 11 1z 13 =z9
za 7 6 ) 4 3 2 1 z 3 4 5 o 7 8
29 13 1z 11 10 9 8 2 2 8 14 18 23 26 28 29
z@ 18 17 16 15 14 3 3 3 9 15 20 24 27 :i8
Z29 22 21 z0 18 4 9 13 4 10 16 21 25 29
2% 25 24 23 5 10 15 18 5 11 17 zz &9
29 27 Za 6 11 16 20 23 & 1z 15 29
29 ZB 7 1z 17 z1 z4 zZg§ 7 13 zg9

29 29 13 18 2z 25 27 28 2Z9 9

Figure 9 Radial arrangement of the different FA-and RA-types in the core (type 1 to
29)

11



Developed plant models and nodalisation
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assy_type 12 281 111 112 113 114 115 116 117 118 119 120 283
assy_type 13 281 121 122 123 124 125 126 127 128 129 130 2583
assy_type 14 281 131 132 1353 134 135 136 137 138 139 140 283
assy_type 15 281 141 142 143 144 145 146 147 148 149 150 283
assy_type 1a 281 151 152 153 154 155 156 157 158 159 160 283
assy_type 17 281 161 162 163 164 165 166 167 168 169 170 253
assy_type 18 281 171 172 173 174 175 176 177 178 179 180 283
assy_type 19 281 1581 182 183 184 185 186 187 188 189 190 283
assy_type 20 281 151 192 193 194 195 196 197 198 199 200 283
assy_type 21 281 Z01 20z 203 204 Z05 206 207 208 209 210 253
assy_type 22 281 211 212 2153 214 215 216 217 218 219 220 283
assy_type 23 281 221 222 223 224 225 226 227 228 229 230 283
assy_type 24 281 231 232 233 234 235 236 237 238 239 240 83
assy_type Z5 281 Z41 242 243 244 245 246 47 245 249 250 283
assy_type 26 281 251 252 253 254 255 256 257 258 259 Zal 283
assy_type 27 281 261 262 263 264 265 266 Z67 268 269 270 283
assy_type 28 281 271 272 273 E74 275 276 EZ77 278 279 280 z83
assy_type 29 281 ZBZ Z8Z Z8Z EZ8E Z02 28 Z0Z2 202 202 ZBZ zo3

Figure 10 Axial discretisation of each FA/RA-type in the core as used in PARCS

4.2.2 Thermal hydraulic core model

The thermal hydraulic core model for the coupled calculations consists of 18 parallel chan-
nels which are associated with the FA-nodes according to the mapping scheme proposed in
the specification, Figure 11. According to this, the whole core is in radial direction divided in
19 thermal hydraulic channels, 18 for the core region and 1 for the radial reflector. All fuel
assemblies with the same number are associated to one thermal hydraulic channel. An addi-
tional channel is considered (channel 19) to represent the flow area of the 48 reflector as-
semblies (RA). In axial direction, the parallel channels are subdivided in 12 nodes, the bat-
tom and top nodes for the axial reflector and the remaining 10 nodes for the active core,
Figure 12. The additional fluid volumes at core inlet and outlet are also represented be-
cause they are needed to define the initial and boundary conditions for Exercise-2. At the
core inlet (volume 1 up to 19), the mass flow rate as well as the coolant temperature is given.
The system pressure is defined at the core outlet (volume 860). In the RELAP5-model, 18
heat structures components representing the 18 groups of FA are modelled. They are
linked to the 18 core channels by convective boundary conditions. These heat structures
have the same axial nodalization like the corresponding fluid channels. In radial direction
each heat structure is subdivided in 7 zones, 4 in the fuel, one gap and two in the cladding
material.
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for the mapping between RELAP5 and PARCS
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The multidimensional neutron kinetics and thermal hydraulics core model was entirely incor-

porated in the integral plant model to perform the coupled calculations for Exercise-3.

Figure 11 Coolaht channels

13

Figure 12 Axial nodalization of the core (RELAP5S part)
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5 Performed calculations

According to the main goal of this benchmark the following investigations were performed:

- . Exercise-1: Integral plant simulation with a system code using point kinetics approach
(RELAP5/MOD3.3) to demonstrate that the developed plant model is well balanced and
that the main steady state plant parameters are well predicted compared to the plant
data.

Exercise-2: Multidimensional core simulation with the coupled system code (RE-
LAP5/PARCS) to test the operability of the coupled code system such as the correctly
reading the cross-sections (look-up tables), the appropriateness of the interpolation
scheme for the cross-section update, the convergence of both the neutronics and the
thermal hydraulic model in a coupled calculation, etc.

- Exercise 3: Integral plant simulation with a coupled system code (RELAP5/PARCS) to
simulate the overall plant response, especially the space-time core behaviour for the ref-
erence scenario.

The numerical simulation of the MCP-switch-on test with the coupled system RE-

LAP5/PARCS was performed on a LINUX platform with PVM-environment including the fol-

lowing steps:

- Run RELAPS5-stand alone with the null transient option for ~200 s until stable thermal hy-
draulic plant conditions are reached.

- Run the RELAP5/PARCS coupled system with the steady state option until the eigenvalue
calculation of PARCS converged.

- Then run coupled system code with the transient option restarting from the latter steady-
state condition for both codes until 130 s (duration of the test).

In the subsequent chapter, selected results of the performed calculations will be presented.
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6 Selected results of the calculations

6.1 Steady state results for integral plant model

As part of the qualification of the initial steady state attention was paid also to the primary
circuit power balance, i.e. the difference between the core power plus Main Coolant Pump
(MCP) power and the thermal power transferred over all four steam generators, which
amounts to around 12 MW. The good agreement between data and predictions using RE-
LAP5 and RELAP5/PARCS for the stationary plant conditions before the test demonstrates
that the developed integral plant model is appropriate for the subsequent study of the plant
response, see Table 3. The deviation is one of the predictions (RELAP and R5PARCS) re-
garding the experimental data.

Table 3: Comparison of predicted and measured data for steady state conditions

RELAP5/
Parameter Data Data RELAPS |Deviation] PARCS | Deviation
Unit Accuracy % %
Thermal core power MW 824 + 60 824 0,00 824 0,00
RCS mass flow rate Kg/'s 13611 + 800 13577 -0,25 13612 0,01
Primary side pressure MPa 15,6 +0,3 15,62 0,13 15,62 0,13
Secondary side pressure MPa 5,94 +0,2 6,105 2,78 6,106 2,79
Cold leg temperature loop-1 °K 555,55 +2 555,43 -0,02 555,44 -0,02
Cold leg temperature loop-2 °K 554,55 +2 554,61 0,01 554,62 0,01
Cold leg temperature loop-3 °K 554,35 +2 554,94 0,11 554,95 0,11
Cold leg temperature loop-4 °K 555,25 +2 555,16 -0,02 555,17 -0,01
Hot leg temperature loop-1 °K 567,05 2 566,18 -0,15 566,19 -0,15
Hot leg temperature loop-2 °K 562,85 +2 563,71 0,15 563,72 0,15
Hot leg temperature loop-3 °K 550,75 +2 550,65 -0,02 550,66 -0,02
Hot leg temperature loop-4 °K 566,15 +2 565,43 -0,13 565,43 -0,13
Coolant mass flow rate loop-1 Kg/s 5031 + 200 5021 -0,20 5029 -0,04
Coolant mass flow rate loop-2 Kg/s 5069 + 200 5036 -0,65 5043 -0,51
Coolant mass flow rate loop-3 Kg/s -1544 + 200 -1503 -2,66 -1491 -3,43
Coolant mass flow rate loop-4 kgls 5075 + 200 5034 -0,81 5041 -0,67
Pressurizer water level m 7,44 +0,15 7,44 0,00 7,44 0,00
Water level in SG-1 M 2,3 + 0,075 2,305 0,217391] 2,304 0,17
Water level in SG-2 M 2,41 + 0,075 2,409 -0,04149| 2,409 -0,04
Water level in SG-3 M 2,49 + 0,075 2,439 -2,04819 2,439 -2,05
Water level in SG-4 M 2,43 + 0,075 2,458 1,152263| 2,457 1,11
DP over core MPa 0,225 +0,2 0,257 14,22 0,255 13,33
DP over MCP-1 MPa 0,492 +0,2 0,4845 -1,52 0,4825 -1,93
DP over MCP-2 MPa 0,469 +0,2 0,4818 2,73 0,4798 2,30
DP over MCP-3 MPa 0,179 +0,2 0,1811 1,17 0,1787 -0,17
DP over MCP-4 MPa 0,500 +0,2 0,4824 -3,52 0,4804 -3,92

It can be seen that the deviation of most parameters is very small for both calculations. Some
of the parameters are slightly under-predicted and others are slightly over-predicted by both
calculations. This good agreement between data and predictions for the stationary plant con-
ditions before the test demonstrate that the developed integral plant model is appropriate for
subsequent studies of the plant response.
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A prerequisite for the successful simulation of the plant conditions before the test was the
appropriate modelling of the downcomer, lower and upper plenum of the VVER-1000 reactor,
which was realized based on in-house CFD-simulations [Boett04]. As can be seen in Figure
13 and Figure 14, the flow conditions in the downcomer and the upper plenum are rather
complex. To catch the physical phenomena the downcomer was subdivided in four parallel
volumes that are connected to each other by cross-flow junctions. To assess the flow condi-
tions in the upper plenum, especially the distribution of the reverse flow of about 1500 kg/s
entering into the outer ring between the RPV-wall and the inner perforated shell, an isolated
CFX-model was developed for the upper plenum [Boett04]. In Figure 15 the predicted flow
redistribution in the upper plenum, especially in the outer ring is illustrated as obtained by a
CFX-simulation. It can be seen that a considerable part of the cold back flow of loop-3 is
flowing sideward in the outer ring to the outlet orifice of the loop-2 since loop-3 and loop-2
are located next to each other. A minor part of the coolant of loop-3 is also sideward redi-
rected into the outlet orifice of loop-4. It has to be noted that the rest of the cold flow of the
loop-3 is entering the inner volume of the upper plenum through the perforations of the inner
shell. Based on these results, the fluid volumes representing the outer ring of the upper ple-
num were connected by cross-flow junction in the RELAP5-model so that the reverse flow of
loop-3 can go to through the outlet orifices of loop-2 and -4. The mixing of a part of the flow
of loop-3 in the upper plenum before leaving is also allowed. With these model extensions
the prediction of the stationary plant conditions was improved.
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Figure 13 Flow conditions in the down- Figure 14 Flow conditions in the upper
comer plenum
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Figure 15 Complex coolant mixing in the upper plenum predicted by CFX-5

6.2 RELAP5/PARCS results for the 3D core model

In the frame of the benchmark erxercise-2, the investigations are focused on the testing of
the 3D core model regarding the mapping scheme between the thermal hydraulic and neu-
tronic nodes as well as the consistence of the nodal cross-sections. In addition, different neu-
tonic parameters like the stuck-rod, shut-down and tripped rod worth are predicted. Several
calculations were performed with RELAP5/PARCS for both the hot zero power (HZP) and hot
full power (HFP) conditions of the Kozloduy core using the multidimensional model described
above. The initial and boundary conditions as well as the control rod positions used to predict
the different reactivity worth of the HZP-state are taken from the specifications. The HZP-
conditions are characterized by a nominal power of 0.1 % of the total power and fixed feed-
back thermal hydraulics conditions i.e. the moderator density in the core is 767.1 kg/m3 and
the fuel temperature amounts 552.15 K.

In order to assess the developed 3D core models the effective multiplication factor (kes) for
different core states defined by different positions of the absorber rod groups were predicted.
In Table 4 neutron physical parameters of the HZP-state predicted by RELAP5/PARCS are
compared with some data from the specification, where predictions and reference values are
in a reasonably good agreement. The reactivity worth for different HZP-core states calculated
by the coupled code is compared to the values given in the specifications. Both are close to
each other.
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Table 4: HZP results obtained with RELAP5/PARCS compared to reference values

Parameters RELAP5/PARCS Reference Data
Kest 0.999669 No data
Radial power peaking factor 1.4034 No data
IAxial power peaking factor 1.514 No data
Axial offset -0.1726 No data
Ejected rod worth % dk/k 0.078 0.09
Control rod group 10 worth, % dk/k -0.69 -0.61
Tripped rod worth, % dk/k -7.24 -7.02

The hot full power (HFP) core state is characterized by beginning of cycle (BOC) fuel condi-
tions with an average exposure of 30.7 effective full power days (EFPD) and a thermal power
of 824 MW. For this core state both steady state and transient calculations were performed
with the coupled code system using the initial and transient boundary conditions given in the
specifications. The position of the absorber rod group attained for the HFP-state in compari-
son to the HZP-state is indicated in Table 5. The main neutron physical parameters pre-
dicted for the stationary conditions of the HFP by RELAP5/PARCS are summarized in

Table 6.

Table 5: Position of the control rod groups for the HFP states (100: out, O: in)

Core state G1-4 G5 G6-8 [G9 G10 G10
EjRod
Hot Zero Power (HZP) 100 100 100 64 0 0
Hot Full Power (HFP) 100 100 100 100 36 36

Table 6: HFP results obtained with RELAP5/PARCS for the steady state conditions

Calculated Parameters RELAP5/PARCS
Kest 1.000425
Radial power peaking factor 1.3471
Axial power peaking factor 1.408
-0.1734

Aol offaoot
AATAT UITSTU

The RELAP5/PARCS predicted a non-symmetrical axial power distribution for the steady
state conditions expressed by an axial offset of 17.34 %. In Figure 16 the predicted core
averaged axial power peaking is compared to the one given in the specification that was cal-
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culated by the benchmark team (PSU). It can be seen, that both curves show the same
trends with slight deviations mainly around 1 m and 2 m height.
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Figure 16 Comparison of the predicted axial power profile for the HFP steady state

6.3 Transient results for the integral plant model

Selected results obtained with both RELAPS5/Point Kinetics and RELA5/PARCS are pre-
sented and compared to the plant data. Finally detailed results obtained with PARCS are
presented and discussed.

6.3.1 Global plant response

The transient is initiated by the switch-on of the MCP-3. As a consequence the mass flow
rate of the loop-3 starts to re-invert, see Figure 17, leading to a continuous increase of the
primary coolant mass flow, see Figure 18. After about 15 s, all loops reached similar mass
flow rates which remain almost unchanged during the transient. As a result, the core aver-
aged coolant temperature decreases several degrees during the first 15 s, see Figure 19.
From these Figures can be concluded that the overall plant behaviour predicted by the inte-
gral model with point kinetics (Ex-1) and with 3D-kinetics are very similar regarding the ther-
mal hydraulic parameters. Merely the core predicted power differs from each other between
Ex-1 and Ex-3. The fuel temperature undergoes the same trend during the first 15 s like the
coolant temperature since the cooling conditions of the core has improved. Consequently the
total reactor power increases, see Figure 20, rapidly until around 15 s due to the moderator
and Doppler reactivity feedbacks. Afterwards this trend continues until the end of the tran-
sient but with a very moderate change rate. The power increase predicted with the point ki-
netics model (Ex-1) is higher (5.5 % of hominal power) than the one predicted with the 3D-
neutron kinetics model (Ex-3) which amounts 3.7 % of nominal power at the end of the tran-
sient. In Figure Figure 21 the corresponding total reactivity predicted by the point and 3D-
kinetics models are compared to each other. As can be seen in Figure 22 the total reactivity
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is determined by the trends of both the Doppler and the moderator reactivity coefficient. The
highest reactrivity insertion is predicted by the point kinetics approach. The reason for the
prediction of different power and reactivity trends is the use of a constant axial power peak-
ing, Doppler and moderator reactivity coefficients by the point kinetics approach, estimated
for the core conditions at the beginning of the test, for the whole transient. This leads to an
overestimation of the reactivity inserted into the core by the point kinetics approach. On the
contrary, PARCS solves a 3D-problem with local estimation of the feedbacks by means of
using cross-section sets depending on local thermal hydraulic parameters that represents a
more realistic description of the underlying asymmetrical core behaviour. The predictions of
Exercise-1 may improve if a more detailed and sophisticated point kinetics model is used for
this problem.
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Figure 17 Predicted reverse flow of the loop-3 during the test
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Figure 18 Predicted Change of the total primary mass flow rate during the test
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Figure 19 Predicted core averaged coolant temperature during the test
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Figure 20 Predicted power increase for Exercise-1(Ex-1) and Exercise-3 (Ex-3)
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Figure 21 Predicted reactivity increase for Exercise-1(Ex-1) and Exercise-3 (Ex-3-BS)
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Figure 22 Predicted reactivity with main contributors (moderator and Doppler coefficients)

6.3.2 Code predictions versus experimental data

During the MCP switch-on test, several parameters of the plant were measured and their
error bands were estimated, see Table 2. To show the quality of the RELAP5/PARCS-
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predictions selected parameters are chosen and compared to available data. In Figure 23
the pressure of the upper plenum predicted by the codes is compared to the measured val-
ues. The coupled code is able to predict the initial time and decrease rate of the pressure
during the first 10 s. Later on the contraction of the primary system coolant is over-predicted
by the simulations, which results in a faster decrease of the PZR-level as can be observed in
Figure 24. Around 55-80 s in the transient both predictions and measured PZR-level are
very close to each other. The primary to secondary side heat transfer is almost constant in
the calculation while a slow but steady cooldown of the primary system is observed in the
measured data. The changes of coolant temperature of the loop-1 for both cold and hot legs
predicted by the codes in comparison with the measurements data are exhibited in Figure
25 and Figure 26.

It must be noted that the changes of the coolant temperature are moderate and smaller than
the error band of the temperature measurement devices. The overall trend of the measured
data can be reproduced by the calculation. The predictions tend to estimate a larger variation
of the coolant temperature than one shown by the data. In Figure 27 the measured pres-
sure drop over the MCP of loop 3 is compared with the values predicted by the code. The
agreement is quite good for the whole transient. On the secondary side, the measured varia-
tion of the water level in the steam generator 1 is also compared with the predicted one in
Figure 28. Even though prediction and data start from around the same level, the code
overestimates the heat transferred to the secondary side for the first 15 s. Then, the primary-
to-secondary side heat transfer is underestimated until the end of the transient. In general it
can be stated that the deviations of the prediction from the experimental data are in an ac-
ceptable range and almost within the error band of the measurements.
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Figure 23 Comparison of predicted and measured pressure in upper head
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Figure 24 Comparison of the predicted and measured PZR-water level
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Figure 25 Comparison of the predicted coolant temperature of the cold leg-1 with the data
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Figure 26 Comparison of the predicted coolant temperature of the hot leg-1 with the data
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Figure 27 Comparison of predicted pressure drop over MCP-3 with the experimental data
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Figure 28 Comparison of measured and predicted water level of the SG-1

In Figure 29 to Figure 32 the measured data of selected parameters are compared to the
predictions of both the point kinetics model (Ex-1) and the 3D-kinetics models. There can be
observed that both simulations calculated very similar qualitative global trends. Since the
predicted power by the point kinetics and 3D-kinetics is different, other parameters like the
collapsed liquid level in the pressurizer are quantitatively different for the both simulations.
Both the predicted liquid level of the steam generator and the core pressure drop are in rea-
sonable agreement with the plant data. Since there are complex mixing phenomena in the
upper plenum during the first 15 seconds followed by a reverse flow in the loop-3, the result-
ing hot leg temperature of the loop influence the heat transfer over the steam generator
tubes and hence the collapsed liquid level of the steam generators on the secondary side. In
addition, the mixing is a 3D-problem which is treated here by a 1D-model of the upper ple-
num which of course affects the quality of the predictions.
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Figure 29 Comparison of predicted pressure drop over MCP1 with data
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Figure 30 Comparison of predicted collapse liquid level with data
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Figure 31 Comparison of predicted temperature of the hot leg-1 with the data
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Figure 32 Comparison of predicted temperature of the cold leg-3 with data
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6.3.3 Multidimensional core behaviour

The use of coupled codes with 3D-neutron kinetics models allows a more detailed analysis of the core
response compared to the point kinetics. In

Figure 33 the core averaged axial power peaking predicted by PARCS for three time win-
dows during the transient is shown. It can be observed that for the basic scenario there is
only a very moderate variation of the power peaking. A similar trend was observed when the
core averaged radial power profile was analyzed. There are minor changes of the local radial
power profile at different time windows as shown in Figure 34 to Figure 37. The maximal
relative radial peak power changed slightly from 1.3450 at time=0.0 s to 1.3473 at time=15 s.
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Figure 33 Predicted core averaged axial power profile at specific time windows
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Figure 34 Predicted 2D relative radial power per fuel assembly at steady state conditions
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Figure 35 Predicted relative power in the core at steady state conditions
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Figure 36 Predicted relative radial power in the core 15 s after transient initiation
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Figure 37 Predicted relative radial power in the core at 15 s after transient initiation
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7 Results for the extreme scenario

Since the local power distribution during this transient was very moderate, an additional sce-
nario (called extreme scenario) was defined in the Specifications to better check the capabili-
ties of coupled codes. For this extreme scenario it was assumed that the control rod group
#10 located in the affected core sector corresponding to the loop-3 (FA#123) is ejected at 13
s after transient begin. In Figure 38 a comparison of the power evolution during the tran-
sient predicted by RELAP5/PARCS is given. It can be seen that due to the assumptions the
power increase of the extreme scenario is much more pronounced compared to the one of
the basic scenario mainly due to the ejection of control rod group #10 at 13 s., which has a
reactivity worth of about 0,95 $. It was followed by a sharp increase of the power. This power
increase was stopped mainly by the Doppler and also by the moderator reactivity coefficient.
Both the fuel temperature and the moderator density started to increase after the control rod
#10 was ejected out of the core, see Figure 40 and Figure 41. These inherent safety fea-
tures of the core stopped and reversed the power and reactivity increase of the core in an
efficient manner. The maximum core reactivity was about 0,157 $ and the maximal relative
power radial/axial power was around 1,605/1,372, Figure 39. These values are much
higher than the ones predicted for the basic scenario. From around 20 s the total reactivity
was steady decreasing and it reached low values at around 120 s. The corresponding core
power stabilizes at a level around 1070 MW. The detailed 3D radial power distribution for the
extreme scenario is shown in Figure 42 to Figure 44. Here the fuel assemblies with the
highest power can be localized very clearly within the core.
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Figure 38 Comparison of predicted total power change during the transient
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Figure 39 Comparison of the predicted core reactivity for the two scenarios
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Figure 40 Predicted core averaged Doppler temperature during the transient
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Figure 41 Predicted core averaged moderator temperature during the transient
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Figure 42 Predicted relative radia power profile for the extreme scenario

34



Results for the extreme scenario

Relative Radial Power Distribution :13.3 s
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Figure 43 Predicted relative radia power per fuel assembly
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Figure 44 Predicted relative radia power per fuel assembly at 13.3 s
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8 Code-to-Code comparisons

In the frame of the V1000 Coolant transient benchmark the results of many participants were
collected and evaluated by the benchmark team for all three exercises. Following selected
parameters are shown to indicate where the FZK results obtained with RELAP5/point kinetics
(Exercise 1) and RELAP5/PARCS (Exercise 2 and 3) lie in comparison to the results ob-
tained with other coupled codes. In Figure 45 to Figure 48 the code-to-code comparison
of the averaged fuel and moderator temperature as well as the change of the total power and
total reactivity are exhibited. As can be observed there, the FZK results are within the cluster
of results.
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Figure 45 Comparison of core average fuel temperature change
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Figure 46 Comparison of the core average moderator temperature change
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Figure 48 Comparison of total reactivity change

The code-to-code comparison of selected parameters for the exercise 2 is shown in Figure
49 to Figure 52. In general the RELAP5/PARCS results are similar to the ones of the other
codes, especially for the Kes and the axial power profile. For the maximal axial power peak
there are two clusters of results; one predicting high and the other low values. RE-
LAP5/PARCS belongs to the latter cluster. For the tripped rod worth FZK and UPISA (both
are using RELAP5/PARCS) calculated slightly higher values compared to the other codes
while VTT predicted the lowest value.
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Figure 52 Code-to-code comparison of the tripped rod worth for the HZP

The code-to-code comparison of selected results for the exercise 3 are given in Figure 53 to
Figure 59 for two time windows during the transient i.e. at 15 and 600 s. The RE-
LAP5/PARCS results for the axial and radial peaking factor as well as for the axial offset be-
long to the cluster of results with higher values, Figure 53, Figure 54, and Figure 55.

The total power change predicted by FZK during the transient, Figure 56 , is very similar to
the predictions of the other codes. But the calculated reactivity is higher than the one pre-
dicted by the other codes, Figure 57 reactivity change.

The averaged moderator density, Figure 58, predicted by FZK lies within the scatter of re-
sults of other participants while averaged fuel temperature, Figure 59, is at the lower limit
compared to the results of the other codes.
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Figure 53 Code-to-code comparison of the axial power factor
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9 Conclusions and outlook

The Phase 1 of the V1000 Coolant Transient was analyzed with different computational tools
using both point kinetics and 3D-kinetics models coupled to system codes. It was demon-
strated that the developed integral plant model as well as the multidimensional core model
are appropriate to describe the main plant and core response in case of a MCP-restart tran-
sient. The comparison of the predicted plant conditions with the plant data for the stationary
reactor conditions showed a good agreement.

For the transient phase, most of the predicted parameters show trends that are qualitatively
in good agreement with the experimental data measured during the test. The predicted reac-
tivity worth for the different states of the hot zero power is close to the ones given in the
specifications. Also the axial power peaking factor for the steady state hot full power esti-
mated by RELAP5/PARCS agreed well with the reference solutions.

From the multidimensional detailed results for the core it is apparent that the non-
symmetrical spatial power perturbation for the investigated test is rather moderate. But the
analysis of the extreme scenario showed that the coupled system RELAP5/PARCS is able to
predict core conditions with pronounced power distortions.

In general the performed investigations clearly illustrate the capability of coupled codes sys-
tems with 3D-neutron kinetics models as promising simulation tools to predict local hot spots
within the core at a fuel assembly level. It can be stated that the time dependent neutron dif-
fusion solution for hexagonal geometries of PARCS works quite well in connection with the
thermal hydraulic part (RELAPS5) and that the RELAP5/PARCS works stable and fast enough
under both Linux and Windows platforms.

Finally the analysis of the MCP switch-on test showed the limitations of one dimensional
thermal hydraulic models of RELAPS to describe the coolant mixing process. Hence a more
realistic description of such transients may only be possible using three-dimensional thermal
hydraulics (3D coarse mesh, sub-channel or CFD codes) models coupled with the multidi-
mensional neutron kinetics models. This kind of investigations is envisaged for the Phase 2
of this benchmark (V1000CT-2).

Even though PARCS is able to predict the detailed axial and radial peaking factor within the
core, where each fuel assembly is considered as a computational node, the current coupled
codes are not appropriate to predict the local fuel pin power within the fuel assembly with the
maximal radial power. Note that exactly these local parameters like the pin power, maximal
cladding and fuel temperature are very important to assess the safety margins of any reactor
design. Here additional model developments are necessary to extend the prediction capabil-
ity of safety analysis codes aiming to implement transport and subchannel codes in the tran-
sient solution scheme.

The Code-to-code comparison indicates moderate deviations among the codes that may
originate mainly from:
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- Model assumptions used by the participants (deviations from specifications) re-
garding aspects such as gap conductance model, Doppler temperature, etc. and

- Approaches of 3D neutronic codes used to solve the time dependent diffusion
equation for hexagonal fuel assembly as well as the treatment of the radial reflec-
tor boundary conditions.

Summarizing, the following statements can be made based on this analysis:

- This Benchmark demonstrated the capability of coupled code systems to simulate com-
plex transients with tight feedbacks between the system thermal hydraulics and the
core neutronics.

- Both RELAP5/Poaint Kinetics and RELAP5/PARCS are able to predict the overall plant
response in case of the MCP#3 restart physically sound.

- RELAP5/Point Kinetics tends to over predict the reactivity insertion (power increase)
due to the use of fixed axial power distribution for the whole transient time and by using
fixed reactivity feedbacks coefficients (DTC, MTC).

- Event though the basic scenario is mild in term of reactivity perturbation, coupled codes
like RELAP5/PARCS permit the gain of spatially detailed information about hot spots in
the core (here at fuel assembly level).

From the performed investigations the following areas for further improvements were identi-
fied:

- Implementation of an automatic mapping scheme between the thermal hydraulics and
neutronics nodes is needed for RELAP5/PARCS similar to the one of TRACE/PARCS.
This capability would minimize errors and reduce considerably the tedious work of
generating the mapping manually.

- Development of 3D plotting and movies capabilities to represent the PARCS and also
the RELAPS results obtained for detailed core models

- Correction of the PARCS output regarding important fuel assembly related parameters
like axial power profile, reactivity contribution by moderator and fuel temperature
changes

- Implementation of an option in PARCS that allows the selection of the plot frequency.
This is very important since the output and restart file of PARCS can become very
large analysing real nuclear power plant problems (in the order of five or more Giga-
bytes.

- Improvement of the convergence between the thermal hydraulic (RELAP) and the neu-
tron kinetics solution (PARCS).
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