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This paper presents an overview of the “scaling strategy”, in particular the role played
by the counterpart test methodology. The recent studies dealing with a scaling analysis
in light water reactor with special regard to the VVER 1000 Russian reactor type are
presented to demonstrate the phenomena important for scaling. The adopted scaling
approach is based on the selection of a few characteristic parameters chosen by taking
into account their relevance in the behavior of the transient. The adopted computer
code used is RELAP5/Mod3.3 and its accuracy has been demonstrated by qualitative
and quantitative evaluation.

Comparing experimental data, it was found that the investigated facilities showed
similar behavior concerning the time trends, and that the same thermal hydraulic phe-
nomena on a qualitative level could be predicted. The main results are: PSB and LOBI
main parameters have similar trends. This fact is the confirmation of the validity of the
adopted scaling approach and it shows that PWR and VVER reactor type behavior is
very similar. No new phenomena occurred during the counterpart test, despite the fact
that the two facilities had a different layout, and the already known phenomena were
predicted correctly by the code. The code capability and accuracy are scale-independ-
ent. Both characteristics are necessary to permit the full scale calculation with the aim
of nuclear power plant behavior prediction.
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INTRODUCTION

The execution of experiments in integral test
facilities (ITF) simulating the behavior of a nuclear
power plant plays an important role regarding
safety aspects (i. e., evaluation of the safety margin)
and code applications (. ¢,. code validation and its
accuracy evaluation). For considering both the sys-
tem code assessment and the possibility to identify
and characterize the relevant phenomena during
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off-normal conditions, the use of ITF is unavoid-
able in order to collect the experimental data
because of the impossibility to perform tests at the
tull scale.

In the framework of these activities, Pisa Uni-
versity is involved in a technical assistance commu-
nity independent state (TACIS) project with the
EU [1] and in some OECD projects. The EU
founded project consists of two different parts that
are linked under the nuclear reactor safety umbrella,
in particular within the framework of the accident
analysis of nuclear power plants (NPP); the OECD
project which has provided the experimental data is
named OECD PSB-VVER. In order to use the
measured data and to extrapolate them for the NPP
prediction, the scaling issue (2. ¢., the demonstration
of a similarity between experiments performed in
differently scaled facilities and between measured
phenomena and phenomena expected in the refer-
ence NPP) plays a role of major importance.

The present work is focused on the application
of relevant steps of the scaling analysis with main refer-
ence to the counterpart test (CT) methodology [2]
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from which a general approach of solving scaling
problems can be extrapolated. The CT taken as an ex-
ample is essentially a small break LOCA (SBLOCA)
and it has been designed deriving the boundary and
the initial condition from the same test performed in
the loop for off-normal behavior investigation
(LOBI) (that reproduced a PWR). Such a test has
been performed in the PSB-VVER facility, a full
height full pressure rig with a scaling factor of 1:300.
The break simulator is located in the cold leg of the
loop no. 4 (the loop with the pressurizer), down-
stream the main circulation pump; the intervention of
the high pressure injection systems is not foreseen,
while the low pressure injection systems are activated
on a high rod temperature signal. The design of this
test has been made in collaboration with EREC
(Electrogorsk Research Engineering Center), follow-
ing the methodology proposed by University of Pisa.
This scenario has been chosen because it had already
been used as a CT in the past for other experimental
facilities that simulated PWR, namely for SPES
(Simulatore PWR  per Esperienze di Sicurezza),

Upper plenum
. - 8G 2

N

-

SG 1

Pump 1

Downcomer

By-pass section q

)

BETHSY (Boucle d’Ftudes Thermal-Hydrauliques
Systemes), and LSTF (Large Scale Test Facility).

The computational analysis of the CT using
RELAP5/Mod.3.3 system code was possible
thanks to the availability of a qualified nodalisation
of the PSB facility, developed and qualified at Uni-
versity of Pisa. A qualitative and a quantitative eval-
uations of the obtained results have also been re-
ported, the last step foreseeing the use of the fast
Fourier transform (FFT) based method.

PSB-VVER FACILITY DESCRIPTION

The PSB-VVER is a full height integral test fa-
cility, extensively described in [3] and shown in fig.
1; power and volume are scaled at 1:300. The facil-
ity has four loops (each one consists of a hot leg, a
steam generator, a loop seal, a main circulation
pump and a cold leg), a pressurizer connected via
the surge line to the hot leg of the loop 4, the emer-
gency core cooling system (ECCS) which is pro-
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Figure 1. PSB-VVER: general view of the facility
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vided by an active pump simulating high and low
pressure injection systems, and four hydro-accumu-
lators. All system components are insulated from
the environment with glass wool to limit the heat
losses.

The main parts of the VVER vessel are repro-
duced in the facility by separate pipes: one for the
downcomer, one for the core model and upper ple-
num, and one for the core by-pass. A horizontal
pipe connects the downcomer to the lower plenum.
Another by-pass links the downcomer to the upper
plenum.

The core model contains 168 fuel rod simula-
tors with a uniform power profile and a central un-
heated rod. The active bundle is of electrical type and
has a hexagonal cross section. Up to now, the core
power has been limited to the maximum of 1.5 MW
(15% of the nominal scaled power). A new core is
foreseen with the power up to 10 MW (the right
scaled value). The by-pass section is heated via the
same elevation range of the core, to simulate the
heating that water receives in the channels within the
reactor core, in which the coolant flows from the
lower plenum to the upper plenum, by-passing the
assemblies.

The primary side of the steam generator con-
sists of a hot and a cold collector and of 34 tubes
coiled in 10 complete turns with 51 mm difference
from the inlet and outlet height. The length of one

tube is the same as the one of the reference plant.
The distributor of the feed water is a ring with sev-
eral holes placed above the steam generator tubes.
Separators are completely absent. The four steam
generators are connected to a common steam
header via a “small power” steam line.

A comparison between VVER 1000 NPP and
PSB-VVER test facility main data [4] is presented in
tab. 1.

THE SCALING ISSUE
Addressing the scaling issue

Reactor safety integral test facilities are nor-
mally designed to preserve the geometrical simi-
larity with the reference reactor system. Generally,
all main components (e. g. rector pressure vessel,
downcomer, rod bundle, loop piping, etc.) and
the engineered safety system (high pressure injec-
tion system — HPIS, low pressure injection system
— LPIS, accumulators, auxiliary feed water, etc.)
are presented. ITFs are used to investigate, by di-
rect simulation, the behavior of a NPP in cases of
the off-normal or accident conditions.

The term scaling is in general understood in a
broad sense covering all differences existing be-
tween a real full size plant and the corresponding ex-

Table 1. Main design parameters of PSB-VVER ITE compared with those of VVER-1000 NPP

Name VVER-1000 PSB-VVER Scale factor

Numbers of loops 4 4 -
Heat losses, [%] 0.063 1.8 -
Heat power, [MW] 3000 10* 1:300
Primary circuit volume, [ms] 370 1.23 1:300
Primary circuit pressure, [MPa] 15.7 15.7 1:1
Secondary circuit pressure, [MPa] 6.3 6.3 1:1
Coolant temperature, [K] 563/593 563/593 1:1
Core lengrh, [m] 3.53 3.53 1:1
Number of fuel rods 50856 169 1:300
Core volume, [ms] 14.8 4.9-1072 1:302
Upper plenum volume, [mg] 61.2 20.0-1072 1:306
Downcomer volume, [m3] 34.0 11.0-1072 1:309
Hot legs volume, [m?] 22.8 8.0-107 1:285
Cold legs volume, [ms] 60.0 24.0-1072 1:250
Number of steam generators 4 4 -
Heat exchanging surface, [m?] 6115 18.2 1:336
Water volume in steam generator primary circuit, [m®] 21.0 6.8:107 1:309
Pressurizer volume, [ms] 79 26.3-1072 1:300
Number of hydro accumulators 4 4 -
Number of pumps 4 4 -
Volume of hydro accumulators, [ms] 240 80-1072 1:300
Water volume in accumulators, [m3] 200 66.6-1072 1:300

* for the new core
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perimental facility. An experimental rig may be
characterized by geometrical dimension and shape,
arrangement and availability of components, or the
mode of operation (e. g. nuclear vs. electrical heat-
ing). All these differences have the potential to dis-
tort an experimental observation, precluding its di-
rect application for the design or operation of the
reference plant. Distortion is defined as a partial or
total suppression of physical phenomena caused by
only changing the size (geometric dimension) or
the shape (arrangement of components) of the test
rigs [5].

Due to the impossibility to perform relevant
experiments at the full scale (full power, pressure
and geometry), the use of ITF or separate effect test
facility (SETF) is necessary. In order to address the
scaling issue, different approaches are historically
followed [2]:

(1) One tries to preserve selected non-dimen-
sional parameters adopting the Buckingham
theorem derived from the fluid balance equa-
tions,

(2) One tries to preserve selected non-dimen-
sional parameters adopting the Buckingham
theorem derived from the semi-empirical
mechanicistic equations instead of the fluid
balance equations,

(3) One performs experiments at different scales,
and

(4) One develops, qualifies and applies codes
showing their capabilities at different scales.

The scaling approach is applicable at the level
of the macro scale, component scale and micro
scale.

The target of the macro scale is to evaluate
the global system performance considering it as a
whole (e. g. the prediction of the pressure behav-
ior in case of a blow-down following a LOCA); in
the component scale, the behavior of the single
component is taken into account (e. g.
downcomer-cold leg mixing in case of ECCS in-
jection). It must be noted that at this level the de-
sign of some components adopts the most desir-
able scaling factor: 1:1; this occurs for the active
length, for the fuel rod diameter, diameter and
length of the steam generator (SG) tubes, etc. Fi-
nally, when the investigation is pushed at the mi-
cro scale the interest is focused on the local evolu-
tion of thermal hydraulic phenomena, such as
critical heat flux occurrence in fuel rods, two
phase critical flow in a break, etc.

The scaling analysis has mainly three objec-
tives:

— to prove the capability of simulating an assigned
phenomenon,

— to design a test facility, and

— to prove the capability of a thermal hydraulic
model or of a thermal hydraulic system code.

For the test facility design three types of scal-
ing principles have been identified in literature:
(1) Time reducing scaling: rigorous reduction of

any linear dimension of the test rig would re-
sult in a direct proportional reduction in time
scaling. This is considered to be of advantage
only for cases where body forces due to gravity
acceleration are negligible compared to the lo-
cal pressure differentials.

(2) Time preserving scale: based on a scale reduc-
tion of the volume of the loop system com-
bined with a direct proportional scaling of en-
ergy sources and sinks (core power to system
volume ratio = const.).

(3) Idealized time preserving modeling proce-
dures: based on the equivalency of the mathe-
matical representation of the full size plant and
of the test rig, it is deducted from a separated
treatment of the conservation equations for all
involved volume modes and flow paths assum-
ing homogeneous fluid.

The geometrical similarity of the hardware of
the loop systems has been abandoned in favor of the
preservation of geometric elevations, which are de-
cisive parameters in the case of gravity dominated
and natural circulation processes. Thus the reduc-
tion of the primary system volume is largely
achieved by an equivalent reduction in vertical flow
Cross sections.

The proof of the capability of a thermal hy-
draulic system code to predict all the phenomena
occurring in any experiment performed at an ITF is
equivalent to demonstrating the “scaling-independ-
ence” of the code. Once this condition is reached,
the tested code is capable to reproduce the NPP be-
havior as well.

The scientific community has produced hun-
dreds of pages of literature in the attempt to reach a
solution to the scaling analysis.

The derivation of non-dimensional parame-
ters by the direct use of balance equations gives as
result more than 200 scaling factors that, as the au-
thors say, “cannot completely satisty all the scaling
requirements” [6].

The derivation of non-dimensional parame-
ters by the combination of balance equations and
engineering judgment for emphasizing the relevant
phenomena results in about 30 scaling factors, that
applied to different facilities give spread values.

Summarizing, the actual state of the art in ap-
proaching the scaling issue is:

— identification and characterization of main ther-

mal hydraulic phenomena,

— writing equations (fluid balance & mechanistic)
at the macro-scale, component-scale, and mi-
cro-scale levels and deriving suitable non-dimen-
sional parameters, and

— achieving “qualified” functional relationships be-
tween the phenomena and scale.
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Lesson learned: the attempt to scale up all
thermal hydraulic phenomena that occur during an
assigned transient leads to a myriad of factors which
have counterfeiting validity [6]. Therefore, as recog-
nized by Zuber [7], an overall strategy is needed and
a hierarchy in scaling factors is necessary.

The preferred scaling strategy of the Univer-
sity of Pisa adopts the combination of the derivation
of non-dimensional parameters from balance equa-
tions and the use of system codes. In more detail it
implies:

— selection of a scaling approach at the system level
(macro scale): the full pressure / full height / time
preserving scaling (this requires “full” bundle ac-
tive length and preserving linear power. Not all
ITF & SETF are suitable for scaling studies),

— considering the rod surface temperature at the
hot spot as the reference thermal hydraulic pa-
rameter at the micro scale level: this assumption
is guided by the finalization of the scaling analy-
sis to the NPP safety,

— 1dentification and creation of a hierarchy of ther-
mal hydraulic phenomena: the adherence to the
Committee on the safety nuclear installations
(CSNI) lists for SETF and ITF and the evalua-
tion of individual phenomena is strictly recom-
mended,

— (checking of the) design of ITE

— (checking of the) design of “counterpart experi-
ments”,

— analysis of CT experimental data: identification
and explanation of detected discrepancies among
corresponding values,

— application of the best estimate codes: (a) to
demonstrate that discrepancies between mea-
sured and calculated trends only depend on
boundary and initial condition (BIC) values
(within the assigned variation ranges), and calcu-
lation accuracy is not aftected by the scale of con-
cerned ITE (b) to perform volume scaled factor
(Kv) calculation and explanation of discrepancies
(if any) between NPP calculated and ITF mea-
sured trends considering BIC values and hard-
ware differences, and

— connection of the uncertainty evaluation to the
scaling issue: extrapolation of the error of the
code in NPP prediction based on error in ITE
prediction [8—10].

It could happen that some local events are not
predicted because they are driven by parameters
that do not appear in the balance equations, but,
thanks to the correct selection of the parameters, it
is possible to demonstrate that these phenomena are
effectively local, that they have short duration if
compared to the entire transient, and that they can-
not affect the overall behavior of the main thermal
hydraulic selected parameters chosen to describe
the transient.

Solving the scaling issue

As previously said, the SBLOCA performed
in the PSB facility is a CT of the same test carried
out in LOBI [6]. In order to define the initial and
boundary conditions of the test some driving pa-
rameters have been investigated. This investigation
has brought to consideration of the primary side
volume (without pressurizer) ratio between LOBI
and PSB as the main parameter.

The definition of a set of parameters concern-
ing the test design was proposed by University of
Pisa. Some of these parameters are: break area over
primary side volume (Ag/Vps), mass delivered from
the safety injection tank (SIT) over primary side
volume (Mgr1/Vps), and LPIS flow rate over pri-
mary side volume (Gypis/Vps). The approach is to
assume the values adopted in the experiment per-
tormed in the LOBI facility as a reference, deriving
the PSB corresponding values in the same way. Af-
ter several exchanges with EREC [12, 13], this ap-
proach has been accepted and followed. The se-
lected parameters are shown in tab. 2 [12, 14],
together with the corresponding values in other
ITE

THE CT RESULTS
PSB SBLOCA test description

The same counterpart test experiment has
been carried out in LOBI, SPES, BETHSY, and
LSTE facilities, the design objective being the simu-
lation of PWR system hydraulic response following
a postulated SBLOCA accident. The break simu-
lated was a 0.152 m (side oriented) cold leg break in
the corresponding reference PWR. The HPIS inter-
vention was not foreseen.

Starting from those past experiments, the
SBLOCA test has been designed in collaboration
with EREC, following the scaling law for deriving
boundary and initial conditions as well as possible
in order to carry outa correct counterpart test [ 12].

The relative scaling factors were based on the
tollowing characteristics of the facilities:

— nominal core power,

— the facility’s volumetric (power) scaling factor,

— primary mass inventory (total primary mass and
primary mass without the pressurizer and surge
line mass),

— primary system volume (total primary volume
and primary volume without the pressurizer and
surge line), and

— break location.

Due to the availability of detailed LOBI experi-
mental data and configuration, EREC chose those
conditions as guidelines. Adopting the factor defined
as the ratio between the primary side volume of the fa-
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Table 2. Comparison between experimental conditions CT test criteria (low power only)

Unit LOBI PSB-VVER SPES BETHSY LSTF
ARr/Vrs m! 7.69-10°° 7.8:10°° 7.70-107° 7.66-107° 7.65-107°
Prrz, MPa 15.5 15.5 15.1 15.4 15.4
Initial core power/Vps kW/m? 1123 1139* 1453 1158 1165
CL, CL, CL, CL, CL,
Break position - down stream down stream down stream down stream down stream
MCP MCP MCP MCP MCP
Psrt or Paccumulator MPa 3.97 4 4.18 4.2 4.2
Msrt/Ves 394.5%* 124%* 117.6 113.1 606.7
kg/m? CL 124 119.4 113.6
Injection point DC CL CL CL
118
Msrt/Vrs 3 232
(actually injected) kg/m CL gg 192.057 202.177 1973
ASG toral/Core power m?/kW 0.0496 0.066* 0.046 0.048 0.056
6.80
Pss MPa 1L 694 6.9 6.94 6.84 7.0
BL 6.91 6.84
Mss/Mps initial _ 1.42 1.33%%* - 1.18 1.03
Trod for LPIS actuation K or MPa 769 773 2.5 MPa Not actuated Not actuated
0.247 0.340
Grris/Vps kg/m®s 0.741 0.247 0 - -
0.247 0.340
Integral of core power 3 ¥
(20000 5)/Vs MJ/m 544 544 575 569 559

* Core power includes power on by-pass
** Total mass of water in the accumulator
Mss — secondary side mass with the SG water level of 2.47 m; Mps — calculated primary side mass (including water in the

EE LS

pressurizer) with the pressurizer water level of 5.29 m; # — Total value; Vps — primary side volume without the pressurizer

Table 3. Derived boundary and initial condition in the CT SBLOCA test

Parameter ‘ LOBI PSB-VVER
Primary side
Core power, [kW] 630 1130
Core by-pass power, [kW] - 15
Primary system pressure, [MPa] 15.47 15.5
Reactor dT, [°C] 28 28
Loop outlet temperature, [°C] 288 282
Loop inlet temperature, [°C] 316 310
Pressurizer collapsed water level, [m] 5 4.867
Secondary side
Pressure, [MPa] bl?(i;tnl?sgpéé..g;l 6.9
Collapsed level, [m] t;;gi;;lfoogp%,lfS 2.47
ECCS accumulators
Pressure, [MPa] 3.97 4
Water volume, [ms] 0.222 2 x0.202*
Water level, [m] 5.29
Gas volume, [m°] 0.058 0.105
Low pressure injection system
Mass flow rate, [kg/s] 0.41%** 0.248**
Break equipment
Diameter, [mm)] 7.36 10
Break size, [%] 6 4.5

* SIT connected to the DC
** per each loop
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Table 4. Comparison between measured and calculated boundary and initial conditions

Parameter Measurement Measured value Calculation R5/M3.3
Pressure in upper plenum, [MPa] YCO01P17 15.6 15.53
YAO01TO03 310 310
. o YA02T03 308 310
Coolant temperature at UP outlet, [°C] YA03T03 311 310
YA04T03 308 310
YAO0IT02 283 284
Coolant temperature at DC inlet, [°C] %28%¥8% %gg %gi
YA04T02 282 284
Core power, [kW] YCOINO1 1129 1130
Core by-pass power, [kW] YCOINO2 14.9 15
Coolant level in PRZ, [m] YPO1L.02 4.93 4.87
Pressure, [MPa]
-5G1 YBOIPO1 6.88 6.92
-SG2 YB02P01 6.91 6.92
~-SG3 YBO3P01 6.93 6.91
~-SG 4 YB04P01 6.88 6.92
Level, [m]
-SG1 YBOILO1 2.48 2.45
-SG2 YB021L.01 2.49 2.44
-SG3 YBO03LO1 2.52 2.44
~SG4 YB04LO01 2.48 2.44
Pressure, [MPa]
-HA2 THO02P01 4.08 4.0
_HA 4 THO04P01 4.14 4.0
Level, [m]
-HA2 THO021.01 4.58* 5.29
_HA 4 THO04101 4.60* 5.29

* Levels from the transducer readings do not cover the lower part of accumulator vessels

cilities (without the pressurizer), all the conditions

were derived: pressurizer level, accumulators level,

LPIS flow rate, etc. In tab. 3, the boundary and initial

conditions of PSB compared with the LOBI ones are

reported, while tab. 4 [15] shows the boundary and
initial conditions measured during the test.

Regarding the break size, it must be noted that
the percentage of the break area in PSB was different
than in LOBI due to the different diameter of the cold
leg in PWR and VVER 1000 prototype reactors.

The test started by opening the break valve,
with the opening time of 0.4 s. With the opening of
the break, the pressurizer heaters were switched off.

When the primary pressure achieved 13 Mpa,
the following actions were imposed:

— closure of the turbine shut valve at the end of the
steam header. The steam generators remained
aligned to the steam header,

— closure of steam generator feed water,

— trip of all MCPs; completely stopped in4 s, and

— scram, the core power started to follow the given
power/time curve.

At the primary side pressure of 4 MPa the ac-
cumulators started to inject water in the pressure
vessel inlet chamber. Accumulators remained con-
nected until the water level was 1.31 m (from the
bottom) in order to avoid nitrogen penetration into
the primary system. Only the pair of SIT connected
to the downcomer was used because LOBI had only
two hydroaccumulators.

The low pressure emergency core cooling sys-
tem (ECCS) was activated at the heater rod temper-
ature of 500 °C. The water was supplied in cold legs
of loops no. 1, 3, and 4 with the mass flow rate of
0.248 kg/s in each line.

The steam generator BRU-A valves were
opened at the secondary pressure of 7.4 MPa and
closed at 7.2 MPa; those set points were derived
from the plots showing the secondary pressure be-
havior in LOBI facility. During the whole transient,
the steam generators remained aligned to a com-
mon steam header; therefore, the secondary pres-
sures of the steam generators were expected to be
equal. Aninsignificant uncertainty in measuring the
pressures could lead to a BRU-A valve being open
in anyone steam generator while others remained
closed, due to decrease of the secondary pressure.
To avoid different behavior in the SGs, all the
BRU-A valves were assumed to be dependent on
SG-1 pressure. The experiment was terminated
when a steady core cooling conditions after the final
core rewet had been achieved.

Experimental data comparison

After the experimental data collected at the
PSB facility became available at University of Pisa, a
comparison between LOBI and PSB experimental
data has been done. From this first analysis the high
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similarity between the considered rigs can be seen
(figs. 2 to 4). Further more, the main primary side
parameters (such as pressure, clad temperature,
mass) show the same trend. This fact confirms the
validity of the approach followed in solving the scal-
ing problem. Morecover, the same thermalhydraulic
phenomena have occurred during the test (e. g.
three dry-outs, the first quenched by loop seal clear-
ing, the second by accumulator intervention and the
last by LPIS intervention) — this demonstrates the
similarity in behavior of PWR and VVER 1000 in
the case of a SBLOCA.
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Figure 2. Comparison between LOBI (full line) and
PSB (dots) primary side pressure
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Figure 3. Comparison between LOBI (full line) and
PSB (dots) clad temperature - top level
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Figure 4. Comparison between LOBI (full line) and
PSB (dots) primary side mass

From the phenomenological point of view, the
accident can be subdivided into four main periods:
(a) subcooled blow down and first core

dry-out/rewet (time from 0 to 97 s),

(b) saturated blow down and primary to second-
ary side pressure decoupling (from 97 s up to
accumulators emptying),

(¢) mass depletion in the primary loop (from ac-
cumulators emptying to the final core dry
out), and

(d) intervention of the low pressure injection sys-
tem that quenches the core.

Phase (a). Following the break, the primary
system pressure is subject to an initial fast decrease up
to the achievement of saturation conditions up-
stream the break. The abrupt initial pressure decrease
leads to scram, main coolant pump trip and isolation
of steam generators in the first 20 s of the transient.
Pressurizer emptying occurs in about 10 s. During
this phase, the stop of natural circulation occurs, es-
sentially due to voiding and mass depletion in the up-
per zones of the loop. This causes a manometer type
situation in the primary loop piping: the steam pro-
duced in the core partly flows directly to the break
through the by-pass and partly pushes down the level
in the core, to balance the liquid level present in loop
seals. In this situation core dry out occurs at about
100 s. The rod temperature excursion ends when the
loop seal clearing starts (at about 105 s in the loop
number 4).

After the loop seal clearing occurs, the suffi-
cient liquid mass is present in the core to cool the
rods. Following the above events a large amount of
steam is present upstream the break and an impor-
tant break flow rate decrease takes place.

Phase (b). Continuous core boil oft and pri-
mary to secondary side pressure decoupling charac-
terize the first part of phase (b). The core boil off
(produced steam flows almost entirely to the break)
causes a second dry out at about 400 s at a pressure
near, but higher than, the accumulator pressure (4.2
MPa). In this period the heat transfer from the sec-
ondary side to primary side is quite small compared
with core power, because of the high void fraction
in the SG tubes. The accumulator intervention at
406 s and 414 s causes the recovery of liquid level in
the core and a second rewet that is completed at
about 480 s. The isolation of accumulators occurs at
about 1365 s and 1452 s respectively. During the
period of accumulator injection, the primary system
mass increases, because the liquid flow rate deliv-
ered by accumulators is larger than the break flow
rate.

Phase (c). The stop of accumulator injection
causes another mass depletion period, leading to the
third dry out at about 2080 s into the transient,
when the primary pressure is about 1 MPa. No
other significant event occurs in this period, exclud-
ing the core level depression. When the rod surface
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temperature reaches 773 K, the low pressure injec-
tion system is actuated (2432 s) in the cold leg of the
loop no. 1, 3, and 4.

Phase (d). The LPIS flow rate (0.248 kg/s) is
quite effective in causing the third core quench and
in recovering the facility that occurs at about 2560s.
Core reflood occurs in this period.

The test was terminated at 2593 s, with pri-
mary pressure around 0.7 MPa.

PSB counterpart test calculation results

Adopting the same nodalisation qualified at
the steady state and at on-transient level by the
11% UP break test [17], the post test calculation
of the SBLOCA has been performed. Little modi-
fications have been done regarding the break area,
its position, and the accumulator model. In fact,
in this test the heat exchanged between the fluid
and the accumulator structure has been taken into
account due to the continuous discharge trend of
the SITs.

In order to reach the steady state condition,
the transient calculation has been preceded by
running the code with the “TRANSNT” (tran-
sient) option for 200 s during which the plant has
been maintained in the normal condition. The
demonstration of the achievement of the right
and stable steady state condition has been done
and shown in tab. 4; the errors are acceptably
small as requested from the nodalisation qualifi-
cation procedure [16].

The post test calculation has been performed
by adopting RELAP5/Mod3.3 code with the de-
fault model (Henry Fauske) for the break dis-
charge. A comprehensive comparison between
measured and calculated time trends or values
shows that the code prediction is reasonably good

[17, 18]. Nevertheless, some remarks should be
made because of some discrepancies. For exam-
ple, analyzing the rod temperature at the top level,
it can be seen that the code does not predict the
second dry out and that the break flow rate is not
so precise. It is also true that not all the thermo-
couple installed at the core top measured three dry
outs and that the entity of this phenomenon is
quite low, about 50 K. It should be never forgot-
ten that RELADPS5 is a system code that gives a
general trend and it is not able to predict or repro-
duce local effects. The flow rate through the break
is measured with an error of about 20%.

To support the judgement of the calculation
results, a qualitative and quantitative evaluations
have been done. The first step has been completed
tollowing a systematic procedure, consisting of
the identification of phenomena (CSNI list) and
of relevant thermalhydraulic aspect (RTA). In
both cases five levels of judgement have been in-
troduced (E, R, M, U, and —), whose meaning is
detailed in the Appendix 1 of [16]. The related re-
sults are reported in tab. 5.

A positive overall qualitative judgement is
achieved if “U” is not present; in addition, the pa-
rameters characterizing the RTA (i. e. SVP —single
valued parameter, TSE — parameter belonging to
the time sequence of events, IPA — integral parame-
ter and NDP — non dimensional parameter) give an
idea of the amount of the discrepancy.

In the present case, the following conclusion
could be reached:

(a) no “U” mark is present, and
(b) all RTA of the experiment are present in the
calculated data.

The accuracy evaluation by adopting RTA and
key phenomena supports the conclusion that the
calculation is qualitatively correct.

Table 5. Judgment of code calculation on the basis of RTA (part 1)

. - Calculati d t
Unit Experiment lgsc/li\/?&’.l.%n %\15 m;x%
RTA: Pressurizer empting
TSE Emptying time s 10 10 E
Scram time s 57.6 53 E
IPA Integrated flow from SL (from 0 up to kg _ _ 3
emptying)
RTA: Steam generators secondary side behavior
TSE Main steam line valve closure s 17.5 10 R
Difference between PS and SS pressure at 100 s MPa 0.33 0.43 R
SG level m
— at the end of subcooled blowdown 2.44; 2.44; 2.39;2.39; E
2.49;2.38 2.38;2.30
— when PS pressure equals SS pressure 2.43;2.44; 2.42;2.43; E
N%Y 2.49;2.37 2.42;2.33
— when accumulations start 2.40; 2.41; 2.41;2.41; E
2.47;2.33 2.39;2.31
— when LPIS starts 2.35; 2.26; 2.28; 2.30; E
2.34;2.30 2.30;2.82
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Table 5. Judgment of code calculation on the basis of RTA (part 2)

. . Calculati d t
Unit Experiment 1%5/111\231%11 111{15 m§ nS
SG pressure MPa
— at the end of subcooled blowdown 7.31; 7.34; 7.25;7.25; E
7.36; 7.31 7.25;7.25
—when PS pressure equals SS pressure 7.30; 7.34; 7.22;7.22; E
SVP 7.37;7.30 7.22;7.22
— when accumulations start 6.79; 6.81; 6.87; 6.87; E
6.83; 6.79 6.87; 6.87
—when LPIS starts 5.36; 5.39; 5.50; 5.50; E
5.41;5.37 5.50; 5.50
RTA: Subcooled blowdown
TSE Upper plenum in saturation conditions s 16 18
Break two phase flow s 113 140
IPA Break flow up to 30 s kg 183.7 130 M
RTA: First dryout occurrence
Time of dry out s 97 127 R
TSE Range of dry out occurrence at various core levels S 97-102 127-131 R
Peak cladding temperature K 589 619 R
Average linear power kW/m 1416 1.06 M
Svp Maximum linear power kW/m 1.416 1.06 M
Core power/primary mass kW/kg 2.01 1.63 M
IPA Integral of dry out at 2/3 of core height °Cs - - -
NDP Primary mass/initial mass % 47.6 45 E
Time of loop seal clearing s 109-105 loop 1&4| 129-127 loop 3&4 R/E
RTA: Rewet by loop seal clearing
TSE Range of rewet occurrence s 102-107 130-142 R
Time when rewet is completed s 109 143 R
TSE PS pressure equal to §S pressure s 150 170 R
SVP Break flow at 200 s kg/s - 1.04
Break flow at 1000 s kg/s - 0.13 -
IPA Integrated flow from 200 to 1000 s kg 236.52 196 M
RTA: Mass distribution in primary side
. . 430 429 E
TSE Time of minimum mass occurrence s 2430 2512 E
ini i - i 171.3 133 R
Mml/mun? primary side mass Vlég 1406 1065 R
SVP Average linear power at minimum mass kW/m
L - 3 0.304 0.274 E
Minimum mass/ITF volume kg/m _ _ —
RTA: Second dryout occurrence
Time of dry out s 405 _ MO
TSE Range of dry occurrence at various core levels s 401-478 - -
Peak cladding temperature K 590 - -
SVP Average linear power kW/m 0.425 - -
Core power/primary mass kW/kg 1.41 - -
IPA Integral of dry out at 2/3 of core height - - -
NDP | Primary mass/initial mass % 21.6 - -
RTA: Accumulators behavior
TSE Accumulators injection starts s 406-414 403 E
Accumulators injection stops s 1365-1452 1702 R
IPA Total mass delivered accumulators kg - - -

(1) Absence of second dry out is due to a low value of the dry out itself (about 50 K) and that is a local effect measured only by some

thermocouple of the upper part of the core

The positive conclusion of the qualitative ac-
curacy evaluation makes possible addressing the
quantitative accuracy evaluation. With this aim,
the methodology developed at University of Pisa,
based on the use of the FFT, was adopted. The re-
sults are given in tab. 6, and the conclusion is the
tollowing: the achieved results are well below the
acceptability threshold, both in relation to the

overall accuracy (AA = 0.35 compared with the
acceptability limit of 0.4) and the primary system
pressure accuracy (AA = 0.06 compared with the
acceptability limit of 0.1).

Definitely, the documented calculation is ac-
ceptable from the code assessment point of view;
thus, the code is able to predict this kind of tran-
sient.
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Table 5. Judgment of code calculation on the basis of RTA (part 3)

. . Calculation Judgment
Unit Experiment R5/M3.3 R57M3.3
RTA: Accumulators behavior
NDP Minimum mass/initial mass % 20.7 15.6 M
Primary mass/initial mass % 21.3 16.1 M
RTA: Final dryout occurrence
Time of dry out s 2077 2111 E
TSE Range of dry out occurrence at various core levels S 2077-2313 2120-2694 R
Peak cladding temperature K 783 798 E
Average linear power kW/m 0.304 0.28 R
svp Rate of rod temperature increase K/s 0.8 0.81 E
Core power/primary mass kW/kg 1.06 1.21 R
IPA Integral of dry out at 2/3 of core height °Cs - - -
NDP Primary mass.initial mass % 20.6 16.1 R
RTA: LPIS intervention
LPIS start s 2432 2512 E
TSE Range of rewet occurrence s 2482-2518 2535-2626 R
Final rewetting s 2559 2695 R
IPA Integrated flow from start to end of rewet kg 96.7 135.8 R
NDP Primary mass/initial mass % 16.8 12.5 R

Table 6. Results obtained by the application of the
FFT method - SBLOCA

Parameter AA WEF
PRZ pressure 0.06 | 0.030
Secondary side pressure — SG 3 0.08 0.052
Secondary side pressure — SG 4 0.08 | 0.044
Accumulator pressure 0.09 0.026
Core outlet fluid temperature 045 | 0.086
Upper head fluid temperature 0.35 0.042
Integral break flow rate 020 | 0.114
ECCS integral flow rate 0.58 0.055
Heater rod temperature (bottom level) 0.08 0.039
Heater rod temperature (middle level) 0.56 0.035
Heater rod temperature (top level) 0.83 | 0.067
Primary side total mass 0.25 0.064
DP core 1.23 0.140
Core power 0.37 0.078
DP loop seal ascending side (loop 4) 0.55 | 0.115
DP loop seal descending side (loop 4) 0.28 0.040
Total 0.35 | 0.057
CONCLUSIONS

The present study presents a contribution to
the scaling analysis with special regard to the Rus-
sian pressurized water reactor type (VVER 1000).
By the study of a counterpart test, strictly derived
from the same experiment carried out in LOBI, the
validity of the approach followed to solve the scal-
ing problem in the PSB facility has been demon-
strated. The selected test is a SBLOCA in which the
break is located in the cold leg downstream the main

circulation pump; the accumulators are available
and only the intervention of low pressure injection
system is foreseen, activated on a high temperature
signal, regarding the active ECCS.

The comprehensive approach to the scaling is-
sue is based upon a restricted number of key aspects:
(a) detailed scaling criteria have been derived: a
few characteristic parameters are selected fol-
lowing a hierarchy based on their relevance in
the considered transient, arriving at the defini-
tion of boundary and initial conditions for the
selected test,
comparison between experimental data of
LOBI and PSB CTs available at University of
Pisa has been conducted with the aims: (1) to
verify the validity of the parameters selected,
(2) to emphasize the same overall behavior in
the two rigs, and (3) to include the CT per-
formed in PSB facility that reproduces a
VVER 1000 (unique CT carried out in this fa-
cility type) into the actual experimental data-
base, and
(c) calculation of the SBLOCA carried out in PSB

by the use of RELAP5/Mod3.3 code, compar-

ison between measured and calculated curves,
qualitative and quantitative evaluation of the
results.

The scenario of the CT performed in
PSB-VVER facility has been designed in collabora-
tion with EREC, following the methodology de-
scribed in the present study: the main parameter
used to derive initial and boundary conditions has
been the ratio between PSB and LOBI primary side
volume (Kv scaling). The demonstration of the
overall similarity of the two tests, even though the
two facilities have different lay out, has been per-
formed by a comparison between experimental
data.

(b)
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LIST OF ABBREVIATION
AA — average amplitude
Ag — break area
CSNI —Committeeon the safety nuclear instalations
CT — counterpart test
DC — downcomer
DP — pressure drop
ECCS — emergency core cooling system
EREC — Electrogorsk research engineering center
FFT — fast Fourier transform
HA — hydro-accumulator
HPIS — high pressure injection system
IPA — integral parameter
ITF — integral test facility
Ky — volume scaling factor
LOBI — loop for off-normal behavior investigation
LPIS — low pressure injection system
MCP — main coolant pump
NDP - non dimensional parameter
NPP — nuclear power plant
PRZ — pressurizer
PSB — Russian large scale integral test facility
PWR — pressurized water reactor
RTA — relevant thermalhydraulic aspect
SBLOCA - small break loss of coolant accident
SETF — separate effect test facility
SG — steam generator
SIT — safety injection tank
Svp — single valued parameter
TACIS — technical assistance community ind-
ependent state
TSE - time sequence of events
ur —upper plenum
Vs — primary side volume
VVER —Russian type of pressurized water reactor
WE — weighted frequency
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®panuecko JAYPUA, Mapko KEPYBNHU,
Hopho Mapua I'AJIACH, Hukonayc MUJIIHEP

AHAJ/IN3A CATJACHUX TECT NIOJATAKA U3PAYYHATHUX U MEPEHUX
Y CUMYJATOPUMA PWR M VVER 1000 PEAKTOPA

Y papy je mpukasaH mpersef “cTpaTeruje ckKalaupama’, MOCeOHO yJIore ycarjalleHe TecT
MeropoJoruje. [la 61 ce ykazano Ha ojaBe 3HauyajHe 3a CKaJupame, U3JI0KEeHa Cy HOBa MpoyJaBama Koja
ce OaBe aHajM3aMa CKallpama y JIaKOBOJHOM peakTopy ca IoceOHIUM OCBPTOM Ha pycku peakTop VVER
1000. Y cBOjeHM IpUCTYII CKAIMpaky 3aCHUBA ce Ha O1a0Mpy HEKOIMKO KapaKTepUCTUYHUX IapaMeTapa Ha
OCHOBY HHXOBOT 3Hauaja 3a IMoOHamame TpaH3ujeHTa. KopumrheH je padyHapcku Tnporpam
RELAP5/Mod.3.3, u KBaTUTaTUBHAM M KBAaHTHUTATUBHUM MPOIICHAMA MTOKa3aHa je HheroBa TaYHOCT.

YuopebuBamem ekcnepuMeHTATHUX MojaTaka yTBPhHEHO je /la ce MCOUTHMBAHA TOCTPOjeHha
CIIMYHO IOHAIIAjy y MHOIJEfy BPEMEHCKUX TOKOBA, M Jla c€ MOTY KBaJUTATUBHO IPEABUACTU HCTE
TepMoxuApaynuuke nojaBe. ['maBHu pesyartar je ga ocHoBHH mapameTpu PSB u LOBI mocrpojema
mokasyjy ciamuHe TpeHpoBe. OBa UMIeHHUIA NOTBphyje BajbaHOCT YCBOjEHOT NPUCTYNA CKaluparma 1
nmokasyje fia je nonamame PWR 1 VVER peakTopckux TUIOBa BP0 CIIMYHO. Y MPKOC YMHH-EHUIH /1A Cy IBA
MOCTPOjetba Pa3InyUTO NPOjeKTOBaHa, TOKOM ycarjalleHOT TeCTUPamka HUCY youeHe HOBE I10jaBe, JOK Cy
paHuje Mo3HATe YMH-CHUIE MPOrPaMOM HUCIPaBHO npepBubene. MoryhHOCTH M Ta4yHOCT mporpama cy
He3aBHUCHHU of] pa3Mmepe. O6e oBe 0coOMHE Ccy Hy>KHE Jia OU ce y by IpefiBubama MoHalllamha HyKJIeapHe
eJIeKTpaHe AONYCTUIM IPOPAYyHHU Y IIPaBOj pa3MepH.

Kmwyune peuu: cuzypHociti HykaeapHo? peakitiopa, ckejaunz anaausa, VVER peakitiop, RELAPS




