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ABSTRACT 

One dimensional Thermal-Hydraulic-System (TH-SYS) codes like RELAP5 provide a 
degree of freedom that is significantly greater than desired. An undisciplined code user with 
some experience usually can achieve any pre-set results by tuning the nodalization. To take 
some freedom away from the user and achieve code user independent results several strategies 
were adopted. The approach of the UNIPI is to develop a multi purpose nodalization which 
must pass a rigorous nodalization qualification process. A qualified nodalization is also the 
basis to apply the Uncertainty Methodology based on Accuracy Extrapolation (UMAE) or to 
develop the accuracy database and to apply the Code with capability of Internal Assessment 
of Uncertainty (CIAU). An important part of the nodalization qualification is to verify the 
results of the nodalization approach against experimental data. In this context the Fast Fourier 
Transform Based Method (FFTBM) provides an independent tool to assess the quantitative 
accuracy of the analysis.  

This paper will present a series of RELAP5 calculations, each assessed by the FFTBM, 
which analyze an experiment at the PSB-VVER1000 facility This experiment is a 0.7% Small 
Break (SB) Loss Of Coolant Accident (LOCA) in the Cold Leg (CL) near the Reactor 
Pressure Vessel (RPV). The FFTBM was used to establish a range in which parameters like 
power, break area or total heat losses can vary, while the nodalization is still qualified from a 
quantitative point of view. 

1 INTRODUCTION 

The use of best estimate TH-SYS codes for Nuclear Power Plant (NPP) safety analysis 
requires the need for a method to estimate the uncertainty which is connected to the results. 
There are several approaches: between them, the methods UMAE and CIAU tries to 
extrapolate the output uncertainty (see [1] and [2]). The UMAE, before, used a database 
coming from the counterpart tests performed in the Integral Test Facility (ITF), while, now, 
the CIAU includes in the database the large number of tests on ITF or Separate Effect Test 
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Facility (SETF) available for a typical Light Water Reactor (LWR). Hence these methods are 
based on the analyses between the available experimental data and the TH-SYS code 
calculations and the assuming that the accuracy of the results can be extrapolated from the 
scaled facilities to the real NPP: 

Accuracy in this context means the difference between calculated and experimental 
data. For each test the accuracy of the calculation is determined and added to the database. 
The database is then utilized to estimate the uncertainty of the NPP calculation by means of 
extrapolation. To be able to use this method, the analyst has to fulfill a number of 
requirements, i.e. the nodalization must be “qualified”. One part of the qualification process 
of a nodalization is to show that the nodalization is able to predict a certain transient in a 
qualitative and quantitative way (on-transient qualification). In the qualitative qualification 
process the user identifies all relevant physical phenomena (using for example the Committee 
for the Safety of Nuclear Installations (CSNI) validation matrix) and generates tables of 
Relevant Thermal-hydraulic Aspects (RTA). Once the user could confirm that the 
nodalization was able to reproduce all relevant phenomena, the quantitative evaluation should 
be performed. For more details on the UMAE and the CIAU and other methods to evaluate 
the uncertainty please refer to [1].The UMAE and other methods use for the quantitative 
evaluation of the calculation the FFTBM, a tool, which describes the agreement between 
calculation and experiment using a single value (the accuracy) for arbitrary chosen trends like 
primary pressure, secondary pressure, pressure drops, temperatures etc. At the end of a full 
analysis two values describe the overall quality of the calculation: the value for the Primary 
Side (PS) pressure, and a weighted mean value of the selected trends. For a detailed 
description please see [3] and also [1].  

In this paper the FFTBM was used to see the importance of the parameters “core 
simulator power” and “break area” in the calculation of a CL SBLOCA test on the PSB-
VVER1000 facility (1:300 volume scaled /full height test facility for the VVER1000 NPP). A 
similar study was performed by [4].  

 
1.1 A short introduction into the FFTBM 

The following section is taken mainly from [3] and [5]. The FFTBM was chosen to find 
a function which characterizes the accuracy of a calculation and which satisfies the following 
requirements: at any time of the transient this function should remember the previous history; 
engineering judgment should be avoided or reduced; the mathematical formulation should be 
simple; the function should be non-dimensional; it should be independent upon the transient 
duration; compensating errors should be taken into account (or pointed out); its values should 
be normalized. The simplest formulation about the accuracy of a given code calculation, with 
reference to the experimental measured trend, is obtained by the difference function 

 
( ) ( ) ( )tFtFtDF expcalc −=  (1) 

 
Now this function is transformed with the Fast Fourier Transform (FFT). The 

frequencies are chosen to be in total a power of two: 

T
nfn = ,   with n=0,1,…,2m (2) 

 
The method developed to quantify the accuracy of code calculations is based on the 

amplitude of the FFT of the experimental signal and of the difference between this one and 
the calculated trend. Two values are defined to characterize the quality of a calculation, (3) 
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and (4). The function F designates the error function from (1). “Infinity” in (3) and (4) is 
taken to be a large number for practical applications: 

a dimensionless Average Amplitude (AA) 
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The AA factor can be considered a sort of “average fractional error” of the addressed 

calculation; the WF gives an idea of the frequencies related with the inaccuracy. The WF is of 
less importance. The main parameter is the AA.  

So the next step is to select a number of important parameters (more then 20) and to 
calculate the AA for each of them. Then a single “weighted mean” AA is computed according 
to 
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where N is the number of parameters (wf)i are weighting factors introduced for each 

parameter. This introduces some degree of engineering judgment. The weighting factors are 
calculated to  
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with 
N is the number of parameters to which the method is applied 
(AA)pr is the average amplitude calculated for the PS pressure 
(AA)j is the average amplitude calculated for the j-th parameter 
(Wexp)j is the contribution related to the experimental accuracy 
(Wsaf)j is the contribution expressing the safety relevance of the parameter 
(Wexp)j and (Wsaf)j values have to be assigned using engineering judgment, starting from 

measuring and safety related considerations. Such an evaluation of a suitable set of weights 
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(see Tab. 1) to be utilized for typical Thermal-Hydraulic (TH) quantities has been performed 
[6]. One should note that this affects only the global accuracy evaluation, AA-tot. 

 

Table 1: Selected weighting factor components for typical TH parameters 

Parameter WExp Wsaf Wnorm

Primary pressure 1.0  1.0  1.0  
Secondary pressure 1.0  0.6  1.1  
Pressure drops  0.7  0.7  0.5  
Mass inventories  0.8  0.9  0.9  
Flow rates  0.5  0.8  0.5  
Fluid temperatures  0.8  0.8  2.4  
Clad temperatures  0.9  1.0  1.2  
Collapsed levels  0.8  0.9  0.6  
Core power  0.8  0.8  0.5  

 
1.2 The PSB-Facility 

The PSB-VVER is a full height ITF (elevations scaled 1:1) that models the entire 
primary system and most of the secondary system (except turbine and condenser) of a 
VVER1000 NPP. Power and volume are scaled 1:300 [7]. The PS and the SSs of the ITF are 
designed in order to operate at nominal pressure of the prototype reactor. The ITF is installed 
and operated at the Electrogorsk Research and Engineering Centre (EREC), in Russia 

The facility has four loops (each one is constituted by a hot leg, a Steam Generator 
(SG), a loop seal a main circulation pump and a CL); a PRessuriZer (PRZ), connected via the 
surge line to the hot leg of loop 4 or 2; the Emergency Core Cooling System (ECCS), 
provided by an active pump, that simulates the HPIS and the LPIS systems; four Safety 
Injection Tank (SIT), that are provided by four hydro-ACCumulators (ACC). All system 
components are insulated from the environment with glass wool to limit the heat losses. The 
internals of the VVER1000 vessel are represented in the facility by separate pipes: one for the 
down-comer, one for the core model and upper plenum, and one for the core bypass. A 
horizontal pipe connects the down-comer to the lower plenum. Another bypass links the 
down-comer to the upper plenum.  

The core model contains 168 Fuel Rods Simulators with a uniform power profile and a 
central unheated rod. The active bundle is of electrical type and has a hexagonal section. Also 
the bypass section is heated over the same elevation range of the core to simulate the heating 
that water receives in the channels within the reactor core over with the coolant flows from 
the lower plenum to the upper plenum, bypassing the assembly. Notwithstanding the 
possibility of the facility to operate at full power, up to now the experiments have been 
performed with the assembly power set to 1.5MW. That is 15% of the VVER1000 nominal 
scaled power. 

The PRZ has full height and it is connected through the surge line to the hot leg of the 
PS. It can be connected to the broken loop (loop #4) or to the intact loop (loop #2) of the ITF. 
It has also the electric heaters with power up to 80kW, which are used for simulating the 
heaters of the prototype reactor and to compensate the PRZ heat losses during steady state and 
when the pressure is above the set point for the heaters simulation.  

The PS of the SG consists of a hot and a cold collector and of 34 tubes coiled in 10 
complete turns with 51 mm difference from inlet and outlet height. The length of one tube is 
the same like the one of the reference plant. The distributor of Feed Water (FW) is a ring with 
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several holes placed above the SG tubes, located at the same elevation of the FW branch pipe 
in the prototype reactor. Separators are completely absent. The four SGs are connected to a 
common steam header via a “small power” Steam Line (SL). Finally the steam from the SG is 
discharged into a condenser. A special path the “Secondary Side Cool-down System”, is 
connected to the “small” SLs of all four SGs in order to simulate the cooling of PSB-VVER 
Secondary Side (SS) with required rate through the Automatic Depressurization System 
(ADS). 

 
1.3 PSB-VVER RELAP5 nodalization description 

The following description is mainly taken from [5]. The Relap5 input deck adopted for 
simulating the PSB-VVER facility behavior is a detailed nodalization carried out with a 
“sliced” approach. This nodalization scheme is suitable for a better code response, especially 
in natural circulation and/or during low flow rate regimes. The general noding scheme can be 
seen in Figure 2. All four loops are modeled separately; each loop includes a hot leg, a SG, a 
pump, a loop seal and a CL. The PRZ is connected to the hot leg of loop No.4 via the surge 
line; on its top the Power Operated Relief Valve (PORV) is reproduced and at the bottom 
PRZ heaters are simulated. The RPV flow paths have been modeled separately, as they are in 
the facility, by three pipes: one for the down-comer, one for the core region, and one for the 
core bypass. The lower part of the down-comer is duplicated to simulate as well as possible 
the inner and the outer part of the element. To avoid stagnation flow in the upper part of the 
down-comer and of the upper plenum, small volumes are added in parallel of the main parts. 

 
 

 
Figure 2: RELAP5 nodalization of the PSB-VVER1000 facility, general scheme 

The active core is represented by a unique active structure with uniform power 
distribution subdivided in ten parts. The heated zone of the core bypass is simulated (instead 
of a power generation in the thickness) by an external imposed heat flux. The ECCS is 
simulated by time dependent volumes and time dependent junctions. The four SIT are 
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simulated by four ACC components and are connected in pairs to the down-comer and to the 
upper plenum via their discharge line. In this line the orifice, installed in the facility to 
regulate the amount of water delivered to the RPV, is simulated. The SG PS is schematized 
with 17 horizontal tubes that simulate the 34 tubes of the facility (these data are referred to a 
single SG). The SG SS has four different zones that are identified and simulated by four 
vertical pipes, representing the down-comer, the hot and cold collector and the tube region, as 
shown in Figure 2. The four pipes are connected to each other by cross flow junctions, to 
permit horizontal flow through the four regions. The FW in the facility has one injection 
point: a time dependent volume and a time dependent junction represent it; the time 
dependent junction ensures the prescribed mass flow rate. A branch and a pipe represent the 
free space over the FW ring and are connected to the so-called “small SL”. In the upper part 
of each SG; a motor valve represents the BRU-A valve and in each SL the main steam 
isolation valve is simulated by a trip valve. The four SLs of the four SG are connected to the 
common steam header that finally discharges to another time dependent volume, which stands 
for the steam condenser. Another trip valve placed at the end of the common steam header 
simulates the turbine stop valve. 

2 THE EXPERIMENT AND THE REFERENCE CALCULATION 

The transient as a whole may be divided into four main stages: 1) sub-cooled blow 
down, 2) PS pressure stabilizes at the SS and first dry-out (FRS heat up), 3) decreasing 
primary coolant mass under saturated coolant discharge and second core heat up and Accident 
Management (AM) consisting in the  PS refilling. 

Phase 1 The Experiment was started by opening the break valve. A sharp decrease in 
PS pressure was observed. All trends are very well predicted for the first phase.  

Phase 2 After ≈ 300s the PS pressure decreased to the SS pressure. The primary circuit 
pressure decrease stopped at this point. At the end of the second phase the core simulator 
started to uncover and the first heat up of the core began. The second dry out is predicted to 
be about 100s later than it occurred.  

Phase 3 The dry-out was quenched by loop seal clearing. At the same time, the break 
flow changed from liquid to two phase flow. Both phenomena were predicted reasonably 
well. About 300s later the PS pressure reached the set-point of the ACCs and water from 
ACCs was fed to the primary circuit. This could be predicted reasonably well by the code. At 
1800s the simulation of the operator action “cool down of the PS via SS with a cool down rate 
of 30K/h” was simulated by opening the isolation valve of the new installed cool down 
system.  

Phase 4 At about 3000s in the experiment and about 2500s in the calculation the set 
point for the second operator action was reached (the cladding temperature reached more then 
300°C after 1800s), and the make up and TQ(1,2,3)4 system was taken into operation. The 
discrepancy can be explained by uncertainties in the heat losses of the facility and by the fact 
that phenomena like a small dry-out are difficult to predict. The make-up system cold water 
supply into the PS led to acceleration of the primary pressure decrease rate and resulted in 
water flow rate increase from ACCs. There was a slow primary pressure and temperature 
decrease. The coolant flow rate discharged from the break was comparable to the coolant flow 
rate coming from ACCs and make up system which led to stationary conditions. This state 
was kept until 10014s. The calculation could predict this chain of events reasonably well. 
Table 2 shows the result of the complete FFTBM analysis of the calculated reference case. It 
can be seen which parameters were chosen to characterize the transient. The two values which 
qualify the calculation are a value of 0.0877 for the AA of the PS pressure (less than 0.1), and 
the weighted mean for all the AAs is 0.2195 (less than 0.4). 
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Table 2: Summary of results by application of FFTBM for the Relap5 calculation 

# Parameter  AA  WF  
0  PRZ pressure  0.0877 0.018 
1  SG1 pressure  0.2563 0.021 
2  SG4 pressure  0.2579 0.021 
3  ACC1 pressure  0.1482 0.020 
4  ACC4 pressure  0.1299 0.017 
5  Core inlet temperature  0.1789 0.024 
6  Core outlet temperature  0.1024 0.025 
7  Upper head fluid temperature  0.1204 0.011 
8  Integral break flow  0.1810 0.070 
9  Active eccs integral flow rate  0.1039 0.020 
10 ACC1 level  0.1574 0.024 
11 ACC4 level  0.1633 0.024 
12 Heater rod bottom  0.0845 0.018 
13 Heater rod middle  0.0819 0.017 
14 Heater rod top  0.3113 0.025 
15 PS mass  0.3019 0.041 
16 Core power  0.1573 0.060 
17 DP core  1.0617 0.038 
18 DP loop seal  0.7234 0.016 
19 DP across DC and UH bypass  0.7842 0.041 
20 DP sg1 inlet and top  1.1614 0.054 
21 DP SG4 inlet and top  1.2476 0.048 
 TOTAL 0.2195 0.024 

 

3 THE FFTBM ANALYSIS 

3.1 Influence of the Core Simulator Power 

The aim was to investigate the importance of the power in this transient. Heat losses and 
the way to compensate them turned out to be an important issue in the analysis - so the core 
simulator power was chosen as one parameter which is easy to change and well-defined. 

To perform the analysis the calculation was restricted to the first 1800s. The set up of 
the experiment included AM measures which were taken on temperature set points, but not 
earlier than 30min into the transient. A change in power could delay or advance the point for 
AM measures. The trends would be very different, and the FFTBM would give a wrong 
impression.  

Five calculations were performed, with the power-table after the SCRAM (Safety Cut 
Rope Axe Man) reduced to 50%, 80%, and increased to 120% and 150%. Every result was 
compared to the experiment. This way of using the FFTBM is different from how it was used 
in [4], where the FFTBM was used to compare the sensitivity-calculations to the reference 
calculation. The reason why in this analysis the results were always compared to the 
experiment was to see weather a closer solution could be found using different values, which 
would hint to an error in the nodalization. The results show (Figure 3) that the core simulator 
power is of less importance in the first 1800s of this SBLOCA experiment. The AA for the PS 
pressure trend is within the acceptability limit for a range of roughly ±30% of the nominal 
power. Other quantities seem to be even less effected, since the weighted mean of AA for 
selected trends is always below the acceptability limit. Both curves are relatively flat, and the 
minimum coincides with the default calculation, as it should be. 
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One should stress that only from the point of view of the quantitative accuracy analysis 
the power for the first 1800s is of minor importance. Phenomena like the occurrence of dry-
outs are not reflected adequately in the AA. 
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Figure 3: Results of the FFTBM (AA) for the pressure trend for sensitivity calculations 
modifying the power (from 50% to 150%). for the first 1800s of the calculation.  
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Figure 4: Results of the FFTBM (AA) for the weighted mean of the AA. The curve is 

relatively flat. 

3.2 Influence of the size of the break area 

The second parameter which was investigated was the size of the break. The break size 
in the experiment was equivalent to a 70mm diameter break in the CL in the VVER-1000. For 
this sensitivity analysis 12 calculations with a break size from 30mm to 110mm equivalent 
diameter were performed, with more points in the region around 70mm. Also for the break 
size, the analysis was restricted to the first 2000s. For the break size, 200s after the possible 
start of AM measures were included. The results show that the break size is very important 
for the first phase. The AA for the primary pressure (Figure 5) shows , that even for the first 
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2000s changes of the equivalent diameter of ±5mm lead to a AA-primary pressure of above 
0.1, which is outside the acceptability limit. The reference calculation marks the minimum, as 
it should be. The importance of the break size is even more emphasized by looking at 
weighted mean of the AA, Figure 6.  
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Figure 5: Results of the FFTBM (AA) for the PS pressure. One can see that even though 

the calculation was limited to the first 2000s, the acceptability limit is lost when the break 
area is changed only by ± 15%. 
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Figure 6: Results of the FFTBM (AA) for the weighted mean of several selected trends. 

The local maxima which can be seen at equiv. diameter 65mm break comes from the high 
value contributed by the integral ECCS trend - because at 65mm a local dry-out reaches more 

than 300°C , which triggers the AM measures. 

One can see that if the break size is a little bit decreased (equiv. diameter of 65mm 
instead of 70mm), the AA-tot shows a local maximum. A further analysis revealed that 
mainly one parameter is responsible for this increase, the integral of the active ECCS 
injection. What happened is, that 65mm is a break size which leads to a dry-out at 1800s with 
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a high cladding temperature. A cladding temperature of more than 300 °C is a trigger for the 
start of the AM in this experiment. Break sizes which are even smaller lead to a later dry-out, 
and break sizes which are larger lead to a improved intervention of the HAs. So this result 
shows that the break size is not only from an overall point of view a very sensitive parameter, 
but also influences discrete phenomena like occurrence or no occurrence of a dry-out. These 
in turns act like a bifurcation.  

4 CONCLUSIONS 

Two sensitivity studies, one changing the power, one changing the break size, of a 0.7% 
SBLOCA with AM at the PSB-VVER-1000 have been presented. The results showed that: 

• the FFTBM is a very useful tool, which can characterize the agreement of a 
calculation and an experiment (quantitative accuracy) with two values, the AA-tot and 
the AA-ps-pressure; 

• the FFTBM should not be used alone but only together with a qualitative accuracy 
evaluation, since questions like the occurrence of relevant phenomena or phenomena 
like a dry-out are not adequately caught by the FFTBM; 

• for the analyzed experiment, the core simulator power appears to have little influence 
on the quantitative accuracy in the first 1800s (reasons are probably the small ratio 
released power per unit of PS mass); 

• the correct model of the break is relevant because it has a strong influence on the 
primary pressure trend, even in the first 2000s, discrete phenomena like “occurrence 
of a second dry-out” depend strongly on the break size. The results show that a second 
dry-out bigger than 300°C peak cladding temperature occurs for break sizes roughly 
62mm-65mm. 
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