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ABSTRACT 

The present paper deals with the post test analysis and accuracy quantification of the test PKL 
III F2.1 RUN 1 by RELAP5/Mod3.3 code performed in the framework of the international 
OECD/SETH PKL III Project.  
The PKL III is a full-height integral test facility (ITF) that models the entire primary system 
and most of the secondary system (except for turbine and condenser) of pressurized water 
reactor of KWU design of the 1300-MW (electric) class on a scale of 1:145. Detailed design 
was based to the largest possible extent on the specific data of Philippsburg nuclear power 
plant, unit 2. As for the test facilities of this size, the scaling concept aims to simulate overall 
thermal hydraulic behavior of the full-scale power plant [1]. 
The main purpose of the project is to investigate PWR safety issues related to boron dilution 
and in particular this experiment investigates (a) the boron dilution issue during mid-loop 
operation and shutdown conditions, and (b) assessing primary circuit accident management 
operations to prevent boron dilution as a consequence of loss of heat removal [2]. In this work 
the authors deal with a systematic procedure (developed at the university of Pisa) for code 
assessment and uncertainty qualification and its application to RELAP5 system code. It is 
used to evaluate the capability of RELAP5 to reproduce the thermal hydraulics of an 
inadvertent boron dilution event in a PWR. The quantitative analysis has been performed 
adopting the Fast Fourier Transform Based Method  (FFTBM), which has the capability to 
quantify the errors in code predictions as compared to the measured experimental signal. 

 

1 INTRODUCTION 

The performance assessment and validation of large thermal hydraulic codes and the 
accuracy evaluation, are among the objectives of international research programs. In this 
frame, the execution of the experiment in ITF, simulating the behaviour of a nuclear power 
plant, plays an important role for the system code assessment and for the possibility to 
identify and characterize the relevant phenomena during off-normal conditions. OECD has set 
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up two test campaigns named SETH projects to be carried out in the PKL test facility, 
addressing the investigation of inadvertent boron dilution events in PWR [2],[3]. In the 
framework of the code assessment and boron dilution investigation, the present document is 
related to the application and  validation process of RELAP5/Mod3.3 code.  

The target of the activity related with this paper  is to  assess the capability of RELAP5 
to simulate transients in mid-loop operation with the system under low pressure conditions, in 
the presence of nitrogen and in reflux condenser mode. 

In particular we investigate the capability of the code to simulate the boron dilution 
phenomenon during the selected transient.   

 In this paper  the authors  simulate by RELAP5  the  F2.1 run1  experiment that 
represent an experimental sensitivity analysis of E3.1 experiment (“Loss of Residual Heat 
Removal System (RHRS) in 3/4 loop operation with the reactor coolant system closed” which 
was conducted at the PKL III test facility on July25, 2002 [4]). 

2 DESCRIPTION OF THE PKL III FACILITY AND OF EXPERIMENTS IN 
MID LOOP OPERATION CONDITIONS    

2.1 The PKL III facility 

The PKL facility [1] is a full-height ITF that models the entire primary system (four 
loops) and most of the secondary system (except for turbine and condenser) of a 1300-MW 
PWR.  

The facility includes a Reactor Coolant System (RCS), Steam Generators (SG), the 
interfacing systems on the primary and secondary side and the break. The RCS includes: 

- The upper head plenum, which is cylindrical, full-scale in height and 1:145 in volume. 
- The upper plenum, full-scale in height and scaled down in volume. 
- The upper head bypass, represented by four lines associated with the respective loops to 

enable detection of asymmetric flow phenomena in the RCS (e.g., single-loop 
operation). 

- The reactor core model, consisting of 314 electrically heated fuel rods and 26 control 
rod guide thimbles. The maximum electrical power of the test bundle is 2512 kW. 
Thermocouples are located in the rod bundle for measuring the rod temperatures. 

- The reflector gap, located between the rod bundle vessel and the bundle wrapper (the 
barrel in the real plant).  

- The lower plenum, containing the 314 extension tubes connected with the heated rods. 
The down-comer pipes are welded on the lower plenum bottom in diametrically 
opposite position. Two plates are located in this zone: the Fuel Assembly Bottom Fitting 
and the Flow Distribution Plate. 

- The down-comer modeled as an annulus in the upper region and continues as two stand 
pipes connected to the lower plenum. This configuration, as already mentioned above, 
permits symmetrical connection of the 4 CL to the RPV, preserves the frictional 
pressure losses. 

- The (four) hot legs, designed taking into account the relevance of an accurate simulation 
of the two phase flow phenomena, in particular CCFL, in the hot leg piping as in the 
reactor. 

- The (four) cold legs, connecting the SG to the MCP through the loop seal and the MCP 
to the DC vessel. The hydrostatic elevations of the loop seals are 1:1 compared with the 
prototype NPP. 

- The (four) MCP, which are vertical single-stage centrifugal pumps. 
- The PRZ, full-height and connected through the surge line to the hot leg #2. 
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- The SG primary side, modeled with vertical U-tube bundle heat exchangers like in the 
prototype NPP. The scaling factor has been preserved by reducing the number of tubes 
(28 tubes with seven different lengths). 

- The SG (secondary side) is constituted by the tube bundle zone, seal welded hollow 
fillers (below the shortest tubes), the DC (with the upper zone annular containing the 
FW ring, the central zone modeled by two tubes outside of the SG housing and the 
lower zone with annular shape) and the uppermost part of the SG that models the steam 
plenum. 
Some features are represented as “full-scale”, such as the hydrostatic head, the frictional 

pressure losses for single-phase flow, the dimensions of fuel rods simulators and SG U-tubes. 
Some other features are scaled down, like power, volume, and cross-sectional area (1:145), 
number of fuel rods and SG U-tubes, heat storage capacity. In order to allow the simulation of 
important basic phenomena (like for instance the flow separation and the counter-current flow 
limitation – CCFL) the geometry of the hot legs is based on conservation of the Froude 
number and was finally designed on the basis of experiments at the full scale UPTF. The 
operating pressure of the PKL facility is limited to 45 bar on the primary side and to 56 bar on 
the secondary side. This allows simulation over a wide temperature range (250°C to 50°C) 
that is particularly applicable to the cool-down procedures investigated [2], [3]. 

 
2.2 Shutdown and Mid loop operation 

The design of many PWRs requires that, during certain phase of the shutdown period, 
maintenance operation be performed while the water level in the primary system is lowered. 
The water level may be reduced to the mid-point of the outlet leg (hot leg) of the primary 
coolant system, and thus the term mid loop applies. During this operation condition it is 
necessary to provide a continuous heat removal system for the reactor decay heat. Inasmuch 
as the steam generator can no longer perform this function (there is no forced or natural 
circulation through the steam generator) the sole heat removal system is the RHRS.  During 
the heat removal process it is important to maintain the reduced level within a somewhat 
narrow range. The level must be low enough to enable opening of the inspection hatches, but 
not so low as to uncover the pipe leading from the hot leg to the RHRS (this pipe is 
sometimes referred to the drop line). If the water level is too low, the water supply to the 
RHRS is disrupted. At first a vortex may form and air may be ingested. A complete 
interruption of water supply leads to a pump damage mechanism known as cavitation; this can 
lead to irreversible pump damage. At such times a small error in accomplishing the desired 
water level can lead to drainage below the hot leg and interruption of the heat transport to the 
RHR heat exchanger system [3],[5]. 

 
2.3 Boron (mixing and)  transport (including dilution) 

Boron is a highly neutron absorbing material and will consequently affect the core 
power when inserted or removed from the core. It is also a well known fact that a PWR 
cannot be kept in a sub-critical cold shutdown condition immediately after refuelling without 
the boron concentration in the coolant being above some value, despite all the control rods 
being inserted. Thus the boron concentration and its mixing and transportation with the 
coolant is also of major concern at shutdown conditions. It has also been found that in some 
specific cases, during shutdown conditions, in PWRs there could be situations where 
pronounced heterogeneities in the boron concentrations could develop and thus could 
potentially cause a reactivity initiated accident [3], [6]. 
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2.4 Mid loop operation experiments 

The OECD project main objective was to continue to investigate the boron dilution 
phenomenon  in both a SB-LOCA and a mid loop operation configuration with a wide interest 
on the latter. 

Currently results are only available for the F2 series that are most relevant ones of the 
program for providing extra information on the behaviour of a closed primary system in 
shutdown conditions. They were mainly sensitivity experimental studies with respect to 
OECD/SETH’s test E3.1 [7]. 

The purpose of the E3.1 experiment,  is to investigate system response following loss of 
residual heat removal in ¾ loop operation with the reactor coolant system still closed.  

In this plant condition the PWR has already been cooled down for refuelling. The 
operation manual states that german PWRs in this condition should have at least one SG on 
standby ready to remove decay heat in case the residual heat removal system fails [4].  

The purpose of the test E3.1 was to investigate what type of heat removal mechanism 
becomes established in the presence of nitrogen in the reactor coolant system following 
outage of the residual heat removal system and with subsequent heat removal via one 
operational SG, and whether the resultant energy and material transport processes produce an 
unacceptable decrease in the boron concentration due to inherent boron dilution. 

The main observed phenomena of these tests are, the formation of the deborated water 
slugs, the evidence that the evolution of the loop seal deboration/boration was dependent on 
the initial and boundary conditions of each transient, which influenced the reflux-condenser 
mode/timing in the active steam generator/s and the evidence that  the evolution of the boron 
concentration in the loop seal was dependent on the type of overflow at the top of the U-tubes. 

The mechanisms identified in this transients are: 
 
a) No overflow of water in the SG U tubes. All the tubes are blocked by nitrogen, a 

high primary pressure is reached. There is a little or no boron dilution on cold side; 
b) Intermittent overflow of water in some SG U-tubes. This very low mass flow rate 

causes low stable primary pressures and continuous boron dilution on cold side; 
c) Continuous overflow in some U Tubes. This higher mass flow-rate causes again low 

stabilized  primary pressure but no boron dilution since highly borated water is also 
over-spilled together with the condensate. 
 

Initially the non-condensables are compressed in the cold side of the U-tubes confining 
the reflux condensation in the hot part of the U tubes. In this situation no deborated slug can 
form as the condensate falls backwards towards the hot leg. At certain instants, independent 
of secondary side interventions, an overspilling event can occur due to pressure instabilities 
between the tubes. One or several tubes may unplug their nitrogen content overspilling 
condensed water on the cold side of the U-tubes. The amount may be large and entrain also 
borated water.  After this kind of event a new configuration may arise in the steam generator 
U-tubes where one or more U-tubes are now unplugged and free of nitrogen. In these tubes 
heat transfer with the secondary is enhanced and a certain intermittent/continuous overflow 
may occur, causing respectively deboration/boration scenarios in the loop seal. This type of 
configuration will tend to stabilize the primary pressure [7], [8]. 
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2.5 Description of the boundary and initial  conditions of the F2.1 run 1 
experiments 

In this work the authors deal with the simulation by RELAP5 of the test F2.1 “loss of 
residual heat removal in ¾ loop operation with closed reactor coolant system”. The main 
variant with respect to the E3.1 experiment is the initial hot condition in the pressurizer 
(PRZ). 

 The general boundary conditions of this test are: 
- Reactor shutdown for the refuelling; 
- Primary system still closed and filled with borated water ([B]=2200 ppm) up to 

approximately ¾- loop, above filled with nitrogen; 
- Total failure of the residual heat removal system; 
- Takeover of the residual heat removal by one SG secondary ready for operation. 
At the start of the test  the primary pressure was approx. 1 bar and the core power 

approx. 220KW ( subcooling at the core outlet: approx. 35 K). Special attention was payed to 
the temperature inside the pressurizer at the beginning of the test runs ( hot or cold 
pressurizer). The secondary- side pressure in all SGs was approx 1 bar.  SG1 and 2 were filled 
with water on the secondary side (level approx 12m). Secondary side pressure in standby SG 
1 was controlled at 2 bar for the whole test period. SG 2 was isolated on both the main steam 
and feedwater sides throught the test. The secondary side of the SG 3 and 4 contained no 
water; they were completely filled with air and were isolated on their main steam  and 
feedwater sides for the duration of the test. 

In order to evaluate the boron concentration in the runs of the test PKL III F2.1, neutron 
absorption measurements (COMBO) were installed in loop seals 1 and 2 below the SGs and 
below the reactor coolant pumps. 
The test runs were started at t=0 by shutdown of the RHRS [9] 

 

3 CODE APPLICATION 

3.1 Nodalization 

The nodalization of the PKL III, adopted in this work,  has been derived from the 
nodalization of the ANGRA-2 Nuclear Power Plant, a PWR Siemens-Framatome reactor 
design and can be considered a scaled nodalization of the real PWR plant. An exhaustive 
description of the PKL III input deck is available in references [10], [11]. 

 
3.2 Nodalization qualification and results 

A nodalization representing an actual system (ITF or NPP) can be considered qualified 
when it has a geometrical fidelity with the involved system, it reproduces the measured 
nominal steady-state conditions of the system and it shows a satisfactory behaviour in time 
dependent conditions. Taking into account these statements, a standard procedure described in  
reference [12]  has been applied. The intrinsic difficulties of the transient simulation did not 
allow a complete fulfilment of all the steps in the qualification procedure [2,11] for this 
preliminary analysis. 

The steps of the qualification process performed in this work  are the analysis of the 
steady state result, the analysis of the reference calculation and  the analysis of one sensitivity 
study.  

The quantitative accuracy of the calculated data  has been evaluated by the application 
of the Fast Fourier Transform Based Method (FFT-BM) [13].  
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The objective of this preliminary analysis is to understand  if the primary parameters, 
like the primary pressure and the temperature at the inlet/ outlet of the core, are sensitive to 
the thermal condition of the pressurizer.  

The target of the sensitivity analysis is to show  the influence of the upper head by-pass 
on the PRZ level by closing this by-pass. 

 
3.2.1 Application of steady state level qualification process 

The steady state level qualification process has been performed and the steady state 
acceptability criteria described in reference [2,12],  have been verified. Some related results 
are shown in Table 1. 

 

Table 1: PKL III experiment F2.1 run 1. Comparison between measured and calculated 
relevant initial and boundary conditions. 

# Parameter PKL III 
Exp 

Relap5 
Cal 

Error Acceptable 
error 

1 Pres. in PRZ, bar 0.86 0.99 0.15 0.1 % 
2 Pres. in SG 1, bar 1.11 1.07 0.036 0.1 % 
3 Pres. in SG 2, bar 1.08 1.09 0.009 0.1 % 
4 Coolant T at UP., K 334 336 0.006 0.5 % 
5 Coolant T at LP., K 312 311 0.003 0.5 % 
6 Core power, kW 225 225 0 2 % 
7 Level in PRZ, m 1.04 0.64 0.4 0.05 m 
8 Level in SG 1, m 12.08 12.19 0.01 0.1 m 
9 Level in SG 2, m 12.06 12.19 0.01 0.1 m 

Additional quantities  
10 Level in RPV, m 7.75 7.6 0.02 -- 
11 Level in loop seal 1 descending side, m 3.49 3.81 0.1 -- 
12 Level in loop seal 2 descending side, m 3.43 3.30 0.038 -- 
13 Wall temperature down PRZ, K 338 325 0.04 0.5 % 
14 [B] C COMBO 1 LS1-SG1            ppm 2277 2197 0.035 -- 
15 [B] C COMBO 2 LS2-SG2            ppm 2453 2207 0.1  
16 [B] C COMBO 3 LS1-PUMP1      ppm 2255 2199 0.02  
17 [B] C COMBO 4 LS2-PUMP2      ppm 1789 2212 0.2  

 
The conclusions of this step of the code assessment procedure at steady state level are: 

a) the criteria for nodalization qualification are generically fulfilled, b) the initial conditions 
obtained in the RELAP5 simulation, at the end of the conditioning phase are stable and in 
general agreement with the experimental value like in the E3.1 experiment and c) the 
underestimation of the PRZ level,  in the RELAP5 simulation is mainly due to the 
conditioning phase like the E3.1 calculation [2].  

 
3.2.2 Reference calculation results (code assessment) 

The preliminary post test analysis has been limited to the first two phases of the 
experiment, until the accumulators and LPSI injection. 

A comprehensive comparison between measured and calculated trends or values has 
been performed, by the comparison between experimental and calculated time trends on the 
basis of  selected variables and  by the quantitative evaluation of calculation accuracy, 
utilizing the FFT-BM method.  
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The FFT-BM tool gives an accuracy coefficient (AA) and a weighted frequency (WF) 
for each variable. Roughly the value assumed by AA indicates the error in the calculation of 
the considered variable. The WF factor gives information if the calculated discrepancies, 
between the measured and calculated trends, are more important at low frequencies (small 
value of WF) or high frequencies (large value of WF). In this last case the discrepancies come 
from various kinds of noise and so it is less important. The selected threshold limits are 0.1 
for the primary pressure and 0.4 for the total; (AA) < 0.4 identify good accuracy of a code 
calculation.    

A summary of the results obtained with this tool are reported in the table 2. The 
application of the FFT-BM highlights that the calculation is not sufficiently accurate to satisfy 
the threshold limits. 

Table 2: PKL III experiment F2.1 run 1: summary of results obtained by application of 
FFT-BM method for the reference calculation. 

 
RELAP5/Mod3.3 

With Boron 
RELAP5/Mod3.3 

Without Boron 
# Parameters 

AA WF AA WF 
1 PRZ pressure  0.4558 0.008 0.4558 0.008 
2 SG 1 pressure 0.3635 0.008 0.3635 0.008 
3 SG 2 pressure 0.7570 0.009 0.7570 0.009 
4 RPV level 0.7936 0.012 0.7936 0.012 
5 PRZ level 4.4339 0.009 4.4339 0.009 
6 Loop seal1descending side 0.5475 0.020 0.5475 0.020 
7 Loop seal1 ascending side 1.2707 0.010 1.2707 0.010 
8 SG 1 level 0.1741 0.019 0.1741 0.019 
9 SG 2 level 0.0650 0.013 0.0650 0.013 
10 Core inlet fluid T 0.5906 0.009 0.5906 0.009 
11 Core outlet fluid T 0.1617 0.010 0.1617 0.010 
12 PRZ fluid temperature 0.4150 0.008 0.4150 0.008 
13 SG 1 bottom fluid T 0.2739 0.006 0.2739 0.006 
14 SG 1 top fluid T 0.2630 0.007 0.2630 0.007 
15 [B]  LS1-SG1 0.8298 0.019 - - 
16 [B]  LS2-SG2 0.7639 0.017 - - 
17 [B]  LS1-PUMP1 3.7984 0.012 - - 
18 [B]  LS2-PUMP2 1.0782 0.013 - - 
19 Cladding T top level 0.1295 0.008 0.1295 0.008 

Total 0.58 
 

0.94e-2 0.52 0.91e-2 

 
This can be explained by the imperfect prediction of the nitrogen distribution during the 

transient, the unsuitable model with only one equivalent U-tubes for the simulation of the 
overspilling phenomenon and the overestimation of the pressurizer level . 

The high collapsed level in the pressurizer masks the effect of the initial hot walls.  
The  PRZ pressure, the temperature in the inlet/outlet of the core and  the level in the 

reactor pressure vessel  show a similar calculated trend  with respect to the E3.1 calculation; 
for this reason the calculated evolution of these  parameters are not sensitive to the thermal 
condition in the pressurizer. This is a different result with respect to experimental data 
because (for example) the primary pressure evolution  during  the E3.1 experiment is different 
from the evolution of the F2.1 run 1  experiment.  
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The boron distribution is not well predicted due to the absence of the U-tubes over-
spilling and the wrong primary mass distribution throughout the experiment. 

The discrepancies in the secondary side parameter are mainly due to the errors in the 
model of the fillers. 

The sensitivity analysis shows the effect of the upper head by-pass in the  prediction of 
the PRZ level, PRZ pressure  and inlet/outlet core temperature. In particular the level in the 
pressurizer shows a significant decrease, if the upper head by-pass is closed. 

4 CONCLUSIONS 

The objective of this report is to evaluate the capability of the code RELAP5 to simulate 
a) the boron phenomena related  to the F2.1 run1  experiment, b) to simulate the effect of the 
thermal condition of the PRZ on the primary parameters with respect to E3.1 experiment  and 
c) to quantify the accuracy of the results. This experiment  proves to be challenging for the 
code. The complexity of the experiment is due to the simultaneous presence of low pressure 
condition of the facility, the presence of nitrogen in various parts of the loop, the variation in 
the performance of individual U tubes and the large influence of pressure drop and heat losses 
including their spatial distribution. The correct prediction of the transient is strongly 
influenced by the nitrogen distribution and the void fraction during the initial phase [2],[3]. 
Like in the E3.1 experiment the model with only one equivalent U-tubes is found to be 
unsuitable for this kind of simulation. 

The results of the sensitivity analysis emphasize the effect of the upper head by pass on 
the PRZ level, PRZ pressure  and inlet/outlet core temperature. 

Sensitivity analyses have been performed and are in progress to improve the code 
capability in predicting the scenario. These are related to  an improvement in the accuracy of 
the initial and boundary conditions, with particular attention to the  PRZ condition. Another 
step of this sensitivity analysis is to realize   a new nodalization for the SG [14]  to increase  
the level of detail and modelling the U-tube with one,  three or seven    groups to improve the 
prediction of  the over spilling phenomenon.  Another target of this analysis is  an  
improvement of the nodalization of the upper part of the core [3] and in particular an 
improvement in the upper head by pass model. 
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