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ABSTRACT 

The present paper deals with the analytical study, performed using the TRACE code 
(version 5.0), of the experiment F4.1 executed in PKL-III test facility. The test F4.1 
investigates both the boron dilution occurrence and the heat transfer from primary to 
secondary side under natural circulation conditions (single and two phase flow) and reflux 
condensation (RC) mode. Boron dilution events, such as the formation of low borated slugs in 
the loop seals of a PWR in condition of reduced mass inventory, namely during small break 
loss of coolant accidents (SB-LOCA), are investigated. The relevance of boron dilution 
transients is connected with the need to obtain an accurate prediction of the solute particle 
distribution in pressurized water reactors (PWRs), since its concentration would affect the 
reactivity of the system. In fact the possibility that the un-borated coolant enters in the core 
may cause re-criticality or, even worse, power excursions. The numerical investigation has 
been performed by developing a complete TRACE input model of the PKL integral test 
facility that includes both primary and secondary systems. The aim of this work is the 
assessment of the TRACE code against the boron transport and the heat transfer mechanism 
in the different flow regimes that take place during the experiment. The accuracy of the 
calculation has been evaluated by qualitative and quantitative analysis. The quantification of 
the accuracy has been performed using the Fast Fourier Transform Based Method (FFTBM) 
developed at University of Pisa. The tool provides an integral representation of the accuracy 
quantification in the frequency domain. 

1 INTRODUCTION 

Very extensive experimental research programmes in scaled down integral test facilities 
(ITF) have been carried out with the aim of solving open issues for the design and the safety 
analysis of the current nuclear power plants (NPPs), to demonstrate the technical feasibility of 
advanced designs and to generate reference databases to support code development and 
assessment. Experimental data are fundamental for demonstrating the capabilities of Thermal 
Hydraulic SYStem (TH-SYS) codes to model complex transient two-phase flow and heat 
transfer conditions as expected to occur in Light Water Reactors (LWRs) under accident and 
off-normal conditions with a sufficient degree of reliability and accuracy.  

The PKL program, carried out within the scope of an international project initiated by 
OECD/NEA, is aimed to investigate accident scenarios at system level. Specifically OECD 
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sets up two test campaigns named SETH projects that were conducted in the PKL test facility 
between the 2001 and 2007 to address the following main topics: inadvertent boron dilution 
events following a SB-LOCA and loss of residual heat removal during mid-loop operation 
(under shutdown reactor conditions) in PWRs.  

The aim of the analytical study using the TRACE V5.0 code presented in this work was 
to assess the code prediction for the relevant thermal-hydraulic phenomena and process which 
occur during the PKL test F4.1 (RUN 1). This experiment was designed to analyze the rate of 
boron dilution in the RCLs (reactor coolant loops) of a PWR primary system in the transition 
regime between two phase natural circulation flow and reflux condensation conditions as a 
function of primary mass inventory [1] [2].  

2 DESCRIPTION OF THE PKL FACILITY AND EXPERIMENT F4.1 

2.1 PKL-III Test facility 

The PKL-III (Primaer KreisLauf ) integral test facility is used for the investigation of 
the thermal hydraulic system behaviour under accident situations with and without loss-of 
coolant [3]. This large scale test facility is a scaled down model of a PWR of KWU design of 
the 1300-MW class. The PKL facility models the entire primary system and the most 
significant components of the secondary (except for turbine and condenser) of the reference 
NPP. Since the driving gravity forces during accident situations is important, all the geodetic 
heights of the test facility correspond to reference plant elevations (scaling ratio 1:1). The 
power and the entire volume of the primary side correspond to a scaling factor of 1:145. 
Concerning the volume the use of this scaling factor corresponds to a hydraulic diameter 
reduction of 1:12. In order to simulate some important thermal hydraulic phenomena in the 
hot legs such as flow separation and counter current flow limitation, the hot legs geometry is 
based on the Froude number conservation law. The maximum operating pressure of the PKL 
facility is 45 bar on the primary side and 60 bar on the secondary side. This allows the 
simulation over a wide temperature range. 

2.2 Outline of the Test F4.1 

The main objective of the Test F4.1 was to investigate the inherent boron dilution 
process due to the RC conditions as a function of the primary mass inventory, such as the 
already performed test F1.2 but at increased primary pressure (about 3 MPa instead of 1.2 
MPa). The parametric approach was carried out choosing as survey parameter the primary 
side mass inventory which was stepwise reduced and increased notably in order to investigate 
the behavior of the boron concentration at the steam generator (SG) outlet in the transition 
regime between two phase NC and RC conditions. The transition from the two phase NC 
(TPNC) to the RC conditions occurs when the systems is voided and as well, when it is 
refilled. The secondary pressure was increased during the reduction of the primary coolant 
mass inventory in such a way, that the primary system pressure was kept constant.  

During the test F4.1 RUN 1 the initial heat transfer mechanism to the secondary side 
occurs through sub-cooled single phase natural circulation (SPNC). Following the stepwise 
reduction of the coolant in the primary side and the achievement of the saturation conditions, 
void volume starts to be produced in the upper head of the RPV (Reactor Pressure Vessel). 
Once the steam produced reached the test section outlet of the RPV, two phase natural 
circulation becomes established. The continuous reduction of coolant inventory during the test 
cause the interruption of liquid flow over the apexes of the steam generator U-tubes, with the 
resulting occurrence of phase separation and the stopping of natural circulation. Then heat 
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transfer from the core to the steam generators takes place through operation in the reflux-
condenser mode. Between the two phase natural circulation and the establishment of pure 
reflux condensation regime, large oscillations caused by U-tubes plugging (flooding) and plug 
carryover occur. This flow regime has been characterized as “siphon condensation” and it 
occurs during the test F4.1 RUN1 at mass inventories of the primary system around 65% and 
65%-70% of the nominal value. The reduction of primary coolant was terminated soon after 
core uncovery, with pure RC conditions (i.e. when there was no more transport of water from 
the steam generator inlet to outlet side). After the coolant mass inventory reduction phase, the 
primary level was stepwise increased until the transport of borated water from steam 
generator inlet to outlet sides was re-established.  

On the basis of the different coolant circulation conditions sequence, the test can be 
subdivided in main phases and sub phases as listed in Table 1.  

Table 1: Relevant thermal-hydraulic phenomena 
# Phase Sub-Phase Time span [s] Note 
0 Start of Test (SoT) -- 0 - 1000  

1 Conditioning Phase 
Reaching of saturated 
conditions at core outlet / 
Single Phase natural circulation 

1000 - 3390  

2 

Drainage 

Single Phase natural circulation 3390 - 6404 During 2nd drainage 

3 Two phase natural circulation 6404 - 22000 
Achievement of the peak mass flow 
rate between the 4th and the 5th 
drainage 

4 Instability and siphon 
condensation 22000- 28660  

5 Reflux-condenser conditions 28660 - 42520   

6 Core uncovered Core dry-out and minimal mass 
occurrence 42520 - 42580  

7 
Filling up 

Reflux-condenser conditions 42580 - 66670  

8 Instability and siphon 
condensation / Two phase 
natural circulation 

66670-70230  
9 
10 End of Test (EoT) --  70230  

 
Figures 1 shows the trends of the main parameters characterizing the experiment: 

primary and secondary pressures, primary mass inventory (without PRZ), average mass flow 
rates, boron concentration in the loop seals, core outlet coolant temperature and cladding 
temperature on the top of the core.  
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Figure 1: Time trends of main parameters of the experiment F4.1 

3 SIMULATION OF THE TEST F4.1 BY TRACE V5 CODE 

3.1 TRACE model development for PKL facility 

The PKL TRACE model reproduces the geometry and the hydraulic configuration of 
the primary circuit as well as the secondary side of the experimental facility (see Figure 2). 
The rod bundle vessel (RBV) and the RPV down-comer are modelled through two 3D vessel 
components. Each of the four loops on the primary side is modelled separately. Each loop 
includes a hot leg (HL), one U-tube that models the 28 U-tubes of one SG, a pump seal, a 
butterfly valve, a reactor cooling pump and a CL. On the secondary side, connected to the 
primary side via heat structures, the input deck includes three one dimensional components 
which simulate respectively the riser, the two down-comer pipes that are lamped in one 
equivalent tube and the steam dome. Flow path areas, elevations, heat structures and 
capacities have been taken into account from the PKL data base.  
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Figure 2: TRACE nodalization of the PKL-2 integral test facility, Azimuthal and radial 

nodalization of the core region 

3.2 Reference results and discussion  

The methodology applied for the simulation of F4.1 RUN 1 test consists in the 
following two steps, which synthesize the general procedure developed for the code 
assessment at University of Pisa [4]: 

1. The first step concerns the steady state evaluations of results (i.e. steady state 
qualification level). This phase includes the nodalization development step (e.g. 
the verification of volumes, heat transfer areas, elevations, pressure drops 
distribution, etc.) and the simulation of the nominal steady state conditions 
against acceptability thresholds. 

2. The second phase is focused on the evaluation of the capability of the reference 
results in order to reproduce the relevant thermal-hydraulic phenomena 
occurring during the transient (transient qualification level). At this level the 
code assessment is carried out by means of a qualitative and quantitative 
(through the application of the FFTBM) evaluation of the code results accuracy. 

Concerning the first phase, the key operational parameters of the simulated system have 
been compared with the nominal steady state conditions reached by the experiment after 
1000s of null transient. The evaluation of the discrepancies between experimental data and the 
calculated values, reported in Table 2, is performed considering any error if the calculated 
value is inside the bands of the measurement accuracy. If it is outside, it is calculated as 
difference between the calculated value and upper or lower limit of measured values. 

The main objective of the simulation at the transient level concerns reproducibility of 
the relevant thermal-hydraulic phenomena and processes which occurs during the SB-LOCA 
boron dilution transient scenario, namely subcooled SPNC, TPNC , unstable TPNC or siphon 
condensation (SC) mode, transition to reflux condensation conditions, pure condensation 
conditions and transition from reflux condensation to TPNC ([2] [5] [6]).  
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Table 2: Comparison between measured and calculated relevant initial and boundary 
conditions 

,
1

1.1 Core thermal power kWth 600 599.790 0.04% 2.00%

2

2.1 SG-1, 2, 3, 4 power exchanged MWth -- 0.504 -- 2.00%

3

3.1 PRZ pressure bar 29.88 29.957 0.26%
3.2 Upper plenum pressure bar 30.2 30.162 0.12%
3.3 SG-1 exit pressure bar 19.21 19.202 0.04%
3.4 SG-1 exit pressure bar 19.26 19.263 0.02%
3.5 SG-1 exit pressure bar 19.2 19.215 0.08%
3.6 SG-1 exit pressure bar 19.24 19.243 0.01%

4

4.1 PRZ fluid temperature °C 233 233.542 0.23%

4.2
Core inlet temperature (lower 
plenum top)

°C 208.8 209.262 0.22%

4.3
Core outlet temperature (upper 
plenum)

°C 231.7 232.965 0.55%

4.4 Upper head temperature °C 230.3 231.193 0.39%

5 HEAT LO SSES

5.1 Heat losses primary side kW -- 86.317 10.00%

6

6.1 Pressure drop bar -- 10.0 %  (^)

7

7.1 Primary circuit mass inventory 
( ith PRZ)

kg 2475 2450.072 1.01% 2.0 % (^^)

7.2 PRZ and surge line mass inventory kg 155 163.400 5.42%

8 FLO W RATES 

8.1 CL 1 mass flow rate kg/s 1.32 1.314 0.44% 2.00%

8.2 CL 2 mass flow rate kg/s 1.29 1.301 0.84%
8.3 CL 3 mass flow rate kg/s 1.26 1.298 3.00%
8.4 CL 4 mass flow rate kg/s 1.26 1.226 2.72%

9

9.1 PRZ collapsed level m 4.69 4.670 0.05 m

10

10 SG1 level (collapsed) m 12.2 12.261 0.50% 0.1 m (^^)

11

11 Boron concentration in primary 
system

ppm 2000 2000.000 0.00% --

BO RO N CO NCENTRATIO N

ACCEPT. ER. (°)

PRIMARY CIRCUIT PO WER BALANCE

# QUANTITY (*) UNIT DESIGN TRACE V5

MASS INVENTORY IN PRIMARY CIRCUIT

LOCAL PRESSURE DROPS

PRESSURIZER LEVEL (CO LLAPSED) 

SECO NDARY SIDE O R DO WN-CO MER LEVEL

ER. 

SECO NDARY CIRCUIT PO WER BALANCE

ABSO LUTE PRESSURE

0.10%

FLUID TEMPERATURE 

0.5 % (**)

 

The test began (3390-6404 s) with the onset of subcooled natural circulation. Stepwise 
drainages are performed in order to obtain stable NC conditions in the loops between two 
consecutives steps. The drainage starts at 3390 s after the isolation of the PRZ (3200 s) 
reducing the primary mass inventory up to 88.5%.  During this first phase of the test, TRACE 
parameters, such as coolant mass flow rates in the loops (Figure 3), pressure in primary and 
secondary side (Figure 4), liquid temperature at the core inlet (Figure 5) as well as collapsed 
level in core region (Figure 6) are stabilized to values similar to measures ones. Therefore, a 
correct coolant inventory (Figure 6) and thermal-hydraulic behaviour is predicted by the code. 

The transition to two phase NC mode occurs as a consequence of the onset of steam 
production at the test section outlet which flows through the hot leg in the U-tubes of the SGs. 
During this phase five drainages are performed in the facility. The PMI (primary mass 
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inventory) is reduced up to about 70% at the end of the phase. The secondary side pressure is 
increased for compensating the enhanced heat exchange in the SGs, due to the two phase flow  

 
Figure 3: Mass flow in primary loops 

 
Figure 4: Primary (upper plenum of RPV) and secondary (top of SG) side pressures 
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Figure 5: Trend of Liquid temperature at the core inlet during the test F4.1 

 

 
Figure 6: Trends of core collapsed level and PMI 

 

NC conditions. In the TPNC regime both driving and resistant forces increase, but the driving 
force is prevalent (in the case of small decreases of mass inventories as happens in the F4.1 
test). This implies an increase of the loop mass flow rate in the RCLs. The monotonous 
behaviour ends when the maximum coolant flow rate is achieved for a PMI value 
corresponding to about 79%. Physically the maximum two phase flow rate is achieved when 
the static differential pressure between inlet and outlet of the SG is maximum. TRACE results 
for the simulation of the two phase natural circulation mode at the different coolant levels 
agree rather well with the temporal trends of the experimental values recorded during the F4.1 
test. In fact the onset of the TPNC is well predicted in all the four loops (see Figure 5). The 
maximum value of the pressure drops through the SGs and the mass flow rate are predicted 
quite well (Figure 3 and Figure 7). The collapsed level in the test section during this transient 
phase is correctly calculated by the code.  
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Figure 7: Temporal behaviour of pressure drops between inlet and outlet of SG 

The SC-NC is characterized by the decreasing of NC driving forces, the small 
temperature difference across U-Tubes of steam generators and the occurrence of the Counter 
Current Flow Limiting Phenomenon (CCFL) at the entrance of U-tubes [7]. These conditions 
are responsible for the wide system oscillations. For specific values of the PMI, depending by 
the system layout and the pressure, the efficiency of the condensation heat transfer across U-
tubes causes the release of almost all core thermal power in the ascending side of U-tubes. 
Liquid level builds up and is prevented to drain down by the steam-liquid mixture velocity at 
the tube entrance, i.e. the CCFL condition occurs. Therefore, liquid level rises in the U-tubes 
till reaching the top. During this period, the flow rate at core inlet is close to zero and core 
boil-off occurs. Once the liquid level reaches the upper bend of U-tubes, the siphon effect 
occurs and causes the emptying of the ascending side of U-tubes and the reestablishment of 
core inlet flowrate. A new cycle starts. The characteristic high oscillations in mass flow rate 
of this thermal-hydraulic regime are observed also in code results, but with higher amplitude 
than the experimental values. This is probably due to numerical instability induced by ill-
posed mathematical nature of the two phase flow model in TRACE code (see Figure 5) 

The transition from TPNC to reflux condensation is characterized by constant decrease 
in mass flow rate in the RCLs, as the PMI is reduced until no more coolant is transfer from 
the inlet to the outlet of SGs. As observed from the test, the transition to pure RC mode takes 
place when the PMI reaches 60.5%, (28660s corresponding to 27660 after SoT). During this 
part of the transient the decrease in boron concentration at SGs outlet becomes more evident 
in all the loops (Figure 8). 

 
Figure 8: Temporal behaviour of boron concentration in loops seals 
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At low mass inventories of primary coolant, steam velocities in the upper part of the 
system including hot legs and steam generator entrance are low. Weak interactions occur at 
the steam-liquid interface and they are not enough to cause CCFL. In these conditions, the 
liquid that is condensed or entrained in the ascending side of the U-tubes may flows back to 
the hot leg and to the core. Stratified counter current steam and liquid flows occur 
simultaneously in the hot legs. Mass flow rate at the core inlet is close to zero and the core 
thermal power is removed through the steam condensation on the U-tubes walls. This led to a 
boron dilution of the cold legs of the primary system. The thermal-hydraulic phase described 
above illustrates the establishment of pure reflux condensation mode in the system (38660-
42580s). During this phase the calculated collapsed levels show an asymmetric trend, in fact 
the level in the ascending side of the single U-tube model of the loops #1 and 2 over predicts 
the behaviour of the experimental value in the average U-tubes in both ascended and 
descended side, as shown in Figure 9, whereas for loops #3 and #4 the collapsed level 
presents a correct qualitative behaviour. A similar asymmetric behaviour (see Figure 10) is 
observed also for the loop seals levels (on descended side). 

 
Figure 9: Comparison between levels in the single U-tube model and experimental data in the 

minimum, average and maximum U-tubes 
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Figure 10: Temporal behaviour of pressure drops between inlet and outlet of SG 

The transition from pure reflux-condensation to the two-phase natural circulation is 
predicted with TRACE to occur at the same primary coolant mass inventory as observed 
during the PKL experiment. The TRACE simulation results for this test phase are in 
agreement with the experimental data: the levels in various parts of the primary system agree 
well with the experimental data (Figures 6, 9 and 10). The coolant circulation in the loops is 
predicted to be restored at similar flow rates, but the replenished boron concentration in loops 
seals stabilizes at values lower than those observed in the experiment (Figure 8). 

3.3 Quantitative accuracy evaluation by Fast Fourier Transform Based Method 

Fast Fourier Transform Based Method (FFTBM) [8], developed at University of Pisa, is 
used for the quantification of the code results accuracy. This tool gives an accuracy 
coefficient (AA) and a weighted frequency (WF) (see Eq. (1)) for each variable and for the 
overall transient. Roughly, the value assumed by AA represents the error in the calculation of 
the considered variable. The WF factor provides information to understand whether 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 the last case, 
discrepancies come from various kinds of noise and so they are less important. 

( )
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2 2

0 0
2 2

exp
0 0

m m

m m

n n n
n n

n n
n n

F f F f f
AA WF

F f F f

= =

= =
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= =

∆

∑ ∑

∑ ∑

  

 
 (1) 

In Equation (1) ( )nΔF f  and ( )exp nF f  are the Fourier Transform of the error function 
and experimental signal, nf  is the frequency. 

Table 3 summarizes the results obtained by the simulation for the overall transient. The 
table includes the detail of the parameters selected for the application of the FFTBM, the 
labels that identify the parameters in the experimental database, the values of the accuracies 
and of the weighted frequencies.  
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Table 3: summary of results obtained by application of FFTBM – overall transient 

# PARAMETER TRACE5 

 Description ID (0-4410s) 
AA WF 

1 UP pressure  [MPa]                            PRDBOP-             0.128 0.0052 
2 SG #1 pressure-sec. side [MPa]                PDE1SEKMB60-        0.038 0.0069 
3 Core inlet fluid temp. [K]                    TFUPOBEN            0.518 0.0044 
4 Core outlet fluid temp. [K]                   TFOPME11_2          0.038 0.0059 
5 Upper head fluid temp. [K]                    TFDKME17_2          0.039 0.0063 
6 SG DC bottom fluid temp. [K].                 TFDE1DC1UN_SEK      1.077 0.0012 
7 Heater rod temp. (midd. lev.) [K]             TWD7_4              0.074 0.0080 
8 Heater rod temp. (high lev.) [K]              TWT11_7             0.397 0.0058 
9 Primary side mass [kg]                        S_RM_W-OPRZ         0.042 0.0085 
10 Core lev. [m]                                 HRDB-KERNBEREICH    0.352 0.0099 
11 SG #1 DC lev. [m]                             HDE1SEKSTGRM_GES    0.177 0.0052 
12 PRZ lev. [m]                                  HJEF10CL001         0.451 0.0069 
13 LS #1 desc. side lev. [m]                     HPMPB1_DE-AUS       0.649 0.0044 
14 DP inlet outlet SG #4 [kPa]                   DPDE4E_A_KPA        1.337 0.0059 

15 DP across DCV 1 inlet and RPV outlet 
1 [kPa] 

 DPRDBEIN_AUS-1_KPA  

2.974 0.0063 
16 Core power [kW]                               PELGESAMTIZ+MZ+AZ   0.956 0.0012 
17 Mass flow rate loop #1 [kg/s]                 FDE1AUS-LR          1.700 0.0080 
18 Mass flow rate loop #2 [kg/s]                 FDE2AUS-LR          1.765 0.0058 
19 Mass flow rate loop #3 [kg/s]                 FDE3AUS-LR          1.582 0.0126 
20 Mass flow rate loop #4 [kg/s]                 FDE4AUS-LR          1.628 0.0117 
21 [B] concentration in LS #1 [-]                CCOMBO1LS1-SG1-S    0.988 0.0080 
22 [B] concentration in LS #2 [-]                CCOMBO2LS2-SG2-S    0.949 0.0084 
23 [B] concentration in LS #3 [-]                CCOMBO3LS3-RCP3-S   0.930 0.0087 
24 [B] concentration in LS #4 [-]   CCOMBO4LS4-SG4-S    0.945 0.0082 

TOTAL AVERAGE ACCURACY Total (23 
parameters) 0.5 0.0063 

  
The selected parameters are 24. This is the minimum number relevant to describe the 

transient, considering both the peculiarities of the transient and the availability of  
experimental data. These parameters are then combined to give an overall view of a 
calculation accuracy. The total average amplitude of the transient is the sum of all the average 
amplitudes with their “weights”. The “weight” of each contribution depends on the 
experimental accuracy, the relevance of the addressed parameter and a normalization 
component referring to the average amplitude evaluated for the primary side pressure. The 
reference results of the method are usually focused on three values: the averages amplitudes 
of the primary pressure and of the global (or total) response, consistently with the typical 
application of the method plus the coolant temperature at the affected SG outlet due to the 
peculiarity of the test. The procedure for code assessment, as described in [9], considers, in 
case of LOCA (Loss of Coolant Accident) transients, two threshold limits: AAp ≤ 0.1 for the 
average amplitude of the primary pressure and AAtot ≤ 0.4 for the total average amplitude. 
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4 CONCLUSIONS 

The paper discusses the simulation of F4.1 RUN1 test performed with TRACE V5 code 
in order to evaluate the capabilities of the code in reproducing the relevant thermal-hydraulic 
phenomena which occur during the different stages of the transient. In particular the main 
flow regimes of the NC test F4.1RUN1 are predicted with good accuracy by the code; namely 

• single-phase natural circulation; 
• (stable) two phase natural circulation; 
• siphon condensation or (unstable two phase natural circulation); 
• the reflux condensation mode, including, 

o RC with intermittent boron transport, 
o Mere RC with interruption of transport phenomena. 

• The results of the FFTBM demonstrate good average accuracy  
Specific outcomes from the post test analyses of the F4.1 RUN1 test are highlighted below: 

• The interruption and the restart of the NC are correctly predicted. 
• The variation range of the primary system mass inventory for the occurrence of single 

phase natural circulation, the two phase natural circulation and the reflux condensation 
has been properly predicted. 

• The mass flow rate observed during unstable two phase natural circulation shows high 
amplitude oscillations. The reasons for this behavior could be connected whit the 
mathematical aspect of the TRACE model’s equations that are non-hyperbolic and 
therefore suffer from high wave-number instabilities. 

• The evolution of the boron concentration in loop seals is correctly predicted (both 
qualitatively and quantitatively) during the drainage phase and qualitatively during the 
refilling phase. 
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