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ABSTRACT 
 
In the nuclear safety field, the thermal hydraulic phenomena that take place during an accident in a nuclear power 
plant is of special importance. One of the most studied accidents is the Station BlackOut (SBO). The aim of the 
present work is the analysis of the PKL integral test facility nodalization using the thermal-hydraulic code 
TRACE5 to reproduce a SBO accidental scenario. The PKL facility reproduces the main components of the 
primary and secondary systems of its reference nuclear power plant (Philippsburg II). The results obtained with 
different nodalizations have been compared: 3D vessel vs 1D vessel, Steam Generator (SG) modelling using PIPE 
or TEE components and pressurizer modelling with PIPE or PRIZER components. Both vessel nodalizations (1D 
vessel and 3D vessel) reproduce the physical phenomena of the experiment. However, there are significant 
discrepancies between them. The appropriate modelling of the SG is also relevant in the results. Regarding the 
other nodalizations (PIPE or TEE components for SG and PIPE or PRIZER components for pressurizer), do not 
produce relevant differences in the results.  
 
 

1. INTRODUCTION 
 
Integral Test Facilities (ITF) reproducing Nuclear Power Plants (NPP) at reduced scale are used 
to analyze the thermal-hydraulic phenomena in accidental scenarios due to performing these 
experiments at real size is not possible. One of these experimental facilities is PKL of AREVA 
[1] placed in Erlangen, Germany. The PKL facility reproduces the main components of the 
primary and secondary systems of its reference NPP (Philippsburg II). The PKL facility is used 
in the frame of the PKL phase III project [2] to reproduce different accidental scenarios. This 
project includes experiments related to safety in which relevant core heat-up occurs, for 
instance, Station BlackOut (SBO) or Loss-Of-Coolant Accident (LOCA) scenarios. The failure 
of some safety systems are considered, which will lead to sever accidents if the suitable 
Accident Management (AM) actions are not taken. The efficency of AM measures must be 
proved and the safety margins analyzed [1]. 
 
The Fukushima accident pointed out the need of additional AM actions to handle prolonged 
SBO scenarios. Without any operator action, a total loss of the secondary side heat sink leads 
to core uncovery and core damage. For this reason, the experiments of PKL III Project were 
focused on the efficiency of the counter measures to re-establish the core cooling and the 
performance of core exit temperature measurements during the core heat up phase [3].  
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The aim of the present work is the analysis of the PKL integral test facility nodalization 
performed using the thermal-hydraulic code TRACE5 patch 4 [4, 5] reproducing a Station 
BlackOut (SBO) scenario (Test H2.1 [6]). 
 
 

2. DESCRIPTION OF THE PKL FACILITY 
 
The PKL facility [1, 7] is based on the “Vorkonvoi” KWU Pressurized Water Reactor (4-loops 
and 1300 MWe) being the Philippsburg 2 its reference NPP. PKL reproduces the entire primary 
side and the most significant components of the secondary side except the turbine and 
condenser. The elevations are scaled 1:1, while power and volume are reduced by a factor of 
145. The maximum operating pressure is limited to 45 bar on the primary side and 60 bar on 
the secondary side. This allows the simulation over a wide temperature range. The core includes 
a bundle of 314 electrically heated rods with a total power of 2.5 MW, which corresponds to 
10% of the scaled nominal power. The PKL facility simulates the four loops, which allows 
analyzing asymmetrical transients [8], e.g. injection in one out of four loops. 
 
PKL is also equipped with the relevant safety and operational systems on the primary and 
secondary side: four independent High and Low Pressure Safety Injection (HPSI and LPSI, 
respectively) systems connected to both hot and cold legs, eight accumulators, the pressurizer 
pressure control system, the Residual Heat Removal (RHR) and the Chemical and Volumetric 
Control System (CVCS). The secondary side includes the Feed Water system, the Emergency 
Feed Water system and the Main Steam lines with all the control features of the original system.  
 
 

3. PKL NODALIZATION WITH TRACE5  
 
PKL has been modeled using 125 TRACE5 hydraulic components (9 BREAK, 21 FILL, 56 
PIPE, 4 PUMP, 1 PRIZER, 20 TEE, 17 VALVE and 1 VESSEL) [4, 5]. Table 1 lists the 
components used to model the main parts of the facility. Figure 1 shows the model nodalization 
including primary and secondary system.  
 
The pressure vessel has been modelled with a VESSEL 3-D component, which is divided into 
18 axial levels, 4 rings, and 8 azimuthal sectors. The connection of the cold legs to the vessel 
is performed by means of an annular downcomer. In addition, the vessel is connected to two 
external downcomers (two PIPE components) and to 4 Upper Head bypass (4 PIPE 
components).  
 
24 heat structures (HTSTR) are used to simulate the heat transfer to the active core, U-tubes 
and pressurizer heaters. Heat losses are simulated with the ‘pipe wall’ option for all components 
except for VESSEL-3D, in which 8 HTSTR (one per azimuthal sector) are used. Core power 
and pressurizer heaters are modeled with POWER components.  
 
The model includes several signals, control block and trips to define the control logic of both 
steady state and transient of the test.  
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Table 1: Components used in the model. 
 

PKL component TRACE component 
Pressure vessel 3-D VESSEL  
Hot legs PIPE 
Cold legs PIPE 
Pressurizer PRIZER 
U-tubes PIPE 
Pumps PUMP 
Chemical and Volumetric 
Control System 

FILL 

High Pressure Safety Injection FILL 
Low Pressure Safety Injection FILL 
Accumulators PIPE with the ‘accumulator’ option and 

connected to VALVE components 
Steam generators (each with 2 
downcomers) 

TEE (1 PIPE for both downcomers) 

Main Feed Water FILL 
Auxiliary Feed Water FILL 
Main Steam Relief Valves VALVE and BREAK 

 
 

 
 

Figure 1:  TRACE5 nodalization of the PKL. 
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Different nodalizations of PKL have been considered to study how the TRACE5 components 
affect to the reproduction of the transient. 
 

 The pressure vessel has been simulated with two different models: 3-D VESSEL and 
PIPE (1-D) components. Both vessel nodalizations are shown in Figure 2.  

 The steam generators has been modeled using two configurations based on TEE and 
PIPE components. 

 The pressurizer: PRIZER and PIPE components. 
 
 

 
 

Figure 2:  Pressure vessel nodalization: 3-D (left) vs 1-D (right). 
 
 

4. TEST DESCRIPTION 
 
Test H2.1 is in the framework of SBO accident scenarios. This type of accident refers to the 
total loss of alternating current and the failure of diesel generators. HPIS and LPIS, as well as 
CVCS, are inoperable. In these circumstances, as pressure and temperature increase in the 
primary system and inventory is discharged, only passive systems (safety valves and relief 
valves) and mobile pumps can operate to avoid core damage. 
 
The objective of this experiment is to analyze the effectiveness of the AM actions, and the 
thermal-hydraulic phenomena associated with this transient: Transition from forced to natural 
circulation flow; system pressures; Core Exit Temperature (CET); Peak Cladding Temperature 
(PCT); discharged inventory and heat transfer between primary and secondary systems. 
 
The test is divided into three phases: A, B and C. Table 2 summarizes the sequence of events, 
shown in Normalized Values (NV). 
 
 
 



INAC 2017, Belo Horizonte, MG, Brazil. 
 

 
Table 2: Sequence of events. 

 

Phase A 

Start Of Test (SOT): Shut down of feed water system, PRZ 
heater, chemical and volumetric control system. 

Core power coast down 
Condition A1: Secondary side depressurization in SG1 & SG2  
via main steam relief line at pressurizer liquid level > 1.25·NV 

Condition A2: Begin primary-side pressure control via 
pressurizer at Pprim> 1.03·NV 

Phase B 

Condition A3: Primary-side depressurization via pressurizer at 
CET > 573 K 

Condition A4: Begin of accumulators injection in all loops, 
cold side at Pprim< 0.57·NV 

Phase C 

Condition A5: Start of emergency feed water system in SG1  
at PCT = 773 K 

Start of primary-side feed by emergency residual heat removal 
system in cold leg 1 at CET> 573 K 

End of test 
 
 

5. TRACE5 RESULTS  
 
This section shows the comparison of the results obtained with different TRACE5 
nodalizations and the experimental data. All the results have been normalized to the steady 
state values (Normalized Values, NV). The time has been normalized to the end-time of the 
transient (Normalized Time, NT).  
 

5.1.  Modelling the pressure vessel: 3-D Vessel vs 1-D components 

 
Figure 3 shows the behavior of different thermal-hydraulic variables obtained when the 
pressure vessel is modelled with a 3-D vessel and with 1-D components.  
 
At the start of the phase A, the Feed Water System, the pressurizer heaters and the operation of 
the CVCS are stopped, and the power coast down starts. The decrease of the liquid level in the 
steam generators begins (Figure 3e), worsening the heat transfer from the primary to the 
secondary system. It is produced a drop in the primary pressure between t=0.25 NT and t=0.35 
NT (Figure 3a). When the steam generators are completely empty, the secondary system is no 
longer able to remove heat from the primary system, hence temperatures start raising. The 
coolant reaches saturation conditions and vapor appears in the upper plenum, which displaces 
the coolant from the vessel to the pressurizer, causing the abruptly increase in the pressurizer 
liquid level at t=0.35 NT (Figure 3d) and the increasing in the primary pressure (Figure 3a). 
This increase shows that the secondary system is no longer acting as a heat sink. In this 
moment, some measures are taken, such as the secondary-side depressurization of SG 1 and 2 
(Condition A1 of Table 2). In the simulation, the complete emptying of the SGs is delayed over 
the experimental values, as it can be seen in Figure 3e. Consequently, the increase in the 
pressurizer liquid level and in temperatures is delayed as well. 
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The primary pressure control starts working (Condition A2) to avoid the increase in pressure, 
thus, inventory is discharged through. Due to the loss of coolant and the formation of vapor in 
the pressure vessel, the core uncover is produced leading an important increasing in 
temperatures. The CET excursion (CET>573 K, Figure 3c) produces the opening of the 
pressurizer relief valve (Condition A3) with the corresponding inventory loss. Almost 
simultaneously, it is produced the PCT excursion (Figure 3b). Thanks to the primary 
depressurization, the pressure reaches the appropriate conditions (Condition 4) to allow the 
accumulators injection.  
 

a. Primary and secondary pressures 

b. Peak Cladding Temperature 

c. Core Exit Temperature 
 

d. Pressurizer collapsed liquid level 

e. Steam Generator collapsed liquid 
level 

 
 

Figure 3:  3-D vessel vs 1-D components.   

Phase A 
Phase B 

Phase C Phase A 
Phase B 

Phase C 

Condition for 
Secondary 
depressurization 
(Condition A1) 

Condition for 
Primary 
depressurization 
(Condition A2) 
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Comparing the behavior of both TRACE5 models (3D-vessel and 1-D vessel) it can be point 
out the following differences:  
 

- The emptying of the steam generators is delayed in the 1-D model (about 0.1 NT), and 
consequently, the refill of the pressurizer and the secondary depressurization are also 
delayed.  

- When the core power coast down is produced (at t=0.25 NT), the primary pressure drop 
is very different in both models. This drop is an effect of the behavior of the fluid in the 
PIPE components that conform the core, the upper plenum and the upper head. In fact, 
this configuration does not permit azimuthal or radial cross flows in the part of the 
pressure vessel.  

- The 1-D nodalization of the vessel also produces a different emptying of vessel respect 
to the 3-D configuration. When the natural circulation ends (emptying of U-tubes), it is 
produced a sharp drop of liquid level in the whole vessel (flash effect), which is not 
observed in the 3-D model. This flash effect after the U-tubes emptying, produces a 
rapid excursion of the CET and PCT. In the 3-D nodalization, when natural circulation 
ends, the upper head and upper plenum start to empty and later, the core. In this 
configuration, it is not observed the flash effect.  

- Finally, the beginning of the CET and PCT excursion coincide in both models, because 
the delay in U-tubes emptying (natural circulation ending) compensates the fast uncover 
of the core in the 1-D model.  

 

5.2. Modeling the steam generator 

 
The geometrical features of the steam generators (flow area, hydraulic diameters, and friction 
coefficients) have been adjusted according to the PKL facility specifications [1]. Figure 4 
shows the results obtained for the main thermal-hydraulic variables.  
 
Figure 4e shows the important improvement achieved in the collapsed liquid level when the 
steam generator is simulated in detailed. These results show the importance of the correct 
nodalization of the SG in the main system variables. However, with the 1-D model, primary 
and secondary depressurizations (Figure 4a) are advanced in comparison with the original 
model. The primary one is due to the advance in the temperature excursions (Figure 4b and 
4c), whereas the secondary one is produced by the rise in the presssurizer liquid level (Figure 
4d), which is produced at 0.33 NT. The upper head, upper plenum and core of the new model, 
still present the flash effect just after the end of the natural circulation. The main difference 
between both models, is the adequate behaviour of the steam generators during the phase A in 
the modified model.  
 
After optimizing the geometry, it has been considered the use of PIPE instead of TEE 
components to model the raiser of the steam generators. As it can be seen in Figure 5, modeling 
the SG with PIPE components does not produce important effects in the main thermal-
hydraulic variables. The system pressures, CET and PCT excursions are very similar in both 
cases. Figure 5d and Figure 5e show the pressurizer and SG collapsed liquid levels, 
respectively. Slight differences are observed in these variables. It can be seen that the SG 
emptying is better reproduced with the model using TEE components.  
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a. Primary and secondary pressures 

b. Peak Cladding Temperature 

d. Pressurizer collapsed liquid level 

e. Steam Generator collapsed liquid 
level 

 
c. Core Exit Temperature 

 
Figure 4:  Pressure vessel 1-D (original) and optimized SG (modified).  
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a. Primary and secondary pressures 

b. Peak Cladding Temperature 

d. Pressurizer collapsed liquid level 

e. Steam Generator collapsed liquid 
level 

 
c. Core Exit Temperature 

 
Figure 5:  Steam generators with TEE and PIPE components. 
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5.3.  Pressurizer using a PRIZER or a PIPE component 

 
Figure 6 shows the main system variables obtained using a PRIZER and a PIPE component to 
model the pressurizer. As it can be seen, the use of a PIPE component improves the primary 
pressure drop produced at 0.25 NT after pumps coast down (Figure 6a). However, from this 
moment on, there are not relevant differences in the system pressures. CET excursion (Figure 
6b) is not affected by the use of PRIZER or PIPE components. Regarding the pressurizer liquid 
level (Figure 6c), differences between both models are observed from 0.55 NT. From this 
moment on, using a PIPE component the pressurizer liquid level increases more rapidly than 
using a PRIZER component. On the other hand, the SG liquid level is not affected by the use 
of a PRIZER or a PIPE component to simulate the pressurizer (Figure 6d). 
 

a. Primary and secondary pressures 

b. Core Exit Temperature 
 

c. Pressurizer collapsed liquid level 

d. Steam Generator collapsed liquid 
level 

 
Figure 6:  Pressurizer using a PRIZER or a PIPE component. 
 
 
In summary, using the 1-D nodalization of the pressure vessel reduces the computation time, 
and qualitatively reproduce the behavior of the system until the natural circulation ends. From 
this moment on, it is produced a rapid uncover of the core (flash effect) that affects the rest of 
the transient.  
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6. CONCLUSIONS  
 
Test H2.1, which reproduces a Station BlackOut (SBO) scenario in the frame of the 
OECD/PKL3 Project, has been simulated using different PKL models performed with the 
thermal-hydraulic code TRACE5 patch 4. The main objective of this work is to study the 
behaviour of TRACE5 components in reproducing the same transient scenario. The 
nodalizations considered are vessel 3-D vs vessel 1-D, Steam Generators (SG) with goemetrical 
features modified, SG simulated by TEE or PIPE components and pressurizer simulated by 
PRIZER or PIPE components.  
 
Results obtained show that the vessel nodalization has effects on the main system variables. 
Using 1-D components to reproduce the pressure vessel implies an important computational 
time reduction. The main disadvantage of using the 1-D configuration is the improper 
reproduction of the core uncover after the natural circulation ending.  
 
The importance of a correct steam generator nodalization to reproduce the evolution of the 
main system variables has been stated. A proper geometrical model is required to reproduce the 
U-tubes emptying and the end of the natural circulation. Any relevant conclusions have been 
obtained regarding the modeling of SG using PIPE or TEE components. Regarding the use of 
a PRIZER or a PIPE component to reproduce the pressurizer, the effects in the system variables 
are not relevant, except a better reproduction of the primary pressure during the natural 
circulation phase.  
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