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The work goal was to create a TRACE nodalization of the PKL nuclear power plant thermal 

hydraulics test facility and validate the model heat and pressure losses by calculating 

reference cases. The second goal was to calculate a natural circulation case to test the model 

functioning. The PKL test facility replicates a 1300 MW pressurized water reactor that has 

elevations scaled with 1:1 ratio. The reactor power and volumes are scaled down with 1:145 

ratio. 

 

The TRACE nodalization model was built with good accuracy but some simplifications were 

done during the geometry modelling phase. These simplifications are described in this thesis. 

The TRACE model pressure and heat losses were validated in this thesis accordingly to the 

experimental results. The natural circulation case reached a good accuracy, but more studies 

should be carried out with the set of improvements that are suggested in this thesis in order 

to validate this TRACE nodalization model for different operation scenarios.  
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SYMBOLS 

 

Greek 

𝜂    Efficiency 

𝜌 Density 

𝜏   Torque 

𝜔   Angular velocity 

 

Roman 

𝐴 Flow cross-section area 

𝐷𝐻  Hydraulic diameter 

𝑔 Gravitational force 

ℎ  Pump head 

𝑛 Rotational speed 

𝑃 Power 

Pw  Wetted perimeter of flow channel 

Q Transferred heat 

𝑞𝑣    Rated volumetric flow 

𝑇   Temperature 

t    Time 
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ABBREVIATIONS 

 

BV Butterfly Valve 

CET Core Exit Temperature 

CL Cold Leg 

DC Downcomer 

DCT Downcomer Tubes 

DCV Downcomer Vessel 

FWS Feed Water System 

HL Hot Leg 

HPSI High Pressure Safety Injection 

LOCA Loss of Coolant Accident 

LPSI Low Pressure Safety Injection 

NC Natural Circulation 

NPP Nuclear Power Plant 

NPSH Net Positive Suction Head 

PKL Primärkreislauf (Primary Coolant Loop) 

PRZ Pressurizer 

PWR  Pressurized Water Reactor 

RCP Reactor Coolant Pump 

RPV Reactor Pressure Vessel 

SG Steam Generator 

TRACE TRAC/RELAP Advanced Computational Engine 

UH Upper Head 
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UP Upper Plenum  



11 

 

1 INTRODUCTION 

 

Requirements for nuclear safety are established to ensure that the highest standards of safety 

can be reasonably achieved for the protection of employees, environment and the public 

against radioactive releases from nuclear power plants (NPPs) or other nuclear facilities. 

Safety requirements are developed continuously and they will change over time. The 

designing phase of new NPPs includes the safety analyses of different accidents. (IAEA, 

2016) 

It is desirable to use computer code models to replicate possible NPP accident situations. It 

is not possible or feasible to perform tests at the NPP in terms of covering all possible 

situations for the safety analyses. The computer codes solve equations of interest with 

numerical methods. Therefore, these computer codes have to be validated against 

experiments, that the code model confidence can be achieved (Vihavainen, 2014). For the 

code validation purposes, thermal hydraulic tests facilities are constructed to run 

experiments in smaller scale, where the core heating can be created by electrical heaters. 

This thesis focuses on creating a TRACE nodalization model of a PKL (Primärkreislauf, 

Primary Coolant Loop) test facility which is located in Germany. As a basis of this work, 

the geometry information of the PKL facility, and the validation data for the heat losses and 

pressure losses were available. The main goal of this thesis is to create the TRACE model 

of the PKL test facility and validate it against the experiment data by comparing the 

calculated results with the experimental results. 

First in this thesis, a brief introduction to the TRACE code theory is presented. Then the 

description of the PKL test facility is provided. The main body of this thesis consist of a 

detailed description how the different plant geometries are modelled with the TRACE code. 

The focus is mainly on complicated geometries due to a relatively large size of the PKL 

facility. Then a comparison of modelled primary and secondary side volumes between the 

PKL test facility volumes is presented. In addition, methods for pressure and heat loss 

validations are provided, including results and analyses for these validation cases. As a test 

case for the built TRACE model, this thesis offers a natural circulation (NC) calculation 

where a data of reference experiment is compared with calculated results. 
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The work content is divided into different chapters. Brief presentation of the subjects of each 

chapter is presented below. 

Chapter 2 focuses on thermal hydraulic system codes, describing the purposes of thermal 

hydraulics, concentrating on TRACE-components, -limitations, -special models and -

nodalization. 

Chapter 3 shows a description of the PKL test facility. 

Chapter 4 presents the building of the TRACE nodalization of the PKL facility where first 

the modelling of individual geometries and controlling systems are described. The 

comparison tables of the nodalization and facility volumes are compiled. 

Chapter 5 describes the validation process of pressure losses. The pressure measurements, 

boundary conditions, results and analyses of results are presented. 

Chapter 6 describes the validation process of heat losses. The used boundary conditions, 

validation methods, results and analyses of results are presented. 

Chapter 7 presents a NC calculation where the TRACE model functioning is tested by 

modelling a reference experiment H2.2.  

Chapter 8 summarizes the main results and used approximations of this thesis. Especially, 

compiling uncertainties related to the model building and validation procedures for heat and 

pressure losses. 
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2 THERMAL HYDRAULIC SYSTEM CODES 

 

Thermal hydraulics is a tool that is used for investigation on safety of NPPs. The thermal 

hydraulics combines two terms: fluid flow and heat transfer. It contains the different flow- 

and specific heat transfer types which are needed in the case of nuclear power safety analysis. 

The accident analyses of NPPs focus on the coolability of reactor core during the accidents 

and on the behavior of coolant in the primary system. The analyses need to include all 

primary side components, which might need some geometrical compromises in order to keep 

the analyses feasible and rational sized. (Vihavainen, 2014) 

There are several different thermal hydraulic codes in the market that are used for NPP 

thermal hydraulic safety analyses. These codes are used to predict the plant behavior under 

transient, accident or normal conditions. These codes are called thermal hydraulic system 

codes. Safety authorities require thermal hydraulic analysis in the licensing procedure of new 

NPP. The analysis should cover the following operation scenarios: normal operation 

conditions, anticipated operational occurrences, postulated accidents and severe accidents. 

(Vihavainen, 2014) 

 

2.1 TRACE 

The TRACE code manual describes the code as follows: “The TRAC/RELAP Advanced 

Computational Engine (TRACE—formerly called TRAC-M) is the latest in a series of 

advanced, best-estimate reactor system codes developed by the U.S. Nuclear Regulatory 

Commission for analyzing the transient and steady-state neutronic-thermal-hydraulic 

behavior in light water reactors. It is the product of a long term effort to combine the 

capabilities of the NRC’s four main system codes (TRAC-P, TRAC-B, RELAP5 and 

RAMONA) into one modernized computational tool” (TRACE Theory MANUAL V5.0 P5, 

2017) 

The TRACE program is designed to calculate best-estimate analyses of operational 

transients, loss of coolant accidents (LOCAs) and other accident cases for pressurized water 

reactors (PWRs) and boiling water reactors (BWRs). For instance, models can include 

nonequilibrium thermo-dynamics, multidimensional two-phase flow, normal heat transfer, 
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reflood, reactor kinetics and level tracking. In addition, TRACE has automatic steady-state 

and dump/restart options. (TRACE Theory MANUAL V5.0 P5, 2017) 

Field equations 

The fluid field equations used in TRACE, consists of equations for the mass, energy and 

momentum conservations for liquid and gas phases. The field equations are derived from 

Navier-Stokes equations for both phases. Time averaging method is used for these basic 

equations to obtain useful sets of equations for two-phase flows. The basic TRACE code has 

total amount of derived conservation equations as 6, including for gas and liquid phase its 

own conservation equation for the mass, energy and momentum. In the overall, six partial 

differential equations are used in TRACE to model water/steam mixture flows. (TRACE 

Theory MANUAL V5.0 P5, 2017) 

The amount of field equations could be further increased if the user applies boron tracking 

in the model, then an additional mass conservation equation is used to follow the 

concentration of the moving boric acid with the liquid. In the case of non-condensable gases, 

an extra mass conservation equation is used as well. (TRACE Theory MANUAL V5.0 P5, 

2017) 

Other equations are built-in to the code in order to calculate heat transfer, control systems 

and phenomena related to the reactor core power. 

Numerical methods 

The partial differential equations are solved by using finite volume numerical methods for 

approximating the flow equations. Two different numerical methods can be used for solving 

two-phase flows. Methods are called as semi-implicit and stability enhancing two-step 

(SETS). The SETS is used as a TRACE default method. It allows the material Courant limit 

to be exceeded and for that reason large time steps can be used in slow transients. This is 

claimed to speedup simulations significantly. The Newton-Raphson iteration method is used 

to solve the nonlinear equations. The direct matrix inversion is used to solve linearized 

equations. (TRACE Theory MANUAL V5.0 P5, 2017) 
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2.1.1 TRACE Components 

TRACE has a component-based approach in modelling of a system. Each pipe, valve, 

equipment or vessel can be represented as components in the model. These components can 

be nodalized further into specified number of smaller physical volumes, which are also 

called as cells. Kinetics-, fluid, and conduction equations are averaged over these cells. The 

number of components in the model and their connections could be freely chosen by the user 

and theoretically only limitation factor is the available computer memory. (TRACE Theory 

MANUAL V5.0 P5, 2017) 

The hydraulic components that TRACE have are as follows: Chans (BWR fuel channels), 

Heaters, Pipes, Plenums, Prizers (Pressurizers), Pumps, Separators, Tees, Turbines, Valves, 

Jet pumps, and Vessels. 

In addition to the hydraulic components, TRACE has also heat structure components and 

power components. Heat structure components are used in the TRACE program to calculate 

two-dimensional conduction and surface-convection for cylindrical or lumped geometries. 

Power components could be linked to the heat structures in two ways, either transferring 

directly heat to the fluid via the heat structure connection or to the hydraulic component 

walls. (TRACE Theory MANUAL V5.0 P5, 2017) 

Break and Fill components are used to set up boundary conditions for calculations. The Fill 

component is used to set desired coolant flow and the Break component is used to set desired 

pressure boundary conditions. These components can be used for transient and steady state 

calculations. (TRACE Theory MANUAL V5.0 P5, 2017) 

There are also some Exterior components that can be used to facilitate the process of creating 

an input model. (TRACE Theory MANUAL V5.0 P5, 2017) 

 

2.1.2 TRACE limitations 

Computational codes are only applicable on their designed use purposes. TRACE has been 

validated to analyze conventional PWR and BWR small and large break LOCAs as well as 

Economic Simplified Boiling Water Reactor (ESBWR) design. Currently, assessments for 

BWR stability or operational transients are not officially performed. (TRACE Theory 

MANUAL V5.0 P5, 2017) 



16 

 

The TRACE code cannot be used for cases where the transfer of momentum plays a crucial 

role at localized level. For instance, the fluid dynamics in a pipe branch or a plenum is not 

captured in detail or flows which have not flat velocity profile across the radial direction 

could not be studied in detailed level by TRACE. (TRACE Theory MANUAL V5.0 P5, 

2017) 

The traditional system model cannot be used directly for observing the thermal stratification 

of liquid phase in 1D components. In TRACE, the Vessel component has to be used which 

can resolve the thermal stratification of liquid when multidimensional noding is used. 

(TRACE Theory MANUAL V5.0 P5, 2017) 

The viscous shear stresses are assumed to be negligible when the TRACE field equations 

are derived and explicit turbulence modeling is not coupled with conservation equations 

(Although, turbulence effects could be taken into account by special engineering models for 

different cases). For that reason, TRACE should not be used in modelling of scenarios where 

viscous stresses are relatively large or larger than wall shear stresses. For instance, TRACE 

cannot model circulations patterns of a large open region, no matter how mesh size is chosen. 

(TRACE Theory MANUAL V5.0 P5, 2017) 

The stress/strain effect of temperature gradients to the structures is not evaluated by TRACE. 

Furthermore, the effect of a fuel rod gas gap closure caused by swelling or thermal expansion 

is not modelled explicitly in TRACE. However, TRACE can be a useful tool as support for 

other analyses to solve such problems as pressurized thermal shock. In TRACE field 

equations the viscous heating term is practically ignored. The pump component has a special 

model to calculate the direct heating of fluid by the pump rotor. (TRACE Theory MANUAL 

V5.0 P5, 2017) 

This chapter compiled only major limitations of the TRACE code and when specific 

simulations are calculated, it is desirable to look from the TRACE manual if there are some 

additional limitations that need to be considered before calculation. 

 

2.1.3 Special models in TRACE 

The TRACE code has a vast number of special models, which have high importance for 

modelling NPP thermal hydraulics. The special models are built in TRACE as options, which 

can be used in the model by the code user. In the calculations executed in this thesis with the 
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PKL model, the special models are not used. But, when the model is used for the transient 

calculations, the input options for different special models should be checked. As a scope of 

this thesis, only main principles of these special models are explained. 

Critical flow model 

The critical (choked) flow occur when the mass flow in a pipe or flow channel becomes 

independent of downstream conditions. This means that the mass flow is not changing even 

though the downstream pressure decreases further. It is crucial to predict this phenomenon 

during the reactor safety simulations to obtain an accurate understanding of a case being 

calculated. When studying a primary side leakage to the secondary side or to the atmosphere, 

the choked flow is usually present. This phenomenon is expected to occur when fluid go 

through a large pressure drop. Choked flow might occur, for example, in valves and throats 

where the change of flow area is abrupt. (Vihavainen, 2014) 

Water level tracking model 

By using the average void fractions in water level calculations may lead an enormous error. 

The water level tracking method is developed to track down the liquid-gas interfaces and 

their locations in the calculation volume. To obtain a more accurate water level tracking, the 

regions below and above the interface are treated separately using for their own void 

fractions which are depending strongly on flow regimes. In addition, each region volume 

and their rate of change must be known. This additional information is used in modifications 

of a standard method for the six-equation model volumes. If the water level tracking is used, 

the detailed information of the modified system equations can be found from the user 

manual. (TRACE Theory MANUAL V5.0 P5, 2017) 

Offtake model 

The offtake model is designed specially to calculate fluid flow through a small break that is 

made into a larger pipe which has horizontal stratified flow. One example of this kind of 

situation is a small break LOCA in a larger pipe, such as the reactor hot legs or cold legs. In 

addition, this kind of modelling cases may exist when using a TEE-, a PIPE- or a VALVE 

components or a PUMP which has side junctions. This model is used via an optional user-

input in the TRACE program. Following requirements for the model must be true that the 

offtake model can be used: (TRACE Theory MANUAL V5.0 P5, 2017) 
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 The side tube of the TEE (or side junction in the case of a PIPE, VALVE, or PUMP) 

is required to be either top, bottom, or centrally located off the main tube. 

 The angle from the low-numbered side of the main tube to the side tube must be 90°. 

 The main-tube-junction cell must be horizontal.  

Each offtake geometries with an actual characteristic height determination is shown in 

Figure 1 to illustrate different cases. 

 

Figure 1. The junction locations of an offtake model. (TRACE Theory MANUAL V5.0 P5, 

2017) 

The offtake model is used that TRACE would calculate flow in the different side junctions 

correctly, which were presented in Figure 1. The offtake flow in the upward break is mostly 

gas with possibly of entrained liquid. Contrary, in the downward break, the offtake flow is 

mostly liquid with possibly of entrained gas. (TRACE Theory MANUAL V5.0 P5, 2017) 

Without the offtake model, TRACE calculates that the void fraction of the break flow is 

same than the average void fraction of the connection node. If the offtake model is not used, 

these different cases will not be correctly calculated by TRACE.  

 

2.1.4 Initializing input model in TRACE 

The Figure 2 describes the required steps in order to be able to construct the TRACE model 

from an actual reference plant. Before the TRACE input model can be created, it is essential 

to know some initial information about the problem, reference plant and TRACE capability 

to calculate the problem.  
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The data of the specific reference plant should be known that an input model can be created 

with the TRACE program. The needed data for the TRACE modelling includes plant 

geometry, controls and materials. The TRACE model of the plant consists of plant 

nodalization and control procedures that are used to replicate the system functions of the 

plant. Next step is to identify the purpose of using TRACE.  

The purpose of the TRACE model use has influence on the nodalization and to the use of 

special models that are built in TRACE. If the TRACE model is used for accident 

simulations, then special models should be considered to be used. For example, the important 

special models for the LOCA calculations are a critical flow model, a water level tracking 

and an offtake model. These models were described generally in chapter 2.1.3. 

 

 

Figure 2. Initializing the input model in TRACE. (TRACE V5.0 P5 USER'S MANUAL VOL2, 

2017) 

The control procedure of the TRACE model is essential to build similarly as it is done in the 

reference plant. All necessary control systems need to be modelled in the TRACE model to 

achieve the accurate behavior of the actual plant and its systems. More about the modelling 

of system controls is discussed in chapter 4.4. 
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2.1.5 TRACE nodalization 

In the TRACE model the nodalization is desired to be completed accordingly to the 

guidelines that are provided in the TRACE user manual (TRACE V5.0 P5 USER'S 

MANUAL VOL2, 2017). These main guidelines are shortly compiled in this chapter. First 

step is to gather information about the plant and how the components should be divided in 

the TRACE model. It is desired to divide the model as few components as possible. By doing 

this, computation time can be saved. (TRACE V5.0 P5 USER'S MANUAL VOL2, 2017) 

Second step is to develop a rational numbering scheme for the components. (TRACE V5.0 

P5 USER'S MANUAL VOL2, 2017) For instance, the component numbering for loop 1 

could start from 100 and for loop 4 from 400. It means that the loop number can be 

recognized easily from the component number. As an example, hot legs can be numbered 

for different loops as 102, 202, 302 and 402 where hot leg number of 102 refers the loop 1 

and so on. The last two digits is good to keep same for the same loop components that the 

numbering scheme is rational. 

The last step is to provide the nodalization for each component and justify your chosen cell 

lengths. (TRACE V5.0 P5 USER'S MANUAL VOL2, 2017) 

The cell lengths are recommended to choose longer when spatial deviation in the thermal 

hydraulic solution is expected to be small. Since thermal hydraulic solutions are average 

values across the flow channel, it is not making sense to choose smaller cell lengths than the 

hydraulic diameter (DH). The cell sizes that are smaller than guidelines recommends, might 

be needed when some specific local phenomenon is studied. The TRACE manual provides 

an example case where the emergency core-coolant injection in the cold leg was studied. For 

the cold leg, cell lengths in the range of  0.7 < ∆𝑥/𝐷𝐻 < 2.5 showed accurate results in 

tracking down the information of liquid plugs in the cold leg. (TRACE V5.0 P5 USER'S 

MANUAL VOL2, 2017) 

However, the TRACE guidelines are not providing an exact nodalization scheme that could 

be used everywhere in the plant. 

PKL test facility nodalization 

The nodalization of the PKL test facility is constructed by taking into account the locations 

of specific pressure-, mass flow- and temperature measurements. The nodalization is 
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constructed in such a way that the measurement sensors are modelled in the middle of the 

cell (node point). When these sensor locations of the facility were available in the plant 

drawings, those were modelled into same locations in the TRACE model. For that reason 

sometimes a finer noding was used, even though the spatial deviation of thermal hydraulic 

solutions was expected to be small. The rule of thumb that was used in the PKL nodalization 

for the piping sections was: ∆𝑥/𝐷 < 5.0.  

The chosen nodalization is validated in this thesis only with steady state calculations and it 

is recommended that chapter 4 is read before transient calculations are performed with this 

model. It depends on the transient how accurate this model will calculate it without using 

the finer nodalization for the component of interest or previously mentioned special models.  
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3 PKL TEST FACILITY 

 

The PKL test facility is used to perform experiments on thermal-hydraulic behavior of PWRs 

during different accident and transient scenarios. The PKL test facility is located in Erlangen, 

Germany. PKL is a PWR type test facility which has been scaled down from an actual PWR 

reactor. (Framatome, 2018) 

The tests and studies conducted with the PKL facility focus on separate effects to supply 

detailed experimental data to support validation and development of thermal hydraulic 

system codes. In addition, it is designed to support understanding of the complexity of PWR 

thermal hydraulics. The PKL experiments assist the solution making process for safety issues 

in PWRs, when uncertainties are faced during the replication of these safety issues by the 

thermal hydraulic system codes. (Framatome, 2018) 

The PKL facility has 4 loop configuration and has height scale ratio as 1:1. The PKL test 

facility has electrical heaters for core power simulations. The total amount of heating 

elements is 314 which have same diameter and pitch as the reference reactor. The used 

scaling concept is aiming to simulate the system behavior of a PWR plant with the capacity 

of 1300 MWe. Main design parameters of the PKL facility are as follows (Framatome, 2018)  

 Height ratio 1:1 

 Volume ratio 1:145 

 Max. core power 2500 kW 

 314 heater rods 

 Primary pressure 50 bars (limited) 

 Secondary pressure 56 bar (limited) 

 4 SGs with original tube diameters (amount of tubes is scaled down) 

The PKL test facility consists of many different operation systems that are replicated from 

the actual PWR plant. These systems are as follows (Framatome, 2018): 

 Main reactor coolant pumps 

 Emergency core cooling systems: High Pressure Safety Injection (HPSI), Low 

Pressure Safety Injection (LPSI) 

 Accumulators 
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 Volume/chemical control system 

 Operational pressurizer spray system 

 Main steam system 

 Feed water system, emergency feed water system, feed water preheater train 

Figure 3 shows the overall 3D view of the PKL test facility. The primary side of the PKL 

test facility has four loops, which have following components: a hot leg (HL), a steam 

generator inlet (SG-inlet), steam generator tubes, a steam generator outlet (SG-outlet), a 

pump seal, a reactor coolant pump (RCP) and a cold leg (CL). In addition, the primary side 

has a reactor pressure vessel (RPV) that combines these four loops to the downcomer vessel 

of the RPV. 

The secondary side of the steam generator (SG) includes a feed water system (FWS) and 

main steam lines. More detailed descriptions of the different systems are provided in chapter 

4 where the modelling of these systems is described.  
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Figure 3. The 3D view of the PKL test facility. (Framatome, 2018) 
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4 BUILDING OF TRACE MODEL 

 

The building of a TRACE model is divided into several different sections. This chapter will 

describe each section at a time. First the modelling principles and modelled geometries are 

described and then, at the end of this chapter, the compiled volume tables are shown.  

The nodalization of different geometries required some simplifications that the 3D 

geometries (such as reflector gap and steam generators) could be modelled by the TRACE 

code, still preserving essential physics in calculations. The simplifications that were made 

during the modelling phase are described in this chapter. The modelling of the simple piping 

parts is not described in detailed manner in this thesis. This chapter focuses on complicated 

parts of the PKL facility and to the control logics that are modelled in the TRACE model. 

The geometry and volume information used in this chapter to build the TRACE model of 

the PKL test facility is acquired from reports (Guneysu & Schollenberger, 2017) and 

(Schollenberger & Dennhardt, 2016). 

The complete TRACE nodalization of the PKL test facility is shown in Figure 4. The model 

consists of four loops such as the PKL test facility. The component volumes and geometries 

are fully modelled in 1:1 scale. 



26 

 

 

Figure 4. The complete TRACE nodalization of the PKL test facility with the pressure 

vessel and four primary loops. 

 

4.1 Reactor Pressure Vessel 

The RPV drawing of the PKL facility is shown in Appendix A. The RPV consists of a 

downcomer vessel (DCV), downcomer tubes (DCT), a lower plenum (LP), a core, a core 

bypass (reflector gap), an upper plenum (UP), an upper head (UH) and upper head bypass 

lines. The nodalization of the RPV vessel is shown in Figure 5. The cell lengths are chosen 

according to the principles presented in chapter 2.1.5, but in the RPV section finer noding 

could be used if transient analyzes are studied.  
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Figure 5. The reactor pressure vessel nodalization. 

 

4.1.1 Core 

The core section consists of 314 x 8 kW heater rods and 26 control rods. The rods are divided 

into three different radial sections which can be heated separately to achieve different radial 

power distributions. However, because the core is modelled by 1D component the radial 

power distribution of the core is not taken into account in the TRACE model.  
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The axial power distribution of the PKL test facility can be found in Appendix B. The axial 

power distribution is modelled in the TRACE model accordingly, see Table 1. 

Table 1. The axial power distribution of heater rods in the TRACE model. 

Cell Height of cell 

center point 

from bottom 

(mm) 

Cell 

length 

(mm) 

Rod 

surface 

heat flux 

(W/cm2) 

Axial 

power 

(W/cm) 

Power 

fraction (-) 

Cell total 

power (W) 

Cell 1 50 100 0 0.000 0.00000 0.0 

Cell 2 250 300 3.94 13.306 0.04991 399.2 

Cell 3 600 400 5.3 17.899 0.08952 716.0 

Cell 4 950 300 6.41 21.648 0.08120 649.4 

Cell 5 1250 300 6.41 21.648 0.08120 649.4 

Cell 6 1562.5 325 7.22 24.383 0.09908 792.5 

Cell 7 1887.5 325 7.22 24.383 0.09908 792.5 

Cell 8 2212.5 325 7.22 24.383 0.09908 792.5 

Cell 9 2537.5 325 7.22 24.383 0.09908 792.5 

Cell 10 2850 300 6.41 21.648 0.08120 649.4 

Cell 11 3150 300 6.41 21.648 0.08120 649.4 

Cell 12 3500 400 5.3 17.899 0.08952 716.0 

Cell 13 3850 300 3.94 13.306 0.04991 399.2 

Cell 14 4125 250 0 0.000 0.00000 0.0 

Total 
 

4250 
  

1.00000 7997.9 

 

From Table 1 can be seen that cell 1 and cell 14 are modelled without heating power. The 

complete heated axial length is then 3900 mm. The rod heat fluxes are taken from Appendix 

B where lengths of the different power parts are not given. Thus, the lengths had to be 

measured from the drawing and modelled as accurately as possible in TRACE. The middle 

part of the heater rods with the power of 7.22 W/cm2 is divided into four cells (cells 6-9) and 

the parts with the power of 6.41 W/cm2 are divided into two cells (cells 4-5 and 10-11) in 

the TRACE model. Rest of the power parts are modelled by one cell at each power density. 

From the total power (sum of cell powers in Table 1) can be seen that the measured lengths 

from the Appendix B  are accurate, because the calculated total power is very near 8 kW per 

one rod which is the total power of one rod in the PKL facility. 
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Core geometry 

Figure 6 shows a cross-section view of the reactor vessel at core height. From this figure the 

core channel and the core bypass (reflector gap) can be seen. The core is inside the bundle 

wrapper and the reflector gap is between the bundle wrapper outer surface and the vessel 

inner wall. The PKL facility have two concentric 1.5 mm thick nickel shielding sheets that 

are installed to the reflector gap to protect the vessel against damage due to overheating. The 

shielding sheets are installed with a small gap between each other and they are not watertight. 

Between the reflector gap and UP there is a plate with eight holes with the diameter of 8 

mm. The friction resistance of the reflector gap in the PKL test facility is designed in such 

way that 1 % of the total mass flow through the core flows via the reflector gap when RCPs 

are in operation. (Schollenberger & Dennhardt, 2016) 

 

Figure 6. The cross-section view of the reactor vessel at core height. (Schollenberger & 

Dennhardt, 2016) 

 

The TRACE model of the core consists of three pipe components. The first component is so 

called core bottom (a pipe between LP and the core in Figure 5), which does not include the 

bundle wrapper. The core part divides into two different pipe components, which are called 

as a core and a reflector gap. The core flow cross-section area is calculated by reducing the 

displacement areas caused by heater and control (i.e. unheated rods) rods. The core flow 
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channel has the octagon shaped outer walls. The results of the core geometry calculations 

are provided in Table 2. The reflector gap calculations are excluded from the results 

presented in Table 2, thus resulting total volume is a sum of the core part and the core bottom. 

Table 2. The calculation results of the core section including areas, volumes and the 

hydraulic diameter. 

Description Length 

(m) 

pcs Dout 

(mm) 

Cross-

section 

area 

(m2) 

Total 

cross-

section  

area (m2) 

Total 

volume 

(m3) 

Pitch 

of 

rods 

(m) 

Hydraulic 

diameter 

DH (m) 

Control rods - 

displacing 

volume 

4.2 26 13.60 0.00015 0.00378 -0.01586 
  

Heated rods - 

displacing 

volume 

4.2 314 10.75 0.00009 0.02850 -0.11970 0.0143 0.01347 

Octagon 

channel - 

inner volume 

4.2 1 
  

0.07357 0.30898 
  

Core bottom - 

actual volume 

0.44 1 
  

0.07335 0.03227 
  

Total 
     

0.2057 
  

 

In Table 2, the hydraulic diameter is for the flow channel between the four heated rods. The 

hydraulic diameter is calculated from the following equation: 

D𝐻 =  
4×𝐴

𝑃𝑤
          (1) 

where A is the flow channel area and Pw is the wetted perimeter (length of the perimeter that 

is in contact with water). 

The drawings of the core that were available during the project are not describing the actual 

dimensions of the core sufficiently. Therefore, the total flow cross-section of the core could 

not be calculated precisely. However, by using the volume graphs presented in (Guneysu & 

Schollenberger, 2017) the average cross-sections could be calculated, and similar results are 

achieved. According to reference (Guneysu & Schollenberger, 2017), the total volume of the 

core should be 344 liters (including the reflector gap, the core and the core bottom), where 

the reflector gap volume is 139 liters. By adding these volumes as constant values into Table 

3 and also including the lengths of the sections, the cross-sections for each section could be 
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calculated by a simple iteration. First, by calculating the average flow area for the reflector 

gap by dividing the volume of the reflector gap by its length. Then, the average area of the 

core bottom section should be a sum of the reflector gap area and the core area because there 

is no bundle wrapper in that section. The results of the average flow areas can be seen in 

Table 3. When the average flow area value of the core bottom equals with the calculated 

volume average area, the total model volume for the core (core + core bottom section) equals 

to 205 liters as it should do.  

Table 3. Corrected flow areas for the core section of the TRACE model. 

Core section Volume 

(m3) 

Length 

(m) 

Calculated  

volume avg. area 

(m2) 

Iteration for the 

volume avg. Area 

(m2) 

Core bottom 0.03227 0.44 0.07334755 0.07334755 

Reflector gap 0.139 4.25 0.03270588 
 

Core 0.17273 4.25 0.04064167 
 

Total 0.344 
   

 

The section volumes and cross-sections slightly vary from the results that are shown in Table 

2. An explanation for this difference could be the rod support plates and the instrumentation 

cables inside the core bottom, which displace volume as well. The volume average areas to 

the TRACE model are taken from Table 3, because the reference PKL volumes used in these 

calculations are verified by filling the PKL reactor with water. 

The hydraulic diameter calculation for the reflector gap 

The calculated values for the reflector gap are listed in Table 4. In these calculations the 

shielding sheets are not taken into account. The flow area for the reflector gap is taken from 

Table 3. The wetted perimeter is calculated from the plant drawings. The hydraulic diameter 

is calculated from equation 1.  

Table 4. The results of the reflector gap hydraulic diameter calculations. 

Volume 

(m3) 

Length 

(m) 

Flow 

area 

(m2) 

Din of 

vessel 

(m) 

Vessel 

inner 

per. (m) 

Bundle 

wrapper 

outer per. (m) 

Total wetted 

perimeter 

(m) 

DH 

(m) 

0.139 4.250 0.03271 0.324 1.0179 1.0073 2.0252 0.0646 
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Heat transfer of core 

The bundle wrapper between the core channel and the reflector gap and the vessel wall (with 

insulation material) between the reflector gap and surroundings are modelled with the heat 

structure components in the TRACE model. These heat structure components model the heat 

transfer from the core channel to the reflector gap and from the reflector gap to the 

surroundings. The same cell lengths are used in the heat structure components as in the pipe 

components depicting the core channel and the reflector gap. The thickness of the bundle 

wrapper is not given directly in the reports, but it was estimated from the drawings and core 

volumes. The resulting bundle wrapper thickness is around 3 mm.  

The shielding sheets are not modelled in the TRACE model due to a lack of information and 

it is considered to have a small effect on overall heat transfer from the core to the atmosphere 

The heater rods are modelled with three different heat structures. The divisions are done 

accordingly to the PKL facility radial heater zones which are shown in Appendix B. These 

heat structures depict the heater rods of three different zones. The power components in the 

TRACE model are linked to these heat structures. The surface multiplier is used in the 

TRACE program to achieve correct number of heat rods and correct heat transfer area for 

each zone. The heater rods are linked to the core hydraulic component, to heat up the primary 

side water that flows through the core. 

The axial power distribution for the heat structure components is modelled accordingly to 

Table 1. More about the power control of the power components is provided in chapter 4.4.4. 

Heater rod material 

The heater rod material was not given in the available reports. The different material zones 

for the heater rods are modelled accordingly to the available RELAP model of the PKL 

facility. The built-in stainless-steel material and nickel/chrome alloy is used in the heater 

rods. It is desirable to verify the used heater rod materials in the PKL facility and use the 

same materials in the TRACE model.  
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4.1.2 Lower plenum 

The LP construction of the PKL is shown in Appendix C. The LP is constructed of two 

horizontal DC pipe lap joint flanges and the vertical pipe part. The joints for the DC pipes 

are placed on the opposite directions of each other in the radial direction. The vertical part 

of the LP includes 314 extension tubes, instrumentation cables and flow distribution plates. 

The extension tubes that go through the LP affect only slightly to the transverse flow 

resistance. The longitudinal resistance, which is formed by these tubes is considered in the 

PKL facility by adjusting the size of flow distribution plate holes in such way that the same 

resistance could be achieved than in the reference reactor. The total volume of the LP is 134 

liters in the PKL facility. (Schollenberger & Dennhardt, 2016) 

The LP is modelled by three different pipe components in the TRACE model (see Figure 5). 

The vertical tube is modelled by one pipe component and the horizontal joints are modelled 

by own pipe components. 

The flow distribution plates are not modelled in TRACE model, but the flow resistance of 

these plates is taken into account with the pressure loss coefficients in the vertical tube. 

The extension tubes, cables, instrumentations and flow distribution plates displace volume 

from the LP. The volume displacement caused by the extension tubes is calculated in Table 

5. In addition, Table 5 shows the horizontal tube volumes (inlet joints) and the vertical tube 

volume before subtraction of the instrumentation-, cable- and flow distribution plate 

displacement volumes. 

Table 5. The lower plenum volumes without taking into account the instrumentation cables 

and the displacement volume of the flow distribution plates.  

Description Length 

(m) 

pcs Dout 

(mm) 

Din 

(mm) 

Outer 

area (m2) 

Inner 

area (m2) 

Total 

volume 

(m3) 

Extension 

tubes 

1.45 340 8 
 

0.000050 
 

-0.02478 

Vertical tube 1.45 1 392 360 
 

0.10179 0.14759 

Inlet joints 0.36 2 
 

204 
 

0.03269 0.02353 

Total 
      

0.14634 
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The verified LP volume in the PKL facility is 134 liters. As can be seen from Table 5, the 

total LP volume of 146 liters is not matching exactly with the volume of 134 liters due to the 

cables and flow distribution plates that are displacing 12 liters. By taking these into account, 

the real flow area for the vertical part of the LP can be calculated. The extension tubes have 

square lattice and the pitch of tubes is known as well, therefore the hydraulic diameter for 

the flow channel could be calculated. The cables and flow distribution plates displace 

volume only in the vertical tube section. This means that the flow area for the inlet joints are 

used as previously calculated. For the vertical part of the LP the results of the reduced flow 

area calculations are listed in Table 6. The flow area of the channel in Table 6 is the 

calculated flow area between four extension tubes. 

Table 6. The corrected flow areas for the lower plenum. 

Description Length 

(m) 

pcs Total 

volume 

(m3) 

Vol. avg. 

area 

(m2) 

Extension 

tubes 

pitch (m) 

Flow area 

of 

channel 

(m2) 

DH (m) 

Vertical 

tube 

1.45 1 0.1104 0.07618 0.0143 0.000154 0.02455 

Inlet joints 0.36 2 0.0235 0.03269 
  

0.204 

Total 
  

0.1340 
    

 

4.1.3 Upper plenum 

The drawings of the UP are shown in Appendix D and Appendix E. The UP part has a 

relatively complex geometry and because of that simplifications in the modelling are done. 

The UP internals consists of 18 smaller tubes that are hollow and water is not flowing inside 

them. However, the guide tube of the RPV level detector should be full of water during the 

operation due to the pressure equalizing holes in the guide tube.  

The internals are not directly modelled in TRACE, but they are taken into account in the 

flow area and volume modelling that the TRACE model volume matches with the PKL 

facility. The RPV level detector and the guide tube part is not modelled in TRACE, because 

the drawings were not accurate enough. 
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4.1.4 Upper head 

The construction of the UH in the PKL facility is shown in Appendix F. The UH has a 

cylindrical shape and it contains a shaft for the level detector, a guide funnel, a baffle ring 

and a top plate. The top plate locates between the UH and UP and it has nine holes with 29.2 

mm diameter.  The purpose of the top plate is to simulate pressure loss between the UH and 

UP caused by the internals. The UH has bypass connections to the top part of the DCV which 

are modelled by the four symmetrical pipelines. The bypass lines have orifices that simulate 

flow resistance of the bypass pipelines and their diameter can be changed by changing the 

orifices. (Schollenberger & Dennhardt, 2016) 

Figure 7 shows a nodalization of the UH, UP, and bypass pipelines. The UH internals are 

not modelled in the TRACE model but the displacing volumes caused by these internals are 

taken into account in the UH volume. However, the top plate between the UP and the UH is 

modelled by adding for the cell edge a specific flow area and corresponding hydraulic 

diameter (29.2 mm). The UH bypass lines are modelled as four symmetrical lines and their 

orifices are modelled by the diameter of 3.9 mm. These orifice plates are modelled by adding 

for the cell edge the corresponding flow area and hydraulic diameter (in the vertical part of 

the bypass tubes).  

 

Figure 7. The nodalization of the upper plenum, upper head and bypass lines between the 

upper head and the core downcomer vessel. 
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4.1.5 Downcomer 

The DCV construction of the PKL facility is shown in Appendix G. The upper part of the 

downcomer has an annulus shape vessel named as DCV, where all four CLs have 

symmetrical connections. The annulus of the DCV is connected to the LP with two 

downcomer pipes. The DCV has an annular manifold, which have two DN150 flanges for 

the downcomer pipe connections. In addition, the UH bypass lines to the DCV have 

symmetrical connections in the upper region of the DCV. (Schollenberger & Dennhardt, 

2016) 

The DCV is modelled in the TRACE model with two pipe components. The cross-section 

areas and hydraulic diameters for those components are calculated according to the 

geometric information of the reports. 

 

4.2 Primary side loops and components 

The primary side loops can be divided into following sections: RCPs, CLs, HLs, SG-inlets, 

SG-tubes, SG-outlets and pump seals. The pressurizer (PRZ) is connected to the hot leg of 

one loop with a surge line. Their modelling principles are otherwise relatively simple, only 

SG tubes, the PRZ and the RCPs require more detailed description.  

The nodalization of one loop is shown in Figure 8. The CLs, HLs, SG-inlets, SG-outlets, 

pump seals and surge line are modelled with pipe components according to the dimensions 

of the facility description report. All bends in the piping are taken into account by adding 

flow resistance factors close to the bend locations.  

 



37 

 

 

Figure 8. The nodalization of one primary side loop. 
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4.2.1 Reactor coolant pumps 

The system has four RCPs, one in each loop. The RCP parameters of the PKL facility are 

listed in Table 7. The RCPs in the PKL facility have cooling system, which is used to avoid 

the pump damage due to pump seal overheating during the operation. 

Table 7. Parameters of the PKL reactor coolant pumps. (Schollenberger & Dennhardt, 2016) 

Parameter Value Unit 

Delivery 120 [m3/h] 

Total delivery head 90 [m] 

Net Positive Suction Head (NPSH) 3 [m] 

Design pressure 50 [bar] 

Design temperature 250 [°C] 

Operating pressure 45 [bar] 

Rotational speed 2950 [rpm] 

Required drive power 42 [kW] 

 

The nodalization of the RCP, CL and separate pump cooling circuit is shown in Figure 9. 

The pumps are modelled by using specific pump component in TRACE. The cooling 

systems of the RCPs are modelled by combining the modelled separate cooling circuit pipe 

with the pump component via heat structure component. The heat removed from the pump 

to the cooling circuit is adjusted accordingly to the results of heat loss experiments and the 

results are provided in chapter 6. 
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Figure 9. The nodalization of the cold leg, reactor cooling pump and cooling circuit. 

 

The simple pump model in the TRACE code does not need all the detailed pump data. 

However, the pump data that was available in the PKL facility description was added to the 

model. The pump performance curve was not available during this modelling process so, it 

is not modelled in the TRACE pump model. In other words, the required pumping power for 

different flow rates cannot be obtained from the calculations. 

The required main parameters of the PKL pumps and calculated efficiency and torque of the 

pump are listed in Table 8. In addition, the required rated head is calculated by multiplying 

the pump head with the gravitational acceleration and it is showed in Table 8 as well. 
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Table 8. The main design parameters of the reactor coolant pumps. 

Definition Value Unit Abbrev. 

Gravitational acceleration 9.81 [m/s2] g 

Pump head 90 [m] h 

Rated rotational speed 2950 [rpm] N1 

Rated rotational speed 49.17 [1/s] n 

Rated angular velocity 308.92 [rad/s] 𝜔 

Pump power at the best efficiency 42 [kW] P 

Rated volumetric flow 120 [m3/h] qv 

Density (45 bars, 250 °C) 799.5 [kg/m3] 𝜌 

Pump efficiency 56.0 [%] 𝜂 

Pump torque 135.96 [Nm] 𝜏 

Rated head 882.90 [m2/s2]   

 

The moment of inertia of the RCP is estimated for the TRACE pump model and, if more 

detailed studies regarding to the pump are carried out by this model, the correct value for it 

should be requested from the pump manufacturer or calculated according to the information 

available in literature. 

 

4.2.2 Steam generator tubes 

The PKL facility consists of four vertical SGs which have inverted U-tube bundle. The SG-

tubes have seven different heights. The construction is shown in Appendix H. Total amount 

of tubes comes from the volume scaling factor 1:145, resulting in 28 tubes totally. The 

diameter of the tubes is same as in the reference reactor. The heights of the tubes are 

modelled in the PKL facility roughly as in the real reference plant. Shortest and longest tubes 

in the bundle have exactly same height as in the reference reactor and middle height tubes 

are constructed proportionally to achieve the correct scaled volume. (Schollenberger & 

Dennhardt, 2016) 

The cross-section view of the SG is shown in Figure 10. The arrangement of tubes looks 

complex due to fillers that are used to gain a correct scaled down volume for the secondary 

side. These fillers are excluded from the TRACE model but the correct secondary side 

volume is modelled by using the volume tables from where the correct cross-sections could 

be calculated. The information about the filler materials were not given in the reports. Thus, 
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the information of the fillers heat storing capacity cannot be known. The stored heat in the 

fillers might have influence on the secondary side temperature during transient calculations. 

 

 

Figure 10. The cross-section view of the steam generator tube bundle. The grey areas in the 

figure represents the fillers. (Schollenberger & Dennhardt, 2016) 

 

In the PKL facility the SG-tubes have seven different heights. Therefore, the SG-tubes are 

modelled by seven tubes in the TRACE model. One purpose why all the tubes are not lumped 

to one tube in the model is, for example, that the more accurate calculation of the SG tube 

bundle uncovering due to secondary side water level decrease could be achieved. Another 

important reason is that on NC short and long tubes could behave totally differently, reverse 

flow could occur in some tubes, while at the same time flow could increase in other tubes. 

In order to model this correctly by the system codes, it requires that the tube lengths are 

modelled correctly and lumping is done properly. 
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All 28 tubes of the PKL steam generator are modelled in the TRACE model. The inner 

diameter and the wall thickness are set in the model as in the PKL facility. The nodalization 

from the SG-tubes can be seen in Figure 8. The primary side and the secondary side cell 

lengths in the riser area are modelled mainly by using the same cell lengths. This simplified 

the linking of the primary and secondary sides with heat transfer components. The SG-tube 

heights are modelled almost exactly as in the PKL facility. The tube bends are not modelled 

precisely, which is making small difference between the TRACE model and the PKL facility. 

The modelled geometry parameters are shown in Table 9. The corresponding tube numbers 

can be seen in Figure 10.  

The tubes in the PKL facility can be divided into seven different groups according to the 

tube heights. In the TRACE model the tubes are lumped according to this division. Thus, the 

TRACE model consists of seven different hydraulic pipe components with different heights 

depicting the tube bundle. 

Table 9. The modelled parameters for the primary side steam generator tubes. 

Tube 

group 

Tube 

number 

Lumped 

tubes (pcs) 

Height to 

the apex (m) 

Tube 

øin (m) 

Flow area 

(m2) 

Total 

length (m) 

Model 

vol. (m3) 

1 1-6 6 8.288 0.0196 0.0003017 99.987 0.0302 

2 7-11 5 8.625 0.0196 0.0003017 86.778 0.0262 

3 12-17 6 8.962 0.0196 0.0003017 108.280 0.0327 

4 18-22 5 9.299 0.0196 0.0003017 93.689 0.0283 

5 24-25 2 9.636 0.0196 0.0003017 38.858 0.0117 

6 27-28 2 9.973 0.0196 0.0003017 40.240 0.0121 

7 29-30 2 10.31 0.0196 0.0003017 41.622 0.0126 

Total 
 

28 
   

509.455 0.1537 

 

4.2.3 Pressurizer 

The PRZ is a cylindrical vessel that has a spraying system at the top part and electrical 

heaters, which are connected to the bottom part of the PRZ. The PRZ heaters are external 

and their powers and dimensions are not given in the report. They are located in the separate 

loop, which is connected to the PRZ. The PRZ is connected to the HL of loop 2 via surge 

line. The PRZ operation principle is to keep pressure nearly at constant level by controlling 

pressure with previously mentioned heaters and sprayers. Main parameters of the pressurizer 

are as follows (Schollenberger & Dennhardt, 2016) : 

 Outside diameter     250 mm 
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 Inside diameter     220 mm 

 Volume      0.502 m3 

 Height of PRZ      ca. 13.5 m 

 Maximum allowed operation temperature  300 oC 

 Maximum allowed operation pressure  80 bar 

 

The TRACE nodalization of the PRZ is shown in Figure 11. The PRZ and the surge line is 

modelled by pipe components. The heaters are modelled in TRACE by creating the heat 

structures in cells 1 and 2 with power components, even though the heaters are in external 

circuit in the test facility. It is thought that the approximately same plant operation can be 

achieved with this simpler configuration. However, by doing this approximation local 

phenomena related to the PRZ might not be studied correctly by this model. The reason for 

this simplification is that the exact drawings from the external heating circuit were not 

available during the modelling phase.  

The actual sprayers are not replicated in the model but their function are reproduced by 

modelling water injection with a Fill component.  

When the PRZ initial conditions is set to the TRACE model accordingly to the start of test 

conditions (then already in hot conditions, no steep temperature gradients expected). The 

PRZ water mixing were achieved in calculations. This phenomenon could be seen when the 

heaters are turned on, then from the bottom cell of the PRZ to the upper cells, mass flow 

peak could be seen. This mass flow caused some water mixing during the calculations. In 

addition, temperature differences between the cells that were full of water were less than 1 

oC during the calculations. If the PRZ would not be working as intended in these calculations, 

then remarkably higher temperature differences would be obtained during the calculations. 

This would be due to insufficient heat transfer between the cell edges. However, the 

functioning of the PRZ in steep temperature changes were not tested during this thesis. It is 

likely that the water mixing in the PRZ is not as efficient as in the PKL facility when 

transients are studied in the PRZ. Then re-nodalization should be considered to improve 

water mixing in the PRZ. 
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Figure 11. The pressurizer and the surge line nodalization. 

 

4.3 Secondary side 

The construction of the PKL SG is shown in Appendix H. The SG consists of the riser, steam 

dome, annular down comer, external down comer pipes, feed water inlet and the steam outlet 

flanges. 

Each of the four SGs in the PKL test facility have a separate main steam, feed water, 

emergency feed water piping and steam generator blowdown system. The main steam piping 

system contains the relief valve and control valves. The feed water piping system supply 

feed water to the SGs during the operation to control the SG water level. This feed water 

piping system have control valves, check valves and manual isolation valves. The main 

steam lines are connected to the top flange of the PKL SG at elevation +14.011 m (measured 
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from the bottom of the SG). The feed water inlet is at elevation +10.680 m. (Schollenberger 

& Dennhardt, 2016) 

The construction of the SG nodalization in the TRACE model is shown in Figure 12. The 

bottom riser part is modelled with same cell lengths than the SG tubes, because then the 

linking of the primary and secondary side with heat structure components is easier in the 

TRACE program. The upper riser part is modelled mostly with same cell lengths than the 

SG tubes. The top parts of the SG tubes are divided into smaller cells, to ease the linking of 

the primary and the secondary side. 

The cross-section areas for the riser pipe are determined by using the volume-height graph, 

which is presented in Appendix I. The final cross-section areas and volumes for the 

secondary side riser part are shown in Table 10. The riser pipe volume in the TRACE model 

is same as in the PKL facility. 

Table 10. The calculated cross-section areas and volumes for the SG riser. 

Riser 

Section 

Elevation 

change (m) 

Height of 

section(m) 

Volume of 

section (m3) 

vol. avg. area of 

section (m2) 

1 0.000 - 4.310 4.310 0.185 0.042923 

2 4.310 - 8.195 3.885 0.167 0.042986 

3 8.195 - 10.325 2.130 0.216 0.101408 

4 10.325 - 12.470 2.145 0.112 0.052214 

Total 
  

0.680 
 

 

The steam and feed water lines are not modelled in this TRACE model. The relief and control 

valves are not modelled either. The steam extraction and the feed water injection are 

modelled simply by adding boundary conditions in the TRACE model to control the SG 

pressure and feed water injection. The feed water injection is modelled by using the Fill-

component in the TRACE model. The steam extraction is modelled in the TRACE model by 

adding the Break-component above the steam dome to adjust the pressure of the secondary 

side. The controlling principles of these components are provided in chapter 4.4. 
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Figure 12. The steam generator secondary side nodalization. 
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Heat transfer of steam generator 

The secondary side of the SG is linked to the primary side with heat structure components 

in the TRACE model, modelling the heat transfer between the primary and secondary side. 

The nodes of the SG tubes are connected with the heat structure components to the nodes of 

riser pipe at the same elevation. At the top of the riser only the highest tubes are present and 

at the bottom of the riser all seven tubes are present. This means that at the top of the riser, 

only highest tubes are transferring heat to water and likewise at the bottom of the riser, all 

tubes are transferring heat to water. 

The upper section of the riser is connected with the heat structure component to the annular 

downcomer, thus modelling the heat transfer from the riser to the downcomer. The steam 

dome is modelled as a single pipe and it is connected with the funnel to the downcomer. The 

annular downcomer section and DCTs are modelled with pipe components in the TRACE 

model. The DCTs are external tubes, thus their heat losses are modelled via the tube wall 

and insulation material directly into surroundings. 

The hydraulic diameter for the secondary side steam generator 

The exact dimensions for the tube arrangement were not given in the facility description 

report. The tube pitch is measured by the ruler from Figure 10. The SG tubes have a triangle 

lattice and the measured pitch is 30 mm. The calculated hydraulic diameter for the secondary 

side of the tube bundle is then 0.0231 m.  

This uncertainty of the tube arrangement will affect to the heat transfer calculations from the 

primary side to the secondary side. This effect could be studied afterwards more when the 

functioning of the model is tested. If the heat transfer between the primary and secondary 

side will not match with the experimental results, then this can be considered as a possible 

error source. 

 

4.4 System controls 

In the TRACE program it is possible to model a vast amount of different system controls 

that can be used to replicate behavior of the system controls from an actual plant or a test 

facility. The TRACE program has a vast amount of different control logic components, 
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including control blocks, trips and signal variables. This chapter shows the main system 

controls that are used in the PKL model. 

 

4.4.1 Pump control 

The pump control logic is shown in Figure 13. The MFLOWZ is the signal component that 

gives the mass flow from the user-specified cell edge of the model during a calculation. The 

Function component is used to set a user-specified time-related mass flow values for the 

pump. The PI-controller component adjusts the calculated parameters to the desired values 

determined by the function component. The output parameter of this PI-controller has to be 

linked to the pump rotational speed controller in the TRACE program. In addition, the Trip 

(-1353 in Figure 13) component is used to shut down the pump at a user-specified time. This 

command can be used to initiate the pump shutdown. The TIMEOF component gives the 

time during the calculation. 

 

Figure 13. The pump control logic in the TRACE model. 

 

4.4.2 Steam generator control 

In the SGs of the TRACE model the water level of the secondary side is controlled by the 

feed water control logic. The control logic for the secondary side water level control is shown 

in Figure 14. This water level control system is established by creating a Function 

component (Function-1501), where the water level is set over the whole calculation time. 

The PI-controller component (PI-1502) is used to adjust the model water level to match with 

the desired water level from the Function component. This PI-controller output parameter is 

linked directly to the Fill component which is a boundary condition for feed water. The 
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signal of the secondary side water level (Sum-1002) is also connected to the PI-controller. 

The collapsed water level signals (VOLLEV-signals in Figure 14) are used in TRACE to 

define the water levels during the calculations. When the water level decreases below the 

defined level in the Function component due to boiling, the Fill component will start to feed 

water to the secondary side. All set points and water levels can be chosen freely by the user. 

 

Figure 14. The steam generator water level control logic in the secondary side. 

 

The Break component is used to control the secondary side pressure. This component 

controls the boundary pressure of the secondary side and, thus, the secondary side pressure. 

User can set this pressure as a function of calculation time in the Break component. 

 

4.4.3 Pressurizer control 

The PRZ needs control logics in the TRACE model to control the water level of the PRZ 

and the PRZ heaters. The PRZ water level control is constructed in similar way than for the 

SGs. This control logic is shown in Figure 15. The collapsed water level signal variable 

(VOLLEV-2850) is used to define the water level of the pressurizer during the calculations. 

The constant control block is used as a user input value, where the wanted water level is set 

during the calculation. The PI-controller is used to adjust the PRZ water level to the user 

desired water level during the calculation. The PI-controller output parameter is connected 

to the Fill-component which injects water to the PRZ. In other words, when the PRZ water 

level decreases under some user specified value defined in the control block, the Fill 
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component starts to inject water to the PRZ. If the water level increases above the user-

specified value, the Fill component starts to discharge water from the PRZ. 

 

 

Figure 15. The pressurizer water level control logic. 

 

The PRZ heaters are controlled by the pressure limits which the user is specified to the 

model. The main principle of the control logic of the heaters is that they turn on when the 

user-specified lower pressure limit is reached, and they turn off automatically when the user-

specified upper pressure limit is reached. The pressure decreases in the PRZ due to heat 

losses and the heaters are needed to boil nearly saturated water to increase the system 

pressure. This control logic causes some pressure fluctuation in the PRZ depending on the 

user specified pressure limits, see Figure 16. 
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Figure 16. Pressure variations in the pressurizer during the calculation. 

 

The technical information of the heaters in the PKL facility was not available during this 

project. Thus, some presumptions had to be made in order to construct a control logic for the 

PRZ heaters. Three different heaters are modelled with separate heat structure components 

in the TRACE model with the powers of 5 kW, 10 kW and 20 kW. Each of the heater (heat 

structure component) is connected to its own trip component (see Figure 17) which defines 

the upper and lower pressure limits when the heater is on or off. The purpose of this kind of 

system is to adjust the heaters to work on different pressure ranges that one or two heaters 

(5 kW and 10 kW) can be used for fine tuning to compensate the heat losses of the PRZ at 

full power while the third one (20 kW) is over sized to heat up the PRZ faster at the beginning 

of the calculation. Each trip component is connected to the PRZ pressure signal of the model 

which is taken from the upper cell of the PRZ, where saturated steam is presence. 
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Figure 17. The trip controllers for the pressurizer heaters in the TRACE model. 

 

4.4.4 Core power control 

The core heat structures (i.e. heater rods) in the TRACE model are divided into three 

different channels as was mentioned in chapter 4.1.1. For this reason, the core input powers 

for the power components are divided into three different input functions. This control logic 

for the core power is shown in Figure 18. The time-related power inputs are inserted into 

Function components by the TRACE user. The Function components give power inputs to 

the different power components in the TRACE model, then power components give powers 

to the core heat structures. 

 

Figure 18. The core power control in the TRACE model. 
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In the PKL test facility, there are 314 electrical heaters with 8 kW power, resulting the total 

power as 2512 kW, which need to be divided accordingly to the actual radial zones. Meaning, 

that the maximum powers for the different zones are as follows: 

𝑃𝑚𝑎𝑥𝑖𝑛𝑛𝑒𝑟 𝑧𝑜𝑛𝑒 = 63 × 8 𝑘𝑊 = 504 𝑘𝑊 

𝑃𝑚𝑎𝑥𝑚𝑖𝑑𝑑𝑙𝑒  𝑧𝑜𝑛𝑒 = 118 × 8 𝑘𝑊 = 944 𝑘𝑊 

𝑃𝑚𝑎𝑥𝑜𝑢𝑡𝑒𝑟 𝑧𝑜𝑛𝑒 = 133 × 8 𝑘𝑊 = 1064 𝑘𝑊 

These maximum power input values cannot be exceeded, because the heat transfer surface 

multipliers are modelled accordingly to the PKL core zone divisions (see Appendix B) in the 

TRACE model. 

 

4.5 Verification of model volumes 

The comparison tables for the primary and secondary side volumes of the TRACE model 

and the PKL facility are presented in Table 11 and Table 12, respectively. The volumes of 

the PKL facility is taken from the report (Guneysu & Schollenberger, 2017). For the primary 

side, the volume divisions in the TRACE model are almost same as in the PKL report. Only 

exception is that the HL and the SG-inlet volumes are combined as one in the volume 

comparison table due to the used nodalization divisions. The secondary side volume 

comparison is based on the previously mentioned report. The volumes of individual parts of 

the secondary side are calculated from the height-volume graphs, because the accurate 

volume tables for the different parts of the SG were not available. 

 

4.5.1 Primary side volume verification 

The primary side volume in the PKL facility is verified by filling the facility with water and 

then measuring the water volume. The total volume of the primary side in the PKL facility 

is 3270 liter. 
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Table 11. The comparison of the primary side volumes between the PKL facility and the 

TRACE model. 

Component Individual 

PKL volume 

[m3] 

PCS PKL Total 

Volume 

[m3] 

Individual 

Model 

volume [m3] 

Model 

Total 

Volume 

[m3] 

Difference 

[%] 

DCV + DCT 0.389 1 0.389 0.4015 0.402 3.12 

LP 0.134 1 0.134 0.1340 0.134 0.00 

Core 0.205 1 0.205 0.2050 0.205 0.00 

Reflector Gap 0.139 1 0.139 0.1390 0.139 0.00 

UP 0.313 1 0.313 0.3171 0.317 1.28 

UH 0.123 1 0.123 0.1213 0.121 -1.41 

HL + SG-inlet 0.094 4 0.374 0.0945 0.378 1.06 

SG-outlet 0.050 4 0.200 0.0496 0.199 -0.74 

SG  tubes 0.155 4 0.620 0.1537 0.615 -0.84 

Pump Seal 0.040 4 0.158 0.0389 0.156 -1.51 

RCP 0.008 4 0.032 0.0113 0.045 29.08 

CL 0.015 4 0.060 0.0148 0.059 -1.14 

PRZ 0.508 1 0.508 0.5124 0.512 0.78 

Surge Line 0.014 1 0.014 0.0141 0.014 -0.18 

Total 
  

3.270 
 

3.296 0.80 

 

As can be seen from Table 11, the volumes in the TRACE model have high accuracy and 

almost all of the section volumes are modelled precisely. The highest relative difference is 

between the RCP components. The RCP has a complex inner geometry, which is modelled 

with a simple geometry in the TRACE model by modelling both connection flanges same 

sized as in the PKL facility. Obviously, an impeller, suction plates etc. displace volume 

inside the RCP that could not be modelled in the TRACE model. The second highest relative 

error comes from the DCV model. This error can be justified by the HL pipe penetrations 

through the DCV that could not be modelled in the TRACE model. These two components 

have the biggest absolute errors but those effect to the total volume of the primary system is 

relatively small. The overall relative error is about + 0.8 %, resulting that the model total 

volume is 26 liters higher than in the PKL facility. 
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4.5.2 Secondary side volume verification 

Only the total volume of the secondary side SGs is given in the PKL reports directly. To 

obtain more comprehensive volume data of the secondary side SGs, a volume table where 

different components are separated is constructed. As a support data, Appendix I shows the 

PKL facility volume changes in the SG secondary side accordingly to the elevation change. 

From this height-volume graph, the PKL component volumes are calculated. The 

comparison of the volumes between the PKL facility and the TRACE model is shown in 

Table 12. According to the Table 12 the secondary side volumes in the TRACE model are 

modelled accurately by relatively low deviations compared to the PKL facility. 

Table 12. The comparison of the steam generator secondary side volumes between the PKL 

facility and the TRACE model. 

Component  Individual 

PKL volume 

[m3] 

PCS PKL Total 

Volume 

[m3] 

Individual 

Model 

volume [m3] 

Model 

Total 

Volume 

[m3] 

Difference 

[%] 

Riser part 1 0.352 1 0.352 0.352 0.352 -0.07 

Riser part 2 0.216 1 0.216 0.216 0.216 0.00 

Riser part 3 0.112 1 0.112 0.112 0.112 0.00 

Downcomer 

(annular) 

0.185 1 0.185 0.185 0.186 0.47 

DCT of SG 0.105 1 0.105 0.104 0.104 -0.83 

Steam Dome 0.486 1 0.486 0.486 0.486 0.00 

Total 
  

1.456 
 

1.456 -0.02 
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5 VALIDATION OF PRESSURE LOSSES 

 

Next step is to validate pressure losses for the whole TRACE model of the PKL facility. The 

method for this validation process is chosen accordingly to the determination of pressure 

losses report (Schollenberger & Umminger, 2006). Two reference experiments are 

calculated with the TRACE model. The reference experiments are called as DRUV 1 and 

DRUV 2. 

The first experiment is calculated to obtain the standby RCP pressure losses, where the 

butterfly valve (BV) is closed during the simulation. The BV is located in the loop seal, right 

before the RCP inlet (see Figure 9 (suction line valve)). When the BV is closed, 24 % of the 

modelled flow area in the TRACE model remains open. The BV is closed in the PKL facility 

when the NC cases are simulated. The purpose is to simulate standby pump pressure losses 

of the reference facility. This experiment is called as DRUV 1 and same name is used in the 

TRACE calculation. 

The second experiment is calculated to obtain pressure losses for the higher mass flows. This 

experiment is called as DRUV 2 and same name is used in the TRACE calculation. During 

this calculation the BV valve remains open. 

The idea in the pressure validation calculations is to run RCPs with various mass flows to 

acquire correct pressure losses for different sections of the model with different mass flows, 

by tuning the pressure loss coefficients for the different sections in the TRACE model. The 

validation process is started by choosing first the proper loss coefficients from the 

bibliography and then fine tuning of the loss coefficients is done comparing the calculated 

pressure losses to the results of the pressure loss experiments conducted with the PKL 

facility. 

 

5.1 Pressure measurement sections 

It is essential that the pressure measurement division is similar in the TRACE model than in 

the PKL facility that the calculated results by the TRACE code are comparable with the 

experimental results. Figure 19 shows the section division in the PKL facility. The 

nodalization of the TRACE model is done as accurately as possible by taking into account 
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the pressure measurement locations of the PKL facility. Nonetheless, the section divisions 

in the TRACE model might not be exactly in the same position, because of the lacking 

information in the facility drawings. This might have small influence for the pressure losses 

compared with the experimental results, which should be borne in mind when comparing the 

experiment results to the calculated results by the TRACE model. 

 

Figure 19. The pressure measurement sections in the PKL test facility. (Schollenberger & 

Umminger, 2006) 

 

5.2 Pressure measurements 

The building of the pressure loss signals for the TRACE model was not discussed in chapter 

4. It is more convenient to explain the used method shortly in this chapter. The principle of 

the pressure measuring is good to describe more specifically before the calculation and 

experiment results are compared.  
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Figure 20. The hot leg pressure measurement in the PKL facility. (Schollenberger & 

Umminger, 2006) 

 

As an example, the pressure loss measurement of the HL in the PKL facility is shown in 

Figure 20. Pressure difference caused by the friction and the geodetic pressure can be 

calculated from the following equation: 

∆𝑝𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑝4 − 𝑝5 =     ∆𝑝𝑔𝑒𝑜𝑑𝑒𝑡𝑖𝑐 +  ∆𝑝𝑓𝑙𝑜𝑤    (2) 

where ∆𝑝𝑓𝑙𝑜𝑤 depicts the pressure losses caused by the friction effects. 

The idea is to compare the friction losses between the PKL facility and the TRACE model. 

Thus, the effect from the geodetic pressure that is caused by the hydrostatic pressure of the 

water column need to be excluded from the comparison. In the PKL tests this effect was 

removed by calibrating the pressure sensors with equally sized water columns, that the 

sensors show zero when facility is filled with static water. 

In order to be able to compare results between the experimental results and the TRACE 

model results, same logic is built in the model that reduces the amount of pressure caused 

by the water column. For the each section, similar calculation procedure is constructed. From 



59 

 

the component inlet pressure, the outlet pressure of the specific component is subtracted, 

then subtracting the geodetic pressure of the previous calculation, then friction losses can be 

obtained directly from the model. The functioning of this logic can be tested by filling the 

TRACE model with static cold water (20 °C) and then checking the results of the pressure 

differences. The pressure difference values should be zero, because the RCPs are not 

operation and there would not be any flow that causes the friction losses. If the calculation 

results show some deviations from the zero, the geodetic pressure calculations could be 

checked from the following equation: 

∆𝑝𝑔𝑒𝑜𝑑𝑒𝑡𝑖𝑐 =    𝜌𝑔∆ℎ      (3) 

where water density (𝜌)  is set for the already mentioned temperature level (20 °C). The (g) 

depicts the gravitational force (g = 9.81 kg/s2) and the (∆ℎ) is the height difference between 

the pressure measurement sensors. This measuring logic can be used to verify pressure losses 

of the facility in cold conditions, but these calculation blocks should not be believed in hot 

conditions because water density will change when its temperature rises.  

 

5.3 Core bypass flow in the reflector gap 

During the pressure loss adjusting in the TRACE model, the core bypass flow in the reflector 

gap was adjusted by changing the K-factor for the cell edge at the bottom of the reflector 

gap. The 1 % of the total primary side mass flow should flow through this reflector gap as 

were mentioned in chapter 4.1.1. In the TRACE model with the mass flow of 39.5 kg/s per 

RCP, the resulting mass flows in the reflector gap and the core are as follows: 

 Core = 156.34 kg/s 

 Reflector gap = 1.51 kg/s 

The mass flow in the reflector gap is corresponding 0.96 % of the total mass flow through 

the core. 

 

5.4 Procedure and boundary conditions of DRUV 2 calculation 

The boundary conditions are taken from the reference PKL DRUV 2 experiment. The used 

boundary conditions in DRUV 2 TRACE calculation are as follows: 



60 

 

 All four loops are used in pressure loss calculations 

 Core power is off 

 RCPs mass flow rates are increased stepwise from 5.0 kg/s up to 25 kg/s. Mass flow 

increase in each step is 2.5 kg/s 

 Water temperature in the primary side is set as 20 °C 

 Initial pressure was set as 9 bar (for all cells) 

 Time for each mass flow step is set as 300 s 

 PRZ is isolated in the calculations (the surge line valve is closed) 

 BV valve is open during the calculation 

The pressure losses are defined in the TRACE model with single calculation run, where the 

overall calculation time is 2700 s. The primary side mass flow is changed by every 300 s. 

This procedure is chosen to reduce the number of runs needed to obtain results. The used 

mass flows in the DRUV 2 calculation according to the problem time are provided in Table 

13. 

Table 13. Mass flow rates during the TRACE DRUV 2 calculation. 

No Mass flow per 

loop (kg/s) 

Time of mass flow 

step (s) 

Calculation 

time (s) 

1 5 300 0 

2 5 300 300 

3 7.5 300 300 

4 7.5 300 600 

5 10 300 600 

6 10 300 900 

7 12.5 300 900 

8 12.5 300 1200 

9 15 300 1200 

10 15 300 1500 

11 17.5 300 1500 

12 17.5 300 1800 

13 20 300 1800 

14 20 300 2100 

15 22.5 300 2100 

16 22.5 300 2400 

17 25 300 2400 

18 25 300 2700 
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Figure 21 presents the pressure difference over the RCP during the DRUV 2 calculation. By 

adjusting the mass flow rates of the RCPs as shown in Table 13, the pressure differences will 

not reach immediately the steady state values. After the mass flow is changed to the next 

value, the next steady state is reached about 100 s later. Because of this, all values for the 

pressure differences are taken from the end of each mass flow time step. 300 s mass flow 

time step seems to be long enough that the pressure differences will stabilize well. 

 

Figure 21. The pressure difference over the reactor coolant pump during the DRUV 2 

calculation. 

 

5.5 Results of DRUV 2 pressure loss calculation 

DRUV 2 calculation results are provided for each pressure section that were already shown 

in Figure 19. The results are shown from Figure 22 to Figure 28. The TRACE values should 

be inside the error margins of the experiment results, specified in the pressure loss report 

(Schollenberger & Umminger, 2006). The tabulated results are provided in Appendix J, 

where the numerical values of the following figures can be seen.  
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Figure 22. Pressure loss over the reactor coolant pump in the DRUV 2 calculation. 

 

 

Figure 23. Pressure loss the over cold leg in the DRUV 2 calculation. 
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Figure 24. Pressure loss over the reactor pressure vessel in the DRUV 2 calculation. 

 

 

Figure 25. Pressure loss over the hot leg in the DRUV 2 calculation. 
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Figure 26. Pressure loss over the steam generator in the DRUV 2 calculation. 

 

 

Figure 27. Pressure loss over the loop seal in the DRUV 2 calculation. 
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Figure 28. Pressure loss over the butterfly valve in the DRUV 2 calculation. 
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5.6 Procedure and boundary conditions of DRUV 1 calculation 

The boundary conditions are taken from the reference PKL DRUV 1 experiment. The used 

boundary conditions in the DRUV 1 TRACE calculation are as follows: 

 All four loops are used in pressure loss calculations 

 Core power is off 

 RCPs mass flow rates are increased stepwise from 0.8 kg/s up to 3.6 kg/s. Mass flow 

increase in each step is 0.4 kg/s 

 Water temperature in the primary side is set as 20 °C 

 Initial pressure was set as 9 bar (for all cells) 

 Time for each mass flow step is set as 300 s 

 PRZ is isolated in the calculations (the surge line valve is closed) 

 BV valve is closed during the calculation 

The pressure losses are defined in the TRACE model with single simulation run, where the 

overall calculation time is 2400 s. The primary side mass flow is changed by every 300 s. 

The used mass flows in the DRUV 1 calculation according to problem time are provided in 

Table 14. 

Table 14. Mass flow rates during the TRACE DRUV 1 calculation. 

No Mass flow per 

loop (kg/s) 

Time of mass flow 

step (s) 

Calculation 

time (s) 

1 0.8 300 0 

2 0.8 300 300 

3 1.2 300 300 

4 1.2 300 600 

5 1.6 300 600 

6 1.6 300 900 

7 2.0 300 900 

8 2.0 300 1200 

9 2.4 300 1200 

10 2.4 300 1500 

11 2.8 300 1500 

12 2.8 300 1800 

13 3.2 300 1800 

14 3.2 300 2100 

15 3.6 300 2100 

16 3.6 300 2400 
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5.7 Results of DRUV 1 pressure loss calculation 

The results of the DRUV 1 calculation are shown in Figure 29 to Figure 35. The tabulated 

results are provided in Appendix J, where the numerical values of the figures can be seen. 

 

 

Figure 29. Pressure loss over the reactor coolant pump in the DRUV 1 calculation. 
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Figure 30. Pressure loss over the cold leg in the DRUV 1 calculation. 

 

 

Figure 31. Pressure loss over the reactor pressure vessel in the DRUV 1 calculation. 
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Figure 32. Pressure loss over the hot leg in the DRUV 1 calculation. 

 

 

Figure 33. Pressure loss over the steam generator in the DRUV 1 calculation.  
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Figure 34. Pressure loss over the loop seal in the DRUV 1 calculation. 

 

 

Figure 35. Pressure loss over the BV in the DRUV 1 calculation. 
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5.8 Analysis of the pressure loss calculation results 

During the DRUV 2 calculation primary side inventory was heated up in the experiments 

from 17 °C to 20.4 °C (Schollenberger & Umminger, 2006). This heating-up is neglected in 

TRACE calculations. This effect to density is almost insignificant and its effect to the 

pressure losses could be calculated from the density change due to water inventory heat-up. 

The water density at 17 °C is 998.73 kg/m3 and at 20 °C is 998.16 kg/m3. 

The corresponding maximum error percentage is at the beginning of the DRUV 2 test, where 

the temperature difference is on its maximum level (constant 20°C was used in TRACE 

simulations). The resulting maximum error in densities is +0,057 %. This error is 

insignificant compared to the given error margins in the PKL pressure loss tests. 

In the DRUV 2 TRACE calculation, the biggest difference compared with the experimental 

results is in the CL section (section 2-3). The pressure sensor locations over the CL (Section 

2-3) are not given in the facility drawings. Thus, the length between sensors might not be 

exactly same in the TRACE model than in the experimental facility. This might have an 

impact on the results of the TRACE pressure loss calculations. This CL piping part is 

relatively short and has only one elbow, thus the friction loss might cause the highest share 

of the total pressure loss. 

The DRUV 1 calculation results are out of the experimental error bounds in the CL, HL and 

RPV areas, but still the absolute differences between the experimental results and the 

TRACE calculations are relatively small. Probably the local differences come from the 

pressure sensor locations, which were not always given accurately in the facility drawings. 

The total pressure losses over the standby RCP are modelled well. 

Nevertheless, it can be said that the pressure losses in the TRACE model matches well with 

the experimental results with these mass flow rates.  
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6 VALIDATION OF HEAT LOSSES 

The validation of heat losses in the TRACE model is essential to achieve accurate calculation 

results. It is good to borne in mind that the used code for calculations is 1D code, thus some 

adjustments are done for heat structure components that the heat losses in the TRACE model 

match with the experimental heat losses. In this chapter these adjustments are explained in 

order that the reader get an idea why it is necessary to adjust thermal conductivities of 

materials in some areas.  

The insulation thicknesses of the PKL facility are not given in the reports that were available 

during this thesis. Furthermore, some flange dimensions were missing too. For that reason, 

the insulation thicknesses for the TRACE model are chosen as 80 mm and 100 mm varying 

between different components. Smaller pipes are modelled with 80 mm thickness and larger 

pipes with 100 mm thickness. Different insulation materials for different parts of the 

nodalization are used in the TRACE model in order to adjust heat losses for specific parts 

separately by tuning the thermal conductivity values of insulation materials. This is done 

because of the complex shapes in some parts of the facility. For instance in the core section 

the number of horizontal flange joints is large and there might be some “heat leakage” caused 

by metal walls in the intersection points of these flange joints. The heat losses of these 

complex shapes are adjusted by changing the thermal conductivity of insulation materials or 

insulation thicknesses that the heat losses of the PKL facility could be conserved in the 

TRACE model. As a conclusion, this adjustment is done for the RPV vessel section, SG 

secondary side and the pump cooling system. The normal pipe component insulations are 

modelled with the thermal conductivity values that are close to the actual thermal 

conductivity of a mineral wool (i.e. insulation material). 

 

6.1 Boundary conditions for heat loss calculations 

The PKL test facility heat losses can be found from the Determination of Heat Losses in the 

PKL 3 Test Facility (Schollenberger & Mull, 2006) report. This report is used in the 

determination of heat losses for the TRACE model and the comparison is based on the given 

heat losses for different sections. The report includes total heat losses for the temperatures 

of 60 °C, 100 °C, 150 °C and 250 °C. The report has comprehensive heat loss distribution 

tables for different parts of the facility for temperatures of 65-90 °C and 250 °C. The heat 
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losses for the temperatures of 65-90 °C were calculated in the reference report accordingly 

to the temperature measurements during the experiment. For the 60 °C and the 100 °C heat 

losses for the different sections were not given in the report. For 150 °C, the RPV heat losses 

and the secondary side heat losses are not provided in the report. 

The report does not include boundary conditions for the high temperature heat loss 

experiments (150 °C and 250 °C). Originally heat losses of the PKL facility were determined 

in Determination of Thermal Losses in the PKL Test Facility report (Kremin, et al., 2001), 

which was not available during this project. However, because of earlier mentioned lack of 

data, the Master Thesis of Pasi Junninen (Junninen, 2005) is used to gain more information. 

It gives more data of the used boundary conditions in the PKL heat loss experiments based 

on the report (Kremin et al., 2001). This master thesis is used as a reference to obtain the 

boundary conditions for the high temperature level calculations (150 °C and 250 °C). 

The heat loss for the secondary side temperature of 150 °C is 29.5 kW, which is taken from 

the Master Thesis of Junninen (Junninen, 2005). Then the initially unknown heat loss of 

RPV could be calculated based on the given heat loss division in the report (Schollenberger 

& Mull, 2006). Resulting, that the RPV heat loss is 16 kW. 

 

6.2 TRACE heat loss calculations 

The heat loss calculations of A3 and A4 for temperature levels 150 °C and 250 °C, 

respectively, are run on NC mode (just like the experiments), meaning that RCPs are out of 

operation. The heat loss calculations of A1 and A2 for levels 60 °C and 100 °C, respectively, 

are run on forced circulation. The TRACE calculation parameters are constructed from the 

previously mentioned reports. 

TRACE calculations can be divided into four different calculations: A1, A2, A3 and A4. The 

A1 calculation is done at the temperature of 60 °C, the A2 calculation at 100 °C, the A3 

calculation at 150 °C and the A4 calculation at 250 °C. The calculation parameters for A4 is 

shown in Table 15. The calculation parameters for A1, A2 and A3 can be found from 

appendixes K, L and M, respectively.  

The core power is chosen for the current calculation accordingly to the total heat losses of 

the PKL facility excluding PRZ and the surge line heat losses. For instance, in the A4 

calculation, the core power is chosen as 160 kW, which is same than the total heat losses of 
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the primary and secondary side. If the heat losses are modelled correctly in the TRACE 

model, the core exit temperature (CET) should balance out at the constant value of 250 °C 

in the A4 calculation. 

Table 15. The calculation parameters in the A4 calculation. 

Primary side – Calculation A4 

General condition RCS completely filled with water 

Core power 160 kW 

Primary pressure 40.4 bar 

CET 250 °C 

Pressurizer Heater is on to control primary 

pressure 

Temperature 250.2 °C 

Pressure (sat.) 39.9 bar 

Fill level 7.0 m 

RCP Not operation 

On natural circulation (BV closed) 

Mass flow = 0.71 kg/s (per loop) 

RCP cooling system In operation 

Cooling power ca. 24 kW 

Secondary side 

Steam generators Isolated, at saturation condition 

Feed water system Not operation 

Fill level 12.2 m 

Secondary pressure 35.5 bar 

Steam dome 

temperature  n/a 

Main steam system Not operation 

  Main steam valve closed 

 

The calculations are done in the TRACE model by setting the core power accordingly to the 

total heat loss powers and then the calculated CETs are compared with the measured CET 

values. If the calculated CETs are increased above the measured CETs, the heat losses of the 

TRACE model are reduced by changing the thermal conductivity of the insulation material 

in order to obtain correct overall heat losses for the whole system. 

The PRZ heaters can be considered to compensate heat losses from the PRZ. The secondary 

sides of the SGs are heated up to the saturation conditions and the FWS and the steam lines 

are kept closed in all four calculations. The calculations are calculated at least 30 000 s and 
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by setting the initial temperature levels equal with CET values for all cells. When the steady 

state is achieved in the calculations then the new steady state CET value is compared to the 

initial CET value. Even though CET changes slightly over the calculation, the effect of this 

change on the total losses can be calculated manually. This effect is summed to the core 

power and it is discussed more in chapter 6.4 

 

6.3 Heat transfer of pump 

The amount of the required cooling power in the TRACE model is adjusted by changing the 

thermal conductivity of the cooling circuit connection material. The constant mass flow is 

used for the cooling system and the thermal conductivities for different temperature levels 

are adjusted. The principle is to set constant parameters for the TRACE model and verify 

those for different temperature ranges. The following constant cooling system parameters 

were modelled in the TRACE model of the PKL: 

 Coolant mass flow 5 kg/s 

 Coolant  inlet temperature 60 °C 

When the TRACE model of the PKL facility is used for the PKL experiment calculations, 

the user does not necessarily need to adjust the coolant mass flow. However, according to 

the reference  (Schollenberger & Mull, 2006), in the experiments conducted with the PKL 

facility the cooling circuit is automatically operated accordingly to the fluid temperature in 

the primary circuit. The used cooling power in the TRACE calculation should be always 

verified from the currently replicated PKL experiment. This cooling system in the TRACE 

model might need then fine tuning in future calculations. 

The cooling system of the RCP is used in the PKL facility only in the heat loss experiments 

with the temperatures of 150 °C and 250 °C. Thus, for the temperatures of 100 °C and 60 °C, 

the cooling system was not active in the experiments. This is modelled in TRACE by setting 

the thermal conductivity of the RCP heat structure component so low that the heat transfer 

is insignificant in these temperatures. This has the same effect than taking the cooling system 

out of operation.   
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The RCP heat losses for the different temperature levels were hard to achieve accurately in 

the TRACE model, because the relatively small change in the thermal conductivity of the 

RCP heat structure component has a huge effect on the total heat losses of RCPs. 

 

6.4 Heating or cooling of primary side water inventory 

The heating or cooling of the primary side water inventory in the TRACE heat loss 

calculations is taken into account by summing the gained or the lost energy to the used core 

power. The lost or gained energy is calculated from the following equation: 

𝑄 =    𝑐𝑃 × 𝑚 × ∆𝑇       (4) 

where cp is the specific heat capacity of water (kJ/kgK), m is the total mass of the primary 

side water inventory and ∆𝑇 is the temperature difference (K) of CET over the calculation 

time. 

The results of the different heat loss calculations of the TRACE model are provided in Table 

16. The table shows the calculation time interval (Δt), the temperature change during the 

calculation (ΔT) and the gained or lost energy (Q) due to water inventory temperature 

change. The total heat losses in the TRACE model is then calculated by summing the gained 

or lost energy to the used core power. The total heat losses are the corrected heat losses, 

where the temperature changes in the water inventory are taken into account.  

Table 16. The primary side inventory power corrections. 

TRACE 

calculation 

Density 

[kg/m3] 

Water 

inventory 

w/o PRZ 

[m3] 

cp [kJ/ 

kgK] 

 Δt 

[s] 

ΔT 

[K] 

Q [kJ] ΔP 

[kW] 

Total 

heat 

losses 

[kW] 

A1 

 [60 °C] 

984 2.770 4.180 26543 0.45 5126 -0.19 12.81 

A2 

 [100 °C] 

959 2.770 4.214 26703 0.96 10757 -0.40 39.60 

A3 

 [150 °C] 

919 2.770 4.299 26703 -2.60 -28509 1.07 68.07 

A4 

 [250 °C] 

799 2.770 4.864 26703 -0.05 -484 0.02 160.02 
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The total heat losses are close to the used core powers in the TRACE calculations, thus the 

total heat losses of the facility are modelled accurately for all temperature levels, because 

the changes in CETs were slow over the calculations. 

 

6.5 Calculation results 

The results of the different calculations A1, A2, A3 and A4 are shown in Table 17 to Table 

20, respectively.  

In the calculations A1 and A2, CET remained nearly constant over the calculation times. 

Thus, it can be said that the TRACE model calculates the total heat losses at the temperature 

levels of 60 °C and 100 °C accurately. 

The calculation A3 has some differences in the results between the PKL facility and the 

TRACE model. The RPV heat losses are overestimated in the model and the pump cooling 

power is underestimated. The total heat losses of the TRACE model match well with the 

total heat losses of the PKL facility. 

The total heat losses of the calculation A4 are well modelled, but the heat loss section 

divisions between different components differ due to same issues than in the calculation A3. 

The steady state was reached at 248.3 °C (CET) with the core input power of 160 kW. The 

total component heat losses in the TRACE model does not match with this core input power.   
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Table 17. Primary side heat losses in the A1 calculation with the CET value of 60 °C. 

Primary side heat losses 

A1 - calculation 

Temperature Temperature Difference [%] 

CET [60 °C] CET [57.4 °C] -4.53 

Component PKL [kW] Model [kW] Difference [%] 

Core - 1.4 - 

UP - 0.9 - 

UH - 0.3 - 

HLs + SG-inlets - 0.6 - 

SG-outlet chambers - 0.3 - 

Pump seals - 0.9 - 

CLs and pumps - 0.8 - 

DCV of reactor - 0.7 - 

DCT of reactor - 0.8 - 

LP - 0.7 - 

Secondary side 5.4 5.6 3.2 

Total 13.0 12.8 -1.5 

 

Table 18. Primary side heat losses in the A2 calculation with the CET value of 100 °C. 

Primary side heat losses 

A2 - calculation 

Temperature Temperature Difference [%] 

CET [100 °C] CET [100.6 °C] 0.60 

Component PKL [kW] Model [kW] Difference [%] 

Core - 4.3 - 

UP - 2.2 - 

UH - 0.3 - 

HLs + SG-inlets - 1.7 - 

SG-outlet chambers - 0.7 - 

Pump seals - 2.2 - 

CLs and pumps - 4.3 - 

DCV of reactor - 1.6 - 

DCT of reactor - 1.8 - 

LP - 1.8 - 

Secondary side 16 18.7 14.3 

Total 40.0 39.6 -1.0 
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Table 19. Primary side heat losses in the A3 calculation with the CET value of 150 °C. 

Primary side heat losses 

A3 - calculation 

Temperature Temperature Difference [%] 

CET [150 °C] CET [147.6 °C] -1.63 

Component PKL [kW] Model [kW] Difference [%] 

RPV 16.0 18.6 14.0 

HLs + SG-inlets 3.0 2.9 -4.2 

SG-outlet chambers 1.7 1.2 -35.8 

Pump seals 3.5 3.8 7.5 

CLs and pumps 12.0 10.0 -20.0 

DCV of reactor 2.5 2.6 3.8 

Secondary side 29.5 29.9 1.3 

Total 68.2 69 1.2 

 

 

Table 20. Primary side heat losses in the A4 calculation with the CET value of 250 °C. 

Primary side heat losses 

A4 - calculation 

Temperature Temperature Difference [%] 

CET  [250 °C] CET [248.3 °C] -0.68 

Component PKL [kW] Model [kW] Difference [%] 

Core + UP 25.0 24.8 -0.9 

UH 1.3 1.5 13.3 

UH bypass lines Included in total 

losses 

1.1 - 

HLs + SG-inlets 7.1 6.5 -9.2 

SG-outlet chambers 3.5 2.7 -28.7 

Pump seals 8.0 8.3 3.8 

CLs and pumps 27.0 28.2 4.3 

DCV of reactor 5.0 4.8 -4.5 

DCT of reactor 6.0 5.6 -7.8 

LP 6.0 5.4 -11.8 

Secondary side 72.0 63.6 -13.2 

Total 160.9 152.4 -5.5 

 

 

Section divisions were not given accurately in the report (Schollenberger & Mull, 2006). For 

that reason modelled heat loss section division in the TRACE model might be slightly 

different than in the PKL heat loss report. This might be one reason, why heat losses between 

different sections in the TRACE model are different than in the PKL reports. 
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In the PKL experiments, the ambient temperature in the laboratory might be increasing 

during the heat loss experiments. Only the initial ambient temperature (25 °C) in the PKL 

experiments was given in the reports. In TRACE calculations the change of the ambient 

temperature is neglected and the constant value of 25 °C is used. 

The boundary conditions for the 150 °C and 250 °C should be verified from the original 

report, which was not available during this project. This effect might influence on the total 

heat losses of the TRACE model and their division between the different plant sections if 

those were different in the experiments than in the TRACE calculations. 

The possible reason why the summed TRACE model component heat losses do not match 

with the core input power in the A4 calculation is hard to obtain from the TRACE model 

results. There is a possibility that the summed up heat loss value is not taking every heat 

structure in the TRACE model into account. This would be a user error. However, because 

the core input power keeps all temperature levels at steady state in the A4 calculation, the 

possible primary side water inventory or metal wall heating cannot be the error source. The 

TRACE model total heat losses for 248.3 °C are 160 kW, because the core input power kept 

the temperature levels at steady state.  
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7 STEADY STATE AT NATURAL CIRCULATION 

 

When the model is constructed accordingly to the PKL geometries and the heat and pressure 

losses are validated, then the purpose is to test how well the TRACE model calculates the 

PKL NC experiment. The main interest at this point is to check how well the model achieves 

correct mass flows and temperature levels in different loops compared with the actual 

experimental values. As the case of comparison, the PKL experiment H4.1 (Schoen, et al., 

2014) is chosen. First, the boundary conditions are provided for the TRACE calculation, 

then calculation results and some analysis of the results is presented. 

 

7.1 Natural circulation conditions in the PKL experiment 

The main calculation parameters are taken from the PKL 3 H4.1 experiment. The whole 

H4.1 experiment is not calculated with the TRACE model. Only the start of test phase 1 

where the PKL facility is run on NC mode is calculated. The used calculation parameters in 

the start of the test phase 1 are provided in Table 21. In the PKL 3 H4.1 experiment the start 

of test phase 1 reached the steady state values for all parameters, thus it can be used as 

comparison basis. 

The boundary conditions for the TRACE model are adjusted according to the experiment 

with the controlling logic of the SG fill levels and pressure, the PRZ pressure and level and 

the core power. 

The PKL experiment H4.1 included the conditioning phase before the test phase 1. In the 

conditioning phase the facility was heated up and RCPs were in use. The start of the 

conditioning phase might not be calculated with the TRACE model exactly as in the H4.1 

experiment, because the information was not available. The TRACE model is heated up with 

the corresponding core power than in the PKL 3 H4.1 experiment. When the full power and 

the corresponding forced flow steady state of the conditioning phase is reached, the steady 

state is calculated 1000 seconds until the pump trip is programmed to start. At the beginning 

of the conditioning phase calculation, power is raised slowly in the TRACE model to avoid 

the boiling of the primary side. At the beginning of the conditioning phase, RCPs were 

programmed in the TRACE model to produce 36 kg/s mass flow per loop, because the 
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experimental values were not available this might be different than in the H4.1 experiment. 

After the pump trip, the NC steady state calculation was continued at least 10000 s. 

Table 21. The steady state NC parameters of the phase 1 of the PKL 3 H4.1experiment. 

Primary side 

General condition RCS completely filled with water 

Core power 360 kW 

Primary pressure 40.4 bar 

CET 241 oC 

Pressurizer Heater is on to control primary 

pressure 

Temperature n/a 

Pressure (sat.) n/a 

Fill level 4.0 m 

Core flow rate 4.2 kg/s 

RCP Not operation 

On natural circulation (BV closed) 

Mass flow =  1.0 kg/s (per loop) 

RCP cooling system In operation 

Cooling power n/a 

Secondary side 

Steam generators In operation 

Feed water system In operation 

Fill level 11.9 m 

Secondary pressure 25.0 bar 

Steam dome 

temperature 224 oC 

Main steam system In operation 

  Main steam valve open 

 

About the NC parameters, it is good to mention that the CET and the RCPs mass flows are 

not controlled by the controlling logics in the TRACE model, because they are resulting 

values which should be reached if the TRACE model is constructed properly and the pressure 

and heat losses are modelled correctly. The mass flow is strongly depending on pressure 

losses during the NC. In addition, many factors are strongly affecting on CET, for instance, 

if the model does not remove enough heat from the primary side into the secondary side SGs, 

CET might raise higher. However, at this point the affecting factors are not analyzed further. 
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7.2 Calculation results and analysis 

The calculation results with the boundary conditions that were described in chapter 7.1 are 

listed in Table 22. Table 22 consists of comparison between the PKL 3 H4.1 experiment 

results and the calculation results of the PKL TRACE model. 

Table 22. The comparison between the PKL3 H4.1 test results and the TRACE model 

calculation results. 

Primary side 

Description PKL 

[value] 

Unit Model 

[value] 

Unit Difference 

[value] 

Unit 

Primary pressure  

Upper plenum 40.4 bar 40.4 bar 0.0 bar 

Core Power 360 kW 360 kW 0.0 kW 

Pressurizer 

Temperature n/a oC 250.9 oC n/a oC 

Pressure n/a bar 40.4 bar n/a bar 

Fill level 4.0 m 3.9 m -0.1 m 

Reactor cooling system  

NC mass flow per loop 1.0 kg/s 1.07 kg/s 0.07 kg/s 

CET 241 oC 242.9 oC 1.9 oC 

Subcooling at core outlet 10 oC 8.4 oC -1.6 oC 

Core flow rate 4.2 kg/s 4.3 kg/s 0.1 kg/s 

∆𝑇 over the core 19 oC 16.6 oC -2.4 oC 

∆𝑇 SG inlet – outlet 14 oC 13.6 oC -0.4 oC 

Secondary side 

Secondary pressure 25 bar 25 bar 0.0 bar 

Fill level 11.9 m 11.9 m 0.0 m 

SG dome temperature 224 oC 224 oC 0.0 oC 
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From Table 22 can be seen that the core power, secondary side and PRZ parameters were 

reached well in the TRACE calculations. Because these values were controlled by the 

controlling logics in the TRACE model, it is obvious that these values should be easily 

attainable from the TRACE calculations. Even though the PRZ temperature and pressure 

were not given in PKL 3 H4.1 experiment, the PRZ was working well because the calculated 

UP pressure matched well with the experiment. 

The TRACE model calculated the primary side mass flow accurately compared with the 

PKL 3 H4.1 experiment. The accurate calculation of mass flow rate indicates that the 

pressure losses are defined accurately for the TRACE model. One affecting factor might be 

also that the temperature difference (∆𝑇) through the SG U-tubes between the PKL 

experiment and the TRACE calculation is almost same. The ∆𝑇 through the SG in the PKL 

experiment is 14 oC and in the TRACE calculation 13.6 oC. Thus, the heat transfer from the 

primary side to the secondary side should be almost same in the calculation and experiment 

because the mass flows and the temperatures are close to each other in both cases. 

The ∆𝑇 through the core in the PKL experiment was 19 oC and in the TRACE calculation 

16.6 oC. This deviation might be caused due to different pump cooling system powers 

between the TRACE calculation and the PKL 3 H4.1 experiment. The obtained temperature 

difference over the RCP in the TRACE calculation is -1.6 oC. If the temperature of water 

would decrease more, then probably CET and the ∆𝑇 over the core would become closer to 

the experiment results. More calculations should be done so the core heat transfer would be 

validated in more detail. The UH heat transfer is not calculated correctly in the upper cells 

and some slow decreasing in the temperatures were seen during the calculation.  

On the whole, TRACE model showed good accuracy in the NC calculations and detailed 

data of the different experiment temperatures from the primary side should be available, that 

the possible error sources could be better localized. 
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8 CONCLUSION 

 

This thesis focuses on modelling of the PKL test facility with the TRACE code. The thesis 

presented how the nodalization of the PKL test facility is built with the TRACE code. The 

PKL test facility is used to perform experiments on thermal-hydraulic behavior of PWRs 

during different accident and transient scenarios. The modelled geometries of the PKL test 

facility in TRACE are described thoroughly in this thesis. This thesis presented validation 

process data of the model volumes, pressure losses and heat losses. In addition, the NC 

reference calculation is presented in this thesis. 

The needed approximations in the modelling of the PKL facility and their possible effects 

on the calculation results are summarized in this chapter. 

Possible uncertainties could be posed due to following simplifications: 

 RCP volume is not modelled accurately 

 The UP and the UH internals are not modelled 

 The SG fillers are not modelled 

 The spacing of SG tubes was estimated from the drawings 

 Localized heat losses are not be modelled precisely in all sections 

 The PRZ external loop where the PRZ heaters are located is not modelled 

 The PRZ heater powers were assumed 

 The core heater rod materials were assumed 

 The UH and the PRZ is modelled by one pipe, thus single phase circulation 

phenomena could not occur, which naturally balance the axial temperature 

distribution 

More drawings and data of the RPV are needed in order to model the UP internals accurately. 

They are not modelled in this thesis, but the correct volumes of the UP and the UH are used 

from the volume charts in the TRACE model. The UH should be modelled by two pipes in 

future, because the temperatures were decreasing slowly in the upper cells during the NC 

calculations. 

The fillers in the secondary side of the SGs are excluded from the model because the exact 

information of those were not available. This effect should not be crucial to the thermal-
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hydraulic phenomena occurring in the primary side, at least when the SG tubes were covered 

with water, because the reference calculations provided good accuracy. Nevertheless, the SG 

volumes in the secondary side are modelled correctly. 

In order to model the local heat losses accurately, the original heat loss report should be 

available. The overall heat losses are modelled with good accuracy, but for the lower 

temperature levels the experimental heat losses for different sections of the PKL facility 

were not available. Thus, the comparison of the different section heat losses could not be 

done for these temperature levels. For the higher temperature levels, heat loss comparisons 

of the different sections are provided. 

The external heating circuit of the PRZ is not modelled in the TRACE model because there 

was not detailed information of this circuit. However, the TRACE calculations presented in 

this work showed that the PRZ works well without the detailed modelling of the heating 

circuit. If more localized studies are needed for the PRZ, more detailed information will be 

needed in order to model the external heater circuit. Otherwise, the circuit cannot be 

modelled accurately. 

Model accuracy level 

Regardless of relatively vast amount of simplifications, the model showed good accuracy at 

a plant level when the reference NC experiment was calculated. In order to be able to use 

this model for transient and LOCA calculations, the model simplifications should be 

revisited and, where necessary, the facility should be modelled more precisely. The good 

accuracy of the pressure losses was achieved for a broad range mass flow range. It is 

desirable to get more detailed plant drawings and different experiments as reference 

calculation cases. After that the TRACE model modifications could be done. 

To improve the model, the main interest could be first to calculate different NC cases and 

consider the re-nodalizing of the PRZ, UP and UH sections taking into account the inner 

constructions and flow features. The inner flow channel between UP and UH could be 

modelled with the own pipe component that its flow could be calculated better with this 

TRACE model. This flow route might have influence in accident calculations, but this 

influence was not investigated within the scope of this thesis due to available data. To 

conclude, this model has a good accuracy for heat and pressure losses on the facility level 
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and the reference NC case provided good results as well. This model can be improved in 

future when more different transient and LOCA calculation cases are calculated.  

  



88 

 

REFERENCES 

 

Framatome, 2018. Framatome - Pressurized Water Reactor Integral System Test Facility - 

PKL.[Online] Available at: http://www.framatome.com/EN/customer-819/pkl-pwr-integral-

system-test-facility.html 

[Accessed 8 2018]. 

Guneysu, R. & Schollenberger, S., 2017. Determination of Individual Volumes and Total 

Volume in the PKL Test Facility (PKL 3), Erlangen: AREVA GmbH. 

IAEA, 2016. Safety of Nuclear Power Plants: Design, Vienna: International Atomic Energy 

Agency. 

Junninen, P., 2005. Laskentamalli PKL-Koelaitteiston Pienen Vuodon Kokeen 

Simuloimiseksi APROS-ohjelmistolla, Lappeenranta: Lappeenranta University of 

Technology, Energy and Environmental Technology. 

Kremin, H., Limprecht, H. & Guneysu, R., 2001. Determination of Thermal Losses in the 

PKL Test Facility., Erlangen, Germany: Technical Center of Framatome ANP. 

Schoen, B., Schollenberger, S. & Umminger, K., 2014. PKL test H4.1: Cool-down under 

natural circulation conditions in presence of secondary side isolated SGs, s.l.: AREVA 

GmbH. 

Schollenberger, S. & Dennhardt, L., 2016. Description of the PKL 3 Test Facility Revision 

B, Erlangen: AREVA GmbH. 

Schollenberger, S. & Mull, T., 2006. Determination of Heat Losses in the PKL 3 Test Facility 

for Temperature Levels from 25 to 250 °C, Erlangen: AREVA GmbH Technical Center. 

Schollenberger, S. & Umminger, K., 2006. Determination of Pressure Losses in the PKL 3 

Test Facility for Mass Flows of 0.8 to 25.0 kg/s per Loop, Erlangen: AREVA GmbH 

Technical Center. 

TRACE Theory MANUAL V5.0 P5, 2017. Field Equations, Solution Methods and Physical 

Models, Washington, DC: Division of System Analysis Office of Nuclear Regulatory 

Research. PDF document. 



89 

 

TRACE V5.0 P5 USER'S MANUAL VOL2, 2017. Modelling Guidelines, Washington: 

Division of Safety Analysis Office of Nuclear Regulatory Research. PDF document. 

Vihavainen, J., 2014. VVER-440 Thermal Hydraulics as a Computer Code Validation 

Challenge, Lappeenranta: Lappeenrannan teknillinen yliopisto Digipaino 2014. 

  



90 

 

APPENDIXES 

 

Appendix A – The reactor pressure vessel drawing without the downcomer vessel and 

downcomer piping. (Schollenberger & Dennhardt, 2016) 
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Appendix B - The arrangement of core fuel rods and the axial power distribution. 

(Schollenberger & Dennhardt, 2016) 
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Appendix C - The construction of the lower plenum. (Schollenberger & Dennhardt, 2016) 
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Appendix D - The construction of the upper plenum. (Schollenberger & Dennhardt, 2016) 
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Appendix E – The section of the upper plenum. (Schollenberger & Dennhardt, 2016) 
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Appendix F – The construction of the upper head. (Schollenberger & Dennhardt, 2016) 

 

 

  



96 

 

Appendix G – The construction of the reactor annular downcomer. (Schollenberger & 

Dennhardt, 2016) 
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Appendix H – The construction of the steam generator. (Schollenberger & Dennhardt, 

2016) 
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Appendix I – The steam generator volume chart for the secondary side. (Guneysu & 

Schollenberger, 2017) 
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Appendix J – The comparison of the pressure losses between TRACE calculation and PKL 

experiment results 

 

Pressure loss over RCP (1-2) 

Experimental results TRACE results 

Experiment error 

margins 

Mass flow 

(kg/s) 

 

 

Measured ∆P 

(bar) 

 

Mass flow 

(kg/s) 

 

Calculated 

∆P (bar) 

 

 

∆P + (bar) 

 

∆P - (bar) 

0.82 -0.0081 0.8 -0.0082 0.0032 0.0032 

1.21 -0.0187 1.2 -0.0190 0.0032 0.0032 

1.61 -0.0305 1.6 -0.0329 0.0032 0.0032 

1.99 -0.0531 2.0 -0.0512 0.0032 0.0032 

2.41 -0.0747 2.4 -0.0728 0.0032 0.0032 

2.82 -0.1036 2.8 -0.0979 0.0032 0.0032 

3.19 -0.1285 3.2 -0.1266 0.0032 0.0032 

3.60 -0.1606 3.6 -0.1588 0.0032 0.0032 

7.56 -0.2251 7.5 -0.2793 0.0641 0.0641 

9.93 -0.4168 10.0 -0.4785 0.0641 0.0641 

12.53 -0.6734 12.5 -0.7279 0.0641 0.0641 

15.12 -0.9826 15.0 -1.0265 0.0641 0.0641 

17.58 -1.3302 17.5 -1.3737 0.0641 0.0641 

20.02 -1.7002 20.0 -1.7690 0.0641 0.0641 

22.48 -2.1151 22.5 -2.2121 0.0641 0.0641 

25.02 -2.5872 25.0 -2.7024 0.0641 0.0641 

      

      
DRUV 1 BV closed     
DRUV 2 BV open     
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Pressure loss over cold leg (2-3) 

Experimental results TRACE results 

Experiment error 

margins 

Mass flow 

(kg/s) 

 

 

Measured ∆P 

(bar) 

 

Mass flow 

(kg/s) 

 

Calculated 

∆P (bar) 

 

 

∆P + (bar) 

 

∆P - (bar) 

0.82 0.0001 0.8 0.0001 0.0006 0.0006 

1.21 0.0002 1.2 0.0002 0.0006 0.0006 

1.61 0.0004 1.6 0.0004 0.0006 0.0006 

1.99 0.0007 2.0 0.0006 0.0006 0.0006 

2.41 0.0010 2.4 0.0008 0.0006 0.0006 

2.82 0.0013 2.8 0.0010 0.0006 0.0006 

3.19 0.0016 3.2 0.0013 0.0006 0.0006 

3.60 0.0021 3.6 0.0016 0.0006 0.0006 

7.56 0.0035 7.5 0.0062 0.0006 0.0006 

9.93 0.0079 10.0 0.0106 0.0006 0.0006 

12.53 0.0139 12.5 0.0161 0.0006 0.0006 

15.12 0.0203 15.0 0.0227 0.0006 0.0006 

17.58 0.0288 17.5 0.0303 0.0006 0.0006 

20.02 0.0389 20.0 0.0390 0.0006 0.0006 

      

      
DRUV 1 BV closed     
DRUV 2 BV open     
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Pressure loss over RPV (3-4) 

Experimental results TRACE results 

Experiment error 

margins 

Mass flow 

(kg/s) 

 

 

Measured ∆P 

(bar) 

 

Mass flow 

(kg/s) 

 

Calculated 

∆P (bar) 

 

 

∆P + (bar) 

 

∆P - (bar) 

3.30 0.00267 3.2 0.00145 0.0012 0.0012 

4.85 0.00468 4.8 0.00280 0.0012 0.0012 

6.44 0.00699 6.4 0.00471 0.0012 0.0012 

7.97 0.01029 8.0 0.00803 0.0012 0.0012 

9.65 0.01402 9.6 0.01155 0.0012 0.0012 

11.29 0.01841 11.2 0.01545 0.0012 0.0012 

12.75 0.02259 12.8 0.01988 0.0012 0.0012 

14.39 0.02783 14.4 0.02483 0.0012 0.0012 

20.15 0.05085 20.0 0.04633 0.0096 0.0096 

29.93 0.10476 30.0 0.10049 0.0096 0.0096 

39.72 0.17442 40.0 0.17451 0.0096 0.0096 

50.14 0.26917 50.0 0.26812 0.0096 0.0096 

60.49 0.38356 60.0 0.38113 0.0096 0.0096 

70.34 0.51261 70.0 0.51340 0.0096 0.0096 

80.10 0.65522 80.0 0.66479 0.0096 0.0096 

89.94 0.81589 90.0 0.83520 0.0096 0.0096 

100.10 1.00159 100.0 1.02457 0.0096 0.0096 

 

 

    

  
  

  
DRUV 1 BV closed   

  
DRUV 2 BV open   
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Pressure loss over hot leg (4-5) 

Experimental results TRACE results 

Experiment error 

margins 

Mass flow 

(kg/s) 

 

 

Measured 

∆P (bar) 

 

Mass flow 

(kg/s) 

 

Calculated 

∆P (bar) 

 

 

∆P + (bar) 

 

∆P - (bar) 

0.82 -0.00045 0.8 -0.00006 0.0003 0.0003 

1.21 -0.00053 1.2 -0.00014 0.0003 0.0003 

1.61 -0.00056 1.6 -0.00025 0.0003 0.0003 

1.99 -0.00075 2.0 -0.00040 0.0003 0.0003 

2.41 -0.00094 2.4 -0.00058 0.0003 0.0003 

2.82 -0.00117 2.8 -0.00080 0.0003 0.0003 

3.19 -0.00117 3.2 -0.00105 0.0003 0.0003 

3.60 -0.00117 3.6 -0.00134 0.0003 0.0003 

7.56 -0.00518 7.5 -0.00603 0.0012 0.0012 

9.93 -0.00991 10.0 -0.01084 0.0012 0.0012 

12.53 -0.01637 12.5 -0.01708 0.0012 0.0012 

15.12 -0.02438 15.0 -0.02475 0.0012 0.0012 

17.58 -0.03426 17.5 -0.03385 0.0012 0.0012 

20.02 -0.04411 20.0 -0.04439 0.0012 0.0012 

22.48 -0.05623 22.5 -0.05638 0.0012 0.0012 

25.02 -0.07059 25.0 -0.06980 0.0012 0.0012 

 

 

    

 

 

    
DRUV 1 BV closed  

   
DRUV 2 BV open  
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Pressure loss over steam generator (5-6) 

Experimental results TRACE results 

Experiment error 

margins 

Mass flow 

(kg/s) 

 

 

Measured ∆P 

(bar) 

 

Mass flow 

(kg/s) 

 

Calculated 

∆P (bar) 

 

 

∆P + (bar) 

 

∆P - (bar) 

0.82 0.0017 0.8 0.0014 0.0006 0.0006 

1.21 0.0039 1.2 0.0043 0.0006 0.0006 

1.61 0.0065 1.6 0.0072 0.0006 0.0006 

1.99 0.0108 2.0 0.0106 0.0006 0.0006 

2.41 0.0148 2.4 0.0145 0.0006 0.0006 

2.82 0.0201 2.8 0.0190 0.0006 0.0006 

3.19 0.0245 3.2 0.0239 0.0006 0.0006 

3.60 0.0302 3.6 0.0294 0.0006 0.0006 

7.56 0.1090 7.5 0.1072 0.0044 0.0044 

9.93 0.1774 10.0 0.1789 0.0044 0.0044 

12.53 0.2663 12.5 0.2668 0.0044 0.0044 

15.12 0.3742 15.0 0.3702 0.0044 0.0044 

17.58 0.4951 17.5 0.4889 0.0044 0.0044 

20.02 0.6205 20.0 0.6224 0.0044 0.0044 

22.48 0.7613 22.5 0.7704 0.0044 0.0044 

25.02 0.9183 25.0 0.9328 0.0044 0.0044 

 

 

    

 

 

    
DRUV 1 BV closed  

   
DRUV 2 BV open  
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Pressure loss over loop seal (6-7) 

Experimental results TRACE results 

Experiment error 

margins 

Mass flow 

(kg/s) 

 

 

Measured ∆P 

(bar) 

 

Mass flow 

(kg/s) 

 

Calculated 

∆P (bar) 

 

 

∆P + (bar) 

 

∆P - (bar) 

0.82 0.0009 0.8 0.0008 0.0003 0.0003 

1.21 0.0019 1.2 0.0017 0.0003 0.0003 

1.61 0.0029 1.6 0.0030 0.0003 0.0003 

1.99 0.0050 2.0 0.0045 0.0003 0.0003 

2.41 0.0070 2.4 0.0065 0.0003 0.0003 

2.82 0.0098 2.8 0.0087 0.0003 0.0003 

3.19 0.0121 3.2 0.0112 0.0003 0.0003 

3.60 0.0152 3.6 0.0141 0.0003 0.0003 

5.04 0.0271 5.0 0.0266 0.0025 0.0025 

7.56 0.0593 7.5 0.0584 0.0025 0.0025 

9.93 0.1004 10.0 0.1022 0.0025 0.0025 

12.53 0.1563 12.5 0.1579 0.0025 0.0025 

15.12 0.2254 15.0 0.2254 0.0025 0.0025 

17.58 0.3044 17.5 0.3047 0.0025 0.0025 

20.03 0.3878 20.0 0.3956 0.0025 0.0025 

22.48 0.4835 22.5 0.4982 0.0025 0.0025 

 

 

    

 

 

    
DRUV 1 BV closed  

   
DRUV 2 BV open  
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Pressure loss over Butterfly Valve (7-1) 

Experimental results TRACE results 

Experiment error 

margins 

Mass flow 

(kg/s) 

 

 

Measured ∆P 

(bar) 

 

Mass flow 

(kg/s) 

 

Calculated 

∆P (bar) 

 

 

∆P + (bar) 

 

∆P - (bar) 

0.82 0.00453 0.8 0.00447 0.0006 0.0006 

1.21 0.00997 1.2 0.01004 0.0006 0.0006 

1.61 0.01548 1.6 0.01784 0.0006 0.0006 

1.99 0.02801 2.0 0.02787 0.0006 0.0006 

2.41 0.03979 2.4 0.04012 0.0006 0.0006 

2.82 0.05618 2.8 0.05459 0.0006 0.0006 

3.19 0.07024 3.2 0.07128 0.0006 0.0006 

3.60 0.08862 3.6 0.09020 0.0006 0.0006 

7.56 0.01328 7.5 0.01305 0.0006 0.0006 

9.93 0.02286 10.0 0.02310 0.0006 0.0006 

12.53 0.03592 12.5 0.03600 0.0006 0.0006 

15.12 0.05244 15.0 0.05174 0.0006 0.0006 

17.58 0.07183 17.5 0.07030 0.0006 0.0006 

20.02 0.09250 20.0 0.09170 0.0006 0.0006 

22.48 0.11668 22.5 0.11592 0.0006 0.0006 

25.02 0.14265 25.0 0.14297 0.0006 0.0006 

 

 

    

 

 

    
DRUV 1 BV closed  

   
DRUV 2 BV open  
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Appendix K – The parameters for A1 calculation. 

 

Primary side – Calculation A1 

General condition RCS completely filled with water 

Core power 13 kW 

Primary pressure 13.6 bar 

CET 57.4 °C 

Pressurizer Heater is on to control primary 

pressure 

Temperature 191.5 °C 

Pressure (sat.) 13 bar 

Fill level 7.7 m 

RCP In operation 

On forced circulation 

Mass flow = 8.5 kg/s (per loop) 

RCP cooling system Not operation 

Cooling power n/a 

Secondary side 

Steam generators Isolated, at saturation condition 

Feed water system Not operation 

Fill level 12.2 m 

Secondary pressure ca. 1 bar 

Steam dome 

temperature n/a 

Main steam system Not operation 

  Main steam valve closed 

 

  



107 

 

Appendix L – The parameters for A2 calculation. 

 

Primary side – Calculation A2 

General condition RCS completely filled with water 

Core power 40 kW 

Primary pressure 13.6 bar 

CET 100.6 °C 

Pressurizer Heater is on to control primary 

pressure 

Temperature 191.5 °C 

Pressure (sat.) 13 bar 

Fill level 7.8 m 

RCP In operation 

On forced circulation 

Mass flow = 8.5 kg/s (per loop) 

RCP cooling system Not operation 

Cooling power n/a 

Secondary side 

Steam generators Isolated, at saturation condition 

Feed water system Not operation 

Fill level 12.2 m 

Secondary pressure ca. 1 bar 

Steam dome 

temperature  n/a 

Main steam system Not operation 

  Main steam valve closed 

 

  



108 

 

Appendix M – The parameters for A3 calculation. 

 

Primary side – Calculation A3 

General condition RCS completely filled with water 

Core power 67 kW 

Primary pressure 40.2 bar 

CET 147.1 °C 

Pressurizer Heater is on to control primary 

pressure 

Temperature 250 °C 

Pressure (sat.) 39.9 bar 

Fill level 6.0 m 

RCP Not operation 

On natural circulation (BV closed) 

Mass flow = 0.49 kg/s (per loop) 

RCP cooling system In operation 

Cooling power n/a 

Secondary side 

Steam generators Isolated, at saturation condition 

Feed water system Not operation 

Fill level 12.2 m 

Secondary pressure ca. 3.6 bar 

Steam dome 

temperature n/a 

Main steam system Not operation 

  Main steam valve closed 

 

 


