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ABSTRACT 

Recent availability of high performance computers and computational methods 
together with the continuing increase in operational experience imposes revising  some 
operational constrains and conservative safety margins. The application of Best-Estimate 
(BE) method constitutes a real necessity in the safety and design analysis and allows getting 
more realistic simulation of the processes taking place during the steady state operation and 
transients. In comparison to the conservative approaches, the application of Best-Estimate 
methods results in the mitigation of  the constraining limits in design and operation.  

This paper presents the results of the application of the RELAP5/Mod3.3 system 
thermal-hydraulic code to the German  FRJ-2 research reactor for a reactivity transient, which 
has been analyzed in the past using the verified system code CATHENA [1], [2], [3]. The 
work mainly aims checking the capability of RELAP5 [4] for research reactor transient 
analysis by the comparison of the results of the two codes and including modeling basis and 
analytical approaches. According to the existing references RELAP5 applications are 
concentrated on the transient analysis of nuclear power systems. The considered case consists 
of a simulation related to a hypothetical fast reactivity transient, which is assumed to be 
caused by the failure of one shutdown arm. The case has been chosen due to the importance 
of the models for the precise description of the complex phenomenon of subcooled boiling 
and two phase flow taking place during the transient.  

For this purpose, the fuel element assembly was modeled in detail according to design 
data. The primary circuit was included in the whole model in order to consider the interaction 
with individual fuel elements with core. In general  the results of the two codes are in 
agreement and comparable during the initial phase of the transient. After reaching the flow 
regime with fully developed nucleate boiling and two phase flow RELAP5 exhibits a different 
prediction for the course of the transient and thermalhydraulic quantities (void fraction and 
fuel temperature). In this respect the models, constitutive relations and correlations employed 
in  the simulations seem to have influence on the course of the transient. 
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1 INTRODUCTION 

Enlarged commercial exploitation of Research Reactors (RR) has increased the 
consideration toward their safety issues. RR safety analyses are generally performed using 
conservative computational approaches [5], [6]. However, recent availability of powerful 
computers and computational techniques together with the continuing increase in operational 
experience imposes the revising of some constraining safety margins. The application of Best-
Estimate (BE) method constitutes a real necessity in order to get more realistic simulation of 
the phenomena involved during steady state and transient conditions and eventually the 
identification of design/safety requirements which can be relaxed [1], [7], [8],[9].  

The global aim of the current work is an attempt to apply the RELAP5 code to predict 
some postulated transients in the heavy water RR FRJ-2. In the current framework the code is 
applied for the simulation of a rapid transient initiated by positive Reactivity Induced 
Accidents (RIA) as a consequence of a hypothetical failure of a Coarse Control Arm (CCA)  
from its static position. 

For this purpose, the core was modelled in detail taking into account the structure of 
highest rated  fuel element (central one). The other fuel element are modelled individually by 
applying one plate model of circular shape. In this respect the idealization of the core and FE 
is different from the one used in CATHENA, in which FE are modelled in groups except the 
central FE. The predictions of the RELAP5 code are afterwards compared with the results of 
CATHENA taken from [1] and [2]. In the following chapters the main features including the 
simulation results of the two codes are given. 

2 DESCRIPTION OF THE REACTOR  

2.1 General Description 

The DIDO is a tank-type research reactor (Fig.1) of British design commissioned at the 
beginning of the sixties. It is cooled and moderated by heavy water at atmospheric pressure. 
As any research reactor there is large number of horizontal (30) and vertical (28) channels that 
give access to the neutron field in the reactor. The horizontal channels (beam tubes) end either 
at the tank wall or at the periphery of the core penetrating into the reactor tank [1]. The core 
power is controlled by six Coarse Control Arms (CCAs) moving between the fuel element 
rows (Fig.2). In the case of a reactor scram they drop into the position of maximum reactivity 
absorption by gravity. The second shutdown system consists of three rapid shutdown rods 
positioned at the periphery of the core. They are fully out during normal operation and are 
shot in on demand by a pneumatic actuator. The primary circuit, as shown in Fig.1, is housed 
in a closed but not airtight plant room beneath the reactor block. The reactor hall is a steel 
shell designed for an overpressure of 300 mbar. The main cooling circuit consists of the three 
main pumps, two shutdown pumps, three heat exchangers and all associated valves and pipe 
network. The operation of all three main pumps is required for full power operation 
establishing sufficient velocity in the channels of the fuel elements. 

2.2 Core Configuration 

The core generates a power of 23 MW in 25 tubular MTR Highly Enriched Uranium 
(HEU) (80 - 90 % Uranium-235) fuel elements arranged in five rows of 4, 6, 5, 6 and 4 fuel 
elements, at a maximum inlet temperature of 58°. Each of the 25 fuel element consists of four 
concentric fuel tubes. The height of the active fuel zone is approx. 60 cm. The core is 
accommodated within an aluminium tank 2 m in diameter and 3.2 m in height. The tank is 
surrounded by a graphite reflector 0.6 m thick enclosed within a double-walled steel tank.  
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The fuel elements contain UAlx in an aluminium matrix with a U-235 mass of 170 g 
and 150 g, respectively which are positioned in tubes in accordance with local power level. 
The annular water gap between the tubes has a width of about 3.3 mm leaving a central hole 
of 50 mm diameter filled with a thimble for irradiation purposes.  

The operating conditions, the thermal-hydraulic properties, as well as the kinetic 
parameters of the FRJ-2 HEU reactor are outlined in Table.1. In this framework 15 groups of 
delayed neutrons (including photo-neutrons) issued from [10] were adopted in absence of the 
real kinetic data of the FRJ-2 core. 

 
 

 
Figure 1: Global view of the cooling 

system of the FRJ-2 

 
 
 

Figure 2: FRJ-2 core and CCA 
arrangement inside the reactor tank 

3 NODALIZATION AND PROBLEM MODELING 

The nodalization of the FRJ-2 plant was carried out by considering the information  
issued from CATHENA output data listing and the layout of the FRJ-2 plant (see Fig.3). The 
resultant RELAP5 flow diagram is depicted in Fig.4 showing the correspondence between the 
plant components and their relative node number. An adequate simulation of the interaction 
between the reactor cooling loop and the core (dynamic) kinetics requires inclusion of the 
whole coolant loop components. The adopted plant nodalization includes a simplified 
idealization of the whole primary circuit with the main standard components of a RR such as 
the reflector zone, the reactor aluminium tank, the main coolant pumps, and the heat 
exchangers. The reactor tank was modelled as a big volume (component 210) connected to 
the upper core zone (component 105) and the suction part through the pipe component 380. 
The RELAP5 nodalization contains more than 500 hydrodynamic and almost 4000 heat 
structures meshes. For the whole primary circuit the same nodalization has been applied 
according to the CATHENA model. 

The secondary side was modelled as two boundary conditions volumes (Tmdpvol 430 
and 420) and one pipe (410) for the heat exchange with the primary side (400). The RELAP5 
core nodalization consists of a detailed model of the highest rated fuel element (as depicted in 
Fig. 5) with five annular flow channels.  This allows detailed simulation of local phenomena  
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Table 1: Main reactor characteristics  

CORE MATERIAL   
Nuclear fuel HEU UAlx 
Fuel element MTR tube-type 

Cladding Al Alloy 
Coolant Heavy water (upward forced flow) 

Moderator Heavy water 
Reflector Heavy water-Graphite 

CORE Thermalhydraulics Nominal Power 
Core Power (MW) 23 

Core Mass Flow rate (Kg/s) 503 
Axial Peaking Factor 1.15 
Radial Peaking Factor 1.37 

Inlet coolant Temperature (°C) 58 
FUEL ELEMENT DATA   

Number Fuel element 25 
Number of plates / Fuel element 4 

Inner tube diameter (cm) 5 
Outer tube shroud diameter (cm) 10.3 

Total MTR Height (cm) 66 
Active Height (cm) 63 

Meat Thickness (mm) 0.65 
Clad thickness (mm) 0.43 

Water gap between plates, mm 3.3 
Total active surface/ Fuel element (m2) 1.148 

Total Flow area (m2) 3.83E-03 
Central hole flow area (m2) 1.96E-03 

CORE KINETICS   
Effective delayed neutron Fraction 6.81E-03 

Prompt neutron generation time (µsec) 56.2 
Void feedback coefficient ($/% void) 1.67E-02 
Doppler feedback coefficient ( $/oC) 2.29E-03 
Coolant temperature feedback ($/oC) 2.35E-02 

 

Table 2: Heat Transfer Correlations and Transition Criteria applied in the calculations 

Heat transfer phenomena CATHENA Correlations [3] RELAP5 Correlations [4] 

Single-phase liquid or 
subcooled wall with voidg < 0.1  Dittus - Boelter Dittus - Boelter 

Subcooled nucleate boiling Chen Chen 
Subcooled film boiling Bromly Berenson Bromley 

Steam generation Hancox & Nicollson Lahey 
Onset of CHF Mirshak Groeneveld, Cheng, and Doan 

Transition CHF - stable FB Bjornard and Griffith 
Simple smooth transition function  No prediction of MFB 
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that occur inside the fuel assembly. The remaining 24 fuel elements are considered 
individually. Each one consisting of 4 fuel tubes is only represented by one which  is 
surrounded by an outer and inner cooling channel.  The cooling channels are hydraulically 
connected to the lower and upper part at the core.     

The CATHENA model consists of an exact model of the highest rated fuel element – 
as RELAP5 one – and 3 further models representing the remaining 24 fuel elements which are 
divided in 3 groups according to the power level in the core [11].  

Concerning the modelling of hydrodynamical processes no significant differences are 
expected between two codes. In both codes the hydrodynamic equations for mass, momentum 
and energy are solved for each phase (liquid and vapour), resulting in a six equation model. 
The equation of state, which defines the phasic densities as function of phase pressure and 
enthalpy, is required for closure of these equations. In addition constitutive relationship 
required in the hydrodynamic equations to specify the rates of phase change, interfacial and 
wall-to-fluid momentum transfer, and interfacial and wall-to-fluid heat transfer are formulated 
from information obtained in the literature which depend on flow regime, on the basis of a 
flow-regime map. A heat conduction equation is involved for temperature distribution within 
a pipe wall or fuel pin (or plate), and is coupled with the hydrodynamic equations at the wall-
to-fluid interface. A full boiling curve is provided to model convective, boiling and 
condensation heat transfer process at the interface. Details of the constitutive relationships are 
outlined in [3]. Correlations and criteria are employed for the description of heat transfer and 
thermal hydraulic processes. The main correlations and criteria for the two codes are collected 
in tab. 2. In the following existing study, only the results obtained by RELAP5 and 
CATHENA codes for the highest rated fuel element are compared. 

 

 
Figure 3: Nodalization for CATHENA 

 

Figure 4: Nodalization for RELAP5 
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Figure 5: RELAP5 Core Nodalization 

4 DESCRIPTION OF THE TRANSIENT 

The transients considered herein consist of a severe hypothetical unprotected (without 
SCRAM) accident. It is assumed that the initiating event – according to [2] – is the drop of 
CCA of the highest reactivity value by a random disconnection from the electromagnetic 
clutch connecting the lifting rod to the gear. The CCA then drops down from the current 
position to the shut down position. As it reaches the shutdown position, a breakage of a 
support mechanism is assumed due to hitting the stops so that the arm swings out of the core.  
 The fracture of the central absorber arm (CCA) during operating condition (23 MW) 
causes first a maximum reactivity absorption followed by a positive reactivity insertion. The 
added reactivity reaches almost $3.33 (+2.27%dk/k) within a period of one second at the 
normal condition. This high value of the inserted positive reactivity into the core leads to 
power excursion in case of loss of all other absorber system. The main leading events of such 
transient are summarized in Table 3.  
 

Table 3: Main Transients initial and boundary conditions 
Transient key Parameters RIA 

Initial power (MW) Nominal 23 MW 
Scram setting point Disabled 

Maximum reactivity absorption $ 2.8 (1.9%dk/k) 
Maximum reactivity insertion $ 3.3 (2.27%dk/k) 

 

5 CALCULTIONS RESULTS 

5.1 Steady State Calculations 

The main results for the steady state are summarized in Table 4 for comparison with 
the results of CATHENA calculations, which have been collected from [2]. This is a 
preliminary qualification about the performed plant nodalization and the adopted heat 
transfer and flow models. Therefore it could be concluded at this calculation level that the 
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RELAP5 input data reflect the FRJ-2 operational conditions as modelled by the CATHENA 
code within minor differences. 

 

Table 4: Main steady state achievement compared with experimental data. 
Parameter CATHENA RELAP5 

Core inlet Pressure, MPa. 0.14 0.16 

Maximum Fueltemperature, C. 140 144 

Average Heat Flux (kw/m2). 816 800 

Core inlet flow, Kg/s. 503 503 

Inlet core Temperature, C. 58 58 

Core average outlet Temperature, C. 69 69 

 
 

5.2 Simulation of the reactivity transient 

The transient under consideration is governed by relatively large amount of negative 
reactivity followed by a positive reactivity addition into the core as a consequence of the 
CCA failure. Accordingly, the core power response exhibits a sharp rise. Under these 
conditions the cooling system is not able to remove the heat released into the core despite its 
operational integrity. As shown in Fig.6, typical behaviour of reactor power following a 
positive reactivity insertion is observed. After a small period of power decrease, due to the 
negative reactivity insertion, the core power begins to rise rapidly when the CCA leaves the 
central part of the core. During the first stage of the transient an increase of the fuel cladding 
temperature takes place.  

According to Fig. 7, the most effective feedback contribution limiting the external 
reactivity results from the change in the density of the moderator (void generation) and in the 
fuel temperature as well. The maximum reactivity effect of void amounts to $ 0.6. The void 
effect becomes effective at 580 ms until  680 ms  as a consequence of void generation 
resulting from changes in the heat transfer conditions at the wall-coolant interface. The 
CATHENA  code predicts higher void formation until 705 ms, as shown in Fig. 8,  that 
contributes to the differences in the excursion phase. The discrepancies may also result from 
the uncertainties due to the adopted boundary conditions connected with the inserted CCA 
reactivity variation as well as with the difference in the mathematical models.  

The reduction of the total reactivity in the further course of the transient is a 
consequence of a continuous increase of the fuel temperature due to the Doppler effect. The 
energy released during such power excursion leads to a fast fuel temperature rise, as shown 
in Fig.9. The agreement between results of the two codes is good in the initial phase of the 
transient. After 0.74 s the fuel temperature increase is continued in case of CATHENA. The 
difference is explained by the effect of fuel and moderator temperature feedback, as well as 
the behaviour of the other fuel elements. Earlier limitation of fuel temperature indicates a 
higher feedback mechanism which is probably caused by high void and temperature 
coefficient in case of RELAP. The interruption of the evaporation process comes earlier in 
according to RELAP5 that causes the flooding of the voided zone. Accordingly, the highest 
rated fuel element temperature significantly exceeds the melting point of the fuel clad so that 
further reduction in power remains without any influence on the initial melting process. The 
calculation was continued for the time after reaching the melting point of the cladding in 
order to study self limiting behaviour due to the Doppler feedback effect. The melting point 
of the fuel cladding is assumed 660°C and is reached after about 0.64 s in both codes. 
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The response of the coolant temperature is depicted in Fig.10. The agreement is quite 
good between the results of the two codes at the beginning of the transient and quite different 
during the excursion phase. These differences are of great significance with respect to the 
consequence of transients. Differences could be attributed to differences related to the 
calculated void fraction as well as the location of the transition boundaries between single 
phase, subcooled nucleate boiling and film boiling  regimes including the effect of 
correlations employed.  

Regarding mass flow in the highest rated fuel element channels (Fig. 11) CATHENA 
code shows, - as a consequence of vapour generation - that an instable two phase flow 
characterized by a violent oscillation of the local pressure and mass flow occurs. The 
increase of local pressure induces a temporary blockage of the channel which becomes 
apparent in a temporary reduction of the flow rate. RELAP5 does not predict this process in 
the cooling channels probably due to the lower void formation. These differences can be 
explained through the different transition criteria used in the two codes. With the increase of 
heat transfer to the coolant at the initial phase of vapour generation, the flow regime is 
changed from nucleate boiling to film boiling via transition boiling within a short period of 
time (40 ms for both codes) which results in a reduction of heat transfer to the coolant core 
and the interruption of further vapour generation.  
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Figure 6: Core power under CCA rupture 

conditions 
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Figure 7: Core reactivity  under CCA 

rupture conditions 
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Figure 8: Hot channel Void fraction under 
CCA rupture conditions 
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Figure 9: Maximum Fuel temperature 

under CCA rupture conditions 
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Figure 10: Maximum coolant temperature  

under CCA rupture conditions 
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Figure 11: Relative Central fuel assembly 

mass flow rate under CCA rupture. 

 
 

6 CONCLUSION 

With the development of best estimate methods in nuclear safety analysis different 
codes have been applied for the simulation of transients to reduce the level of the 
uncertainties and to mitigate conservative assumptions in order to optimize design and safety 
features of nuclear reactors. In this respect, the thermalhydraulic system code RELAP5 was 
applied for the analysis of thermalhydraulic behaviour of the German research reactor FRJ-2 
for the case an anticipated hypothetical reactivity accident. The analysis aimed at testing the 
capability and reliability of RELAP5 for research reactor analysis which has been mainly 
applied in the past for analysis of nuclear power plant. The results of the simulation have been 
compared with comprehensive calculation of the same type of transient using the verified two 
phase system  code (CATHENA).    

In both simulations it is clear that the hypothetical accident considered would cause 
damage in the core.  Under this accident condition the cooling system is not able to remove 
the heat released in the fuel elements. Due to forced convection only a small fraction of the 
external reactivity added to the core is compensated by the temperature feedback mechanism. 

In general, the results of the two codes are in agreement and comparable in the initial 
phase of the thermo-hydraulic processes taking place during the transient. After reaching the 
flow regime with fully developed nucleate boiling and two phase flow the RELAP5 code 
exhibits different prediction for the course of the transient and thermalhydraulic quantities 
including void fraction, local flow rate and fuel temperature. The differences in the simulation 
are expected to be caused by the following: 

- heat transfer correlations 
- correlations and criteria for the transition boundaries between the flow regimes 
- probably applied numerical models. 

 
With respect to the reliability of the RELAP5 code for the analysis of research reactor 

transients additional investigations related to the above topics are needed. The course of the 
termalhydraulic processes in other fuel elements is of significant influence on the transient 
behavior of the highest rated fuel element. This topic will be also studied in future within the 
framework of the existing project.  
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