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ABSTRACT 

Within the context of an operating nuclear reactor core, multi-physics calculations that 

account for the bonded nature of the neutronic and thermal-hydraulic phenomena are of major 

importance in reactor safety and design. In this work, the ongoing development of a tool for 

neutronic/thermal-hydraulic coupled calculations is presented. OpenMC, a Monte-Carlo 3D 

neutronic code and COBRA-EN, a thermal-hydraulic code for sub-channel and core analysis, 

are integrated in a single tool for coupled calculations. This new coupled system 

(OpenMC/COBRA) is capable of performing coupled Neutronic/Thermal-Hydraulic analysis 

in both sub-channel and core level. As regards the main key parameters related to the coupled 

problems, these mainly include the handling of the involved feedbacks between the two 

physical processes, the accuracy of the Monte-Carlo calculation and the convergence behavior 

of such an iterative scheme. Another issue which should be considered carefully is the 

optimal, in terms of computational time, use of the neutronic Monte-Carlo code, since the 

main disadvantage of such codes is the high computational cost. This work investigates the 

role of these parameters in the coupled neutronic/thermal-hydraulic calculations performed by 

OpenMC/COBRA while it examines the direction towards which their optimization should 

move in order to achieve accurate results with reasonable computational cost. The results 

show that satisfying accuracy can be obtained in reasonable computational time when Monte-

Carlo multi-processing is combined with proper selection of the Monte-Carlo parameters, as 

well as of the parameters concerning the coupled iterative scheme.   

1 INTRODUCTION 

In a nuclear reactor core various physical phenomena of different nature are interrelated. 

In this sense, Neutronic (N) and Thermal-Hydraulic (T-H) phenomena are strongly bonded; 

e.g. microscopic neutron cross sections of the core materials are dependent on temperature. 

This interrelation induces the need for multi-physics calculations, i.e. calculations which are 

able to compute the safety-related parameters taking these interactions into consideration.  
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This paper presents the ongoing development of a coupling scheme between the N code 

OpenMC [1] and the T-H code COBRA-EN [2], aiming to perform coupled N/T-H 

calculations of the main safety-related design parameters of a nuclear reactor in different 

scales. The modeling capabilities of this tool are determined mainly by the COBRA code. 

More specifically, the developed OpenMC/COBRA scheme is able to investigate both Fuel 

Assembly (FA) problems in pin-by-pin scale as well as whole reactor core problems where 

the T-H feedback concerns assembly-averaged parameters.  

2 THE DEVELOPED COUPLING SCHEME   

The Monte-Carlo code OpenMC and the T-H code COBRA have been selected for the 

development of the coupling scheme presented in this work. 

OpenMC is a new, open source, Monte-Carlo code written in Fortran 2008. Among its 

advantages, it should be mentioned that its input files are written in XML (Extensible Markup 

Language) format rather than the arbitrary code-dependent text formats which are used by 

most of the other codes. In addition, it offers other capabilities such as parallel execution, use 

of restarting files, etc. Some of these features make OpenMC suitable for a coupled N/T-H 

scheme. 

The COBRA-EN code [2] is a sub-channel analysis code, written in Fortran 77, which 

computes the T-H parameters in nuclear FAs or whole cores for both steady state and 

transient conditions. By implementing necessary modifications it can also be used for T-H 

analysis of liquid metal and gas cooled reactors. 

The most important issue in coupled N/T-H calculations is the feedback information 

which is exchanged between N and T-H fields. As a result, the mapping between N and T-H 

plays a critical role in that procedure. Furthermore, the cross-section upgrading procedure as 

well as the convergence of the iterative scheme are additional important steps of the 

integrated scheme. Last but not least, computational time is an extra constraint which should 

be overcome, especially when a Monte-Carlo neutronic code is used. 

2.1 Mapping between Neutronics and Thermal-Hydraulics 

In this work a one-to-one mapping between the axial and radial nodalization of the two 

coupled codes is implemented. The data transfer between the codes, is controlled by a 

program, written in Fortran 95, in combination with some BASH-scripts. The developed 

control program is also responsible to handle the cross-section evolution within the iterative 

scheme and to check the convergence. The simplified flowchart of the OpenMC/COBRA 

coupled scheme can be seen in Fig.1. Since OpenMC is a new code under continuous 

development, it is desirable to use it without modifying its source, aiming mainly to an easy 

replacement by newer versions. For this purpose it is preferable to limit its interaction with 

other codes in exchanging data through the input-files. This point makes also understandable 

the importance of the XML format which is adopted by the input files of OpenMC. For a 

robust and easily controlled mapping between N and T-H codes, extra XML-elements can be 

used in the input file of OpenMC where the materials are specified. These extra XML-

elements do not interrupt the parsing of the file by OpenMC, and in the same time they are 

used by the developed routines which transfer data and control other parameters. Finally it 

should be mentioned that since COBRA uses channel-oriented cells whereas OpenMC uses 

pin-oriented ones, the surrounding coolant temperatures and densities of each rod in 

OpenMC, are deduced by averaging throughout all the sub-channels surrounding that rod in 

COBRA.   
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Figure 1: Simplified flowchart of the OpenMC/COBRA coupled scheme. 

2.2 Handling of the cross-section Doppler broadening 

In this work the method of pseudo-materials has been adopted to handle the Doppler 

broadening of the cross-sections within the coupled scheme. According to this method each 

material in OpenMC is defined as a mixture of two materials. The temperatures of the two 

materials which compose the actual one, correspond to the upper and lower bounds of the 

particular interval which encloses the actual, obtained by the T-H calculation, temperature. 

The coefficients which are used for the mixing of the libraries which correspond to the two 

materials are the following: 

                                    𝑓𝑙𝑜𝑤 =
𝑇ℎ𝑖𝑔ℎ−𝑇𝑎𝑐𝑡𝑢𝑎𝑙

𝑇ℎ𝑖𝑔ℎ−𝑇𝑙𝑜𝑤
    and    𝑓ℎ𝑖𝑔ℎ = 1 − 𝑓𝑙𝑜𝑤              (1)                       

By using the pseudo-material method, the macroscopic cross-section of each material is 

calculated as: 

𝛴𝑝𝑠𝑒𝑢𝑑𝑜(𝑇𝑎𝑐𝑡𝑢𝑎𝑙) = 𝑓𝑙𝑜𝑤𝛴𝑙𝑜𝑤(𝑇𝑙𝑜𝑤) + 𝑓ℎ𝑖𝑔ℎ𝛴ℎ𝑖𝑔ℎ(𝑇ℎ𝑖𝑔ℎ)                      (2) 

In this work the JEFF 3.1.2 library in ACE format has been used; it is provided for a 

temperature range of 100K-1000K with a 100K increment and at 1200K, 1500K and 1800K. 

The NJOY code [3]  has been used in order to generate the missing libraries from 1000K to 

2000K with an increment of 100K. 

As regards the thermal-scattering data for the moderator, the libraries provided by JEFF 

3.1.2 are used. In this case for each region of the analyzed problem, the thermal-scattering 

library evaluated in the temperature closest to the one of the moderator, is used. 

2.3 Convergence of the iterative coupling scheme  

Due to the iterative coupling approach between the N and T-H code, a large number of 

iterations may be needed until convergence is achieved. In this work, the local fuel 

temperature was selected to be the convergence parameter since it significantly oscillates 

during the iterative procedure. For this purpose the convergence of the fuel temperature is 

checked for each fuel rod at each axial region, by using the following convergence criterion: 
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|
𝑇𝑖−𝑇𝑖−1

𝑇𝑖−1
| < 𝑒                (3) 

where 𝑒 is the convergence parameter. Additionally, the implementation of a relaxation 

method might accelerate the convergence of such a coupling scheme. In this work a relaxation 

scheme of the following form is used: 

𝑇𝑓𝑢𝑒𝑙,𝑖
𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑

= (1 − 𝜔)𝑇𝑓𝑢𝑒𝑙,𝑖−1 + 𝜔𝑇𝑓𝑢𝑒𝑙,𝑖                                      (4) 

where 𝜔 is the relaxation parameter.  

Last but not least, it should be mentioned that since the convergence of the Monte-Carlo 

solution is critical for the total behavior of the coupling scheme, the Monte Carlo parameters 

are set appropriately in order to ensure convergence of both the neutron source and the 

multiplication factor, in each iterative step. As regards the neutron source, its convergence is 

checked by observing the evolution of the Shannon entropy.  

3 APPLICATIONS OF THE COUPLING SCHEME 

3.1 The single pin BWR benchmark problem for coupled Monte-Carlo/T-H analysis 

A single pin Boiling Water Reactor (BWR) benchmark for coupled Monte-Carlo/T-H 

analysis has been developed within the NURISP project [4] and is presented in [5]. The main 

characteristics of the model are presented in Table 1. In this benchmark, the temperature of 

the cladding is fixed within the coupled calculation. In [5] the moderator temperature is also 

fixed; however for the present work it is chosen as variable within the iterative scheme using 

the pseudo-materials method. In both the N and the T-H calculation, 38 axial regions have 

been used. In the radial direction, the OpenMC model uses reflective boundary conditions 

whereas at the axial edges vacuum boundaries have been implemented. In the COBRA model 

5 radial nodes have been used for the calculation of the fuel temperature. The effective fuel 

temperature, which passes to the N model, is calculated with the Rowland formula by post-

processing the COBRA results: 
 

𝑇𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
𝑓𝑢𝑒𝑙

= (4
9⁄ )𝑇𝑐𝑒𝑛𝑡𝑒𝑟

𝑓𝑢𝑒𝑙
+ (5

9⁄ )𝑇𝑒𝑑𝑔𝑒
𝑓𝑢𝑒𝑙

                                 (5) 

The initial N calculation is processed using fuel and coolant temperatures as well as 

coolant densities from a preliminary T-H calculation using an axially flat linear power profile. 

It should be mentioned that although an axially flat power profile is actually not a realistic 

approximation, it provides a good test for the convergence behavior of the coupled scheme. 

The fuel temperature convergence criterion is set to 0.4% which ensures a high level of 

accuracy. As can be seen in Table 2 as well as in Fig. 2, satisfying convergence of both 𝑘∞ 

and the axial power profile is achieved. In addition, the convergence is accelerated by using a 

relaxation parameter, while at the same time the calculated parameters remain almost identical 

as depicted in Fig. 3. 
 

Table 1: Main characteristics of the single pin BWR benchmark. 

Active 

length 

Pellet radius Pin radius Inlet coolant 

Temperature 

Enrichment types 

(%) of fuel pellets  

Mass flow 

rate 

Total Power  Pressure 

3.8 m 0.5225 cm 0.6125 cm 553K 0.71/3.3/3.7 1120kg/m2s 7E+04 W 7.01 MPa 
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Table 2: BWR-single-pin coupled calculation summary. 

Case Converged 𝑘∞ 

Histories/Cycles/ 

Skipped Cycles,  

in Neutronics 

Convergence 

criterion for  

fuel temperature 

# of iterations 

# of processors*/ 

total computational 

time 

no relaxation 1.25772 ±0.00008 500k/400/100 0.4% 15 40/8.95h 

ω=0.5 1.25788 ±0.00008 500k/400/100 0.4% 11 40/6.33h 

*AMD Opteron™ Processor 6238 2.6GHz 

 

Figure 2: 𝑘∞ (left) and Relative Normalized Power (right) evolution (ω=0.5) within the iterat. coupled calc. 

Comparing with the results obtained in the context of the single-pin BWR benchmark it can 

be said that the relative power profile calculated by all the computational schemes is 

characterized by the same trend. More specifically, the profile which is calculated in this work 

(Fig. 2, right) is identical with the one calculated by the MCNP-COBRA coupled scheme in 

[6]. The difference observed between the relative power profile calculated by 

OpenMC/COBRA and MCNP-COBRA versus the ones calculated in [5], as well as the 

differences between the computational schemes within [5], can be attributed to differences at 

the density axial profile calculated by the various T-H codes. Consequently investigation on 

the different models and correlations used in each T-H code is required. As regards the 

computational time, Table 1 shows that the parallel running capabilities of the OpenMC code 

lead to quite reasonable total computational times. Computational time can be further reduced 

easily, by using a larger number of processors. 

 
Figure 3: Converged fuel temperature (left) and coolant density (right) axial profile. 
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3.2 A pin-by-pin PWR FA coupled analysis 

A model of a Pressurized Water Reactor (PWR) FA, found in the Monte-Carlo 

performance benchmark test for detailed power density calculation in a full size reactor core 

[7], is analyzed using OpenMC/COBRA. In this coupled calculation, a 1/8 symmetry FA 

model has been used in both OpenMC and COBRA. In both the neutronic and the T-H 

calculations, the model has been axially separated in only 20 “computational” regions since a 

PWR is characterized by much lower density gradients than a BWR. In the radial direction the 

OpenMC model uses reflective boundary conditions whereas at the axial edges vacuum 

boundaries have been implemented. The main operational characteristics of the model 

analyzed here can be seen in Table 3.  

 
Table 3: Main characteristics of the 1/8 symmetry FA model. 

Active 

length 

Pellet 

radius 

Pin radius Inlet coolant 

Temperature 

Mass flow rate Total Power Exit pressure 

3.66 m 0.41cm 0.475 cm 559K 2200kg/m2s 2.149MW 15.5MPa 

As can be seen in Table 4 the convergence criterion of 1.00% cannot be achieved 

without relaxation. Although convergence of 1.15% is attained at the 4th step of the iterative 

calculation, then oscillations of the fuel temperature appear indicating that convergence of 

1.00% either could not be achieved or it would require a significant number of iterative steps.  

On the other hand when a relaxation parameter 𝜔 = 0.5 is employed, convergence of 1.00% 

is achieved within 3 steps by using 300k histories per batch, or in 10 steps when 100k 

histories per batch are used. This confirms that Monte-Carlo statistics is a determinant factor 

for the whole convergence behavior of the numerical scheme and it should be appropriately 

selected before each coupled calculation.  In this case it seems that Monte-Carlo statistics is 

adequate to significantly reduce the number of steps required for convergence in contrast to 

the case of the single-pin BWR benchmark, where the large axial density gradient as well as 

the different enrichment levels along the axial dimension of the rod complicates the numerical 

solution of the problem. 
 

Table 4: FA coupled calculation summary. 

id Case Converged 𝑘∞ 

Histories/Cycles/ 

Skipped Cycles  

in neutronics 

Convergence 

criterion for  fuel 

temperature 

# of 

Iterations 

# of  

processors*/  

Total 

computat. 

Time 

1 no relaxation 0.99651 ±0.00010 300k/400/100  (1.00%) **1.15% 4 4***/23h 

2 ω=0.5 0.99637 ±0.00016 100k/400/100 1.00% 10 4/20h 

3 ω=0.5 0.99637 ±0.00009 300k/400/100 1.00% 3 4/18h 

*Intel® Core™ i7-4770 CPU 3.40GHz 

**1.15% represents the maximum accuracy level that could be achieved and 23h the computational time it 

needed. Also in that case the convergence criterion is initially set to 1.00%. 

*** In this case only the shared-memory parallelism option (OpenMP) was used and not the distributed memory 

one. 

 

In Fig. 4 the converged normalized power distribution as well as the converged fuel and 

coolant temperature distribution is illustrated. It should be mentioned here that the 
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temperature profile in the fuel rods was initially increasing with height, due to the assumption 

of an axially flat power profile in each fuel rod for the initial T-H calculation. However within 

the iterative procedure the fuel temperature is properly adjusted following the progressive 

transformation of the axial linear power profile to its actual shape  and, as can be seen in Fig.4 

(right), it finally obtains the expected shape. Ιt is also noteworthy that the power distribution 

among the pins of the fuel assembly is found higher towards the center and lower towards the 

periphery of the FA. More specifically in Fig. 5 (left) it can be observed that pins in the 

vicinity of the guide tubes are characterized by larger power. This is rather expected and is 

attributed to the lack of fission-induced heat deposition in the guide tubes, which are full of 

water, which implies that the coolant temperature is lower and the coolant density is larger 

than in the sub-channels surrounding the guide tube.   

 
Figure 4: Converged Power (left), Fuel and Coolant Temperature (right) distribution (1/4 symmetry)  

(ω=0.5). 

 

 

Figure 5: Relative Power distribution in axial level z=0 (left) and axial Temperature distribution in the 

hottest and the coldest pin (right). 
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4 CONCLUSIONS AND PERSPECTIVES 

In this work the ongoing development of an integrated scheme for coupled N/T-H 

analysis is presented. The main aim of this tool is the calculation of the safety-related reactor 

parameters in a high level of detail and accuracy. The results obtained when applying this tool 

in two different cases are encouraging as regards its use in realistic calculations. Especially 

when the calculations are performed in computational clusters making use of the parallel 

capabilities of OpenMC, the total computational time becomes rather reasonable. Moreover, 

the computational time can be further reduced when the Monte-Carlo parameters like the 

statistics, are combined properly with the numerical parameters, like the convergence criteria.    

Further work concerns ways to improve the accuracy by reducing the numerical 

oscillations. The investigation of the role of the relaxation parameter in the behaviour of the 

iterative scheme would be a step toward this direction. In addition, further reduction of the 

computational time is another realistic aim and could be achieved, for example, by 

implementing a Monte-Carlo statistics adaptive selection procedure during the iterative 

coupled calculation, and/or by using a more realistic initial guess of the power distribution. As 

regards future applications of the tool, it should be applied to whole core analysis. Finally, the 

impact of the T-H correlations to the results of the coupled analysis should be investigated.       
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