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ABSTRACT 

The work presented here, focuses on the presentation of the coupling scheme developed 

between the Computational Fluid Dynamic (CFD) code ANSYS CFX and the Monte Carlo 

neutron transport code TRIPOLI. The scheme is tested on a single fuel rod problem derived 

from the OECD/NEA and US NRC PWR MOX/UO2 core transient Benchmark. Prediction 

capabilities of our Coupled system are compared with results available in the literature. 

1 INTRODUCTION 

Nuclear engineering is a complex crossover of several disciplines such as material 

science, chemistry, thermodynamics and particles physics. Each discipline describes the 

evolutions of physical quantities through set of mathematical equations. At the early days of 

nuclear engineering, slower computers required simplified models. Modelling assumptions 

were numerous (for example: one dimensional problem for thermal-hydraulics, point kinetic 

for neutronics…). Great improvement in computational power allows development of more 

accurate models able to describe interactions amongst nuclear, fluid, thermal chemical and 

structural behaviour of a nuclear reactor. 

Multi-physics and Multi-scale modelling are particularly challenging tasks for the 

future. More precisely, the description of phenomena occurring in the core involves a 

coupling between neutronic and thermal hydraulics [1] through the so called reactivity or 

thermal feedback. In water cooled reactor, thermal feedback and temperature coefficients of 

reactivity are important: when temperature changes, both microscopic and macroscopic cross 

section change impacting directly the neutron spectrum and the neutron flux profile. Other 

feedback such as moderator density effect can also have a significant impact on core’s 

performance and inherent safety of the reactor. 

Those reasons were naturally leading in the development of coupling method in order to 

correctly predict the behaviour of the core in normal operation and accidental situation [6]. 

There are two ways to realise the coupling, the first one is called internal coupling in which 

the code describing one discipline has a module able to solve equations from the other 

discipline. One classical example is the point kinetic model implemented in a thermal-

hydraulics code. One should pay attention that the physical model of the module is a simple 
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model obtained after approximations. The coupling can also be external: a specialized code is 

used for each area of physics and the coupling is achieved with communication of the data 

between the codes. 

After a presentation of the coupling scheme selected, demonstration is performed on a 

single fuel rod problem. This simple case, a fuel rod surrounding by water, allows a first 

validation of our scheme for steady-state problem. 

2 DESCRIPTION OF THE STEADY-STATE COUPLING SCHEME 

The state of a nuclear reactor can be obtained by solving a system of governing 

equations. The steady-state conditions of a coupling neutronic (N) - thermo hydraulics (TH) 

problem can be deduced following this general data flow chart (Figure 1). The neutronic code 

gives power distribution to the thermo hydraulics code and receives from it temperatures and 

density fields. Iteration of the process will occur until convergence of the power (neutron 

flux), density and temperatures distributions. 

 

 

 

 

 

 

Figure 1: General N-TH coupling scheme 

2.1 Codes used 

2.1.1.1 Thermo hydraulics 

ANSYS CFX [2] is a Computational Fluid Dynamic code (CFD). CFD is a branch of 

fluid mechanics that can be helpful for studying fluid flow, heat transfer, chemical reactions 

etc by solving mathematical equations with the help of numerical analysis. CFD employs a 

very simple principle. The entire system is subdivided into volume elements. Then governing 

mass, momentum and energy conservation equations are applied on these discrete elements to 

find numerical solutions regarding velocity, pressure distribution and temperatures. 

2.1.1.2 Neutron Physics 

TRIPOLI-4 [3] is a general purpose radiation transport code. It uses the Monte Carlo 

method to simulate neutron and photon behaviour in three-dimensional geometries. The 

Monte Carlo method for particle transport consists of simulating a finite number, say N, of 

particle histories through the use of a random number. In each particle history random 

numbers are generated and used to sample appropriate probability distributions for scattering 

angles, track length distances between collisions etc. 

2.2 Specific coupling scheme 

The coupling scheme was written following the recommendations of Dufek and 

Gudowski [4] in order to ensure convergence and stability of the iterative process. Via the 

stochastic approximation, one can estimate the neutron flux at iteration n, Φ
(n)

, by: 

N TH 
Temperature distribution 

Density distribution 
Power distribution 
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αn is the relaxation parameter. Several options are available. 

sn is the number of neutron histories to be simulated at iteration n. We also define Sn, 

the sum of the sn. 

σ
(n)

 is the cross section distribution dependant of the material composition (coolant or 

fuel) and its temperature field T
(n)

. 

ρ
(n)

 is the density distribution (coolant). 

Φ
calc

 is the neutron flux evaluated by the Monte Carlo code. 

Algorithm 1: Description of the coupling scheme. 

______________________________________________________________________ 

1: Initialisation: Power, s1, Φ
(0)

, S0 ← 0 

For n = 1, 2 … do 

2:  sn ← new value (method dependant) 

  Sn ← Sn-1 + sn 

  αn ← sn/ Sn 

3:  T
(n) 
← CFX(Φ

(n-1)
) 

  ρ
(n) 
← CFX(Φ

(n-1)
)  

4:  σ
(n) 
← NJOY(T

(n)
) 

5:  Φ
calc 

← TRIPOLI(σ
(n)
, ρ

(n)
) 

6:  Normalisation to obtain the power 

7:  Φ
(n)

 ← (1 - αn ) Φ
(n-1)

 + αn Φ
calc 

8:  If (convergence) STOP, else CONTINUE  

End for 

______________________________________________________________________ 

Here some steps of the algorithm are commented: 

 Step 3: In order to obtain the new temperature distribution (fuel and coolant) 

and the new density (coolant), The CFD code ANSYS CFX is executed in 

steady state mode. At each iteration, the power distribution (or neutron flux) is 

updated with the value deduced at the previous iteration. 

 Step 4: Temperature distributions obtained at the previous step are a direct 

input to calculate temperature dependant microscopic cross sections. The code 

NJOY99 [5] is called via a new version of TRIPOLI allowing computation of 

the nuclear data at the requested temperature and post processing of the 

nuclear data at the format needed by TRIPOLI. 

 Step 5: The neutron flux is evaluated by simulating sn neutron histories with 

TRIPOLI in criticality mode. The fuel and coolant properties have been 

updated with the new cross sections and density. 

 Step 7: The relaxation is applied to the flux distribution. 
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The end of the algorithm is stopped according to a criterion to be chosen. One way is to 

monitor the convergence of the relaxed solution. 

Equation 1 can be rewritten as  

  )1()( nn             (2) 

with:  

)1(  ncalc

n            (3) 

When the absolute value of ε reached a certain value the algorithm is stopped. 

The selection of the number of neutron histories, sn, is directly impacting the relaxation 

parameter, αn. One option is to fix sn at a constant value. In that case αn is generated according 

to the Robbins-Monro algorithm [6]: 

n
n

1
              (4) 

Dufek and Gudowski proposed an “optimal” way of varying sn. Their idea is to let the 

number of neutron histories grow over the iteration steps. This is motivated by the will of not 

waste computational time to calculate first flux iterations that might contain large errors. At 

every iteration sn is deduced according to Equation 5: 
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At every iteration, the number of neutron histories grows by adding around half of the 

first sample, s1. 

3 DEMONSTRATION CASE 

For demonstration purpose, it was chosen to study a single fuel rod problem derived 

from the OECD/NEA and US NRC PWR MOX/UO2 Benchmark [7], some modifications 

such as a varying enrichment in axial direction were done to allow comparison with other 

coupling methods [8].  

3.1 Definition of the problem 

The system studied consists of one fuel pin surrounded by a square lattice of water with 

reflective boundary conditions (Figure 2). Nominal conditions are given in Table 1. 

Geometrical specifications are indicated in Table 2. 

Table 1: Nominal condition for the simulation 

Power Temperature inlet Pressure outlet Mass flow rate 

66.5 kW 564 K 15.8 MPa 0.326 kg/s 

 

Table 2: Problem geometry specifications 

Fuel radius Cladding inner radius Cladding outer radius pitch lattice of water 

3.951 mm 4.010 mm 4.583 mm 12.6 mm 
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Figure 2: Geometry of the case 

 

The fuel rod is composed of UO2 with a fixed density of 10.25 g/cm
3
. The fuel is 

surrounded by a cladding made of Zr with a fixed density of 6.50 g/cm
3
. The gap between 

fuel and cladding is filled with Helium. For fuel and coolant regions an axial subdivision over 

20 levels was effected in both, TRIPOLI and CFX code. The nuclear data set used is 

ENDF/B-VII. CFX geometry is subdivided in two millions of hexahedral elements. 

3.2 Results 

Following steady-state results have been obtained with the “optimal” way proposed by 

Dufek and Gudowski. The profile variation for various variables over some iterations is 

shown. Iteration 15 reached the target value of 0.1 % for ε defined by Equation (3). In 

addition a copy of converged result, for the same case, from Hoogenboom and al. [8] (yellow 

graphs) is shown for comparison. 

 

 

Figure 3: Axial normalized neutron flux profile at different iteration (left) and converged for 

various code combination from Hoogenboom and al (right) 
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Figure 4: Axial fuel centreline temperature profile at different iteration (left) and converged 

for various code combination from Hoogenboom and al (right) 

 

 
 

Figure 5: Axial coolant temperature profile at different iteration (left) and converged for 

various code combination from Hoogenboom and al (right) 

 

 
Figure 6: Axial coolant density profile at different iteration (left) and converged for various 

code combination from Hoogenboom and al (right) 

 

A good agreement can be observed between our converged result (iteration 15) and the 

one of Hoogenboom and al. Physical results are consistent. In Figure 3 the asymmetric shape 

of the normalized neutron flux was expected due to the varying enrichment in axial direction. 

The temperature axial profile follows the neutron flux profile (Figure 4). Figure 5 and Figure 

6 show good reliability between water temperatures and water. It can be noted that the profile 

variation over the different iterations is stronger for the flux and consequently for the fuel 

temperature. 
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Figure 7 exhibit the evolution of our convergence criteria over iterations. A good 

efficiency can be observed. 

 

 
Figure 7: Evolution of the convergence criteria over iterations 

 

It should be noted that as mentioned before an axial subdivision was done. The average 

value for density and/or temperature is obtained by using User Fortran subroutines 

capabilities of CFX [2]. The input file of TRIPOLI was also subdivided in levels were the 

material properties (cross section, atom density) differ from one level to another. The process 

is lead by a Bash script. 

4 DISCUSSION AND CONCLUSION 

A coupling scheme between a Monte Carlo neutron transport code and a computational 

fluid dynamic code was created. The Scheme was tested successfully on a demonstration 

case. Future work will concentrate on a bigger system such as TRIGA reactor, and mainly on 

the adaptation of this scheme to transient simulations. The main difference for transient 

problems lies on the need of data exchange at every time step between the different codes. For 

this purpose more User Fortran subroutines are considered and ANSYS CFX is leading the 

process. Another difficulty is the adaptation of Monte Carlo calculation to transient problem. 

One way investigated is to consider an adiabatic approximation; the neutron flux is separable 

in a space and energy function and a shape time dependant function. This shape function 

describes the fast flux variation in time and can be found by the resolution of a kinetic 

equation. The energy and space function is given by a normal Monte Carlo calculation; it can 

eventually be updated from time to time depending on the problem. 
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