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Abstract 
 
As part of a U.S.-ROK collaborative U.S. Department of Energy INERI project, a comprehensive high-
fidelity reactor-core modeling capability is being developed for detailed analysis of existing and advanced 
PWR reactor designs. An essential element of the project has been the development of an interface 
between the CFD module, STAR-CD, and the neutronics module, DeCART. Since the computational 
mesh for CFD and neutronics calculations are generally different, the capability to average and decompose 
data on these different meshes has been an important part of code coupling activities. An averaging 
process has been developed to extract neutronics zone temperatures in the fuel and coolant and to generate 
appropriate multi group cross sections and densities. Similar procedures have also been established to map 
the power distribution from the neutronics zones to the mesh structure used in the CFD module. Since 
MPI is used as the parallel model in STAR-CD and conflicts arise during initiation of a second level of 
MPI, the interface developed here is based on using TCP/IP protocol sockets to establish communication 
between the CFD and neutronics modules. Preliminary coupled calculations have been performed for 
PWR fuel assembly size problems and converged solutions have been achieved for a series of steady-state 
problems ranging from a single pin to a � model of a 17×17 PWR fuel assembly. 



Introduction 
 

The goals of this project are the evaluation and enhancement of various neutronic, thermal-hydraulic, 
and thermo-mechanical techniques for whole-core simulations, and the development of an efficient 
interface between these techniques.[1] The work involves the coupling of advanced numerical models 
such as computational fluid dynamics (CFD) for thermal-hydraulic calculations and whole-core discrete 
integral transport for neutronics calculations. This integrated simulation capability will provide a 
verifiable computational tool based on rigorous treatment of multi-physics phenomena influencing the 
core design. It is intended as a high-fidelity benchmark tool for comparison of the results obtained with 
presently available codes, and to perform computationally intensive studies on the operational and safety 
characteristics of various design alternatives. To achieve the highest fidelity possible, the product code is 
being designed to run on high performance parallel computers. Evaluation of this integrated simulation 
capability will be performed on various platforms, but the initial development has been completed using 
Linux clusters. 
 

As part of this project, a whole-core neutron transport code, DeCART, is being developed based on 
the method of characteristics (MOC).[2] This code generates sub-pin level power distributions by 
representing local heterogeneity explicitly without homogenization or few group condensation. During the 
course of solution, a multi-group cross section library is used directly and pin-wise thermal-hydraulic 
feedback is incorporated. Thermal-hydraulic activities to date are focused on review of commercial CFD 
capabilities for high fidelity thermal-hydraulic analysis of light water reactors. An evaluation of 
turbulence models for modeling flow and heat transfer in fuel rod bundle geometries was also 
performed.[3] These evaluations include various Reynolds-averaged Navier-Stokes (RANS) models 
(including the standard k-º model, quadratic and cubic k-º models, and the renormalization-group variant), 
Reynolds stress model (RSM), algebraic stress model (ASM) and differential stress model (DSM). 
 

The initial focus of code coupling activities has been on the development of a general explicit 
interface between the neutronics module, DeCART, and the selected CFD code, STAR-CD, based on I/O 
files. Development of a more efficient interface based on message passing to transfer data between the 
CFD and neutronics processes has been completed as well. The industry standard Message Passing 
Interface (MPI) was considered as the first option because of its ease of use and portability between 
platforms. However, MPI was already being used internally as the parallel model in STAR-CD and 
conflicts were observed when attempts were made to initiate a second level of MPI to communicate 
between STAR-CD and DeCART. Therefore, a project was initiated to base the current interface on using 
TCP/IP protocol sockets to establish communication between the CFD and neutronics modules. 
 
 
Description of the interface between the CFD and neutronics modules 
 

Various models for coupling the MOC based neutronics code DeCART and the CFD code STAR-CD 
have been investigated. The coupling of CFD and MOC is generally very different than conventional 
LWR coupled code projects of the past since the reduced mesh sizes in CFD and MOC leads to 
considerably larger data transfer and more complex mapping requirements. The thermal-hydraulics 
meshing of conventional LWR system codes such as RELAP-5 and TRAC-M is much coarser than CFD 
meshing.[4]  In the core models used in the conventional thermal-hydraulic systems codes, several 
neutronics mesh are generally assigned to a single thermal-hydraulic node. For example, in the core model 
used for the PWR core in the RELAP5 model of TMI used in the OECD Main Steam Line Break 



benchmark problem, 152 thermal-hydraulic nodes were used to model the entire core which consisted of 
193 fuel assemblies.[5] Conversely, millions of computational cells are being used in STAR-CD to model 
a single fuel assembly. In the nodal neutronics model of the TMI core, 5400 zones were used to model the 
193 assemblies, whereas 166,000 zones are being used in the DeCART model of a single fuel assembly. 
 

This increased number of computational cells and zones leads to mapping requirements for coupling 
CFD and MOC which are considerably more challenging than those encountered previously in the nuclear 
field. The development of methods to average and decompose data on the different mesh of STAR-CD 
and DeCART has been an important first task in the work here. An averaging process has been 
implemented to map temperatures in the fuel and coolant of the CFD calculation into neutronics zones 
which are then passed to the MOC code to generate appropriate multi-group cross sections and number 
densities for the neutronics calculation. Similar procedures have been established to map the power 
distribution from the neutronics zones to the CFD cells. 
 

Initially, a general explicit interface between the neutronics and CFD modules was developed based 
on use of input and output files. Because of the large amount of data that had to be transferred between 
CFD and MOC calculations, however, it was important to develop efficient methods for the codes to 
communicate. The cost of using standard I/O files was prohibitive and it was natural to investigate 
standard message passing software. The first option considered was MPI because of its ease of use and 
portability among a large range of platforms. However, MPI provided the basis for the internal parallel 
model used in STAR-CD which controlled communication among processes enrolled in MPI. Because the 
constraints of the project prevented access to the source code, alternatives were investigated, which 
included vendor supplied subroutines for directly using sockets to communicate among processes.  
 

In order to provide the greatest flexibility and most efficient communication, a separate set of 
subroutines to implement sockets were developed for this project. The package includes twelve 
subroutines that perform the functions of initialization, connection establishment, sending and receiving 
various types of data, and socket closing. This package was implemented into STAR-CD and DeCART as 
well as the interface. The use of sockets improved efficiency over the usage of files while still providing 
the necessary flexibility to let STAR-CD and DeCART use MPI for their internal parallel programming 
without concerns about interference. 
 

The design of the interface was generalized to perform all control tasks and serve as the server 
process for the various STAR-CD and DeCART client processes. This insured that the interface remained 
in control of all data transfer during execution of the coupled codes. A schematic depicting the interface 
and the coupling process is shown in Fig. 1. As indicated in the figure, the user provides input for both 
STAR-CD and DeCART to the interface using file I/O since this is only performed once during 
initialization. The remainder of the data transfer between DeCART, STAR-CD and the interface is 
performed using sockets as indicated in the figure. The CFD cell- wise temperatures and fluid densities are 
passed from STAR-CD to the interface.  The interface then maps this CFD cell-wise data onto neutronics 
zones before passing it to DeCART. In return, the neutronics heat generation rates are passed from 
DeCART to the interface where they are mapped to CFD cells before being passed to STAR-CD. 
 
  



 
 

Fig. 1: Schematic of the interface and coupling between STAR-CD and DeCART. 
 
 
 
Preliminary results 
 

Preliminary coupled calculations have been performed for a series of steady-state problems ranging 
from a single pin model to � model of a 17×17 PWR fuel assembly. However, t esting of coupled 
calculations has been done primarily on models of 3×3 pin arrays shown in Fig. 2. The model has 8 fuel 
pins (5 UO2 pins and 3 MOX pins) and a central guide tube. Both the CFD mesh and neutronics grid 
include three radial rings in the fuel and one in the cladding. However, the CFD grid includes 32 
azimuthal slices and 500 axial segments in comparison to the neutronics grid that includes eight azimuthal 
slices and 10 axial segments along the active core height.1 A predictor-corrector based solution scheme, 
PISO, and the high Reynolds number k-å turbulence model were chosen for this problem. The total 
assembly power was 162.6 kW for the steady-state case considered. The inlet boundary condition is a 
uniform 1 m/s flow rate of 543 K water with 20% turbulent intensity. Solid surfaces at the inlet and outlet 
planes are considered adiabatic. All surfaces parallel to the axial direction are assigned symmetry 
boundary conditions. The thermo-physical properties are listed in Table 1. 
 

The temperatures and pin power distributions calculated with the coupled codes are shown in Fig. 3 
for the core mid-plane. The results in Fig. 3 reveal a few qualitative points including the expected 
asymmetry caused by the different characteristics of the UO2 and MOX pins. The corner MOX pin is 
cooler than surrounding MOX due to its comparatively lower neutron moderation. There is also a 
significant azimuthal variation in temperature within the fuel. It is possible that this is exaggerated by the 

                                                 
1 The DeCART model includes reflector regions at the top and bottom, which are not modeled in STAR-CD. These 
regions consist only of water and cladding. In the absence of gamma heating, these zones generate no power. For 
coupling, zones in these reflector regions are assigned temperatures and densities derived from those found in the 
neighboring zones just outside of the reflector. 
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lack of azimuthal dependence in the cross sections of the current version of DeCART. Temperature 
feedback from azimuthally dependent cross sections should tend to reduce this effect. 
 
 
 

Table 1:  Thermophysical properties. 
 

Material Density 
(kg/m3) 

Conductivity 
(W/m-K) 

Specific Heat 
(J/kg-K) 

Viscosity 
(kg/m-s) 

Water 0.775e+3 0.575 5000 1.e-4 
UO2 11e+3 6 300 - 
MOX 11e+3 5 300 - 
Clad 6.5e+3 17 350 - 

 
 
 

In addition to the “separate-effects” validation studies for DeCART and assessment of various 
turbulence models within STAR-CD, several tests were conducted for the quality assurance of the 
interface between these modules. When the results obtained with the coupled tool were compared with the 
results of stand-alone DeCART and STAR-CD simulations (using the consistent temperature and power 
distributions as input), the discrepancies were found to be negligible. In another attempt of quality 
assurance of the results obtained with the coupled tool, the 3×3 model was modified replacing all MOX 
pins with UO2 pins. The results for this calculation exhibit the expected three lines of symmetry, as shown 
in Fig. 4. Further quality assurance tests for the interface are currently underway. 
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Fig. 2: UO2/MOX 3×3 geometry and the CFD mesh. 

 



 
Fig. 3: Results for UO2/MOX assembly at the core mid-plane: (a) temperature distribution, (b) power distribution. 
 
 

 
Fig. 4: Temperature distributions for UO2 assembly: (a) at core mid-plane, (b) at core outlet. 



Computational performance analysis 
 

A preliminary performance study using sockets for message passing was conducted.  The results—
data transfer speed versus array size transferred—are presented in Fig. 5. The test was performed on two 
different groups of processors in a Linux cluster: 600 and 1600 MHz processors. The socket speed plotted 
in Fig. 5 is based on wall-clock time (not CPU time) since this is a more fair evaluation due to significant 
idle time during large data transfers. As shown in Fig.5, the data transfer speeds vary from 8.7 MB/s for 
the 600 MHz processors to 10.4 MB/s for the 1600 MHz processors. During typical coupled calculations, 
the array sizes of interest are approximately 1 MB. For � model of a 17×17 PWR fuel assembly, there are 
approximately 6 million cells. If single precision numbers are used, then sending all cell densities and 
temperatures would require a transfer of 24 MB, 1 MB at a time. To transfer this at 8.7 MB/s, 
approximately 5.5 seconds is required.  This time requirement for data traffic between the CFD and 
neutronics modules is considerably smaller compared to CPU time needed for CFD simulations. 

 

8.6

8.8

9

9.2

9.4

9.6

9.8

10

10.2

10.4

10.6

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03

Array Size (MB)

S
p

ee
d

 (
M

B
/s

)

600 MHz Machines 1600 MHz Machines

 
Fig. 5: Data transfer speed versus array size transferred on two different groups of processors. 

 
 

The elapsed time required during each CFD iteration for the 3×3 assembly calculation is plotted in 
Fig 6. For iterations where data exchange takes place, there are marked jumps in the elapsed time 
indicating both the communication overhead and the time used by DeCART to perform one transport 
sweep. During this time, the CFD module idles. The enthalpy residual in the fuel (which is the state 
variable that converges the slowest) is also plotted along with the elapsed time in Fig. 6a. As expected, 
whenever a data transfer occurs—and STAR-CD receives a new power distribution—there is a spike in 
the residual. As the coupled calculations proceed toward a converged solution, the magnitude of these 
spikes gets smaller. The temperature norm calculated by the interface (based on the change in temperature 



distribution from one data exchange to the next) is plotted along with STAR-CD elapsed time in Fig. 6b. 
This norm is perhaps a better indicator of convergence of the coupled calculations. A fairly linear decrease 
in iterations from 320 to 620 is observed, after which the norm flattens. 
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Fig. 6: STAR-CD wall-clock time (blue) for the 3×3 model, plotted with (a) STAR-CD enthalpy residuals 
and (b) temperature norm calculated by the interface (pink). Vertical gray dotted lines are drawn for 
iterations at which data exchanges occurred. 
 
 
Conclusions and continuing work 
 

A comprehensive high-fidelity reactor-core modeling capability has been developed based on 
coupling of CFD models for thermal-hydraulics and a whole-core discrete integral transport model for 
neutronics. A sockets-based interface package has been built and its implementation into the user 
subroutines of the thermal-hydraulic module (STAR-CD) and the neutronics module (DeCART) has been 
completed. The package includes subroutines that perform the functions of initialization, connection 
establishment, sending and receiving various types of data, and socket closing. The overall approach has 
been to have the interface act as the master process controlling the CFD and neutronics modules as client 
processes, enabling all data transfer and algorithmic control functions to be performed from the interface. 
 

Continuing work will focus on computational performance as well as quality assurance of the 
interface. An effort will be made to determine the optimal data exchange frequency between STAR-CD 
and DeCART and to establish a proper convergence criterion to use. Since the current interface is limited 
to running single assembly problems, further development will also be needed for multi-assembly 
simulations. Longer term activities will focus on investigating convergence and numerics of the coupled 
code, and performance of multi-assembly analyses. One of the final applications for the integrated 
simulation capability will be to the Korean SMART reactor which is a system-integrated modular reactor. 
To improve the computational efficiency of coupled field calculations, matrix free methods are also being 
investigated. 



 
References 

 
1. D. P. Weber, et.al., “Integrated 3-D Simulation of Neutronic, Thermal-Hydraulic and Thermo-

Mechanical Phenomena,” Submitted to NURETH-10, Intl. Topical Mtg. on Nucl. Reactor Thermal 
Hydraulics, Seoul, Korea, October 5-9, 2003. 

2. H.G. Joo, et.al., “Dynamic Implementation of the Equivalence Theory in the Heterogeneous Whole 
Core Transport Calculation,” Proc. of PHYSOR 2002 ANS International Topical Meeting on the New 
Frontiers of Nuclear Technology, Seoul, Korea, October 7-10, 2002. 

3. C.P.Tzanos, “Computational Fluid Dynamics for the Analysis of Light Water Reactor Flows,” Proc. 
of PHYSOR 2002 ANS International Topical Meeting on the New Frontiers of Nuclear Technology, 
Seoul, Korea, October 7-10, 2002. 

4. D. Barber, R.M. Miller, H. Joo, T. Downar (Purdue University), W. Wang (SCIENTECH, Inc.), V. 
Mousseau, D. Ebert (USNRC), “Coupled 3D Reactor Kinetics and Thermal-Hydraulic Code 
Development Activities at the U.S. Nuclear Regulatory Commission,” M&C'99 in Madrid, Spain, 
Sept. 27-30, 1999. 

5. T. Kozlowski, R. Miller, T. Downar, D. Ebert, “Analysis of the OECD MSLB Benchmark with the 
Coupled Neutronic and Thermal-Hydraulics Code RELAP5/PARCS,” PHYSOR-2000, Pittsburgh, 
2000. 

 


	Sommaire: 


