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ABSTRACT 

Lattice-Boltzmann method (LBM) simulations were performed for sodium cooled fast 
breeder type nuclear reactors with helical spacer wires in order to validate the Smagorinsky 
Large Eddy Simulations (LES) and Very Large Eddy Simulations (VLES) turbulence models 
implemented in lattice-Boltzmann framework. An open source lattice-Boltzmann solver 
Palabos code is used for the simulations. Palabos already contains Smagorinsky-Lilly LES 
turbulence model. Thus, in this work, the code is enhanced by the addition of turbulence 
model VLES. The simulations are handled for hexagonal fuel rod bundle for seven rods with 
two-helical-pitch length geometry. For each turbulence model study, post-processed 
turbulence quantities such as velocity profiles and Reynolds stresses are compared. 
Additionally, the friction factor obtained from LES and VLES are compared with the 
experimental data. The comparisons show that LBM simulations are in good agreement with 
experimental correlations. Validation of written code in C++ programming language is 
encouraging for the simulation of more complex geometries for the nuclear reactor fuel 
bundle system in the future. 

1 INTRODUCTION 

In nuclear reactor safety concern, reliable prediction of turbulent coolant flow and 
temperature distribution along fuel rod bundle is an important issue. The turbulence 
phenomenon is therefore have been profoundly researched by many nuclear scientists and 
engineers [1-3]. In nuclear thermal-hydraulic applications, turbulent flows are carefully 
studied to decide the most appropriate turbulence model for a particular design problem.  

The flow in fast reactor’s subassembly has recently gained a renewed interest since fast 
breeders are considered to be in the next Generation IV reactors. In these reactors, fuel pins 
are arranged in a triangular unit cells and each pin is helically wrapped with wire spacer along 
fuel rod axis. Wire spacers are designed to prevent pin-to-pin contact and reduce flow induced 
vibrations.  

Modelling the flow in wire-wrapped fuel pin bundle is a challenging problem due to its 
tightly packed geometrical configuration. Beside the experimental necessity, many 
applications of computational fluid dynamics (CFD) research have been made. These works 
are mainly based on the Reynolds-Averaged Navier-Stokes (RANS) simulations [4]. The 
capacity of RANS turbulence models is limited to predict the turbulence in the flow of 
sodium coolant. Thus, more comprehensive turbulence approaches are required. 
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Direct Numerical Simulation (DNS) is still expensive for the application of nuclear 
thermal hydraulics field. In DNS, all turbulent scales must be resolved and this requires a 
huge computational effort even if the domain is small. Thus, large eddy simulations (LES) 
method is more preferable for making detailed flow analysis of reactor subchannel flow. In 
LES, large eddies are directly simulated and small eddies are modelled. However, LES is a 
grid dependent model and may become impractical for large and highly complex geometries. 

Recently, Very Large Eddy Simulations (VLES) method has gained interest as a bridge 
turbulence model between RANS and LES. The resolution control function  indicates the 
point between the far ends of model RANS and LES. VLES uses more comprehensive 
subfilter model such as  or  model. 

In this study, 7x7 fuel pin bundle of sodium cooled fast reactor is simulated with lattice-
Boltzmann method (LBM). The detailed discussion about the formulation of LBM is given in 
the next section. The results obtained from lattice-Boltzmann LES and VLES simulations will 
be discussed. The remaining part of this paper is organized as follows: In Section 2, the 
lattice-Boltzmann method with D3Q27 formulation is described. In Section 3, turbulence 
models studied in this work are explained briefly. In Section 4, flow geometry, mesh size or 
lattice resolution, initial and boundary conditions of CFD model are introduced. Also, the 
results of simulations with LES and VLES in a typical wire-wrapped fuel pin bundle are 
presented and compared with experimental results. 

2 LATTICE BOLTZMANN D3Q27 MODEL 

LBM is a developing and alternative method to the traditional CFD. In this method, 
fluid particles are represented with particle distribution functions and their movement is 
determined by using discrete velocity directions in momentum space. 

D3Q27 lattice model is chosen to simulate typical wire-wrapped fast reactor 
subchannel. In LBM, discrete lattice-Boltzmann equation with D3Q27 model is formulated 
as,  

∆ 	, ∆ , Ω  (1) 

where ,  is the particle distribution function with velocity  at position  and time . ∆  
is the lattice time interval and finally Ω  is the collision operator which is defined as ,  

Ω , ,  (2) 

The equilibrium function ,  is written as, 

, 1 ∙ ∙  (3) 

where  is the macroscopic velocity,  is the lattice speed and the weights are, 

8/27																																						 0
	2/27																													 1, … 6		
1/216																								 7, … ,14
1/54																									 15,… ,26

	 	

In D3Q27 model, lattice velocity vectors are represented as; 
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The relaxation time  appeared in collision operator in Eq. (2) is calculated from the 
kinematic viscosity as follows: 

 (4) 

where  is the speed of sound in lattice-Boltzmann units and equals to 1/√3. 

Once the particle density distribution is known, the fluid density and velocity are 
calculated by using following summations: 

∑  (5) 

∑  (6) 

Then, collision and streaming processes can be handled simultaneously.  

3 HANDLING TURBULENCE 

In this work, LES and VLES simulations of 7x7 two-helical-pitch wire-wrapped fuel 
pin bundle sodium cooled fast reactor has been made in lattice-Boltzmann framework. The 
simulations are done by using open-source LBM code Palabos [5]. VLES turbulence model is 
implemented to this solver.  

3.1 Smagorinsky-Lilly Model 

The most popular LES model in engineering applications is the Smagorinsky-Lilly 
model. Its popularity comes from the simplicity of use and relatively less computational time. 
In this approach, the eddy viscosity can be predicted by using the magnitude of the local 
strain rate tensor S; 

∆ ‖ ̅‖ (7) 

Here, ∆ is the filter length,  is the Smagorinsky constant, ‖ ̅‖ is the magnitude of the 

local strain rate tensor which equals to 2 ∙  and the strain rate tensor , 

 (8) 

Firstly, the Smagorinsky constant  is derived as 0.17. Later, in shear or transitional 
flows, it is recognized that this value causes excessive damping of large scale fluctuations. 
Thus, the Smagorinsky constant value 0.1 has been agreed in many engineering applications. 

In LBM, the total relaxation time  can be computed from the momentum flux tensor 
,  

∑  (9) 

And the total relaxation time  is found as, 

 (10) 
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where	 1/2  and ∑ 2 . 

3.2 VLES 

In VLES, filtering process is accomplished by using standard  model in subgrid 
scale. The standard	 	equations are: 

	 (13)	

	 	(14)	

Here, the turbulence production term	  is 2 , and the constants , ,  and 
 are taken as 1.44, 1.92, 1.0 and 1.3 respectively. By following the formulation of Han and 

Krajnovic [6], the eddy viscosity in VLES is modeled as,  

/  (15) 

where	  is 0.09. Here,  is the resolution control function and computed as ratio of two 
integrals of turbulence energy spectra. The first integral bounds are Kolmogorov length scale 
and cut-off length scale. The second integral is evaluated from Kolmogorov length scale to 
integral length scale as given in [7]. 

 (16) 

where Kolmogorov length scale  is / / / , cut-off length scale  is 

Δ Δ Δ
/

 and integral length scale is / / . 

Finally, Han and Krajnovic [6] derived an approximate explicit form of , 

min	 1.0, 	 /

	 /
 (17) 

in which ,  and  are 2 10 , 4/3 and 0.61 respectively. 
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4 7X7 ROD BUNDLE SIMULATION 

 

 
Figure 1: Schematic representation of fuel pin bundle a) in cross flow direction, b) in flow 

direction 

In this part, the hexagonal bundle of fast reactor has been simulated using lattice-
Boltzmann method for two turbulence models; Smagorinsky-Lilly (LES) and VLES methods. 
Figure 1 shows the schematic representation of the fuel bundle system. The Reynolds number 

 is chosen as 84200. The diameter  of fuel pins are 6.6	 , triangular pitch length  is 
8.28	  and wire diameter  is 1.65	 . A velocity inlet and pressure outlet boundary 
conditions are applied at inlet and the outlet of the domain.  

4.1 Computational Domain 

The grid size preferred for LES simulations is on the order of /3 where  is the Taylor 
microscale. Thus, /3 is ~ /224 is required for simulating LES simulations accurately. 
However, this is a very expensive process for the wire-wrapped bundle geometry. This 
requires approximately 5.2 10  lattices for LBM simulations. Therefore, RANS models are 
generally used for wire-wrapped bundle studies [4]. In this work, /70 simulations are 
performed with LES and VLES. The main idea is to investigate the capability of VLES and 
LES at low resolutions in lattice-Boltzmann framework. 

4.2 Results and Discussions 

The simulation results of 7x7 wire-wrapped fuel pin bundle are presented. Instant 
velocity and Reynolds stress distributions for the entrance, inside and outside of the channel, 
which are taken from VLES simulations, are given in Figure 2. 
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Figure 2: Axial velocity distributions in cross flow direction at just before inlet (upper left), 
260 mm inside channel (upper right), 340 mm inside channel(lower left), just exit the channel 

(lower right) locations and the flow along the bundle axis (bottom) 
In Figure 3, velocity and Reynolds stress profiles for the axial vector component are 

presented for the point taken from midline at just before inlet, 340 mm inside channel and just 
after outlet locations. The results show that, VLES and LES turbulence models are in good 
agreement for the resolution level of /70. 
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Figure 3: Axial velocity and Reynolds stress  distributions in cross flow direction at just 
before inlet (upper), 340 mm inside channel (middle), just exit the channel (lower) locations  

In lattice-Boltzmann approach pressure loss at spacer region is calculated as,  

∆ , ,   

where ,  and ,  are average densities just before and after spacer in LB units 
respectively,  is the physical density of fluid in / . Then, friction factor  can be 
calculated as; 

/
	 	

The friction factors obtained from LES and VLES simulations and also Novendstern [8] 
experimental results are tabulated in Table 1. 

Table 1: Friction factors 
LBM-LES LBM-VLES Experiment 
0.00632 0.00611 0.00572 

5 CONCLUSION 

Lattice-Boltzmann simulation results of 7x7 wire-wrapped fuel pin bundle of fast 
breeder reactor have been presented. Smagorinsky-LES and VLES turbulence models are 
compared for velocity, Reynolds stress profiles and friction factor values. The resolution is 
chosen as /  which is low for LES simulations. The results are showed that, VLES is 
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slightly give better results for helical wire-wrap simulations. The code is suitable to the 
implementation of grid refinement and different turbulence models. In addition, the lattice-
Boltzmann code has tendency to the parallelization, thus, LBM can be thought as an 
alternative to the traditional CFD methods. As a future work, the heat transfer mechanism is 
going to be implemented to the code. 
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