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a b s t r a c t

In this paper a lattice Boltzmann method (LBM) is used to simulate isothermal
incompressible flow in a RCM-NCX-1116 metallic foam. The computational technique is
a multiple relaxation time (MRT) lattice Boltzmann equationmodel. Computer aided X-ray
micro-tomography is used to obtain 3D images of the metallic foam, providing the
geometry and information required for LB simulations of a single phase flow.
Pressure drops are computed and successfully compared to experimental measures

and correlated with Ergun’s equation. Invariance of Ergun’s parameters A and B with the
sampling rate of the images is observed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recent progress in experimentation in macro- and micro-X-ray computed tomography allows visualization of complex
geometries encountered in various fields of chemical engineering. In the domain of unit operations, high energy X-ray
tomography (up to 420 kV) may be operated on rather large size equipments (e.g., columns of max. 0.5 m diameter and
several meters height) with resolution down to a few tenths of mm. In the domain of materials, X-ray micro-tomographic
devices are commonly available at 100 kV energy for samples of around 35 mmwith resolutions close to 5 µm.
Consequently, it is natural to look forward tomore accurate descriptions of phenomena occurring in packed beds, fibrous

media, metallic foams, to name a few. This will lead to better design of elements, better efficiency and higher selectivity of
chemical engineering processes in which they take place. Likely, the use of efficient computational fluid dynamic codes
should help reaching these goals. However, the problem of incorporating these intricate geometries in simulation codes is
challenging. Indeed, the numerical reconstructions, from these tomographic measurements lead to large matrices of voxels
which must be used as boundaries for the flows. However, it is nearly impossible to realize surface meshing of these porous
media geometries and consequently, to use classical CFD codes.
Lattice Boltzmannmethods can easily accommodate directly these matrices but require large computing powers. Lattice

Boltzmann (LB) are versatile methods extremely interesting to describe flows through highly complex geometries (porous
media, packed beds, multiphase flows) [1,2], able to integrate multiphysics problems without any of the underlying semi-
empirical homogenisation models, generally used in engineering applications.
In this paper, we consider the deployment of an in-house 3D lattice Boltzmann code on a computing grid to simulate a

single phase flow within a metallic foam, a versatile material applied in many branches of engineering. We discuss briefly
some results concerning the friction factor computed on the foam by simulations. X-ray tomographic devices used in this
study are those available in the facilities of the ULg Chemical Engineering Laboratory [3].
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Fig. 1. The 2D and 3D structures of the metallic foam: (a) raw image, (b) thresholded and binarized image and (c) 3D reconstruction of the sample of size
12.8 mm3 .

2. Metallic foam

Themetallic foam (RCM-NCX-1116) is aNi–Cr foammanufactured by Recemat International B.V. (TheNetherlands). It has
an extremely open cell structure which is obtained from a polyurethane foam, which is metallized. That metal coating is the
framework of themetallic foam. The polyurethane is burnt away in a subsequent process.What remains are hollow struts of
pure nickel. Generally these struts are more or less triangular. This hollow structure is then metallized with chromium in a
further step. This adds a additional layer of metal on the structure and decreases the pore diameter. The micro-tomography
of a sample of metallic foam (12.8× 12.8× 12.8 mm3) allows the reconstruction of 2D images of horizontal cross sections
through the foam sample. Fig. 1a shows a 2D reconstructed section of the foam obtained by micro-tomography. This image
contains 400× 400 pixels, size of the pixel is equal to 32 µm. The 2D sections are thresholded following the Otsu’s method
implemented in the MATLAB Image Processing Toolbox and then binarized. The internal porosity in the solid struts are not
filled. Fig. 1b is the resulting thresholded and binarized image. Finally, the 3D structure is obtained by stacking these 2D
sections, as illustrated in Fig. 1c. Using the large ULg 420 kV high energy tomograph operating in radiographic mode, we
determine the characteristic pore diameter of the foam by computing the autocorrelation function of X-ray attenuations
recorded on 200 lines of 1000 pixels of 0.37 mm width [4]. This leads to an average pore diameter of 2 mm and to a
characteristic length of 62.5 pixels.

3. Lattice Boltzmann method

The lattice Boltzmann method (LBM) [5,6] is a recently developed numerical scheme that solves the microscopic lattice
Boltzmann transport equation (LBE) rather than the Navier–Stokes (NS) equation. The Boltzmann equation is valid in
principle over a wider range of flow physics than the NS equations. In LBM, microscopic fluid physics is simplified to
retain only key elements (the local conservation laws and related symmetries) needed to guarantee accurate macroscopic
behaviour.
Instead of solving the usual continuum hydrodynamic equations, e.g., NS equations, LBE deals with the evolution of

discretized single-particle velocity distribution functions of fictitious particles. The ensuing lattice-based equation conserves
mass, momentum, and energy. The local macroscopic quantities such as density and momentum are computed from the
moments of these distribution functions [7]. Pressure is obtained from the state equation of isothermal ideal gas [8],

P = c2s ρ. (1)
Numerical implementation of LBE is simple and straightforward. In general, it consists of two computational substeps:
relaxation (collision) and advection (streaming). We supply a brief introduction to the LBE scheme in the context of the
D3Q19 latticemodel. In thismodel, the 3Ddiscrete phase space is definedby a cubic latticewith 19discrete particle velocities
{eα | α = 0, 1, . . . , 18} as :

eα =

{
(0, 0, 0) α = 0
(±1, 0, 0), (0,±1, 0), (0, 0,±1) α = 1, . . . , 6
(±1,±1, 0), (±1, 0,±1), (0,±1,±1) α = 7, . . . , 18.

(2)

In a single relaxation time (SRT) lattice Boltzmann equation (LBE) model, the collision operator only involves a single
relaxation time through Bhatnagar–Gross–Krook (BGK) approximation [9] so that all the moments of the distribution
functions relaxwith the same time scale. This relaxation time τ is determined from the fluid viscosity ν. The ensuing collision
operator is easy to implement, leading to widespread use of this model.
The SRT-LBE is given as:

fα (r+ eαδt , t + δt) = fα (r, t)−
1
τ

[
fα (r, t)− f (eq)α (r, t)

]
, (3)
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where fα and f (eq)α , α = 0, . . . , 18, represent the 19 distribution functions and their equilibria, respectively; δt is the discrete
time-step size.
The equilibria for incompressible flow are [10]

fα(eq) = wα

{
δρ + ρ0

[
3eα · u
c2
+
9 (eα · u)2

2c4
−
3u2

2c2

]}
(4)

where δρ is the density fluctuation, ρ0 is the constant mean density of system, and c = δx/δt . In LBM the values of ρ0, δt and
δx are typically set to unity. The sound speed in this model is cs = c/

√
3. The total density is ρ = ρ0 + δρ. The weighting

factors wα for D3Q19 model are w0 = 0, w1,...,6 = 1/18, w7,...,18 = 1/36, u is the macroscopic velocity. The mass and
momentum conservations are strictly enforced:

δρ =
∑
α

fα =
∑
α

f (eq)α , (5)

ρ0u =
∑
α

eα fα =
∑
α

eα f (eq)α . (6)

The Chapman–Enskog expansion [11] can be used to derive the fluid dynamic Navier–Stokes equation from the lattice
Boltzmann equation (Eq. (3)).
Themultiple relaxation time (MRT) lattice Boltzmann equation (LBE)modelwas developed by [12] at about the same time

as the lattice BGKmodel. TheMRT-LBEmodel has the same computational components, relaxation (collision) and advection
(streaming), as the SRT-LBE model. The significant difference between these two models is in the collision operator. With
the use of multiple relaxation times, MRT-LBE enables different moments to relax at different time rates.
In the formulation of the linear Boltzmann equation with multiple relaxation time approximation, the lattice Boltzmann

evolution equation is written as [13]

fα (r+ eαδt , t + δt)− fα (r, t) = −M−1Ŝ
[
m (r, t)−m(eq) (r, t)

]
. (7)

The bold-face symbol represents a column vector, e.g. f ≡ [f0, f1, . . . , f18]T. Notations moments ofm andm(eq) are used to
represent the 19 moments of f and the corresponding equilibria of m, respectively. The transformation matrix M will be
described below. The diagonal collision matrix Ŝ is defined as:

Ŝ ≡ diag (1, s1, s2, 1, s4, 1, s4, 1, s4, s9, s2, s9, s2, s9, s9, s9, s16, s16, s16) (8)

the si, i = 1, 2, 4, 9, 16 are parameters corresponding to various relaxation time scales. InMRT-LBE, particle collision occurs
in a moment space spanned bym, while particle streaming happens in a velocity space spanned by f. The spaces are related
through a linear mapping:m = Mf or f = M−1m. The transformations ofm(eq) and the values of M and Ŝ for D3Q19 lattice
model can be found [14]. The kinetic viscosity ν and the bulk viscosity ς of this model are:

ν =
1
3

(
1
s9
−
1
2

)
and ς =

2
9

(
1
s1
−
1
2

)
. (9)

3.1. Analytical analysis for describing pressure drop characteristic of flow through foam metallic

Usually, the idea behind the analytical description of a viscous flow throughporousmedia is to obtain a relationdescribing
the pressure drop (∂xP) as a function of the porous media geometry (e.g., porosity, specific surface), the fluid properties
(density, viscosity) and flow parameters (velocity),

∂xP = f (geometry, fluid, flow) . (10)

In the literature, numerous authors (see, e.g., [15,16]) report on the use of Ergun’s equation to estimate the pressure drop
in porous media and for the calculation of friction factor.
The friction factor in a porous media is generally defined as;

fk =
1P
L
Dp
ρu2

ε3

1− ε
(11)

and correlated as a function of the Reynolds number:

fk = A
1− ε
Re
+ B (12)

where ε is the porosity of the porous media (in the study ε = 0.955) and Re = uDP/ν is the Reynolds number. u is the
superficial velocity of the fluid, ρ the density and ν the kinematic viscosity. A and B are two constants related to the porous
mediamedium. The characteristic length in this equation is the equivalent particle diameter (Dp) of the porousmedia defined
by Dp = 6/SV , where SV is the surface area per unit volume of solid phase.
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The equivalent particle diameter DP is determined from the value of mean pore diameter d which is obtained by the
method described above (cf. Section 2). d is defined by:

d =
4ε

SV (1− ε)
. (13)

The relationship of the mean pore diameter d and of the particle diameter DP is thus given by:

DP =
3
2
(1− ε)
ε

d. (14)

Based on the empirical model of Ergun, the pressure drop (in a porous media) is generally computed as:

1P
L
=
ρ

DP

(1− ε)
ε3

[
A
(1− ε)
Re

+ B
]
u2. (15)

3.2. Lattice unit conversion

One of the key components for the application of the lattice Boltzmannmethod to physical world problems is the correct
conversion from lattice units to physical world units. In order to do so, we supply for fundamental quantities: length, time
and mass, three conversion factors 1x, 1t , 1m by which we multiply quantities of the LB world to obtain corresponding
physical world quantities.

LlB1x = L, tlB1t = T , mlB1m = m. (16)

LlB, is the number of lattice nodes in the characteristic direction, L, is the physical characteristic length, ρ
ref
lB is the reference

density in the LB world and ρrefphys is the fluid physical density. The conversion factors may be determined as follows:

1x =
L
LlB
, 1t = 1x

cs
a
, 1m = (1x)3

ρ
ref
phys

ρ
ref
lB

, (17)

where a, is the physical speed of sound. Now,we can obtain all other quantities bymultiplying the unitless lattice Boltzmann
quantities by the corresponding factors to obtain physical world values.
Although Pphys =

[
1m/

(
1x (1t)2

)]
PlB, replacing ∆m by its expression Eq. (17), the conversion factor of the mass is not

needed to obtain Ergun’s equation in the physical world.

4. Computational grid

Lattice Boltzmannmethods need a lot of computational andmemory resources. They either need very powerfulmachines
or computational grids. The latter solution has the advantage of being economically more interesting. The grid software
(LaBoGrid) we developed [17] does automatic work distribution among the machines of the grid. It associates one (or
more) sub-lattice(s), representing parts of the discretized space, (cf. Section 3), to each CPU. A sub-lattice is a parallelepiped
partition of the initial lattice. In the ideal case, each machine will receive as many sub-lattices as it has CPUs. The CPUs
discovery is done by deploying an agent on each machine of the grid. This agent contacts the grid controller and sends
him the detected number of CPUs. When all the agents have registered themselves to the controller, it creates the lattice
partition and sends their parameters to each agent. The agents will then create a thread for each received sub-lattice. All
communications are done using the message passing paradigm. The grid may be heterogeneous (various CPU types), the
software takes into account the speed of the various CPUs and is fault tolerant. At the present state of development, the
controller which needs only to possess a large memory is an AMD opteron dual core 256 2 GHz whereas the grid members
are the four cores of a Xeon 5630, 2 GHz. On a (200)3 lattice, 1000 iterations take 8 h, convergence may necessitate 10.000
iterations. Amultiple relaxation time lattice Boltzmann algorithm (MRTLB) is used to simulate the flows through themetallic
foam. The lattice chosen is a D3Q19 assuming periodic boundary conditions on faces parallel to the flowdirection. A pressure
gradient is applied between the entrance and exit faces. On the solid, full way bounce back conditions are used [18]. The
equilibrium distribution corresponds to an incompressible fluid.

5. Numerical results and discussions

We simulated the flow through the metallic foam, considering different spatial scales in order to verify that A and B are
actually independent of these scales which are obtained by undersampling homogeneously the initial 3D voxels matrix.
We checked that this procedure kept the porosity constant within 1% (absolute). Flow simulations are performed using the
MRT-LBE code of the LaBoGrid. The boundary conditions are the same as above (cf. Section 2). Among the 19 relaxation
times, 5 are fixed by the selected viscosity, the others are those of [14].
Fig. 2a and b illustrate the distribution of the velocity component parallel to the flow direction in planes perpendicular

and parallel to the flow direction, respectively, with a undersampling (2003 voxels) of the initial 3D voxels matrix. Axes are
in pixels of 64 µm. The corresponding Reynolds number (Re/ (1− ε)) equals 51.
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a b

Fig. 2. Component of the velocity parallel to flow direction: (a) in a plane perpendicular to the flow direction and (b) in a plane parallel to the direction.

a b

Fig. 3. (a) Pressure profile through the foam. (b) Momentum profile through the foam.

The no-slip boundary conditions ‘‘full way bounce back’’, imposed to the solids is well observed: themacroscopic velocity
is null on the walls. The white colour indicates the solid struts (Fig. 2). Fig. 3a and b represent pressure and momentum
profiles through the foam. The pressure profile is linear in the flow direction andmomentum is conserved. These results are
in perfect agreement with the theory.
The pressure drop in the RCM-NCX-1116 metallic foam has been experimentally determined by [4].

Fig. 4 presents the evolution of pressure drop versus velocity (gas) and compares these data with simulated results at
different sampling rates (e.g., a sampling rate of 2 means that one point on two from the initial sample is kept). The relative
error between simulation and experimental data is lower or equal than 7%. The fitting of Eq. (15) on simulation data is given
by:

1P
L
=
ρ

DP

(1− ε)
ε3

[
77.85

(1− ε)
Re

+ 0.77
]
u2. (18)

Coefficients A and B in Eq. (18) allow estimating friction factor fk using Eq. (12). These estimates illustrated in Fig. 5 confirm
results presented in Fig. 4. We verify the relative error of 7% between simulation results and experimental data.
The agreement with the experimental data is quite good, in spite of the rusticity of the full way bounce back condition

we used. However, it may be noticed that to obtain these results, we maintained the lattice Boltzmann viscosity constant to
the value we got from Eq. (9) andwe varied the pressure difference applied. This seemed to lead tomore satisfactory results.
We observed that the flow simulated through the metallic foam is laminar. This result was observed also by [19–22].

Metallic foams are thus beds which present weak pressure drop.
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Fig. 4. Comparison between experimental and simulation data: correlation between∆P/L and u.

a b

Fig. 5. The friction factor versus the Reynolds number: (a) Experimental data and simulation data and (b) zoom of the image in (a).

Fig. 6. Comparison of Ergun’s equation fitted on simulation data Eq. (12) with Ergun’s equation for granular media.

Fig. 6 classically illustrates the three regions of evolution of the friction factor versus the Reynolds number. In the low
Reynolds region (Re < 10), the Darcy flow is observed with fk = (1− ε) /Re. For Reynolds numbers ranging between 10
and 2800, there is a transition zone, which can be described by fk = 77.85 (1− ε) /Re+ 0.77 when Re is much larger than
2800, the quadratic term dominates and fk approaches 0.77, the asymptotic value.
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Table 1
Comparison of friction factors in granular media and metallic foam.

Re/ (1− ε) 1 120 1000 2800 ∞

fk,granular 151.75 3.00 1.90 1.81 1.75
fk,foam 78.62 1.42 0.85 0.80 0.77
fk,granular/fk,foam 1.930 2.113 2.235 2.263 2.273

Fig. 6 allows also comparing pressure drop observed in the metallic foam with values classically reported for granular
media (Ergun’s equationwith A = 150 and B = 1.75). Pressure drop in granularmediawas found to be one ordermagnitude
higher than that observed and simulated in the metallic foam.
This confirms one of the advantages of the open cell structure ofmetallic foams, which results in amuchmore permeable

material [23,24].
The ratio between friction factors in granular media and metallic foam is provided in Table 1 for different Reynolds

number values. fk,granular/fk,foam increased from 1.930 when Re/ (1− ε) = 1 to 2.263 when Re/ (1− ε) = 2800.

6. Conclusions and perspectives

Simulation results of pressure drop through metallic foam using lattice Boltzmann MRT codes are very promising. They
confirm the ability of LB codes to compute the flow through intricate geometries resulting from computed X-ray micro-
tomography. There is an encouraging agreement between simulations and the experimental results. Computation times are
long but relatively inexpensive computing grids may be used with the developed LaBoGrid software [17].
The SRTLB–MRTLB code will be adapted in order to model two-phase flow through porous media by cellular automata.
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