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The volume-averaged (i.e., macroscopic) transport properties such as permeability and inertia coefficient of two alu-
minum foams with 10 and 20 pores per inch (PPI) pore density are found using microtomography images. It is shown
that a comparison between the numerical values and the experimental results may not be sufficient to prove the cor-
rectness of the obtained results. Hence, in addition to traditional validation methods such as grid independency and
comparison with reported results in literature, further inspections such as (a) checking the development of flow, (b)
inspection of Darcy and non-Darcy regions, (c) conservation of flow rate through the porous media, (d) sufficiency of
number of voxels in the narrow throats, and (e) observation of transverse velocity gradients in pores for high and low
Reynolds numbers can be performed to further validate the achieved results. These techniques have been discussed and
explained in detail for the performed study. Moreover, the obtained permeability and inertia coefficient values are com-
pared with 19 reported theoretical, numerical, and experimental studies. The maximum deviation between the present
results and the reported studies for 10 PPI is below 25%, while for 20 PPI it is below 28%.
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1. INTRODUCTION

A literature survey shows that two main approaches are employed for heat and fluid flow simulations in porous
media such as metal foams. One of these approaches is known as the pore scale method (PSM). In this method, the
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NOMENCLA TURE

⟨⟩ volume-averaged quantity
⟨⟩x intrinsic volume-averaged

quantity
A coefficient defined in Eq. (9)
B coefficient defined in Eq. (9)
C inertia coefficient
d diameter [m]
p pressure [Pa]
Re Reynolds number
K permeability [m2]
u velocity component [m/s]
V⃗ velocity vector [m/s]

V volume [m3]

Greek Symbols
ε porosity
ρ density [kg/m3]
µ dynamic viscosity [Pa s]
ν kinematic viscosity [m2/s]
Π dimensionless pressure gradient

Subscripts/Superscripts
c cell
f fluid

governing equations for the considered problem are solved in pore scale. Even though this method yields accurate
results for velocity, temperature, and pressure fields, its application is very cumbersome and impractical due to the
huge number of pores. To overcome this difficulty, the volume-averaged method (VAM) is suggested. VAM is easier
compared to PSM since the governing equations are integrated over a representative volume of porous media, and
volume-averaged governing equations (i.e., macroscopic governing equations) are obtained and the discontinuity of
the phases is removed. Hence, the achieved governing equations can be solved for the entire space (Ucar et al.,
2013). The main difficulty of VAM is new terms, involving volume-averaged transport parameters (i.e., macroscopic
transport parameters), appearing in the volume-averaged equations. The volume-averaged transport parameters need
to be known in order to apply VAM. VAM yields almost-accurate results as long as the values of the volume-averaged
transport parameters are reliable (Vafai, 2015).

Volume-averaged transport properties can be obtained experimentally and/or theoretically. Recent developments
in computing technology and microimaging techniques allow researchers to predict accurate volume-averaged trans-
port parameters numerically using microtomography. One of the reported studies on determining the permeability and
inertia coefficient of metal foams using microtomography was done by Petrasch et al. (2008). They studied the deter-
mination of permeability and inertia coefficient of reticulate porous ceramics using microtomography. The pore scale
Re number was changed from 2 to 200 in their study. Magnico (2009) analyzed the determination of permeability ten-
sors by computational fluid dynamics (CFD) from creeping flow to inertial flow for isotropic and anisotropic metallic
foams. It was concluded that the Darcy–Forchheimer law is valid for Re> 1 and the inertial coefficient tensor can be
asymmetric. Akolkar and Petrasch (2012) studied two kinds of porous media, reticulated porous ceramic foam and a
packed bed of CaCO3 particles, using pore scale analysis. The permeability and the Dupuit–Forchheimer coefficients
were determined and different models for predicting permeability are compared. Microtomography-based CFD sim-
ulation of flow and heat transfer for three different open-cell aluminum foam samples with different pore densities
varying between 10 and 30 pores per inch (PPI) were studied by Ranut et al. (2014, 2015). They concluded that flow
and thermal simulations have an isotropic behavior for 30 PPI foam. On the contrary, a directional dependence on the
computed flow permeability and effective thermal conductivity has been evinced for the 20 and 10 PPI foams. CFD
characterization of flow regimes inside the open-cell aluminum foams was done by Della Torre et al. (2014). They
studied the transition of flow from the laminar to the turbulent regime in an idealized foam by means of unsteady
numerical simulations. They used a 40 PPI aluminum metal foam and modified the pore density into 10, 20, and 80
PPI from the original 40 PPI sample using dilation of the geometry. Microtomography-based numerical simulation
of fluid flow and heat transfer in open-cell metal foams was done by Zafari et al. (2014, 2015). They considered
local nonequilibrium thermal conditions between solid and fluid in their simulations. They showed that by chang-
ing the solid material from aluminum to copper, a significant increase in the effective stagnant thermal conductivity
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takes place. Numerical investigation of pressure drop and heat transfer through metal foams and comparison against
experiments were completed by Diani et al. (2015). Copper foams with 5, 10, 20, and 40 PPI were considered in their
study. They showed a good agreement of the results of microtomography with experimental and theoretical results.
The effect of strut shape of open-cell metal foams on the interfacial convection heat transfer and pressure drop was
studied by Ambrosio et al. (2016). Three aluminum metal foam samples with porosities of 0.88, 0.94, and 0.97 were
considered in their study. They concluded that the convex strut shape maximizes the convection heat transfer and
minimizes the pressure drop for every porosity and velocity considered in their study.

The above literature survey presents part of the reported simulation studies on pore scale analysis of heat and
fluid flow in porous media. Further simulation studies using microtomography images for applications from rocks to
bones can be found in literature. These studies show that the use of micro- or even nanotomography for determination
of transport parameters will become more popular in the future. However, similar to other computational studies, a
high risk of numerical mistakes exits in the computational process. Hence, some techniques for testing of results at
each step of the process are required.

In this study, two open-cell aluminum foams are scanned using an X-ray microtomography device. The obtained
images are processed and a 3D representation of the real porous structure is created in a computer environment.
Following this step, mesh is generated for the structure and the governing equations are solved numerically for the
constructed mesh. The velocity and pressure distributions in the pores are obtained by solving continuity and mo-
mentum equations. Finally, the volume-averaged properties are found from the distributions of velocity and pressure.
As mentioned before, this method is applicable for many porous materials as long as they can be scanned tomograph-
ically, such as rock, biomedical materials, packed beds, sandstone, or industrial porous products (Ucar et al., 2015;
Liu and Wu, 2016; Notarberardino et al., 2008; Piller et al., 2013; Zhelezny et al., 2006).

The aim of this study is to develop and suggest techniques for inspection of CFD results for permeability and
inertia coefficients at each step of the microtomography technique. Traditional validation methods (grid independency
and comparison with an experimental result) do not show the reliability of obtained results and the agreement between
the numerical and experimental results might be by chance. Further inspection methods for each step of the procedure
are required to evaluate the obtained CFD results. The present work develops and suggests the required inspection
methods. The suggested techniques can be applied for any employed software and codes. The authors recommend
that the suggested inspection and validation methods be shown in the reports and papers to indicate that the predicted
results are reliable. This paper is useful for researchers in this field to ensure the accuracy of achieved numerical
results.

2. THE ANALYZED SAMPLES AND RECONSTRUCTED DOMAIN

X-ray computed microtomography is one of the widely used nondestructive methods for analyzing the structure of
materials. In a micro-CT scanner, an X-ray beam cone passes through the sample and is collected by a detector.
The sample is rotated, providing a series of 2D projection images at different angles. After completing the scanning
process, the digital structure of the sample may be obtained in a computer environment from 2D images. In this study,
the aluminum foam samples with a pore density of 10 and 20 PPI and with dimensions of 40× 40 × 35 mm3 for
20 PPI and 40× 40 × 20 mm3 for 10 PPI were received from the manufacturer as shown in Fig. 1(a). Since the
determination of velocity and pressure for the entire sample is expensive due to the limitations on computational
resources, tomography images were obtained only for a representative elementary volume (REV) with a size of 12
× 12× 12 mm3 as shown in Fig. 1(b), which is satisfactory for our purposes. The studied REV is scanned using 9
× 9 µm2 as the pixel size and 13.6µm as the voxel length. This means that the number of pixels in both thex and
y directions is 1400 and the number of images is 927. Following that, the obtained images are processed by ImageJ
software and 3D domain is obtained as a stereolithography (STL) file. Structural properties of the analyzed foams,
such as surface area and ligament thickness, are given in Table 1.

After obtaining an STL file, the snappyHexMesh mesh generator of the OpenFOAM CFD package is used to
generate hexahedral mesh for the obtained 3D domain. The generated mesh for aluminum foam with 10 and 20
PPI is shown in Fig. 2. For numerical calculations, the supercomputer systems of Kyoto University in Japan and
TUBITAK (Scientific and Technological Research Council of Turkey) in Turkey and different available workstations
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(a) (b)

FIG. 1: Studied 10 PPI and 20 PPI pore density metal foams: (a) real structure and (b) domain generated in a computer environment
(20 PPI)

TABLE 1: Properties obtained from the digital 3D
model and the obtained results

SampleNo. 1 2

Pore Density 10PPI 20PPI

Material Al T-6201 Al T-6201

Porosity 0.90 0.95

Cell Diameter 0.0044 0.0023

Strut Diameter 0.00028 0.00019

SurfaceArea 0.0015 0.00277

Kxx 1.60× 10−7 8.97× 10−8

Kyy 2.33× 10−7 9.66× 10−8

Kzz 2.56× 10−7 1.11× 10−7

K Average 1.83× 10−7 9.92× 10−7

Cxx 0.2054 0.1125

Cyy 0.1303 0.0925

Czz 0.0975 0.1253

C Average 0.1359 0.1101

with different types of central processing units are used. For instance, the CPU time was around 8 h for the computer
at TUBITAK, a Xeon E5-2690 with 72 CPU, in parallel for Re= 600 and PPI= 20.

3. PORE SCALE FLOW ANALYSIS AND COMPUTATIONAL DOMAIN

Following the mesh generation, flow in the pore scale can be analyzed computationally. Air is considered as a Newto-
nian working fluid and flow is steady state. The effect of gravity is neglected. Under these assumptions, the following
governing equations of conservation of mass and momentum are solved to find velocity and pressure in the voids:

∇ ·
−→
V = 0 (1)
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(a) (b)

FIG. 2: Domain generated in a computer environment: (a) 10 PPI metal foam and (b) 20 PPI metal foam

(V⃗ · ∇) V⃗ =
1
ρ
∇p+ ν∇2V⃗ (2)

whereV⃗ is the velocity vector,p is the pressure, andρν are the density and kinematic viscosity of air. The values of
ρ andν are taken into account at the reference temperature of 293.15 K.

Dummy regions are added to the computational domain behind and after the metal foam section in order to
reduce the inlet and outlet effects as shown in Fig. 3. The dimensions of this region are taken to be the same as the
length of the metal foam region. OpenFOAM 2.3.1 is used to solve the continuity and momentum equations for the
flow in the voids of metal foams. The code has been written based on the finite volume approach. The coupling of
velocity and pressure is treated by the SIMPLE algorithm. The convergence criterion is set to 10−6 for all the terms
in the governing equations.

A uniform velocity is applied for the inlet section and the boundary condition of zero gradient for velocity is
applied for the outlet referring to the negligible diffusion transport. A slip boundary condition is applied for the
lateral walls of the channel in order to reduce the effect of the walls on the flow field. The computational domain and
boundary conditions are also shown in Fig. 3. Although in Fig. 3 the computational domain is shown for flow in they
direction, similar domains can be employed forx andz directions to find out the degree of isotropic feature of metal

FIG. 3: Considered domain with dummy inlet and outlet regions, and boundary conditions (O indicates the origin point)
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foam. This means that the velocity and pressure fields in the same voids but for different principal flow directions are
obtained separately.

4. DETERMINATION OF PERMEABILITY AND INERTIA COEFFICIENTS

In VAM, the volume-averaged conservation of mass and momentum equations are used to find the volume-averaged
velocity and pressure. For an REV quantity with a volume ofV , two types of volume averaging exist:

⟨φ⟩ = 1
V

∫
V

φdV (3)

⟨φ⟩x =
1
Vx

∫
Vx

φdV (4)

which are called volume average and intrinsic volume average ofφ quantity, respectively. In this studyφ can be
velocity or pressure. Using these definitions, for steady and laminar flow, the continuity and momentum equations
can be written as

∇ ·
⟨−→
V
⟩
= 0 (5)

1
ε2

⟨−→
V
⟩
· ∇

⟨−→
V
⟩
= − 1

ρf
∇⟨p⟩f +

µ

ε
∇2

⟨−→
V
⟩
− µ

ρfK

⟨−→
V
⟩
− C√

K

∣∣∣⟨V⃗ ⟩∣∣∣ ⟨−→V ⟩
(6)

whereK is the permeability tensor andC is the inertia coefficient. In many porous media applications, the effects
of the term on the left side (convection term) and the second term on the right side (which represents the effects of
volume-averaged pure viscous forces) are small compared to the other terms of Eq. (6). If a unidirectional flow is
considered, Eq. (6) takes the following form, which is usually called the Darcy-extended Forchheimer equation:

∇⟨p⟩f = − µ

K
⟨u⟩ − C√

K
ρf ⟨u⟩2 (7)

Equation(7) can be expressed in dimensionless form as follows:

Π = A+BRe (8)

The dimensionless parameters ofA, B, andΠ are defined as

Π = − d2
c

⟨u⟩µf

d ⟨p⟩f

dx
, A =

d2
c

K
, B = C

(
d2
c

K

)1/2

, Re=
ρf ⟨u⟩ dc

µf
(9)

wheredc is the cell diameter selected as the characteristic length. Both cell and pore diameters can be selected as the
characteristic length, and in this study cell diameter is chosen. For determination of average pore and cell diameters,
the diameter of some random cells in the metal foam in a computer environment is measured. The average of the
measured values is accepted as the pore or cell size. The average cell diameters were found to be 2.3 mm for 20
PPI and 4.4 mm for 10 PPI. A sample of the cell for which the pore diameter is measured is shown in Fig. 4. To
determine the values ofK andC, two methods are used in the literature: the linear (or dimensionless linear) and
parabolic approaches. The dimensionless linear approach enabling the prediction of the critical Reynolds number
for separation of Darcy from non-Darcy regions is used in this study (Ucar et al., 2015). In this method, first the
volume-averaged velocity and pressure drop at cross sections perpendicular to the flow direction is calculated. Then
the change of pressure drop in the flow direction is drawn to obtain the pressure gradient in the flow direction by
employing a proper curve-fitting method, and the dimensionless pressure drop for the specified Re number can be
obtained from Eq. (9). The same method can be employed to determine the dimensionless pressure drop for different
Re numbers. Then the dimensionless pressure can be plotted against the Re number, and finally, by applying a proper
curve-fitting method, Eq. (7) and the coefficients ofA andB can be found. The permeability and inertia coefficients
can be obtained fromA andB values.
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FIG. 4: Sample of obtained views for determination of structural properties generated in computer environment by microtomog-
raphy images

5. SUGGESTED INSPECTION TECHNIQUES FOR VALIDATION

The flow field in the digital structure of the generated porous media can be obtained by solving continuity and
momentum equations for flow in the voids. Finding the permeability and inertia coefficient from the velocity and
pressure field was described before. Although it seems simple, due to irregular pores and voids, the risk of obtaining
wrong results is high. Hence, some checks are required to be sure of the solution. In this section, the possible checks
and inspections for the computational procedure and obtained results are described.

5.1 Verification for Elimination of Images

Digital image processing is a challenging task. A high amount of RAM and CPU resources are required to obtain high-
quality 3D views. The number of image slices taken through the domain affects the voxel length (i.e., the distance
between two slices). No doubt the decrease in distance between the images increases the accuracy of the results;
however, the high number of images considerably affects the computational resources required to process the images.
Therefore, some images can be eliminated for the sake of computational resources. In this study, due to the limitation
of computational resources, the effect of image number on the results is studied and an obtained result for Re= 600 is
given in Fig. 5(a). As can be seen, for a low number of images (15) the permeability in the flow direction changes by
increasing the number of images; however, after a reasonable number of images, further increasing the number does
not influence the results. It is seen that 309 images per 12.32 mm (i.e., 40µm as voxel length) might be sufficient to
obtain acceptable permeability and inertia coefficient values for the problem considered in this study. For each image
the number of pixels is 1400× 1400.

5.2 Verification of Grid Numbers

The permeability and inertia coefficient values are calculated for grid numbers from 24× 24× 24 to 250× 250×
250, and the changes for Re= 600 are shown in Figs. 5(b) and 5(c), respectively. A cell number around 7,000,000 is
sufficient to have accurate results. Furthermore, Fig. 6 shows the change of digital porous structure with the number
of grids in the transverse direction. By changing the grids from 48× 48 × 48 to 148× 148× 148, the generated
structure considerably changes. Not only the size but also the location of the solid phase and voids change. However,
by changing the grids from 148× 148× 148 to 192× 192× 192 or 250× 250× 250, the size and location of the
ligaments do not vary, indicating independency of the generated structure from the mesh.

5.3 Check of the Flow Rate and Velocity through Metal Foam

Whether or not the volumetric flow rate through metal foam remains constant must be checked as a first step to see if
the conservation of mass is satisfied by the numerical scheme. Both the intrinsic flow rate in some cross sections and
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(a)

(b) (c)

FIG. 5: Validation of number of images and grids for Re= 600: (a) the change of permeability in they direction with respect to
number of images in the flow direction, (b) the change of permeability in they direction with respect to grid number, and (c) the
change of inertia coefficient in they direction with respect to grid number

FIG. 6: Change of the generated structure of aluminum foam (PPI= 20) with number of grids for the surface withy = 3L/2
(black is solid region while gray represents voids)
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the area of those cross sections can be calculated and plotted. For unidirectional flow in an isotropic porous media,
the intrinsic flow rate should be identical through the directional flow. Furthermore, the intrinsic averaged velocity
for each cross section should have a reverse trend with the area of the cross section. The aforementioned check was
done in this study for metal foam with 10 and 20 PPI and Reynolds number of 0.001 and 600. As can be seen from
Fig. 7, the volumetric flow rate remains constant for two metal foams at both Reynolds numbers, and by decreasing
or increasing the passage area, the air velocity appropriately increases or decreases.

5.4 Check of Existence of Fully Developed Region

The application of Eq. (7) for a constant volume-averaged velocity is possible when a constant pressure drop exists
in the flow direction—in other words, when a fully develop flow exists. Figure 8 shows two samples of the change of
pressure drop through the computational domain for Re= 0.001 and 600. The pressure change in the dummy regions
is negligible, while a steep linear gradient is seen for the porous region. These charts not only prove the existence of
fully developed flow in the porous media region but also yield an accurate value of the pressure gradient through the
porous media by using an accurate curve-fitting program.

(a) (b)

(c) (d)

FIG. 7: Change of volume-averaged velocity and cross-sectional area through the domain: (a) Re= 0.001 and 10 PPI, (b) Re=
600 and 10 PPI, (c) Re= 0.001 and 20 PPI, and (d) Re= 600 and 20 PPI
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(a) (b)

(c) (d)

FIG. 8: Change of pressure gradient through the domain when (a) Re= 0.001 and 10 PPI, (b) Re= 600 and 10 PPI, (c) Re=
0.001 and 20 PPI, and (d) Re= 600 and 20

5.5 Check of Darcy and Non-Darcy Region

There is no doubt that the permeability value can be calculated by determination of the pressure gradient through the
porous media and using the Darcy equation. Similarly, by determination of three pressure values through the porous
media and using the Darcy-extended Forchheimer equation, both the permeability and inertia coefficients can also
be calculated. However, these methods not only do not yield accurate results but also do not specify whether flow is
in the Darcy or non-Darcy region. The advice of the authors is to a obtain sufficient number of pressure gradients
for different velocities and then measure the change of dimensionless pressure drop with Reynolds number, as seen
in Fig. 9. The drawing of this diagram allows us (a) to find out the critical Reynolds number to separate the Darcy
from the non-Darcy region, (b) to verify the obtained results for low values of Re number and small changes ofΠ
(however, a linear change ofΠ exists for high values of Re), (c) to prevent the use of a wrong equation (for instance,
the use of the Darcy equation when the flow may involve the inertia effect), and finally (d) to remove small numerical
mistakes by applying appropriate curve fitting to the large number of numerically obtained points.

5.6 Number of Voxels in Narrow Throats

Based on the structure, the number of voxels in a narrow throat (narrow pores) may be an important parameter
showing the accuracy of the results. The shrinking and expansion of the pores plays an important role in the pressure
drop in porous media. Hence, a sufficient number of voxels should exist in the throats to simulate flow in the pore
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FIG. 9: Schematic view for the determination method for Darcy and non-Darcy regions (thin line shows extreme cases and vertical
dash line separates the regions)

scale accurately. Figure 10 shows a cross section of voxels perpendicular to the flow. It can be easily seen that the
number of voxels in the cells and throats (pores) is sufficient for accurate determination of flow and pressure drop.

5.7 Check of Velocity Gradient in Transverse Direction for Low and High Reynolds Number

Similar to the flow in the channel and pipe, there should be a velocity gradient near the solid surface, and with an
increase of Re number, the velocity gradient near the surface region must increase. Hence, there should be a sufficient
number of voxels in the pores to deduce this fact. Figure 11 shows the velocity profile in the middle line of a cross
section. Figure 11(a) shows velocity profiles for Re= 0.001. As can be seen, a smooth flow exists in the pore, and a
velocity gradient on the region close to the surface can be observed. By increasing the Re number from 0.001 to 600,
the gradient near the surface increases, and furthermore, fluctuations due to colliding of the flow to the front ligament
appear [see Fig. 11(b)]. This figure provides a level of confidence in the employed number of voxels in the pores.

5.8 Comparison with Reported Studies

Even though the porosity and macroscopic structure of the two porous media are the same, the pore scale geometrical
differences change the values of the macroscopic transport parameters. Hence, in order to compare the transport

FIG. 10: Generated mesh in the middle cross section of the foam region (y= 3L/2) perpendicular to the flow (20 PPI)
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(a)

(b) (c)

FIG. 11: Velocity profiles on the line at the midpoint for 20 PPI metal foam: (a) the considered line to plot the velocity profile,
(b) the velocity profile at the midplane [vertical dash line in Fig. 11(a)] when Re= 0.001, and (c) the velocity profile at the
midplane [vertical dash line in Fig. 11(a)] when Re= 600

parameters of two porous media, detailed information about the structural descriptors must be known. Unfortunately,
some researchers describe the studied porous media (such as metal foam) by using only the porosity and PPI, which
are not sufficient to specify a porous structure for comparison. Hence, finding the proper experimental or numerical
results from literature for comparison is not an easy task. Table 1 shows the value of the other governing parameters
such as pore diameter, cell diameter, strut thickness, and specific surface area of the two aluminum foams considered
in this study.

6. RESULTS

After presenting inspection methods for checking the employed software and the applied calculation process, the
obtained results are described in this section. Figure 12 shows the change of velocity contour in the flow direction
at the midsection slice through the flow direction of the metal foam with 20 PPI. It is plotted for four Re number as
0.001, 12, 26, and 600. The white regions show the solid parts in porous medium. The contour range (i.e., legend) is
identical for four Re numbers. The Darcy velocity is 1 mm/s for Re = 0.001, which is very low. Velocity distribution
seems to be very uniform from this figure. By increasing the Re number, the velocity in the voids increases and
distributions becomes more inhomogeneous, especially for Re = 600. The effect of tortuosity (complexity of the fluid
path) can be seen clearly since in some pores the highest velocity is deviated from the middle of the voids. The same
situation was also observed for aluminum foam with 10 PPI.

Figure 13 shows the change of velocity component in the flow direction through the channel of metal foam with
10 and 20 PPI and for Re= 600. As can be seen, a uniform velocity distribution exists in the inlet region since the
cross-sectional area does not change. The velocity value increases in the voids of the metal foam due to reduction of
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(a) (b)

(c) (d)

FIG. 12: Change of velocity contour in flow direction at the midsection slice of the metal foam with 20 PPI: (a) Re= 0.001,
(b) Re= 12, (c) Re= 26, and (d) Re= 600

(a) (b)

FIG. 13: Change of velocity component in flow direction through the channel of metal foam with Re= 600 for (a) 10 PPI and
(b) 20 PPI

Volume 22, Issue 5, 2019
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flow in the cross-sectional areas. Finally, there is almost no change in the outlet region. Because the slip boundary
condition is applied to the circumference of the channel, nonuniformity near the boundaries is removed. Figure 14
shows the change of pressure in the same channel as Fig. 13. As expected, at the inlet of the channel the pressure is
high, and through the channel it decreases. By changing the flow cross-sectional area in the porous media, a change
of pressure gradient in the voids is seen. Finally, at the outlet of the channel, almost the lowest pressure gradient can
be observed.

The present study is validated with the experimental and theoretical studies reported in the literature in terms
of pressure gradient with change of velocity, for both 10 and 20 PPI foams. Deviations of± 50% from the present
results are also added into Fig. 15 and shown in red dashed lines. As can be seen, an acceptable agreement between
the obtained and reported results can be observed. It will be impossible to achieve the same results of those studies
since porosity, strut diameter, and surface area of the aluminum foams are different in each study. The manufacturers
of those aluminum foams may also be different. For instance, from the porosity point of view, the porosity of the

(a) (b)

FIG. 14: Change of pressure through the channel of metal foam with Re= 600 for (a) 10 PPI and (b) 20 PPI

(a) (b)

FIG. 15: Comparison of the pressure gradient with inlet velocity obtained in the present study with the reported experimental
studies: (a) 10 PPI and (b) 20 PPI. [The compared studies: Kamath et al. (2011, 2013), Dukhan et al. (2006), Mancin et al. (2010,
2012), Hooman and Dukhan (2013)].
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samples of Kamath et al. (2011, 2013), Mancin et al. (2010), and Hooman and Dukhan (2013) are 0.90, 0.90, 0.932,
and 0.90, respectively, while for the present study the porosity of the studied 20 PPI sample is 0.948.

The changes of dimensionless pressure drop with Re numbers for aluminum foams with pore densities of 10 and
20 PPI and forx, y, andz principal axes are presented in Fig. 16. As seen here, the inertia effect is not significant
until the Re number is around 1, since the value ofΠ remains constant. However, after Re= 1, the effect of inertia
appears andΠ changes linearly with Re in the non-Darcy region; consequently, the inertia effect should be taken into
account. It should also be mentioned that the values ofΠ for x, y, andz directions are not the same and small changes
between them exist. There could be two reasons for small differences. One is that there might be a small anisotropy
in the sample, since the studied size is small. The second reason is the possibility that the elimination of images in
thex direction causes a slight difference in the structure of they direction from thex andz directions.

The obtained permeability and inertia coefficient for the principal axes of two aluminum metal foams is shown
in Table 1. The change between the values of these transport properties is not too significant and the average of them
can be accepted as the unique permeability and inertia coefficient. Figure 17 compares the obtained value with some
of the reported results. It can be seen that many aluminum foams have different porosities and inertia coefficients but

(a) (b)

FIG. 16: Change of dimensionless pressure gradient with respect to Re number for (a) 10 PPI and (b) 20 PPI
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(a) (b)

(c) (d)

FIG. 17: Comparison of the present study with the reported studies in literature and the average of permeability of these reported
studies in the literature: (a) permeability 10 PPI, (b) permeability 20 PPI, (c) inertia coefficient 10 PPI, and (d) inertial coefficient
20 PPI. [The compared studies: Kamath et al. (2011, 2013), Mancin (2010), Bhattacharya (2002), Bhattacharya and Mahajan
(2006), Suleiman and Dukhan (2014), Vijay et al. (2015), Bodla et al. (2010), Dukhan and Patel (2011), Dukhan and Ali (2012),
Liu and Wang (2016), Boomsma and Poulikakos (2002), Phanikumar and Mahajan (2002), Mancin et al. (2010, 2012), Kim et al.
(2000, 2001)].

the same PPI. The obtained values for both permeability and inertia coefficient are in the range of the reported values.
The difference between the obtained results and the results of the reported studies for 10 PPI is less than 25%, while
for 20 PPI it is less than 28%.

7. CONCLUSION

The values of permeability and inertia coefficient for two aluminum metal foams were found computationally using
microtomography images. After solving the continuity and momentum equations for the voids inside the metal foam,
the volume-average technique is applied and the values of those transport parameters are found according to the
Darcy-extended Forchheimer equation. A good agreement between the obtained values and reported experimental
values was observed.

The main focus of the study is on techniques which can be employed to check the accuracy of the obtained
results and to inspect the long computational process. In addition to the traditional checks such as grid independency,
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comparison of results with available results in literature, and image reduction checks, significant inspections for the
accuracy of the computational process are suggested and discussed. The suggested computational process inspection
can be listed as follows:

• The number of voxels (or mesh) in the narrowest throat must be sufficiently high in order to simulate the flow
properly.

• The fully developed flow condition must be checked to ensure that the application of the Darcy or Darcy-
Forchheimer equation is valid.

• Calculations for both the Darcy and non-Darcy regions should be done in order to catch any computational
mistake and find accurate coefficients from the dimensionless Darcy-Forchheimer equation.

• The mesh scale must be fine enough near the walls so that the transverse velocity gradient is resolved well in
the pores.

• Conservation of mass must be checked. The simplest way to do this is to look at whether the flow rate stays
the same at different cross sections through the flow direction.

There is no doubt that by improving computer and software technology, smaller voxels can be used, there is no
need for elimination of images, and more accurate results can be achieved. Furthermore, computation can be done for
larger samples to reduce the possible directional errors.
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