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Abstract

This study provides an extension to previously published articles on measurements

and computational fluid dynamic (CFD) modeling and simulations of airflow across

“bottleneck-type” structures in the Forchheimer regime to purely inertial-neglected

(Darcy regime) incompressible flowing fluid via tomography datasets. A linear-

dependent relationship between the CFD computed unit pressure drop developed

across the samples and the superficial fluid inlet velocity was observed for all the

samples for creeping fluid flow (0–7 × 10−03m�s−1). The permeability of the struc-

tures was observed to be dependent on the structural parameters of the porous

medium and most importantly, its pore diameter openings. Linear graphical relations

between permeability and pore-structure related properties of these materials were

observed and these could assist in minimizing the number of design iterations needed

for the processing of self-supporting porous metals.
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1 | BACKGROUND

Man-made porous metallic structures such as steel, nickel, copper,

aluminium, and alloys are characterized as sponge-like shaped cellular

materials consisting of a metal frame (solid matrix), air-filled pores,

and interconnecting pores, also known as “windows.”1-3 These inter-

connecting “windows” in cellular metals is considered4 as an open vol-

ume within the metal matrix network that allows a uniform length of

passages and distribution. They are classified into open-celled and

close-celled cellular structures5 and can be made by different techno-

logical processes like additive manufacturing, pressure-less sintering,

replication-casting route, reactive processing, and gas entrapment

techniques.6,7 The resulting effects are a microstructural change aptly

influenced by technological routes and operating conditions.1,8,9 The

unique and combined characteristics of lightweight, high surface area

and high thermal conductivity of these materials enable their suitabil-

ity as structures that interact with fluid and heat transfer processes.

Typical examples of these processes are filters for high-temperature

gas and fluid filtration, energy absorbers/package, heat exchangers,

vibrational control, and mechanical damping.10 Figure 1 presents a

typical porous metallic structure made by replication casting routes of

pouring liquid melts in the convergent gaps created by packed beds of

monosized porogens. A detailed processing route adopting this tech-

nique is described in References 8, 9, 11-13.

Generally, the relationship between superficial fluid velocity (vs)

and the unit pressure drop (rp) developed across porous metals in

laminar and turbulent regimes are reportedly14-16 described to obey

the Darcy–Dupuit–Forchheimer second-order model given by

Equation 1.
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where rp is pressure drop per unit flow thickness (Pa�m−1), vs is the

superficial fluid velocity (m�s−1), μ is the fluid dynamic viscosity (Pa�s),
ρ is the fluid density (kg�m−3), ko is the permeability of the material

(m2), C is the Form drag (m−1), CF dimensionless Forchheimer coeffi-

cient, vp is the pore fluid velocity, and ε is the pore volume fraction.

For a very low fluid velocity, typified by pore diameter Reynolds (RED)

number less than one, a viscous-drag energy dissipation mechanism
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dominates,15,16 and the pressure-drop-flow velocity relationship is

described only by the Hazen–Darcy Equation;

rp=
μ

ko
vs =

μ

ko
vpε ð2Þ

Equation 2 is reportedly17-20 valid for very slow-flowing fluid in

porous media and has been used in a wide range of applications spe-

cific to transport in porous media in the past 150 years. Analogous

research works involving fluid flow in packed structures (varying in

particle sizes, interstices and packing density21-23 have been tailored

toward understanding the relationship between fluid flow velocity

and pressure drop developed across porous structures. A significant

part of these works has seen the utilization of the pressure–velocity

data and fluid flow properties in estimating the permeability of the

porous medium using the above expressions. Despite the unique and

combined characteristics of high pore volume, high surface area and

different pore topologies offered by porous metals over packed

beds,1,12 applicable theories in the use of the above expressions to

reliably describe fluid flow behavior in porous metallic structures

exist.24-33

Understanding the influence of the pore-structure related proper-

ties (porosity, pore diameter sizes, pore openings, and specific sur-

faces) on the permeability of these structures (Figure 1) is important

in the design of self-supporting porous materials suitable for engineer-

ing and industrial applications of porous metals involving fluid flow. A

simple and combined analytical model developed by Despois and

Mortensen29 and Furman et al30 substantiated the permeability of the

“bottleneck-type” structures at Darcy regime which greatly depends

on the openings connecting the pores of this unique porous structure.

For laminar flow experimental measurements of fluid conducted on

microcellular “bottleneck” aluminium foam structures (pore volume

fractions from 0.66 to 0.86 and nominal pore size between 108 and

425 μm) made by replication-casting processes, the permeability

predicting theoretical “bottleneck” was extended to model flow

beyond Darcy31 and to show that permeability (k0), Form drag (C), and

dimensionless Forchheimer coefficient (CF) terms in the Darcy–

Dupuit–Forchheimer model (Equation 1) are preferentially influenced

by the openings (connectivity) than pore diameter sizes. Computa-

tional fluid dynamics (CFDs)modeling and simulation of airflow across

microcellular structures via tomography datasets in the Forchheimer

regime have also been reported in the literature2 with reasonable fits

to experimental data. Figure 2a presents close agreements between

experimentally measured and CFD modeled data2 for samples of simi-

lar pore sizes (2.0–2.5) but differentiated by their applied differential

pressures during casting; showing a varying degree in the sizes of their

pore diameter openings. Table 1 presents these changes in pore-

structure related properties and flow information in the inertial domi-

nated flow. Though, currently computed values of flow permeability

of these structures in the Darcy regime are also presented in Table 1

and would be discussed later. More so, combination of 3D advanced

imaging tools and CFD modeling approach in reported in Otaru et al.2

was extended to model the pore-structure related properties and flow

information of “structural-adapted” bottleneck-structures (Figure 2b).

This enabled comprehensive understanding and an appreciation of

the changes in pressure drop developed across these materials attrib-

uted to the changes in their pore structure-related properties within

the Forchheimer dominated regime.

Analogous research works on fluid flow applications of porous

metallic components are tailored toward highly porous structures

characterized by tetrahedron-like morphology and less emphasis on

bottleneck-type structures. Therefore, very little flow predicting

Equations are available in the literature for these types of structures.

Previously published research article reportedly9 combined modeling

procedure employing packed beds of spherical structures (or discrete

element modeling [DEM]) and pore-level CFD provides a virtual and

economical way of characterizing the pore-structure related proper-

ties of these “bottleneck-dominated” porous structures. Supportable

agreements between flow permeability of DEM/CFD data in Refer-

ence 9, experimental measurements32 and established models30 were

substantiated. However, the models in Reference 30 failed to reliably

quantify the flow permeability characterized by “bottleneck”

F IGURE 1 An optical micrograph left of a porous sample made by vacuum casting using near-spherical NaCl and right, an X-Ray CT (μCT)
image showing the typical pore connectivity (Adapted from References 9, 11 [Color figure can be viewed at wileyonlinelibrary.com]
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structures of lower capillary radius, typically, below 20 μm and this

was reportedly attributed in Reference 9 to be the negligible influence

of capillary radius on the predictive coordination numbers in the

model. This work, therefore, considers CFD modeling and simulations

of air pressure drop across these structures in the Darcy regime, typi-

fied by pore-diameter Reynolds number (RED) below unity. This could

provide insights into the distinction between the fluid flow behavior

of these structures at viscous and inertial dominated regimes and use-

ful in finding a correlation between permeability as a test function of

pore-structure related properties of the materials.

2 | RESEARCH APPROACH

The modeling approach used herein is similar to that employed in Ref-

erence 2 using the same microcellular structures produced by replica-

tion casting technique. In brief, porous metallic structures were

produced by infiltrating liquid melts (consisting of 99.5% aluminium at

800�C) into hollow packed beds of near-spherical sodium chloride

salts and solidify after mixing before compaction at desired infiltration

pressure. Preheating of the bulk of space holders or beads was

employed for a temperature range 450 to 600�C to avoid premature

solidification of the melt. The foam with salt (occupying its pore space)

was then machined in a super-precision Gamet bearing lathe machine

to get the desired shape and sizes and was later sintered by dissolu-

tion in a warm (40�C) water incubation bath for 72 hours to leave

porosity. The size of the pores was reportedly1 dictated by the size of

the salts used (2.0–2.5 mm) while the pore volume and pore openings

are largely dictated by controlled packing density and applied differen-

tial used to drive the liquid melts into the voids left by the packed

beds respectively. Figure 1 clearly presents the microcellular struc-

tures (“bottleneck” as they are referred in References 2, 9 showing

typical pore diameter sizes, 2.0–2.5 mm, pore diameter openings,

180 μm, and pore volume fraction, 0.64.13

A Zeiss Xradia Versa XRM-500 3D X-ray CT microscopy system

was used to acquire computer tomography datasets of the “real” sam-

ples (Table 1) with voxel dimension of 26 μm resolution in the x, y,

and z planes. A three-dimensional advanced image tool (ScanIP) was

used for 3D reconstruction of a workable representative volume ele-

ment (3D RVE CT) extracted from the center of the “real” sample. The

size of the computed RVE was ×4–5 the mean pore diameter sizes

with porosity differing by ±2 when compared to the “real” samples

that are four times longer than the representative sample. Changes to

the microstructural properties of the samples were done through sen-

sible creation of “semivirtual” RVE CT structures from the “real” ones

using the erosion (removing pixel elements from the frame) tool of the

F IGURE 2 Plots of (a) measured
(EXPT) and X-ray CT modeled (μCT)
pressure drop per unit thickness
against superficial air inlet velocity at
Forchheimer flow regime (Adapted
from Reference 2) and (b) Plots of
simulated pressure drop per unit
length for semivirtual structures
(structural domain erosion, 1–5 pixel

removed) using CT images compared
with simulations for near-equivalent
“real” samples (Y3 and Y4)

TABLE 1 Pore-structure related properties and fluid flow information of porous structures via tomography datasets

Pore-structure related properties Flow information

CT sample ε (%) Dw (mm) Dp (mm) σFF (m
−1) σFB (m−1) k0/10

−09 (m2) Darcy kF/10
−09 (m2) Forchheimer C (m−1) CF (−)

μCT-Y1 70.80 0.69 2.23 6,413.09 2,649.08 11.1 13.90 17,583.26 2.07

μCT-Y2 72.56 0.72 2.22 6,648.08 2,528.00 13.9 17.08 5,801.76 0.76

μCT-Y3 75.21 0.74 2.27 7,312.92 2,410.80 15.6 18.00 3,985.55 0.53

μCT-Y4 78.40 0.90 2.23 7,455.44 2054.44 28.33 33.40 1,700.52 0.31

Note: Dp is the mean pore size (mm), Dw is the mean pore openings (mm), ε is the porosity (%), σFB is the structure surface area per unit bulk volume (m−1),

σFF is the structure surface area per unit structure volume (m−1), k0 is the Darcian permeability (m2), kF is the Forchheimer permeability (m2), C is the Form

Drag (m−1), and CF is the Forchheimer coefficient [−]. Adapted from Reference 2 excluding the flow permeability values at Darcy regime.
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advanced imaging software. This process simply creates a highly

porous structure characterized by large pore sizes and wider pores

openings as shown by Figure 2 below. Smart mask smoothing was

considered over Gaussian smoothing as it preserves accurately the

structural information of the materials and an optimized linear tetra-

hedral mesh was resolved in +FE module of Simpleware™ with mesh

density ranging between 2.0 and 2.5 Mcells. The incompressible

Stokes flow (or Creeping flow) Equation in the CFD module of

COMSOL Multiphysics 5.2™ was solved by simply neglecting the

inertial term in the complete Navier–Stokes Equation. This is imper-

ative due to the consideration of very slow fluid flow (0–-

7 × 10−03m�s−1) in this study. The creeping flow Equation is given

below (Equation 3) as a test function of fluid density (ρ), superficial

fluid velocity (vs), and time (t) and is reportedly1,9 valid for flowing

fluid characterized by small advective inertial terms (viscous domi-

nated flow). A pore fluid inlet velocity (vp = vs/ε), zero pressure out-

let (p = 0), no-slip or walls (vp = 0) on the near-spherical frame

(dictated by the shape of the salt beds used during casting of real

samples in References 1, 2 and symmetrical boundary conditions (n.

vp = 0) on the side faces were considered before solving. It is note-

worthy to understand that the meshed fluid domain representative

volume was imported into CFD packages by simply inverting the

frame (Figure 3) using the Boolean inversion tool in the 3D

advanced imaging software

∂ρ

∂t
+r: ρvsð Þ=0 ð3Þ

3 | RESULTS AND DISCUSSION

Figure 4 presents two-dimensional (YZ) sections of the actual 3D

velocity (top) and pressure (bottom) profile plots for the “real” (left)

and eroded (right) structures. These images are taken to clearly

understand the flow behavior of these “bottleneck” structures at

Darcy regime (RED of 0.5 and 0.57, respectively). Fluid flow from top

to bottom (indicated by arrows) are observed for connected pores

and the intensity of the color scale (values presented in the legends)

is largely dependent on the “window” sizes and contacts made by

connecting pores.9,13 The tendency of constrictive response is

higher for the “real” (Y1) than the eroded (Y13) structure which can

be largely attributed to the smaller pore connectivity of the “real”

structures resulting in fewer number of connected pores thereby

providing a greater restriction to flowing fluid and higher pressure

drop developed across the structure as shown by Figure 4. Fluid

flow across these types of highly constricted structures is similar to

the ones presented in Reference 30 while that of the less distorted

or eroded structures is similar to the highly porous structures

reported in Reference 31. This fluid flow behavior cannot be likened

to transport in packed beds where the flow of fluid is largely dic-

tated by the packing density of the beds21,22 but largely attributed

to the openings between connected pores within the porous metal-

lic matrices.

Figure 5 (top) presents CFD computed unit pressure drop data

developed across the “real” CT structures (a) and an extension to the

“semivirtual” structures (b) created by removing 1–5 pixel elements

(Y1–Y15) from structural phases of the material with the lowest pore

volume (Y1) as presented in Table 1. Table 2 presents the pore

structure-related properties (porosity [ε], mean pore diameter open-

ings [Dw], mean pore diameter size [Dp], and specific surfaces [σFF and

σFB]) and computed flow permeability [k0] of the porous structures at

the Darcy regime. Figure 5, top shows a linear relationship between

unit pressure drop developed across all the samples and superficial

fluid velocity. The linear relation between velocity and developed unit

pressure drop observed for all the samples could be attributed to the

neglected inertial effects during CFD modeling and simulation setup.

This inertial term is reportedly1,2,14,31 prevalent for high fluid velocity,

typically, in the Forchheimer and Turbulent regimes or fluid flow char-

acterized by the formation of an unsteady pattern of eddies (rec-

irculation effect)34 resulting in increasing Form drag between the

moving fluid and the pore walls. This inertial term should be

accounted for in order to completely describe the unit pressure drop

developed across high fluid velocity in porous materials.27 The linear

relation for computed pressure drop and velocity for the slow fluid

can be attributed to the viscous-dominated forces resulting in the

negligible movement of fluid in the normal direction close to the pore

F IGURE 3 Three-dimensional (3D) CT RVE skeletal phases (bottom) for lowest porosity structure, Y1 (left) and after structural erosion of
1- (center, Y11) and 2- (right, Y12) pixels removed from the skeletal phase for 8.5 mm flow thickness
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walls. Visible streamlines within the pore network of these materials

are observably stable and steady with strong tendency toward sym-

metry for the less distorted or highly porous structures.

For this Darcy regime flow of fluid, the pressure drop is highest

for the sample with the lowest pore openings (Y1) and lowest for the

sample with the highest pore openings (Y4), as shown by Figure 5a.

Figure 5b also demonstrates the rationalization of the “structural-

adapted” materials to account for the flow behavior in the “real” sam-

ples. For example, the pressure drop developed across the “real” Y3

and Y4 structures are slightly higher than that of the adapted Y11 and

Y12 structures, respectively. This can be attributed to the slightly

lower pore structure-related properties characterized by the “real”

samples thereby resulting in a slight difference in their permeability

values as shown in Table 2. Similarly, the unit pressure drops devel-

oped across the “semivirtual” structures consistently decrease with

increasing pore volume (the removal of pixel elements from the skele-

tal phases) as shown by Figure 5b. With a superficial inlet velocity of

3.39 × 10−3 m�s−1, the pore fluid velocity decreases from 4.79 × 10−3

to 3.91 × 10−3 m s−1 while the unit pressure drop decreases from

5.56 to 0.39 Pa from the “real” (Y1) to the highly eroded structures

(Y15). This shows an inverse relationship between the materials pore

volume and pressure drop developed across them and would have an

overall influence on the permeability of the porous structures.

Figure 5 (bottom) shows that the influence imposed by the material

pore volume and pore openings on their flow permeability can be

described by a nearly perfect direct power-law relation; thereby indi-

cating the contributory effects of the adapted structures to justify this

behavior.

The modeling approach used in this study showed that lower

pressure drops are obtained for the “adapted” structures while higher

pressure drops are obtained for the “real” samples. For every pixel

(voxel) element removed, the mean pore diameter size and mean pore

openings consistently increased by less than 3% and more than 20%,

respectively, indicating a strong dependence of the flow permeability

on the pore diameter openings of the materials. Table 2 shows that

the permeability of the porous structures is lowest for the “real” sam-

ples with the mean openings of 690 μm and highest for the highly

eroded structures characterized by mean pore openings of 1,570 μm.

As the mean pore diameter openings increase, the materials surface

area to bulk volume ratio (σFB) progressively decreases and the results

are the creation of more permeable structures which invariably pro-

vide lesser resistance to the flowing fluid across the interstices of the

porous media. More so, an increase in the additional pressure drop

was observed with increasing pore-nonuniformity (increase in

dynamic tortuosity) of the porous materials and this confirms the ten-

dency to increase the energy dissipated within the narrow passages

due to the frictional contact between the moving fluid and rigid pore

walls.36-39 However, this was done by a preliminary modeling of the

F IGURE 4 Two-dimensional
(2D) sections of the velocity (top,
[m�s−1]) and pressure drop (bottom,
[Pa]) distribution for flow through
porous samples Y1 (left) and Y13
(right) microstructures computed for a
superficial air inlet velocity of
3.39 × 10−3 m�s−1 [Color figure can
be viewed at wileyonlinelibrary.com]
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CFD pressure drop across longer and shorter length samples and

would require additional experimental analysis to affirm the reliability

of this hypothesis. It is noteworthy to understand that the permeabil-

ities of these structures were calculated by fitting the superficial fluid

velocity and the CFD computed unit pressure drop developed across

the samples into Equation (2).

An analytical relationship between the pore-structure related

properties and permeability of the “bottleneck-type” porous struc-

tures was made possible through the application of dimensionless

analysis. Figure 6a shows a near-perfect linear (R2 ≥ .95) relationship

between Darcian (current) and Forchheimer2 permeability values

against the mean pore openings to pore size ratio using data obtained

from the combined “real CT” and “semivirtual” RVE CT samples. For

both the “real” and “adapted” samples, the Forchheimer permeability

values were consistently higher than flow permeability in the Darcy

regime. This difference can be attributed to the contributory effects

of the flow velocity arising from the normal and tangential shear

stresses at the scale of the boundary walls resulting in the full

TABLE 2 Pore-structure related
properties and fluid flow information for
the adapted porous structures

Pore-structure related properties
Darcy

CT sample ε (%) Dw (mm) Dp (mm) σFF (m
−1) σFB (m−1) k0/10

−09 (m2)

μCT-Y1 70.80 0.69 2.23 6,413.09 2,649.08 11.10

μCT-Y11 76.52 0.84 2.29 7,351.45 2,214.70 19.90

μCT-Y12 80.88 1.02 2.36 8,031.83 1853.30 32.80

μCT-Y13 86.59 1.15 2.43 8,581.19 1,564.39 48.00

μCT-Y14 90.19 1.35 2.48 9,776.44 1,062.27 99.90

μCT-Y15 93.03 1.57 2.55 10,567.74 791.27 159.00

Note: Y11, Y12, Y13, Y14, and Y15 are symbols for the adapted structures created by removing 1, 2, 3, 4,

and 5 voxels from the skeletal phases of the materials, respectively. Dp is the mean pore size (mm), Dw is

the mean pore openings (mm), ε is the porosity (%), σFB is the structure surface area per unit bulk volume

(m−1), σFF is the structure surface area per unit structure volume (m−1), k0 is the Darcian

permeability (m2).

F IGURE 5 X-ray CT modeled
(μCT) pressure drop per unit thickness
against superficial air inlet velocity at
Darcy flow regime for the (A) real and
(B) adapted samples. The influence of
(C) porosity and (B) pore diameter
openings on the permeability of the
microcellular structures. The
Forchheimer or inertial term

permeability values are sourced from
Reference 2
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exploration of the geometrical architecture of the materials at higher

flow velocity. At Darcy regime, the contributory effect of the normal

shear stress is zero or negligible34,35 and the adjustment in pressure

that drives the flow is largely dictated by the instantaneous change in

the input flow velocity and variation in the pore diameter openings of

these materials. Figure 6a quantifies this difference by empirical con-

stants (W*
1 ) of 0.0121 and 0.0157 for both the Darcian and

Forchheimer permeabilities.

Analogous work in Reference 40 points out that the well-known

Ergun Equation used for predicting flow through porous structures con-

tains a relatable practical relationship between viscous and inertial terms

and the porosity of the materials. Whilst, the Ergun Equation was said

to accurately predict the pressure drop developed for flowing fluid

across packed beds,41-44 the direct application of similar model does not

accurately predict the pressure drops characterized by porous metallic

structures.28 A linear dependence of the permeability against the

reduced specific surface was observed in Figure 6b giving empirical con-

stants (W*
2 ) of 8.04 and 6.42 for flow in Darcy and Forchheimer

regime, respectively. A similar relationship was used for experimen-

tally measured pore-structure related properties and flow permeability

of 10-40PPI Duocel foam in Reference 45 giving a direct power-law

relationship with 88% correlation factor. This difference may be

attributed to the obvious difference in the structural topologies of the

materials. Whilst the “bottleneck” structures are characterized by

near-spherical pore walls and circular openings, the morphology of

the Duocel foams is similar to Kelvin's representation of unit cell

(a polygon with eight nonplanar hexagons of no net curvature and six

planar quadrilateral faces). This affirms that owing to the complexities

of porous metallic structures, a model predicting the flow permeability

of the structures may vary for structures of different morphological

features and a generalized flow permeability predicting model may

require more than bottleneck structures for study.

It is noteworthy to understand that the work presented herein

only provide an extension to experimental measurement and CFD

modeling works reported in References 1, 2. Analysis of experimen-

tally measured and CFD modeled permeability values reported in Ref-

erence 2 are observably close with very little deviations (R2 ≥ 98%)

for all porous samples. However, establishing CFD modelling confi-

dence for this work was done by making a comparison between

experimentally measured permeability values of highly (Y1) and least

(Y4) pressure infiltrated produced porous metals. The experimentally

measured values for these structures performed in a constant head

permeameter at very slow velocity (RED ≤ 1) are 11.9

± 0.9 × 10−09 m2 and 27.7 ± 0.9 × 10−09 m2, respectively. These

values represent a less than 6% negligible difference for both cases

when compared with the corresponding CFD modeling values

obtained using tomography datasets.

4 | CONCLUSION

Pore-level CFD modeling and simulation of Darcy velocity fluid flow

across porous metallic structures typified by large pore circular cells

and smaller circular apertures have been presented using high-

resolution tomography datasets. A linear dependent relationship was

observed between CFD computed unit pressure drop developed

across these structures against superficial fluid velocity. The perme-

ability of the porous matrices at this Darcy regime and those for

Forchheimer regime in Reference 2 consistently increases with

increasing pore volume fraction, pore sizes, and most importantly,

their pore diameter openings. The difference between the permeabil-

ity values at these regimes was attributed to the contributory effects

imposed by the flow velocity (normal shear stress) at the scale of the

boundary walls during high superficial fluid velocity. The extension to

“semivirtual” CT structures adapted from the “real” CT representative

structures through structural erosion provides an in-depth under-

standing of the effects imposed by pore-structure related properties

on the flow permeability of the materials. This could be useful in

reducing the number of design iterations needed for the processing of

enhanced porous matrices for application involving fluid flow.
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