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Abstract

This study presents a combined implementation of three-dimensional (3D) advanced

imaging and computational fluid dynamics (CFD) modeling and simulation techniques

to interpret the effective transport properties of single and stacked samples of differ-

ential microcellular structures. 3D morphological analysis software (ScanIP) was used

to create representative elemental volumes via high-resolution tomography data for

samples of tetrakaidekahedron-shaped Inconel and bottleneck-type aluminum foams.

Pore-structure-related information for single and stacked differential samples were

obtained with the aid of image analysis software, while their effective transport prop-

erties were attained by computationally resolving the pressure drop developed

across these materials for superficial fluid velocities in the range from 0 to 6 m s−1.

Model validation was demonstrated by tolerable agreement between resulting CFD

predicted results and experimentally measured values of flow properties. With these

techniques, contributory effects were identified for pore-structure-related proper-

ties, pore density, and flow entrance on the flow dynamics of microcellular structures.

This approach could prove useful in the design of highly efficient porous metallic

components for applications specific to fluid transport.
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1 | INTRODUCTION

Cellular metallic structures are classified as load-bearing and

multifunctional materials which are attributable to their attractive

mechanical, vibrational, lightweight (low-density), electrical, corrosion

resistance and fluid transport with excellent mixing properties.1-5

Porous metallic structures are widely classified into open-celled and

close-celled cellular materials with no moving parts (control pore net-

work and distinctive pore volume) resulting in comparatively simple

and less frequent maintenance. While the close-celled cellular struc-

tures are cited to offer high resistance to fluid flow due to their low

pore volume,5-7 the open-celled cellular structures are characterized

by higher open porosity, random topologies with greater accessible

surface area per unit volume or specific surface.8-10 Typical

applications of porous metallic structures are in the fabrication of

reactors, heat exchangers, aero-engine fuel separators, vibrational and

emission control in cars, lightweight solar collectors, fuel cells, and

biomedical devices.3,4,6 Porous metallic filters are also utilized in the

design and fabrication of oil and gas industrial equipment, most espe-

cially, as a catalyst and product recovery in gas catalytic reactions

(downstream sector) and in the screening of sands from heavy oil, that

is, steam-assisted gravity challenge in the upstream sector.11 Figure 1

presents scanning electron microscopy (SEM) and optical images of

porous aluminum foams showing typical pore morphology, pore sizes,

pore openings, joints, and ligaments.12

Fluid flow applications for porous metallic structures generally

require understanding, estimation, and optimization of their flow per-

meability (capacity of a porous material for transmitting a fluid) and
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Form (pressure) drag information. These properties can be obtained

by fitting measured unit pressure drop data (pressure drop per unit

sample thickness) developed for flowing fluids across the interstices

of a porous matrix into the well-known Darcy (Equation (1)) and

Darcy–Dupuit–Forchheimer (Equation (2)) models. Darcy flow

regimes of fluid are characterized by viscous-dominated fluids or for

very slow fluid velocities, typically, for pore diameter Reynolds num-

ber (RD) below unity.4,14 Experimental, numerical modeling, and simu-

lation in Reference 3 indicates that nonlinearity effects dominate

fluids at very high velocities, typically in the fully laminar

(Forchheimer) and turbulent flow regimes thereby giving greater sig-

nificance to the Form drag, over permeability, in describing accurately

fluid transport across porous structures. These separated flow regimes

are delineated in Reference 15 using dimensionless pressure gradient,

η (Equation (3)) against pore diameter Reynolds number. Though, the

dimensionless friction factor, f (Equation (3)) has been widely quoted

for delineating flow regimes in packed bed of structures16-18 for

decades. Similarly, there are applicable theories for the dimensionless

friction factor in separating flow regimes in porous metallic structures.
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where ΔP is the pressure drop across a porous sample (Pa), us is the

superficial fluid inlet velocity (m s−1), rP is the unit pressure drop per

unit sample thickness (Pa m−1), ko is the permeability of the porous

medium (m2), C is the Form drag (m−1), CF is the dimensionless

Forchheimer coefficient (−), ρ is the fluid density (kg m−3), μ is the

dynamic fluid viscosity (Pa s), Dp is the mean pore diameter size of the

porous structure, η is the nondimensional pressure gradient (−), RD is

the nondimensional Reynolds number (−), and f is the dimensionless

friction factor (−). The resultant pressure drop developed for moving

fluids across these porous matrices is mainly dependent on their pore

morphological properties, typically, their pore openings, pore sizes,

and pore volume. Studies in References 6 and 19 varied the pore-

structure-related properties and topology of these materials through

compression thereby changing the pore-structure-related properties.

The recorded values of unit pressure drop developed across com-

pressed materials were reportedly higher than for uncompressed

structures.

The determination of pressure drop across porous structures is

often carried out with the aid of experimental setup apparatus involv-

ing the use of flow meters and digital manometers and/or connected

pressure transducers for obtaining the superficial fluid velocity and

differential pressure drop, respectively.19-22 While there is little or no

doubt in the validity and reliability of well-conducted experimental

works within the field of transport in porous media, it does, however,

require significant amounts of funding for a full economic costing. A

pore-scale computational modeling approach has a somewhat eco-

nomic advantage over experimentation and has attracted interest

from leading researchers in this field. In addition, this technique is

reported23 to yield better computational results (than medium-scale

simulation) due to its ability to capture detailed and accurate informa-

tion of porous structures with less computational demand, consuming

less time and resources when compared to large-scale numerical

simulations.13,23

Several authors3-5,10,12,13,15-18,22,24 in the field of transport in

porous media maintain that the implementation of molecular-dynamic

equations and fundamental flow equations at the pore level is funda-

mental for a better understanding of the flow dynamics developed

across porous media. Analogous research work has seen the utiliza-

tion of X-ray micro-computed tomography (μCT) and virtual packing

of structures to accurately represent the pore morphology of porous

metallic structures. Ranut et al15 adopted the pore-scale technique

using tomography data sets to account for the permeability and Form

drag of highly porous metals with reasonable fits to experimentally

measured data. The contributory effects imposed by pore sizes and

pore openings on the pressure drop developed across bottleneck-type

microcellular structures are described in References 4, 21, and 22.

Della Torre et al24 described the combined utilisation of image

processing and computational fluid dynamics (CFD) modeling and sim-

ulation to account for the flow properties of highly porosity metal

foams. This led to a proposed formulation that relates the permeabil-

ity of the porous structures as a function of their pore morphological

properties, which is independent of their fluid properties. A virtual

representation of the Kelvin-cell lattices was adopted in Reference 25

F IGURE 1 (a) Scanning electron
microscopy (SEM) of high porosity
(ε ~ 0.92) tetrakaidekahedron-shaped
(adapted from Reference 12), and
(b) optical micrograph of bottleneck-
type porous metallic structures showing
typical surface morphology (adapted
from Reference 13) [Color figure can be
viewed at wileyonlinelibrary.com]
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to create a semblance of tetrakaidekahedron-shaped porous matrices

to account for gas transport and catalytic reactions occurring over the

surface of a highly porous metallic material. Three-dimensional

(3D) advanced image processing, computational fluid dynamics model-

ing and simulation of fluid flow across low-porosity (60–70%) virtual

structures were described in Reference 26 to account for the perme-

ability of bottleneck-type microcellular structures. This approach26

enabled an understanding of the dependence of flow permeability on

the pore-structure-related properties (most importantly, the pore

diameter openings) of the porous structures. The results of μCT-based

CFD modeling and simulation of fluid transport across differential

open-celled aluminum foams were reported in Reference 27 for lami-

nar flow regimes.

Several other researchers in References 28–35 also used μCT-based

pore-scale CFD modeling and simulation approach to fully described the

flow behavior in porous metallic structures with reasonable correlation to

experimentally measured data. Despite the numerous applications of a

μCT-based pore-scale CFD approach to fully described the fluid dynamics

across these microcellular structures, flow studies have been limited to sin-

gle samples at a time, with little or no information on CFD of fluid flow

across stacked samples for these structures. In addition, the impact of flow

entrance on stacked samples of bottleneck-type structures has not yet been

fully explored. This work, therefore, seeks to investigate the fluid flow

behavior characterized by single and stacked samples of differential

tetrakaidekahedron-shaped Inconel and bottleneck-type aluminum

(Al) porous metals (produced by a replication casting process) using 3D X-

ray CT imaging; determination of the pore-structure-related properties of

the porous metals; modeling of the pressure drop across representative sin-

gle and stacked samples on the microstructural level, with corresponding

experimental measurements of pressure drop across these samples.

2 | RESEARCH APPROACH

Two-dimensional (2D) X-ray tomography cross-sectional images of

Inconel 450 μm (A), Inconel 1,200 μm (B), aluminum (X), and aluminum

F IGURE 2 Micro-computerized tomography (CT) reconstructed X–Y “bottleneck-type” structures: (a) optical images of a bottleneck-type
structure, (b) internal view of a X-radia 500 tomography system showing sample of metallic foam mounted on a sample stage with X-ray source
and detector visible. (c) Representative two-dimensional tomography data set/slice. (d) Internal view of the reconstructed three-dimensional
(3D) structure showing typical pore size and openings for the Y sample and (e) X samples. (f) Reconstructed 3D volume of the stacked samples X–
Y, (g) 3D reconstructed represented elemental volume (REV), and (h) 3D watershed segmented particles of stacked X–Y sample of bottleneck-
shaped aluminum foams [Color figure can be viewed at wileyonlinelibrary.com]

OTARU ET AL. 3 of 12

http://wileyonlinelibrary.com


(Y) foams were obtained via a Zeiss Xradia Versa XRM-500 3D X-ray

CT microscopy system. The Inconel foams were produced by Alantum

Company, an innovation in alloy foams, while the bottleneck-type Al

foams were produced by a replication casting route.22,23,36

μCT reconstruction process for aluminum foam samples X and

Y were achieved by mounting individual sample (Figure 2a) on the

sample stage of a Zeiss Xradia Versa XRM-500 3D X-ray CT micros-

copy system, as shown in Figure 2b. A combination of geometric and

optical (two-stage) magnification was used to achieve high-resolution,

typically, 26-μm scan37,38 using 1,600 projected images. 2D slices

(Figure 2c) in tagged image file format (Tiff) corresponding to the 3D

spatial geometry (obtained from the reconstructed tomography slices)

were transferred to ScanIP module of Synopsys-Simpleware™ for

processing, pore-structure characterization and image discretization.

Image editing using tools such as masking, thresholding, smart mask

filtering, erosion, dilation, and so on available within the ScanIP mod-

ule were employed to reconstruct a 3D volume (Figure 2f) and a 3D

workable representative elemental volume (REV). The 3D REV sample

was characterized by a sample thickness that is 3–5×, its mean pore

size (in the direction of fluid flow, ZZ) with a less than 2% difference

when compared to its initial bulk value, typically giving an XX, YY, ZZ

3D RVE dimension 6 × 6 × 8 mm. Pore structural characterization of

the 3D REV sample was done within the ScanIP to account for its

pore volume, pore volume fraction, specific surface (surface area per

unit volume), mean pore size, and mean pore openings. The first three

properties were measured directly while the mean pore openings and

mean pore sizes (Figure 2h) were measured by utilizing the centerline

statistical tools and watershed segmentation of a Boolean inverted

3D REV (fluid volume) sample, respectively. This approach was

repeated for the individual samples of the Inconel foams. In addition,

stacked samples of reconstructed 3D REV X–Y (Figure 2g) and A–B

structures were achieved using image processing of selected tomogra-

phy scans of different sample slices combined. It is important to note

that the image resolution for the Inconel structures was 12 μm while

the image resolution for the porous aluminum foams was 26 μm. The

tolerable deviations between the porosities of the real and μCT

reconstructed samples are an indication that the image resolutions are

high enough to give an accurate description of the materials pore

network.

A likely trade-off in mesh counts and accuracy was done (using

simulation approaches reported in References 3 and 22) by finding a

workable mesh balance capable of converging faster while maintaining

tolerable deviations between CFD-modeled and experimentally mea-

sured data. A linear tetrahedral mesh structure with a growth rate of

1.3 was adopted to discretize the fluid domain of the 3D REV porous

structures (in the +FE module of Synopsys-Simpleware™) into smaller

cell sizes that is ×1.5–6.5 image resolution of respective samples

mesh sizes, yielding an optimum mesh structure characterized by cell

density ranging between 2.5 and 4.5 M cells. Preliminary observations

show that the effect of increasing mesh density beyond this limit only

improves accuracy by 0.2%. However, the excessive computational

demand and longer runtime needed to resolve a single solution of

pressure drop value within the available PC specification (64 GB

RAM) resulted in the trade-off of this tolerable margin. The CFD pack-

age of COMSOL Multiphysics™ was used to resolve the physics of

fluid developed across these materials for superficial inlet fluid veloci-

ties ranging from 0 to 6 m s−1. The compressible flow Navier–Stokes

equation was solved on the 3D REV fluid domain while the inlet and

outlet sections of the porous structures were conditioned to velocity

inlet and zero pressure outlet, respectively. A symmetrical boundary

condition was selected for the four side faces while the skeletal frame

was conditioned to represent cell walls. The selected physics and

boundary conditions were selected for all samples, most especially,

for fluid superficial inlet velocities below 5.0 m s−1, this is within the

laminar flow regime (RD ≤ 30024,39). The Algebraic yPlus Reynolds

Average Navier–Stokes model was solved for higher fluid velocities

(us ≥ 5 m s−1) to account for the eddy viscosities that augment the

molecular viscosity as the fluid propagates the interstices of the

porous matrix.

Experimental measurements of the pressure drop developed for a

flowing fluid across the samples were determined using the experi-

mental setup, as shown below (Figure 3), as described in References

22, 23, and 40. In brief, porous metallic structure is placed in the mid-

assembly (sample holder). Compressed air is passed through a pres-

sure filter regulator to the mid-assembly via a flow straightener. The

flow rate (in liters per minute [LPM]) was measured via a Flo-Rite™

flow meter while the voltage drop across the sample was taken with

the aid of a Gems pressure transducer connected to LabView™. Time-

series voltage data were taken for each recorded fluid flow rate

(14-95LPM) with a stabilization period of 2–3 min. Initial voltage–

pressure calibrations and repeatability analysis were carried out to

ensure accuracy and to minimize experimental error. A greater coeffi-

cient of friction between the sample and internal diameter of the mid-

flange assembly was ensured by wrapping the cylindrically shaped

boundary of the sample with polytetrafluoroethylene tape. Compress-

ibility effects were taken into consideration (using compressibility

equation in References 2, 22, 23, and 41) to account for the changes

in fluid density and to avoid any underestimation of the static pres-

sure variation resulting from fractional volume changes in a moving

fluid (compressed air). The pressure drop developed across all single

and stacked samples of porous metals were measured using approach,

as discussed above.

3 | ANALYSIS OF RESEARCH DATA

The results obtained from the experimentally measured and μCT-

based CFD modeled data are presented in Figure 4. Table 1 presents

μCT-based pore-structure-related and effective transport properties

obtained for the single, stacked, and structurally adapted samples

(to be discussed later) of differential microcellular structures. The unit

pressure drop recorded for both the Inconel and Al foams fit well into

the second-order Darcy–Dupuit–Forchheimer polynomial model

(Equation (2)) with a correlation coefficient of approximately one. The

pore structure-related properties recorded in Table 1 are mean pore

diameter size (Dp), mean pore openings (Dw), foam porosity (ε), surface

4 of 12 OTARU ET AL.



area per unit bulk volume (σFB), and surface area per unit structure

(material) volume (σFF). In addition, effective transport properties

obtained from the pressure drop developed across the porous

samples are viscous-dominated flow permeability (k0), inertial-

dominated flow permeability (ki), Form drag (C) and dimensionless

Forchheimer coefficient (CF =C=
ffiffiffiffiffi
k0

p
). Figure 4a shows close

F IGURE 3 Schematic representation of airflow measurement (adapted from Reference 22) [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 4 Graphical representations of flow information of single samples of porous metallic structures. (a) Experimentally measured and
computational fluid dynamics (CFD) modeled data of unit pressure drop, rP (Pa m−1) against superficial fluid inlet velocity, us (m s−1),
(b) dimensionless pressure gradient, η (−) against pore diameter Reynolds number, RD (−), (c) unit pressure drop, rP (Pa m−1) against superficial
fluid velocity, us (m s−1) in the viscous-dominated regime and (d) dimensionless friction factor, f (−) against superficial fluid inlet velocity, us (m s−1)
in the inertial dominated regime
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agreement between experimentally measured and CFD-modeled data

of unit pressure drop against superficial fluid velocity for both single

and stacked samples of porous structures. The μCT-based CFD flow

permeability and Form drag recorded for stacked samples of alumi-

num foams (X+Y) at superficial fluid inlet velocities in the range 0.5

and 4.5 m s−1 are 8.9×10−09 m2 and 2,973.1 m−1, respectively. The

experimentally measured values of (X+Y stacked samples) flow per-

meability and Form drag are 9.4 ± 0.3×10−09 m2 and 3,174.6

± 95m−1, for the range of fluid velocities; showing a 5.0 and 6.3%

deviation respectively. Similarly, a less than 7% negligible difference

between the modeled and experimentally measured data for fluid flow

across the single samples were obtained in Figure 4a and Table 2.

Figure 4a shows that the unit pressure drop developed across the

Inconel 450 μm (A) and Al foam (X) samples are higher than for

corresponding Inconel 1,200 μm (B) and Al foam (Y) samples. A ratio-

nalization of this observation was supported by plotting dimensionless

pressure gradient, η (using Equation (3)) against pore diameter Reyn-

olds number (RD) as shown in Figure 4b, classifying the fluid flow pat-

tern/flow regime from viscous-dominated to inertial-dominated flows.

Figure 4b shows that the viscous-dominated fluid flow is character-

ized by little or no change in pressure gradient and flow behavior is

largely controlled by the topology of the pore network.9,14,31 Observ-

ably, precipitous changes in the dimensionless pressure gradient were

consistent with inertial-dominated fluid flow, for all samples, where

this regime is largely characterized by high fluid velocities caused by

the presence of eddies and a greater frictional force existing between

the moving fluid and pore walls of the porous matrices. An under-

standing of the dependence of flow permeability and Form drag on

the pore-structure-related properties of the porous materials was

achieved through Figures 4c,d. These figures present plots of viscous-

dominated unit pressure drop (Figure 4c) and inertial-dominated

dimensionless friction factor (Figure 4d) against superficial fluid inlet

velocity. Figure 4c shows that the pressure drop in the Darcy flow

regime is highest for the Inconel 450 μm (μCT-A) and lowest for the

bottleneck-shaped Al foam (μCT-Y) porous structure; attributable to

the changes in the macroscopic properties of the materials. Smaller

pore-sized structures (μCT-A) lead to low Reynolds number, thereby,

restricting the moving fluid to a viscous-dominated flow.42 Table 1

shows that permeability of the porous matrices consistently decreases

with decreasing pore openings and pore sizes, highlighting the fact

that permeability becomes zero as either of these two parameters

approaches zero. Similarly, the two specific surfaces (σFF and σFB)

decrease with increasing pore size, thereby increasing the contribu-

tion of inertial forces to the pressure drop developed across the inter-

stices of the porous structures.

Figure 4d shows that the behavior of fluid for high fluid velocities

varies differently from flow manifestations in the viscous-dominated

region. The contributory effects of frictional forces existing between

the moving fluid and pore walls were evidently highest for the Al foam

(μCT-X) and lowest for the Inconel 1,200 μm (μCT-B) sample. Intrigu-

ingly, these are the samples characterized by having the lowest and

highest pore volume fraction respectively, as presented in Table 1.

The Inconel 450 μm (μCT-A) foam may be characterized by having the

higher pore density (Pores Per Inch), but the recirculatory movement

of fluid at the scale boundaries of the low-porosity bottleneck-shaped

Al foam (μCT-X) could be a major factor and responsible for the rela-

tive higher frictional forces characterized by moving fluid in this sam-

ple.43 Thus, a region of separated flow is observed in Figure 4d, which

exists at a velocity of 0.76 m s−1; below this velocity, the flow behav-

ior of these materials is observed to be mainly dependent on their

mean pore openings. Additionally, observations from the μCT-based

CFD raw data obtained for the tetrakaidekahedron-shaped Inconel

1,200 μm (B) and bottleneck-shaped Al foam (μCT-Y) also show that a

region of separated flow exists at a superficial fluid inlet velocity of

0.2 m s−1. The Inconel 1,200 μm (B) foam may be characterized by

having the higher pore volume fraction (Table 1) but the larger pore

openings characterized by the low-porosity Al foam (μCT-Y) enables

higher flow passage at Darcy velocities, where permeability is key in

describing the flow behavior of this material.14 This is evident from

Table 1 where the flow permeabilities are 22.64 × 10−09 and

37.62 × 10−09 m2 for the Inconel 1,200 μm and Al foam (μCT-Y) sam-

ples, respectively.

Figure 5 presents 3D pressure streamline/arrow plots for

(a) Inconel 450 μm (μCT-A), (b) Inconel 1,200 μm (μCT-B), (c) Al foam

(μCT-X), and (d) Al foam (μCT-Y) porous metallic structures computed

at a superficial fluid inlet velocity of 1 m s−1. As expected, pressure

values recorded in the representative pressure plots were highest at

the inlet and indicate that pressure drop decreases in the direction of

the moving fluid40. The pressure drop developed across the sample

with the highest pore density structure (μCT-A) is relatively high and

at a maximum for the Al foam (X). Porous metallic samples in

Figure 5b,d are characterized by a lower pore density resulting in

TABLE 2 Experimental and CFD modeled data for the samples of porous structures for fluid flow velocity between 0.5 and 4.5 m s−1

Samples Permeability k0/10
−09 (m2) Form Drag C (m−1) Samples Permeability k0/10

−09 (m2) Form Drag C (m−1)

EXPT-A 1.69 8,566.4 EXPT-Y 35.61 1928.1

μCT-A 1.60 8,541.5 μCT-Y 37.62 2080.1

EXPT-B 20.67 1,162.4 EXPT- (X + Y) 9.40 3,174.6

μCT-B 22.64 1,183.9 μCT-B – (X + Y) 8.90 2,973.1

EXPT-X 3.06 9,181.5

μCT-X 2.86 9,076.1

Abbreviation: CFD, computational fluid dynamics.
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lower pressure drop values. This is an indication that porous metallic

structures characterized by low pore-openings offer greater resistance

to slow-moving fluid in the Darcy regime while low-pore volume

structures offer a higher resistance to fast-moving fluid, typically in

the laminar and turbulent flow regimes. Table 1 shows that the pore-

volume fraction has an inverse relationship to the specific surfaces of

the porous structures. Optical and X-ray CT imaging of the Inconel

structures revealed that lower pore volumes are associated with

structures characterized by larger ligaments (struts) which convey the

moving fluid into the pore spaces provided by the structures. In the

case of the bottleneck-type Al foams, the near-circular pore wall geom-

etry provided by the higher-porosity (μCT-Y) structures are smaller in

size compared to the low-porosity μCT-X foam. The large size cell

walls provided by the lower-porosity foam offers greater resistance to

moving fluid. Experimental methodology on the processing of these Al

foams by a replication-casting approach22,36,40 described the pore-

volume and pore-openings of bottleneck-type foams to be mainly

dependent on the packing density and applied infiltration used during

casting of the sample. The replication casting process requires that liq-

uid metal is poured into a cylindrical vessel consisting of packed beds

of porogens (salt beads). The salt beads are initially heated to a tem-

perature between 450 and 600�C to avoid premature solidification of

the melt. The depth of penetration of the liquid melt into the beds is

dependent on the applied differential pressure used to drive the melt

into the convergent spaces provided by the packed bed. Higher differ-

ential pressures (typically, 1 bar or more) often result in structures

with fewer and less openings while low applied differential pressure

would likely yield structures with higher pore openings. A mathemati-

cal relationship (Laplace equation) describing this infiltration pressure

as a function of capillary radius, surface tension and wetting angle

provided by the packed beds during replication casting, is provided in

References 26 and 44. Also, low porosity and higher porosity bottle-

neck-shaped cellular structures are associated with loose and densely

packed beds of near-spherical structures, respectively. In other words,

a loosely packed bed promotes larger pore spaces (40–48%) for the

liquid melt; when solidified and the salt removed (by dissolution in a

F IGURE 5 Three-dimensional representative elemental volume of pressure profile arrow/streamline plots (Pa) at 1 m s−1 superficial fluid inlet
velocity for the Inconel foam samples: (a) 450 μm (μCT-A) and (b) 1,200 μm (μCT-B) and the bottleneck-type porous metallic samples: (c) μCT-X
and (d) μCT-Y. μCT, X-ray micro-computed tomography [Color figure can be viewed at wileyonlinelibrary.com]
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warm incubator bath [35–40�C] for 72 hr23), the replicated porous

matrix would provide a higher surface area and lower pore volume for

flowing fluid. In contrast, densely packed beds offer fewer pore

spaces (33–38%) for infiltrated liquid melt; when solidified and salt

removed, this structure is more likely to provide a lower surface area,

which allows moving fluid to fully penetrate its architecture.

Analysis of the behavior of fluid flow across stacked samples of

microcellular structures is made possible by plotting the viscous-

dominated unit pressure drop and inertial-dominated dimensionless

friction factor against their superficial fluid inlet velocities, as shown

in Figure 6. Figure 6a,b presents the viscous-dominated unit pressure

drop against superficial fluid velocity for the single and stacked sam-

ples of Inconel and Al foams, respectively. Also, Figure 6c,d presents

the inertial-dominated friction factor for the Inconel and Al single and

stacked samples, respectively. These figures also show the viscous-

dominated and inertial-dominated fluid flow behavior across

structural-adapted (erosion [ER] and dilation [DL]) structures. The

term erosion in this work simply implies the removal of voxel elements

from the fluid phase 3D REV real sample, thereby, resulting in a low-

porosity structure that bears a facsimile of the real sample. In contrast,

dilated samples are obtained by the addition of voxel elements to the

fluid phase of the 3D REV real sample, hence, resulting in highly

porous samples. The terms 1, 2, and 3 in Table 1 simply indicate the

number of pixel elements. It is noteworthy to remention that the

voxel sizes for the Inconel and Al foams are 12 and 26 μm, respec-

tively. Unit pressure drop and dimensionless friction factor were,

respectively, lowest and highest for extremely dilated and eroded

samples. This can be attributed to the changes in the pore-structure-

related properties of the adapted structures in comparison with the

real ones. Table 1 palpably shows that the pore-openings and pore-

volume fraction are higher for the 3D REV real samples when com-

pared to the 3D REV-eroded samples, thereby yielding very high-

pressure drop values. Similarly, the pore-structure-related properties

are higher for the dilated samples, hence, a gradual decline in the

F IGURE 6 Graphical representations of flow information: (a) viscous-dominated unit pressure drop, rP (Pa m−1) against superficial fluid

velocity, us (m s−1) for single and stacked samples of Inconel foams. (b) Viscous-dominated unit pressure drop, rP (Pa m−1) against superficial fluid
velocity, us (m s−1) for the bottleneck-type aluminum foams, (c) inertial-dominated dimensionless friction factor, f (−) against superficial fluid inlet
velocity, us (m s−1) for single and stacked samples of Inconel foams, and (d) inertial-dominated dimensionless friction factor, f (−) against
superficial fluid inlet velocity, us (m s−1) for single and stacked samples of bottleneck-type aluminum foams
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resistance offered by these adapted samples results in an increase in

their flow permeability.

Figures 7 and 8 present 3D REV streamline/arrow pressure plots

for the stacked samples of Inconel and Al foams for superficial fluid

inlet velocity of 10−3 m s−1 (slow-moving fluid) and 1.0 m s−1 (fast-

moving fluid). Flow parameters for the stacked samples of Inconel and

Al foam structures lie within the flow behavior developed across indi-

vidual low and high porosity real samples (Figures 6–8). The increased

pore density of the Inconel 450 μm foam in stacked samples of the

Inconel foams, Figure 7a, results in very a high-pressure drop value as

well as increased frictional forces exerted between the moving fluid

and pore cell walls (Figure 6a,c). Table 1 shows that there are little, or

only insignificant changes in the computed fluid flow data obtained

for the stacked samples of all the porous structures for low fluid

velocities, irrespective of their flow entrances length. This, therefore,

confirms the hypothesis that flow permeability of porous structures is

mainly dependent on pore morphological features at Darcy regime.4,14

However, this statement is relatively untrue for high fluid flow in

F IGURE 7 Three-dimensional pressure profile plots for stacked samples of the Inconel (μCT-A and μCT-B) foams (a) 2LA + 1LB at
us=10

−3 m s−1, (b) LA + LB + LA at us=10
−3 m s−1, (c) 1LB + 2LA at us=1 m s−1, and (d) LA + LB + LA at us=1 m s−1. μCT, X-ray micro-computed

tomography. LA, thickness of sample A; LB, thickness of sample B [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 Three-dimensional pressure profile plots for stacked samples of the bottleneck-type porous metallic structures (μCT-X and μCT-Y)
(a) X + Y at us=10

−3 m s−1, (b) Y + X at us=10
−3 m s−1, (c) X + Y at us=1 m s−1 and (d) Y + X at us=1 m s−1. μCT, X-ray micro-computed tomography

[Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 9 A graphical
representation of the permeability
ratio against porosity of the porous
structures
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stacked samples for microcellular structures. Flow entrance through

the low pore density (larger pore sizes) to the high pore density

(smaller pore sizes) in stacked samples yields a higher pressure drop

with increasing flow resistance (Form drag). An assessment of the 3D

REV pressure plots shows that higher pressure drops are recorded at

flow compression zones (sudden compression, Figure 8d) than at sud-

den expansion zones (Figure 8c). In other words, the resistance

offered by the subsequent samples with low porosity (or low pore

size) structures results in forced recirculation with particle interaction

of the flowing fluid confined to the pore spaces provided by the

porous matrices. The pressure drop in stacked samples preceded by

lower pore size material is relatively low, thus, a relaxation in the flow

eddies (low particle interaction) and a smooth transition of the moving

fluid into larger pore spaces provided by the succeeding sample is

seen (Figures 6c,d and Table 1).

Experimental measurements8,19 and μCT-based CFD modeling

and simulation4 of pressure drops across high porosity (0.78–0.94)

porous metallic structures showed that inertial-dominated flow per-

meabilities (ki) were higher than flow permeabilities (k0) for slow-

moving fluid in the Darcy regime. Figure 9 agrees with this statement

for high porosity materials, typically, beyond 76%. However, further

investigations into the flow permeabilities of low porosity materials

(ε < 76%) proved otherwise. This can be attributed to the reduced

pore openings characterized for these structures (Table 1), thereby

offering high resistance to a fast-moving fluid, most especially, at the

entrance point. During flow studies, the pore-structure-related infor-

mation and topology of the porous materials remain unchanged even

at high fluid flow rates, but, the ability of the moving fluid to fully pen-

etrate the surface topology of high-porosity foams is evident for

inertial-dominated fluid flow.4,19 However, these observations for the

flow permeabilities of the low-porosity structures were based solely

on the recorded flow data obtained via μCT-based CFD modeling and

simulation and would require several experimental investigations of

pressure drop across a wide range of low porosity foams to support

this claim.

4 | CONCLUSIONS

X-ray CT-based CFD modeling and simulation of fluid flow behavior

in single and stacked samples of Inconel and Al foams have been pres-

ented with tolerable agreement to experimental results. The results of

pressure drop data developed across porous samples restrict viscous-

dominated and inertial-dominated fluid regimes to a superficial fluid

velocity below and above 0.1 m s−1, respectively. Flow permeability

and Form drag dependence on pore-structure-related properties are

described for both cases of very slow and fast-moving fluids. The

pore-level CFD approach enables a deep understanding of the flow

laws at the interstices of the porous matrices. Deductions from the

effective transport properties indicate that pore-openings are impera-

tive for describing the behavior of slow moving fluids, typically, in the

Darcy regime while changes in pore-volume fraction are key to under-

standing the behavior of a fast-moving fluid. Relative contributions of

the changes in pore-morphological features of stacked samples on the

estimated permeability and Form drag values are also described.
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