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Abstract
The dynamics of fluid in porous metals has earned growing attention due to the increasing worldwide research and techno-
logical advancement in harnessing, processing and the use of materials. In this study, a review on the wide range of different 
structures that metal foams can show, the range of processing methods that can be used to make them, leading to these dif-
ferent structures and their fluid flow behaviour are presented herein. The fluid section of this investigation covers fluid flow 
models, boundary conditions, permeability and Form drag estimations, Reynolds number and friction factor determinations, 
state-of-the-art knowledge of experimental and predictive results. It is the hope that the extended review on processing and 
fluid flow across monomodal “bottleneck” metallic structures covered herein would lend itself useful to the processing of 
enhanced bimodal “bottleneck” structures for fluid flow application.

Keywords  Metal foams · Processing · Fluid flow

1  Introduction

Metal foam is a near-net or sponge-like shape cellular struc-
ture consisting of a solid matrix (also termed as skeletal 
configurations or “struts”), visual fascinating pores and pore 
openings. Porous metallic structures can be made from any 
metallic materials like aluminium, titanium, nickel, steel, 
copper, nickel, chromium and metal alloys. They are gener-
ally classified into close-celled (air-sealed) or open-celled 
(interconnecting pores) as shown by the micrographs in 
Fig. 1. Unlike packed beds, porous metallic structures are 
characterized by high porosity typically, between 75 and 
95% (air-filled) and pore sizes between 0.2 and 5.0 mm 
which signify their defining characteristics of high surface 
area and ultralight materials and enabling their usefulness 
for high pressure, load bearing and high-temperature appli-
cations [1–3]. If metal can be made pressed or sintered, there 
is every possibility that it could be made porous and the 
resulting effect is a change in its microstructure [4] to pro-
duce open-celled foams.

The interconnecting pores or pore openings in porous 
metallic structures are generally considered as an open 
volume within the matrix network that allows the uniform 
length of passages and distribution [6]. The consideration 
of these pore openings during metallic foam manufacturing 
process is largely dependent on their applications. Examples 
of these applications include filters for high-temperature gas 
and fluid filtration [7], energy absorbers/package and heat 
exchanger [8], acoustics and vibrational control [9], catalytic 
supports [10], biomedical devices [11], lightweight structure 
and mechanical damping [12].

Understanding the behaviour of fluid permeation through 
porous metallic structures is quite important in the design 
and optimization of enhanced porous materials for the pro-
cess. Unlike flow through packed beds where the permea-
tion of fluid is mainly dictated by their void spaces (inter-
stices), flow through open-celled metallic foams as described 
in [13] to rendered more complex by the opening of their 
interconnecting pores or “windows”. This interconnection 
in porous metallic structures enables their high porosity, 
permeability, high specific surface (defined as the ratio of 
foam surface area per unit bulk volume) [14, 15]. These 
unique attributes of porous metals enable their wide range of 
applications involving pressure drops (fluid flow) and have 
seen them chosen over packed beds. In this review, we look 
to explore the different types of porous metallic structure, 
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manufacturing processes and their fluid flow application as 
given in the ensuing sections respectively with a focus on 
low-pore volume porous metallic structures.

2 � Metal Foam Processing

Cellular metals are categorized into different type largely 
dependent on their manufacturing routes leading to their 
differences in structural morphology and porosity of the 
materials. Commercially available porous metallic sponges 
like Recemat™, (Dodewaard, the Netherland), Incofoam 
now, Alantum™ (Seongnam-city, Korea), Duocel™ (ERG, 
Oakland, CA, USA) are classified as highly-porous struc-
ture characterised by pore volume fractions between 80 and 
95% and can be produced by replication of an open-celled 
porous polymeric structures [16]. The structural morphol-
ogy of these structures are characterised by an obvious pore 
network similar to the topology of synthetic fibre materials 
like polyurethane and polyethylene. Their production meth-
ods are quite advanced aided by uniform pore networks 
and distribution and making them suitable for light-weight 
engineering applications. However, their excessive produc-
tion steps often increase production costs and has limited 
manufacturer to consider other technological routes. Other 
manufacturing routes for the processing of porous metallic 
structures are powder-technology (Alulight) or melt pro-
cesses (Hydro/Alcan, Alporas, Formgrip/Foamcast, and 
Gasar) [17, 18]. All these processes mentioned have their 
shortcomings in either the achievement of highly irregular 
or sponge-like structures with wide pore-size distribution 
or limited levels of porosity. Images of these foams indicat-
ing the structural morphology (pore sizes and openings) are 
presented in Fig. 2.

2.1 � Hydro/Alcan

The Hydro/Alcan also termed as direct-foaming involves the 
production of foam by gas injection of liquid melts [19]. The 

first step in the process is the preparation of aluminium melt 
followed by the enhancement of the melt viscosity with the 
addition of either carbide, aluminium-oxide or magnesium 
oxide particles. Various alloys of aluminium can be used 
for this process, but care should be taken to ensure uniform 
distribution of the viscosity enhancement particles. Rotat-
ing impeller or vibrating nozzles are used to inject gases 
(air, nitrogen, argon) into the melt and consequently gener-
ates uniform bubbles in the melt. The presence of particles 
in the melts makes the foam relatively stable and can be 
pulled off the liquid surface with the help of conveyor belts. 
Upon cooling and solidification, the resulting composite is 
a low-volume near-net shaped metal matrix as shown by 
Fig. 2a [20]. This direct-foaming process has the advantages 
of continuous production of large volume of porous metal-
lic structures and reduced production costs than other types 
of porous metals. A possible disadvantage of this direct-
foaming is the limited level of achievable densities, typically, 
between 0.069 and 0.54 g/cm3 resulting in low level of pore 
fluid volume fraction. The eventual necessity for cutting the 
foam could result in the further cell openings and alteration 
of the pore networks. The average pore sizes of the result-
ing porous metals made by this route range between 25 mm 
down to 3 mm whilst the wall thickness ranges between 50 
and 85 mm. Such cellular structures are characterised by 
high surface area enabling their suitability for heat transfer 
and load-bearing applications.

2.2 � Alporas

Unlike the Hydro/Alcan foam produced by the gas injec-
tion process, the Alporas type of porous metallic structure 
is produced by the addition of blowing agents to the melt 
[21]. The first step in this process is the addition of cal-
cium metal to an aluminium melt (680 °C). The presence 
of this calcium metal increases the viscosity of the melt 
upon stirring and at this extreme operating temperature, 
calcium oxide (CaO), calcium aluminium oxide (CaAl2O4) 
are formed. After achieving the desired melt viscosity 

Fig. 1   Micrographs of a close-
celled and b open-celled porous 
metallic structures Sourced, 
Ref. [5]
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(usually increasing by a factor of up to five), 1.6 wt% tita-
nium oxide (TiH2) is added as the blowing agent which 
releases hydrogen gas into the liquid melt. At constant 
pressure, the melt gradually expands and fills the vessel 
and upon cooling, the liquid melt turns into a solid porous 
metallic sponge as shown in Fig. 2b [22]. This foam mak-
ing route has the advantage of achieving structural homo-
geneity resulting in an empirical relation between melt 
viscosity and cell diameter and between melt viscosity 
and final foam density. Though, accurate control of tech-
nological parameters is reportedly [22] difficult aided by 
complicated mechanical agitation and temperature cycle.

2.3 � Gasar

The Gasar type of porous metallic structure is formed by 
solid–gas eutectic solidification process. The word “Gasar” 
refers to gas-reinforcement and particularly describes porous 
metallic structure made by solid–gas eutectic solidification 
[21, 26]. This approach exploits the fact that a homogeneous 
melt charge with hydrogen can be achieved by the melt-
ing of metals in a hydrogen atmosphere at an extremely 
high pressure typically, up to 50 atm. At low temperature, a 
heterogeneous two-phase system is formed because of the 
eutectic transition of the melt. The topology (geometrical 

Fig. 2   Samples of porous metallic foam structures made by a foam-
ing of melts by gas injection (Hydro/Alcan) (sourced from [20]). b 
Foaming of melts with blowing agents (Alporas) (sourced from [22]). 
c Solid–Gas eutectic solidification (Gasar) characterized by largely 
elongated pore structures (sourced from [23]). d Foaming of pow-

der compacts (Foaminal/Alulight), steel/aluminium foam/steel sand-
wich (sourced from [24]) and e Two samples of aluminium/silicon 
carbide foam made by Foaming of ingots containing blowing agents 
(Formgrip/Foamcast) (sourced from [25])
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representation) of this material is largely controlled by the 
hydrogen content, chemical composition of the melt, the rate 
of heat removed and pressure over the liquid melt. Figure 2c 
presents the image of Gasar foam structure characterized by 
obvious non-uniform pore-size distribution resulting from 
coalescence and the concurrent growth of small (10 μm 
diameter) to large (10 mm diameter) pores within the metal 
matrix. This technological route of foam making has the 
advantage of producing low-porosity porous metals (5–75%) 
suitable for high impact and load-bearing applications but 
the lack of accurate control of pore size network within the 
metal matrix remains a possible setback.

2.4 � Foaminal/Alulight

The Foaminal/Alulight foam is made via foaming of pow-
der compacts [24]. The manufacturing process begins with 
the embodiment of blowing agents into metal powder (alu-
minium, zinc, brass, tin, gold, lead, and alloys) followed by 
compaction to yield a dense nearly-finished product. The 
metal powders could be in the form of alloy powders or 
elementary metal powders. Rod-extrusion, or powder roll-
ing, isostatic or uniaxial compression are known compaction 
methods adopted in this technological route of foam process-
ing. Secondly, heat treatment at an extremely high tempera-
ture (near the melting point of porous materials) helps to 
decompose the evenly distributed blowing agents thereby 
releasing gas and forces the melt to expand significantly. 
Though, the extent of the melt expansion is largely depend-
ent on the melting temperature and precursor size from a 
few seconds to several minutes. Figure 2d presents a highly 
porous “Alulight” aluminium foam sandwiched between two 
metal face sheets bonded together with an adhesive [24]. 
This foaming route has the advantage of producing a highly 
porous cellular core with closed outer skin suitable for light-
weight and energy absorption applications. However, small-
scale commercial production of porous metals by this route 
currently exist due to the difficulty in accurate control of 
the melt expansion during heat treatment. If the expansion 
is not limited, the resulting metal matrices are reported [24] 
to having undefined shapes.

2.5 � Formgrip/Foamcast

The term Formgrip/Foamcast is an acronym for reinforced 
metals by gas release in precursor [27]. This type of porous 
metallic structures is made by foaming of Ingots contain-
ing blowing agents. The term Ingot refers to metal typi-
cally oblong in shape. Unlike the metal powder compaction 
process, this type of foam is made by the modification of 
powder-compact melting process through the homogeneous 
addition of TiH2 particles into an aluminium melt. In this 
case, the melt is quickly cooled down below the melting 

point of the material after mixing to avoid premature hydro-
gen evolution. The delay in the decomposition of the earlier 
routes (Alulight) is attributable to the fact that an oxide bar-
rier is formed on each particle of TiH2 resulting from the 
heat treatment process [24]. Figure 2e present images of 
porous metallic structures made by the Formgrip process. 
The Formgrip enables the production of cellular metals with 
a variety of different pore networks largely attributed to the 
challenging homogeneous distribution of TiH2 particles in 
a die-casting machine.

2.6 � Replication Casting Route Using Space Fillers

Controlling the pore-volume and sizes of metal foams is 
crucial during manufacturing processes. The best and most 
economical way to this problem will be incorporating a vol-
ume of sacrificial space fillers [4]. This is a manufacturing 
route in which a liquid metal (material) is poured into a 
metallic vessel consisting of hollow spheres of the desired 
shape and then allowed to solidify after mixing before com-
paction. The porous hollow sphere is removed by dissolution 
in warm water or thermal degradation to leave porosity [28, 
29]. The step by step approaches to the processing of this 
unique structure adopting the replication method is repre-
sented in Fig. 3.

This replication process of manufacturing light-weight 
porous metal foams for engineering applications described 
in [4] can be done by casting liquid metals around organic or 
inorganic hollow spheres (packed beds of salts or porogens) 
of low density or by introducing this sphere into a metallic 
melt. Inorganic fillers materials are fired clay pellets loose 
sand pellets, foamed glass sphere, loose bulks of expanded 
clay granules [31] while polymer spheres are classified as 
organic space fillers and can be used as space holder if the 
solidification of the melt is sufficiently fast [32]. Continuous 
pores are connected with touching spheres to allow the flow 
of fluid from one side to another. The resulting intercon-
nection of these pores has overall effects on the structural-
related parameters and the overall flow behaviour (pressure 
drop) of the porous medium. Typical examples of these 
structural-related parameters of porous metallic structures 
are porosity, tortuosity, pore volume, pore sizes, pore open-
ings and surface area [9, 33]. Preheating of the bulk of space 
holders is employed during metal foams processing to avoid 
premature solidification of the melt especially at low infil-
tration pressure or high heat capacity of the material [32].

The space holding or replication casting route has the 
advantage that the morphology of the pore sizes can be 
manipulated through the sizes of the space holders (salts 
or porogens) and has overall effects on the foam porosity 
by controlling porogens packing density. The sizes of the 
pore openings within the metal matrix made by this replica-
tion route are largely dependent on the applied differential 
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pressure used to drive the liquid melts into the convergent 
gaps created by the hollow spheres [4, 30, 33]. Thus, larger 
pore openings signify lower applied differential pressures, 
conversely, smaller openings indicate the presence of high 
applied differential pressures which forces the liquid melts 
into the spaces created by the porogens. Such porous metal-
lic structures made by this replication casting of spherical 
beds are reportedly [9, 30, 33–37] known as “bottleneck” 
structures. Figure 4 presents scanning electron microscopy 
(SEM) images of 400 µm diameter spherical NaCl salts and 
“bottleneck-type” porous aluminium structures made by the 
space holding technique of similar pore diameter sizes but 
different pore fluid volume fractions and pore openings [37] 

largely influenced by the spheres packing density and depth 
of infiltration of the liquid melts into the convergent gap 
created by the packed beds respectively. Similar replication 
casting route was reported in [33] in the production of “bot-
tleneck-type” porous aluminium of similar pore sizes and 
different connectivity presented by Fig. 5 whilst Fig. 6 pre-
sents porous aluminium structures made by the same techno-
logical route but separated by different pore diameters sizes 
[34] largely influenced by the sizes of the salt beads used.

The pore connectivity of these structures also termed as 
“window sizes” connecting two spheres within the porous 
matrix was considered in [38] to be a function of pore radii 
(rp) and the degree of infiltration of liquid melts into the 

Fig. 3   a Left is the space-holding routes of metal foams production 
(sourced from [29]), b to the top right is an optical micrograph of 
porous metal made by replication casting of near-spherical packed 

beds of salts and c to the bottom right is a tomography image show-
ing the typical pore sizes and pore openings (sourced from [9, 30])

Fig. 4   a Scanning electron microscopy (SEM) images of 400 μm diameter NaCl beads and right, are porous aluminium structures with bottle-
neck pore networks of mean pore diameter size of 400 μm and fluid volume fraction of b 0.69 and c 0.90. Sourced from [39]
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convergent gap (applied differential pressure, Pi) meas-
ured by capillary radius (rc) Eq. 2.1. The extent to which 
an applied infiltration pressure, Pi, (used during realistic 
casting of metal foams) drives liquid metals into the void 
of packed beds is theoretically considered in [30, 39] to 
be a function of its capillary radius, rc, surface tension, 
�xy , and wetting angle, � , (Eq. 2.1) with established wet-
ting data of Al–NaCl available in the literature. Discrete 
element simulation packings of spherical structures in 
[38, 39] showed that an inverse power law relation exist 
between the capillary radius of two connecting virtual 
spheres and applied differential pressures. In practice, 
falling permeability measurement of water flow across a 
2.0–2.5 mm cell diameter “bottleneck” structure produced 
at a differential pressure of 1 bar yielded a permeability 
of 1.28 ± 0.09 × 10−09 m2 [30]. Similarly, computational 
fluid dynamics (CFD) modelling and simulation of pres-
sure drop across the a 2.0–2.5 mm virtual “bottleneck” 
structures generated at 10 µm capillary radius yielded 
a mean pore opening of 142 µm and permeability value 
of 1.09 × 10−09 m2 [30]. CFD simulation across virtual 
structures generated at higher capillary radius, typically 

between 20 and 80 µm showed a much wider pore open-
ings and decreasing order of permeability value when 
compared to that generated at 10 µm [28, 34, 40]. This 
approach involves measuring the liquid driving pressure 
necessary to balance the Laplace pressure.

A novel approach to the processing of porous metallic 
structure with multi-component, coated pores developed in 
[11] could also assist in the controlling of their pore open-
ings. In their work, successful coating or coverage of the 
porogens (salts) with Cu-coating powder (typically below 
100 μm in particle diameter) depends on the unvarying 
moistening of packed beds of salts. With coated pores, the 
interconnectivity of the porous material was largely reduced 
but these openings were increased by a gradual decrease in 
the degree of powder coverage of the porogens. Figure 7 
present images of the uncoated and Cu-powder coated “bot-
tleneck” dominated porous metallic structures and loosely 
packed porogens used for the casting process.

(2.1)rc =
2�xy

Pi

cos� where rw =
√

(rc + rp)
2 − r2

p
− rc

Fig. 5   X-ray computed tomog-
raphy of 2D processed model 
contour and 3D representative 
volume element (RVE) of the 
solid phases of “bottleneck-
type” porous aluminium 
structures made by replication 
process of applied differential 
pressure, pore fluid volume 
fraction, mean pore diameter 
size and mean pore connectiv-
ity of a 1 bar, 0.71, 2.23 mm 
and 0.69 mm, b 0.25 bar, 0.78, 
2.23 mm and 0.90 mm respec-
tively. Sourced from [33]

Fig. 6   High resolution 2D opti-
cal images of “bottleneck-type” 
porous aluminium structures 
made by replication casting 
processes of applied differential 
pressure, pore diameter sizes, 
pore fluid volume fraction and 
mean pore connectivity of a 
1 bar, 1.0–1.4 mm, 0.72 and 
0.28 mm, b 1 bar, 2.5–3.15 mm, 
0.75 and 0.72 mm respectively. 
Sourced from [34]
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2.7 � Space Fillers

The use of water-soluble salts as space fillers is commer-
cially known. Typical examples of these space fillers are 
sodium chloride (NaCl) and sodium aluminate (NaAlO2). 
Numerous advantages like low cost, free of toxicity, and fast 
dissolution in water are associated with the use of NaCl as 
favoured space-holder [41]. The sodium chloride (melting 
point—800 °C) is a favoured space holder in the replication 
casting process (RCP) and dissolves rapidly in water while 
NaAlO2 is often considered for higher (1800 °C) melting 
processes [12]. Precaution should be taken to ensure that 
complete dissolution of salt in warm water is carried out 
to avoid limited pore spaces for absorption [4]. Carbamide 
particles, ammonium bicarbonate particles, magnesium 
granules, and potassium carbonate particles are also used 
as fillers. The potassium carbonate particles are used in the 
lost carbonate sintering (LCS) process because of its high 
melting (901 °C) point [8]. One of the advantages of Mg is 
its low boiling point (1107 °C) and its complete immiscibil-
ity with metals [17]. The high cost of space fillers may deter 
manufacturers from this process, but regular pore structure 
and control of pore size give a good foam structure for any 
engineering application.

3 � Fluid Transport in Porous Structures

The part of fluid mechanics that deals primarily with fluid 
dynamics is termed fluid flow [42, 43]. Fluids are catego-
rized into gases and liquids and when subjected to a motion 
of unbalanced forces it is called fluid flow. A typical example 
of this is the flow of water or oil from an overhead tank. 
The superficial flow velocity 

(

vs
)

 of the fluid is very high on 
the top and low at the bottom of the tank with unbalanced 

gravitational force (g) enabling a continuous flow of fluid. 
The defining characteristics of this fluid mirror its proper-
ties and how it moves. These properties can be compressible 
(fractional change in volume due to density variation at dif-
ferent temperature especially for gases) or incompressible 
(no change in volume especially for water), steady (time-
dependent) or unsteady (time-independent), rotational or 
non-rotational, viscous (shear stress directly proportional 
to fluid velocity) or non-viscous, Newtonian (viscous stress 
linearly proportional to local strain rate) or have ability to 
resist deformation by tensile or shear stress known as a non-
Newtonian fluid [36]. The numerical study of this fluid flow 
is known as computational fluid dynamics (CFD) and is well 
adopted in the field of science and engineering to mimic flow 
behaviour even in the paucity of experimental or measured 
data. The study of fluid flow is governed by the equation of 
continuity and momentum or Navier–Stokes equation.

3.1 � Continuity and Momentum Equations

The generalized form of the continuity equation for fluid 
flow in the three-dimensional Cartesian coordinate system 
(typically, in the x, y, and z Cartesian coordinate) reported 
in [44], is represented Eq. 3.1 for all directions and when 
considering one direction, Eq. 3.2 holds.

where � is the fluid density, v is the fluid superficial velocity, 
��

�t
 is the mass change rate with respect to time and �vx

�x
 is the 

gradient in the unidirectional fluid flow velocity.

(3.1)
��

�t
= −(∇ ⋅ �v)

(3.2)
��

�t
+ �

�vx

�x
= 0

Fig. 7   a Porous structure and loosely packed salt beads and to the right are the b is the porous-coated structure and Cu-coated loosely packed 
beads. Sourced from [11]
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Reported in [44], the generalized form of Navier–Stokes 
equation relates the rate of momentum increase per unit 
volume as a function of the rate of momentum addition by 
convection per unit volume 

[

∇ρ.v.v
]

 , the rate of momentum 
addition by molecular transport per unit volume 

[

∇p
]

− [∇τ] , 
and external force on fluid per unit volume [ �gi] as shown in 
Eq. 3.3. Also, the shear stress component ( � ) in Eq. 3.3 can 
be expressed in terms of fluid viscosity ( � ) and velocity ( v ) 
and Eq. 3.4 holds for a constant density ( � ) and viscosity ( �).

The negative sign is an indication that fluid flows in the 
direction of pressure drop. The non-linear partial differential 
and time-dependent Eq. 3.4 is often solved using commer-
cial CFD software installed in a computer to find a numerical 
solution at a finite number of points or mesh or grid or dis-
cretization. This equation (Eq. 3.4) described the motion of 
fluid substances and it arises from the application of Newton’s 
second law of fluid motion with the assumption that the sum 
of a proportional gradient of velocity (diffusing viscous term) 
and a pressure term described the stress [45].

where −∇P is the gradient of pressure, v is the fluid velocity, 
� is the fluid density, � is the fluid dynamic viscosity, p is the 
pressure, T is the component of total stress tensor with an 
order two, F is the body force (per unit volume) acting on the 
fluid and the del operator is represented as ∇ . The equation 
can be defined for compressible or incompressible flow and 
for a horizontal flow or against gravitational effect Eq. 3.5 
is reduced to Eq. 3.6.

At very low or creeping superficial fluid velocity, the rate of 
pressure drop in a unit length is linearly proportional to fluid 
velocity and the Navier–Stokes equation reduces to the Stokes 
equation and is stated below;

Equation 3.7 is often solved computationally when the fluid 
velocity is relatively small or within Darcy regime of laminar 
flow of fluid. Also, for inviscid fluids or highly viscous and 
sticky fluids where shear stress ([∇ ⋅ �] = 0) or velocity at the 
surface is zero (v = 0), the Euler equation (Eq. 3.8) is solved. 
Against gravitational effects (g = 0), the Navier–Stokes equa-
tion reduces to;

(3.3)
�

�t
�.v = −[∇� ⋅ v ⋅ v] −

[

∇p
]

− [∇τ] +
[

�gi
]

(3.4)�

(

�v

�t
+ (v ⋅ ∇)v

)

= −∇p + �∇2v + �gi

(3.5)�

(

�v

�t
+ v ⋅ ∇v

)

= −∇p + ∇ ⋅ T + F

(3.6)�

(

�v

�t
+ (v ⋅ ∇)v

)

= −∇p + �∇2v

(3.7)�

(

�v

�t
+ (v ⋅ ∇)v

)

= 0, 0 = −∇P + �∇2v + �gi

3.2 � Pore‑Scale and Fluid Models

The modelling of fluids across a porous medium involves 
solving the Navier–Stokes equation at macroscopic or 
microscopic level. The treatment of foam as a homogene-
ous medium by neglecting small-scale details is associated 
with a volume averaging or macroscopic approach [46]. 
Conversely, the determination of macroscopic parameters 
used to depict the dynamic behaviour of fluid flow in porous 
media based on the micro-geometry (representative volume 
element) of the system by capturing small-scale details is 
described as pore-scale or microscopic approach [47]. This 
microscopic approach is more suitable in describing the 
macroscopic parameters (permeability, porosity, tortuos-
ity and foam surface area per unit bulk volume) of porous 
metallic structures because of its ability to capture detailed 
information of the porous matrix [47–50]. Having knowl-
edge of the fluid properties (fluid density and dynamic vis-
cosity), porosity, porous body layer or thickness one can use 
the pore-scale numerical approach to describe the fluid flow 
at various velocities to estimate the pressure drop within the 
porous body.

The estimated or computed values of pressure drops are 
used to account for the permeability term of porous struc-
tures, and inertial term, in the case of high-velocity flow. 
Several equations have been developed to mimic the behav-
iour of fluid in the pore region and are listed below.

•	 Darcy’s Law: Describes low-velocity flows of one or 
more fluids, where the pressure is the major driving 
force.

•	 The Richard’s Equation: Governs the wetting and driving 
of rocks or soil.

•	 The Fracture Flow is a variant of Darcy’s law that defines 
the flow along the interior boundaries representing frac-
tures within a porous (or solid) medium.

•	 The Brinkmann equation is for porous media high-veloc-
ity flows but in the Laminar region (1 < Re < 10).

•	 The free and porous media flow combines free flow adja-
cent to the porous domain.

•	 The Laminar flow and creeping flow use the Navier–
Stokes equations to describe free flows within a river or 
well.

Listed above are often derived from the Navier–Stokes 
equations governing fluid flow.

(3.8)�

(

�v

�t
+ (v ⋅ ∇)v

)

= −∇P + �gi
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3.2.1 � Darcy Law

Darcy’s law states that the velocity field of fluid flow in 
a porous medium is determined by the gradient of pres-
sure, the structure of the porous medium (permeability 
and porosity) and fluid viscosity [51]. The law was put 
together by Henry Darcy based on series of experimental 
trials [52]. The net flux across a face of porous surface is 
mathematically expressed as;

where u, ko, �, p, �, g and ∇D are the Darcy velocity (or 
specific discharge vector m/s), permeability of the porous 
medium (m2), dynamic viscosity (Pa s), fluid’s pressure (Pa), 
fluid density (kg/m3), magnitude of gravitational accelera-
tion (m/s2) and unit vector in the direction over which the 
gravity acts respectively. In other to turn of the gravity 
effects, the elevation D in [51] was set to zero and the result-
ing equation is given in Eq. 3.10. Also, models can define 
the capacity to transmit flow using hydraulic conductivity 
(K, m/s) given by Eq. 3.11.

The hydraulic conductivity K (m/s) represents both 
fluid and the solid matrix while the permeability is a prop-
erty of the porous matrix only. The pressure p can also 
be expressed in term of the hydraulic head, H, pressure 
head Hp, and elevation head, D as described in Eq. 3.12. 
The elevation head, D denotes the direction over which g 
acts. The hydraulic head is equal to the pressure head only 
when a gravity effect is insignificant, and D is set to zero. 
When defined as vertical elevation, the vertical gradient 
in D equals one and the horizontal gradient in D equals 
zero. Similarly, the average linear velocity (also termed the 
seepage velocity) within a given pore space is defined by 
Eq. 3.11 as a function of the superficial fluid velocity ( vs ) 
and porosity ( � ) of the porous medium.

In summary, the Henry Darcy’s law interface built 
into commercial CFD packages (COMSOL Multiphysics, 
Ansys Fluent, and Simpleware) can be used to model sin-
gle and multiphase flows across porous-related structures 
and typically in this case, porous metals. The Darcy’s law 
interface combines Darcy’s law with continuity equation; 
it is used to simulate fluid flow through interstices in a 

(3.9)vs = −
ko

�
(∇p + �g∇D)

(3.10)vs = −
ko

�
∗ ∇p where vp =

vs
/

�

(3.11)vs = −
K

�g
(∇p + �g∇D) where

ko

�
= −

K

�g

(3.12)Hp =
p

�g
= H − D

porous medium. It is also used to simulate flow for which 
pressure gradient is the major driving force and highly 
influenced by the frictional resistance within the pores. It 
can also be used to model media where porosity and per-
meability are very small or low-velocity flow [53].

3.2.2 � Brinkmann Equation

The Brinkmann equation is used to compute pressure fields 
and fluid velocity of single-phase flow in porous media at 
high velocity in the laminar flow regime. Fluid with vary-
ing density of Mach number below 0.3 is included. The 
fluid viscosity can also vary, for example, to describe non-
Newtonian fluids. The Mach number is defined as the ratio 
of fluid velocity to speed of sound [53]. Fast-moving fluids 
in porous media with kinetic potential from pressure, grav-
ity and fluid velocity to drive the flow is described using 
Brinkmann equations. The physics interface in commercial 
CFD packages uses Darcy’s law to describe the dissipation 
of kinetic energy by viscous shear, similar to Navier–Stokes 
equations. This physics interface is well suited for transitions 
from slow flow in porous media described by Darcy’s law 
and fast flow in channels governed by Navier–Stokes equa-
tions [54]. The modelling of non-Newtonian fluids, like the 
flow of oil from a reservoir to a well-perforation, hyperbolic 
zone near a river can be described by the coupling of Brink-
mann and Navier–Stokes also known as Stokes–Brinkmann 
equation.

The Brinkmann equation of flow in porous media is 
formed from the combination of the continuity equation and 
the momentum equation described below:

where � is the dynamic viscosity of the fluid in kg/m s; v is 
the velocity vector in m/s; � is fluid density in kg/m3; p is 
the pressure measured in Pa; � is porosity (0–1); ko is perme-
ability tensor of the porous medium; the mass sink or mass 
source is Qbr measured in kg/m3 s; and the force term F (kg/
m2 s2) accounts for the influence of gravity and other volume 
forces. The mass source (Qbr), accounts for the mass crea-
tion and mass deposit within the domains. Zero velocity is 
assumed for the mass exchange. It is important to understand 
that Eq. 3.13 is the continuity expression for a compress-
ible flow. For an incompressible flow with constant density, 
Eq. 3.13 reduces Eq. 3.15.
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3.2.3 � Boundary Conditions

A boundary condition is a form of an equation or a stated 
restriction that limits the possible solutions to a differential 
equation [54]. It is a condition where a differential equation 
is solved [55]. Setting out the right boundary condition when 
resolving the fluid models thereof, can help us to differenti-
ate between right and wrong or solve our computation easily. 
Table 1 presents a summary of most commonly used boundary 
conditions for application involving fluid flows.

3.3 � Darcy–Dupuit–Forchheimer Model

It is important for us to note that Henry Darcy’s empirical 
model in Eq. 3.10 expresses the volumetric flow rate of fluid 
flow in porous media as a function of pressure gradient and 
fluid properties (permeability and fluid viscosity). His expres-
sion is valid for fluid flow in the Darcy region of laminar flow 
and shows a linear relationship between flow rate and pressure 
drop in a porous medium at very low fluid flow velocity [9, 30, 
57]. Experimental studies on flowing gas across packed beds 
of coal at high velocity performed by Philippe Forchheimer 
in 1901 observed the non-linearity between the fluid flow rate 
and the driving pressure gradient. Inertia effects caused by the 
non-linear increase in turbulence in the fluid flow rate become 

significant at this high velocity in the porous medium [58–60]. 
An inertia effect also known as the Forchheimer term and is 
added to Darcy’s empirical equation (Eq. 3.10) to account for 
this non-linearity as shown in Eqs. 3.16–3.18:

where ko is the permeability of the porous medium, Af  is 
the average pore area, AT is the total cross-sectional area 
in a direction of flow (x, y, or z), C is the inertial factor or 
Form drag coefficient (measured in m−1 or ft−1), � is the 
fluid density flowing through the porous medium,CF is the 
Ergun’s or Forchheimer coefficient, vs is the inlet superficial 
velocity and vp is the pore or modified inlet velocity based 
on the porosity of the foam microstructure or void fraction 
in the case of flow description in packed beds of particle. 
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Table 1   Summary of common boundary conditions for fluid flow [56]

Boundary Boundary conditions Equation Use

Wall Sliding wall v = vw Used to specify the velocity of a moving wall
No-slip (default) v = 0 Zero velocity at the wall

Inlet Velocity v = −nvo
or v = vo

To specified constant velocity or a defined velocity by an equation as 
v = a(1 −

(

r

R
)2
)

 . Where n is a unit vector normal to the surface
Pressure, no viscous stress p = po and

�(∇v +
(

∇v)T
)

n

Use to describe fluid inlet perpendicular to the boundary

Outlet Velocity v = −nvo
or v = vo

Be careful not to over-specify

Pressure, no viscous stress p = po and
�(∇v +

(

∇v)T
)

n

Used to describe fluid outlet perpendicular to the boundary

Symmetry Slip/symmetry condition v ⋅ n = 0 Used to specify no velocity perpendicular to a surface or an area. For example, fluid 
flow in a 3D porous object, the inlet and outlet may be velocity or pressure flow 
while the other sides are treated as symmetry

Normal flow/pressure or 
‘straight-out’ BC

p = po & v ⋅ t = 0 Used for fully developed flow perpendicular to the area

Outflow/pressure BC p = po Used for known pressure
Periodic Velocity v(xo) = v(x1) This typically implements standard periodicity so that, the value of the solution is 

the same on the periodic boundaries. This isn’t suitable for spherical or elliptical 
objects but a line, cube and rectangular are the most intuitive and common choice 
and thus can be applied to the side walls of the objects

Pressure p(xo) = p(x1)

Open Velocity and pressure v(o) = v(1)
p(o) = p(1)

Describing boundaries in contact with a large volume of fluid. For the open bound-
ary, fluid can both enter and leave the domain on boundaries whilst it can only 
access the entrance of the object in case of the closed boundary conditionClosed v(o) = 0

p(o) = 0
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Additionally, experimental and computational described 
in [31, 61–63] noted that deviation from this Darcy’s law 
(Re > 1) is caused by either high fluid velocity, molecular, 
non-Newtonian fluid or ionic effects is termed the non-Darcy 
flow. Acceleration and deceleration effects on the fluid as it 
travels through the tortuous flow path of the porous medium 
can result in higher fluid velocity resulting in inertial losses. 
Thus, the Forchheimer term accounts for this.

3.4 � Pressure Drops and Permeability Estimation 
in Porous Metals

Estimation of permeability for flow in the Darcy regime 
is done using Eq. 3.10 by plotting the unit pressure drop 
( ∇p ) developed across the porous structures against super-
ficial fluid velocity ( vs ). For the Darcy–Forchheimer or 
non-Darcy regime, the determination of permeability and 
inertial factors for flow through porous structure, a second-
order polynomial is used to fit the pressure–velocity data; 
this is then compared to the Darcy–Dupuit–Forchheimer 
model (Eq. 3.16). Figure 8 presents measured pressure 
drop per unit thickness (Pa m−1) against superficial veloc-
ity (m s−1) of air flow through an open-celled (10 and 40 
pores per inch) metallic foams for porosities of 92.9 and 
93.8% respectively [63]. Using the value of air viscosity of 
1.8205 × 10−5 Ns m−2 and air density 1.204 kg m−3 at 20 °C, 
the permeability ( ko ), Form drag (C) and Forchheimer con-
stant (CF) computed for the 10 PPI foam using Eq. 3.16 are 
3.17 × 10−7 m2, 87.2 m−1 and 0.049 whilst that of the 40 PPI 
foam are 1.73 × 10−7 m2, 128.4 m−1 and 0.05 indicating a 
stronger dependence of pressure drops on the microstruc-
tural arrangement of the porous material.

The number of pores in a linear inch is termed as pores 
per inch abbreviated as PPI [63, 64] helps determine the 

mean pore size of porous structures and the region of 
interest needed to account for its permeability and inertial 
coefficients using pore-level approach. Scanning electron 
microscopy (SEM), optical images and X-Ray computed 
tomography [65] are used in the determination of the PPI of 
porous metallic structures. The 10 PPI structures in Fig. 8 
is characterised by having larger pore sizes approximately 
2.54 mm per pore while that of the 40 PPI has in approxi-
mation 0.64 mm per pore. The 40 PPI offers a higher resist-
ance to airflow than the 10 PPI and could be useful for high 
impact applications with little or no interest in flow across 
the porous material. For a given flow regime, the perme-
ability and Form drag is constant, but it varies over different 
velocities at a given PPI. Though, the selection of a given 
range of velocities would depend on the foam application 
and the limitation of the experiment.

Otaru et al. [33] reported the pressure drop behaviour of 
“bottleneck” dominated porous metallic structures made by 
replication casting of uncoated near-spherical salts (particle 
diameter sizes in the ranges of 2.0 and 2.5 mm separated by 
varying degree of applied differential pressures between 0.25 
and 0.9 bars) using measurement and predicting computa-
tionally fluid dynamics (CFD) approach. Figure 9 present 
the measured and predictive pressure drop values and a two-
dimensional image of the lowest porosity (70.4%) porous 
metal studied in [33]. Agreements in the pressure drop data 
between the two approaches in their work were good. Pres-
sure drop values for these structures were observably higher 
for structure (Y1) with smallest openings (640 µm) and 
porosity (70.6%) and lowest for structure (Y4) with the high-
est openings (920 µm) and porosity (78.4%). By fitting the 
pressure drop and velocity in Eq. 3.16, the permeability and 
Form drag obtained for the lowest and highest pore volume 
porous metallic structures are 1.34 × 10−8m2, 17583 m−1 and 

Fig. 8   Plots of pressure drop 
per unit length (Pa m−1) across 
10 and 40 PPI porous metallic 
structures against superficial air 
inlet velocity (m s−1). Sourced 
from [61]
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3.35 × 10−8m2, 1701 m−1 respectively. This, therefore, high-
lights the effects imposed by the penetration effects of liquid 
metals into convergent gaps created by packed beds at high 
and low applied differential pressures. Relatedly, experi-
mental measurement of pressure drops across “bottleneck-
type” porous aluminium structures made by the replication 
route of similar applied differential (0.9 bars) and different 
pore diameter sizes (X1/1.0–1.4 mm and Z1/2.5–3.15 mm) 
reported in [34] are presented in Fig. 10. Expectedly, the 
unit pressure drops developed across the smaller pore size 
structure was observably higher than the larger pore size 
structure. During packings of porogens, the larger beads cre-
ate a more wider sphere contacts resulting in a much wider 
pore openings during negative infiltration of liquid melts 
into the convergent gaps created by the beds thereby lower-
ing the overall structural surface area (specific surface) and 
unit pressure drops flow developed across the structure.

The “bottleneck-type” porous metals are characterised by 
larger circular pores and apertures and high surface area. 
Pressure drop across these structures is expected to be higher 

than commercially available porous metallic foams like 
Recemat™, Duocel™, Porvair™ and Alantum™ charac-
terised either by transversely isotropic “cell-like” structures 
or non-uniform sections and extremely larger porosities than 
the “bottleneck-type” materials. The pressure drop across 
these highly porous commercially available metal foams can 
be improved by increasing the surface area of the materials 
either by compression [66–70] or using the salts coating 
replication casting techniques described [11]. The perme-
abilities of the “bottleneck” structures are described in [7, 
30, 33, 35, 71, 72] to largely depend on their pore openings 
(majorly dependent on the applied differential pressures used 
in the casting method) whilst the Form drag is also reported 
to depend greatly on the porosity (majorly dependent on the 
packing density of the porogens) of the materials.

The technological route and operating conditions 
employed during foam manufacturing process often dic-
tate the topologies of the structures. Generally, the pores 
in open-celled porous metallic structures relate by touching 
cells which evidently allows flowing fluids to explore their 

Fig. 9   Measured and CFD 
predictive pressure drops devel-
oped across “bottleneck” domi-
nated porous metallic structures 
in the Darcy–Forchheimer 
regime. Adapted from [33] Y1 = 21463x2 + 765.19x

R² = 0.9991
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Fig. 10   Plots of measured 
pressure drop per unit length 
(Pa m−1) against superficial air 
inlet velocity (m s−1) six foam 
structures. Sourced from [34]
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internal architecture from the face presented to fluid source 
to the sample exit. Under mechanical compression of the 
porous materials, porosity decreases (becoming closed-cells) 
[63, 67, 70, 73] thereby resulting in increase in the internal 
surface area (specific surface) and tortuosity of the samples 
[74]. The increase in tortuosity of the porous materials can 
be attributed to the increasing pore-nonuniformity of the 
compressed structures [75] with reduced pore sizes and pore 
openings. Experimental compression of a 20.5 mm thick 
Inconel 450 µm highly porous (porosity ~ 88%) to 9.7 mm 
thick sample in [67] reduces its porosity to 78%. The Forch-
heimer regime measured permeability of the initial sample 
decreases from 1.43 × 10−09 to 0.82 × 10−09 m2 whilst the 
Forchheimer Form drag coefficient increases from 1.89 × 103 
to 18.3 × 103 m−1 indicating an increase in the specific sur-
face of the compressed material. Overall, the dependence of 
permeability and Forchheimer coefficient was observed to 
linearly depend on the sample porosity for porous metallic 
structures at varying degree of compression pressures [63, 
67, 70, 73].

3.5 � Reynolds Number for Flow in Porous Structures

Various authors have used Reynolds number to classify the 
regime of fluid flow in porous structures. Lage et al. [61], 
described the pore diameter sized Reynolds number ( ReD ) 
of viscous dominated flow in porous media at very low-
velocities to be less than unity ( ReD < 1.0) and the behav-
iour of fluid flow in this regime strongly depends on the 
morphological features of the porous matrix [57]. Nield and 
Bejan [46] described the transition of fluid from Darcy to 
Forchheimer flow regime as smooth and takes place over a 
range of 1 < ReD < 10. The flow in this regime is still lami-
nar but non-linear as inertial forces become imperative and 
the Darcy–Dupuit–Forchheimer law (Eq. 3.16) holds. The 
non-linearity deviation from the Darcy regime is caused by 
inertial effects and not turbulence as the flow is laminar. Tur-
bulence arises at much higher velocities [63]. Boomsma and 
Poulikakos [76], found out that the departure from Darcy in 
an open-celled foam took place at 14 < ReD < 27 while du 
Plessis and Wouldberg [77] gave an expression for Reynolds 
number determination in this regime as a function of open 
porosity, � (Eq. 3.19). The Forchheimer or form drag domi-
nated, post-Forchheimer unsteady laminar and completely 
turbulent flow regimes were described in [58], to be within 
10 < ReD < 150, 150 < ReD < 300 and ReD > 300 respectively.

where Cd = 1.90 and Re is the Reynolds number (0 ≤ Re ≤ 71 
critical Re range) and � is the porosity (0 ≤ � ≤ 1.0).

(3.19)Re =
50.8
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∗
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)

The determination of Reynolds number in packed beds 
has been limited to mean particle or cell diameter, Dp 
[76–81], as a measure of its characteristic linear dimension 
(Eq. 3.20) but may differ when used for metal foam struc-
tures. From a sequence of experimental data on pressure 
drops and superficial velocity measured for an open-celled 
metal foam, Boomsma and Poulikakos [76] and Edouard 
et al. [82] proffered that the preferred characteristic linear 
dimension for determination of Reynolds number is its Dar-
cian permeability, k0 , (Eq. 3.20) as it considers all the mac-
roscopic parameters which best described the geometrical 
behaviour of the porous matrix. However, the work of Bon-
net et al. [83] argued otherwise by using the cell or pore 
diameter as the preferred characteristic linear dimension for 
computing Reynolds number (Eq. 3.21) of fluid flow through 
open-celled metal structures. Equations 3.22 and 3.23 show 
a Reynolds number description of the Forchheimer model in 
terms of their permeability-based ( Rek ) and pore diameter-
based ( ReD ) Reynolds numbers. Their corresponding Forch-
heimer coefficients are represented as CFK and CFD whilst 
∇p,� and vs are the pressure drop per unit thickness, fluid 
viscosity and superficial fluid velocity respectively.

4 � Conclusions

In this survey, diverse routes on the production of metallic 
foam structures and their fluid flow behaviours have been 
made known with replication casting process described to 
be of better economic advantage due to the important and 
easy control of microstructural properties of metallic struc-
tures using this method. It is important to note that nearly 
all published work on metallic foams focused on the review 
and application of commercially available high-porous or 
open-celled (characterized by high porosity ranging between 
85 and 95% and low surface area) and close-celled porous 
metals. This work covers review on processing and fluid 
flow behaviour of a wide range of porous metallic structures, 
including the low-porosity or “bottleneck-type” structures 
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made by the replication casting process. These “bottle-
neck” structures are characterized by lower porosity ranging 
between 60 and 75% and higher surface area enabling their 
usefulness for load-bearing and impact applications.

The fluid section of this review contained within the 
range of contents including continuity and momentum equa-
tion, pore-scale and fluid models, flow regimes, permeability 
and Form drag estimations. It is to this end that the literature 
covered herein will assist in the experimental and numerical 
study of pressure drop across various types of porous metal-
lic structures. Additionally, extensive research work on the 
discrete element simulation packing of spheres reported in 
[39] enabled the understanding of the effects imposed by 
monomodal and bimodal packings on the microstructural 
changes of bottleneck structures. Whilst flow distribution 
in bottleneck structures characterised by monomodal pore 
sizes distribution have been previously studied and reported 
in [7, 9, 29, 33, 34], this review would enable an insight 
into a deep understanding on researching the flow behaviour 
characterised by bimodal structures using experimental and 
predictive analysis.
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