
HAL Id: hal-04087959
https://hal.science/hal-04087959

Submitted on 3 May 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Experimental Investigation of Fluid Flow through Zinc
Open-Cell Foams Produced by the Excess Salt

Replication Process and Suitable as a Catalyst in
Wastewater Treatment

Amel Hind Hassein-Bey, Abd-Elmouneim Belhadj, Hichem Tahraoui, Selma
Toumi, Asma Nour El Houda Sid, Mohammed Kebir, Derradji Chebli,

Abdeltif Amrane, Jie Zhang, Lotfi Mouni

To cite this version:
Amel Hind Hassein-Bey, Abd-Elmouneim Belhadj, Hichem Tahraoui, Selma Toumi, Asma Nour El
Houda Sid, et al.. Experimental Investigation of Fluid Flow through Zinc Open-Cell Foams Produced
by the Excess Salt Replication Process and Suitable as a Catalyst in Wastewater Treatment. Water,
2023, 15 (7), pp.1405. �10.3390/w15071405�. �hal-04087959�

https://hal.science/hal-04087959
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Citation: Hassein-Bey, A.H.; Belhadj,

A.-E.; Tahraoui, H.; Toumi, S.; Sid,

A.N.E.H.; Kebir, M.; Chebli, D.;

Amrane, A.; Zhang, J.; Mouni, L.

Experimental Investigation of Fluid

Flow through Zinc Open-Cell Foams

Produced by the Excess Salt

Replication Process and Suitable as a

Catalyst in Wastewater Treatment.

Water 2023, 15, 1405. https://

doi.org/10.3390/w15071405

Academic Editors: Charalambos

Papelis and Tohren C. Kibbey

Received: 22 January 2023

Revised: 25 March 2023

Accepted: 31 March 2023

Published: 4 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Experimental Investigation of Fluid Flow through Zinc
Open-Cell Foams Produced by the Excess Salt Replication
Process and Suitable as a Catalyst in Wastewater Treatment
Amel Hind Hassein-Bey 1, Abd-Elmouneïm Belhadj 1, Hichem Tahraoui 1,2,* , Selma Toumi 3,
Asma Nour El Houda Sid 4 , Mohammed Kebir 5 , Derradji Chebli 2, Abdeltif Amrane 6,* , Jie Zhang 7

and Lotfi Mouni 8

1 Laboratory of Biomaterials and Transport Phenomena (LBMTP), University Yahia Fares, Medea 26000, Algeria
2 Laboratoire de Génie des Procédés Chimiques, Department of Process Engineering, University of Ferhat

Abbas, Setif 19000, Algeria
3 Faculty of Sciences, University of Medea, Nouveau Pole Urbain, Medea 26000, Algeria
4 Department of Chemical Engineering, Faculty of Process Engineering, University of Salah Boubnider

Constantine 3, Constantine 25000, Algeria
5 Research Unit on Analysis and Technological Development in Environment (URADTE-CRAPC), BP 384,

Bou-Ismail, Tipaza 42004, Algeria
6 Ecole Nationale Supérieure de Chimie de Rennes, Centre National de la Recherche Scientifique (CNRS),

ISCR—UMR6226, University Rennes, F-35000 Rennes, France
7 School of Engineering, Merz Court, Newcastle University, Newcastle upon Tyne NE1 7RU, UK
8 Laboratory of Management and Valorization of Natural Resources and Quality Assurance, SNVST Faculty,

Akli Mohand Oulhadj University, Bouira 10000, Algeria
* Correspondence: hichemm.tahraouii@gmail.com (H.T.); abdeltif.amrane@univ-rennes1.fr (A.A.)

Abstract: The “excess salt replication process” is a new simple method of fabrication of open-cell
metal foam based on the commonly known salt replication method. Porous materials with porosity
between 46% and 66% result when the employed alloy is 25% antimonial lead alloy and when it is
58% to 65% zamak 5. These foams are proposed as structured catalysts instead of packed beds in the
treatment of wastewater. The local regimes influencing macroscopic air flow behaviour through these
foams are delimited and boundaries are analysed in terms of sample length. Most of the experimental
tests in this work exhibited a general trend of air flow in ESR foams dominated by the “strong inertia
regime”. It was established that the law governing the unidirectional air flow through these foams
was the full cubic law. The permeability and inertia coefficient of five samples with a cell diameter
between 2.5 and 4.5 mm were calculated, and an empirical correlation was fitted. The irregular
cuboid shape of salt grains used in the ESR foam was the origin of the special cell form of ESR foams
leading to an anisotropic ordered porous media. This can explain the macroscopic turbulence of
air flow because there were many dead zones present in the corner of each cubic cell, thus causing
kinetic energy loss starting at earlier regimes.

Keywords: full cubic law; salt replication process; permeability; inertia coefficient; pressure drop;
zinc open-cell foam; porosity

1. Introduction

Recently, many industrial applications of open-cell metal foams have been reported
due to their remarkable combination of properties [1]. They can be used as energy ab-
sorbers in packaging, coating, and (more often) in thermal applications such as in heat
exchangers [2]. This is especially true when the metal matrix is fabricated with good
thermal conductors such as aluminium [3]. They can also be employed as filters for high-
temperature gas and fluids [4]. Magnetite wash-coated metal foams were found to be
an effective cathode for electro-Fenton systems for removing dyes in wastewater [5–7]
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because when employed as conducting and porous catalyst supports, they maximize the
reaction efficiency by increasing the exposed surface area of the cathode and minimize
mass transport limitations.

Furthermore, the foams could be easily lifted up from the treated water, leaving no
sludge and no magnetite powder in the solution after wastewater treatment [5].

Thus, open-cell foams usually made of aluminium can be used as catalytic support
for biodegradation filters. Good thermal conductivity, elevated corrosion resistance, low
melting temperature, and high fluidity promotes zinc alloys to make them a strongly
competitive cellular material with aluminium and magnesium alloys, particularly when a
good benefit is reached in comparison to the cost of fabrication. Zinc foams with moderate
porosity (~60%) are believed to be a promising alternative for traditional catalysts and
packed beds due to their surface area density, interesting thermal conductivity, and good
fluid flow permeability. These attributes motivated this research.

Sahu and Ansari [8] discussed the most popular manufacturing processes for Zn–Al
foams, namely powder metallurgy [9] and liquid metallurgy (stir casting) [10]. The former
method is less popular in practice due to high manufacturing cost. The latter one is mostly
preferred for materials with low melting temperature, but stabilizing agents are mixed with
the molten metal to attain an optimum melt viscosity and avoid the rise and collapse of
the bubbles.

For several decades, a lot of different studies on fluid flow through each new foam
were conducted. In this paper, the air flow through open-cell foams resulting from a new
variant of the salt replication process was used in order to gain insight on their morphology
(mesostructure). This process, which belongs to the space holder technics, was named
“excess salt replication process” (abbreviated as ESR Process) [11]. Different forms and
shapes of cellular materials with different alloys have been successfully fabricated with this
process. Cells produced by this process have the same shape as the space holder particles
(salt), providing an easy way to control the cell shape. The zinc alloy used with this process
to elaborate the foams in question was zamak 5 because of its commercial availability.
According to our knowledge, no one has tried this method with this alloy before.

Many researchers have confirmed that the manufacturing process strongly influences
the foam’s properties, which in turn has a direct impact on their applications, as reported
by Dukhan [12], because of the relationship between intrinsic properties of the cells and
the different thermal and hydrodynamic transports. Savaci et al. [13] and Banhart [14]
noted that the maximum porosities that can be achieved using space holders are limited to
values below 80%. This research studied the transport of air in these ESR open-cell foams
with porosities generally of 60%. Porous metals with low porosity are more attractive in
chemical catalysis, but they are rarely reported in the literature [15].

The unique morphology of every new open-cell foam and the absence of general laws
or rules relating their properties with their transport behaviour initially led to the building
of an experimental database in this work. To our knowledge, such work has not been
reported before.

2. Materials and Methods
Flow Laws

Permeability indicates the material’s ability to allow the passage of a fluid, and each
porous medium has its own permeability. If the open-cell metal foam had lower resistance
to fluid flow through, the energy spent on driving it is lower. With known permeability for
a particular porous medium, the control of fluid flow, internal residual time, optimal flow
analysis, and practical designs can be carried out.

The permeability of open-cell porous materials has been the subject of several prior
investigations. Special attention was given to low-density microcellular metals of the type
derived from polyurethane foams: rigid and “hyperporous” materials [16] made with the
best thermal or electrical conductors or noble materials for special applications. However,
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understanding fluid flow performance in porous materials with a porosity between 0.4 and
0.8 is necessary. This paper contributes experimentally to improve this understanding.

Recently, there was a general agreement on the classification of flow regimes in porous
media. According to this classification, flow regimes are generally characterized by the
dimensionless number (the Reynolds number (Re)), which has the following changes
(from small to large Re): Darcy, transition from Darcy to Forchheimer (Weak inertia),
Forchheimer (strong inertia), transition from Forchheimer to turbulence (we will call it
strong transition), and turbulence [17]. Some researchers [15,18,19] reported the existence of
a pre-Darcy regime at very low velocity whose data are very scarce because of the difficulty
of measuring an ultra-low pressure drop and velocity.

The Reynolds number Re based on cell diameter (DC) is defined by Equation (1)

ReDc =
ρvl
µ

=
vl
ν

(1)

where ρ is the fluid density, which is air (kg m−3) in this study, v is the superficial velocity
(known also as seepage velocity or Darcy velocity) (m s−1), l is the characteristic length
(DC in this case) (m), µ is the dynamic viscosity of air (kg m−1s−1), and ν is the kinematic
viscosity of air (m2s−1).

The flow at very low Reynolds (creeping flow) is governed by the famous Darcy’s law
(Equation (2)), which assumes that viscous forces dominate over inertial forces in porous
media; hence, inertial forces can be neglected:

∆P
L

=
µ

K
v (2)

where ∆P/L is the pressure drop along the main flow z-direction, v is Darcy’s velocity,
and K (m2) is the Darcy’s permeability of the foam of length L (m). It is obvious that this
relation is linear in terms of v but only for lower velocities (v < 1 m s−1); then permeability
can be deduced knowing µ. Creeping flows are difficult to sustain in the laboratory, and
measurements of velocity and pressure drop are challenging, as these quantities may be too
small to capture with good accuracy using common instruments, as stated by Dukhan [20],
which is the case in this study.

For high Reynolds numbers (strong inertia regime), the empirical Forchheimer–Dupuit
equation expressed by Equation (3) is often used in homogeneous porous media. Thus,
Equation (2) became the sum of two terms: a viscous (v, Darcy’s law) term and an inertia
(v2) term

∆P
L

=
µ

K
v + ρβv2 (3)

Equation (3) can be rearranged to Equation (4)

∆P
v L

=
µ

K
+ ρβv (4)

where K is the Forchheimer permeability, β is the inertia coefficient or the Forchheimer
coefficient or form drag coefficient (m−1), and ρ is the fluid (air) density in (kg m−3).
The coefficient β represents the blockage of the internal structure (ligaments, nodes, and
occasional closed faces of open-cell metal foam) to the flow.

Mauroy et al. [21] reported a major problem when working on modelling flow through
trees that arises from the fact that, due to inertial effects, Darcy’s law breaks down as a
phenomenological description for large Reynolds numbers. Even at moderate Reynolds
numbers, the inertial nonlinearities become relevant as compared to viscous effects. Firooz-
abadi et al. [22] concluded that Darcy’s law is inadequate to represent high-velocity flow
and that the effect of gas properties does not account for high-velocity flow in porous media.

Andrade Jr et al. [23] investigated the origin of the deviations from the classical Darcy’s
law by numerical simulation of the Navier–Stokes equations in two-dimensional disordered
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porous media. They applied the Forchheimer equation as a phenomenological model
to correlate variations of the friction factor for different porosities and flow conditions.
At sufficiently high Reynolds numbers, when inertia becomes relevant, they observed
a transition from linear to nonlinear behaviour, which is typical of experiments. They
found that such a transition can be understood and statistically characterized in terms
of the spatial distribution of kinetic energy in the system. Then they concluded that the
Forchheimer model should be valid for low Re and also for a limited range of high Re
numbers, even when inertial nonlinearities can significantly affect the momentum transport
at the pore scale.

Coulaud et al. [24] numerically solved the flow equations at a pore scale by introduc-
tion of a nonlinear term into Darcy’s equation (Equation (3)) to describe inertial effects in
a porous medium modelled by cylinders of either equal or unequal diameters arranged
in a regular pattern with a square or triangular base. This work corroborated certain
experiments by confirming that Darcy’s and Forchheimer’s laws were only valid in well-
established ranges of Reynolds numbers.

However, Takhanov [25] and Skjetne and Auriault [26] explained that as the flow rate
(Reynolds number) increases, inertial forces become more significant, and Darcy’s law is
generally corrected by a cubic term as in Equation (5)

∆P
L

=
µ

K
v +

C
µ

ρ2v3 (5)

where K is the foam’s permeability (Darcy permeability) (m2), C is the weak inertia factor
or dimensionless C—cubic factor (-). Weak inertia is a regime in which the inertial force is
of the same order as the viscous force.

Sivanesapillai et al. [27], when discussing numerical results for macroscopically steady
and unidirectional flow through a rigid fully saturated fibrous porous medium for Re up
to 103, claimed that the necessity of using a cubic transition equation in the weak inertia
regime, where the Forchheimer equation is often observed to fail, was quite possibly due
to the fact that γ > 1 for certain pore space morphologies (while γ was a free parameter
dictating the effective width of inertial transition).

Lage et al. [16] tried fitting their experimental results with a cubic law of the form in
Equation (6)

∆P
L

=
µ

K
v +

ρC f

K1/2 v2 + Cv3 (6)

where the cubic term coefficient C had the units (Pa s3 m−4). They found that the perme-
ability and the inertia coefficients were the same as the ones obtained interpolating the low
velocity range. Thus, they concluded that the fitting of the high-velocity range was affected
only by the cubic term.

Panfilov and Fourar [28] described an explicit model for the high flow rate obtained
by Bues et al. in [29] when working on a macroscale model and viscous–inertia effects for
Navier–Stokes flow in a radial fracture with corrugated walls, which was conducted by
asymptotic expansions over a channel diameter that was much smaller than the channel
length. The obtained series for a corrugated channel revealed a full cubic law for moderate
Re~1–10 given by Equation (7)

∆P
L

=
µ

K
v + β′ρv2 − α′

ρ2

µ
v3 (7)

where the new parametersβ′ andα′ can be negative or positive depending on channel geometry.
A general cubic formula including quadratic term, shown in Equation (8), has also

been proposed by [16,30,31] to better depict flow in this transitional regime
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∆P
L

=
µ

K
v + C1ρv2 +

C2ρ2

µ
v3 (8)

where C1 and C2 are dimensionless experimental parameters.
Rojas and Koplik [30] studied the flow of an incompressible liquid at a nonzero

Reynolds number Re in a two-dimensional model porous medium via numerical simulation.
The geometry was a random array of cylinders of square cross section. Additionally, they
re-casted the reduced pressure drop equation (Equation (7)) into a fully dimensionless
form using the Reynolds number based on the square root of permeability by defining a
dimensionless pressure gradient normalized to Darcy flow (F) as F = 1 + b (Re) + c (Re)2,
where the coefficients b and c are dimensionless. A transition from linear Darcy flow at
vanishing Re to a cubic transitional regime at low Re, and then a quadratic Forchheimer
was found when Re = 1.

Venkataraman and Rao [32] demonstrated that the empirical power law of the form
proposed by Missbach [33], as given in Equation (9), was simple in form and accurate
enough to describe the behaviour of flow through porous media at large Reynolds numbers
in practical field problems

i = bvm (9)

where i is the hydraulic gradient, b is a coefficient depending upon the fluid and porous
media properties, and m is an index; they are both to be determined experimentally. This
law was not investigated during this study.

The conclusion is that the creeping flow and Forchheimer flow have been understood
quite well in various porous media with different fluids, and various reasons were sug-
gested by different researchers cited in [28] to explain the nonlinear relationship between
pressure gradient and superficial velocity, but the situation at higher velocities has received
less attention for relatively dense foams such as the ESR foams, which are the subject of
this study.

All previous laws described very well packed beds and hyper-porous materials, and
many outcomes have been established among what was reported. For instance, a single
sample displayed completely distinct permeability constants depending only on the range
of data chosen for analysis, and the Darcian permeability constant K had higher variation
than the non-Darcian permeability constants [34].

In this paper, various air flow regimes were analysed, and their boundaries were
established for the ESR foams. Works dedicated to such a delimitation of fluid flow regimes
through such metal foams are very scarce. Among the most recent and modest studies
purposely geared toward establishing various flow regimes from pre-Darcy to turbulent
in porous media include the following: Yang et al. [35] experimentally investigated the
flow domain division in beds packed with differently sized particles; Kundu et al. [36]
investigated the flow in homogeneous and mixed isotropic porous media; Dukhan et al. [19]
investigated the flow in 20 ppi/87% porous metal foams; and Chai et al. [31] investigated
the flow in disordered porous media.

In fact, the pressure drop in a porous medium is supposed to be due to two effects
related to the energy losses caused by both viscous and inertial attrition [37]. Different
contributions of these last two effects on behaviour in open-cell foams made by the ESR
process are to be expected because of their proper intrinsic rigid matrix and moderate
porosity situated between packed beds (ε < 0.4) and hyper-porous materials (ε > 0.9).

To simplify the calculations, it is assumed that:

1. The flow is horizontal and uniform all along the main flow z-direction (Figure 2);
2. Air is treated as a monophasic Newtonian fluid;
3. The dense wall effect in our case is neglected because the tested foams are relatively

dense [2];
4. The static gas pressure was constant throughout the porous medium and was equal

to the difference between the inlet and outlet pressures of the test section.
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Among the abundant literature on the calculation of the permeability K and the
inertia coefficient C, there is no explicit agreement on the method of their calculations, and
many discrepancies exist. This led Dukhan and Minjeur [38] to insist on the necessity of
a distinction between the Darcy and Forchheimer permeabilities that was usually either
absent or overlooked in several studies, which may lead to significant errors. This was also
claimed earlier by Innocentini et al. [37] when they said that if experimental results were
used only to predict permeability within a short range of low velocity, then the Darcian
permeability term was reliable. On the other hand, if prediction of pressure drop at a higher
flow rate was the purpose, errors could be high depending only on the velocity chosen. The
current study compared three air flow laws: Forchheimer (Equation (4)), cubic (Equation
(5)), and full cubic laws (Equation (8)). It also determined which law best describes the flow
through the ESR foams using the minimum residuals method, as was conducted in [19].
However, the first step was to carefully delimit the flow regime in terms of superficial
velocity for all foams. The permeability and fluid transport properties through these foams
were obtained from least-squares fitting of the full cubic equation, and they are discussed.

3. Experimental Process

The extensive demand for inexpensive and good-quality open-cell metal foams has
promoted the development of processes of replication for making these porous materials
using salt, such as those in [39].

Figure 1 represents the ESR process steps to produce zamak 5 foams with porosities
ranging from 58% to 65% and a salt grain size between 2.5 mm and 4.5 mm. This process
has been attempted successfully with alloys of good fluidity and low melting temperature
(below that of salt), such as a 25% antimony–lead alloy [11] and the zamak 5 alloy of this
study. The four steps of this method are: metal fusion, excess salt compaction, cooling, and
salt leaching.
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Figure 1. Steps of the ESR process and the resultant open-cell foams made by zamak 5.

Sieved salt was poured in a coated iron mould and manually shacked so that it
arranged tightly in maximum-dense packing. A weighted disc of zamak 5 alloy was
prepared by the same mould so that it would later fit and cover the top of the salt later,
and this allows us to gain 15 mm of excess salt after fusion. When placed in a furnace
at a temperature between that of melting the alloy and achieving salt fusion, infiltration
occurs without the need to preheat the salt. Then with the perforated piston having the
same internal mould diameter, the excess of salt was manually compacted so that any
entrapped air in the foam is released from bottom and top through mould vents and 1 mm
piston holes, respectively. This ensures, on the other hand, that salt grains contacted each
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other and remained immobilised when cooling at room temperature. This is where the
appellation of “excess salt replication process” came from.

After cooling the samples, they were machined into discs and cylinders, microscopi-
cally inspected before and after leaching the salt with water for one night, then kept to dry
at room temperature. Recently, Pola et al. [40] stated that zinc alloys could be a promising
alternative to iron and magnesium as a new biodegradable metal [41]. This is because
they offer a number of properties that make them particularly attractive for die casting
manufacturing and, in general, for foundry technologies. For example, zamak 5 is available
and widely used in die casting foundry [42], which makes it a very convenient porous
metal obtained with the ESR process. The appellation of samples was ZkSX; “Zk” refers
to the zamak 5 alloy, S refers to salt preform, and X refers to the salt grains size decimal
diameter of grains of salt. D or T is added to each appellation to indicate the length of
sample; D is for the disc when L ≤ 35 mm, and T is for the tube otherwise.

Every sample was carefully measured and weighted to determine ρ*, which is the
apparent density. Porosity (ε) was determined by Equation (10)

ε =

(
1− ρ∗

ρ

)
(10)

where ρ is the commercial density of zamak 5 equal to 6400 kg m−3.
It is established that the permeability constant of a porous medium is a property of

the medium and is independent of the fluid used in its determination [43]. Thus, our
experiments of pressure drop measurements were conducted in an air channel facility as
illustrated in Figure 2.
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The experimental setup shown in Figure 2 consists of an open loop wind tunnel with
a test cell in the middle, where the coated sample with suitable shrinkable tube was fixed
horizontally to eliminate the effect of gravity. The tested sample was well coated and
sealed because Akbarnejad et al. [44] proved that if the test medium is not well sealed, the
measured parameter deviates greatly from its real value. An ambient air compressor was
attached to one end. The pressure drop and temperature acquisition units were connected
to the extremities of the test cell with adequate sensors.

The superficial velocity range considered in this work varied between 0.06 and
10 m s−1 depending on the flow sensors threshold. This is the range used in most practical
applications [45].

The entrance effects and wall effects were avoided by the test cell geometry, which
guaranteed good sealing and a suitable shrinkable tube to ensure that the average flow rate
was representative of the foams tested [20].
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In order to investigate the effect of sample dimensions on the limits of flow regimes,
the tested foams were machined with a different length (L) in the flow direction (z-direction)
but with about the same diameter of Φ = 38 mm (see Figure 2). A dimensionless number
NCLD was defined by Equation (13) as the ratio between the number of cells in length of
the sample (NCL) in the flow direction (Equation (11)) and the number of cells in the sample
outer diameter (NCD) calculated by Equation (12). Table 1 summarises all morphological
properties of the ESR foams tested.

NCL =
L

DC
(11)

NCD =
Φ

DC
(12)

NCLD =
NCL
NCD

=
L
Φ

(13)

Table 1. Morphological parameters of the tested porous metal foams.

Foam L (mm) Φ (mm) DC (mm) ε (%) NCL NCD NCLD

ZkS25D 18.30 37.50 2.50 64.77 7 15 0.47
ZkS35D 15.10 38.18 3.50 57.65 4 11 0.36
ZkS35T 68.83 38.18 3.50 59.73 19 11 1.73
ZkS40D 15.30 38.09 4.00 62.56 3 9 0.33
ZkS45T 38.97 38.28 4.50 60.00 8 8 1.00

4. Results and Discussion
4.1. Description of Air Flow through ESR Foams

The goal of this research was to investigate the mesostructure of zamak foams ob-
tained with the ESR process by studying the air flow through them, i.e., to discover which
type of regimes are to be expected from these foams when air flows through them. This
characterization is very deterministic to their industrial applications in view of the absence
of a tomographic tool.

It is well known that porosity is a morphological property of open-cell metal foams
that has a considerable impact on its structure. The wide range of porosities of metal foams
in thermal and hydrodynamic applications has attracted the attention of many researchers.
This is why during this study, every representation of ESR zamak foams was associated
with its porosity and sample length.

In this section, the experimental results are discussed in terms of the superficial velocity
due to a number of controversial characteristic lengths of the Reynolds numbers present in
the literature. Figure 3 displays the variations of measured pressure drop per unit length of
the foams versus the velocity of air flow. The general trends of the pressure drop were in
qualitative agreement with previous studies such as those of [46,47].

The overlapping of the curves of ZkS35D and ZkS35T is because both samples were
identical and cut from the same initial sample, but with two different lengths in the flow
direction, in order to inspect the reproducibility and uniformity along the sample. The
curves of pressure drop through ZkS40D and ZkS25D were superimposed and had the
smaller pressure loss per unit of length because they had nearly the same high porosity
and length among all samples. However, this method of data representation is ambiguous
and does not depict the length effect of foam on the pressure drop. Many researchers have
chosen a linear form of Equation (4) to clearly represent and distinguish individual regimes.
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Figure 3. Measured pressure gradient normalized by the thickness versus air superficial velocity
across all zamak 5 samples.

By comparing all the results together, it was clear that the general macroscale trends
of the reduced pressure drop were in qualitative agreement with previous studies such as
those of Dukhan and Patel [20]. Figure 4 shows the behaviour of the reduced pressure drop
in terms of superficial velocity of all ESR samples, which is influenced by three important
parameters: salt grain size (DC), length (L) in the main flow direction, and porosity (ε).
Thus, the choice of each sample with a special combination of parameters (DC, L, and ε)
was made on purpose. The pressure loss decreases with increased salt grain size (DC) and
porosity (ε) of the samples [48], which supposes that permeability also increases in this case.
However, when length (L) increases, the pressure drop increases as well. This was also
confirmed by Paek et al. [49], who showed that as the cell size DC of a foam metal decreases,
the surface-area-to-volume ratio increases, and this causes additional flow resistance, thus
resulting in an increased pressure drop. The latter is substantially influenced by the void
fraction as well as the shape of the cell of the metal foam. The effect of length (L) on
pressure drop behaviour is quite clear between ZkS35D and ZkS35T, which both belong to
the same sample and have only a 2% difference in porosity. This effect is detailed later.
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Nevertheless, prior to deciding which law best describes the air flow through ESR
foams, identification and delimitation of the different regimes present are required in order
to define microscale behaviour.

4.2. Identification of Flow Regimes

Many studies do not give details of the flow within cells but instead give details
on the flux-to-force governing laws at length scales including a large number of cells.
However, comprehensive analyses at the pore scale remain the corner stone in any progress
towards the derivation of governing laws at larger scales, as declared by Lasseux and
Valdés-Parada [50]. In other words, the distinction between macroscale and microscale
analyses of air flow through these foams is important.

This microscale behaviour was studied here by investigating the nature of local delim-
ited regimes and which law described best the macroscale flow through these foams. The
macroscale flow referred to entire flow regime, meaning that the full range data of reduced
pressure drop as a function of superficial velocity was considered. It is believed that the
macroscale flow was influenced by one of the local microscale regimes. The relationship
between these two scales was studied here.

It is worth noting that the available experimental equipment did not allow us to
precisely capture the onset of viscous effects (pre-Darcy and Darcy’s regime). The deviation
of experimental data from linearity was clear, which is presumably due to the presence
of different regimes corresponding to each portion. The flow regimes were identified by
slope changes in each portion of the reduced pressure drop plots as in [18,35,36]. Most
notably, experimental tests exhibited a general trend of air flow in ESR foams dominated
by a “strong inertia regime”.

Zhong et al. [51] reported that it was almost impossible to define a universal boundary
for the transition of regimes applicable to all kinds of porous media. Although some
researchers presented a definite boundary of the Reynolds number for the regime transition
(e.g., [52]), it depended on the properties of the porous material and the working fluid used.
Nevertheless, no sharp transition between laminar and turbulent flow could be observed
in porous media because flow through a complex cell structure significantly differed from
flow in a conduit. This is confirmed in Figure 5; the macroscale transition from linear
laminar Darcy flow to nonlinear laminar flow, and eventually to fully turbulent flow, is
a gradual process. Each inset in Figure 5 represents the flow at low velocities; no Darcy
regime was identified.

The nature of nonlinearity (transitional regimes) in the relationship between the
macroscopic drag force and superficial velocity can be explained from the signature of
viscous and inertial forces at the microscale. Pauthenet et al. [53] presented a review on
historical developments aimed at including inertial and slip effects, respectively, when
the Reynolds and Knudsen numbers are not exceedingly small compared to unity. On
one hand, several mechanisms suggest that inertia alone, at the pore scale, can explain
the macroscale behaviour. This may be put forth as: (i) streamlines bending due to the
tortuosity of the structure and to local converging–diverging flow patterns; (ii) backflows
and separations resulting from form drag; and (iii) pore networks actively involved in the
flow that are velocity-dependent as a consequence of (i) and (ii) yielding variations in the
dissipation of kinetic energy [23]. On the other hand, microscale viscous drag effects may
be considered to contribute to the nonlinearity when boundary layers at the solid–fluid
interfaces, which became thicker when the Reynolds number increases, were taken into
account. With this mechanism, the inertial core flow (in the centre of the cells) may be
easily understood as being strongly dependent upon the Reynolds number, thus partly
explaining the different regimes.
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These samples present an important pressure drop even for low velocities. The weak
inertia zone was undetectable in the ZkS35D sample curve because of its short length and
low porosity, and it was present but narrower than the Forchheimer regime in the strong
transitional and turbulent zones for the remaining samples. The weak (transition D–F)
and strong inertia (Forchheimer) regimes before instability appears were called “the stable
flow” by Panfilov and Fourar [28]. All graphs displayed the inertial macroscopic behaviour
of the flow through the samples, which was clearly revealed by the locally calculated air
flow properties presented in the next section. In the first couple zones (transition D–F,
Forchheimer regimes), a concurrence between viscous and inertia forces existed at the
microscopic level with a constant stable flow. The term “concurrence” was used because
the two forces coexisted together in all regimes, and naming each regime separately did not
mean that each regime had a different mechanism [54]. Then from the transitional regime
between Forchheimer and turbulent regimes and beyond, pure inertia effects dominated
the flow, and instability governed the macroscopic flow. Additionally, the turbulent regime
was reached earlier in the ZkS35T and ZkS35D with a high pressure drop.

This interpretation is related to the mesostructure of the foams. According to Kouidri
and Madani [55], the surface roughness accelerates the reaching of the turbulent regime.
Thus, in these two samples that have a high pressure drop and a significant roughness, there
is no need for an important energy to reach the turbulent regime. Panfilov and Fourar [28]
showed that inertia–viscous cross phenomena were negligible when the flow structure
was clearly non-periodic. Thus, the ESR foam structure began to reveal itself. ZkS25D and
ZkS40D samples exhibited a greater linearity trend of air flow than other samples, which is
perhaps because of the large range of velocity in the experiments, given the fact that they
were discs with the highest porosity but the lowest length.

Deviations of the data from straight lines in the lower portion, according to Firooz-
abadi and Katz [54] were due to the slip effect (Klinkenberg effect), and deviations of the
data from straight lines in the upper portion were due to inadequacy of the Forchheimer
equation to describe the flow at high velocities. However, Andrade, Jr et al. [23] found that
such a transition can be understood and statistically characterized in terms of the spatial
distribution of the kinetic energy in the system.

Lage et al. [16] investigated the relationship between the hydrostatic pressure gradient
of a fluid (air) in what is called “transition to turbulence in a porous medium” and the
average seepage fluid velocity.
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A theoretical analysis based on the semi-variance model validation principle indicated
that the relationship between the pressure gradient and the fluid speed indeed departs
from the quadratic Forchheimer-extended Darcy flow model and can be correlated by a
cubic function of fluid speed for the velocity range of their experiments.

4.3. Laws Governing Air Flow through ESR Foams

In the following sections, experimental results of reduced pressure drop of every
sample are fitted linearly or quadratically to determine which law best describes the air flow
for all ESR samples. Figure 6 depicts the linear fitting corresponding to the Forchheimer
law given in the linear form of Equation (4) (including the Darcy laminar law when v→∞).
The quadratic fitting represents that of the cubic law according to Equation (14) and the
full cubic law given by Equation (15):

∆P
Lv

=
µ

K
+

C
µ

ρ2v2
(14)

∆P
Lv

=
µ

K
+ C1ρv +

C2ρ2

µ
v2 (15)

It is very clear that all experimental data samples deviated from linearity, regardless
of whether it is a disc or a tube (except for ZkS25D and ZkS40D). This means that the
Forchheimer equation is inadequate to describe air flow through ESR foams, which was
later confirmed by residuals analysis. The nonlinear flow was much more significant
compared to the literature on liquid for the same velocity, which is due to the lower gas
viscosity according to Takhanov [25].

Panfilov and Fourar [28] state that the nonlinearity is not quadratic, which is the case
for the ESR foams. It is easy to verify that the relationship is cubic for very low v and expo-
nential for v→∞ (because of experimental results deviation from the quadratic law, which
is the subject of an ongoing research paper). The pure inertia and cross inertia-viscosity
coexist at any values of v. Panfilov showed that the inertia–viscous cross effects had an
exponential character similar to the pure inertia terms, which comprise an exponential
deviation from the quadratic law. If at high Re, a little deviation from full cubic law means
that pure inertia effects produced at the microscale flow are negligible, and the structure is
clearly periodic. This result confirms that the ESR foams have a periodic structure. The
coefficient of determination of the fitted relationship was used to calculate the permeability
and form drag coefficient for each length. Obviously, the lowest coefficient of determination,
R2, was greater than 0.9980. However, maximum likelihood estimation: AIC, AICc, and BIC
(calculated according to [56]) better confirmed this. For example, for ZkS35D (in Figure 6),
the linear fitting of experimental results of reduced pressure drop gave an AIC, an AICc,
and a BIC of 542.9676, 543.1782, and 544.0122, respectively. However, the quadratic fitting
gave −849.7924, −849.1257, and −847.7033, respectively, which are quite lower than those
of the linear fitting.

4.4. Residuals Analysis

In order to decide which law between the two cubic laws best describes the air flow
through ESR foams and eventually confirm that the Forchheimer equation is inadequate,
the residuals of each law were calculated and represented versus superficial velocity in
Figure 7 [16,47].
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It is clear that Forchheimer and cubic equations are not suitable models because their
residuals values are higher than that of the full cubic law in all samples. Moreover, the
Forchheimer and cubic residuals have an opposite behaviour; when the Forchheimer model
overestimates the pressure drop, the cubic model underestimates it. Additionally, both
are well described by a third-order fit curve such as R = a. v3. However, the full cubic law
residuals were close to random noise, which means that it is the best law describing the air
flow through the ESR foams.

When analysing the residuals of each model in terms of regimes, the cubic residuals
were always high regardless of the values of the salt grain size, sample length, or porosity.
However, when the Forchheimer residuals are important in the strong inertia regimes
(which is also called Forchheimer regime), for example, in ZkS35D or ZkS40D, where it
is supposed to accurately describe the air flow in those zones, there is a contradiction for
which Panfilov et al. [57] have attributed three paradoxes. Moreover, Mei and Auriault [58]
show that it is not the Forchheimer law but the cubic law that best describes the flow in the
isotropic case at rather low velocities.

The strong transition regime (transition F–T) range is wider than that of the Forch-
heimer regime for all ESR foams. These foams are best described by the full cubic law,
suggesting that the weak inertia regime (interpreted by the cross inertia–viscous effect)
always exists and predominates. This dominance is related to a microscale reason: an
ordered structure according to Lasseux and Valdés-Parada [50], who asserted that the
Forchheimer type of correction is a robust approximation over a very significant range of
values of the Reynolds number for disordered structures.

Neither Forchheimer nor the two cubic laws describe the turbulent regimes, which
is obvious through the high residuals detected in this zone. This zone obeys an exponen-
tial law.

It is believed that the limits of each regime are different from one sample to another
because of foams structural properties such as salt grain size, porosity, and length. This
will be demonstrated later.

Thus, deviation of reduced pressure drop from linearity gives information on the
suitability of the Forchheimer equation, and residuals analysis guides the choice between
cubic laws.

Now that the suitable laws to describe the flow through ESR foams have been chosen
carefully, curve-fitting constants were used to calculate the full cubic permeability KFC and
inertia coefficient C1 and C2, which are then discussed in comparison to that obtained from
the Forchheimer equation (KForch and β).

4.5. Air Flow Properties of ESR Foams

The permeability enables prediction of the flow rate obtainable under a given pressure
drop or the prediction of the fluid pressure necessary to achieve a specific flow rate. Thus,
it is of great interest to explore this in these new porous materials so that their specifications
could be established. Evaluation of the permeability and inertia coefficient was done by
least square fitting of two models chosen according to their low residuals to be compared,
namely the Forchheimer equation and full cubic law.

Antohe et al. [59] presented a study that uses the Forchheimer extended flow model to
compute the permeability and inertial coefficient for compressed aluminium matrices. Their
results showed that the precision of the coefficients was improved by curve-fitting, with
the values of each data point considered. They found that it is important that permeability
and inertial coefficient values are associated with the velocity range from which they
were determined.

Moreover, these values could not be used with confidence for predicting hydraulic
behaviour at velocities outside this range.

Boomsma and Poulikakos [60] experimentally tested open-cell metal foams to eval-
uate their hydraulic characteristics using water. The experimental matrix of metal foams
consisted of open-cell aluminium foams of various porosities and pore diameters in both a
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compressed and uncompressed form. Among several conclusions drawn was that using
different flow velocity regimes resulted in various permeability and form coefficient values.
Whenever the permeability and the associated form coefficient for a high-porosity porous
medium are stated, the flow velocity ranges over which these terms are calculated must
also be specified for accuracy.

Dukhan and Minjeur [38] suggested a two-permeability approach to assess flow
properties: one determined and only valid in the Darcy regime, and another valid in the
Forchheimer regime. The authors, however, contend to find paired permeability and inertia
coefficients suitable for the entire flow range and with a satisfactory accuracy.

Zhong et al. [51] determined the permeability and inertial coefficients of sintered metal
porous media using an Isothermal Chamber. The permeability was first determined in the
Darcy regime, and then the inertial coefficient was determined in the Forchheimer regime
with the resulting permeability. They claimed that this treatment was laborious since at
least two types of flow sensors and pressure sensors with different ranges and accuracies
were needed to satisfy the requirements of measurements across different flow ranges.

In this study, the curve-fitting constants of the full cubic law and Forchheimer equation
were used to calculate the permeability and inertia coefficient in each regime separately
then over the full range data for each salt grain size. It is to be contended that the values of
the permeability and inertia coefficients given in this study are strictly applicable to the
samples that were tested and fabricated with this process and are not material properties
that can be applied to other foams.

However, a brief error analysis is first needed to confirm the suitability of the full
cubic law to describe air flow in the ESR foams by analysing the percentage of change of
permeability K, PCK, between the permeability fitted with Forchheimer equation (KForch)
and that fitted with full cubic law (KFC), defined by Equation (16)

PCK =
KForch − KFC

KFC
100 (16)

The global PCK values of the full range data shown in Table 2 are high and negative,
which means that the Forchheimer permeability is lower than that obtained with the full
cubic law. This difference increases when turbulences begin from the transition F–T to
turbulent regimes, confirming the previous finding that the Forchheimer model is not
suitable to describe the flow in turbulent zones in the ESR foams. PCK values are small,
positive, or negligible (sometimes null) in the transition D–F regime, suggesting that the
two permeability values are close because the Forchheimer equation is usually accepted to
describe the flow in this zone. Nevertheless, combining this result with the residuals of the
two models in this regime, one can note that the full cubic law is suitable for predicting the
permeability of ESR foams in this zone too.

Table 2. Percentage of change of ESR foams between the permeability fitted with Forchheimer
equation and that fitted with full cubic law.

Sample Transition D–F Forchheimer Transition F–T Turbulent Full Range

ZKS25 D 3.32 −31.09 −48.61 −47.53 −48.84
ZKS35 D - −8.13 −47.61 −22.73 −39.06
ZKS35 T 7.64 −4.17 38.36 −8.43 −18.65
ZKS40 D −0.50 −11.79 −38.21 101.43 −35.72
ZKS45 T 0.00 −13.59 −44.50 −61.60 −52.94

In order to investigate which local regime influences the global air flow through the
ESR foams, permeability and inertia coefficients of each sample calculated locally for each
regime were analysed, and even the global values describing the macroscopic flow were
determined for comparison.
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The air flow properties values from experiments (shown in Tables 3–5) are of the
same order of magnitude as those reported in the literature, which have the same porosity.
For example, Lage et al. [16] studied fluid transport through compressed foams with
porosities between 32% and 64%. They obtained permeabilities between 5.36 × 10−10 and
11.36 × 10−10 considering the Forchheimer equation (knowing that their compression ratio
was 7 or 14), but there are small discrepancies from one regime to another.

ZkS35D and ZkS35T have a higher inertia coefficient and a lower permeability globally
and locally. Most of the published data on flow in metal foam [59] exhibit significant
disagreements on the values of permeability and the inertia coefficient for foams with
similar porosities and internal structures. This is probably because of [19] the foam sample
size in the flow direction used by various researchers [20] and the foam sample size
perpendicular to the flow direction [61], which is not the case for these two samples because
they have the same sample diameter. In contrast to the earlier foams, ZkS40D and ZkS25D
have a higher permeability and lower inertia coefficient. This is probably due to their high
porosity compared to other samples.

Additionally, the same sample exhibits different permeability and inertia coefficients
depending on the regime data chosen. However, this variation is not very important.

The permeability values KFC of all the ESR samples in the turbulent regime were the
lowest compared to those of the remaining regimes whatever the salt grain size, except
in the case of ZkS35T because of its important length in the flow direction. However,
they were the highest values in the Forchheimer zone compared to those of other regimes,
except the permeability of ZkS40D. From the macroscopic point of view of air flow, the full
range permeability was identical to that of the transition F–T for ZkS25D, the transition
D–F for ZkS40D and ZkS45T, and to the Forchheimer for ZkS35T. However, it was never
influenced by the turbulent regime. It is believed that this influence is due to foams’
structural properties such as porosity, length in the air flow direction, and the salt grain
size (subject of an ongoing research paper), as open-cell foams generally have a random
anisotropic cellular structure that has a significant effect on their permeability, which was
demonstrated many times (e.g., [62,63]). The permeability is additionally influenced by
the surface hardness of the pores and is extraordinarily impacted by the quantity of closed
cells in ESR foams [1].

Van Lopik et al. [64] claimed that the geometry of the pore structure (such as tube-
like or blob-like pore surfaces) as well as the total fluid–solid interface and its interface
roughness largely determine the flow resistance due to drag force terms in the Forchheimer
coefficient C1. Thus, if C1 is high, it means that an important blockage exists due to a very
complicated pore structure that may have closed faces (as ZkS35T is suspected to be).

Dukhan et al. [65] reported that the transition to the turbulent regime in porous media
is influenced by the internal surface roughness.

After an experimental hydrodynamic study of flow through metallic foams, flow
regime transitions, and the influence of surface roughness, Kouidri and Madani [55] con-
cluded that the pressure drop increases from smoother foam to rougher foam. This means
that there is a degree of roughness present between ESR foams corresponding to their
proper pressure drop.

Boomsma and Poulikakos [60] found that holding the porosity constant and decreasing
the pore diameter increased the flow resistance in the uncompressed metal foams by reduc-
ing the permeability and increasing the form coefficient C1. The same remark was observed
in ESR foam, for example, between ZkS35T and ZkS45T. This increase is attributed to the
higher specific surface area generated by the smaller pore size, which was confirmed by
the corresponding global nonlinear cubic coefficient C2, which is −2.59/ZkS35T compared
to −0.10/ZkS45T in this example.
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Table 3. The permeability fitted by the full cubic law and Forchheimer equation for all flow regimes of air flow through ESR foams.

Full Cubic Permeability KFC (m2) Forchheimer Permeability KForch (m2)

Sample Transition D–F Forchheimer Transition F–T Turbulent Full Range * Transition D–F Forchheimer Transition F–T Turbulent Full Range *

ZkS25 D 1.58 × 10−9 1.96 × 10−9 1.83 × 10−9 6.31 × 10−10 1.83 × 10−9 1.63 × 10−9 1.35 × 10−9 9.41 × 10−10 3.31 × 10−10 9.35 × 10−10

ZkS35 D - 4.75 × 10−11 4.49 × 10−11 2.15 × 10−11 3.60 × 10−11 - 4.36 × 10−11 2.35 × 10−11 1.66 × 10−11 2.19 × 10−11

ZkS35 T 3.23 × 10−11 3.32 × 10−11 2.49 × 10−11 2.73 × 10−11 3.49 × 10−11 3.48 × 10−11 3.18 × 10−11 3.45 × 10−11 2.50 × 10−11 2.84 × 10−11

ZkS40 D 2.18 × 10−9 2.34 × 10−9 2.48 × 10−9 4.65 × 10−10 2.19 × 10−9 2.17 × 10−9 2.07 × 10−9 1.53 × 10−9 9.37 × 10−10 1.41 × 10−9

ZkS45 T 2.36 × 10−10 2.84 × 10−10 2.03 × 10−10 1.78 × 10−10 2.35 × 10−10 2.36 × 10−10 2.46 × 10−10 1.12 × 10−10 6.83 × 10−11 1.11 × 10−10

Note: (*) full range designates the resulting fitted properties describing the macroscopic air flow for velocity from 0~∞ m/s.

Table 4. The inertia coefficient fitted by the full cubic law and the Forchheimer equation for all regimes of air flow through ESR foams.

C1 (m−1) (Full Cubic Law) β (m−1) (Forchheimer Law)

Sample Transition D–F Forchheimer Transition F–T Turbulent Full Range Transition D–F Forchheimer Transition F–T Turbulent Full Range

ZkS25 D 11,583.49 14,100.64 13,179.79 12,188.00 13,611.91 12,442.48 11,959.30 10,910.22 7561.98 10,770.95

ZkS35 D - 589,388.41 609,391.31 269,496.22 469,425.78 - 495,386.93 24,8916.45 137,176.77 206,951.25

ZkS35 T 140,171.70 521,216.88 0.00 359,694.79 606,814.26 524,663.65 436,902.63 480,645.54 258,975.56 328,123.88

ZkS40 D 13,047.41 13,472.89 13,350.30 7278.47 13,063.34 12,894.31 12,650.44 11,907.28 11,085.37 11,706.81

ZkS45 T 34,851.68 100,090.94 88,252.99 82,705.81 92,231.81 34,851.68 84,141.38 48,054.40 27,310.87 44,912.40
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Table 5. The cubic coefficient fitted using the full cubic law for all regimes of air flow through
ESR foams.

C2 (-) (Full Cubic Law)

Sample Transition D–F Forchheimer Transition F–T Turbulent Full Range

ZkS25 D 0.0083 −0.0045 −0.0024 −0.0037 −0.0033

ZkS35 D - −1.0708 −1.5207 −0.3152 −0.8304

ZkS35 T 15.1539 −1.3040 5.1841 −0.7381 −2.5935

ZkS40 D −0.0023 −0.0027 −0.0020 0.0033 −0.0016

ZkS45 T 0.0000 −0.1043 −0.0970 −0.0846 −0.1008

The nonlinear cubic term C2 is rather low and occasionally negative or positive
depending on the velocity range considered (regime), but overall it is negative, which is
likely due to the fact that the internal geometry of the micro-channels where the air flows is
tortuous (according to Panfilov et al. [57]). This was an intuitive affirmation from Mei and
Auriault [58], who expected that to maintain the same seepage velocity, a higher pressure
gradient is needed if fluid inertia becomes increasingly important. Thus, C2 should be
non-positive.

Bues et al. [29], when working on a macroscale model and viscous–inertia effects for
Navier–Stokes flow in a radial fracture with corrugated walls, presented an interesting
analysis of the changes in the sign of the nonlinear cubic term C2. They considered a
generalized Darcy’s law, including two additional nonlinear terms (quadratic and cubic)
with respect to the mean flow velocity. The quadratic term described the pure inertia
effect, which was caused by an irreversible loss of kinetic energy due to flow acceleration.
The cubic term corresponds to a cross inertia–viscous effect, which consists of an additive
viscous dissipation caused by the streamline deformation due to inertia forces. As inertia
forces tend to straighten the flow streamlines, reducing the viscous dissipation, the inertia–
viscous parameter should be negative. However, the formation of secondary flows, such
as reverse jets, may invert this tendency and may thus change the sign of the inertia–
viscous parameter. For a high amplitude of wall corrugation, the local inertia forces become
somewhat greater than the global inertia. Therefore, the total viscous dissipation decreases,
and the inertia–viscous parameter becomes negative. Note that the negative viscous–inertia
dissipation increment is equivalent to a reduction in effective permeability, and the wall
corrugation of the fracture corresponds to the tortuosity in the ESR foams. This is another
important piece of information on the cell internal structure of these foams.

4.6. Sample Length Effect on Airflow Regimes

Previous research such as Dukhan and Patel [20] showed that the permeability and
form coefficient depend on the length of the sample until a critical thickness.

Pauthenet et al. [53] stated that accurate prediction of the transition between different
flow regimes is an important challenge with repercussions for many engineering appli-
cations. Many attempts have been made to define a criterion to describe the upper limit
of special regimes such as the Darcy regime. Besides the Reynolds number, based on the
average particle size of the porous medium, which is used to indicate whether fluid flow is
laminar or turbulent, various other criterions (reviewed in [64]) have been proposed.

When presenting the results of high-resolution Navier–Stokes simulations and lab-
oratory measurements of nonlinear regime fluid flow in a natural sandstone fracture,
Zimmerman et al. [66] recommended (for engineering purposes) the definition of a “criti-
cal” value of Re at which the non-Darcy pressure drop contributes, say, 10% of the total
pressure drop (this was not considered in this study). They found that this critical Reynolds
number decreases with increasing fracture roughness.

In order to perform a dimensionless analysis of the sample length effect on air flow
behaviour, a Reynolds number based on the nominal salt grain diameter DC (as a char-
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acteristic length) was calculated by Equation (1), and values are presented in Table 6. A
dimensionless number NCLD is defined by Equation (13), where NCL and NCD are the
number of cells by sample length and the number of cells by sample diameter, respectively.
This number linked external macroscale properties and internal microscale properties of
the ESR samples. The Reynolds number based on the salt grain diameter represents fluid
flow information. Lower and upper limits of the Reynolds number are calculated using the
lower and upper values of superficial velocity of each regime.

Table 6. Air flow regime boundaries of ESR foams.

Re Lower Limit Re Upper Limit

Sample Transition D–F Forchheimer Transition F–T Turbulent Transition D–F Forchheimer Transition F–T Turbulent

ZkS25 D / 209.24 889.48 1502.79 185.42 847.35 1395.07 /

ZkS35 D / 0 244.48 602.00 - 220.82 542.93 /

ZkS35 T / 73.59 156.36 191.86 61.74 144.56 168.15 /

ZkS40 D / 216.24 954.68 1973.65 189.27 889.61 1836.3 /

ZkS45 T / 85.87 543.98 1304.24 55.22 501.36 1231.52 /

Figure 8 clearly shows that the lower and upper limits of the Reynolds number of
each regime, from weak inertia (transition D–F) to turbulent flow, are greatly influenced by
the dimensions of foam samples. They were very scattered when there were a few cells
by length of sample in the airflow direction (ZkS35D vs. ZkS35T). For samples with the
same porosity (ZkS35T vs. ZkS45T), the scatter was less when the foam had the highest
NCLD ratio. This means that less time was spent to reach the turbulent regime when the
foam length was greater than two-thirds of the NCLD. This is because each air flow regime
needs a necessary length to be established simultaneously with other regimes. Although
they had high porosity, foams in the form of a disc had a lower NCLD and presented the
highest scatter in Reynolds limits because each regimes needs more time to be established
along the disc foam, which means that more energy is spent reaching it.

Water 2023, 15, x FOR PEER REVIEW 22 of 26 
 

 

 
Figure 8. dimensionless analysis of the effect of sample length on airflow limits using the number 
of cells per length normalised by the number of cells per sample diameter (NCLD). It is clear that 
each extension of the regime is deeply influenced by the length of the sample. 

It was noticed that for the thinnest disc ESR sample (ZkS35D), which had a low 
NCLD ratio, the weak inertia regime (transition D-F) disappeared, which might need 
more precise equipment to detect it. In the ZkS45T, the number of cells in sample length 
and sample diameter were equal, but this does not mean that the scatter of regimes is 
unimportant. To summarize, if ESR foams were used in air flow transport, the choice of 
sample length depends on the energy and time intended to be consumed to reach the 
desired regime. 

4.7. Qualitative description of the ESR foams 
The cell size considered in this study is the salt grain size determined by sieving. It is 

a qualitatively appropriate length scale for studying flow properties mainly because at the 
mesoscale level, it appears that after salt removal, the cell was a replica of the salt grain, 
and sieved salt gave uniform cuboid grains as demonstrated in Figure 9a,b. The pore di-
ameter dp used by some researchers was not considered because of the confusing defini-
tion of the pore; it is defined sometimes as the cell diameter and sometimes as the window 
diameter [67]. 

 
Figure 9. (a) Photography of the salt used in the ESR process: the particle had an irregular cuboid 
form. (b) SEI image magnification by JOEL JSM-6360 of cuboid cell shape replicas of the salt grain 
used and the interconnection windows of ESR foam from [12]. In this study, the nominal cell diam-
eter (DC) considered was the diameter of the internal sphere surrounding the cuboid cell and having 
the same salt grain circumscribing sphere diameter determined by sieving. 

The strut shape is supposed to be visibly uniform, filled, and closed, which means 
that open porosity equals the total calculated porosity given in Table 1. 

Figure 8. Dimensionless analysis of the effect of sample length on airflow limits using the number of
cells per length normalised by the number of cells per sample diameter (NCLD). It is clear that each
extension of the regime is deeply influenced by the length of the sample.

It was noticed that for the thinnest disc ESR sample (ZkS35D), which had a low NCLD
ratio, the weak inertia regime (transition D-F) disappeared, which might need more precise
equipment to detect it. In the ZkS45T, the number of cells in sample length and sample
diameter were equal, but this does not mean that the scatter of regimes is unimportant.
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To summarize, if ESR foams were used in air flow transport, the choice of sample length
depends on the energy and time intended to be consumed to reach the desired regime.

4.7. Qualitative description of the ESR foams

The cell size considered in this study is the salt grain size determined by sieving. It
is a qualitatively appropriate length scale for studying flow properties mainly because
at the mesoscale level, it appears that after salt removal, the cell was a replica of the salt
grain, and sieved salt gave uniform cuboid grains as demonstrated in Figure 9a,b. The
pore diameter dp used by some researchers was not considered because of the confusing
definition of the pore; it is defined sometimes as the cell diameter and sometimes as the
window diameter [67].

Water 2023, 15, x FOR PEER REVIEW 22 of 26 
 

 

 
Figure 8. dimensionless analysis of the effect of sample length on airflow limits using the number 
of cells per length normalised by the number of cells per sample diameter (NCLD). It is clear that 
each extension of the regime is deeply influenced by the length of the sample. 

It was noticed that for the thinnest disc ESR sample (ZkS35D), which had a low 
NCLD ratio, the weak inertia regime (transition D-F) disappeared, which might need 
more precise equipment to detect it. In the ZkS45T, the number of cells in sample length 
and sample diameter were equal, but this does not mean that the scatter of regimes is 
unimportant. To summarize, if ESR foams were used in air flow transport, the choice of 
sample length depends on the energy and time intended to be consumed to reach the 
desired regime. 

4.7. Qualitative description of the ESR foams 
The cell size considered in this study is the salt grain size determined by sieving. It is 

a qualitatively appropriate length scale for studying flow properties mainly because at the 
mesoscale level, it appears that after salt removal, the cell was a replica of the salt grain, 
and sieved salt gave uniform cuboid grains as demonstrated in Figure 9a,b. The pore di-
ameter dp used by some researchers was not considered because of the confusing defini-
tion of the pore; it is defined sometimes as the cell diameter and sometimes as the window 
diameter [67]. 

 
Figure 9. (a) Photography of the salt used in the ESR process: the particle had an irregular cuboid 
form. (b) SEI image magnification by JOEL JSM-6360 of cuboid cell shape replicas of the salt grain 
used and the interconnection windows of ESR foam from [12]. In this study, the nominal cell diam-
eter (DC) considered was the diameter of the internal sphere surrounding the cuboid cell and having 
the same salt grain circumscribing sphere diameter determined by sieving. 

The strut shape is supposed to be visibly uniform, filled, and closed, which means 
that open porosity equals the total calculated porosity given in Table 1. 

Figure 9. (a) Photography of the salt used in the ESR process: the particle had an irregular cuboid
form. (b) SEI image magnification by JOEL JSM-6360 of cuboid cell shape replicas of the salt grain
used and the interconnection windows of ESR foam from [12]. In this study, the nominal cell diameter
(DC) considered was the diameter of the internal sphere surrounding the cuboid cell and having the
same salt grain circumscribing sphere diameter determined by sieving.

The strut shape is supposed to be visibly uniform, filled, and closed, which means that
open porosity equals the total calculated porosity given in Table 1.

All the concerns of this study are about the general form of the air flow through the
ESR foams, which needs information on the cell dimension and shape. As mentioned
previously, full cubic permeability, as a deterministic property for ESR foams, is influenced
by the porosity and nominal cell diameter as Figure 10 demonstrates and as is fitted by
Equation (17)

KFC = 26263DC
2ε42 (17)
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The irregular cuboid shape of the salt grain used in the ESR foam was the origin of the
special cell form of ESR foams leading to an anisotropic ordered porous media. This can
explain the macroscopic turbulence of air flow because of the many dead zones present in
the corner of each cubic cell causing kinetic energy loss starting at earlier regimes.

During this research, we became firmly convinced that experimental characterization
is essential each time a new foam appears because of its unique morphological structure.
We believe that temptations to derive new correlations taking into account both viscous
and inertial regimes could encompass different morphological parameters on a common
basis. This could also be valid for different sets of foam structures having different strut
cross sections over a wide range of Reynolds numbers, but this will be a very complicated
task, as demonstrated by the sheer volume of this study.

5. Conclusions

This study reported an accurate global and local evaluation of the air flow character-
istics through samples of 60% porosity zinc foams fabricated with a new method named
the excess salt replication process (ESR Process). The qualitative analysis of the experi-
mental data on pressure drop of the air flow in a non-Darcy regime through these cellular
materials revealed an anisotropic periodic ordered structure responsible for their strong
inertial behaviour, and the following conclusions were obtained. The ESR process, based
on the space holder method, proved to be an efficient and low-cost way to produce porous
metals with controllable cell size and shape. The macroscopic behaviour of airflow through
these foams revealed an inertial non-laminar trend influenced by strong transitional local
regimes which were delimited by the slope changes method of reduced pressure drop
curves as a function of surface velocity. The full cubic law best described the flow of fluid
through these foams compared to the cubic law and the Forchheimer equation. The ESR
foams’ permeability can be classified between that of the highly porous medium and that
of traditional porous media (packed beds of grains). The permeability and the Forchheimer
coefficients were different in every fluid regime type. An empirical correlation predicting
ESR foam full cubic permeability using cell diameter and sample porosity was fitted. A
well-defined fluid dynamics exploration procedure applied to each new porous material
is necessary.
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