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Abstract We present an analytical model capable of pre-
dicting permeability for isotropic and fully saturated
micro-open-cell metal foam with surface modified by
micro-rods (30-50 pwm). The analytical model is based on
the pore-scale volume-averaging approach and the assump-
tion of piece-wise plane Poiseuille flow with the recon-
structed three-dimensional cubic unit cell having cylindri-
cal micro-rods synthesized on the cell walls. Both of the
metal foam structure and the randomly distributed micro-
rods are assumed to be periodic. The proposed model
includes both the macroscopic and microscopic param-
eters that characterize the metal foam as well as the micro-
roughness. The effects of micro-rod radius, height and
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interval on permeability and tortuosity are examined. To
validate the present analytical model, experimental results
are employed and good agreement is found. Results dem-
onstrate that the micro-rods synthesized on the cell walls
significantly decrease the permeability of the micro-foam.
The increase in micro-rod radius/height or decrease in rod
interval makes the metal foam surface rougher and thus
decreases the foam permeability.
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1 Introduction

With ultra-low density, high surface area to volume ratio,
relatively low cost, and especially fluid mixing ability, high
porosity open-cell metal foams are attractive for a variety
of engineering applications such as porous catalyst (Burke
et al. 2013; He et al. 2011), chemical engineering (von
Rickenbach et al. 2014), microelectronics cooling (Lu et al.
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1998), fuel cells (Kumar and Reddy 2003; Tawfik et al.
2007), petroleum engineering (Cai et al. 2012), gasification
(Lefebvre et al. 2008), refrigeration (Yang et al. 2016) and
biomedical applications (Zhang 2011). Permeability is one
of the key parameters describing fluid transport phenomena
for porous media and is also one of the designing consider-
ations for those applications (Bacchin et al. 2014; Liu et al.
2016; Lv et al. 2014). In contrast to conventional porous
media (e.g., packed beds) for enhancing fluid—solid contact
(Saini et al. 2015) (Sen et al. 2012), the extremely large
surface area within unit volume (namely specific area) with
low pressure drop is more effective in intensification of
hydrodynamic interactions between fluid and solid phases
(Edouard et al. 2008; Galindo-Rosales et al. 2012; Lacroix
et al. 2007). It is expected to have a better performance
with a higher specific area. Recently, Ren et al. (2013) fur-
ther enlarged the specific area of aluminum foam through
synthesis of ZnO micro-rods (30 pm) on the foam surface
walls. They experimentally found that both the flow resist-
ance and sound absorption coefficient were significantly
increased. At present, however, the physical insight into the
fluid transport in porous metal foams with surface micro-
roughness and analytical model for the key parameter—
permeability for describing fluid transport phenomena have
not been investigated in the open literature. The present
study therefore aims to address this issue through theoreti-
cal analysis at micro-pore scale.

Microstructures of porous media significantly affect
the fluid transport phenomena and transport properties,
e.g., permeability (Keh and Hsu 2009; Mu et al. 2008;
Straughan and Harfash 2013). To investigate the mass
transfer and model transport process, two kinds of theoreti-
cal approaches have been developed. One is fractal analy-
sis. This approach treats porous media as self-consistent
and assumes that their geometrical characteristics, e.g.,
pore size distribution follow the fractal scaling laws. This
kind of porous media are commonly called fractal porous
media. The complicated flow paths are also assumed to be
bundles of tortuous capillaries. By determining the fractal
dimensions for size distributions of capillaries and flow
tortuosity, the permeability of porous media can be read-
ily achieved. Prof. Yu’s research group (Cai et al. 2010a,
b, 2015; Cai and Yu 2010; Yang et al. 2015; Yu 2008; Yu
and Cheng 2002; Yu et al. 2002) has concentrated on the
fractal analysis for transport properties over 20 years, and
they have contributed significantly to the development in
this area. They systematically characterized porous media
in deriving theoretical models of fractal dimension for pore
volume (Yu and Li 2004) and pore size (Cai and Yu 2010;
Yu and Cheng 2002) in porous media with complicated
structures. Based on the theoretical analysis for character-
izing fractal porous media, fractal permeability model (Yu
and Cheng 2002; Yu et al. 2002) was rigorously derived and
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has been shown to be valid not only for particle-like porous
media but also for fibrous media. More detailed work can
be referred to the critical summaries in merit of basic con-
cepts and the advances in fluid transport in fractal porous
media (Cai et al. 2015; Yu 2008).

The other approach assumes that the pore microstruc-
tures of real porous media are periodic. There is a unit
cell that is microscopically large enough to possess all
the topological and morphological characteristics that the
bulk porous medium has; and the flow features in pore
scale can represent macroscopic flow condition (Shou et al.
2014; Yang et al. 2013a, b). Poiseuille and Stokes flows are
commonly assumed at pore scale, and volume-averaging
is applied on the inner pore surfaces within a simple geo-
metrical unit cell to solve the pore-scale Navier—Stokes
equations.

Depois and Mortensen (Despois and Mortensen 2005)
took packed spheres to represent the microstructure of
open-cell metal foam. They derived an analytical model for
predicting permeability of an open-cell aluminum foam on
the geometrical basis of packed beds. Although the model
predictions showed good agreement with experimental
results for foam permeability, their assumed microstructure
(packed spheres) for porous foam seems far from that of
the real topological structure of aluminum foam and the
transport physics between the two porous media are sig-
nificantly different. A more appropriate geometrical model
was developed by Du Plessis and his co-workers (Du Ples-
sis et al. 1994, 2010; Du Plessis and Masliyah 1988; Du
Plessis and Woudberg 2008; Fourie and Du Plessis 2002)
and continuous investigations on the cubic geometry have
been conducted. Volume-averaged Navier—Stokes equa-
tions were solved within the cubic unit cell, based on the
assumed Poiseuille flow on the cubic surface. Their model
showed satisfactory predictions for permeability of open-
cell metal foam only in the high porosity range (0.973—
0.978). Over-predicted results for permeability were found
in a larger range of porosity (0.90-0.97), and this was attrib-
uted to the lack of node sizes at the ligaments intersection,
which was thought to increase the flow tortuosity. Bhat-
tacharya et al. (2002) further modified and characterized
the cubic geometry unit cell based on the measured micro-
structural parameters of the real metal foam. An empirical
correlation for microstructural parameters (node size) was
introduced to modify the flow tortuosity within the cubic
unit cell. Their model predictions on the foam permeabil-
ity and inertial coefficient were in quite good agreement
with their experimental results. However, Ahmed et al.
(2011) found that the model for tortuosity increased with
foam porosity, which agreed poorly with experimental data.
Through further modification and extension, their attempts
were successfully in predicting permeability of open-cell
metal foams. Besides, the classical Kozeny-Carmen model
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originated for predicting the permeability of packed beds
was also employed to estimate fluid transport in open-cell
metal foams through modifications and extensions (Dukhan
2006; Hooman and Dukhan 2013; Lacroix et al. 2007). The
empirical constants in Kozeny-Carmen’s model were fitted
through experimental results.

Among the above-mentioned theoretical models, lit-
tle effort has been made to include surface micro-rough-
ness. To our best knowledge, only recent studies by Yu’
group (Cai et al. 2010a; Yang et al. 2015) considered the
micro-roughness effect on fluid transport in porous media.
Cai et al. (2010a) systematically characterized the degree
of roughness or disorder of particle surface for roughed
particles in porous media. A fractal dimension for rough-
ness height (RH) was introduced and was later exploited
by Yang et al. (2015) to develop the permeability model
for porous media with roughed surface. They developed
a fractal model for predicting the permeability of mono-
and bi-dispersed porous media with roughed surfaces, and
their model showed good agreement with experimental
results. Although these theoretical works cannot be directly
employed to model fluid transport in open-cell metal foam
with surface micro-roughness (due to the topological differ-
ence between mono-/bi-dispersed porous media and open-
cell metal foam), these investigations significantly advance
the development of fluid transport in porous media and
their concepts. In this work, a theoretical model for predict-
ing the permeability of open-cell metal foam with surface
micro-roughness is developed, which is based on the ideal-
ized microstructure—cubic unit cell with micro-cylindrical
rods on the surface. For validation, model predictions for
permeability are compared with experimental results. The
effects of length, radius and distribution density of micro-
rods grown on the foam inner surface upon permeability
are also discussed.

2 Model developments

2.1 Fluid flow in a representative unit cell
of micro-foam with smooth surface

The notoriously complicated microstructures of open-cell
metal foam deteriorate the theoretical analysis of fluid
transport in the precise microstructure. It is recognized that
the periodical distributions of cubic unit cells (see Fig. 1)
can provide satisfactory description of metal foam micro-
structure and corresponding fluid transport in open-cell
metal foams (Ahmed et al. 2011; Bhattacharya et al. 2002;
Du Plessis and Masliyah 1988; Du Plessis and Woudberg
2008; Du Plessis et al. 1994; Fourie and Du Plessis 2002;
Yang et al. 2014). Therefore, an idealized cubic unit cell
(UC) shown in Fig. 1 is selected to represent real foam

Sp= d])2

Fig. 1 Open-cell Al foams modeled with a cubic unit cell for deriv-
ing permeability model

microstructure and theoretical analysis is performed based
on the cubic UC.

Rigorously speaking, there exists velocity distribution
at micro-pore scale for open-cell metal foam and it has
a notoriously complicated mathematical expression. Even
if the simplified cubic UC is employed, the explicitly
mathematical expression for this velocity distribution is
still too difficult to derive. Commonly, volume-averaging
within a representative UC is performed and representa-
tive mean velocity—volume-averaged (v)s is chosen. The
volumetric flow rate through the present UC with a cross-
sectional area S, can be separately calculated as v,S,, and
(v)sz. Hence, the average pore velocity v, takes:

VpSp = <")fL2 (D

where v, is the average pore velocity in a longitudinally
oriented pore, L and S, are, respectively, the length and
pore window area of the cubic UC. It was suggested (Du
Plessis et al. 1994; Fourie and Du Plessis 2002) that the
flow tortuosity within a UC is defined as the ratio of total
winding path to the length of the UC. With the total wind-

ing path expressed as L, = V;/S), the tortuosity becomes,

_Le_Vi/S _ ¢V _ 9L

L L SL S,

(@)

where y is the flow tortuosity within a UC, ¢ denotes the
void fraction (porosity) for a UC, L, and L are, respec-
tively, the total winding path and the length of the cubic
UC, V; and V, are the volume for the saturating fluid
and for the total cubic UC, respectively, and S, denotes

@ Springer



32 Pagedofll

Microfluid Nanofluid (2017) 21:32

the open-pore area (pore window size). Substitution of
Eq. (2) into Eq. (1) yields

vp = Mf% (3)

Du Plessis et al. (1994) and Fourie and Du Plessis (2002)
analyzed the topological features of the cubic UC and
employed the pore-scale volumetric averaging theory to
analyze the fluid flow behavior in the representative cubic
UC for open-cell metal foams with high porosity. They pro-
posed an analytical expression between the volume-aver-
aged pressure gradient of fluid flow through a cubic UC and
the corresponding viscous shear factor, expressed as:

Vip) = f 4)

where (p); and (v) are the volume-averaged pressure and
velocity, ¢ is the foam porosity, f is the viscous shear
factor. For the low Reynolds number range, namely
the Darcy flow regime, the viscous shear factor can be
approximated as the drag force (f,) in a UC (see Fig. 1)
with a frontal area L? and a depth L (Du Plessis et al.
1994; Fourie and Du Plessis 2002):

@L3.
¢

As suggested by White and Corfield (2006), the drag
force can be written as a function of friction coefficient,
expressed as:

fv=—¢V 4)

B CD,vaV,%sz
. 2
where Cp, , is the friction coefficient, o is the fluid density, and
S,rdenotes the wetted surface area of the cubic UC in Fig. 1.
Substituting Egs. (3), (5) and (6) into Eq. (4), we get the
drag force as:

(6)

_ XSy
= 2M ¢2 I3 Dy
It is assumed that the drag force equals to the viscous shear

factor within the cubic UC (Du Plessis et al. 1994; Fourie and
Du Plessis 2002), namely Eq. (7) equals to Eq. (4), resulting to

£ v}y (7)

v<p)f _ /OfXZSSf
® - 2¢3L3

Cp.(v); ®)

For the friction coefficient, Du Plessis and his coworkers
(Du Plessis et al. 1994; Fourie and Du Plessis 2002) linked
the hydrodynamic stresses at the solid—fluid interface of
the UC to the plane Poiseuille flow at a mean pore velocity.
Then, the friction coefficient can be expressed as:

Cp = 12u¢ ©
N Prvpdp
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where d, is the equivalent diameter of the UC window and
it is defined as dZ =S5,

Combining Eqgs. (8-9) and Darcy’s law for the pressure
drop in a volume-averaged form gives

V(P)f _ M(V)f

¢ — oK (10)

Therefore, an analytical expression for the viscous per-
meability (K) can be obtained:
K ¢d,L
L2 - 6 X SS. / an

where the foam porosity ¢ and pore size L are usually pro-
vided by the manufacturer, the flow tortuosity yx, the equiv-
alent diameter d,, and the wetted surface area S, can be cal-
culated according to the topological characteristics of the
cubic unit cell.

2.2 Description of micro-foam surface morphology

Open-cell metallic foams have porous cellular structure
consisting of inner-connected pores and fibers-made skel-
eton, as shown in Fig. 2a. The inner-connected aluminum
ligaments join together, and there forms a joint that has a
bigger size than the ligament thickness, namely node. Fig-
ure 2b depicts the SEM image of a single ligament out of
the whole metal foam sample. It can be observed that the
ligament has a prism shape, and its surface is not abso-
lutely smooth, namely there exists some micro-tubers on
the ligament surface. This is mainly due to the fabrication
routine of direct foaming, during which the foaming gas in
the molten slurry moves freely, forming eventually inner-
connected porous matrix (Weaire and Hutzler 2001). The
micro-tubers on the ligament surface are formed due to the
sudden cooling as the gas escapes from the molten slurry.

Compared with the original metal foam surfaces, the
ligament surfaces are all covered with ZnO micro-rods
(see Fig. 2c) synthesized by the hydrothermal method
(Ren et al. 2013). It is obvious that the ligament surface
is much rougher than that of the original metal foam. The
micro-rods with a hexagonal cross section, a side length of
2.5 pm and the height of around 30 pwm are densely distrib-
uted and are in disordered pattern.

To model the fluid transport in such kind of porous
media with surface micro-roughness, the original cubic
UC (Fig. 1) needs to be modified. In the present study,
the micro-roughness is treated by micro-cylindrical rods
with a height of & and radius of r for simplicity. The peri-
odically distributed micro-cylindrical rods are added on the
inner surface of the solid ligaments and spherical nodes.
As shown in Fig. 3a, a cubic UC consisting of twelve lig-
aments (identical length L and ligament radius B) with a
spherical node (diameter is A) at the joint is employed as
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Fig. 2 Open-cell Al foams samples: a image of Al foam without surface micro-roughness (original metal foam); b SEM image for the ligament
of the original metal foam; ¢ SEM image for the ligament covered with micro-rods (Ren et al. 2013)

Fig. 3 Modified cubic UC
accounting for the surface
micro-roughness: a 3D unit cell;
b top view. Micro-cylinders

in periodic arrangement are
selected to represent the real
micro-rods in disordered distri-
bution

the topological basis for modeling fluid transport in metal
foam. It should be noted here that the micro-roughness in
metal foam specimen (Fig. 2¢) is densely packed on the
surface, while the micro-cylindrical rods are loosely packed
for the cubic UC; this is mainly to show clearly the distri-
bution pattern and qualitatively geometrical characteriza-
tion for the micro-rods.

2.3 Unit cell characterization

The present permeability model (Eq. 11) requires charac-
terizing the cubic UC with surface micro-roughness. The
following sections introduce the quantifications of the spe-
cific area, window size, tortuosity and porosity for metal
foam. Given the topological nature of the cubic UC, the
structure is divided in three parts: nodes, cylindrical liga-
ments and the surface micro-rods.

I}

—
=
=1—,
—
—

S
1 O O 1 l'l/

\

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂl

There are eight nodes in the cubic UC, and each has a
superficial area of 0.57 A% Hence, the total superficial area
inside the UC is 4A2. Considering the fact that there are
some areas covered by the ligaments (joint part), the cov-
ered area (Scovered) Should be subtracted. The covered area,
spherical crown in Math, can be determined by

Scovered = 12TA(A — v A? — Bz) (12)
where A and B are, respectively, the radius of the node
and cylindrical ligament and the node size A is typically
1.5 times of the ligament size B. The superficial area with
smooth surface is

Snode = Ssphere — Scovered = 4A%m — 121AA — VA? — B?) 3
(13)

There are twelve ligaments in the UC, and each one is
a 1/4 cylinder with the length of (L — (2+/A2 — B2)). So
we have,

@ Springer
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Sligament =6(L — 2V A? — B?))Bn (14)

For characterizing the micro-rods, we introduce a new
parameter, distribution density o that is defined as the
number of micro-rods within unit area, equaling to d—2
(d is the interval of the micro-rods (see Fig. 3b). Then,
the total micro-rods can be readily quantified by wSsmooth
in the cubic UC. Each micro-cylinder has a superficial
area of 2whr. So we have the increased superficial area
by micro-rods as

Sroughness = 2hrm wSsmooth (15)

where S, .. denotes the total superficial area within a
UC without micro-roughness and it can be quantified by

Ssmooth = Snode + Sligament = 4A27T - 127TA(A -V AZ — Bz)

+ 6B (L — 2\/ A2 — B?) (16)

Then, the total superficial area that a cubic UC has can
be obtained as

Saf = Shode + Sligamem + Sroughness =4A%7 — 12rAA — v A? — Bz)
+ 6B (L — 27/ A2 — B2) 4 2hrm oSsmooth 17

Now, we are going to derive an expression for the
equivalent pore diameter d, of the cubic UC. Figure 3b
depicts the top view of the cubic UC; the window size
can be calculated through the subtraction of node, liga-
ment as well as the micro-rods. To distinguish the super-
ficial area with the lateral area, here we use the symbol
“T” to represent the lateral area. The area for the small
node T4 in gray color takes the form as

ode
Toode = 4(1A2<Z ~ 2 arcsin (E)) - (VB _B>B)
2 2 A
(18)
For the ligament area in a lateral surface, we have
Tligament =4LB — 432 (19)

As mentioned above, @ denotes the number of micro-
rods within a unit area; here, we use /o to quantify the
linear distribution density of the micro-rods. The perim-
eter of a lateral window is

B
C=4 (L —2VA? — B2) +4A (Z — 2 arcsin A) (20)

Therefore the total area that the micro-rods have
can be obtained as a function of the linear distribution
density,

Trough = C/@ - 2rh

:48<<L—2 W) +A<% —Zafcsifé))ﬂ”’ @1
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Summation of these areas yields the lateral area for a
cubic UC,

T = Thode + Tligament + Trough
2 2 T (B
=4LB —4B° +2A°( — — 2arcsin | —
2 A
——ZB(\/AZ——BZ—-B)
B
+ 4\/67)}“/’[((14 —2VA2 — Bz> +A(% — 2arcsin X))

(22)
and then the equivalent pore diameter d, can be readily
determined through the following equation

dy=+/Sy=VL2-T (23)

The characteristic elements (cube) have eight vertexes,
twelve edges and six surfaces. The following calculations
will be performed separately for the nodes at the ver-
texes, the ligaments at the edges and the roughness dis-
tributed on the surface of the inside surface to determine
the porosity of the current cubic cell. We take the divi-
sion strategy of summation of the entire node, the irregu-
lar part (in red of Fig. 3b) and the straight ligament. The
volume of the entire node can be readily obtained via the
volume formula of the sphere as,

4 3
Vsmooth-node = §A T 24)

There are twelve straight cylindrical ligaments in a
cubic UC, and each has the length of (L — 2A). The total
volume of these ligaments is calculated by

Vitraight cylinder = 3(L — ZA)B27T (25)

The volume of the irregular area (in red of Fig. 3b) can
be obtained by integration,

Vimegular = 6 /;m [(an) - (A2 _ yz)n} dy  (26)

For the micro-rods, each has a volume of whr?. With
the total number the micro-cylinder Sw, we have their
total volume

Viough - roughness = S@ X hr 27

Summation of each volume for solid phase in the cur-
rent cubic UC then yields

4 3 2 2
Violid = §A 7 + Swhr“m + (3L — 6A)B 7

2., 2 1
+6[(an(A —az— BZ)) - n<§A3 - AN B - SBR 732)}

(28)
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and now the porosity can be obtained

Vsolid
Vi

¢ = (29)
where the total volume of the cubic UC V, equals to L°.

Hereto, all the parameters required for calculating the
foam permeability are provided. Substitution of Egs. (2),
(16), (17), (22), (23), (28), (29) into Eq. (11) yields the
final expression for the permeability of open-cell metal
foam with surface micro-roughness. Due to the very
complicated expression for the permeability, the final
mathematical formula is not explicitly presented here. Its
value and variation with microstructural parameters will
be discussed in the following sections.

3 Results and discussion
3.1 Model validation

To validate the present analytical model, experimental
results are employed for comparison. Table 1 shows the

detailed parameters for the specimens and their perme-
ability comparison between the model prediction and the
experimental measurements. Before surface modification,
the four specimens have the same porosity of 0.92 and dif-
ferent pore diameters of 1 and 2.5 mm. After surface modi-
fication, the four specimens can be categorized into two
groups: one is metal foam with surface covered by ZnO
micro-rods (see Fig. 2¢) and the other is that covered by
Co;0, micro-rods (see Fig. 4). ZnO micro-rod looks like
prism with hexagonal cross-sectional shape. The height
of ZnO micro-rod is about 30 wm, and the side length is
about 2.5 wm (Ren et al. 2013). Recalling that the micro-
cylindrical shape was assumed in the model development;
therefore, an equivalent circular radius of 4.77 pm was
employed to calculate the metal foam permeability. Co;0,
micro-rod has a needle-like shape with a radius of 5 pm,
and its height is varied from 30-50 wm with processing
time (2-10 h). This can be verified from the SEM images
for Co;0, micro-rods after processed by 2, 6 and 10 h.

For open-cell Al foams with surface covered by micro-
rods (ZnO or Co;0,), Table 1 compares the analytically
predicted permeability using the present model with the

Table 1 Comparison of

. - Foam sample ¢ L(mm) r(um) h(um) K (pred) m? K (expt) (mz) Relative error (%)
predicted permeability of
OPefn'Ci“ mﬁtal foam (foui%hed ZnO micro-rods 092 1 477 30 802x 107 7.99x 107 033
surface) with experimenta 9 9
measurements (Ren et al. 2013, Co;0,(2h) 092 25 5 30 9.58 x 10 8.82 x 10 8.67
2014) C0,0, (6 h) 092 25 5 40 692 x 107 661 x 107° 475
Co;0, (10 h) 092 25 5 50 538x 107 583 x107° 7.73

(a)

Co,0,(2h)

(b)

C0,0,(6h)
g

Fig. 4 Open-cell metal foams with superficially grown Co;0, micro-rods under different growing time: a2 h; b 6 h; ¢ 10 h (Ren et al. 2014)

@ Springer
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experimental data from the open literature (Ren et al. 2013,
2014). It shows that the analytical model predicts accurately
the permeability for the metal foams with surface covered
with micro-rods, where the root-mean-square (RMS) devia-
tions from the experimental data are within 9% for using
ZnO or Co;0, as the micro-roughness. The permeability of
the metal foam with micro-Co;0, (2 h) is a little bit higher
than that with micro-ZnO rods, due mainly to the bigger pore
diameter for the metal foam with ZnO micro-roughness (see
Table 1). Besides, for the three samples processed by Co;0,,
a decreasing trend is observed as increasing rod height. For
instance, the permeability is decreased by 43.89% when the
processing time is increased from 2 to 10 h.

3.2 Dependence of permeability on porosity

Figure Sa—c separately shows the dependence of permeabil-
ity on the metal foam porosity with different micro-parame-
ters (radius, height and interval). It was reported that the typ-
ical porosity of engineering-utilized open-cell metal foams
ranges from 0.88 to 0.99. Therefore, the same metal foam
porosity is selected for investigation. For all the three groups
(Fig. 5a—) of data, the fixed pore diameter (L = 1) before
surface modification is assumed. As can be observed in
Fig. 5a—c, the permeability (in dimensionless form) of open-
cell metal foams with/without surface micro-rods is mono-
tonically increased with metal foam porosity. For instance,
as porosity is increased from 0.90 to 0.98, an increment ratio
of 3.45 is observed for the metal foam without micro-rough-
ness and 4.04 is obtained for that with micro-rods having a
radius of 5 pm, a height of 30 wm and an interval of 13 pm.
It may be explained as follows. It is easier for convective
flow to travel in porous media having larger pores for a given
porosity, leading to higher porosity (for a given pore size). It
is intuitive that with the porosity increased while maintaining
pore size, the ligaments constructing the pore structure, are
thinned, thereby reducing flow resistance and tortuosity. As a
result, a higher permeability value exists.

For a given porosity, the involvement of surface micro-
roughness significantly reduces the metal foam permeabil-
ity. Figure 5a depicts the metal foam permeability versus
foam porosity as given micro-rod height of 30 pum and
interval of 13 pm at different micro-radii. With increas-
ing the rod radius from 1 to 5 pwm as shown in Fig. 5a, the
permeability is further reduced. For example, for a selected
porosity of 0.94, the reduction ratio of permeability is var-
ied from 53.66 to 84.03%. This reduction in metal foam
permeability is mainly due to the increased flow tortuosity
caused by the increased rod radius. The bigger the micro-
rod, the higher extent of tortuosity the flow will be. As a
result, the bigger the micro-rod, the lower the foam per-
meability will be. Figure 5b demonstrates the metal foam
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Fig. 5 Porosity dependence of permeability of open-cell Al foams:
effect of micro-rod parameters on a rod radius; b rod height; ¢ rod
interval (distribution density)

permeability versus foam porosity with given micro-rod
radius of 5 um and interval of 13 pwm at different micro-
heights. Similar trend is observed as changing rod radius
for a given porosity when increasing micro-rod height
from 10 to 30 wm. As for the effect of micro-rod interval,
as shown in Fig. 5c the smaller the interval, the denser the
rods are distributed. Thus, the lower the foam permeability
will be.

3.3 Effect of micro-rod height-to-radius ratio

In this section, the effect of micro-rod height-to-radius ratio
on the macroscopically geometrical parameters (specific
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Fig. 6 Effect of micro-rod height-to-radius ratio on permeability and
tortuosity for open-cell metal foam with a porosity of 0.90, a pore
diameter of 1 mm and an interval of 13 wm for micro-rods

area) and flow features (flow tortuosity and permeability)
will be investigated.

Figure 6 depicts the permeability as a function of micro-
rod height-to-radius ratio. The metal foam has a porosity of
0.90, a pore diameter of 1 mm and an interval of 13 pm for
micro-rods. To examine the influence of micro-rod height-
to-radius ratio upon foam permeability, the volume for the
total number of micro-rods is assumed to be constant. Upon
the constant volume for a single rod, change in height-to-
radius ratio will change the shape of the micro-rod; i.e.,
a lower ratio refers to a short and thick cylinder (namely
thickset) and a higher one denotes a long and thin cylin-
der (namely slender). The permeability is monotonically
decreased with the increase in height-to-radius ratio, and
the value arrives at the one for metal foam without micro-
roughness as h/r is approaching to zero, as shown in Fig. 6.
This indicates that the slender rod has a more significant
contribution to reducing the permeability than the thickset
one. The decreased permeability may be explained that as
the height-to-radius ratio increases, the micro-rods become
higher, leading to a smaller equivalent pore diameter. The
smaller the equivalent pore diameter, the lower permeabil-
ity the metal foam has. Furthermore, from the flow condi-
tion point of view, a bigger height-to-radius ratio causes the
surface rougher and thus increases the flow tortuosity (see
Fig. 6 the red line), consequently leading to the reduced
permeability.

Although the influences of microscopic parameters of
micro-rods on metal foam permeability are discussed, a
macroscopic parameter that can unify and represent the
micro-features for porous media is needed. Specific area
is the macroscopic parameter that can characterize the
micro-scale porous media and is widely used in engineer-
ing applications. Figure 7a shows an increasing trend for
the specific area as a function of micro-rod height-to-radius
ratio. For a given volume of micro-rods, it can be seen
that the case with slender rods has a much higher specific
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Fig.7 a Specific area as a function of micro-rod height-to-radius
ratio; b the effect of specific area on metal foam permeability. Note
that the metal foam has a porosity of 0.90, a pore diameter of 1 mm
and an interval of 13 wm for micro-rods

area than that with thickset ones. For instance, the specific
area is increased by 17.6% as h/r is increased from 1 to 5.
The relation between permeability and specific area for a
porous medium is illustrated in Fig. 7b, where a dramatic
decrease in permeability with the increased specific area
is observed. This is expected since the larger specific area
results in rougher surface, and thus inevitably lowers down
the permeability. The flow tortuosity is increased with spe-
cific area, which can be also the reason why permeability is
decreased with the increased specific area.

4 Conclusions

This study presents an analytical model for predicting the
permeability of open-cell metal foams with surface covered
by micro-roughness. Permeability is analytically expressed
as a function of porosity, pore size, and geometric char-
acteristics of micro-roughness, such as micro-rod radius,
height and interval. Good agreement between the model
predictions and the experimental measurements validates
the present analytical model. It is demonstrated that the
involvement of micro-roughness dramatically reduces
the permeability of metal foam. An 84.03% reduction
in permeability is observed as the micro-rod has a radius
of 5 wm, a height of 30 wm and interval of 13 wm for a

@ Springer
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selected porosity of 0.94. The increase in micro-rod radius/
height or decrease in rod interval contributes significantly
to the decrease in metal foam permeability. Besides, a
higher micro-rod height-to-radius ratio (slender rod) makes
the surface rougher than a lower one (thickset rod), and
thus further reduces the permeability. The characterization
of micro-roughness finally demonstrates that a larger spe-
cific area results in a lower permeability for porous media.
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