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Abstract

Open-cell metal foams hold significant potential as functionally graded porous media for heat transfer
applications such as solar thermal collectors; however, manufacturing constraints often limit the use of
idealized, smoothly graded materials. While multiple uniform-layer foams present a pragmatic alterna-
tive, their thermohydraulic performance across moderate-to-high porosities remains under-researched.
This study evaluates the energy performance of fluid flow through a parallel channel embedded with
step-gradient metal foams. The Finite Element Method (FEM) was utilized to solve the normal-
ized mass, momentum, and energy conservation equations under the Local Thermal Non-Equilibrium
(LTNE) condition, examining constant, double, triple, and linear configurations at average porosities
(¢) of 0.7, 0.8, and 0.9. Fluid dynamically redistributes to maintain a uniform longitudinal pressure
decrease, yielding steep velocity gradients near boundaries and layer interfaces. An analysis of the
non-equilibrium parameter (ANE) justifies the LTNE approach, demonstrating that thermal equilib-
rium is compromised near heated walls and porosity-variation interfaces. Thermally, deliberate foam
stacking steepens near-wall temperature gradients and reduces the plate-to-fluid temperature dif-
ference. Notably, equal-thickness triple-layer configurations (model T2) exhibited an increase in the
Performance Evaluation Criterion (PEC) of approximately 10-11% compared to the constant-porosity
case at ¢ = 0.8 and 0.9. These results suggest that strategically stacked discrete-porosity open-cell
metal foams provide a highly practical approach for optimizing energy performance in convective heat
exchange devices.
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convective heat transfer, performance evaluation criterion
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List of symbols

asy specific surface area (m~1)
Asy area of the solid-fluid interface (m?)
Big channel height Biot number (—)
cp Forchheimer drag coefficient
¢p specific heat at constant pressure (J/kg-K)
h heat transfer coefficient (W/m?2-K)
k thermal conductivity (W/m-K)
K intrinsic permeability (m?)
p intrinsic pressure (Pa)
Pr Prandtl number (—)

q heat flux absorbed by the plate (W/m?)
Rep channel height Reynodls number (—)
T temperature (K)

Ur heat loss transfer coefficient (W/m?2-K)
u longitudinal velocity component (m/s)
v transversal velocity component (m/s)
V representative elemental volume (m?)
p dynamic viscosity of the fluid (Pa-s)

p density (kg/m?)

o phase, either fluid or solid

¢ porosity

1 Introduction

With energy demand projected to increase by
around 1% every year [1] and the supply of fos-
sil fuels and their derivatives being compromised
in times of conflict [2], the need for systems with
higher energy efficiency becomes clearer. Heat dis-
sipation techniques for processes in which heat
flux is less than 100 W/ecm? commonly involve
natural or forced convection of air and water [3].
Applications include, for example, heat removal
in logic chips [4], condensation of refrigerants in
HVAC [5], or heating in solar thermal collectors
[6]. As a consequence, porous media have gained
relevance in recent times, especially open-cell
metal foams [7, 8], due to their high surface-area-
to-volume ratio, high thermal conductivity, low
weight (i.e., high porosity), and non-deformable
structure [1, 9, 10]. Another aspect to consider is
the tortuosity of the medium, defined as the ratio
between the length of the path traveled by a par-
ticle and the direct distance [11], which affects
thermal dispersion due to flow mixing at the pore
scale in the foam, especially at high Reynolds
numbers [12].

These micro-scale interactions are key to
enhancing momentum and energy transfer in

porous media, and specifically metal foams; how-
ever, it is very well established in literature
that a macroscopic effect emerges when applying
this passive method, that is, a pressure gradient
penalty [13, 14]. Although this gradient reduces
for a partially filled channel, the greatest increase
in heat transfer occurs in fully filled flows [9].
Research reports this increase in heat transfer to
be substantial and highly correlated to Reynolds
numbers [15]; thus, these results may cause a bias
to prioritize research on high Reynolds number
cases to obtain even higher Nusselt numbers. In
applications where denser fluids pass through a
porous medium at lower velocities, such as in solar
thermal collectors, the pore Reynolds number may
be in the order of 10* or lower [16, 17], flow charac-
teristics are different from those at high velocities,
hence high Reynolds numbers [18]. To optimize
energy efficiency without increasing pressure gra-
dients, functionally graded metal foams emerged
as a promising alternative [19]. This coincides
with the recommendatinos of Pati et al. [20] to
address the research gap on achieving energy effi-
ciency. Different manufacturing techniques have
been developed to produce graded material, but
those that may produce foams with a smooth
gradient are rather expensive and not readily
available. In some cases, the foams are produced
for very specific needs, such as medical prosthetics
or aerospace applications [21-23].

Given manufacturing limitations, stacked
foams are presented as a feasible and pragmatic
alternative; however, a significant portion of the
research focuses on high-porosity foams, over-
looking the potential benefit that mixing lower-
porosity foams (¢=0.60-0.85) may have [24]. This
observation may be explained by considering that
a denser medium produces a higher pressure
penalty, indicating that researching it may not
be of immediate advantage [25]. Chen et al. [26]
numerically analyzed forced convective cooling,
considering samples of porosity between 0.85 and
0.95. The samples were placed along the main
direction of the flow with some space in between
them for different discrete heat sources; they con-
cluded that the Nusselt number obtained for the
lower porosity cases was larger than that for
the higher porosity. Jadhav et al. [27] modeled
partially filled circular tubes, keeping porosity
constant at 90% while varying pore density. They
found that decreasing the number of pores per



inch (PPI) towards the heated wall resulted in the
best performance. It is worth noting that, con-
trary to Chen et al. [26], Jadhav et al. [27] did
not consider thermal dispersion effects in their
equations. Kermani et al. [28] had the objec-
tive to provide a uniform distribution of flow in
fuel cells by introducing step-gradient foams; their
results showed potential to enhance the power
extracted from fuel cells and even proposed a
procedure to fabricate functionally graded metal
foams, but they did not address how heat was
transferred between the phases or with the sur-
roundings. Little experimental research regarding
step-gradient foams was found. Xu and Zhao [25]
conducted experiments on pool boiling in stacked
metal foams of varying pore densities and thick-
ness while maintaining a constant porosity of 0.98;
their research emphasized phase change as a heat
transfer enhancer, rather than convective heat
transfer. Another explanation for neglecting foams
with intermediate porosities (50-80%) might be
that simulations may require assuming that Local
Thermal Equilibrium (LTE) does not apply, con-
sidering that the intensity of the non-equilibrium
condition intensifies with lower porosities [29].
Although the LTE model provides us with
reasonable approximations, the non-equilibrium
approach may be required under some circum-
stances [20, 30]. For instance, a high heat trans-
fer coefficient between the phases (hsy) would
require a low temperature difference to sustain
heat exchange, and vice versa [31, 32]. Since the
coefficient hgy, is often modeled based on some
form of Reynolds number [13], the same behavior
may apply; despite this, the general rule is that for
a higher particle Reynolds number, the LTE con-
dition becomes invalid [20]. Another aspect worth
considering is the ratio of fluid-to-solid thermal
conductivities (k' = ky/ks). When the ratio is
low, i.e., the solid thermal conductivity is greater,
the non-equilibrium condition prevails [33, 34].
Although the LTE dependency on some parame-
ters has been studied, a more pragmatic approach
would be to quantify the condition by a non-
equilibrium difference ANE [29]. This parameter
is only one of many found in the literature to
establish the criteria for assuming LTE [19, 35].
Despite recent advancements, comprehensive
studies optimizing fluid flow and convective heat
transfer in variable-porosity media, specifically
practical, step-gradient open-cell metal foams,
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Fig. 1: Physical model.

remain scarce. To bridge this gap, the present
study employs the Finite Element Method to sim-
ulate thermofluid behavior within a parallel chan-
nel configuration under an asymmetrical heat flux
boundary condition, characteristic of solar ther-
mal collectors. The effect of spatial porosity varia-
tions across a broad interval (¢ around 60-98%) is
systematically evaluated under the Local Thermal
Non-Equilibrium (LTNE) condition. Characteriz-
ing the resulting velocity and temperature dis-
tributions allows for the precise quantification of
friction factors and Nusselt numbers to rigorously
assess overall energy performance. Ultimately,
these findings provide actionable, physics-based
insights for the design of highly efficient convective
heat exchange devices.

2 Methodology
2.1 Model description

Fig. 1 depicts the model under consideration: a
flow with uniform velocity and temperature enters
a solar collector modeled as a parallel plate chan-
nel, which is embedded in a metal foam acting as
a porous medium. The channel, with a height H
and a length L, receives a uniform heat flux in the
upper wall (absorber plate) while losing heat at a
rate equal to the loss coefficient U, and the local
temperature difference between the plate and the
surroundings. To develop the mathematical frame-
work and define the scope of the study cases, the
following assumptions were established:

¢ Fluid and solid properties (e.g., density, ther-
mal conductivity, specific heat, dynamic viscos-
ity, etc.) are constant and uniform along the
domain.

® The absorber plate is made of a fine, high ther-
mal conductivity material (e.g., a thin plate of



aluminum or copper) so that the same heat flux
being absorbed at the top is transferred into the
medium on the other side of the plate.

® Secondary physical effects are neglected. Inter-
nal radiation heat transfer is omitted since
the expected operating temperatures in liquid-
based solar collectors remain relatively low [16].
Buoyancy effects are disregarded because forced
convection dictates fluid dynamics [1]. Further-
more, viscous dissipation is excluded since the
working fluid operates at low velocities and
small pore Reynolds numbers, rendering viscous
heating negligible [34].

® Porosity varies between 0.613 and 0.978, as
available experimental research shows for open-
cell metal foams [36, 37]. It is worth mentioning
that sintered packed beds for some metallic
materials could reach porosities as low as 40%
[24]; these are structurally different from metal
foams, which may invalidate the models describ-
ing properties like permeability.

2.2 Mathematical modeling

2.2.1 Representative Elemental
Volume (REV) approach

Throughout the literature, two approaches for
treating variables inside a flow in porous media are
frequently implemented: pore-scale analysis and
the volume averaging technique [38, 39]; this work
focuses on the latter. Considering a representative
volume inside the macroscopic domain [40], the
following fundamental definitions for the average
volumetric quantities are established as:

(o) = [ e, (12)
Ve

o) = 57 [ baaV (1)
Vo

where 1 is any variable describing the porous
medium (e.g., pressure, temperature, longitudinal
velocity, etc.) and can be used for each phase o,
which can be either the fluid (f) or solid (s) phase.
Both equations are related by the following:

<|s

(Vo) = 7 (¥o)7 (2)

If the fluid phase is being considered (i.e.,
o = f), the volume ratio becomes the porosity,
¢ = Vy/V. To simplify the nomenclature, the
macroscopic dependent variables described here-
after are defined as the volume averages of their
respective quantities:

u=(uf) (3a)
v =(vy), (3b)
p= (s, (3¢)
Ty = (Tp)" (3d)
T = (T)" ; (3e)

where u and v are the longitudinal and transverse
components of the fluid velocity, respectively; p
is the intrinsic fluid pressure; and Ty and T are
the intrinsic temperatures of the fluid and solid,
respectively.

2.2.2 Governing equations

The REV approach takes the spatial average oper-
ations described before and applies them to the
conservation equations, namely, the continuity,
Navier-Stokes, and energy equations, the latter
of which is divided into two under the LTNE
condition. The derivation process is analogous to
that used to determine the Reynolds-Averaged
Navier-Stokes equations. The implementation is
well established in the literature [41, 42], and it is
presented as follows. For the continuity:

V-v=0. (4)

Momentum equation:

0
[5G ())mre

v) - d)—'uv— Opscr [vlv. (5)

—M(V¢-V)(¢ AR

Energy equation for the fluid:

oT
PfCp,f <¢>3tf +v- VTf) =

V- (kstg,f + Okais)VTy] + by (Ts = Ty) . (6)



Energy equation for the solid:

oT, B
(1 - ‘15) pscp,SW =

V- (kstg,SVTs) + hv (Tf - Ts) . (7)

The governing system of Eqs. (4)—(7) is subse-
quently redefined in dimensionless form. Specifi-
cally for a 2D Cartesian coordinate system, where
the velocity vector is defined as v = [u,v], the
domain is subject to the following initial condi-
tions:

u(z,y,0) =v(x,y,0) =0, (8a)
Ty (z,y,0) = Ts(x,y,0) =T, . (8b)

Flow velocity is conditioned at the domain
boundaries as:

u(z,0,t) = v(x,0,t) =0, (9a)
u(z,H,t) =v(z,H,t) =0, (9b)
u(0,y,t) = uo , (9¢)
U(O,y,t) =0, (gd)
QL) Ot _ iy =0 (90)

Meanwhile, the fluid and solid temperature
fields are restricted to the following boundary
conditions:

OTf(x,0,t)  OTs(x,0,t)

= 1
ay oy 0, (10a)
OTy¢(x, H,t
kstmff(ay) =¢lg—UL(Tp —Ta)] ,
(10b)
OTs(x, H,t
kstg,s(ay) = (1 — ¢) [q — UL(Tp — Ta)] s
(10c)
Tf(oa Y, t) = TO ) (10d)
oT,(0,y,t)
o =0, (10e)
OTy(L,y,t) 0Ty (L,y,t)
9z = o =0. (10f)

Initially, the fluid is at rest and in local ther-
mal equilibrium with the solid at the ambient
temperature, T,. Because gauge pressure is being
used, the pressure at the outlet is set to zero, as
the flow discharges into the environment. At the

upper wall, the no-slip boundary condition sets
the local velocity at zero; consequently, the inci-
dent heat flux distributes between the phases in
proportion to their respective effective stagnant
thermal conductivities [43].

2.2.3 Models for foam properties

To solve the system of governing equations, spe-
cific macroscopic properties of metal foams must
be determined. These properties are evaluated
using well-established empirical models from rele-
vant literature, as presented in Egs. (11)—(21). The
permeability of metal foams and the Forchheimer
drag coefficient are formulated as [44]:

d —1.11
K =0.00073d2 (1 — ¢)~*** <df> and
P
(11)
d —1.63
cr = 0.00212 (1 — ¢)~ 172 (df) . (12)
P

where the filament-to-pore ratio is defined as [45]:

g _ 118 [1-¢

— 13
d, G 3r (13)

and G represents a geometric shape factor:
G=1—exp[—(1—¢)/0.04] . (14)

To evaluate heat conduction, the stagnant
effective thermal conductivities are required and
are formulated as follows for the fluid phase [12]:

kstg,r =

V3[ r-b (I-=r)b
9 b

-1

L \/§<r-b +(1—r)b+‘é5—b>

stg,s — T | 14 2 arb )
2 %k‘s ?ks 3\/§ks



where

ey \/7"2 F2B(1-g) (2 (505))

I

(17)
and r = 0.09 is a constant determined to fit
experimental data [12].

Thermal dispersion is defined as the spread-
ing of heat due to hydrodynamic mixing (e.g.,
pore-scale velocity fluctuations, flow splitting and
rejoining, and eddy formation) [34, 46]. This phe-
nomenon is highly dependent on local velocities
and, hence, on the spatial porosity distribution.
Therefore, to capture this effect within the REV
approach [39], thermal dispersion is pragmati-
cally modeled in Eq. (6) as an additional effective
thermal conductivity. Crucially, implementing this
dispersion term in the two-equation energy con-
servation framework (LTNE model) prevents the
volumetric interfacial heat transfer coefficient (h.,)
from unrealistically inflating to compensate for
the absence of thermal mixing [47]. Based on the
formulations by Celik et al. [42], the longitudinal
and transverse thermal dispersion components are
established as follows:

b:

Okdis 0.043 [ (udy)\"" _ 16
ks = ¢)1/4 e ( Pr and

14

¢kdi5,y _

ky 1=V G

0.000191 [¢ <udp)1'5 D163
v )
(19)
where u represents the longitudinal velocity com-
ponent, as it corresponds to the preferential flow
direction.

Within the LTNE framework, the heat
exchange between phases in a porous medium is
mathematically established as the product of an
effective heat transfer parameter and the local
temperature difference between the solid and fluid,
as formulated in Eqgs. (6) and (7). This parame-
ter corresponds to the volumetric interfacial heat
transfer coefficient, h,. Defined as the product of
the local interfacial coefficient and the specific sur-
face area (h, = hsyasy) [48], and it characterizes
the rate of convective heat transfer between the
phases of the porous medium per unit volume.

Furthermore, established empirical models do
not determine this volumetric interfacial coeffi-
cient in isolation; rather, it is commonly derived
through the evaluation of the volumetric interfa-
cial Nusselt number (Nu,) [42]:

hod?
ky

df —0.5 kt f 0.63
=0.94asd () (9) (20)
! dp ky

udy

Nu, =

Pr0.37
14

To close this formulation, the specific surface
area is evaluated as [49]:

3rG df
%f_ow%@<%>‘ 1)

2.2.4 Dimensionless governing
equations

To generalize the governing equations, a scale
analysis is performed to recast the problem in
dimensionless form. The independent variables x
and y are scaled by the channel length L and
height H, respectively:

Z=z/L and y=vy/H. (22)

Correspondingly, the longitudinal velocity
component u is normalized by the inlet velocity
up-

u=u/up . (23)

By expanding the continuity Eq. (4) in two
dimensions, a scaling relationship is established as:

Ug

Ve
— ~ = 24
from which the transverse characteristic velocity
(ve) is determined, thus allowing the following
dimensionless variable:

25
—, (25)

where ¢;, = H/L.



Along the preferential flow direction, momen-
tum conservation suggests that the pressure gra-
dient balances the Darcy term, such that:

9 1o

or K (26)

Because permeability K scales with the square
of the pore diameter, as in Eq. (11), the charac-
teristic pressure drop is defined as:

wug L
Ap. = , 27
P &z (27)
yielding the dimensionless pressure:
p=p/Apc . (28)

At the heated boundary, the absorbed heat
flux distributes between the phases according to
Egs. (10b) and (10c), yielding a combined contri-
bution scaled to a reference heat flux (go), such as
the solar constant in solar thermal collectors:

kf%,ks%wqo. (29)

In metal foams, because the thermal conduc-
tivity of the solid matrix is significantly larger
than that of the fluid (ks > ky), the solid
conduction term stands as the dominant contrib-
utor to the heat flux balance. Consequently, a
characteristic temperature difference is defined as:

qo H

AT, = ,
ks

(30)

and the non-dimensional temperatures are estab-

lished as:

0s = and §f = (31)

0
AT

Finally, to capture the pseudo-transient behav-
ior, the time scale is governed by the dominant
thermal diffusion mechanism:

0 1 oy af
—~ e~ L 32
ot At. H?’ H? (82)
Since the thermal diffusivity of the solid exceeds
that of the fluid (os > ), the solid diffusion scale
is adopted:

At, = H?/a, (33)

so that:
t=t/t.. (34)

Applying these dimensionless variables to a 2D
domain yields the normalized system of equations.
For the mass conservation:

Jdu 0Ov

w0 (35)

The momentum equation along the longitudi-
nal axis becomes:

1 au+R AN AN
o Pr 9i e 3~ eLvay o)
¢ + 62u+@
pa~ Lozz T o2
, O b o N AR
(%5 aar) (5) o4 (K '

2

1/2
d
—d)CFGpReH (Kp> \/ﬂ2+6%5277 s (36)

and along the transverse direction:

OGP (20T D
Loz2 ' o2

,00 0 ¢ 0 o (A2
( 8x8x+ Byay) <q5> 0 (K Y
2

1/2
d
—¢cpepRey (Kp> Vur+evro . (37)

Dimensionless energy conservation for the fluid
phase is expressed as:

¢89f 0 a\
o of +er, Reg Pr 65+v8y

62 g kstg,f + ¢kdis,z %
Loz kf T

+ 2 kstg,f + ¢kdis,y aigf
oy ks ay

j o)
]

+ Nu, 612) (55 - gf) , (38)



and for the solid:
855 2 g kstg,s 858
ot fozr\ k., o7

— — €
O [ kstg.s 00, o (5
— : N - )
+ o5 ( k. 8§> + Nu, €, & <9f 05)

(39)

(1-¢)

These formulations introduce the following
dimensionless parameters:

Rey = ) (40a)
v
Pr= — and (40b)
af
UL H
Big = Z 7 (40c)
S
H
€= —, (40d)
P dp

where €, defines the pore diameter aspect ratio.
Meanwhile the property ratios and the dimen-
sionless heat flux are defined as

~ 9
— — and ¢g=—. 41
Qg ks 1 qo ( )

The initial conditions from Eqs. (8) are cor-
respondingly redefined in dimensionless form as
follows:

u(z,y,0) =v(z,y,0) =0, (42a)
0p(7.5.0) = 0.(7,5.00=0,  (42b)

As well as the boundary conditions for the flow
(Egs. 9):

u(%,0,t) =0(%,0,1) =0, (43a)

u(7,1,t) =0(Z,1,t) =0, (43b)

ﬂ(07gﬂf) = 1 9 (43C)

9(0,7,8) =0, (43d)
ou(l, g, t) v,y t) . _ ~

and for the temperatures (Egs. 10):

80;(%,0,1)  00,(%,0,1)
oy oy

0, (44a)

! kst%f 85]0(%, 17t~)

=¢ [67— Biy (6, — ga)} ;

ky oy
(44b)
kS]:jg»S 898(551, ) = (1 - ¢) |:z]v* BlH(gp - aa):| )
(44c)
~ 0040,
00;(L,,1)  90,(1,7.8)
=g =0 (4e)

Furthermore, the plate and ambient dimen-
sionless temperatures are defined as:

0, = ¢0; + (1-¢)f, and (45)

0, = (T, —Ty) /AT, . (46)

Applications of metal foams for heat trans-
fer enhancement include solar thermal collectors.
Experimental research carried out by Saedodin
et al. [17] provides the operating conditions for
a water-based solar collector filled with a copper
metal foam, with pores as large as a few millime-
ters and a flow moving at velocities between 2
and almost 4 cm/s in a channel nearly 1 meter in
length and 1.3 cm in height. Approximating these
conditions results in a Rey of around 600 and a
Prandtl number of 6. Since height, length, and
pore diameter are separated by about one order
of magnitude, it was assumed that e;, = 10 and
€y = 0.1. Given that copper is highly conductive,
the ratios of thermal diffusivity and conductivity
were estimated at o/ = k' = 1.5 x 1073; as for the
Biot number, it tends to be low and was considered
to be 2.5 x 1073,

2.3 Numerical implementation

The Finite Element Method was implemented to
solve the dimensionless system of equations. For
this purpose, an open-source programming lan-
guage was employed, namely, FreeFEM++, which
was written in C++ to solve partial differential
equations with higher execution speed [50]. Since a
fractional time-step framework was used to decou-
ple velocity and pressure from the momentum
equation, the Ladyszhenskaya—Babuska—Brezzi
stability condition is bypassed [51], thus allow-
ing the use of triangular equal-order piecewise P»
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Fig. 2: Longitudinal non-dimensional velocity
profile for three different mesh densities.

continuous Lagrangian elements for all dependent
variables.

Based on the procedure described by Badrud-
din [31], first, initial values for the dependent
variables are proposed; second, flow-governing
equations (continuity and momentum) are solved;
third, the temperature fields, for both fluid and
solid, are calculated simultaneously based on
velocity results; and fourth, the convergence cri-
teria are checked. If the error falls below a certain
threshold, the iterative process ends; otherwise,
the results obtained in the current iteration are
used as initial guesses in the next one. Since
velocity and pressure fields may converge earlier
than temperatures, different criteria are defined
for each phenomenon. When flow variables have
converged, the program ceases to solve them; how-
ever, it continues to utilize the velocity results to
solve the energy equations, as these results are
independent of temperature.

To solve flow variables (namely, pressure and
velocity components), a three-step temporal dis-
cretization is derived [52]: first, an auxiliary veloc-
ity solution is estimated considering only the
inertial and diffusive terms of the normalized
momentum equations (36) and (37); second, diver-
gence is applied to the remaining terms to deter-
mine pressure considering continuity, Eq. (35);
and third, the estimated pressure field is applied to
the auxiliary velocity results as a correction [53].

A mesh refinement analysis was conducted
to verify numerical accuracy. A variable-porosity
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Fig. 3: Transverse non-dimensional velocity pro-
file for the fine mesh.

Table 1: Summary of mesh refinement analysis.

Type Nodes RCS? f Nuy,

Coarse 1681 0.071 40.202 38.379
Medium 10201 0.022 40.196 40.514
Fine 40401 0.007 40.197 40.139
Extrapolated 00 0 40.198 40.057
GClmedium 0.0018% 0.72%

1Representative cell size.

case was simulated using three distinct mesh den-
sities (coarse, medium, and fine). The coarse mesh
results deviated significantly from the other two
densities, as illustrated in Fig. 2, where the hor-
izontal component of velocity is shown. Notably,
Nield and Bejan [34] argue that the transverse
velocity is generally of no relevance in porous
media, since the hydrodynamic entry region is
negligible, as corroborated in Fig. 3. Addition-
ally, small differences in the velocity component u
were found between the medium and fine meshes,
particularly in regions with higher shear rates.
Regarding the temperatures, the results of the
coarse mesh also differ from the other two, but the
medium and fine meshes give virtually the same
results, a situation that can be observed in Fig. 4
for the temperature profiles for the solid and fluid
regions.

To assess numerical uncertainty, simulation
verification was performed in a structured and
standardized manner. This procedure followed
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Fig. 4: Non-dimensional temperature profiles
along the y-axis in the middle of the channel
(Z = 0.5) for three different mesh densities.

established literature guidelines on the Grid Con-
vergence Index (GCI) and Richarson extrapola-
tion [54, 55]. For this purpose, parameters rep-
resenting the hydrodynamic and thermal aspects
were selected. Specifically, the friction factor (f)
and the average wall Nusselt number (Nu,,) were
estimated across the three mesh densities, defined
by the following relationships:

2
26p

(47)
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Fig. 5: Dimensionless solid temperature profiles
derived from experimental data [56] compared
against numerical computations for a foam with
¢ =0.782.
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/Nuw dx
0
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Nu,, =

where

1
O, = /ﬂgf dy and (49)
0

1 1
A= / (Pramo) — Poen)) 47 = / Biao) 0 -
0 0

(50)
In Table 1, the values of the friction factor
and average wall Nusselt number are presented for
three different cases, varying the number of nodes
and extrapolating to the case of an infinite number
of nodes. In this table, the GCI for the medium-
density mesh is reported for a safety factor of 3
[55]. For the friction coefficient, the error is negli-
gible, and for the Nusselt number, it is less than
1%, sufficiently low for engineering applications.
Validation was accomplished by matching the
experimental results documented in the litera-
ture [56], which corresponded to constant-porosity
foams. Fig. 5 illustrates the solid non-dimensional
temperature distribution along the y-axis at dif-
ferent locations along the channel. The numerical



simulations and experimental data were found to
be in reasonable agreement.

3 Results and Discussion

This study evaluates the thermo-hydraulic effects
of varying porosity of metal foams using the
Finite Element Method to solve the governing
mass, momentum, and energy equations under the
LTNE condition. The findings show that step-
gradient foams redistribute flow momentum to
maintain a uniform longitudinal pressure gradient,
resulting in a reduced friction factor in most cases
while enhancing heat transfer near heated zones.
Consequently, this approach improves the PEC
compared to the constant porosity benchmark.

3.1 Description of study cases

Following an approach analogous to Xu and Zhao
[25], different porosity configurations of metal
foams were examined to systematically assess
their thermohydraulic performance. Each config-
uration was designed to maintain one of three
specific domain-averaged porosities (¢ = 0.7, 0.8,
and 0.9) to encompass moderate-to-high porosity
regimes. As a baseline for comparison, a single-
layer, uniform-porosity metal foam (model C) was
defined.

For the step-gradient configurations, the chan-
nel domain was segmented vertically into horizon-
tally stacked, discrete layers of uniform-porosity
metal foam, classified as double-layer (D) and
triple-layer (T) systems. Geometrically, these
composites were structured to decrease in porosity
stepwise toward the heated upper wall. This orien-
tation was motivated by recent literature [27, 57]
that indicates a higher metal density near heated
boundaries improves thermal performance since a
denser solid matrix increases local effective ther-
mal conductivity and facilitates heat removal from
the wall. Physically, this stacking arrangement is
hypothesized to optimize the thermohydraulic bal-
ance: the denser upper strata enhance near-wall
heat removal, while the high-porosity lower layers
reduce hydrodynamic flow resistance.

Numerical suffixes in these categories denote
variations in the thickness of the bottom layer. In
particular, configurations designated with the suf-
fix ’2’ (i.e., D2 and T2) represent systems where
all layers have the same thickness. In contrast,
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Fig. 6: Non-dimensional longitudinal velocity pro-
file for constant porosity cases.

models designated with ’1” and '3’ represent asym-
metric layer distributions, engineered to evaluate
the effect of shifting the porosity-transition inter-
face further from and closer to the heat source,
respectively. The exact geometric parameters for
all configurations are detailed in Table 2.

Finally, since the equal-thickness layer
arrangements serve as discrete approximations
of a continuous gradient, a theoretical limiting
case arises when considering an infinite number
of infinitesimally thin, equidistant layers. This
configuration, designated as model L, is defined
by a smooth, linear variation in porosity from
the bottom of the channel to the top wall. It
thus serves as the idealized, functionally graded
benchmark against which the practical stacked
models are evaluated.

3.2 Hydrodynamic characteristics

Given that the region of hydrodynamic develop-
ment occurs over a relatively short region in a
porous medium (see Fig. 3) [19, 34], the analysis
focuses on the fully developed flow in the main
channel domain. As a benchmark for compari-
son, the velocity distributions were determined for
different constant-porosity models, as illustrated
in Fig. 6. In these uniform cases, the velocity
remains almost unaffected by porosity, governed
by the characteristic plug-flow profile. However, a
closer examination reveals that the lower porosi-
ties induce a slightly higher velocity near the walls,
although this behavior is reversed at the center.



Table 2: Description of the different cases simulated in this study.

Model Diagram ¢ Ay ) Ays b2 Ays ¢3
1 0.7 1.0 0.7 — - - -
C A 08 1.0 0.8 - - - -
7 - 0.9 1.0 0.9 - _ _ _
T 0.7 025 0.961 0.75 0.613 — —
AJs -
D1 1 0.8 025 0.978  0.75  0.7406 — -
v N
T - 09 025 0.978  0.75 0.874 — -
'} 0.7 0.5 0.787 0.5 0.613 — -
Y2
D2 T 08 0.5 0.978 0.5 0.622 — -
~ Ay
T - 0.9 0.5 0.978 0.5 0.822 — -
e 07 075 0.729 025  0.613 - —
D3 Al 0.8 0.7 0.8623  0.25 0.613 - -
J
& - 09  0.75 0.978  0.25 0.666 - -
'ng 0.7 0.166  0.961 0.33 0.7 0.5 0.613
T1 T, 08 0166 0978  0.33 0.8 0.5 0.7406
g A0 _ _
T 09 0.166 0978  0.33 0.9 0.5 0.874
T 07 033 0.787  0.33 0.7 0.33 0.613
T2 Bl g8 033 0.978  0.33 0.8 0.33 0.622
v AT
T - 09 033 0.978  0.33 0.9 0.33 0.822
B 0.7 0.5 0.729  0.33 0.7 0.166  0.613
Af
T3 ‘} 0.8 0.5 0.8623  0.33 0.8 0.166 0.613
~ Y1
] _ _
= - 0.9 0.5 0.978  0.33 0.9 0.166 0.666
0.7 - 0.787 — 0.613 — -
L 0.8 — 0.978 — 0.622 — —
= 0.9 — 0.978 — 0.822 - -
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Fig. 9: Non-dimensional pressure field for model
T2 and ¢ = 0.8.

While the velocity profiles do not change substan-
tially, the dimensionless pressure drop (see Eq.
50) increases as porosity decreases, yielding val-
ues of 132.96, 171.63, and 215.15 for ¢ = 0.9,
0.8, and 0.7, respectively. Furthermore, a variable
porosity arrangement fundamentally disrupts the
characteristic plug flow, as shown in Figs. 7 and 8.

Regions characterized by lower porosities
exhibit reduced velocities along the longitudinal
axis, as seen in Figs. 7 and 8. These results are in
line with those of Bai et al. [19] and Jadhav et al.
[27], who demonstrated that a denser solid matrix,
achieved by decreasing porosity or increasing pore
density, imposes flow restrictions that reduce local
velocity. This hydrodynamic behavior is driven
by changes in local permeability and Forchheimer
drag, the primary forces opposing flow in porous
media. For example, using the parameters outlined
in Subsection 2.2.4 at a porosity of 0.9, the rela-
tive permeability, that is K/d> (from Eq. 11), is
approximately 0.011; at ¢ = 0.7, it decreases to
0.005, representing a reduction of over 50%. This
drop in permeability, coupled with the drag coef-
ficient, explains why, in instances with an average
porosity of 0.8 for cases D2 and T2 (Figs. 7b and
8b), the velocity on the lower-porosity side is sup-
pressed to nearly half that of the higher-porosity
region.

Changes in velocity adjust the Darcy, Forch-
heimer, and Brinkman components within the
momentum equations, ensuring that the pressure
field varies along the preferential flow direction,
independent of porosity configuration. As illus-
trated in Fig. 9, even the triple-layer system with
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the maximum porosity difference exhibits a linear
pressure gradient along the longitudinal axis. This
observation is supported by Bai et al. [19] and
Kermani et al. [28]. Although fluid diverts to the
high-porosity zones, this redistribution, coupled
with the Brinkman viscous corrections, diminishes
the velocity near the heated wall, leading to a thin
thermal boundary layer, as suggested by Xia et
al. [53]. To evaluate this effect, a detailed assess-
ment of temperature distributions is necessary to
validate the alteration under the LTNE condition.

3.3 LTNE condition

Fig. 10 illustrates the non-equilibrium intensity
for configurations with an average porosity of ¢ =
0.7. Notably, this intensity increases substantially
near the heated upper wall and across regions of
differing porosity. To systematically evaluate the
inter-phase thermal disparity, the non-equilibrium
parameter (ANE) introduced by Dehghan et al.
[29] is adapted to the dimensionless framework
presented in this paper as

<§f — 55) K 612) Nu,
2 (7 Bin (0, 0.))

According to Eq. (51), a substantial inter-
phase temperature difference alone does not inher-
ently guarantee a high ANE, since this parameter
is inversely proportional to the net dimensionless
heat flux. Conversely, the grouping &’ 6123 Nu, rep-
resents a dimensionless interfacial heat transfer
coefficient. Consequently, even if the temperature
difference is minimal, a large magnitude of this
coefficient can still yield an elevated ANE. Fur-
thermore, because the volumetric Nusselt number
(Nu,) and local temperatures are coupled to the
local fluid velocity and void fraction via Eq. (38),
flow redistribution across varying-porosity regions
induces a pronounced thermal mismatch between
the phases. This effect locally amplifies ANE, as
observed in Fig. 10.

Although ANE remains relatively low
throughout a significant portion of the domain
for all evaluated cases (as indicated by the pre-
dominantly minimal contours in Fig. 10), the
lowest domain-averaged ANE is reported for the
constant-porosity case (¢ = 0.7) at 0.735. While
Dehghan et al. [29] do not explicitly state a

ANE =

(51)
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Fig. 10: Non-equilibrium difference for cases with
average porosity of 0.7.

numerical threshold for the validity of the LTE
approach, their analytical framework establishes
that ANE represents the ratio of interfacial heat
transfer relative to the heat flux at the boundaries.
Consequently, a value of ANE = O(1) indicates
that the phases exhibit significant disparity;
under these conditions, the LTE assumption is
inadequate, resulting in the loss of critical ther-
mal data. Because the domain-average values for
all evaluated cases fall within this order of mag-
nitude, the implementation of the local thermal
non-equilibrium (LTNE) approach is justified.

3.4 Temperature profiles

While the parameter ANE measures the relative
thermal disparity between phases, temperatures
are best illustrated in Figs. 11 and 12, which
depict the fluid and solid temperature profiles at
the channel outlet (z = 1.0). Adjacent to the
heated wall, the fluid temperature vastly exceeds
that of the solid matrix, exhibiting a prominent
gradient. This observation is in line with the dis-
cussion of Yang and Vafai [58] for a low value of
k' = ks/ks. Due to this relationship, the highly
thermally conductive metallic material requires a
mild temperature gradient to transport thermal
energy. Conversely, since the fluid is less conduc-
tive, it develops a steep gradient near the wall,
inducing high temperatures close to the upper
boundary for all cases.

Though the solid and fluid temperatures
remain relatively close, the fluid exhibits a lower
temperature neral. This finding aligns with those
reported by Chen et al. [13] and Wang and Guo
[59]. Notably, regions where porosity varies are
clearly identifiable in Figs. 11 and 12. The fluid
temperatures vary gradually in those areas, result-
ing in smooth gradients due to convective heat
transfer influenced by local velocity. As depicted
in Figs. 7 and 8, the smooth transition of velocity
between regions directly shapes the fluid tem-
perature profiles. Meanwhile, solid temperature
profiles exhibit abrupt transitions, since different
regions have distinct effective solid thermal con-
ductivities. The effect of variable porosity is also
present in the temperature differential across the
upper and lower boundaries. For models with an
average void fraction of ¢ = 0.7, the mean differ-
ence is (O10p — Obottom) = 6.9; conversely, for ¢ =
0.9, the difference roughly doubles to 14.1. This
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Fig. 11: Dimensionless outlet fluid temperatures.

is explained by the denser metallic material at lower porosities, which enhances the overall ther-
mal conductivity of the system, requiring a smaller
temperature gradient to transfer heat transversely.

16



22 22

—c —c
D1 T
—D2 T2
D3 T3

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Y
(b) Triple layers, $=0.7

— ¢ —c
2441——D1 29T
D2 — T2
D3| — T3

T T T T T r T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0

] ]
(c) Double layers, $=0.8 (d) Triple layers, $=0.8
——¢ —oc
284 D1 84 T
— — 12
D3| o gl — T3]

24 24

05 204 03 204

00 02 0.4 06 08 10 00 02 04 06 08 10

Y Y
(e) Double layers, $=0.9 (f) Triple layers, ¢=0.9

Fig. 12: Dimensionless outlet fluid temperatures.

3.5 Overall energy performance
assessment

The simultaneous evaluation of both macroscopic
friction factor and average wall Nusselt number
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Fig. 13: Plate-to-fluid temperature difference divided by number of layers and average porosity.

is required to fully assess the PEC. The macro-
scopic friction factors, determined via Eq. (47),
are detailed in Table 3. These friction factors are

inversely correlated with porosity, which is con-
sistent with the findings of Ambrosio et al. [10]
and Shen et al. [60]. A reduced porosity inher-
ently obstructs the flow, leading to an elevated
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hydrodynamic drag. To establish a comparative 3 as:

baseline against the constant-porosity case, the
relative percentage difference is reported in Table
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Table 3: Friction factors f for different porosity distributions and averages, and relative percentage

difference compared to the constant porosity cases.

¢=0.7 ¢=0.8 $=0.9

Model f (5% f 5% f 5%

C 71.72 — 57.21 — 44.32 —

D1 69.34  —3.32%  56.87  —0.61%  44.39  +0.15%
D2 70.12 —2.23% 5444  —4.85% = 4442  4+0.21%
D3 71.10 —0.87%  55.26 —3.41% 4338  —2.14%
T1 70.06  —2.32%  56.92 —0.51%  44.38 40.12%
T2 70.57  —1.61%  55.31 —3.33% 4443  40.23%
T3 71.27  —0.64%  55.91 —2.28%  43.56  —1.72%
L 7112 —0.84%  56.47 = —1.29% = 44.33  4+0.02%

Table 4: Wall Nusselt numbers Nu,, for different porosity distributions and averages, and relative
percentage difference compared to the constant porosity cases.

6=0.7 $»=0.8 ¢=0.9

Model mw 5% mw 5% mw 5%

C 121.61 - 91.345 - 65.209 -
D1 127.87  5.15%  96.572 5.72% 67.609 3.68%
D2 12545  3.16%  89.394  —2.14%  70.344 7.87%
D3 127.25  4.64%  94.803 3.79% 62.304  —4.45%
T1 134.50  10.6%  98.314 7.63% 68.086 4.41%
T2 130.64  7.43%  101.92 11.6% 70.581 8.24%
T3 127.99  525%  97.159 6.36% 68.022 4.31%
L 129.04  6.11%  100.62 10.2% 69.677 6.85%

Table 5: Performance Evaluation Criterion for
different porosity distributions and averages.

Model $=0.7 $=0.8 $=09
D1 1.063 1.059 1.036
D2 1.039 0.995 1.078
D3 1.049 1.050 0.962
T1 1.115 1.078 1.044
T2 1.080 1.128 1.082
T3 1.055 1.072 1.049
L 1.064 1.106 1.068

where ® denotes either the friction factor or the
average wall Nusselt number, and the subscripts
M and C refer to the specific multi-layer model
(e.g., D1, T2, L, etc.) and the constant-porosity
benchmark, respectively.
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In most of the evaluated cases, stacking lay-
ers of varying porosity reduces the overall fric-
tion factor, with double-layer configurations yield-
ing notable decreases. These reductions manifest
due to the higher-porosity regions functioning
as hydrodynamic relief pathways; their elevated
permeability allows the fluid bypass with low resis-
tance. This flow diversion mechanism is effective
at moderate average porosities (¢ = 0.7 and 0.8),
where the permeability difference between adja-
cent layers is highly pronounced. Consequently,
flow momentum is redistributed toward the high-
porosity regions, as illustrated in Figs. 7 and
8. Conversely, at a high average porosity (¢ =
0.9), the permeability differential is insufficient to
fully compensate for the localized drag induced
within the lower-porosity segments, yielding only
marginal, detrimental variations in the overall
friction factor (Table 3).



The wall Nusselt number characterizes the
ratio of convective to conductive heat transfer
at the system boundary [29]. Thus, the plate-

to-fluid temperature difference (gp —0m> must

be rigorously examined (Fig. 13). Jadhav et al.
[61] demonstrated that wall temperatures escalate
at higher porosities, a trend corroborated by the
present plate-to-fluid temperature differences. For
instance, the mean differential for case C at ¢ =
0.7 nearly doubles that observed at ¢ = 0.9. How-
ever, in model D2 at ¢ = 0.8 (Fig. 13c) and model
D3 at ¢ = 0.9 (Fig. 13e), the temperature dif-
ference exceeds the constant-porosity benchmark.
This deviation is primarily attributed to severe
permeability transitions at the layer interfaces.
This abrupt hydrodynamic transition surpresses
transverse thermal dispersion, locally stagnate the
fluid, and elevate residency times adjacent to the
heated wall, thereby exacerbating the plate-to-
fluid temperature differences. However, this dis-
ruption is attenuated in the triple-layer cases,
since they exhibit a smoother transition in the
velocity distribution.

Within the open-cell metal foam systems pre-
sented, an increase in the average void fraction
leads to milder fluid temperature gradients near
the heated boundary, while the layered models
show gradients steeper than their correspond-
ing constant-porosity benchmarks (see Fig. 14).
This diverges from the findings of Bai et al. [19],
although they assumed local thermal equilibrium
and implemented different models to evaluate
the effective thermal conductivity and other rel-
evant properties. A minor exception occurs in
model D2 at ¢ = 0.7 (see Fig. 14a), which
demonstrates a negligible decrease in the gradient
of approximately 1-2%. However, this reduction
is compensated by a simultaneous drop in the
plate-to-fluid temperature difference (Fig. 13a),
which ultimately yields an increase in the aver-
age plate Nusselt number (Table 4). This specific
case highlights that the localized reduction of
fluid availability near the heated boundaries is,
by itself, insufficient to fully explain the steep-
ened temperature gradient; hence, the porosity
and macroscopic flow distribution strongly influ-
ence the heat conduction from the wall to the
system.

The wall Nusselt numbers reported in Table
4 show an overall increase with porosity. This
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trend is consistent with the findings of Iasiello et
al. [57], who argue that a denser metallic matrix
near the heated boundary enhances the Nusselt
number. However, this explanation is incomplete.
In the cases (such as model D1) where the layer
adjacent to the heated boundary has the lowest
porosity and spans a larger portion of the channel,
the maximum Nusselt numbers are not achieved.
In fact, the thickness of the near-wall layer does
not strictly correlate with the Nusselt number, as
the highest values are reported in the triple-layer
arrangements.

Analyzing the peak Nusselt numbers requires
a focused evaluation of the triple-layer models.
At ¢ = 0.7, the fluid temperature gradients
across the triple-layer arrangements (Fig. 14b)
exhibit similar magnitudes; thus, model T1 yields
the highest Nusselt number due to its minimized
plate-to-fluid temperature difference (Fig. 13b).
For average porosities of 0.8 and 0.9, models T2
and T3 demonstrate the steepest near-wall tem-
perature gradients. While model T3 achieves a
slightly steeper gradient than T2 at ¢ = 0.9
(Figs. 14d and 14f), model T2 consistently main-
tains a lower plate-to-fluid temperature differ-
ence within the developing region of the chan-
nel (Figs. 13d and 13f). The superior thermal
performance of the equal-thickness T2 configura-
tion over the asymmetrical T3 configuration is
physically governed by the equidistant velocity
boundary layer transitions. This uniform distri-
bution of the layers of equal thickness forces a
more sustained, uniform disruption of the thermal
boundary layer, thus favoring continuous local-
ized mixing. This enhanced thermal dispersion
(kais) penetrates further into the core sections of
the flow and efficiently reduces the temperature
difference between the plate and fluid, without
restricting the flow momentum. Interestingly, an
idealized functionally graded case (model L) does
not achieve the highest Nusselt number, demon-
strating that discrete, macroscopic flow disrup-
tions imposed by stepped interfaces are critically
important for enhancing convective transport.

Finally, the overall energy optimization is
quantified by the PEC, which captures both the
Nusselt number and friction factor variations [18,



57, 62, 63], as defined in the following equation:

(Nuw/Nqu’)
(f/fe)'?

where the subscript C' denotes the constant-
porosity baseline. The obtained PEC values are
reported in Table 5 and are mainly driven by the
trends of the Nusselt number, since the thermal
changes are much larger than the variations of the
hydrodynamic friction. For open-cell metal foams
with ¢ = 0.7, model T1 provides the optimal PEC
by positioning a dense solid matrix next to the
heat source and maintaining a smooth transition
of the velocity in the bulk flow. Notably, the equal-
thickness triple-layer configuration (model T2) is
the best overall for the average porosities of 0.8
and 0.9.

; (53)

4 Conclusions

This study evaluates the energy performance of
fluid flow through a parallel plate channel sys-
tem, operating under conditions representative of
a solar thermal collector embedded with a step-
gradient open-cell metal foam. The macroscopic
synthesis of the multi-layer models reveals that
the fluid velocity distribution adapts to maintain
the uniform longitudinal pressure gradient char-
acteristic of channel flow. In particular, the flow
accelerates in the regions of higher porosity due to
the reduced Forchheimer drag and increased per-
meability, yielding steep velocity gradients close
to the no-slip boundaries and the layer interfaces.
Furthermore, while the non-equilibrium param-
eter (ANE) remains relatively low across the
majority of the domain, the assumption of Local
Thermal Equilibrium (LTE) is compromised near
the heated boundary and adjacent to the porosity-
variation interfaces, justifying the essential need
for the non-equilibrium approach to capture these
localized thermal variances.

The implementation of vertically stacked
foams provides a highly practical approach for
influencing the fluid temperature distribution
to optimize energy performance. Fluid temper-
atures exhibit a steep gradient adjacent to the
heated wall in all evaluated cases, including the
constant-porosity base case. Simultaneously, the
plate-to-fluid temperature difference reduces in
most multi-layer systems. However, in certain
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configurations, the transverse fluid temperature
difference expands, reducing overall energy effi-
ciency compared to the constant-porosity refer-
ence case. Notably, the highest peak performance
is obtained for the equal-thickness triple-layer con-
figuration (model T2), indicating that the delib-
erately stacked discrete, uniform-porosity metal
foams improve the Performance Evaluation Cri-
terion (PEC) by approximately 10-11%. Further
studies must overcome the limitations of the
present study to completely characterize these
optimized models. Moreover, since the present
analysis assumes a strictly low-velocity regime, in
which viscous dissipation is negligible, future stud-
ies should investigate the sensitivity of the system
performance to wider ranges of the channel-height
Reynolds number, the thermal conductivity ratio,
the Prandtl number, and geometric variables.
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