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Abstract
A parametric study is proposed in this paper to examine heat dissipation rate and entropy generation of a forced convection in a
horizontal pipe which is filled with high porous metallic foams. The study quantifies the effect of thermal conductivity and pore
density on entropy generation when the pipe is fully filled with copper, aluminium and nickel metallic foams of 0.6 m length in
the fluid flow direction. To predict fluid flow and heat transfer features through these metallic foams the Darcy-extended
Forchheimer (DEF) flow and the local thermal non-equilibrium (LTNE) models are employed. The characteristics of laminar,
transition and turbulent in the non-foam region of the pipe are captured by considering the appropriate flowmodels. To affirm the
methodology adopted in this work, the results of the present numerical solutions are validated with the available experimental
results reported in the literature. Colburn j factor and thermal performance factor are the important factors that decide the
performance and efficiency of any heat exchange device. Hence, these parameters are critically evaluated and are observed to
increase with increasing pore densities of the metal foams and decrease with increasing flow rates of the fluid. Furthermore, the
numerical analysis is extended to obtain the results of wall temperature, Nusselt number, heat transfer enhancement ratio,
frictional irreversibility and Bejan number.

Nomenclature
A Area of the pipe (m2)
u Velocity of fluid (m/s)
L Length of the pipe (m)
Lf Length of the metal foam (m)
T Temperature (°C) or (°K)
asf Interfacial surface area (m−1)
C Form drag coefficient (m−1)
Cp Specific heat of fluid (J/kg K)
dp Pore diameter (m)
df Fiber diameter (m)
f Friction coefficient
h Heat transfer coefficient (W/m2°C)
hsf Interfacial heat transfer coefficient (W/m2°C)

K Permeability (m2)
Pr Prandtl number
Re Reynolds number based on hydraulic diameter
q” heat flux (W/m2)
Red f Reynolds number based on fiber diameter
D Diameter of the pipe (m)
Dh Hydraulic diameter of the pipe (m)
λ Thermal conductivity (W/m°C)
P Perimeter of the pipe (m)
Nu Average Nusselt number filled foam pipe
NuΦ Average Nusselt number of empty pipe
NuER Heat transfer enhancement ratio

Greek symbols
ɛ Porosity
λ Thermal conductivity (W/m°C)
μ Dynamic viscosity of the fluid (Ns/m2)
ν Kinematic viscosity (m2/s)
ρ Density of the fluid (kg/m3)

Super subscript
i Each data points/Local data points

Subscript
ER Enhancement ratio
w Wall
f Fluid
eff Effective
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s Solid
se Solid effective
fe Fluid effective

1 Introduction

The performance of thermal engineering system has been af-
fected by thermal irreversibility losses which lead to rise of
entropy generation and loss in thermal efficiency of the sys-
tem.Metal foams are widely used for engineering applications
in cooling of heat exchangers, solar collectors, electronic
cooling etc.

Nazari et al. [1] conducted experiments on convection heat
dissipation using nano-fluid in a circular pipe filled with me-
tallic foam. It is observed that there was considerable advance-
ment in the heat dissipation at the cost of pressure loss with the
use of Al2O3 nano-fluid. Xu et al. [2, 3] suggested that the
hallow ratio less than 0.3 gives higher thermal performance
factor. The heat transfer enhancement is more advanced in
local thermal equilibrium (LTE) model compared to LTNE
model because convective thermal resistance is low. The po-
rous metal foam conductivity and porosity play a significant
role in the calculation of heat dissipation rate with LTNE
model.

In comparison with average Nusselt number, the LTE and
LTNE models confirm similar results when the velocity of air
is high. Since, the LTE model used to envisage thermal per-
formance of metal foam at high velocity flow and has large
height, the state of thermal equilibrium is achieved as reported
by Lin et al. [4]. Lu et al. [5] explored analytical investigation
on fluid and heat flow features of a fixed parallel plate partly
filled with metallic foam. The temperature and velocity out-
lines are predicted for various pore densities of the metallic
foam.

Under mixed convection, the interfacial convection heat
transfer coefficient increases when Reynolds number exceeds
100 and Richardson (Ri) number varies from 0.01 to 10 re-
ported by Celik et al. [6]. In the variation of thickness of
copper and aluminum foams, the copper metallic foam en-
hance only 4 percentage upsurge in heat dissipation rate than
aluminummetallic foam. [7]. Gangapatnam et al. [8] observed
that the LTE model under predicts the heat dissipation while
the LTNE model gives accurate results of heat dissipation in
terms of Nusselt number. Li et al. [9] the LTNE with Monte
Carlo method was employed to calculate the radiation heat
emission rate. It has been reported that the pore density of
15 with porosity 0.95 greatly involves in obtaining 20% radi-
ation heat flux from the entire wall heat flux.

Baragh et al. [10] performed forced convection analysis in
a single-phase flow through circular pipe with different ar-
rangement of porous medium. They considered six different
arrangement of porous medium for various flow regimes like

laminar, transition and turbulent inside the channel. They re-
corded that with increasing size of porous medium, thermal
performance increases with respect to Reynolds number.
When the diameter of the porous medium is equal to the di-
ameter of the pipe, it is found that the rate of heat dissipation as
well as enhancement ratio is higher compared to other config-
urations considered in the study of laminar and turbulent
flows.

The porous media show a vital role in the enhancement of
heat dissipation rate; convective coefficient increases by 2.2
times the base line as reported by Sheikhnejad et al. [11]. It is
reported that at higher frequencies, 20 PPI metal foam de-
velops maximum inlet pressure compared to 10 PPI and 40
PPI metal foams and at lower frequencies 10 PPI metal foam
yields maximum inlet pressure related to 20 PPI and 40 PPI
foams as presented by Bagci and Dukhan [12]. Abadi and
Kim [13] proposed a correlation to determine convective co-
efficient and pressure drop for small tube filled with metallic
foam.

The addition of 75% metal foam filling in the tube shows
better results for 40 PPI as that of 50% filling rate of 20 and 10
PPI metallic foams. The importance of LTE and LTNE
models for forced convection in a conduit occupied with po-
rous medium is detailed in [14–16]. Based on the exact solu-
tions, the LTNEmodel clearly shows that the LTE model may
fail for the combination of air and metallic foam. Lu and Zhao
[17] reported various flow regimes from the ΔP/LV -
Reynolds number results. They noticed that with increasing
porosity of the porous medium the convection heat transfer
increases rather than conduction heat transfer.

Magyari and Storesletten [18] observed that with horizon-
tal and inclined porous channel (i.e., inclination angle less
than 90°), the boundary value problem states unique and mul-
tiple solutions for known values of Ra and dimensionless ve-
locity. Alomar [19] two-phase flow model is established since
non-Darcy flow model and LTNE model circumstances to
define the problem for complete evaporation. Tio et al. [20]
the results explored that, the buoyancy has the effect on per-
formance of heat pipe with respect to angle of inclination.
Suggested new generalized approach for modelling to adopt
effective thermal conductivity and pore scale analysis are ex-
plained in detailed [21, 22]. Examined experimentally and
numerically the forced convection heat dissipation through
the porous medium using 20 screen wire mesh. Also, they
reported that among Darcy-LTE and LTNE, Brinkman-LTE
and LTNE, the Brinkman-LTNE model gives better results
which is detailed in [23, 24].

To determine thermal irreversibility on account of heat and
fluid friction in a thermal system, the idea of entropy generation
rate analysis was presented by Bejan [25]. To augment efficien-
cy of the thermal system, the entropy generation has to be min-
imized [26–28].Modeling of saturated porous media is done by
employing Brinkman flow model to capture behavior of fluid
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flow in forced convection [29, 30]. Additionally, the average
exergy transfer Nusselt number (Nue) declines with increasing
Reynolds number. The drying rate is slightly more in case of
fine particle bed compared to coarse particle bed and this is due
to higher capillary pressure action reported in [31, 32].

When flow through pores takes place, mechanical energy is
dissipated as heat which results in viscous dissipation. This
pore level effect can be accounted by macroscopic study
which deals with viscous dissipation in thermal energy equa-
tion. It is well known that the available work of a system is
destroyed by entropy generation. For an efficient design of a
thermal system, it is important to focus the generation of en-
tropy due to fluid flow and heat transfer processes. Further, the
irreversibility associated with the thermal system can alter the
efficiency and it is desirable to minimize such entropy gener-
ation. Torabi et al. [33, 34] observed that with the increment in
Peclet number the local entropy generation rate increases.
Furthermore, the nanoparticles concentration has negligible
effect on temperature inside the porous insert. Variation in
concentration of nanoparticles has significantly affected local
and total entropy generation. Furthermore, the total entropy
generation advancedmonotonically with increment in thermal
conductivity ratio and the wall thickness. They noticed that
the entropy generation advance with decrease in aspect ratio.
Nevertheless, for Bejan number (Be) less than 0.5, the fluid
frictional irreversibility influence over the thermal irreversibil-
ity. However, the Bejan number is found to beminimum at the
center of pipe and increases to a maximum towards wall of the
pipe [35–38].

Bekir and Yilbas [39] with increasing inlet port height of the
channel the entropy generation increases gradually because of
heat dissipation for inlet port of the height beyond 0.03 m.
Nonetheless entropy generation drops with increasing porosity
of the porous block. Tayari et al. [40] they recorded that the total
entropy generation is obtained least for the angles 0° and 180,
and it advanced at an angle close to 70°. Nazari et al. [41] they
found that for fixed diameter of sphere with heat generation, the
Nue reduces with increment in Re and also it reaches towards
zero for the Reynold’s number 1450, 1800 and 2300 respective-
ly. The surface Nusselt number and entropy production rate
increase with an increase in flow rates as well as with increase
in angle among the pitches of AEA tube [42–44].

It is clear from the aforementioned literature that the metal-
lic foams are being utilized to enhance heat transfer in heat
exchanging devices. Researchers have highlighted the entropy
generation during forced convection and mixed convection
heat dissipation in horizontal/inclined pipe which is filled par-
tially or fully with porous medium. Though rich literature is
available in this research, modeling entropy generation in po-
rous media is still harder than the clear fluid phenomena and
choosing appropriate models for viscous dissipation to under-
stand the physics is quite challenging. Researchers are looking
for alternative foams against the conventional copper foams.

Therefore, in this work, the entropy generation rate is not only
effectively analyzed with respect to the pore density and po-
rosity but also with different materials of metallic foams.
Moreover, the analysis is performed for a wide range of
Reynolds number varied from 1125 to 8500 that gives a com-
prehensive information on different flow regimes along with
the PPI, porosity and various metal foams. The present study
also provides an important comparison study between the use
of various metallic foams and wire mesh reported by Baragh
et al. [10]. Further, the study proposed in the work helps ex-
tendmore parametric studies such as optimizing the size of the
foam, thermal conductivity of the foam, discrete foams, dif-
ferent heating length, minimizing pressure drop etc.

2 Geometry

The present investigation considers a cylindrical pipe of 0.1 m
diameter and a thickness of 7 mm made up of aluminum
material. The problem domain is analogous to the experimen-
tal setup considered by Baragh et al. [10]. The pipe wall is
attached with heater around the circumference and the heater
is assigned with constant heat input. Aluminum, copper and
nickel metal foams of various pore densities with different
porosities are filled in the pipe to improve the thermal perfor-
mance which leads to minimizing the entropy production rate
for designing an effective thermal system. The metal foam is
having dimension of 0.1 m diameter and a length of 0.6 m and
is placed exactly at the center of the pipe. In the present anal-
ysis, the metallic foam pore densities of 10, 20, 30 and 40 with
porosities varying from 0.85 to 0.95 are considered as per Lu
et al. [5]. The schematic of the pipe along with the metallic
foam filling is represented in Fig. 1. The thermal performance
and entropy generation through the pipe are determined for
Reynolds number ranging from 1125 to 8500.

3 Numerical domain with details of boundary
conditions

The pipe is symmetry at the centerline along the z-direction of
flow [45]; hence, a 2-D computational domain is considered
for further numerical computations and is shown in Fig. 2. The
upstream domain is extended by 2 L in order to accomplish a
developed flow before fluid enters to the test section [46].
Similarly, the downstream of the domain is extended by
1.5 L in order get one way coordinate and to avoid the exit
effects [4]. A uniform velocity profile is applied at the inlet
while zero pressure is defined at the outlet. The upstream and
downstream walls of the pipe are assigned with adiabatic wall
conditions. The heater is coupled to pipe wall and is defined
with uniform heat flux while the axis of the pipe is defined
with axis symmetry boundary condition. At the interior
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surface amongst the foam and foam free region, the continu-
ous in shear stress and energy is incorporated as stated by
several investigators [7].

Due to axis symmetry, only upper half of the pipe is con-
sidered for computational domain [47]. At r = 0, symmetry at
centerline causes the velocity gradients and temperature gra-
dients to be zero in r direction. At entry of the fluid, Z = 0, v =
0, T = Tin, u = uin and at the exit of the pipe Z = 4.5 L, the
gradients of u, v and T along Z – direction are zero. Details
of boundary conditions used for the computational domain are
presented in Table 1 [47].

4 Details of numerical simulation

The numerical simulations are performed with commercially
existing software ANSYS FLUENT 15.0 (ANSYS, 2017). A
conjugate heat dissipation study is accomplished for the com-
putational domian as it consists of solid aluminium pipe wall
and fluid flowing through clear and porous regions of the pipe.
The fluid considered is air and the properties are calculated at
inlet temperature. The velocity of the fluid varies from
0.17 m/s to 1.25 m/s; hence, the Re is evaluated based on Dh

of pipe ranging between 1125 and 8500. Based on the Re, the
flow is assumed to be laminar, transition and turbulent. The k-
kl-ω model is used for predicting transition flow features and
k-ɛ model is adopted to capture the features of turbulent flow
in the non-porous region of the pipe [4, 48–50].

The governing equations employed to compute non-foam
region of fluid flow through the pipe are as follows [47, 51].

Continuity equation:

∂
∂z

ρuð Þ þ 1

r
∂
∂r

rρvð Þ ¼ 0 ð1Þ

Z – momentum equation in clear region:

∂
∂z

ρuuð Þ þ 1

r
∂
∂r

rρvuð Þ ¼ −
∂p
∂z

þ ∂
∂z

μ f
∂u
∂z

� �
þ 1

r
∂
∂r

rμ f
∂u
∂r

� �

ð2Þ

r – momentum equation in clear region:

∂
∂z

ρuvð Þ þ 1

r
∂
∂r

rρvvð Þ ¼ −
∂p
∂r

þ ∂
∂z

μ f
∂v
∂z

� �
þ 1

r
∂
∂r

rμ f
∂v
∂r

� �
−
μ f v

r2

ð3Þ

Energy equation in clear region:

∂
∂z

ρCpuT
� �þ 1

r
∂
∂r

ρCprvT
� � ¼ ∂

∂z
λ f

∂T
∂z

� �
þ 1

r
∂
∂r

rλ f
∂T
∂r

� �

ð4Þ

Fig. 2 Illustration of numerical
domain

Fig. 1 Illustration of the circular
pipe
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The details regarding the governing equations of k-kl-ω
transition and k-ɛ (k-epsilon) turbulent models are listed in

[4, 48–50]. The porous metallic foam is taken as isotropic
homogeneous medium and modeled using DEF flow model
in the current computational domain. The DEFmodel is added
to the momentum equation as a source term; the inertial and
viscous loss terms are considered because of permeability and
form drag coefficient, respectively of the porous medium. The
governing equations adopted for computing the porous medi-
um are as follows [47, 51].

Z – momentum equation in porous region:

1

ε2
∂
∂z

ρuuð Þ þ 1

rε2
∂
∂r

rρvuð Þ ¼ −
∂p
∂z

þ 1

ε
∂
∂z

μeff
∂u
∂z

� �
þ 1

rε
∂
∂r

rμeff
∂u
∂r

� �
−
μeff u

K
−
ρFffiffiffiffi
K

p uj ju ð5Þ

r – momentum equation in porous region:

1

ε2
∂
∂z

ρuvð Þ þ 1

rε2
∂
∂r

rρvvð Þ ¼ −
∂p
∂r

þ 1

ε
∂
∂z

μeff
∂v
∂z

� �
þ 1

rε
∂
∂r

rμeff
∂v
∂r

� �
−
μeff v

K
−
ρFffiffiffiffi
K

p uj jv− μeff v

εr2
ð6Þ

Energy equation: LTNE

i. for fluid phase:

∂
∂z

ρCpuT
� �þ 1

r
∂
∂r

ρCprvT
� �

¼ ∂
∂z

λfe
∂T
∂z

� �
þ 1

r
∂
∂r

rλfe
∂T
∂r

� �
þ hsf asf T s−T f

� � ð7Þ

ii. for solid phase

0 ¼ ∂
∂z

λse
∂T
∂z

� �
þ 1

r
∂
∂r

rλse
∂T
∂r

� �
−hsf asf T s−T f

� � ð8Þ

where,

λse ¼ 1−εð Þλfeand λfe ¼ ε λ f ð9Þ

where, λse and λfe represents the effective thermal conductiv-
ity of solids and fluid respectively, λf represents the thermal
conductivity of fluid, μeff represents effective viscosity which
is equivalent to the viscosity of operating fluid, K denotes the
permeability, ɛ is the porosity of the metal foam and F repre-
sents form drag coefficient or inertia parameter.

It is mandatory to report that the heat dispersion in the
metallic foam is treated to be insignificant in the current nu-
merical computation owing to high thermal conductivity me-
tallic foam and working fluid air [Calmidi and Mahajan [52]].
Similarly, the blending of fluid flow due to circuitous passage
of the motion inside the metallic foam is neglected in the
current numerical investigation. The solution method includes
pressure-velocity coupling through pseudo transient explicit
relaxation scheme. The spatial discretization of second order
is considered for momentum, pressure, turbulent dissipation
rate, turbulent kinetic energy and energy equation. The con-
vergence criteria for continuity and momentum equation is
fixed as 10−5, for k-kl-ω and k-ɛ is fixed as 10−3 and for energy
equation is fixed as 10−8.

In the current work the metal foam properties such as su-
perficial area density (asf) and interfacial heat transfer

Table 1 Boundary conditions used for computational domain

Boundaries Boundary conditions

Inlet Uniform
velocity

Z = 0, u = uin, v = 0, T = Tin

Outlet Zero pressure Z = 4.5 L, ∂u∂r ¼ 0; ∂v
∂Z ¼ 0; ∂T

∂Z¼ 0

Entry wall and exit
wall

Adiabatic r = R, v = 0, u = 0, ∂T∂r ¼ 0

Heated wall Uniform heat
flux

r = R, u = 0, v = 0, q = q”

Horizontal axis Symmetry r = 0, v = 0, ∂u∂r ¼ 0; ∂T
∂r ¼ 0
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coefficient (hsf) are evaluated based on Eqs. (10) and (11),
respectively as suggested [52, 53].

Superficial area density,

asf ¼
3πd f 1−exp−

1−ε
0:04ð Þ� �

0:59dp
� �2 ð10Þ

Interfacial heat transfer coefficient,

hsf d f 1−exp−
1−ε
0:04ð Þ� �

λ f
¼

0:76 Red f
0:4 Pr0:37; 1≤Red f ≤40

� �
0:52 Red f

0:5 Pr0:37; 40≤Red f ≤10
3

� �
0:26 Red f

0:6 Pr0:37; 103≤Red f ≤2 x105
� �

8<
:

ð11Þ
where αf is the thermal conductivity of operating fluid, Pr
represents Prandtl number, Red f represents Reynolds number

which is evaluated based on the fiber diameter of the porous,
refer Eq. (12).

Red f ¼ ud f
1−exp−

1−εð Þ
0:04ð Þ

ɛν

 !( )
ð12Þ

where, df represents the fiber diameter in m and dp represents
the pore diameter.

The properties of metallic foam such as pore size, fiber
diameter, permeability and inertial coefficient are calculated
using Table 2 as per Lu et al. [5].

5 Second law analysis

To evaluate the total irreversibility developed in the presence
ofmetal foam inside the horizontal pipe due to heat dissipation
and fluid friction, the thermal entropy generation is computed
using the Eq. (13) and given as [54].

S�g;HT ¼ q
0 02πDh

2L

λeff T f ;inT f ;outNu
ð13Þ

where, S�g;HT denotes thermal entropy generation, q" denotes
continuous heat input W/m2, λeff represents effective conduc-
tivity of the metallic foam in (W/mK), Tf,in denotes fluid inlet
temperature (K), Tf,out represents fluid outlet temperature (K),

Nu is the average Nusselt number.
The frictional entropy generation is computed as [54].

S�g;FF ¼ 8m�3Lf
π2ρ2 T f ;in þ T f ;out

� �
=2

� �
Dh

5 ð14Þ

where, S�g;FF is the fluid frictional entropy generation, m�
denotes mass flow rate of fluid (kg/s), L denotes length of pipe
(m), f denotes friction factor, ρ denotes fluid density (kg/m3).
The total entropy generation rate is associated with fluid fric-
tion and heat transfer is given in Eq. (15).

Total entropy generation rate; S�g;T ¼ S�g;HT þ S�g;FF ð15Þ

To study the contribution of thermal entropy, frictional
entropy and total entropy generation rate, a dimensionless
parameter called Bejan number (Be) and is defined as the ratio
of thermal entropy generation rate to the total entropy gener-
ation rate. Obviously, the value of the Bejan number ranges
from 0 to 1 [55].

Be ¼ S�g;HT
S�g;HT þ S�g;FF ð16Þ

6 Grid independence study

The grid sensitivity analysis is performed to obtain an optimal
grid size. To perform this, 10PPI aluminium metallic foam
with porosity of 0.85 is considered for the Re of 1700 and
continuous heat flux of 275 W/m2 for the heater. The investi-
gation is performed on five distinct grid sizes: 42701, 47,751,
67,281, 86,811 and 106,341. The deviation of wall tempera-
ture and pressure drop for four distinct grid sizes is evaluated
and reported in Table 3. Amongst five different grid sizes, the

Table 2 Correlation used to
compute the properties of metallic
foam

S. \No. Properties Correlations

1 Pore size (dp)
dp ¼ 0:0254

PPI

2 Fiber diameter (df)
d f

dp
¼ 1:18

ffiffiffiffiffiffiffiffiffiffi
1−ɛð Þ
3π

q
1

1−e
1−ɛð Þ
0:04ð Þ

� �

3 Permeability (K)
K ¼ 0:00073 1−ɛð Þ−0:224 d f

dp

� �−1:11
d2p

4 Inertial/Form coefficient
(CI) CI ¼ 0:00212 1−ɛð Þ−0:132 d f

dp

� �−1:63
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grid size of 86,811 is seen to have less error; hence, the same is
chosen for further computations.

6.1 Validation of numerical results

The numerical results of the wall temperature at the top sur-
face is validated with experimental results of Garrity et al. [56]
for the pore densities of 10, 20 and 40 PPI aluminium metallic
foam and is given in Fig. 3. From Fig. 3 it is observed that
there is relatively larger deviation amongst numerical compu-
tational results and experimental results at low mean velocity
of fluid for all three PPI of aluminium metallic foam.
However, the deviation gradually reduces and matches well
with higher mean velocities of the fluid flow. The results
found in current investigation are agreeing with the results
found by [4, 7].

The methodology in the current investigation is validated
by matching numerical data of pressure drop for 40 PPI alu-
minium metal foam with experimental data of Garrity et al.

[56], refer Fig. 4. Figure 4 explored that the predicted results
of pressure drop obtained by the numerical simulation is in
better agreement with experimental data of Garrity et al. [56].
The deviation of pressure drop gradually increases at higher
flow rates of fluid. However, the average deviation in pressure
drop is found to be 7.04%.

To adopt the solution methodology, the numerical simula-
tion is performed by considering similar analytical model and
similar parameters used in Lu et al. [5]. Figure 5 represents the
comparison of velocity profile for fully filled aluminum me-
tallic foam between the present numerical results and the an-
alytical results of Lu et al. [5]. From the figure, it is clear that
the dimensionless velocity profile obtained from the numeri-
cal studies is well coinciding with the analytical results of Lu
et al. [5]. This also serves as a validation of the present
methodology.

Further, to adopt the computational methodology for
the pipe filled with aluminium metallic foam, the wall
temperature obtained along the length of the pipe is com-
pared with experimental data of Baragh et al. [10] and is
depicted in Fig. 6. In the numerical computation, the alu-
minium metal foam of 30 PPI with different porosities is
compared with the experimental data reported by Baragh
et al. [10]. The uniform heat flux is assigned over entire
1 m length of the pipe and the metallic foam is attached
exactly at the center of the pipe along the flow direction
i.e., 0.2 L to 0.8 L. As the fluid enters the test section
(i.e., non-foam region of the pipe 0 to 0.2 L) the heat is
transferred instantly to the fluid due to the temperature
difference between the flowing fluid and heated wall by
means of convection heat transfer. Also, the wall

Fig. 4 Variation of pressure drop through aluminium metal foam (l =
0.1524 m) with mean velocity of fluid

Fig. 3 Variation of temperature on the top surface (x = 0.5 l) of
aluminium metallic foam

Table 3 Grid independence analysis

Grid sizes Tw (°C) ΔP (Pa) Deviation (%)

Tw ΔP

42,701 48.48 49.48 6.04 2.2

47,751 47.42 50.48 3.72 0.26

67,281 46.24 50.53 1.14 0.079

86,811 45.89 50.56 0.37 0.02

106,341 45.72 50.57 Base line
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temperature at the entry region of pipe (i.e., 0 to 0.2 L) is
lower compared to the exit region (i.e., 0.8 to 1 L), since
the heat transfer rate at the entry region is higher between
flowing fluid and the pipe wall. However, a high
conducting metallic foam is attached exactly at the center
of the pipe which is also trying to absorb more amount of
heat from the wall and then it instantly transfers the heat
to the fluid which tends to decrease the wall temperature
at the foam attached region (i.e., 0.2 L to 0.8 L) compared
to non-foam region of the pipe (i.e., 0 to 0.2 L and 0.8 to
1 L), as clearly seen in Fig. 6. It is observed from the
comparison that the trend of the temperature profile ob-
tained in the current study follows the trend of the exper-
imental data of Baragh et al. [10]. In case of the experi-
mental result obtained by Baragh et al. [10], wire mesh of
17 wires per inch was placed at different locations along
the pipe length while in the current investigation metallic
foam of 30 PPI having a length of 0.6 m along the pipe
length is considered. The foremost reason to adopt metal
foams instead of wire mesh in the current study is because
of well-established fluid flow and heat dissipation models
of metal foam reported in the literature. Due to insufficient
literature and no firm establishment of heat dissipation
models in the case of wire mesh, the present work uses
metal foams for the heat enhancement study. As a result,
the variation in the temperature profile has been noticed
between the numerical and experimental results; but, the
deviation of wall temperature amongst different porosities
of 30PPI metal foam for different locations is found to be
less.

7 Results and discussion

7.1 Effect of pore density on wall temperature

The variation of wall temperature in the pipe for pore den-
sities of 10, 20, 30 and 40 with a constant porosity of 0.90
copper metallic foam and for various flow regimes is
shown in Fig. 7a–c. From the results, it is understood that
the wall temperature declines with the increase in the PPIs
of the copper metallic foam for all the flow features con-
sidered in the study. For example, the 40 PPI metal foam
shows average decrease of 25.78%, 12.84% and 9.23% in
wall temperature than 10 PPI metal foam in the laminar,
transition and turbulent flow regimes, respectively. It is also
noticed that the temperature on the wall of the pipe reduces
at the metal foam attached region compared to non-porous
region of the pipe for each PPI of the metallic foam. This
is because the metal foam absorbs more heat from the pipe
wall since it is directly attached to the wall and hence
conduction plays significant contribution for dissipation of
heat.

The wall temperature at the entry region of pipe is lower
compared to the exit region since the heat transfer rate is
higher at the entry between flowing fluid and the pipe wall.
It is also clear from the results that, for a particular metallic
foam pore density, the wall temperature decreases as flow
Reynolds number increases. For example, the pore density
of 10 shows a mean decrease of 21.89% and 31.84% in wall
temperature for transition and turbulent flows, respectively
compared to laminar flow.

Fig. 6 Wall temperature of the current study compared with experimental
results of Baragh et al. [10]

Fig. 5 Velocity profile for fully filled aluminium metal foam
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7.2 Wall temperature results of various metal foams

The variation of wall temperature of the pipe for the pore
density of 40 with a constant porosity of 0.95 for copper,
aluminium and nickel metallic foams for various flow regimes
is shown in Fig. 8a–c. It is noticed from the plots that the
decrement in wall temperature is found to be higher in the
case of copper metal foam than aluminium and nickel metal
foams for all the flow regimes studied. From Fig. 8d, it is
explored that the average wall temperature declines with in-
creasing flow Reynolds number for 40 PPI with a porosity of
0.95 for copper, aluminium and nickel metal foams. The dec-
rement in the average wall temperature for copper metal foam
is only 2.86%, 3.08% and 2.85% compared to nickel metal
foam for laminar (Re = 1125), transition (Re = 3500) and tur-
bulent (Re = 6437) flow regimes, respectively. The values of
average wall temperature of aluminium metal foam are found
between the copper and nickel metallic foams but very close
to copper metal foam. It is also seen that the reduction in
average temperature on the wall of the pipe for copper foam

is found to be 10.6% and 18.97% for transition and turbulent
flows respectively compared to laminar flow and similar kind
of results are observed for aluminium and nickel foams.

7.3 Results of Nusselt number (Nu)

The local Nu is computed based on Dh the pipe and it is
defined in Eq. (17)

Nui ¼ hiDh

λeff
ð17Þ

where, Nui represents local Nusselt number of each set of data
points, hi represents local convection heat transfer coefficient
of each data set (W/m2°C), Dh represents hydraulic diameter
(m) and λeff represents effective conductivity of metallic foam
(W/m°C) which is evaluated using relation given by
Shokouhmand et al. [57].

λeff ¼ λs
1−ɛð Þ λ f

ɛ ð18Þ

Fig. 7 Variation of pipe wall
temperature for various pore
densities of metal foam at a. Re =
1125, b. Re = 3500 and c. Re =
6437
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The local convection coefficient is evaluated based on Eq.
(19)

hi ¼ qw
Twi−Tfi

ð19Þ

where, qw represents continuous heat flux boundary condition
assigned on the wall inW/m2, Twi represents wall temperature
of each locations of data points in °C and Tfi represents fluid
temperature of each set data points in °C.

The average convective coefficient is evaluated based on
Eq. (20)

h ¼ ∑N
1 hi
N

ð20Þ

where, h represents mean heat transfer coefficient in W/m2°C,
N represents total number of samples or each data points of
calculated local convection coefficient.

The hydraulic diameter of the pipe is calculated using Eq.
(21)

Dh ¼ 4Ac

p
ð21Þ

where, Ac represents area of the pipe (m
2) and p denotes pe-

rimeter of pipe (m).
The mean surface Nusselt number is computed by Eq. (22)

Nu ¼ hDh

λeff
ð22Þ

The Re computed based on Dh of pipe which is defined as

Re ¼ ρuDh

μ f
ð23Þ

where, ρ denotes fluid density (kg/m3), u denotes fluid inlet
velocity (m/s) and μf denotes viscosity of fluid (Ns/m2).

Fig. 8 Variation of wall
temperature of the pipe for the
metal foams a. Re = 1125, b.
Re = 3500, c. Re = 6437 and d.
average wall temperature
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The variations in local Nusselt number for metal foams
through the pipe wall for various flow regimes are shown in
Fig. 9a–d. Figure 9a–c detail the variation in local Nu for
copper, aluminium and nickel metal foams for pore density
of 40 with porosity of 0.95 for three different flow regimes
considered in the present study. From the results it is observed
that the improvement in local surface Nu is higher for copper
metallic foam related to aluminium and nickel metallic foams
for laminar (Re = 1125), transition (Re = 3500) and turbulent
(Re = 6437) flow regimes respectively.

Initially, as the fluid enters the non-foam region of the pipe
the difference in temperature between the wall and fluid is more;
as a result, the heat carrying capacity of the fluid is more be-
tween 0 to 0.2 L region of the pipe. Further, the heat absorption

rate from the wall increases from 0.2 to 0.8 L due to high
conducting metallic foam, which is attached at the center of
the pipe. This leads to increase in Nusselt number for all the
metallic foams. By the time fluid reaches 0.8 L, due to laminar
flow condition heat transfer that takes place between the heated
wall and the fluid decreases; later, between 0.8 L and 1 L there is
no metal foam to assist heat transfer. But, in case of high
Reynolds number 3500 and 6437, the flow is assisted by intense
mixing of the fluid and the fluid is now forced to flow through
the pores thereby an increase in the Nusselt number is observed
compared to the Reynolds number 1125. For this reason, the
Nusselt number is observed to be symmetry for Reynolds num-
ber 3500 and 6437 and non-symmetry for the Reynolds number
1125. These are clearly depicted in Fig. 9a–c.

Fig. 9 Changes in local surface Nu for copper, aluminum and nickel metal foams a. Re = 1125, b. Re = 3500, c. Re = 6437 and d. average Nusselt
number for 40PPI
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Figure 9d demonstrates the variation in average Nusselt
number for clear pipe and different metallic foams of 40 PPI
with a porosity of 0.95 for varying Re. From the results it is
noticed that the mean surface Nu increases with increasing Re
for copper, aluminium and nickel metallic foams. It is also
seen that the increase in average Nu is obtained high for cop-
per metal foam because of its high effective conductivity. The
copper metallic foam gives 17.72% and 36.86% increase in
average Nusselt number at Re = 3500 and 6437 than Re =
1125. Also, the increment in average wall Nusselt number
for copper metal foam is found to be 31.24%, 36.2%,
33.85% and 8.15%, 9.75%, 10.44% compared to nickel and
aluminium metal foams at Re = 1125, Re = 3500 and Re =
6437 respectively. If one chooses aluminummetal foam insert
in the pipe, the maximum deviation in average wall Nusselt
number is found to be only10.44%.

7.4 Heat transfer enhancement ratio (NuER)

The effectiveness of heat exchanger is computed from NuER
and is defined as the ratio of mean Nu for fully filled foam to
the mean Nu for the clear pipe.

NuER ¼ Nu

NuΦ
ð24Þ

where, NuER is referred as heat transfer enhancement ratio,Nu
represents mean Nusselt number for filled foam in pipe and

NuΦ represents mean Nusselt number of empty pipe.
The heat transfer enhancement ratio is computed using Eq.

(24) and is given in Fig. 10. Figure 10a explored the NuER for
copper metallic foam of various PPIs possessing porosity of
0.90 at Re = 1125, 3500 and 6437. The NuER advanced with
increasing pore densities of the metallic foam. This is due to
increase in the superficial area density with increasing pore
densities of the metallic foam. It is also observed that NuER is
higher at low flow rates compared to high flow rates of fluid.
For 40PPI metal foam at Re = 1125, the NuER increases by
111.27%, 40.5%, and 13.76% compared to pore density of
10, 20 and 30 respectively. Also, the average heat transfer
enhancement ratio increases by 94.5% for 40 PPI related to
10 PPI copper metallic foam between the ranges of flow
Reynolds number of 1125 to 6437.

The variations of NuER for pore density of 20 with varying
porosities of copper metal foams at three distinct Reynolds
number are shown in Fig. 10b. Figure 10b explored that the
NuER improves with increasing porosity of the metal foam. It
is also seen that the NuER is more at lower Re compared to
higher Re. The heat transfer enhancement ratio increase by
137.66% and 50.53% for porosity 0.95 compared to porosities
0.85 and 0.90 respectively at Re = 1125. It is also noticed that
NuER for porosity 0.95 metal foam increases by 137.66%,

137.3% and 136.92% compared to 0.85 porosity at Re =
1125, 3500 and 6437 respectively.

The results of heat transfer enhancement for 40 PPI with
porosity 0.95 for copper, aluminium and nickel metal foams
are compared for different flow regimes (Re = 1125, 3500 and
6437) and are shown in Fig. 10c. From the results, it observed
that NuER is obtained to be high for copper metal foam com-
pared to aluminium and nickel metallic foams for all the flow
rates. The average heat transfer enhancement ratio increases
by 9.42% and 33.67% for copper foam compared to alumin-
ium and nickel metallic foams between the ranges of
Reynolds number of 1125 to 6437.

7.5 Colburn j factor and performance factor

To design any heat exchanging device, the thermal perfor-
mance is an important parameter which can be computed
using Colburn j factor and is given by the relation as:

Colburn j factor; j ¼ St:Pr
2
3 ð25Þ

where, St denotes Stanton number and Pr denotes Prandtl
number.

Figure 11a demonstrates the changes of Colburn j factor for
different PPI of copper metallic foam with Re considered in
the present study. Figure 11a explored the Colburn j factor
diminutions for all PPI of the metallic foam with correspond-
ing Re of fluid considered in the study. It is also seen that 40
PPI metal foam shows the highest Colburn j factor for lower
flow rates; however, there is no much deviation for 20 and 30
PPI metallic foam at higher flow rates. The pore density of 10
metallic foam shows the least Colburn j factor related to other
PPI of metallic foams, which implies that the 10 PPI metallic
foam gives the least thermal performance. Similar kind of
results is observed for the porous medium reported in the
literature [58]. The 40 PPI metal foam gives 111.56% and
65.62% higher Colburn j factor compared to 10 PPI metal
foam at Reynolds number equal to 1125 and 8500
respectively.

Figure 11b explored the comparative study of Colburn j
factor for 40 PPI of copper, aluminium and nickel metallic
foams with respect to flow rates treated in current study. The
Colburn j factor is 15.8% and 18.74% higher for copper me-
tallic foam related to nickel metallic foam at flow Re of 1125
and 8500 respectively and the performance of aluminiummet-
al foam is found in between them. This is because of the
copper metallic foam attains high convective coefficient
which is proportional to the St. However, the Colburn j factor
declines with corresponding flow rates of the fluid for copper,
aluminum and nickel metallic foams.

The overall thermal performance of metallic foam can be
examined using the dimensionless parameter called the per-
formance factor and is defined as the ratio of Colburn j factor

922 Heat Mass Transfer (2021) 57:911–930



to the pumping power of the fluid and is given by Manglik
[59].

Performance factor; ηp ¼
St Pr

2
3

f
1
3

ð26Þ

Figure 12a demonstrates the thermal performance factor
for 10, 20, 30 and 40 PPI copper metallic foam with respect
to Re. Figure 12a explored that the performance factor
reduces with increasing Re. The 40 PPI metallic foam
shows the highest performance factor for lower flow rates
and goes on reducing with higher flow rates. The perfor-
mance factor for 40 PPI metallic foam is 99.23% and
65.5% higher related to 10 PPI metallic foam at Re of
1125 and 8500 respectively.

The performance factor for distinct materials of metallic
foam for pore density of 40 with respect to flow rates is re-
vealed in Fig. 12b. It is noticed that the copper metallic foam
gives higher performance factor by 4.65%, 15.8% and 6.2%,
19.1% compared to aluminium and nickel metallic foams re-
spectively at Re = 1125 and 8500. The copper metallic foam
attains higher heat transfer coefficient than the aluminium and
nickel metallic foams which is directly proportional to the
Stanton number with same pumping power.

7.6 Thermal entropy generation rate

Effect of pore densities Heat entropy generation for different
Re for changes in pore density aluminium metallic foam

Fig. 10 Variation of NuER for a. effect of pore densities, b. effect of porosities of metal foam and c. comparative study of copper, aluminum and nickel
metal foams
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having porosity of 0.90 is computed using Eq. (13) and is
depicted in Fig. 13. Figure 13 explored that the thermal entro-
py generation rate drops with surge in PPIs of metal foam as
well as with increasing Re. A significant decrease in heat
entropy generation rate for 40 PPI metallic foam is observed
than the 10 PPI metallic foam and only a marginal decrease is
seen with 30 PPI metal foam. The thermal entropy generation
rate decrease by 48.48% and 37.68% for 40 PPI aluminium
metal foam compared to 10 PPI atRe = 1125 and 8500 respec-
tively. This is because the specific surface area increases with
increasing PPIs of the metal foam and hence it enhances more
conduction than convection which results in decrease of wall
temperature of the pipe. Hence, in order to minimize the irre-
versibility due to heat, the higher pore density metal foam is
preferred.

Effect of porosities Figure 14 explored the heat entropy gen-
eration rate for 30 pore density aluminium metal foam for
distinct porosities. From the results, it is seen that the thermal
entropy generation rate reduces significantly with rise in po-
rosity of the metal foam as well as with increasing flow Re.
The porosity of 0.95 shows the least heat entropy generation
compared to porosities of 0.85 and 0.90 for all Reynolds num-
ber. In addition, the heat entropy generation rate decreases by
33.31% and 51.54% for porosity of 0.90 and 0.95 compared to
porosity of 0.85 at flow Reynolds number 8500.

Comparative study of distinct materials of metal foam From
the above results, it is inferred that higher PPI and high porosity
metal foam is best suitable for minimizing the thermal irrevers-
ibility of the system. In this account, the changes in thermal

Fig. 11 Changes in j with corresponding Re for a. effect of PPI of the metallic foam, b. effect of distinct materials of metallic foam

Fig. 12 Changes in ηpwith Re for
a effect of pore densities and b
effect of distinct materials of
metal foam

924 Heat Mass Transfer (2021) 57:911–930



entropy generation rate for 40 PPI with porosity of 0.95 for
aluminium, copper and nickel metal foams is compared and
presented in Fig. 15. From the results it is seen that the heat
entropy generation declines with increasing flow Reynolds
number for different metallic foams. The copper metal foam
shows significant reduction in heat entropy generation rate re-
lated to nickel metal foam and marginal reduction when com-
pared to aluminium metallic foam. This is because of the reduc-
tion in wall temperature of nickel metallic foam which is lesser

than the copper and aluminium metallic foams due to lesser
effective conductivity. The heat entropy generation for copper
metal foam decreases by 21.09% and 8.95% compared to nickel
and aluminium metal foams at Re = 8500.

7.7 Frictional entropy generation rate

Effect of pore densities The changes in frictional entropy gen-
eration for aluminium metallic foam with porosity of 0.90 is
revealed in Fig. 16. The frictional entropy generation is

Fig. 14 Changes in heat entropy generation rate for different Reynolds
number

Fig. 15 Changes in thermal entropy generation rate for various metallic
foams

Fig. 13 Variation of heat entropy generation for changes pore densities of
metal foam

Fig. 16 Variation of frictional entropy generation rate for aluminum foam
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computed using the Eq. (14). From the results, it is witnessed
that the frictional entropy generation improves with increment
in PPI of the metal foam as well as with flow rates. It is also
seen that the frictional entropy generation is greater for 40 PPI
compared to the other PPIs of aluminium metal foam.
Because, increase in metallic foam PPI increases the specific
surface area which in turn reduces the fluid flow through the
porous metal foam and results in increased friction coefficient.
On the other hand, the irreversibility due to friction is more or
less similar for all PPI of the metallic foam at lower flow rates
and increases significantly with increasing flow rates for all
PPI of the metallic foam. The frictional entropy generation
rate increase by 66.67% for 40 PPI related to 30 PPI alumin-
ium metallic foam at Re = 8500.

Effect of porosities The changes in frictional entropy gener-
ation for 40 PPI aluminium metal foam with distinct poros-
ities is evaluated by using Eq. (14) and is shown in Fig. 17.
From the results it is witnessed that the frictional entropy
generation rises with increasing Reynolds number. It is also
seen that reduction in frictional entropy generation with
varying porosities of the metal foam. The reason is that with
the use of higher porosities of metallic foam, the pressure
drop reduces and is proportional to the friction factor. Also,
the surface area available to interact with the fluid is mini-
mal. Additionally, the frictional entropy generation is found
to be similar at low Re and progressively increases due to
increase in flow Re. The frictional entropy generation de-
crease by 33.1% and 18.2% for porosity of 0.95 compared
to porosity of 0.85 and 0.90 of aluminium metal foam at
Re = 8500.

Comparative study for distinct materials of metal foams From
the above results it is concluded that, lower PPI with high
porosity of the metal foam is preferred because the irrevers-
ibility due to friction is minimum. Henceforth, the frictional
irreversibility results are compared for aluminum, copper and
nickel metal foam for 10 PPI with porosity of 0.95 is shown in
Fig. 18. Figure 18 explored the frictional entropy generation
shows similar results for all distinct metallic foams. The pres-
sure drop is found to be same for aluminium, copper and
nickel metallic foams with all flow rates. For equal pressure
drop the copper and aluminium metal foam, enhance the
higher heat dissipation with minimal entropy generation rate
related to nickel metal foam.

7.8 Bejan number (Be) study

Effect of pore densities The Bejan number is computed using
Eq. (16) and presented in Fig. 19. The variation of Bejan
number for porosity of 0.95 with distinct pore densities of
aluminium metallic foam is compiled in Fig. 19. From the
results, it is witnessed that the Bejan number decreases with
increment in pore densities of metal foam as well as with
increase in flow rates. The 40 PPI aluminium metal foam
shows significant decrease in Bejan number related to 10
PPI metallic foam with respect to the flow Reynolds number.
Since, the frictional irreversibility is dominating over the ther-
mal irreversibility with higher PPI metal foam. The minimal
values of Bejan number are found to be 0.401, 0.1145, 0.07
and 0.04 for pore densities of 10, 20, 30 and 40 respectively at
Re = 8500. Also the Bejan number decreases by 90.02% for
40 PPI related to 10 PPI metallic foam at Re = 8500.

Fig. 18 Variation of frictional entropy generation rate for distinct
materials of metal foam

Fig. 17 Variation of frictional entropy generation rate for distinct
porosities of metal foam
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Effect of porosities The variation of Bejan number for 30 PPI
with three distinct porosities of aluminium metallic foam is
presented in Fig. 20. From the results it is explored that the
Bejan number declines with increment in the porosities of the
metal foam as well as increasing flow Reynolds number. It is
also noticed that the porosity of 0.95 shows the least Bejan
number and decreases marginally compared to the porosities
of 0.85 and 0.90. The Bejan number decreases by 17.97% and
11.75% for porosity of 0.95 related to porosities of 0.85 and
0.90 for aluminium metal foam respectively at Re = 8500.

Comparative study of distinct materials of metallic foams
From the above results it is concluded that the Bejan number
is found to be lesser for higher PPI with high porosity of the
metal foam. Therefore, the results of Bejan number are com-
pared for aluminium, copper and nickel metallic foams. The
variation of Bejan number for pore density of 40 with porosity
of 0.95 for distinct metallic foam is depicted in Fig. 21. From
the results it is observed that the Be decreases progressively
with increasing flow rates of fluid. It is also noticed that the
copper metal foam shows the least Bejan number compared to
aluminium and nickel metallic foams. Since, the thermal irre-
versibility is significantly less for the copper metallic foam
than the nickel metallic foam and marginally compared to
aluminium metal foam. It also entails that frictional irrevers-
ibility is found to be same for aluminium, copper and nickel
metallic foams because of the same pressure drop. From the
comparison results of Bejan number for distinct materials of
metallic foam, it is found that the heat irreversibility plays a
crucial role than the frictional irreversibility.

8 Conclusions

Two-dimensional numerical computations of forced convec-
tion heat dissipation and entropy generation rate through cop-
per, aluminium and nickel porous metallic foams filled in the
horizontal cylindrical pipe were accomplished using ANSYS
FLUENT. The horizontal pipe of 0.1 m diameter and 7 mm
thick was filled with metallic foam of different pore density,
porosities and made of different materials were considered for
the numerical exploration. The features of fluid flow, heat

Fig. 19 Changes in Be with Re for different PPI of metallic foam Fig. 21 Changes inBewith Re for different conductivity of metallic foam

Fig. 20 Changes in Be with Re for different porosities of metallic foam
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emission and the entropy generation are computed for distinct
flow rates. Based on the present study, the salient features
made on the study are as follows.

& On account of the decrease in average wall temperature for
40PPI with porosity of 0.95, the copper metal foam is only
2.86%, 3.08% and 2.85% compared to nickel metal foam for
laminar transition and turbulent flow regimes, respectively;
on the other hand, the average wall temperature of alumini-
um for the same PPI is found closer to copper metal foam.

& If one chooses the pore density of 40 aluminum metal
foam insert in the pipe, the maximum deviation in average
wall Nusselt number is found to be only 10.44% com-
pared to copper metallic foam between for the Reynolds
number ranging from 1125 to 6437.

& The heat transfer enhancement ratio for copper metallic
foam increases marginally compared to aluminium metal
foam and significantly compared to nickel metallic foam.
The copper metallic foam increases the heat transfer en-
hancement ratio by 36.15% and 33.67% than nickel metal
foam for transition and turbulent flow regimes. However,
an increase of only 8.84% is found between copper and
aluminum.

& The Colburn j factor and the performance factor decreases
with increasing flow rates as well as increase in PPI of the
metallic foams. The j and ηp for 30 and 40 PPI metallic
foams shows similar kind of results beyond the Reynolds
number of 4000. Hence, one can choose the 30 PPI metal
foam instead of 40 PPI for similar performance factor of
heat exchanging devices in order tominimize the pumping
power.

& From the study, it confirms that the heat irreversibility can
be minimized with the use of high porosity, high pore
density and high conductivity of the metallic foams and
in contrary, frictional irreversibility can beminimized with
use of low pore density, high porosity with irrespective of
the thermal conductivity of the metallic foams.

& The Bejan number decreases with increasing pore densi-
ties of the metallic foam as well as increasing porosities of
the metal foam with increment in flow Reynolds number.
It is also seen that the copper metal foam shows the least
Bejan number compared to aluminium and nickel metal
foam. It entails that the heat irreversibility is dominating
over the frictional irreversibility.
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