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In this study, a novel design was proposed for enhancing heat transfer in a channel with metal
foam, corrugated walls, and hybrid nanofluids. The numerical analysis of hybrid nanofluids
(MWCNTSs+TiO2) with DW (distillate water) as the base fluid was performed in a channel with
triangular corrugations and open metal foam. The mass fractions of hybrid nanofluids
(mixture of DW and MWCNTs+TiOz) were set at 0.025%, 0.05%, and 0.075%. The effects of
metal foam porosity and PPI (pore density), as well as different Reynolds numbers (ranging
from 7000 to 13000), on thermal performance were investigated. The results showed that the
heat transfer enhancement with metal foam increased by 130% for all hybrid nanofluids.
Moreover, the heat transfer enhancement in metal foam with a porosity of 0.9 was 9.8%
higher than that of metal foam with a porosity of 0.99. Additionally, quadratic correlations for
the average Nusselt number (Nu.) were proposed for all hybrid nanofluids, taking into
account PP, porosity, and Reynolds numbers as variables. Finally, the optimum values of Nua
for all hybrid nanofluids were determined, providing valuable insights for optimizing the heat

transfer performance in this configuration.
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1. Introduction

Heat transfer is an important issue for several
industries such as power plants, refineries,
petrochemicals, biological systems, and electronic
components [1,2,3]. Numerous studies in the field of
heat transfer enhancement have been carried out in
the last two decades. In recent years, studies on heat
transfer with metal foams, nanofluids, and corrugated
channels have gained significant attention due to their
increased heat transfer rate [4]. An experimental
investigation of a channel with metal foam and
oscillating flow was provided in the study of Leong [5].
The results highlighted that the use of metal foam and
oscillation flow increase the Nusselt number. An
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analytical study of the heat transfer on a pipe, filled
with metal foam was provided by Lua, et al. [6]. The
results showed that porosity and pore size are
important parameters of metal foam. Yu et al
examined the effects of pore size and porosity on the
performance of a carbon-foam finned tube heat
exchanger [7]. According to the results obtained, metal
foam  improved thermal performance by
approximately 15%. A simulation of the metal hydride
reactor was conducted by Laurencelle and Goyette [8],
which showed good agreement between the model and
the experimental data when using metal foam. Du et al.
provided a numerical analysis of heat transfer in a
metal foam-filled heat exchanger [9]. The results
showed that the proposed numerical model effectively
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represented the real physical heat transfer process in
the double-pipe heat exchanger. In the work of
Khadangi et al. [10], an experimental investigation of a
vertical cylinder using non-Newtonian nanofluids was
conducted. The results indicated that heat transfer
performance with nanofluids improved at low
concentrations. Su et al. [11] conducted an
experimental investigation of the effects of
nanoparticles on the physical properties of a binary
nanofluid and proposed a correlation for the effective
thermal conductivity of the nanofluid. Yu et al. [12]
conducted an experimental study of convective heat
transfer using polyalphaolefin nanofluids. The results
indicated that a proper interpretation of the
experimental data of nanofluids containing non-
spherical nanoparticles in convective flow required
consideration of shear-induced alignment and
orientational motion of the particles. In their study,
Perarasu et al. conducted experimental investigations
of heat transfer with nanofluids in a coiled agitated
vessel [13]. The results highlighted a 17.59%
improvement in heat transfer. Ijame et al. [14]
provided a mini-channel experiment with TiO2-water
nanofluid and SiC-water nanofluid, showing a 12.43%
improvement in heat transfer. Another experimental
study was performed to investigate the thermal
performance of a heat pipe with an inclined mesh, and
the results indicated that an inclination angle of 45°
yielded the best results [15]. Numerous experimental
studies were conducted to investigate the thermal
performance of various nanofluid configurations and
geometries [16,17,18,19,20]. Zachar et al. [21]
conducted a numerical investigation of heat transfer in
a heat exchanger with helical corrugations, and the
results indicated a 100% improvement in heat
transfer. Hikmet et al. [22] studied the characteristics
of Al203-water flow inside a corrugated channel. The
results indicated an improvement in the performance
of heat transfer. Zahrana et al. [23] conducted both
numerical and experimental investigations of airflow
through a rectangular channel with one corrugated
surface. The results highlighted that the presence of a
corrugated surface enhanced the heat transfer rate.
Obaidia et al. conducted a study where different
corrugated geometrical configurations were used to
investigate Nusselt numbers [24]. In a study by Amrar
et al, friction factors and Nusselt numbers in an
annular corrugated channel were investigated, and the
results indicated that the heat transfer area could be
reduced by up to 30-65% [25]. Feng et al. studied a
corrugated triangular flow channel with trapezoidal
baffles, and the results showed that the friction factor
and Nusselt number were more than 3.5 and 1.7 times
higher, respectively, than those without baffles [26]. Li
et al. conducted a study proposing the enhancement of
heat transfer efficiency using a piezoelectric fan on
corrugated surfaces, and the results demonstrated
improved heat transfer [27]. Lia et al. investigated heat

transfer in helical tubes with spherical corrugations
and proposed a pulsating flow. The results indicated
that both the friction factor and Nusselt number
increased with an increase in dimensionless amplitude
[28]. Talib et al. conducted a study on fluid flow and
heat transfer through backward-facing steps, which
was investigated experimentally and numerically. The
results showed that the corrugated wall increased the
friction factor and Nusselt number by up to 46.2% and
40.7%, respectively [29]. Hu et al. studied three
corrugated tubes proposed for enhancing the heat
transfer rate of the intermediate heat exchanger [30].
Li et al. investigated a corrugated heat storage system
with porous metal [31]. Bianco et al. studied a confined
channel with nanofluids and metal foam [32]. Wan et
al. conducted an experimental study investigating the
effects of TiO2-water nanofluids and copper foam on
heat transfer in a corrugated tube [33]. Many studies to
enhance heat transfer have been reported in the
literature. In most of the studies, the effect of the
nanofluid, corrugated wall, and metal foam or
combination of two of these techniques has been
investigated. Based on the studies reviewed above,
there has been no study on improving heat transfer in
a channel with simultaneous use of corrugated wall,
metal foam, and hybrid nanofluids. In this study, a
novel design for enhancing heat transfer in a channel
with metal foam, corrugated walls, and hybrid
nanofluids was proposed. The effects of porosity, pore
density, and weight concentrations of nanofluids on
heat transfer behaviors in the rectangular channel with
triangular corrugations were numerically examined.

2. Geometrical and Physical model

In Figure 1, a rectangular channel with triangular
corrugations is depicted without metal foam. The
protruded surface has a length of 100 mm, the
channel's height is 30 mm, and there are 5 mm
between the vertical distances of the corrugation teeth
[34].

Adiabatic wall

Inlet Outlet

Heated wall

Figure 1. Computational domain of the rectangular channel
without metal foam [34]
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Figure 2. Computational domain of the rectangular channel
with metal foam
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In Figure 2, the rectangular channel features
triangular corrugations and Aluminum metal foam.
The metal foam has dimensions of 40 mm in length and
25 mm in width. In the current numerical investigation,
the flow of hybrid nanofluids is assumed to be
turbulent, steady-state, two-dimensional, Newtonian,
incompressible, and single-phase. Within the metal
foam zone, local thermal non-equilibrium (LTNE)
conditions between the solid and nanofluid
temperatures are considered. Physical properties are
assumed to be constant, and viscous dissipation is
considered negligible.

3. Governing Equations

Based on the physical model assumptions, the
equations of continuity, momentum, and energy in this
research are as follows [32, 35, 36]:

Continuity
V.u=20 (D
Momentum
p(u.V)u ="V.[-pl + K] (2)
K= (u+pp)(Vu+ (Vwh (3)
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where, u is the velocity, p is the pressure, p is the
viscosity, &p is porosity, k is permeability, cp is specific
heat capacity, ks and knr are the thermal conductivity of
the solid and nanofluids, Ts and Tnfare the temperature
of the solid and nanofluids, respectively. In equations
(22) and (18), h and a are the interfacial heat transfer
coefficient between the solid and nanofluids specific
surface area density, respectively. Boundary
conductions in this study are shown in Table 1 [34].

Tablel. Boundary conditions of this study

Boundary conduction Fluid flow Heat transfer
Inlet u=ui, v=0 T=303 K
Outlet p=0 -n.q=0
Adiabatic wall No slip -n.q=0
Corrugated wall No Slip T=311K

4. Numerical Model

The equations of continuity, momentum, turbulent
(k-€), and energy for nanofluid and metal foam, along
with the physical properties listed in Table 2 and
boundary conditions outlined in Table 1, were
numerically solved using the finite element method in
COMSOL Multiphysics (V.6).

Table 2. Physical properties of the base fluid (DW) and
hybrid nanofluids in different weight concentrations [34]

Physical 0.025%- 0.05%-  0.075 %-
: DW

properties wt wt wt

p(kg/m?) 995.652 1014.139 103295 1052473

Cr(/ (kg.K)) 4180 40689  4067.18 40648
k(W/(mK)) 0616  0.689118 0717553 0.733566

u (Pa.s) 0.797 0.927 0.980 1.039
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The physical properties of DW and hybrid
nanofluids (MT) with concentrations of 0.025%-wt,
0.050%-wt, and 0.075%-wt are listed in Table 3 [34].
The study covers a range of porosity from 0.9 to 0.99
and pore density from 20 to 40.

For grid verification analysis, various grid sizes
were employed, and the results were compared with
the Nusselt number obtained from the Dittus-Boelter
equation (Eq. 23).

Nu=0.023 Re08 Pro4 (23)

Figure 4 illustrates the Nusselt number obtained
from the model and the Dittus-Boelter equation for
three different mesh sizes. The average relative error
between mesh 2 (9300) and mesh 3 (14500) is 1.8%.
Additionally, the average relative errors for mesh 1
(9300), mesh 2, and mesh 3 when compared to the
Dittus-Boelter equation are 19.4%, 9.1%, and 7.4%,
respectively.
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Figure 3. Verification of grids with three meshes
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Figure 4. Validation of the model with [34] data
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To validate the model without metal foam, the Nua
for different mass concentrations of nanofluids was
compared with the data presented by Alawi et al. [34].
The results indicate an average relative error of only
1.3%, demonstrating reasonable agreement between
the current model and the data from Alawi et al. To
validate the model with metal foam, experimental data
from Kamath et al. [37] was utilized, and a comparison
of pressure drops between the model and
experimental data is shown in Figures 5. The maximum
relative error in pressure drop is 4%, while the average
relative error is 2.1%. These results demonstrate
significant consistency between the experimental data
and the present model.
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Figure 5. Validation of the model with [38] data

5. Results and Discussions

Figures 6 and 7 show the velocity and pressure
profiles for distilled water (without nanofluid) and MT
(nanofluid with 0.075 wt %) with metal foam (£=0.99,
PPI=40) and without foam. The pressure drop of MT
with metal foam or without metal foam is more than
DW, since the viscosity of MT is higher than DW. When
there is the metal foam in the channel, the maximum
velocity has increased in both MT and DW states, its
due to the pressure drop of adding metal foam. As a
result, both convective and conductive heat transfer in
the channel with metal foam increase due to its higher
thermal conductivity and increased velocity. The
higher velocity contributes to a reduction in thermal
resistance at the bottom of the rectangular channel.
Furthermore, Figure 6 clearly illustrates that the
utilization of metal foam has resulted in a more
uniform velocity profile within the flow channel.

| e —

[ oS e——e——

Velocity (m/s)

Velocity (m/s)
Figure 6. Profiles of velocity, a: nanofluid (0.075 %) without metal foam, b: nanofluid (0.075 %) with metal foam,
c: DW without metal foam, d: DW with metal foam
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Figure 7. Profiles of pressure, a: nanofluid (0.075 %) without metal foam, b: nanofluid (0.075 %) with metal foam,
c: DW without metal foam, d: DW with metal foam

In Fig. 8, the Nua is presented for different mass
fraction of nanofluids, with metal foam (e=0.9, PP1=20)
and without metal foam. The Nua of nanofluids in the
metal foam are 130 % higher than without metal foam.
This increasing is due to high thermal conductivity of
the metal foam and decrease the thermal resistance in
bottom of rectangle channel. Also, this Figure shows
the Nua of MT (0.075 %) is 2.54 % higher than DW.
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Figure 8. Nu. as function of Reynolds number for
different nanofluids mass fraction

In Figure 9, the pressure drops of the channel with
metal foam are presented for different mass fractions
of nanofluids, two values of porosity, and a pore
density of 20 PPI. The values of porosity are 0.9 (Figure
9-a) and 0.99 (Figure 9-b). The pressure drops of the
channel with a porosity of 0.9 are higher than those of
the channel with 0.99 porosity. This difference is
attributed to the fact that a higher porosity allows for a
larger cross-sectional area of fluid flow, resulting in
smaller pressure drops. Additionally, the pressure
drops of nanofluid with a 0.075% mass fraction are
higher than those of the other nanofluids due to its
higher viscosity.
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Figure 9. Pressure drop as function of Re number for
different nanofluids mass fraction and for 20 PPI
and: (a) €=0.9, (b) €= 0.99.

Figure 10 illustrates the Nua (average Nusselt
number) of the channel with metal foam for different
mass fractions of nanofluids, considering two values of
porosity and a pore density of 20 PPI. As the Reynolds
number increases, the Nua increases for both porosity
values and all nanofluids. The Nua of metal foam with
a porosity of 0.9 is higher than that of metal foam with
a porosity of 0.99 due to the stronger influence of
thermal conductivity in the former. Furthermore, the
heat transfer enhancement in metal foam with a
porosity of 0.9 is 9.8% greater than in metal foam with
a porosity of 0.99. In all cases, the Nua of MT (0.075%)
is higher than in the other scenarios due to its higher
viscosity.
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Figure 10. Nu. as function of Re number for different nanofluids mass fraction and for 20 PPI, £ = 0.9 and € = 0.99

Figure 11 presents the Nua as a function of porosity a Nu (Re= 7000, DW)
for different nanofluid mass fractions, with a pore .
density of 20 PPI, and at two Reynolds numbers of
7000 and 13000, respectively. As the porosity of the
metal foam increases, the Nua decreases for all
nanofluids. This decrease is attributed to the
diminishing effect of thermal conductivity in the metal
foam as porosity increases.
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Figure 11. Nu. as function of porosity for different
nanofluids mass fraction and for 20 PP],
Re=7000 and Re = 13000
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Figure 12 illustrates the impact of porosity and pore
density of metal foam on thermal performance when
using distillate water fluid (without nanofluids). In
Figure 12(a) and Figure 12(b), the Nua is presented as
a function of porosity, pore density, and Reynolds
numbers of 7000 and 13000. In both cases, when
porosity decreases and pore density increases, the Nua

increases. Furthermore, the maximum Nua reaches o i e 0930,“,3” A Sk

181 when Reynolds is 7000 and 203 when Reynolds is

Figure 12. AN as function of porosity and pore density for
13000. a: Re= 7000, b: Re =13000
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Figure 13 shows the effect of porosity and Re M theoRv=os oW
number with distillate water fluid (without nanofluids)
on thermal performance. In Figure 13 (a) and Figure 13
(b), the Nua as function of porosity, Reynolds number
and pore density equal to 20 and 40 are shown. In both
cases, if the porosity decreases and the Re number
increases, the Nua increase. Also, the maximum of the 3
Nua is equal to 172 when PPI is 20 and equal to 203
when PPl is 40.

Nu (PP1=20, DW)

o8 09 1
Re

Nu (Porosity= 0.99, DW)
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180
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- 160
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130
V27
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Figure 14. Nu. as function of PPI and Re number for
a: porosity= 0.9, b: porosity = 0.99
Nu (Re=7000, MT (0.075%))
% A 185
o 185
38 180
36 175
34 170
32 165
08 09 ;' 11 12 x10* g :: i:
Figure 13. ANu as function of porosity and Re number for - 150
a: PPI= 20, b: PPI = 40 u s
Figure 14 illustrates the impact of pore density (PPI) 2 o
and Reynolds number, using distillate water fluid 2 =
(without nanofluids), on thermal performance. In both 18— ~ > ~= ~r— gL
Figure 14(a) and Figure 14(b), the Nua is presented as o
a function of PPI, Reynolds number, and porosity, with b N (e=13000. NT (0.075%))
values equal to 0.9 and 0.99. In both cases, when the ~ 2 s
Reynolds number and PPI increase, the Nusselt o i
number also increases. Additionally, the maximum Nua 36 20
reaches 172 when the porosity is 0.99 and increases to 3 195
203 when the porosity is 0.9. 2 1%
Figure 15 shows the effect of porosity and pore £ ’ 185
density of metal foam with MT (0.075 %) nanofluid on 28 . -~
thermal performance. In Figure 15 (a) and Figure 15 2 . -
(b), the Nua as function of porosity, pore density and 24 i
Reynolds number 7000 and 13000 are shown. In both 2
cases, if the porosity decreases and the pore density 2 i
increases, the Nua increase. Also, the maximum of the e 092 04 0.96 098 M

. . “Porosity
Nua is equal to 185 when Reynolds is 7000 and equal Figure 15. Nua as function of porosity and pore density for

to 207 when Reynolds is 13000. MT (0.075%) a: Re= 7000, b: Re = 13000
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Figure 16 illustrates the impact of porosity and
Reynolds number using MT (0.075%) nanofluids on
thermal performance. In both Figure 16(a) and Figure
16(b), the Nua is presented as a function of porosity,
Reynolds number, and pore density, with values equal
to 20 and 40. In both cases, when porosity decreases
and the Reynolds number increases, the Nua also
increases. Additionally, the maximum Nua reaches 176
when PPl is 20 and increases to 207 when PPI is 40.
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Figure 16. Nu. as function of porosity and Re number for
MT (0.075%) a: PPI= 20, b: PP1 = 40

Figure 17 illustrates the impact of pore density (PPI)
and Reynolds number using MT (0.075%) nanofluid on
thermal performance. In both Figure 17(a) and Figure

Abrofarakh and Moghadam / JHMTR 10 (2023) 147 - 158

17(b), the Nua is presented as a function of PPI,
Reynolds number, and porosity, with values equal to
0.9 and 0.99. In both cases, when the Reynolds number
and PPI increase, the Nua also increases. Additionally,
the maximum Nua reaches 186 when porosity is 0.99
and increases to 207 when porosity is 0.9.

Nu (Porosity= 0.9, MT (0.075%))

42
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Figure 17. Nua as function of PPI and Re number for
MT (0.075 %) a: porosity= 0.9, b: porosity = 0.99

In Table 4, the predicted correlation coefficients for
Nua as a function of Reynolds number, porosity, and
pore density are presented for all hybrid nanofluids.
The values of R-square, which are close to one, indicate
that the predictions are in agreement with the data.
Figure 18 displays the estimated Nua values alongside
the actual values for all nanofluids.

Table 4. The predicted correlation coefficients for Nua

Nu=a+bx+cy+dz+exy+ fxz+gyz+ hx?+iy?+jz?
x = Re,y = Porosity,z = PPI

:a}\’rtl);ilduid a b c d e f g h i j R2

DW -1585  0.006 3551 7.47 0.006 0 -4.8 -3.14  -1959  -0.01 0.99
MT (0.025 %) -1587  0.006 3558 747 0.006 0 -4.8 -3.15 -1964  -0.01 0.99
MT (0.05%) -1591  0.006 3568 7.5 0.006 0 -4.8 -3.16  -1970  -0.01 0.99
MT (0.075 %) -1595  0.006 3585 7.5 0.006 0 -4.8 -3.17 -19.81 -0.01 0.99
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Figure 18. Predicted and actual Nua

Table 5 presents the optimal values of Nua along
with the associated optimal parameters. In these
optimal conditions, the Nua of MT (0.075%) is 2.4%
higher than that of DW (without nanofluids).

Table 5. The optimal values of Nu, for all nanofluids

Optimal
. values of the

Hybrid . average Porosity Re PPI
nanofluid

Nusselt

number
DW 202 0910 12826 39.6
MT (0.025%) 203 0905 12540 39.8
MT (0.050%) 205 0908 12858 39.7
MT (0.075%) 207 0908 12839 39.6
Conclusions

In this research, modeling and simulation of hybrid
nanofluids (MWCNTs+TiO2) with DW (distilled water)
as the base fluid were performed in a channel with
triangular corrugations and open metal foam. The
flows of the hybrid nanofluids were assumed to be
turbulent (with higher Reynolds numbers), steady-
state, two-dimensional, Newtonian, incompressible,
and single-phase. The mass fractions of hybrid
nanofluids (a mixture of DW and MWCNTs+Ti02) were

setat 0.025%, 0.05%, and 0.075%. The effects of metal
foam porosity and PPI (pore density) at two different
Reynolds numbers (7000-13000) on thermal
performance were investigated. The results showed
that heat transfer with metal foam increased by 130%
for all hybrid nanofluids. The enhancement of heat
transfer using metal foam with a porosity of 0.9 was
9.8% greater than with metal foam with a porosity of
0.99. Additionally, quadratic correlations for Nua for
all hybrid nanofluids, considering PPI, porosity, and
Reynolds numbers as variables, were proposed. The
values of R-square, which were close to one, indicated
that the predictions were in agreement with the data.
Finally, the optimum values of Nua for all hybrid
nanofluids were determined. In optimal conditions,
Nua for MT (0.075%), MT (0.05%), MT (0.025%), and
DW were determined to be 207, 205, 203, and 202,
respectively.

Nomenclature

a Nanofluids specific surface area density (1/m)
¢y  Specific heat capacity (J/kg K)
C. Parameters of turbulence (k-¢) (1)

Hydraulic diameter (m)

dr  Diameter of fiber (m)
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dp Diameter of pore (m)

h Interfacial heat transfer coefficient (W/m2K)
k  Turbulent kinetic energy (m2/s2)

kys  Thermal conductivity of nanofluids (W/m K)
ks  Thermal conductivity of solid (W/m K)
Nu Nusselt number (1)

p Pressure (Pa)

Pr  Prandtl number (1)

q” Heat flux (W/m2)

Re Reynolds number (1)

T  Temperature (K)

u Vector of velocity ([u, v]) (m/s)

Greek symbols

€ Turbulent dissipation rate (m2/s3)

g, Porosity of metal foam (1)

K Permeability (1/m2)

1 Viscosity (Pa. s)

p Density (kg/m3)

Subscripts

b  Bulk

ne  Nanofluids

S Solid

Nua Average Nusselt number

MT MWCNTs+TiO2
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