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Abstract: Porous inserts and nanofluids are among the conventional methods for the amelioration of
heat transfer in industrial systems. The heat transfer rate could also be improved by utilizing porous
substances with a higher thermal conductivity in these systems. This research work presents a two-
dimensional (2D) numerical examination of the laminar forced convection of an Al;O3-CuO-carboxy
methyl cellulose (CMC) non-Newtonian hybrid nanofluid within an annular pipe in a porous medium.
The porous medium was inserted within two inner or outer wall cases. For hybrid nanofluid flow
modeling in porous media, a Darcy-Brinkman-Forchheimer formulation was employed. Additionally,
a power-law technique was utilized as a fluid viscosity model for the considered non-Newtonian
fluid. The governing equations were discretized according to the finite volume method (FVM) using
the computational fluid dynamics (CFD) software package ANSYS-FLUENT. The cylinder walls’
thermal boundary conditions were exposed to a constant heat flux. For various Darcy numbers, the
impacts of different volume fractions of the hybrid nanofluid (0% to 5%), the total Nusselt number,
the pressure drop, and the performance number (PN) were evaluated. The outcomes indicate that the
heat transfer coefficient increases considerably with a decrease in the Darcy number (0.1 to 0.0001), as
well as with an increase in the porous thickness ratio. Moreover, it was found that the nanoparticles’
increased volume fraction would ameliorate the heat transfer and, more considerably, the PN factor.
Furthermore, according to the outcomes in both cases I and II for a constant porous thickness ratio
and Darcy number (r, = 1, Da = 0.0001) and a high volume fraction (¢ = 5%), the maximum total
Nusselt number reached 1274.44. Moreover, applying a volume fraction of 5% with Da = 0.1 and
rp = 1 reached the highest value of the PN index equal to 7.61, which is augmented as roughly 88%
compared to the case of a zero volume fraction.

Keywords: CFD; heat transfer; non-Newtonian hybrid nanofluid; volume fraction; porous media

1. Introduction

The heat transfer efficiency can be drastically ameliorated using nanofluid media.
Because of their high thermal conductivity, nanofluids play a huge role in the heat transfer
in different energy conversion applications such as energy storage, solar equipment, heat
exchangers, radiators, automobiles, and various medical areas [1-3]. As a result, heat
transfer and nanofluid flow have been widely investigated both numerically and exper-
imentally [4-6]. Recently, superior thermophysical features have been found for a novel
group of fluids, i.e., the so-called hybrid nanofluids. Compared to common heat transfer
fluids, hybrid nanofluids offer better thermophysical properties as well as a more robust
thermal performance [7], and hence, they have been the focus of several experimental
and numerical investigations [8—11].Tahir and Mital [12] numerically examined the forced

Energies 2022, 15, 8207. https:/ /doi.org/10.3390/en15218207

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15218207
https://doi.org/10.3390/en15218207
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-9149-7272
https://orcid.org/0000-0002-0707-944X
https://doi.org/10.3390/en15218207
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15218207?type=check_update&version=1

Energies 2022, 15, 8207

20f16

convection heat transfer within the laminar flow of a water-aluminum oxide nanofluid in a
channel with a round cross-section. They compared the impacts of the volume fraction, the
size of nanoparticles, and the Reynolds number on the improvement in the nanofluid’s heat
transfer and found the Reynolds number to be the most important of the three. In another
work, Moshizi et al. [13] assessed the pressure drop and heat transfer of an Al,O3-water
nanofluid within a tube exposed to a constant heat flux. They showed an improved ratio of
the pressure gradient to the heat transfer coefficient as a result of the slip velocity at the
tube walls.

The viscosity and thermal conductivity of the Al,O3-Cu/HyO hybrid nanofluid were
studied by Suresh et al. [14], in which they found these two parameters to be improved by
increasing the nanoparticles” volume concentrations. To evaluate the impact of nanofluids
on laminar forced convection, the nanofluid (water-based Al,O3) was compared with
the hybrid nanofluid (Al,O3-Cu) of Moghadassi et al. [15], who reported a substantially
improved heat transfer coefficient for the employed hybrid nanofluid. Numerous studies
have recently evaluated the heat transfer in porous media [16,17]. In the last ten years, the
co-application of porous media and nanofluids for enhancing heat transfer has received
increased attention. Uphill et al. [18] assessed the nanofluids’ flow through porous media
and revealed that nanofluids comprising particles smaller than 60 nm had improved
flow in timber. The influences of temperature and the volume fraction of particles on
hybrid nanofluids comprising multiwalled carbon nanotubes and iron oxide nanoparticles
suspended in a water-base fluid were scrutinized experimentally by Sundar et al. [19].
They performed the experiments at temperatures of 20-60 °C and volume fractions of
more than 3%. Specifically, they found an increase of 31% in the thermal conductivity
at the temperature of 60 °C and a volume fraction of 3%. Esfe et al. [20] experimentally
studied the influence of the concentration and temperature of titanium and copper oxide
nanoparticles at 30-60 °C and volume fractions at a maximum of 2%. A hybrid mixture
of water and ethylene glycol was selected as the base fluid. They found a 44% increase
in the thermal conductivity for a 2% volume fraction at 60 °C. A double-pipe-type heat
exchanger occupied with nanofluids and porous baffles was investigated by Targui and
Kahalerras [21]. The effects of the nanoparticles’ volume fraction, as well as their type,
on the system operation were evaluated through nanofluid single-phase modeling in a
porous medium via the Darcy-Brinkman-Forchheimer approach. They found that the
heat transfer gain was mainly dependent on the solid volume fraction rather than the
nanoparticles’ type.

The non-Newtonian nanofluids have also been intensively studied to improve heat
transfer in fluid flows [22-24]. According to the studies, most nanofluids are non-Newtonian,
which is mainly due to the agglomeration of nanoparticles [25]. Hatami and Ganji [26]
investigated the heat transfer and fluid flow for a non-Newtonian nanofluid, which flows
within a porous medium between two coaxial cylinders. Results suggested that augmenting
the thermophoresis variable increased the general temperature level in the whole domain.
Shahsavar et al. [27] evaluated the heat transfer performance of a non-Newtonian hybrid
nanofluid in a double-pipe mini-channel heat exchanger by considering the temperature-
dependent viscosity and thermal conductivity numerically. Furthermore, they showed
that the non-Newtonian hybrid nanofluid has a lower pumping power, pressure drop,
and performance evaluation criterion, whereas the opposite is correct for the heat transfer
rate, the overall heat transfer coefficient, and the effectiveness in comparison with the
Newtonian hybrid nanofluid.

Numerous examples of a heat transfer improvement achieved by applying either
porous media or nanofluids, or the combination of the two, were presented in the aforemen-
tioned literature study. However, forced convection and laminar flow in a non-Newtonian
hybrid nanofluid flowing within an annular pipe in a porous medium have been scarcely
studied. Therefore, in the current work, a computational fluid dynamics (CFD) study
is carried out on the laminar fluid flow behavior and the associated heat transfer of the
non-Newtonian carboxy methyl cellulose (CMC) hybrid nanofluid with a volume fraction
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range from 0% to 5% in a two-dimensional (2D) axisymmetric annular pipe. A porous
medium is considered for the inner or outer wall, and this is exposed to a constant heat flux;
see Figure 1. To analyze the rheological performance of the operating nanofluid, a power
law with the usual power-law and consistency indices was used for all volume fractions.
Studying the effects of the volume fraction, Darcy number, porous thickness ratio, total
Nusselt number, pressure drop, and performance number (PN) is the research aim and
question which should be answered in this work.

Tsometric View

(3T 1ol

Isometric View Front View
(a) (b)

Figure 1. Schematic geometry of the problem. (a) Casel, porous medium in the inner wall.

Front View

(b) Case II, porous medium in the outer wall.

2. Problem Description
2.1. Configuration

Figure 1 schematically describes the configuration of the considered case study. The
outer diameter is Dy, = 0.1 m, the channel length is L = 3 m, and the inner diameter is
Dj,, = 0.04 m. The channel walls are subject to a constant heat flux of 47 = 500 W-m~2.
Nanoparticles (particle diameter of 38 nm) are in thermal equilibrium at all times and
throughout the domain. The nanofluid’s inlet temperature is T;, = 300 K. The volume
fraction and Darcy number ranges are 0% < ¢ < 5% and 0.0001 < Da < 0.1. The
Reynolds number was assumed to be 500 for predicting the fluid behavior and the non-
Newtonian fluid’s laminar-flow heat transfer coefficient. The details of the geometric
features and operating parameters are tabulated in Table 1. As indicated earlier, the heat
transfer of a non-Newtonian hybrid nanofluid flowing through an annulus pipe, completely
or partially filled with a porous cylinder shell and confined within impermeable walls, is
assumed for two cases; see Figure 1. In case I, the porous insert from the outer wall of the
cylinder with a smaller radius begins to grow, whereas in case II, the porous medium from
the inner wall of the cylinder with a larger radius begins to grow. Furthermore, the heat
flux is applied to the outer walls of the two cylinders in both cases I and II.

Table 1. Geometrical dimensions and operating parameters of the problem.

Properties Value Unit
L 3 m
D, 0.04 m
Dout 0.1 m
T; 300 K
q" 500 W-m—2

The porous medium is set to be completely saturated with fluid (e = 0.9). Furthermore,
the selected fluid is supposed to be incompressible, whereas the flow is steady and laminar.
Moreover, the thermophysical characteristics of the porous medium and the working fluid
were considered to be constant and the porous medium and the working fluid were in local
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thermal equilibrium throughout the whole domain. Additionally, radiative heat transfer
and gravity were ignored.

2.2. Theoretical Formulation

The governing equations for a 2D steady-state flow based on the conservation of
mass, energy and momentum were considered based on refs. [28,29]. Additionally, some
important dimensionless numbers are represented in Equation (1):

JaT
u;,D Du( 5 K R
Re — PfUinn . Nu= ( ]/)wall , Da — . , 1y = P 1)
Hf Twair — Tp Dh R

In Equation (1), Nu, Re, Da, and r, represent the Nusselt, Reynolds, and Darcy
numbers, and the porous thickness ratio, respectively. The efficient thermal conductivity of
the applied fluid in porous media is calculated using Equations (2) and (3) [30]:

km = (1 — gD)kf + anp (2)
where m, p, np, f, and ef f stand for mixture, porous, nanoparticle, fluid, and effectiveness.

2.3. Thermophysical Properties of the Nanofluid

It is worth noting that the base fluid is a non-Newtonian fluid with average thermo-
physical properties that can be obtained as follows [31]:

Pnr = (1= @)pps + @oup 4)
(1= @)ppFCppf + PPnpCp,
Cpnf = fEp.bf npCpnp 5)
Pnf
e =mi"! ©6)

where bf, nf, and np correspond to the base fluid, nanofluid, and nanoparticle, respectively.
In Equation (6), m indicates the consistency index, n denotes the power-law index, and
7 is the shear rate. The thermal conductivity and the power-law and consistency indices
expressed in Equation (5) are provided in Table 2 for the considered nanofluid samples, for
different values of ¢ (%).

Table 2. The thermal conductivity and applied indices of the non-Newtonian nanofluid for different
volume fractions adopted from [32].

@ (%) ke (W-m~1.K™1) m n
0 0.613 0.145 0.542
1 0.616 0.142 0.537
2 0.652 0.125 0.558
3 0.764 0.114 0.571
4 0.826 0.110 0.586
5 0.9036 0.103 0.594

2.4. Thermophysical Characteristics of the Hybrid Nanofluid

In the present work, copper oxide and aluminum particles were dispersed in the CMC
base fluid. The effective values of density, heat capacity, and thermal diffusivity of the
applied hybrid nanofluid are calculated as follows:

Prnf = (1= @)pps + onp 7)
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Kpnf

= —nt 9

it (Pcp)hnf ®

where bf, np, and hn f indices represent the base fluid, nanoparticles, and hybrid nanofluid,
respectively. The thermal conductivity coefficient and nanofluid viscosity were calculated
using Maxwell and Brinkman formulations as follows [33]:

knp + (n — Dkps — (n — 1) (kbf - knp)q)
knp + (n — 1)kbf + (kbf — knp) @

khnf = kbf (10)

Hof
np=—a 11
SRRt "

It is worth noting that in Equation (10), n is assumed to be equal to 3 [33]. The
thermophysical characteristics of Al;O3 and CuO nanoparticles can be obtained as in [34].

¢ = QAlL0; T Pcuo (12)
Ohnp = ¢ ALOs PALO; T PCuo PCuO (13)
%
(PAIZOS (CP)AIZO3 + Pcuo (CP)CLIO
(©p) oy = (14)
8 P
k k
Ky = P ALO; AIZO3(P+ Pcuo Kcuo (15)

Table 3 shows the characteristics of the applied base fluid and nanoparticles. As seen,
the nanoparticles have a thermal conductivity much higher in comparison to the base fluid
(CMQ).

Table 3. The thermophysical features of nanoparticles and CMC (CMC/ Al,O3- CuO) adopted from
[35-38].

Properties CMC Al O3 CuO Unit
cp 4179 765 540 Jkg LK
k 0.613 40 18 W-m~LK™!
o 997 3970 6500 kgm~3
I 0.000998 - - kgm 157!

2.5. Boundary Conditions

As depicted in Figure 1, a uniform profile in the pipe (300 K) with a steady laminar
flow was considered for the simulation. The Reynolds number (Re = 500) can be obtained
using Equation (1) at the entrance temperature. A constant heat flux (500 W-m~2) was
included in the thermal boundary conditions at the walls.

2.6. Numerical Solution

The 2D steady-flow CFD model was developed using the commercial software ANSYS-
FLUENT as a finite volume-based CFD solver. The convective and diffusive terms were
discretized by the second-order upwind and central approaches, respectively. Additionally,
the line-by-line approach was selected to solve the algebraic formulations iteratively. More-
over, the semi-implicit approach for the pressure-linked equations (SIMPLE) algorithm
was considered in order to solve the pressure—velocity coupling. The separated energy
equation was solved upon velocity field convergence (from the momentum and continuity
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formulations). The primarily under-relaxation factors of 1, 0.7, and 0.3 were utilized for
energy, momentum, and pressure, respectively. Using these three factors, the solution
stability was maintained. Furthermore, the relative convergence criterion of momentum
conservation, energy, and mass formulations was set at 10°.

2.7. Mesh Independence Analysis

An important part of the simulation procedure is the mesh generation, since it affects
the convergence, time, and solution. It is worth noting that adequately fine grids are needed
to assess the steep gradient of the physical properties close to the wall grids. Since these
gradients frequently occur close to the wall normally, the regular meshing with radially
augmented elements was adjusted (Figure 2). Five different cell sizes were examined,
as listed in Table 4, and the Nusselt number (see Equation (1)) was selected as the main
criterion for finding the converged mesh configuration. The mesh independence analysis
was carried out at Re = 500 for a non-Newtonian fluid with nanoparticles with a diameter of
dp = 38 nm. As the refinement from 100 x 2000 to 200 x 4000 made virtually no change in
the Nu, the former was chosen as the main grid for the following calculations; see Table 4.

00 o T T T o1 Tois T T o2

X(m)

Figure 2. The mesh generated for the present work.

Table 4. Mesh independence for the present study considering different mesh sizes at Re = 500.

Mesh Size Nusselt Number
10 x 500 17.6
20 x 750 30.6
50 x 1000 38.6
100 x 2000 (Main Grid) 40.5
200 x 4000 40.6

2.8. Model Validation

Following the mesh sensitivity analysis, the actual simulation was conducted. To verify
the introduced scheme, the simulation outcomes were compared with values measured
by Akbari et al. [39]. The comparison results for temperature revealed a good agreement,
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Total Nusselt Number
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as presented in Figure 3. This validates that the current model’s predictions are accurate
within the range of the parameters used.
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Figure 3. Validating the current solution with the data of Akbari et al. [39].

3. Results and Discussions

3.1. The Influences of Volume Fraction on Heat Transfer

Here, the effects of porosity and adding nanoparticles to the base configuration are
assessed based on the pressure drop, total Nusselt number, PN, and volume fraction. This
is performed to examine the improved heat transfer features and optimum conditions of
fluid flow within the annuli in cases I and II, which refer to the porous insert being situated
in the inner and outer wall, respectively.

In Figures 4 and 5a-d, the plot of the total Nusselt number (Nu = Nu; + Nu,) versus
the porous thickness ratio (r)) is presented for a range of volume fractions. In these figures,
various Darcy numbers were considered for both cases I and II.

-4-9=0% -0-¢=1 %

—2-0=2 % ——-¢=3 %

-0-90=4 %

3 0=5%

0.25 0.5

0.75 1

Porous Thickness Ratio

(a):Da=0.1

Figure 4. Cont.

Total Nusselt Number

1500
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0 025 05 075
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Figure 4. Total Nusselt number versus porous thickness ratio for diverse volume fractions at different
Darcy numbers (case I).
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Figure 5. Total Nusselt number versus porous thickness ratio for diverse volume fractions at different
Darcy numbers (case II).
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As observed in Figures 4 and 5a—d, improving the porous thickness ratio augmented
the heat transfer coefficient and total Nusselt number. Furthermore, decreasing the Darcy
number (caused by the medium’s reduced permeability) from 0.1 to 0.0001 improved the
total Nusselt number (Figures 4 and 5).

The values of total Nusselt numbers at r, < 0.5 for both cases I and II as well as
for all Darcy numbers are small, whereas for r, > 0.5, the total Nusselt number values
increased substantially because of the effect of the porous thickness ratio and increasing
the accumulation of fluid near the walls, which led to improving the total Nusselt numbers
in both cases.

In Figures 4 and 5, the dependence of the total Nusselt number on the volume fraction
of nanoparticles was examined as well. A higher nanoparticle volume fraction results in
a better heat transfer coefficient at a constant porous thickness ratio. It is necessary to
mention that less permeability leads to more pronounced swelling of the fluid near the
walls. This phenomenon results in an augmentation in the velocity gradient that, in turn,
leads to a higher heat transfer. In addition, by adding nanoparticles and rising the volume
fraction, the thermal conductivity coefficient increases significantly, which leads to a better
heat transfer.

By comparing cases I and II for a constant porous thickness ratio (r, = 1) at Da = 0.0001
and at a high volume fraction (¢ = 5%), the maximum total Nusselt number reached
approximately 1274.44.

3.2. The Impacts of the Darcy Number on the Pressure Drop

Figure 6a,b presents the effects of the Darcy number on the pressure drop considering
the maximum volume fraction (¢ = 5%). An obvious increasing trend was found for
the pressure drop when reducing the Darcy numbers from 0.1 to 0.0001 because of less
permeability. Furthermore, as depicted in Figure 6a,b, Da = 0.0001 corresponds to the
maximum value of the pressure drop for both cases I and II, whereas the minimum pressure
drop was obtained when Da = 0.1 due to the same mechanism.

20 20
——Da=0.1 o l ——Da=0.1
-0-Da=0.01 -0-Da=0.01

~15 r| -a-Da=0.001 ~ 15 F -a-Da=0.001

a A

2 ©-Da=0.0001 N ©¢-Da=0.0001

e -9

£ 2

/10 - _10

2 £

= =

2 &

£ g

~ o5 L ~ 5 L

A A
__—e———@ 2
00 o g0 4 0o ° e
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Porous Thickness Ratio (r,) Porous Thickness Ratio (r,)
(a): Casel (b): Case Il

Figure 6. Pressure drop versus porous thickness ratio at diverse Darcy numbers for cases I and II,
considering (¢ = 5%).

It is necessary to mention that less permeability results in more significant fluid
congestion close to the walls. This phenomenon leads to a remarkable growth in the
velocity gradient and in the pressure drop as well.

By comparing cases I and II in a constant porous thickness ratio (r, = 1) with a
permeable medium (Da = 0.0001) and for a high volume fraction (¢ = 5%), the highest
pressure drop of AP = 17.79 Pa for cases I and II occurred for ¢ = 5% because of the
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non-Newtonian behavior of the fluid, and also because of the accumulation of fluid near
the walls in high volume-fraction values.

3.3. The Impacts of Volume Fraction on the Performance Number

The nondimensional variable of Nu/Nu; represents the Nusselt number ratio at a
specific, considered porosity arrangement and the nanoparticle content with the Nusselt
number at the nominal condition, where the two Nusselt numbers were determined for the
same Reynolds number. This variable could assist in the further clarification of the role of
the porosity arrangement or the addition of nanoparticles in enhancing the heat transfer. In
general, the heat transfer is improved by the addition of nanoparticles or inserting porous
media within the annulus. However, the pressure drop is increased, thus increasing the
power consumption. In this regard, for a better physical clarification, the PN parameter can
be defined as a function of the pressure drop and Nusselt number ratio as follows [40]:

~ Nu/Nuy

PN="3p/ap,

(16)
where PN is increased by augmenting the Nusselt number and reduced by rising the
pressure drop. In Figures 7 and 8a—d, the PN values were calculated for various volume
fractions (0% to 5%) as a function of the porous thickness ratio for cases I and II.

Performance Number

“0-9=0 % —*-¢9=1%

2-0=2 % ~B-¢=3 %

—=0=4 % ——0=5%

—4-0=0 % -0-¢=1%
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>~

2-=2% 0 ¢=3%

—-0=4 % -B-0=5%
; 0

025
Porous Thickness Ratio

0 025 0.5 0.75 1
Porous Thickness Ratio

—

05 0.75

Performance Number

(a): Da = 0.1 (b): Da = 0.01
8
-0-¢=0% -0-¢=1% Te=0% -0-¢=1%
B9=2% 4 ¢=3% 56 - 0=2% o ¢=3 %
—o— =4 % g 2—0=4 % -@-¢=5%
z
g4
=
:
<
g
- 2

025

Porous Thickness Ratio

(c): Da = 0.001

0.5 0.75 1 0 025 0.5 0.75 1
Porous Thickness Ratio

(d): Da = 0.0001

Figure 7. Performance number versus porous thickness ratio for diverse volume fractions at different
Darcy numbers (case I).
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Figure 8. Performance number versus porous thickness ratio for diverse volume fraction at different
Darcy numbers (case II).

For both cases I and II, PN revealed an increasing trend by rising the nanoparti-
cles” concentration from 0% to 5%. By adding the hybrid nanofluid to the CMC and
augmenting the volume fractions (from 0% to 5%), the thermal conductivity coefficient
increases considerably, eventually leading to a better heat transfer. Moreover, as illustrated
in Figures 7 and 8, the increased total Nusselt number can increase the PN as a result of
the heat transfer coefficient’s influence on the flow under a constant Darcy number. Fur-
thermore, by comparing the results for both cases I and II, the greatest PN was found at
rp =1, ¢ = 5%, and Da = 0.1 (PN = 7.61). Additionally, according to the outcomes, for
both cases I and 11, in the presence of the hybrid nanofluid with a volume fraction of 5%
at Da = 0.1 and r, = 1, an augmented PN can be realized at almost 88% compared to the
zero volume fraction.

4. Temperature Contours

Figure 9 shows the temperature contours for the two cases, with and without the addi-
tion of solid particles to the CMC and porosity for various Darcy numbers. As represented
in Figure 9, using the nanofluid in combination with a porous medium enhanced the heat
transfer. However, according to Figure 9a, the temperature is uniformly distributed in the
absence of a porous medium.
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Lowering the Darcy number from 0.1 to 0.0001 reduces the thermal boundary layer
thickness and, consequently, improves the heat transfer. Therefore, in the medium with low
permeability as well as in the presence of a nanofluid (¢ # 0), the temperature gradient
close to the walls increases.

5. Conclusions

In the present work, the (Al,O3-CuO + CMC) non-Newtonian hybrid nanofluid was
numerically used to improve laminar forced convection within an annular pipe and in a
porous medium inserted into its outer or inner wall. The annular pipe walls were exposed
to a constant heat flux. The non-Newtonian hybrid nanofluid flow was modeled using
the Darcy-Brinkman-Forchheimer formulation for describing the fluid flow in the porous
medium. The commercial CFD code ANSYS-FLUENT, which is based on the finite volume
method, was utilized to solve the governing equations and to examine the influence of
several major variables (such as volume fraction and Darcy number) on the heat transfer
as well as pressure drop. Moreover, a new parameter, namely, the performance number
(PN), was introduced in this study as a measure to further investigate the systems’ thermal
performance. The following points can be concluded:

e By reducing the Darcy number (from 0.1 to 0.0001) and increasing the thickness ratio
of the porosity, the total Nusselt number rises.

o  The heat transfer coefficient and total Nusselt number could be enhanced by incorpo-
rating metal nanoparticles into the CMC base fluid. Based on the results, at a constant
porous thickness ratio and Darcy number (7, = 1, Da = 0.0001), as well as at a volume
fraction of 5%, the maximum total Nusselt number reached 1274.44 for both cases I and
II. Moreover, increasing the volume fraction to an optimal value of 5%, considering
Da = 0.0001 and r, = 1, leads to an improvement in the total Nusselt number of
approximately 14% for both cases I and II, in comparison to that with no usage of
nanoparticles.

Increasing the Darcy number lowers the pressure drop at a constant volume fraction.
The pressure drop increased under the constant Darcy number by rising the porous
thickness ratio.

e  For the two cases I and II, which refer to the porous insert being situated in the
inner and outer wall, respectively, the total Nusselt number and PN revealed an
increasing pattern by augmenting the nanoparticles” volume fraction from 0% to 5%
in comparison to the CMC base fluid due to its thermophysical properties.

e  Augmenting the Darcy number could enhance the PN. Additionally, regarding per-
meable porous media (Da = 0.1 and r, = 1), a maximum value for the PN can be
obtained (PN = 7.61). Furthermore, based on the outcomes for both cases I and II, by
increasing the volume fraction of the nanoparticles to 5% at Da = 0.1 and r, = 1, an
augmented PN can be realized of around 88% compared to the zero volume fraction.

It should be noted that studying the different non-Newtonian hybrid nanofluids
impacts on forced convection by considering complex arrangements in porous media,
investigating the impacts of particles’ size and shape, and developing the model to include
the diverse hybrid nanofluid viscosity should be considered in future works.
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