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Abstract: The capabilities of nanofluids in boosting the heat transfer features of thermal, electri-
cal and power electronic devices have widely been explored. The increasing need of different
industries for heat exchangers with high efficiency and small dimensions has been considered by
various researchers and is one of the focus topics of the present study. In the present study, forced
convective heat transfer of an ethylene glycol/magnesium oxide-multiwalled carbon nanotube
(EG/MgO-MWCNT) hybrid nanofluid (HNF) as single-phase flow in a heat exchanger (HE) with
elliptical corrugated tubes is investigated. Three-dimensional multiphase governing equations are
solved numerically using the control volume approach and a validated numerical model in good
agreement with the literature. The range of Reynolds numbers (Re) 50 < Re < 1000 corresponds to
laminar flow. Optimization is carried out by evaluation of various parameters to reach an optimal
case with the maximum Nusselt number (Nu) and minimum pressure drop. The use of hybrid
nanofluid results in a greater output temperature, a higher Nusselt number, and a bigger pressure
drop, according to the findings. A similar pattern is obtained by increasing the volume fraction of
nanoparticles. The results indicate that the power of the pump is increased when EG/MgO-MWCNT
HNFs are employed. Furthermore, the thermal entropy generation reduces, and the frictional entropy
generation increases with the volume fraction of nanoparticles and Re number. The results show that
frictional and thermal entropy generations intersect by increasing the Re number, indicating that
frictional entropy generation can overcome other effective parameters. This study concludes that the
EG/MgO-MWCNT HNF with a volume fraction (VF) of 0.4% is proposed as the best-case scenario
among all those considered.
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1. Introduction

Improving the thermal energy transport coefficient in forced convection flow inside
channels is an area that has long piqued the interest of heat transfer (HT) experts because
of the important industrial applications of channel flows. So far, various methods have
been proposed by researchers, including the use of grooves, ribs, and turbulators [1–8],
as well as magnetic field and electric field [9–15]. The dimensions, type of working
fluid, and arrangement of flow in the exchanger are among the important factors for
the performance of heat exchangers. The replacement of conventional coolants with a
suspension of metallic/nonmetallic nanoparticles in liquids is another proposed approach
that has received much attention in the recent two decades. Various studies have shown
that these fluids, called nanofluids (NFs), exhibit better thermal conductivity and cooling
performance than conventional coolants such as water and engine oil [16–28].

The significance of the thermal and flow characteristics of nanofluids has been re-
ported. Santra et al. [29] carried out a study focusing on the thermohydraulic characteristics
of Cu-water NFs inside a plain horizontal channel by influencing the intensity of the electric
field and volume fraction (VF) of nanoparticles (NPs). They discovered that when the
volume percentage of NPs and the Reynolds number (Re) increase, heat flow improves.
Yin et al. [30] reported a decrease in the Nusselt number (Nu) and friction factor (f) while
investigating the thermohydraulic characteristics of air flow inside sinusoidal wavy corru-
gated channels. They carried out a numerical study by employing the phase shift between
walls and reported optimal performance in the low-Re region with a phase shift of zero.
Manca et al. [31] performed computational analysis of the thermal and flow performance
of NF inside a ribbed duct and reported an enhancement in the Nu and pressure drop
(PD) with an increase in the VF of NPs and Re. Mohammed et al. [32] also reported similar
results for their numerical investigation. Heidary and Kermani [33] presented the result of
thermohydraulic numerical analysis of NFs in a wavy channel. According to their findings,
the Nu increases with Re, nanoparticle volume percentage, and wave amplitude. The
simulated analysis by Ahmed et al. [34], employing Cu-water NF as the working fluid
flowing in a triangular corrugated tube, showed an increase in HT, as well as PD, as the
VF of NPs increased. In another study by Ahmed et al. [35], an enhancement in HT was
reported with an increase in the Re, VF of NPs, and amplitude of the wavy wall. Further-
more, Ahmed et al. [36] investigated the flow of NF inside a trapezoidal-corrugated tube
for HT and PD evaluation and reported an increase in HT and PD with the Re, amplitude
of the channel, and VF of NPs. Arani et al. [37] implemented boehmite-alumina-ethylene
glycol/water nanofluid as the working medium in a corrugated microchannel and revealed
that the thermal and flow performance was significantly influenced by the morphology of
the nanoparticles under consideration. The influence of the groove angle of the test section
on the thermohydraulic characteristics was reported by Sadripor et al. [38]. They used
SiO2-water nanofluid as the working agent. The grooves angles were discovered to have
an important influence on the performance of the corrugated duct. Hung [39] investigated
Cu-water NF fluid flow and HT in a microchannel. They considered the impact of various
factors on temperature distribution and showed that HT performance differs when viscous
dissipation is taken into account. Torii et al. [40] carried out an experimental assessment
and revealed that nanofluid performed best when data were compared with base fluids.
They observed that when aggregation and particle size increase, heat transfer decreases.
Mohammed et al. [41] examined several types of nanoparticles in a computational study of
heat exchanger microchannels. For all types of nanofluids, they found an improvement in
thermal performance and pressure drop.



Appl. Sci. 2022, 12, 2780 3 of 21

It is believed that building a heat transmission device only based on the first law of
thermodynamics would be inefficient, and that the second law of thermodynamics must
also be taken into account when developing heat transfer devices. The second law of
thermodynamics states that the design of a system must be such that it entails the lowest
possible rate of entropy production. A review of the literature indicates that the analysis
of forced heat transfer through channels using the second law has rarely been performed.
Asha and Deepa [42] carried out an analysis in a tapered irregular channel to evaluate
the entropy production of magnetomicropolar fluid with thermal radiation. Entropy
production decreased when the magnetic parameter and thermal radiation parameters
increased. The effect of geometrical factors on entropy production in cross-wavy channels
was explored by Shi et al. [43]. Their findings indicate that heat transport is a primary cause
of entropy production in the geometry under consideration. Gul et al. [44] investigated
entropy production in a vertical tube with mixed convection Poiseuille flow of molybdenum
disulfide Jeffrey NF. The results indicated that when the temperature decreases and the
Brickman number increases, entropy production increases. Dormohammadi et al. [45]
studied the entropy generation features of NF flow in sinusoidal wavy channels numerically
and discovered that the lowest entropy production rate decreases as the Richardson number
increases. CuO-water NF flow over a heat source inside a conduit with abrupt extension
and shrinkage was studied by Nouri et al. [46]. The entropy generation number increases
when the NF concentration and surface temperature of the heat source increases, whereas it
decreases when the blockage ratio is increased. It is pertinent to mention that the geometry
of tubes (twisted and straight), flow direction (countercurrent and concurrent), and flow
rates that impact the Re numbers are critical to the performance of heat exchangers [46].
It was also found that the thermophysical properties of nanofluids, such as specific heat,
viscosity, thermal conductivity, and heat transfer coefficient, are of great importance for heat
transfer application in heat exchangers [47]. In addition, a recent study found that flow rate
in the tube side and shell side are both critical to the performance of heat exchangers [48].

Together, these studies show that the use of nanoparticles generally increases the pres-
sure drop (up to about 17%) and increases the heat transfer rate (up to about 28%) [32–34].
While the pressure drop is actually generally increased by the presence of nanoparticles,
the effects on the heat transfer rate depend, among other factors, on the flow regime.
Frequently, negative effects are observed for turbulent flow, while more promising results
are obtained for laminar flow. Performing two-phase simulations can report results closer
to the experimental results. Of course, this behavior is not the same in all studies, and some
contradictory results have been presented.

To the best of our knowledge, no study has been performed to date on the modeling
and simulation of the hydrothermal characteristics and entropy production of single-phase
hybrid nanofluid (HNF) flow within a heat exchanger (HE) with elliptical corrugated tubes,
based on a review of the literature. The current study was conducted in order to fill this
research gap.

2. Materials and Methods
2.1. Numerical Model Methodology

Figure 1a shows a schematic of a HE with elliptical corrugated tubes and its geometri-
cal parameters. Figure 1b illustrates a schematic of the elliptical tube considered for the
present study. All boundary conditions are illustrated in Figure 1b. Figure 1c presents a
detailed image of the HE with elliptical corrugated tubes studied in this paper.
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The following assumptions are considered to perform the required simulations: 

 The flow is in the steady state [49]. 

 The ethylene glycol/magnesium oxide-multiwalled carbon nanotube (EG/MgO-

MWCNT) hybrid nanofluid is simulated as a single-phase fluid. 

 Laminar flow regime (50 ≤ Re ≤ 1000), Twall = 400 K, and Tin = 313 K and 323 K. 

 The convergence criterion is considered to be less than 10−6 for all the effective varia-

bles. 

Figure 1. Schematic of (a) heat exchanger with elliptical corrugated tubes, (b) elliptical tube and
boundary conditions, and (c) elliptical corrugated tube.

The following assumptions are considered to perform the required simulations:

• The flow is in the steady state [49].
• The ethylene glycol/magnesium oxide-multiwalled carbon nanotube (EG/MgO-MWCNT)

hybrid nanofluid is simulated as a single-phase fluid.
• Laminar flow regime (50 ≤ Re ≤ 1000), Twall = 400 K, and Tin = 313 K and 323 K.
• The convergence criterion is considered to be less than 10−6 for all the effective variables.
• Gravity effects and kinetic losses are considered.
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• Velocity inlet and constant inlet temperature boundary conditions are used for the inlet.
• The pressure outlet boundary condition is employed for the heat exchanger exit.
• The constant temperature boundary condition is used on the side walls.
• The diffusion terms in the energy and momentum equations are approximated using

second-order central difference.
• For the convective terms, the second-order upwind scheme is employed.

The governing equations for two-phase NF flow and HT in the microchannel are as
follows [50–54]:

Continuity equation:
∇·
(

ρn f Vm

)
= 0 (1)

where ρn f is the NF density and Vm is the mean velocity.
Momentum equation:

∇·
(

ρn f VmVm

)
= −∇P +∇·

(
µn f∇Vm

)
+ (M·∇)· B (2)

where µn f is the NF viscosity.
Energy equation:

∇·
(

ρn f c Vm T
)
= ∇·

(
kn f ∇ T

)
+ µ0(M·∇)·H (3)

Table 1 shows the geometrical parameters of the heat exchanger with elliptical cor-
rugated tubes implemented in the present investigation. The average Nu and thermal
resistance coefficient for elliptical and circular tubes are presented in Table 2. Table 3
presents the required coefficients to calculate the equations of Table 1 in terms of the Nus-
selt number at different weight concentrations. Table 4 shows the required coefficients to
calculate the equations of Table 1 in terms of the thermal resistance coefficient at different
weight concentrations. The thermophysical properties of the EG/MgO-MWCNT hybrid
nanofluid are presented in Table 5. In Table 6, thermal and hydrodynamic equations are
given to evaluate the different effective parameters. Table 7 presents material properties,
and Table 8 illustrates the thermophysical objects of the NF considered in this paper.

Table 1. Geometrical parameters.

Parameter Value

Minor axis, b 0.73 mm
Major axis, a 1.42 mm

Corrugation diameter, CD 0.04 mm
Hydraulic diameter, Dh = 4A/P 1.25 mm

Length, L 500 m

Table 2. Average Nu and thermal resistance coefficient equations for elliptical (semicircular) and
circular tube [54,55].

Elliptical Tube Circular Tube

Nu

Nu = A’ +B’Re (4) Nu = A +BRe + CRe2 (5)

Thermal resistance coefficient

In(100f ) = a’ + b’ lnRe + c’(ln Re)2 (6) In(100f ) = w + r lnRe + z(ln Re)2 (7)



Appl. Sci. 2022, 12, 2780 6 of 21

Table 3. Coefficients required to solve equations of Table 2 in terms of Nusselt number at different
weight concentrations [54,55].

Weight Concentrations (%) Needed
Coefficients0.5 0.3 0.1 0.0

−17.43407 −17.57942 −19.76301 −7.79878 A
0.0144 0.01414 0.0144 0.01062 B

−3.25993·10−7 −3.19072·10−7 −3.38791·10−7 −1.66817·10−7 C

13.82789 11.97992 10.8056 8.28254 A’

0.00976 0.00939 0.00902 0.00771 B’

Table 4. Coefficients required to solve equations of Table 2 in terms of thermal resistance coefficient
at different weight concentrations [54,55].

Friction Coefficients Needed Coefficients
3.22392 w
−0.19754 r
−0.0029 z

−22.3152 a′

5.72631 b′

−0.34101 c′

Table 5. Implemented thermophysical properties of hybrid nanofluid in the model [54,55].

Equation Eq. No.

ρhn f = (1− φ)ρb f + φ
(

ρMgO+MWCNT

)
(8)

cp,hn f = (1− φ)cp,b f + φ
(

cp,MgO+MWCNT

)
(9)

khn f = kb f
(
0.8341 + 1.1φ0.243T−0.289) (10)

µhn f = µb f
[
0.191φ + 0.240

(
T−0.342φ−0.473)] exp

(
1.45T0.120φ0.158) (11)

φ =

(
m
ρ

)
MgO

+
(

m
ρ

)
MWCNT(

m
ρ

)
MgO

+
(

m
ρ

)
MWCNT

+
(

m
ρ

)
EG

(12)

Table 6. Implemented thermal hydrodynamic equations in the model [54,55].

Equation Eq. No.
.

Q =
.

mcp(Tin − Tout) (13)

h =
.

Q
Ae∆Tm

=
.

mcp(Tin−Tout)

Ae

(
(Tw−Tin)−(Tw−Tout )

ln
Tw−Tin

Tw−Tout

)
(14)

Ae = 2πL
√

a2+b2

2
(15)

Nu = hDh
k

(16)
.

W =
.

m∆P
ρ

(17)

f = 2∆PDh
ρU2 L

(18)
.
Sgen =

.
Sgen,T +

.
Sgen,F (19)

.
Sgen,T =

.
Q

2

NuπkTinTout L
(20)

.
Sgen,F =

8 f
.

m3 L
ρ2π2D5

h(Tout−Tin)
ln Tout

Tin
(21)

ψ =
.
Sgen
.

mcp
=

∆T
.
Sgen
.

Q
(22)
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Table 7. Material properties [56].

Parameter
Value

Ethylene Glycol (EG) Multiwalled Carbon Nanotubes Magnesium Oxide Nanoparticles

Chemical Formula/Symbol C2H6O2 COOH-Functionalized MWCNTs MgO

Molar mass 62.07 (g/mol) 40.30 (g/mol)
Appearance Clear, colorless liquid Black White

Odor Odorless - -
Density 1113.2 (kg/m3) ~2100 (kg/m3) 3580 (kg/m3)

Specific heat capacity 2470 (J/kg·K) 630 (W/m·K) 964 (W/m·K)
Melting point −12.9 (◦C) - -
Boiling point 197.3 (◦C) - -

Thermal conductivity (@20 ◦C) 0.244 (W/m·K) 50 (W/m·K) 45 (W/m·K)
Viscosity (@20 ◦C) 0.016 (Pa.s) - -

Purity - >97% >99%
Content of –COOH - 2.56 (wt%)

Outer diameter - 5–15 (nm) 40 (nm)
Inner diameter - 3–5 (nm) -

Length - ~50 (µm) -
SSA - >233 (m2/g) ~25 (m2/g)

Morphology - - polyhedral

2.2. Validation of Numerical Model
2.2.1. Grid Study

A three-dimensional schematic of the computational domain and grid used for single-
phase NF flow are presented in Figure 2. A nonuniform structured grid is employed for
the HE with elliptical corrugated tubes. The grid is refined near the heat transfer walls
(y+ ≤ 1) to capture the thickness of the viscous sublayer in the considered Re range. As
shown in Figure 3, various grid resolutions are used to inspect the impact of grid sizes
on the outcomes. Three grid resolutions of 3,243,983 (Grid I), 3,728,623 (Grid II) and
3,954,131 (Grid III)) are generated. By comparing the outcomes, it was decided that the
grid resolution of 3,728,623 is sufficient to obtain reasonable outcomes with a maximum
deviation of 0.01% for simulation time.
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Figure 2. Schematic of computational domain and grid used in the simulations.

2.2.2. Validation Results

In this section, the computer code is verified by comparing the computational out-
comes obtained from the present simulations, analytical results of Cengel [56], and numeri-
cal results of Huminic and Huminic [57], considering similar geometrical dimensions and
boundary conditions. Huminic and Huminic [57] investigated the consequence of HNFs
on the performance of a smooth elliptical tube using a single-phase model numerically.
Figure 4 compares the analytical and numerical results. As can be seen from Figure 4,
there is an excellent agreement between the analytical and numerical data [56,57] and the
numerical data obtained from the present study. The maximum deviation is 1.14% in terms
of the average friction factor for different Reynolds numbers.



Appl. Sci. 2022, 12, 2780 8 of 21

Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 24 
 

 

Figure 2. Schematic of computational domain and grid used in the simulations. 

 

(a) 

 

(b) 

Y-Distance (m)

V
e
lo

c
it

y
(m

/s
)

-0.002 -0.001 0 0.001 0.002

0.0

0.5

1.0

1.5

Grid I

Grid II

Grid III

Re = 1000

Y-Distance (m)

T
e
m

p
e
ra

tu
re

(K
)

-0.002 -0.001 0 0.001 0.002

320.5

321.0

321.5

322.0

322.5

323.0

323.5

Grid I

Grid II

Grid III

Re = 1000

Figure 3. Grid independence test in terms of (a) local velocity and (b) local temperature.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 9 of 24 
 

Figure 3. Grid independence test in terms of (a) local velocity and (b) local temperature. 

2.2.2. Validation Results 

In this section, the computer code is verified by comparing the computational out-

comes obtained from the present simulations, analytical results of Cengel [56], and nu-

merical results of Huminic and Huminic [57], considering similar geometrical dimensions 

and boundary conditions. Huminic and Huminic [57] investigated the consequence of 

HNFs on the performance of a smooth elliptical tube using a single-phase model numeri-

cally. Figure 4 compares the analytical and numerical results. As can be seen from Figure 

4, there is an excellent agreement between the analytical and numerical data [56,57] and 

the numerical data obtained from the present study. The maximum deviation is 1.14% in 

terms of the average friction factor for different Reynolds numbers. 

 

Figure 4. Average friction factor versus Reynolds number: comparison between the present results 

and those reported by Cengel [56] and Huminic and Huminic [57]. 

3. Results and Discussions 

In this section, the computational results are presented in terms of average Nu, HT 

coefficient, pumping power, PD, and entropy generation. The most appropriate case with 

maximum thermohydraulic performance is determined based on the second law analysis. 

One of the main objects of this study is to achieve the optimum volume fraction of nano-

particles using a two-phase model instead of a common single-phase model. 

3.1. The Influence of Temperature and Velocity Contours on Hybrid Nanofluid Flow 

Figure 5 shows the temperature and velocity contours of hybrid nanofluid flow with 

VF of 0.4% at Re = 1000 and inlet temperature Tin = 323 K. Figure 5 shows that the corruga-

tions make local breaks in the laminar sublayer and form local vortices, leading to an aug-

mentation in the thermal characteristics of HNF flow within the elliptical channel. 

Figure 4. Average friction factor versus Reynolds number: comparison between the present results
and those reported by Cengel [56] and Huminic and Huminic [57].



Appl. Sci. 2022, 12, 2780 9 of 21

Table 8. Nanofluid thermophysical properties [57].

Temperature 313 K 323 K

φ EG 0.1% 0.2% 0.4% EG 0.1% 0.2% 0.4%
k (W/m K) 0.255 0.270 0.284 0.294 0.258 0.273 0.286 0.296
µ (Pa · s) 0.0102 0.0095 0.01005 0.0111 0.00745 0.0075 0.00755 0.0088

3. Results and Discussions

In this section, the computational results are presented in terms of average Nu, HT
coefficient, pumping power, PD, and entropy generation. The most appropriate case
with maximum thermohydraulic performance is determined based on the second law
analysis. One of the main objects of this study is to achieve the optimum volume fraction
of nanoparticles using a two-phase model instead of a common single-phase model.

3.1. The Influence of Temperature and Velocity Contours on Hybrid Nanofluid Flow

Figure 5 shows the temperature and velocity contours of hybrid nanofluid flow
with VF of 0.4% at Re = 1000 and inlet temperature Tin = 323 K. Figure 5 shows that the
corrugations make local breaks in the laminar sublayer and form local vortices, leading to
an augmentation in the thermal characteristics of HNF flow within the elliptical channel.
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3.2. The Influence of Using Hybrid Nanofluid with Volume Fractions on Convective Heat Transfer
at Various Reynold Numbers and Inlet Temperatures

Figure 6 displays the outcome of the HNF with different VF on the convective HT
coefficient for various Re and inlet temperature T = 313 K. For a given Re, the HT coefficient
increases with increasing nanoparticle volume fraction, while the pure base fluid HT is
between those at 0.1% and 0.2% VF. Fluid flow velocity increases with the Re, disturbing
the flow and increasing the heat transfer rate. At Re = 1000, the maximum heat transfer
coefficient, 2700 W/m2K, is achieved when the volume fraction of the EG/MgO-MWCNT
nanofluid is 0.4%. The maximum value of the HT coefficient for a given Re corresponds to
volume fractions of 0.4%, 0.2%, pure base fluid, and 0.1%, respectively.
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Figure 7 shows the influence of the HNF with different VF on the convective HT
coefficient for various Re and inlet temperature T = 323 K. The ethylene glycol (EG) is
considered the baseline. It is found that as Re increases, the average HT coefficient increases.
Fluid flow velocity increases with the Re, disturbing the flow and increasing the HT rate. At
Re = 1000, the maximum HT coefficient, 2480 W/m2K, is achieved when the volume fraction
of the EG/MgO-MWCNT nanofluid is 0.4%. The maximum value of HT coefficient for a given
Re corresponds to volume fractions of 0.4%, 0.2%, 0.1%, and pure base fluid, respectively.
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3.3. The Influence of Using Hybrid Nanofluid with Volume Fractions on the Ratio of Convective
Heat Transfer to Base Fluid at Various Reynold Numbers and Inlet Temperatures

Figure 8 presents the influence of the HNF with various VF on the ratio of the convec-
tive HT coefficient of the NF to that of the base fluid for various Re and inlet temperature
T = 313 K. This figure shows that the use of the EG/MgO-MWCNT HNF with a volume
fraction of 0.1% is reasonable at low Re. However, at high Re, the use of the EG is more
efficient than that of the EG/MgO-MWCNT HNF with a volume fraction of 0.1%. It can
be demonstrated that the use of the EG/MgO-MWCNT HNF volume fractions of 2% and
0.4% is more appropriate compared to the base fluid for all Re.
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Figure 8. Influence of using HNF with different VF on HT coefficient for various Re and inlet
temperature T = 313 K.

Figure 9 presents the influence of the HNF with various VF on the convective HT
coefficient for various Reynolds numbers and inlet temperature T = 323 K. It is observed
that the use of the EG/MgO-MWCNT HNF with volume fractions of 0.1%, 0.2%, and 0.4%
is more efficient than using the base fluid (EG) for all Re. Figure 10 exemplifies the effect of
the HNF with different VF on the ratio of the averaged Nu of the HNF and that of the base
fluid for different Re and inlet temperature T = 313 K. This figure demonstrates that the
use of NF at T = 313 K leads to minimum Nu in comparison with the base fluid.
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and inlet temperature T = 323 K.
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Figure 10. Effects of HNF with different VF on average Nu ratio for different Re and inlet temperature
T = 313 K.

3.4. The Effects of Hybrid Nanofluid with Different Volume Fractions on Average Nu Ratio at
Various Re and Selected Inlet Temperature

Figure 10 shows the effect of the HNF with different VF on the ratio of the averaged
Nu of the HNF and that of the base fluid for different Re and inlet temperature T = 323 K.
It is shown that the use of the EG/MgO-MWCNT HNF with a volume fraction of 0.4%
at T = 323 K leads to maximum Nu in comparison with the base fluid for all Re. It is also
revealed that at T = 323 K, the use of the EG/MgO-MWCNT HNF with volume fractions
of 0.1% and 0.2% is efficient only at a very low Re.

Figure 11 shows the influence of the HNF with a VF of 0.4% on the Nusselt ratio due
to NF flow and pure flow for various Re and inlet temperatures T = 313 K and 323 K. It is
found that higher temperatures lead to higher Nusselt ratios. The Nusselt ratio is about
1.365 and 1.181 at T = 323 K and T = 313 K, respectively. The Nusselt ratio decreases slightly
with the Re. Fluid flow velocity increases with the Re, disturbing the flow and increasing
the HT rate.
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3.5. The Effects of Hybrid Nanofluid with Various Volume Fractions on Hydraulic Power at
Various Re and Selected Inlet Temperature

Figure 12 shows the effect of hybrid nanofluid with various volume fractions on
hydraulic power for different Re and inlet temperature T = 313 K. It is found that as the
Re increases, the pumping power enhances. Fluid flow velocity increases with the Re,
disturbing the flow and increasing the HT rate. The use of the EG/MgO-MWCNT HNF
with a volume fraction of 4% leads to a higher pumping power compared to the other
investigated cases for all Re.

Figure 13 shows the result of the HNF with various volume fractions on hydraulic
power for different Re and inlet temperature T = 323 K. It is shown that the pumping power
enhances with the Re. The use of the EG/MgO-MWCNT HNF with a volume fraction of
0.4% leads to higher pumping power in comparison with volume fractions of 0.1% and
0.2% for all Re.
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Figure 14 illustrates the effect of the HNF with different VF on PD for various Re and
inlet temperatures T = 313 K and T = 323 K. It is concluded that higher temperatures lead
to larger PD. The use of the EG/MgO-MWCNT NF with a VF of 0.4% leads to less PD in
compression with the other VF. Therefore, EG/MgO-MWCNT NF with a VF of 0.4% is
introduced as the optimum case among all studied ones.
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3.6. The Effects of Hybrid Nanofluid with Various Volume Fractions on Pressure Reduction on
Thermal Entropy Generation at Various Re and Selected Inlet Temperature

Figure 15 presents the effect of the HNF with various VF on % pressure reduction
(PR) percentages on thermal entropy generation for various Re and inlet temperatures
(a) T = 313 K and (b) T = 323 K. As can be seen in these figures, with an increasing Reynolds
number, no significant change in pressure drop values occurs at the studied temperatures.
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Figure 15. Effects of HNF with different VF on pressure reduction for different Re and inlet tempera-
tures (a) T = 313 K and (b) T = 323 K.

Figure 16 illustrates the effect of hybrid nanofluid with different volume fractions on
entropy generation for various Reynolds numbers and inlet temperatures T = 313 K and
T = 323 K. Thermal entropy generation

.
Sgen,T and frictional entropy generation

.
Sgen,F are

demonstrated in Figures 16 and 17. They are due to irreversibility. As shown in Figure 16a,b,
thermal entropy generation decreases, and frictional entropy generation increases with the
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VF of NPs and Re. It must be noted that frictional entropy generation is approximately zero
at low flow velocities for both inlet temperatures. It is found that the diagrams of frictional
and thermal entropy generations have an intersection, indicating the frictional entropy
generation can overcome other effective parameters. The irreversibility due to HT leads to
the generation of thermal entropy. Therefore, the variation in

.
Sgen,T is more important at

low Re. In addition, the changes in
.
Sgen,F which describe the frictional irreversibility are

more important at high Re, because the fluid friction in flow fields enhances with the Re.
Figure 17a reveals that the values of frictional entropy generation of the EG/MgO-MWCNT
HNF with a volume fraction of 0.4% are very close to those of the base fluid. However,
the values of frictional entropy generation of the EG/MgO-MWCNT HNF with a VF of
0.2% are superior compared to the base fluid. Frictional entropy generation increases with
the Re for both volume fractions of 0.2% and 4%. This is due to an increase in the velocity
gradients and consequently an enhancement of viscous forces. Figure 17b shows that the
values of frictional entropy generation for hybrid nanofluid with volume fractions of 0.1%
and 0.2% are very close to that for the base fluid. Frictional entropy generation for HNF
with a VF of 0.4% is more than that for ethylene glycol.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 17 of 24 
 

with the VF of NPs and Re. It must be noted that frictional entropy generation is approx-

imately zero at low flow velocities for both inlet temperatures. It is found that the dia-

grams of frictional and thermal entropy generations have an intersection, indicating the 

frictional entropy generation can overcome other effective parameters. The irreversibility 

due to HT leads to the generation of thermal entropy. Therefore, the variation in �̇�𝑔𝑒𝑛,𝑇 is 

more important at low Re. In addition, the changes in �̇�𝑔𝑒𝑛,𝐹 which describe the frictional 

irreversibility are more important at high Re, because the fluid friction in flow fields en-

hances with the Re. Figure 17a reveals that the values of frictional entropy generation of 

the EG/MgO-MWCNT HNF with a volume fraction of 0.4% are very close to those of the 

base fluid. However, the values of frictional entropy generation of the EG/MgO-MWCNT 

HNF with a VF of 0.2% are superior compared to the base fluid. Frictional entropy gener-

ation increases with the Re for both volume fractions of 0.2% and 4%. This is due to an 

increase in the velocity gradients and consequently an enhancement of viscous forces. Fig-

ure 17b shows that the values of frictional entropy generation for hybrid nanofluid with 

volume fractions of 0.1% and 0.2% are very close to that for the base fluid. Frictional en-

tropy generation for HNF with a VF of 0.4% is more than that for ethylene glycol. 

 

(a) 

Re

S
1
0

6

0 200 400 600 800 1000

EG

0.2% vol. MgO+MWCNT

0.4% vol. MgO+MWCNT

T = 313 K

.

400

240

320

280

360

(W
/K

)
.

g
e
n
,
T

Appl. Sci. 2021, 11, x FOR PEER REVIEW 18 of 24 
 

 

(b) 

Figure 16. Effects of HNF with different VF on thermal entropy generation for different Re and inlet 

temperatures of (a) T = 313 K and (b) T = 323 K. 

 

(a) 

Re

S
1
0

6

0 200 400 600 800 1000

EG

0.2% vol. MgO+MWCNT

0.4% vol. MgO+MWCNT

T = 323 K

.

560

800

680

920

(W
/K

)
.

g
e
n
,
T

Re

S
(W

/K
)

0 200 400 600 800 1000

0

0.001

0.002

0.003

0.004

0.005

0.006 EG

0.2% vol. MgO+MWCNT

0.4% vol. MgO+MWCNT

g
e
n

.

T = 313 K

S
gen,T

S
gen,F

.

.

Figure 16. Effects of HNF with different VF on thermal entropy generation for different Re and inlet
temperatures of (a) T = 313 K and (b) T = 323 K.
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3.7. The Influence of Hybrid Nanofluid with Various Volume Fractions on Dimensionless Entropy
at Various Re and Selected Inlet Temperature

Figure 18 illustrates the influence of the HNF with different VF on dimensionless
entropy generation for various Reynolds numbers and inlet temperatures T = 313 K and
T = 323 K. It is witnessed that the entropy generation reduces initially and then increases
by increasing the fluid velocity (increasing the Reynolds number). This is because the
entropy generation increases with HT and PD. For high fluid velocities (high Reynolds
numbers) and inlet temperature of 313 K, HNF with a volume fraction of 0.2% is the most
efficient case. Minimum dimensionless entropy generation corresponds to the HNF with
volume fractions of 0.1% and 0.2% at inlet temperature 323 K. The results imply that the
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EG/MgO-MWCNT HNF with a VF of 0.4% is introduced as the optimum case among all
studied ones.
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4. Conclusions

In this study, forced convection HT of a HNF in a heat exchanger with elliptical
corrugated tubes was investigated. Three-dimensional (3D) multiphase governing equa-
tions were solved computationally using a control volume approach based on the SIMPLE
algorithm. The range of Reynolds numbers 50 < Re < 1000 corresponds to laminar flow.
Optimization was carried out by evaluation of various parameters to reach an optimal
case with the maximum Nu and minimum PD and minimum entropy generation. The
implications of the results achieved are summarized into the following six characteristics:

(i) At T = 323K, the use of the EG/MgO-MWCNT NHF with a VF of 0.4% leads to higher
Nu in comparison with the base fluid for all Re. However, at this temperature, the
use of the EG/MgO-MWCNT HNF with a VF of 0.1% and 0.2% is more appropriate
at very low Re.
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(ii) As the Re increases, the pumping power increases. The value of pumping power for
the EG/MgO-MWCNT HNF with a volume fraction of 0.4% is more than that for
other cases at all Re.

(iii) Higher temperatures lead to larger PD. EG/MgO-MWCNT HNF with a volume
fraction of 0.4% has less PD compared to the other HNF with a lower VF.

(iv) Thermal entropy generation reduces and frictional entropy generation increases with
the VF of NPs and fluid velocity (Re).

(v) Since irreversible HT is the cause of increase in thermal entropy, the variations of
.
Sgen,T are more important at lower Re.

(vi) The EG/MgO-MWCNT HNF with a VF of 0.4% is introduced as the optimum case
among all studied ones.

In order to continue this study, the effect of different pipe cross-sections on the per-
formance of the heat exchanger can be investigated. The effect of the presence of internal
microfins in the pipes on thermal efficiency and also the effect of the type of nanofluid can
be investigated.
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Nomenclature

Symbols
cP Specific heat (J/kgK)
f Friction factor
k Thermal conductivity (W/mK)
P Pressure (Pa)
T Temperature (K)
V Velocity
Greek Symbols
µ Dynamic viscosity (mPa.s)
ρ Density (m3/kg)
η Efficiency
Subscriptions
np Nanoparticle
nf Nanofluid
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Abbreviations
HNF Hybrid nanofluid
Re Reynolds numbers
HE Heat exchanger
Nu Nusselt number
VF Volume fraction
HT Heat transfer
NFs Nanofluids
PD Pressure drop
NPs Nanoparticles
f Friction factor
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