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Abstract: In the current numerical study, various wall shape effects are investigated on the thermal-
hydraulic characteristics of different channels filled with water-based graphite-SiO2 hybrid nanofluid.
In this work, the performance evaluation criteria (PEC) index is employed as the target parameter to
attain optimum geometry. Six different cases are studied in this research, and each case has different
geometrical dimensions. The inlet temperature for the fluids in the channel is 300 K, over a range
of different flow velocities. According to the obtained results, an increase in the volume fraction of
nanoparticles results in higher PEC values. In addition, an increase in Reynolds number to Re = leads
to an increase in the PEC index. The results clearly show that increasing the Reynolds number has
two consequences: on the one hand, it increases the pressure drop penalty; on the other hand, it
improves heat transfer. Therefore, the maximum value of the PEC index occurs at Re = 15,000.

Keywords: hybrid nanofluid; PEC; graphite-SiO2; channel; different wall

1. Introduction

The use of different surfaces and nanofluids have always been recognized as two
very effective solutions to improving heat exchanger performance [1–5]. However, the
shape of the wall of the channel affects the hydraulic performance of the system, so ge-
ometries that have the smallest pressure drops are used. On the other hand, nanofluids
have been widely used in recent years due to their unique properties [6–10]. Nanofluids
can increase the heat transfer in heat devices [11–15]. Some researchers have used nu-
merical methods to study nanofluids [16–20]. Nakharintr and Naphon [21] studied the
thermal hydraulic characteristics of TiO2 nanofluid magnetohydrodynamic (MHD) flow
experimentally through a mini-channel heat sink with a confined jet impingement. The
effects of different magnetic fields (B = 0.084 and 0.28 µT) were investigated in their work.
Ashorynejad and Zarghami [22] used the lattice Boltzmann method to investigate the
thermal characteristics of partially porous wavy channels using Cu nanofluid MHD (water
based nanofluid) flow. Important parameters including Nusselt number, Hartmann num-
ber, pressure drop, friction factor, and Darcy number were investigated in their research.
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Dormohammadi et al. [23] studied the thermal entropy generation and characteristics of a
sinusoidal wavy wall channel with a water based Cu nanofluid flow. The results show that
the entropy generation values increase when increasing the Richardson numbers. Saeed
and Kim [24] studied the thermal characteristics of a mini-channel heat sink using Al2O3
water based nanofluid. They analyzed the different influences of geometrical parameters,
nanofluid flow velocities, and nanoparticle volume fractions on outlet temperatures and
heat transfer improvements.

Dalkılıç et al. [25] investigated the thermal enhancement of different quad channel
(horizontal tube) inserts filled with water based graphite-SiO2 hybrid nanofluid. In that
study, convection heat transfer and the nanofluid flow were simulated in the turbulent
flow regime (3400 < Re < 11,000). The results illustrated that the nanofluid can significantly
improve heat transfer parameters. Saba et al. [26] investigated the usage of hybrid SWCNT-
Fe3O4 water based nanofluid for thermal efficiency improvement of an asymmetric channel
with dilating or squeezing walls. They realized that the SWCNTs nanoparticles have a
superior influence on thermal characteristics. Ajeel et al. [27] numerically and experimen-
tally studied convective heat transfer and turbulent flow inside a different channel filled
with Al2O3 water based nanofluid in the turbulent flow regime (10,000 < Re < 30,000).
Based on the results, the utilization of nanofluid and corrugated geometry increases system
energy efficiency. Gholami et al. [28] studied natural convection heat transfer in a vertical
channel wall equipped with dimple fins filled with different nanofluids (water based Al2O3,
TiO2, Cu and CNT nanofluids) by the finite volume method (FVM). In addition, they used
the SIMPLE algorithm for pressure-velocity system coupling and governing equations
discretization. They found that TiO2 nanofluid at a volume fraction of 6% had the highest
thermal performance among all studied models.

Shah et al. [29] numerically studied nanofluid flow and radiative heat transfer between
permeable channels. Different effects of non-dimensional parameters like Darcys Number,
micropolar parameter, injection/suction fractional factor, flow velocity, radiation parameter,
and Prandtl number, were analyzed in detail in their paper. Ajeel et al. [30,31] experimen-
tally and numerically studied heat transfer in different channels by SiO2 water nanofluid.
Their goal was to analyze different nanoparticle volume fractions (1 < ϕ < 4%) and flow
velocities (10,000 < Re < 30,000). The results showed that numerical and experimental data
had fine convergence and supported each other. In another study, geometrical parameter
effects investigated thermal-hydraulic performance (friction factor and average Nusselt
number) in a trapezoidal channel filled with SiO2 water based nanofluid [32]. In that study,
the nanofluid flow (SiO2–graphite water based nanofluid) was simulated in a turbulent
regime (10,000 < Re < 30,000) and also a house shaped-different channel. Their results
indicated that the nanofluid and different geometries enhanced the energy efficiency of
the system.

Our literature review indicates that the effects of different wall shapes on thermal-
hydraulic characteristics of different channels filled with water based graphite-SiO2 hy-
brid nanofluid have not yet been analyzed by researchers. In this work, the perfor-
mance evaluation criteria (PEC) index is employed as a target parameter to ascertain
the optimum geometry.

2. Numerical Model
2.1. Physical Model

A schematic diagram of the heat exchangers studied is shown in Figure 1. It can
be seen that six different cases are studied in this paper with different wall shapes and
boundary conditions. Each case has different geometrical dimensions, which are inves-
tigated numerically to achieve the most efficient configuration. The channel is under a
constant temperature of Ts = 450 K. The heat transfer fluid (HTF) is hybrid graphite-SiO2
water based nanofluid, which enters the channel at 330 K and at different flow velocities of
Re = 11,000, 15,000, 19,000, and 23,000 (Table 1).
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Figure 1. Schematic of heat exchangers with different wall shapes and boundary conditions. 
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Table 1. Boundary conditions and geometrical data.

Parameters Values Parameters Values

D 60 mm J 17 mm
L 180− 4R− 2J R 11, 13 and 15 mm

A1 12 mm A2 22, 24 and 26 mm
B1 12 mm B2 22, 24 and 26 mm
C1 12 mm C2 22, 24 and 26 mm
D1 12 mm D2 22, 24 and 26 mm
E1 12 mm E2 10, 12 and 14 mm
F 11, 13 and 15 mm δ 2 mm

Tin 330 K Ts 450 K

Pout 0 (gage) Re 11,000, 15,000, 19,000,
and 23,000

Table 2 presents the thermophysical properties of the base fluid and nanoparticles.

Table 2. Thermophysical properties of base fluid and nanoparticles [25].

Thermophysical
Properties k (W/m·K) cp (J/kg·K) ρ (kg/m3)

Mean Diameter
of Particle (nm)

Graphite 25 720 2060 8
SiO2 1.4 765 2200 7
water 0.613 4179 997.1 -

The hybrid nanoparticle volume fraction based on the proportion of SiO2 and graphite
nanoparticle portions is calculated using the following equation [25]:

ϕ =


(

mnp1
ρnp1

)
+
(

mnp2
ρnp2

)
(

mnp1
ρnp1

)
+
(

mnp2
ρnp2

)
+
(mb f

ρb f

)
 (1)

where m is the mass portion of used materials
The hybrid nanofluid density can be written as followss [5]:

ρn f = ϕnp1ρnp1 + ϕnp2ρnp2 +
(
1− ϕnp1 − ϕnp2

)
ρb f (2)

where ϕnp1 and ϕnp2 are the nanoparticle volume fractions of SiO2 and Graphite, respectively [25].
The hybrid nanofluid specific heat capacity is calculated using the following Equation [25]:

(ρn f × cp,n f ) = ϕnp1ρnp1cp,np1 + ϕnp2ρnp2cp,np2 +
(
1− ϕnp1ρnp1 − ϕnp2ρnp2

)
cp,b f (3)

The hybrid nanofluid relative dynamic viscosity can be written as follows [25]:

µn f

µb f
= 1.00527× T0.00035 × (1 + ϕ)9.36265 ×

(
mnp1

mnp2

)−0.028935
(4)

where T is the average temperature.
The hybrid nanofluid relative thermal conductivity is determined as follows [25]:

kn f

kb f
= 0.852870218× T0.052797513 × (1 + ϕ)6.591412917 ×

(
mnp2

mnp1

)0.022254808

(5)

2.2. Governing Equations

In this work, the Eulerian–Eulerian (two-phase technique) was used to simulate
the nanofluid in channel. The continuity equation and momentum are also reported
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using the following equations [33–36], where the mixture dynamic viscosity is µm, the

pressure is
→
P , the density of the two-phase mixture is ρm, the base fluid velocity is

→
Ub f , the

nanoparticle velocity is
→
Us, and the base fluid and nanoparticles velocities are

→
Udr,b f and

→
Udr,s, respectively [36].

Continuity equation:

∇

ρn f (
ρsφs

→
Us + ρb f φb f

→
Ub f

ρsφs + ρb f φb f
)

 = 0 (6)

Momentum equation:

ρn f (
→
Um∇

→
Um) = −∇

→
P + µm(∇

→
Um + (∇

→
Um)

T
) +∇(ρb f φb f

→
Udr,b f

→
Udr,b f + ρsφs

→
Udr,s

→
Udr,s) + ρm

→
g

→
Udr,b f =

→
Ub f −

→
Um

→
Udr,s =

→
Us −

→
Um

(7)

The energy equation is reported here, where the enthalpy of solid particles and the
base fluid are hs and hb f , respectively. The equation of volume fraction for slip velocity and
two-phase mixture are defined by Refs. [37,38]. These equations are suitable to calculate
the relation between drift velocity and relative velocity [39,40]. The nanoparticle Reynolds
number (Res) is also offered, where dp is the mean particle diameter. The relative velocity is
calculated from Schiller and Naumann’s formulation, where the gravitational acceleration
of the fluid and the nanoparticle are

→
g and

→
α , respectively [41].

Energy equation:

∇(ρb f φb f
→
Ub f hb f + ρsφs

→
Ushs) = ∇((φb f kb f + φsks)∇

→
T)

∇(ρsφs
→
Um) = −∇(ρsφs

→
Udr,s)

→
Ub f ,s =

→
Ub f −

→
Us

→
Udr,s =

→
Us,b f −

ρsφs
ρm

→
Ub f ,s

→
Ub f ,s =

d2
p

18µb f fd

ρs−ρm
ρs

→
α fd = 1 + 0.15Re0.687

s

→
α =

→
g − (

→
Um∇

→
Um) Res =

→
Umdpρm

µm

(8)

Equation (9) presents the descriptive equations of the k-ε model, where µt,m is the
turbulent dynamic viscosity and k, G are production rates [37–39]. Additionally, Nur and fr
are the ratios between the reference system and the novel configurations. The reference
configuration (RC) is the empty test section (without twisted tape) filled with nanofluid at
0.2% volume concentration. The standard constants are employed, Cµ = 0.09, c1 = 1.44,
c2 = 1.92, σk = 1.00, σε = 1.30, and σt = 0.85. The Nusselt number and Rayleigh number
of the nanofluid are also reported in [33–37].

Turbulence equations:

∇(ρm
→
Umk) = ∇

[(
µm +

µt,m
σk

)
∇k
]
+ Gk,m − ρmε

∇(ρm
→
Umε) = ∇

[(
µm +

µt,m
σε

)
∇ε
]
+ ε

k (c1Gk,m − c2ρmε)

µt,m = Cµρm
k2

ε Gk,m = µt,m(∇
→
Um + (∇

→
Um)

T
)

(9)

Average Nusselt number:

Nu =
kn f

k f

∫
∂T
∂x

(10)

Nusselt number ratio:
Nur =

Nu
Nu0

(11)



Processes 2021, 9, 1253 6 of 34

Mean friction factor:
f =

2Dh
L

∆P
ρn f V2

in
(12)

Friction factor ratio:
fr =

f
f0

(13)

Performance evaluation criteria index:

PEC = Nur· f
− 1

3
r (14)

2.3. Grid Mesh Independence Test

The grid mesh independence test was done in this research to achieve the most
efficient grid mesh layout with the minimum error (4%) and calculating time (see Figure 2).
Different grid meshes were analyzed, and error values were achieved in Nusselt number
terms. Finally, the grid mesh with 2478 nodes was adopted as the valuable grid mesh for
numerical simulation.
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2.4. Validation

Figure 3 shows the code validation between the numerical data of Yang and Or-
donez [42] and the obtained numerical results from the current study in the case of the PEC
index. The PEC numbers were compared at similar geometries and boundary conditions.
As can be seen in Figure 3, there is remarkable uniformity between the numerical data of
Yang and Ordonez [42] and the numerical results obtained from the current study.
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3. Results and Discussion

In this section, the results of the numerical simulations for different configurations with
different geometric parameters are examined. The numerical results of the temperature
contour, velocity contour, streamlines, kinetic energy contour, Nusselt number variation,
friction factor, and PEC index are presented. In the end, different configurations are
compared and arranged in terms of PEC.

3.1. Case A

In Case A, two parameters are variable, which are R and A2. First, the variations
in the R parameter are examined and then parameter A2 is analyzed. Therefore, here
streamlines, velocity, kinetic energy contours, and temperature are used. Figure 4 shows
streamlines for various configurations of Case A with different R parameters at A2 = 24 mm,
Re = 15,000, and ϕ = 0.5%. As can be seen, by changing parameter R, the streamlines are
affected and change. As parameter R becomes smaller, the formation of vortices and local
turbulence in the pipe increases and the flow mixing rate increases. This, on the one hand,
increases the heat transfer coefficient, and on the other hand, leads to a greater pressure
drop penalty. This can clearly be seen by the reduction in the dark blue color in this section
of the tube. Figure 5 illustrates temperature contours for various configurations of Case A
with different R parameters at A2 = 24 mm, Re = 15,000, and ϕ = 0.5%. As can be seen, by
changing parameter R, the temperature contours are affected and change. As parameter R
becomes smaller, a reduction in the dark blue color in this section of the tube can be seen.
The presence of sharp edges in this geometry causes the separation and reversal of the
flow, which decreases parameter R and increases parameter A2. The main reason for the
formation of the vortex is exactly these sharp edges.
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Figure 6 presents kinetic energy contours for various configurations of Case A with
different R parameters at A2 = 24 mm, Re = 15,000, and ϕ = 0.5%. A reduction in light
green and blue colors with a reduction of parameter R is observed in these figures. Figure 7
demonstrates velocity magnitude contours for various configurations of Case A with
different R parameters at A2 = 24 mm, Re = 15,000, and ϕ = 0.5%. This can clearly be
seen in the reduction in the dark blue color in this section of the tube with a reduction in
parameter R.
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Figure 7. Velocity magnitude contours for various configurations of Case A with different R parameters at A2 = 24 mm,
Re = 15,000, and ϕ = 0.5%.

However, in order to reduce the volume of the article, contours related to different
Reynolds numbers have been omitted. As can be seen, increasing the Reynolds number
intensifies the turbulence, increases the flow mixing rate, and increases the vortices. This
leads to an increase in heat transfer coefficient as well as an increase in the pressure
drop penalty.

Figure 8 shows streamlines for various configurations of Case A with different A2
parameters at R = 15 mm, Re = 15,000, and ϕ = 0.5%. As can be seen, by changing parameter
A2, the streamlines are affected and change. As parameter A2 becomes longer, the formation
of vortices and local turbulence in the pipe increases and the flow mixing rate increases.
This, on the one hand, increases the heat transfer coefficient, and on the other hand, leads
to a greater pressure drop penalty. This can clearly be seen by the reduction in the dark
blue color in this section of the tube.
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Figure 8. Streamlines for various configurations of Case A with different A2 parameters at R = 15 mm, Re = 15,000, and
ϕ = 0.5%.

Figure 9 illustrates temperature contours for various configurations of Case A with
different A2 parameters at R = 15 mm, Re = 15,000, and ϕ = 0.5%. As can be seen, by
changing parameter A2, the temperature contours are affected and change. As parameter
A2 becomes longer, a reduction in the dark blue color in this section of the tube can be
seen. Figure 10 presents kinetic energy contours for various configurations of Case A with
different A2 parameters at R = 15 mm, Re = 15,000, and ϕ = 0.5%. A reduction in light green
and blue colors with a reduction in parameter R is observed in these figures. The presence
of sharp edges in this geometry causes the separation and reversal of the flow, which
decreases parameter R and increases parameter A2. The main reason for the formation
of the vortex is exactly these sharp edges. Figure 11 demonstrates velocity magnitude
contours for various configurations of Case A with different A2 parameters at R = 15 mm,
Re = 15,000, and ϕ = 0.5%. This can clearly be seen by the reduction in the dark blue color
in this section of the tube with a reduction in parameter R. However, in order to reduce the
volume of the article, contours related to different Reynolds numbers have been omitted.
As can be seen, increasing the Reynolds number intensifies the turbulence, increases the
flow mixing rate, and increases the vortices. This leads to an increase in heat transfer
coefficient as well as an increase in the pressure drop penalty.
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Figure 9. Temperature contours for various configurations of Case A with different A2 parameters at R = 15 mm, Re = 15,000,
and ϕ = 0.5%.
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3.2. Case B

In Case B, two parameters are variable, which are R and B2. First, the variations in the
R parameter are examined and then parameter B2 is analyzed. Figure 12 shows streamlines
for various configurations of Case B with different R parameters at B2 = 24 mm, Re = 15,000,
and ϕ = 0.5%. As can be seen, when changing parameter R, the streamlines are affected
and thus also change. As parameter R becomes smaller, the formation of vortices and local
turbulence in the pipe increases and the flow mixing rate increases. This, on the one hand,
increases the heat transfer coefficient, and on the other hand, leads to a greater pressure
drop penalty. This can clearly be seen by the reduction in the dark blue color in this section
of the tube. Figure 13 illustrates temperature contours for various configurations of Case B
with different R parameters at B2 = 24 mm, Re = 15,000, and ϕ = 0.5%. As can be seen, by
changing parameter R, the temperature contours are affected and change. As parameter
R becomes smaller, a reduction in the dark blue color in this section of the tube can be
seen. The presence of sharp edges in this geometry causes the separation and reversal of
the flow, which decreases parameter R and increases parameter B2. The main reason for
the formation of the vortex is exactly these sharp edges. Figure 14 presents kinetic energy
contours for various configurations of Case B with different R parameters at B2 = 24 mm,
Re = 15,000, and ϕ = 0.5%. A reduction in light green and blue colors alongside a reduction
in parameter R is observed in these figures. Figure 15 demonstrates velocity magnitude
contours for various configurations of Case A with different R parameters at B2 = 24 mm,
Re = 15,000, and ϕ = 0.5%. This can clearly be seen by the reduction in the dark blue
color in this section of the tube alongside a reduction in parameter R. However, in order
to reduce the volume of the article, contours related to different Reynolds numbers have
been omitted. As can be seen, increasing the Reynolds number intensifies the turbulence,
increases the flow mixing rate, and increases the vortices. This leads to an increase in heat
transfer coefficient as well as an increase in the pressure drop penalty.
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Figure 12. Cont.
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Figure 12. Streamlines for various configurations of Case B with different R parameters at B2 = 24 mm, Re = 15,000, and
ϕ = 0.5%.
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Figure 13. Temperature contours for various configurations of Case B with different R parameters at B2 = 24 mm, Re = 15,000,
and ϕ = 0.5%.
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Figure 14. Kinetic energy contours for various configurations of Case B with different R parameters at B2 = 24 mm,
Re = 15,000, and ϕ = 0.5%.
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Figure 15. Velocity magnitude contours for various configurations of Case B with different R parameters at B2 = 24 mm,
Re = 15,000, and ϕ = 0.5%.

Figure 16 shows streamlines for various configurations of Case B with different B2
parameters at R = 15 mm, Re = 15,000, and ϕ = 0.5%. As can be seen, by changing parameter
B2, the streamlines are affected and change. As parameter B2 becomes longer, the formation
of vortices and local turbulence in the pipe increases and the flow mixing rate increases.
This, on the one hand, increases the heat transfer coefficient, and on the other hand, leads
to a greater pressure drop penalty. This can clearly be seen through the reduction in the
dark blue color in this section of the tube. Figure 17 illustrates temperature contours for
various configurations of Case B with different B2 parameters at R = 15 mm, Re = 15,000,
and ϕ = 0.5%. As can be seen, by changing parameter B2, the temperature contours are
affected and change. As parameter B2 becomes longer, a reduction in the dark blue color
in this section of the tube can be seen. Figure 18 presents kinetic energy contours for
various configurations of Case B with different B2 parameters at R = 15 mm, Re = 15,000,
and ϕ = 0.5%. A reduction in the light green and blue colors alongside a reduction in
parameter R is observed in these figures. The presence of sharp edges in this geometry
causes the separation and reversal of the flow, which decreases parameter R and increases
parameter B2. The main reason for the formation of the vortex is exactly these sharp edges.
Figure 19 demonstrates velocity magnitude contours for various configurations of Case B
with different B2 parameters at R = 15 mm, Re = 15,000, and ϕ = 0.5%. This can clearly be
seen by the reduction in the dark blue color in this section of the tube alongside a reduction
in parameter R. However, in order to reduce the volume of the article, contours related to
different Reynolds numbers have been omitted. As can be seen, increasing the Reynolds
number intensifies the turbulence, increases the flow mixing rate, and increases the vortices.
This leads to an increase in heat transfer coefficient as well as an increase in the pressure
drop penalty.
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Figure 16. Streamlines for various configurations of Case B with different B2 parameters at R = 15 mm, Re = 15,000, and
ϕ = 0.5%.
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Figure 17. Temperature contours for various configurations of Case B with different B2 parameters at R = 15 mm, Re = 15,000,
and ϕ = 0.5%.
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Figure 18. Kinetic energy contours for various configurations of Case B with different B2 parameters at R = 15 mm,
Re = 15,000, and ϕ = 0.5%.
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Figure 19. Velocity magnitude contours for various configurations of Case B with different B2 parameters at R = 15 mm,
Re = 15,000, and ϕ = 0.5%.

3.3. Case C

In Case C, two parameters are variable; R and C2. First, the variations in the R param-
eter are examined and then parameter C2 is analyzed. Thus, streamlines and temperature
contours are used. Figure 20 shows streamlines for various configurations of Case C with
different R parameters at C2 = 24 mm, Re = 15,000, and ϕ = 0.5%. As can be seen, by
changing parameter R, the streamlines are affected and change. As parameter R becomes
smaller, the formation of vortices and local turbulence in the pipe increases and the flow
mixing rate increases. This, on the one hand, increases the heat transfer coefficient, and
on the other hand, leads to a greater pressure drop penalty. This can clearly be seen
through the reduction in the dark blue color in this section of the tube. Figure 21 illustrates
temperature contours for various configurations of Case C with different R parameters
at C2 = 24 mm, Re = 15,000, and ϕ = 0.5%. As can be seen, by changing parameter R,
the temperature contours are affected and change. As parameter R becomes smaller, a
reduction in the dark blue color in this section of the tube can be seen. The presence of sharp
edges in this geometry causes the separation and reversal of the flow, which decreases
parameter R and increases parameter C2. The main reason for the formation of the vortex
is exactly these sharp edges. However, to reduce the volume of the article, contours related
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to different Reynolds numbers have been omitted. As can be seen, increasing the Reynolds
number intensifies the turbulence, increases the flow mixing rate, and increases the vortices.
This leads to an increase in heat transfer coefficient as well as an increase in the pressure
drop penalty.
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Figure 20. Streamlines for various configurations of Case C with different R parameters at C2 = 24 mm, Re = 15,000, and 𝜑 = 0.5%. 
Figure 20. Streamlines for various configurations of Case C with different R parameters at C2 = 24 mm, Re = 15,000, and
ϕ = 0.5%.

Figure 22 shows streamlines for various configurations of Case C with different C2
parameters at R = 15 mm, Re = 15,000, and ϕ = 0.5%. As can be seen, by changing parameter
C2, the streamlines are affected and change. As parameter C2 becomes longer, the formation
of vortices and local turbulence in the pipe increases and the flow mixing rate increases.
This, on the one hand, increases the heat transfer coefficient, and on the other hand, leads
to a greater pressure drop penalty. This can clearly be seen by the reduction in the dark
blue color in this section of the tube.

Figure 23 illustrates temperature contours for various configurations of Case C with
different C2 parameters at R = 15 mm, Re = 15,000, and ϕ = 0.5%. As can be seen, by
changing parameter C2, the temperature contours are affected and change. As parameter
C2 becomes longer, a reduction in the dark blue color in this section of the tube can be seen.
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 Figure 21. Temperature contours for various configurations of Case C with different R parameters at C2 = 24 mm, Re = 15,000,
and ϕ = 0.5%.
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 Figure 23. Temperature contours for various configurations of Case C with different C2 parameters at R = 15 mm, Re = 15,000,
and ϕ = 0.5%.

However, in order to reduce the volume of the article, contours related to different
Reynolds numbers have been omitted. As can be seen, increasing the Reynolds number
intensifies the turbulence, increases the flow mixing rate, and increases the vortices. This
leads to an increase in heat transfer coefficient as well as an increase in the pressure
drop penalty.

3.4. Case D

Figure 24 shows streamlines, temperature, kinetic energy, and velocity magnitude con-
tours for Case D with R = 15 mm, D1 = 12 mm, and D2 = 24 mm parameters at Re = 15,000
and ϕ = 0.5%. Additionally, Figure 25 demonstrates streamlines, temperature, kinetic
energy, and velocity magnitude contours for Case D with R = 15 mm, D1 = 12 mm, and D2
= 26 mm parameters at Re = 15,000 and ϕ = 0.5%. As can be seen, by changing parameter
D2, the streamlines, temperature contours, kinetic energy contours, and velocity magnitude
contours are affected and change. As parameter D2 becomes longer, the formation of
vortices and local turbulence in the pipe increases and the flow mixing rate increases. This,
on the one hand, increases the heat transfer coefficient, and on the other hand, leads to a
greater pressure drop penalty. This can clearly be seen by the reduction in the dark blue
color in this section of the tube. However, in order to reduce the volume of the article,
contours related to different Reynolds numbers have been omitted. As can be seen, increas-
ing the Reynolds number intensifies the turbulence, increases the flow mixing rate, and
increases the vortices. This leads to an increase in heat transfer coefficient as well as an
increase in the pressure drop penalty.
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Figure 24. Streamlines, temperature, kinetic energy and velocity magnitude contours for Case D with R = 15 mm,
D1 = 12 mm, and D2 = 24 mm parameters at Re = 15,000, and ϕ = 0.5%.
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Figure 25. Streamlines, temperature, kinetic energy and velocity magnitude contours for Case D with R = 15 mm,
D1 = 12 mm, and D2 = 26 mm parameters at Re = 15,000, and ϕ = 0.5%.
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3.5. Case E

In Case E two parameters are variable; R and E2. First, the variations in the R
parameter are examined and then parameter E2 is analyzed. In that manner, temperature
contours and streamlines are used. Figure 26 shows streamlines and temperature contours
for various configurations of Case E with different R parameters at E2 = 24 mm, Re = 15,000,
and ϕ = 0.5%. As can be seen, when we change parameter R, the streamlines are affected
and change. As parameter R becomes smaller, the formation of vortices and local turbulence
in the pipe increases and the flow mixing rate increases. This, on the one hand, increases
the heat transfer coefficient, and on the other hand, leads to a greater pressure drop penalty.
This can clearly be seen through the reduction in the dark blue color in this section of the
tube. Figure 27 shows streamlines and temperature contours for various configurations of
Case E with different R parameters at E2 = 24 mm, Re = 19,000, and ϕ = 0.5%. As can be
seen, by changing parameter R, the streamlines are affected and change. As parameter R
becomes smaller, the formation of vortices and local turbulence in the pipe increases and
the flow mixing rate increases. This, on the one hand, increases the heat transfer coefficient,
and on the other hand, leads to a greater pressure drop penalty. This can clearly be seen by
the reduction in the dark blue color in this section of the tube. It is seen that increasing the
Reynolds number intensifies the turbulence, increases the flow mixing rate, and increases
the vortices. This leads to an increase in heat transfer coefficient as well as an increase
in the pressure drop penalty. There is always an optimum Reynolds number, where the
maximum PEC value is occurred.
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Figure 26. Streamlines and temperature contours for various configurations of Case E with different R parameters at
E2 = 24 mm, Re = 15,000, and ϕ = 0.5%.
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 Figure 27. Streamlines and temperature contours for various configurations of Case E with different R parameters at
E2 = 24 mm, Re = 19,000, and ϕ = 0.5%.

3.6. Case F

In Case F, just one parameter is variable; F. Velocity and kinetic energy contours,
temperature, and streamlines were the options used here. Figure 28 shows streamlines for
various configurations of Case E with different F parameters at Re = 15,000 and ϕ = 0.5%.
As can be seen, by changing parameter F, the streamlines are affected and change. As
parameter F becomes smaller, the formation of vortices and local turbulence in the pipe
increases and the flow mixing rate increases. This, on the one hand, increases the heat
transfer coefficient, and on the other hand, leads to a greater pressure drop penalty. This can
clearly be seen by the reduction in the dark blue color in this section of the tube. Figure 29
illustrates temperature contours for various configurations of Case F with different F
parameters at Re = 15,000 and ϕ = 0.5%. As can be seen, by changing parameter F, the
temperature contours are affected and change. As parameter F becomes smaller, a reduction
in the dark blue color in this section of the tube can be seen. The presence of sharp edges in
this geometry causes the separation and reversal of the flow, which decreases parameter
F. The main reason for the formation of the vortex is exactly these sharp edges. Figure 30
presents kinetic energy contours for various configurations of Case F with different F
parameters at Re = 15,000 and ϕ = 0.5%. A reduction in light green and blue colors with
a reduction in parameter R is observed in these figures. Figure 31 demonstrates velocity
magnitude contours for various configurations of Case F with different F parameters at
Re = 15,000 and ϕ = 0.5%. This can clearly be seen by the reduction in the dark blue color
in this section of the tube alongside a reduction in parameter F. However, in order to
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reduce the volume of the article, contours related to different Reynolds numbers have
been omitted. As can be seen, increasing the Reynolds number intensifies the turbulence,
increases the flow mixing rate, and increases the vortices. This leads to an increase in heat
transfer coefficient as well as an increase in the pressure drop penalty.

Processes 2021, 9, x FOR PEER REVIEW 30 of 37 
 

 

edges in this geometry causes the separation and reversal of the flow, which decreases 
parameter F. The main reason for the formation of the vortex is exactly these sharp edges. 
Figure 30 presents kinetic energy contours for various configurations of Case F with dif-
ferent F parameters at Re = 15,000 and 𝜑 = 0.5%. A reduction in light green and blue colors 
with a reduction in parameter R is observed in these figures. Figure 31 demonstrates ve-
locity magnitude contours for various configurations of Case F with different F parame-
ters at Re = 15,000 and 𝜑 = 0.5%. This can clearly be seen by the reduction in the dark blue 
color in this section of the tube alongside a reduction in parameter F. However, in order 
to reduce the volume of the article, contours related to different Reynolds numbers have 
been omitted. As can be seen, increasing the Reynolds number intensifies the turbulence, 
increases the flow mixing rate, and increases the vortices. This leads to an increase in heat 
transfer coefficient as well as an increase in the pressure drop penalty. 

  
(a) F = 15 mm (b) F = 13 mm 

 

 

(c) F = 11 mm Color map 

Figure 28. Streamlines for various configurations of Case F with different F parameters at Re = 15,000, and 𝜑 = 0.5%. Figure 28. Streamlines for various configurations of Case F with different F parameters at Re = 15,000, and ϕ = 0.5%.
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 Figure 29. Temperature contours for various configurations of Case F with different F parameters at Re = 15,000, and
ϕ = 0.5%.
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Figure 29. Temperature contours for various configurations of Case F with different F parameters at Re = 15,000, and 𝜑 = 
0.5%. 
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Figure 30. Kinetic energy contours for various configurations of Case F with different F parameters at Re = 15,000, and 𝜑 
= 0.5%. 
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Figure 31. Velocity magnitude contours for various configurations of Case F with different F parameters at Re = 15,000, 
and 𝜑 = 0.5%. 

3.7. Comparison 

Figure 30. Kinetic energy contours for various configurations of Case F with different F parameters at Re = 15,000, and
ϕ = 0.5%. 
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Figure 31. Velocity magnitude contours for various configurations of Case F with different F parameters at Re = 15,000, and
ϕ = 0.5%.
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3.7. Comparison

According to the results and the calculation of the PEC index, the optimum configura-
tions for the different cases are as followss:

Case A: R = 15 mm and A2 = 24 mm
Case B: R = 15 mm and B2 = 26 mm
Case C: R = 13 mm and B2 = 22 mm
Case D: R = 13 mm and B2 = 24 mm
Case E: R = 15 mm and B2 = 24 mm
Case F: F = 15 mm

To achieve the optimum case, a comparison of these optimum configurations is made
using the PEC index. Figure 32 shows the PEC variation for optimum configurations of
different cases at Re = 11,000. It can be seen that Case D has the most optimum PEC values
and is followed by Cases B, F, C, A, and E, respectively. Additionally, it is seen that an in-
crease in nanoparticle volume fraction leads to higher PEC values. Additionally, Figure 33
illustrates PEC variation versus different Reynolds numbers for optimum configurations of
Case D. As can be seen, increasing the Reynolds number to Re = 15,000 leads to an increase
in PEC index and then a decreasing trend. In other words, increasing the Reynolds number
has two consequences: on the one hand, it improves heat transfer, and on the other hand, it
increases the pressure drop penalty. Thus, the compromise point for the maximum value
of the PEC index occurs at Re = 15,000.
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4. Conclusions

The present study studies the effects of different wall shapes on the thermal-hydraulic
characteristics of different channels filled with water based graphite-SiO2 hybrid nanofluid.
The effects of different wall shapes on the thermalhydraulic characteristic of different
channels filled with water based Graphite-SiO2 hybrid nanofluid is a challenging topic
that, accordig to the literature review, is an area that needs to be worked on. In this study,
performance evaluation criteria (PEC) index is employed as the goal parameter to attain the
optimum geometry. Six different cases were studied in this paper. Each case has different
geometric dimensions, which were investigated numerically to achieve the most efficient
configuration. The length of the channel is 180 mm, which is under a constant temperature
of Ts = 450 K. The heat transfer fluid (HTF) is water based graphite-SiO2 hybrid nanofluid,
which enters the channel at 330 K at different flow velocities related to Re = 11,000, 15,000,
19,000, and 23,000. The grid mesh independence test was done in this research to achieve
the most efficient grid mesh layout with the minimum error (4%) and calculating time.
Additionally, PEC index code validation was conducted, and it was found that there is
a remarkable coincidence between the numerical data in the literature and the obtained
numerical results from the current study. According to the obtained results, by changing
geometrical parameters, the streamlines, temperature contours, kinetic energy contours,
and velocity magnitude contours are affected significantly. As parameter R or F becomes
smaller or as parameter X2 becomes longer (X = A, B, C, D, E and F), the formation of
vortices and local turbulence in the pipe increases and the flow mixing rate increases. On
the one hand, this increases the heat transfer coefficient, and on the other hand leads to a
greater pressure drop penalty. According to the results and calculation of the PEC index,
the optimum configurations for different cases are: Case A: R = 15 mm and A2 = 24 mm,
Case B: R = 15 mm and B2 = 26 mm, Case C: R = 13 mm and B2 = 22 mm, Case D: R = 13 mm
and B2 = 24 mm, Case E: R = 15 mm and B2 = 24 mm, and Case F: F = 15 mm. It was seen
that Case D had the greatest PEC values, followed by Cases B, F, C, A, and E, respectively.
Additionally, it can be seen that an increase in nanoparticle volume fraction leads to higher
PEC values. Additionally, increasing the Reynolds number to Re = 15,000 leads to an
increase in PEC index and then a decreasing trend. In other words, increasing the Reynolds
number has two consequences: on the one hand, it improves heat transfer; on the other
hand, it increases the pressure drop penalty. Therefore, the maximum value of the PEC
index occurs at Re = 15,000.
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Nomenclature

cp Specific heat capacity (J/kg.K)
f Friction coefficient (-)
g Gravitational acceleration (m/s2)
ϕ Volume fraction
k Thermal conductivity (W/m.K)
Nu Nusselt number (-)
Um Mass-averaged velocity (m/s)
Us Velocity of solid particles (m/s)
Ub f Velocity of the base fluid (m/s)
Udr Drift velocity (m/s)
Greek Symbols
ε Turbulent dissipation (m2/s3)
η Efficiency (-)
µ Viscosity (N·s/m2)
µt,m Turbulent viscosity (N·s/m2)
P Pressure (Pa)
Re Reynolds number (-)
Subscripts
n f Nanofluid
np Nanoparticle
s Solid
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