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Abstract

In this study, the authors study the impact of spherical

dimple surfaces and nanofluid coolants on heat trans-

fer and pressure drop. The main objective of this paper

is to evaluate the thermal performance of nanofluids

with respect to different Reynolds numbers (Re) and

nanoparticle compositions in dimpled channel flow.

Water‐based nanofluids with Al O2 3, CuO, and

Al O2 3–CuO nanoparticles are considered for this in-

vestigation with 1%, 2%, and 4% volume fraction for

each nanofluid. The simulations are conducted at low

Reynolds numbers varying from 500 to 1250, assuming

constant and uniform heat flux. The effective proper-

ties of nanofluids are estimated using models proposed

in the literature and are combined with the computa-

tional fluid dynamics solver ANSYS Fluent for the

analysis. The results are discussed in terms of heat

transfer coefficient, temperature distributions, pressure

drop, Nusselt number, friction factors, and perfor-

mance criterion for all the cases. For all cases of dif-

ferent nanoparticle compositions, the heat transfer
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coefficient was seen as 35%–46% higher for the dimpled

channel in comparison with the smooth channel.

Besides, it was observed that with increasing volume

fraction, the values of heat transfer and pressure drop

were increased. With a maximum of 25.18% increase in

the thermal performance, the 1% Al O2 3/water was

found to be the best performing nanofluid at Re= 500

in the dimpled channel flow.

KEYWORD S

CFD, dimple surface, heat exchanger, heat transfer, hybrid
nanofluid

1 | INTRODUCTION

The advent of the 21st century demands compact and smaller tools. More micro‐equipments,
including micropumps, microsensors, micro‐turbines, and so forth, have been produced by
industry.1 The efficiency of such engineering components highly depends on the cooling per-
formance inhibiting and prolonging their durability.2,3 Therefore, the maximum working
temperature and even distribution of heat is an important concern for almost all industrial
applications. Therefore, research has been shifted to produce greater thermal efficiencies at the
micro level.4 The long life and dependability of these tools are influenced by several factors.
The technology industries need components with compact devices.5,6 Hwang et al.7 talk about
the increasing use of micro‐turbines in industrial applications, which have a smaller efficiency
in particular. Due to the reduced length of the flow channels, these systems operate at the
Reynolds number of the lowest scale. He urged a more detailed analysis of this flow along with
its thermal transmission characteristics under low Reynolds number. In his research, he im-
plemented a stamping process in the flow channels with the required range of Reynolds
numbers to produce dimples and protrusions.7–10 This technology of channel with the reduced
flow is useful to extract heat from these micro‐devices11 because of its high volume surface and
large convective coefficient.12 These channels can operate as high heat dissipators and rising
surface thermal gradients and have a different mechanism than traditional channels. Here, the
stress is applied to an internal coolant to allow the flow to circulate along the lining of the tank,
which enhances the transfer performance. The large area allows the dissipation of vast amounts
of heat. There were some shortcomings when evaluating such a channel with a reduced length.
A careful evaluation of the application of the Navier–Strokes equation and the continuum
equation is required as the distance from the particle is extremely small. In general, the use of
gas contains considerable errors, but for liquid, measurements are accurate to the degree that is
confirmed by several authors12,13 at the Reynolds number of approximately 2300.

In the last few decades, researchers have introduced a range of methods for heat en-
hancement analysis. As mentioned earlier, the shapes of the fins can be varied across various
parameters to support the heat transfer coefficient (HTC). Different geometries can be used to
adjust the surface of the channel to boost performance.14 A dimpled surface exhibits relatively
higher fluid mixing and so a higher pressure loss on the wall surface.15 The first experiment
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using dimple surfaces was conducted on blades for gas turbine cooling.16 There are two dif-
ferent kinds of dimple shapes (spherical and tear‐drop shapes) discussed in the literature. A
comparison between smooth and dimpled surface analysis is shown in Chyu et al.'s17 paper.
The results show that a surface with dimples has 2.5 times higher heat transmission. These
enhanced surfaces improve the coefficient of heat flow and increase the level of friction. A
boundary layer over the surface is formed that contributes to distortion and hence reduces the
region of heat transfer. Li et al.18 investigated the pressure loss and heat transfer properties for
helically dimpled surfaces, and it was confirmed by Siddique et al.19 This design interrupted the
original flow pattern, which enhanced streamlined turbulence. Therefore, in comparison with
the flat tubing, the HTCs reported were 1.74 and 2.48 times higher. Thermal efficiency can be
drastically improved by adding nanofluid media. Nanofluids have exceptional thermophysical
properties, including high thermal conductivity in heat transfer applications. Nanofluids refer
to nanoparticles colloids suspended with increased flexibility in a base stream.21–25 A huge
amount of focus has been paid to the hybrid convective heat transfer. A good number of studies
have been conducted to study the thermal behavior of nanofluids and hybrid nanofluids.26–28

Xuan and Li29 showed that CuO‐H O2 nanofluid's heat transfer performance had been improved
than that of the base fluid. Moshizi et al.30 tested the thermal properties of Al O2 3–water
nanofluid by utilizing continuous thermal flow in a pipeline. Owing to slip velocity on tube
walls, they found increased heat transfer efficiency and pressure gradient efficiency. Akbari
et al.3 conducted their study on the thermal transfer of CuO nanofluid in a two‐phase mi-
crotube. Furthermore, several studies have been conducted on the hybrid nanofluids both
numerically2,31–41 and experimentally.42–46

To propose and design a better performing heat exchanger, it is indeed worthwhile to
understand how thermal performances of the heat exchanger can be numerically impacted by
alternative coolants and surfaces.47 Therefore, in this paper, a compound technique of heat
transfer enhancement is shown, which involves both the modification of geometry and im-
provement in the coolant. The paper evaluates the thermal performance of both nanofluids
(CuO+water, Al O2 3+water) and hybrid nanofluids (Al O2 3−CuO+water)48 as well as the
impacts of spherical dimpled surfaces in the channel with reduced computational length using
computational methods. The variation of entropy generation for different coolants was dis-
cussed to give detailed information about the coolant's performance. With the impact of volume
fractions and Re in each nanofluid, we observe the suitable volume fraction to reach maximum
thermal performance in the channel flow.

2 | THERMOPHYSICAL PROPERTIES OF THE
NANOFLUIDS

In recent years, significant works of literature are published proposing models to estimate the
effective thermo‐physical property of nanofluids.49–52 The fact that nanofluid thermo‐physical
behaviors have been systematically investigated and that controversial experimental informa-
tion lacks precision. A single‐phase method for the calculation of thermo‐physical properties is
selected due to the large acceptance in the literature.53–55 The presumption of thermal balance
for the particles is established, together with assuming that the fluid and the particles are not
velocity different.54,56–59 That assumption shows that the correlation of convective heat transfer
for single‐phase flow can also be used if only the effective nanofluid characteristics merge with
the thermal‐physical property calculated at reference temperatures.60,61
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For practical applications of oxide particles of nanofluids higher than 40 nm, the model
proposed by Maïga et al.,62 is considered a better priority. In this model, the effective properties
of a nanofluid63 can be estimated from the following set of equations23:

ρ φ ρ φρ= (1 − ) + ,hnf bf p (1)

ρCp φ ρC φ ρC( ) = (1 − )( ) + ( ) ,nphnf p f p (2)

ρβ φ ρβ φ ρC( ) = (1 − )( ) + ( ) ,nphnf f p (3)

α
k

ρCp
=
( )

,hnf
hnf

hnf

(4)

k
k m k m k k φ

k m k k k φ
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+ ( − 1) − ( − 1)( − )

+ ( − 1) + ( − )
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np f f np

np f f np
f (5)

μ
μ

ϕ
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(1 − )

,hnf
f

2.5
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ρ
φ ρ φ C

φ
=

Al O Al O + CuO( )CuO
,np

2 3 2 3 p (8)
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φ C φ C
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np

2 3 p 2 3 p (9)
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φ
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Al O Al O + CuO CuO
,np

2 3 2 3 (10)

k
φ β φ k

φ
=

Al O Al O + CuO CuO
.np

2 3 2 3 (11)

Due to the restriction of experimental information, the effective density of fluids was es-
timated using classical two‐phase flow formulations. The density remains constant with the
temperature.54,56–58,62,64 For estimating the specific heat of nanofluids some expressions are
recommended in References [54,56–58,62,64,65]. Due to having a lack of appropriate experi-
mental data for nanofluids, the viscosity was evaluated using the Brinkman model,66 and the
thermal conductivity was evaluated using Hamilton and Crosser, and Yu and choi67,68 corre-
lation. The model is assumed to be precise with a maximum deviation of 1.04% up to 14%
volume fraction. For evaluating the properties of hybrid nanofluid, Equations (1)–(11) were
used, which is essentially a modified form of the nanofluid's thermophysical properties.69,70

The mixture ratio was maintained Al O2 3/water to CuO/water ϕAl ϕCuO( O )2 3∕ to be 50%/50%.

TABLE 1 Effective properties of aluminum oxide (Al O2 3) and copper oxide (CuO)72‐75

Type of material
Density (ρ)
(kg/m3)

Specific heat (Cp)
(J/kg K)

Thermal conductivity (k)
(W/mK)

Al O2 3 (45 nm) 3600 765 36

CuO (29 nm) 6500 533 17.65
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Table 1 represents the properties of nanoparticles at 298K. Tables 2–471 represent the thermo‐
physical properties at 298K for three different nanofluids considered in this study.

3 | MATHEMATICAL MODELING

The computational fluid dynamics (CFD) simulations are carried out using ANSYS Fluent for
the dimpled geometry with continuity, momentum equation, and energy conservation.43

The fluid is assumed as Newtonian and incompressible when considering the mathematical
implications. The steady‐state Navier–Stokes equations are solved for the dimpled channel and
smooth channel shape for fluid flow and thermal transfer analysis. The nanoparticles are
considered to be spherical shaped and uniformly mixed.

The governing equations are as follows76:

ρ v. ( . ) = 0,∇ → (12)

TABLE 2 Effective properties of Al O2 3/water

Al O2 3/water

ϕ = 1% ϕ = 2% ϕ = 4%

ρ (kg/m3) 1023.129 1049.15 1101.216

Cp (J/kg K) 4058.87 3944.7 3732.56

k (W/mK) 0.63 0.648 0.685

μ (Pa.s) 9.14 × 10−4 9.37 × 10−4 9.87 × 10−4

TABLE 3 Effective properties of CuO/water

CuO/water

ϕ = 1% ϕ = 2% ϕ = 4%

ρ (kg m3∕ ) 1052.129 1107.158 1217.216

Cp (J/kg K) 3953.75 3750.89 3400.2

k (W/m K) 0.629 0.646 0.681

μ (Pa.s) 9.14 × 10−4 9.37 × 10−4 9.87 × 10−4

TABLE 4 Effective properties of Al O2 3–CuO/water

Al O2 3–CuO/water

ϕ = 1% ϕ = 2% ϕ = 4%

ρ (kg/m3) 1037.62 1078.15 1159.21

Cp (J/kg K) 4006.88 3847.66 3559.35

k (W/m K) 0.63 0.648 0.684

μ (Pa.s) 9.14 × 10−4 9.37 × 10−4 9.87 × 10−4
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ρ v v p μ v v v I ρg. ( . . ) = − + . ( + ) −
2
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2

3
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⎦⎥

⎞
⎠⎟

⎞
⎠⎟∇ → ∇ ∇

→
∇→ ∇→ ∇ → → (14)

3.1 | Configuration of geometry

The flow domain is considered to be conventional channels with 110 mm as a channel length.
The diameter range for different subchannels are illustrated in Table 5.

The dimpled surface diameter is kept constant and is equal to 5mm. The dimples along the
streamwise directions (x/d) are kept at 2.00, whereas the dimples along the spanwise direction
(y/d) are kept to be 5.25. The computational geometry is illustrated in Figure 1.

TABLE 5 Representation of classification scheme according to the diameter77

Name of channel Range of hydraulic diameter

Conventionnel channels D > 3mmh

Minichannels D3mm > 200μmh≥

Microchannels D200μm > 10μmh≥

Transitional channels D10μm > 0.10μmh≥

FIGURE 1 Computational domain [Color figure can be viewed at wileyonlinelibrary.com]
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3.2 | Mesh generation and refinement analysis

For better accuracy in the CFD simulations, polyhedral meshes were generated. Dense grids
were generated near the wall and the dimpled surfaces to capture the thermal boundary,
velocity gradient as well as to predict boundary layer separation accurately. The skewness
factor and orthogonal quality were maintained to be below 0.18 and 0.88, respectively. Figure 2
shows the polyhedral grid generation over the dimpled geometry. For the smooth geometry,
hexahedral meshes were implemented on the smooth channel with near‐wall treatment along
the boundaries. Dense grids were implemented to capture the boundary layer separations and
thermal boundary layers precisely. The aspect ratio of the hexahedral mesh was kept at 4.00
with orthogonal quality 0.95. Figure 3 shows the hexahedral mesh over the smooth channel.
Improvement of mesh models is regulated with the refining of the grids since ANSYS Fluent
uses the Finite Volume Method to perform computation. To evaluate the performance of grids,
mesh independence tests were performed where five different types of grids were assessed,
varying the element sizes. The mesh refinement ratio (MRR) was defined as the improvement
of grids in between two consecutive meshes (like G2/G1). Table 6 shows the performance of
different grids to produce better accuracy. It is evident from the table that Grid 5 (G5) produces
the highest accuracy with 0.08% and 0.13% errors in the dimpled channel and smooth channel
consecutively. Besides, it is evident from Figure 4 that the variation of element size is not
leading to any noticeable differences in the outlet radial velocity profile of the dimpled channel.
Hence, from the above discussion, the G5 mesh model is used in this study for the simulations
and results.

FIGURE 2 Computational domain and mesh for the smooth channel: surface (A) and cross‐section (B)
[Color figure can be viewed at wileyonlinelibrary.com]
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3.3 | Modeling and simulation details

The computational analysis was performed under a constant and uniform heat flux (=10 kW/m2).
By varying Reynolds numbers between 500 and 1250, the inlet velocity profiles were varied within
the channel. The inlet temperature for the coolants is assumed to be 298K, whereas the gauge
outlet pressure is kept to be zero. An implicit solver is considered in solving the governing
equations. The root mean square (RMS) values for momentum and continuity equations are
targeted up to 10−6 and 10−8 for the energy equation in ANSYS Fluent. Basic formulations for the

FIGURE 3 Computational domain and mesh for the dimpled channel: surface (A) and cross‐section (B)
[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 6 Impact of grid refinement on dimpled and smooth channel

Step MRR
% Error for the dimpled
channel (ΔNuavg)

% Error for the smooth
channel (ΔNuavg)

Grid (2 to 1) 1.033 2.96 3.23

Grid (3 to 2) 1.059 2.59 2.67

Grid (4 to 3) 13.07 0.33 0.76

Grid (5 to 4) 1.85 0.08 0.13

Abbreviation: MRR, mesh refinement ratio.

FIGURE 4 Variation of velocity profile with different element size at Re= 500 for dimpled channel [Color
figure can be viewed at wileyonlinelibrary.com]
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analysis: average HTC, average Nusselt number, pressure drop, and performance evaluation criteria
(PEC) have been utilized for the calculations.73,78–80

4 | VALIDATION OF THE CFD MODEL

The smooth channel was first used for simulation using the exact dimensions of the dimpled
model for validating the dimple model.6 The results of the smooth channel were compared
from the results of Stephan's and PreuBer's existing Nu correlations for circular pipes.81,82 The
correlation used for the Nusselt number calculation and for the comparison is illustrated in the
following equation:

Nu
Re Pr D L

Pr ReD L
= 4.364 +

0. 086( )

1 + 0.1 ( )
,

h
1.33

h
0.83

∕

∕
(15)

Rewhere 0 < < 2300.

In Figure 5, the results from our simulations are compared with the reference solution.81 It
is evident from the figure that present study aligns precisely with the Stephan correlation. A
maximum error of 3.5% in the average Nusselt (Nuavg) at Re= 1250 was found. The assumption
could be made from the simulation results that the accurate predictions of the rest of the
simulation for the proposed dimple model are possible, which confirm the validity of the
dimpled model in terms of accuracy and precision. The computed values of Tm are also
compared with the results from the Energy Balance Equation (16) for the dimpled channel
flow.83 To evaluate and compare the local mean temperature of the fluid, the value of the Re
was selected to be 750 and 1250. The comparison in results is illustrated in Figure 6, which
shows an acceptable agreement with Equation (16) with a maximum deviation of 1.02% at
Z= 0.03m for Re= 750 and 1.65% at Z= 0.05m Re= 1250.

From the energy balance equation,83 the mean temperature (Tm) profile (used for com-
parison of results) can be expressed as

FIGURE 5 Validation of the results with Stephan correlation81 [Color figure can be viewed at
wileyonlinelibrary.com]
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T z T m
qπD

mc
z( ) = ( ˙ ) +

"

˙
.

p
m m

h (16)

Moreover, the measured local Nusselt number was compared with the shah correlation for
the implantation in the case of dimpled flow.84 Equations (17) and (18) indicate the Shah
equation that refers to the smooth circular channel of the laminar flow. Since there were no
correlations accessible to laminar flow for dimple cases, the findings were compared with the
Shah correlation.84 After evaluating Figure 7, it is clear that dimpled cases are strongly linked to
the conventional correlation with a maximum deviation of 7.2%. The maximum variation was
noticed at Z= 0.03m (in the axial direction) at Re= 250.

Using the Shah correlation,84 the Nusselt number can be formulated as

Nu Re Pr
d

x
= 1.953 ,

1
3

⎜ ⎟⎛
⎝

⎞
⎠ (17)

Re Pr
d

x
for 33.33.⎜ ⎟⎛

⎝
⎞
⎠ ≥

FIGURE 6 Difference of the mean temperature between present study and the study of71,83 (A) Re= 750
and (B) Re= 1250 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Results comparison: Dimpled surface case and a traditional correlation (Shah correlation) for
base fluid at Re= 500 [Color figure can be viewed at wileyonlinelibrary.com]
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Nu Re Pr
d

x
= 4.364 + 0.0722 ,⎜ ⎟⎛

⎝
⎞
⎠ (18)

Re Pr
d

x
for < 33.33.⎜ ⎟⎛

⎝
⎞
⎠

Upon investigating both local and global thermo‐physical parameters and assessing the
accuracy, it is evident that the present CFD model could implore the validity of the study.
Therefore, the remaining simulations were investigated following the proposed computational
domain.

5 | RESULT AND DISCUSSION

In this section, first, we evaluate the heat transfer performance in the dimpled channel with a
spherical shape (described earlier) for base fluid as water. Further, a comprehensive study will
be provided among Al O2 3/water, Al O2 3–CuO/water ϕAl ϕCuO( O = 1 1)2 3∕ ∕ , and CuO/water to
justify the thermal performance of hybrid nanofluid and to compare the thermal performance
of each nanofluid. The value of Re is varied from 500 to 1250 during the investigation.

5.1 | Analysis of flow characteristics at different Re and volume
fraction

Analyzing Figure 8, it is observed that the maximum velocity has occurred in the central region
of the velocity profile. However, the velocity gradually decreases from the center to the tube
wall and the minimum velocity is identified at the leeward surface of dimples. Moreover, the
velocity tends to increase with the windward surfaces of the dimple and decrease with the
leeward surface. This phenomenon is likely to occur due to the shrinkage of the flow channel at
the windward surface of dimples, which results in the increase of velocity. Contrary to the
windward surface, at the leeward surface of the dimples, the flow channel gets expanded which

FIGURE 8 Velocity distribution for different nanofluids along the center region at Re= 1250. (A) Smooth
channel, (B) dimple channel, (C) dimple channel + 4% alumina vol fraction, (D) dimple channel + 4% CuO vol
fraction, and (E) dimple channel + 4% Al2CO3–CuO vol fraction [Color figure can be viewed at
wileyonlinelibrary.com]
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causes the velocity to decrease. Because of having such variation periodically, improvement is
observed in the momentum exchange, and enhancement of fluid flow mixing occurs between
mainstream zone and near‐wall zone. The magnitude of velocity is found maximum at the
central region of the domain, whereas the minimum value is identified in between the spaces of
two consecutive dimples. Due to the presence of dimples, both the blocking effect and im-
pingement effect are perceived, which resulted in the interruption of the boundary layer.

Besides, it is evident from Figure 8 that the smooth channel reached a fully developed
laminar flow structure earlier, followed by the dimpled channel, and further followed by the
dimpled channel with 4% Al O2 3/water nanofluid. It is recognized that dimpled channel with
Al O2 3–CuO hybrid nanofluid delayed the most to reach fully laminar developed flow followed
by dimpled channel with CuO/water nanofluid. Figure 9 displays the radial distribution of
velocity at the outlet region of computational domains at Re= 1250. Figure 9 concludes that
velocity profile is not impacted by dispersion of nanoparticles to a base fluid for a negligible
range of nanoparticle volume fraction (i.e., 1%–5%).85,86

5.2 | Heat transfer characteristics

5.2.1 | Temperature distribution

The HTC will be higher due to a decrease in wall temperature and an increase in bulk tem-
perature of the fluid as the rest of the parameters are constant.73,78–80 Hence the coolants with a
lowered value of (T − Tw b) will acquire higher HTC. Figure 10 represents the magnitude of
(T − Tw b) for different nanofluids at Re= 500, 750, 1000, and 1250.

From Figure 10A, it is evident that the magnitude of (T − Tw b) is highest for the smooth
channel and gradually decreases for the dimpled channel. The lowest value is observed for 4%
volume fraction, followed by 2%, 1%, and base fluid in the dimpled channel. Hence it can be
concluded that a dimpled channel with a 4% volume fraction is capable of extracting more heat
followed by 2%, 1%, and 0% in comparison with a smooth channel. A similar conclusion could

FIGURE 9 Radial distribution of velocity at an outlet for different nanofluids at Re = 1250 [Color figure can
be viewed at wileyonlinelibrary.com]
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be drawn from Figure 10B that dimple with 4% Al O2 3–CuO hybrid nanofluid is capable of
extracting the highest heat followed by 2%, 1%, and 0%, whereas the lowest is observed for the
smooth channel. From Figure 10C, a similar conclusion can be drawn that dimpled channel
with 4% CuO extracts the highest heat followed by 2%, 1%, and base 0%, and the lowest value is
identified for the smooth channel. Hence from the above discussion, the evaluation could be
drawn that by increasing the volume fraction of nanoparticles, the capability of extracting heat
increases.

Figure 11 represents the variation of wall temperature for different volume fractions of
Al O2 3–CuO/water nanofluid at Re= 1250. The figure shows the gradual increment of tem-
perature in the wall of dimpled geometry along the flow direction.

5.2.2 | Study of HTC

The study of enhancement in heat transfer could be explained in terms of the improvement in
thermophysical properties. For analyzing the properties enhancement ratio, as shown in
Table 7, the calculation was progressed using the following equations:

FIGURE 10 The magnitude of (T − Tw b) for (A) Al O2 3/water, (B) Al O2 3–CuO/water, and (C) CuO/water
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Temperature distribution at the wall of dimple channel for hybrid nanofluid at Re= 1250.
(A) Al2O3–CuO 1% vol, (B) Al2O3–CuO 2% vol, and (C) Al2O3–CuO 4% vol [Color figure can be viewed at
wileyonlinelibrary.com]
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Properties Enhancement Ratio (PER) =
Thermal Conductivity Improvement Ratio

Viscosity Improvement Ratio
,

(19)

where

k

k
Thermal Conductivity Improvement Ratio = ,nf

0

(20)

and

μ

μ
Viscosity Improvement Ratio = .

nf

0

(21)

It is evident that a lower magnitude of (T − Tw b) will lead to a higher value of
HTC.73,78–80 Because of having surface roughness compared with the smooth channels,
turbulence becomes predominant in the dimpled regime. The interruption of boundary
layers created due to turbulence enables the dimpled channel to extract more heat. Hence
the value of (T − Tw b) is found lower for dimpled cases. Assessing Figure 10, it is clear that
4% volume fractions of nanofluid are having a lower magnitude of (T − Tw b), and it gra-
dually increases for 2%, 1%, and 0% in the dimpled channel. Therefore, the HTC should be
highest for 4% volume fraction and lowest for the base fluid. The enhancement in HTC due
to inclusions of nanoparticles could be explained with the property enhancement ratio
(PER), as shown in Table 7. It is evident from the table that the value of PER gets increased
with an increase in volume fraction, which results in the enhancement of HTC. Hence, a
conclusion could be made from Figure 12 that with the increase of volume fraction as well
as Re, the value of HTC increases. The maximum value is observed for the 4% volume
fraction of each nanofluid at Re = 1250, and with the gradual decrement, the lowest HTC is
identified for the base fluid with Re = 500.

The capability to extract more heat was evaluated with the help of the HTC for different
coolants. The assessment could be drawn from Figure 13, which represents the value of HTC
for different coolants as a function of Re. Figure 13A shows that the value of HTC is found
highest for 1% vol of Al O2 3/water followed by 1% Al O2 3–CuO/water, followed by 1% CuO/
water. Similar observations were found for both 2% and 4% vol of each coolant from
Figure 13B,C. Among the nanofluids, the minimum HTC is observed for 1% vol CuO/water,
and the maximum value of HTC is observed for 4% vol Al O2 3/water. Therefore, a conclusion
could be made that the ability to extract the heat is highest for Al O2 3/water superseded by
Al O2 3–CuO/water and lowest for CuO/water. This is because the PER is found highest for
Al O2 3/water, followed by Al O2 3–CuO/water and lowest for CuO/water, as illustrated in Table 7.
Nevertheless, only the PER could not be enough to explain dramatic enhancement in heat
transfer.

TABLE 7 Property enhancement ratio of different nanofluids investigated in the present study

Volume fraction Al O2 3/water Al O2 3–CuO/water CuO/water

1% vol 1.003187 1.002773 1.001819

2% vol 1.006032 1.005039 1.003178

4% vol 1.010059 1.008159 1.004445
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5.3 | Study of pressure drop

For ensuring better thermal efficiency, the evaluation of pressure drop is investigated in this
study. Compared with the smooth channel, as shown in Figure 14, the dimpled channel is
showing higher pressure drop due to the fluctuations in the velocity profile and turbulence
created by the dimpled regions. Besides, it is identified from Figure 14A that 1% vol
Al O2 3/water is having the highest pressure drop, followed by 1% Al O2 3–CuO/water, and the
lowest is seen for 1% CuO/water. Similar observations could be found for 2% and 4% vol of each

FIGURE 12 Heat transfer coefficients for different vol fractions of (A) Al O2 3/water, (B) Al O2 3–CuO/water,
and (C) CuO/water [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 13 Variation of heat transfer coefficient with Re for nanofluids with (A) 1% vol, (B) 2% vol, and
(C) 4% vol [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 14 Pressure distribution along the centerline for (A) 1% vol, (B) 2% vol, and (C) 4% vol of each
nanofluid with Re [Color figure can be viewed at wileyonlinelibrary.com]
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nanofluid from Figure 14B,C. Due to the higher density and viscosity, the trends of getting
higher pressure drop is observed with increasing volume fraction.

5.4 | Study of volumetric entropy generation

The calculation of volumetric entropy generation was extracted as

S
δQ

T
Δ ,

rev
∫≡ (22)

where Q indicates the amount of heat and T represents temperature.
If the fluid is assumed to be compressible, then the entropy is calculated as

S C
T

T
R

P

P
Δ = ln − ln .p

ref ref

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ (23)

The equation could be simplified to the following equation87 as

S C
T

T
Δ = ln ,p

ref

⎛
⎝⎜

⎞
⎠⎟ (24)

where Tref represents reference temperature and Pref represents the reference pressure.
The variation of volumetric entropy generation for different coolants as a function of Re is

represented in Figures 15 and 16. It is noted from the figures that volumetric entropy gen-
eration is higher in dimpled channels compared with smooth channels, and the value gradually
decreases with an increase in Re. Besides, from Figure 15A–C, it is identified that for the
dimpled channel, with the increase in volume fraction for each nanofluid, the volumetric
entropy generation decreases and was found lowest for 4% vol of each nanofluid. The remarks
could be drawn that an increase in volume fraction reduces the value of volumetric entropy
generation for nanofluids. The observed variations in the above result due to the inclusion of
nanoparticles could be explained by the improvement in thermophysical properties, such as
high thermal conductivity.

Figure 16 represents the volumetric entropy generation with Re for different nanofluids at
the same volume fraction. The objective of this investigation is to analyze the effect of ther-
mophysical properties of individual nanofluids in entropy generation. From Figure 16A, the
observation could be provided that Al O2 3/water with 1% vol has the highest entropy generation,
followed by Al O2 3/water while 1% vol CuO/water has the lowest entropy generation. A similar
phenomenon is observed for both the 2% and 4% volume fraction of each nanofluid in
Figure 16B,C.

5.5 | Study of Nusselt number and friction factors

Figure 17 illustrates the variation of Nusselt number and friction factors through varying Re for
each nanofluid. It is evident from Figure 17A that the value of Nu is predicted highest for 1%
Al O2 3/water, followed by Al O2 3–CuO/water, and the lowest value is predicted for 1% CuO/
water. Nevertheless, a similar trend is found for friction factors from Figure 17A, which exhibits
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the highest friction factor for 1% Al O2 3/water, superseded by Al O2 3–CuO/water, and the lowest
friction factor is observed for 1% CuO/water. As from the analysis of Figure 17B,C, an ex-
hibition of a similar phenomenon is noticeable for both 2% and 4% of each nanofluid. As shown
in Figure 13, the value of HTC is found highest for Al O2 3/water, decreases for Al O2 3‐CuO/
water, and lowest for CuO/water. Hence, the Nu numbers are increased with Re following
similar trends as HTC, supported by the basic formulations used.73,78–80 For the pressure drop
also, a similar trend is noticed, as shown in Figure 14, which allows the friction factor to
conform alike shift followed by relevant equation.73,78–80

FIGURE 15 Variation of volumetric entropy generation for (A) Al O2 3/water, (B) Al O2 3–CuO/water, and
(C) CuO/water [Color figure can be viewed at wileyonlinelibrary.com]
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5.6 | Study of PEC for nanofluids

The value of PEC accounts for both the pressure loss and enhancement in HTC to put a remark
on the coolant.73,78–80 From Figure 18A, it is noted that the value of PEC is found to be highest
for 1% Al O2 3/water, followed by 1% Al O2 3–CuO/water, followed by 1% CuO/water. The value of
PEC is found highest at Re= 500 and lowest at Re= 1000. Similar trends are observed for both
2% and 4% vol of each nanofluid from Figure 18B,C. An explanation could be made that due to
a higher property enhancement ratio for Al O2 3, the value of PEC is highest for Al O2 3/water. On
the contrary, the property enhancement ratio is lowest for CuO/water; hence the PEC is
observed lowest. Nevertheless, the value of HTC is more dominant at Re= 500 and 1250

FIGURE 16 Variation of volumetric entropy generation for (A) 1% vol, (B) 2% vol, and (C) 4% vol of each
nanofluid as a function of Re [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 17 Variation of Nu number and friction factor with Re for (A) 1%, (B) 2%, and (C) 3% vol of each
nanofluid [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 18 Variation of performance evaluation criteria with Re for (A) 1%, (B) 2%, and (C) 4% vol of each
nanofluid [Color figure can be viewed at wileyonlinelibrary.com]
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compared with the pressure loss created by density. On the other hand, at Re= 750 and 1000,
the pressure drop is found dominant compared with heat transfer enhancement. Hence, the
highest PEC is observed at Re= 500 and lowest at Re= 750. From this study, it can be con-
cluded that to get the highest thermal performance in the dimpled channel test section; the
suitable coolant is Al O2 3 at low velocities.

From Figure 19, it is evident that an increase in each nanofluid's volume fraction leads to a
decrease in PEC value.88 This phenomenon will make density and pressure drop to be domi-
nant. Hence, the value of PEC decreases with the increase in volume fraction for the present
dimpled test section.49 The conclusion could be drawn evaluating thermal performance that 1%
volume fraction will lead to the highest efficiency at Re= 500.

6 | CONCLUSION

In this study, we investigated the performance of the dimpled channel for the enhancement of
heat transfer performance in the presence of nanofluid coolants. The main conclusions of the
study are‐

• In contrast to the smooth channel, the HTC value is found 35.06% higher for the dimpled
channel at Re= 500 for the base fluid. The value of HTC is found 37.70%, 40.53%, and 46.41%
higher for 1%, 2%, and 4% Al O2 3 nanofluid compared with the base fluid at Re= 500. Again
the HTC value is seen as 37.24%, 39.67%, and 44.54% higher for 1%, 2%, and 4% Al O2 3–CuO
nanofluid successively. For CuO nanofluid, the value of HTC is increased to 36.63%, 38.5%,
and 42.43% at Re= 500 for 1%, 2%, and 4%, consecutively.

• The increase in volume fraction for each nanofluid leads to the reduction in the volumetric
entropy generation. Besides, the volumetric entropy generation at 1%, 2%, and 4% was ob-
served highest for Al O2 3/water, followed by Al O2 3–CuO/water, and least for CuO/water.

• The PEC is observed as decreasing with the increase in volume fraction.
• Among the nanofluids, the highest PEC is observed as 25.18% higher compared with the base
fluid for 1% Al O2 3/water at Re= 500. The value of PEC is seen as 24.8% higher for 1%
Al O2 3–CuO/water and 24.40% higher for 1% CuO/water compared with the base fluid at
Re= 500.

Hence, the study proposes that Al O2 3/water with a 1% volume fraction at Re= 500 is the
most efficient one for the heat transfer in the dimpled channel. It is also concluded that
Al O2 3–CuO/water (with an equal mixture ratio for Al O2 3 and CuO particles) hybrid nanofluid
are showing lower thermal performance when compared with Al O2 3/water nanofluid.

FIGURE 19 Variation of performance evaluation criteria for (A) Al O2 3/water, (B) Al O2 3–CuO/water, and
(C) CuO/water [Color figure can be viewed at wileyonlinelibrary.com]
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NOMENCLATURE

CFD computational fluid dynamics
e/d ratio of dimple depth to dimpled diameter
HTC heat transfer coefficient
PEC performance evaluation criterion
PER properties enhancement ratio
x/d streamwise spacing
y/d spanwise spacing
ϑ velocity (m/s)
cp specific heat of fluid (J/kg K)
Dh hydraulic diameter
P pressure (N/m2)
q wall heat flux (W/m2)
T temperature (K)
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
μ dynamic viscosity ((N⋅s)/m2)
ν kinematic viscosity (m2/s)
ρ density (kg/m3)
φ nanoparticle volume fraction
k thermal conductivity (W m−1 K−1)

Subscripts
i, j, k tensor index
bf base fuel
nf nanofluid
hnf hybrid nanofluid
b bulk
w wall
ref reference value
Rev integration along a reversible path connecting two states
np nanoparticle
avg averaged
vwa volume weighted averaged
0 initial value
z flow direction, velocity components u, v, and w in x, y, and z directions
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