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The current study has investigated the effects of different wave amplitudes of the
trapezoidal corrugated surface in a triangular microchannel on the thermal and hydraulic
properties using the finite volume method. The laminar forced convection of CuO-water
nanofluid, Ag-water nanofluid, and CuO-Ag/water hybrid nanofluid as working fluid over
Reynolds number and nanoparticle volume fraction ranges of 5-500 and 0-0.03,
respectively, has been examined. The base of the triangular channel was exposed to 25,000
W/m? of heat flux. The results indicate that the shape and wave amplitude have no
significant effect on the behavior of streamlines at Re = 5, except in the regions of the crest
of the wave where the velocity increases slightly due to the convergence section. The
streamlines began to change in shape, especially at the wave amplitude of 125 m and Re
above 100, while the temperatures on the corrugated surface decreased as the Reynolds
number increased. Furthermore, the skin friction coefficient at Re = 5 for all wave
amplitudes is about 10 times higher than the skin friction coefficient at Re = 100. In
addition, the results showed that adding a small amount of Ag nanoparticles to the CuO
nanofluid enhanced the thermal conductivity of the fluid and thus improved the heat

transfer rate.

1. INTRODUCTION

Recently, researchers have made strenuous efforts to keep
pace with technological development in various industries in
terms of developing heat transfer enhancement research.
These researches focused on disrupting the boundary layer,
forming secondary flows, increasing fluid thermal
conductivity, and increasing flow rate in heat exchangers [1].
Micro-scale industries, such as electronic devices, require new
and modern heat transfer methods. Thus, microchannels are
used in many industrial applications to improve heat transfer
and reduce system size. Reducing the size of the system has an
essential effect in reducing the cost, lightweight, cooling
system, conserving the environment and the space occupied by
the system [2]. In this regard, the triangular channel has played
a major role in improving heat transfer in microscale systems
[3]. Another method to improve heat transfer is to add high
thermal conductivity Nanopowders to conventional fluids [4-
8]. Researchers recently developed a new fluid called hybrid
nanofluid after discovering that some Nanofluid has defects
such as low thermal conductivity and instability, especially
metal oxide with spherical grains Nanofluid [9-12]. Many
researchers have investigated the effects of hybrid nanofluids,
surface shapes, and microchannel cross-sections on flow
behavior and heat transfer rate in both turbulent and laminar
flow [13-24].

Bahiraei et al. [23] studied the effect of hybrid nanofluid on
the thermal performance in a micro-channel. The micro-
channel has been equipped with secondary channels and ribs.
The results showed that the temperature of the bottom surface
of the channel decreased by 3.42 when the nanofluid
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concentration increased from 0 to 0.1% at Re=100.
Mashayekhi et al. [25] conducted a numerical analysis of heat
transfer and fluid flow in a double-layered microchannel with
sinusoidal walls. The effect of different concentrations of
Al,Os—Cu/water nanofluid ranged between 0-2% on the
Nusselt number and pressure drop have studied. The results
indicated that the 23% Nusselt number enhancement was
obtained at the highest concentration and highest Reynolds
number. An Al,Os-CuO/Water hybrid nanofluid, CuO/Water
nanofluid, and Al,Os/Water nanofluid in pentagonal,
triangular micro-channel were studied by Heidarshenas et al.
[26]. The pentagonal, triangular micro-channel increased the
rate of heat transfer by 12.3% and the pressure drop by 16.5
percent. When it comes to nanofluids, the Al,Os-CuO/Water
Hybrid nanofluid outperformed Al.O; and CuO/Water
nanofluids by 5.5% and 4.2% respectively. A hybrid nanofluid
of graphene and platinum/water has been used by Rabiei et al.
[27] to improve the cooling efficiency of a cylindrical
microchannel with a wavy-shaped fin. The results of the
preliminary numerical study showed that the maximum
improvement of the average heat transfer coefficient was
13387 W/m? K at the highest concentration of nanomaterials,
the highest wave capacity, while the lowest thermal resistance
and the highest pumping power was 0.6 W and 0.031 K/W,
respectively. Ghachem et al. [28] analyzed the impact of
parameters such as wavenumber, nanoparticles concentration
of Al;03-SiO,, and Al,Os-Cu/water hybrid nanofluids on the
rate of heat transfer in the wavy microwave channel. The
results showed that the increased volume concentration had a
significant effect in lowering the exit temperature of the fluid.
In addition, the results demonstrated that the increase in the
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number of waves also contributed to lowering the temperature
of the fluid exit. Sarvar et al. [29] used Al,O3-SiO,/water and
Al,O3-Cu/water hybrid nanofluids in a microchannel heatsink
to cool the CPU. the results demonstrated that both the hybrid
nanofluid had significantly reduced the surface temperature
compared to the effect of water. Moreover, the hybrid
nanofluids have a better heat transfer enhancement than pure
water but this enhancement of heat transfer was combined with
higher pumping power. Alnagi et al. [30] have used hybrid
nanofluids MWCNTs — SiO,/EG — H,0 to cool a heat sink
containing a set of zigzag micro-channels. The numerical
study showed that increasing the concentration of
nanoparticles and the zigzag height has caused a significant
improvement in heat transfer, but this increase was
accompanied by an increase in pressure drop. Water-based
hybrid nanofluids with (Al.O3 + MEPCM and Cu + MEPCM)
nanoparticles flowing in a micro-channel have been
investigated by Hasan et al. [31]. The numerical study proved
that increasing the concentration of nanoparticles improved
the thermal performance of the micro-channel, but the study
indicated that this improvement was accompanied by an
obstacle of pressure drop. Acharya [32] investigated
experimentally plus simulated data the effect of solar radiation
on the heat transfer behavior and flow patterns of micro-
channels. Al;03:—CuO nanoparticles and their hybrid with
water as the working fluid are considered. The numerical and
experimental study showed that both nanofluid and hybrid
nanofluid helped to enhance the heat transfer dramatically.
Moreover, the study showed that the hybrid nanofluid has a
higher heat transfer rate than the nanofluids.

It can be concluded that the previous studies have shown
that microchannels with hybrid nanofluids have a major role
in cooling small applications, especially electronic
applications. Due to the importance of this topic, this study
sought to develop this type of micro-channels with corrugated
walls and hybrid nanofluid to keep pace with the technological
development of electronic applications to find a satisfactory
design for these applications. In this study, the laminar flow in
the triangle microchannel with the trapezoidal corrugated
surface is numerically studied. Microchannel with a
trapezoidal-corrugated surface and hybrid nanofluid as a
working fluid has not been studied previously according to the
authors' information. The results of this numerical study could
lead to an improved microchannel design used to cool systems
for electronic devices.

2. MATHEMATICAL FORMULATION

2.1 MCHS model and boundary conditions

Figure 1 displays the geometries and Table 1 shows the
main dimensions of the triangle micro-channel made from
aluminum. All the surfaces of the micro-corrugated channel
are completely isolated, except for the corrugated surface,
where it is exposed to a heat flux of 25000 W/m2. The
temperature of the fluid entering the microchannel was 298 K.
The flowing fluid in the channel is a hybrid nanofluid
composed of water and two different types of nanoparticles,
namely CuO and Ag. 80% of CuO and 20% of Ag were mixed
in water to synthesis the CuO-Ag/water hybrid nanofluid in
this study. All physical and thermal properties of water and
nanofluid are listed in Table 2.
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Figure 1. Schematic diagram of the numerical domain
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Table 1. Dimensions of the triangular cross-section MCHS

Lech L1 Lo c b w a Dn
(um) (um) (um) (um) (um) (pm) (pm) (um)
8600 3000 3000 430 452 280 fg(') 230

2.2 Governing equations

2.2.1 Single-phase model

In the current numerical study, a set of hypotheses was
adopted to achieve the final form of the governing equations.
The flow is adopted to be steady-state conditions and three-
dimensional, the nanofluid and hybrid nanofluid are
Newtonian ~ and  incompressible.  Furthermore,  the
nanoparticles are assumed to be spherical and thermophysical
properties of nanoparticles (CuO, Ag, and CuO-g) are
Constant. In this model, it is possible to assume that the
mixture is a homogeneous state when the nanoparticles are
mixed with base fluid and they flow at the same velocity.
Accordingly, the governing equations and the turbulent model
for nanofluid and hybrid nanofluid flow can be written as [33]:

Continuity equation:

V. (pnf.vm) =0 Q)
Momentum equation:
V. (pnfvm. vM) =-VP +V. (an- va) (2)
Energy equation:
V. (nf-Cppp-vm-T) = V. (feny- VT) 3)

2.2.2 Hybrid nanofluid and nanofluid
properties

Since the thermophysical properties of nanofluids are not
precisely estimated up to date. The numerical predictions of
the single-phase model are generally not in good agreement
with experimental results. Recently, researchers have studied
the convection heat transfer with nanofluids using single- and
two-phase model approaches. Many investigations have been
performed on nanofluids considering the single-phase model
due to its simplicity and short computational time requirement.
To specify properties of nanofluid and hybrid nanofluid some
experimental results have allowed using appropriate classical
models that were derived from a single-phase mixture. The
density and specific heat capacity of the CuO/water and CuO-
Ag/water hybrid nanofluid can be computed using the
equations below:

thermophysical



Png = ¢ppp + (1 - ¢p) Pbf 4)
Eqg. (4) was initially presented in Ref. [34] and then
extensively used in works [34-38]. For specifying the density
of hybrid nanofluid the equation below was used:
Prnf = Pcuo Pcuo + PagPag + (1 — @) puy (5)
Eq. (6) was used to specify the overall volume concentration
(¢) of two variable types of nanoparticles dispersed in the base
fluid as:
¢ = Pcuo + Pag (6)
First employing the specific heat was in Ref. [39] then
utilized in several kinds of research [33, 34, 40]:

¢pppcp + (1 - ¢p) pbebf
Cnf =

pnf (7)

Referring to (7), the specific heat of hybrid nanofluid has
been calculated as the following:

Chnf
_ bcuoPcuoCeuo + PagPaglugo + (1 — P)pprChr  (8)
Phnf

Hamilton and Crosser [41] proposed the Eq. (9) to
determine the thermal conductivity of nanofluids as:

ks
kbf
_kpt (0 = Dkpr— (0 = 1) ¢p(hny — kp)

kp + (n - 1) kbf + ¢p(kbf - kp)

©)

where, n is the experimental profile factoring which is diverse
from 0.5 to 6 and 1 is the spherical particle factor which refers
to the spherical surface area to the particle surface area. The
experimental shape factor n is specified by 3/1y. Therefore,
Hamilton and Crosser's model specified n equals to 3 for
spherical nanoparticles and it was similar to the Maxwell
model [42]:

Kne  Kp+ 2Kpe- 24 (Kpekp )

kpe  kpt+ Zkpet dp (ko k)

(10)

To find the most suitable model of thermal conductivity of
nanofluid and hybrid nanofluid in varied volume
concentrations. A comparison between Hamilton and Crosser
[41], Corcione empirical correlation [43] which is derived
from a wide variety of experimental data available in the
literature, and Suresh experimental results [44] were made. It
can be seen from Figure 2 the Maxwell models might not
accurate to evaluate thermal conductivity, especially when
nanoparticles concentration is high in the base fluid. Indeed, It
was found that the Corcione empirical correlation [43] is
slightly identical to the results of [44]. Accordingly, the
Corcione empirical correlation [43] with the standard error
deviation of 1.86% appears to be suitable to use in this study.

The empirical correlation of Corcione [43]:
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where, Re is the Reynolds number of nanoparticles, Pr is the
base fluid Prandtl number, T is the temperature of nanofluid,
Ti is the base liquid freezing point, k, is the thermal
conductivity of nanoparticle, and ¢ is the suspended
nanoparticles volume fraction. In more detail, the nanoparticle
Reynolds number is defined as:

_ pbfqup
Upr

Re (13)

where, pyr is the mass density and s the dynamic viscosity
of the base fluid. and dp and ug are the nanoparticle diameter
and mean Brownian velocity, respectively. Assuming the
absence of agglomeration, the nanoparticle Brownian velocity
ug is calculated as:

2k, T
Up = d2 (14)
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Figure 2. Thermal conductivity of Al,Os-Cu/water hybrid
nanofluid at varied volume concentrations

Another most important property that plays an important
role in improving heat transfer is viscosity. It may be noted
through previous studies that most of the equations which were
suggested by the practical experiments cannot be applied to
infer the viscosity of nanofluids.

In this paper. Three models have been compared with an
experimental study of Suresh [44] to find the most appropriate
model to predict the viscosity of nanofluid and hybrid
nanofluid. These models are listed below.

Brinkman model [45]:

_ Ky

/Jnf



Batchelor model [45]:

tnr = Upr(1 + K1 + K, 07) (16)
where, K1 is 2.5, K is considered as [44].
Corcione experimental correlation [43]:
1
Unf = d Hpr 17)
D N-—
1- 34.87(d—bf) 03103
where,
dbf:o.l(%)o'” (18)
where,

M: Molecular weight of water, (kg/mol) = 1.80E-02.

N: Avogadro number, (1/mol) =6.02E+23.

By observing Figure 3, the classical models do not give very
accurate values for the viscosity of hybrid nanofluid and
nanofluid, especially in high-nanoparticle concentrations
while Corcione's experimental correlation [43] is almost close
to Suresh et al. [44] results. Accordingly, for high accuracy in
this work, the Corcione experimental correlation [43] was used
to obtain a nanofluid and hybrid nanofluid viscosity.
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Figure 3. Dynamic viscosity of Al,Oz-Cu/water hybrid
nanofluid at varied volume concentrations

The thermophysical properties for all types of nanoparticles,
base fluid (water), and the nanofluids with particle volume
fraction of 2% are listed in Table 2. For all types of nanofluids,
the density, thermal conductivity, and dynamic viscosity
appear significantly higher while the specific heat of
nanofluids is lower than pure water. Accordingly, the
thermophysical properties of nanoparticles, base fluid,
nanofluid, and hybrid nanofluid can be written as in Table 2.

Table 2. The thermophysical properties of nanoparticle, base fluid, nanofluid, and hybrid nanofluid at 293 K

Properties  Water CuO Ag CuO-water ¢=2% Ag-water ¢ =2% CuO-Ag/water ¢ =2%
p (Kg/md) 998.2 6500 10500 1108.236 1188.236 1124.236
Cp (J/kgK) 4182 5356 235 3754.264 3611.684 3724.125
K (W/m.K) 0.613 20 429 0.654 0.662 0.65771
u kg/m.s 0.001003 0.001237 0.001237 0.001237

3. GRID INDEPENDENCE TEST

In this study, an unstructured grid was adopted in the
computational domain with the addition of the number of
layers on the walls of the channel as displayed in Figure 4. The
grid independence test was done at Reynolds number of 100
with pure water. the element size has been changed from 13 to
20 um to show its impact on the values of the average Nusselt
number as shown in Table 3 and Figure 5. It can be seen that
this change of the element size did not have a significant effect
on the change of Nusselt number values. Therefore, an element
size of 15 um was adopted in this numerical study.

Figure 4. Unstructured mesh for the computational domain

Table 3. Mesh independence test for triangle microchannel at

(Re=100)
Element size (um) Number of elements Nu
20 323872 6.197984
18 395304 6.190576
15 554212 6.152965
13 694680 6.134159
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Figure 5. Grid independence test for laminar flow regime
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4. NUMERICAL VALIDATION

In order to obtain an accurate numerical method for the
current study, initially, the simulation results have been
compared with the studies [46, 47] at identical geometric and
boundary conditions. Figure 6a shows the influence of Al,Os/
water nanofluid at different nanoparticle volume fractions and
a rough rib of a rectangular microchannel on the average
Nusselt number. Figure 6a shows a good agreement of current
study results and reference results [46, 47].

4.65fF
= ——v—— Aminossadati et al. [46]
4.6 —a&—— Pressent study
= ——p—— Akbari et. al. [12]
4.55
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425 F
4.2 ;
415 fF
41 - 1 1 1 1
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[0)
9 ——<—— Akbari et. al. [12] at Re=10
— =y =— Pressentstudy at Re=10
8 —dbe—  Akbari et. al. [12] at Re=100
— -4 — Pressentstudy at Re=100

Figure 6. Comparison of current simulation work and the
results of studies Aminossadati et al. [46], Akbari et al. [47]

The experimental work [48] has been chosen also to
validate the results of the current work. Figure 6b
demonstrated the effect of the different nanoparticles
concentration of Al,Os/ water nanofluid on the friction factor
in a micro rectangular channel at Reynolds numbers of 10 and

100 was studied. The numerical results of the current study
showed a significant match with the results of the experimental
study [48].

5. RESULTS AND DISCUSSION

The current study seeks to improve heat transfer through a
triangular microchannel at a Reynolds number in the range of
5 to 500. This channel could be used to cool a surface with
heat flux up to 25,000 W/m?,

The improving heat transfer in the triangular microchannel
relied mainly on two passive techniques, the first technique is
by improving the surface of the channel that touches the hot
part, while the second has adopted the improvement of thermal
connectivity of the cooling fluid. In the first part of the study,
the effect of the trapezoidal corrugated surface of the
triangular microchannel on heat transfer was investigated
numerically. Further clarification, wave amplitude has a
significant effect on improving heat transfer and pressure
losses, so it was considered in this study.

5.1 Effects of wave amplitude on velocity streamlines

Figure 7 shows a study of streamlines contours for water for
the four cases, each case representing a certain wave height at
Reynolds values ranging from 5 to 500. The four cases 1,2,3
and 4 gradually represented wave amplitude of 50, 75, 100,
and 125 pum respectively. Part a of Figure 7 represents the
study of the effect of cases 1,2,3 and 4 at Reynolds 5. It is
noted through Figure 7a that the shape and amplitude heights
of the waves have no significant effect on the behavior of
streamlines except the regions of the crest of the wave where
the velocity increases slightly due to the convergence between
the top of the wave and the upper wall which indicates that the
rate of improvement in heat transfer is low. Moreover, Figure
7a shows that the velocity of the flow increases with the
increase in the amplitude of the wave. Furthermore, Figure 7b
shows the streamlines at Reynolds number of 100 and
amplitudes ranging from 50 to 125 pum. It should be noted
from this Figure that the streamlines began to change in shape,
especially at the wave amplitude of 125 um, where the fluid
has a normal velocity component and small vortexes began to
form in the regions behind the peaks of the waves. This
behavior increases significantly at Reynolds 500 as shown in
Figure 7c, as transverse vortices are formed in all the divergent
areas. In this case, the heat transfer is at the highest level as a
result of good mixing between the layers of hot fluid on the
side of the hot wall and the layers of cold fluid in the core of
the channel, where the vortices play a prominent role.

=p————
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Figure 7. Streamlines contour of water for cases 1,2,3 and 4 at Reynolds values of a=5, b=100, and ¢=500

5.2 Effects of corrugated shapes on local Nusselt number
and temperature distribution

Figure 8 shows the distribution of local Nusselt number and
temperature distribution on the corrugated surface of the
triangular microchannel of Case 4 at Reynolds numbers 5, 100,
and 500, and the heat flux on the corrugated wall was 25,000
W/m?. Figure 8 shows that Re's increase has a significant
impact on both local Nusselt number and temperature
distribution, where a significant improvement in local Nusselt
number is observed as the Reynolds number increases, while
the opposite is evident in the decrease in temperature
distribution at the corrugated surface as Reynolds humber rise.
Increased flow velocity usually helps to mix fluids well and
thus reducing the temperature distribution, which leads to an
improved heat transfer rate. Moreover, Figure 8 clearly shows
that the corrugated surface has a significant effect on the local
Nusselt number and the temperature distribution on the
corrugated surface where it turns out that there are points along
the surface of the corrugated wall the local Nusselt number is
the highest value and for the points themselves the temperature
distribution is at the lowest value. Due to the fact that the
corrugated wall has created a high flow velocity in the
convergent surface section while the values of the local
Nusselt number have decreased and the temperature
distribution value in the divergent section has increased due to
the low flow velocity in this section. Moreover, when Re=5,
there is an obvious difference in the variation pattern of
surface temperature. This is due to the fact that when Re=5the
liquid particles remain trapped or have slow motion inside the
divergent section and will not mix with the surrounding liquid,
this may create an extremely hot area as well as a decrease in
the velocity beyond the crest of the corrugated surfaces. Low
flow velocity along the wall contributes to an increase in the
thickness of the thermal boundary layer. In addition, Figure 8a
shows that there is a noticeable rise in the value of the local
Nusselt number on the surface of the first wave at the Reynolds
number of 500, then it decreases after passing the sharp corner
and then goes back up to the maximum value. This can be

attributed to the separation of the flow at the sharp edge of the
wave where the fluid is often no longer able to follow the
profile of the shape because of its high velocity.
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5.3 Effects of corrugated shapes on average Nusselt
number

Figure 9 shows the average Nusselt number at Reynolds
numbers 5, 100, and 500 for different cases of amplitude
heights of the corrugated trapezoidal wall. The values of the
average Nusselt number are gradually increasing with the
increase in the Reynolds number and for all the cases due to
the fact that the high velocity of flow usually increases the
temperature gradient on the hot surfaces. Figure 9. also shows
that average Nusselt number values were not significantly
affected by the change of amplitude heights of the corrugated
surface at Reynold number values less than 100. This may be
attributed to the fact that the shape of the flow profile has not
changed significantly as a result of the change of the
corrugated surface at low velocity because it followed the
shape of the corrugated surface. On the contrary, it is clearly
seen from Figure 9 that average Nusselt numbers have
increased significantly as the wave amplitude increased at
Re=500, and as previously shown that the corrugated surface
at high velocity formed vortices in the divergent section where
these vortices significantly forced the cold water layers at the
core of the microchannel to change direction to the hot water
layers beside the hot wall and at the same time, the layers of
hot water were forced to escape to the core of the channel,
thereby gradually increasing the temperature gradients on the
surface of the channel. In addition, the corrugated surfaces
contribute to increased flow velocity in the converging section
especially with increasing the wave amplitude, this action is
similar to that of the nozzle in increasing the flow velocity in
the converging section, therefore, the values of the Nusselt
number in these sections are increased.
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Figure 9. Average Nusselt number vs Reynolds numbers of
5, 100, and 500 of water at cases 1,2,3, and 4

5.4 Effects of corrugated shapes on skin friction coefficient

Figure 10 represents the effect of Reynold numbers of 5,
100, and 500 of water flow on the skin friction coefficient
along the length of the microchannel for cases 1,2,3, and 4. It
should be noted from Figure 10 that the values of the skin
friction coefficient at Re = 5 for all cases are about 10 times
higher than the skin friction coefficient at Re = 100. This can
be explained by the fact that increased Reynolds numbers
indicate that the highest flow velocity is in the core of the
channel, which means that the highest amount of fluid will be
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in the core of the channel, and, conversely, the number of fluid
molecules in contact with the walls will be very low, which
means less skin friction. Also, low flow velocity means that
fluid contact with walls will take longer, and therefore higher
skin friction coefficient. Moreover, increasing the amplitude
height of the corrugated wall also leads to more contact
between the liquid and the walls which eventually causes an
increase in the average skin friction coefficient of the walls.
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= — =» — Case 2
= — . = Case 3
3 — A — Case4
25
2k
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15F
1F
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ok i
T I B ] 1 T R B

300
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Figure 10. Skin friction coefficient vs Reynold number of 5,
100, and 500 of water at cases 1,2,3, and 4

5.5 Effect of base fluids, nanofluid, hybrid nanofluid on
temperature distribution

The effect of 2% nanoparticles concentration of CuO/water
nanofluid, Ag water nanofluid, CuO-Ag/water hybrid
nanofluid flowing in the corrugated triangular microchannel
with an amplitude of case 3 at Re=500 on the temperature
distribution has been investigated numerically. This effect on
temperature distributions was compared with the case of water.
Figure 11 shows through isothermal contour that the
temperature distribution of Ag/water nanofluid is less than the
CuO/water nanofluid, CuO-Ag/water hybrid nanofluid, and
water due to the Brownian motion phenomenon and the
thermal conductivity of the Ag/ water nanofluid is higher than
the thermal conductivity of CuO/water nanofluid, CuO-
Ag/water hybrid nanofluid, and water. The current study, as
described earlier, aims to improve the thermal conductivity of
CuO/water nanofluid by adding a small amount of
nanoparticles with distinct properties than CuO/water
nanofluid. First, Figure 11 showed that the temperature
distribution in the case of CuO-Ag/water hybrid nanofluid as
working fluid is lower than the temperature distribution with
CuO/water nanofluid, which means that the heat transfer by
CuO-Ag/water hybrid nanofluid is higher than CuO/water
nanofluid.

Dispersed nanoparticles into the base fluid significantly
improve heat transfer rate, where Macroscopic perspectives
can describe this phenomenon. Nanoparticles in the liquid
undergo irregular and random movements, caused by the
concussion of the atoms and molecules that make up the liquid.
It is also known that nanoparticles suspended in a liquid have
a random motion called Brown motion where these particles
hit the hot wall, which absorbs heat and then mixes with the
bulk of the cold liquid again resulting in a decrease in the
temperature of the hot wall. The macroscopic viewpoint



proves that the addition of a simple quantity of nanoparticles
to the base fluid improves the thermal properties of the fluid,
especially when adding more than one type of nanoparticles.

Therefore, the heat transfer performance is positively affected
by hybrid nanofluid because it leads to the improved thermal
conductivity of the Nano-and conventional fluid.

0.003

Figure 11. The isothermal contour of different nanofluids at 2% nanoparticles concentration and water for Case 3 at Reynolds
number of 500

5.6 Effect of base fluids nanofluid, hybrid nanofluid on
average Nusselt number
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Figure 12. Average Nusselt number vs Reynolds number for
different nanofluids at 2% nanoparticles concentration and
water at Case 3

Figure 12 demonstrates the variation of the average Nusselt
number with Reynolds number of 2% nanoparticles
concentration of CuO/water nanofluid, Ag water nanofluid,
CuO-Ag/water hybrid nanofluid flowing in the corrugated
triangular microchannel of Case 3. It is found that the average
Nusselt number increases with increasing Reynolds number
for all the working fluids. This can be explained by the fact
that the high flow rate leads to thinning of the thermal
boundary layers, leading to lower thermal resistance and thus
increased heat transfer rate. Furthermore, Ag/ water nanofluid
has the highest average Nusselt number followed by CuO-
Ag/water hybrid nanofluid, CuO/water nanofluid, and water.
The reason for this is that the thermal conductivity of Ag
nanofluid is higher than the thermal conductivity of CuO-
Ag/hybrid nanofluid and CuO nanofluid, and increasing
Reynolds means increasing the velocity of flow, in other
words, the velocity of nanoparticles will increase and their
collision with hot walls and between them will increase,
resulting in higher heat absorption, particularly with the Ag
nanofluid because it has the highest thermal conductivity. Yet
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another explanation is that the Prandtl number of Ag nanofluid
is less than those of CuO-Ag/hybrid nanofluid and CuO
nanofluid, resulting in a higher Nusselt number at a given
Reynolds number and, therefore, a higher heat transfer
compared to those fluids. Physically, the large Prandtl fluid
always has less thermal diffusivity.

It is evident that adding one or more types of nanoparticles
to the base fluid has ameliorated heat transfer characteristics.
The high rate of heat transfer of nanofluids compared to water
is due to the fact that the thermal conductivity of the fluid
increases with the addition of nanoparticles and the thermal
conductivity values of the fluid depends mainly on the thermal
conductivity values of the nanoparticles and concentration in
the base fluid. This result is consistent with previous studies
[48-50].

5.7 Effect of base fluids nanofluid, hybrid nanofluid on
skin friction coefficient

The effect of adding nanoparticles to the base fluid on skin
friction coefficient should be taken into account. The addition
of nanoparticles usually increases the viscosity of the fluid and
thus increases the pressure losses. In addition, the density of
nanoparticles also plays a large role in raising pressure losses
as their height causes the flow velocity to decrease at a fixed
Reynolds number. Figure 13 shows that the skin friction
coefficient is increased by the addition of nanoparticles
compared to water at a fixed Reynolds number. Figure 13 also
shows that the addition of Ag to water has given the highest
skin friction coefficient spatially at Re=5 followed by CuO-
Ag and CuO nanoparticles because the density of Ag is the
highest among other nanoparticles. As noted earlier, the skin
friction coefficient is greatly influenced by the change of
Reynolds numbers, where it decreases by increasing Reynolds
as shown in Figure 13.

The effects of various volume fractions of CuO-Ag/water
hybrid nanofluid on the average Nusselt number have been
numerically investigated. Figure 14 shows that the average
Nusselt number at a particular volume fraction increases with
increasing Reynolds number due to the increase in the
temperature gradient at the channel walls. Moreover, the
average Nusselt number increases with an increase in the
volume fraction of nanoparticles of hybrid nanofluid at a
constant Reynolds number.
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Figure 13. Skin friction coefficient vs Reynolds number for
different nanofluids at 2% nanoparticles concentration and
water at Case 3
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different nanofluids at ¢=1,2, and 3% nanoparticles
concentration and water for Case 3

6. CONCLUSION

In the current study, the effect of different amplitude heights
of a trapezoidal-corrugated wall in a triangular microchannel
on thermal and hydraulic performance has been verified
numerically. Four cases, 50, 75, 100, and 125 pm represented
the wave heights of the corrugated wall. The study also
investigated the effect of adding a small amount of silver
nanoparticles on the thermal conductivity of copper oxide
nanofluid. Nanoparticles concentrations of 1, 2, and 3% of 80
copper oxide and 20% silver nanoparticles were also studied.
The study was conducted at Reynolds 5, 100, and 500, and the
corrugated surface was exposed to a constant heat flux of
25,000 W/m?. The results of the study can therefore be
summarized:

1. There is no interesting effect of changing the wave
height of the corrugated wall on the velocity streamlines at
Reynold number =5.

2. Increasing the flow velocity in the convergence
regions as the wave height increases causes an increase in the
local Nusselt number and a decrease in the surface temperature,
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whereas the opposite occurs in the divergence regions.

3. The skin friction coefficient at Re = 5 for all cases is
about 10 times higher than the skin friction coefficient at Re =
100.

4. Incorporating a small amount of Ag nanoparticles
into traditional nanofluid CuO/water has resulted in significant
improvements in thermal connectivity while adding Ag
nanoparticles to the traditional nanofluid CuO/water caused a
higher skin friction coefficient.

5. Temperature distribution on the corrugated wall for
the case of Ag/water nanofluid is less than the CuO/water
nanofluid, CuO-Ag/water hybrid nanofluid.

6. average Nusselt number increases as the volume
fraction of nanoparticles of the hybrid nanofluid increase at a
constant Reynolds number.

In general, the numerical results of the current study showed
that using hybrid nanofluid instead of Nanofluid and
traditional heat transfer fluids as well as using corrugated
channels instead of the conventional (straight) channel can
potentially achieve considerable improvement in the heat
transfer performance, which can lead to design more compact
heat exchangers.
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NOMENCLATURE
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Wave amplitude, um

Sides lengths of the Triangle, pm
Specific heat capacity, J/kgK
Nanoparticles dimeter
Hydraulic diameter, um

Skin friction factor

Thermal conductivity, W/mK
Length, um

Molecular weight, kg/mol
Avogadro number, 1/mol
Nusselt number

Prandtl number

Heat flux, w/m?

Reynolds number
Temperature, K

Corrugated ribs base, pm
Brownian velocity

velocity, m/s

Greek symbols

p

Density, kg/m?3
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Subscripts

avr

Volume fraction
Dynamic viscosity, kg/m.s
spherical particle factor

average
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base fluid
nanofluid
particle
channel
mixture





