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ABSTRACT

Three-dimensional channel designs (rectangular, convergent, and converge-
diverge) using distilled water and (CuO) nanofluids as a coolant have been
compared numerically and experimentally. The flow rate of coolant, and
concentration of volume, with Reynolds number (200<Re<1000) and volume
fraction (0%<p<7.5%) are applied. The heat flux was provided from below to
simulate the operation of a real heat sink, while the rest of the outer surfaces
were isolated to compare the optimum performance between three cross
sectional areas. To prove the accurateness of the numerical results and the
reliability of the program software, a comparison was made between the
experimental and numerical outcomes. The wall temperature and average
Nusselt number of pure water and nanofluid were chosen as comparison
parameters since they represent global parameters. The comparison results
showed good coincidence of wall temperature and Nusselt number results for
both distilled and nanofluid. According to the results, raising the nano
concentration can improve the heat sink's execution and the Nusselt number
improved by 38.4% at a volumetric concentration of 7.5%, while the
enhancement reaches 10% when varying the form of minichannel. In general,
heat transfer is enhanced with increasing Reynolds number for all proposed
shapes. In another context, the results of the performance evaluation criteria
showed that the convergent channel has the highest value, followed by the
convergent-divergent channel, compared to the rectangular channel.
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fluids that have better thermal properties should be utilized

Power engineers have tended to enhance the
efficiency of thermal devices as a result of restrictions
placed on traditional sources of energy and worries about
environmental contamination. During use, these electronic
devices generate heat that needs to be continuously
removed. As a result, heat sinks are used for this purpose.

Air cooling can be widely used in cooling electronic
devices even if the temperature is less than 100°C Because
of the poor thermal specification (thermal conductivity
and heat capacity).

These systems are incapable of cooling small-scale, fast
processors. While liquid-cooled heatsinks outperform air-
cooled heatsinks, Researchers have been studying how to
enhance the efficiency of these dispersants. Working

instead of traditional ones because they have weak thermal
characteristics. Nano fluids, which have a higher thermal
conductivity than traditional liquids, are known as
nanofluid, therefore, adding nanoparticles enhances the
thermal features of the base liquid. Current research has
converged on utilizing nanoparticles to enhance heat
transfer (Kulandaivel et al. 2024a, b; Farade et al. 2024;
Ramasekhar & Jawad 2024; Ramasekhar et al. 2024 and
Jawad et al. 2024a,b). Experimental and analytical tests
have shown that nanoscale fluids have a higher thermal
conductivity than traditional liquids, making them more
effective in cooling systems. In the same context, the
addition of nanomaterials is not limited to adding them to
Newtonian fluids but it also has the same effect in non-
Newtonian fluids (Sadiq et al. 2024; Waseem et al.
2024a,b,c).
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Nomenclature

A area X, y,Z Cartesian coordinates

Ag base area of heat sink m mass

A area contact of fluid and heat sink Greek symbols

b perimeter U dynamic viscosity

Gy specific heat at constant pressure p density

Dy, hydraulic diameter ) nanoparticle volume fraction
friction factor Subscripts

g gravitational acceleration C channel

h heat transfer coefficient f pure fluid

H. channel height D solid particles

H height nf nanofluid

k thermal conductivity I inlet

L length Abbreviations

Nu Nusselt number Conv. convergent

Ap pressure drops Conv.-Dive. convergent-divergent

p pressure DW distilled water

in heat flux HS heat sink

Q overall heat transfer en entrance

R total thermal resistance ex exit

Re Reynolds number MCHS micro_channel heat sink

tw channel width MiCHS mini_channel heat sink

T temperature LC liquid cooling

Twm wall mean temperature Rect. rectangular

u',v',w flow velocity sur surface

w width WF Working Fluid

W, channel width

Gunnasegaran et al. (2010) conducted a numerical
analysis of three channels of various shapes: rectangular,
triangular, and trapezoidal microchannel heat sinks using
pure water as a coolant. The outcome demonstrated that
heat sinks with the smallest hydraulic diameter can
achieve the better heat transfer coefficient. Farsad et al.
(2011) provided a numerical examination of a copper
MCHS (micro_channel heat sink) employing the working
fluids (CuO-H0, Al,03-H>0, and Cu-H,0). The outcome
offered that the competence in cooling of an (Al,03-H>0)
nanofluid MCHS (vol 8 percent) is improved by about
4.5% as related with pure water micro_channel heatsinks.

Fazeli et al. (2012) used SiO: nanofluid as a coolant
to investigate the heat transfer features of the MiCHS
(mini_channel heat sink) both experimentally and
numerically. A HS (heat sink) consisting of a composition
of round canals was used. The numerical findings
demonstrated that the height and number of channels, in
addition to the channel diameter, had an essential action
on the HS's maximum temperature. Their findings showed
that using fluid nanoparticles as a LC (liquid coolant) in
place of DW (Distilled Water) considerably increased heat
transfer and decreased thermal resistance. Ho and Chen,
(2013) carried out an experimental work on the cooling
effectiveness of an Aluminum Oxide-H>O nanofluid in a
small-channel HS.

Nanofluid heat sinks have a much higher heat transfer
coefficient than their pure water counterparts.
Experimental research was carried by Sohel et al. (2014)
on the thermal implementation of MiCHS utilizing
nanofluid (Al,03-H;O) as the coolant instead of distilled
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water. The outcome displayed that the Nu has grown
larger than 18%. The heat sink's basic temperature (around
2.7 °C) was greatly lowered by the nanofluid to DW. The
outcomes of this investigation exposed that using
nf with DW as a WF (Working Fluid) increased the
efficiency of heat transmission. However, it causes the
pressure drop to increase. Najafabadi and Moraveji (2016)
explored numerically three-dimensional incompressible
laminar fluid flow. The results have shown that increasing
nanoparticulate volume contributes to an increased
Nusselt number and decreases the wall temperature of the
heat sink. However, it results in the unwelcome impact of
driving power rise and entropy generation. Sakanova et al.
(2015) examined the corrugated micro-channel heat sink-
filled nanofluid computationally. For a number of
nanofluids, the impacts of wavy amplitude, volumetric
flow rate, volume percentage, and wavelength were
investigated. Their findings showed that, when distilled
water is used as the coolant instead of a standard
rectangular channel, the efficiency of heat transmission is
greatly increased, and that, when nanofluid is used in place
of distilled water, the impact of wavy walls is rendered
undetectable.

In an experiment by Azizi et al. (2015) to investigate how
the thermal efficiency of a cylinder-shaped micro-channel
heat sink may be enhanced when Copper-Water
nf was utilized as a LC. In contrast to distilled water, the
results confirmed that the coefficient of heat transfer of
nanofluid increased by roughly (17%), (19%), and (23%)
for numerous concentrations of nanofluid (Azizi et al.,
2016). They also looked at improvements in heat transfer
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coefficients, friction factor, and the local Nusselt number.
The outcome revealed the Nusselt number can be
improved to 43% while the friction factor enlarged as
compared with that of distilled water.

Hasan (2016) compared the enlarged microchannel
with straight microchannels and numerically investigated
the expanded microchannel. As working fluids, three
different nanofluids (Cu-H,O, diamond-H,O and Al,Os-
H,0) were investigated and their effects on the overall
effectiveness of the heat sink were compared to that of
pure water. The findings demonstrated that raising the
extension ratio or reducing the extension length increases
the overall microchannel heat sink efficiency. In a MCHS
with a serpentine shape, Sivakumar et al. (2016) examined
the efficacy of forced convection heat transfer in (Al,Os-
water and CuO-water) nanofluids. According to the
findings, CuO-water nanofluid has a higher heat transfer
coefficient than Al,O3-H,O and dispersed water. To obtain
a higher cooling rate and less pumping power by using
pure water as a coolant. Zhang et al. (2017) studied
numerically the small canal. The consequences
demonstrated that the transfer of heat increases with the
sum of step stacks as well as that the three-step assembly
is the best for heat transfer because of the consequent
significant variation in temperature between the liquid
flow and canal surfaces.

Abdollahi et al. (2017) analyzed numerically the
stream of liquid and the features of heat transmission of
the laminar flow of nanofluid in the microchannel heat
sink with V-shape inlet-outlet pre-preparation using
various nanofluids in distilled water as a base fluid (SiO,
Zn0, AlOs, and CuO). The outcomes showed that the
(Si02—H»0) nanofluid has the maximum rate of Nusselt
number in comparison with other studies of nanofluids.
Ghasemi et al. (2017) showed a numerical analysis of the
impact of Copper Oxide-Water nf on the chilling
implementation of 2-shapes heat sinks (circular and
rectangular shapes). A comparison's outcome between
rectangle and circular canals at the alike Re showed that
the HS with Rect. shape has a slighter thermal resistance.
Khoshvaght-Aliabadi (2017) investigated a wavy shape
HS using rectangular ribs and Aluminum Oxide-Water
nf. The pressure drop and heat transfer coefficient of the
ribbed-wavy heat sinks were higher than those of the
smooth-wavy sinks, according to the results. In order to
evaluate the heat transmission rate and laminar liquid flow
in a Rect. MCHS provided with cable twist insertions;
Feng et al. (2017) completed a computational
investigation. The findings demonstrated that the
longitudinal vortices of the wire coils significantly
increased the efficiency of heat transmission in the MCHS
where the performance factor increases and ranges
between 1.4-1.8 if the wire is long and placed in the
middle of the channel.

Tang et al. (2017) have presented a new dual-film
heat sink. The outcomes of their investigation demonstrate
that the dual-film construction promotes heat exchange in
both orientation (horizontal & vertical), resulting in a
temperature distribution that is equal throughout and
excellent heat transfer efficiency. Ghani et al. (2017)
studied heat transfer augmentation by numerical model of

a MCHS with wavy enclosures over a Reynolds range
between 100-800. The results showed that the highest
performance factor was found at highest Reynolds
number. The geometrical optimization can be used to
increase heat transmission with a low pressure drop in a
microchannel that has rectangular ribs and sinusoidal
cavities. The study determined that the ideal values for
relative cavity amplitude, rib width, and rib length were,
respectively, 0.15, 0.13, and 0.5. When compared to other
designs that were investigated, the combination of these
ideal values produced the highest performance factor. The
thermal and heat transfer coefficients decrease with
increasing Re values. Naphon et al. (2018) investigated
three methods for enhancing heat transfer: jet
impingement, nanofluid, and micro-channel heat sink. The
outcome results show that an 18.56% heat transfer
enhancement could be achieved at a concentration of
0.015%. Furthermore, the obtained heat transfer
coefficient tends to rise as nozzle diameter and nozzle
level height are reduced. Saced and Kim (2018) conducted
experimental and numerical study for three different
channel shape with Al,O3 nanomaterials. They discovered
that compared to pure water, nanofluids have a much
greater convective heat transfer coefficient, also, the
numerical outcomes of the 2-phase method were in near
contract with experimental results, while the results of
single-phase approach were less. Experimental research
on the laminar movement and heat transfer specifications
of pure water inside a helical minichannel cylindrical HS
was conducted by Falahat et al. (2019). Their
consequences displayed that raising the Reynolds number
and reducing the channel helix angle augment heat
transmission from the heat sink. Besides, pressure drops
as the Reynolds number rises and the helix angle falls as
the Reynolds number rises and the helix angle falls.

The surface temperature, heat removed, power
consumption, thermal resistance, and electronic chip
reliability were numerically analyzed by Kumar and
Kumar (2020). They showed that the Nusselt number is
rising and that the dependability of electronic chips is
increased by 70% when utilizing nanofluid as a cooling in
place of just distilled water. Muhammad et al. (2019)
investigated how different nanofluids (Al,Os, SiO, and
Cu) embedded in distilled water with concentration
(0-0.8%) affected pressure drop and heat transmission in
the (dive. conv.) small channel, it shows slight change in
pressure load with different fluid concentrations. They
showed that the hydrothermal presentation of the heat sink
can be enhanced by using nanofluid and diverging-
converging minichannel. Experimental research on the
heat transmission and hydro-dynamic properties of TiO»-
water nanofluid used as a coolant in three different wavy
channels heat sinks was conducted by Sajid et al. (2019).
The results showed that addition of nanomaterials improve
heat transfer for all different shapes of mini-channel heat
sink. The flow of polyalkylene—glycol-TiO2 non-
Newtonian nanofluids in elliptical microchannels was
examined by Ragueb and Mansouri (2023). The analysis's
findings demonstrated that both the aspect ratio and the
Brinkman number had a significant impression on the
temperature distribution. Furthermore, when compared to
the circular microchannel, the elliptical microchannel
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demonstrated a notable improvement in the amount of heat
transfer and a reduction of half in thermal length. For all
heat sinks, the findings illustrated that nanofluids had
better heated transfer capabilities than pure water.
Abdulgadur et al. (2019) offered an innovative design
includes a hybrid mini-channel that starts straight and then
transforms into a wavy channel, which provides increased
heat sink are with lowest possible pressure drop. The
results showed that innovative mini-channel is highly
effective in reducing the maximum temperature and
achieving uniform temperature distribution. Kahani
(2020) studied mathematically the thermal efficacy of
Aluminum Oxide nf flow over a HS. The results
demonstrated that decreasing the dimension of np raises
the Nu. The biggest increases in the Nusselt number, of
around 38%, were observed at Reynolds 100 for (1%),
volume concentration of nanofluid flow. Tariq et al.
(2020) have quantitatively explored the impact of slab
width on the overall effectiveness of the MiCHS. The
findings showed that the heat transfer reduced while the
temperature at base and pressure drop increased when the
slab thickness in the mini_channel heat sink grew from 0.2
to 1.6 mm. A heat sink's hydraulic and thermal efficiency
was numerically evaluated by Naranjani et al. (2021).

Their research demonstrated that using wavy
channels improves heat transmission by (24-36%)
compared to conventional channels, although pumping
power requirements increase by (20-31%), leading to a
16-24% gain in total performance. Tahiri et al. (2024)
reported a numerical study of entropy due to heat transfer,
fluid flow and magnetic field in laminar regime through a
micro_channel. The findings show that the highest
generation of entropy occurs at the highest values of
magnetic field (Ha) and a dimensionless parameter arising
from the formulation () obtained for (¢ = —1).
Additionally, the rate of local generation of entropy in the
entrance regions are maximum close the channel surfaces.

Heidarshenas et al. (2020) conducted an experiment
to ascertain the impact of different alumina nanoparticle
sizes on the coefficient of heat transmission in a HS with
cylindrical micro channel. Their studies showed that the
convective heat (Nusselt number) reduces as nano size
rises. The heat transmission and pressure difference in a
MiCHS using (Al,O3-H,O and TiO,-H>O) nanofluids
have been experimentally considered by Moghanlou et al.
(2020). The consequence showed that the (TiO»-H,0) was
too composed to establish a 4.56% improvement in the
heat transmission. Numerical study by Hadavand et al.
(2019) conducted the mixed laminar convection in
semicircular shape with lid-driven. Silver water nanofluid
is a coolant used to cooling the electronic chip, study
focused on the effect of the angle of attack on heat transfer
and skin friction, so many of angle of attack were studied,
900, 450, 0o, -450 and -900. The results of the study
showed that increasing the angle of attack above 0° leads
to decrease in the Nusselt number and surface friction. In
a magnetohydrodynamic (MHD) fluid flow, Ragueb et al.
(2023) examined heat transmission and entropy formation
in a micro_channel exposed to discrepancy heating,
viscous dissipation, and Joule heating. The average

Nusselt (Nu) for both plates converge to twice channels
when the Hartmann number (Ha) is low and one plate is
heated while the other is cooled, according to the results.
Nevertheless, there was an 8% discrepancy between the
two plates' Nu values at high Ha values that considered
viscous dissipation and Joule heating, with the cooling
plate having the higher Nu. Al-Mohsen et al. (2021)
investigated numerical approach of cylindrical heat sink
using finite element formulation based Galerkin
approximation. The study concentrated on augmentation
heat transfer on laminar flow by augmenting the heat
dissipation area by making the surface of the cylindrical
heat sink corrugated. Two parameters controlled by the
surface corrugations are the number of corrugations and
amplitude which can increase the heat transfer dissipation
reach to 20.47% with copper oxide nanoparticles. Saadoon
etal. (2022, 2023) conducted a numerical solution for the
rectangular straight channel with a flat and wavy inner
surface. Different types of nanofluid of nanoparticles such
as iron oxide, alumina, titanium oxide and silver which
add to pure water to boost thermal conductivity of working
fluid. Also, convergent-divergent cross-sectional channels
were examined and compared with straight channel heat
sinks. The Reynolds number ranges between 200-1000
which represents the laminar flow regime. Their results
show that heat transfer enhanced with wavy and
convergent-divergence which reached 54% at high
Reynolds number and concentration of nanofluid.
According to Ghani et al. (2017), geometrical
optimization can be used to increase heat transmission
with a low pressure drop in a microchannel that has
rectangular ribs and sinusoidal cavities. The study
determined that the ideal values for relative cavity
amplitude, rib width, and rib length were, respectively,
0.15, 0.13, and 0.5. When compared to other designs that
were investigated, the combination of these ideal values
produced the highest performance factor. The thermal and
heat transfer coefficients decrease with increasing Re
values. The heat transfer and pressure drop properties of
MCHS with a 1 mm hydraulic diameter were examined by
Arshad and Ali (2017). Distilled water and TiO2 are used
as the coolant for analysis at powers of 100, 125, and 150
W.

Nusselt number and heating power are unrelated
when using distilled water as a coolant; on the other hand,
TiO2 nanofluid performs better at lower heating powers.
Kumar et al. (2022) created a branching, wavy channel
when using AlI203 Nanofluids as working fluids for
Reynolds numbers ranging from 100 to 300. The
secondary flow and macroscopically mixing were
improved by this arrangement. In comparison to a straight
channel, there was a 154% increase in heat transfer with a
2% volumetric concentration of nanofluids at a Reynolds
number of 30.

The literature review mentioned above indicates that
the channel shape and coolant type have a significant
impact on the rate of heat transmission in a MiCHS. From
reviewing the previous literature, it is clear that there are
many studies that have addressed improving heat transfer
in mini-channels by adding nanomaterial or changing the
cross-section of the channel individually. Therefore, this
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Fig. 1 Schematic diagram of the present problem(a) rectangular (b) convergent (c) converge-diverge channel

study presented the idea of combining them. In the present
work an experimental and numerical investigation for
three-dimensional minichannel heat sink of the three
different cross-sectional areas with nanofluids using
(COMSOL program) which is based finite element
techniques. The study compared the (CuO-H,O) nanofluid
and DW as a LC for various volume concentrations and
various flow rates, and investigated the effects of varying
the cross-sectional form of the MiCHS (converge,
converge-diverge and rectangular) on the heat transfer and
fluid flow and comparison with rectangular cross section.
The study aims to enhance heat transfer through two
features: adding nanomaterial at different concentration
and changing the cross-sectional area of the mini-channel
(converging, converging-diverging). The main objective
of this study is to improve the design of miniature cooling
systems in thermal applications, such as cooling electronic
processors or solar panels, and to determine the extent to
which heat transfer is improved when using. In addition to
knowing how the channel shape affects the cooling
efficiency and flow resistance. The effect of nanofluid
concentration, channel cross-sectional shape, and
Reynolds number were discussed. In Previous
experimental or numerical studies, the current designs
(convergent, convergent-divergent) were not studied, so
the current study is the first study to analyze flow and heat
transfer in these forms of mini-channel.

2. PHYSICAL MODEL DESCRIPTION,
GOVERNING EQUATION AND
NUMERICAL SOLUTION APPROACH

Figure 1 shows the physical models utilized in the
numerical study. As a starting point, the Rect. MiCHS is
employed. It has one channel and is constructed of copper.

The dimensions of a rectangular mini-channel are as: Imm
for the wall thickness (t;,), 2 mm for the channel width
(W¢), 3 mm for the channel height (H.), and 5 mm for the
heat sink height (H). According to Fig. 1(a), the bottom
surface receives a heat flux of 180 KW/m2 and is 4 mm
(W) x 50 mm (L) in size. Fig.1 (b) show the convergent
channel heat sink, which has the same dimensions as the
rectangular channel, but we made a modification on the
walls of the channel (sloping at an angle of 10° degrees
inward with vertical axis). The rectangular channel shape
underwent another modification, which resulted in the
converge- diverge pattern shown in Fig. 1(c), by
narrowing the channel's center by 1 mm. The area of
different shapes (rectangular, convergent and convergent-
divergent) are (0.0024 m?, 0.019741m? and 0.002m>
respectively). Table 1 shows the dimensions symbols and
their value for three mini-channels.

Table 1 Symboles and dimensions of case study

Symbol L H. H w We | tw
Dimension
55 3 5 4 2 1
(mm)

The shape of cross sectional of mini-channel plays an
effective role in enhancing heat transfer within the
channel, as it can increase the exterior area of contact
between the fluid and the mini_channel surface. Some of
cross_sectional shape can also transform the flow from a
laminar to a turbulent flow inside the mini-channels
passages. In the current study, two new heat sink shapes
(convergent, convergent-divergent) are designed and
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compare with common rectangular cross-section. The goal
of these two designs is to reduce the pressure drope and
enhanced fluid structure to remove heat.

2.1 Assumption and Governing Equations:

Several assumptions regarding a mini channel's
operating state have been made to simplify the analysis in
this paper which are: the fluid flow in three-dimensional
is steady, incompressible, Newtonian, obeys to the law of
Poiseuille, single phase and laminar. Constant
thermophysical properties of the solid, the fluid
thermophysical properties are varying piecewise-linear
with fluid temperature, the surface of mini-channel heat
sink is adiabatic. The gravitational force other body forces
and viscous dissipation are insignificant. Radiation is
considered to be an insignificant form of heat
transmission. As for the nanomaterials, it is considered
homogenous, single-phase approach.

The main equation for this prototypical is as follows,
built on the presumptions indicated above: Continuity

equation for coolant Feng et al. (2017):

ou' oy’ ow'
§+a_y+¥_0 (1)

Momentum equations in cartesian coordinates given as

S, 0u | L, 0u |, 01 1 0p 1 (azru a%ur
U—+70 —+w —=-—->—=—+=(Z —
% + ay + 9z P dx + p \ ax? + ay?
d2iir
azz) (2
v’ v’ v’ ap u( 25, . 0%0r 6217/)
b =7 el — 1 a4vr
Uu—+v —4+w —=— —+4- —+—
ax + ay + 0z P oy + p \ 9x?2 ay? 922
(3)
z‘j’ ow'’ Y ow’ W aw' _ 4 9p Iy (azw, n a%wr
ax dy 9z P ay  p\axZ ' 9y2?
92w
azz) “)

Where u’, v’ and W' represent the velocity
components in X, ¥ and Z directions, respectively. Also, p,
p and u represent the pressure, density and dynamic
viscosity of the coolant (DW or nf), respectively. The
energy equations for the LC are as follows:

oT aT oT ks (0%T 2T 2T
1 2°F 1 2°F 1 2°F - f f f f
u ox tv oy tw 0z p5p<ax2 + ay? 022 ®)

The following is the form of the energy equation for
the solid domain:

k, (62T5 + 92T + OZTS) -0 (6)

0x2 ay2 922

The T (temperature) and kr (thermal conductivities) of
DW and nf, respectively, are Ty and T, k¢ and k;.

2.2 Boundary Conditions

The following boundary conditions are defined in
order to explain the aforementioned mathematical
equations for the computing field:

e Coolant fluid temperature is (293K) at the input.

e Pressure at the outlet is imposed with 0 Pa which refers
to atmospheric pressure which considered as reference
pressure.

e A constant heat flux of 180 KW/m? was applied to the
bottom wall.

¢ On any of the outside surfaces, there was no heat loss.

« At the inlet the velocity corresponds to the Reynolds
number variety from 200 to 1000, where %'=u'i,, ¥'=0,
w'=0.

e At the mini-channel wall-coolant interface %i'=0, ¥’ =0,
— oT aT.
w'=0, and (eonvection =(conduction. _kf 0_7{ = Ks a_nS

2.3 Reduction of Data
The hydraulic diameter (Dy) and Reynold number (Re)
are definite as follows Feng et al. (2017):

D = A AWeHe  _ 2Weh
RTb T 2(wetHy T (WetHC)

)

_ Pt in b
Re = Y ®)

Where p, U';, , and p are the density, inlet velocity of
the fluid, and dynamic viscosity respectively. W. and H.
are the width and height of the mini-channel, respectively.
The total thermal resistance (Ruw), the friction factor (f),
and the pressure difference (Ap) between the inlet and
outlet of the mini_channel heat sink are calculated by Feng
etal. (2017):

Tmax—Tin
Rep = == 9)
f=ton (10)
pU p L
Ap = Pin — Pour (11)

Where: L denotes the length of the mini channel, p;,, and
Dous are static pressure at the inlet and outlet of MiCHS,
Tonax and Ty, are the maximum temperature of a mini
channel and the fluid temperature at inlet, respectively. Q
denotes the overall heat transfer and is given by (Q =
qinAs); Where gi: represent the heat flux applied at the
base of heat sink; As: The base area of a HS and is stated
by (4,=W,xL). The Nusselt number”Nu” is evaluated by
Feng et al. (2017):

_ QDp
Nu = kf Ath(Twm_Tf) (12)

Where Ty, is mean heat sink temperature, Ty is the
average temperature of working fluid, A, is the contact
surface area of working fluid and the base area of heat
sink, k¢ is the fluid thermal conductivity.

2.4 Thermophysical Characteristics of Fluids

The distilled water and (CuO-H>O) nano-fluid with
volume fractions of (0.025,0.05 and 0.075) are used in the
present study as coolant. Table 2 illustrates the
thermophysical-properties of nanoparticles. Since the
temperature difference as a result of heat flux does not rise
to the range that affected the properties of the coolant
fluid.
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Table 2 Thermophysical properties of nanoparticles Sakanova et al. (2015) and Heidarshenas et al. (2019)

fluid domain

" solid domair

@@ - by -

Property Density (kg/m?) Specific heat (J/kgK) water Thermal conductivity (W/mK)
CuO 6500 535.6 20
Distilled water 997.1 4179 0.613
fluid domain

fluid t:[omain

i\
solid domain w
solid domain

Fig. 2 Mesh distribution of the computational domain (a) Rectangular, (b) Convergent, (c) Converge- Diverge
channel

The thermophysical properties of nanofluid were
assessed using the next equations. Using the model
developed by Sakanova et al. (2015), the density and
specific heat of nanofluid were calculated.

pny =1 = @)ps + @p, (13)
@(pcp)p+(1-@)prcp
CPns= : P — (14

Using the Hamilton & Crosser model, the thermal
conductivity of the nanofluids is calculated Hamilton &
Crosser (1962):

kp +(n-Dkp—(n-1o(kr—kp )
kp +(n-Dkp+o(kp—kp)

ey (15)
Where n is constant and equal to 3 for spherical shape
nanoparticles.

The p (dynamic viscosity) of nf is determined using
the model of Brinkman (1952):

__kr
Hnr = (1-¢)25 (16)

Where nanoparticle concentration, heat capacity,
thermal conductivity, viscosity, and density are denoted
by @, Cp, k, u, and p, respectively. While the subscripts f,
p, and nf, respectively, stand for base fluid, nanoparticle,
and nanofluid.

2.5 Mesh Sensitivity and Validation

Grid generation testing in computational fluid
dynamic is essential to obtain accurate results, because the
computational model contains many equations that are
solved in a complex way, it is liked to a freely distribution
grid for both the liquid field and the solid field, taking into
account that the grid should have a high density in the

contact areas between the liquid and the solid. The grid
consists of a structured network of tetrahedron elements.
To reduce the effect of grid roughness on the accuracy of
the results, the grid independence is tested by taking a case
from the study cases and applying different forms of grids
to reach accurate results. This method is applied in many
previous numerical studies, like Feng et al. (2017). Figure
2 shows the free grids distributions for three different
mini-channels. A grid independence exam was achieved
to certify that the correct numerical findings. A grid
independent test was conducted for four meshes in order
to determine the appropriate mesh size, labelled as (extra
fine), (finer), (fine) and (normal) with number of elements
7820763, 1876205, 570155 and 222511 respectively. The
maximum temperature (Tmax) and Nusselt number for a
rectangular mini-channel heat sink were calculated for
each mesh, and the results are compared at a Reynolds
number of 400 and a heat flow of 180 kW/ m?. The virtual
inaccuracy of the selected variables was calculated using
the formula below Ghani et al. (2017).

E(%) = IBZB;fll x 100 (17)

Any variables, such as (pressure drops, friction factor,
the Nusselt number, or temperature) is denoted by (B).
The variables values obtained from the optimum grids and
other grids are denoted by Bl and B2, respectively.
Variables such as Nusselt number, maximum temperature
were chosen and the error percentage adopted in the
solution because these variables are global and
comprehensive parameters. The extra fine mesh with the
quickest run time while maintaining mesh independence
is presented in Table 3. Because high smoothness has the
lowest error for both Nusselt number and the maximum
temperature, it was chosen to obtain results.
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Table 3 Mesh sensitivity test for rectangular mini channel heat sink at Re=400, q = 180 kW/m?

Element Size Domain Nu Nu error% Tmax(K) Tmax error% Friction Friction
element factor factor error%
extra fine 7820763 15.211 1.42% 343 2.62% 0.064 -4.47%
Finer 1876205 14.994 17.3% 334 1.79% 0.067 -5.63%
Fine 570155 12.394 18.83% 328 0.304% 0.071 -8.97%
Normal 222511 10.060 - 327 - 0.078
337.01 ) r 1 Il'78 i
334:63 3 - I(‘“ 1.66
332.26 ‘ \ 1.54
320.88 L 1143 1.41
= | & o
320:33 1.07 1.04
e - o
310,88 0.71 0.68
306.13 10.53 giz
::;.35 0.36 0.31
296.63 I‘)lx 0.18
293.1 203 0.00 o
Present Work (Temperature Feng et al. (2017) Present Work Feng et al. (2017)

Contour)

(Temperature Contour)

(Velocity Contour) (Velocity Contour)

Fig. 3 Temperature and Velocity contours comparison between present work and Feng et al. (2017) on a cross
section (x/L.=0.625) in microchannel at Re=663 and q=400 kW/m?

To wverify that numerical results are accurate.
particularly considering that this study is the first to
employ the finite element method-based COMSOL
Multiphysics code. Simulation models are compared in
contrast to prior computational investigations. The
validation model is compared to Feng et al. (2017) who
used the program ANSYS CFX to examine the coupled
heat transfer rate and laminar fluid flow in the rectangle
micro-channel heat sink equipped with wire coil
insertions. The comparison between the current COMSOL
simulations and the published computations is shown in
Figs. (3) and (4) for the absent wire coil instance. Strong
agreement between the two approaches is observed. To
ensure the accuracy and reliability of the present study,
validation was agreement between the two approaches is
observed. To ensure the accuracy and reliability of the
present study, validation was performed by comparing
results with the experimental and numerical data from
Feng et al. (2017).

This study was selected based on the following key
criteria:

1.  Relevance to Mini-Channel Heat Transfer
2. Matching Key Parameters for Comparison
3. Reliability of Selected Studies

4. Close to geometry, boundary conditions and working
fluid.

In the existing study, the numerical solution was
carried out using the COMSOL Multiphysics tool to
resolve the three-dimensional problem dealing with heat
transmission and fluid movement within a mini-channel.
Numerous engineering applications use the CFD module
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Fig. 4 Validation with Feng et al. (2017) by
comparison of Variation of Nusselt number and
Friction factor with Reynolds number.

to comprehend how fluid and heat transfer behave in
various occurrences. The broad competencies of the CFD
module include two- and three-dimensional steady and
unsteady fluid and heat transfer problems. In COMSOL
Multiphysics, a CFD module based on the finite element
technique is used to explain the partial differential
equations for two fields (solid and fluid) that regulate the
problem region. In this code, the terms (finite element
method) and (Galerkin approach) were used to discretize
partial differential equations involving pressure,
temperature, and velocity. For tackling CFD problems, a
weighted residual approach using Galerkin finite elements
was quite effective.
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1- Test section

2- Storage tank
3- Pump
4- Globe valve

5- Flow meter
6- Power supply
7- Temperature measuring device

8- Small heat exchanger
9- Conveying tube

Fig. 5 Experimental rig

A
N

indicators
\

Air cooled heat
exchanger

Thermocouples | | |

Test sectiol

B

Device
\

Ac power
supply

Reservoir Tank

Flowmeter]|

Variable Voltage
Device

Valve

Fig. 6 Device's extensive schematic

3. EXPERIMENTAL DETAILS
UNCERTAINTY ANALYSIS

AND

Figure 5 shows the test rig's order in all of its
components: (1) Test section; (2) Storage tank; (3) Pump;
(4) Globe valve; (5) Flow meter; (6) Power supply system;
a-Digital Power Analyzer, b-Voltage regulator; (7)
Temperature measuring device: a-Digital temperature
recorder, b- Thermocouple type K; (8) Small air-heat
exchanger; (9) Conveying tube. The detailed schematic

for the device is exhibited in Fig. 6. The apparatus having
two parts: the test section and test loop.

3.1 Test Section

A copper mini-channel heat sink is located in the test
section. It is shaped by a method of wire cutting
machinery. At the base of a HS, a constant heat flux is
given. In this respect, a cylinder heater is placed in a cube
made of copper and it fitted in perforation that bored inside
of a cube, every side of a cube was thermally isolated by
polytetrafluoroethylene excepting the upper side that had
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1- Fluid entry area

2- Fluid exit area

3- Thermocouple (Ten)

4- Thermocouple (Tex)

5- Thermocouple (Tsur)
6- Heater

7, 8- Plexiglass sheets

9- Polytetrafluoroethylene

a-converge-diverge section

b-rectangular section

c- convergent mini section

Fig. 7 (a) the test section and (b) the channels of heat sink

touched with the base of a MiCHS. A translucent acrylic
cover with (10 mm) thick enclosed the upper region of the
heat sink and it is firmly fixed to guarantee no leakage
occurs while the pump is on. The transparent cover
contains two holes for the entry and exit of a working
fluid, two holes for the thermocouples for measuring the
heat sink temperature and two side holes for the
thermocouples for measuring the inlet and outlet
temperature of the fluid, as shown in Fig.7.

3.2 Test Loop

The test loop consists of a test section, working fluid
storage tank, a small heat exchanger, pump to circulate the
fluid through the test ring, and flowmeter to measure the
fluid flow, where contains a control valve in addition to
the control valve installed after the pump, through which
it is possible to control the rates of the pump through
which it is determined. The flow corresponds to the
Reynolds number (400, 600, and 1000). The coolant fluid
is circulated from the tank by the pump along the tubes
through the MiCHS where the heat is absorbed from the
MiCHS and thus the temperature of fluid increases and
then flows in the direction of the heat exchanger where the
heat is dispersed into the atmospheric to obtain the
required temperature at the entrance to the test section
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293K. Thus, it returns to the closed-loop system. The fluid
temperatures at the entrance and exit as well as the heat
sink wall temperature are measured using four
thermocouples.

3.3 Procedure for Testing

Multiple experimental tests were carried out to study
the effect of changing the channel's shape (rectangular,
converge, and converge-diverge) as well as using the
nanofluid in place of pure water as a coolant for different
flow rates (0.06,0.09,0.15) Ipm corresponding to the
Reynolds number (400,600,1000) on the general
performance of the mini channel heat sink as follows:

1- The pump is switched on and the flow is adjusted to the
required value for each condition using the control valve.

2-By using the voltage controller, to provide the required
temperature, the cylinder heater is regulated.

3- After the fluid discharges from the test section, it will
enter the heat exchanger to cool it and return it to the tank.

4- Two thermocouples were installed at the heat sink wall
temperature and another two thermocouples were installed
at the fluid entry and exit regions.

5-The above steps are repeated in other cases.
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Table 4 Specifications of ultrasonic cleaner bath

Model JTS-1018
Tanks working dimension (mm) L=406; W=305; H=460
Overall dimension (mm) L= 586; W=485; H=680
Ultrasonic frequency 40 Khz
Ultrasonic power 720 W
Digital timer control 1-30 min
Capacity 54 L
Temperature control range (°C) <90°C
Ultrasonic power output 800 W

Table 5 Experimental and empirical measurement results of density and viscosity

Density p (kg/m®) Dynamic viscosity p (N.s/m?)
Experimental result Empirical result Experimental result Empirical result
1403.4 1409.8 0.001151 0.0012152

3.4 Preparation of Nanofluid

The nanofluid preparation step is considered one of
the very important steps for its decisive effect on the
stability of the nanoparticles in the base fluid. In the
current work the following steps were taken to prepare the
(CuO-H;0) nanofluid with a volume fraction (0.075):

1-The weight of the nanoparticles required for (2 liters) of
pure water was calculated to prepare the nanofluid
with a

volume concentration of (0.075) according to the

following equation by Sajid et al. (2019).
= —(7;_5) (18)
)

2- The required amount of powder was weighed by a
sensor balance.

3- The np were disordered with DW in a magnetic stirrer
for an hour to ensure the dispersal of the nanoparticles
and prevent their accumulation, and after that, the
mixture was placed for 6 hours in a cleaned ultrasonic
bath which uses ultrasound.

4- Then the nanofluid is ready for the required tests and
experiments.

The specifications of ultrasonic cleaner baths are
listed in table 4.

The density measurement test was performed by
weighing a specific volume of nanofluid using a sensitive
balance, where the process was repeated several times to
obtain more accurate results. By dividing the measured
mass by the volume of the nanofluid, the density value is
obtained.

Viscosity is the amount of a fluid's resistance to flow
and the amount of resistance to pressure that forces it to
move where it is; the higher the viscosity of a fluid, the
less its ability to flow.

The viscometer type [Brookfield digital viscometer
model DV—III ULTRA], in (The board of industrial R &
D - Petrochemical Research Center -Ministry of Science

and Technology) was used to measure the viscosity of
(CuO-H;0) nanofluid. The operational theory of a
viscometer is that a spindle isrotated through a
calibrated spring (which is immersed in the specimen).

The spring deflection is calculated by the viscous
nanofluid drag in contravention to the spindle deflection.
A rotary transducer provides a torque signal for the spring
deflection. The results of experimental measurements of
density and viscosity of (7.5%Cu0O-H,0) nanofluid are
given in table 5. There was a little difference in the density
and viscosity measurements with the empirical relation
using by Sakanova et al. (2015) and Brinkman
model, Brinkman (1952) respectively.

3.5 Performance Evaluation Criterion (PEC)

The combined influence of Nusselt number (Nu) and
friction factor (f) was employed while analyzing the
overall hydro thermal manner of a small channel using the
Performance Evaluation Criterion (PEC) as specified in
Eq. 19 Naranjani et al. (2021).

_ (Nug/Nug)
PEC = (Fe/fROY3 (19)

Where the subscripts (R and C) depict the HS with a
Rect. and (conv., conv.-dive.) MiCHS

Using Kline (1963), it was calculated how uncertain
the test result was. Quantities like Wall's temperature and
the temperature of the fluid bulk were initially estimated
for this determination. Following that, each parameter's
error was used to estimate doubts.

Uncertainty is calculated using equation (20) Sadegh
Moghanlou et al. (2020).

_[ror 2 ror 2 R 21 os
UR = [(a ul) +(E uz) +.“+(E un) ] (20)
The examples of the uncertainty calculations for the
temperature readings as follows:

0.5
oT,, 2 /0Ty z
Ulw = [(aTW1 ”TW1) + (aTW2 uTWZ)

= [0.115974 + 0.1263]%° = 0.49°C
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Fig. 8 Effect of using (7.5%CuO+H:0) nanofluid as a coolant in three different channels. a) Wall mean
temperature, b) Nusselt number

aT, 2 arr V]
_ f
vy = [(arin ”Tm> * <6T0 ”To) l
= [0.09954 + 0.1024]°5 = 0.45°C

The uncertainty of the supplied power is calculated
as follows:

0.5
90 \* (00 \*
ve= [(E w) + (57 w)
=[0.10296 + 0.1029]%% = 0.45 W

Fractional uncertainty=1.4%.
4. RESULTS AND DISCUSSION

4.1 Experimental and Numerical Results

Practical experiments were carried out for three
different mini channels (rectangular, convergent, and
converge-diverge) using pure water and the (CuO-water)
nanofluid as a coolant with volume concentration (0.075)
for different flow rates (from 0.06 to 0.15 LPM) and
subjected to isoflux (180 kW/m2) at the base. Also
calculated the Nusselt number (Nu) and measured
thermophysical properties for nanofluid such as density
and viscosity. A constant heat flux is delivered at the
bottom of a heat sink. The current study included adding
CuO nanoparticles to distilled water, and the
concentration of the particles ranged from 0 to 7.5%, as
these particles have unique thermal and rheological
properties Sadegh Moghanlou et al. (2020). CuO
nanoparticles have high thermal conductivity and thus
contribute effectively to enhancing heat transfer, 14.1%
reduction in base temperature was achieved when using
CuO with water compared to pure water by Tariq et al.
(2019). Figure 8 show the effect of flow rat on both the
mean wall temperature of the heat sink (in the figures on
the left) and Nusselt number (in the figures on the right)
for the three types of mini-channels for the cases distilled
water and nanofluid with concentration of 0.075. As for
the mean wall temperature, it decreases with increasing
flow rate from 0.06 LPM to 0.15 LPM and adding
nanoparticles. It can also be observed that the Nusselt
number increases with increasing flow rate and the
addition of nanomaterials. Increasing the flow rate leads
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to reducing the thickness of the boundary layer, which
increases the heat transfer rate. Adding nanomaterials
enhances the thermal conductivity of the working fluid,
which also leads to enhanced heat transfer.

All of the channels exhibited the same response,
which was a drop in the HS's mean temperature and a rise
in the Nu. When comparing the three types of mini-
channels, it can be notice that the convergent channel
shows the lowest mean temperature and the highest
Nusselt number value at all flow rates. This indicates that
this channel provides a higher heat exchange compared to
the rectangular and convergent-divergent channels.

In this section the numerical results of a convection
heat transfer process in MiCHS using pure water and
(CuO-H,0) nanofluid are presented. The study was
conducted by looking at four Reynolds numbers (400,
600, 800 and 1000) and a volumetric fraction (0.075).

To verify a simulation model (CFD), the numerical
results were compared with the experimental results on
three channels under identical organizational and
technological conditions. The temperature of the wall for
all mini-channels was measured experimentally for
different flow rates by using distilled water and nanofluid
(7.5%CuO + H,0) as a coolant and compared with the
numerical results, a good match was obtained where the
error rate ranged from (0.5-4.2) % when using pure water
as a coolant and ranges from (0.78-5.57) % when using the
nanofluid as a coolant. Figure 9 & Fig. 10 show the
validation between experimental and numerical outcomes
of the Nu of three different MiCHS (rectangular,
convergent, converge-diverge) for different four Reynolds
number (400, 600, 800 and 1000) using pure water and
(7.5%CuO+H;0) nanofluid as a coolant.

These figures demonstrate that when Reynolds
number rise Nusselt number rises. A similarity in behavior
and a clear convergence was observed, as the maximum
deviation between the experimental and numerical values
of Nusselt number was from (2.3-12) %. The difference
between the experimental and numerical results was due
to the experimental uncertainty, the numerical simulation
hypotheses, some experimental errors, the accuracy of the
instruments and the laboratory conditions.
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Fig.9 Comparisons between numerical and
experimental results of the Nusselt Number for three
different mini-channels heat sinks for a) ¢=0, b)
0=0.075

In the same context, the temperature wall mean of the
base heat sink was compared between the experimental
results obtained from measuring the temperature along the
channels through the temperature sensors (thermocouples)
and the results obtained by numerical simulation in the
same positions corresponding to the sensors connected in
the practical part. In general Fig. 10 appears that the
temperature decreases with increasing Reynolds number
as a result of increasing the amount of mass coolant. It also
shows acceptable approval between the experimental and
numerical outcomes for all types of mini-channels and in
the cases of pure water and nanofluid, as the error
percentage did not exceed 10% in all cases.

4.2 Hydro_thermal performance features of the mini
channel

The heat and flow distribution within the MiCHS
should be considered because they have a direct effect on
the cooling efficiency.

At Re=1000 and (0.075CuO+H20) as a nanofluid,
Fig. 11 depicts the velocity contours at the exit section and
along the MiCHS for three distinct channel shapes (Rec.,
Conv., and Conv.-Dive.). It appears from this figure that
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experimental results for temperature wall mean for
three different mini-channels heat sinks for a) ¢=0, b)
¢=0.075

the velocity was augmented by varying the cross section
of the mini channel, reaching (0.61, 0.69, 0.72 m/s) in the
rectangular, converge-diverge, and convergent mini
channels, respectively. This velocity was caused by the
reduction in hydraulic diameter produced by the change in
channel area and perimeter.

To show the temperature distribution along the mini
channel heat sink selected, nanofluid percentage (0.075)
under the identical inlet conditions (Tin=293K) and (Re
=1000) as shown in Fig.12 The temperature increases
along the y-direction from the inlet of the channel to the
outlet for different shapes of the channels. Due to the
greatest temperature variance between the channel and the
temperature of inlet fluid, the mini channel heat sink
dissipates heat most efficiently near the inlet. The amount
of heat transfer depends on how much the surface and fluid
temperatures differ from one another, with the highest heat
transfer occurring at the stream's beginning because the
fluid's temperature is reduced and the temperature
difference is high, which improves the heat transmission
from the wall surface to the cool fluid. As an outcome,
convection is used to transport heat from the surface to the
fluid down the stream.
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Fig. 11 Velocity contour for the different shape mini channel at Re=1000 and used (7.5% CuO+H:0)
as a coolant.

Fig. 12 Temperature contour for the different shape mini channel at Re=1000 and used (7.5% CuO+H:0) as a
coolant.

4.3 Nusselt Number (Nu), Friction Factor (f) &
Thermal Resistance (R)

The Nusselt number on the hot surface, which
displays the rate of heat transmission from the walls in a
non-dimensional formula, is a crucial quantity. Heat
transmission rates increase with increasing Nusselt
number values. The impact of altering the form of the
minichannel on the heat transfer rate was investigated
using distilled water as a coolant. Figure 13 demonstrates
that the Nusselt number for both convergent and
converge-divergent channels (convergent, converge-
diverge) is higher than that for the rectangular channel due
to the change in hydraulic diameter brought on by the
difference in the area and circumference of the channels,
which results in a small pressure drop in the larger
hydraulic diameter and a lower flow rate pushed into the
heat sink. Channels with smaller hydraulic diameter
generally provide higher heat transfer coefficients. The
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Fig. 14 Effect of using the nanofluid (CuO-H:O) as a
coolant on the friction factor for different channels

proposed cross-section shapes (convergent, convergent-
divergent) enhance the flow acceleration and approach the
turbulent flow inside the channel compared to the
conventional channel (rectangular). Figure 13 shows the
influence of utilizing (CuO-H,O) nanofluid as a coolant
with different volumetric concentrations for different
channels. The Nusselt number (Nu) can be seen that rises
with the rise of Re. The reason behind the rise in the
Nusselt number with the rise in the Reynolds number is
the effect of the reducing the thickness of the boundary
layer, which results in higher heat absorption from the
channel walls. This illustrates that the high entry speed
can improve the cooling performance of the heat
dispersants as noted that the Nusselt Number (Nu) is
higher for the nanofluid compared to pure water and rises
with the rise in the nanoparticles percentage because
nanoparticles have higher thermal conductivity, thus
increasing the thermal conductivity and this ability
increases with the increase in the concentration of
nanoparticles to increases the participation of
nanoparticles in the thermal conductivity. The trends of
the curves are similar, and the convergent channel shows
higher values of Nusselt number, followed by the
convergent-divergent channel, and then the rectangular
channel for all Reynolds number and all concentrations.

The effect of fluid velocity (Re) and nanoparticle
concentration on the friction factor are appeared in Fig. 14
for three different types of mini-channel. The friction
factor is affected by utilizing the nanofluid (CuO-H,O) as
a working fluid, due to the presence of nanoparticles in
the nanofluid, which produce an increase in the fluid's
viscosity and density, it rises with an increase in
volumetric fraction and falls with a rise in Reynolds
number. This causes the friction factor to rise while falling
with an increase in the Reynolds number since the
velocity and friction factor are inversely related. When
comparing the friction factor values for three channels, it
can be noted that the convergent-divergent channel shows
the lowest friction factor values due to the sloping shape
of the channel, which provides a simpler flow path,
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followed by the convergent channel and then rectangular
channel.

An important parameter through which it refers to the
mini_channel heat sink efficiency, as its demonstrations
the quality of the thermal performance and the minimum
thermal resistance relates to the best mini channel heat
sink cooling efficiency. Figure 15 shows that the thermal
resistance values with Reynolds number for different
concentrations (¢=0, 0.025, 0.05 and 0.075) and three
types of mini-channels (rectangular, convergent and
convergent-divergent). The thermal resistance decreases
as the Reynolds number and nanoparticles concentrations
increases. It can be noted that the minimum values of
thermal resistance for convergent-divergent channel,
while convergent channels having higher values and
rectangular channel having highest values.

Figure 16 depicts the difference of the PEC as a
function of Reynolds number for a small channel with
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pure water as the coolant. PEC is a dimensionless number,
it represents the ratio of the improvement of the Nusselt
number values for the new cross-sectional area
(convergent, convergent-divergent channel) to the Nusselt
number for the rectangular cross-sectional divided by the
ratio of the friction coefficient for the new cross-section
(convergent, convergent-divergent) to the friction
coefficient for the rectangular cross section as explained
by Eq. 19. PEC represents the overall efficiency of the
new channels (convergent, convergent-divergent)
compared to the regular channel (rectangular channel).
This analysis makes it clear that the PEC values are larger
than one across the board for all Reynolds numbers. The
figure shows the disparity of the PEC with Reynolds
number for a heat flux of 180 kW/m? and distilled water
as the working fluid, demonstrating the effectiveness of
the new designs. It is clear the PEC values are greater than
one for the two proposed sections and for all Reynolds
values, compared to the standard section (rectangular),
which has a PEC of one. The figure also shows the
variation in the PEC with the Reynolds number, where it
has the highest values at the lowest Reynolds number and
decreases with increasing Reynolds number until it
reaches 800 and then starts increasing at a Reynolds of
1000. This variation is a result of the changing effect of
the cross-section on the flow velocity inside the channel
on both sides of heat transfer and the friction factor.
However, the convergent channel shows higher PEC than
the convergent-divergent channel for all Reynolds values
due to flow acceleration and turbulence effect.

5. CONCLUSIONS, STUDY LIMITATION
AND FUTURE WORKS

To improve heat transfer, the features of the mini
channel heat sink with nanofluid (CuO) as the working
fluid and three cross sectional areas were investigated
utilizing experimental and numerical techniques in the
present study. The numerical simulation model and
experimental findings were compared, and it was found
that there was strong agreement between them in terms of
trends and values, with 12% being the most extreme
variation. In this analysis, several flow rates were utilized
to look at the coolant's thermal resistance, the heat sink's
base temperature, the friction factor, and the Nusselt
number. The essential conclusions are drawn:

e The (convergent and converge-diverge) mini channel
heat sink with the (CuO-H,O) nanofluid with volume
fraction (¢=0.075) as a coolant at Reynolds number 1000
produced the lowest mean wall temperature of 31.5 °C.
By accelerating the flow rate and utilizing nanofluids, it
was discovered that the mean wall temperature may be
lowered.

e  When the Reynolds number was augmented to 1000,
the mean temperature dropped to 36.5 °C from the highest
measured value of 63.5 °C for a rectangular micro channel
heat sink at a Re equal to 200. By utilizing CuO-water
nanofluids, it was further reduced by 12.32%.

e By using nanofluids instead of pure water as the
working fluid, the thermal resistance values decrease as
the volumetric percentage of the nanoparticles increases.
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e The Nusselt Number is larger for the nanofluid
compared to pure water and increases with the increase in
volumetric concentration because nanoparticles have
higher thermal conductivity, the rapid entry speed can
enhance the cooling process of the heat dispersants.

e The contribution of adding CuO to enhance the
Nusselt number was 38.4%, while the contribution of
varying the shape of the mini-channel was 10%.

e Heat transfer is improved by growing the Reynolds
number values as is known, and the effect of varying the
form of the mini-channel from rectangular cross section
to convergent and convergent-divergent cross section is
more significant for distilled water.

e The highest increase in PEC is at Reynolds value of
200 (PEC=1.37 for convergent & PEC=1.33 for
convergent-divergent) while the lowest PEC is at
Reynolds values of 800 (PEC=1.08 for convergent &
PEC=1.004 for convergent-divergent).

e The PEC values for the convergent cross section are
higher than the convergent-divergent cross section for all
values of Reynolds number.

There are many challenges that the study faced, the
most important of which are the process of manufacturing
mini-channel, controlling the flow and reaching a steady
state, adding nanomaterial and avoiding the sedimentation
state, etc.

The most important research direction that can be
recommended are the use of grooves of different shapes
along the mini-channel, the use of hybrid nanomaterials,
the addition of porous media to the wall of the mini-
channel, or studying the effectiveness of using phase
change materials.
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