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Abstract

Hydrothermal performance through multiple shapes of microchannels (MCHS) using nanofluids is summarized as the
previous studies in the present work. The enhancement of heat transfer dissipation in electronic equipment becomes more
necessary where high heat can damage it and cause more problems, so the Microchannel heat sinks can be a solution fore
these problems. The heat transfer enhancement through Microchannels can be acheived by a passive technique which
includes using corrugated channels such as wavy, zigzag, and converge-diverge MCHS. Also, flow disruptions such as
using MCHS with cavities, ribs, grooves, dimples, and offset strip pin fins. In otherside the fluid additives included using
nanofluid with different MCHS shapes, and Secondary flow as an MCHS with oblique fins is another method fore passive
techniques. Wavy microchannels with secondary channels have higher hydrothermal performance compared to other types.
Zigzag MCHS could provide good heat transfer enhancement but with high pressure drops. Regarding flow disruptions,
the hydrothermal performance of MCHS with ribs is better than pin fin. The results showed that using a hybrid nanofluid
gives more enhancement heat transfer as well as higher pressure drops. Concerning single-phase fluid, the review results
showed that using metal oxide nanofluid has higher thermal conductivity compared to carbon-based and dielectric nanoflu-
ids; therefore, the single phase of nanofluids can be arranged descending from the best to worst, according to its use as the
cooling liquid in microchannels and their efficiency in heat transfer enhancement, metals (Ag, Cu), metal oxides (TiO,—H,0,
CuO-H,0, ZnO-H,0, and Al,0;-H,0), and dielectric nanofluid (SiO,—H,0). The specific application requirements and
design considerations will guide the selection of the appropriate microchannel type for optimal heat transfer performance,
so MCHS with mixing flow, higher thermal conductivity nanofluids, and low pressure drop are the most important factors
that achieve hydrothermal efficiency.
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DC Divergent—convergent microchannel
EG Ethylene glycol
2 Nehad Abid Allah H GnP Graphene nanoplatelets
cha 1 a amza . .
nehad.ali @ wrec.uoqasim.edu.iq DLMCHS Double-laye.r microchannel heat sink
Hs Substrate thickness
' College of Engineering, Al-Qasim Green University, HTP Heat transfer performance
Hillah 51001 Babylon, Iraq RMCH Rectangular microchannel heat sink
2 Mechanical Engineering Department, College RSC Rectangle with semicircular
of Engineering, University of Babylon, SLMCHS Single-layer microchannel heat sink

Hillah 51001 Babylon, Iraq

@ Springer


http://orcid.org/0000-0003-2800-5666
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-023-12602-6&domain=pdf

N. A. A. Hamza, |. M. Abed

13730

TLMCHS  Triangular layer microchannel heat sink

TWC_L Transversal wavy channel left

TWC_R Transversal wavy

Tri.C-C.R  Triangle cavity with circular rib

MCH Microchannel heat sink

MHSID Microchannel heat sinks with impinging jets

W/EG Water/ethylene glycol

MWCNT Multi-wall carbon nanotube

MC-AWTR All wall trefoil ribs

MC-SWTR  Side wall trefoil ribs

MC-BWTR Bottom wall trefoil ribs

PVD Physical vapor deposition

PF Pin fin

ZSMHS Zigzag serpentine microchannel heat sink

WMCH Wavy microchannel heat sink

WMSC Wavy microchannel with the secondary
channel

VG Vortex generator

Subscripts

b Bottom wall

bf Base fluid

c Channel

nf Nanofluid

np Nanoparticle

t Top wall

S Substrate

w Wall

Greek symbols

p Density (kg m™)

u Dynamic viscosity [kg (m $)™H]

Introduction

In most thermal engineering equipment, the excessive
heat generated must be dissipated to keep it for a long
time and work with more performance; hence, the micro-
channel heat sinks appear to be one of the solutions to
achieve these demands. Microchannel heat sinks (MCHS)
are a class of heat exchangers that contain small chan-
nels that have hydraulic diameter smaller or equal to 200
mm to give more enhancement in heat transfer between
a fluid and solid surface. So the MCHS are used in vari-
ous industries where efficient heat dissipation is essen-
tial, such as electronic cooling (microprocessors, power
amplifiers, and LED arrays) [1], power generation systems
such as solar and fuel cells to enhance the performance of
energy conversion and maintain optimal operating tem-
peratures of these systems [2], aerospace applications to
manage the thermal loads experienced by components in
aircraft and spacecraft systems [3], automotive cooling to
give efficient cooling and manage higher heat loads for
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components such as engine control modules, battery sys-
tems in electric vehicles, and power electronics in hybrid
vehicles [4], medical applications such as laser systems,
medical imaging equipment, and diagnostics tools to pre-
vent the overheating and ensure accurate operation [5],
heat recovery systems in order to transfer waste heat from
industrial processes for other applications, such as space
heating or preheating of fluids and in bioengineering, aero-
space, micropumps, microturbines, engines, microvalves,
and microreactors [6]. So according to the above applica-
tions more cooling techniques are being used to reduce
heat flux, but more research is still needed to extract heat
flux greater than 800 W cm™2. As a result, proper thermal
management of microelectronics requires overcoming heat
flux-related damages. Because of this, incorporating a reli-
able cooling system into the design of these devices has
become crucial. So, microchannel configurations are one
of the crucial techniques capable of dissipating high power
densities (more than 1000 W ¢cm™2) as opposed to tradi-
tional channels. The systems include a cooling medium
(air or liquid) and thermal sinks in different shapes and
designs. The rapid development of electronic chips has
focused the attention on the flow of fluid and heat transfer
researchers leading to improving cooling systems. How-
ever, the smooth, straight microchannel heat sinks men-
tioned above cannot cool electrical components properly;
this can be attributed to the constantly increasing power
density of high-density microelectronics, optical devices,
instrumentation, and other devices. Advanced electronic
systems cannot continue to evolve with their current level
of heat dissipation. Numerous novel designs have been
proposed for improving the heat transfer efficiency of
MCHS. These designs include using “a secondary chan-
nel” [7, 8], “nanofluids” [9, 10], “a channel with curva-
tures” [11, 12], “dimples, porous” [13, 14], “ribs” [15-24],
“cavities or ribs” [25-31], and “a combination of ribs and
grooves” [32-37]. The geometry of the microchannels may
not be sufficient to meet the demand for high thermal per-
formance, so more researchers investigated the effect of
using the cooling liquid on the hydrothermal performance
of microchannels.

The novelty and needs of this work may be summarized
as follows:

1. Study the techniques of heat transfer augmentation that
can be used in MCHS.

2. A significant number of researchers have independently
examined a study of the relationship between micro-
channel structure, hydrothermal performance, and the
thermal properties of nanofluids. Few researchers have
looked into how different MCHS shapes can affect the
hydrothermal performance of a mixture of flowing
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nature, type of nanofluid, volume fraction, percentage
of nanofluid, particle size, and MCHS shape.

3. The most mathematical equations and models related
to calculating the thermal properties of most nanofluids
used as cooling liquids are reviewed.

4. Predictive models that have high hydrothermal perfor-
mance.

Hydrothermal enhancement in MCHS

Generally, hydrothermal enhancement techniques for any
thermal engineering system can be classified into two types
which are passive and active techniques. Passive techniques
are those that do not require direct application of external
power, while active techniques require external power. Fig-
ure 1 shows a schematic of methods used for heat transfer
augmentation.

Active methods

The passive technique has more attention than the active
technique because of its role in enhancing the hydrothermal
performance of MCHS due to its compact design of elec-
tronic devices. However, few researchers tried to enhance
heat transfer performance using the active method. Flow-
induced vibration is one method of active technique, Go [38]
used this method to show the effect of flow-induced vibration

of a microfin array on hydrothermal performance. The study
proved that increasing the vibration displacement led to a
high heat transfer rate. In another related work, Krishnaveni
et al. [39] proposed heat transfer can be enhanced using the
periodic electric field technique in rectangular MCHS due to
chaotic mixing in a microchannel resulting in heat transfer
augmentation. The magnetic field is one method of active
techniques, in this field gives a rate of enhancement in heat
transfer rate, Selimefendigil et al. [40] proved that the heat
transfer factor is enhanced by 13.8% when using a magnetic
field with nanofluid through a triangle-shaped cavity.

Hydrothermal enhancement for multiple shapes
of MCHS using passive technique

Due to the significance of the passive technique in selecting
the best MCHS design, the following methods for hydrother-
mal performance in MCHS will be reviewed in this paper:

e Developing the fluid flow by optimizing the design of
MCHS such as in straight MCHS,

e Channel curvatures (corrugated channels) such as in
wavy, zigzag, and converge—diverge MCHS [11, 52-76],

¢ Flow disruptions such as using MCHS with cavities, ribs,
grooves, and offset strip fins, [32, 77-113]

e Fluid additives, such as using nanofluid with different
shapes of MCHS [32, 74-172]

Active technique

II

Fluid vibration

Electro static
field

Flow
pulsation

variable roughness
structure

Surface

N . Mechanical aids
vibration
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roughness disruptions obstructions
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Swirl flow
devices

Curved

additives TUBES

Fig. 1 Different methods of hydrothermal enhancement
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e Secondary flow such as in MCHS with oblique fins [59]
or microchannel with an alternatively directed slanted
secondary channel [61],

Straight microchannels

In the present topic, a passive method for enhancing the per-
formance of MCHS is represented by optimizing the design,
single phase (distilled water as a cooling liquid), laminar
flow, and 3-D. Heat transfer enhancement can be achieved by
breaking the thermal boundary layer and uniformity of tem-
perature distribution with a low pressure drop in fluid flow.
The straight MCHS whether single layer or multiple layers
have different shapes of cross sections such as rectangular,
triangular, and trapezoidal. Wang et al. [41] examined the
effect of multiple shapes of MCHS, including rectangular,
triangular, and trapezoidal. The findings show that thermal
resistance was lowest in the RMCH and highest in trapezoi-
dal. Moreover, the effect of the aspect ratio (AR =Hc/Wc)
of RMCH on performance was investigated, where an (AR)
between 8.904 and 11.442 resulted in the greatest perfor-
mance (Fig. 2).

Li and Peterson [42] performed a numerical study on the
heat transfer capabilities of silicon-based parallel MCHS.

__.~"_~Coputational domain

(a) Microchannels heat sink []

ANANAN:

NOOOE

(b) Three different cross-sections of MCHS

Fig.2 Schematic of a microchannel heat sink geometry and b cross
section with its dimensions of different microchannels studied by
Wang et al. [41]
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The optimal geometric properties of the microchannel were
verified and indicated there is an increase in the overall cool-
ing capacity exceeding 20% at a pumping power of 2 W
and that the thermal resistance was 0.068 C W~!. On the
other side, the pressure difference remains constant. Kou
et al. [43] Provided a 3D numerical model of the MCHS to
examine the effects of heat transfer characteristics caused by
different channel heights and widths. The findings demon-
strate that lower thermal resistance can be achieved with a
bigger flow area, more flow power, and a thinner substrate.

A numerical analysis study by Chein and Chen [44] was
used to examine the impact of various inlet and outlet con-
figurations on the thermal behavior of microchannels. The
results showed that the velocity and temperature homoge-
neity of the MCHS, with the supplying of coolant and col-
lection occurring vertically via the flow path from inlet to
outlet on the microchannel heat sink cover plate, were very
well. Mansoor et al. [45] used Fluent commercial software to
analyze the heat transfer performance in a rectangular micro-
channel by examining the Nusselt number at a range of Re
from 500 to 2000. The model was a three-dimensional, lami-
nar flow, and water was used as a cooling liquid. Thermal
characteristics in a copper microchannel were investigated
using a heat rate per unit area equal to 130 W cm™2. The
findings demonstrate that as heat flux continued to increase,
the coefficient for heat transfer decreased. Also, the results
showed that the Nu increased with increasing Re ranging
(from 500 to 2000) at heat rate per unit area ranging from
45 and 130 W cm™.

Shkarah et al. [46] investigated various shapes of rectan-
gular microchannels with widths of 44—56 um, heights of
287-320 um, and lengths of 10 mm. Aluminum, silicon, and
graphene were used as materials. A fully developed laminar
water flow was used at different volumetric flow rates and
heat flux values. The results showed that using graphene in
the microchannel reduced thermal resistance. The numerical
method treated the thermophysical properties of the mate-
rials as non-temperature-dependent, which impacted the
results compared to the experimental setup, and the findings
have yet to be verified experimentally.

The hydrothermal performance of microchannels was
examined numerically by Feng et al. [47]. The authors used
a wire coil placed at different locations of the microchannels
to examine this effect on heat transfer performance as shown
in Fig. 3. In the experiment work, distilled water was used
as a cooling liquid. The study's findings demonstrated that
the longitudinal vortex created by the wire coils effectively
improved the MCHS's heat transfer capability, but at the
same time, resistance of flow increased. At a heat flux of
400 kW m~2, the MCHS with a long wire coil positioned
at the center line of the microchannel exhibits the best heat
transfer performance with a performance factor of 1.4-1.8.
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Fig. 3 Different configurations
of rectangular microchannels

(a)rPr

An algorithm of multi-objectives was used by Yildizeli
and Cadirc [48] to optimize the conjugated heat trans-
fer in MCHS. The best trade-off results from maximiz-
ing the transfer of pumping power and convective heat,
which are mutually exclusive. Microchannel heat sinks
with different AR had been optimized for thermal perfor-
mance and power consumption for Reynolds numbers 13
to 360 using Fluent flow solver and MATLAB optimiza-
tion. The results revealed that increasing the AR reduced
pressure loss and improved thermal performance up to a
certain point. Fluid flow type is one method of passive
technique that enhances heat transfer and takes attention
from researchers. The effect of fluid flow type (parallel
and counterflow) in double-layer rectangular MCH has
been investigated by Xie et al. [49]. The findings of this
work are that the counterflow gives better performance
at large flow rates and uniform temperature rise. On the
other hand, superior performance is achieved with parallel
flow at slightly higher values of flow rates. Conventional
DLMCHS design enhances the uniformity of temperature.
Findings showed that the temperature of the cooling liquid
is high temperature compared to the cooling at the bot-
tom at the inlet region of the bottom channels, resulting
in inevitable heating. Leng et al. [50] optimized a unique
DLMCH with truncated top channels. The optimization
process involved maintaining a constant volumetric flow
rate of coolant and a fixed pumping power while experi-
menting with various design configurations. Employing an
alternation structure with the staggered flow with MCHS
enhances its overall thermal performance by facilitating
the flow switching between the two channels. Shen et al.
[51] provided a new structure for parallel and counterflows
that include various staggered flow patterns. This structure
has led to better temperature uniformity in a DLMCHS.
Table 1 shows summary of previous studies related to
straight microchannel heat sink.

Corrugated microchannel heat sink

Undoubtedly, one of the key applications in the area of pas-
sive heat transfer augmentation techniques is corrugated

[47] ’i”’

(b) Lwce

(c)Lwces (d)swcce (e) swcs

channels. This method significantly improves the flow mix-
ing between cooler fluid layers in the core region and hotter
fluid layers near the channel wall. Dean vortices (DVs) and
chaotic advection (CA) are thought to be the mechanisms
responsible for the induction of high-flow mixing. It is typi-
cal to fully comprehend these mechanisms. Wavy and zigzag
are the main shapes of corrugated microchannels; hence, in
this part, an exhaustive review will be presented by focus-
ing on the hydrothermal performance of different shapes of
the corrugated microchannel and the main parameters that
affect performance.

Configurations of Wavy MCHS (WMCHS)

The effectiveness of wavy microchannels in reducing tem-
perature fluctuations in electronic devices was studied
numerically by Ghorbani et al. [52]. The proposed wavy
MCHS is schematically shown in Fig. 4. Five wavy patterns
were taken into consideration, with an amplitude (A) range
(62.5 to 250 um) and wavelength (L) range (1250-5000) pum.
The flow regime was laminar, and the heat flux varied at five
values: 80, 120, 160, 180, and 240 W c¢cm~2. The outcomes
showed that in geometries with larger (A/L) ratios, trans-
verse flow amplification improved heat transfer. A wavy case
with a 2500 pm as wavelength and 250 um amplitude was
the ideal geometry. Chips can operate at higher heat fluxes
because of the improved heat transfer provided by the use
of wavy patterns in heat sinks. The findings from this study
are displayed in Fig. 5.

Sui et al. [53] presented a numerical study of heat
transfer in 3-D wavy MCHS with rectangular cross sec-
tions under study conditions such as constant wall heat
flu, constant wall temperature, and conjugate conditions
with water laminar flow. In this research it can be noted,
the Navier—Stokes equations were solved using FVM based
on CFD. The dynamical system technology was used to
analyze fluid mixing. According to the simulation results,
chaotic advection, which occurs when liquid flows through
wavy MCHS, can significantly improve the process of fluid
mixing and heat distribution performance while incurring a
significantly lower pressure drop penalty than straight-type

@ Springer
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Fig.4 Schematic of wavy chan-
nel and the desired boundary
conditions Ghorbani et al. [52]
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Fig.5 Comparison for a “the average Nusselt number” and b “friction factor versus the Reynolds number.” Ghorbani et al. [52]

microchannels. Following this study, heat transfer and flow
friction were presented.

Sui et al. [54] performed experimentally. The authors
study heat transfer in three types of wavy microchannels
with rectangular cross sections. The test section has a width
and depth of 205 um and 404 pm, respectively. Different
values of wavelength magnitudes (0, 138, and 259 um)
were studied. The number of channels in test section 60—62
wavy (sinusoidal) microchannels distributed in parallel.
Reynolds' numbers range from 300 to 800. The research-
ers made a comparison between the performance in heat
transfer between wavy microchannels' and straight micro-
channels. The results showed that wavy microchannels were
more effective than straight microchannels in hydrothermal.
Other types of 3D WMCHS heat sinks are raccoon and ser-
pentine wavy MCHS, with rectangular cross sections and
Dh of 500 um studied by Kota et al. [55]. At three different

Reynolds numbers (50, 100, and 150), the impact of wave-
length, inverse aspect ratio, and amplitude on heat augmen-
tation performance was examined. The heat transfer by the
thickness of the thermal boundary layer and in both wavy
microchannels was found to be improved by increasing
the Reynolds number, wave amplitude, and decreasing the
wavelength. Xie et al. [56] proposed a transversely wavy
microchannel with a rectangular cross section. The effect of
this design on thermal performance has been investigated
numerically. The findings demonstrated that compared to
a straight microchannel, a transversally wavy microchan-
nel has a significant potential to reduce pressure loss, par-
ticularly for higher wave amplitudes at the same Reynolds
number. The results showed that the transversal wavy micro-
channel outperformed the conventional straight, rectangular
microchannel in terms of total thermal performance. Fig-
ure 6 shows a schematic of transversal wavy microchannels.

@ Springer
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Fig.6 a Transversal wavy microchannels, b single transversal wavy microchannel. Xie et al. [56]

A developed flow with heat transfer in rectangular cross
section with periodic converging—diverging channels was
investigated by Yong et al. [57]. This study presented three
types of study (experimental theoretical and CFD simula-
tions). The conditions of this study are liquid water as a
cooling liquid and constant wall temperature conditions.
This research demonstrates that the fluid behavior and
formulation of recirculating vortices are controlled by the
channel aspect ratio (AR), with an AR between 0.5 and 1.0
ideal. Furthermore, it looks into how converging—diverging

channels with sinusoidal profiles and continuous curvature
can outperform straight microchannels by as much as 60%
in thermal-hydraulic efficiency.

Gong et al. [58] compared the three proposed designs of
dimpled and undimpled wavy microchannels and a straight
microchannel to conclude on their relative merits. Hydro-
thermal properties in WMCHS with dimples at the base of
each microchannel were studied numerically. The findings
showed that the hyper method of passive technique (wavy
with dimpled) achieved high heat transfer enhancement

Fig. 7 Contours of tempera- (a)
ture distribution a RMCHS,
b WMCHS and ¢ WMSC on

Temperature: 302304306308310312314316318320322324326328330332334336338340342

x—z plane at y=0.25 mm with
Re =600 [59]

(b)

Temperature:

302 303 304 305 306 307 308 309310311 312313314 315316317318 319 320

Temperature:

/\//\‘\

302 303 304 305 306 307 308 309 310311 312313314 315316 317 318
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compared to straight without dimples and straight with
dimples.

Ghani [59] used the combined techniques (secondary
flow and channel curvature) depicted in Fig. 7 to improve
heat transfer in MCHS. This study investigated the effects
of three structural parameters, with amplitudes ranging
from 0.05 to 0.2 mm, secondary channel widths from 0.1
to 0.2 mm, and angles of inclination from 45° to 90°. The
results were compared to those of WMCHS lacking sec-
ondary channels and straight MCHS has same conjugated
area. The findings revealed that 0.1 mm amplitude, 0.2
mm secondary width, and a 45° angle of inclination were
ideal structural parameters, and thermal performance rose
by about 108%.

Kumar et al. [60] investigated thermal and hydraulic per-
formances of MCHS numerically and experimentally with
air as a cooling medium. Straight, wavy, and wavy with sec-
ondary MCHS are the heat sinks investigated in this work.
The main assumptions taken into consideration through
the numerical study are 3-D, conduction, and convection
as modes of heat transfer, and the flow is a laminar model.
With respect to various airflow rates, the Reynolds number
ranges from 300 to 1900. The experimental method was used
to validate the numerical method. According to the study's
findings, the wavy with secondary MCHS performed better
in terms of thermal-hydraulic performance than the straight
and wavy.

Figure 8 illustrates a model developed by Memon [61]
that included parallel and trapezoidal secondary flow chan-
nels. In one design, the secondary flow passages were par-
allel, while in the other, they were regular trapezoidal. The
“I-type, C-type, and Z-type” inlet—outlet configurations were
used to test these designs. The results were calculated in
terms of the temperature on the base plate of the heat sink
as well as the velocity and pressure profiles within the flow
domain. The results of the study demonstrated that com-
pared to the “C-type and Z-type” configurations, the “I-type”
inlet—outlet configuration achieves better flow velocity

uniformity. Due to the high fluid distribution that can be
achieved in “I-type,” this can be considered as the perfect
model compared to other types.

Khan et al. [62] Numerically studied the cooling perfor-
mance of the straight, wavy, and dual-wavy microchannels.
Al,05 nanofluids with different volume fraction of 1%, 3%,
and 6% was as cooling liquid. The fluid is assumed to be
an incompressible fluid, laminar flow. Effect of a second-
ary flow and thermal performance of WMCHS studied by
Memon et al. [63]. This study studied many parameters
at different flow rates, such as pressure drop, flow profile,
temperature profiles, and Nusselt number. The results have
been examined along with related trends and those for the
standard design.

An asymmetric wavy, double-layer microchannel with
porous fins was a design studied by Wang et al. [64]. The
hydrodynamic and thermal characteristics of a three-dimen-
sional fluid—solid conjugate model were computationally
analyzed in order to make a comparison between two con-
figurations which are “wavy and porous fin” designs. The
results demonstrate that WMCHS can dramatically improve
HTP and decrease drop of pressure when using the porous
fin design. While the symmetrical layout results in a greater
reduction in pressure drop, the parallel configurations pro-
duce a greater increase in thermal performance. As a result,
the pressure drop penalty for two wavy designs using the
porous design is roughly the same. Table 2 shows a summary
of previous studies related to WMCHS.

Zigzag MCHS

Previous studies on the zigzag microchannels are summa-
rized in this section due to their importance in many indus-
trial applications, such as cooling electronic systems. The
existence of bends along the channel can increase the inten-
sity of the turbulence of the fluid and enhance the mixing
of the wall fluid and the main channel to strengthen heat
transfer [65-69].

Header regions .
9 Microchannels

. Outlet

Heat flux

(a)

Secondary
. Flow passages
Silicon
Substrate -

Water ~

™ Flow
Direction

Fig.8 a Sectional view of the MCHS; b heat sink with trapezoidal secondary flow (heat sink A); ¢ heat sink with parallel secondary flow [61]
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Table2 Summary of previous studies related to wavy MCHS

Researchers Type of study Purpose

Remarks/outcomes

Sui et al. [53] Numerically

Sui et al. [54] Experimental

To show the effect of amplitude and wave-
length on heat transfer and pressure drop

to investigate the impact of wavelength on
friction and heat transfer and compare the

The chaotic advection resulting in a wavy
effect, can greatly improve the cooling per-
formance with a much lower pressure drop

Wavy microchannels preferred over straight
microchannels

findings with conventional MCHS

Kota et al. [55] Numerical

Yong [57]

performance

Gong et al. [58] Numerically

To study the laminar and forced heat for
two types of 3D WMCHS

Numerically and Experimentally To show the effect of aspect ratio on the

To examine the characteristic of fluid flow,
heat transfer of the different types of wavy

The decreasing of amplitude leads improved
heat transfer

The optimal channel AR ranges from 0.5 to
1.0. and the converging—divergent wavy
was better in cooling and drop of pressure
compared to straight MCHS

Increasing of fluid velocity increase in the
local Nusselt number

microchannels with dimples

Kumar et al. [60] Numerically and experimentally
Khan et al.[62]

Numerically

Wang et al. [64] Numerically

To study the thermal and hydraulic perfor-
mances of MCHS

Make a comparison between three models
(wavy, double wavy, and straight MCHS)

Results show the branched wavy MCHS out-
performed the straight and wavy in terms
of thermal-hydraulic performance

It is observed that wavy and dual-wavy chan-
nels have high hydrothermal performance
compared to straight MCHS

Compare the designs of solid and porous fin MCHS with a porous fin greatly improve
wavy configurations

heat transfer performance. Wavy MCHS
decrease pressure drop

Mohammed et al. [70] investigated the HTP of MCHS in
three different microchannel shapes, namely zigzag, curvy,
and step MCHS. The cooling liquid was water in a lami-
nar flow. The outcomes showed that while the temperature
was smaller in the ZMCHS, the coefficient of heat transfer
was greater. Results also showed that ZMCHS, followed by
step and curvy MCHS, could be used to produce high pres-
sure drops. Zheng et al. [71] investigated the hydrothermal
characteristics of ZMCHS with cross sections as semicircle
under steady-state laminar conditions. Re number ranges
from 50 to 320, while the Prandtl number ranges from 0.7
to 20. According to the findings, a lower value for the half-
unit length-to-diameter ratio (L/D) results in greater fluctua-
tion in the thermal enhancement factor while simultaneously
lowering the drop of pressure. The results also show that
the rate that which heat is transferred and drop of pressure
rise when the ratio of the radius of curvature to the diameter
(Rc/D) is reduced.

Ma et al. [11] introduced a novel offset zigzag microchan-
nel heat sink with 30 parallel channels and basic structural
dimensions of 0.1 mm in width, 0.3 mm in depth, 5 mm in
length, and 0.2 mm in pitch. The surface's maximum tem-
perature decreases by 5.65 K, and the power of pumping is
reduced by 1.4%. At a power of pumping equal to 0.167 W,
R, was also lowered by 17.4%. Because the porosity of the
zigzag microchannel reduces the average fluid velocity, it

@ Springer

was designed to improve heat transfer and lower flow resist-
ance. [72].

Duangthongsuk [73] compares the thermal behavior of
nanofluid flows in crosscutting zigzag heat sinks (CZHS)
and crosscutting single zigzag flow channels “CCZHS.”
Si0,—H,0 nanofluid with 0.3, 0.6, and 0.8 vol% is used as
a cooling liquid. “CZHS and CCZHS” are both made of
copper. According to the experimental results, the thermal
performance of the nanofluid as a cooling liquid with a heat
sink was 3—-15% better than that of the water-cooled heat
sink. Findings showed that the heat transfer performances of
the CCZHS were superior to CZHS by a margin of between
2 and 6% on average.

To increase heat transfer performance Tang et al. [74]
constructed a unique heat sink that comprises a zigzag
microchannel and a serpentine channel. Also, it incorpo-
rated a manifold channel as the input channel to improve
flow uniformity. Alnaqi et al. [75] Studied hydrothermal
performance in (MCHS) with a zigzag shape under con-
stant heat flux. The MCHS is cooled using hybrid nano-
fluids (HNFs) nanofluid compounds from “MWCNT/
Si0,/EG-H,0.” Ongoing research investigates the effect
of Hybrid nanofluids’ velocity (1-2 m s~!), HNF volume
fraction (0-0.5 vol%), and zigzag height (0 to 10 mm) on
hydrothermal performance. As a result of the increases
in velocity, the results showed that a greater amount of
heat was removed from the microchannel. In addition,
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Fig.9 Incidence angle of the ZSMHS. Peng et al. [76]

expanding the length of the channel's zigzag pattern helps
improve heat transfer from the surface of the MHS, which
is associated with an increase in the pressure of the fluid
moving through the channel. Peng et al. [76] Conducted
experiments on a new model with a zigzag serpentine
microchannel heat sink (ZSMHS) shown in Fig. 9. The
performance of the structure's heat transfer is examined
using a zigzag microchannel with four different angles
(300, 450, 600, and 900). Investigations were conducted
on a number of variables, including pumping power, fric-
tion factor, pressure drop, heat transfer coefficient, thermal
resistance, and temperature uniformity. The results showed
that an angle of 300 could produce the lowest pressure
drops, friction coefficients, and thermal resistance of the
ZSMHS (Table 3).

Flow disruptions

It was one method of passive technique for heat transfer
augmentation in MCHS by using MCHS with ribs, pin fin,
dimples, obstacles, and curvature. The heat transfer enhance-
ment can be achieved by interrupting of thermal boundary
layer and creating vortices [77]. In the present topic, some of
the studies related to flow were disruption studied.

Ribs in MCHS

Unfortunately, high-flow disturbances and the locking flow
effect can significantly increase of drop in pressure when
ribs are used [78, 79]. As a result, optimizing the geometric
characteristics of the ribs is typically required to enhance the
cooling of equipment while lowering AP. Utilizing MCHS
with ribs, grooves, or cavities to interrupt thermal boundary
layers and reduce pressure drop is another frequently used
method to improve heat transfer [80, 81]. Greater mixing
between the hot water that is closest to the walls and the
central flow of cold water is made possible by the jet and the
throttling structure [27].

A combination of ribs and grooves or cavities effectively
improves heat transfer while minimizing pressure drop and

s NN SSIIEEIIIENOISINININSS

. :\<\'\;\<<\\i<\\\'§\\ii\\§é§\“" '
Microchannel Y 27777/7 7 2L

taking advantage of the lower pressure drop of grooves or
cavities [32].

Ahmad et al. [82] numerically investigated the effect of
rib surface refinements on the hydrothermal performance of
MCHS. The pressure drop was reduced by as much as 85%
and the Nusselt number was reduced by as much as 25% due
to the ribs' surface refinement, leading to a thermal enhance-
ment factor of 80%. The effectiveness of both the length and
width of the ribs on the hydrothermal performance at dif-
ferent Reynolds numbers was examined by Paramanandam
[83]. The main assumption in that study was water used as a
cooling liquid with laminar flow and three-dimensional. The
effectiveness of MCHS with ribs was measured by perfor-
mance factor. Results indicate that the effect of rib width is
higher in enhancing the heat transfer when compared with
its length but with a penalty on the dropping in pressure.

Zhang et al. [84] investigated the thermal performance
of MCHS with new trefoil-shaped ribs. This study looked
at three trefoil-shaped rib configurations: MC-AWTR, MC-
SWTR, and MC-BWTR. At Re =100-1000, the HTP, Rt,
and entropy generation are used to measure the performance
of MCHS. The results indicate that adding trefoil ribs to the
walls of a smooth microchannel makes it better at handling
heat, but it makes it worse at handling pressure. As the Reyn-
olds number gets higher, it also affects the Nu and the h'. The
efficient MCHS can be impacted by varying cross sections,
and as a result, ribbed microchannel architectures have been
developed. The ribs will disrupt the flow boundary layer
and the thermal boundary layer, improving heat transmis-
sion. Figure 10a—c show different configurations of ribs and
cavities. The most recent research on the effects of ribs and
cavities on MCHS is compiled in Table 4.

Pin fin MCHS

Later the design of the heat sink was a plate fin heat sink
(PFHS), and the air was used as a cooling liquid. This design
was considered one of the most traditional designs because
of its ease of fabrication. Much research into PFHSs has
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Table 3 Summary of previous studies related to zigzag microchannel heat sink
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Remarks/outcomes

Purpose

Type of study

Researchers

ZMCHS is found to be the best for temperature and heat transfer coef-

To stat the effect of geometry on the thermal performance zigzag, wavy,

Mohammed et al. [70] Numerically

ficient. Additionally, the results showed that a high pressure drop in

ZMCHS followed by wavy, curvy, and step microchannels

and step MCHS have studied

Decreasing the values of Lz/d and Rc/d causes more fluctuation in the heat

To Study the effect of Aspect ratio on hydrothermal performance

Numerically

Zheng et al. [71]

transfer enhancement factor, implying an increase in pressure drop

The results indicate with decreasing the porosity the convection heat coef-

To show effecting of porosity on the heat transfer coefficient

Numerically

Ma et al. [70]

ficient increases

Experimentally To compare the thermal performance of two different types (MCHS) with The findings showed that enhancing in thermal properties of the CCZHS

Duangthongsuk [73]

more than those of the CZHS by 2-6%
The MHS's ability to dissipate heat is increased as the velocity rises. On the

different zigzag flow channel structures

The purpose of this research is to examine the heat transfer and pressure

Numerical

Alnagqi et al. [75]

other hand, improving the length of the channel's zigzag helps with heat

augmentation from the MHS's surface

drop in a microheat sink (MCHS) with zigzag microchannels under

constant heat flux

gone into optimizing the fins' height, thickness, and separa-
tion, with the results being heated transfer predictions. Siu-
ho et al. [88] studied a heat exchanger with staggered square
pin fins to show that the heat transfer coefficient is highest
close to the inlet and decreases along the flow direction.
Liu et al. [89] carried out a test on a microsquare pin fin
heat sink with pins in different places. It has been seen that
as Reynold's number goes up, both pressure and average
Nusselt go down. Three models of pin fins heat sink were
studied numerically by Sajedi et al. [90] shown in Fig. 11.
The models were circular pin fin heat sink (PFHS), circu-
lar pin fin with splitter, square pin fins, and square pin fin
with splitter. According to the results, a circular pin fin heat
sink with a splitter reduces pressure drop by 13.4%, thermal
resistance by 36.8%, and profit factor by 20%. The same
results are observed for square pins, with an 8.5% reduction
in pressure drop, a 23.8% reduction in thermal resistance,
and a 14% increase in profit factor.

Yadav et al. [91] Three ways were used to put some cyl-
inder-shaped microfins in a rectangular microchannel. The
upstream finned microchannel worked best at a low Reyn-
olds number (Re). At a high Re, the whole microchannel
with fins worked best. The venting holes in the microchan-
nel heat sink described by Yu et al. [92] make separating
and removing fluids from the Piranha pin fins easier. Also,
the Piranha pin fins disrupt the flow field. This causes the
air to distribute, which makes the heat transfer better. Yang
et al. [93] examined the heat transfer enhancement with
five different configurations of microchannel heat sinks,
including pin fin. The cross-sectional geometries of the pin
fin have been chosen as circle, triangle, square, pentagon,
and hexagon. The overall dimensions of all MCHS were
designed to be the same, and a constant heat rate per unit
area was applied at the bottom surface of the microchannel
heat sink. Similar trends were observed in both the results
and the simulations. To maximize the cooling efficiency of
single-phase array microchannel heat sinks, the shape of
the pin fin was critical in balancing pressure drop and heat
transfer rate. The effect of geometry and the working fluid
in laminar flow on heat transfer and flow characteristics was
examined by Al-Asadi et al. [94]. The first is a heat sink
with holes and pins (PPHS). The second is a new design
for a uniform microchannel with vortex generators (VGs)
of various shapes spaced out along the channel base. The
constant volume flow rate of fluid is used to compare the
triangle, circle, and rectangle VG shapes. The results show
that using water to move heat in PPFHS does not make a
big difference. It is also found that of the shapes suggested,
circular VGs perform best when it comes to heat.

An experimental study for improving the hydrothermal
efficiency of the inclusive MCHS was proposed by Wang
et al. [95]. The researchers conducted a new design con-
sisting from PF and VG. The finding showed that fins as a
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Fig. 10 Different shapes of ribs and cavities: a shape of ribs [85]; b shape of truncated ribs [86]; ¢ structure of cavities and ribs [87]

Table 4 Selected studies related to the microchannel heat sink with ribs

Researchers Type of study Purpose

Remarks/Outcomes

Ahmad et al. [82] Numerical

mance

Paramananda [83]

Zhang et al.[84]

ribs

To show the effect of ribs on hydrothermal perfor-

To study the effect of rib dimensions on HTP

The purpose of this study is to analyze the HTP
behavior of MCHS featuring novel trefoil-shaped

In all cases, the surface refinement of the ribs has led
to a maximum reduction of 85% in pressure drop, a
maximum reduction of 25% in the Nusselt number,
and a maximum thermal enhancement factor of
80%

Results indicate that the effect of rib width is higher
in enhancing the heat transfer when compared with
its length but with a penalty on the dropping of
pressure

The Nusselt number and average heat transfer coef-

ficient tend to increase as the Reynolds number
increases

pin and vortex generators on MCHS make it easier for the
water flow to be disturbed and for efficient heat transfer. This
structure is shown in Fig. 12. The results show that oval pin
fins perform better than round and diamond pin fins when
it comes to thermal and hydraulic performance. When con-
sidering Reynolds numbers between 340 and 640, the oval
pin fin achieves the best overall performance factor with (0.4
mm) as spacing and (0.1 mm) as height, as shown in the Fig.
13. The vortices will increase the mixing operation of hot
fluid cold fluid.

The local coefficient of heat transfer coefficient around
a single pin fin in a microchannel was predicted by Wang
et al. [96], to maximize the wake's trailing edge downstream
of the pin fin. Comparing the heat transfer rates of open
and closed heat sinks, Prajapati [97] found that heat sinks
with a fin height of 75% to 80% were more efficient than
those with a full height of fins. The author has also listed
the other benefits of the open microchannel heat sink. The
open-type microchannels were investigated experimentally
by Kadam et al. [98]. This research focused on improving
the heat transfer efficiency of a microchannel heat sink with
single-phase flow. A plain MCHS and an extended MCHS
configuration of the open type were built. The work studied

at mass flow rate per unit area range (157-754 kg m~2 s
and an effective heat per unit area range (6.1-246 kW m™>).
The maximum decrease in wall temperature was measured
equal to 3.7 °C. According to the study's findings, fins in the
plain open MCHS accelerate heat transfer performance by
15%. Bhandari and Prajapati [99], examined open micro-
channel configurations with a gap between the fin's top sur-
face and the heat sink's top wall. Seven different heat sinks
in the 0.5-2.0 mm range with a 0.25 mm increment were
compared in this study. According to the prediction results,
raising the heat sink's fin height will speed up heat transfer.
Figure 14 show all models are analyzed.

Bhandari and Prajapati [99] validated the average Nu with
varying Reynolds numbers for the different values of heat
fluxes, where this validation showed that the value of Nu
was approximately 10—12% with the prediction relations of
Shah and London [100]. Figure 15b proved that the pressure
drop predicted by the Bhandari and Prajapati [99] model is
in close agreement with the experimental findings of Qu and
Mudawar [101].

Pandey [102] presented the results of an experimental
investigation into the efficiency of copper pin—fin heat sinks,
and parallel microchannel heat sinks using DI water as a
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() (d)

Fig. 11 Configurations of pin fin heat sink a circular pin fin b circular PFHS with a splitter ¢ rectangular PFHS d rectangular PFHS with a split-
ter. Sajedi et al. [90]

Heat flux

Outlet

Fig. 12 The schematic diagram of pin fins and vortex generators in the microchannel heat sink Wang et al. [95]

@ Springer



Hydrothermal performance through multiple shapes of microchannels (MCHS) using nanofluids:... 13743

Fig. 13 Variations coefficient of 0.25 T — 13 - —
friction and Nu with Re for vari- rt 34 %l RI o: F.)mf. " Withaut pin fin
— —— > . .
ous cases. Wang et al. [95] T .oun pin .m ) Round pin fin
N —— Diamond pin fin 11 | —*— Diamond pin fin
0.20 + _—— Oval pin fin ~——¥ Oval pin fin
N— 2 9 V
0.15 f~.__
7 -
- T
I
0.10 L . 5 ' )
340 440 540 640 340 440 540 640

Re

(@) Friction coefficient

circular c triangular d pentago-
nal e hexagonal f diamond g (a)
piranha h chevron i rectangular

Fig. 14 Sketch of various con-
figurations of pin fin a square b
(b) (c)

Re
(b) Nusselt number

o O O
(d) (e) U]

(9) (h)

j cone k hydrofoil I elliptical m C’\“\\\ —
oblong n S-shaped o trapezoidal - I

(Bhandari and Prajapati 2021)

[99] (M) @ (k) M
amy :\\\
C .
(m) (n) (0)
Fig. 15 a Comparison of aver- 22 pprr— 0.30
age Nu for a plane channel with —¥— g-125KWm? | —&— Proposed model i
the correlations given by Yu 20 F—#— 4-100kwm2 0.25 ® Experimental dat [63] $
et al. [92] and Shah and London _: q=75kWm = [
T — A — vuetal[3g] ] [ f
[100] b Pressure drop validation 18 I Shah and london [62] L 020t
with Qu and Mudawar [101]. 5‘ { ©
° 1 ¢
s 16} o 0.15} .
5 f ¢
A [
14} @ 0.10; P |
o : 4
12}F 0.05} s
[
10 | || 1 | 1 1 | 0.00 L
200 300 400 500 600 700 800 0 200 400 600 800
Re Re
(a) (b)
coolant at varying flow rates. Substrate temperature, pres- Dimples with MCHS

sure drop, pumping power, and thermal resistance are among
the thermal and hydraulic features examined. The results
showed that as pumping power increased, thermal resist-
ance decreased for both heat sinks, albeit at different rates
and amounts. Furthermore, increasing the Reynolds number
decreased thermal resistance and increased pressure drop
for both designs. In the same heat flux conditions, a paral-
lel microchannel heat sink showed lower thermal resistance
pumping power than a pin fin heat sink (Tables 5, 6).

Dimples have been shown in studies [103—105] to increase
thermal transmission by disturbing the boundary layer.
Microchannel heat sinks using nanofluid [106]. The effi-
ciency of dimples in improving cooling performance was
analyzed by Xu et al. [107]. Hydrothermal efficiency is com-
puted numerically for a laminar flow with a Re equal to 500.
Due to the dimple effect, the author has found that transverse
convection improves convection heat transfer under laminar
flow without significantly increasing pressure drop. Because
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the difference in flow behavior and pressure drop between
a standard microchannel and one with dimples is small, the
pressure drop is disregarded as negligible when discussing
the impact of dimples on heat transfer. Li et al. [108] dem-
onstrated that the depth of dimple and protrusion signifi-
cantly impacted thermal performance, with the relative Nus-
selt number Nu/Nuo increasing with flow rate and depth of
dimple/protrusion. Huang et al. [109] conducted a numeri-
cal study to determine how dimples affect the heat transfer
performance of a microchannel heat sink with impinging
jets. The authors utilize numerical simulation and the field
synergy principle to examine the performance of MIJs with
and without dimples of varying dimple structures, includ-
ing convex, concave, and mixed dimples. Results indicate
that IMJS with convex dimples exhibited the best cooling
performance, followed by those without mixed and concave
dimples. Gan et al. [110] suggested a new model with side
outlets for microchannel heat sinks with impinging jets and
dimples (MHSIID). The performance of the MHSIJD with
side outlets was studied using a simulation method based
on CFD with an RNG k—e turbulence model. The analysis
indicates that the MHSIJD with side outlets works better at
transferring heat. Up to 17.51% more heat transfer capac-
ity is possible. The MHSIJD with side outlets has a lower
pressure drop, which can be reduced by nearly 22.39%. The
MHSIID with side outlets also performs better because it
cools better and uses less pump power.

The effects of dimples, dimple positions, and dimple sizes
on experimental heat transfer and flow friction were stud-
ied by Gupta et al. [111]. More heat is dissipated when the
dimple diameter is larger. A larger dimpled heat sink with a
staggered dimple pattern results in a higher Nu and a higher
friction factor. Okab et al. [112] investigated numerically a
new design to improve heat transfer. The new design features
two dimple sizes (0.5 mm and 1 mm) that are systematically
clustered along channels with and without filets at Re num-
bers ranging from 200 to 1200. Furthermore, the filet profile
influences MCHS thermal performance without increasing
the pressure drop penalty. The results showed that the con-
struction of dimples with filet profiles significantly enhanced
HTP. The Nusselt number of microchannel heat sinks with
a 1 mm dimple size, and filet profile is 60% higher than a
plain microchannel. A numerical study was conducted by
Debbarma et al. [113]. The incorporation of dimples and
protrusions improved the double-layer sink's overall perfor-
mance. Utilizing double layers in the heat sink allows us
to get around the problem of the extreme temperature dif-
ference. Research into deionized water as a coolant is con-
ducted for the Re ranging from 89 to 924. The results show
that dimples or protrusions, regardless of their number or
positional pattern, always contribute to an increase in Nus-
selt number, indicating a higher heat release rate.

Nanofluid synthesis and characterization

Nanofluids can be defined as colloidal suspensions from nano-
particles in a base fluid (water, Ethylene glycol, oil, etc.). Ther-
mophysical properties of conventional fluid improve dramati-
cally when the incorporation of nanoparticles is done. These
properties are represented by density, specific heat, thermal
conductivity, and dynamic viscosity. The amount of nanopar-
ticles suspended in the base fluid determines the degree of heat
transfer enhancement. Metal oxides (Al,O;, CuO, TiO,, ZnO,
MgO, SiC, etc.) are preferred as high thermal conductivity
nanoparticles. Base fluids that are commonly used are water
(H,0), ethylene glycol (EG), and engine oil (EO) [114]. Vari-
ous engineering applications utilized nanofluids due to their
tremendous potential in improving heat transfer enhancement.
From these applications photovoltaic (PV) panels [115]. One
promising avenue for their utilization is in microchannels,
where the small dimensions present unique challenges and
opportunities for enhancing heat dissipation and fluid flow.
Research in this area aims to leverage the unique properties of
nanofluids to optimize thermal management in microchannel
systems, leading to advancements in fields such as electronics
cooling, energy systems, and biomedical devices.

Nanofluid preparation

Nanofluids produced by dispersing nanoparticles in the base
fluid require good dispersion, which can be improved by using
surfactants, surface modification, and strong force. There are
two basic methods for preparing nanofluids: one-step physical
and two-step physical. Firstly, the percentage of volumetric
concentration and the mass of nanofluid must be specific then
the mass of nanoparticles determine. The percentage of vol-
ume concentration is calculated by Eq. (1). [114]

Wy

Prp
— | % 100 1
Ty Ve )
Ppp Pbs

Volume concentration, ¢ =

where W, denotes the mass of the nanoparticles, Wy, is the
mass of the base fluid, p,, is the density of the particle, and
prr 1s the density of the base fluid.

One-step method

This method avoids some procedures, including drying, stor-
ing, moving, and dispersing nanoparticles. Physical vapor
deposition (PVD) is used to create stable nanofluid. (PVD)
technique in which the base fluid is used to carry out direct
evaporation and condensation of nanoparticles. Pure and con-
sistent nanoparticles are created using this technique. As a
result, nanoparticle accumulation is decreased.
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Two-step method

In the two-step method, the nanoparticles are produced using
various techniques, and they are then mixed with the base
liquid to create the desired nanofluid. This manufacturing
procedure costs little and enormous. The two-step method's
main flaw is the clumping together of nanoparticles. The use
of surfactant is due to instability.

Analyzing the stability of nanofluids

Nanofluid stability is the resistance of nanoparticles against
aggregation or sedimentation [116]. There are different
methods to examine the stability of nanofluids, such as

e Sedimentation, in this technique the mass or volume of
the sediment under external forces must be measured
[117]. Sahooli et al. [118] investigated the stability of
CuO nanofluid.

e UV-spectrum in this technique the absorbance of light
by the nanofluids at different wavelengths must be meas-
ured. [116]

e Zeta potential: measuring the electrical charge on the
surface of nanoparticles in the nanofluids [114]

¢ Dynamic light scattering: measuring the size distribution
of nanoparticles in the nanofluids [114]

Mathematical relations of properties of nanofluids
Density of nanofluid

The classical mixture law is the formula most frequently
used to calculate density. The density of a nanofluid can be
described using the classical mixture law as,

Pt = Pop® + (1 — P)pys )

Specific heat of nanofluid

Equation (3) is an expression for the specific heat of nano-
fluids based on the volume concentration and density of
individual element equation [119].

Cop =Cp o+ (1 -P)Cy 3)

Zhou et al. [120] showed that Eq. (3) was used for small
volume concentration. Assuming thermal equilibrium, Xuan
and Roetzel [121] proposed Eq. (4)

_ ¢pnPCPnp + (1 - ¢)pbfcphf

P
ot Pt

“

Thermal conductivity of nanofluid

Thermal conductivity is the principal property effect on heat
transfer enhancement in all thermal engineering systems, so
this property can be enhanced by using nanofluid (nanopar-
ticle + suitable fluid). So, choosing appropriate nanoparticle
is important. Table 7 demonstrates the thermal conductivity
of different nanoparticles.

The following table shows the models used by research-
ers (Table 8):

Dynamic viscosity of nanofluid

Dynamic viscosity is an important property, the increas-
ing or decreasing of its value effect on the hydrothermal
performance of MCHS. When two adjacent layers of fluid
moves each to other resistance force will be generated
which is namely viscous force that dependent on dynamic
viscosity. Theoretically dynamic viscosity considered as
a ratio of shear stress to the shear strain rate. Experimen-
tally, dynamic viscosity can be evaluated by using viscom-
eter. So, for its important more than authors take attentions
by it and predicted models to calculate the dynamic vis-
cosity. Table 9 show previous literature studies related to
calculate the dynamics viscosity.

Using of mono-Nanofluid in MCHS

Hung and Yan [143] studied the effect of using microchannel
as a double layer with Al,O5 as a nanofluid that increased
thermal performance by 26%. The results show that using an
Al,O;—water nanofluid will result in the greatest improve-
ment in channel cooling, where Al,O; (1%)—water nanofluid
shows an average improvement in thermal performance of
26% over that of pure water for a given pumping power.
Ahmed et al. [144] numerically investigated the effects of
nanoparticle volume fraction on a two-dimensional wavy
channel. The Reynolds number and the volume fraction of
nanoparticles considered are, respectively, in the ranges of
100-800 and 0-5%. In this work, copper—water nanofluid
was used as the working fluid. According to the research,
nanoparticles' volume fraction, wavy wall amplitude, and Re
were the most important hydrothermal variables. Wang et al.
[145] used Al,O; as a coolant liquid in a straight MCHS
with a pin fin and vortex generator to increase flow distur-
bance and mixing flow. A 4% nanofluid with 20 pm Al,0O;
nanoparticles size provided the best heat transfer. Selimefen-
digil and Oztop [146] studied numerically effect of pulsating
and nanofluid for nanofluids, where pulsating fluid compared
to the steady case. The findings show the combined effect
of pulsation and inclusion of nanoparticles in the pulsat-
ing flow case at Re = 200 and ¢ = 1 vol % led to enhance
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Table 7 Thermal conductivity of different nanoparticles

Nanoparticles Thermal conductivity/W Ref.
m~! K~!

Diamond 3300 [124]
MWCNT 2000-3000 [125]
SiC 490 [126]
Ag 429 [127]
Cu 398 [128]
Au 315 [129]
Al 247 [124]
Si 148 [124]
MgO 54.9 [129]
AlO; 40.0 [130]
CuO 329 [124]
ZnO 29.0 [131]
TiO, 8.4 [131]

heat transfer by 3%. Furthermore, heat transfer enhanced by
18.8% at Re = 200 and ¢ = 6 vol%. Sakanova et al. [147]
used three nanofluids to cool straight and wavy microchan-
nels, including (Diamond-H,0, CuO-H,0, and SiO,-H,0).
The authors found that wavy channels enhance heat transfer
more than straight channels. Also, it is noted that the use of
(Diamond-water) as the nanofluid coolant in a wavy chan-
nel enhanced heat transfer; moreover, when compared with
straight channels, diamond—water nanofluid ranked the high-
est performance. Uysal et al. [148] studied the effect of uti-
lizing (ZnO—ethylene glycol (EG)) nanofluid through rectan-
gular microchannels on the heat characteristics numerically.

Table 8 Previous studies related to thermal conductivity

Akbari et al.[149] investigated the effect of varying the
height of the ribs in a straight microchannel on heat trans-
fer performance. Al,O; nanofluids with volume fractions
ranging from 0.00 to 0.04 are used as a coolant inside a
two-dimensional rectangular microchannel 2.5 mm long and
25 mm wide. The friction coefficient, rate of heat transfer,
and average Nusselt number increased as the rib heights and
nanoparticle volume fractions were increased. Modifying
the solid volume fraction and rib height also significantly
changes the temperature and dimensionless velocity along
the flow's centerline in the ribbed regions, according to the
simulation results. display previous literature studies on cal-
culating the dynamic viscosity.

Sivakumar et al. [150] performed an experimental study
to show the effect of nanofluids (Al,0;—H,0 and CuO-H,0)
on the forced convection heat transfer in a serpentine-
shaped microchannel heat sink with a hydraulic diameter
of 0.81 mm and volume fraction range (0-0.3%. The find-
ings showed that when compared to distilled water and
Al,0,-H,0, CuO H,0 nanofluid has a higher heat transfer
coefficient. Additionally, experimental results indicate that a
higher volume fraction of nanoequal to (0.3%) will improve
forced convective heat transfer.

Using the Eulerian and Lagrange methods, Nano-
fluids Al,0O; were used by Rostami and Abbassi [151]
to evaluate heat transfer in a wavy microchannel. It is
discovered that the wavy channel had a higher Nusselt
number. While there was no discernible change in pres-
sure drop, an increase in volume fraction resulted in a
higher Nusselt number. Compared to a straight channel,
heat augmentation, and drop of pressure were enhanced

References Thermal conductivity of nanofluid Conditions
Maxwell [130] Ky kot 2kt 200(k,—kyr) Applicable for spherical sized particles
ko ko +2kpe—p(ky—ker )
Hamilton—Crosser [131] ky kp+(n—1)kbf—(n—l)¢(kbf—kp) Shape factor taken in considerations
ki ket =Dkt (k=K )
n=2
v
n=empirical shape factor, dimensionless, y = sphericity, dimension-
less, y=1 for spherical
Pak and Cho [132] kot =147 47¢ Used for Al,O5 /Water nanofluid
kbl‘ ’
Li and Peterson [133] kot 1 +0.764481¢ + 0.01868867T — 0.46214175 Used at temperature-dependent (27 °C <T<36 °C) equation for
Ky ’ ’ ’ ALO4/H,0
Xuan et al. [134] ky Kp+2kbf—2(be—Kp)¢ Pp$C, KT Brownian motion taken in considerations
ke Ky +2Ky+ (K=K, )¢ bf 2k 3zrep

K =Boltzmann constant, rc = Apparent radius of clusters

Eovire
Xue [135] lﬂ _ 1—¢+2¢kp/(k,,f—kp)ln p;)l;h'
- ko4 kd
Kor 1=p+2¢pkie/ (o=, ) In P;;"f
Yang et al. [136] Ky kot 2keet200(k,—kyr)

Kot 2
= gy +15756Cug

Used for CNT-based nanofluid

Brownian convection in the nanofluid taken in consideration

where Cf=Heat capacity

of the fluid per unit volume, u,=Brownian velocity of the nanoparti-

cles, t=Relaxation time
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Table 9 Previous studies related to dynamic viscosity equations

References Dynamic viscosity of nanofluid Conditions
Einstein [137] Mt — +2, 50 Predicted dynamic viscosity for low volume concentration
Hif of nanofluid, where (¢ <0.02)
Brinkman [138] Mot _ 1 - Applicable up to volume concentration 4%
Hof 1-@)™
Abu-Nada [139] Used for Al,O; with (40%) water and (60%) EG with
e =—0.155 — 19.582 +0.794% + 2094.47 temperaluzre—}dependenlo '
nf . T . T2
~0.192¢? -8.112
T
863
- 27463. 2 +0.127¢°
1.6044¢5°
+ LOOMDT 5 17542
T T2
Batchelor [140] i — ] 4 2,50 + 65@2 Brownian motion has been taken in consideration
Hof
Pak et al. [132] i = 1439.11Q + 533.9¢2 Predicted dynamic viscosity for Al,Os/Water, TiO,/Water
Hot nanofluid at room temperature
Nguyen et al. [43] Bt — 21275 —0.0215T + 0.00027]'2) Used for temperature-dependent
Hof
Wang et al. [142] M =1 4+730 + 123¢2 Particle concentration taken in consideration

by 162.3 and 195.7%, respectively, when a wavy channel
was used. Increases in pressure drops were observed to
occur with the use of nanofluid. The AP by 2.4%, and the
Nu increased by 11.6% for a volume factor of 0.02. Anbu-
meenakshi and Thansekhar, [152] used Al,O; Nanofluids
as the cooling fluid to indicate the performance of MCHS
subjected to nonuniform heat flux. The experimental study
employs three separate heaters of identical dimensions.
A nonuniform heating condition is created by turning on
any of the three heaters at the same time. For both uni-
form and nonuniform heat transfer, the average surface
temperature dropped as volume concentration rose from
0.1 to 0.25%. Naphon et al. [153] studied experimentally
using TiO, nanofluids on hydrothermal performance char-
acteristics in the microchannel heat sink. This study uses
three heat transfer enhancement techniques: microchannel
heat sinks, jet impingement, and nanofluids. The obtained
results demonstrated that at a nanofluid concentration of
0.015 vol%, suspending nanoparticles in the base fluid sig-
nificantly increases convective heat transfer by 18.56%.
Ali et al. [154] indicated experimentally and numerically
the impact of various heat sink configurations and rates
of working fluid flow using CuO-H,0O and Al,05;-H,0
with volumetric concentrations of 0.4% and 0.67%, respec-
tively. Following the findings, Al,O;—H,O nanofluid trans-
ferred heat faster than distilled water and CuO-H,O nano-
fluid. The findings also showed that using nanofluids and
increasing the flow rate decreased the base temperature.
Heat transfer and hydrodynamic properties of a TiO,—H,0
nanofluid used as a coolant through heat sinks with a wavy
channel are investigated experimentally by Sajid et al.
[155]. Performance of (TiO,-H,0) nanofluid at (0.006),
(0.008), (0.01), and (0.012) vol% is compared to that of

pure water in laminar flow with (25), (35), and (45) W
heating capacity. The results demonstrate that, across all
heat sinks, nanofluids outperformed distilled water regard-
ing heat transfer characteristics.

Balaji et al. [156] studied the effect of using graphene
nanoplatelets (GnP)/H,O as nanofluid to improve thermal
conductivity in a MCHS. Several heat transport metrics,
including the coefficient of heat transfer, temperature drop,
Nu, and AP, were investigated and found to be affected by
both the mass flow rate (from 5 g s~! to 30 g s™!) and the
concentration of GnP (from 0 to 0.2%). In experiments,
using GnP-H,0 as nanofluids led to reduce the heat sink
temperature by 10 °C, also the convective heat transfer coef-
ficient increased by 71%, and increased the Nusselt number
by 60%, respectively, In another side the pressure drop has
been increased by 12% compared to water.

In a three-dimensional numerical study, Bazdar et al.
[157] investigated heat transfer and turbulent flow in wavy
MCHS with sinusoidal wavelengths. CuO-H,O nanofluid
has been used at Re numbers ranging from 3000 to 7500.
The finding showed that by increasing Re to 7500, the HTP
increased. While there is a little change in HTP approach to
3% at Re lower 7500 examined heat transfer and turbulent
flow in a wavy microchannel with sinusoidal wavelengths
in a three-dimensional numerical study. CuO-H,O nano-
fluid was tested at Reynolds numbers from 3000 to 7500.
The Nusselt number increased when the Reynolds number
was greater than 7500 but did not change when it was less
than 7500. Performance evaluation was worth 3%. Engineers
and economists recommend nanofluids. Using a straight
microchannel as a heat sink, Plant [158] utilized a variety
of concentrations of Al,O,/H,0 nanofluid and porous media.
Two and three channels have been used to assess different
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Table 10 Previous studies related to using nanofluids

Ref

Sakanova et al. [147]

Wang et al. [145]

Ahmed et al. [144]

Hung [143]

Study type

Microchannel geom-

Numerically

Straight and wavy microchannels

Experimentally N

The straight micro-

umerically

Two-dimensional

Numerically

Double-layer micro-

etry channel wavy channel channel
Re 99-232 Volume flow rate 100-800 600
200-1000 cm*/min
Nanofluid Diamond-H,0 Cuo-H,0 SiO,-H,0 Al,05-H,0 Cu-H,0 Al,0;-H,0
Volume fraction (%)  0-1 4 0-5 0.1-0.5 vol
Maximum enhance-  Heat transfer enhancement 22.93% the best structure with Increasing of Nusselt Increasing thermal
ment in thermal the best nanofluid- number by 30 performance by 26%
performance cooled MCHS, led
to best HTP, where
it increased to 30%
Ref Anbumeena [152] Rostami Abbassi Sivakumar et al. [150] Akbari et al. [149]  Uysal et al. [148]
[151]
Study type Experimentally Numerically Numerically Numerically Numerically
MCH geometry Rectangular micro- Wavy microchannel Serpentine-shaped microchannel Rectangular micro- Rectangular micro-
channel channel channel
Re no 45-80 50-300 Re> 1308 10-100 10-100
Nanofluid type Al,0;-H,0 Al,0;-H,0 CuO-H,0 Al,0;-H,0 Al,0;-H,0 ZnO-ethylene glycol
(EG)
Volume fracture %  0.1-0.25% 2% 0-0.3% 0—4% 0-4% 0—4%

Maximum enhance-
ment in thermal

Effectiveness of
performance are

The Nusselt number
rose by 11.6%

Maximum heat transfer coef-
ficient increased by 50%

Maximum heat
transfer coef-

The increments in
the convective heat

performance greater than unity For Al,0; and by 75% for CuO- ficient increased transfer coefficient
in the range of H,0 by 11% for 4% ZnO/EG
operating condi- nanofluid compared
tions to pure EG are
19.33% and 16.89%
at Re=10 and
Re=100
Ref Balaji et al. [156] Sajid et al. [155] Ali et al. [154] Naphon et al. [153]
Study type Experimentally experimentally Numerically and experimentally Experimentally
MCH geometry Straight MCHS ‘Wavy microchannel Pin fin MCHS Rectangular microchannel
Re No Mass flow rate 5-30 g s 500-1000 Flow rate 1-2 LPM Mass flow rate 11>g s~
Nanofluid type Graphene(GnP-H,0 ) (Ti0,— H,0) Al,0,-H,0 CuO-H,0 TiO,-H,0
Volume fraction (%) 0-0.2 vol% 0.006-0.012) % 0.4-0.67% 1.5%

Maximum enhancement

in thermal perfor-

71% and 60% increases
in the convective heat

Maximum enhancement
in Nusselt number is

Heat transfer enhancement by 12%

Increasing of heat transfer

coefficient by 18.56%

mance coefficient (h) and Nu, noted as 40.57%
respectively
Ref Alkasmoul et al. [160] Heidarshenas et al. Plant and Saghir Bazdar et al. [157]
[159] [158]
Case study Experimentally and Numerically Experimentally Experimentally and ~ Numerically
Numerically
MCH geometry Straight microchannel Cylindrical micro- Straight microchan- ~ Wavy microchannel
channel nels
Re Re>2300 400-1200 Mass flow rate 2 g/ 3000-7500
min
Nanofluid type CuO-H,0 TiO,-H,0 SiO,-H,0 Al,05-H,0 ALO; AL O, CuO -H,0
Volume fraction % 0-4 04 0-4 04 (20, 50, 80) nm (size  1-2% 0-3%
of particle)
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Table 10 (continued)

Ref Alkasmoul et al. [160]

Heidarshenas et al.
[159]

Plant and Saghir
[158]

Bazdar et al. [157]

Maximum enhance-
ment in thermal
performance

20%

The Nusselt number increases approximately by

A rise of 21.9%,
21.1%, and 18.7% in
Nu, respectively

Heat transfer
enhancement by
24%

a-By increasing
volume fraction
from 0 to 3% at
Reynolds number
of 3000, the
Nusselt number
increases up to
84%

b-By increasing
volume fraction
from 0 to 3% in at
Reynolds number
of 7500, the
Nusselt number
increases up to
87%

regions, with heat flow values ranging from 3.8328 to
10.3737 W c¢cm™2. Furthermore, the analyzed nanofluid was
subjected to a range of flow rates. The results demonstrated
a superior thermal enhancement of 24.5% for nanofluids
with a 1% concentration compared to nanofluids with a 2%
concentration. Heidarshenas et al.[159] conducted an experi-
mental study to determine the impact of the various particle
diameters of alumina nanoparticles Al,O5 (20, 50, 80, and
135 nm) on a forced convection coefficient of heat transfer
in a cylindrical microchannel heat sink at different nano-
fluid flow rates. Their results demonstrated that increased
particle size decreased the coefficient of heat transfer. At
constant Reynolds number, the convective heat transfer coef-
ficient increased for all particle sizes except 135 nm, where it

decreased by 8.5%. For (20, 50, and 80 nm) a 21.9%, 21.1%,
and 18.7% increase in Nu was observed. Alkasmoul et al.
[160] presented a numerical study of the hydraulic and ther-
mal performance of different nanofluids with different con-
centrations of nanoparticles in a microscopic heat sink for
laminar flow. Based on previous work in cooling a micropro-
cessor chip, a single rectangular microchannel is considered.
The rectangular microchannel is silicon with a thermal con-
ductivity of 130 W m~! K=, and the working fluid is com-
mon nanoparticles—Al,O;, CuO, TiO,, and SiO,—in water
because of their stability in the base. Utilizing nanofluid as a
cooling liquid in an MCHS decreases thermal performance
due to it cannot be sustained under low-temperature ranges

Table 11 Summary of previous studies related to using hyper nanofluid as coolant liquid

Ref Pahlevaninejad  Bahiraei et al. Hussien et. al Kumar and Nimmagadda Hoetal. [166] S elvakuma [165]
etal. [171] [170] [169] Sarkar [168], [167]
Study type Numerically Numerically Experimentally Numerically Numerically Experimentally Experimentally
Microchannel a wavy micro-  Two new micro- Microtube Rectangular Rectangular Rectangular Straight micro-
geometry channel with channel mini-channel microchannel mini-channel channel
rectangular
obstacles
Re <300 Inlet velocity 200-500 150-500 Re > 600 133-1515 Re>2300
0.5-3ms™!
Hyper Nano- Carboxymethyl Graphene-Ag MWCNT/GNP  AL,O;-(MWC-  Al,Os/silver/ Al,O4/PCM/ Al,05/Cu/H,0
fluid cellulose/ NTs) H,0 H,0
Al O,
Nanoparticle 5 vol.% 0-0.1vol.% 0.075-0.125 0.01 vol. % 3 vol.% 0-10 mass%; 4 vol.%
concentration mass%
Maximum Increasing Nus- The average The average The highest The convective  Convective The heat transfer
enhancement selt by 15% heat transfer heat transfer heat transfer heat transfer heat transfer coefficient
in heat trans- coefficient coefficient coefficient coefficient increased by increased by
fer (%) was increased was increased ~ enhancement increased 25% 24.35%
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Fig. 16 a Variation of heat
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or because its pumping cost-effectiveness is inferior to that
of water, according to the findings (Table 10).

Hybrid nanofluids in MCHS

Hybrid nanofluids could have greater thermal conductivity
and heat transfer capacity than either mono- or conventional
coolants. Numerous numerical and experimental studies
have been devoted to the hydrothermal performance and
exergy features of nanofluids in MCHS [161-164]. Combin-
ing hybrid nanofluids and microchannel heat sinks (MCHSs)
has enhanced heat removal from heat flux electronic chips.
In copper heat sinks, the convective heat transfer coefficient
of an Al,0,/Cu hydrophilic hybrid nanofluid was analyzed
by Selvakumar and Sures [165]. Their results showed that
the hybrid nanofluid had better heat transfer than water.
Convective heat transfer increased by 24.35% and pumping
power by 12.61%. Ho et al. [166] examined Al,O5 hybrid
nanofluid thermal performance in mini-channel heat sinks.
Al,0O5 nanofluids cool better than hybrid nanofluids based
on Al,Os/microencapsulated phase change material. Nim-
magadda [167] examined how an Al,Os/silver hybrid nano-
fluid affected MCHS heat transfer. The author concluded
that the convective heat transfer coefficient increased by
126-148%. A similar study tested the heat transfer of an
Al,0,/Ag binary hybrid nanocoolant in a rectangular micro-
channel. In addition, it was demonstrated that the coefficient
of convective heat transfer increases as the volume fraction
of the hybrid nanofluid increases.

Kumar and Sarkar [168] numerically examined a hybrid
nanofluid's heat transfer and fluid flow characteristics
based on Al,0O; multi-walled carbon nanotubes (MWC-
NTs) in mini-channel heat sinks under laminar flow con-
ditions. The highest heat transfer coefficient enhancement
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was 15.6%, with no pressure drop. Hussien et al. [169]
conducted an experimental study to assess the thermal
performance and entropy generation characteristics of a
microtube cooled with an MWCNT/GNP hybrid nanofluid
with (Re) ranging from 200 to 500. In this case, the aver-
age coefficient of heat transfer was raised by 58%. In addi-
tion, increasing Re and vol% decreased thermal entropy
production while increasing frictional entropy generation.
Bahiraei et al. [170] conducted a numerical study of the
thermohydraulic performance and entropy generation of
various modified MCHSs cooled with a graphene—-Ag
hybrid nanofluid. Findings showed that surface tempera-
tures dropped dramatically as volume fraction and inlet
velocity increased. Increases in volume fraction and inlet
velocity resulted in a significant boost in pumping power
in a wavy microchannel. Pahlevaninejad et al. [171] exam-
ined the analysis of non-Newtonian nanofluid and rectan-
gular ribs with five heights. As a working fluid, 0.5% car-
boxymethylcellulose and Al,O; nanoparticles of varying
volume friction and diameter were combined. In addition,
ribs with different geometries are used as obstacles in the
microchannels' middle wall. The Nusselt number increased
as the proportion of nanofluid volume increased, and the
greatest impediment produced the greatest friction factor.
Souby et al. [172] explored a numerical study that used
novel, reasonably priced binary/ternary hybrid nanofluids
to assess how well MCHSs performed under the first and
second laws. MgO/Ti0, nanocomposite and CuO/MgO/
TiO, nanocomposite are examples of binary and ternary
hybrid nanofluids, respectively, that are based on water.
When using hybrid nanofluids with high Re and vol. per-
cent values, the convective heat transfer coefficient, pres-
sure drop, and frictional entropy generation rate are all
increased. Table 11 show a summary of studies related to
using hybrid nanofluid.
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Effect of nanoparticle mixture ratios on HTP

Also, the HTP of hybrid nanofluids is highly sensitive to
nanoparticle mixture ratios. The effect of the nanoparticle
mixing ratio on the thermal performance of an Al,0,-TiO,
hybrid nanofluid was investigated by Charab et al. [173].
It was determined that a ratio of 2:3 provided the greatest
improvement in heat transfer (35.3%). The influence of the
nanoparticle mixing ratio of an Al,O;-MWCNT hybrid nano-
fluid on the HTP of mini-channel heat sinks was experimen-
tally examined by Kumar et al. [174]. Their research shows
that a combined ratio of about 3:2 yields the highest hydro-
thermal performance. By doing experimental research on
the conducted heat coefficient of Al,0,—SiO,/Water hybrid
nanofluids, Moldoveanu et al. [175] found that the hybrid
nanofluid has superior thermal conductivity to alumina nano-
fluids. The experimental study of the thermal conductivity
and viscosity of hybrid nanofluids with varying particle ratios
was conducted by Hamid et al. [176]. Maximum thermal con-
ductivity improvement of up to 16% was seen at a 1:4 ratio of
Ti0,-Si0,, while maximum dynamic viscosity was at a 5:5
ratio. Kumar 2019 [31] conducted an experimental investi-
gation on the cooling equipment's heat transfer performance
with the same set of nanoparticles and observed a maximum
boost of 35.3% for a 2:3 ratio. The experimental investigation
of the viscosity of Graphite—SiO, hybrid nanofluid by Dalkl¢
et al. [177] at various volume concentrations and mass ratios
revealed an increase in viscosity from 0.65-36.32% with an
increase in volumetric concentration. Based on their research
into the thermal conductivity and stability of Cu—Al,0O;
hybrid nanofluids with varying mixing ratios, Siddiqui et al.
[178] concluded that a mixing ratio of 5:5 was optimal for
achieving desirable hydrothermal parameters. Thermophysi-
cal properties of (Al,0;,—Si0,/EG) nanofluid were studied by
Zawawi et al. [179], who discovered that a mixing ratio of
60:40 resulted in the lowest property enhancement ratio. By
testing several quantities of MWCNT (30 vol%) and Al,O,
(70 vol%) in 5 W50 oil (from 0.05 to 1%), Esfe et al. [180]
determined that the greatest viscosity improvement was
24%. The ratios of nanoparticles in the mixture affect the
heat transfer coefficient and the pressure drop, as shown in
Fig. 11a, b. Selimefendigil et al. [181] reported that the heat
transfer average rate can be increased with the addition of the
nanoparticles but the ratios of nanoparticles volume fraction
limited the rate of heat transfer enhancement.

Summary

Methods of heat transfer augmentation can be classified as
passive and active techniques. Passive technique is the more
technique that studied in the present work. The hydrothermal
performance in MCHS restricted by high heat transfer and low

@ Springer

pressure drop with low thermal resistance. So, Table 12 shows
a summary to pressure drop which indicated friction coefficient.

Conclusions and recommendations

In this paper, an exhaustive review is presented of most con-
figurations of the microchannel heat sink. Besides this, more
than one type of nanofluid can be used as a cooling liquid.
The main conclusions of the present work are as follows:

e  With regards to corrugated MCHS the wavy MCHS out-
performs the standard rectangular design when using water
as a coolant. The heat resistance is lower in a wavy micro-
channel at a larger amplitude and a shorter wavelength.

e Wavy MCH with sinusoidal shape has superior HTP and
low drop of pressure.

e Zigzag MCHS has good heat HTP but with high AP.

e With regards to flow disruptions, the MCHS with ribs
can significantly enhance heat transfer due its ability to
interrupt thermal boundary layer due to creating of sec-
ondary flow and vortices.

e The high drop in pressure can be induced at MCHS with
rib, so the appropriate dimensions of ribs must be choose
attentionally.

e The hybrid techniques (active with passive techniques) or
(more than methods of passive) can improve the hydro-
thermal performance of MCHS.

e “Al,0,/H,0,” “CuO/H,0,” and “TiO3/H,0” can be con-
sidered the most nanofluids used as coolant liquids for
cooling electronic types of equipment.

e There are few papers dealing with the hyper nanofluid as
coolant liquids.

e There are serious limitations in the study type of fluid
flow such as turbulent or pulsating flow.

e The design of the microchannel is related to the appli-
cation that is used to cool it, so the numerical analysis
is not enough to study the thermal performance of the
microchannel.

e Nanoparticle mixture ratio and size of nanoparticle effect
on the hydrothermal performance of MCHS.

e Thermal conductivity increases with increasing concen-
tration and temperature.

e The combination of using nanofluids has high HTP as
cooling liquid with an optimized MCHS structure lead
to efficient cooling of the MCHS.

Recommendations

e The current study demonstrated that the majority of exist-
ing research findings on using nanofluid as a cooling lig-
uid in various MCHS concurred that using a nanofluid
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with high thermal conductivity properties can improve
heat dissipation. Fewer researchers are focused on the
impact of other crucial nanofluid parameters like surface
tension and contact angle, and stability of nanofluid on
the cooling of MCHS, so in future research must give
particular focus to how the characteristics of nanofluids,
such as their surface tension and contact angle, affect
MCHS cooling.

Future studies must give attention to the combination
between corrugated channels and

flow disruptions technique.

Effect of vibration induced in electronic system on
MCHS performance.
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