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ABSTRACT

In this research, CFD modelling was employed to quantitatively investigate the influence of 
laminar forced convective heat transfer employing Al2O3/water and CuO/water nanofluids as 
working mediums, with a volume concentration (φ) of 4%, in three distinct compound micro-
channel heat sinks (MCHSs). Each MCHS features a bottom circular cavity and a narrow slot 
(namely rectangular, trapezoidal, or semicircular reentrant) attached to the circular cavity's 
crest. Their cooling efficacy was compared to that of a traditional straight rectangular MCHS. 
Both nanoparticles had a diameter of 47nm, and the nanofluid's thermophysical properties 
were temperature-dependent. The fluid inlet temperature was maintained at 20°C, where-
as the volumetric flow rate (Qin) ranged from 20 to 100ml/min. The results demonstrated 
that employing a hybrid heat transfer augmentation technique with CuO/water nanofluid at 
Qin=100ml/min increased the average Nusselt number (Nuavg) of the rectangular reentrant 
MCHS by 7.1% and decreased the total thermal resistance (Rth) of the semicircular reentrant 
MCHS by 16.8%, compared to using water in a traditional MCHS. However, this improvement 
in Nuavg was accompanied by a 45.8% increment in the total pressure drop (∆Pt) when the 
rectangular reentrant MCHS within CuO/water nanofluid was used instead of the traditional 
MCHS with pure water. This improved heat transfer is attributed to flow separation, fluid ac-
celeration in the main flow, and intensified fluid mixing in the three newly proposed MCHSs.

Cite this article as: Shekho SS, Al-Neama AF. Hydrothermal investigation of a nanofluid flow 
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INTRODUCTION

Micro-scale heat transfer devices are now indispensable 
tools in a wide range of common applications, including 
integrated circuits (IC), computer chips, and biomedical 
applications [1]. Hence, microfluidic-cooling heat sinks 
have been employed to tackle the rigorous thermal man-
agement issues in many high-power applications. The 

concept of MCHS cooling was first proposed by Tuckerman 
and Pease [2]. In the aftermath of this outstanding work, 
various MCHS materials were utilized, and channel dimen-
sions have been thoroughly examined with the purpose of 
improving heat transfer.

Generally, the majority of the researchers observed that 
straight microchannels have performance limitations and 
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the disadvantage of being unable to eliminate the high heat 
flux produced by ultra-high-performance electronic devices 
due to the thermal boundary layer thickness (δth) devel-
opment along the microchannel walls, hindering efficient 
heat transfer. Thus, many approaches have been developed 
in the quest to improve MCHS overall performance with 
minimal thermal resistance (Rth) and pressure drop (∆P). 
There are two main kinds of heat removal augmentation 
techniques: active and passive. In contrast to the passive 
approach, the active technique involves utilizing extrinsic 
power in the system to augment heat transfer performance. 
The passive technique was commonly favoured  over the 
active approach because of its more affordable price and 
lack of mechanical moving parts. As a result, numerous 
novel passive techniques for replacing the straight channel 
have been proposed [3].

Passive surface modifications can induce flow disrup-
tion; recently, zigzag [4], wavy or corrugated [5, 6], serpen-
tine [7–10], spiral [11], interrupted [12], reentrant-shaped 
microchannels [13–16], ribs [17–22], cavities or groove 
structures [23, 24], and offset strip fins [25–27] have been 
suggested as flow channel modification strategies for pro-
moting flow instabilities and improving microchannel 
forced convection performance. These strategies encourage 
the main stream to split at the leading edge, which causes 
the boundary layer to be reinitialized, greater mixing, and 
an increase in flow disruptions as well as velocity gradients 
close to the heated wall, resulting in higher heat transport.

Dai et al. [4] and Parlak [5] explored numerically the 
hydrothermal characteristics of zigzag and wavy MCHS 
configurations and compared them to the straight one. 
They noticed that the averaged Nusselt number (Nuavg) 
for the wavy microchannel design was 10% greater than 
that of the zigzag microchannel and 40% greater than that 
of the straight microchannel. A wavy microchannel has 
a ∆P that is nearly equal to that of a zigzag microchannel 
model and 10kPa higher than that of a straight rectangular 
MCHS. Lin et al. [6] examined numerically the hydrody-
namic and thermal characteristics, as well as the impact of 
the aspect ratio on the wavy microchannel with individ-
ual wavelength and amplitude variations along the direc-
tion of the working fluid flow. They found that when the 
wavelength decreases or wave amplitude increases between 
two adjacent wavy units along the flow direction, the Rth 
value and temperature disparity on the heat flux bottom 
surface are less than that of a traditional microchannel. 
They noticed the same manner when the aspect ratio was 
reduced. Al-Neama et al. [7] examined the benefits of three 
different configurations of serpentine MCHS designs using 
complementary experimental and numerical methods with 
single, double, and three path serpentine configurations. 
A comparison of their performance was conducted with a 
design based on conventional straight rectangular MCHS 
in terms of Rth, ∆P, and Nuavg. According to the findings, 
serpentine channel curves play a significant role in enhanc-
ing heat transport by inhibiting the thickness of both the 

hydrodynamic (δhy) and thermal (δth) boundary layers from 
attempting to reach a fully developed condition.

A numerical and experimental investigation was per-
formed by Deng et al. [13] to explore the forced convective 
heat transfer of single-phase laminar flow on an innovative 
Ω-shaped reentrant copper MCHS. This new design out-
performed traditional MCHS in terms of improving heat 
transfer due to flow separation and fluid mixing induced 
by throttling effects. To boost fluid mixing and disturb 
the normal development of δth, Chen et al. [15] featured 
serpentine flow passages with Ω-shaped cross-sectional 
configurations for effective cooling of high concentra-
tion photovoltaic cells. They noticed an improvement in 
temperature uniformity in the cell module and a further 
decrease in cell temperature, presenting cell temperatures 
of 25-31°C, much lower than the fin heat sink’s 45-63°C. 
Recently, Shiko and Al-Neama [28] have investigated 
numerically the thermal-hydrodynamic performance of a 
compound microchannel that consists of a circular cavity 
microchannel slotted from the top by a reentrant trapezoi-
dal shape. Water was utilized as a working fluid, with vol-
umetric flow rates (Qin) ranging from 40 to 90 ml/min and 
the fluid inlet temperature adjusted to 20 oC. They observed 
that incorporating reentrant trapezoidal shapes can dra-
matically disturb both δhy and δth, as well as accelerate fluid 
flow and mixing in the main flow, resulting in considerable 
heat transfer augmentation.

To enhance convective heat transfer, there is a need for 
neoteric heat transport fluids with superior heat transfer 
properties, and nanofluids have been identified as viable 
alternatives to traditional heat transport fluids. Choi and 
Eastman [29] proposed a novel advanced potential cool-
ant called nanofluid in 1995. The addition of nanoparticles 
typically modifies the base liquid’s pre-existing thermal 
properties, such as density (ρ), specific heat (Cp), thermal 
conductivity (k), and viscosity (µ). These properties have 
the ability to significantly alter the heat transfer coeffi-
cient (h) within the mini/microchannels. Eastman et al. 
[30] stated that inserting 5% CuO nanoparticles improved 
k by approximately 60% when compared to pure water. 
This is due to Brownian motion, which is an important 
mechanism controlling the thermal behavior of nanopar-
ticle-fluid suspensions. The second reason is the interfacial 
layer (nanolayer), which forms layered structures when liq-
uid molecules near to a solid particle surface. These layered 
structures increase k by acting as a thermal bridge between 
nanoparticles and a bulk liquid [31]. In other words, as the 
nanolayer’s thickness increases, so does its k.

Sajid et al. [32] performed  an experimental study  to 
investigate the hydrothermal characteristics of heat sinks 
with wavy microchannels using TiO2/water nanofluids at 
various nanoparticle volume fraction (φ), Reynolds num-
ber (Re) in the laminar flow regime, and heating power. 
Their findings revealed that nanofluids had better-heated 
transfer characteristics than distilled water for all models 
tested. For example, using 0.012% TiO2 nanofluids, the 
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lowest temperature of the surface and the most significant 
improvement in Nuavg are 33.85oC and 40.57%, respectively. 
Khoshvaght-Aliabadi et al. [33] investigated a wavy MCHS 
with rectangular ribs and coolant made of Al2O3/H2O 
nanofluids. Various rib arrangements (oblique and corner), 
waviness aspect ratios (0.025, 0.05, and 0.1), rib widths (0.1, 
0.2, and 0.3mm), and Re ranging from 100 to 900 are inves-
tigated. The h and ∆P for the ribbed-wavy MCHSs were 
found to be 4% to 128% and 8% to 185% higher, respectively, 
than those for the smooth-wavy MCHSs. Their finding 
demonstrated that using nanofluids as a coolant increased 
the coefficient of thermal transfer and the ∆P when com-
pared to pure water, and that their values increased as their 
volumetric concentration increased.

The hydrothermal performance of a MCHS with a wavy 
passage and nanofluids as a coolant was numerically exam-
ined by Naranjani et al. [34]. As a cooling agent, an Al2O3/
water nanofluid with particle sizes of 29nm and 40nm and 
volume fractions (φ) of less than 4% was utilized, and its 
effect on the hydrothermal performance of a MCHS was 
compared to that of the base fluid for the Re ranged from 
300 to 600. Their results revealed that using corrugated pas-
sages instead of conventional MCHS increases heat transfer 
by 24% to 36%, whereas the required pumping capacity rises 
by 20% to 31%, as a result of which overall performance 
improved by 16% to 24%. Saadoon et al. [35] recently com-
pared 3D straight and wavy minichannel configurations 
with various nanoparticles dissolved in water, including 
CuO, Al2O3, Fe3O4, TiO2, and Ag. Three wave amplitudes 
(0.15, 0.2, and 0.25mm) are explored in their numerical 
simulations at various Re ranging from 200 to 1000 and 
a volume concentration (φ) variation ranging from 0 to 
0.075. They observed that combining nanofluid and wavy 
minichannel could improve the heat sink’s hydro-thermal 
performance. Ag/water nanofluid outperforms other nano-
fluids in heat transfer, with an increase of 54% in the Nu at 
a concentration volume of 0.075.

Recently, Ullah et al. [36] thoroughly reviewed and dis-
cussed the thermophysical characteristics of commonly used 
nanofluid correlations for ρ, Cp, k, and µ. They pointed out 
their constraints and the scope of their applicability. Kokate 
and Sonawane [37] experimentally investigated the impact 
of particle size (15nm and 60nm) and volume concentra-
tion (0.1 – 3%) on the thermal conductivity enhancement of 
Al2O3/water nanofluids. It was revealed that the nanofluid’s 
thermal conductivity rises as the particle volume concentra-
tion increases and decreases as the particle size increases.

It can be indicated that utilizing curved or wavy micro-
channels, along with incorporating dimples and/or cavities 
on the sidewalls, can be an effective way to enhance forced 
convective heat transfer by reinitializing the δth, despite 
the possibility of increasing ∆P. In this research, two pas-
sive techniques are employed concurrently to augment the 
MCHS heat transfer efficacy: copper microchannels with 
a novel rectangular, trapezoidal, and semicircular-shaped 
reentrant cross-section configurations and fluid additives 

(nanofluids). The first technique significantly augments 
heat transfer by redeveloping both the δhy and δth, while the 
second technique improves the thermal properties of the 
base fluid. To the best of the authors’ knowledge, none have 
ever been accomplished using a rectangular, trapezoidal, 
and semicircular-shaped reentrant cross-section MCHS 
with different kinds of nanofluids, which has essentially 
motivated the current work. The purpose of this study is to 
look into how different nanofluids with varying reentrant 
cross-section microchannel shapes affect the heat trans-
fer performance of the MCHS. The main concerns are to 
examine the temperature distribution, Nuavg, Rth, and ∆P of 
the MCHS with both water and nanofluids.

NUMERICAL METHODS

Physical Model
Three distinct and unique compound MCHSs are mod-

elled in current study. Each proposed MCHS comprises of 
15 parallel microchannels attached to the top surface of 
a copper block, with a footprint area (W × L) of 20mm × 
20mm and thickness (H) of 1.35mm. Every newly proposed 
microchannel has a bottom circular cavity with a diame-
ter of 0.8mm that is slotted from the top in various shapes 
(namely rectangular, trapezoidal, or semicircular reentrant) 
to form reentrant microchannels. The copper substrate 
thickness (Hb) is fixed at a value of 0.25mm. The straight 
rectangular MCHS is chosen as the reference (denoted as 
Case_0), and the rectangular microchannel’s detailed geo-
metric parameters are as follows: the microchannel height 
(Hch), width (Wch) and length (Lch) are 1.1mm, 0.6mm 
and 20mm, respectively. The microchannel’s top surface 
is assumed to be covered by thermally insulating materi-
als, while the bottom surface is subjected to a uniform heat 
flux (q) of 100W/cm2. Figure 1 depicts the computational 
domain with geometrical parameters for three innovative 
MCHSs proposed beside the traditional one.

The first MCHS model proposed has a rectangular slot 
and is labeled Case_1, the second has a trapezoidal slot and 
is referred to as Case_2, and the last model has a semicir-
cle slot and is denoted as Case_3. To minimize computing 
time, the current simulation uses only one symmetrical 
portion of the MCHS for all heat sink designs. In order to 

Table 1. Specification of geometric parameters of four mi-
crochannels

Sample Ach
(mm2)

Aht
(mm2)

Pch
(mm)

Dh
(mm)

Case_0 0.6600 56 3.400 0.77647
Case_1 0.6296 56.0315 3.2016 0.78661
Case_2 0.6644 56.2402 3.3920 0.78350
Case_3 0.6486 58.1330 3.2989 0.78649
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make the comparisons possible, the microchannel hydrau-
lic diameters (Dh) in various configurations had been iden-
tified as nearly identical and the same heat transfer surface 
areas (Aht), as shown in Table 1.

Simulation Assumptions and Governing Equations
For numerical simulations, a finite volume method 

(FVM) in CFD FLUENT is employed. A three-dimensional 
(3D) conjugate heat transfer model with the following 
assumptions is used to analyze the effect of nanofluid on 
fluid flow and heat transfer through the MCHS with vari-
ous reentrant arrangements:
(1) The fluid flow and heat transfer are both assumed to 

be in a steady state, and heat loss to the environment is 
completely ignored.

(2) The flow is laminar, and the fluid is single phase, 
Newtonian and incompressible.

(3) The effect of gravitational force, viscous dissipation 
and radiation heat transfer are negligible.

(4) Contact resistance is dismissed at the interfaces 
between the solid wall and the coolant.

(5) Smooth surface of the microchannel is selected.
(6) The thermal physical properties (i.e., density, specific 

heat, viscosity and thermal conductivity) of both the 
water and nanofluids are temperature-dependent, 

while temperature independent is considered for the 
MCHS material. User-defined functions (UDFs) were 
written in C++ language to account for temperature-de-
pendence of the thermophysical properties of fluids 
and then imported to the FLUENT by interpreted 
UDFs.

Eqs. (1 – 4) show the governing equations for lami-
nar, incompressible, and steady flow with conjugate heat 
transfer. Eqs. (1 – 3) represent the conservation of mass, 
momentum, and energy in the fluid domain, respectively. 
Eq. (4) denotes the steady-state heat conduction in the solid 
substrate.

  (1)

  (2)

  (3)

  (4)

Figure 1. Schematic diagrams of compound microchannels proposed for (a) Case_0, (b) Case_1, (c) 
Case_2 and (d) Case_3 (All dimensions in mm).
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where ρf, µf, kf, Cp,f and Tf represent the density, viscosity, 
thermal conductivity, the specific heat, and the absolute 
temperature of the coolant fluid, respectively. Ts is the solid 
temperature, and copper with a thermal conductivity (ks), 
specific heat (Cp,s) and density (ρs) of 387.6W/(m.K), 381J/
(kg.K) and 8978kg/m3, respectively are selected in the cur-
rent numerical simulation. 

Computational Domain and Boundary Conditions
To simulate each of the four suggested MCHS configu-

rations based on the assumptions stated previously, a unit 
cell with a single compound microchannel and a surround-
ing solid with the full flow length (20 mm) is selected as a 

computational domain, and the BCs must be assigned to 
obtain the simulation results. At the microchannel’s inlet 
section, uniform fluid velocity (uin) with different mag-
nitudes and constant fluid temperature (Tin = 20oC) are 
configured. Since the Silicon chip’s maximum working 
temperature is 125oC, the laminar flow regime can fulfill 
the heat dissipation requirements utilizing pure water as a 
coolant, so the Re range is chosen between 390 and 2075 (20 
≤ Qin ≤ 100 ml/min). Pressure outlet BC with zero gradients 
at microchannel outlet is considered. The MCHS bottom 
surface is subjected to a constant heat flux BC of 100W/
cm2, while both of the numerical domain’s lateral planes 
are set as symmetric BC. The microchannel’s front and rear 

Table 2. The boundary conditions used for simulation

Location Hydrodynamic BCs Thermal BCs

Figure 2. Circular MCHS with a semicircular-shaped reentrant cross-section configuration with boundary conditions.
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sides, as well as the top surfaces of both liquid and solid, 
are assumed to be adiabatic surfaces to avoid contributing 
to overall heat transfer. The interfacial surfaces that exist 
between the fluid and solid domains are characterized as 
coupled interfaces, enabling energy to pass through them, 
and no-slip and no temperature–jump BCs are enforced. 
The BCs used for current study are presented in Figure 2, 
and can be summarized as shown in Table 2:

Data Acquisition
To analyze and compare the hydrothermal characteris-

tics of various suspended nanoparticle types in compound 
microchannels, the following definitions are provided [9, 
10]:
• The Reynolds number (Re) can be expressed as:

  
(5)

where Dh denotes the microchannel hydraulic diameter 
based on the microchannel section, and can be determined 
as:

  
(6)

where Ach and Pch denote the cross-sectional area and wet-
ted perimeter of the microchannel, respectively.
• The steady-state sensible heat gain (Q) by the working 

fluid (Water) is given by:

  (7)

where Tf,in and Tf,out represent the inlet and outlet bulk fluid 
temperatures, respectively. The ρbf and Cpbf  are respectively 
the base fluid’s density and specific heat capacity. The term 
Qin (m3/s) denotes the water volumetric flow rate. q and 
Ah indicate the effective constant heat flux per unit area (q 
= 100 W/cm2) and the heated area (which, in the current 
study, represents the area of the microchannel bottom wall, 
(Ah = 1.3 × 20mm2), respectively.
• The local convective heat transfer coefficient (hx) can 

be calculated from the Newton’s law of cooling as [38]:

  
(8)

Acon denotes the inner wall/fluid contact surface area 
available for convective heat transfer, and for the single 
straight rectangular microchannel can be computed as 
follows:

  (9)

Tw(x) and Tf(x)  indicate the local conduction wall tem-
perature and the local bulk fluid temperature, respectively, 
and can be determined as [38]:

  
(10)

  
(11)

• The local and average Nusselt number are determined 
by [38]:

  
(12a)

  
(12b)

• To evaluate heat dissipation performance, the total ther-
mal resistance (Rth) of the MCHS can be used as [9, 10]:

  
(13)

• The proposed design’s overall performance is quanti-
fied using a thermal-hydraulic performance evaluation 
criteria (PEC) index or well-known performance factor 
(PF) that represents the average Nusselt number ratio 
(or the average heat transfer enhancement), ENu, over 
the total pressure drop ratio (E∆Pt) to the power of one 
third as [9, 10]:

  
(14)

The PF is defined as the ratio of the heat flow rate trans-
ferred to the system’s required pumping power. The PF 
value denotes the level of thermal effectiveness in relation 
to total pressure drop (∆Pt). The baseline Nusselt number 
(NuO) and total pressure drop (∆Pt,o) are obtained from 
the cases using conventional channels (which is Case_0 in 
the present work). If the value is greater than one, it indi-
cates that thermal performance is superior to ∆Pt, and vice 
versa if the value is less than one. This parameter is used to 
compare the thermal and fluid-dynamic performances of 
compound microchannels with nanofluid to evaluate heat 
transfer enhancement.

Thermophysical Properties of the Base Fluid and 
Nanofluid

In the present analysis, liquid water is considered the 
working fluid baseline. The variation of all thermo-phys-
ical properties influencing the hydrodynamic character-
istics with temperature is considered. For pure water, the 
temperature dependent density (ρbf) is offered by Thiesen–
Scheel–Diesselhorst equation [39]. Temperature depen-
dence of dynamic viscosity (µbf) is evaluated by Sherman 
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[40]. Moreover, specific heat capacity (Cpbf) and ther-
mal conductivity (kbf) expressions with temperature are 
acquired from data polynomial fitting results [41]. 

  (15)

  (16)

  
(17)

  
(18)

where ρbf, µbf, Cpbf and kbf are density, dynamic viscosity, 
specific heat and thermal conductivity of the base fluid 
(water), respectively. The unit of T is K in Eqs. (15–18).

One important variable in nanofluid studies is nanofluid 
volume fraction (φ), which is defined as the constituent vol-
ume divided by all constituent volumes of the mixture prior 
to mixing [42], and can be calculated as:

  
(19)

where V stands for total volume of solution, while Vbf  and 
Vnp  are base fluid and nanoparticle volumes, respectively. 
Volume concentration (φ) has a significant effect on the 
thermophysical parameters of nanofluids (Dynamic viscos-
ity, thermal conductivity, specific heat, and density), hence 
it is vital in nanofluid applications. The thermophysical 
properties of the nanofluid can be expressed as follows: 

The effective density of nanofluid (ρnf) that proposed by 
Pack and Cho [43] is determined as:

  (20)

The specific heat of nanofluid (Cpnf) that proposed by 
Khanafar [44] and Buongiorno [45] assumed thermal equi-
librium between the particles and the fluid, and can be writ-
ten as:

  
(21)

ρnp and Cpnp refer to density and specific heat of nanopar-
ticle, respectively. The effective thermal conductivity (keff) 
that determined by Corcione [46] after took data from over 
13 different sources of CuO, Al2O3 and TiO2 particles with 
base liquids of water and ethylene glycol (EG) is given as:

  
(22)

where Renp is the nanoparticle Reynolds number while 
Prbf is the Prandtl number of the base fluid. Tnf and Tfr are 
respectively the nanofluid temperature and the freezing 
point of the base fluid in Kelvin (about 273.15K), knp is the 
nanoparticle thermal conductivity. The effect of dimen-
sionless numbers such as Renp and Prbf as the temperature 
changed in the model was considered by Corcione, and can 
be expressed as: 

  
(23)

  
(24)

where dnp and uB are the nanoparticle diameter and 
the nanoparticle mean Brownian velocity, respectively. 
Assuming no agglomeration, uB can be estimated as the 
ratio of dnp to the time (τD) required to cover such distance, 
which, according to Keblinski et al. [47], is:

  
(25)

where D is the Einstein diffusion coefficient and KB denotes 
the Boltzmann’s constant (KB  = 1.38066 x 10-23 J/K). Henc 
uB can be determined as:

  
(26)

Substituting Eq. (26) into Eq. (24) we can get:

  
(27)

The nanofluid effective dynamic viscosity (µeff) pro-
posed by Corcione [46] was obtained using a wide selection 
of experimental data available in the literature. These data 
are for nanofluids containing alumina, titania, silica, and 
copper nanoparticles suspended in water, EG, and ethanol 
(Eth), with diameters ranging from 25nm to 200nm, vol-
ume fractions ranging from 0.01% to 7.1%, and tempera-
tures ranging from 293K to 333K.

  

(28)

where df is the equivalent diameter of a base fluid molecule, 
and given by:

  
(29)
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in which M is the molecular weight of the base fluid and 
equal to 18.01528 [g/mole], N is the Avogadro number and 
equal to 6.022×1023 [1/mole], and  ρbfo is the mass density of 
the base fluid calculated at temperature To = 293K. In this 
study, Al2O3 and CuO nanoparticles were chosen to disper-
sion in water to form a nanofluid. The reason for adopting 
these two nanoparticles is that they have unique properties 
that make them superb for improving heat transfer perfor-
mance, specifically high thermal conductivity. The ther-
mophysical properties of Al2O3 and CuO nanoparticles at 
temperature of 20oC are listed in Table 3 [48].

Grid Sensitivity
After geometry of four models created by a SpaceClaim 

tool, a structured mesh for the solver was generated using 

the ANSYS software 2022R1. In the simulation, the struc-
tured mesh was considered in all zones, with hexahedral 
mesh being used. The governing equation is discretized 
using the FVM. A mesh independence analysis was per-
formed for all MCHS models before beginning to cre-
ate the CFD production runs. The procedure starts with 
a coarse mesh and refines it on a regular basis until the 
differences in the findings are less than a pre-determined 
acceptable error. A grid independence test was performed 
to determine the optimum structured mesh for producing 
accurate results with lower time cost. The grid number for 
each MCHS design considered are listed in Table 3.

The relative error between the finest grids (F1) and other 
grids (F2) is determined according to the following equation:

  
(30)

where F might be any parameter like temperature, average 
Nusselt number (Nuavg), or pressure drop (∆P). From Table 
4, it can be seen that the Nuavg is tending to be stable after 
mesh element size is 0.03mm, where further refinement did 
not change the result by more than 0.8% which was taken as 
an appropriate mesh quality for computation, considering 
better accuracy and less computational effort.

Table 4. Mesh independence test at Qin = 60 ml/min (or 1 cm3/sec)

Five meshing methods and simulation results for Case_0
Method I II III IV V
Minimum element size [mm] 0.045 0.04 0.035 0.03 0.025
Number of grids 386,280 561,000 823,953 1,320,660 2,246,400
Nuavg 23.3868 23.8532 24.1821 24.4285 24.5951
%Error 4.913 3.016 1.680 0.677 ____

Five meshing methods and simulation results for Case_1
Method I II III IV V
Minimum element size [mm] 0.045 0.04 0.035 0.03 0.025
Number of grids 478,188 711,500 1,016,380 1,644,155 2,796,000
Nuavg 24.4348 24.8381 25.1829 25.5387 25.7241
%Error 5.012 3.444 2.104 0.721 ____

Five meshing methods and simulation results for Case_2
Method I II III IV V
Minimum element size [mm] 0.045 0.04 0.035 0.03 0.025
Number of grids 504,828 727,500 1,052,353 1,666,166 2,911,200
Nuavg 23.8705 24.1915 24.6067 24.9874 25.1834
%Error 5.213 3.939 2.290 0.778 ____

Five meshing methods and simulation results for Case_3
Method I II III IV V
Minimum element size [mm] 0.045 0.04 0.035 0.03 0.025
Number of grids 503,940 714,500 1,098,033 1,701,517 2,958,400
Nuavg 24.1106 24.4783 24.8249 25.1997 25.3908
%Error 5.042 3.594 2.229 0.753 ____

Table 3. Nanoparticle properties at temperature of 20oC [48]

Nanoparticle

Al2O3 3600 765 36 ____

CuO 6510 540 18 ____
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RESULTS AND DISCUSION

Validation and Verification
The numerical computation is accomplished by solv-

ing the governing conservation equations based on the 
BCs. The finite-volume approach is used to discretize the 
governing equations for all domains. To achieve the pres-
sure-velocity coupling, the coupled algorithm method was 
used. Simultaneously, the second order upwind scheme is 
being used for both the convective and the diffusion terms. 
Furthermore, convergence criterions are set to be less than 
10-6 for both continuity and velocity, while less than 10-9 for 
energy. 

The current work was validated in relation to the 
MCHS used in the numerical work of Qu and Mudawar 
[50], which matched the one used in Kawano et al.’s exper-
imental work [49]. Further experimental and numerical 
details can be found in the Ref. [50]. The validation was 
performed on a silicon MCHS having microchannels with 
a width of 57µm and a depth of 180µm, that are separated 
by a 43µm wall. Water was used as the cooling fluid, with 
the inlet Reynolds number set to be constant at 140 and the 
temperature set to 20oC. A constant heat flux (q) of 90W/
cm2 was subjected at the MCHS’s top wall. To take advan-
tage of symmetry, a unit cell with only one straight rectan-
gular microchannel and the surrounding solid was selected 
for numerical simulation using the same boundary condi-
tions as Qu and Mudawar’s work [50]. The fluid bulk tem-
perature and average wall temperatures at the MCHS top 
and bottom walls are plotted as functions of longitudinal 

distance x as shown in Figure 3. As can be seen, all tempera-
ture predictions agree well with Qu and Mudawar’s work, 
with a maximum discrepancy of less than 0.8%. As a result, 
the numerical method adopted is extremely reasonable and 
accurate. Therefore, the current numerical code can accu-
rately predict the basic characteristics of fluid flow and heat 
transfer within the MCHS.

Effect of MCHS Geometry and Nanofluids On Pressure 
Drop and Fluid Flow

To fully comprehend the MCHS’s liquid flow and heat 
transport, numerical simulations are accomplished for var-
ious MCHS configurations using two different nanoparti-
cles (Al2O3 and CuO) suspended in water as a base fluid 
with a volume concentration (φ) of 4%. In the MCHS 
analysis, pressure drop (∆P) is an important parameter. 
It determines how much pumping power is required to 
deliver coolant through heat sink channels. Figure 4 shows 
the impact of both nanofluids (Al2O3/water and CuO/
water) and water flow rates (20 ≤ Qin ≤ 100 ml/min) on the 
total pressure drop (∆Pt) for four different configurations 
of MCHS models. As expected, ∆Pt increases rapidly with 
Qin, as can be noted in all cases. This is simply because the 
momentum boundary layer thickness increases as the fluid 
velocity increases, resulting in a larger friction loss during 
fluid flow within microchannels. This behavior is unaf-
fected by whether the fluid used is pure water or nanofluids.

For pure water (φ = 0), it is evident from Figure 4 that the 
Case_1 has a higher ∆Pt than the other MCHSs, while the 
second and third highest ∆Pt were seen in the Case_3 and 

Figure 3. Comparison between numerical simulations and numerical predictions the Qu and Mudawar’s work [50] on the 
average temperature in a straight rectangular microchannel along x direction.



J Ther Eng, Vol. 11, No. 2, pp. 577−602, March, 2025586

Case_0 (the traditional MCHS), respectively, while Case_2 
has the lowest ∆Pt. At the highest volumetric flowrate (Qin = 
100 ml/min), ∆Pt in Case_1 and Case_3 increased by 5.11% 
and 2.14%, respectively, compared to Case_0, while Case_2 
decreased by 1.74%. For nanofluids (φ = 4%), an increasing 
trend in ∆Pt was observed, with CuO/water nanofluid pro-
ducing the highest pressure. For example, at Qin = 100 ml/
min, Case_1 with CuO/water nanofluid had the highest ∆Pt 
of 6567.73Pa, followed by Case_3 with 6384Pa, and Case_1 
with Al2O3/water nanofluid had the third highest ∆Pt of 
6265.3Pa, while Case_0 and Case_2 with CuO/water nano-
fluid have the fourth and fifth highest ∆Pt of 6233.46Pa 
and 6128.8Pa, respectively, whereas Case_3, Case_0, and 
Case_2 with Al2O3/water nanofluid had ∆Pt values of 
6095.1Pa, 5945.76Pa, and 5847Pa, respectively. When com-
pared to water, nanofluids demonstrated a greater pressure 
drop. With the addition of nanoparticles to the base fluid, 
the friction factor increases due to an increase in the work-
ing fluid’s viscosity.

The pressure drop contours for the four MCHS models 
using pure water and nanofluids (Al2O3/water and CuO/
water with φ = 4%) as coolant are shown in Figure 5. For 
each MCHS case, five cross-sectional planes were presented 
at xx = 0, 1, 2, 3, and 4mm from the entrance region. These 
contours are taken with Qin = 60 ml/min, fluid inlet tem-
perature of 20oC, and an input power (Q) of 26W (q = 100 
W/cm2) applied on the MCHS bottom side.

Overall, Pressure declines along the flow direction, but 
pressure rises locally along the flow direction in the reen-
trant part. It is clearly seen that Case_1 and Case_3 create 
a slightly larger ∆Pt than the other two cases (Case_0 and 

Case_2). This is due to the fact that the narrow slot restric-
tion yielded a higher friction resistance for liquid flow in 
compound MCHSs, while the main fluid particles had a 
tendency to travel through the circular cavity. Hence, the 
compound microchannels expanded the hydrodynamically 
developing flow and intensified fluid mixing in the inlet 
zone, resulting in a higher frictional pressure loss and, as a 
result, inducing a ∆P when compared to traditional MCHS 
(Case_0). It is obvious that adding nanoparticles to water 
increases suspension viscosity and density, resulting in an 
increase in ∆P. Because of the van der Waals forces between 
the nanoparticles and the base fluid, when they are mixed, 
the nanoparticles tend to scatter and form nanoclusters. 
The movement of base fluids on each other will be pre-
vented due to the formation of agglomerations; hence, the 
viscosity of nanofluid will increase. 

To assess the effect of each suggested geometry design 
on the MCHS hydrothermal performance with and without 
two different kinds of nanofluids, a comparison was per-
formed by referring to the streamlines and velocity contour 
distribution on the (y - z) plane at the outlet microchannel 
region (x = 20 mm) for Qin = 60 ml/min.

Figure 6 demonstrates the velocity streamlines together 
with the velocity contour of all cases at the outlet’s cross-sec-
tion plane, in which the Qin was set to 60 ml/min at Tf,in 
= 20oC, and q = 100W/cm2. It is obvious that Case_1 has 
superior flow velocity that other cases, while the traditional 
one (Case_0) has the lowest flow velocity. Because the com-
pound microchannels have a large bottom circular cavity 
and a restricted exit slot attached to the circular cavity’s 
crest, the cramped slot restricts fluid flow, like a nozzle. The 

Figure 4. Effect of Qin and nanofluids on the ∆Pt for four different MCHS configurations.
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cross section’s continuous velocity streamlines were dis-
rupted by the abrupt protrusion formed by the junction of 
the circular cavity and the vertical slot. The fluid particles 
were throttled as a result, and the by-pass flow in the con-
fined slot was separated from the main flow in the circular 
cavity. Despite the fact that the by-pass flow velocity in the 
narrow slot was reduced, throttling effects intensified the 
main flow in the circular cavity. The fluid particle acceler-
ation increased momentum transport and intensified con-
vection heat transfer in the main flow. 

Effect of MCHS Geometry and Nanofluids on 
Temperature Distribution and Heat Transfer

Figure 7 demonstrates how nanofluids (Al2O3/water 
and CuO/water) and water flow rates (20 ≤ Qin ≤ 100 ml/
min) affect maximum wall temperatures (Tmax) for four dif-
ferent MCHS model configurations. As can be seen, when 
Qin is increased, Tmax decreases monotonically, and using 
nanofluids as a coolant has superior effect on decreasing 
the microchannel base temperature to which the integrated 
circuit (IC) is adhered.

For pure water (φ = 0), it is obvious from Figure 7 
that Case_3 has the lowest Tmax than the other MCHS, 
followed by Case_1 and Case_2, while Case_0 (the tradi-
tional MCHS) exhibits higher Tmax. At the highest volumet-
ric flowrate (Qin = 100 ml/min), Tmax in Case_3 (68.27oC) 

decreased by 3.2% compared to Case_0 (70.53oC), while 
Case_1 (68.8oC) and Case_2 (69.93 oC) decreased by 2.45% 
and 0.85%, respectively.

For nanofluids (φ = 4%), a decreasing trend in Tmax was 
observed, with CuO/water nanofluid producing the lowest 
Tmax. For example, at Qin = 100 ml/min, Case_3 with CuO/
water nanofluid had the lowest Tmax of 61.56oC, followed 
by Case_1 and Case_2 with Tmax of 61.97oC and 62.86oC, 
respectively, when CuO/water nanofluid was also used. 
Case_3 and Case_1 with Al2O3/water nanofluid had the 
fourth and fifth lowest Tmax values of 62.9oC and 63.32oC, 
respectively, while Case_0 with CuO/water nanofluid had 
the seventh lowest Tmax of 63.34oC, whereas the last val-
ues of Tmax being 64.23oC with Case_2 and 64.75oC with 
Case_0 when Al2O3/water nanofluid was used.

The comparison of the 3-D temperature distributions 
of compound (Case_1, 2, and 3) and traditional (Case_0) 
MCHSs reveals that compound microchannels have lower 
wall temperatures, as shown in Figure 8. For four differ-
ent microchannel configurations, the five cross-sectional 
planes at the longitudinal flow’s second half region on the 
y - z plane (x = 12, 14, 16, 18 and 20mm) from the entrance 
region at Qin = 60 ml/min, an inlet temperature of 20oC, 
and a heat flux (q) of 100W/cm2 were presented here. In 
all microchannels, it can be claimed  that  the temperature 

(c)

Figure 5. Comparison of pressure drop contours for different geometric structures on the y - z plane (x = 0, 1, 2, 3 and 4 
mm) at the entrance region at Qin = 60 ml/min for (a) H2O, (b) Al2O3/H2O and (c) CuO/H2O.
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(c)

Figure 6. Streamlines and velocity contour distribution for different geometry structure on y - z plane (x = 20 mm) at the 
outlet microchannel region with Qin = 60 ml/min for (a) H2O, (b) Al2O3/H2O, and (c) CuO/H2O.

Figure 7. Effect of Qin and nanofluids on the maximum wall temperatures for four different MCHS configurations.
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gradient between liquid close to the wall and core liquid 
increased as the flow moved downstream. Notwithstanding, 
the distribution of side wall temperature along the flow 
stream of compound MCHSs was lower than that of the 
straight rectangular MCHS, indicating that the temperature 

of the compound microchannels’ side walls in the simula-
tions was about 2–9oC lower than the Case_0 model at the 
same x location. Furthermore, the liquid temperature pro-
file inside compound MCHSs was affected by the micro-
channels’ reentrant configurations.

(a)

(b)
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The inclusion of nanoparticles into the base fluid, on 
the other hand, results in enhanced heat transfer exchange 
between the fluid and microchannel wall. While heat trans-
fer enhancement for the base fluid is not particularly sig-
nificant. Additionally, the inclusion of reentrant increased 
the h by increasing turbulent intensity and flow mixing. It 
is worth noting that using CuO/water nanofluid can signifi-
cantly reduce the MCHS wall temperature, this is due to the 
nanofluid’s k and ρ are increasing.

Figure 9 portrays temperature contours at the outlet’s 
cross-section plane for all MCHS models at Qin = 60 ml/
min. In contrast to the straight rectangular microchan-
nel (Case 0), the protrusion of compound microchannels 
disrupted the continuous temperature contours of fluid 
in Cases 1, 2, and 3. The abrupt protrusion at the circular 
cavity’s intersection and the upside slot disrupted the nor-
mal development of the δth from bottom to top in the flow 
passages’ cross section, which resulted in two segments of 
both hydrodynamic and thermal boundary regions. The 
flow separation caused by the throttling effect, as stated 
previously, resulted in a thinner δth of the main flow in the 
circular cavity, particularly at the transition zone from the 
circular cavity to the slot. The disruption of the δth, as well 
as the fluid flow acceleration and mixing in the main flow, 
caused a significant increase in h for compound micro-
channels. As a result, the compound MCHS dissipated 

more heat from its substrate while maintaining lower wall 
temperatures.

When pure water is employed as a coolant, the midst 
zone is cooler than when nanofluids are used, indicating 
the greatest possible temperature difference of approxi-
mately 50oC between the microchannel walls and the cool-
ant, see Figure 9(a). In the case of nanofluids, however, as 
illustrated in Figure 9(c), the CuO nanofluid has a higher 
central zone temperature than the others, as well as exhib-
iting a higher temperature on the walls. The utilization of 
passive combined approaches, such as the utilization of 
various nanofluids within the interrupted microchannels, 
plays a significant role in improving the heat transfer per-
formance of heat exchangers.

Figure 10 elucidates the impact of different nanofluids 
and MCHS configurations on the average Nusselt number 
(Nuavg) over a wide volumetric flow rate range (20 ≤ Qin ≤ 
100 ml/min). It is quite evident that employing nanofluid 
as a coolant induces higher heat transfer performance than 
water; however, this comes at the expense of a higher ∆Pt, 
see Figure 4. When nanoparticles are included to the base 
fluid, the nanofluid’s viscosity increases, resulting in a com-
paratively higher pumping power than the base fluid. As 
can be seen, using nanofluids exhibit greater Nuavg values 
compared to pure water. Moreover, the numerical results 
obtained revealed that the material of the suspended 
nanoparticle has a significant effect on Nuavg. On the other 

(c)

Figure 8. Comparison of 3D temperature distribution for different geometric structures on the y - z plane (x = 12, 14, 16, 
18 and 20 mm) from the entrance region at Qin = 60 ml/min for (a) H2O, (b) Al2O3/H2O, and (c) CuO/H2O.
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(c)

Figure 9. Comparison of 2D temperature contours for different geometric structures on the y - z plane (x = 20 mm) at the 
exit region at Qin = 60 ml/min for (a) H2O, (b) Al2O3/H2O, and (c) CuO/H2O.

Figure 10. Effect of Qin and nanofluids on the Nuavg for four different MCHS configurations.
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hand, the MCHS geometry also has a significant impact in 
augmenting the Nuavg. 

In addition, Figure 10 demonstrates that increasing Qin 
has a superior effect on enhancing Nuavg. It has been stated 
that as flow velocity increases, so does turbulent intensity 
and consequently flow mixing, resulting in improved heat 
transfer performance. In comparison to low Qin, the Nuavg 
of higher Qin, presented more improvement by incorpo-
rating nanoparticles into the base fluid. As a result of the 
presence of nanoparticles, the Nuavg of nanofluid is higher 
than that of the base fluid (water). Furthermore, heat trans-
fer enhancement is associated with collisions between 
nanoparticles as well as collisions between nanoparticles 
and the microchannel wall, as a result of which the energy 
exchange rate rises. Furthermore, the addition of nanopar-
ticles to water increases its thermal conductivity, resulting 
in a faster heat transfer rate and a higher Nuavg.

To take into account the effect of the thermal con-
ductivity of both nanofluids and water on the heat trans-
fer enhancement, the Nuavg will be considered here for an 
accurate comparison. For pure water (φ = 0), Figure 10 
clearly shows that Case_0 (the traditional MCHS) has the 
lowest Nuavg than the other MCHS, followed by Case_2 and 
Case_3, while Case_1 exhibits higher Nuavg. At the highest 
volumetric flowrate (Qin = 100 ml/min), Nuavg in Case_1 
(29.37) increased by 4.41% compared to Case_0 (28.13), 
while Case_3 (29.03) and Case_2 (28.78) enhanced by 3.2% 
and 2.31%, respectively.

For nanofluids, an increasing trend in Nuavg was 
observed, with CuO/water nanofluid producing the highest 

Nuavg. For example, at Qin = 100 ml/min, Case_1 with CuO/
water nanofluid had the highest Nuavg of 30.13, followed by 
Case_3 and Case_2 with Nuavg of 29.76 and 29.55, respec-
tively, when CuO/water nanofluid was also used. Case_1 
with Al2O3/water nanofluid and pure water had the fourth 
and fifth highest Nuavg values of 29.3696 and 29.3683, 
respectively, and is nearly identical as can be seen. It is inter-
esting to note that using Case_1 with pure water as a coolant 
(29.37) outperforms Case_3 with Al2O3/water nanofluid 
(29) and Case_0 with CuO/water nanofluid (28.895). The 
last values of Nuavg being 28.8 with Case_2 and 28.27 with 
Case_0 when both used Al2O3/water nanofluid.

It was concluded that incorporating nanoparticles into 
the base fluid resulted in an increased Nusselt number 
(Nu) as the Qin increased. While the Nu enhancement for 
the base fluid is not  quite profound. However, excessive 
nanoparticle augmentation causes the dispersed fluid to 
have a higher viscosity than the base fluid, which reduces 
heat transfer performance. Additionally, the inclusion of 
reentrants improved the h by increasing both turbulent 
intensity and flow mixing.

The effect of fluid type considered in this study on the 
local average Nusselt number (Nux_avg) and local average 
heat flux (qx_avg) in relation to the distance from the micro-
channel inlet is depicted in Figures 11 and 12, respectively, 
at Qin = 60 ml/min, fluid inlet temperature (Tf,in) of 20oC and 
heat flux (q) of 100W/cm2. These values are determined at 
the solid-liquid interface region. From the first glance at the 
two figures that were mentioned previously, it is worth not-
ing that the values of Nux_avg and qx_avg decrease along the 

Figure 11. Comparison of the Nux_avg along the microchannel (x = 0 - 20 mm) for different geometric structures and dif-
ferent nanofluids at Qin = 60 ml/min.
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microchannel in all cases. The Nux_avg and qx_avg values are 
much higher near the microchannel entrance and quickly 
decrease as one travels down the microchannel. This trend 
continues even at the microchannel outlet, implying that 
the length of the thermally developing zone exceeds the 
length of the microchannel itself even with Case_0 model, 
this finding is consistent with Ref. [50].

It is clearly that using CuO/water nanofluid exhibits the 
highest Nux_avg and qx_avg along the flow direction com-
pared with Al2O3 nanofluid. Many factors contributed to 
nanofluid heat transfer improvement, including particle 
mixing effects near the wall, thermal conductivity improve-
ment, particle Brownian motion, particle migration, parti-
cle shape, and boundary layer thickness reduction.

On the other hand, the figures show lower Nux_avg and 
qx_avg distribution with water, indicating lower heat trans-
fer rate. The numerical results also shows that the case_1 
model exhibited substantial higher Nux_avg and qx_avg values 
than the other designs with all fluid used, as illustrated in 
Figures 11 and 12.

Thermal Resistance
MCHS’s thermal resistance (Rth) can  be employed 

to evaluate its cooling performance (see Eq. 13). Three-
dimensional numerical simulations were implemented 
using the ANSYS Fluent CFD code to explore the impact 
of Al2O3/water and CuO/water nanofluids on the Rth of the 
compound MCHS.

As shown in Figure 13, nanofluids can be reduced Rth 
since the maximum wall temperature of nanofluid-cooled 
MCHS is lower than that of water-cooled MCHS. For 
instance, Figure 9 shows that water as a coolant has a higher 

wall temperature than nanofluids. Furthermore, reentrant 
microchannels exhibit lower Rth due to the existence of pro-
trusion, resulting in a greater heat transfer rate and, as a 
result, a lower wall temperature. The effects of Brownian 
motion, higher value of k, as well as a larger surface area 
between the suspended nanoparticles and the base fluid all 
contribute to this significant decrease in Rth.

Performance Analysis
Performance Evaluation Criteria (PEC), also known 

as Performance Factor (PF), are computed for all designs 
by comparing them to the corresponding straight rect-
angular microchannel (Case_0 model); see Equ. (14). 
Characteristics of hydrodynamic, thermal, and overall per-
formances are determined by the averaged Nusselt number 
ratio (ENu) and the total pressure drop ratio (E∆P). Figure 
14(a-c) show the variation of ENu and E∆P for different 
geometry structure over a wide volumetric flow rate range 
(20 ≤ Qin ≤ 100 ml/min). Figure 14(a) illustrates the varia-
tion of both ENu and E∆P with different water-based nano-
fluids and different Qin within the Case_1 model, whereas 
Figure 14(b and c) depict the variation within Cases 2 and 
3, respectively.

As shown in Figure 14, the Case_2 design has the lowest 
E∆P compared to the other designs, while the Case_1 design 
has the highest. Enlargement of the flow area provided by 
the trapezoidal slot has contributed to reducing ∆P. The 
figure also shows that Case_2 with pure water as a coolant 
has the lowest E∆P with Qin < 40 ml/min, while Case_2 with 
Al2O3/water nanofluid has the lowest E∆P within volumet-
ric flow rate of 20 ≤ Qin ≤ 40 ml/min, whereas E∆P in the 

Figure 12. Comparison of the qx_avg along the microchannel (x = 0 - 20 mm) for different geometric structures and differ-
ent nanofluids at Qin = 60 ml/min.
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case_2 with both Al2O3/water and CuO/water nanofluids 
tend to be identical when Qin ≥ 50 ml/min.

Furthermore, Figure 14 also illustrates how the ENu 
varies for different geometry structures and water-based 
nanofluids that are utilized as indicators for thermal per-
formance criterion (TPC). It can be observed that the 
Case_2 model has lower ENu due to the stagnation zone 
effect produced by the upside trapezoidal slot, while the 

Case_1 design has the highest values of ENu with all fluids 
used. For Qin = 50 ml/min, Case_1 design with pure water 
shows the great performance to beat other designs (ENu = 
1.048). This means that the Case_1 design can outperform 
others at an intermediate volumetric flow rate (Qin = 50 ml/
min) due to its capability to produce high flow disturbances 
and vortices, both of which increase flow mixing. It can be 
concluded that when the Qin is increased, both nanofluids 

Figure 13. Effect of Qin and different water-base nanofluids on the total thermal resistance for four different MCHS con-
figurations.

(a)
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and interrupted surfaces deliver superior TPC at the cost of 
a considerable ∆P.

It is revealed that the Nusselt number increment ratios 
(ENu) are all in order one from the lowest Qin to the high-
est Qin. As a result, there are fewer advantages to using 
nanofluids at high Qin than to using nanofluids at low Qin. 
When the effects of the ∆P are considered, the significance 
of this result becomes evident. The presence of nanofluid 
has the following effects: increased k and nanoparticle col-
lision, both of which are preferred factors for heat transfer 

augment, as well as an increase in fluid viscosity, which hin-
ders fluid movement and thus heat transfer rate.

In the present study, each MCHS design’s overall per-
formance is determined by what is known as a performance 
factor, PF, which can be expressed as the Nusselt number 
ratio (ENu) divided by the total pressure drop ratio (E∆P) to 
the power of one third. If the PF value is greater than one, 
it indicates that the geometry shape has superior thermal 
performance and can overcome the disadvantage of the ∆P 
issue that arises in microchannels. If the value of PF is less 
than one, the condition is reversed.

(b)

(c)

Figure 14. Variation of Nusselt number ratio and pressure drop ratio with Qin for different geometry structure and differ-
ent water-base nanofluids for (a) Case_1, (b) Case_2, and (c) Case_3.
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Figure 15 illustrates the variation of PF with Qin for dif-
ferent geometry structure and water-based nanofluids. It 
can be seen that the Case_2 model outperforms the other 
designs due to flow interruption by the upside trapezoidal 
slot. Although Figure 14 shows the ENu for Case_1 being 
greater than Case_2, the ∆P that increases with velocity 
in Case_1 has deteriorated the overall performance of the 
Case_1 model.

Generally, at Qin < 30 ml/min, PF of Case_2 with 
Al2O3/water nanofluid is the highest among other MCHS 
designs. The maximum value of PF for Case_2 with Al2O3/
water nanofluid is found to be 1.041 at Qin = 20 ml/min. 
Unfortunately, as Qin increases, Case_2’s performance 
decreases. The reason behind this phenomenon can be 
attributed to an increase in both ∆P and wall shear stress as 
the flow velocity increased and nanoparticles were added. 
It is worth noting that all of the MCHS models proposed 
have a PF greater than one, indicating that the compound 
MCHSs can effectively improve heat transfer with only a 
marginal increase in ∆P, which is attributed to the disrup-
tion and reattachment of the flow at reentrant microchan-
nels, which reduces thermal resistance and increases heat 
transfer rate.

CONCLUSION

This study has demonstrated that utilizing hybrid pas-
sive techniques concurrently can augment the MCHS heat 
transfer efficacy. The first approach uses a novel MCHS 
design with a bottom circular cavity slotted from the top 
in various shapes (namely rectangular, trapezoidal, or 

semicircular reentrant) to form reentrant microchannels, 
which significantly augments heat transfer by disrupting 
both the hydrodynamic (δhy) and thermal boundary layers 
(δth), while the second technique uses nanofluids (Al2O3/
water and CuO/water) with a volume concentration (φ) of 
4% to increase the thermal conductivity and viscosity of the 
base fluid. According to the results obtained, it is observed 
that as Qin increases, both the pressure drop penalty (∆Pt) 
and the average Nusselt number (Nuavg) increase, while the 
total thermal resistance (Rth) decreases. Furthermore, it has 
been demonstrated that using nanofluid as a coolant can 
significantly increase the ∆Pt, which can be attributed to an 
increase in fluid density and viscosity, and thus wall shear 
stress. However, introducing nanofluid into the microchan-
nel as a coolant can also improve heat transfer.

It is noted that the inclusion of a slot on the top of the 
curricular cavity can significantly increase the heat transfer 
coefficient by 3.2–14.6% when compared to the traditional 
one, owing to the effect of protrusion, which can interrupt 
the δth. The newly compound MCHS configurations exerted 
throttling effects on the fluid flow, causing flow separation. 
This caused the fluid flow in the main flow within the cir-
cular cavity to accelerate, the fluid mixing to intensify, and 
the continuous development δth in the cross section to be 
disrupted. As a result of this, compound microchannels 
exhibited significantly higher Nuavg and lower wall tem-
peratures. Generally, the compound MCHSs produced a 
slightly higher pressure drop penalty (∆Pt) compared with 
their traditional rectangular counterparts. For pure water 
(φ = 0), Case_1 has a higher ∆Pt than the other MCHSs, 
which increased by 5.11% compared to the Case_0 at Qin 

Figure 15. Variation of PF with Qin for different geometry structure and different water-base nanofluids.
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= 100 ml/min. With nanofluids (φ = 4%) as a coolant, an 
increasing trend in ∆Pt was observed, with CuO/water 
nanofluid producing the highest pressure. At Qin = 100 ml/
min, Case_1 with CuO/water nanofluid had the highest ∆Pt 
and increased by 45.8% compared to the Case_0 utilizing 
water as a coolant. The highest value of performance factor 
(PF) is obtained from a Case_2 with Al2O3/water nanofluid 
at lower flow rate (Qin = 20 ml/min).

The study’s findings are expected to assist designers in 
developing more efficient MCHS systems. Future studies 
on electronic device cooling can investigate the effect of 
various cooling channel geometry, nanofluid as a cooling 
medium, nanofluid volume fraction, and nanoparticle size 
on heat transfer enhancement.
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NOMENCLATURE

Ach Microchannel cross-sectional area [m2]
Acon Convective heat transfer area [m2]
Aht MCHS bottom heated area [m2]
Cp Specific heat capacity [J/kg.K]
Dh Hydraulic diameter [m]
dnp Nanoparticle diameter [m]
h Convective heat transfer coefficient [W/m2.K]
H Heat sink height [m]
Hb Substrate thickness [m]
Hch Microchannel height [m]
k Thermal conductivity [W/m.K]
KB Boltzmann’s constant
L Heat sink length [m]
Lch Microchannel length [m]

M Molecular weight
N Avogadro number
Nch Number of microchannel
Nu Nusselt number
Pch Wetted perimeter [m]
PF Performance factor
Pr Prandtl number
∆P Total pressure drop [Pa]
Q Sensible heat gain [W]
Qin Volumetric flow rate [m3/sec]
q Heat flux [W/cm2]
Re Reynolds number
Rth Total thermal resistance [K/W]
Tf Fluid temperature [°C]
Tf,avg Fluid bulk temperature [°C]
Tfr Freezing point temperature of the water [°C] 
Tw,avg Average channel base temperature [°C]
uB Nanoparticle mean Brownian velocity [m/s]
uin Uniform inlet velocity [m/s]
V Total volume of the solution [m3]
Wch Microchannel width [m]
W Heat sink width [m]
 
Greek symbols
ρ Density [kg/m3]
μ Dynamic viscosity [kg/m s]
φ Volume fraction [%]
π Pi (= 3.14)
 
Subscripts
avg Average
bf Base fluid (Water)
f Fluid
in Inlet
max Maximum
nf Nanofluid
np Nanoparticle
out Outlet
s Solid
Γ Interface between the fluid and solid
x Streamwise coordinate
y Normal coordinate
z Spanwise coordinate
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