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Abstract 
Due to high heat flux in electronic equipment, the better cooling of these equipment using microchannel heat sink is of 
interest to many researchers today. However, paying attention to reducing energy consumption is also one of the 
essential issues that has attracted the attention of researchers and manufacturers.Thermohydraulic characteristics and 
energy saving of a water-based graphene nanoplatelet-platinum hybrid nanofluid inside a manifold microchannel heat 
sink for laminar flow have been  investigated numerically for various nanofluid volume fractions (φ=0.02, 0.06, and 
0.1%) and Reynolds number (Re=20 to 100). The Properties of hybrid nanofluid were considered temperature-
dependent. According to studies conducted in this research, graphene nanoplatelet-platinum hybrid nanofluid in a 
manifold microchannel heat sink improves heat transfer performance. Cooling uniformity factor as a criterion for 
diagnosing of hotspot regions decreases with an increase in Reynolds number and nanofluid volume fraction. Nusselt 
number (Nu) increases with an increase in  the Reynolds and nanofluid volume fraction. Numax=38.10 is obtained for 
Re=100 and φ=0.1%  and Numin=24.17 is obtained for Re=20 and φ=0. Thermal resistance decreases with an increase in 
nanofluid volume fraction and Reynolds number. With an increase in Reynolds number andnanofluid volume fraction, 
pressure drop increases. Also, at low Reynolds numbers (Re=20), pressure drop differences in different volume 
fractions are insignifcant. For all nanofluid volume fraction values, the performane evaluation criterion (PEC) value is 
greater than 1, which indicates the improvement of manifold microchannel heat sink efficiency using nanofluids. Also, 
for all Reynolds values, the performance evaluation criterion with an increase in volume fraction increases. PECmax for 
Re=20 and φ= 0.02% is achieved. There is no significant difference in the performance evaluation criterion for higher 
volume concentrations (0.06% and 0.1%) and higher Reynolds numbers (40 to 100). 

Keywords: Manifold microchannel heat sink, thermohydraulic characteristics, graphene nanoplatelet – platinum 
(GNP-Pt), hybrid nanofluid, performance evaluation criterion (PEC). 
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1. Introduction 
Today, the topic of cooling different equipment and 
devices and their thermal improvement is one of the 
important issues in research [1-4]. 

The manifold microchannel heat sink (MMHS) is an 
effective method for improving the thermal performance 
of electronic components in electronic equipment 
industry. Fig. 1 shows the MMHS schematic.  
 

 
Fig. 1: Schematic of MMHS 

 
According to Fig. 1, the length of the coolant path in 

the MMHS compared with the traditional microchannel 
heat sink is shortened, and cold fluid impinges on the 
microchannel bottom surface. As a result, the growth of 
the hydrodynamic and thermal boundary layers is 
decreased, the pressure drop is reduced, and the heat 
transfer is improved. 

In electronics industry, various studies have focused 
on the use of MMHS to cool electronic chips.The 
following are a few of these studies. 

Kermani [5] employed an experimental study to prove 
that the MMHS presented better heat exchange in cooling 
than the traditional microchannel heat sink (TMHS). His 
findings revealed that for MMHS, the microchannel 
having a hydraulic diameter (Dh=36µm) has 37% of the 
total pressure drop (∆p), while the microchannel with a 
hydraulic diameter (Dh=67µm) has 13% of the total 
pressure drop. The manifold is where the remaining 
entire pressure drop happens.  

To study the performance of MMHS, the effects of 
geometric variables such as manifold input/output ratio, 
manifold height, and microchannel width were 
investigated by Sarangi et al. [6] using 3D numerical 
simulation. Porous-medium pattern and unit-cell pattern 
were two parts of their research. According to their 
findings, the manifold inlet/outlet ratio had to be equal to 
3 at all times. 

Drummond et al. [7] investigated a two-phase flow 
morphology in manifold microchannels with a high 
aspect ratio. Two-phase flow, played an essential role in 
heat exchange enhancement for manifold microchannels, 
according to their findings. 

Yang et al. [8] compared a hybrid microchannel heat 
sink (HMHS) to a conventional manifold microchannel 
heat sink (CMMHS) in an experiment. The HMHS 
reduced thermal resistance and pressure drop, according 
to their findings. 

Babaei et al. [9] numerically evaluated the impacts of 
changing geometric dimensions of MMHS on the heat 
transfer and flow field such as the height of the 
microchannel, inlet/outlet ratio length, and microchannel 
width at Reynolds number (Re) 20 to 100, to determine 

the ideal geometric dimension. The optimal geometry in 
terms of thermal improvement was selected based on the 
acquired results.Their results showed that the maximum 
performance evaluation criterion (PECmax) for low Re is 
achieved at Hch=300m, while PECmax for high Re is 
obtained at Hch=240m. PECmax is 1.765 for Re=20 to 100, 
achieved at Re=100 and Hch=240m. 

In previous studies on MMHS, water has been used as 
the operating fluid. Today, to improve heat transfer, 
nanofluids are widely used because of their higher 
thermal conductivity in comparison with water [10-13]. 
Among nanoparticles such as metal oxide nanoparticles 
and carbon nanotubes, graphene (Gr) based materials, 
due to the very high thermal conductivity up to 5000 
W/mK, have shown high potentials as nanoparticles; 
hence, today graphene is widely used in the cooling 
debate. 

Ranjbarzadeh et al. [14] used a graphene oxide 
nanofluid to examine a circular copper tube's heat 
transport and friction coefficient .Compared to pure 
water, their results showed that the heat transfer 
coefficient increased by 40.3%, and the friction 
coefficient increased by 16% by employing graphene 
oxide nanofluid, resulting in a maximum thermal 
performance coefficient value of 1.148.  

A procedure for producing functionalized graphene 
nanoplatelets nanofluid (fGNP) was devised by Sadri et 
al. [15]. This procedure was environmentally benign and 
simple. They discovered that compared to pure water, the 
heat transfer coefficient improved by 38.58%. Also, with 
nanofluid volume fraction (φ=0.1%), the Nusselt number 
(Nu) enhanced about 18.57%.  

Esfahani et al. [16] used a modified Hummers method 
for preparing graphene oxide nanofluids to make 
graphene nano-sheets. In an experimental setting, they 
investigated the pressure drop and heat transfer 
comportment of graphene oxide nanofluid for flow inside 
a copper pipe at various flow rates and heat flux levels. 
According to their findings, the graphene oxide nanofluid 
with φ=0.01% had a greater heat exchange than the 
graphene oxide nanofluid with φ=0.1% and water,. They 
also discovered that the Nusselt number was unaffected 
by heat flux and flow rate. Many other studies have been 
done in this field [17-21]. 

Hybrid nanofluids are a new type of nanofluid that 
has recently attracted much attention. Obtaining a hybrid 
nanofluid will present favorable features of its 
ingredients, which will be helpful in various applications. 
[22-26]. Some researchers have used graphene-based 
nanofluids as a coolant for heat transfer increment. Some 
of these studies are as follows: 

Yarmand et al. [27], by decorating silver on 
functionalized graphene nanoplatelets, made a graphene–
silver hybrid nanofluid. They also experimentally studied 
the thermohydrodynamic characteristics and 
thermophysical properties of GNP-Ag/water hybrid 
nanofluid for flow inside stainless-steel tube. They 
discovered that the GNP-Ag hybrid nanofluid had more 
excellent thermal conductivity, resulting in better heat 
transmission. The intensification of the friction factor 
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was unimportant when compared to the benefits of heat 
transfer improvement. Improved experimental proposed 
relations founded on experimental data were presented by 
them to evaluate the Nusselt number and the coefficient 
of friction.Yarmand et al. [28] created a novel hybrid 
nanofluid by coating of GNP with platinum 
nanoparticles. It was discovered that by testing the 
thermophysical parametersof this novel nanofluid, at 40 
°C and φ=0.1%, thermal conductivity improved by 
17.7%. 

Bahiraei and Hesmatian [29], for various liquid 
blocks and CPU cooling, analyzed the effect of 
graphene–silver hybrid nanofluid. Their result showed 
that compared with pure water, hybrid nanofluid in liquid 
blocks delivered better results.  

Yarmand et al. [30], by using graphene-platinum 
nanoplatelet (GNP-Pt) hybrid nanofluid with φ = 0.02% 
to φ = 0.1%, experimentally studied forced heat transfer 
inside a microchannel considering constant heat flux 
examined at Re=5000 to Re=1750,000. Their results 
showed that an essential enhancement of heat transfer in 
comparison with the base fluid was obtained using the 
above nanofluid so that a 30% enhancement in the 
highest Reynolds number and the highest volume fraction 
(Re=1750,000 and φ=0.1%) was obtained. Also, the 
highest coefficient of frictionwas equal to 10.98% and 
was related to the same Reynolds number and volume 
concentration. Using temperature-dependent properties, 
Bahiraei and Hesmatian [31] numerically examined the 
thermal and hydraulic features of Gr-Ag hybrid nanofluid 
inside two novel microchannel heat sinks. Their findings 
demonstrated that when nanofluid concentration and fluid 
velocity increased, surface temperature, maximum 
temperature, cooling uniformity, and pumping power 
decreased. 

To enhance the heat exchange rate inside a 
minichannel, Bahiraei and Mazaheri [32] employed 
graphene–platinum hybrid nanofluid. They claimed that 
the superior features of this hybrid nanofluid improved 
heat transmission without significantly increasing 
pressure drop. 

Bahiraei et al. [33] used a computer model to 
calculate the thermohydraulic performance of Gr-Ag 
hybrid nanofluid inside a microchannel heat sink. They 
discovered that the heat transfer coefficientimproved by 
growing the nanofluid volume fraction and Reynolds 
number; temperature uniformity also improved, and the 
temperature of the bottom surface lowered. However, 
nanofluid increased pumping power and the Reynolds 
number at greater nanofluid concentrations.  

Khosravi et al. [34] numerically investigated the 
characteristics of the thermodynamics laws for the GNP-
Pt hybrid nanofluid through a cylindrical microchannel 
liquid block. Their results showed that by growing the 
Reynolds number and volume fraction, the convection 
heat transfer coefficient enhanced. Moreover,the thermal 
entropy generation was reduced.  

The energy, heat transfer, and flow characteristics 
efficiency of the GNP-Pt hybrid nanofluid in tubes were 
examined by Bahiraei et al. [35]. The effects of several 

parameters on the counter and co-swirling flows such as 
nanoparticle concentration and configuration type were 
investigated. Their findings revealed that as the 
concentration of nanoparticles enhanced, both pumping 
power and heat transfer increased in the studied 
configurations. Bahirai et al. [36] used a hybrid nanofluid 
including graphene-platinum (GNP-Pt) nano-sheets to 
determine the thermal characteristics and energy 
efficiency of a triple tube heat exchanger with a blade on 
its outer surface. Their findings revealed that increasing 
nanoparticle concentration, increasing blade height, and 
decreasing blade pitch increased the total heat transfer 
coefficient and heat transfer rate of the heat exchanger. 
They proposed a heat exchanger with a higher blade 
height and narrower pitch in the presence of a high 
volume fraction of nanoparticles to improve heat 
exchange.  

Heat transfer and fluid flow of nanofluids in a square 
microchannel, trapezoidal and smooth circular were 
numerically modeled by Goodarzi et al. [37]. In their 
study, Graphene nanoplatelets silver/water were used as 
nanofluid. Solid nano-sheets made up a volume 
concentration of 0 to 0.1% of the total volume 
concentration. Their findings revealed that nanofluid 
could be used as a viable cooling fluid replacement for 
distilled water, which is commonly used in heat 
exchangers in electronic devices. 

Balaji et al. [38] provided an experimental 
investigation on the convective heat transfer within a 
microchannel in the presence of nanofluids containing 
functional graphene (f-GnP) nano-sheets with a water-
based nanofluid. They inspected the outcome of mass 
flow rate (5 gr/s to 30 gr /s) and nanoparticle 
concentration (0% and 0.2%) on Nusselt number, 
pressure drop, and heat transfer coefficient. Their results 
showed that using graphene nanoparticles decreased the 
heat wall temperature by 10°C and increased the 
convective heat transfer coefficient by 71% and the 
Nusselt number by 60%, while they increased the 
pressure drop compared with water fluid by 12%. 

Khosravi et al. [39] numerically investigated heat 
transfer and fluid flow in a cylindrical microchannel in 
the presence of a GNP-Pt hybrid nanofluid. The results 
were evaluated for 4 Reynolds numbers with a volume 
fraction of 4%. Obtained results presented that the 
maximum PEC was 1.98 in volume concentration of φ = 
0.1%, Re=600, and the number of fins 36. Also, with 
growing each parameter of fins number, Reynolds 
number, and volume fraction, thermal resistance 
decreased. Table 1 shows some of the literature reviews 
with their main findings. 

In all previous studies in the field of MMHS, the 
effects of temperature on the thermophysical properties 
of water and the body of microchannels and manifolds, 
generally made of silicon, were not investigated. 
Particularly, the changes in the thermal conductivity 
coefficient of silicon with respect to temperature, which 
were significant, were considered constant in all previous 
studies. Also, in the previous studies, the effects of 
different geometrical parameters on heat transfer and 
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pressure drop were investigated, but in none of them  the 
effect of using hybrid nanofluid on the thermohydraulic 
performance of MMHS was investigated. In the present 
work, the above mentioned effects are considered. Also, 
in the previous studies in the field of MMHS, the 
performance evaluation criterion, as a valuable criterion 
for choosing the optimal conditions, was not mentioned, 
while most studies today use this criterion to select an 
appropriate economic model. In this work, the optimum 
volume fraction of nanoparticles are found using the 
definition of performance evaluation criterion. 

The thermohydraulic properties of GNP-Pt in an 
MMHS are quantitatively examined in the current study 
at Re=20 to 100. The current examination begins with a 
presentation of the model under discussion and its 
boundary conditions. Afterwards, a set of governing 
equations, a numerical technique, a grid independency 
study, and validation are carried out. Finally, the research 
on fluid flow and heat transfer properties of laminar flow 
of a GNP-Pt in an MMHS is provided with findings and 
comments. 

 
Table 1: Some of the literature reviews with their Main findings 

Reference Research method Configuration Main findings 

Kermani [5] Experimental 

 

The microchannel having ahydraulic 
diameter (Dh=36µm) has 37% of the 
total pressure drop (∆p) while the 
microchannel with a hydraulic 
diameter (Dh=67µm) has 13% of the 
total pressure drop. 

 

Babaei et al.  
[9] 

Numerical 

 

PECmaxfor low Re is achieved at 
Hch=300m, while PECmax for high 
Re is obtained at Hch=240m. 
PECmax is 1.765 for Re=20 to 100, 
and it is achieved at Re=100 and 
Hch=240m. 

Ranjbarzadeh 
et al. [14] 

Experimental 

 

Compared with pure water, the heat 
transfer coefficient increases by 
40.3%, and the friction coefficient 
increases by 16% by employing 
graphene oxide nanofluid resulting in 
a maximum thermal performance 
coefficient value of 1.148. 

Bahiraei et al.  
[32] 

Numerical 

 

The superior features of graphene–
platinum hybrid nanofluid improved 
heat transmission without 
significantly increasing pressure drop. 

Bahiraei et al.  
[31] 

Numerical 

 

When nanofluid concentration and 
fluid velocity increase, surface 
temperature, maximum temperature, 
cooling uniformity, and pumping 
power decrease. 

Khosravi et al. 
[39] 

Numerical 

 

The maximum PEC is 1.98 in volume 
concentration of φ = 0.1%, Re = 600, 
and the number of fins is 36. Also, 
with growing each of the parameters 
of fins number, Reynolds number, and 
volume fraction, thermal resistance 
diminutions. 
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2. Geometrical Model Description 
A schematic diagram of MMHS and the geometric 
dimension and computational domain of an MMHS 
unit cell are shown in Fig. 2(a andb). A unit cell of 
MMHS is selected due to the boundary condition of 
symmetry and reduction computation time. Mass flow 
inlet and pressure outlet are chosen as boundary 

conditions at the manifold's inlet and 
outletrespectively. q''=100W/cm2 is the microchannel 
bottom wall thermal boundary condition, and a 
boundary condition of non-slip velocity is considered 
for microchannel walls. The geometric dimensions of 
MMHS in this study are given in Table 2. 
 

  
(a) (b) 

Fig. 2: (a) Schematic diagram of MMHS (b) Geometric dimension and computational domain 

3. Properties of Silicon and Hybrid 

Nanofluid 

Hybrid nanofluid in this study is used as a working 

fluid, made by dispersing platinum-coated graphene 

nanoplatelets (GNPs) in water. The thermal 

conductivity of this nanofluid is found to be 17.7% 

higher by Yarmand et al. [28], who synthesized it. The 

underlying liquid Graphene platelets have several 

beneficial features such as high thermal conductivity, 

high mechanical strength, and low density. Thermal 

conductivity, density, viscosity, and specific heat 

capacity are temperature-dependent thermophysical 

parameters. The thermophysical parameters of this 

nanofluid were experimentally measured by Yarmand 

et al. [28]. Bahiraei et al. [33] presented Mathematical 

equations of GNP–Pt nanofluidthermophysical 

properties according to the experimental data of 

Yarmand et al.. Table 3 shows these mathematical 

models. In the present modeling, the microchannels 

and manifold material are selected from silicon [36]. 

Considering the thermophysical properties of silicon 

and its effect on the outcome of the current 

investigation, the temperature-dependent coefficient of 

thermal conductivity of silicon is considered. Table 4 

shows the thermophysical properties of silicon [40]. 

Table 2: Geometric dimensions of MMHS in this study (µm) 

Hch Hm Hs Wch Wf Lin Lout Lm 

400 360 1500 60 60 200 400 200 

 

Table 3: Mathematical relation for GNP–Pt nanofluid properties [35] 
� (%) Density  

(kg/m3) 

Specific heat 

 (J/kgK) 

Thermal conductivity  

(W/mK) 

Viscosity 

 (kg/ms) 

0 1085.05 − 0.29689T 0.12T + 4065.8 0.0020338T − 0.0057 3.08212404044923 × 1013 × T−6.6681 

0.02 1086.6 − 0.3T 4261.2 − 0.7257143T 0.0026165T − 0.1689 1.37573089707629 × 1012 × T−6.107681 

0.06 1085.1 − 0.2943T 4248.1 − 0.7771T 0.0029T − 0.2336 7.04657066469 × 107 × T−4.366 

0.1 1086.5 − 0.2979T 1.02T + 3492.5 0.0032T − 0.2646 3.5197010825669 × 108 × T−4.63845 

 

Table 4: Thermo-physical properties of silicon [40] 

Density(kg/m3) Specific heat (J/kgK) Thermal conductivity (W/mK) 

2330 706.83 5385.987-55.38469T+0.2225836T2-0.0004026317T3+2.745317× 10-7T4 
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4. Governing Equations and Important 

Parameters 
The hybrid nanofluid flow in this study is considered a 

laminar, steady state, considering variable (as a 

function of temperature) properties. Governing 

equations are as follows: 

Continuity:  

∇⋅(����V) = 0 (1) 

Momentum equation: 

∇ ⋅ 	 (������) 	= 	−∇�	 +	∇ ⋅ (����∇�) (2) 

Energy for the coolant: 

∇ ⋅ 	 (�����������) 	= 	∇ ⋅ (����∇�) (3) 

Energy for the solid region: 

∇ ⋅ �����∇�� = 0 (4) 
 

T, p,and V refer to the temperature, pressure, and 

velocity vector. Subscripts s and hnf represent the solid 

and hybrid nanofluid respectively. Due to the 

consideration of the laminar flow regime, the Reynolds 

number is lower than 100. 

The liquid in contact with the solid surface:  

�� = �� (5) 

����� = �����  (6) 

Parameters such as average Nusselt number (Nu), 

maximum temperature (Tmax), thermal resistance (Rth), 

pressure drop (∆p), cooling uniformity (�), average 

friction factor (f), and performance evaluation criterion 

(PEC) are analyzed to investigate the hydraulic thermal 

and characteristics. 

The average friction coefficient is defined as: 
 

� = 2��
��
�

1

����
�  (7) 

 

uin, Dh, �, and L refer to the velocity, hydraulic 

diameter, density, and microchannel length 

respectively. 

Nusselt number (average) is defined as: 
 

�� =
�����

������� − ����
 (8) 

���	and�� are themean bulktemperature and the 

average temperature of the microchannel wall 

respectively. The Performance Evaluation Criterion 

(PEC) is evaluated by: 
 

��� = ������ ����⁄ � (���� ���⁄ )�/��  (9) 
 

In the above relation, subscript bf refers to the base 

fluid. 

Cooling uniformity (�) describes the consistency of 

temperature distribution over the substrate's bottom 

surface, which is defined as: 

� =
������

− ������

���
 (10) 

 

Where ������
and 	������

are the substrate bottom 

surface maximum and minimum temperatures.Cooling 

uniformity (�) with a lower value indicates a more 

consistent temperature distribution on the substrate's 

bottom surface. 

Thermal resistance (���) is a metric that is used to 

assess the heat sink's performance:  
 

��� =
������

− ���

���
 (11) 

 

Where ������
 and Tin are the substrate bottom surface 

maximum temperature and fluid temperature at the 

inlet of MMHS.  

Flow in the straight segment of the microchannel is 

defined as: 

�� =
�̇����
�������

 (12) 

Where 

��� = ���/2 × ��� (13) 

�� =
2������

��� + ���

 (14) 

5. Numerical Procedure 

In this study, the finite volume-based flow solver 

ANSYS Fluent 18.2 is used to solve fluid flow and 

conjugate heat transfer in MMHS. A unit cell of 

MMHS is used to reduce the computational cost of 

each CFD simulation. Governing equations are solved 

via the second-order upwind method, and the pressure-

velocity coupling via the SIMPLE algorithm. When the 

residual values of them are less than 10−6 for all 

variables, the numerical solutions are considered to be 

converged 

5.1. Grid Independence Study 

To ensure that the results are grid-independent, several 

meshes with various cell counts are employed. Fig.3 

shows the results of the grid independency study in one 

situation and the variation of friction factor and 

temperature of three-point on the substrate bottom 

surface versus the number of elements. It can be seen 

from Fig.3 that acquired results do not show substantial 

differences when cell numbers are increased beyond 

1420800. Therefore, a mesh with 1420800 cells is 

sufficient for performing simulation with grid-

independent results. 
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(a) Variation of friction factor (b) Variation of temperature (c) Illustration of selected points  

Fig. 3: Grid independency study: Variation of friction factor and temperature versus the number of elements 

5.2. Model Validation  

The numerical findings are checked with existing 

experimental data to ensure the accuracy of numerical 

simulations. Fig. 4 shows the Kermani result (heat 

transfer coefficients) for Dh=67µm validation. This 

validation shows an acceptabel agreement between the 

present outcomes and Kermani experimental data [5]. 

 
Fig. 4: Variations in heat transfer coefficients versus mass 

flow rate: A comparison of experimental results and 
numerical modeling for Dh=67µm[5] 

6. Results and Discussion 
This study has investigated the thermohydraulic 

properties of a GNP-Pt hybrid nanofluid in an MMHS at 

Re=20 to 100 using three-dimensional numerical 

simulations. Different volume concentrations (� =0, 0.02, 

0.06, and 0.1%) of a water-based GNP-Pt hybrid 

nanofluid at Re=20 to 100 have been simulated 

numerically. The ������
, Nu, �, ���, ∆p, and f areused to 

determine the thermohydraulicof GNP–Pt hybrid 

nanofluid properties. The temperature contour of the 

MMHS is shown in Fig. 5 for various GNP-Pt hybrid 

nanofluid concentrations and Reynolds numbers.  

According to Fig. 5, with an increase in �, the 

temperature has decreased. From � =0 to 0.1%, at Re=20, 

the maximum temprature from 312.79K to 311.58, at 

Re=60, from 309.01K to 308.59 K and at Re=100 from 

308K to 307.66 K has been reduced. This is because in 

comparison with pure water, the thermal conductivity of 

the GNP-Pt hybrid nanofluid has been greater. Also, 

compared with base fluid, better cooling has been achieved 

for nanofluid with a larger volume concentration. By 

increasing the Reynolds number and, thus, the inlet 

velocity to the microchannel, more heat has been removed 

from the channel surface; as a result, the temperature has 

decreased. For example, at � =0.1%, from R=20 to 100, 

the maximum temprature from 311.85K to 307.66K has 

been reduced. Fig. 6 shows the variation of ������
 with Re 

for � =0, 0.02, 0.06, and 0.1%. From Fig. 6, it is observed 

that with the increase in Re and �, ������
 has decreased. 

Also at higher Re, the reduction of the ������
 for different 

volume concentrations is not significant. From � =0 to 

0.1%, at Re=20, ������
from 310.43K to 309.5K, at 

Re=60, from 306.66K to 306.25K and at Re=100 from 

305.66K to 305.33K has been reduced. At� =0.1%, from 

R=20 to 100,������
 from 309.5K to 305.33K has been 

reduced. Hybrid nanofluid with � =0.1% and at Re=100 

shows the lowest value for ������
, i.e., ������

 = 305.33 K. 

This is while the highest value for the substrate is 310.43K 

in Re=20 and for base fluid. 

Checking the uniformity of the substrate bottom 

surface is essential to obtain hotspot regions. Therefore, a 

parameter called "cooling uniformity (�)", expressed 

according to Equation 10, has been evaluated in various 

Re and �. Fig. 7 shows the variation of � with Re for 

� =0, 0.02, 0.06, and 0.1%. This is a crucial point to 

know that better uniform temperature distribution has 

been obtained for � close to zero. 
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� = 0.1% � = 0.06% � = 0.02% � = 0%   

        

R
e=

20
  

          

        

R
e=

60
 

          

        

R
e=

1
0

0
  

Fig. 5: Temperature contours for the middle section of MMHS varying volume concentrations (�) at various Re 
 

As seen from Fig.7, at lower Reynolds numbers 
(Re=20 and Re=40), with an increase in the volume 
fraction of nanoparticles, the cooling uniformity 
coefficient has decreased This decrease for Re=20 
compared to Re=40 has been more prominent. At higher 
Reynolds numbers (Re=60, Re=80 and Re=100), with an 
increase in the volume fraction of nanoparticles, there has 
been no significant change in the value of the cooling 
uniformity coefficient, and an increase in the volume 
fraction of nanoparticles has not significantly contributed 
to the uniformity of cooling. However, increasing the 

Reynolds number from 20 to 40 has caused a decrease in 
the cooling uniformity coefficient and a more uniform 
temperature distribution on the target surface. From 
Reynolds number 40 onwards, the cooling uniformity 
coefficient has an almost constant value, and increasing 
the Reynolds number has not had a significant effect on 
the more uniformtemperature distribution. Fig. 8 shows 
the substrate bottom surface temperature contours for 
Re=20, Re=60 and Re=100 for �=0 to �=0.1%. substrate 
bottom surfaceis shown in fig. 2(a). 
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According to the fig.8, it can be seen that with an 

increase in the Reynolds number, the temperature values 

in the substrate bottom surface has decreased. Also, the 

temperature was lower at the beginning of the substrate 

bottom surface where the cooling fluid jet hits; with an 

increase in the length of the plane, the temperature value 

has increased. Also, with an increase in the volume 

fraction of nanoparticles, the temperature values in the 

substrate bottom surface has decreased. The changes in 

temperature with an increase in volume fraction of 

nanoparticles hace been lower compared to the changes in 

temperature due to an increase in Reynolds number. With 

a simultaneous increase of Reynolds number and volume 

fraction of nanoparticles, the hot spot area of the plate has 

decreased. 

Fig. 9 shows the variation of the Nu with Re for � =0, 

0.02, 0.06, and 0.1% of GNP-Pt hybrid nanofluid. From 

Fig. 9, it is observed that the Nu has enhanced with an 

increase in  the Re; in fact, when the inlet velocity 

enhances, the fluid's convective heat transport increases; 

it increases the convective heat transfer coefficient and, 

thus,  increases the average Nu. Also, from Fig. 9, it can 

be seen that the Nu has increased with �. This is related to 

the fact that the � enhances, nanofluid thermal 

conductivity and heat transfer coefficient increase. Also, 

compared with that, in thermal conductivity, the 

percentage increment in the heat transfer coefficient has 

been more. Numax=38.10 is obtained for Re=100 and 

� = 0.1% and Numin=24.17 is obtained for Re=20 and 

� = 0%. Fig. 10 shows the variation of Rth with Re for 

� =0, 0.02, 0.06, and 0.1% of GNP–Pt hybrid nanofluid. 

From Fig. 10, it is observed that Rth has decreased with an 

increase in �. According to Fig. 6 and the previous 

contents, it is found that with increasing the �, ������
 has 

decreased, and, thus, Rth has decreased according to 

Equation 11,. Furthermore, with an increase in Re, Rth has 

decreased. The reason for this is that as the inlet velocity 

enhances, the fluid's convective heat transport increases, 

increasing the coefficient of convective heat transfer. As a 

result, the convective thermal resistance decreases, which 

results in decreased total thermal resistance. 

Fig. 11 shows the variation of ∆p with Re for � =0, 

0.02, 0.06, and 0.1% of Gr–Pt hybrid nanofluid. From 

Fig. 11, it is observed that with increasing�, ∆p has 

increased. This is because with increasing in	�, the 

viscosity of nanofluid increases, and, thus, ∆p increases. 

Furthermore, ∆p increases with enhancing Re. This is 

related to the fact that an enhancement in velocity 

gradient causes greater wall shear stress and increases ∆p. 

Figure 12 shows the friction factor with Re for � =0, 

0.02, 0.06, and 0.1% of Gr–Pt hybrid nanofluid. From this 

figure, it is observed that as the Re has increased, the 

value of the friction factor had decreased. This is because 

the friction factor is related to pressure drop and inversely 

the square of fluid inlet velocity, as defined in Equation 7. 

It is also observed that in low Re, the friction factor has 

increased from � = 0 to 0.02% and, then, decreases, but 

in high Re, the value of the friction factor has been close 

to each other for different �. 

Fig. 13 shows the variation of the performance 

Evaluation Criterion parameter (PEC) with Re for � =0, 

0.02, 0.06, and 0.1% of Gr–Pt hybrid nanofluid. From 

Fig. 13, it is observed that for all � values, the PEC value 

is greater than 1, which indicates an improvement of 

MMHS efficiency using nanofluids. Of course, PEC 

values are small values. Also, for all Re, PEC with 

increasing � increases. For � =	0.02%, the amount of 

PEC for different Re is close to each other, but for 

� =0.06%, for Re=20 to 40, PEC is reduced, and after 

Re=40, the values are close to each other. The values, 

then, converge. The maximum value of PEC is 1.09 for 

� =0.02 and Re= 20. 

 
 

  
Fig. 9: Variation of Nu versus Re for  various	� Fig. 10: Variation of Rthversus Re for various	� 
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Fig. 11: Variation of ∆p versus Re for  various	� Figure 12: Variation of f versus Re for various� 

 
Fig. 13: Variation of PEC versus Re for various	� 

8. Conclusion 
In this study, 3D numerical modeling was conducted in 
an MMHS to examine the thermohydraulic 
characteristics of GNP–Pt hybrid nanofluid with 
temperature-dependent thermophysical properties. 
� =0 to  0.1% and Re=20 to 100 on the 
thermohydraulic performance in MMHS were 
examined. This study's main findings are as follows: 
 

 With an increase both in Re and �, ������
 

decreases. Also, at higher Re, the reduction of 
the ������

 for different volume 

concentrations is not significant. The hybrid 
nanofluid with � =0.1% and at Re=100 
shows the lowest value for ������

; that is, 

������
 = 305.32 K. This is while the highest 

value is ������
 = 310.43 K for the base fluid 

at Re=20. 
 Cooling uniformity, as a criterion for 

diagnosis of hotspot regions, decreases with 
both Re and �. Also, as the Re increases, the 
change in cooling uniformity with � becomes 
less noticeable. 

 Nu increases with increasing the Re and φ. 
Numax=38.10 is obtained for Re=100 and 
φ=0.1%  and Numin=24.17 is obtained for 
Re=20 and φ=0%. 

 Rth decreases with an increase both in φ and 
Re. The difference of Rth in Re=20 is greater 
than other Re; and at the higher  Re, the 
difference in Rth together becomes less. 

 With an increase in Re and �, ∆p increases. 
Also, at low Re (Re=20), ∆p differences in 
different � are close to each other. 

 As the Re increases, the value of the friction 
factor decreases. In low Re, the friction factor 
increases from φ=0 to 0.02%, and, then, 
decreases; however, in high Re, the value of 
the friction factor is close to each other for 
different φ. 

 For all φ values, the PEC value is greater than 
1, which indicates an improvement on MMHS 
efficiency using nanofluids. Also, for all Re 
values, PEC increases with increasing � 
increases. PECmax for Re=20 and φ= 0.02%  is 
achieved. There is no significant difference in 
PEC for higher φ (0.06% and 0.1%) and 
higher Re (40 to 100). 
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NOMENCLATURE 
� Cross-section area (m2) Subscripts  
�� Specific heat capacity (J/kg K) ch Microchannel 

� Average friction coefficient f Fin 
H Height (µm) hnf Hybrid nanofluid 
k Thermal conductivity (W/m.K) in Inlet  
L Length (µm) mb Mean bulk 
�̇ Mass flow rate (kg/s) max Maximum 
Nu Average Nusselt number min Minimum 
� Pressure (Pa) m Manifold 
q Heat flux (W/m2) out Outlet 
Re Reynolds number s Substrate 
Rth Thermal resistance (Km2/W) Abbreviations  
T Temperature(K) CMMHS Conventional manifold microchannel heat sink 
V Velocity vector(m/s) FFMHS Force-fed microchannel heat sink 
W Width (µm) GNP Graphene nanoplatelets 
Greek symbols  JIHS Jet impingement heat Sink 
� Cooling uniformity (Km2/W) MMHS Manifold microchannel heat sink 
� Dynamic viscosity (Pa.s) MMHE Manifold microchannel heat exchanger 
ρ Density (Kg/m3) PEC Performance evaluation criterion 
φ Nanofluid volume concentration TMHS Traditional microchannel heat sink 
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