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ABSTRACT

In the present study, 3-D CFD simulations have been performed to examine the hydrothermal 
performance of a circular-shaped minichannel heat sink. The heat sink is composed of alumi-
num with dimensions of 40mm × 40mm × 10mm  and it is designed for Reynolds numbers 
less than 1300. A uniform heat flux of 66 KW/m2 is applied to the bottom wall of the heat 
sink, while other surfaces have been insulated. The finite volume approach was utilized in 
Ansys-Fluent to solve the system governing equations and associated boundary conditions. 
Magnetite-water nanofluid has been used as a coolant and examined the variations of mass 
flow rate and nanofluid concentration on cooling potential. A bronze porous material has 
been inserted throughout the channel space at various porosity levels. The performances of 
the heat sink have been further investigated at various channel counts by varying the hydraulic 
diameter in a manner that the total flow area of the channels remains constant. The results 
show that the number of channels and their dimensions have a substantial effect on heat trans-
fer efficiency. This investigation reveals that using porous media is very significant relative to 
nanofluid at any concentration and the maximum augmentation in heat transfer by the incor-
poration of porous media along with nanofluid is 5.54 times. Moreover, the heat sink’s practi-
cal utility is optimized through figures of merit (FOM) and heat transfer efficiency. As a result, 
the optimum hydrothermal performance of this present study is achieved at six channels with 
a lower volume flow rate, higher volume fraction of nanofluid, and a lower porosity level.
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INTRODUCTION

Research on small heat exchangers has gained significant 
attention in the last two decades. We are all aware that the 
enormous heat flux generated by the devices is the main fac-
tor in component damage. Therefore, the heat flux removal 
mechanism has become significantly increased to keep such 

equipment’s temperature below acceptable standards. A 
minichannel heat sink develops a novel cooling technology 
to remove too much heat from a very compact space. The 
minichannel flow offers an extremely high surface area-to-
volume ratio and a robust convective heat transfer coeffi-
cient. Tuckerman and Pease [1] first proposed the concept 
of a microchannel heat sink (MCHS). They conducted tests 
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on a rectangular-shaped microchannel made up of silicon 
and demonstrated that miniaturization of the heat sink 
could significantly lower the surface temperature. Their 
pioneering work started another study; many researchers 
compared their experimental [2, 3], numerical [4, 5], and 
analytical [6, 7] studies with Tuckerman and Peace. They 
found that reducing the characteristic diameter of the chan-
nel to a micron-scale enhanced the rate of heat transmis-
sion compared with conventionally sized devices. A wide 
range of channel configurations, including triangular [8], 
trapezoidal [9], tapered [10], converging [11], and ribbed 
[12], have been examined and found that the geometrical 
variation and its optimization have a very significant effect 
on the heat transfer rate. Yildizeli and Cadirci [13] inves-
tigated the hydro-thermal characteristics of a rectangular 
MCHS numerically and optimized its performance using a 
multi-objective genetic algorithm known as the elitist Non-
Dominated Sorting Genetic Algorithm (NSGA-II). From 
the result, it was found that the optimization approach sig-
nificantly improves the MCHS’s hydrodynamic and ther-
mal characteristics. During the design of the MCHS, any 
design point located on the Pareto optimum front is chosen 
based on the most dominant objective. Kose et al. [14] use 
CFD and NSGA-II to perform a numerical analysis of con-
jugate heat transfer for three distinct shapes of MCHS (rect-
angular, triangular, and trapezoidal) to explore geometric 
design variables on optimum solutions. A Pareto frontal 
comparison of all three variants revealed that the rectangu-
lar microchannel is the most significant geometry in terms 
of hydrothermal performance. The literature demonstrates 
that the geometrical modification and its optimization is a 
very adequate passive technique that significantly enhances 
the conjugate heat transfer of MCHS. 

Nanofluids have also been used in some studies to 
cool the heat sink. Researchers [15–17] explore the pres-
sure drop and heat transfer coefficient of the heat sink by 
the incorporation of nanofluids. The outcome indicates 
that increasing the Peclet number, Reynolds number and 
nanoparticle volume fraction improve the coefficient of 
heat transfer. Alawi et al. [18] found that the shape and size 
of nanoparticles have a significant impact on thermal con-
ductivity and fluid viscosity. Koo et al. [19] and Chein et 
al. [20] show that the Cu-water nanofluid in microchannel 
experienced better heat transfer than conventional fluids. 
Some researchers investigate experimentally [21, 22] and 
numerically [23–26], the hydrothermal behavior of Al2O3-
H2O nanofluid in the rectangular-shaped MCHS. This 
analysis shows that employing nanofluids in the heat sink 
is very efficient relative to pure water at any concentration. 
Additionally, it was discovered that the smaller nanopar-
ticle’s dimensions with higher concentration improved the 
heat transfer coefficient. Sayyed et al. [27] studied the heat 
transfer phenomenon of SiO2–water nanofluids and found 
that the thermal resistance of the heat sink was decreased by 
up to 10%. Sohel et al. [28] found that employing nanofluid 
rather than conventional fluid lowered the rate of thermal 

entropy generation. Kumar and Sarkar [29] studied the 
impact of hybrid nanofluid on thermal performance and 
found that the hydrothermal performance of hybrid nano-
fluid is superior to mono-nanofluid. Goud et al. [30] show 
that hybrid nanofluids have greater thermal dispersion than 
homogeneous nanofluids. Zahan et al. [31] show that the 
thermophysical properties and coefficient of performance 
of hybrid nanofluid are more significant than mono-nano-
fluid. Awad et al. [32] use nano-enhanced phase-change 
materials (PCM) to boost energy storage capability and 
it was concluded that adding nanoparticles to the PCM 
improves thermal characteristics over PCMs alone because 
of the interfacial layer formed in the nano-PCM. Awad and 
Muayad [33] studied a NaNO3 and nano-NaNO3 PCM 
for solar energy storage and it was found that the addition 
of nanoparticles improved charging and discharging by 
25.6% and 23.93%, respectively. This study concludes that 
the PCMs and nano-PCMs are used in solar energy stor-
age, emphasizing the possible advantages of integrating 
nanoparticles to enhance their efficiency. Luo et al. [34] 
performed a numerical analysis of the serpentine tube reac-
tor for the heat discharge (hydration) process incorporated 
with K2CO3 hydrate. They conclude that increased vapor 
pressure has been proven to significantly raise the output 
temperature, while a greater flow rate of heat transfer fluid 
(HTF) has improved the aggregate heat exchange perfor-
mance. Younis et al. [35] investigated the thermal storage 
performances of nano-enhanced phase change material 
(NEPCM) within an annulus between an outer wavy cyl-
inder. They conclude that melting times are shortened 
and heat transfer is improved by increasing nanoparti-
cle concentration. As compared to the pristine PCM, the 
melting time is lowered by 23.2% at a 6% nanoparticle con-
centration. Jahanbakhshi et al. [36] carried out a study on 
the thermal management of lithium-ion batteries using a 
microchannel heat sink with wavy microtubes. The results 
show that using a heat sink lowered the surface tempera-
ture of the battery in all circumstances, whereas the battery 
surface has a more consistent temperature profile when 
counterflow is used in a microtube or microchannel. The 
incorporation of nanofluid in this cooling system maintains 
its temperature within a safe working range. The literature 
demonstrates that the nanofluid is a very adequate passive 
technique that enhances the heat transfer rate more effi-
ciently than any conventional fluids in any scenario.

A porous channel [37] is another passive technique to 
improve heat transfer due to strengthening the redistribution 
of the flow along with modification of the radiative prop-
erty of the convective medium. Koh et al. [38] observed that 
the wall temperature of the heat sink decreases enormously 
when the porous material of higher thermal conductivity 
is inserted inside the channel. Hunt et al. [39] compared 
the heat transfer rate of porous channels numerically and 
experimentally. They reveal that employing porous mate-
rial increases the heat transmission rate by 200-400% more 
than a non-porous heat sink. Zehforoosh and Hossainpour 
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[40] Studied a convection phenomenon in a partially porous 
channel and found that the thermal performance of a par-
tially porous channel is more significant than a fully porous 
channel. Wang et al. [41] Studied the novel design of a gra-
dient porous heat sink (GPHS) and compared it with the 
homogeneous porous heat sink (HPHS) and it was found that 
the Nusselt numbers of GPHS configuration are larger than 
the HPHS. Saravanan et al. [42] examined the performance 
of heat sinks with porous media and found that the micro/
mini channel heat sink is superior when the porous medium 
is placed at the center or periphery. The results reveal that 
the performance index of the heat sink is enhanced by 13 % 
in comparison to a completely porous heat sink. Bezaatpour 
and Goharkhah [43] Carried out a numerical study of mag-
netite nanofluid with porous media into the heat sinks and 
found that at low volume flow rates, porosities, and higher 
nanofluid concentrations, the performance of heat sink will 
be enhanced. Dai et al. [44] reveal that the hydrothermal 
performance of porous micro /mini channel heat sinks can 
be enhanced by optimizing the pore size, porosity, and loca-
tions of porous materials. Sukumar et al. [45] conclude that 
incorporating porous media into the thermal system is the 
most suitable technique for augmenting the heat transfer 
however the local thermal non-equilibrium (LTNE) tech-
nique is accurate for modeling nanofluid and porous media. 
Alhajaj et al. [46] and Sivasankaran et al. [47] examined 
the flow behavior of the hybrid nanofluid inside a porous 
channel. It was found that this approach is another choice 
to enhance heat transfer against pressure loss. Rashidi et al. 
[48] carried out a thorough investigation of the capability 
of porous materials for thermal management of lithium-ion 
batteries (LIBs). The outcome reveals that the battery sur-
face temperature decreases at lower porosity with constant 
pore density whereas increases by raising the pore density 
due to the major influence of permeability. Kaabinejadian 
et al. [49] investigate the incorporation of porous media 
and its impact on the thermal management of prismatic 
lithium-ion batteries employing liquid electrolytes as a cool-
ant. The results conclude that raising the pore size leads to 
lowered the maximum temperature within the battery. In 
comparison to the non-inclined porous region, the inclined 
porous region greatly reduces the temperature field’s stan-
dard deviation. Hosseini et al. [50] addressed the difficul-
ties in developing innovative materials that could improve 
the efficiency of energy conversion and storage systems. It 
was proposed that the controlled porosity of cellular-based 
mechanical metamaterials or multiscale architected porous 
materials can offer optimal energy conversion and storage 
potential. These qualities may boost the material’s energy 
and power density performance as well as increase the use 
of that material in lithium-ion batteries, fuel cells, and solar 
energy systems.

From the above literature, it can be concluded that there 
is still an opportunity for advancement in heat dissipation 
from electronic devices using miniaturized channels. The 
microchannel flow geometry offers a large convective heat 

transfer coefficient although it has proven hard to execute 
due to the extremely high-pressure drop required to pump 
the cooling fluid through the channels. A minichannel can 
be utilized in a heat sink to provide significant heat flow 
and mild pressure loss. This is why a minichannel heat sink 
with a circular channel has been chosen because it is eas-
ier to manufacture and more reliable for electronic cooling. 
Efforts have been made to enhance the heat transfer rate by 
inserting porous media into the channels. However, such a 
configuration can result in increased pumping power. We 
needed a porous design optimization to improve heat trans-
mission without sacrificing pumping power. The novelty of 
this work is to investigate the simultaneous incorporation 
of nanofluid and porous media into the minichannel heat 
sink under various scenarios and compare the results to 
produce a rigorous hydrothermal performance.

A thorough investigation of the preceding work sug-
gested that relatively few works have been performed to 
analyse and optimize the passive heat transfer enhance-
ment in a hybrid manner like; the simultaneous incorpora-
tion of nanofluid and porous media inside an MCHS. The 
current investigations are devoted to the numerical analysis 
of the hydrothermal performance of circular minichannel 
heat sinks filled through bronze porous media and incorpo-
rated with Fe3O4/water nanofluids as a coolant. The conse-
quences of different criteria like porosity (0.75-0.9), volume 
flow rate (0.05046-0.20184 lpm), and nanofluid volume 
fraction (0.01-0.03) are explored for the heat sink. All these 
numerical investigations will also be done for the various 
channel counts (5-8) by varying the hydraulic diameter in 
a manner that the total flow area of the channels stands 
consistent. Moreover, we finally optimize the heat sink›s 
hydrothermal performance by taking into account all inves-
tigating criteria of this study.

PROBLEM STATEMENT

The schematic diagram of a compact heat sink made of 
an aluminum material having length (L), width (W), of 40 
mm, and height (H) of 10 mm will be evolved in Figure 
1. The primary focus of this research is on the cooling of 
microprocessor chips in electronic devices. The silicon 
wafer is placed on top of the microprocessor chip to evenly 
spread the heat generated in the chip›s hotspot. The gen-
erated heat flux of the microprocessor is conducted to the 
heatsink and further transported away from the device 
through convection. The bottom wall of the minichannel 
heat sink is uniformly heated at 66 KW/m2, whereas the 
remaining surfaces are insulated. The capability of the heat 
sink has been studied by keeping laminar flow through the 
channels and performing the computational simulation at 
various hydraulic diameters ( Fig. 2), flow rates, nanofluid 
volume fractions, and porosities to appraise the optimal 
heat sink’s performance. The detailed geometrical configu-
ration of the minichannel employed in the present study is 
shown in Table 1.
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Figure 3. Represents the grid’s distribution in the solid and fluid regions of the heat sinks.

(a) (b) (c) (d)

Figure 2. Heat sink schematic diagram at various channel counts (a) 5, (b) 6, (c) 7, (d) 8 respectively.

Table 1. Heat sink dimensions (mm)

Figure 1 L W H n Dh
a 40 40 10 5 4
b 40 40 10 6 3.6514
c 40 40 10 7 3.3806
d 40 40 10 8 3.1622

Figure 1. Schematic and working of minichannel heat sink in electronic cooling.
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Governing Equations and Boundary Conditions

Governing equations
The ensuing presumption is taken into account a) 3-D 

flow, b) laminar and incompressible flow, c) Steady and 
irrotational flow, d) Axisymmetric, e) Neglect of the body 
force, f) Thermal radiation is neglected, g) Themo-physical 
properties is the function of temperature for nanofluid, but 
solid properties are taken constant, h) At interface, the fluid 
and solid phases are in thermal equilibrium. 

Under this assumption, the following are the fluid and 
solid domain›s continuity, momentum, and energy govern-
ing equations [43].

  (1) 

  
(2)

  
(3)

  (4)

Thermophysical properties of the porous domain are 
calculated from [43]:

  (5)

  (6)

The following equation can be used to calculate the 
pressure drop in a channel from the inlet to the outlet.

  
(7)

The loss of energy that occurs when the fluid enters a 
pipe is called entry loss ( ):

  (8)

The loss of energy that occurs when the fluid exits a 
pipe is called entry loss ( ):

  (9)

Total pressure drops ( )

  
(10)

The average coefficient of heat transfer is

  
(11)

Where Ah denotes the convective area of heat transfer, 
ΔTm is the average temperature difference between the solid 
wall and the fluid, and q" represents heat flux respectively. 

  (12)

Here Tba represents the average base temperature of the 
channel surface, and Tbu denotes the bulk mean tempera-
ture of fluid, which is defined as:

  (13)

Where Tin and Tout represent the temperature of inlet 
and outlet fluids correspondingly.

Thermal resistance (Rth)is defined as:

  
(14)

Here Tb,max are the maximum bottom temperatures, 
respectively. 

Hydraulic diameter expression for the various number 
of channels at constant total flow is defined as:

  (15)

(PP) is calculated from the given formula:

  (16)

wherein ‘Q’ represents the volume flow rate. 
Heat transfer efficiency (η) is characterized by:

  (17)

Where 'cf ' denotes a non-porous channel having pure 
water as a working fluid. 

Figures of merit (FOM) is defined as:

  

(18)
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Boundary conditions
With a consistent axial velocity determined by the flow 

rate, the nanofluid enters the channel with a temperature of 
298K at the inlet. For every analysis, the initial gauge pres-
sure is fixed to 500 Pa, and the nanofluid exit pressure is 
atmospheric. The heat sink›s surface is supposed to be adi-
abatic irrespective of the bottom surface, at which a consis-
tent heat flux of 66 KW/m2 is employed in all circumstances. 
Conditions for no-slip velocity and thermal equilibrium are 
used at solid-fluid interfaces:

  
(19)

Furthermore, the bottom wall condition is defined as:

  
(20)

And for the other wall:

  (21)

whereas ‘n’ denotes the direction to surfaces normal.

Thermophysical Properties
Thermophysical properties of nanoparticles and porous 

media are shown in Table 2. Whereas, the following equa-
tions have been used to calculate the nanofluids properties 
[43].

  (22) 

  (23) 

  (24)

  (25)

Thermal conductivity for nanofluid is evaluated by:

  (26)

   
(27)

  
(28)

Whereas, k0 = 1.3807 × 10-23 J/K while ‘β’ is the volume 
proportion of liquid whose travels through the particles.

  (29)

  (30)

It is believed that the thermo-physical characteristics of 
pure water depend on temperature. The consequent model 
has been utilized to forecast the thermo-physical character-
istics of water [43]

  (31)

  (32)

  (33)

Mathematical Modeling, Grid-Independent Test, and 
Validations of Methodology

A 3-D flow domain has been generated using design 
modular in ANSYS-Fluent as per the physical dimension 
given in the work of Seyyed et al. [27]. Utilizing the finite 
volume approach governing equations at specified bound-
ary conditions are resolved. We considered the non-uni-
form structured grid for the analysis, as depicted in Figure 
3. Due to the significant temperature and velocity gradients, 
the grid points are grouped close to the wall. The approach 
implemented for solving the problem is the SIMPLE tech-
nique. The discretization scheme used for momentum, 
energy, and pressure is second-order upwind, second-order 

Table 2. Properties of nanoparticle and porous media

Particle Diameter (mm) Cp (J ⁄ (kg.K) k(W⁄mK) ρ(kg⁄m3)
Fe3O4 0.00002 640 7 4950
Bronze 0.1 343 26 8666



J Ther Eng, Vol. 11, No. 1, pp. 141−158, January, 2025 147

upwind, and presto, respectively. The LSCB (least squares 
cell-based) method is used for the gradient. The conver-
gence criterion for the momentum and energy thresholds 
are chosen at 10-6 and 10-9, respectively. 

The result of numerical analysis depends significantly 
upon the type of meshes and the number of elements 
therein. Therefore, it must adopt a typical mesh structure 
and a certain number of elements beyond which numeri-
cal simulation results will not vary appreciably. At different 
grid numbers, the heat sink’s bottom wall temperature was 
monitored in the axial direction to verify the calculation’s 
correctness and grid independence. Figure 4 summarises 
the findings, from which we infer that there is a very small 
difference in the outcomes of simulations with varying 

numbers of elements. As a result, around 8 to 9 lac elements 
were employed throughout all simulations.

To verify the numerical approach, the present results 
have been compared with the experimental result [27] 
for a heat sink considering identical geometry, coolant, 
dimensions, and boundary conditions. Figure 5 compares 
the present heat transfer coefficient and thermal resistance 
results to those of Sayyed et al. [27]. The maximal diver-
gence from the numerical  findings is 5%, which validates 
the present finding.

Figure 6 compares the  computational and theoretical 
approaches for calculating the temperature rise of coolant 
across the channel inlet and outlet. The theoretical predic-
tions are based on the energy balance equation.

Figure 4. Grid independency test at various channel counts (a) n=05 (b) n=06 (c) n=07 (d) n=08 respectively.
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  (34)

The strong alignment of the two demonstrates the reli-
ability of computational approaches.

RESULTS AND DISCUSSION

Heat Transfer Results
In the present study, the impact of heat transfer aug-

mentation techniques on the minichannel heat sink has 
been investigated numerically. The influence of varia-
tions in volume flow rate, nanofluid concentration, and 
the porosity level of channels on the hydrothermal per-
formance have been studied. To explore the rate of heat 

transfer, we determined the coefficient of average heat 
transfer of the channel. The Variations in the coefficient 
of heat transfer for five channel counts with volume 
flow rate and nanofluid concentration are examined for 
both non-porous and porous channels at various poros-
ity levels, and results are summarized in Figures 7 and 
8, respectively. Figure 7(a) depicts that the flow rate and 
nanoparticle concentration have a direct relationship with 
the coefficient of heat transfer. At the higher flow rate, the 
fluid experiences less temperature rise while passing over 
the heated surface due to a shorter period, and the differ-
ence in temperature between the heated surface and fluid 
is going to rise, causing a higher heat transfer rate. The 
incorporation of nanoparticles improves the hydrother-
mal properties of the base fluid, and hence the coefficient 
of heat transfer is enhanced with a rise in nanoparticle 
concentration. Figure 7(b) shows that introducing porous 
media into the flow domain significantly amplifies the 
heat transmission rate. A porous medium is a solid matrix 
that is characterized by the presence of void spaces present 
inside its volume. Because of the solid matrix, a very enor-
mous surface area for heat transfer has been obtained, 
leading to enhanced heat transmission. Porosity is spec-
ified as a ratio of the volume of the void to the entire vol-
ume of the channel. If the porosity increases, the void’s 
volume is increased; hence the wetted area of the solid 
matrix is decreased, which leads to a drop-in heat transfer 
rate, as we spotted in Figure 8. 

Furthermore, we investigate the impact of variation 
in channel counts  of the  heat sink on the heat transfer 
coefficient while keeping the total flow area constant. The 
hydraulic diameter is inversely proportional to the num-
ber of channels at a constant total flow area. An increment 
in the channel counts of the heat sink will raise the over-
all surface area, hence the heat transfer will be enhanced. 

Figure 5. Comparison between the present and Sayyed et al. [27] study.

Figure 6. Comparison of numerical data and theoretical 
energy balance.
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Figure 11. Variation of the average heat transfer coefficient 
with porosity at Q=0.05046 lpm, phi-0.01.

Figure 10. Variation of the average heat transfer coefficient 
with channel counts (Porous) at Q=0.05046 lpm, ϵ =0.75.

Figure 9. Variation of the average heat transfer coefficient 
with channel counts (non-porous) at Q=0.05046 lpm.

Figure 8. Variation of the average heat transfer coefficient 
with porosity for n=05 at Q=0.05046 lpm.

Figure 7. Variation of the average heat transfer coefficient with flow rate for n=05 (a) non-porous channel (b) porous 
channel at ϵ =0.75.
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Figures 9 and 10 show that the heat transfer coefficient 
is increased by increasing the number of channels of the 
heat sink for both the non-porous and porous types of the 
flow domain. Figure 11 shows that the heat transfer coef-
ficient is decreased by increasing porosity for all channel 
counts. 

 Thermal resistance
Thermal resistance is a crucial evaluation parameter 

for the heat sink›s performance. Hence, for both clear 
and permeable channels, the thermal resistance vari-
ations with volume flow rate and nanofluid concentra-
tions have been determined. Figure 12 shows that the 
thermal resistance has an inverse relationship with the 

volume flow rate and nanofluid concentration. In the 
presence of a porous media, thermal resistance is much 
reduced due to the diminished capability of hindering 
heat dissipation. 

From Figure 13, Thermal resistance depends on poros-
ity level; increasing the porosity of the channel leads to 
enhancing the thermal resistance of the heat sink. Variation 
in thermal resistance with the channel count is depicted 
in Figure 14 for non-porous channels and Figures 15 
and 16 for the porous channel, respectively. According 
to these results, increasing the channel count of the heat 
sink reduced thermal resistance for both non-porous and 
porous flow domains.

Figure 12. Variation of the thermal resistance with flow rate for n=05 (a) clear channel (b) porous channel at ϵ=0.75.

Figure 13. Variation of the thermal resistance with porosity 
for n=05 at Q=0.05046 lpm.

Figure 14. Variation of the thermal resistance with channel 
counts (non-porous) at Q=0.05046 lpm.



J Ther Eng, Vol. 11, No. 1, pp. 141−158, January, 2025 151

Hydrodynamic Results
Pressure drop is another critical criterion for heat sink 

performance. The pressure drop into the channel is directly 
consistent with the volume flow rate and the nanoparticle 
concentrations. Figure 17 illustrates that increasing the 
mass flow rate and nanofluid concentration raised the pres-
sure drop in both clear and permeable channels. Since the 
pressure drop across the channel in internal flow is directly 
correlated with both flow rate and viscosity (eq. 10), hence 
raising the flow rate increases the pressure drop, and incor-
porating nanofluid further increases fluid viscosity, which 
raises the pressure drop once again. In a permeable channel, 

frictional loss is increased due to the porous solid matrix 
which enhances the pressure drop across the channel. As 
illustrated in Figure 18, higher porosity levels of the porous 
channel have lowered the pressure drop due to enhanced 
permeability and less area of contact between the fluid and 
solid matrix. 

Variation in pressure drop with the number of chan-
nels is depicted in Figure 19 for the non-porous channels 
and Figures 20 and 21 for the porous channel, respectively. 
Pressure drop in any channel is conversely proportional to 
the fourth power to the diameter of the channel hence at 
higher channel counts pressure drop is high.

Figure 17. Variation of the pressure drop with flow rate for n=05 (a) clear channel (b) porous channel at ϵ=0.75.

Figure 15. Variation of the thermal resistance with channel 
counts (Porous) at Q=0.05046 lpm, ϵ =0.75. Figure 16. Variation of the thermal resistance with porosity 

at Q=0.05046 lpm, phi-0.01.
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Evaluation of Hydrothermal Performance
Two factors are primarily responsible for evaluating the 

performance of the heat sink: coefficient of heat transfer 
and pressure loss. These characteristics will be imitated by 
heat transfer efficiency and FOM.

Heat transfer efficiency
The consequences of employing nanofluid and porous 

media on heat transfer efficiency are explored by comparing 
the coefficient of average heat transfer relative to the corre-
sponding results of pure water flow through the non-porous 
channel. Figure 22 depicts how the heat transfer efficiency 

of porous and non-porous channels is affected by volume 
flow rate and nanofluid concentrations. 

From Figure 22, It is clear that raising the volume flow 
rate significantly reduces the heat transfer efficiency of per-
meable channels compared to clear channels. However, on 
the other hand, raising the nanofluid concentration promi-
nently improves the heat transfer efficiency for non-porous 
channels but not remarkably in porous channels. From 
Figure 23, it was concluded that the porous channel›s effi-
ciency will decrease steeply by increasing the porosity of 
the channel. Hence, it is concluded that the heat transfer 
efficiency is more appreciable for porous heat sinks with 
lower porosity. By considering all input parameters of the 

Figure 18. Variation of the pressure drop with porosity for 
n=05 at Q=0.05046 lpm. Figure 19. Variation of the pressure drop with channel 

counts (non-porous) at Q=0.05046 lpm.

Figure 21. Variation of the pressure drop with porosity at 
Q=0.05046 lpm, phi-0.01.

Figure 20. Variation of the pressure drop with channel 
counts (Porous) at Q=0.05046 lpm, ϵ=0.75. 
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current study; we conclude that the maximum heat transfer 
efficiency for n=05 is obtained at Q=0.05046 lpm, phi-0.03, 
e=0.75. 

Figure 24, it was found that heat transfer efficiency 
increases from n=5 to n=6 and decreases from n=6 to n=8 
for both clear and porous channels despite that it is more 
prominent with porous media. Hence from the current 
considerable scenario, we have concluded that n=6 channel 
count is very efficient in terms of heat transfer.

Table 3 shows the maximum augmentation in heat 
transfer with channel counts that incorporate either nano-
fluid or nanofluid combined with porous media. Table 4 
shows the maximum augmentation in heat transfer with 
channel count as compared to the reference study (n=5).

From this study, we found that increasing the channel 
count is directly associated with the heat transfer rate for 
both clear and porous heat sinks. However, the optimum 

Figure 24. Variation of the heat transfer efficiency with channel counts for (a) Q=0.05046 lpm, (b) Q=0.05046 lpm, ϵ=0.75.

Figure 23. Variation of the heat transfer efficiency with po-
rosity for n=05 at Q=0.05046 lpm.

Figure 22. Variation of the heat transfer efficiency with flow rate for n=05 (a) clear channel (b) porous channel at ϵ=0.75.
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performance of the present study in terms of heat transfer is 
attained at the 06-channel count due to the maximum heat 
transfer efficiency.

Figures of merit (FOM)
The effectiveness of improving the channel›s heat trans-

fer ability is again analyzed concerning the figure of merit 
(FOM). The FOM provides a thorough evaluation of a heat 
sink’s performance. Enhancing the heat transfer coefficient 
at the expense of the pumping power cost is the foundation 
of FOM. 

Figure 25 depicts the impact of flow rate and nanofluid 
volume fraction on FOM for both clear and porous chan-
nels. The results reveal that for the clear channel, raising 
the volume flow rate reduces the FOM whereas increases 
by increasing the nanofluid concentration. However, in a 
porous channel, FOM decreases by increasing both volume 

flow rate and nanofluid concentration. Figure 26 depicts 
that the FOM is increased with the increased porosity level 
of the channel since the pumping power is reduced more 
relative to the augmentation of the heat transfer. Hence, it 
is concluded that the FOM is more appreciable for porous 
heat sinks with higher porosity.

Figure 27 shows the variation in FOM for different 
channel counts. It was found that FOM increased from 
n=05 to n=06 and decreased from n=06 to n=08 for both 
clear and porous channels despite that it is more prominent 
with porous media. Hence from the current considerable 
scenario, we have concluded that n=6 channel count is very 
efficient in terms of FOM.

Suppose cooling of the channel is the primary objective 
then low volume flow rate, high volume fraction, and low 
porosity are suggested. Because, if we consider FOM and 

Table 3. Maximum augmentation in heat transfer

Number of 
channel(n)

Nanofluid Nanofluid and 
porous media

05 12.95 % 548.51%
06 16.33% 554.53%
07 16.16% 523.29%
08 16.00% 497.71%

Table 4. Maximum augmentation in heat transfer com-
pared with the reference study (n=05)

Channel type n=06 n=07 n=08
Nonporous channel 10.64% 20.56% 30.08%
Porous channel 6.44% 11.51% 15.46%

Figure 26. variation of the FOM with porosity for n=05 at 
Q=0.05046 lpm.

Figure 25. Variation of the FOM with flow rate for n=05 (a) clear channel (b) porous channel at ϵ=0.75.
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heat transfer efficiency simultaneously, we observe that 
the rate of heat transfer dominates over pumping power at 
low porosity. During the reduction in porosity from e=0.9 
to e=0.75, we get maximum enhancement in heat transfer 
efficiency for the n=06 channel is 58.42%. However, the 
reduction in FOM is 21.4% which is acceptable in terms of 
cooling. 

CONCLUSION

The variations in mass flow rate, nanofluid concentra-
tion, and the channel count on the convective heat transfer 
rate and pressure drop of a circular non-porous, and porous 
minichannel heat sink with various porosity levels have 
been investigated numerically. The following outcomes 
were attained.
• When comparing permeable channels to clear chan-

nels, the heat transfer efficiency has been significantly 
reduced by raising the volume flow rate. However, 
increasing the nanofluid concentration has improved 
the heat transfer efficiency in non-porous channels 
more considerably than in permeable channels.

• When comparing permeable channels to clear channels, 
the FOM has been significantly reduced by raising the 
volume flow rate. However, raising the nanofluid con-
centration has enhanced FOM in non-porous channels 
while lowering the FOM marginally in porous channels.

• In a permeable channel, increasing the porosity has sig-
nificantly decreased the heat transfer efficiency while 
increasing the FOM substantially. During the reduc-
tion in porosity from e=0.9 to e=0.75, we get maximum 
enhancement in heat transfer efficiency at n=06 chan-
nel is 58.42%. However, the reduction in FOM is 21.4% 
which recommends that the low porosity level channels 
provide very significant hydrothermal performances. 

• From both heat transfer efficiency and FOM point of 
view, increasing the channel count in porous MCHS is 

relatively more pronounced than in non-porous MCHS. 
Both heat transfer efficiency and FOM have increased 
from n=5 to n=6 while decreasing from n=6 to n=8 
channel count for all volume flow rates and nanofluid 
volume fractions of porous and non-porous channels. 
Hence, we have concluded that the n=6 channel count 
provides the best hydrothermal performance.

• The maximum augmentation in heat transfer com-
pared with pure water flow in a non-porous channel 
is achieved at six channel count with an increment of 
16.6% due to the insertion of nanofluid and 554.53% by 
the simultaneous incorporation of porous media and 
nanofluid. 

• Achieving optimum performance of the heat sink by 
considering both FOM and heat transfer efficiency 
simultaneously, the rigorous performance is achieved 
at six channel count with a lower volume flow rate, a 
higher volume fraction of nanofluid, and a lower poros-
ity level.

NOMENCLATURE

3-D Three dimensional 
Ab Bottom wall area for unit cell
At Bottom wall area of the heat sink
Ac The cross-sectional area of the channel
Ah Convective area of heat transfer
Cp Specific heat (KJ/Kg-k)
CFD Computational fluid dynamics
Dh Hydraulic diameter (m)
FF Frictional factor (∆PDh ⁄ 2LρV2)
FOM Figures of merit
hav Average heat transfer coefficient (W ⁄ m2 K)
k Thermal conductivity (W ⁄ m K)
Kp Permeability of porous media (m2)
lpm Litre per minute
n Number of channels

Figure 27. Variation of the FOM with channel counts for (a) Q=0.05046 lpm, (b) Q=0.05046 lpm, ϵ=0.75.
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Nu Nusselt number (hDh ⁄ k)
∆P Pressure drop (∆P)
PP Pumping power (∆P*Q)
q Total heating power (W)
q^'' Heat flux (W/m2)
Q Volume flow rate for unit channel (lpm)
Qt Total volume flow rate (lpm)
Rth Thermal resistance (K⁄W)
V Velocity (m⁄s)
T Temperature (K)
 
Greek symbols
β Fraction of liquid volume
μ Dynamic viscosity (N.s ⁄ m2)
φ Volume fraction
ϵ porosity
ρ Density (kg⁄m3)
η Heat transfer efficiency
Γ The interface of solid and liquid

Subscripts
av Average
b  Bottom 
ba Interface surface
bu Bulk mean 
c channel
cf  Non-porous channel with water as a coolant
eff Effective
f Fluid
fl Final
i Initial
in Inlet
max maximum
nf  Nanofluid
np Nanoparticle
out Outlet
s Solid
w wall
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