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This study employs numerical simulations to investigate the impact of water-based hybrid 

nanofluid containing copper-alumina nanoparticles using two-phase Eulerian-Eulerian 

model and finite volume approach to solve the conjugate heat transfer problem in a three-

dimensional microchannel heat sink. The aim is to numerically evaluate the thermal 

behaviour and performance criteria of the microchannel heat sink using Ansys workbench, 

while determining the influence of volume concentration and Reynolds number (Re) on 

Nusselt number, friction factor and entropy generation. Generally, the heat sink consists of 

a silicon cylindrical structure block forming a microchannel heat sink with an internal heat 

generation of 108 W/m3. The study involves varying the Reynolds number across a range of 

100 to 500. This variation applies to distinct volume concentrations of alumina-copper 

nanoparticles, specifically alternating between 0.25%, 0.50%, and 0.75% for a volume 

fraction of 1%. Additionally, the volume concentration was further adjusted within the range 

of 1% to 4%. The verification of the numerical models shows excellent agreement with 

literature. The results reveal that higher relative concentrations of copper nanoparticles lead 

to improved thermal enhancement of the hybridized nanofluid. An increase in both the 

Reynolds number (Re) and the concentration of Cu in the hybrid nanofluids caused a 

reduction in total entropy generation and thermal entropy generation. For Re = 500 and 

volume concentration of 4% in relation to the base fluid, the friction factor increases by less 

than 1%, the Nusselt number experienced an increase of 8.73% while the total entropy 

generation rate experiences 4.9% increase. At a concentration of 4.0% volume, the 

maximum figure of merit corresponds to a Reynolds number of 100 with 9.10% shift from 

1.0% volume of hybrid nanofluid.  
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I. INTRODUCTION 

Non-uniform heat generation is a prevalent occurrence in 

electronic equipment Feng et al [1]. To relieve the thermal load on 

electrical gadgets, this heat creation necessitates an optimized and 

clear channel with cooling fluid. Over the years, engineers and 

scientists have applied different methods from single phase, two 

phase to multiphase as an efficient way to remove the heat 

dissipated in the system, but due to the limitation of low thermal 

conductivity, Choi and Eastman [2] engineered a new fluid through 

the incorporation of metallic nanoparticles into heat transfer fluids, 

resulting in a suspension. This innovation is what is known as 
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Nanofluid (NF) today and circulated in thermal systems as 

alternative to conventional fluids. 

 

II. THEORETICAL REFERENCE 

The study of nanofluids and heat removal continue to grow 

gradually from homogeneous single phase to two-phase and 

multiphase. For single phase flow, Olakoyejo et al [3] investigated 

and optimized cylindrical micro-cooling channels with variable 

cross ‐ section using the constructal theory. Their results showed 

that there were optimal inlet and outlet diameters that enhanced the 

performance of the micro-cooling channel. Also, in order to 

observe the heat transmission and drop in pressure of a system, 

Kumar and Sarkar [4] considered a 2-phase model to replicate the 

flow of forced convection in a heat sink (microchannel), using 

water/Al2O3 NF and Al2O3-MWCNT hybrid NF. The 

homogeneous and heterogeneous models display a good 

relationship with experiment results.  

Hybrid nanofluids are group of fluids that comprise two or 

more types of nanoparticles and base fluids. They have gained 

significant acceptance recently due to their potential to alter the 

transfer of heat performance in two-phase flow systems, such as 

condensation and boiling. The circulation of hybrid nanofluids in 

thermal systems has shown promising results in various industrial 

applications, including power generation and refrigeration. This 

results in a unique set of properties that are not present in either the 

individual nanoparticles or the base fluid alone. This innovation 

has attracted significant attention in recent years due to its potential 

to enhance transfer of heat and improve the performance of cooling 

systems. Recently, Dey and Sahu [5] studied and reviewed the 

advantages of two-phase heat transfer and the potential benefits of 

using NFs in various two-phase heat transfer applications. 

According to the research, the convective transfer of heat 

coefficient is notably more with two-phase transfer of heat in 

comparison with alternative modes of transfer of heat. 

Various studies have examined the usage of hybrid NFs for 

improving the transfer of heat performance in two-phase flow 

systems. In literature,transfer of heat and pressure drop are affected 

by circulating hybrid nanofluids through and or around heat sink 

using two-phase model [6 - 9]. Similarly,entropy generation has 

also been influenced whenever nanofluids and hybrid NF are 

circulated in thermal systems [10], [12]. Nimmagadda and 

Venkatasubbaiah [13] investigates the convection flow (laminar – 

forced) of different nanofluids in a micro-channel of rectangular 

shape with low Re (10 - 50). The results indicate that nanofluids 

with less particle diameter are preferred for heat transfer 

enhancement, while raising the concentration of nanofluids 

enhances the Nu and improves thermal conductivity, the solid/liqud 

interface region temperature increases with increase in length of 

channel. 

Alfaryjat et al [14] numerically investigated the heat 

transfer enhancement of hexagonal heat sink microchannel using 

Alumina/H2O, CuO/H2O, SiO2/H2O and ZnO//H2O nanofluid. The 

authors compared the performance of the nanofluids while varying 

volume fractions from (0% - 4%) at Re 100-1000. Their results 

indicate that Alumina/H2O is favourable due to its minimal 

dimensionless temperature, coupled with the highest heat transfer 

coefficient (h). On the other hand, SiO2/H2O exhibits the greatest 

pressure drop, while pure water experiences the least.. 

Balaji et al [15] analyzed how functionalized Graphene 

Nanoplatelets (f-GnP) suspended in distilled water affected 

convective heat transfer. The study found that f-GnP-based 

nanofluids having concentration between 0% to 0.2% could 

improve convective ℎ and 𝑁𝑢 by 71% and 60% respectively at 

mass flow rate of (5g/s - 30g/s). The researchers suggested that 

these nanofluids could replace concentional cooling fluids to 

enhance electronic chips' performance via improved transfer of 

heat and thermal conductivity. 

Krishna et al [16] examined the pressure drop and transfer 

of heat capacity MWCNT-CuO/water-based hybrid nanofluid in 

MCHS with circular cross section with Re ranging from 500-2000. 

The study shows that drop in pressure was less with hybrid-

nanofluids in comparison with CuO/water nanofluids and 3% 

maximum enhancement of Nu was found for the hybrid NF. 

Vinoth and Sachuthananthan [17] compared the 

performance of pentagonal and triangular oblique finned 

microchannel heat sinks, using different nanofluids (CuO/H2O, 

Al2O3/H2O and Al2O3-CuO/H2O) at varying mass flow rate of 0.1-

0.5 litres per minute. The pentagonal mini-channel performed 

better, especially with hybrid nanofluid due to secondary flow, and 

had higher Performance Evaluation Criterion than the triangular 

heat mini-channel. 

The use of hybrid nanofluids has shown promising results 

in enhancing the transfer of heat performance in two phase flow 

systems. The studies have explored the potential of hybrid 

nanofluids for various industrial applications, including power 

generation, refrigeration, and heat exchangers.  

The present research is driven by the existing gap in 

numerical investigations utilising the two-phase Eulerian method 

within the ANSYS – Fluent framework. The objective is to 

comprehensively examine the thermal-hydraulic behavior of a 

hybrid NF in a multi-scale cylindrical channel. This investigation 

is also inspired by the preceding works conducted by Muzychka 

[18] and Omoshin et al [19], which shed light on the impact of 

smaller microchannels on the overall thermal efficiency of systems 

and effect of nanoparticles hybridization, respectively. This work 

introduces arrays of smaller microchannels to cylindrical channel 

in order to improve its performance and design was further 

streamlined into a sector multiscale elemental volume. 

 

III. METHODOLOGY 

II.1 PROBLEM FORMULATION 

Figure 1(a) depicts the physical configuration of the model 

considered in this study. The model is considered to be micro-

electronic component that comprises of an array of sector cooling 

channels with fixed global volume, V and length L. The entire solid 

material experiences  s an internal heat of 108 W/m3, which is 

denoted as q’’’. Fig. 1(b) shows an elemental volume containing a 

sector and interstitial circular cooling while and Table 1 

summarizes the dimensions of the elemental volume used for this 

study. Forced convection is employed to remove heat from the 

system, where coolant, water-(Al2O3-Cu) hybrid nanofluid with 

0%, 1%, 2%, 3% and 4% nanoparticle concentration is circulated 

into the cooling channels at varying inlet Reynold numbers over 

the channel length L. The analysis assumes a uniform heat 

distribution within the channel, given that the surrounding element 

is used in the analysis. The fluid was considered to be two-phase 

Eulerian fluid with particle diameter of 10-8 and interfacial area of 

ia-particle. The fluid was circulated through the six-patterned holes 

and centered circular channel to remove heat from the solid body 

at every hotspot. 
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Figure 1: The three-dimensional (a) global and 

elemental volume with circular and (b) sector channels 

Source: Authors, (2025). 
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In Figure. 1(b), the elemental volume, is conceptualized to 

be made up of an elemental channel with sector channel diameters 

d1 and interstitial channel circular d2: 

 

II.2 GOVERNING EQUATIONS AND BOUNDARY 

CONDITIONS 

A. Governing equations 

The mathematical (continuity, momentum, energy) 

equations that describe the behavior of this numerical study are 

formulated with the assumption that the flow is two phase using 

hybrid-nanofluid. 

Continuity equation 

1 1 1( ) 0u  
r

 (1a) 

 

Solid phase: 

 

2 2 2( ) 0u  
r

 (1b) 

 

3 3 3( ) 0u   
r

 (1c) 

 

whereρ, α, u
r

are the density, volume concentration, and 

velocity vector while subscripts 1, 2, 3 represents primary phase 

(water), secondary phase (alumina nanoparticles), secondary phase 

(copper nanoparticles) respectively. 

 

1 2 3 1      (1d) 

 
Momentum equation 

Liquid phase:  

1 1 1 1 1 1 1 1( ) ( )T

d MV

u p u u

F F

            

 

r r r

 

 

 

(2) 

 

Solid phase: 

2 2 2 2 2 2 2 2( ) ( )T

d MV col

u p u u

F F F

            

  

r r r

 

 

(

3) 

3 3 3 3 3 3 3 3( ) ( )T

d MV col

u p u u

F F F

            

  

r r r

 

 

(

4) 

  

where P, µ2, Fd, FMV, dF MVF and colF  are the the 

pressure, dynamic viscosity, drag, virtual mass, and particle-to-

particle interaction forces, respectively. However, according to 

Kalteh et al. [20], the virtual mass and particle to particle 

interaction force have an insignificant effect on heat transfer 

characteristics (Nusselt number). Hence, only the drag force and 

convective heat transfer between the primary and secondary phases 

are considered. The particle-to-particle heat transfer is neglected, 

and the gravitational and the lift forces attributable to the small size 

of the particles are also ignored. 

The drag force between the primary phase and each 

secondary phase (alumina and copper particle) is calculated as 

 

1( )d PF u u  
r r

 (5) 

 

1 2.65

1 1 1

3

4

p

d P

p p

C u u
d

 
  



 
r r

 

 

(

6) 

where dC is the drag coefficient. 

 

Energy equation 

11 1 1 1 1 1 1( ) ( )p hC Tu K T Q     
r

  (

8a) 

 

22 2 2 2 2 2 2( ) ( )p hC T u K T Q     
r

 (

8b) 

 

33 3 3 3 3 3 3( ) ( )p hC T u K T Q     
r

 (

8c) 
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where T, K, Cp, are the temperature, thermal conductivity 

specific heat capacity. 𝑄ℎ   is the volumetric energy transfer rate 

between the primary and each secondary phase, and it is expressed 

as 

,1 1

6
( )

p

pq p P

p

Q h T T
d


   

 

(9) 

  

where h, d, and subscript p are the heat transfer coefficient, 

diameter, and particulate, respectively  

B. Boundary conditions 

The expression for the heat flux across the solid-liquid 

interfaces is given as: 

s nf

T T
k k

n n

 


 
 

 

(10) 

The fluid velocities close to the channel walls are expressed 

as: 

0v 
r

 (11) 

The inlets conditions are given as: 

inT T  (12) 

f inu u  (13) 

Eq. (24) is uniform axial velocity for both base fluid and 

particulate phases at bottom channel while the outlet condition is 

ambient outflow condition. 

The solid boundary given as: 

0T   (14) 

 

II.3 PERFORMANCE CRITERIA 

The criteria that are utilized to determine the performance 

characteristics of the cooling channel are now discussed. 

II.3.1 NUSSELT NUMBER 

Average Nusselt number (Nu) is one of the measures of heat 

transfer performance for this study and this was determined by 

taking the value obtained by multiplying transfer of heat coefficient 

and the hydraulic diameter divided by the thermal conductivity. 

 
 

h

f w in

q D L
Nu

k T T





 

 

(15) 

 

where kf, is the thermal conductivity of the liquid [4,5]. and 

Tw is the area‐weighted average wall temperature.  𝑇𝑤   is the wall 

temperature at the center of the heated base and Dh average 

hydraulic diameter. 

 

II.3.2 FRICTION FACTOR 

The calculation of the friction factor f, which is a measure 

of microchannel performance characteristics, was carried out and 

presented as follows: 

 
2

2 h

nf

pD
f

u L


  

 

(16) 

  

II.3.3 ENTROPY GENERATION 

This study also investigated the practical importance of total 

volumetric entropy generation rate (S′′′
g-total), which is a measure of 

the inability to reverse a process. This criterion was conveyed as 

shown by Alfaryjat et al [21] 

''' ''' '''

g total g th g frS S S   & & &  (17) 

where the thermal entropy generation ( '''

g thS 
& ) and the friction 

entropy generation ( '''

g frS 
& ) were determined as expressed 

individually as: 
22 2

'''

2

nf

g th

k T T T
S

T x y z
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(19) 

 

II.3.2 FIGURE OF MERIT 

In order to assess the trade-off between increasing power 

required for pumping and the rate of heat transfer improvements, 

the Figure of Merit (FOM) is utilized to evaluate the overall 

performance of each of the suggested designs. FOM is give 

according to Ali et al [22]. 

 
1

3
nf nf

bf bf

Nu f
FOM

Nu f

   
       
   

 
 

(20) 

 

III COMPUTATIONAL PROCEDURE 

III.1 NUMERICAL TECHNIQUE 

This CFD study was conducted using ANSYS Fluent 

software. A phase coupled SIMPLE approach was utilized for 

pressure/velocity couple with the pressure, momentum, volume 

fraction, granular temperature and the energy equations solved 

using the second-order upwind technique. A multiphase approach 

with an homogeneous Eulerian model was assumed while the 

number of Eulerian phase and volume fraction parameters 

formulation were set to two and implicit respectively. The primary 

phase used was water-liquid and secondary phase was aluminium-

oxide and copper hybrid nanofluid with syamlal-obrien assumed 

for the granular viscosity, solids pressure and granular 

conductivity. The temperature granular model was solved with 

partial differential equation. For phase interaction, phase 1 was 

given a drag coefficient of syamlal-obrien and a virtual mass drag 

of 0.5 with no lift and surface tension coefficient. The phase 2 was 

given a collision coefficient of 0.9 in the force setup while 

interfacial area of ia-particle was set for the phases.  

III.2 GRID INDEPENDENCE TEST 

Different grid tests were performed to ascertain this study’s 

accuracy and the convergence criterion was determined using: 
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(21) 

Figure. 2. shows the computational mesh of this study. 

Table 2 outlines grid independence test carried out in this study. 

The number of elements corresponding to the number of nodes 

15715, 60649, 96783 and 270 520 are 80711, 322051, 1458163 

respectively. The i-1 mesh was chosen because it fulfilled the 

criterion convergence and a further increment had no influence on 

the result. The test shows that increasing the number of elements 

beyond 96873 could not cause a significant change in the 

maximum temperature. Hence, the mesh with 96,783 nodes and 

510,569 elements was used for this computational study 

 

 
Figure. 2: Computation study mesh 

Source: Authors, (2025). 

 

Table 2: The grid independence study for CFD study 
L = 0.01 m, R = 600 μm, Dc = 200 μm, Rs = 200 μm, Re = 100 

and ∅ = 1% 

Numb

er of Nodes 

Number 

of Elements 

Tmax 

(K) 
  

15,715 80,711 
301.

1814 
- 

60,649 322,051 
302.

2358 

0.003489

0 

96,783 510,569 
302.

2318 

0.000013

23 

270,52

0 

1,458,16

3 

302.

2302 

0.000000

5294 

 

III.3 NUMERICAL CODE VALIDATION 

Figure 3 presents a validation of the numerical model, 

comparing it with previous experiments conducted by Azizi et al. 

[23]. These experiments utilized a circular microchannel with a 

heat flux set at 35 kW/m² and 𝑅𝑒 between 280 and 780. The 

observed trends align closely, with a mean average deviation of less 

than 10%. 
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Azizi et al [23]

P
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)
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Figure 3: Validation of present study with Azizi et al [23] 

Source: Authors, (2025). 

 

IV. RESULTS AND DISCUSSIONS 

This section outlines the findings of this study’s 

investigation on the impact of hybrid NFs on the friction factor, 

entropy generation and avergae Nusselt numbers Nu of both inlet 

configurations. The study involved testing various combinations of 

hybrid nanoparticles at nanoparticle concentrations ranging from 

zero (pure water) to 4.0% volume concentration, while the Re was 

varied between 100 and 500. 

IV.1 INFLUENCE OF NANOPARTICLE CONCENTATION 

(Φ) AND REYNOLDS NUMBERON NUSSELT NUMBER 

In Figure 4, the relationship between Reynolds numbers 

(Re) and avergae Nusselt numbers (Nu) is shown. As Re increases, 

there is a clear upward trend in Nu, consistent with observations 

made by Zheng et al. [24]. The study also evaluates the heat transfer 

effects of differing concentrations of Al2O3 and Cu within hybrid 

nanofluids. 
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= 1% (0.25%Al
2
O

3
 + 0.75%Cu)

N
u

Re  
Figure 4: Effect of Reynolds number on average Nusselt number 

at fixed hybrid nano particle concentration 

Source: Authors, (2025). 

 

Results demonstrate that Cu, at higher concentrations, tends 

to perform better than Al2O3. In scenarios where Al2O3 and Cu are 

present in equal concentrations, their performance surpasses that of 

both pure water and Al2O3 alone, suggesting significant 

improvements in heat transfer when Cu is incorporated into hybrid 

nanofluids. At a Re of 100, without any nanofluid particles, the Nu 

stands at 321.85. This figure climbs to 346.34 when the 

concentration of Cu in the hybrid nanofluid reaches 0.25%. As the 

Cu concentration increases to 0.50% and 0.75%, the Nu further 

ascends to 356.45 and 360.97, respectively. Additionally, at a Re 

of 500, Nu values corresponding to Cu concentrations of 0.25%, 

0.50%, and 0.75% are 896.65, 915.34, and 926.67, respectively. 

These findings indicate an enhancement in Nu by 10.17% at a Re 

of 100 and by 7.49% at a Re of 500 when Cu concentration is raised 

from 0.25% to 0.75%. 

IV.2 EFFECT OF NANOPARTICLE HYBRIDIZATION ON 

THE AVERAGE NUSSELT NUMBER 

The Nusselt number, expressed non-dimensionally, serves 

as a crucial indicator for assessing and forecasting the heat transfer 

efficiency of thermal systems. As depicted in Figure 5, there is a 

notable rise in the Nusselt number with increases in Reynolds 

number, Reynolds number which shows similar trends with 

worked presented by Ataei et al [25].  
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It is observed that a higher concentration of Cu within the 

hybrid nanofluids leads to improved thermal performance. 

Notably, the hybrid nanofluid with 4% Cu concentration exhibits 

the most significant enhancement in thermal performance. 
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Figure 5: Effect of Reynolds number on average Nusselt number 

at different hybrid nanoparticle concentration 

Source: Authors, (2025). 

 

Furthermore, increasing the proportion of Cu in the Al2O3 

mixture results in greater improvements in heat transfer 

capabilities. Specifically, at a Reynolds number of 100, the Nusselt 

number progresses from 360.97 to 376.84, 388.10, and finally 

395.73 as the Cu concentration increases to 1%, 2%, 3%, and 4%, 

respectively. At a Reynolds number of 500, the Nusselt numbers 

associated with Cu concentrations of 1%, 2%, 3%, and 4% are 

926.67, 960.43, 989.02, and 1010.1, respectively. This indicates 

that a rise in Cu concentration from 1% to 4% escalates the Nusselt 

number by 12.15%, 17.09%, 20.58%, and 22.95% compared to the 

base fluid, at a Reynolds number of 100. 

 

IV.2 4.3 INFLUENCE OF NANOPARTICLE 

CONCENTATION (Φ) AND REYNOLDS ON FRICTION 

FACTOR (f) 

The bar chart in Figure 6 explores the response of hybrid 

nanofluids to changes in Reynolds number and alumina 

nanoparticle content. The experiments maintained a constant 

nanoparticle concentration of 1% while varying the Reynolds 

number from 100 to 500. The data demonstrate that variations in 

nanoparticle concentration have a negligible impact on the friction 

factor.  
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Figure. 6: Effect of Reynolds number on friction factor at fixed 

hybrid nanoparticle concentration 

Source: Authors, (2025). 

Furthermore, the friction factor remains relatively 

consistent at a given Reynolds number, irrespective of the 

nanoparticle concentration mixed with water. This trend 

corresponds with the findings from previous studies by Ghale et al 

[26] and Zhang et al [27]. Specifically, Ghale et al’s research, 

which employed Al2O3/Water mixtures in both single and dual-

phase setups in ribbed microchannels, indicated that increasing the 

proportion of particles does not significantly affect the friction 

factor. Consequently, this suggests that the energy required for 

pumping the nanofluid remains stable regardless of the Reynolds 

number.  

IV.4 EFFECT OF NANOPARTICLE HYBRIDIZATION ON 

THE FRICTION FACTOR 

Figure 7 demonstrates that an increase in Reynolds number 

(Re) results in a reduction in the friction factor for various 

concentrations of the hybrid nanofluid. The decline in friction 

factor, associated with increasing Re, is attributed to the dominant 

effect of inertial forces over the viscous forces in the fluid, as 

detailed by Lodhi et al [28].  
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Figure. 7: Effect of Reynolds number on friction factor at 

diferente hybrid nano particle concentration 

Source: Authors, (2025). 

 

Despite these observations, variations in nanoparticle 

composition appear to have minimal impact on the friction factor, 

echoing findings by Mohammed et al [29]. This lack of dependency 

on the friction factor, regardless of changes in the concentration of 

Al2O3 nanoparticles, suggests that the nanofluid behaves similarly 

to a single-phase fluid, as noted by Byrne et al [30]. A comparable 

behavior was also observed in the studies by Lee and Mudawar 

[31], who investigated heat transfer in microchannels using single- 

and two-phase nanofluids. However, it is generally observed that 

increasing the concentration of Cu within the mixture enhances the 

thermal conductivity and heat removal efficiency of the 

suspension. 

IV.5 INFLUENCE OF RE ON ENTROPY GENERATION 

S′′′
g-th , S′′′

g-fr , AND S′′′
g-total  

According to Figures 8 and 9, an increase in both Re and 

concentration of Cu in the hybrid nanofluids caused a reduction in 

S′′′
g-th with large deviation at 500 Reynolds number (Figure 8), and 

S′′′
g-total (Figure 9), while S′′′

g-fr (Figure 8), increases. The S′′′
g-total of 

the base fluid surpasses that of Al2O3/Cu hybrid nanofluid. Mehrali 

et al [32] utilized a hybrid Fe3O4/graphene ferro-nanofluid and 
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noticed a decrease in entropy generation compared to water. At 

particle concentrations of 0.25% Cu / 0.75% Al2O3, 0.50% Al2O3 / 

0.50% Cu, and 0.75% Cu / 0.25% Al2O3, the value of S′′′
g-th in 

Figure 8 is reduced by 0.86%, 3.16%, and 12.18%, respectively, in 

comparison to base fluid. While S′′′
g-fr in Figure 8 experiences an 

increase of 10.03%, 8.55%, and 6.67% deviation from the base 

fluid at particle concentrations of 0.25% Cu / 0.75% Al2O3, 0.50% 

Al2O3 / 0.50% Cu, and 0.75% Cu / 0.25% Al2O3, respectively. 
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Figure. 8: Effect of Reynolds number on S′′′

g-th , S′′′
g-fr at fixed 

hybrid nano particle concentration 

Source: Authors, (2025). 

 

In Figure 9, the S′′′
g-total is reduced by 0.55%, 3.27% and 

11.96% at particle concentration of 0.25% Cu / 0.75% Al2O3, 

0.50% Al2O3 / 0.50% Cu and 0.75% Cu / 0.25% Al2O3, 

respectively, compared to the base fluid. These similar trends were 

observed in the work presented by Saleh and Sundar [33]. 
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Figure 9: Effect of Reynolds number on S′′′

g-total at fixed hybrid 

nano particle concentration 

Source: Authors, (2025). 

 

IV.6 EFFECT OF NANOPARTICLE HYBRIDIZATION ON 

THE S′′′
G-TH , S′′′

G-FR , AND S′′′
G-TOTAL 

Figure 10 illustrates the changes in S′′′
g-fr and S′′′

g-th as 

influenced by nanoparticle hybridization. With increasing 

Reynolds number and nanoparticle concentration, there is an 

observed rise in S′′′
g-fr, attributed to the improved thermal 

conductivity and viscosity of the hybrid nanofluid. Conversely, 

S′′′
g-th decreases with higher Reynolds numbers. These results align 

with the study by Kanti et al. [34], which investigated heat transfer, 

entropy generation, and pressure drop using an ash-Cu hybrid 

nanofluid in tubes. The increase in Reynolds number enhances heat 

transfer between the fluid and the microchannel wall. Compared to 

the base fluid, S′′′
g-th  experienced shifts of 3.27%, 7.71%, 15.98%, 

and 15.98% for volume fractions of 1%, 2%, 3%, and 4%, 

respectively. Meanwhile, S′′′
g-f showed changes of 6.67%, 5.82%, 

5.79%, and 4.76%. 
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Figure 10: Effect of Reynolds number on S′′′

g-th , S′′′
g-fr at different 

hybrid nano particle concentration 

Source: Authors, (2025). 

 

IV.7 EFFECT OF NANOPARTICLE HYBRIDIZATION ON 

FIGURE OF MERIT (FOM) 

In most methods aimed at enhancing heat transfer, there is 

a common trade-off: while heat transfer improves, pressure drop 

also increases. The Figure of Merit (FOM) enables the analysis and 

comparison of the increment in heat transfer with the energy 

required to propel the fluid. When FOM >1, this signifies that the 

thermal efficiency surpasses the energy expended in fluid 

movement. The impact of hybridization on the FOM becomes 

evident as the Reynolds number increases. Figure 11 demonstrates 

that as the average thermal conductivity or fraction of Cu in the 

hybridized nanofluid rises, the FOM also increases. Specifically, 

the nanofluid with a concentration of 0.25%Al2O3 / 0.75%Cu 

exhibits a higher effective thermal conductivity compared to the 

nanofluid with a concentration of 0.5%Al2O3 / 0.3%Cu. While they 

both showed 2.41% and 3.76% shift from 0.75%Al2O3 / 0.25%Cu. 
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Figure 11: Variation of FOM with Reynolds number at fixed 

hybrid nanoparticle. 

Source: Authors, (2025). 
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In Figure 12, for a concentration of 4.0% volume, where the 

copper nanoparticle composition is really high, the maximum FOM 

corresponds to a 𝑅𝑒 of 100 with 9.10% shift from 1.0% volume of 

hybrid nanofluid. Conversely, for 1.0% hybrid nanofluid and lower 

copper concentrations (0.75% volume), the maximum FOM also 

occurs at a Reynolds number of 100. The lowest FOM is observed 

at Re = 500 for all fractions of hybrid nanofluid. For 1.0% hybrid 

nanofluid and copper concentrations of 0.75% volume, FOM 

corresponding to 1.09, while at a value of Re = 500, FOM of 1.12 

was obtained. However, Kanti et al [34] used fly ash-Cu hybrid 

nanofluid with Re in turbulent region to obtain similar trends. 
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Figure 12: Effect of Reynolds number and hybrid nanoparticle on 

FOM 

Source: Authors, (2025). 

 

V. CONCLUSIONS 

This study numerically examined the thermal performance 

and pressure characteristics of a water-based nanofluid with 

alumina and copper nanoparticles flowing through a cylindrical 

microchannel heat sink with internal heat generation at 108 W/m³.  

The simulation, conducted using ANSYS Fluent 

computational fluid dynamics software, evaluated the effects of 

hybridizing copper and alumina nanoparticles on friction factor, 

Nusselt number, and entropy generation. Parameters included a 

Reynolds number range of 100 to 500, volume concentrations 

between 1.0% and 4.0%, and varying proportions of alumina and 

copper nanoparticles. 

Key findings include that increasing the concentration of 

copper nanoparticles in the hybrid nanofluid did not significantly 

impact the friction factor. Additionally, thermal and total entropy 

generation decreased with higher copper concentrations, while 

Nusselt number and friction entropy generation increased. Notably, 

increasing both the Reynolds number and copper concentration in 

the hybrid nanofluids reduced total and thermal entropy generation 

(S′′′
g-th), with a deviation observed around Reynolds numbers of 

400–500.  

In conclusion, the study highlights that the thermal 

properties of the fluid are critical for designing efficient 

microchannel heat sinks and confirms the Figure of Merit (FOM) 

as a valuable tool for performance evaluation. 
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