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Abstract
With the increasing integration of integrated circuits (ICs) in electronic devices such as 
electric vehicles, computer data centers, heat pipe technology, solar energy, and heating 
ventilation, air conditioning, and refrigeration (HVACR) systems, optimizing heat transfer 
becomes essential to ensure optimal performance and longevity. This study numerically 
investigates the thermal and hydraulic performance of a microchannel heat sink (MCHS) 
enhanced by hybrid nanofluids and porous substrate integration. A two-phase Eulerian–
Eulerian model implemented in ANSYS Fluent is employed to simulate Al₂O₃/Cu–wa-
ter hybrid nanofluid flow at volume concentrations ranging from 0.1 to 3.0%, and flow 
Reynolds number (200 < Re < 1000) with a porous substrate embedded midway along the 
flow path. The results reveal that both the nanoparticle concentration and Reynolds num-
ber significantly enhance heat transfer, reflected in higher average Nusselt numbers and 
reduced thermal resistance. The incorporation of a porous substrate further amplifies heat 
transfer, achieving a maximum enhancement of 80.29% compared to the baseline con-
figuration. Overall, employing hybrid nanofluids and porous substrates improves MCHS 
performance, offering augmented heat transfer efficiency and thermal performance.

 et al. [full author details at the end of the article]
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Abbreviations
A	� Area ( m2)
C	� Forchheimer’s constant
Cp	� Specific heat capacity (J/KgK)
Cu	� Copper
Cd	� Drag coefficient (---)
Dh	� Hydraulic diameter (m)
FD	� Drag force (Pa/m)
FVM	� Virtual mass (Pa/m)
FCol	� Particle-Particle interaction force (Pa/m)
Hch	� Channel height (µm)
Hp	� Porous media height (µm)
k	� Thermal conductivity (W/m.K)
K	� Permeability of porous substrate (m2)
L	� Length (µm)
Lp	� Porous media length
Nu	� Nusselt number (---)
P	� Pressure (Pa)
PM	� Porous media/substrate
ΔP	� Pressure-drop (KPa)
qii	� Heat flux (W/m2)
Qh	� Volumetric rate of energy transfer (J/m3 s)
Re	� Reynolds number (---)
Rth	� Thermal resistance (K/W)
T	� Temperature (K)−→
V 	� Velocity vector (m/s)
Wch	� Channel width (µm)
Wp	� Porous media width
Δ	� Difference
P	� Density (kg/m3)
α	� Volume concentration (--)
μ	� Dynamic viscosity (kg/m s)
γ	� porosity
β	� Friction coefficient (kg/m3 s)
Φ	� Form factor
Avg	� Average
B	� base
B	� Bulk
I	� Inlet 
P	� Particle
S	� Solid
f	� Fluid
w	� Wall
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1	� Primary phase (Water)
2	� Secondary phase (Alumina particles)
3	� Secondary phase (Copper particles)

Introduction

In the realm of thermal management, the synergy between integrated circuits (ICs), micro-
electromechanical systems (MEMS), and advanced micro-cooling technologies for elec-
tronic devices drives a relentless pursuit of enhanced heat transfer efficiency. Conventional 
fluids like air, water, glycol, ethylene, mineral oil, and engine oil are inadequate for the 
escalating thermal demands of modern devices [1–3]. As electronic devices become more 
sophisticated and compact, the challenge of dissipating the heat generated becomes para-
mount to ensure the reliability and durability of the devices [4].

This necessitates a shift towards nanofluids, integrating nanoparticles into carrier flu-
ids, offering transformative heat transfer enhancement. Pioneered by Choi and Eastman 
[5], nanofluids promise unprecedented performance across diverse applications, heralding 
improved efficiency and innovation in heat management. Other studies have shown the 
advances of nanofluid for heat transfer applications [6, 7]. Microchannels consist of intri-
cately arranged tunnel-like structures or walls embedded within the heat transfer substrate 
to improve device cooling. These microstructures’ walls increase the available surface area 
for effective heat transfer. Within these channels, a cooling fluid, often water, flows, aiding 
the transfer of heat energy from the walls through conduction and convection processes. 
High heat transfer coefficients, compact size, and low-pressure drop defining characteristics 
of micro-channel heat sinks (MCHSs) position them as a promising technology for cooling 
high heat flux electrical devices [8, 9].

Researchers have rigorously analyzed MCHSs with nanofluids, exploring experimen-
tal, numerical, and mathematical methodologies to optimize heat transfer efficiency [9–11]. 
Gupta and Subbarao [9] experimentally and numerically studied the behavior of an Al2O3-
water nanofluid in MCHS at low flow Reynolds numbers in the range of 10–50. The results 
demonstrate that the nanofluid effectively reduced the average surface temperature in the 
MCHS and enhanced the heat transfer rate by approximately 43%. Notably, a nanofluid 
concentration of 4% wt. exhibited the most favorable heat transfer performance, while a 
concentration of 3% wt. yielded optimal thermo-hydraulic performance.

Najafpour et al. [10], conducted a numerical analysis to assess the hydrothermal behavior 
of various cross-sectional geometries of MCHS, employing TiO2/MgO/GO-water trihybrid 
nanofluids as the heat transfer medium. Their findings indicate that MCHS with a trap-
ezoidal cross-section exhibited superior thermal performance, while those with a rhom-
bus cross-section demonstrated the most favorable temperature distribution. Moreover, the 
study revealed a direct correlation between thermal performance and the concentration of 
the trihybrid nanofluid, with the nanofluid containing 0.05 vol% exhibiting the highest heat 
transfer coefficient. Jing et al. [12] also investigated the cooling capacity of elliptical micro-
channels of different sizes. Additionally, they observed that in microchannels with smaller 
hydraulic diameters, slip exerts a more pronounced influence, attenuating hydraulic resis-
tance while enhancing heat transfer.
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The optimization of micro-cooling channels for effective thermal management in heat-
generating systems has seen significant advancements through various studies. Olakoyejo et 
al. [13] applied constructal theory to optimize three-dimensional cylindrical micro-cooling 
channels, focusing on variable cross-section configurations. Their aim was to minimize 
thermal resistance and friction factor while enhancing cooling performance using water 
as the coolant. This study employed ANSYS FLUENT to identify optimal inlet and outlet 
diameters, showing significant improvements in the system’s thermal efficiency. In a related 
investigation, Olakoyejo et al. [14] examined an elliptical microchannel heat sink with 
Al2O3-water nanofluid, revealing that higher aspect ratios, nanoparticle concentrations, and 
Reynolds numbers enhance heat transfer efficiency and reduce entropy generation. Simi-
larly, Olakoyejo et al. [15] conducted a numerical analysis on diamond-hole cooling chan-
nels, demonstrating that optimal aspect ratios and Reynolds numbers decrease maximum 
temperature and thermal resistance while improving the Nusselt number. These studies col-
lectively underscore the importance of channel design and fluid properties in optimizing the 
thermal performance of micro-cooling systems.

Sheik et al. [11] investigated the impact of open and closed triangular-finned MCHS 
configurations utilizing SiO2 nanofluids at Reynolds numbers in the range of 200 to 800, 
with varying fin heights from 0.5 mm to 2.0 mm. Their study revealed that at an optimal fin 
height of 1.0 mm, the utilization of SiO2 nanofluid led to a remarkable enhancement in ther-
mal performance, with a 58% increase in thermal performance factor compared to water. 
Martinez et al. [16] also investigated the impact of flow rate and microchannel height. Addi-
tionally, they found that both the utilization of nanofluids and the reduction of microchannel 
height promote heat transfer at low Reynolds numbers. However, they observed that the 
efficacy of these improvements diminishes as the Reynolds number increases.

Kalteh et al. [17] conducted an in-depth investigation into laminar convective heat trans-
fer phenomena within a wide rectangular microchannel heat sink, utilizing an alumina-
water based nanofluid. Employing a combination of experimental validation and numerical 
simulations, they discerned that the two-phase modeling approach exhibited superior agree-
ment with experimental data compared to the homogeneous (single-phase) modeling. Their 
finding elucidates the heightened appropriateness of employing the two-phase method for 
accurately simulating nanofluid heat transfer dynamics within microchannel configura-
tions. Omosehin et al. [18], analyzed the thermal behavior and pressure loss of water-based 
Cu- Al2O3 hybrid nanofluids in a microchannel heat sink (MCHS). They investigated the 
impact of alumina and copper hybridization on bulk and substrate temperatures, Nusselt 
number, thermal resistance, and pressure loss across various Reynolds numbers. The study 
concluded that increasing copper nanoparticle concentration reduced thermal resistance and 
temperatures but raised the pressure loss, Nusselt number, and figure of merit (FOM).

Rikitu and Makinde [19] conducted a numerical investigation into the mixed convec-
tive heat transfer characteristics of a microchannel filled with porous media, utilizing Cu/
water nanofluids as the working fluid. They modeled the porous media using the Darcy–
Forchheimer approach. Their findings demonstrated that the heat transfer rate within the 
microchannel increased in direct correlation with the flow Reynolds number, Darcy number, 
Eckert number, Grashof number, and the viscosity parameter. Similarly, Jalili et al. [20] 
investigated the impact of a magnetic field on heat transfer in a microchannel filled with 
porous media using Al2O3/water nanofluid. They employed the Koo–Kleinstreuer model 
to simulate the thermophysical properties of the nanofluid and an enhanced Darcy relation-

1 3

151  Page 4 of 29



Int. J. Appl. Comput. Math (2025) 11:151

ship for the porous media, considering factors such as fluid velocity, nanoparticle diameter 
and void fraction, channel geometry, temperature distribution, and Hartmann number. Their 
results indicated a direct correlation between the magnetic field and the Nusselt number, 
revealing that heat transfer efficiency increased with higher nanofluid concentration.

Additionally, Abdollahi et al. [21] performed a numerical study on the thermal perfor-
mance of a microchannel filled with porous media using Cu-Al2OOH/water hybrid nano-
fluid. Their findings showed that the thermal conductivity of the fluid improved due to the 
Brownian motion of particles and the porosity of the media. Similar research conducted by 
Adio et al. [22], Farahani et al. [23, 24], and Wang et al. [25] further highlights the impor-
tance of understanding the effects of hybrid nanofluids and porous media on heat transfer 
with minimal pressure drop. Such studies are crucial for optimizing energy removal in elec-
tronic devices and enhancing energy collection in solar thermal systems.

Recent advances in microchannel heat sink (MCHS) technology have highlighted the 
promise of hybrid nanofluids for enhancing thermal transport due to their tunable thermo-
physical properties and superior heat dissipation characteristics [26, 27]. While single-phase 
models have often been applied in early studies, their inability to capture the dynamic inter-
actions between dispersed nanoparticles and base fluids limits their accuracy, especially 
under varying volume fractions and flow regimes. In response to these limitations, the 
two-phase Eulerian–Eulerian model has emerged as a robust numerical approach, enabling 
independent treatment of both the solid and liquid phases [28]. For instance, Gorjaei and 
Rahmani [29] employed the Eulerian–Eulerian model to investigate forced convection of 
SiO₂–ethylene glycol nanofluid under single and twin jet injection scenarios in a 2D chan-
nel. Their work demonstrated that nanoparticle concentration and jet configuration signif-
icantly affected the local Nusselt number, entropy generation, and Darcy friction factor, 
effects which were better captured through the Eulerian–Eulerian framework compared to 
conventional single-phase modeling.

Building on this, Bazdidi-Tehrani et al. [30] explored the laminar forced convection of 
a novel Al₂O₃–n-octadecane/water hybrid nanofluid, where n-octadecane acted as a nano-
encapsulated phase change material (NEPCM), through a square microchannel. Their 
comparative analysis of single-phase and Eulerian–Eulerian approaches revealed that the 
Eulerian–Eulerian model provided a more accurate depiction of local heat transfer enhance-
ment, thermal development delay, and nanoparticle dispersion behavior, especially at higher 
nanoparticle volume fractions and Reynolds numbers. Notably, the Eulerian–Eulerian 
model predicted a maximum gain in total efficiency of up to 60%, compared to 27% for the 
single-phase model, underscoring the necessity of a multiphase framework in capturing the 
synergistic thermal contributions of complex nanoparticle blends like NEPCM–metal oxide 
hybrids.

In a more recent study, Olakoyejo et al. [31] applied the Eulerian–Eulerian model to 
simulate the thermal-hydraulic and entropy generation characteristics of Al₂O₃–Cu/water 
hybrid nanofluids in a 3D cylindrical MCHS with internal heat generation. Their results 
revealed that increases in both copper content and Reynolds number significantly elevated 
the Nusselt number and suppressed total and thermal entropy generation, with minimal 
penalties in friction factor. These outcomes not only validated the thermophysical superior-
ity of hybrid nanoparticle suspensions, but also emphasized the Eulerian–Eulerian model’s 
utility in capturing nuanced multiphase flow and energy dissipation phenomena. Collec-
tively, these studies affirm the Eulerian–Eulerian model as a superior computational strategy 
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for accurately resolving nanoparticle–fluid interactions in hybrid nanofluid-based thermal 
systems.

Although numerous studies have explored various strategies to enhance the thermal per-
formance of microchannel heat sinks, there remains a research gap concerning the integrated 
influence of both hybrid nanofluids and porous substrates within such systems. This study 
presents a novel investigation into the combined effects of a centrally positioned porous 
substrate and hybrid nanofluid (Al₂O₃–Cu nanoparticles dispersed in water) on heat transfer 
and fluid flow in a microchannel heat sink. The performance is analyzed in contrast to four 
baseline configurations: water only, water with porous substrate, hybrid nanofluid only and 
hybrid nanofluid with porous substrate. A key innovation of this work lies in modeling the 
hybrid nanofluid behavior as a two-phase flow using the Eulerian–Eulerian approach. This 
modeling framework allows for a more physically representative analysis, particularly in 
non-equilibrium thermal conditions, and offers new insights into the synergistic effects of 
nanoparticle-fluid dynamics and localized porous media insertion for next-generation ther-
mal management applications.

Table 1  Dimensions of the geometrical model
H (µm) Hch (µm) HP (µm) W (µm) Wch (µm) WP (µm) L

(µm)
LP  (µm) Wt (µm) Ht

(µm)
1250 1050 525 350 250 150 10,000 5000 50 100

Fig. 1  Geometrical model of the microchannel heat sink with porous substrate
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Numerical Methods and Governing Equation

Details of Model Geometry

The geometrical model presented in Fig.  1 shows a closed, narrow micro-channel heat 
sink configuration, wherein porous media is strategically positioned centrally and halfway 
towards the channel outlet, along the side adjacent to the heat source. The geometrical 
model, along with its vital dimensions outlined in Table 1, embodies both solid and fluid 
computational zones. The microchannel heat sink (MCHS) is made up of steel block, with a 
uniform heat flux distribution at the bottom of the micro-channel heat sink. The steel block 
is considered the computational solid domain, the hybrid nanofluid is the computational 
fluid region, and the porous substrate is modeled as a special fluid zone to capture flow 
behavior through the interconnected pores. The hybrid nanofluid, as indicated by the arrow, 
flows through the microchannel. Table  1 details the geometric dimensions of the setup, 
including the microchannel height (Hch), porous media height (HP), channel width (Wch), 
porous media width (WP), and channel length (Lch), along with corresponding values in 
micrometers (µm).

Governing Equations

In this study, we utilize a three-dimensional, laminar, steady-state, and incompressible flow 
model. To account for the nano particle-fluid interactions and nanoparticle migration which 
significantly impact thermal performance, the Eulerian-Eulerian two-phase flow model was 
selected to solve this problem. This model allows for the resolution of separate conserva-
tion equations for mass, momentum, and energy for both the base fluid and the nanoparticle 
phases. Such a framework enables accurate thermal analysis, particularly in regions where 
temperature gradients or slip velocities between the nanoparticles and the base fluid are sig-
nificant. It also provides the capability to capture interphase heat and momentum transfer, 
making it suitable for simulating complex nanofluid behaviors such as particle migration, 
Brownian motion, and thermophoresis, especially in non-dilute or thermally non-equilib-
rium conditions [32–34].

The thermophysical properties of the solid phase (nanoparticles) and the conventional/
base fluid (pure water) remain temperature-independent throughout the analysis. Ambient 
conditions are detailed in Table 2. The nanofluid coolant employed in this investigation, 
namely the Al2O3/Cu-water-based hybrid nanofluid, is characterized by a two-phase compo-
sition comprising a primary domain/phase (pure water) and two secondary domains (Cop-
per and Alumina particles). Given the focus on flow and heat transfer through a porous 
substrate within the microchannel heat sink, the mass conservation, momentum, and energy 
equations are all relevant.

Materials ρ (kg/m3) Cp 
(J/kg.K)

K 
(W/m.K)

μ 
(kg/m.s)

Water 999.1 4184 0.5769 0.001003
Alumina particles 3970 765 36 –
Copper particles 8933 385 400 –
Porous substrate: steel 8030 502.48 16.27 –

Table 2  Thermo-physical 
properties of water, copper, and 
alumina particles
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Mass conservation equation

i. Clear fluid region
The continuity equations of the clear fluid region of the base fluid and nanoparticles are 

presented as follows:
Primary phase (Water).

	
∇ .

(
α 1ρ 1

−→
V 1

)
= 0� (1)

Where α 1, ρ 1, and 
−→
V 1 are the volume concentration, density, and velocity vector of the 

primary domain/phase, respectively.
Secondary phase (Alumina particles).

	
∇ .

(
α 2ρ 2

−→
V 2

)
= 0 � (2)

.
Where α 2, ρ 2, and 

−→
V 2 are the volume concentration, density, and velocity vector of the 

secondary phase (alumina particles), respectively.
Secondary phase (Copper particles).

	
∇ .

(
α 3ρ 3

−→
V 3

)
= 0� (3)

.
Where α 3, ρ 3, and 

−→
V 3 are the volume concentration, density, and velocity vector of 

the secondary phase (Copper particles), respectively.
ii. Porous region.
The mass conservation equations of the porous region of the base fluid and nanoparticles 

are presented below.
Primary phase (Water).

	
∇ .

(
γ α 1ρ 1

−→
V 1

)
= 0� (4)

Secondary phase (Alumina particles).

	
∇ .

(
γ α 2ρ 2

−→
V 2

)
= 0� (5)

Secondary phase (Copper particles).

	
∇ .

(
γ α 3ρ 3

−→
V 3

)
= 0� (6)
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Where γ represents the Porosity term.

	 α 1 + α 2 + α 3 = 1� (7)

The equation for momentum conservation

The equations governing the clear fluid region of both the base fluid and nanoparticles’ 
momentum conservation are outlined in Eqs. (8–11). Within these equations, terms repre-
senting the drag force, virtual mass, and particle-to-particle interaction forces (FVM, Fd, and 
Fcol, respectively) are accounted for. However, insights from Kalteh et al. [17] suggest that 
the particle-to-particle interaction forces and virtual mass exhibit negligible influence on 
heat transfer characteristics, particularly the Nusselt number. As a result, solely the convec-
tive heat transfer and frictional drag force between the primary and secondary phases are 
pertinent. Owing to the diminutive size of the particles, particle-to-particle heat transfer, as 
well as gravitational and lift forces, are disregarded. The drag force between the primary and 
each secondary phase (alumina and copper particles) is computed as follows:

i. Clear fluid region.
Primary phase (Water)

	 ∇ .
(

α 1ρ 1
−→
V 1

−→
V 1

)
= −α 1.∇ P + ∇ .

[
α 1 µ 1

(
∇ .

−→
V 1 + ∇ .

−→
V 1

T
)]

+ Fd + FV M � (8)

Secondary phase (Nanoparticles of Alumina)

	 ∇ .
(

α 2ρ 2
−→
V 2

−→
V 2

)
= −α 2.∇ P + ∇ .

[
α 2 µ 2

(
∇ .

−→
V 2 + ∇ .

−→
V 2

T
)]

− Fd − FV M + Fcol� (9)

Secondary phase (Nanoparticles of Copper)

	 ∇ .
(

α 3ρ 3
−→
V 3

−→
V 3

)
= −α 3.∇ P + ∇ .

[
α 3 µ 3

(
∇ .

−→
V 3 + ∇ .

−→
V 3

T
)]

− Fd − FV M + Fcol� (10)

	
Fd = −β .

(−→
V 1 − −→

V p

)
� (11)

The drag force coefficient by Rowe and Henwood [35, 36] and Wen [37] is given as.

	
β = 3

4
Cd

α 1α p

ϕ pdp
ρ 1

∣∣∣−→V 1− −→
V p

∣∣∣ α 1
−2.65 Applicable for two-phase flow α1 > 0.8� (12)

 Applicable for two-phase flow α 1 > 0.8 (12)
ϕ p the form factor is taken as one for a spherical particle.

	
Cd =

{
24

Rep

(
1 + 0.15Rep

0.687)
Rep < 1000

0.44Rep ≥ 1000 � (13)

Where:
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Rep =

α 1ρ 1

∣∣∣−→V 1− −→
V p

∣∣∣ dp

µ 1

� (14)

The equivalences are established as follows 
−→
V p, α p, and Rep correspond to 

−→
V 2, α 2, and 

Re2 for the secondary phase comprising alumina particles, while 
−→
V p, α p, and Repcor-

respond to 
−→
V 3, α 3, and Re3for the secondary phase consisting of copper particles. More-

over, both alumina and copper particles possess similar particle diameter (dp) of 40 nm.

ii. Porous region.
The momentum conservation equation for the porous region, encompassing the base 

fluid (water) and nanoparticles, is obtainable as follows.
Primary phase (Water)

	
∇.

(
γα1ρ1V⃗1V⃗1

)
= −γα1.∇P + ∇.

[
γα1 µ1

(
∇.V⃗1 + ∇.V⃗ T

1

)]
+ γFd + γFV M + α1

(
µ

K
+ Cρ1V⃗1√

K

)
V⃗1� (15)

Secondary phase (Alumina particles)

	
∇.

(
γα2ρ2V⃗2V⃗2

)
= −γα2.∇P + ∇.

[
γα2 µ2

(
∇.V⃗2 + ∇.V⃗ T

2

)]
+ γFd + γFV M + α2

(
µ

K
+ Cρ2V⃗2√

K

)
V⃗2� (16)

Secondary phase (Copper particles)

	
∇.

(
γα3ρ3V⃗3V⃗3

)
= −γα3.∇P + ∇.

[
γα3 µ3

(
∇.V⃗3 + ∇.V⃗ T

3

)]
+ γFd + γFV M + α3

(
µ

K
+ Cρ3V⃗3√

K

)
V⃗3� (17)

	

C = 1.75
√

150 γ
3/

2
� (18)

	
K = dp

2 γ3

175 (1 − γ)2 � (19)

Where, γ = 0.65,

Energy conservation equation

i. Clear fluid region.
The energy conservation equation for the clear fluid zone of both the base fluid and 

nanoparticles, neglecting contributions from viscous dissipation and radiation, is presented 
below.

Primary phase (Water)

	
∇ .

(
α 1ρ 1

−→
V 1Cp1T1

)
= ∇ . (α 1k1∇ T1) − Qh� (20)
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Secondary phase (Alumina particles)

	
∇ .

(
α 2ρ 2

−→
V 2Cp2T2

)
= ∇ . (α 2k2∇ T2) − Qh� (21)

Secondary phase (Copper particles)

	
∇ .

(
α 3ρ 3

−→
V 3Cp3T3

)
= ∇ . (α 3k3∇ T3) − Qh� (22)

Where,
Qh the volumetric rate of heat transfer between the primary and each secondary phase 

(copper and alumina nanoparticles).

	 Qh = α 1hp1 (Tp − T1)� (23)

ii. Porous region.
The energy conservation equation for the porous region containing both the base fluid 

(i.e., water) and nanoparticles (i.e., alumina and copper), with viscous dissipation and radia-
tion neglected, is provided below.

Primary phase (Water)

	
∇ .

(
γα 1ρ 1

−→
V 1Cp1T1

)
= ∇ . (γα 1k1∇ T1) − Qh� (24)

Secondary phase (Alumina nanoparticles)

	
∇ .

(
γα 2ρ 2

−→
V 2Cp2T2

)
= ∇ . (γα 2k2∇ T2) − Qh� (25)

Secondary phase (Copper nanoparticles)

	
∇ .

(
γα 3ρ 3

−→
V 3Cp3T3

)
= ∇ . (γα 3k3∇ T3) − Qh� (26)

	 Qh = (1 − γ) α 1hp1 (Tp − T1)� (27)

Such that hp1 and Tp corresponds to h21 and T2 for the alumina nanoparticles
hp1 and Tp corresponds to h31 and T3 for the copper nanoparticles
hp1 is calculated from the Gunn model as the fluid-particle convective heat transfer 

coefficient [18, 38].

Solid wall domain’s Energy equation

The transfer of heat in the solid wall was represented by
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	 ks∇ 2Ts = 0� (28)

Thermal Boundary Conditions

The channel introduces the particulate phase and base fluid with equal axial velocity and at 
an initial temperature of 25oC. The Solid boundaries enforce a no-slip condition, as indicated 
in the previous study by Omosehin et al. [18] and Schlichting and Gersten [39]. An outflow 
condition is applied at the channel outlet, assuming a fully developed flow for comparison 
with experiments. The thermal boundary conditions include adiabatic boundaries for the 
solid domain, except for the bottom of the microchannel, where a fixed heat flux of 1 MW/
m² is utilized, as depicted in Fig. 2. Mathematical expressions for these conditions follow.

Inlet conditions

	 Tf = Tin = 25oC for z = 0, Wt ≤ x ≤ Wt + W ch and Ht ≤ y ≤ Ht + Hch� (29)

Vf = Vin  (uniform axial velocity of nanofluid) (30)

Outlet conditions

Outflow condition was applied at the outlet.

	
∂ 2Tf

∂ X2 = 0 for z = L, Wt ≤ x ≤ Wt + W ch and Ht ≤ y ≤ Ht + Hch� (31)

Fig. 2  Boundary conditions around the geometrical model
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Channel bottom (constant heat flux)

	
−ks

∂ Ts

∂ Z
= q′ ′ for 0 ≤ z ≤ L, 0 ≤ x ≤ W and y = 0� (32)

Interface condition

	 Ts = Tf � (33)

	
−ks

Ts

∂ n
= −kf

Tf

∂ n
� (34)

Where kf  is the thermal conductivity of the fluid.

Pressure-Drop across the Microchannel

The pressure drop within the micro-channel was determined by subtracting the downstream 
pressure from the upstream pressure. These pressures denoted as Pout and Pin, respectively, 
represent the mean-weighted average pressures at the outlet and inlet, derived from numeri-
cal simulations conducted in the ANSYS Postprocessor. As a result, the pressure-loss (ΔP) 
within the entire microchannel is calculated as,

	 ∆ P = Pin − Pout� (35)

Average Nusselt Number

The average Nusselt number, typically represented as Nuavgserves as a valuable metric 
when assessing the efficacy of different surfaces and flow conditions in heat transmission. 
Higher Nusselt numbers indicate more efficient convective heat transfer, while lower values 
suggest a prevalence of conduction. Nuavg of the flow field hinges on the temperature dif-
ferential between the mean-wall temperature of the microchannel and the volume-average 
temperature of the mixture within the channel.

	
Nuavg = qll Dh

kf (Tw − TB) � (36)

Where, q′ ′ denotes the wall convective heat flux at the base of the computational domain, 
and Dh​ represents the hydraulic diameter of the microchannel (The hydraulic diameter is a 
standard choice for non-circular and microchannel geometries, and it ensures correct dimen-
sional consistency and meaningful comparison across studies). The liquid’s thermal conduc-
tivity is denoted as kf  is adopted from prior works presented by Omosehin et al. [18] and 
Nimmagadda and Venkatasubbaiah [40].

In the Eulerian-Eulerian model, the properties of the mixture phase are calculated as a 
weighted sum of the properties of each individual phase, with weights based on the phase 
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fractions. Specifically, the thermal conductivity of the mixture is calculated as the sum of the 
products of the volume fraction and the thermal conductivity of each phase. Where, Tw and 
TB  represent the area-weighted mean surface (wall) temperature of the microchannel and 
the volume-weighted average temperature of the mixture obtained after solving the physics 
in ANSYS postprocessor.

Thermal Resistance

Thermal resistance, a fundamental metric in heat transfer analysis, delineates a material’s 
resistance to heat flow. Within microchannels, it succinctly captures the temperature eleva-
tion as fluid traverses. Lowering thermal resistance is imperative for optimal heat dissipa-
tion from heat sources. Mathematically presented as

	
Rth = ∆ T

qiiAb
� (37)

	 ∆ T = Tmax − Tin� (38)

This parameter, i.e., the base area of the heat sink ( Ab), dividing the peak temperature at the 
heat source ( Tmax), serves as a cornerstone in the design of microchannel heat sinks and 
other microfluidic devices. It facilitates precise temperature rise forecasts and aids in the 
calibration of cooling systems. Through the reduction of thermal resistance, the efficacy of 
microchannel heat sinks and microfluidic devices can be significantly augmented.

Figure of Merit

The Figure of Merit (FOM) is an important indicator in thermal systems because it assesses 
the overall efficiency of heat transfer improvements relative to the properties of the work-
ing fluid. The FOM for the different volume concentrations of the hybrid nanofluid will be 
calculated. Here, FOM is defined as:

	

FOM =
hnf

/
hbf

(
ρ nf

/
ρ bf

)1/
3

� (39)

Where: hnf  and hbf ​ represent the convective heat transfer coefficients of the nanofluid and 
base fluid, respectively.

ρ nf and ρ bf  are the densities of the nanofluid and base fluid, respectively.
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Mesh Independence Study

A mesh independence study is conducted to ensure the result of the numerical model is 
independent of the number of elements. The base fluid, water is used as the test fluid in the 
microchannel heat sink integrated with porous substrate and at Reynold number of 400. The 
study was conducted with different sizes and densities of the elements, from coarse elements 
of larger size and fewer nodes to extra fine elements of smaller size and more nodes. The 

Fig. 4  Mesh generation a at the cross-section b along the length of the micro channel heat sink

 

Fig. 3  Mesh independence study of the numerical model
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peak substrate temperature at the heat source of the microchannel heat sink subjected to a 
constant heat flux of 1MW/m2 is considered as the test parameter for the study. Figure 3 
shows that there is no significant change in the maximum substrate temperature from the 
very fine mesh to extra fine mesh. Hence, a very fine mesh with about 2.25 million ele-
ment was selected for further calculations considering computational time and accuracy. An 
example of the mesh generation is shown in Fig. 4.

Error Analysis

To quantitatively measure the agreements between the numerical results and the experimen-
tal results, the mean absolute deviation (MAD) was used as expressed in Eqs. (40).

Mean absolute deviation (MAD):

	
MAD = 1

n

∑
n
1

∣∣∣∣∣
(
γ num − γ exp

)
× 100%

γ exp

∣∣∣∣∣� (40)

Where, n, is the number of data and γ num and γ exp are the numerical and experimental 
data such as pressure drop and Nusselt number from which errors are calculated.

Fig. 5  Comparative analysis of (MCHS without porous medium) pressure drop in present study and Qu 
and Mudawar [41]
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Fig. 7  Comparative analysis of (MCHS with porous medium) pressure drop in present study and Hetsroni 
et al. [42]

 

Fig. 6  Comparative analysis of (MCHS without porous medium) Nusselt number in present study versus 
Kalteh et al. [17]
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Numerical Model Validation

Experimental data from existing studies are utilized to validate the developed two-phase 
flow model in Fluent. This validation involves comparisons across various models, includ-
ing single-phase, two-phase, and sintered porous medium configurations. In the single-phase 
scenario, water serves as the heat transfer fluid within the microchannel heat sink, compris-
ing solid and fluid regions. A porous substrate is strategically positioned midway toward the 
outlet, with constant heat flux supplied to the bottom of the heat sink. Comparative analysis 
is conducted between numerical pressure drop results and experimental observations from 
Qu and Mudawar [41], as illustrated in Fig. 5.

Evaluation of the two-phase Eulerian-Eulerian model is performed against experimental 
data from Kalteh et al. [17] for alumina/water nanofluid, specifically focusing on Nusselt 
number comparison, as depicted in Fig. 6. Both phases enter the microchannel with identical 
axial velocity, with outlet conditions assumed for both. Strong agreement between numeri-
cal simulations and experimental findings is observed. Additionally, the sintered porous 
medium model undergoes scrutiny against experimental results from Hetsroni et al. [42] 
concerning pressure drop, as portrayed in Fig. 7. Notably, this experimental setup involves 
a porous medium characterized by a pore size of 60 μm. The error analysis in this study 
shows that the mean absolute deviations for the pressure drops are 11.004 and 6.402 while 
the mean absolute deviation for the Nusselt number is 0.812.

Fig. 8  Comparison of the average Nusselt number at different Reynolds number for water, hybrid nano-
fluid, water plus porous substrate and hybrid nanofluid plus porous substrate
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Results and Discussion

Considering the heat transfer (Nusselt number and thermal resistance) and pressure drop in 
the defined model with and without porous medium at different nanofluid volume fractions 
and water as the base fluid at different flows, Reynold numbers ranging from 200 to 1 000. 
The results are presented and discussed in the sub-sections below.

Influence of Porous Substrate on Average Heat Transfer, Pressure Drop, and Thermal 
Resistance

The analysis of the average Nusselt number, depicted in Fig. 8, provides insights into the 
impact of volume concentration and the presence of porous substrate on heat transfer in the 
microchannel heat sink (MCHS). As depicted, an increase in Reynolds number resulted in 
a rise in the average Nusselt number. This trend is attributed to the reduction in the thermal 
boundary layer thickness, allowing higher-velocity fluid to carry more thermal energy and 
thus enhance heat transfer. However, Fig. 8 further shows that the rate of heat transfer from 
the heated bottom wall increased with the synergistic interaction between the nanofluid and 
the porous substrate in the micro channel. This enhancement in heat transfer is visually 
represented in Table 3. The temperature contour of the microchannel, presented in Table 3 
(Mid-plane contour along the flow direction), provides critical insights into the thermal 
behavior of the system under various flow conditions. Table 3 visually represent the thermal 
gradients along the microchannel wall. As the fluid flows along the length of the microchan-
nel, the contour plots in Table 3 shows that the case where nanofluid plus porous substrate 
are employed, particularly at a high Reynolds number of 1 000, is the most effective in 
reducing the maximum temperature at the heated bottom wall of the micro channel heat 
sink. This can be attributed to the suspension of hybrid nanoparticles in the base fluid which 
induced vigorous collisions and increased thermal conductivity of the fluid, further deplet-
ing the thermal boundary layer and augmenting heat transfer. Additionally, the integration of 

Table 3  Contours of temperature distribution in the microchannel at Reynolds number of 1 000 for pure 
water and particle volume concentration of 1.5%
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porous substrate increased the surface area and introduced flow instability in the boundary 
layer, which enhanced the heat transfer rate of the thermal fluid.

Moving to the analysis of pressure drop, presented in Fig. 9, a general increase is observed 
as Reynolds number increased. This is because, as Reynolds number increased, the flow 

Table 4  Contours of velocity distribution in the microchannel at Reynolds number of 1 000 for pure water 
and particle volume concentration of 1.5%

Fig. 9  Comparison of pressure drop in the MCHS at different Reynolds number for water, hybrid nano-
fluid, water plus porous substrate and hybrid nanofluid plus porous substrate
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velocity also increased which resulted in greater wall shear stress near the wall of the micro 
channel. Therefore, the pressure drop which is directly proportional to the shear stress also 
increased. Figure 9 also compare the pressure drops for the different fluids and flow struc-
ture in the micro channel. As seen in Fig. 9, pure water resulted in the lowest pressure drop 
due to it low dynamic viscosity which led to less internal friction between the fluid layers. 
Hence lower shear stress against the micro channel wall resulted in lower pressure drop, 

Table 5  Contour of base fluid and nanoparticles distribution in the porous substrate at Reynolds number of 
1 000 and for particle volume concentration of 1.5%
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as only the channel wall friction contributes to the pressure drop. However, the addition of 
nano particle and the presence of porous substrate introduces additional source of resistance 
to flow in the channel. This is also visually represented in Table 4 (Mid-plane contour along 
the flow direction). As seen in Table 4, the case of pure water has very low flow resistance 
and hence higher flow velocity in the channel compared to the case of combined nano fluid 
and porous substrate. This is because, the nano particles increased the effective viscosity of 
the fluid which cause viscous drag, while the porous substrate impedes the fluid motion in 
the microchannel. Therefore, the combined effect of the nano particle and the porous matrix 
resulted in decreased flow velocity and increased pressure drop within the micro channel. 
An example of the nano particle distribution in the base fluid (water) for particle volume 
concentration of 1.5% at Reynolds number of 1 000 is visually represented in Table 5 (Mid-
plane contour along the flow direction). The particles slow down and accumulate near the 
bottom wall of the porous substrate and this is due to the effect of viscous drag and increased 
flow resistance (lower flow velocity) as shown in Table 4.

Thermal resistance analysis, as shown in Fig. 10, reveals a decrease in thermal resistance 
with increased Reynolds number. This reduction stems from the depletion in thermal bound-
ary layer thickness as the heat transfer fluid traverses the microchannel. Additionally, the 
suspension of hybrid nanoparticles increases the thermal conductivity of the heat transfer 
fluid, leading to a decrease in thermal resistance. Moreover, the integration of porous sub-
strate further resulted in reduced thermal resistance due to the increased surface area avail-
able for heat transfer.

In summary, the presence of porous substrate significantly influences heat transfer, pres-
sure drop, and thermal resistance in the microchannel heat sink. The integration of porous 
substrate enhances heat transfer efficiency while concurrently increasing pressure drop. 
These findings have important implications for the design and optimization of microchan-
nel heat sinks in various engineering applications.

Fig. 10  Comparison of the thermal resistance at different Reynolds number for water, hybrid nanofluid, 
water plus porous substrate and hybrid nanofluid plus porous substrate
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Influence of Nanofluid Concentration on Average Heat Transfer, Pressure Drop, and 
Thermal Resistance

The analysis of the average Nusselt number in the microchannel heat sink with the presence 
of porous substrate, considering various volume concentrations (0.1%, 0.5%, 1.5%, 2.0%, 

Fig. 12  Impact of nanoparticle volume concentration on pressure drop at different Reynolds number for 
hybrid nanofluid plus porous substrate configuration

 

Fig. 11  Impact of nanoparticle volume concentration on the average Nusselt number at different Reynolds 
number for hybrid nanofluid plus porous substrate configuration
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and 3.0%) of hybrid nanoparticles suspended in the base fluid (water). The results illus-
trated in Fig. 11 indicate an increase in the average Nusselt number with a rising Reynolds 
number, further amplified by higher volume concentrations of hybrid nanoparticles. This 
enhancement is attributed to the thorough mixing of the nanoparticles, resulting in increased 
thermal conductivity of the fluid and subsequent depletion of the thermal boundary layer. 
Moreover, the presence of porous substrate contributes to additional depletion of the bound-
ary layer thickness, further enhancing thermal performance.

The pressure drop analysis, depicted in Fig.  12, demonstrates a marginal increase in 
pressure with increasing Reynolds number as the volume concentration of nanoparticles 
in the base fluid increased. This increase is primarily due to the heightened inter-collision 
frequency of nanoparticles at higher velocities, resulting in increased density and resistance 
to fluid flow. Additionally, the presence of a porous substrate exacerbates the pressure drop 
by restricting fluid flow further.

The thermal resistance analysis of the microchannel heat sink with porous substrate, con-
sidering varying volume concentrations of hybrid nanoparticles, is presented in Fig. 13. The 
results indicate a reduction in thermal resistance with increasing Reynolds number, further 
diminished by higher volume concentrations of hybrid nanoparticles. Micro-convection of 
nanoparticles enhances heat transfer rates, leading to a depletion of the thermal boundary 
layer and subsequent reduction in thermal resistance. This finding aligns with previous stud-
ies by Kumar and Sarkar [43], Eneren et al. [44], Kambli and Dey [45], affirming the inverse 
relationship between nanofluid volume concentration and thermal resistance. In summary, 
increasing the volume fraction of hybrid nanofluid enhances thermal performance by aug-
menting thermal conductivity and depleting the thermal boundary layer thickness. However, 
this augmentation led to an increase in pressure loss, particularly exacerbated by the pres-
ence of a porous substrate.

Fig. 13  Impact of nanoparticle volume concentration on thermal resistance at different Reynolds number 
for hybrid nanofluid plus porous substrate configuration
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Figure of Merit

The results shown in Fig. 14 indicate that the Figure of Merit (FOM), which measures the 
thermal performance of hybrid nanofluids compared to a base fluid, increases with both 
Reynolds number and nanoparticle concentration. At higher Reynolds numbers, particularly 
at Reynolds number of 1 000, the flow becomes more turbulent, significantly enhancing 
convective heat transfer. This is reflected in the maximum FOM (~ 1.7), observed for the 
3% hybrid nanofluid, consisting of 1.5% Al₂O₃ and 1.5% Cu. The improved thermal con-
ductivity of the hybrid nanofluid at this concentration, combined with intensified mixing in 
turbulent flow, results in a higher heat transfer efficiency compared to lower concentrations 
and laminar flow conditions.

Conversely, the minimum FOM (~ 1.4) occurs at the lowest Reynolds number (Re = 200) 
and at the lowest nanoparticle concentration (0.1% vol.), highlighting reduced thermal con-
ductivity and less efficient heat transfer in laminar flow. This trend emphasizes that hybrid 
nanofluids are most effective in enhancing heat transfer when used at higher flow rates 
and particle concentrations. Overall, these findings underscore the importance of both flow 
dynamics and nanoparticle loading in optimizing the thermal performance of systems using 
hybrid nanofluids, which demonstrate significant improvements under the right operational 
conditions.

Conclusion

In conclusion, this research extensively explored the impact of hybrid nanofluid volume 
concentration and porous substrate integration on microchannel heat sink (MCHS) perfor-
mance. Utilizing ANSYS Fluent with a two-phase Eulerian-Eulerian approach, our analysis 

Fig. 14  Variation of figure of merit (FOM) with Reynolds number for different concentrations of the 
hybrid nanofluids
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spanned volume concentrations of Al2O3/Cu-water hybrid nanofluid from 0.1 to 3.0% as the 
heat transfer medium. We also assessed the effects of porous substrates positioned halfway 
towards the outlet of the microchannel heat sink within Reynolds numbers ranging from 200 
to 1000, maintaining a fixed heat flux of 1.0 MW/m2. The study findings underscore the sub-
stantial influence of hybrid nanofluid volume concentration and Reynolds number on heat 
transfer coefficient, average Nusselt number, thermal resistance, and pressure loss within 
the microchannel heat sink. Importantly, porous substrate integration further enhances these 
parameters, particularly the heat transfer coefficient (i.e. average Nusselt number).

The novelty of this research lies in the simultaneous consideration of dual enhancement 
techniques, hybrid nanofluids and porous media insertion within a unified two-phase flow 
framework, which to the best of our knowledge has not been previously modeled in this 
form. Additionally, the adoption of the Eulerian–Eulerian multiphase model enabled a more 
accurate representation of interphase heat and momentum exchange between nanoparti-
cles and the base fluid, distinguishing this study from prior single-phase or mixture-based 
simulations.

Key findings from our investigation include:

i.	 Influence of hybrid nanofluid volume concentration:

a)	 Increasing the volume concentration of hybrid nanoparticles resulted in enhanced heat 
transfer coefficient (i.e. average Nusselt number).

b)	 Hybrid nanofluid concentration exhibited a moderate effect on pressure drop within the 
microchannel heat sink.

ii.	 Impact of Reynolds number:

a)	 Higher Reynolds numbers correlated with increased heat transfer coefficient and aver-
age Nusselt number.

b)	 Pressure drop showed an increasing trend with higher Reynolds numbers.

iii.	 Enhancement with porous substrate integration:

a)	 The integration of porous substrates led to further improvement in heat transfer 
coefficient.

b)	 The presence of porous substrates mitigated thermal resistance, contributing to 
enhanced overall thermal performance.

c)	 Enhancement heat transfer of 80.29% % was observed with the highest nanofluid vol-
ume with the MCHS having a porous medium.

iv.	 Figure of merit (FOM).

a)	 The FOM increases with increase in the thermal conductivity of the hybrid nanofluid.
b)	 The maximum FOM corresponds to Reynolds number of 1 000 at maximum concentra-

tion of 3%.
c)	 The minimum FOM corresponds to Reynolds number of 200 at concentration of 0.1%.
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In summary, this study underscores the effectiveness of employing hybrid nanofluids and 
integrating porous substrates to enhance MCHS performance. Compared to conventional 
setups using only base fluid as the heat transfer medium, the use of hybrid nanofluids and 
porous substrates offers improved heat transfer efficiency and overall thermal performance 
in MCHS applications. These insights provide valuable guidance for optimizing microchan-
nel heat sink design in diverse engineering contexts.
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