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a b s t r a c t 

Porous-fin microchannel heat sinks offering high solid-fluid interfacial areas have the potential to be an 

integral part of future microelectronic cooling systems. Replacing solid with porous fins reduces the pres- 

sure drop penalty of the straight plate-fin microchannel heat sinks. However, prior research has shown 

that in some cases porous fins adversely affect the thermal performance of the microchannel heat sinks. 

The reduced effective thermal conductivity of the porous fins compared to the solid ones has been con- 

sidered the main reason for the reduced thermal performance of porous-fin microchannels. In this work, 

a detailed study is conducted to assess the feasibility of using porous fins to simultaneously improve the 

thermal and hydraulic performances of the straight plate-fin microchannel heat sinks. Results revealed 

that the porous-fin microchannels outperform the solid-fin microchannels at small channel heights. How- 

ever, at high channel heights, the low effective thermal conductivity of porous fins results in a weak 

vertical thermal diffusion. Consequently, replacing solid with porous fins degrades the thermal perfor- 

mance of the microchannel at high channel heights. Additionally, the porous-fin microchannels exhibit 

better thermal performance than the solid-fin microchannels at fin to fluid width ratios above 0.25. The 

increased coolant mass flow penetrated the porous fin section is the main reason for the enhanced heat 

transfer rate of the porous-fin microchannels at higher width ratios. Moreover, the porous-fin microchan- 

nels offer a lower pressure drop penalty than the solid-fin microchannels under all examined operating 

conditions. This research confirms the potential of substituting solid with porous fins to simultaneously 

improve the thermal and hydraulic performances of the straight plate-fin microchannel heat sinks. 

© 2022 Elsevier Ltd. All rights reserved. 

1

h

t

c

s

n

s

[

r

e

fi

a

c

s

o

w

p

s

t

r

t

fi

f

t

h

0

. Introduction 

Microchannel heat sinks have been widely considered for high 

eat flux thermal management of microelectronic devices. An op- 

imum microchannel heat sink should offer a high heat removal 

apacity at a minimum pumping power consumption. Therefore, 

trategies for enhancing the thermal performance of microchan- 

el heat sinks at reduced pressure drop penalties are highly de- 

irable. Manipulation of coolant fluid properties by nanoparticles 

1] and implementation of extended surfaces including pin-fins [2] , 

ibs [3] , and porous materials [ 4,22 ] are among common thermal 

nhancement strategies employed in microchannel heat sinks. 

Several finned heat sink designs including pin-fin, interrupted 

n, slotted fin, and plate-fin heat sinks have been studied [5] . In 
∗ Corresponding author. 
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 plate-fin heat sink, the flow path is divided into distinct mi- 

rochannels by plate-fin walls. Porous-fin microchannels are con- 

idered a promising strategy to enhance the thermal performance 

f finned microchannel heat sinks. The idea of replacing solid fins 

ith metallic porous fins in straight plate-fin microchannels was 

roposed by Chuan et al. [6] . In their proposed design, the pres- 

ure drop was decreased by up to 47.9% compared to the conven- 

ional solid-fin microchannels. They attributed the pressure drop 

eduction to two factors. First, the coolant mass flow reduction in 

he channel due to the penetration of the flow into the porous 

ns, and second, the slip-like velocity at the fluid-porous inter- 

ace. Their results also showed a lower thermal performance of 

he porous-fin microchannels. Examining similar porous-fin mi- 

rochannels, Gong et al. [7] reached the same conclusion that the 

hermal performance of the straight plate-fin microchannels de- 

rease when porous fins were utilized. They attributed the reduced 

eat transfer in the porous-fin microchannels to the decreased 

elocity in the fluid domain and the lower effective thermal 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123662
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Nomenclature 

C F Dimensionless Forchheimer coefficient 

D h Hydraulic diameter of the channel,[ m ] 

H ch Channel height,[ m ] 

HR Height ratio 

I P Pressure drop index 

I R Thermal resistance index 

K Permeability,[ m 

2 ] 

k s Solid thermal conductivity,[ W/m.K] 

k f Fluid thermal conductivity,[ W/m.K] 

L Channel length,[ m ] 

P Pressure,[ Pa ] 

q ” w 

Heat flux applied to the heat sink,[ W/m 

2 ] 

R Thermal resistance,[ K.m 

2 /W ] 

Re Reynolds number 

Re K Reynolds number based on permeability 

T s Solid domain temperature,[ K] 

T f Fluid domain temperature,[ K] 

T f,in Fluid inlet temperature,[ K] 

T w 

Average temperature of the heat sink base,[ K] 

u X-component velocity,[ m/s ] 
�
 V Velocity vector,[ m/s ] 

�
 v Darcy velocity,[ m/s ] 

V Velocity magnitude,[ m/s ] 

W F in Fin width,[ m ] 

W f luid Fluid width,[ m ] 

Greek letters 

μ Fluid dynamic viscosity,[ Pa.s ] 

ρ Fluid density,[ Kg/m 

3 ] 

ε Porosity 

η Overall performance index 

Subscript 

ch Channel 

eff Effective properties 

f Fluid domain 

in Channel inlet 

s Solid domain 

onductivity of porous fins compared to the solid ones. A similar 

onclusion, i.e. a drop in the thermal performance of porous fins, 

as made by Hajmohammadi et al. [8] . They attributed the decline 

n the heat transfer coefficient of porous-fin microchannels to the 

ower effective thermal conductivity of the porous material. 

Previous studies have clarified the overall mechanisms for the 

educed pressure drop in porous-fin microchannels compared to 

olid-fin microchannels. They have also proposed that the lower ef- 

ective thermal conductivity of the porous fins is the main reason 

or the reduced thermal performance of the porous-fin microchan- 

els. On the other hand, Bezaatpour and Goharkhah [ 9 , 10 ] showed

hat the thermal performance of straight plate-fin microchannels 

ould be enhanced when the solid fins are replaced by the porous 

ns. They attributed the enhanced thermal performance in the 

orous-fin microchannels to the increased fluid mixing and large 

olid-fluid heat transfer area in the porous fins. Therefore, this 

iscrepancy indicates that the previous studies perhaps ignored 

ther factors that might affect the thermal performance of the 

icrochannels with porous fins. The coolant flow penetrating the 

orous fins creates a higher temperature gradient between the bot- 

om wall of the heat sink and the fins which promotes heat trans- 

er through the fins. On the other hand, weak thermal diffusion 

ithin the porous fins caused by the low effective thermal con- 

uctivity of the porous materials degrades the heat conduction of 
2 
he porous fins. Consequently, it is necessary to investigate the 

verall impact of the aforementioned factors on the heat transfer 

haracteristics of porous-fin microchannels. This study aims to ex- 

lore how metallic porous fins influence the thermo-hydraulic per- 

ormances of straight plate-fin microchannels to provide a com- 

rehensive insight into the underlying mechanisms responsible 

or heat transfer mechanisms of the porous-fin microchannel heat 

inks. First, the general mechanisms for the fluid flow and heat 

ransfer in porous-fin microchannel heat sinks are investigated. 

hen, by comparing microchannels at different channel heights, 

he influence of the vertical thermal diffusion on the overall heat 

ransfer of the porous-fin microchannels is assessed. Furthermore, 

y varying the fin width ratio, the effect of penetrated coolant 

ass flow into the porous fins on the thermal performance of the 

orous-fin microchannels is evaluated. This research reveals that, 

nder certain circumstances, replacing solid fins with porous fins 

imultaneously improves the thermal and hydraulic performance 

f the straight plate-fin microchannels heat sinks. 

. Computational model 

.1. Problem description 

This research aims to study the thermal performance of mi- 

rochannel heat sinks with parallel solid and porous fins. Schemat- 

cs of the solid and porous-fin microchannels are illustrated in 

ig. 1 . To investigate the impact of fin characteristics on the heat 

ink performance, the width of the fluid channel ( W fluid ) is kept 

onstant while the fin width ( W fin ) and height ( H ch ) are varied.

he width ratio, defined as the ratio of the fin width to the fluid 

idth, is changed from 0.25 to 2. Furthermore, the effect of chan- 

el heights on the heat sink performance is also investigated. The 

eight ratio (HR) is defined as the channel height to the fluid 

idth. In each geometry, the performance of the porous-fin mi- 

rochannel is compared with the same microchannel with solid- 

n. The geometrical details of the studied microchannels are listed 

n Table 1 . 

.2. Governing equations 

The momentum transport equation within the fluid and porous 

edia and energy transport equation within the fluid, solid, and 

orous media were simultaneously solved. The continuum the- 

ry was employed to simulate fluid flow since the Knudsen ( Kn ) 

umber, defined as the ratio of the molecular mean free path to 

he channel hydraulic diameter, is below 0.001 for single-phase 

iquid-water flow in channels with a hydraulic diameter larger than 

0 μm [11] . The flow is considered steady, laminar, and incom- 

ressible. The Navier-Stokes equations were solved in the fluid do- 

ain as follows: 

. 
(
ρ�

 V 

)
= 0 (1) 

(
�
 V . ∇ 

)
�
 V = −∇ P + μ∇ 

2 �
 V (2) 

here � V is the fluid velocity vector, μ is the fluid dynamic viscos- 

ty, and ρ is the fluid density. The dynamic viscosity was defined 

s a function of the fluid temperature [12] : 

(
T f 

)
= 8 . 55 × 10 

−4 

(
T f 

T ref 

)8 . 9 

exp 

[
4700 

(
1 

T f 
− 1 

T ref 

)]
(3) 

here T re f is 300 K and T f is the fluid temperature. The Darcy- 

rinkham-Forchheimer equation was employed to model the flow 

n the porous domain. The porous medium was considered 
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Fig. 1. Schematics of microchannel heat sinks with solid and porous fins. 

Table 1 

Geometrical details of the examined microchannel 

heat sinks. 

Parameter Value Unit 

L 60 mm 

H ch 400, 1200 μm 

W f luid 400 μm 

W f in 100, 200, 400, 800 μm 

Table 2 

Material properties of the porous medium [15] . 

Parameter Value Range Unit 

ε 0.9 –

K 7 . 43 × 10 −10 m 

2 

C F 0.077 –

k s 384 W/m.K
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sotropic, homogenous, and saturated with the fluid. The continu- 

ty and momentum equations in the porous domain are as follows 

13] : 

. ( ρ�
 v ) = 0 (4) 

ρ

ε 2 

(→ 

v . ∇ 

) → 

v = −∇ P + μ∇ 

2 → 

v −μ

K 

→ 

v −ρC F √ 

K 

| v | → 

v (5) 

here � v is the Darcy velocity, ε is the porosity, C F is the dimen- 

ionless Forchheimer coefficient, and K is the permeability. The 

arcy velocity is the velocity averaged over a control volume con- 

aining both solid and fluid phases in the porous medium while 

he pressure is an intrinsic quantity, i.e. averaged over the pore re- 

ions in the porous medium [ 13,14 ]. Copper was utilized for the 

olid and porous domains, and water was the coolant fluid. The 

aterial properties of the porous medium are listed in Table 2 . 

The effect of radiation, natural convection, and viscous dissipa- 

ion are neglected in the fluid domain. The energy equations are 

olved for the fluid and solid domains as follows: 

c p, f 

(→ 

V 

. ∇T f 

)
= ∇ . 

(
k f ∇ T f 

)
(6) 

 . ( k s ∇ T s ) = 0 (7) 

here T f is the fluid temperature, T s is the solid temperature 

nd k f and k s are the fluid and solid thermal conductivities, re- 

pectively. The temperature difference between the fluid and solid 
3 
hases in the porous domain is negligible, and thus the local ther- 

al equilibrium model is valid in the porous domain [ 16 , 17 ]. In

his model, one shared energy equation considering effective ther- 

al properties is solved in the porous domain: 

 

ρc p ) e f f ( � v . ∇T ) = ∇ . 
(
k e f f ∇ T 

)
(8) 

here the effective specific heat is calculated as follows: 

 

ρc p ) e f f = ε ( ρc p ) f + ( 1 − ε ) ( ρc p ) s (9) 

There are several empirical correlations and analytical models 

o predict the effective thermal conductivity of metallic porous ma- 

erials. The accuracy of the models highly depends on the porous 

tructure, solid-fluid thermal conductivity ratio, and porosity [18] . 

n this work, the following model was chosen to calculate the ef- 

ective thermal conductivity of the porous medium [19] : 

 e f f = ( 1 − ε ) 
(
k ss + k f s 

)
+ ε 

(
k s f + k f f 

)
(10) 

here 

 ss = 0 . 559 ( 1 . 64 − ε ) k s + 0 . 562 k f 

(
ε 

1 − ε 

)0 . 235 

(11) 

 s f = 1 . 18 k f ε 
2 − 2 . 5 k f ε + 1 . 32 k f (12)

 ff = 0 . 645 ( ε − 0 . 961 ) 
k 2 

f 

k s 
+ 1 . 82 k f ε 

2 − 3 . 29 k f ε + 2 . 43 k f (13) 

 f s = 

k 2 
f 

k s 

(
−14 . 2 ε 2 + 22 . 6 ε − 9 . 62 

)
+ 0 . 328 k f 

(
ε 

1 − ε 

)0 . 539 

(14) 

.3. Numerical method 

A pressure-based finite volume solver, ANSYS Fluent, was used 

o solve the governing equations in a segregated manner. The SIM- 

LE method was utilized for the pressure-velocity coupling. The 

econd-order upwind scheme was employed to discretize the con- 

ective terms. The convergence criterion for the residuals of the 

ontinuity and momentum equations was set to 10 −7 and a con- 

ergence criterion of 10 −9 was considered for the energy equation. 

The computational domain and the boundary conditions are 

hown in Fig. 2 . The coolant fluid enters the channel with a uni- 

orm velocity and temperature. A constant pressure boundary con- 

ition was specified at the channel outlet: 

hannel inlet : u = u in T f, in = 25 

◦C (15) 

hannel outlet : P = P out (16) 
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Table 3 

Mesh independence study. 

Mesh No. Size [Million] R [ K .m 

2 /W ] �P [ Pa ] | R i +1 −R i 
R i 

| × 100 | �P i +1 −�P i 
�P i 

| × 100 

i = 1 0.6 8.022E-05 14,125 0.61 0.88 

i = 2 1 7.973E-05 14,250 0.20 0.06 

i = 3 1.5 7.989E-05 14,259 0.08 0.15 

i = 4 2.2 7.996E-05 14,280 – –

Fig. 2. Computational domain and boundary conditions. 
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The no-slip velocity and temperature boundary conditions and 

onservation of energy were applied to the fluid-solid interfaces: 

→ 

 

= 0 , T f = T s , k f 
∂T f 

∂n 

= k s 
∂T s 

∂n 

(17) 

To reduce the computational cost, one unit cell consisting of a 

hannel with two half fins was modeled. The symmetry boundary 

ondition was applied at the side boundaries: 

 

∂T 

∂n 

= 0 (18) 

The adiabatic boundary condition was specified at the top wall 

f the heat sink and a constant heat flux of 25 W/cm 

2 was applied

o the bottom wall of the heat sink: 

 

” 
w 

= k s 
∂T s 

∂n 

= 25 W/cm 

2 (19) 

The Reynolds number was defined as follows: 

e = 

ρu in D h 

μ
(20) 

here D h is the hydraulic diameter of the channel. The pressure 

rop and thermal resistance were used to evaluate the thermo- 

ydraulic performances of the microchannel heat sinks. The ther- 

al resistance was defined as: 

 = 

T w 

− T f, in 

q ” w 

(21) 

here T w 

is the average temperature of the heat sink base and T f,in 
s the fluid inlet temperature. 

The pressure drop and thermal resistance variations in the 

orous-fin microchannel compared to the solid-fin one were quan- 

ified in terms of the pressure drop index ( I ) and the thermal re-
P 

4 
istance index ( I R ), respectively: 

 P = 

�P Porous −F in 

�P Solid−F in 

(22) 

 R = 

R Porous −F in 

R Solid−F in 

(23) 

Index values below unity indicate that the porous-fin mi- 

rochannel performs better than the solid-fin microchannel. Con- 

idering both the thermal and hydraulic performance of the mi- 

rochannel heat sink, the overall performance index was defined 

s: 

= 

1 

I R I P 
(24) 

Index values higher than unity indicate that the porous-fin mi- 

rochannel outperform the solid-fin microchannel. 

The number of mesh elements was varied to examine the effect 

f mesh size on the results. The mesh size was increased by a fac- 

or of 1.5 in steps. The pressure drop and thermal resistance values 

ere compared between successive meshes. As shown in Table 3 , 

he values of the selected parameters vary less than 0.25% between 

esh No. 3 and No. 4. Therefore, mesh No. 3 with 1.5 million ele- 

ents was chosen. 

The numerical method was validated against experimental re- 

ults. The work of Bhattacharya and Mahajan [20] was used to 

alidate pressure drop results, while the Nusselt values were 

alidated against the work of Calmidi and Mahajan [21] . Bhat- 

acharya and Mahajan [20] examined the forced convection in a 

2.5 mm × 62.5 mm × 56.25 mm heat sink filled with alu- 

inum foam. Calmidi and Mahajan [21] investigated forced con- 

ection in a partially heated metal foam sample. The physi- 

al dimension of the heated section of the metal foam were 

3 mm × 45 mm × 114 mm. In both studies, the heat sink filled 

ith aluminum metal foam with a porosity of ε = 0 . 91 . As can be

een in Fig. 3 , the numerical values of the pressure drop are in

ood agreement with the experimental data. Note that the charac- 

eristic length in defining Re K is the square root of the permeability 

n Fig. 3 b. Furthermore, there is a maximum difference of 5.7% be- 

ween numerical and experimental results of the average Nusselt 

umber. 

. Results and discussion 

.1. Thermo-hydraulic characteristics of the porous-fin microchannels 

In this section, the thermo-hydraulic characteristics of the 

orous-fin microchannel heat sinks are investigated. Particularly, 

ontributions of the porous and fluid domains to the overall ther- 

al performance of the heat sinks are examined. The thermo- 

ydraulic performances of the solid-fin and porous-fin microchan- 

els are compared at a channel height of 400 μm, a width ra- 

io of 1, and a Reynolds number of 900. The velocity profiles in 

he z-direction at y = 0 and x = 50 mm are presented in Fig. 4 a.

he inset images in Fig. 4 a show the velocity contours in the y-z 

lane at x = 50 mm. By calculating the mass flow rates through a 

urface perpendicular to the flow direction (i.e., the y-z plane) in 

he fluid and fin domains, it can be seen that 8.6% of the coolant 
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Fig. 3. Comparisons of the present numerical method against experimental data available in the literature: (a) pressure drop, and (b) Nusselt number. 

Fig. 4. The velocity profiles: (a) in the z-direction at y = 0 and x = 50 mm, and (b) in the y-direction at z = 0.2 mm and x = 50 mm. 
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ass flow penetrates the porous fins in the porous-fin microchan- 

el. As shown in the velocity contours in Fig. 4 a, the velocity mag-

itude of the central fluid domain in the porous-fin case is lower 

han in the solid-fin case. The velocity profile in the z-direction 

s parabolic for both cases and the velocity magnitude is smaller 

n the porous-fin case. Also, the velocity gradients on the bottom 

 z = 0) and top ( z = 0.4 mm) walls of the microchannel are lower

or the porous-fin case, resulting in a lower frictional loss. The 

elocity profiles of the solid and porous-fin microchannels in the 

-direction at z = 0.2 mm and x = 50 mm are depicted in Fig. 4 b.

t can be seen that the velocity magnitude of the central fluid do- 

ain is greater for the solid-fin case whereas, in the vicinity of 

he fin, the velocity magnitude of the porous-fin is larger. The ve- 

ocity gradient on the vertical walls of the porous-fin case is lower 

han the solid-fin case. Therefore, the frictional loss caused by the 

n vertical walls is lower in the porous-fin microchannel. On the 

ther hand, the part of the coolant flow that penetrates the porous 

n experiences an additional pressure drop induced by the porous 

tructure. As a result of these two effects, the pressure drop re- 

uces by 20.21% in the porous-fin microchannel compared to the 

olid-fin one. 

Fig. 5 depicts the temperature contours in the fin and fluid re- 

ions of the solid and porous-fin microchannels at x = 50 mm 
5 
nd Re = 900. It can be seen that the fluid temperature is higher 

n regions near the fin in the solid-fin case. On the other hand, the 

ow that penetrates the porous fins cools the fin base wall which 

esults in a temperature difference between the heat sink bottom 

all and the fins, thereby increasing heat transfer to the fins. 

In the solid-fin microchannel, part of the heat supplied to the 

eat sink is conducted directly to the fluid domain from the chan- 

el bottom wall. The other part is conducted to the fluid domain 

rom the fin vertical walls and then convected away by the fluid 

ow. In the porous-fin microchannel, part of the heat is conducted 

irectly to the fluid domain from the bottom wall of the chan- 

el, and the remaining portion is conducted to the porous domain 

hrough the fin base walls. The distribution of the heat flux at the 

hannel and fin base walls, i.e. z = 0, at x = 50 mm is depicted

n Fig. 6 . The total heat applied to the heat sink is the same for

oth cases. It can be seen in Fig. 6 that the transferred heat flux 

nto the fluid region from the bottom wall is higher in the solid- 

n microchannel, while the heat flux associated with the fin base 

all is higher in the porous-fin microchannel. In the solid-fin mi- 

rochannel, 31.4% of the total heat is directly conducted to the fluid 

omain from the bottom wall, while this is 25% in the porous-fin 

icrochannel. In other words, the heat conducted to the fin base 

all increases by replacing solid fins with porous fins. This indi- 
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Fig. 5. The temperature contours in the fin and fluid regions for (a) the solid-fin, and (b) the porous-fin microchannels at x = 50 mm and Re = 900 (dimensions are in mm). 

Fig. 6. Heat flux distribution at the fluid and fin base walls. 
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ates that there is a lower thermal resistance to the heat flow into 

he fins in the porous-fin microchannel. A decreased coolant mass 

ow rate within the fluid domain results in a lower convective 

eat transfer in the fluid domain of the porous-fin microchannel. 

n the other hand, the penetrated flow within the porous fins en- 

ances the heat transfer due to the high solid-fluid interfacial area 

s well as thermal dispersion inside the porous medium. Therefore, 

he added convection in the porous fins compensates for the de- 

reased convective heat transfer in the fluid domain, and the over- 

ll thermal performance of the porous-fin microchannel improves. 

.2. Thermal performance of different porous-fin designs 

The heat removal contribution of the porous fin depends on the 

mount of heat conducted to the fin base wall, the ability of the 

n to spread the heat through the fin, and the heat exchanged be- 
6 
ween fluid and porous domains. The portion of the coolant flow 

enetrating the porous fins has the main role in the cooling of the 

n base wall and induces a temperature gradient making the fin 

ase wall a suitable heat pathway. In contrast, the effective ther- 

al conductivity of the porous fins is lower than that of the solid 

ns. Therefore, the contribution of the upper regions of the porous 

ns to the total heat removal becomes important. The penetration 

f the flow into the porous fins and the vertical thermal diffu- 

ion in the porous fins are two significant factors contributing to 

he overall heat transfer in the porous-fin microchannels. Varying 

he width of the fins alters the role of the penetrated flow while 

arying the height of the fins changes the influence of the verti- 

al thermal diffusion on the overall heat transfer characteristics of 

he porous-fin microchannels. Therefore, two scenarios are investi- 

ated. In the first scenario, the width of the fins is changed. In the 

econd scenario, the channel height is varied. 
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Fig. 7. Pressure drop penalties of the solid and porous-fin microchannels versus 

width ratio at two Re numbers of 500 and 900 at HR = 1. 
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Fig. 8. The thermal resistances of the solid and porous-fin microchannels versus 

width ratio at two Re numbers of 500 and 900 and HR = 1. 
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Table 4 

Thermal resistance, and pressure drop and overall performance indexes. 

Width 

Ratio 

I R I P η

Re = 500 Re = 900 Re = 500 Re = 900 Re = 500 Re = 900 

0.25 1.09 1.11 0.80 0.81 1.15 1.11 

0.5 0.96 0.95 0.80 0.81 1.31 1.29 

1 0.84 0.81 0.78 0.80 1.51 1.54 

2 0.73 0.62 0.78 0.84 1.75 1.91 
The role of the penetrated flow into the porous fins in the 

hermo-hydraulic performances of the porous-fin microchannels is 

tudied by keeping the width of the fluid domain constant and 

hanging the fin width ratio from 0.25 to 2 at HR = 1. Fig. 7 shows

he pressure drop penalties of the solid and porous-fin microchan- 

els at different width ratios. As shown, the pressure drop de- 

reases when the solid fins are replaced with porous fins at all 

idth ratios. As the width of the porous-fin increases, the per- 

entage of the coolant flow penetrating the porous fin increases. 

his results in a drop in the velocity of the fluid domain, thereby 

eading to a reduced pressure drop penalty. On the other hand, 

he increased penetrated flow into the porous fins causes an ad- 

itional pressure drop due to the frictional losses. As a result of 

hese two effects, the pressure drop decreases as the width of the 

orous fin increases. Furthermore, the overall pressure drop de- 

reases by increasing the fin width in the solid-fin microchannels 

espite having a constant fluid width and coolant mass flow rate. 

y increasing the fin width, the total heat applied to the heat sink 

ncreases. As a result, the temperature of the fluid increases, lead- 

ng to lower fluid viscosity and lower frictional losses. The same 

ffect contributes to reducing the pressure drop of the porous-fin 

icrochannels when the width of the fins increases. 

Fig. 8 shows the thermal resistances of the solid and porous- 

n microchannels at two Reynolds numbers of 500 and 900 and 

ifferent width ratios. As evident, when the solid fins are replaced 

ith porous fins, the thermal resistance decreases at width ratios 

f 0.5, 1, and 2, but it increases at a width ratio of 0.25. Further-

ore, the thermal resistance decreases by increasing the coolant 

ow rate in both solid and porous-fin microchannels. 

Fig. 9 compares the distribution of the heat conducted to the 

uid and fin domains for microchannels with width ratios of 0.25 

nd 1. In the microchannel with a width ratio of 1, in which the 

hermal performance enhances by replacing solid fins with porous 

ns, the heat conducted to the fins is higher in the porous-fin 

icrochannel compared to the solid-fin one. However, in the mi- 

rochannel with the width ratio of 0.25, in which utilizing porous 

ns degrade the thermal performance of the microchannel, the to- 

al heat conducted to the fins is lower in the porous-fin microchan- 

el. In fact, the percentage of the coolant mass flow penetrated the 

orous fins increases by increasing the width ratio from 0.25 to 1. 

n the other hand, by increasing the width of the porous fins, the 
7 
oolant mass flow within the fluid domain decreases, resulting in 

 lower convective heat transfer in the fluid domain. In the mi- 

rochannel with a width ratio of 0.25, the convective heat transfer 

n the porous fins cannot offset the reduced convection in the fluid 

omain, and the overall heat transfer declines. However, in the mi- 

rochannels with width ratios of 0.5, 1, and 2, the increased heat 

ransfer in the porous fins compensates for the decreased convec- 

ion in the fluid domain, and the overall heat transfer increases. 

The thermal resistance, pressure drop and overall performance 

ndexes at Reynolds numbers of 500 and 900 are listed in Table 4 

or different width ratios. The red and green colors in this table 

ndicate deterioration and improvement, respectively. At a width 

atio of 0.25, the thermal resistance index is higher than unity, in- 

icating that the thermal resistance increases by using porous fins 

n place of solid fins at both Reynolds numbers. For width ratios 

igher than 0.25, the thermal resistance index decreases by in- 

reasing the Reynolds number. In addition, the thermal resistance 

ndex is lower for cases with higher width ratios, indicating that 

he thermal resistance reduction is more pronounced when solid 

ns are replaced with porous fins. The pressure drop index is be- 

ow unity for all cases, demonstrating that the pressure drop de- 

reases in all cases by substituting solid fins with porous fins. It 

an be inferred from Table 4 that there is a width ratio between 

.25 and 0.5 in which replacing solid fins with porous ones has no 

nfluence on the thermal resistance of the microchannel, while the 

eduction of the pressure drop results in a higher overall cooling 

erformance of the microchannel. The overall performance index 

or all cases is higher than unity, indicating that the porous-fin mi- 

rochannels outperform solid-fin microchannels at all width ratios. 

urthermore, microchannels with higher width ratios have higher 

verall performance indexes. 

Microchannels with channel heights of 400 μm (HR = 1) and 

200 μm (HR = 3) are considered to investigate how vertical ther- 



M. Fathi, M.M. Heyhat, M. Zabetian Targhi et al. International Journal of Heat and Mass Transfer 202 (2023) 123662 

Fig. 9. The heat distribution at the base wall of the solid and porous-fin microchannels for microchannels with (a) a width ratio of 1, and (b) a width ratio of 0.25 at Re = 900 

and HR = 1. 

Fig. 10. The pressure drop penalties of the solid and porous-fin microchannels ver- 

sus Re number at HR = 1 and HR = 3. 
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Fig. 11. The thermal resistances of the solid and porous-fin microchannels versus 

Re number at HR = 1 and HR = 3. 
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al diffusion influences the cooling characteristics of the mi- 

rochannel heat sink. Fig. 10 shows the pressure drop penalties 

f the solid and porous-fin microchannels at two height ratios of 

 and 3 as a function of the Reynolds number. In each case, the 

erformance of the porous fin design is compared to that of the 

olid-fin design. Replacing solid fins with porous fins reduces the 

ressure drop in both cases. In addition, the pressure drop index is 

ower at HR = 3 compared to HR = 1; for instance, the pressure drop

ndex is 0.73 at HR = 3 while I P = 0.80 at HR = 1 and Re = 900. This

ndicates that the pressure drop reduction is more noticeable for 

icrochannels with higher channel heights when the solid fins are 

eplaced with porous fins. 

Fig. 11 shows the thermal resistances of the solid and porous- 

n microchannels at two height ratios of 1 and 3 as a function of 

he Reynolds number. In the microchannel with a smaller channel 

eight (HR = 1), the thermal resistance decreases if the solid fins 

re replaced with porous fins. However, in the microchannel with 

 larger channel height (HR = 3), the thermal resistance is higher in 

he porous-fin case. In the following, the heat transfer characteris- 

ics of these two designs will be discussed. 

Fig. 12 a shows the heat distribution in the base walls of the 

olid and porous-fin microchannels at HR = 3 and Re = 900. The heat 

onducted directly to the fluid domain from the channel bottom 
8 
all increases from 10.5% to 15.2% when the solid fins are replaced 

y porous fins. In other words, the heat conducted to the base 

all of the fins reduces by using porous fins instead of solid fins. 

his trend is in agreement with the trend observed in Fig. 9 for 

he microchannel with a width ratio of 0.25 and HR = 1. In fact, 

n microchannels offering lower thermal performances by replac- 

ng solid with porous fins, the total heat conducted to the fin base 

all is lower in the porous-fin cases. However, the total heat con- 

ucted to the porous fins is higher than to solid fins in microchan- 

els demonstrating higher thermal performances with porous fins. 

ig. 12 b shows the temperature contours of the solid and porous- 

n microchannels at HR = 3 and Re = 900. With a lower coolant mass

ow in the fluid domain and a higher heat conducted to the chan- 

el bottom wall in the porous-fin compared to the solid-fin mi- 

rochannel, the thermal boundary layer becomes thicker, and thus 

he heat transfer coefficient decreases on the channel bottom wall 

f the porous-fin microchannel. Additionally, the vertical thermal 

iffusion is weak in the porous-fin microchannel due to the low 

ffective thermal conductivity of the porous fins. Consequently, the 

emperature difference between the fluid and porous domains is 

ess in the upper regions of the porous-fluid interface. In other 

ords, the heat transfer between the fluid and porous domains is 
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Fig. 12. (a) The heat distribution, and (b) temperature contours of the fin and fluid regions for the solid and porous-fin microchannels at HR = 3 and Re = 900 (dimensions are 

in mm). 
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arginal in the upper regions of the porous fin. The convection in 

he porous fins does not compensate for the reduced convection in 

he fluid domain at HR = 3, thereby resulting in a decrease in the 

verall heat transfer rate. 

. Conclusion 

In this study, the thermo-hydraulic performances of the porous- 

n microchannel heat sinks were investigated using the conju- 

ate heat transfer approach. The heat transfer characteristics in the 

orous-fin microchannels were compared against the solid-fin mi- 

rochannels. The main conclusions of the research are: 

• Heat transfer characteristics of the porous-fin microchannels 

are influenced by the vertical thermal diffusion in the porous 

fins, the temperature gradient in the base wall of the porous 

fins, and the convective heat transfer within the fluid and 

porous domains. 
• In microchannels with HR = 1 and width ratios higher than 0.25, 

the thermal performance of the heat sink enhances by up to 

37.5% by replacing solid with porous fins. However, in mi- 

crochannels with a width ratio of 0.25, the thermal perfor- 

mance degrades. The coolant fluid penetrating the porous do- 

main results in a reduced velocity of the main fluid domain, 

thereby decreasing the convective heat transfer of the fluid do- 

main. As the width ratio of the microchannel decreases, the 

coolant mass flow penetrating the porous fins decreases. There- 

fore, the convection in the porous fins is inadequate to compen- 

sate for the reduced convection in the fluid domain, thereby re- 

sulting in a reduction in the total heat transfer. 
• While the solid-fin microchannels perform better at tall chan- 

nel heights, the porous-fin microchannels demonstrate better 

thermal performances at short channel heights. This is because 

the vertical thermal diffusion in the porous fins is weak at 

higher channel heights owing to the low effective thermal con- 

ductivity of the porous fins and added vertical thermal resis- 

tance. Consequently, the heat transfer performance of the upper 

porous-fin regions decreases. Furthermore, the reduced velocity 

in the fluid domain results in a weaker convective heat transfer 

of the main fluid domain. The reduced convection in the fluid 

domain is not adequately compensated by the convection in the 

porous fins, thereby leading to a drop in the overall heat trans- 

fer rate in microchannels with higher channel heights. The ther- 
9 
mal resistance of the microchannel with a tall channel height 

increases by up to 37.4% by replacing solid fins with porous fins. 
• By replacing the solid with porous fins, the frictional loss of 

the main fluid domain reduces due to a drop in its mass flow 

rate and velocity gradient of the fin vertical walls. On the other 

hand, the fluid flow within the porous fins experiences an ad- 

ditional pressure drop due to the friction losses associated with 

the porous medium. The combination of these two effects re- 

duces the pressure drop of the porous-fin microchannels by up 

to 32% compared to the solid-fin microchannels. 
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