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Abbreviations
A	� Channel cross-sectional area
C	� Dimensionless thermal conductance
d	� Diameter
dh	� Hydraulic diameter
H	� Height of heat sink
kf 	� Thermal conductivity of fluid
ks	� Thermal conductivity of solid wall
MCH	� Microchannel
M	� Microchannel width
N	� Axial length of heat sink
n	� Number of channels
q′′	� Heat flux
Rew	� Reynolds number of water
Tw,L	� Exit temperature
Tin	� Inle temperature
Tmax	� Maximum temperature
t1	� Distance from bottom to channel
t2	� Distance from the top micro heat sink to channel
t3	� Channel to channel thickness
vin	� Inlet velocity
V	� Volume
vel	� Elemental volume
W	� Width of heat sink micro channel

Greek symbols
α	� Thermal diffusivity
Cp	� Specific heat
µ	� Viscosity
�	� Kinematic viscosity
�	� Density

Abstract  This paper documents 3-D numerical optimi-
sation of combined microchannel heat sink with solid and 
perforated rectangular fins. Constructal design technique 
is deployed to construct a geometry with reduced material 
substrate and the effect on the heat transfer is examined. 
The goal of the study is to minimise the peak temperature 
or maximise global thermal performance. The axial length 
and volume of the microchannel are fixed, while the width is 
allowed to morph. The microelectronic device placed at the 
bottom of the combined heat sink emits heat flux q″ and the 
heat deposited at the bottom is removed using a single-phase 
fluid (water) of Reynolds number Re

w
 in a forced convec-

tion laminar regime. The computational domain is descre-
tised and the mathematical equations that govern the fluid 
flow and heat transfer are solved using the CFD code. Three 
unique cases were considered in this study. The influence of 
design parameters (channel width, external shape, and veloc-
ity of fluid applied) on the performance of the combined 
microchannel heat sink is discussed. The study revealed that 
the solid material substrates used in the manufacturing of 
the combined microchannel heat sink can be reduced with-
out necessarily compromising the heat transfer at certain 
applied Re

w
 . The global thermal conductance of the com-

bined microchannel with no perforation on fins increases 
by 1.1% higher than the microchannel with 1-rectangular 
perforation on fins and 0.8% above the heat sink with 2-rec-
tangular perforations on fins. The numerical results valida-
tion agrees with what is in the open literature.

 *	 N. Y. Godi 
	 gdxnah001@myuct.ac.za
1	 Department of Mechanical Engineering, University of Cape 

Town, Private Bag X3, Rondebosch 7701, South Africa
2	 Department of Mechanical Engineering, University 

of Ibadan, Ibadan, Nigeria

UNIV
ERSIT

Y O
F IB

ADAN L
IB

RARY

http://crossmark.crossref.org/dialog/?doi=10.1007/s40032-023-00943-y&domain=pdf


	 J. Inst. Eng. India Ser. C

1 3

�	� Volume fraction of solid material
�	� Shear stress

Subscripts
in	� Inlet
max	� Maximum
min	� Minimum
opt	� Optimum
out	� Outlet

Introduction

In an age of relying on electronic devices for storing and 
communicating information, these devices are being made 
progressively more powerful. The workload they carry 
generates heat in their operating systems; heat can be det-
rimental to a system and reduce its life span by damaging 
a component or the whole system itself if not properly dis-
sipated. Bachr & Stephan [1] defined heat, as used in ther-
modynamics, as the energy that crosses the boundary of a 
system because of the temperature difference between the 
system and its surroundings. The heat transfer process is 
basic to most aspects of life and is frequently observed in 
engineering systems where it finds application and poses 
many challenges.

Heat sinks are recognise effective heat transfer devices 
which remove heat from the base to a fluid by convection. 
They are cost-effective and are used in managing heat disper-
sal in microelectronic equipment due to their success in tak-
ing away heat from surfaces [2–6]. Thermal management of 
electronics is important due to increasing volumetric power 
density and the unfriendly operating environment in which 
they are used. This is seen in all application fields of defense, 
aerospace, oil and gas, remote sensing, automotive, com-
puter processors, semiconductors, and photonics. In addi-
tion, Bailey [7] pointed out that the inability to remove heat 
adequately can lead to premature device damage and even 
failure. He added that NASA reports indicate that 50–90% of 
mission failure is attributable to thermal problems.

Microelectronic devices are designed so that the heat 
source and the heat sink have the least resistance possible. 
That goal leads to continuing efforts to reduce the overall 
thermal resistance in the device, and conversely to increase 
the maximised global thermal conductance in the system 
[8]. Kandlikar [3] showed that thermal resistance in system 
devices is caused by three major sources: resistance due to 
conduction in the heat sink; conduction resistance between 
the material surface of the microchannel and the coolant; 
resistance arising from the increased heat of the coolant. 
Thermal management is improved by the application of 
constructal law to the heat transfer device. In order to maxi-
mize heat transfer researchers have employed constructal 

law to design heat sinks through their geometric configura-
tion, giving consideration to shape, flow architecture, and 
structure [9, 10]. Krishna et al. [11] numerically studied the 
effect of waviness on heat transfer and flow characteristics in 
micro-wavy channels. The Re and average Nu are found to 
be functions of channel waviness; however, the friction fac-
tor remained unchanged at higher waviness. Elevated rates 
of secondary flow and recirculation appear to influence the 
increase of Nu with waviness.

Another way heat transfer and fluid flow of flow systems 
are studied is by applying computational fluid dynamics 
(CFD). The advancement in numerical modelling has led to 
the development of robust CFD codes which use the numeri-
cal algorithms developed to solve fluid flow problems. Inter-
est in the use of CFD codes has increased in recent times 
due to the development of inexpensive high-performance 
computers and programmes that have become more user-
friendly. With the CFD codes, it is now possible to design, 
analyse and optimise systems in fluid flow, heat transfer and 
similar characteristics, like chemical reactions, by digital 
simulation. CFD has many advantages over experimental 
studies, as many design variables can be simultaneously 
used to obtain optimal configuration and to generate quan-
titative information about fluid flow and heat transfer in 
microsystems [12–14].

In order to better understand forced convection cooling in 
microchannels and heat sinks, it is becoming commonplace 
to use a geometric optimization technique that involves iden-
tifying constraints. The concept, which is based on geometry 
that is either unknown or missing, calls for stating the overall 
objective(s) and constraint(s) of the flow system [10, 15, 
16].” The success of the geometric optimisation approach is 
overly dependent on the constructal law as propounded by 
Adrian Bejan, which states, “For a finite-size open system 
to persist in time (to live), it must evolve in such a way that 
it provides easier access to the imposed (global) currents 
that flow through it." [17]. After the work of Bejan in the 
twentieth century, another fundamental law of nature has 
been documented in the twenty-first century by Pramanick. 
This formidable law is called “Law of Motive Force”. Pra-
manick [18][18] states the law of motive force as: "Every 
motive force is self-contradictory in its existence." And that 
"opposite tendencies in a system are but conserved." The 
law is based on the general rule that “One or more tradeoffs 
happen when an effort is made to effect a change. From 
such tradeoffs emerge the features of organization that per-
sist (shape, dimensions, structure, rhythm).” In addition, 
the word “motive force” has been used in many aspects of 
studies: exact sciences and non-exact sciences alike. The 
pioneers of thermodynamics [20, 21] also employed the 
word motive power, though the true nature has not been 
known until recently [17]. Several studies and geometric 
optimisation in microchannel heat sinks are based on this 
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law which involves searching for the missing geometry that 
maximises thermal conductance [20–22].” Constructal law 
is employed in a range of domains, for example, finding the 
general ranking of universities around the world, accessing 
the information on the global flow of knowledge [23, 24], 
providing vital information and optimal results in tactical 
operation and military warfare [25], as well as predicting 
optimal paths to achieve speed for men and women in swim-
ming and athletics competitions [26–29]. The law’s use in 
the humanities, natural and social sciences [30–33] suggests 
that it is effective in increasing education, and knowledge 
of human life and nature, and is of universal application, as 
well as holding the key to the future progress of science and 
engineering [10, 34–42].

The parts used to extend primary surfaces are referred 
to as fins. Fins comprise a vast range of types, shapes and 
arrangements. In extended surfaces, conduction and convec-
tion are most often used for heat transfer, while radiation 
heat transfer is neglected [43, 44]. The cooling of electronic 
equipment using micro pin fins is gaining attention because 
of their capacity to dissipate high heat fluxes and improve 
the thermal management of microelectronic devices. Yeh 
[45] used an analytic approach to show how the dimension 
of circular and rectangular micro pin fins with fixed vol-
ume and heat transfer could be maximised. He observed 
that micro pin fins with insulated tips had the best aspect 
ratio with reduced fin volume. Díez et al., [46] reported the 
effect of roughness on micro pin fins which were truncated 
with changing diameter for hyperbolic, trapezoidal and con-
cave parabolic designs. The efficiency and effectiveness of 
smooth pin fins, as well as temperature distribution, were 
accurately predicted by the approximate method of truncated 
power series.

This study looked at several research works carried out 
in the past and reviewed relevant literature. The novelty of 
this present study is displayed in the perforated rectangular 
fins. Shaeri and Yaghoub [47] perforated an array of solid 
fins and compared the performance. The researchers used 
air coolant in a forced convection laminar flow. Heat transfer 
rate is improved by perforating fins [48]. In this investiga-
tion, the combined microchannel with modelled micro solid 
fins, 1-perforation on fins and 2-perforations on fins are cen-
trally positioned and investigated. The reduction in weight, 
cost and material in making the rectangular fins (combined 
microchannel) brings to the design an added advantage in 
terms of heat transfer. The combined microchannel is cooled 
using fluid (water), while the fins are added on top to aug-
ment heat transfer. The heat transfer is achieved by pump-
ing water across the microchannel and by conduction which 
takes place in the solid material substrate and convection 
in the inner walls of the flow channel. The heat transfer is a 
conjugate, the heat removal is better than in the traditional 
heat sinks and the study appears to be the first research that 

considers heat transfer in combined microchannels of this 
form.

Governing Equations

The temperature at the outlet of the combined microchan-
nel with rectangular solid and perforated fins is obtained by 
resolving the heat conduction and forced convection equa-
tions in the fluid domain simultaneously. The governing 
continuity, momentum and energy equations for the incom-
pressible, steady state, laminar flow is

However, for the solid domain, the momentum equation 
is reduced to

And the energy equation for the same solid part is given 
as:

Geometric Description and Boundary Conditions

A typical combined microchannel modelled with solid 
rectangular fins is shown in Fig. 1. The properties of a 
single-phase fluid, that is water, are considered to be con-
stant when the flow is steady and laminar. The fluid flow 
velocities are considered to be in forced convection and 
the dominant mechanism for heat transfer in the cooling 
channels. Water of Reynolds number, Rew flows across the 
entire axial length of the combined microchannel, while 
the fins are idly attached on top of the heat sink to aug-
ment heat transfer in the system. The combined micro-
channel heat sink is fabricated from aluminum material 
substrate with thermal conductivity of 202 W/m K that 
is commonly employed in heat removal from surfaces. In 
Fig. 1, the solid rectangular micro pin fins are modelled 
and placed on a rectangular microchannel block of the 
heat sink. The hydraulic diameter is labelled as dh . The 
side and thickness of the micro pin fins are a1 and b1 , the 

(1)
�ui

�Xi

= 0

(2)uj
�ui

�Xj

= −
1

�

�P

�Xi

+ v
�2ui

�X2
i

(3)uj
�T

�Xj

= �
�2T

�Xi�Xi

(4)U = 0

(5)ks∇
2 = 0

UNIV
ERSIT

Y O
F IB

ADAN L
IB

RARY



	 J. Inst. Eng. India Ser. C

1 3

micro pin fin height is h1 and micro fin-to-fin spacing is 
Sf  . In the first design (Fig. 1a), solid micro fins of length, 
height and width (thickness) of 40, 40 and 20 μm are 
modelled and placed on the rectangular block micro heat 
sink with a circular cooling channel, and in the second 

scenario, the solid fins are perforated with rectangular 
shape of length, height and width of 40, 12 and 6 μm , 
while in the third case two perforations are on each the 
micro pin fins with the same dimensions as in case Fig. 1b. 
The three-number vertical solid circular fins are centrally 

Fig. 1   shows combined microchannel heat sink with a no perforation on fins, b 1-perforation on fins and c 2-perforations on fins
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mounted on the microchannels as shown in Fig. 1. The 
spacing between the circular fins is 50 μm and are placed 
at positions f1 = 5000μm, f2 = 5050μm and f3 = 5100μm . 
The unit cell rectangular block microchannel heat sink 
used in the simulation has an axial length N  , height H, 
and width M . The channel-to-channel spacing is assigned 
t3 , the distance from the bottom of the rectangular heat 
sink to the lower part of the microchannel is t1 , while the 
distance from the top of the flow channel to the top part 
of the heat sink is assigned t2 . In this present investiga-
tion, the range of Reynolds numbers is between 400 and 
500. The boundary conditions at the inlet and outlet of the 
elemental volume microchannel for fluid (water) are sub-
jected to ux = uin, vy = 0,wz = 0, while the temperature at 
the entrance for fluid (water) and the air is T = Tin = 25◦C 
and the temperature at the wall outlet is T = Tw,N . The ther-
mal condition applied at the bottom of the microchannel 
is assumed to be:

The heat flux continuity at the boundary between the 
solid body and the liquid is expressed as

Also, the fluid at the microchannel walls is subjected to 
the no-slip boundary condition.

Hence, the dimensionless maximised global thermal 
conductance, which is the measure of performance of the 
combined heat sink is given as

The elemental volume vel(NMH) is fixed, while t3, t2 and 
dh are allowed to vary subject to manufacturing restric-
tions and the effect on the peak temperature determined. 
The void fraction � is the ratio of the volume to the total 
volume of the microchannel.

The elemental volume for the microchannel is

The elemental volume of the combined microchannel is

where, velfn and n are the elemental volume and number of 
circular fins attached to the heat sink, respectively.

The elemental volume of the heat sink has a cross-sec-
tional area of

(6)ks
�T

�y
= −q

��

(7)ks
�T

�n

|||
|wall

= kf
�T

�n

|||
|wall

(8)C =
q��L

kfΔT

(9)vel = NMH = constant

(10)velcom = vel + vel f1 + vel f2 +… vel fn = constant

(11)A = MH

with an external aspect ratio of

The void fraction or porosity of unit structure is

Manufacturing constraint for micro fins spacing is

and the number of microchannels in the whole heat sink 
arrangement is constraint to

The symmetrical unit cell is inserted into the computa-
tional domain without the fins and a constant heat load, 
q

��

= 2.5 × 106W∕m2 is introduced at the lower surface of the 
heat sink. The Reynolds number of fluid Rew =

�ud

�
 is applied 

across the entire axial length to remove the heat deposited 
at the bottom wall.

Figures 1a, b and c, show rectangular micro pin fins 
designed and placed on microchannel heat sinks shown 
in Figs. 1a, b and c. A circular flow channel of hydraulic 
diameter,d is drilled through the heat sink. The rectangular 
solid micro fins have sides a1 and b1 and height h1, and q′′ 
is applied on the heat sink bottom surface. The unit cell 
microchannel heat sinks (vel = NHM) in Figs. 1a, b and c are 
chosen for simulation and optimisation based on constructal 
technique. The temperature at the inlet and outlet are Tin and 
Tout for all the configurations studied.

In Fig. 1b, the solid rectangular micro fins are perforated 
into rectangular shape to reduce the weight and to examine 
the effect on heat transfer, while in the third design double 
perforations of rectangular shapes are made. The sides of 
the perforated rectangular shapes are a and b . Three perfora-
tions on the unit cell in Fig. 1b and six perforations on the 
computational unit cell in Fig. 1c. The weight and volume 
are reduced drastically for each of the configurations and the 
heat transfer is a conjugate approach.

Grid Refinement and Domain Descretisation

The constructal design approach is employed to con-
struct and geometry in the design modeler workbench of 
ANSYS Fluent 18.1 commercial package. The domain in 
the combined microchannel with solid rectangular fins has 
an entrance region in the channel of the micro heat sink 
and an exit outlet as illustrated in Fig. 1. Table 1 shows the 

(12)AR =
H

M

(13)� =
vc

velcom

(14)Sf ≥ 50μm

(15)number =
HMx(

2t3 + b
)(
t1 + t2 + a

)
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dimension of the combined microchannel with fins used in 
the grid refinement test. The flow domain was descretised 
(Fig. 2) using the hexahedral mesh Kepler [49], while in the 
solid material part and fins it was tetrahedral. A fine mesh 
setting is selected for accuracy. For low-cost computation, 
reduced time and energy, the mesh cells with 1 033 776 for 
combined microchannel with solid rectangular fins, 1 234 
763 for 1-perforation on fins and 1 311 767 for 2-perforation 
on fins are used. Any increase in the cells beyond 1 033 776, 
1 234 763 and 1 311 767, does not change the numerical 
results. 

Computational Methodology

The descretisation of the governing equation of continuity, 
momentum and energy (1)–(3) is done using the finite vol-
ume code and the SIMPLE algorithm is used for the con-
trol volume cells [50]. The momentum and energy equation 
is computed using the second-order upwind method, and 
the descretised equation is solved iteratively. The computa-
tion determined the flow field by solving the continuity and 
momentum equations and the energy equations give the ther-
mal field in the fluid and solid regions. A grid study is done 
on the mesh size until an insignificant change in temperature 
is obtained and the convergence solution. The monitored 
quantity temperature is � ≤ 0.01.

Validation

The models (combined microchannels with rectangular fins) 
used in this study were unable to find suitable experimental 
or numerical investigation in three-dimensional conditions 
to validate or compare with, but numerous research works 
that used circular flow channels are in the open literature. To 
validate the present numerical code, the geometry of Khan 
et al. [51] was modeled and numerically simulated. The 

numerical results obtained is compared with the analytical 
results of Khan et al. [51]. Figure 3 shows agreement with 
deviations of 12.1%. The results assess the confidence of the 
numerical code used in this present prediction. 

Numerical Results Presentation and Discussion

In this section, the results of numerical optimisation of com-
bined microchannels with solid rectangular fins, 1- perfora-
tion on fins and 2-perforations on fins are presented and dis-
cussed. The simulation and optimisation are performed on 

Table 1   The combined 
microchannel dimensions for 
the grid refinement test

N
mm

d
h

μm

M
mm

H
mm

h
1

mm

a
1

mm

b
1

mm

t
2

mm

t
3

mm

10 0.036 0.1 0.15 0.04 0.04 0.02 0.064 31.83

Fig. 2   3-D descretised domain 
of combined microchannel with 
solid rectangular fins

Fig. 3   CFD code validation for thermal resistance in a heat sink with 
fins
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the microchannel and fins with a fixed total volume 0.15 to 
1.7mm3 and varying axial length 10mm . The hydraulic diam-
eter design space for the response surface was 36.3 ≤ dh ≤ 
46.7μm . The thickness of the solid structure at the base of 
the microchannel t1 is 50μm , the thickness from the top of 
the cooling channel to the top of the rectangular block micro 
heat sink, 51.3 ≤ t2 ≤ 63.7μm , and the channel-to-channel 
thickness, t3 is 31.8 ≤ t3 ≤ 33.3μm . The void fraction is 
0.0692 ≤ �1 ≤ 0.1009 . The objective is the maximisation 
of the dimensionless global thermal conductance Eq. (8).

The trend in Fig. 4 shows the existence of an optimum 
design hydraulic diameter that corresponds to the minimised 
peak temperature in the entire material substrate.

Figure 4 presents the impact of channel hydraulic diame-
ter on Tmax of combined microchannel with solid rectangular 
fins, 1-perforation on fins and 2-perforations on fins. As the 
channel width enlarges, Tmax diminishes. The performance 
of the combined micro heat sinks is evaluated within the 
Reynolds number range of 450 ≤ Rew ≤ 500 . The optimisa-
tion results in Fig. 4 show that at Rew = 450 and 500, the 
combined microchannel with no perforations on fins leads 
with the lowest peak temperature of 347.27 and 343.87 K, 
with an optimal dh lying between 0.040 to 0.042-mm. It is 
closely followed by the heat sink with 1-perforation on fins 
at Rew = 450 with Tmax = 348.14 K, before the micro heat 
sink with 2-perforations on fins. But when the fluid velocity 
increases to 500, the combined microchannel with 2-perfora-
tions on fins performed better than the micro heat sink with 
1- perforation on fins with Tmax = 344.22, while heat sink 
with 1-perforations on fins is K 344.38 K. Any increase in 
hydraulic diameter beyond the value that corresponds with 
the minimum temperature increases the peak temperature. 

Similarly, Fig. 5 reveals the effect of dimensionless diameter 
and Rew on the peak temperature. The combined microchan-
nel heat sink optimised at dh

N
 located between 0.004 to 0.0042 

for all the three configurations investigated. The combined 
microchannel with solid micro fins performed well, followed 
by the heat sink with 2-perforations on fins and 1-perfora-
tions on fins in that order at Rew = 500. Figure 4 and 5, are 
similar in trend and follow the same order.

The influence of the external aspect ratio of the heat 
sink on peak temperature is summarised in Fig. 6. The 
peak temperature drops as the fluid velocity increases, 

Fig. 4   Effect of channel width on peak temperature

Fig. 5   Effect of dimensionless diameter on peak temperature

Fig. 6   Effect of eternal shape on peak temperature
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as would be predicted. The peak temperature decreases 
until the value corresponds with the optimal design values 
reached. The trend shows an optimal design for the micro-
channel shape exit for which the peak temperature is mini-
mised. The optimal design values for the three configura-
tions are between 1.38 to 1.41 within the Reynolds number 
range of 450 to 500. The heat sinks with 1- perforation on 
the fins and 2-perforations on the fins have the advantage 
of reduced volume (weight), cost of manufacturing, and 
solid material. The two configurations are 9% and 27% less 
in solid material composition and give good cooling capa-
bilities at an applied Reynolds number of 450 and 500.

Figure 7 depicts the effect of optimised hydraulic diam-
eter and Reynolds number on Tmax . The peak temperature 
decreases as 

(
dh
)
Opt

 increases within the Reynolds number 
under consideration. The optimised hydraulic diameter 
that produces minimum temperature in the cooling channel 
is in the vicinity of 0.046 mm and corresponds to 347.27, 
348.14 and 348.38 K at Rew = 450 for combined micro-
channel with rectangular solid fins (no perforation on fins), 
1-perforation on fins and 2-perforations on fins. As fluid 
velocity increases to 500, Tmax yields 343.87, 344.38 and 
344.22 K for the heat sink with solid fins, 1-perforation on 
fins and 2-perforations on fins respectively. the results 
show that the performance of micro heat sink with 2-per-
forations on fins improves at a higher Reynolds number. 
The three configurations performed credible well and are 
suitable for cooling microelectronic systems. In addition, 
it is observed that the value of optimised hydraulic is 
greater than the value of channel diameter. This allows 

more cooling to occur within the channel at larger channel 
width.

Figure 8 illustrates the effect of the Reynolds number 
of water on the minimised temperature. As the Reynolds 
number increases in the range of 400 ≤ Rew ≤ 500 , 

(
Tmax

)
min

 
decreases sharply by 2.6% in combined microchannel with 
solid rectangular fins and 1- perforation on fins, while in 
heat sink with 2-perforations on fins is 3%. The combined 
microchannel with 2-perforations on fins is preferred for 
cooling at Rew = 500 than the heat sink with 1-perforation 
on fins. The trend in the results shows that the heat sink 
with solid rectangular fins is better, but the perforated fins 
are advantageous and cheaper in terms of cost and material 
requirement. In addition, Fig. 8 reveals that minimising the 
temperature increases in the global thermal conductance as 
seen in Fig. 9.

The effect of fluid Reynolds number on global thermal 
conductance Cmax is depicted in Fig. 9. The value of Cmax 
increases with an increase in Rew . As the Rew increases by 
20%, Cmax in the combined microchannel with solid fins 
increase by 16.5%, 16.4% in 1- perforation on fins and 18.6% 
in a heat sink with 2-perforations on fins. The combined 
microchannel with solid rectangular fins and no perforation 
has the highest heat transfer, followed by the heat sink with 
2-perforations on fins and 1-perforation on fins.

The optimal geometries are correlated for global thermal 
conductance and Reynolds number of fluid (water) with the 
error level of less than 1% as seen in Eqs. (16) to (18)

(16)
Cmax = 5.51Re0.82

w
(MCH with no perforation on fins) R2 = 0.99

Fig. 7   Influence of optimised hydraulic diameter on peak tempera-
ture Fig. 8   Influence of fluid velocity on minimised temperature
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where R2 is the measure of how close the data is to the fit-
ted regression, square of correlation coefficient or is called 
coefficient of determination on a 0 to 100% scale.

Figure 10 shows the comparison of Cmax for combined 
microchannels with fins and finless microchannel heat 
sinks. The results reveal a directly proportional relationship 
between the Reynolds number and the global thermal con-
ductance. The Cmax in the finless microchannel heat sink 
increases by 23.9% as the Reynolds number of the fluid 
increases from 400 to 500. The heat sink without fins has 
the lowest heat transfer when compared with the combined 
microchannels with fins, as seen in Fig. 11. The relationship 
is correlated in Eq. (19) as

Temperature Gradients in Optimally Designed 
Geometries

Figure 11 shows the optimal design temperature contours 
and inner wall temperatures in combined microchannels 
with no perforation on fins, 1-perforation on fins and 2-per-
forations on fins. The red colour on the scale represents 

(17)
Cmax = 5.51Re0.82

w
(MCH with 1 − perforation on fins) R2 = 0.99

(18)
Cmax = 2.78Re0.93

w
(MCH with 2 − perforation on fins)R2 = 0.99

(19)Cmax = 2.33Re1.214
w

(MCH no fins) R2 = 0.99

the hot zones in the combined microchannel heat sink, the 
greenish colour shows the medium-temperature regions, 
while the blue zone is the low-temperature areas. In the 
first case examined, for Rew of 500 the combined micro-
channels with solid fins and no perforations dissipate on 
the outlet wall at a peak temperature of 362.8 K, but an 
optimised channel peak temperature of 324.2 K. In the 
second scenario, the combined microchannel with rectan-
gular fins and perforated rectangular shape has Tmax = 366. 
2 K as wall outlet temperature. The channel (fluid) peak 
temperature is 321.6 K at an applied Rew = 500 and the 
same micro heat sink width M with the first case, while 
in the third case the peak temperature at the outlet wall is 
366.1 K and the fluid or channel optimised temperature 
is 322 K at the same fluid velocity and combined heat 
sink width as in the first and second scenarios. The tem-
perature contours and the results obtained reveal that the 
constructal combined microchannel designs are capable 
of cooling microelectronic devices and also suitable to 
dissipate high temperature deposited by high-density heat 
flux at the base wall of the combined heat sinks.

Table 2 shows the properties of the fins with solid, 
1-perforation on fins and 2-perforations on fins. The 
decrease in the weight, volume and cost of material sub-
strate and also the void fraction is presented. The con-
strcutal design technique employed in perforating the fins 
and compare with the unperforated fins is to minimise the 
volume for required heat dissipation or thermal conduct-
ance [17, 18, 48]. It is obvious that decreasing the weight 
by creating perforations is demonstrated in the design. 

Fig. 9   Influence of fluid velocity on global thermal conductance Fig. 10   Comparing global thermal conductance of combined and fin-
less microchannels
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Conclusion

In this paper, a three-dimensional numerical investigation of 
combined microchannels with solid rectangular fins, 1-per-
foration on fins and 2-perfoartions on fins under forced con-
vection laminar fluid flow is considered. Compuation for 
a fluid velocity range of 400 to 500 is performed and the 
results show that solid fins performed better. The researchers 
are of the belief that if the cooling was applied to the fins, 
the perforated fins would have the highest heat transfer. The 
overall advantage of this constructal design approach is that 

Inlet               outlet                                      inlet                outlet
(a)

Inlet             outlet                                          inlet                outlet
(b)

Inlet                 outlet                                      inlet               outlet
(c)

Fig. 11   Optimal temperature for microchannels with a no perforation on fins, b with 1-perforation on fins and c with 2-perforations on fins for 
Re

w
= 500, W = 115 μm

Table 2   Summary of fins property

Number of fins 3 number rectangular fins

Type of fin Rectangular solid Rectan-
gular 
perorated

Rectan-
gular 
perforated

Number of perforations  −  1 2
Volume of fins, μm3

Fin void fraction
96,000
 − 

8640
0.09

17,280
0.18

% reduction in weight  −  9 18
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cost of material and manufacturing expenses and energy are 
saved by perforating the fins. And also the results reveal that 
the heat sink with 1-perforation on fins and 2-perforations 
on fins are 0.51 and 0.35 K above micro heat sink with solid 
fins. One of the significances of the study is the use of perfo-
rated fins to reduce the fin’s volume and weight. The low fin 
weight means saving material substrate and other equipment 
and cost associated with heat sinks. The results have shown 
that perforated fins can be used to augment heat transfer and 
the three configurations examined are well suited for cooling 
integrated circuit devices.
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