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Abstract: By using an analytical optimization approach on a rectangular microchannel heat sink,
this research aims to increase thermal efficiency and decrease pressure drop.By using a central
composite design, the experimental setup maintains a consistent volume flow rate of 4.6 cm3/s for
the water coolant. In advance of numerical study, a single symmetrical microchannel heat sink was
segmented using computational fluid dynamics (CFD). In consideration of several goals, 2500 design
points were developed using a response surface method-based optimization technique (RSM). The
genetic algorithm used for elitist non-dominated sorting was utilised to ascertain the optimal design
points in compliance with the given criteria (NSGA2). The agreement between the outcomes of the
model and the current inquiry was verified by means of validation using previous experimental data.
The research results indicate that as compared to the base design, there is a significant decrease of
53.29 percent in pressure drop and a potential gain of 17.27 percent in thermal performance. This
improvement was achieved with the adjustment of the wall width ratio to 0.0014 and the channel
aspect ratio to 1.11. The increased temperature difference may be attributed to the increased surface
area contact between the silicone and the fluid, which is achieved by using 143 channels instead of
100 channels in the prior model. The use of this approach results in progress in the development of
microchannel heatsinks, particularly those utilised with water-based coolants. As a result, the power
consumption of the pump is decreased and the rate of heat dissipation from limited areas is

accelerated.

Keywords: CFD; microchannel heat sink; nanofluid; optimization; surfactant

1. Introduction

The advent of the fourth industrial revolution has
prompted a global transition from conventional
manufacturing methods to comprehensive automated
systems. Consequently, there is a growing need to
optimize system efficiency to support increased
production outputs and extended operational durations.
This circumstance has allowed 3-6 billion integrated
transistors, resistors, and other micro components to be
installed in a single electrical chip. This has caused the
biggest concern by industry on excess heat generated from
this component as it was reported that approximately 30%
of the product's damage due to improper heat sink
management system [citation]. Due to this damage, some
industries may bear the cost and rejected products that
outrageously damage the company profit and income

generation. Therefore, it is crucial to efficiently get rid of
excessive heat flux generation from heavy electrical
devices. Additionally, a microchannel heatsink (MCHS)
shows potential as an effective method for dispersing
significant heat generated in a confined space. The MCHS
functions as a compact and passive heat exchanger on a
micron scale, efficiently transferring heat from electronic
or mechanical devices to a cooling fluid medium. This
heatsink has placed a great focus by researchers in recent
years in improving the system design by analyzing its
characteristic and behavior toward thermal performance
and pressure drop. Many studies have suggested that the
key to achieving better system performance by lowering
thermal resistance and minimizing pressure drop across
microchannel heatsink channel simultaneously. This
would improve the system performance in terms of long
operation hours due to quick heat dissipation and reducing
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power consumption because of lower pressure drop V. The
recent investigation into microchannel heat sinks (MCHS)
has prompted researchers to explore alternative methods
for enhancing their capabilities through the use of
different structural materials. Various approaches have
been employed, including the utilization of different
cooling fluids, alternative rib channels, channel porosity
adjustments, and exploration of different channel
geometries V.

Heat transmission and fluid motion in microchannels
have been the subject of much academic investigation. An
examination was undertaken by Sobhan and Garimella ?
to examine the heat transmission and fluid motion
phenomena that take place inside microchannels. Toh and
Chen performed analysis of friction factor along the
channel against the local heat transfer coefficient inside
microchannel heat sink. The Navier-Stokes equations
were solved in three dimensions, taking into account the
temperature-dependent flow behaviour ¥. In order to
investigate the thermal dynamics and fluid motion inside
microchannels, however, classic Navier—Stokes equations
4 may prove outdated.

Microsystem scaling effects were proposed by Herwig
and Hausner ®. While Xu and Ooi ? looked into
microchannel liquid flow, another group studied the effect
of viscous dissipation. Reduced velocity gradients in
smaller hydraulic channels were highlighted as an
important factor to consider. The effect of viscous
dissipation on temperature and friction variables in
circular and rectangular microchannels was studied by
Koo and Kleinstreuer. The researchers found an
interesting relationship between the hydraulic system's
diameter and the channel's aspect ratio %!V,

Heat transmission and fluid flow in microchannels have
been the subject of several empirical experiments by a
large group of researchers. Their research indicates that
our understanding of the mechanisms controlling heat
transfer and pressure reduction is still quite intact 'V. It
was Nunes and Cotta who studied forced convection
systems with a single phase '?. However, the importance
of temperature-dependent properties in heat transfer was
further highlighted by Herwig and Mahulikar '3 due to the
scaling effects of Reynolds number and axial temperature
gradient.

Li and Huai conducted numerical investigations to
analyse laminar flow inside rectangular microchannels for
the purpose of heat and water transfer. They advocated for
the use of the variable property method in engineering
applications, emphasising its capacity to capture
observable events with precision Y. The inclusion of
viscous dissipation and thermophysical parameters in
microchannel heat transfer calculations is indisputable '*-
18)

In addition, many computational and analytical
methods, including fin models, have been used to improve
the microchannel morphology °?%. Regardless, there is a
dearth of literature on optimised full-model

microchannels ¥, which include the whole fluid flow and
concomitant heat transfer process. When designing fin
models for rectangular microchannel heat sinks with large
aspect ratios, Kim (25) proposed an optimization method
to overcome the problems caused by the assumptions used.
In an attempt to improve design models, Li and Peterson
26) used solid and fluid analysis to study the parametric
form of rectangular microchannels. Husain and Kim 27
used numerical methods and a surrogate technique to
enhance the geometric features of microchannels
operating at a constant pumping power.

To optimise microchannel heat sinks, analytical and
numerical studies were effectively combined with
evolutionary algorithms, namely the elitist non-dominated
sorting genetic algorithm 2¥. (NSGA-II). The current
research is focused on improving microchannel heat sinks'
thermal resistance and pumping capacity using a multi-
objective framework. Additional experimental designs for
central composites might benefit from this method's use
28 It is possible to speed up the search for optimal
solutions for evolutionary algorithms by setting objective
function values and then using the response surface
approach together.

2. Methodology

2.1 Physical model and boundary condition

The dimensions of the microchannel heat sink's
channels are 10 mm by 10 mm by 0.213 mm, as seen in
Fig. 1. (length x width x substrate thickness). Each
channel inside this silicon-based structure is symmetrical
over its entire length. In order to reduce computational
load and streamline processes, a certain symmetrical
portion of the channel was chosen as the computational
domain. Utilizing computation-aided design (CAD), the
geometric representation of this numerical domain was
produced. The basic equations necessary for calculations
in the numerical realm include the principles of
momentum, energy, and mass conservation >*). One of the
aspects that they especially address is convective heat
transmission inside the microchannel. The following
section provides an illustration of how these equations
may be expressed in tensor form.

Conservation of Mass:
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Fig. 1: Schematic drawing of simplified microchannel

As seen in Table 1, the mathematical representation
requires the repeated resolution of boundary conditions at
each cell centroid. Regarding the lower surface area of the
heat sink, 790 W/cm2 of uniform heat flow was
implemented. The prevailing assumption was that
convective heat transfer and radiation ensured that the
bulk of outside surfaces remained completely insulated
from the environment. By imposing symmetrical
boundary constraints on the heat sink planes' x and z
coordinates. The volumetric flow rate and temperature of
the fluid were determined to be 4.7 cm3/s and 23°C,
respectively, at the inlets of the heat sink. In contrast, a
constant static pressure was maintained at the outflow of
the channel. When the energy equations of the fluid and
wall were integrated, the conjugate boundary condition
was the continuity of temperature and heat flow. The
numerical solutions of Equations (1) through (4) were
obtained by the use of an Ansys Fluent solver designed for

established at 1x107, 1x104, and 1x104 V- The connection
of pressure and velocity was accomplished with the
SIMPLE method. In order to faithfully represent the
boundary conditions and viscous shear layer, the process
of mesh refinement was concentrated on the interfaces
between the solid and liquid phases. A minimum mesh
size of 0.005 mm was utilised for this purpose. The
purpose of doing a sensitivity analysis of mesh density
was to ensure the most accurate representation of
infinitesimally small mesh dimensions >¥. The mesh size
used is a critical factor in computational fluid dynamics
(CFD) when it comes to attaining experimental value
matching >7.

As seen in Fig. 3, three distinct kinds of meshes—
coarse, medium, and fine—were created and visually
represented. One characteristic of each mesh type is a
typical cell length. Although reduced mesh sizes offer
enhanced precision, they impose excessive computing
requirements, which makes them impracticable for
comprehensive analyses. As a result, thermal resistance
values corresponding to microscopic mesh sizes were
estimated by extrapolation. The relative errors were
subsequently computed with the fine mesh serving as a
reference and under these ideal conditions. As detailed in
Table 2, the iterative procedure for producing mesh types
was repeated until relative errors fell below 5 percent.

Table 2. Comparison of the current results and Tuckerman &
Pease's results.

finite volume computational fluid dynamics (CFD) ! Tuckerman & |  Present
Error
Table 1. Setup boundary condition. a B Pease simulation %)
()
Boundary condition Value Source Pumping power (W)
Analysis type Steady state 30 5.710 | 0.780 0.486 0.508 4.53
Type of flow Laminar 30) 6.010 | 1.000 1.838 1.912 4.03
Number of cycles 400 30) 5218 | 0.818 0.762 0.795 4.33
Ambient temperature 23°C 30
Inlet flux 4.7 cm¥/s 30
0.02‘ mm stru.(tured rvesh
Outlet flux 0 Pa 31 size for fluid domain
Heat flux 790 W/cm? 32)
Symmetrical channel section
Pressure correction type SIMPLE 30) Zoon view of fluid domain
Mass convergence criteria 1x10* 27)
velocity convergence criteria | 1x10% 27)
0.005 mm refined mesh
with growth rate of 1.2

Energy convergence criteria | 1x107 27 ’

2.2 Mesh sensitivity study and validation

In this investigation, fluid flow across the channel was
simulated with structured meshes. On the walls, however,
a little improvement in the form of a growth rate of 1.2
was incorporated. The respective convergence
requirements for energy, mass, and velocity were

0.02 mm structured mesh

size for solid domain Zoon view of interface

Zoon view of silicone domain

 — " — oo IL» .

Fig. 2: Mesh refinement near interface layer.
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Fig. 3: Mesh sensitivity plot.

2.3 Optimization Method

Utilizing a four-level factorial design methodology, the
researchers selected two optimization variable parameters
denoted as (Hc/Wc) and (Ww/Wc). The limits of the
design variable are summarised in the table that follows.
In order to ascertain the relationship between thermal
resistance, pumping power, and microchannel and fin
width, the optimization approach ensured that the
microchannel depth (Hc) remained constant. By using two
distinct target functions, this research enhances a
microchannel heat sink by decreasing both thermal
resistance and pumping power consumption.

Table 3. Design variable and constrain.

Design variables Lower limit | Upper limit
a 5 1
B 0.01 0.1
Heat sink width, W (cm) 1
Heat sink length, L (cm) 1
Substrate thickness, ¢ (cm) 0.0213
Channel height, He (cm) 0.032

The heat transfer efficiency is defined by the pumping
power and thermal resistance required to move the coolant
through the microchannel. What follows is an explanation
of total the?%lal resistance.

_ max

Rep = “mes (5)

ATmax s the greatest increase in heat sink temperature,
while A is the area of the heat flux substratum

ATmgx = Tso — Tf,i (6)

)

Finding out how much pumping power is needed to
transfer the fluid through the sink is doable.

P=mn " g, A Ap (7

Ap represented by pressure drop, and u,y, is the average
velocity of fluid flow.

2.3 Multi-Objective Genetic Algorithm

The current matter pertains to two contradictory
objectives, in which advancements towards one
consequence result in the deterioration of the other. The
procedures utilised in order to determine the optimal
global Pareto front are depicted in Fig. 4. The numerical
evaluation and theoretical description of the objective
functions are performed. An evolutionary strategy that
combines many objectives is utilised to provide optimum
global Pareto solutions. In the beginning, approximate
optimum solutions for two objective functions are
constructed utilising coded NSGA-II, which incorporates
real space crossover and mutation operations. Following
this, the solutions are refined through the process of
determining the optimal local solution for every objective
function across the whole NSGA-II. Once the first
solution estimate is completed using NSGA-II sequential
quadratic programming (SQP), two distinct local search
algorithms are used. Using a composite target and optimal
search, all objectives may be optimised in one place, but
only if optimising one goal makes optimising the others
necessary. When it comes to optimising for many
objectives at once, this method is a huge step forward in
the optimization field. The technique efficiently reduces
the time required to find optimum solutions by prioritising
the optimization of the major aim and discarding
limitations on equality. This technique is significantly
more effective when it uses NSGA-capability II's to
address problems with multi-objective optimization.
Removing dominated and duplicate solutions allows us to
concentrate on the most promising Pareto optimum
frontier alternatives. The solution space may be explored
more thoroughly with the help of this method. By
allowing the discovery of representative solutions that
provide considerable insights into the given problem,
local search increases the quality of the solutions.
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Formulate a problem

Min f (x)= filx)s Fal®)ew frn(x)
Subject tog (x) <0, h(x) =0

Design of Experiments (DOE)
Creation of 2500 design points with
enhance template of central composite
design method (CCD)

Numerical CFD Analysis
Determination of the values of
objective functions at each
DOE point

Neon-domination Check Non-domination Check

Discard dominated
solution

— Discard dominated
solution

Response Surface Method
Generation of design point of
dependent and independent

variable in 3 co-ordinate values

Pareto optimal
Invokes NSGA-II to
generate
Pareto optimal solutions

Lecal Search

Search NSGAII Check for Duplicity

Remove duplicate

solutions for local .
solutions

optimal solutions

Candidate Points

| Local search using NSGA-I results in
"|  proposing 3 best candidate points
space satisfy all design objectives

Pareto Optimal Front
Representation of
solutions in functional

Fig. 4: Multi-objective optimization procedure.

3. Result and Discussion

3.1 Contour Plot Analysis

Results for thermal resistance and pumping power
with respect to several independent factors are shown in
Fig. 5 as contour plots. The relationship between the
thermal resistance, the channel's aspect ratio (i), and the
wall's width ratio (a) is shown in Fig. 5a. Both a rise and
a reduction in i have resulted in a decrease in the thermal
resistance. According to a prior study by Halelfadl and
Adham 3! this association is in line with their findings.
They found that when a (H./W.) expanded, channel
dimensions decreased and wall dimensions contracted,
leading to an increase in the number of channels per
system. There is a greater contact surface area between the
liquid and fluid areas when the number of channels is
increased. On the contrary, the correlation between i and
a and pumping power is seen in Fig. 5b. Generally, a
reduction in both i and a leads to a decrease in the amount
of pumping force needed. This correlation was
corroborated in a prior investigation conducted by Qu and
Mudawar %, which demonstrated that a reduction in the
values of both parameters leads to an enlargement of the
channel and a contraction of the wall. The velocity flow is
influenced by the channel size, with a larger cross-
sectional area resulting in a lower fluid pressure. The
influence of the Reynolds number (Re) and heat resistance
is seen in Fig. 5c. Enhancing thermal performance by
substantially decreasing thermal resistance originating
from the flow property in the context of laminar flow. This
is possible by the enlargement of a channel. According to
the continuity equation *?, velocity and cross-sectional
area are correlated. In addition, Re are illustrated in
relation to pumping power in Fig. 5d. In general, a
decrease in i that leads to a reduction in Re would
diminish the amount of energy needed to pump the fluid
through the channels. Furthermore, the value of Re is
impacted by the values of

i and a. This would have an impact on the medium flow
that traverses the canal. Hence, to optimise heat transfer
efficiency between the fluid medium and the wall, it is
necessary to decrease the flow rate, hence providing
enough time for heat to dissipate from the heat source *V.
A visually attractive illustration of the association
between the Reynolds number (Re), the fin parameter (®),
and thermal resistance in the Microchannel Heat Sink is
shown in Fig. 5¢ (MCHS). The graph aptly illustrates that
concurrent decreases in both Re and B are necessary to
decrease thermal resistance, with the latter needing a
minimum value of 0.05. This finding underscores the
critical need of doing a comprehensive geometric analysis
to determine the optimal design parameters that reduce
thermal resistance in configurations that use MCHS.

Regarding Figure 5f, which explores the intricate
relationship among B, Re, and pumping power demands,
an intriguing finding comes to light. The lower spectrum
of pumping power characteristics, as seen in the graph,
comprises the values of 0.01 to 0.04 of the wall width ratio
(B). This discovery is in opposition to the expected pattern
found in thermal resistance, in which an increase in f is
often associated with increased pumping power demands.
Nevertheless, it is worth mentioning that this
inconsistency remains intact just until a f§ value of 0.05 is
exceeded; after that point, the predominant tendency is the
reduction of heat resistance, even if this may result in an
increase in pumping power requirement.

The aforementioned observations highlight the critical
interplay of geometric factors, heat transfer efficiency,
and flow dynamics in MCHS systems. They emphasise
the criticality of developing a comprehensive
comprehension of these correlations in order to optimise
MCHS design for improved thermal management
efficiency and reduced energy usage. Under the guidance
of these insights, more study and experimentation have the
potential to propel the development of thermal
management systems that are more efficient and effective.
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Fig. 5: Contour plot of design variables against objective
function.

3.2 Comparison Based and Optimized Design

Comparison study of optimized and based design
model by Tuckerman and Pease 3? is presented in Table 4.
The value of channel aspect ratio, a and wall width ratio,
B for optimum design are 1.11 and 0.014, respectively.
Optimized design has improved based design by 17.27 %
dropping in thermal resistance while more than half
improved pumping power consumption. Figure 6 presents
the comparison between the based design proposed by
Tuckerman and Pease 2 with a current of optimized
design. The values of interest were measured using
relative length (x/L) on different relative height (y/H.).
Figure 6a presents the relationship between relative length
across a channel section with thermal resistance.
Increasing (x/L), decreases the value of thermal resistance;
however, optimized design obviously shows dropping in
thermal resistance as (x/L) away from the inlet. Figure 6b
reveals the relationship of relative length with outlet
temperature. This can be seen that outlet temperature for
an optimum design higher than based design. In other
words, optimum design dissipates more heat than the
based design. The significant different obviously happens
when the relative length away from the channel inlet.
Figure 6¢ shows the relationship between pressure drop
and relative length. Pressure drops directly proportional to
pumping power. The overall trend has shown that
optimum design has a lower pressure drop approximately
around 7 psi while based on 15 psi. The highest pressure
for both models occur at the inlet section and reduce to a

minimum till the outlet section, as presented in the chart.
Figure 6d, on the other hand demonstrates the correlation
of Reynold number (Re) with relative length. The relative
length shows for both models almost sideways trend
across the channel length but start with minimum Re at the
inlet section. Optimized design shows significant flow
type as compared to based design as optimized design
flow completely laminar flow as the value is less than
1500 for a rectangular channel.

Table 4. Comparison of optimization with based design.

Optimum Based
Design parameter
design design 3
a 1.11 5.71
B 0.014 0.78
Thermal resistance, R,
0.091 0.11
(K/W)
Pumping power, Pp 0.227 0.486
17.27 (Improved thermal
AR/R (%)
performance)
53.29 (Lower pumping power
AP/ Pp (%)
requirement)
Sl s i
] ) i 2 |
£ o ] 2o :

00 02 04 06 08 10 00 02 04 05 08 10
Relative length (x/L) Relative length (x/L)

(a) (b)

™

Thermal resistance (KIW)
3
I
Thermal resistance (K/W)
-
5

00 02 04 06 08 10 00 02 04 o5 I 10
Relative length (x/L) Relative length (x/L)

(©) (d)

Fig. 6: Comparison of based design with optimized model.

3.3 Flow pattern along channel

Contour plot view for total pressure, temperature, and
velocity magnitude with two different cross-sectional
views in the x and y plane shown in Fig. 7and Fig. 8,
respectively. The sum of the flow's static and dynamic
pressures is shown by the total pressure contour map.
Figure 7 shows that compared to the basic design, which
has a high initial pressure of around 120 kPa, the optimal
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design contour plot starts out with a low pressure of about
60 kPa. The optimal design results in about half the
pressure drops of the based design, it follows. Put another
way, the optimal design uses half as much pumping power
as the basic design model.Furthermore, additional cross-
sectional views can be seen from Fig. 8 under total
pressure at different relative lengths, x/L =0, 0.5, and 1.
These three different relative lengths represent the inlet,
middle and outlet view. Figure 7 for temperature contour
plot on the other hand, optimum design, especially at the
outlet section, dissipate more heat around 60 °C than the
based design. When the outlet section is viewed in x-plane,
temperature distribution evenly happens at the outlet
section compared to the based design. It seems the based
design showing incomplete dissipation of heat transfer
from solid to fluid medium. Velocity magnitudes play an
important role in making sure the flow under completely
laminar to transient state flow. For optimum design, the
average flow around two m/s while based design roughly
around four m/s. The flow has different velocity. However,
the mass flow rate still constant throughout the analysis.
This is due to the geometrical change of both designs
model.

Total pressure contour plot

Based Design

Tota oessuo [Pl
— ) m——
o 30000 60000 %0000 1

Temperature contour plot

Temperstre (€]
S % gl Gl (3

Velocity contour plot

Magitude of Velocty /2]

o S ——S  —.

Fig. 7: Contour plot of cross section y-plane view

Total pressure ) at L= 0 Temperature atx =0 Velodtyat L0
g o H B 2o
& & 2 2 2
€ 8 € S £ g
H B B B
3 a & & | &

Totalpressure atx1L =05 Tempersture atxL = 05 Veocity atxiL=05
= & - 5l
& 2 & H g &
€ H e & H
H 3 4 H B
3 8 g a g 3

-

Total pressure at /L= 1 Temperature at /L= | Velocity atx/L=1
] ) i 5 s &
H H H B I §
€ 3 E e S
g g 4 K H i
2 4 2 £
B & §

-

@ i Vots
= = —
e — T oF T TR —

Fig. 8: Contour plot of cross section x-plane view between
optimized and based design.

4. Conclusion

This work used an optimization inquiry using a central
composite design of experiment to find the places with the
lowest local thermal resistance and pumping power, and
then an elitist non-dominated sorting genetic algorithm
(NSGA2) to choose the places that met all the design
requirements. Therefore, the research has successfully
achieved its objective via the determination of optimum
design parameters that maximise heat energy dissipation
and minimise pressure drop. After conducting an
examination, it was found that:

o Intheideal design, the values of o (channel aspect
ratio) and 3 (wall width ratio) are 1.11 and 0.014,
respectively.

e  The optimized design has improved based design
by 17.27 %, dropping in thermal resistance.

e The optimum design requires half pumping
power consumption around 53.29 % than the
based design model.

e Thermal resistance is indirectly proportional to
pumping power requirement and increasing o and
reducing B results in reducing thermal resistance.

e Improving thermal performance by reducing
thermal resistance can be done by controlling
fluid flow and increasing the size of a channel.
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Nomenclature

CFD
MCHS
NSGA

computational fluid dynamics
Microchannel heat sink

Non-dominated sorting genetic algorithm
density (kgm™)

flow velocity (ms™)

temperature (K)

Channel aspect ratio

wall width ratio

thermal resistance (K/W)

pumping power (W)
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