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Abstract: Optimization algorithms have significantly evolved because of advancements in compu-
tational capacity. This increase aids in the availability of data to train various artificial intelligence
models and can be used in optimizing solutions for electronic chip cooling. In the current study,
such a microchannel heat sink (MCHS) is optimized using a Boron Nitride Nanotube (BNN)-based
nanofluid as a coolant. Thermal resistance and pumping power are chosen as the objective func-
tions, while geometric parameters such as the channel aspect and width ratio are used as the design
variables. Multi-objective multiverse optimizer (MOMVO), an evolutionary algorithm, is used to
optimize both objective functions, which are minimized simultaneously. The primary objective of this
study is to study the applicability of such advanced multi-objective optimization algorithms, which
have not previously been implemented for such a thermal design problem. Based on the study; it is
found that the optimal results are obtained with a population size of only 50 and within 100 iterations.
Using the MOMVO optimization, it is also observed that thermal resistance and pumping power do
not vary significantly with respect to the channel aspect ratio, while pumping power varies linearly
with the channel width ratio. An optimum thermal resistance of 0.0177 °C/W and pumping power
of 10.65 W are obtained using the MOMVO algorithm.

Keywords: electronics cooling; geometric optimization; microchannel heat sink; multiverse optimizer;
multi-objective optimization; nanofluids

1. Introduction

The electronics industry is growing ever-increasingly due to consistent technological
improvements and demand for higher computational power. This is coupled with the
fact that the use of electronics is increasing in day-to-day life. However, with the increase
in the computational capacity of electronics, its power consumption and dissipation also
increase [1]. Moore’s law, a well-known principle in electronics, states that the performance
of electronic devices doubles every eighteen months. This is accompanied by an increase in
transistor density and, thus, power consumption [2]. This power generation increase must
be addressed by using enhanced cooling solutions without substantially increasing the cost.
Thus, the design and operating parameters of these cooling systems need to be optimized.
Microchannel heat sinks (MCHS), which are gaining popularity for such compact cooling
solutions, have reached their peak, so these systems need to be optimized [3]. The thermal
resistance and pumping power of these cooling solutions need to be considered for the
MCHS to have better heat transfer and low power consumption [4,5]. Thus, multi-objective
optimization needs to be carried out by suitable solvers that have high reliability and
rapid convergence.

1.1. Microchannel Heat Sink

With increasing demand for cooling density, advances in liquid cooling technology,
such as microchannel heat exchangers, are important. Due to the small size of the electronics,
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the flow area, especially near the heat source, is generally of a very small scale, making
microchannel dynamics applicable. Zhao and Lu [6] analyzed microchannel heat transfer
in a heat sink for cooling electronics. They proposed analytical as well as numerical
methodologies to determine the global heat transfer coefficient in the microchannel. The
variations in the Nusselt number were studied with respect to the channel aspect ratio.
From the analysis, it was found that the fin assumption resulted in overestimation of the
heat transfer.

A comparative study by Kose et al. [7] on different shapes of microchannel heat sinks
concluded that rectangular microchannel geometry was the most effective configuration in
terms of both hydrodynamic and thermal performance. Jing and He [8] conducted a numer-
ical study on three different shapes of microchannel heat sinks. They concluded that ellipti-
cal microchannels and rectangular microchannels, interchangeably, demonstrated the best
hydrodynamic and thermal performance at different hydraulic diameter,. Based on these
studies, we chose rectangular straight microchannels for our study. A review of the ther-
mal and hydrodynamic analysis of microchannel heat sinks presented by Ahmed et al. [9]
stated that the rectangular microchannel shape is preferred by most researchers due to its
stability, ease of machining, and good thermal performance, complemented by optimal
hydrodynamic performance.

Ramos-Alvarado et al. [10] carried out computational studies on a microchannel heat
sink by comparing its performance with conventional cooling techniques. The study was
carried out for cooling high-heat-flux entities, such as high-power electronics, fuel cells,
solar cells, etc. To get a robust comparison between the microchannel and conventional
cooling techniques; pumping power was also considered in the study. Eight different
MCHS flow configurations were considered to determine the best flow arrangement. It
was found from the study that the lowest thermal resistance and pumping power were
obtained when there was a greater flow distribution in the MCHS.

Saenen and Baelmans [11] developed a comprehensive model for determining the
thermal resistance of an MCHS that has multi-phase flow for a higher heat transfer rate.
Transient simulations were carried out using transfer models for solids, while the SIMPLE
algorithm was employed for the fluid domain. The model was validated using published
results [12], so as to allow its use for future developed models.

Silvério et al. [13] addressed the demand for microchannel heat sinks integrated with
the electronics itself. An experimental investigation was carried out on a microchannel
heat sink embedded in a semiconducting material by varying the fin thickness and width.
A heat transfer rate of 10.8 Watts per square centimeter was obtained in the single-phase
operation of the heat sink. Here, the temperature of the electronic chip was successfully
kept below 85 °C when the coolant flow rate was 3 LPH. For the same MCHS, the heat flux
can be increased by 150% if two-phase heat transfer is employed at a flow rate that is less
than 50% of the single-phase rate.

Kong et al. [14] considered thermal resistance and pressure drop when analyzing an
MCHS using 3D models. Manifold heat sinks were chosen for the study, and a comparison
with a conventional microchannel was undertaken. From the analysis, it was concluded
that the thermal resistance was reduced by up to 50%, while the pressure was reduced by
up to 90%, depending on the type of flow cross-section used.

Nemati et al. [15] used a multi-objective genetic algorithm for the optimization of an
MCHS for small-scale applications. Here, the fins were formed in a wavy pattern instead
of the conventional straight design. A three-dimensional simulation was carried out to
determine the thermal and hydraulic performance. The study found that the thermal
resistance was reduced by 87% due to the wavy fins, while the pumping power increased
by merely 10%.

Yang et al. [16] considered geometric aspects while evaluating the thermal resistance
and pressure drop of a manifold MCHS. It was shown that the effective heat transfer
area can be increased by varying the geometric parameters of the MCHS. The thermal



Processes 2023, 11, 3032

30f16

performance of the MCHS was doubled while achieving an extensive high heat flux of
2500 W/m?.

Maghrabie et al. [17] explored the use of nanofluids in the improvement of heat
transfer in microchannel cooling of electronics. The effects of various aspects of nanofluids
were studied to understand their effect on heat sink performance. Different heat transfer
correlations were also analyzed for their application in microchannel heat transfer. The
effect of surface roughness of the MCHS when using nanofluids was also highlighted.

Zhang et al. [18] studied different MCHS formats in order to reduce the temperature
of high heat flux electronic chips being cooled. The heat transfer coefficient was enhanced
by introducing turbulence using varying cross-sections of the bottom of the microchannel.
It was concluded that zigzag cavities performed better than wavy and step cavities.

Du and Hu [19] summarized microchannel heat sinks by comparing different studies
of their performance. It was shown that the increase in the power density of electronics
was the driving force behind microchannel heat sink design improvements. Shen et al. [20]
studied a multi-layer MCHS with a nested jet as the cooling source. It was shown that the
jet not only provided cooling throughout the heat sink, but having the jet impinge at the
appropriate location could help reduce the maximum temperature; it was found that the
hot-spot temperature was reduced by 20 K, while the average Nusselt number increased
by 5.3%.

With technological advancement in place, several researchers have attempted to
optimize heat sink design by varying its design and performance parameters.

1.2. Optimization of MCHS

Marshall and Lee [21] undertook a study on the enhancement of MCHS performance
using nine different topologies. The study highlighted the importance of using 3D geometry
instead of 2D for better overall thermal performance. The improvement was attributed to
the change in the fluid flow parameters across the height of the heat sink.

Ozguc et al. [22] carried out topological optimization of an MCHS, which could be operated
dynamically. The heat sink was optimized for electronics with different hot spots by introducing
gates for individual hot spots. The gates opened and closed according to the status of these
hot spots, resulting in efficient utilization of the fluid flow. Using Pareto curves, the thermal
performance of two different heat sinks improved by 10.7% and 6.8%, respectively.

Shuqi et al. [23] used neural networks to optimize the baffles used in the MCHS for
optimum flow distribution. Here, the Nusselt number was chosen as the optimization
function, which was optimized by varying the distance between the baffles. The study
found that the vertical distance between the baffles had a maximum influence on MCHS
performance. This was the result of better flow distribution when the vertical distance
between baffles was higher.

Tan et al. [24] optimized the structural design of the MCHS by using the combined
thermal and hydraulic performance. The study included the entire set of heat sink parame-
ters instead of only the microchannel for a more robust performance. A genetic algorithm
was used to determine the optimum parameters, and it was found that the microchannel
parameters were the most influential on the thermal as well as hydraulic performance of the
MCHS. Here, the pumping power was reduced by 25%, while the heat transfer increased
by 20%.

Ismail et al. [25] improved the performance of an MCHS by using fins to create
turbulence in the fluid flow. The structural design of the fins was optimized by assessing
over 200 configurations. Similar weightage was given to thermal resistance and the pressure
drop, resulting in optimum performance.

Cui et al. [26] used multi-objective optimization of an MCHS with jet impingement.
Various geometric parameters of the MCHS were considered as design variables for the
optimization. The multi-objective particle swarm method (PS) and genetic algorithms (GA)
were used for the optimization, resulting in a heat transfer rate of 200 W/cm? for a minimal
pumping power of 5.7 kPa.
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Bianco et al. [27] carried out topological optimization of the MCHS using uniform
temperature at the boundary. The theoretical average temperature was chosen as the
optimization function in a finite element model. The analysis concluded that the heat
removal capacity of the optimized MCHS improved by up to 100%.

Topin et al. [28] reviewed power electronics cooling and recommended that metal foam
provided the best cooling solution but was difficult to use. With significant improvement
in its manufacturing and integration it may be viable in the future, but it remains an
engineering challenge to implement it.

Shanmugam and Maganti [29] optimized a parallel flow MCHS sink to reduce thermal
resistance and pumping power. Using neural networks, optimization was carried out on a
3D-geometry heat sink. Thermal resistance of 0.0306 °C/W was obtained for a pumping
power of 3.1 kPa.

Xiao et al. [30] designed, manufactured, and tested a closed-loop system combining
a microchannel sink and jet impingement with R-134a as the working fluid. The study
concluded that the hybrid heat sink can be used to achieve low thermal resistance, stemming
from a highly dense micro-jet array with separate inflow and outflow microchannels.

1.3. Multi-Objective Multiverse Optimizer Algorithm

Abd Elaziz et al. [31] optimized a grey-scale image using the MOMVO algorithm. This
algorithm was chosen because there was more than one objective, and it was desired to
conduct the optimization in a single step. By comparing the results from their work over
eleven scales with a wide range, it was found that a finer prediction of the Pareto Front
was obtained.

Acharya et al. [32] carried out the optimization of power-generating units using the
MOMVO algorithm in order to achieve the lowest cost of generation. Valve-point effects
were used to reduce the dynamic load by considering its monetary value. The solver was
tested using a large number of generating units, i.e., objective function, and the solver was
able to provide consistent optimum results. Thus, it was concluded that the solver shows
the potential to replace existing solvers, especially for multi-objective optimization.

Sundaram [33] used the MOMYVO algorithm to reduce transmission losses dynamically.
Artificial neural networks were incorporated in the system in order to digitize the process.
Based on the results obtained by using the solver on 54 power-generating units, it was
found that the solver provided consistent predictions. Compared with the GA and PS
algorithms, the time taken by the proposed solver was 30 and 7.6 times faster, respectively.

Xu and Yu [34] undertook the optimization of multi-objective functions to address
the pollution from fossil-fuel-based power generation units. Environmental as well as
economic factors were taken into consideration while determining the dispatch problem.
By comparing different popularly used multi-objective optimization algorithms, it was
found that the MOMVO algorithm had better reliability, stability, and convergence for the
given problem.

As can be observed from the literature, electronics cooling demand is increasing as
computational power per unit volume increases. Simultaneously, the multi-objective mul-
tiverse optimizer algorithm has shown significant potential when compared with other
popular multi-objective optimization methods. Not only has it shown better convergence
and stability, but it has also increased the potential to incorporate more objectives into
the optimization problem. Cooling of electronics has more than one objective, i.e., ther-
mal resistance, pumping power, etc., that need to be optimized simultaneously. Faced
with the increase in demand for cooling density in high-power electronics, the MOMVO
algorithm can improve the performance of the cooling solution. Thus, this study uses
the optimization model on the heat sink, for which a mathematical model is presented
to predict its performance. Two objective functions of thermal and hydraulic perfor-
mance, i.e., thermal resistance and pumping power, are optimized simultaneously using
the optimization solver.
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1.4. Nanofluids

The conventional fluids that are used in microchannel heat sinks are water and ethy-
lene glycol. However, with the advancement in technology, microelectronic devices have
been introduced. The heat generation of these devices has been increasing exponentially,
so conventional fluids are unable to meet the increased cooling demands. To tackle this
problem, a new type of fluid called a nanofluid is used to improve the cooling perfor-
mance of microchannel heat sinks. A review of recent progress in nanofluid applications in
microchannel heat sinks by Loon and Sidik [35] concluded that the suspension of nanopar-
ticles in base fluid was proven to be effective for enhancing the thermal conductivity of
the base fluid and improving the heat transfer performance of the microchannel heat sink.
Boron nitride-based nanofluids are used in this study because they have good thermal
stability, and they can be utilized to enhance the thermal conductivity of the base fluid.
Gomez-Villarejo et al. [36] conducted an experimental study and found that the thermal
properties of the fluids improved with the use of boron nitride-based nanoparticles without
modifying the pressure drop and pumping power.

1.5. Research Gap

The literature review presented so far indicates that no optimization technique based
on an evolutionary algorithm has been conducted for optimization of the thermal perfor-
mance and hydrodynamic performance of an MCHS with a nanofluid coolant, though the
use of nanofluids as coolants is under exploration by researchers to find new potential
coolants with desired properties [35]. Specifically, the multi-objective multiverse optimizer
(MOMVO) approach has never been used for this purpose. Hence, this study utilizes the
MOMVO, an evolutionary algorithm, for optimization of the thermal and hydrodynamic
performance of a straight MCHS with rectangular channels and BNN-based nanofluid as
the coolant.

1.6. Objectives
The objectives of this study are given below:

e Investigation of the applicability of advanced multi-objective optimization algorithms,
which have not previously been implemented for such a thermal design problem;

e  Optimization of the thermal resistance and the pumping power of the MCHS cooled
with Boron Nitride Nanotube-based nanofluids;

e  Use of multi-objective multiverse optimizer (MOMVO), an evolutionary algorithm,
for optimization of the thermal resistance and the pumping power;

e  Determining the optimum geometric parameters for the chosen configuration of
MCHS, i.e,, straight, rectangular channels.

2. Design Optimization of MCHS

The thermal and hydrodynamic performance of the MCHS are optimized to extract
the best output from it. To obtain the maximum heat transfer from the MCHS, the geo-
metric parameters are optimized, and a mathematical model is developed to quantify the
performance of the MCHS. The schematic of the MCHS is shown in Figure 1. The MCHS
has several microchannels through which the cooling fluid flows. Here, a basic heat sink is
considered to compare the performance of the MOMVO algorithm with other conventional
optimization algorithms. Different geometric parameters are taken into consideration in
optimizing the heat sink’s performance. Here, the electronic chip that is to be cooled is in
direct contact with the MCHS through a BNN nanofluid, which is used to enhance heat
transfer, as reported in the literature [11].
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Figure 1. Microchannel heat sink.

The cooling of the electronics through cooling fluid involves complex three-dimensional
interactions. Analytical solutions to such a problem involve extensive mathematics, which
can be difficult to solve using conventional means. Thus, to simplify the model, some
assumptions are made, as listed below. These assumptions are chosen in such a way that
the accuracy of the solution is not compromised.

The geometry is assumed to be 2D for calculations.

Variations across the length of the MCHS are ignored.

The fluid flow is assumed to be laminar.

The fluid flow is assumed to be steady.

The average temperature is assumed to be constant at 50 °C.

The flow is fully developed and of uniform density.

The variations in the thermophysical characteristics are one-dimensional only.
Uniform temperature over the cross section.

Smooth interior walls, averaged heat transfer.

Effects of body forces are neglected.

The channel walls are assumed to be a fin with an insulated tip.

The geometry of the microchannel heat sink (MCHS) is taken as a cuboid with
Length “L”, Width “W”, and Height “H”. There are rectangular slit channels along
the width and height plane. The height of the channel is “H.”, and the width is “W,”.
The gap between the slits is “W,”.

Ideally, a three-dimensional simulation of the MCHS under study may be conducted
to obtain its thermal and hydraulic performance. However, the aim of the present work is
to study the performance of the MOMVO algorithm with respect to its MCHS performance.
Thus, in the present work, the MOMVO algorithm is applied to a simplified mathematical
model of the MCHS.

2.1. Mathematical Model

The mathematical model used to optimize the thermal resistance and pressure drop
across the MCHS is presented in this section. The objective functions used for the optimiza-
tion are the thermal resistance (Ryemq) and the pumping power (Ppumping)-

The geometric parameters used for the study are heat sink height (H), heat sink length
(L), heat sink width (W), microchannel width (W.), microchannel height (H.), and the width
of the walls between the microchannels (Wy,). These parameters are combined into different
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variables in order to obtain a robust and parametric result that can be applied to a wider
domain of heat sinks. The channel aspect and width ratios, & and j, are defined as given in
Equation (1) below. These are used as the design variables, keeping the total height, length,
and width of the MCHS constant.

HC WZU

a=—and B =
C IB WC

@M

The total number of microchannels (1) is defined using the heat sink width, microchan-
nel width, and the channel width ratio as in Equation (2).

W X«

n:HCx(l—i-ﬁ) @)

To determine the flow and heat transfer characteristics of the fluid, the hydraulic
diameter (Dy,) is defined in Equation (3) [37]:

2

D =
h 1+«

x H. 3)

The Reynolds number is evaluated as given below in Equation (4) [37].

2xprxG Q
f (4)

e

:yfxancxl—Hx

Here, G is the mass flux through the heat sink while jr and py are the fluid viscosity
and density. The average Nusselt number is evaluated using Equation (5) [25].

1.5
14
Nu =22 164 x [ ——
u 53+ 6.16 x(1+“> (5)

The global average heat transfer coefficient (f,,) is evaluated as shown in Equation (6) [38].

(6)

Here, the conduction through the microchannel walls is also incorporated into the
model by assuming the side walls as fins experiencing convection on their sides while
having the same base temperature as that of the electronics. Here, the top of the wall is
connected to the top part of the MCHS, where very little heat transfer is happening; thus, it
is assumed to be adiabatic. For this condition, the fin efficiency (7) is evaluated as in [39]:

_ tanh(mH,)
= mh,

@)

here, m is the fin parameter, calculated as,

[ 2X gy X
"TAK x He x B ®

Here, K; is the thermal conductivity of the fin material (heat sink material in the
present case). Using the concept of the electrical analogy of heat transfer [39], the thermal
resistance of the MCHS is defined as given in Equation (9) below.

2xLx(1+pB) (1+p) t
Conf X Pnf X Re x (1+a) ~ hap x (1+2aB)  Kys(LW)

©)

Rinermar =



Processes 2023, 11, 3032

8 of 16

Similarly, in order to measure the hydrodynamic performance, first, the friction factor
is calculated as given in Equation (10) [38], where Re is the Reynolds number.

f=% (10)
For a nanofluid, the pressure drop is evaluated using the following equation [37]:
AP =P+ P, (11)

where P; and P, are calculated using Equations (12) and (13) [37].

2
_ (1+a)xL E

Pl_fX72><Hc X pf X 5 (12)

1 1 \? Vi f

P=1179-223( — . — — 1
) ( 9 3<1+,5)+053<1+ﬁ>>><pfx > (13)
Here, Vs is the mean velocity of the nanofluid evaluated as in Equation (14) [37]:
Re x pg

Vit = 5 He (14)

The pumping power is calculated using the pressure drop using Equation (15) [37], as
shown below.

P

umping = AP X G (15)

2.2. MOMVO Algorithm

Multiverse optimization (MVO) algorithms were initially developed to obtain a better
optimizer methodology. The MVO algorithm was developed using cosmological concepts.
Initially, the algorithm developed was shown to have great potential when compared to
conventional particle swarm and genetic algorithms. Thus, the MVO was extended to
multi-objective optimization problems. For the present study; it is desired to optimize the
thermal and hydraulic performance of the MCHS to achieve the optimum performance.
Hence, the MOMVO algorithm is used to carry out the simultaneous minimization of both
chosen objective functions.

The flow chart used for the MOMVO algorithm implementation to optimize the
performance of the MCHS is shown in Figure 2. The solver takes the geometric and
hydraulic properties as the initial input. As the solver is evolutionary, one initial population
is generated for which the objective functions, thermal resistance and pressure drop, are
identified. Using the population and their ranks, the new population is generated, which
is supposed to perform better than its parent population. The main benefit of using
the MOMVO algorithm is the method by which the population is mutated in the next
generation, keeping in mind both the objective functions. The mutation process is repeated
till the desired number of new generations is obtained.

The MOMVO algorithm was initially validated using published results [37]. From
comparisons, it was found that the model was successfully able to converge to the published
results with good accuracy. After developing satisfactory confidence in the model, it was
applied to the MCHS as described in the present study. The details of the MOMVO
algorithm criteria are given in Table 1. The design variables and the objective function are
known for the present case, while the other values are determined using the literature.
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heat sink geometric parameters
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Determine the thermal resistance and pressure drop

A A

Select the best performing population

A A

Mutate the new best population into new generation No

Y

Generation++ >

Is the generation
> set value

Display output parameters

End
Figure 2. MOMVO optimization algorithm.
Table 1. MOMVO algorithm criteria.
Criteria Description
Number of iterations 100
Size of the population 50
Number of variables 2
Number of objective functions 2
Number of cases 6
Ks (W/m K) 148
Ky, (W/m K) 170

Here, the thermal conductivity of the MCHS material and the nanofluid are taken at a
constant average temperature of 50 °C. Shamsuddin et al.’s study [40] concluded that any
change in thermal resistance greatly reduces the pressure drop at an optimum temperature
of 50 °C. In addition, the upper and lower bounds of the design variables, i.e., the channel
aspect and width ratio, are also specified. These values are considered, keeping in mind
the practical limitations of the MCHS. The upper and lower bounds of the design variables
are stated in Table 2.

Table 2. Upper and lower bounds of the design variables.

Bounds [ B

Max 10 0.1
Min 1 0.01
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Using the developed mathematical model and the described optimization algorithm,
the design optimization is carried out on the MCHS using a BNN nanofluid for cooling
electronics. The study also considers varying weights of nanoparticles in the fluid (water).
The optimum thermal resistance and pumping power are obtained for all six cases, i.e., one
with only water and five with varying weights of nanoparticles in the water. The details
of the six different fluids are provided in Table 3, along with the relevant thermophysical
properties required to carry out the optimization.

Table 3. Thermophysical properties of the six fluids used for the optimization study [37].

Fraction of Nanoparticles in Water (wt. %)

Fluid 0 0.03 0.01 0.005 0.003 0.001
k(W/mK) 0.567 0.566 0.577 0.595 0.596 0.56
[y (kg/m3) 990.2 990.4 990.5 990.7 990.9 989.8

Cp W/kg K) 4.115 4.1513 4.1717 4.2885 4.2456 4.0041
# (N's/m?) 0.4942 0.49298 0.48897 0.49107 0.504 0.5051

3. Results and Discussion

Table 4 shows the thermal resistance and pumping power of the MCHS cooled with
pure water, and the water with BNN nanofluids at 0.001%, 0.003%, 0.005%, 0.01%, and 0.03%
by weight at 50 °C. In this study, the channel height and the volumetric flow rate were taken
as 320 um and 4.7 x 10~% m3/s, respectively. Initially, the optimization was carried out with
various population sizes to understand the effect of population size on the convergence
of the solver. Population sizes of 50, 100, 200, 500, and 1000 were considered, and it was
found that the results were similar to each other. As the population size of 50 required
fewer steps in searching for the optimum results, it was chosen for further optimizations.
However, it should be kept in mind that the population should be diverse enough to
capture the entire domain of search, such that the global optimum is reached rather than a
local optimum. As can be seen from the table, as the percentage of nanoparticles increases
in the fluid, the channel aspect ratio generally increases, with deviations for a few data
points. The channel width ratio is constant for all the cases at its lowest value of 0.01. This
indicates that a higher performance is obtained when the channel width ratio is lower.
The thermal resistance does not vary noticeably as the nanofluid concentration varies in
the fluid. However, the pumping power initially reduces and then increases. Thus, for
better understanding, another parameter, which is the product of thermal resistance and
pumping power, is defined as shown in the table. Here, it can be observed that this product
is lowest for 0.01% of nanofluid and then increases, indicating that 0.01% nanoparticles in
the fluid is the optimum concentration. By the addition of 0.01% nanofluid to the water, the
thermal resistance was reduced by 1.2%, while the pressure drop was reduced by 0.22%.
The product of thermal resistance and pumping power was reduced by 4.8%, which is a
significant reduction.

Table 4. Optimization result for MCHS for different fluids.

Nano Particles in Fluid 4 B Thermal Resistance Pumping Power Thermal Resistance
(% wt.) (1-10) (0.01-0.1) (K/W) W) x Pumping Power

0 1.3799859 0.01 0.0179389 11.00474 0.197413

0.001 1.3533110 0.01 0.0177926 10.76724 0.191577

0.003 1.9023564 0.01 0.0177339 10.74079 0.190476

0.005 1.1972700 0.01 0.0177248 10.65324 0.188827

0.01 1.9143233 0.01 0.0175656 10.69918 0.187938

0.03 1.3670916 0.01 0.0176264 10.98077 0.193551

The graph in Figure 3 shows the relationship between the thermal resistance and
pumping power of water and BNN fluids as a result of the optimization with MOMVO.
It may be noted that the curve follows a rectangular hyperbolic pattern, with both of the
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objective variables on each axis. It is observed that the pumping power is very high for very
low thermal resistance and vice versa, as shown by the green and blue regions, respectively.
The red circle zone on the figure indicates the optimized solution where both the thermal
resistance and the pumping power are low. As can be seen from the graph, the optimum
point does not lie on the x = y line but on the right side of it. This indicates that the thermal
resistance has a greater effect than the pressure drop on the performance of the MCHS. As
a result, the optimum thermal resistance and pumping power of 0.0179 K/W and 11.00 W
are obtained, respectively. Hence, the addition of nanoparticles in base fluids enhances the
cooling capacity of the MCHS.

0.012 | | | | | |

Very low pumping power for
very high thermal resistance

0.010

e
=
=
&
|
I

0.006

0.004

Optimized solution region

Very high pumping power for
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Thermal Resistance (KW)

0.002

0.000 | T ] I R R
0 5 10 15 20 25 30 35 40
Pumping Power (W)
Figure 3. Optimization of BNN nanofluids for water.

The main parameters affecting the geometrical properties in this study are the channel
aspect ratio, &, which is the ratio of the heat sink’s channel height to channel width, and
the wall width ratio, B, which is the ratio of the heat sink’s wall width to channel width.
These two critical parameters for optimization of thermal resistance and pumping power
are kept within the limited range of values set by Table 2 to avoid incoherent results.

Figure 4 shows the variation of the thermal resistance with respect to pumping power
for a channel aspect ratio of one, i.e., height and width are the same up to 10, which is
decided based on practical limitations. Here, the variations are shown for water as the
fluid; however, with the nanofluids, the trends are similar.
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Figure 4. Thermal resistance vs. pumping power.

Figure 5 shows the relationship between the pumping power and the channel aspect
ratio « at 50 °C. The pumping power is seen to increase with an increase in the channel
aspect ratio. This behavior is consistent with the fact that a higher aspect ratio indicates a
narrower channel, which requires an increase in pumping power for driving the coolant.
Here, similar to the thermal resistance, the variation between the pumping power for the
maximum and minimum pumping power is very small, i.e., 0.005%. The graph shows an
exponential increase in pumping power for « values of one to four. After that, the pumping
power becomes stable with a very slight increase.

10.9812 L L L L
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2
= 10.9810 4 -
L
s
=
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£
3
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10.9806 - T - T - T - T v
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Channel Aspect Ratio (a)

Figure 5. Pumping power vs. channel aspect ratio.
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Figures 6 and 7 represent the variations in the thermal resistance and the pumping
power, respectively, with respect to channel width ratio (). Here, a higher width ratio
signifies that the wall thickness of the channel is higher, meaning less availability of the
flow area for the fluid. Like the variation of these parameters concerning channel aspect
ratio (), the differences between the different fluids are insignificant; thus, the results are
only presented for water.
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£
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Channel Width Ratio (B)

Figure 6. Thermal resistance vs. channel width ratio.
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Figure 7. Pumping power vs. channel width ratio.

As shown in Figure 6, the variations in thermal resistance are exponential, similar to
its variations with the channel aspect ratio («). This is because a higher width ratio means
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a lower area is available for the fluid flow, resulting in a greater mass flux and, thus, a
higher Nusselt number. However, after a certain point, an increase in the mass flux does
not reap benefits to the turbulent mixing of the fluid, resulting in less reduction in the
thermal resistance beyond a certain point. This can be observed from the figure, where the
reduction is significant until the channel width ratio is 0.05, but the reductions diminish
beyond that point.

The reduction in the thermal resistance in this way comes at a heavy penalty in terms
of pressure drop and, consequently, pumping power, as can be seen in Figure 7. As can be
observed from the figure, the pumping power increases linearly with the increase in . An
increase of 9% in the pumping power is observed when f increases from 0.01 to 0.1 versus
only a 0.1% reduction in the thermal resistance. This is the primary reason for the optimum
channel width ratio being at its minimum value of 0.01.

4. Conclusions

A robust study of optimization of the MCHS is undertaken by using the MOMVO
algorithm. In addition, six different fluids, consisting of water with varying proportions
of nanoparticles, are used to study their effect on heat transfer enhancement. The channel
aspect ratio and the channel width ratio are chosen as the design variables for the opti-
mization algorithm. Thermal resistance and pumping power are chosen as the objective
functions, which are minimized. Based on the study, the following conclusions are drawn.

e The optimization results using the MOMVO algorithm were found to be consistent
when using different population sizes, enabling the use of a small population size to
reduce the computational resources required.

e  For the different fluids used in the study, the optimum performance is obtained for
nanofluid with 0.01 weight concentration of nanoparticles in water.

e Itis observed that the optimum solution obtained is skewed towards the x-axis (pump-
ing power) instead of the x = y line, where it ideally should be. This indicates that the
thermal resistance has a greater effect than the pumping power.

e  Results show that the optimum channel width ratio is located at its lower bound. This
is because a lower channel width ratio indicates that the channel is wider, and the
walls are thinner, indicating a higher direct contact area for the fluid and the nearest
part of the heat sink to the hot spot (bottom part in the present case), increasing the
heat transfer. This follows the physics of fins, meaning it is not beneficial to put fins
where the heat transfer coefficient is high.

e Itis observed that the pumping power increases with an increase in channel aspect
ratio. This is consistent with the physical phenomenon that an increase in channel
aspect ratio results in a narrow channel, which requires higher pumping power.

This optimization algorithm can be utilized with other coolants that are being explored
for better cooling performance. Such optimization techniques, coupled with experimental
investigations, can contribute to completing the analysis of new potential coolants.
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Nomenclature

Nomenclature

Rijermal Thermal resistance (°C/W)
P pumping Pumping power (W)

H Height (m)

W Width (m)

L Length (m)
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D Diameter (m)

G Mass flux (kg/ m? s)

Re Reynolds number

Nu Nusselt number

k Thermal conductivity (W/m K)

m Mass flow rate (kg/s)

f Friction factor

P Pressure drop (Pa)

1% Velocity (m/s)

Subscripts

c Channel

h Hydraulic

f Fluid

av Average

s Solid

m Mean

Greek Symbols

o Channel aspect ratio

B Channel width ratio

1Y Density (kg/ m?)

U Dynamic viscosity (Pa s)

Abbreviation

MOMVO Multi-objective multiverse optimisation

MCHS Micro Channel Heat Sink

GA Genetic Algorithm
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