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ABSTRACT

The microchannel heat sink (MCHS) has become the most relevant micro-heat exchanger
for a small area in need of an effective high heat removal system. However, heat
dissipation from the microchips where the MCHS is utilized - the microprocessor and
microcontroller - are getting higher with the sizes getting smaller. A more effective
coolant is needed to address the increasing heat load from the microchip and nanofluid,
nanosized particles dispersed in a base fluid, is among those explored. This paper reports
a new potential use of non-metallic nanofluid, boron nitride nanotube (BNN) that is
capable of improving the overall performance of a rectangular MCHS. A heuristic
method, multi-objective genetic algorithm (MOGA), is employed to simultaneously
minimize the thermal resistance and pressured drop of a boron nitride nanotubes (BNN)
nanofluid-cooled MCHS to obtain optimized dimensions at various weight
concentrations. The method is capable in achieving conflicting objectives, minimization
of the thermal resistance and the pressure drop; an increase in the former decreases the
latter and vice versa. In addition, experimental thermophysical properties of the BNN
nanofluid are used to provide reliability to the optimization outcomes in identifying the
best BNN concentration for cooling of a MCHS at 50°C. The optimization results showed
that as the thermal resistance decreases, the pressure drop decreases. For weight
concentrations of 0.001%, 0.003%, 0.005%, 0.01%, and 0.03% the thermal resistance is
the lowest, 0.0711 K/W at 0.01 wt.%. at 0.0115 W. The thermal resistance is lowered by
5.34% compared to water for the same operating conditions. These results indicate the
great potential of BNN nanofluid as a coolant in the electronics cooling system.
Optimization with the MOGA provides a fast analysis into the potentials of any coolants
for MCHS applications as shown here, reliability being provided by experimentally
obtained thermophysical properties.

Keywords: microchannel heat sink, multi-objective genetic algorithm, optimization,
boron nitride nanotube nanofluid

1.0 INTRODUCTION

Microchannel heat sink is an established heat removal system that is capable of removing
high heat loads dissipated from the electronic chips. With emerging advanced technology,
the system needs to remove a highly concentrated heat source with the miniaturization of



today’s electronic chips and their increasing power density. Designing a good thermal
management system has been a series of challenges to researchers and engineers. Since
the significant discovery made by Tuckerman and Pease [1], numerous studies had been
done to improve the performance of the microchannel heat sink (MCHS). The
improvement had been made with different coolants and geometries of the heat sink.
Innovation in geometry is limited to the manufacturers’ capability and associated cost. On
the other hand, many studies had been completed theoretically, experimentally, and
numerically on the MCHS using different coolants to further improve its heat removal
capability. The MCHS cooling system generally comprises of parallel microchannels
positioned atop the chip, with an adiabatic plate covering them to preserve the coolant.
The MCHS designed by Tuckerman and Pease [1] proved that a MCHS was capable of
removing 790 W/cm? of heat. However, conventional cooling with gas, air, and water for
a MCHS may no longer be able to address increasing heating issues as high as 1000
W/cm? [2]. Thus, this has encouraged researchers to explore new coolants to remove heat
effectively and efficiently, one of them being nanofluids. Nanofluid is a liquid consisting
of solid nanoparticles combined with a common base — water, ethylene glycol, and oil.
The presence of the suspended nano-sized particles of high thermal conductivity
improves the heat removal capability of the base fluid.

One of the earliest modelling of a nanofluid-cooled MCHS was in 2007[3]. The
analytical study with the porous medium model with copper-water (Cu-H,O) and carbon
nanotube-water (CNT-H,0) nanofluids showed compelling results in heat transfer
performance and pressure drop when compared to water as both nanofluid-cooled MCHS
improved significantly. An experimental study that same year showed that for volume
fractions 0.2 to 0.4% of CuO-H,O nanofluid, the MCHS performed better than the water-
cooled unit agreeing well with the theoretical predictions, although agglomerations and
depositions occurred with time [4]. Another study proved that nanoparticles Al,O;
suspended in water enhanced the convective heat transfer coefficient in the thermally
fully developed regime, at the low volume fraction between 0.01% and 0.3 vol% [5]. The
heat transfer coefficient of the water-based Al,O; nanofluids was increased by 8% at
0.3 vol% under a fixed Reynolds number (Re = 1000) compared with that of pure water.
Nanofluids with metallic or its oxides nanoparticles commonly investigated are copper
[3,4,6], titanium[7-10] , silver [8,11] , and aluminum [2,5,7], [12-14]. A review of the
flow and heat transfer behavior of nanofluids in microchannel heat sinks has been done
by Kumar et al. [15]. It was concluded that nanofluids presented a promising potential as
an effective coolant in removing heat with Cu-H,O being more attractive than Al- H,0O
nanofluid. The enhancement in heat transfer mainly depends on the type of nanoparticle,
their volume fraction, shape and size, and the aspect ratio of the nanotube itself.

The last decade has seen the analysis of the thermal performance of the MCHS being
completed using computational fluid dynamics (CFD) and optimization with a heuristic
approach. The former may provide detailed thermo-fluid profiles whilst the latter can
generate optimal sets of solutions for multiple conflicting objectives. Each has its own
advantages. The CFD approach allows a look at the fluid and thermal vectors associated
with the coolant investigated in any particular complex geometry explored. The CFD
study with laminar nanofluid SiO,, Al,Os;, ZnO, and CuO dispersed in pure water in a
microchannel heat sink (MCHS) with V-Type inlet/outlet arrangement is one such
example[16]. Volume fractions of 1%, 1.5%, and 2% and three distinctive nanoparticle
diameters of 30 nm, 40 nm, and 60 nm were employed. The results indicated that the SiO,
nanofluid had the uppermost heat transfer rate compared to other tested nanofluids.
Meanwhile, the optimization with a heuristic procedure opens up possibilities for
simultaneous minimization of the conflicting desired outcomes of thermal and
hydrodynamic performances; the increased in one decreases the other. The optimization
of two nanofluids with different volume fractions of 1%, 3%,5%,7%, and 9% of SiC-H,0O
and TiO,- H,O in a MCHS had been studied by Adham et al.[8] using multi-objective
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genetic algorithm. It was found that both nanofluids had a greater performance in terms of
thermal resistance in comparison with pure water under the same operating conditions.
The nanoparticles volume fraction affected the thermal resistance and pumping power,
the decrease in the MCHS thermal resistance decreased the pumping power; optimized
dimensions of the channels were obtained.

Initially metallic nanoparticles were the best alternative since they increase the coolant
thermal conductivity tremendously. However, continued studies had suggested that a high
concentration of metallic nanoparticles causes a high friction factor in the flow which
resulted in a higher pressure drop leading to a higher pumping power. Consequently,
utilization of non-metallic nanofluids have been investigated apart from water and
gaseous coolants [17]. The convective heat transfer and fluid dynamics performance of
Silicon Dioxide, SiO,, nanoparticles in combination with ethylene glycol and water as the
base fluid at a fixed Reynolds number (Re = 10, 000) was found to increase the heat
transfer coefficient. Pressure loss was observed to still increase as the concentration of
nanofluid increased [18]. Halelfadl et al. [19] utilized carbon nanotube (CNT) based
nanofluid in their optimization analysis of the rectangular MCHS, comparing the
outcomes with those from Tuckerman and Pease [1]. Their results showed improved
thermal and hydrodynamic performance of the CNT nanofluid-cooled MCHS. Other
types of non-metallic coolants have also been investigated up to recently reporting
improved heat transfer capability of the MCHS [20-22].

A recent study had looked at the effect of surfactant, an additive needed to stabilize
the nanoparticles in a nanofluid, on the thermal performance and pressure drop in a
MCHS [23]. At 30°C, a significant increase in the thermal performance of the boron
nitride nanotube (BNN) nanofluid-cooled MCHS studied was observed after the addition
of the surfactant Triton X-100, with no change after adding the nanoparticles. At 50°C,
however, it was shown that the lowering of the thermal resistance was attributed to the
BNN nanoparticles. However, the effects of a particular surfactant added to nanofluid
have been rarely investigated. Without the additive, the nanoparticles will agglomerate
which reduces the surface area, later being deposited onto the channel floor [4].
Experimental studies completed on the thermophysical properties on CNT nanofluids
have concluded that a surfactant is necessary for nanofluid stability for a long period of
time else clogged channels occur due to the agglomeration of the nanoparticles [24]. The
properties may deviate under certain conditions. Consequently, experimentally obtained
thermophysical properties should be used for performance analysis to provide a higher
reliability to the outcomes.

This paper reports the results of an optimization approach on the dimensions of a
MCHS using a heuristic method; simultaneous minimization of its thermal resistance and
pumping power, two conflicting objectives — decreasing of one result in an increase in the
other and vice versa. Multi-objective genetic algorithm (MOGA) was used to investigate
the thermal and hydrodynamic performance of a BNN nanofluid-cooled MCHS at various
concentrations of the BNN at 50°C. MOGA has been frequently used in the performance
modelling of a MCHS [25-28]. Furthermore, thermophysical properties issued from
experiments have been used for providing reliability to the optimization modelling
outcomes which can lead to the best concentration identification for the MCHS [29].

20 THEORY

A schematic structure of the rectangular MCHS analyzed is shown in Figure 1. The unit
has dimensions of L= 1cm, W=1 cm, H, = 320 um, t = 213 um, and H of 533 um [1]. The
model applied here follows that used by many previous researchers [1, 3, 8, 13, 17, 19,
22, 23, 25]. A constant heat flux is assumed on the bottom of the MCHS while the top is
covered with an adiabatic plate. There is no heat lost from the sides of the MCHS unit.



Coolant at the flow rate of G =4.7x10° m®s flows through the MCHS unit and fully
developed laminar flow is assumed, the channels being short. Optimization of the thermal
performance and hydrodynamic performance of the rectangular MCHS using boron
nitride nanotube (BNN) nanofluid was completed to determine the design parameters that
produce minimum thermal resistance to heat transfer as well as minimum pressure drop.
The latter has been established to increase when the former decreases and vice versa.

Figure 1: The rectangular MCHS

A uniform heat flux is presumed to be transferred from the bottom of the MCHS
described in Figure 1 that is directly in contact with the heat source, the electronic chip. A
working fluid flows through the series of parallel channels along the length of the MCHS
to remove the heat flux generated. The thermal performance of the MCHS is measured by
its thermal resistance. Previous studies stated that as the thermal resistance decreases, the
pressure drop would increase and vice versa. To achieve a high overall performance,
both performance parameters must be as low as possible. Thus, optimization of the
thermal performance and hydrodynamic performance of a rectangular MCHS cooled with
boron nitride nanotubes (BNN) nanofluid is investigated to determine the optimum
results. Since the channel walls are generally very thin, they are treated as fins. These
assumptions are considered to assist in the analysis:

The flow is laminar and steady state.

The thermophysical properties are constant at 50°C.

The flow is fully developed and incompressible.

The analysis is one-dimensional.

The temperature is uniform over the cross section.

The interior walls of the microchannel is assumed to be smooth.
The averaged heat transfer, h is used for the cross section.

The radiation heat transfer is negligible.

The gravitational force is negligible.



2.1 Thermal Resistance Model

The total thermal resistance is comprised of the resistance posed by the substrate below
the channels, Rgong, resistance to the convective heat transfer, R..n, and resistance due to
the coolant heat capacity, Rc,, where the resistances are assumed to be in series [30].

The overall thermal resistance is generally expressed as,

AT
Rtotal = n (1)
q" As

where AT is the temperature difference between the peak temperature in the heat sink at
the outlet, T, 4y, and the fluid inlet temperature, T;;,. q" is the constant uniform heat
flux and A is the area of heat sink. With a constant heat flux and surface area of the heat
sink, a small R;,:q; Would mean a small temperature difference, which indicates a good
heat removal capability. The total thermal resistance according to the thermal resistance
model [22] equivalent to (1) can be determined from,

Riotat = Reona + Reonv + Rcap )

The conductive thermal resistance is a function of the thickness of the substrate, as the
heat flux is applied through the base of the MCHS, it can be expressed as,

t
R = —

with t being the substrate thickness, kj the thermal conductivity of the heat sink, L the
length, and W the width of the MCHS unit. The generated heat by the electronic chip will
be first conducted through the base of the MCHS. Next, heat is resisted by the convective
thermal resistance from the base to the coolant,

1

—_— 2
hav Aeff ( )

Reony =

where hg, is the heat transfer coefficient and A, is the total effective area for the
convective heat transfer defined as,
Aeff = nL(WC + 27’] HC) (3)

w, is the width of channel while H.. is the height of the channel. The term n is the number
of microchannels defined as,

w
n=—o (4)

wy, + w,

The term w,, is the width of the channel wall and 7 is the fin efficiency where the wall
can be treated as a fin by assuming it as an adiabatic fin tip with the fin efficiency defined
as,

_ tanh(mH,)

5

s (5)

me | e (6)
kSWW



The capacitive thermal resistance existed within the coolant as it absorbs and removes the
heat in the channels,

_ L
Cpnprnf

cap

(7)

where p,, ¢ is the density of the nanofluid in this study and Cp,, is the capacitance of the
nanofluid. The term G is the volumetric flow rate and is defined as,

G =nHw/V (8)

where V is the average velocity of coolant inside the MCHS. In this investigation, the
channel width to channel height ratio, o, and channel wall width to channel width ratio, g,
are regarded as the variables to be optimized,

H,
«= )
_ Yw
ﬂ—WC

(10)
The hydraulic diameter and Reynolds number used to determine the flow regime is
defined by,

4H . w,

2
= = H 11
hT2H 4w)  14a € (1)
VD, 20:G a
Re =P Cn_ Pr (12)
Ur ,uanca+1
a 15
Nu =22 164 (—— 13
u 53 +8.16 (1+a) (13)
Nu_hath
ke

(14)
By substituting equations (5) through (8) and equations (10) through (16), into equations

(3), (4) and (9), the total thermal resistance is obtained [9]. The simplified thermal
resistance in terms of the variables « and S are,

Reona = E (15)
S
1 1+p
R = — 16
conv hay 1 + Zan ( )
R L 21+
P CpprunsRel+ a (17)

The total thermal resistance to the heat generated through the MCHS are sum of the
equations (17), (18), and (19) which can be written as [4-6] :



L 21+ 1 1+ N t
ConflngRel+ a  hg, 1+ 2an  kpg(LW)

(18)

Riotar =

For the hydrodynamic performance, it is evaluated using the pressure drop or pumping
power [22, 23]. The total pressure drop across the MCHS can be expressed as,

AP,,, = P1+ P2

(21)
where P1 and P2 in equation (21) are described as,
A+ oL Vi
P1 = hs pnf
2H, 2 (22)
P2 = : N P
= [1.79 —2.23 (m) + 0.53 (m) ]p”fT (23)

where the term of f;; is the friction factor of the laminar flow and velocity is represented
by,

64
=__ 24
th Re ( )
Re,un}r
Vins = 25
f prc ( )

In terms of the evaluation for the pumping power required to drive the coolant, the
equation involved is given by

Pp = APtOtG (26)

Equations (20) and (26) are to be minimized. However, as discussed earlier, a decrease in
the total thermal resistance comes at the expense of a higher pressure drop, consequently,
the pumping power and vice versa. With a heuristic approach, simultaneous minimization
is made possible with a combination of optimized parameters and this study utilized
MOGA to attain this.

3.0 METHODOLOGY
In the current study, the mathematical validation is performed to ensure that the thermal
resistant model chosen is reliable. The results were compared with the landmark study of

Tuckerman and Pease [1].

3.1 Mathematical Validation



Table 1 shows the mathematical validation results of the current model against the
experimental results from Tuckerman and Pease [1]. The results of the current model
showed good agreement with Tuckerman and Pease’s model in terms of the thermal
resistance and pressure drop. The relative uncertainty of the thermal resistance and
pressure drop of the MCHS are then determined. They are found to be 3.73% and 8.41%
respectively. In the current model, the coolant used was saturated water [30] while in the
previous study it was deionized water. Both working fluids were operated at 23°C. The
difference in the thermophysical properties of the coolant slightly affected the outcome of
the thermal resistance and hydrodynamic performance of the MCHS.

Table 1: Mathematical validation result

Model Alpha, a Beta, R (K/W) AP R% AP %
T&P [1] 5.714 0.7857 0.11 0.486
Current model 5.714 0.7857 0.1059 0.895 3.73 8.41

3.2  Optimization with Water Using Multi Objective Genetic Algorithm (MOGA)
In the current study, multi-objective genetic algorithm (MOGA) optimization on a MCHS
was carried out on the two conflicting objective functions which are the thermal
resistance and pumping power, an increase in one will cause a decrease in the other and
vice versa. To simultaneously minimize both objectives, MOGA was utilized to search
for the best combinations of the design variables, o and . As the solution of a multi-
optimization process is not a single solution, many possible solutions are generated with a
Pareto optimal solution. MOGA is available in MATLAB (R2019b) software toolbox
which is utilized in the current study.

Several algorithm parameters and the design variables limits must be provided in order
for the algorithm to be applied accurately and efficiently. The criteria involved have been
based on a past research [21] and are listed in Table 2 and in Table 3. Table 4 shows the
comparison of the outcomes between the optimized and non-optimized water-cooled
MCHS.

Table 2: Algorithm parameter used in the study

Criteria Description
Size of population 50
Number of variables 2
Number of objectives function 2
Selection function Arithmetic
Crossover function Uniform
Stopping criteria 1x10°8

Table 3: Design variables limit

Limits Alpha, a Beta, p
Upper 10 0.1
Lower 1 0.01

Table 4: Comparison of optimization using water
Description Alpha, 0. Beta, R (K/W) AP (psi) R% AP %

Non-optimized 5714  0.7857 0.1059 0.895 - -




Optimized 5.44107 0.01 0.0919 0.3337 13.2 6.2

Subsequently, optimization was done on a BNN nanofluid-cooled MCHS. Following the
advice of Mare et al. [24], experimental thermophysical properties at 50°C at various
volume concentrations were utilized, as listed in Table 5 [29].

Table 5: Thermophysical properties of BNN nanofluid at 50°C [29]

Fluid H20 0.001wt.% 0.003wt% 0.005wt% 0.0lwt% _ 0.03wt.%
k(W/mK)  0.56 0.567 0.566 0.577 0.595 0.596

p (kgm®)  989.8 990.2 990.4 990.5 990.7 990.9
Co(W/kgK)  4.0041 4.115 4.1513 4.1717 4.2885 4.2456
u(Ns/m?) 05051 0.4942 0.49298 0.48897 0.49107 0.504

4.0 RESULTS AND DISCUSSION

Table 6 compares the thermal resistance and pumping power of the MCHS shown in
Figure 1, cooled with water and that with BNN nanofluids at 0.001%, 0.003%, 0.005%,
0.01%, and 0.03% in mass content at 50°C. For this analysis, a constant value of channel
height, H, and volumetric flow, G, was set at 320um and 4.7 x 10-6 m3s?, respectively.
The values follow that of Tuckerman and Pease [1] experimental study. A search area of
50 has been chosen in this study as when population of 50, 100 and 150 were being
compared, the minimum and maximum of the thermal resistance and pressure drop were
almost the same for all three populations with the upper and lower limits of a and
according to those listed in Table 3. Hence, the optimization procedure was set with a
population of 50 as less search operation was required.

Table 6: Optimization results of BNN nanofluids at 50° C

Limits o B _Thermal Pumping_ AR/R
(1-10) (0.01-0.1) Resistance (K/W)  Power (psi) (%)
Water 1.00 0.01 0.075138 0.011524
0.001% 1.00 0.017 0.074981 0.011487 2
0.003% 1.00 0.01 0.073153 0.011727 2.6
0.005% 1.001 0.011 0.072741 0.011205 3.19
0.01% 1.001 0.01 0.071124 0.011228 5.34
0.03% 1.00 0.01 0.071601 0.011501 4.7

The Pareto front of Figure 2 presents the relationship between the thermal resistance
and pumping power for water and BNN nanofluids as a result of the optimization with
MOGA. Each point is an optimal solution associated with a set of optimized o and
where limits are according to Table 3. The Pareto front is a result of the simultaneous
minimization of the thermal resistance and pumping power of the BNN nanofluid-cooled
MCHS. According to the graph, the lowest overall thermal resistance is associated with
the highest pumping power for all working fluids investigated. The green rectangle shows
the minimize values of thermal resistance at high pressure drop hence the region of the
best thermal performance. Meanwhile, the red circle indicates the optimized value that
fulfilled both objective functions of low thermal resistance and low pressure drop
showing the balance between both parameters. The optimized results reveal that the total
thermal resistance at all concentrations of BNN nanofluids is lower than water at 50°C, as
shown in Table 6. The lowest optimized value of thermal resistance for water is 0.075138
°C/W, whereas the lowest optimized value for BNN nanofluid is 0.071124°C/W at 0.01%
of volume concentration. The total thermal resistance reduction between water and BNN



nanofluid is 5.34%. The presence of nanoparticles in the BNN nanofluid enhances the
cooling capacity of the MCHS. With the increment of heat transfer coefficient, the
convective thermal resistance decreases, as has been reported in previous experimental
studies [31,32].
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Figure 2: Optimization of BNN nanofluids at different concentration.

In the current study, the main parameters that affected the geometrical properties are the
channel aspect ratio, o, and wall width ratio, 4. The channel aspect ratio is the ratio of the
heat sink's channel height to channel width, whereas the wall width ratio is the ratio of the
heat sink's wall width to channel width. These two parameters are critical in the
optimization process for minimizing the total thermal resistance and pumping power. To
prevent incoherent results, the channel aspect ratio and wall width ratio are set to a
limited range of values according to the limits set in Table 3.

At 50°C, Figure 3 portrays the relationship between the total thermal resistance and
channel aspect ratio. According to the graph's trend, as the channel aspect ratio increases,
the total thermal resistance decreases. Higher channel aspect ratio values resulted in lower
total thermal resistance values for BNN nanofluid-cooled MCHS. The thermal resistance
of all nanofluids follows nearly the same trendline for all values of the channel aspect
ratio.

The graph's trend indicates a significant decrease in the thermal resistance from
channel aspect ratio of 1 to 4. Starting with a channel aspect ratio of 4, the decrement of
the thermal resistance is gradual until it approaches a value of 10. In the current study, the
height of the channel is held constant. When the channel aspect ratio is increased, the
channel width decreases. The decrease in convective thermal resistance is influenced by
the decrease in the channel width. As a result, decreasing channel width has a significant
impact on the total thermal resistance.
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Figure 3: Thermal resistance vs channel aspect ratio

At 50°C, figure 4 shows the relationship between pumping power and channel aspect
ratio. It can be seen that as the channel aspect ratio continues to increase, so does the
pumping power at all 5 concentrations of BNN nanofluids. A high aspect ratio means a
narrower channel which of course requires a significant increase in pumping power to
drive the coolant.
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Figure 4: Pumping power vs channel aspect ratio

Although the difference in the pumping power between concentrations is not obvious
from the graph, Table 6 shows that the BNN nanofluid-cooled MCHS has a higher value
of pumping power at 0.03% concentration than at other concentrations at the values of «
and g listed. At first, all concentrations exhibit nearly identical behavior patterns;
however, at a channel aspect ratio of 6, BNN nanofluids at 0.03% display a slightly
higher projection than other concentrations. BNN nanofluids with a concentration of

11



0.03% have the highest pumping power, followed by BNN with a concentration of
0.001%. This may be because the density and viscosity are highest at 0.03%. As a result,
as the channel width narrowed, a high pumping power is required to drive the working
fluid.

Figure 5 shows the relationship between the optimized total thermal resistance and
wall width ratio, A, of the MCHS at 50C. It can be observed that most of the points are
optimized at the wall width ratio of 0.01. BNN nanofluids at 0.001%, 0.003%, 0.005%,
0.01%, and 0.03% showed the same pattern and most of the points are already optimized
for 5=0.01.
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Figure 5: Thermal resistant vs channel aspect ratio

Only a few values of the wall width ratio are greater than 0.01 but remains within the
range of the upper and lower boundary of g which is at 0.1 and 0.01 respectively. It can
be seen that at low values of wall width ratio, the optimum state is achieved. MCHS, it
seems, is more sensitive to the channel aspect ratio rather than wall width ratio. The same
pattern is observed for the pumping power and wall width ratio, g, relationship, as shown
in Figure 6. It can be observed that most of the points of the wall width ratio are
optimized at 0.01 for the five different concentrations.
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Figure 6: Pumping power vs wall width ratio
5.0 CONCLUSION

Simultaneous minimization of the conflicting desired objectives of the thermal resistance
and pumping power of a BNN nanofluid-cooled MCHS has been completed. The effects
of using 0.001%, 0.003 %, 0.005 %, 0.01%, and 0.03 % weight concentration BNN
nanofluid as the coolant in a MCHS under optimal conditions have been obtained with a
heuristic approach MOGA utilizing experimentally obtained thermophysical properties
for reliability. The optimization procedure took into account design variables of the
channel aspect ratio, «, ranging from 1 to 10, while the wall width ratio, g, ranged
between 0.01 and 0.1. The study has shown in general the capability of MOGA to explore
any new coolants as potentials for MCHS applications, and specifically for the BNN
nanofluid investigated:;

e as the concentration of BNN nanofluid increases, the total thermal resistance of
the MCHS decreases, lower by 5.34% at 0.01 concentration, compared to that of
water at the same temperature of 50°C.

e optimization outcomes showed that as the thermal resistance decreases, the
pressure drop increases. The lowest thermal resistance for BNN nanofluid-cooled
MCHS investigated is 0.071124°C/W at the intermediate weight concentration of
0.01%.

e higher channel aspect ratio values resulted in lower total thermal resistance
values for BNN nanofluid-cooled MCHS and consequently a higher pressure
drop. The thermal resistance of all concentrations follows nearly the same
trendline for all values of channel aspect ratios investigated.

As more coolants are being explored in the race for a more efficient and effective MCHS
as a heat removal system, a heuristic approach in combination with experimental data of
the thermophysical properties can provide reliable design parameters under optimized
conditions. Subsequently, experimental studies may complete the analysis into these
potential coolants.
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NOMENCLATURE
Cp - specific heat, [Jkg'K™] Rwo - total thermal resistance, [KW™]
Dy - hydraulic diameter, [m] ks - thermal conductivity, [Wm™*K™]
H - heat sink height, [m] Nu - Nusselt number
Hay - heat transfer coefficient, [Wm™?K  Re - Reynolds number
t - substrate thickness, [m] kns - thermal conductivity, [Wm™K™]

13



Hc - channel height, [m]
we - channel width, [m]
ww - wall width, [m]

L - heatsink length, [m]
W - heat sink width, [m]

Greek Symbols
a - hydraulic diameter
p - wall width to channel width ratio

pr - density of nanofluid, [kgm™]
w - viscosity of nanofluid, [kgs*m™]
n - finefficiency

14

- velocity inside the microchannel, [ms™]

Vi
f - friction factor
Pp - pumping power, [W]
AP - pressure drop, [Kpa]
Subscripts
ns - heat sink
¢ - channel
nf - nhanofluid
w - wall
f - fluid of coolant
- substrate

(%)
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