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alternative way to achieve better heat dissipation. This research explores the feasibility of

ternary hybrid nanofluids GO: Al203: SiOz in water with different volume concentrations and KEYWORDS
mixture ratios in a serpentine cooling plate. In this research, 0.01% GO + Al0s: SiO2, 0.006% Nanofiuids
GO + Al,03: SiO2, and 0.008% GO + Al:03: SiOz in mixture ratios of 10:90 and 20:80 (Al20s: Temary Hybrid
Si02) were studied. The result showed that 0.01% GO + AlOs: SiO2 (10:90) nanofluids Cooling plate
displayed the highest enhancement of heat transfer coefficient with 1.1 times higher as Heat transfer
compared to the base fluid. This was then followed by 0.008% GO + Al203: SiO2 (10:90) and Pressure drop
0.006% GO + Al20s: SiO2 (10:90) with 1.03 times and 0.87 times higher heat transfer

coefficient enhancement consecutively as compared to the base fluid. In term of mixture ratios,

GO in 10:90 (Al203: SiO2) performed better than 20:80. To assess the feasibility of adoption,

the advantage ratio (AR) was conducted to measure both heat transfer enhancement and

pressure drop effect. The AR analysis showed that at the lower Reynolds, Re number region,

the 0.01% GO + Al203: SiO2 (10:90) ternary hybrid nanofluids was proven to be the most

feasible due to a higher ratio of heat transfer enhancement over the pressure drop penalty.

1. INTRODUCTION

The world is currently spectating the advancement of technologies that have encouraged further research and
development on effective thermal management for cooling methods of compact electrical/electronic devices or systems.
Electrical/electronic devices or systems generally consist of electrically powered devices and equipment and any system
that generates, distributes, or consumes energy from electricity. As a by-product, these devices or equipment generate
immense heat. Thus, the system critically needs to establish an effective cooling system to remove the heat and maintain
the efficiency, reliability, and long lifespan of the devices or components. Furthermore, miniaturization in the design of
these electrical/electronic devices due to the rapid advancement and development of technology, which requires an
increase in speed and power, became unavoidable, posing additional challenges to the thermal management capability as
the heat flux per unit area of these devices has increased [1]. As a result, the efficient cooling technique is critical for
electrical/electronic devices to improve thermal management without increasing the system size.

In general, several types of cooling approaches for an electrically active environment system can be classified as
passive and active cooling methods. Compared to passive cooling, active cooling uses large heat exchangers to enhance
heat dissipation, which provides a greater forced convection area for the cooling medium in the system [2]. Therefore,
despite having the ability to provide substantial cooling capacity, active cooling is not favored since it demands a greater
surface area, which is essential nowadays for electrical system miniaturization. Alternatively, liquid cooling using coolant,
a passive method of heat elimination in electrical cooling, is introduced. However, there is a limitation in removing the
heat efficiently due to the poor thermal properties of the coolant. Utilizing deionized water as the coolant may be
insufficient to satisfy the need for higher cooling rates in smaller system sizes. Furthermore, the thermal reactions of the
cooling method using water do not meet the requirement for a uniform temperature distribution throughout the cooling
plate [3].

Adopting nanoparticles dispersed in the distilled water, which acts as the base fluid, is expected to provide a better
solution for increasing the efficiency of distilled water as the conventional coolant. Adopting nanofluids improves heat
transfer, mainly due to the improvement of its thermal conductivity [4, 5]. Sundar et al.[6] reported thermal conductivity
enhancement of 9.8 % and 15.6 %, respectively, in Al,O3; and CuO nanofluids dispersed in EG and water mixtures.
According to Kamel et al.[7], Al,Oz nanofluids have improved in thermal conductivity by 5.34 % at 0.5 volume % at
50 °C) compared to the base fluid. Meanwhile, Khalid et al. [8] discovered that SiO, nanofluids with 0.5% volume
concentration enhanced thermal conductivity by 1.42 % compared to the base fluid. The development of hybrid and
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ternary nanofluids is further established to improve nanofluids' characteristics in heat transfer performance. Suresh et al.
[9] reported that the heat transfer coefficient of Al,0;-Cu/water hybrid nanofluids flowing in a tube have a Nusselt
number boost of 13.56 % at 0.1 % concentration in volume at Reynolds number of 1730. Madhesh et al. [10] studied the
Cu-SiO/water hybrid nanofluid with 2.0 % volume concentration discovered that the overall heat transfer coefficient and
Nusselt number are enhanced by 68 % and 49 %, respectively as compared to water. However, it was also discovered that
there is an increase in pumping power by 14.9 % caused by the hybrid nanofluid as compared to the base fluid.

Similarly, Moldoveanu etal. [11, 12] reported the comparative overall viscosity for alumina nanofluids which is higher
in comparison to SiO, nanofluids. It was also reported that higher volume fractions of SiO, nanoparticles placed in studied
hybrid nanofluids leads to higher thermal conductivities values. The researchers later established a few correlations for a
better estimation of the viscosity and thermal conductivity for Al.Os, SiO, water-based nanofluids. Meanwhile, Saifudin
et al. [13] developed a performance enhancement ratio (PER) for 0.5 % concentration Al,O3:SiO; hybrid nanofluids in
both thermal conductivity enhancement over viscosity and electrical conductivity penalty in Proton Exchange Membrane
Fuel Cell (PEMFC) cooling application. According to the study, the most feasible 0.5% concentration Al,Os:SiO; hybrid
nanofluids mixture ratio was 10:90 which has shown relatively good PER as compared to the other mixture. On another
note, there is a limited discovery on the heat transfer performance of the ternary hybrid nanofluid in open literature.
Among the available studies is by Ramadhan et al. [14], who reported that the heat transfer coefficient for the
Al,03:Si02:TiO coolant side is increased by a total of 39.7 % at a volume concentration of 0.3%. In a study by Muzaidi
etal. [15], the heat absorption characteristics of CuO: TiO,:SiO; ternary hybrid nanofluids and TiO,:SiO; hybrid nanofluid
were compared and highlighted that the ternary hybrid nanofluid outperformed the hybrid nanofluid by a factor of
97.3 %.

This study is a continuity of previous studies on Al;0s:SiO; hybrid nanofluids conducted before. The Al,O3 and SiO;
nanoparticles were chosen due to their superior thermal conductivity properties and stability [16]. In addition to that, GO
was added to the established Al,03:SiO; hybrid nanofluids conducted before. The GO was prepared in-house and thus is
cost economic for the adoption. It is aimed to explicate the characterization, heat transfer, and fluid flow performance and
its feasibility of adoption as a newly formed ternary hybrid nanofluids of GO in  Al,Os: SiO.

2. MATERIALS AND METHODS
2.1 Nanofluids Preparation

As for the nanofluids preparation, the liquid formed SiO, nanoparticles with a particle size of 30 nm, a purity of
99.9 % and a weight percentage of 25 weight percentages were procured from Nova Scientific Sdn. Bhd. Meanwhile, the
Al,0O3 nanoparticles were acquired from Sigma Aldrich (M) in powder form, with an average particle size of 13 nm and
99.8 % purity. For the GO, the aqueous solution of GO nanofluid was obtained with a volume concentration of 0.01 %,
0.008 %, and 0.006 %. The two-step method was used for the nanofluid sample preparation as this approach has improved
stability, which reduces agglomeration and lowers the risk of oxidation for high thermal conductivity metal particles.

As for the powder form nanoparticle, the volume concentration was determined based on the equation below [8]:

(mp)

_ Pp

N T ®
pp pbf

where ¢ is the volume concentration, m is the mass, p is the density. Subscripts p and bf represent the nanoparticle and
base fluid. For the liquid-form nanoparticles, the dilution is measured by using the following equation [13]:

P2
where AV is the volume of base fluid needed to be added, V; with a concentration of ¢, to obtain the desired volume of
nanofluid, V, with volume concentration, ¢,.

The diluted nanoparticles for both Al,O3 and SiO, were then measured and mixed using the magnetic stirrer for 30
minutes to form hybrid nanofluids with two different ratios which were 10:90 and 20:80. Upon completion of the mixing
process, the nanofluid solutions were sonicated using Daihan Scientific Ultrasonic Sonicator for two hours to enhance the
stability of the solution. The duration for magnetic stirring and ultrasonication were based on best practices by renowned
researchers [17, 18]. Once the single nanofluids preparation was completed, the ternary hybrid nanofluids were then
prepared for all the mixture ratios required. The 0.01 %, 0.008 % and 0.006 % volume concentration of GO nanofluids
were then added to the hybrid mixture ratio samples. The same mixing method and sonication process were applied to
prepare the ternary hybrid nanofluids. Figure 1 shows the mixing and sonication process for the nanofluid sample. The
properties of nanoparticles and base fluid used in this study are shown in Table 1.
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Figure 1. (a) Magnetic stirrer and (b) Ultrasonic sonicator used in preparation process

Table 1. The properties of nanoparticle and base fluid

Elements M_ayter_ Thermal Conductivity, k  Specific Heat,  Viscosity — Density Reference
Classification (W/mk) cP (J/kg.K) (Pa.s) (kg/m3)
GO nanoparticles Solid 2500-5000 790 - 2000 [19]
Al;O3 nanoparticles Solid 36 765 - 4000 [20]
SiOz nanoparticles Solid 1.38 745 - 2220 [21]
Water Liquid 0.615 4180 0.000854 999 [8]

2.2  Stability Measurement

The stability of the prepared ternary hybrid nanofluids was determined using two approaches which are visual
observation and Zeta potential analysis. As for visual observation, the sedimentation of the particles in the nanofluids was
observed visually for all samples of ternary hybrid nanofluids periodically. Meanwhile, the Zeta potential values of the
ternary hybrid nanofluids were analyzed to determine the electro-stability of the nanoparticles dispersed in the base fluid.
Litesizer 500 was used to measure the zeta potential of the measured nanofluids.

2.3 Thermophysical Properties Measurement
2.3.1 Thermal conductivity

The thermal conductivity measurement of the nanofluids studied in this research was conducted using the Modified
Transient Plane Source from C-Therm which complied with ASTM D7984 standard. This device used the transient line
heat source method to enhance the accuracy of thermal conductivity measurement. The device featured a single-sided,
interface heat absorbance sensor that applied a constant source of heat to the sample for a brief period. At the location
where the sensor and the nanofluid sample made contact, the delivered current caused a temperature increase that caused
a change in voltage drop in the sensor element. As the rate of rise in temperature of the sensor element is exactly
proportional to the thermal conductivity, the rate of rise in sensor voltage was then calibrated to temperature and utilized to
analyze the thermal conductivity of the nanofluids using the C-Therm TCi Thermal Conductivity Analyzer as shown in
Figure 2. The measurement of all nanofluid’s thermal conductivity was done at room temperature of 30 °C as some
research discovered that above 50°C, there will be a higher reading error due to the convective heat transfer effect [10].
Multiple readings were recorded to obtain more accurate data for the thermal conductivity of the nanofluids. The C-Therm
was calibrated by measuring the distilled water and the value of thermal conductivity obtained was compared to the known
value for the distilled water.

Figure 2. C-Therm TCi thermal conductivity analyzer

2.3.2 Viscosity

The viscosity of the nanofluids sample was measured using the Anton Paar Rheolab QC device as shown in Figure 3.
The device was equipped with a rotational rheometer to ensure quality control for the viscosity measurement. The
viscosity measuring range for this device is from 1 to 10° mPas. The viscosity of the nanofluids sample was analysed at
a temperature range of 30 °C to 80 °C. To ensure reliable data from the viscosity measurement of the nanofluids, multiple
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reading was taken and recorded. The device calibration was done by measuring the distilled water and the measurement
was compared to the reference value of distilled water.

Figure 3. Anton Paar Rheolab QC device

2.3.3 Electrical conductivity

The measurement of the electrical conductivity of all nanofluid samples was conducted using the EUTECH Handheld
Meter Kit PC450 as depicted in Figure 4. The device was equipped with a special DJ PH probe that can be used to measure
the electrical conductivity, temperature, and PH value of the liquid solution. The reading of the electrical conductivity
was taken at a temperature range from 30 °C to 80 °C. In order to ensure a precise assessment of the electrical conductivity
of the nanofluids, multiple readings were taken and recorded. The equipment was calibrated using distilled water and
ethylene glycol and the readings were compared against the reference value.

%).J _——— sample

e i —— heater

~ Handheld
meter

Figure 4. EUTECH handheld meter kit PC450

2.3.4 Numerical model of the serpentine cooling plate

The heat transfer and fluid performance of the ternary hybrids nanofluids in the serpentine cooling plate were
simulated using ANSYS Fluent. The geometry of the cooling plate was created using CATIA V5R20 as shown in
Figure 5. The cooling plate material is carbon graphite and was subjected to a power density of 300 W, which mimics the
electrochemical behavior of a PEMFC [22]. The power density was then converted to a heat flux value by dividing it with
the surface area heater pad resulting value of 6493.5 W/m?2, Meanwhile, the number of meshing elements used was also
observed as it is an important factor in ensuring the optimum data analysis duration [23]. As shown in Figure 5(b), the
grid independence test result was conducted to identify the optimum number of meshing elements required for the
analysis. It was observed that, after 2509378 meshing elements, the plate temperature value became constant showing the
stability of the meshing element used. Thus, the simulation was performed for the cooling plate with 2509378 meshing
elements.
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Figure 5. Cooling plate modeling Ansys Fluent: (a) geometry of the cooling plate and, (b) grid independence test

For simplification, several assumptions have been made for this ANSYS Fluent simulation [24] where the flow was
considered as laminar and in steady state condition. The effect of body force was also assumed to be negligible. The fluid
properties were considered constant and viscous dissipation was negligible. Since there was no relative velocity between
the fluid phase and the nanoparticles which are in thermal equilibrium state, the resulting mixture can be regarded as a
single phase. Finally, it was assumed that the heat transfer and fluid flow were identical for all mini channels in the
serpentine cooling plate.

The governing equations for the simulation were as follows:

The continuity equation:

v. (pnf' VM) =0 (3)
The momentum equation:
V. (Pnf-Vin-Vag) = =VP + V (Uns.VVi) 4)
Fluid energy equation:
V.(pnf-Vin-T) = V(kns. VT) (5)
Heat conduction through the solid wall:
0 = V(ks.VTs) (6)
No solid boundary through solid wall:
V = 0 (at wall) )

In the simulation, the energy was distributed evenly across the cooling plate’s bottom. Conduction moved the heat
from the wall to the surface, and convection moved it throughout the fluid.

—ky . VT = g (at bottom of plate) (8)

—k,r. VT = q (at top of plate) 9)

2.3.5 Mathematical model for heat transfer and fluid flow analysis
The heat transfer coefficient was calculated using the following equation:

q

h= Ty (10)

TPlate - ( 2

where, q is the heat fluxes, W/m?, h is the heat transfer coefficient in W/m2.K, and Tp,s. , T;, and T, are temperature
of plate, temperature of inlet fluid and temperature of outlet fluid respectively.

The Nusselt number was determined using the following equation:

hD
Nu=—2 (11)
Knf

where Dy, is the hydraulic diameter, m and k., is the thermal conductivity of measured nanofluids, W/m.K
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The pressure drops inside the cooling channel was calculated using the following equation:

AP = P, — P, (12)
where P; and P, are the input and output pressures, kPa, consecutively.
The pumping power was estimated using the following equation:

Wp = Q x AP (13)
where @ is the volume flow rate, m¥s.

The advantage ratio was then calculated using the following equation:
h

== (14)

AR

3. RESULTS AND DISCUSSION
3.1  Nanofluids Stability

The first method employed in assessing the stability of the ternary hybrid nanofluids prepared was through visual
observation as shown in Figure 6. After 15 days of preparation, the upper section of all the ternary hybrid nanofluids
samples became slightly translucent, and there was slightly apparent sedimentation at the bottom of the tube. Meanwhile,
after 30 days of observation, there was a slight sedimentation on the test tube's bottom, and the upper section became
clearer. This sedimentation developed due to the nanoparticles in the nanofluids gradually settling due to gravitational
force, dragging the particles down over time. Since the nanofluids is normally in a forced flow convection heat transfer,
the suspended particles will be dissolved in the channel in its application, therefore this minimum sedimentation is deemed
to be an insignificant concern in the actual application.

RERAREF

(@) (b)
Figure 6. Visual observation: (a) after 15 days and (b) after 30 days

Pronounced , Limited | ,
Aggregation ! Stability ! Slab]e: Physically Stable

0.01% GO + 0.5% AL,0,:Si0, (20:80)

0.01% GO + 0.5% A1,0,:Si0, (10:90)

Nanofluids

0.01 % GO

0 10 20 30 40 50 60 70 80

Absolute Zeta Potential (mV)
Figure 7. Zeta potential
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The second method employed for stability is the zeta potential measurement. The zeta potential is referred to as
excellent stability when the absolute value is over 60 mV, physical stability when the value is beyond 30 mV, stability
when the value is above 20 mV, limited stability when the value is less than 20 mV, and pronounced aggregation when
the value is under 5 mV [25]. In Figure 7, all the zeta potential measurements made for single 0.01 % GO nanofluids and
the ternary hybrid nanofluids of 0.01% GO+ Al,O3: SiO; (10:90) and 0.01% GO+ Al,Os: SiO, (20:80) showed absolute
values over 30 mV and 60 mV, indicating that the prepared 0.01% GO nanofluids sample was indeed physically stable
while 0.01% GO+ Al;O3: SiO; (10:90) and 0.01% GO+ Al,O3: SiO, (20:80) were in excellent stability.

3.2.  Thermophysical Properties of Nanofluids

3.2.1 Thermal conductivity

Thermal conductivity is one of the significant factors that influence the heat transfer efficiency of coolants in
electrically active environments. Nanofluids that have higher thermal conductivity tend to conduct heat better and enhance
the heat transfer rate. Figure 8 shows that at all concentrations, the thermal conductivity values reported for the ternary
hybrid GO: Al;O3: SiO2 nanofluids were higher than the base fluid. The mixture of 0.01 % GO + 0.5 % Al,Os: SiO>
(20:80) with an enhancement of 1.24 % from the base fluid yielded the maximum increment for the ternary hybrid
nanofluids. Meanwhile, the lowest enhancement of thermal conductivity compared to the base fluid was 0.83 % for
0.006 % GO+ 0.5% Al;O3: SiO; (10:90) nanofluids. The thermal conductivity was enhanced when higher concentrations
of nanoparticles were dispersed in base fluid due to the increase in Brownian motion of the suspended particles in the
nanofluids [26]. Based on the result, all thermal conductivity values of the ternary hybrid nanofluids with 0.01 % GO
show the highest rise from the base fluid followed by the ternary hybrid composed with 0.008 % and 0.006 % GO
concentration. The increase in nanoparticle volume concentration enhanced the particle interaction and the layered
structures formed by the increased particles led to a thermal bridging effect between the fluid and nanoparticle which
eventually increased the thermal conductivity property.

In addition, the graph also displayed that thermal conductivity was higher in the mixture ratio of 0.01% GO + Al,Os:
SiO; (20:80) nanofluids than in the 0.01% GO + Al,O3: SiO, (10:90) nanofluids. This was due to the higher thermal
conductivity nanoparticle of Al,O; as compared to SiO, [13]. In fact, Khalid et al. [8] has investigated the thermal
conductivity for 0.1 % to 0.5 % Al>Oz and SiO; nanofluids and reported that Al,Os nanofluids have higher thermal
conductivity than SiO, nanofluids at all concentrations [10]. Thus, these agreements implied that increasing the mixture
ratio of Al,O; while reducing the ratio of SiO; in the ternary hybrid will enhance the thermal conductivity of the
nanofluids.

0.006% GO + 0.5% AL, 0;:Si0, (20:30)

0.006% GO + 0.5% Al 0;:SiO, (10:90)
0.008% GO + 0.5% AL 0,:Si0, (20:80)
0.008% GO + 0.5% AL 0;:Si0, (10:90)

0.01% GO + 0.5% AL,0,:Si0, (20:30)

0.01% GO + 0.5% Al,0;:Si0, (10:90)

Nanofhuds

0.006 % GO

0.008 % GO

0.01 % GO

Base fluid

0.612 0.614 0.616 0618 0.620 0.622 0.624

Thermal Conductivity, k (W/mK)

o
> -
=2
o

Figure 8. Thermal conductivity of nanofluids
3.2.2 Viscosity

The viscosity of the nanofluids is among the crucial aspect that needs to be considered in the application of nanofluids
in cooling channels since this thermal property is directly related to the pressure drop and pumping power. The measured
values of dynamic viscosity of nanofluids at various temperature ranges ranging from 30 °C to 80 °C in centipoise (cP)
unit were depicted in Figure 9. The graph showed that the dynamic viscosity of mono and ternary nanofluids decreased
as the temperature rose. This trend is due to the nanoparticle's Brownian motion in the nanofluids resulting in a greater
transfer of energy which eventually reduces viscosity by obstructing agglomerations in the fluid at higher
temperature [27].
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As for the ternary hybrid nanofluids, the graph showed that the lowest viscosity value was exhibited by the 0.006 %
GO + Al,Os: SiO; (20:80) with a value of 1.0284 cP which is 2.97 times higher as compared to the base fluid at 80 °C.
Meanwhile, the highest viscosity value was recorded by the ternary hybrid nanofluids of 0.01% GO + Al,O3: SiO; (10:90)
with a value of 1.3111 cP that yield increment up to 3.79 times higher as compared to the base fluid at 80 °C. It was
observed that, as the volume concentration of nanoparticles gets higher, the nanoparticles have a stronger tendency to
form larger aggregations, which increases flow resistance thus increasing the viscosity of the nanofluids. This
phenomenon is associated with the attraction of van der Waals force between the particles [28]. In terms of the mixture
ratios effect, the ternary hybrid nanofluids composed of 0.01% GO with a mixture of Al,O3: SiO; (10:90) recorded slightly
higher enhancement of viscosity values than the ternary hybrid nanofluids composed with Al,Os: SiO; (20:80) at most of
the temperature range. Sundar et al. [10] studied the viscosity of Al,O3; and SiO2 nanofluids and discovered that at above
40 °C, SiO; nanofluid has a greater viscosity than Al>O3 nanofluid. The finding justified the possibility for the ternary
hybrid with a lower mixture ratio of Al,Os to have a greater viscosity than the ternary hybrid composed of Al;O3: SiO;
(20:80) at a temperature above 40 °C.

B Bas fuid 0.01% GO + 0.3 AL 0, 510, Q0:30)
22 -1 @& 001%G0 0.008% GO+ 0 Al,0,:8i0, (10:90]
| & oooswco @ 0.008% GO~ 0.5% ALO, Si0, (20:30
W 0.006%GO + 0.006% GO= 0.5% ALO,5i0, (1050
2.0 4 0.01% GO = 05% AL,0, 3i0, (1050) @iy 0.006% GO= 0.5% ALO, §i0, (20:80
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2 124 ¥ * .
3 . *
2 v $ b
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Figure 9. Viscosity of nanofluids

3.2.3 Electrical conductivity

Electrical conductivity is a measure of the capability of a material to conduct electric current. Figure 10 shows the
result for the electrical conductivity of nanofluids at the different temperature ranges from 30 °C to 80 °C. The graph
showed that all nanofluids measured had an increase in the value of electrical conductivity than the base fluid. In
comparison to the mono GO nanofluid, the ternary hybrid recorded a tremendous increment of the electrical conductivity
value. The maximum increment of electrical conductivity value recorded by the ternary hybrid nanofluid 0.01 % GO +
Al,O3: SiO (10:90) at 80 °C with the value of 173.8 ps/cm that yield increment up to 44 times larger than the base fluid,
while the lowest increment value exhibited by the 0.006% GO + Al;Os: SiO (20:80) with value of 144.7 ps/cm which
recorded increment of 37 times larger than base fluid. In short, the graph indicated that at all temperature ranges,
nanofluids with higher GO concentrations exhibited stronger electrical conductivity than those with lower GO
concentrations. The accessibility of current conducting pathways in the nanofluid increases as GO nanoparticle
concentration rises, thus increasing electrical conductivity. This finding is in good agreement with A.A. Minea [29] who
reported that water-based nanofluid has higher electrical conductivity when the volume concentration increases.

On the other hand, the ternary hybrid nanofluid composed of 0.01%, 0.008%, and 0.006% GO with a mixture of
Al>,O3: SiO2 (10:90) recorded higher enhancement of electrical conductivity values from the ternary hybrid nanofluids
composed with Al,Os: SiO; (20:80) at both low and high temperature. This is well aligned with Chereches et al. [30] who
experimented the electrical conductivity of simple and hybrid nanofluids containing Al,Os, TiO;, and SiO, and found
that SiO; yielded higher electrical conductivity values than Al,O3z nanofluids. Thus, lowering the ratio of Al,O3 while
increasing the SiO; in the ternary hybrid nanofluid would lead to a higher electrical conductivity value.
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Figure 10. Electrical conductivity of nanofluids

3.3  Heat Transfer and Flow Analysis
3.3.1 Validation of simulation data

Prior to the comprehensive simulation analysis of the heat transfer and fluid flow for ternary hybrid nanofluids, the
simulation for base fluid was validated with available published literature that has studied the heat transfer and fluid flow
performance of the base fluid to ensure the accuracy of the simulation. Figure 11 presents a similar trend between the two
data where the average plate temperature was reduced as the Reynolds number was increased [31]. The deviation of the
average plate temperature was in the range of 3.48 % to 4.76 % between the simulation data and the experimental values
which shows an acceptable agreement. The deviation might be due to different designs in the cooling plate used where
Zakaria et al. [31] used a distributor-type cooling plate while this study was on a serpentine cooling plate.
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Figure 11. Validation of simulation with average temperature experimental data against [31]

3.3.2 Average plate temperature

The average plate temperature of the cooling plate for nanofluids was recorded as an indicator of the significance of
nanofluids in absorbing the heat from the cooling plate. Figure 12 depicts the average plate temperature for the base fluid,
mono, and ternary hybrid nanofluids. The lower the average plate temperature demonstrates that the heat is being absorbed
more effectively by the coolant. Base fluid recorded the highest value of average plate temperature at all ranges of Re
number. At Re 2000, 0.01 % GO + Al;Os: SiO; (10:90) nanofluid showed the highest reduction of 0.16 % followed by
0.008 % GO + Al,Os: SiO; (10:90) and 0.006 % GO + Al,0s: SiO, (10:90) with 0.15 % and 0.14 % reduction,
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respectively, as compared to the base fluid. Higher values of volume concentration resulted in higher thermal conductivity
thus making it easier for heat transfer to be absorbed by the nanofluids.
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Figure 12. Average plate temperature against Reynold number

l

:80)

Base Fluid 0.006 GO+AI203:5i02 (10:90) | 0.008 GO+ Al203:5i02 (10:90) | 0.01 GO+AI203:5i02 (10:90)

Figure 13. Cooling liquid temperature contour

The thermal behavior of the cooling plate also was then demonstrated through the fluid temperature contour.
Figure 13 shows the temperature contour of the cooling liquid. All fluids displayed that the inlet area is relatively colder
than the outlet area. This condition indicates that all fluids absorbed heat from the cooling plate which led to a rise in
temperature as the fluid flowed through the outlet. All measured nanofluids demonstrated colder temperature gradients
compared to the base fluid. This indicates enhancement of the heat transfer as the cooling plate reduces in temperature
resulting in a lower temperature of flowing fluid on the plate. Meanwhile, the contour of the mono GO and the ternary
hybrid is almost similar due to very small temperature differences in terms of average plate temperature. When the volume
concentration of GO in the mono and ternary hybrid nanofluid increased, the blue region occupied a bigger area while
the green color slowly disappeared. This implies that increasing the volume of concentration improves the heat transfer
which causes a reduction of the temperature of the cooling plate which eventually leads to a lower temperature range of
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the fluid flowing on the plate. This finding is well-aligned with the result of the coolant temperature contour obtained by
Zakaria et al. [24] who also studied the behavior of nanofluid in a serpentine cooling plate.

3.3.3 Heat transfer coefficient

The heat transfer coefficient is a crucial parameter that defines the heat transfer rate between fluid or any other medium
across a surface. It demonstrated the competency of the fluid or medium to conduct heat and can be translated as the
quantity of heat transferred per unit area and difference in temperature. The heat transfer coefficient of a coolant is
generally influenced by the thermophysical properties of the fluid, fluid regime and flow rate, and geometry or nature of
the surface [27]. Figure 14 displays the heat transfer coefficient for all the measured nanofluids. All the mono and ternary
hybrid nanofluids recorded enhancement of heat transfer coefficient as compared to the base fluid. It was observed that
heat transfer coefficient was influenced by volume % concentration as the highest heat transfer coefficient value was
exhibited by the ternary hybrid nanofluid 0.01% GO + Al,Os: SiO (10:90) with a value of 11484.3 W/m2 K at Re 2000.
This was equivalent to 1.086 times higher than the base fluid. This was then followed by 0.01% GO + Al,Os: SiO; (20:80)
with 1.063 times higher than the base fluid. The higher content of nanoparticles in these nanofluids boosted the heat
transfer rate coefficient due to their higher thermal conductivity characteristics as compared to the base fluid [32]. A
similar pattern was also reported by Hwang et al. [33] that the water-based Al.O; increased the heat transfer coefficient
by 8 % when the volume concentration of the nanofluid was raised from 0.01 % to 0.3 %.

M Base fluid
® 001%G0
—_ 12000 1 & oomsosco
¥ 0006%GO y
n¥ 0.01% GO + 0.5% ALLO, 80, (10:90) | +
g 0.01% GO + $i0, (20:80) %
B 10000 A 0.008%GO+ ,0,:8i0, (10:90)
< @ 0008%GO+ ,0,:8i0, 20:80) [ ¢ :
<  0.006%GO+ 0.5% Al,0; S0, (10:90)
E’ @ 0.006%GO+ 0.5% Al203:5i02 (20:80) *
.2 8000 ~ ¢
g *
b= ¢
g
O 6000 4 [ |
-
5 ¢ -
g ]
S 4000 =
t‘ - ]
% v
= 4
2000 L
T T T T T T |

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Reynolds Number, Re
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3.3.4 Nusselt Number

The Nusselt number is a dimensionless parameter that measures the ratio of convective heat transfer over conductive
heat transfer. Figure 15 displayed that all measured mono and ternary hybrid nanofluids recorded higher Nusselt numbers
than the base fluid. The base fluid has the lowest Nusselt number of 17.42 at Re 2000, whereas the ternary hybrid nanofluid
with 0.01% GO + Al;03: SiO, (10:90) had the greatest value of 36.2. This improvement is equivalent of 107% as
compared to base fluid. This is due to the improved heat transfer coefficient values of nanofluids as compared to base
fluid. The ternary hybrid nanofluids rank was the top one, followed by the mono nanofluids. The results also showed that
nanofluids with the highest GO content has the greatest increase in Nusselt number as compared to those with lower GO
concentration at all ranges of Re number. The increase in volume concentrations led to an increase in thermal conductivity
which consequently enhance the heat transfer coefficient and Nusselt number, which is in good agreement with result of
Muhammad et al. [34].

3.3.5 Pressure drop

The hydraulic performance of the nanofluid in the cooling channel was represented by the pressure drop value which
was the differences between the inlet pressure and the outlet pressure. Figure 16 displayed the pressure drop resulted from
the nanofluids at various ranges of Re number. At Re 2000, the highest-pressure drop was recorded by the ternary hybrid
nanofluid 0.01% GO + Al;Oz: SiO; (10:90) with the value of 25.9 kPa, which is equivalent to 5.5 times higher than the
base fluid. This was then followed by 0.01% GO + Al;O3: SiO; (20:80) with 5.3 times increment over base fluid. This
was mainly due to the higher value of viscosity of the ternary hybrid nanofluids as compared to the base fluid. The addition
of nanoparticles to the base fluid caused the clustering due to the attraction of van der Waals force between the particles
which consequently increase the viscosity [28]. The findings also demonstrated that across all Re number ranges,
nanofluids with the highest GO content exhibited a greater rise in pressure drop than those with lower GO concentrations.
At Re 400, for example, 0.01% GO + Al;Os: SiO- (20:80) nanofluid recorded the highest pressure drop, at 449.2 %, over
the base fluid, followed by 0.008 % GO + Al;Os: SiO; (20:80) and 0.006% GO + Al,Os: SiO; (20:80), with 414.9 % and
288 % enhancement, respectively. As the volume concentration of nanoparticles gets higher, the nanoparticles have a
stronger tendency to form larger aggregations, which increases flow resistance and, as a result, the viscosity of the
nanofluids.
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Figure 16. Pressure Drop against Reynolds number

3.3.6  Pumping Power

The pressure drop then translated to pumping power to further analyze the effect of the mono GO and GO: Al;Os:
SiO2 nanofluids on the fluid flow. Figure 17 depicts the pumping power for the base fluid and nanofluids. The base fluid
recorded the lowest pumping power as compared to the mono and ternary hybrid nanofluids. At Re 2000, the minimum
pumping power was recorded by the base fluid with the value of 0.182 W, whereas the maximum pumping power was
exhibited by 0.01 % GO + Al,O3: SiO; (10:90) nanofluids with pumping power of 2.335 W. The results also showed that
across all Re number ranges, the ternary hybrid nanofluids containing greater GO levels experienced an additional
pumping power than ternary hybrid nanofluids with lower GO concentrations for both lower and higher Re numbers. At
Re 1200, for example, 0.01 % GO + Al,O3: SiO; (10:90) nanofluid recorded the highest pumping power, at 1184 % over
the base fluid, followed by 0.008 % GO + Al,Os: SiO; (10:90) and 0.006% GO + Al,Os: SiO; (10:90), with 1083 % and
798 % enhancement, respectively. This finding is aligned with Louis et al. [35] who also reported that the fluid viscosity
increased up to 2.03% when the concentration of nanofluid in the base fluid increased from 0.0 % to 0.8 %, thus resulting
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in greater pumping power to cover up the losses caused by the higher pressure drop. In terms of mixture ratio, all the
ternary hybrid nanofluid with the mixture of Al,Os: SiO; (10:90) led to a greater pumping power than all the ternary
hybrid nanofluid made with Al,O3: SiO, (20:80). This is true to all volume concentration of GO added to the Al,Os: SiO>
nanofluids. This was due to the higher viscosity value of the 20:80 mixture as compared to 10:90, which was similar to
findings reported by Khalid et al. [13].
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3.3.7 Advantage ratio

In summary, the effect of hybridizing the GO: Al,Os: SiO; to form a novel ternary hybrid nanofluid resulted in the
enhancement of its critical thermo-physical properties which are thermal conductivity, and viscosity. These properties
were then applied to a serpentine cooling plate to review the heat transfer improvement. However, the heat transfer
enhancement of these properties was coupled with penalties as the increase of the viscosity led to higher pressure drop
and pumping power. To confirm the feasibility of the GO: Al.Os: SiO; ternary hybrid nanofluids, the advantage ratio of
heat transfer coefficient over pressure losses is measured. The nanofluids are considered feasible if the measured
advantage ratio is equal to or greater than 1 [36]. Figure 18 demonstrates that the base fluid consistently exhibits advantage
ratios larger than 1 over the entire range of Re values. Meanwhile, mono and ternary hybrid nanofluids, on the other hand,
only showed advantages higher than 1 in the lower Re area within the range of Re 400 to 800. The highest advantage ratio
for the ternary hybrid nanofluids was recorded by the 0.01% GO + Al»Os: SiO2 (10:90) with a value of 1.47 at Re 400.
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Meanwhile, the lowest advantage ratio at Re 400 was exhibited by 0.006% GO + Al,O3: SiO, (10:90) with a value of
1.36. The highest advantage ratio for the ternary hybrid nanofluids by the 0.01% GO + Al,O3: SiO; (10:90) was due to
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its higher enhancement in terms of heat transfer coefficient as compared to the pressure drop penalty. However, at the
higher Re region than Re 800, the advantage ratio of both mono and ternary hybrid nanofluids dropped to below 1, thus
indicating the insignificant of practical application. In addition to that, the properties of the nanofluid used in this study
were measured at 30 °C whereby in the real-world application, the feasibility of the novel nanofluid can be further
improved by operating at a slightly higher operating temperature as the viscosity tends to decrease as the temperature
increases, which reduce the pressure drop penalty.

4. CONCLUSIONS

The thermophysical properties of thermal conductivity, electrical conductivity, and dynamic viscosity of GO: Al;Os:
SiO; ternary hybrid nanofluids were presented in this study. The highest enhancement of thermal conductivity was made
by 0.001% GO + 0.5% Al,O3: SiO; (20:80) with an enhancement of 1.24% from the base fluid. The maximum value of
viscosity was recorded by 0.01% GO + Al,O3: SiO; (10:90) at 80 °C yielded 3.79 times higher compared to the base fluid.
Meanwhile, the minimum increment value of electrical conductivity exhibited ternary hybrid nanofluid 0.01% GO +
Al>Os: SiO; (10:90) at 80 °C with the value of 173.8 ps/cm that yield increment up to 44 times larger than the base fluid.
In term of its application in a serpentine cooling plate, the heat transfer and fluid flow performance of the GO: Al,Oa:
SiO; ternary hybrid nanofluids in a serpentine cooling plate using showed better heat transfer performance as compared
to the base fluid and mono GO nanofluids. The 0.01% GO + Al,Os: SiO; (10:90) nanofluid, has a greater value of heat
transfer coefficient than the 0.01% GO + Al,Os: SiO; (20:80). As for the fluid flow analysis, due to the significant effect
of the viscosity value, the GO: Al,Os: SiO; ternary hybrid nanofluids has resulted in the higher pressure drop across the
cooling plate which eventually led to the higher pumping power required to cater the pressure losses. In terms of its
feasibility for adoption, the advantage ratio was beneficial at lower Re number of Re 400 to Re 800. However, further
experimental studies are required to validate these findings.
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