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ABSTRACT

A major problem being faced by existing coolants is the limited amount of heat that can
be absorbed by the fluids. An innovative way to overcome this limitation is by utilizing a
nano-coolant as a heat transfer medium in a cooling application. This paper was aimed at
formulating an efficient nanofluid from Pyrograf I1l HHT24 carbon nanofibers (CNF) in
a base fluid consisting of deionized water (DI) and ethylene glycol (EG) with
polyvinylpyrrolidone (PVP) as the dispersant. The experiment was conducted by setting
the variable weight percentage of CNF from 0.1 wt% to 1.0 wt%, with the base fluid ratio
of 90:10 (DI:EG) weight percent. Then, the thermal properties of the formulated
nanofluids were investigated. The test on the thermal conductivity of the nanofluids
showed that the highest thermal conductivity of 0.642 W/m.K in this experiment was
produced when the concentration of nanofluid is 0.5 wt% at a temperature of 40°C.
Experimental investigations into the forced convective heat transfer performance of the
CNF-based nanofluid in a laminar flow through a mini heat transfer test rig showed that
the presence of nanoparticles enhanced the heat transfer coefficient as opposed to the
original base fluid. The highest heat transfer coefficient was reported using nanofluid with
a concentration of 0.6 wt% at 40°C. The enhancement of the heat transfer coefficient was
due to the higher thermal conductivity value. The Nusselt number was also calculated and
presented in this paper. This study showed that the CNF-based nanofluids have a huge
potential to replace existing coolants in electronic cooling applications. Thus, in order to
commercialize nanofluids in practice, more fundamental studies are needed to understand
the crucial parameters that affect their thermal characteristics.
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INTRODUCTION

Carbon nanofiber (CNF) has amazing intrinsic mechanical properties that make it
electrically and thermally conductive [1, 2]. CNFs have a stacked-up structure due to the
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vapour deposition process employed in their production [3]. Carbon nanofibers are
disjointed, highly graphitic and very well-suited for most polymer processing methods.
They possess excellent mechanical properties, high electrical and thermal conductivity
[4], which have made CNFs one of the choice materials for building cooling systems. The
desired properties for a heat transfer fluid with particles are high thermal conductivity and
extreme stability. Fluids having this combination of features are not in existence until the
advent of nanofluids. Through the invention of nano-coolants, nanofluid technology
contributes to a more energy-efficient and cost-effective process [5-9]. These nanofluids
can be used in a wide range of industrial applications [10]. Heat transfer can be defined
as the transfer of heat between a fluid and a surface due to the macroscopic motion of the
fluid relative to the surface. Past researches revealed that nanofluids can enhance heat
transfer [11-16]. Another study that was conducted also revealed that Cu-ethylene glycol
nanofluid exhibits an increased heat transfer capability [17-19]. Generally, the
enhancement in the heat transfer coefficient is much higher than the increase in the
effective thermal conductivity. The possible reasons associated to that fact are the
increment in thermal conductivity, the shear-induced enhancement in the flow, and the
high aspect ratio of the carbon nanotubes [20].

For the past two decades, promising results in experimental and theoretical studies
in the literature reviews have shown that nanofluids have an extensive range of potential
applications for heat transfer systems such as in automobile radiators [21], refrigerators
[6, 22, 23], solar collectors [24], mini channels [25] and electronics [26]. However, only
a few studies of electronic coolants using nanofluids have been established as being
related to CPU cooling [27]. Nguyen et al. [28] was the first person to conduct an
experiment to study the effect of using nanofluids on the thermal performance of a water
block system designed for CPU cooling. The study concluded that nanofluids enhance the
heat transfer performance in the system, and this enhancement increases with an increase
in the particle volume concentration. Roberts and Walker [29] also studied the thermal
performance of a commercial liquid cooling system that used nanofluid as the coolant
liquid. The study was conducted experimentally in a straight tube with Al,Os/water
nanofluid. The results were compared with a commercial water block. The results
revealed that alumina-water nanofluid gives a better performance in liquid cooling
systems. Recent studies by Nazari et al. [27] concluded that a cooling system that uses
CNT nanofluids with added nanoparticles gives a better heat transfer performance
compared to conventional fluids (ethylene glycol and water). The aforementioned studies
were carried out on a CPU cooling system. Thus, the first aim of this present work was to
develop and formulate an efficient nano-coolant produced from a mixture of carbon
nanofibers, deionized water, ethylene glycol and dispersant. Then, the thermal properties
of the nanofluid in terms of its thermal conductivity and heat transfer were studied. A
mini heat transfer test rig was also designed in order to study the forced convective heat
transfer in nanofluids under laminar flow conditions.

METHODS AND MATERIALS

Materials

The nanocarbon particles used in this study were Pyrograf I11 Carbon Nanofibers, High
Heat Treated 24 (CNF HHT24) grade, which had been subjected to a high heat treatment
with a temperature of up to 3000°C. To facilitate the easy dispersion of nanoparticles in
the nanofluids, polyvinylpyrrolidone (PVP) from Sigma-Aldrich Co. was chosen as a
dispersant. The dispersant was added to lower the surface tension, increase the particle
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immersion and prevent fast sedimentation in the mixture. The properties of CNF HHT24
are shown in Table 1.

Table 1. Properties of Pyrograf 11l CNF HHT24.

Properties Description
Density 2.0 g/lcm®
Moisture < 5wt%
Fibre Diameter 100 nm
Specific Surface Area 41 m?/g

Deionized water (DI) with a density of 1.0 g/cm?®, which was used as the base
fluid, was prepared in the laboratory using an ELGA LabWater purification system, while
ethylene glycol, with a density of 1.1 g/cm? was purchased from Quality Reagent
Chemical (QREC).

Synthesis of Nanofluids

The preparation of the nanofluids in this study was carried out using a two-step method.
The nanofluids that were formulated are shown in Figure 1. The nanofluids were
synthesized with various mass fractions, where different masses of nanoparticles were
added to 40 ml of the base fluid composed of DI and EG, with the presence of
polyvinylpyrrolidone (PVP). The experiment was conducted by setting the variable
weight percentage of CNF from 0.1 wt% to 1.0 wt%, with the base fluid ratio of 90:10
(DI:EG) weight percent. The suspension was homogenized for five minutes by using a
Digital Homogenizer LHG-15 at a rotational speed of 10000 rpm. The homogenization
was important to ensure that the solid particles inside the suspension were uniformly
dispersed. Then, the nanofluid samples underwent an ultrasonication process at 25°C
using an Elmasonic S30H ultrasonicator for five minutes at a frequency of 37 kHz. The
dispersion and stability of the nanofluids were then observed using a stability test rig
(STR) to ensure that the nanofluids were in stable condition and well-homogenized.

. 4o 01 02 b3 04 @5 06 07 BB 03 ()
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Figure 1. Nanofluid samples after undergoing homogenization and ultrasonication.
Thermal Conductivity Measurement

All the samples, which had been stabilised, were then tested for their thermal
conductivity. The schematic diagram of the thermal conductivity test is shown in Figure 2.
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Figure 2. Schematic diagram for thermal conductivity testing.

A KD2-Pro Thermal Properties Analyser (Decagon Devices, Inc.) was used to
measure the thermal conductivity of the nanofluids at three different temperatures of 6°C,
25°C and 40°C. This device met the standards of ASTM D5334 and IEEE 442-1981. A
single-needle KS-1 sensor, with a length of 60 mm and a diameter of 1.3 mm, was used
to measure the thermal conductivity of the nanofluids. The KS-1 sensor provided a very
small heat pulse, which was approximately less than 0.1 W/m.k. In this experiment, to
ensure accurate results, the testing was carried out three times for each nanofluid sample
to obtain an average reading.

Heat Transfer Experimental Setup

A mini heat transfer test rig, as shown in Figure 3, was designed in order to study the
thermal performance of the formulated nanofluids by utilising nanofluids as efficient
coolants that can be used in liquid cooling systems. A model was built from the
components that made up the central processing unit (CPU) of a liquid cooling system,
which consisted of a copper coil (heating source), fan (cooling source), liquid pump,
coolant tank and copper pipe. A direct current was used to run the cooling system. A
copper coil with an outer diameter of 6.65 mm, inner diameter of 4.35 mm, thickness of
1.15 mm, and heat exchange length of 81.40 mm, was used as a heating source, which
was drenched inside a refrigerated water bath. A liquid pump with a flow rate of 8 L/min
was used to circulate the nanofluids and base fluid during the test. A K-type thermocouple
was used to measure the inlet and outlet temperatures of the nanofluids as they flowed
through the copper coil. The thermocouples were attached to a data logger and the results
were directly shown in the PicoLog data acquisition software. The readings were taken at
water bath temperatures of 6°C, 25°C and 40°C following the constant flow of nanofluids.
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Figure 3. Schematic diagram of mini heat transfer test rig.
RESULTS AND DISCUSSION

Thermal Conductivity

In order to establish the reliability and accuracy of the measurements, the standard data
obtained from the abovementioned experiment were compared to those established by the
standards of the American Society of Heating, Refrigerating and Air Conditioning
Engineers (ASHRAE). The comparison of the data is shown in Figure 4. It can be clearly
seen from Figure 4 that the data for the base fluid are in good agreement with the data
from ASHRAE. The thermal conductivity results were then represented graphically, as
portrayed in Figure 5, to chart the effect of heat on each sample at various concentrations.
A zero-weight percentage of CNF in a mixture of DI and EG (90:10) was used as a
standard or datum to observe the enhancement of thermal conductivity at different
temperatures. The results were also compared with the thermal conductivity of deionized
water and ethylene glycol. Table 2 shows the thermal conductivity values of the standard
data.
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Figure 4. Thermal conductivity measurement validation compared to ASHRAE.

Table 2. Standard data for thermal conductivity.

Thermal Conductivity
Sample (W/m.K)
6°C 25°C 40°C
Deionized Water (DI) 0.546  0.570 0.595
Standard DI:EG (90:10)  0.544  0.551 0.566
Ethylene Glycol (EG) 0.219 0.223 0.235

From the results obtained, most of the nanofluid samples exhibited an increasing
thermal conductivity above that of the standard DI:EG (90:10) suspension and ethylene
glycol. However, there was no significant enhancement when the results were compared
to those of deionized water. The pure ethylene glycol had a lower thermal conductivity
compared to deionized water. Thus, when these two fluids were mixed together, it led to
a decrease in thermal conductivity. The results showed fluctuations for all the
temperatures, but it could be seen that the increase in thermal conductivity varied with an
increase in the percentage of nanoparticles. The highest thermal conductivity at all
temperatures was recorded for 0.5 wt%, 0.6 wt% and 0.7 wt% samples. The highest
thermal conductivity at 6°C was gained at 0.626 W/m.K, whereas at 25°C, the highest
thermal conductivity reading was 0.635 W/m.K, followed by 0.642 W/m.K at 40°C.
There were three samples with exceptionally low conductivities, in fact lower than the
standard, which were the 0.8 wt%, 0.9 wt% and 1.0 wt% samples. The lowest thermal
conductivities of 0.513 W/m.K and 0.524 W/m.K were observed in the 0.8 wt% sample
at 6°C and 25°C, respectively. Meanwhile, at 40°C, the lowest thermal conductivity of
0.550 W/m.K was recorded by the 0.9 wt% sample. The increase in the nanoparticle ratio
caused an increase in the viscosity of the base fluid and subsequently, caused a decline in
the thermal conductivity of the nanofluids [30]. The viscosity of the base fluid affected
the Brownian motion of the nanoparticles and the thermal conductivity of the nanofluids
[31, 32]. The decreasing trend in the thermal conductivity was also due to the increase in
the size of the clusters and their regular parting from the base fluid [33]. The enhancement
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analysis was done to observe the trend, which was compared to the standard fluid (DI and
EG). The enhancement percentages of the nanofluids are shown in Table 3.
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Figure 5. Thermal conductivity of CNF-based nanofluids at various concentrations
when compared to standard DI:EG (90:10).

Table 3. Thermal conductivity enhancement percentages.

CNF weight Percentage of Enhancement (%)
percentage
(Wt%) 6°C 25°C 40°C
0.1 1.10 1.63 0.35
0.2 4.04 3.45 0.36
0.3 4.59 2.36 2.83
0.4 2.57 1.64 0.53
0.5 15.07 15.24 13.43
0.6 9.93 4.36 9.54
0.7 8.09 2.72 5.83
0.8 -5.69 -4.90 -2.65
0.9 -2.94 -2.90 -2.82
1.0 -3.71 -3.53 -1.41

The highest percentage enhancements at 6°C, 25°C and 40°C were obtained by
the 0.5 wt%, 0.6 wt% and 0.7 wt% nanofluids, respectively. The nanofluid sample with
0.5 wt% had the highest enhancement in thermal conductivity of 15.07 %, 15.24 % and
13.43 % at 6°C, 25°C and 40°C, respectively, while the percentage enhancement for 0.6
wt% was observed to be 9.93 %, 4.36 % and 9.54 % at 6°C, 25°C and 40°C, respectively.
As for the 0.7 wt% sample, the enhancement in thermal conductivity was noted to be 8.09
%, 2.72 % and 5.83 % at 6°C, 25°C and 40°C, respectively. The negative value indicated
that there was no improvement in the thermal conductivity of CNF-based nanofluids,
which means that the thermal conductivity was lower than the standard sample. It can be
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clearly seen from Table 3 that there was no enhancement for the 0.8 wt%, 0.9 wt% and
1.0 wt% samples. The lowest thermal conductivity enhancements of -5.69% and -4.90%
were noted in the 0.8 wt% sample at 6°C and 25°C, respectively. Meanwhile, at 40°C,
the 0.9 wt% sample had the lowest enhancement of -2.92 %. Overall, it can be concluded
that the 0.5% nanofluid sample gave the best enhancement to thermal conductivity of
CNF-based nanofluids at all the tested temperatures. The weight percentage of CNT may
give rise to abnormalities or irregular enhancements in the thermal conductivity, thus,
explaining the irregular behaviour of the nanofluids [34-36]. Similar result was reported
by the Hamilton-Crosser model [37], which showed that the thermal conductivity ratio
increases nonlinearly with an increase in solid concentration. The results also showed that
the rate of increase in the thermal conductivity at lower concentrations was much greater
than that of at higher concentrations.

Heat Transfer Coefficient

A heat transfer test was conducted to ensure that the samples were able to serve their
purpose of cooling and heating. Since fluid was used as the medium, the test was
conducted through the forced convective heat transfer method. The flow of the fluid was
assumed to be a laminar flow. The flow of fluid in a round tube or pipe is usually a laminar
flow with the Reynolds number of less than 2300. The heat transfer rate between a moving
fluid and a solid surface can be expressed by the following equation.

Q = hA4T, 1)

where Q is the forced convective heat transfer (W), h is the convective heat transfer
coefficient of the system (W/m2.K), A is the heat transfer area of the surface (m?) and ATx
is the temperature difference between the surface and the bulk fluid (K). On the other
hand, the heat transfer rate can also be written as in Eq. (2).

Q = mGCp ATZ (2)
where m is the mass of the water bath (kg), Cpis the specific heat of the water bath (J/kg.K)

and 47> is the temperature difference in the water bath (K). Eq. (1) can be rearranged to
obtain Eq. (3), as shown below.

h = Q/A A3)
AT,

Eq. (2) was then inserted into Eq. (3) in order to obtain the experimental heat transfer
coefficient, as shown in Eq. (4).

h= mCp ATZ (4)
A(AT))

In order to perform the calculation for the heat transfer coefficient of the fluid,
relevant data were obtained and summarized as shown in Table 4 and Table 5.
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Table 4. Variables involved in the calculation of the heat transfer coefficient.

Variables Involved Values
Length of Copper Pipe, L 2.2m
Outer Diameter of Copper Pipe, OD 0.013m
Specific Heat of Water, Cp 4178 J/kg.K
Mass of Water Bath, m 3 kg

Table 5. Temperature difference for heat transfer coefficient calculation.

Variable Temperature difference at

6°C 25°C 40°C
AT: (DI) 1.15 1.40 1.53
AT; (standard) 1.33 1.45 1.67
AT: (EG) 1.13 1.27 1.39
AT (0.5 wt%) 1.69 1.60 1.72
AT (0.6 wt%) 1.74 1.71 1.85
AT (0.7 wt%) 1.68 2.04 2.01
AT (DI) 1.24 1.59 2.53
AT?> (standard) 2.01 2.29 2.81
AT (EG) 1.17 1.35 2.12
AT (0.5 wt%) 2.60 2.58 3.10
AT? (0.6 wt%) 2.96 3.01 3.39
AT (0.7 wt%) 2.77 3.23 3.34

All the heat transfer coefficients were calculated based on the data from Table 4
and Table 5. Figure 6 shows the data of the heat transfer coefficient under different tested
temperatures at 6°C, 25°C and 40°C. It can be clearly seen that the convective heat
transfer coefficient increased linearly with an increase in the tested temperature. The
lowest heat transfer coefficient was recorded by the pure ethylene glycol without the
addition of CNF nanoparticles, while the highest heat transfer coefficient was reported by
the 0.6 wt% sample at 40°C. The nanofluid concentration had a huge effect on the heat
transfer coefficient, as when the concentration of the nanofluid increased, the convective
heat transfer coefficient also increased. However, at a maximum concentration of 0.7
wt%, the convective heat transfer coefficient was relatively lower compared to those
obtained by other concentrations. A strong reason for this was that the continuous
operation of the liquid pump that ensured the flow of nanofluids in the test rig had caused
depositions and clogging in the system. Numerous studies have been proposed to
determine the reasons for the heat transfer enhancement. Xuan et al. [38] stated that the
enhancement of the heat transfer of fluids is due to the high dispersion from the chaotic
motion of nanoparticles that hastened the transport of energy within the fluid. Similar
result was also reported by Luna et al. [39], who reported an increase in the heat transfer
coefficient of the nanofluid, CuO-PVA, when compared with that of the original base
fluid.
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Figure 6. Heat transfer coefficient values at different temperatures.

Some researchers revealed that a large surface area promotes higher heat transfer
between two media [40]. The reduction in particle size is represented by the effect of the
nanoparticles on the surface area. As the size of the particles decreases, the surface area
per unit volume increases. Thus, the heat transfer, which is directly related to the surface
area increases, resulting in the improved efficiency of the nanoparticles in transferring
heat to the base fluid [41]. A broader perspective was adopted by Duangthongsuk and
Wongwises [42], who investigated the effect of thermo-physical properties on the
prediction of the heat transfer coefficient, and concluded that the heat transfer coefficient
of nanofluids is slightly greater than that of water. This statement was in agreement with
most of the results obtained. Overall, the results of this study showed that the heat transfer
properties of the nanofluids were higher than those of the standard solution. The heat
transfer coefficient data were then used to obtain the experimental Nusselt number in
order to determine the ratio of the convective to conductive heat transfer across the
boundary. The Nusselt number was calculated from Eq. (5).

hD
Nu = — 5
” )

where h is the experimental heat transfer coefficient, D is the copper pipe diameter
and k is the experimental thermal conductivity of the fluid. The calculated experimental
Nusselt numbers are shown in Table 6. Table 6 shows the variation in the Nusselt numbers
of the nanofluids, which is a function of the temperature as well as of the particle volume
concentration. It was observed that the Nusselt numbers of the nanofluids were very much
larger than those of deionized water. This was because the Nusselt number for water was
3.66, while the Nusselt number for the nanofluids started at a value of 4454.51 and
increased with increasing concentration. However, the results showed fluctuation at 0.6
wt%. The high Nusselt number was attributed to the large value of the heat transfer
coefficient. A high Nusselt number indicated that the convection was controlling the
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thermal energy transported along the pipe surface. The pipe diameter, D, which was the
required dimension in the case of a nanofluid in the laminar flow regime, was extremely
small and contributed to the high heat transfer coefficient, hence leading to the increase
in the Nusselt number. The heat transfer coefficient was subject to both the diameter of
the pipe and the thermal conductivity of the fluid.

Table 6. Variation of Nusselt numbers at different temperatures.

Sample Nusselt Number
6°C 25°C 40°C
EG 8597.63 8630.07 11750.11
Standard 502.96 5189.26 5382.22
DI 3575.35 3607.31 503.15
0.5 wt% 445451 4597.43 5082.61
0.6 wt% 515.02 5542.32 5350.88
0.7 wt% 5076.72 5064.60 5022.42

CONCLUSIONS

The addition of CNF nanoparticles to a mixture of DI and EG as the base fluid was proven
to result in the enhancements of both thermal conductivity and heat transfer coefficients
as compared to the standard samples. In the thermal conductivity test, the highest value
recorded was 0.642 W/m.K for the nanofluid with a concentration of 0.5 wt% at a
temperature of 40°C. The experimental investigation into the forced convective heat
transfer performance of the CNF-based nanofluid in a laminar flow through a mini heat
transfer test rig showed that the presence of nanoparticles increased the heat transfer
coefficient as opposed to the original base fluid. The highest heat transfer coefficient was
reported by the 0.6 wt% sample at 40°C. The enhancement in the heat transfer coefficient
was due to the higher thermal conductivity values. The Nusselt numbers were also
calculated and presented in this paper. Overall, this study showed that nanofluids have a
great potential to be commercialized as conventional heat transfer fluids in electronic
cooling applications. However, further studies are needed to determine the crucial
parameters that affect the thermal characteristics of nanofluids such as the dispersion and
stability of the nanofluids, sedimentation or clogging, and the nanoparticle size.
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