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Abstract: Thermal conductivity and viscosity are important properties for nanofluids as they signifi-
cantly affect the flow and heat transfer process. To date, the rheological properties of water-based
nanofluids have been well studied, while the results are scarce for non-aqueous nanofluids. In this
study, the thermal conductivity and rheological properties of two different kinds of oxide nanofluids
(CuO and Al,O3) in a typical commercial data center focusing on liquid coolants were systematically
investigated at different mass fractions and temperatures. The results showed that the addition of
nanoparticles can significantly improve the heat conduction capacity of mineral oil coolants. There
is an average increase in thermal conductivity of up to 20-25%. The shear rate-shear stress and
shear rate—viscosity curves all showed that mineral oil coolant-based oxide nanofluids behaved
as Newtonian fluids and that nanoparticles did not cause the increment in viscosity. The effect of
temperature on rheological properties was also studied, and the result showed that high temperatures
resulted in low viscosity and shear stress. Finally, the effect of particle type was investigated, and
it was found that no matter what kind of nanoparticles were added, their effects on the rheological
behaviors were the same.
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1. Introduction

Nanofluids have attracted much attention in the past several years thanks to the small
sizes and large specific surface areas of nanoparticles [1-9]. In general, nanofluids are
defined as a new kind of heat transfer fluid with nanosized particles dispersing into con-
ventional working fluids, such as water, methanol, ethanol, glycol and oil [10,11]. Various
metallic or nonmetallic nanoparticles can be applied to form nanofluids, for example, Cu,
CuO, AL, O3, 5i0;, TiO;,, Fe30y, etc. [12-24]. Many researchers have found that compared
to fluids without nanoparticles, nanofluids have many superior features, such as enhanced
solar energy absorption, high heat transfer efficiency, an enhanced rate of oil and gas
recovery and other properties related to spreading, wetting and antibacterial activity [25].

To date, most informed research studies regarding nanofluids have only focused on the
behaviors during the thermal conduction, convective heat transfer and phase change heat
transfer processes. Although very little attention has been paid to the rheological properties
of nanofluids, especially for nanofluids applied in the data center cooling process, rheo-
logical properties play equally significant roles as thermal parameters in the engineering
applications and parameters of nanofluids. For example, the viscosity of working fluids
has a tight relation with pressure drop, which determines the power of the pump. Overall,
from the point view of engineering applications, it is valuable to find ideal nanofluids that
not only have high thermal conductivity, but also possess low viscosity.

Energies 2024, 17, 1313. https:/ /doi.org/10.3390/en17061313

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17061313
https://doi.org/10.3390/en17061313
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0006-2891-4682
https://doi.org/10.3390/en17061313
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17061313?type=check_update&version=1

Energies 2024, 17,1313

2of 16

The most widely used metal nanoparticle in the literature is Cu. Leong [18] inves-
tigated the heat transfer enhancement of ethylene glycol-based copper nanofluids in an
automotive cooling system. The volume concentration of nanoparticles they used ranged
from 0% to 2%, and they studied the heat transfer rate in different air and coolant conditions
with different Reynolds numbers. They found that with the increase in nanoparticles, the
heat transfer rate can increase by up to 3.8%. The increase in the Reynolds number also
has an effect on the heat enhancement of Cu-ethylene glycol nanofluids. When the air’s
Reynolds number was increased from 4000 to 6000, the heat transfer rate showed a 45.2%
enhancement. But when the Reynolds number of the coolant was increased from 5000 to
7000, the enhancement of the heat transfer rate was not obvious (only 0.4%).

Another commonly used metal nanoparticle is Ag. Behrangzade and Heyhat [26]
compared the effect of using nano-silver-water nanofluid and pure water for energy
efficiency enhancement at the same flow rate and same Reynolds number, respectively. By
using 100 ppm of nano-silver dispersed water-based nanofluid, they obtained a 16.79%
enhancement in the overall heat transfer coefficient, while the pressure drop value did not
exhibit an obvious change.

AlyO3 nanofluids are the most widely investigated type of nanofluids in the literature.
Hassani et al. [27] used different volume fractions of Al,O3 nanoparticles to synthesized
nanofluids. Al,O3 nanofluids were used as nanofluid coolants for an electronic heat sink.
The results disclosed that Al,O3 nanofluids with 0.5% and 1.0% volume fractions can
enhance the performance index of the heat sink by averages of 14.7% and 28.3%.

Al,Oz-water nanofluids were used by Nguyen [28] in an electronic liquid cooling
system. Among the different volume concentrations of Al,Os—water nanofluids tested
in their experiments, it was found that 6.8% of the Al,O3 particle can enhance the heat
transfer coefficient by 40% compared to pure water. And the particle size also has an effect
on heat transfer. A 36 nm Al,Os particle is better at enhancing heat transfer coefficients
than a 47 nm particle.

CuO is another commonly studied nanosized metal oxide material. Chein and
Chuang [29] designed a series of experiments to investigate the effect of using a CuO-
water nanofluid as a coolant. The CuO particle volume fraction ranges from 0.2% to 0.4%
in nanofluids. The authors found that a CuO-water nanofluid can take away more heat
than pure water in a microchannel heat sink at a low flow rate. But when the flow rate is
high, the nanofluid has little effect on extra heat transfer and the heat transfer is mainly
affected by the volume flow rate.

The performance of a CuO-water nanofluid in a heat sink was also studied by
Sarafraz [30]. A CuO-water nanofluid, gallium liquid metal and water were used to
transfer the heat of a CPU when it worked separately at three states (standby, normal and
overload). Compared to the other two working fluids, a CuO-water nanofluid can provide
higher thermal performance than water and lower pressure drop and pumping power than
gallium liquid metal when the heat flux is not very high.

The heat transfer performance and rheological properties of a coolant are important
for the practical application of liquid cooling in data centers. To date, the heat transfer
and rheological properties of water-based nanofluids have been sufficiently investigated.
However, both the thermal conductivity and viscosity of nanofluids based on data center
coolants have rarely been studied. Thus, in the present work, we report on the synthesis
of nanofluids based on a data center coolant containing CuO and Al,O3; nanoparticles
separately. We also measure and analyze their thermal conductivity and rheological
behaviors, including shear stress and viscosity. Additionally, the effects of temperature,
particle type and volume fraction are fully investigated and discussed. Our experimental
work will be useful for the optimal design of various electronic components in cooling
processes that use nanofluids as working fluids.
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2. Materials and Methods
2.1. Materials and Preparation

Commercially available data center coolant (YT198, purchased from Amer Technology
Co., Ltd., Dongguan, China) was used as base fluid. The basic parameters of the coolant are
listed below (see Table 1). Various volume fractions of CuO (40 nm, Macklin Biochemical
Cooperation, Shanghai, China) and Al,O3 (80 nm, Sinopharm Chemical Reagent Coopera-
tion, Shanghai, China) nanofluids, respectively, were formulated. And then the rheological
properties of the nanofluids were investigated with a rotating rheometer (Haake Mar 60,
Thermo Fisher Scientific Inc., Waltham, MA, USA) over a shear rate ranging from 0 s 1
to 100571

Table 1. Typical properties of coolant (YT198) used for this study.

Density (20 °C) Pour Point Flash Point Acidity Specific Heat (40 °C)
804.3 kg/m? —38°C 198 °C 0.03 mgKOH/g 2.089 KJ/kg-K
Relative Permittivity Volume Resistivity . Global Warming
Breakdown Voltage 90 °C) 20°C) Surface Tension Potential
62 KV 2.039 1.9 x 101 O-cm 16 mN/m 0

Table 2 shows the typical properties of the nanoparticles employed for this study; the
properties were measured with reliable accuracy by reagent manufacturers.

Table 2. Typical properties of nanoparticles employed for this study.

Nanoparticle Particle Size Density (20 °C) Melting Point Boiling Point
CuO 40 nm 6.315 g/cm3 1326 °C 1026 °C
Al O3 80 nm 1.06 g/cm3 2000 °C 2977 °C

In order to disperse nanoparticles into the base fluid fully and uniformly, an ultrasonic
homogenizer was applied in this experiment. The ultrasonic homogenizer (YT-JY99-1IDN,
Shanghai Yetuo Technology Co., Ltd., Shanghai, China) has a max power of 1800 W, and
the diameter of its ultrasonic horn is 22 mm. A picture of the ultrasonic homogenizer
used in this work is shown in Figure 1. The main reasons for our choice of these kinds of
nanoparticles are that they can be easily obtained in industry and their chemical properties
are very stable but not harmful to human beings.

Figure 1. The ultrasonic homogenizer used in this work.

To start the experiment, the two kinds of nanoparticles with different volume fractions
were added into the coolant using the following two-step method. The relationship between
mass fraction and volume fraction is listed hereinafter (see Equation (1)):

o= W-Pvf
(1—180)0p + 16000f

)
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In this equation, ¢ and w stand for volume fraction and mass fraction, respectively,
while p represents the density of the two different kinds of nanoparticles, and subscripts p
and bf stand for particles and base fluid, respectively.

Firstly, the different kinds of nanoparticles were accurately weighed using an electronic
balance and were then added in a methanol base fluid. The mass fractions investigated
in our study are 0.01%, 0.05%, 0.1% and 0.15%, respectively. After that, the mixtures of
the nanoparticles and base fluid were placed into an ultra-sonic homogenizer so that the
nanoparticles could be fully and uniformly dispersed in the coolant. After 3 h of ultrasonic
treatment, the methanol-based CuO and Al,O3 nanofluids were ready for use. And then
a certain volume of nanofluids (19 mL) was taken out as a sample, and the rheological
investigation was conducted.

2.2. Thermal Conductivity and Rheological Investigation

Thermal conductivity was measured using HotDisk TPS2500S (Hotdisk AB, Co., Ltd.,
Gothenburg, Sweden). A photo of the thermal conductivity measure system is shown in
Figure 2. More details about the instrument can be found in reference [31].

<4

Figure 2. HotDisk TPS2500S, used to measure thermal conductivity.

A Haake Mars 60 rheometer (See Figure 3) was mainly used for the rheological
measurement. The temperature was controlled by a refrigerated circulating bath connected
with the rheometer. A schematic diagram of the apparatus is given in Figure 3. More details
about this rheometer can be found in reference [32].

Figure 3. Haake Mars 60 rheometer used to study the rheological behavior.

The shear stress and viscosity of CuO-YT198 and Al,O3-YT198 at various volume
fractions (0.01%, 0.05%, 0.1% and 0.15%) were measured through two programed modes,
respectively: shear rate sweep and temperature sweep. In shear rate sweep mode, the shear
rates were increased from 0s~! to 100 s~1 at 25 °C; at the same time, the shear stress and
viscosity were measured. For temperature sweep, the temperature rose from 25 to 70 °C at
a heating rate of 1 °C/min. At the same time, shear stress and viscosity were measured,
while the shear rate was fixed at 50 s~ 1.

2.3. Experimental Uncertainty

The thermal conductivity (k) was calculated according to Fourier’s Law [33] using
Equation (2):

@)
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where g is the measured heat flux (W/m?) on the face of the wall specimen, s is the thickness
of the wall specimen (meters) and AT is the temperature difference between the two wall
specimens’ faces (°C).

The sensors were calibrated, and the uncertainty of each of sensor was +0.01 °C
(temperature sensor), £0.1 W/ m? (heat flux sensor) and £0.01 mm (caliper for specimen
thickness). The uncertainty of the final thermal conductivity result was associated with
the propagation of uncertainty of indirect experimental measurements [34]. The calculated
uncertainty propagation for thermal conductivity is 0.00005 W/m-K.

The error value of the rheological measurements depended on the rheological mea-
surement device used and its settings. The whole set of the determined characteristics
was defined by repeating experiments under identical initial conditions. Many factors can
result in random errors, for example, uncontrolled vibrations during measurements [35].
To process the results, including the identification and elimination of gross errors, stan-
dard approaches [36] were used, including calculating the mathematical expectation
(Equation (4)), variance of a random variable (Equation (5)), and standard deviation for

each series (Equation (6)).
1

My = Z 21‘21 Xi (3)

_ oy v M2
V= Yo (Xi— My) (4)
o=V2 (5)

where M, is the mathematical expectation; X; is the measurement result; n is the number
of measurements; V is the variance; and ¢ is the standard deviation. The calculated
uncertainty propagation for the viscosity is +0.017 mPa-s.

3. Results and Discussion
3.1. The Basic Properties of the Investigated Nanofluids

The particle size distribution and morphology of the particles not only affect the
dispersion stability of the nanofluid, but also the heat transfer characteristics [37]. A large
number of studies have shown that the optimization of the effective thermal conductivity
is a function of particle size reduction. This effect is even more obvious when the fluid
temperature and particle concentration increase.

When the particle size is less than 100 nm, the thermal conductivity decreases with
the increase in particle size. Beyond this particle size, further increases in particle size do
not have effects on the effectiveness of thermal conductivity. However, even for the same
nanofluid, the rate of change of thermal conductivity with nanoparticle size distribution
at the same particle concentration and fluid temperature has different conclusions in
different studies.

Figure 4a,b exhibit SEM images of CuO and Al;Og3, respectively. The shapes and
morphologies of the employed nanoparticles in our experiments can be seen in this figure.
In Figure 4, one can see that the average size of a CuO nanoparticle is 40 nm, which
conforms to the declared diameter, while the average size of an Al,O3 nanoparticle is
35 nm, which is much less than its declared diameter.
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Figure 4. SEM images of (a) CuO and (b) Al,O3 nanoparticles.

3.2. Thermal Conductivity Enhancement of Nanofluids

In the following study, the effects of adding different volume fractions of nanoparticles
are discussed. Before measuring the thermal conductivity of the nanoparticle coolant sys-
tem, the thermal conductivity was tested, and the result is shown in Figure 5. As we can see
from Figure 5, the thermal conductivity of pure YT198 was 0.1390 and 0.1450 W/(m-K) at
25 °C and 55 °C, respectively. After the addition of CuO and Al,O3 nanoparticles, the ther-
mal conductivity increased obviously, regardless of the amount and kind of nanoparticles
and the temperature.

a 025

o
N
o
1

0.15

0.10

0.05

Thermal conductivity (W/m-K)

0.25

=y

Il 25°C
B 55°C

pure YT198 0.01%CuO+YT198 0.05%CuO+YT198  0.1%CuO+YT198 0.15%CuO+YT198

0.20

0.10

Thermal conductivity (W/m-K)

0.05 -

0.15 4

Il 25°C
[ 55°C

pure YT198  0.01%A1203+YT198 0.05%A1203+YT198 0.1%A1203+YT198 0.15%A1203+YT198

Figure 5. Thermal conductivity of pure coolant and coolant with different volume fractions: (a) CuO
and (b) Al,O3 nanoparticles.

In Figure 5a, one can see that with the increment in the CuO nanoparticle’s volume
fraction, the thermal conductivity also increased with monotony; when the volume concen-



Energies 2024, 17,1313

7 of 16

tration of CuO nanoparticles was 0.15%, the thermal conductivity reached 0.1737 W/ (m-K)
at 25 °C and 0.1814 W/(m-K) at 55 °C. Compared with pure YT198, these growths in
thermal conductivity represent growths of 20% and 25%, respectively.

Temperature variations affect the dispersion of nanoparticles in base fluids. High
temperatures can result in more intense Brownian motion. Thus, the aggregation and
sedimentation of nanoparticles can be hindered.

Similar laboratory findings can also be seen in Figure 5b; the addition of very few
Al,O3 nanoparticles (0.01%) can cause a great enhancement in thermal conductivity from
0.1390 and 0.1450 W /(m-K) to 0.1666 and 0.1712 W/(m-K) at 25 °C and 55 °C, respectively,
and the increasing percentages can be as large as 20% and 18%. But the growth trend is
not synonymous with the volume of nanoparticles. The largest enhancement in thermal
conductivity occurred when the volume fraction of Al,O3 + YT198 nanofluids was 0.05%;
the increasing percentage reached 20% and 21% compared with the pure coolant. When
comparing Figure 5a,b, it can be seen that the CuO nanoparticles had a slightly more
significant improvement in thermal conductivity than the Al,O3; nanoparticles overall.

A possible explanation for the better thermal conductivity enhancement of the CuO
nanoparticle in comparison to that of the Al,O3 nanoparticle is that CuO nanoparticles
have greater conductivity [38]. Furthermore, as the number of nanoparticles increases,
there may be more rapid interactions between the nanoparticles, and the Brownian motion
of the nanoparticles may increase accordingly.

Durga Bhavani et al. observed that Al;O3 nanofluids had high compressibility at
a high concentration [39]. When the concentration of Al;O3; nanofluids increased, the
bulk modulus also increased, and the adiabatic compressibility decreased, which led to a
strong cohesive interaction force among the molecules and atoms. Al,O3 particles tend to
move less freely, and the Brownian motion of these nanoparticles also decreases. This may
explain the decrease in thermal conductivity when the concentration of Al,O3 nanofluids
surpassed 0.1%.

Surface modifications of nanoparticles contribute to the enhanced properties of nanoflu-
ids through the anti-aggregation effect produced by surface-modified nanoparticles. As
studied by Linyang Dan. et al. [40], due to the Coulombic energy from the heteroatoms
of 5i0; nanoparticles, nanoparticles lacking alkyl chains can form aggregates and show
a strong tendency to approach each other. By grafting alkyl chains on the surfaces of
5iO; nanoparticles, Coulombic interactions can be shielded effectively, and the van der
Waals interaction with natural esters can increase. Thus, the aggregation tendency of
nanoparticles can be reduced. Furthermore, surface modification can reduce the diffusion
ability of nanoparticles under the steric hindrance effect, thereby inhibiting the collision
and aggregation of nanoparticles.

The pH mainly affects nanofluids in the following two aspects: the stability of nanoflu-
ids and the surface tension of nanofluids [41]. By adjusting the pH, the surface tension of a
nanofluid can be changed. A pH value that is too high or too low can lead to corrosion and
rusting [42].

Surfactants can increase the stability of nanofluids. The addition of surfactants does
not have a great effect on the thermal conductivity, but it can increase the viscosity of
the nanofluid.

The thermal conductivity of the base fluid has a great influence on the thermal con-
ductivity of the nanofluid. The thermal conductivity of water-based nanofluids is generally
higher than that of other nanofluids. The thermal conductivity of synthetic oil-based
nanofluids is greater than that of water-based nanofluids mainly because synthetic oil-
based nanofluids are more stable.

3.3. Rheological Properties of Various Nanofluids at Different Shear Rates

As typical experimental results, Figure 6 shows the shear stress vs. shear rate curve of
a pure coolant and various nanofluids with different volume fractions at room temperature.
In Figure 6, we can see that regardless of whether nanoparticles were added or not, pure
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YT198 and nanofluids all exhibited properties of Newtonian fluids. The shear stress of
pure YT198 and nanofluids showed linear monotonic growth as the shear rate increased.
For example, in the case of CuO nanofluids, there is a small increase in the shear stress
after adding CuO nanoparticles compared to pure coolant. But there is little difference
between various volume fractions of CuO nanofluids. This trend is consistent with the
findings of our previous works [43,44]. In our previous work [43], we found that with the
mass fractions of CuO, Cu,0O and TiO; being increased from 0.01% to 0.15%, the viscosity
showed almost no obvious change.

a
144
—s—pure YT198
| ——0.01% CuO
29 | —+—0.05% CuO
| —»—0.10% CuO
104 | —+—0.15% CuO
£
» 0.8 -
- 0.6
[
]
-
0.4
0.2
0.0 v d T v T v T T T
0 20 40 60 80 100
shear rate (s")
b 1.4
—a—pure YT198
i —e— 0.01% AI203
“7 —a—0.05% AI203
—v—0.10% AI203
_ 104 —— 0.15% AI203
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» 0.8 -
@
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5 0.6
<
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G
0.4
0.2
0.0
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Figure 6. Shear stress vs. shear rate for various nanofluids with different volume fractions of (a) CuO
and (b) Al,O3 nanoparticles at 25 °C.

The Al,O3 nanofluids also showed similar trends, and 0.15% Al,O3 nanofluids showed
the highest shear stress. One explanation for this phenomenon may be the low levels
of nanoparticle addition. The shear stress of the base fluids cannot be changed if the
concentration of nanoparticles is too low. Another important factor influencing the shear
stress—shear rate curve is temperature. When the temperature is low (25 °C, as is shown
in Figure 6), the interactions between the molecules and the Brownian motion are not
strong. Thus, the shear stress does not show an obvious change despite the concentration
being increased.

The comparison of viscosity between pure YT198 and nanofluids is also shown in
Figure 7. In Figure 7, one can see that the viscosity increased with the increasing shear
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rate before the shear rate reached 20 s~!, and then, after a slight decline, the viscosity of
both pure YT198 and nanofluids tended to achieve stable values. For the CuO nanofluids
(Figure 7a), the descending order of viscosity values at the same shear rate is 0.15% > 0.05%
> 0.01% > 0.10% > pure YT198; the maximum increase in viscosity occurred between pure
YT198 and 0.15% CuO at 20 s~ (5.34%). And the various numbers of nanoparticles added
did not show obvious differences.

q 140
13.5
130
7
=
-
E 1254
::.
z 120 —=— pure YT198
—e—0.01% CuO
o —4—0.05% CuO
—v—0.10% CuO
——0.15% CuO
1.0 T T T T T T
0 20 40 60 80 100
shear rate (s")
b 14.0
13.5
1304
@
=
A
E 1254
=
H
2 120 —a—pure YT198
> —e—0.01% AI203
—a—0.05% AI203
11.5 —v—0.10% AI203
—— 0.15% AI203
11.0 T T T T T

0 20 40 60 80 100

shear rate (s")

Figure 7. Viscosity vs. shear rate for various nanofluids with different volume fractions of (a) CuO
and (b) Al,O3 nanoparticles at 25 °C.

As shown in Figure 7b, the addition of Al;O3 nanoparticles also caused the viscosity
to increase. The greater the concentration of nanoparticles added, the more obvious the
increase in viscosity as follows: 0.15% > 0.01% = 0.05% = 0.10% > pure YT198.

3.4. Effects of Temperature on Rheological Properties of Nanofluids

In this section, the different volume fractions (0.01%, 0.05%, 0.1% and 0.15%) of
nanoparticles will be discussed in order to study the effect of temperature on their rhe-
ological properties. It was first found, as shown in Figure 8, that with the increment in
temperature, the shear stress decreased exponentially. And one can see that various volume
fractions of nanoparticles have little effect on the shear stress. This result is different from
that obtained by Amir Yousuf Bhat and Adnan Qayoum [45]. They measured the viscosity
of CuO nanofluids and reported a maximum increase of 0.5% in viscosity. The main reason
why the results of our experiments differ from those in the literature is that the volume
concentrations they used were between 1% and 4%, which are much larger than those used
in this work.
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Figure 8. Effect of temperature on shear stress of pure YT198 and nanofluids at shear rate of 50 s~ 1.
(a) CuO; (b) Al,O3.

Additionally, the viscosity of CuO-YT198 and Al,O3-YT198 at different volume con-
centrations can be analyzed in Figure 9. As shown in Figure 9a,b, the results are consistent
with the trend found in the study by Madhusree Kole and T.K. Dey [46]. Their results show
that the viscosity of a nanofluid increases with an increasing nanoparticle concentration
and decreases with an increase in temperature. The viscosity of these nanofluids decreased
sharply with the increase in temperature, and the decreasing trend was also non-linear,
which also illustrated that these mineral oil-based nanofluids are fluids whose rheologi-
cal properties are strongly temperature-dependent. By comparing Figures 8 and 9 with
the work of Amir Yousuf Bhat and Adnan Qayoum, we can see that a small number of
nanoparticles can enhance heat transfer without causing a significant increase in viscosity.
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Figure 9. Effect of temperature on viscosity of pure YT198 and nanofluids at shear rate of 50 s~ .
(a) CuO; (b) Al,O3.

The stability of nanofluids is affected by temperature. Temperature variations affect
the dispersion of nanoparticles in base fluids. High temperatures can result in more
intense Brownian motion. Thus, the aggregation and sedimentation of nanoparticles can be
hindered [47].

The nanofluid does not contain nitrogen, sulfur or aromatic hydrocarbons. So, over
the course of long-term use, the color of the coolant will not turn yellow due to oxidation,
which is a very common occurrence in other traditional cooling media. It will not form
paint film and oil scale on electronic components. All of these characteristics ensure that
the cooling medium has a long service life of more than 6 years and greatly decrease the
cost of the cooling medium.

The cooling medium is made of extremely stable synthetic materials. It has a very
low acid value and does not contain mineral oil or aromatic hydrocarbons. Long-term
experiments have proven that nanofluids will not produce hardening, cracking, deforma-
tion, discoloration, corrosion, adhesion or other phenomena. They are harmless to the
common plastics, resins, non-ferrous metals, plating and other components of the server
circuit board, hard disk, central processing unit, etc. Using nanoparticles can ensure the
stable performance of the parts and long-term trouble-free operation.

3.5. Derivation of Empirical Correlation

In this subsection, a mathematical model used to predict thermal conductivity and four
famous models used to predict viscosity were used to fit and compare our experimental
values of viscosity.

The Maxwell model [48] was suggested to predict the thermal conductivity of a
nanofluid, and it is shown in the following Equation (6):

Ky 2Kog + Ky + 29 (Knp — ki )
kbf 2kbf + knp — §0<knp - kbf)

(6)

The suggested model is best suited for a nanofluid with nanoparticles with spherical
shapes and lower volume fractions; a comparison of the theoretical predictions with the
experimental results is shown in Figure 10.

As can be seen in Figure 10a, the Maxwell model was fixed well with the experimental
results of thermal conductivity. The error between the experimental value and the predicted
value of the model for the thermal conductivity of CuO nanofluids is no more than 6.1%.
At concentrations of 0.01% and 0.05%, the predicted values of the model were greater
than those measured in the experiments. At concentrations of 0.1% and 0.15%, the model
predicted values were smaller than those from the experimental measurements. When
comparing Figure 10a,b, it can be seen that the model agrees better with Al,O3.
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Figure 10. Comparison of theoretical predictions with experimental results of thermal conductivity at
25 °C for (a) CuO + YT198 and (b) 0.01% Al,O3 + YT198.

The four famous rheological models we used to fit and compare with our experimental
values were Einstein’s equation [49], Brinkman’s equation [50], Batchelor’s equation [51]
and Wang et al.’s equation [52]. By using these four models, we could derive empirical
correlations and then obtain quantitively valuable insights into the YT198 coolant-based
metal oxide nanofluid system. The equations of the four models are listed and briefly
discussed in the following sections.

As the first theoretical model created to calculate the viscosity of mixtures and com-
posites, the Einstein model has been widely proven to be valid in the case of mixtures with
a volume fraction (¢) of less than 0.02. The key assumption of the Einstein model is that
the mixtures were simplified as linear viscous fluids and spherical particles. The equation
for this model is as follows:

Haf = ppf(1+2.5¢) 7)

Currently, the Brinkman-modified Einstein’s equation can be used for suspensions
with volume fractions of up to 4%.

fnf = Hpr(1— @) 27 ®)

As a further modification, the exitance of the Brownian motion effect was considered
in the model proposed by Batchelor.

tug = oy (14259 +6.5¢7) )

In 1999, Wang et al. [52] proposed another novel model to forecast the viscosity
of nanofluids.

ug = oy (14739 +123¢2) (10)

For all of the above equations, i represents the viscosity, and the subscripts nf and
bf represent nanofluids and base fluids, respectively. ¢ represents the volume fraction
of nanoparticles.

A comparison of the theoretical predictions with the experimental results at 20 °C is
shown in Figure 11.
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Figure 11. A comparison of the theoretical predictions with the experimental results at 20 °C for
(a) 0.01% CuO + YT198 and (b) 0.01% Al,O3 + YT198.

As shown in Figure 11, the predictions of the Brinkman model and the Batchelor
model almost exactly coincide, mainly because the volume fraction of the nanofluid is too
small. For CuO, the experimental prediction is made between the Wang model and the
Brinkman model. As can be seen in (b), for Al;O3, all model predictions are higher than
the experimental values. The biggest difference between the predicted value of the model
and the experimental value is 20 s~1, and the errors are about 3.8% and 8.5%. Overall,
the predicted and experimental values of the model are in good agreement. One possible
reason for the model and experimental errors is that nanoparticles are not usually spherical.

4. Conclusions

The thermal conductivity and rheological properties of two different kinds of oxide
nanofluids (CuO and Al,O3) in YT198, a typical mineral oil coolant used for data center
liquid cooling, were measured at different volume fractions and temperatures. The thermal
conductivity measurement results showed that even adding a small number of nanopar-
ticles can significantly improve the heat conduction capacity of mineral oil coolants. The
average increase in thermal conductivity is 20-25%. The temperature of nanoparticles also
has an effect on the rheological properties of methanol-based nanofluids. The higher the
temperature, the lower the viscosity and shear stress. However, it was found that the type
of nanoparticles has little effect on the rheological properties. The difference in the effect of
adding copper oxide and aluminum oxide on the viscosity is not very obvious.

More experimental research studies are needed to obtain the best types of nanoparticle
additives which have the best rheological parameters and the best thermal conductivity
enhancement effects. A good rheological parameter can guarantee minimum flow energy
consumption, and high thermal conductivity provides optimum heat transfer. Additionally,
more characteristics such as the sizes, shapes and types of nanoparticles should be taken
into consideration because they are essential to establish more numerical models for further
studies of heat transfer and rheology.

Based on the outcomes of this study, several suggestions for future research are
listed below:

1. There are several parameters that have influences on the effect of a nanofluid coolant,
including but not limited to particle size and size distribution, particle shape and
morphology, the concentration of nanoparticles and temperature. These factors must
be comprehensively and adequately studied in future works.

2. The stability of nanofluids is critical for their use in practical applications. Thus,
more investigations about the surface modifications of nanoparticles and the use of
surfactants should be conducted in order to determine an appropriate surfactant with
remarkable stability, moderate viscosity and thermal conductivity.



Energies 2024, 17,1313 14 of 16

3. The long-term effects of using these nanofluids in cooling systems, such as corrosion
or clogging, deserve more attention. A life cycle analysis (LCA) of cooling systems
using nanofluids may be necessary to evaluate whether a nanofluid is suitable for
long-term use.

4. There are various models that can predict the thermal conductivity and viscosity of
nanofluids separately. In future works, more mechanisms such as Brownian diffu-
sion, particle aggregation, thermomigration and nanolayer formation can be taken
into consideration. Therefore, models that will be developed in the future can be
more accurate.
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