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Abstract: For solar thermal systems, nanofluids have been proposed as working fluids due to their
enhanced optical and thermal properties. However, nanoparticles may agglomerate over time,
heating and thermal cycles. Even though pristine nanofluids have proven to enhance performance in
low-temperature applications, it is still unclear if nanofluids can meet the reliability requirements
of solar thermal applications. For this aim, the present study conducted experiments with several
formulations of oil-based CuO nanofluids in terms of their maximum operational temperatures and
their stabilities upon cyclic heating. In the samples tested, the maximum temperature ranged from 80
to 150 °C, and the number of heating cycles ranged from 5 to 45, with heating times between 5 to 60
min. The results showed that heating temperature, heating cycles, and heating time all exacerbated
agglomeration of samples. Following these experiments, orthogonal experiments were designed to
improve the preparation process and the resultant thermal-impulse stability. Thermal properties
of these samples were characterized, and thermal performance in an “on-sun” linear Fresnel solar
collector was measured. All tests revealed that thermal performance of a solar collecting system
could be enhanced with nanofluids, but thermal stability still needs to be further improved for
industrial applications.

Keywords: oil-based CuO nanofluids; two-step preparing method; medium temperature; thermal
impulse stability; orthogonal experiment

1. Introduction

Solar energy has become a global priority to replace conventional fossil fuels in response to
worldwide energy supply and environmental concerns [1-3]. As one slice of the energy “pie”,
solar thermal collectors can be implemented to harvest useful heat from sunlight for a range of
residential and industrial thermal energy needs. To compete with fossil fuels for these applications,
solar thermal collectors must be designed to be reliable, cost-effective and to have good optical and
thermal performance [4]. Direct absorption solar collectors, the working fluids of which engineered
nanoparticles are suspended in, have been a growing area for research and development, due to
the fact that it is possible to enhance optical and thermal properties of a solar thermal collector [5].
Along these lines, several recent research papers have demonstrated that nanofluids were able to
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improve the efficiency of solar thermal collectors [6]. For example, the thermal efficiency of a flat-plate
solar collector was improved by about 28.3% with 0.2 wt % Al,O3/H,O nanofluids [7], and for a
PV/T (photovoltaic/thermal) collector with 3.0 wt % SiO,/H,O nanofluids, a 12.8% thermal efficiency
enhancement was reported [8]. A 10% improvement was reported for solar tower power collectors
with 0.001 wt % graphite nanofluids [9].

However, most of these studies use freshly prepared nanofluids and neglect the fact that
nanoparticles may agglomerate over service time, degrading their optical and thermal performance.
A great number of studies reported stability of nanofluids for these applications was mainly related to
the preparation processes, such as temperature [10], ultrasonication time [11,12], type of dispersant
(surfactant) [13,14], particle size [15], nanoparticles’ concentrations [16,17], base fluids [18], pH
levels [19,20], and protective shells of nanoparticles [21]. Long-term room-temperature stability has
been realized for most nanofluids, such as up to eight-month ethanol-based multiwalled carbon
nanotube (MWCNT) nanofluids [22]. Overall, the current literatures on stability seem to focus mostly
on parameters involved in preparing fluids rather than on real applications’ operational conditions,
such as working temperature, thermal impulse intensity, and the number of heating cycles.

Thus, studying performance under operational conditions represents a not well-understood,
but critical, factor of suspension stability. This is especially true for solar applications, where the
working fluids will continually experience medium or high temperatures [23] (e.g., in a linear Fresnel
collector [24]). Thus, there is a pressing need to extend stability investigations into medium- or
high-temperature ranges. Sani et al. [25] studied particle aggregation over five cycles of heating and
cooling for water-based suspensions. For temperatures up to 120 °C, they observed good stability,
but at higher temperatures (up to 150 °C), some aggregation was detected. Hordy et al. [22] carried
out an experimental study on nanofluids at medium temperatures, and it was demonstrated that
water- and glycol-based nanofluids were heated to 85 and 170 °C, respectively, without any observable
agglomeration. However, the Therminol® VP-1 based MWCNT nanofluids showed significant
agglomeration after only five thermal cycles. Mesgari [26] studied the thermal stability of plasma
and acid-functionalized MWCNT nanofluids in different alkaline fluids. The results showed that
the MWCNT nanofluids remained stable at 150 °C. However, there was no further investigation
on long-term stability with heating cycles. Jiang investigated the nanofluids stability at medium
temperatures by measuring the effective thermal conductivity over time. The results showed that
the thermal conductivity decreased when temperature increased from 30 to 210 °C, which may
result from nanoparticle aggregation [27]. In addition, working fluids also suffers from the effects of
“heating—cooling—heating” thermal cycles due to the use of a heat exchanger. Taking this factor into
account, Otanicar et al. [28] conducted an experiment to test the thermal cycles of SiO,@Au core-shell
nanofluids to determine the degree of particle agglomeration generated by 200 accelerated heating
cycles with temperatures ranging from 25 to 80 °C. An amount of soft agglomeration in a range of +
20% was found, and it was possible to reversibly break up agglomerates with regular sonication. Taylor
et al. [21] compared the thermal stability of uncoated and coated Ag nanodisc nanofluids. The results
showed that even uncoated Ag could resist initial heating (up to 80 °C) while it rapidly agglomerated
after several heating cycles. While useful, this temperature range was limited relative to systems that
operated well above 100 °C.

It can be inferred from the above that, while there has been some initial promising work towards
achieving stable nanofluids for solar collectors, there is still quite a bit of work to be done to move from
laboratory stability testing to commercial product reliability. One of the gaps in knowledge stems from
the fact that a great deal of nanofluids research focuses on water-based nanofluids for low-temperature
(<100 °C) applications [29-31]. However, since a huge demand exists in the medium-temperature
range (requiring temperatures just above 100 °C), it is desirable to develop nanofluids, which can use
heat transfer oils as their base fluids [32,33]. For these types of nanofluids, only some preliminary
“heating” and “heating—cooling-heating” investigations on thermophysical properties have been
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conducted [4,34]. Thus, more extensive thermal stability studies of oil-based nanofluids for solar
thermal applications need to be conducted to bridge the research gap.

To address this, the thermal stability of CuO/oil nanofluids (prepared by a “two-step” method)
was investigated by exposing them to the actual working conditions of a collector system, including
the maximum operation temperature, intense thermal impulses, and numerous thermal cycles. Factors,
including dispersant type, concentration, and ultrasonic dispersing time, were investigated, and an
orthogonal experiment was designed to optimize the preparation process. In addition, the thermal
performance of the final CuO/oil nanofluids was tested “on-sun” in a concentrating (linear Fresnel)
solar collector.

Thus, the rest of the paper is organized as follows. Section 1 contains a nanofluids preparation
process along with the effects of different process parameters on thermal shock stability. Section 2
describes the process for the optimization of a preparation technique. Section 3 describes the thermal
properties testing for CuO/oil nanofluids and the associated results. Section 4 contains conclusions.

2. Thermal Impulse Stability

The basic objective of putting nanofluids into a solar collecting system is to improve thermal
performance. Due to the heat exchange process between nanofluids (the working fluids of a closed
collector loop) and a working fluid for thermal applications, nanofluids will rapidly cycle between high
and low temperatures (i.e., thermal impulses), and their thermal stability could deteriorate over time.
To investigate this effect, CuO/oil nanofluids were prepared and subjugated to thermal impulse tests to
evaluate their suspension stability. Orthogonal tests of preparation processes were designed to improve
stability. The thermal conductivity and photothermal conversion performance were measured to show
changes in their performance and, ultimately, their potential for medium-temperature solar-collecting
systems. The research approach is shown in Figure 1.

Nanofluids preparation
(two-step)

v

Thermal impulse
stability
¢ Different heating times ‘

Number of thermal cycles ‘

Different maximum temperatures ‘

Optimal dispersant ‘

Orthogonal optimization
of preparation processes
‘ Optimal ultrasonic time ‘

Thermal conductivit;
Outdoor thermal el |
collecting experiment Photothermal conversion ‘

Optimal concentration of dispersant ‘

Figure 1. Research approach (flowchart).

2.1. Nanofluids Preparation

CuO/oil nanofluids were prepared via a “two-step” method (dispersing the CuO powder into
a synthetic heat transfer oil, Diphyl DT base fluid from Lanxess Deutschland GmbH, Germany).
The spherical CuO nanoparticles were manufactured by Emperor Nanomaterial Co. LTD, China. A
TEM image of the dry CuO nanoparticles is shown in Figure 2, displaying particle clustering and
(perhaps) particle sintering. The physical properties of CuO and Diphyl DT are shown in Table 1.
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Figure 2. TEM image of CuO (mean diameter: 60 nm).

Table 1. Physical properties of the base fluid and CuO nanoparticles.

Materials Mean Diameter, Specific Surface, Density, Thermal Conductivity,
(nm) (m?/g) (g/cm®) (W/(m x K))
Diphyl DT - - 1.035 0.1554
CuO 60 60 6.4 76.5

The mass of CuO nanoparticles required to achieve a given percentage of volume concentration
in the nanofluids was estimated from Equation (1) [35]:

(m/p)cuo
- , 1
v (m/p)cuo + (M/P)giy @

where ¢ is the percentage of volume concentration, and m and p are the mass and density, respectively.

Each nanofluids sample was prepared by adding a measured mass of nanoparticles to a 100 mL
volume of the oil base fluid. One milliliter of oleic acid (a dispersant) was added to the mixture inside
an ultrasonic bath, which was heated in a stage at 70 and 90 °C for 20 min with periodic stirring.
The detailed process is shown in Figure 3a. Note that the process with solid lines is used in almost all
reported “two-step” synthesis methods [23] while dashed lines indicate steps taken in this study, which
may improve the final stability. A three-day settling test was conducted for a comparison between a
“conventional” two-step method and the method with additional steps, with the resultant CuO/oil
nanofluids pictured in Figure 3b. It is obvious that, through visual inspection after such a settling
test, the stability of CuO/oil nanofluids was improved with additional steps. The additional steps are
shown as follows.

1. Soft aggregation of CuO nanoparticles, which occurred during storage/transportation over time
at room temperature, can be broken up with about 15 min ultrasonic vibration.

2. Oleic acid (the dispersant) was much less viscous and soluble with the heat transfer oil, when the
suspension was heated up to 70 °C. Thus, in this step, the dispersant was added and kept warm
for one hour to ensure CuO nanoparticles to fully adsorb oleic acid.

3. The final heating step was also maintained at 90 °C for one hour to ensure the low viscosity of the
Diphyl DT during the final stirring/sonication step.
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Figure 3. Nanofluids-preparing process. (a) The “two-step” method (additional steps are shown

by dotted boxes). (b) Prepared nanofluids after a 3-day settling test at room temperature. A in (b)
represents the modified two-step method, and (B) in (b) represents a conventional two-step method
discussed in the literature [36].

2.2. Thermal Impulse Testing

In a medium-temperature solar thermal collector, the average operation temperature is typically
greater than 80 °C, but at night and on cloudy days, the collector (and the working fluid, if not
drained) cools to the ambient temperature. To simulate this heating/cooling cycle, the prepared
nanofluids samples were heated while stirring with a magnetic heating/stirring sleeve. After the
desired temperature was held for a desired time frame, the samples were cooled to room temperature
with a water bath. This heating and cooling process was repeated for numerous cycles to simulate
the expected operational temperature range of the working fluid. Upon the completion of thermal
cycle tests, the treated nanofluids were allowed to settle for three days at ambient conditions, before
their stability was assessed. Observation, sedimentation time, and optical transmittance were used
as measures of nanofluids stability. Among these measurements, the transmittance measurement
was most sensitive and most quantifiable, wherein the increased transmittance indicated a loss of
stability (i.e., agglomeration and settling of particles). The transmittance was measured with a UV-IR
spectrometer, a Lambda 950.

The experiment was repeated with different heating cycles to explore the effects of thermal impulse
cycles on the stability of CuO/oil nanofluids. Here, the numbers of heating cycles were set to 5, 10,
25, and 45, with a working temperature of 100 °C. The results of these tests are shown in Figure 4,
illustrating that the agglomeration of nanofluids was obviously accelerated by multiple heating cycles.
At the same time, it was found that the agglomerations of samples 1 and 2 were similar. Samples 3 and
4 also yielded similar (nearly complete loss of the particle suspension) results.

In addition to normal operational thermal cycles, other aspects of the system can also affect stability.
Exposure to light and temporary high temperatures can also be detrimental to direct-absorption working
fluids. Therefore, the effects of the maximum working temperatures on stability were also investigated
by heating these CuO/oil nanofluids up to 80, 100, 120, and 150 °C. In this case, 10 heating cycles were
used, with the maximum temperature of each cycle maintained for 10 min. The transmittances of four
samples for this test are shown in Figure 5, indicating that all heated samples aggregated significantly
(e.g., much higher transmittance across the whole spectrum) relative to the unheated nanofluids sample
5, which was kept at room temperature. It is obvious that heating can deteriorate nanofluids optical
properties, and the higher the heating temperature, the more obvious the agglomeration of nanofluids.
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For sample 4, the settling time test revealed that almost all of the particles settled within five hours
after heating to 150 °C.
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Figure 4. Spectral transmittances of CuO/oil nanofluids for a number of thermal cycles. Note: samples
1-4 experienced 5, 10, 25, and 45 thermal cycles, respectively, while sample 5 underwent no thermal cycle.

920
S3 S4

80 P00
1~ 5!
70 0% 06 g5
gj oA

60
50
40

Transmittance/%

30

400 600 800 1000 1200 1400 1600 1800 2000 2200
Wavelength/nm

Figure 5. Spectral transmittances of CuO/oil nanofluids at different maximum temperatures. Note:
samples 1-4 were tested at the maximum test temperatures of 80, 100, 120, and 150 °C, respectively,
while sample 5 was kept at room temperature.

To explore the effect of heating time, nanofluids was heated to 100 °C and held at this temperature
for variable time frames (5, 10, 30, and 60 min). The number of heating cycles was still set to 10.

The results are shown in Figure 6. It can be seen that, as heating time increased, agglomeration
also increased.

80

Transmittance/%

0 7 1 1 1 1 1 1 1 1 J
400 600 800 1000 1200 1400 1600 1800 2000 2200
Wavelength/nm

Figure 6. Spectral transmittances of nanofluids with different heating times. Note: samples 1-4 were
tested for heating times of 5, 10, 30, and 60 min, respectively, while sample 5 experienced no heating.
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Overall, the dispersion stabilities of these nanofluids were poor. This can be explained by the fact
that at higher temperatures, nanoparticles have more probability of colliding (i.e., due to increased
Brownian motion) and, upon collision, the ratio between attraction force and repulsion force increases
(i-e., a function of kgT [37]). In addition, the higher the temperature, the lower the viscosity of the base
fluid (e.g., v = CT + B, where v is the viscosity of the nanofluids, T is the temperature of nanofluids,
and C and B are constants) [38], which enables a faster settling rate for agglomerated particles. Lastly,
heating also accelerates the decomposition of oleic acid and the oxidation of the heat transfer oil, both
of which are dependent on temperature.

3. Optimization of Preparation Processes

According to the DLVO theory, the dispersion of nanoparticles in a base fluid is mainly based on
the steric stability mechanism. In general, steric stability can be controlled by the particle type, the
base fluid type, and the dispersant type, and the relative concentrations of these particles as well as
the pH value of the base liquid. For oil-based nanofluids, changing pH value is not suitable, because
strong acids and bases can break the organic bonds of base fluids. Therefore, for a given fluid/particle
combination, the main degree of freedom is in the addition of a dispersant, making sure the initial
physical dispersion (including magnetic stirring and ultrasonic vibration) is effective.

3.1. Experimental Study on the Optimal Dispersant

Due to the fact that a base fluid is a nonpolar substance and a dispersant should have thermal
chemical stability, four kinds of dispersants were selected: oleic acid, glycerol monostearate, Span 80,
and Tween 40. The properties of each dispersant are shown in Table 2. In Table 2, the hydrophile
lipophile balance (HLB) is provided, which represents the hydrophilic and oil hydrophilic equilibrium
value. The abbreviations “AR” and “CP” were used to indicate analytical purity and chemical purity,
respectively. The result of using each dispersant, after 30 days of settling, is shown in Figure 7.

Figure 7. Photo of nanofluids with different dispersants after 30 days of settling time: (a) oleic acid; (b)
glyceryl monostearate; (c) Span 80; (d) Tween 40.
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Table 2. Properties of dispersants.

Dispersants Oleic Acid Glyceryl Monostearate Span 80 Tween 40

Chemical formula C18H3402 C21 H4204 C24H44O6 C22H4206

Density (20 °C) 0.891 g/mL 0.985 g/cm3 0.994 g/mL 1.10 g/mL
Boiling point 350-360 °C 476.9 °C 579.3°C —

Melting point 134 °C 80 °C 11°C 0.1°C
Hydrophile lipophile

balance (HLB) 1.0 3.8 43 5.6
Purity AR CP CP CP

It should be noted that if the HLB value is higher, as indicated by the name, there are less
hydrophilic groups. Figure 7 shows that oleic acid, which had the highest hydrophilicity, resulted
in the best dispersion and that Tween 40 had the worst dispersion effect. Thus, the results roughly
aligned with the respective HLB values of the dispersants. Since glycerol monostearate is solid
at room temperature, some large particles condensed upon cooling, as shown in Figure 7b, which

resulted in particle agglomeration. Therefore, oleic acid was selected as a dispersant of nanofluids in
subsequent experiments.

3.2. Experimental Study on the Optimal Concentration of the Dispersant

Six groups of 100 mL CuO/oil (vcyo: Vol = 1:99) nanofluids were prepared with different amounts
of the dispersant oleic acid (from 0 mL to 1.5 mL with a 0.25 mL interval), each of which underwent a
one hour ultrasonic vibration time and a settling time of 30 days. Because the stratification of some
samples was not obvious, the transmittance, shown in Figure 8, was used to evaluate stability.

100

Transmittance/%

a /

o 2 1 I I I I I I J
400 600 800 1000 1200 1400 1600 1800 2000 2200
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Figure 8. Spectral transmittances of CuO/oil nanofluids with different oleic acid volumes. Note:
samples 1-7 had different oleic acid volumes from 0 mL to 1.5 mL with a 0.25 mL interval, respectively.

Figure 8 shows that the optimum oleic acid content was 1 mL. The reason is that when the amount
of oleic acid was low (i.e., S1 = 0 or S2 = 0.25 mL in Figure 8, the CuO particles were not fully coated so
they agglomerated and fell out of suspension, resulting in high UV-Vis transmission. On the other
hand, when superfluous unabsorbed oleic acid was present, the molecular chain could reunite through
a bridging action, which led to flocculation and deterioration of stability.

3.3. Experimental Study on the Optimal Ultrasonic Time

Six groups of 100 mL CuO/oil (vcyo: voit = 1:99) nanofluids (using 1 mL of oleic acid) were
prepared with different ultrasonic times (from 0.5 to 3 h with a 0.5 h intervals) and left to settle for 30
days. The measurement results are shown in Figure 9.
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Figure 9. Spectral transmittances of CuO/oil nanofluids for (a) different periodic resonication times
and (b) different settling times (10, 15, and 30 days).

Figure 9a shows that the best ultrasonic vibration time was 1.5 h. Ultrasonic vibration produces
high-frequency mechanical waves, which can effectively restrain the agglomeration of particles. If
the ultrasonic time is too short, the initial soft particle agglomerations stored in a powder form will
not be completely broken, which leads to fast sedimentation. On the other hand, if the ultrasonic
time is too long, the internal energy and temperature of the sample increase, increasing the risk of
particle-particle collisions and agglomeration. According to the single-factor analysis above, CuO/oil
nanofluids were prepared with an optimal concentration of the dispersant for different ultrasonic times
and left to settle for 10, 15, and 30 days. The transmittances at room temperature with different settling
times are displayed in Figure 9b. It can be seen that there is no obvious difference among these three
transmittance curves, which indicated that the stability at room temperature was quite good and could
be extended to more than 30 days.

3.4. Orthogonal Tests

An orthogonal test provides a systematic experimental method to study many factors and levels
to find the optimum combination of several factors. The design of an orthogonal experiment was
based on an orthogonal table. Based on the tests and analysis, the factors in the orthogonal test are
as follows: (A) nanoparticle diameter, (B) nanoparticle concentration, (C) type of dispersant, and (D)
periodic resonication time. In order to improve the thermal stability of nanofluids, each sample was
treated with ultrasonic vibration after heating cycles. The corresponding ultrasonic vibration time was
called “periodic resonication time” here. The levels of the factors and the orthogonal experimental
design are shown in Tables 3 and 4. The precipitation time was defined by the time that nanofluids
were delaminated to a specified height. According to the orthogonal experimental table, nanofluids
were prepared, and the precipitation time of the nanofluids was recorded with a heating temperature
of 150 °C, a heating time of five minutes, and 10 heating cycles.

Table 3. Factor levels.

Level Diameter Concentration Dispersant Periodic Resonication
(A) (B) (@] Time (D)
1 100 nm 3 vol% Oleic acid 2h
2 60 nm 2 vol% Oleic acid + Span 80 05h

3 30 nm 1 vol% Span 80 0Oh
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Table 4. Orthogonal experimental design and range analysis.

Items A B C D Results
1 1 1 1 1 19
2 1 2 2 2 16
3 1 3 3 3 12
4 2 1 2 3 16
5 2 2 3 1 32
6 2 3 1 2 24
7 3 1 3 2 15
8 3 2 1 3 24
9 3 3 2 1 50
k; 47 50 67 101
ko 72 72 82 55
k3 89 86 59 52
K 15.7 16.7 223 33.7
k> 24 24 27.3 18.3
ks 29.7 28.7 19.7 17.3

Range 14 12 7.6 16.4

Note: k; (i=1,2,3)and k; (i=1,2,3) represent ranges and average ranges at different levels.

In order to study the results from orthogonal tests, range analysis was utilized in this study.
Range analysis is a statistical method to determine the factor sensitivity to experimental results
according to orthogonal experiments. The range is defined as a distance between the extreme values of
data. The greater the range is, the more sensitive the factor is. The mean principal effects of each factor
were obtained by Minitab analysis, as shown in Figure 10.

34
32
30
28
26
24

22
20
18
16
14

Precipitation time/min

12 3 1 2 3 1.2 3 1.2 3
Diameter Concentra- Dispersant Re-sonica-
tion tion time

Figure 10. Effects of four key factors.

Figure 10 shows that the four factors above had obvious effects on the degradation rate of
nanofluids under the condition of heating impulse. The reasons are as follows: (1) the larger the
particle size, the greater the attractive potential energy and gravity between particles, and the easier the
settlement; (2) with the increase of the concentration of nanoparticles, the distance between particles
decreased, the interactions between particles were strengthened, and the agglomeration occurred more
easily; (3) the structure of oleic acid molecule was serrated, while normal CuO nanoparticles were
spherical and therefore the coating was not dense enough. Span 80 is a good oil-in-water dispersant
with more stable properties. Oleic acid and Span 80 were used together, and the coating effect was
better; (4) periodic ultrasonic vibration can break agglomeration caused by heating. By analyzing
the range analysis of orthogonal tests in Table 3, we can get the main order of each influencing factor
as follows: periodic resonication time > particle size > concentration > dispersant. In addition, the
orthogonal experiment results showed that the nanofluids tended to agglomerate very quickly under
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conditions of medium temperatures or thermal cycles, in spite of the fact that the nanofluids had
more than 30-day stability at room temperature, which indicated that stability under medium or high
temperatures was quite difficult to maintain and different from that under room temperature.

4. Experiment on Thermal Properties of CuO/Oil Nanofluids

4.1. Experiment on the Thermal Conductivity of CuO/Oil Nanofluids

The thermal conductivity of oil-based CuO nanofluids can be used as a heat transfer medium to
measure its heat-collecting effect. Moreover, the agglomeration and precipitation of nanoparticles make
the thermal conductivity worse, as the stability becomes worse. Therefore, the thermal conductivity
and stability of the fluids were investigated by measuring and comparing the thermal conductivities
with an outdoor absorption heat collection experiment.

The thermal conductivity coefficient of nanofluids is a key parameter in the studies of the thermal
properties of nanofluids. The main methods to measure the thermal conductivities of liquids include
the heat probe method, steady-state plate method, and transient hot wire method. The third is the
best method. In this paper, a TC3000E thermal conductivity meter, which used the transient hot wire
method, was adopted to measure CuO/oil nanofluids.

CuO/oil nanofluids with volume fractions (0.05%, 0.1%, and 0.2%) were prepared, and their
thermal conductivities were measured as shown in Figure 11a. Yamada and Ota put forward a model
equation based on an effective medium theory in 1980, which was written as Equation (2):

kot ko Kkor + Klkp — ko)
Kot Ky + Khof — (Kp — ko)

2

where kp and ky,¢ represent the coefficient of thermal conductivity of CuO particles and the coefficient
of thermal conductivity of a base fluid, k¢ is the coefficient of thermal conductivity of the mixture.
The parameter K is related to the volume fraction and the shape of particles. When the particle is
spherical, the parameter K can be written as [39]:

K = 29702, €

104 0.175

—+— Maxwell model
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Figure 11. (a) Theoretical and tested values of thermal conductivities of nanofluids as a function of
volume fraction. (b) Thermal conductivity of nanofluids as a function of settling time.

The thermal conductivities of CuO nanofluids stored in different days are shown in Figure 11b.
It can be seen from Figure 11b that the thermal conductivity of fluids decreased rapidly in the first
three weeks and decreased slowly in the fourth and fifth weeks.
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The experimental results showed that the thermal conductivity of CuO/oil nanofluids slowly
increased with the increase of volume fraction. For example, the thermal conductivity of CuO/oil
nanofluids with a 0.2% volume fraction was 3.8% higher than that of the base fluid. In addition, the
thermal conductivity of nanofluids decreased by about 8.1% with the settling time increased from 7 to
35 days.

4.2. Photothermal Conversion of CuOjoil Nanofluids

There have been many studies on the enhancement of heat transfer performance of nanofluids,
but few studies focused on the absorption performance of solar energy. In the paper, CuOjoil
nanofluids were applied to a solar energy collector to conduct a direct absorption heat collection
experiment, investigate its photothermal conversion efficiency and temperature rise speed and verify
its enhancement effects on solar radiation absorption and photothermal conversion performance.

In the experiment, a Fresnel solar concentrator, shown in Figure 12, was used to conduct
concentrated heat. Its main parameters are shown in Table 5. The concentrator was composed of
microarc mirrors, a tracking device, and a support structure. The microarc mirrors were placed in the
north—south direction, and the sunlight was concentrated on the heat collector plate at the focal line
position. The parallelogram mechanism was used to control the mirrors to track the sun and improve
the heat collection efficiency of the system.

Incident ray

(©)

Figure 12. Linear Fresnel solar collector: (a) overview image; (b) solar evacuated tube with nanofluids;
(c) schematic diagram.
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Table 5. Parameters of the Fresnel solar collector.

Parameter Value
Mirror width W (mm) 800
Mirror length L (mm) 2200

Q1 (mm) 475

Center distance S (mm) 950

Collector height H (mm) 1800
Tilt angle (°) 32

Solar evacuated tubes with a length of 50 cm and a diameter of 4.7 mm, made by high-boron glass,
were used to collect solar heat. CuO/oil nanofluids worked as working fluids with an uncoated solar
evacuated tube, while heat transfer oil worked as a working fluid with a coated solar evacuated tube
for comparison. The direct solar radiation intensity was measured by a Newport 1918-R optical power
meter. The temperatures of stagnant working fluids and tube walls were measured by thermocouples,
and the temperature rise rates of different working fluids, the temperature changes of the outer walls
of the tubes, and the instantaneous heat collection efficiencies were compared. The instantaneous
photothermal conversion efficiency was calculated by Equation (4):

_ mCp(Tiyq - T)

GAAt ! )

where 7 is the instantaneous heat collection efficiency, m and Cp represent the quality of nanofluids
(kg) and specific heat (J/(kg-°C)), respectively, T;.1-T; represents the temperature difference, A is the
lighting area of a collector tube, G is the average irradiance of concentrated incident rays, and At is the
time interval. The mass and specific heat capacity of the prepared nanofluids were similar to those of
the thermal conductive oil due to their low concentrations.

The experiment was conducted in Nanjing (119 °E, 32 °N), and the test time was April 8 2018.
The test period was from 11:00 a.m. to 11:30 a.m. Due to uncontrollable weather conditions, the
irradiance of the sun after concentrating light fluctuated within a certain range (2000-5000 W/m?).

CuO/oil nanofluids with a 0.2% volume fraction were prepared and filled in a solar evacuated
tube. The temperature rise of CuO/oil nanofluids and the outer tube wall are shown in Figure 13.
The temperature of CuO/oil nanofluids was increased from 20.8 to 129.0 °C, and the temperature
of the outer tube wall was increased from 21.8 to 62.2 °C within 30 min. It was found that the
temperature rate in the beginning was quite large due to good thermal conductivity of CuO/oil
nanofluids. The instantaneous thermal efficiencies of CuO/oil nanofluids at different times were
calculated. The result showed that the efficiency of CuO/oil nanofluids was 67.6% at 11:05 a.m. and
decreased to 36.3% at 11:30 a.m., while the thermal efficiencies with the working fluid of heat transfer
oil was 51.3% in the beginning and 42.9% at 11:30 a.m. It was found that nanofluids had good optical
properties when the working temperature was lower than 110 °C. The reason is that heat radiation loss
of nanofluids became the main source with increase of working temperature.

Therefore, due to high thermal conductivity of nanofluids, nanofluids could be good working
fluids for solar systems. However, in spite of the fact that a fluid is stable at room temperature, which
is often done in the literatures, it does not mean that it will actually work in real applications. Periodic
resonication can help, but it is not enough to achieve a useful service life. In addition, heat radiation
loss also should be decreased.
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Figure 13. Temperature and instantaneous thermal efficiency curves of CuO/oil nanofluids and the
outer tube wall as a function of time.

5. Conclusions

This study experimentally showed the effects of working conditions on the stability of CuO/oil
nanofluids. To improve the stability, the effects of preparation processes were investigated and
optimized with an orthogonal test. The coefficient of thermal conductivity of nanofluids and the
thermal performance working as working fluids in a solar collector were also presented. The following
points have been discovered:

1.  Heating temperature, heating cycles, and heating time were all found to significantly influence
the stability of nanofluids;

2. Nanofluids tended to aggregate quickly at medium temperatures or after several thermal cycles,
even if they had high stability at room temperature (e.g., more than 30 days without settling).

3. According to our orthogonal test, the main factors affecting thermal impulse stability were the
periodic resonication time, particle size, particle concentration, and the type of dispersant;

4. The thermal conductivity of CuO/oil nanofluids with a 0.2% volum fraction was 3.8% higher
than that of the pure oil base fluid, enabling its thermal efficiency in the solar collector to achieve
67.6%.

Overall, physical treatment on nanoparticles can realize long-term stability of nanofluids at room
temperature but can only marginally improve the thermal impulse stability. Chemical treatment
methods (e.g., attaching functional groups with high bond energy [21]) are needed to maintain
high-temperature stability of nanofluids, and long-term thermal stability of nanofluids for practical
applications is still a big challenge.
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