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Abstract

conductivity

In this article, carbon black nanofluids were prepared by dispersing the pretreated carbon black powder into
distilled water. The size and morphology of the nanoparticles were explored. The photothermal properties, optical
properties, rheological behaviors, and thermal conductivities of the nanofluids were also investigated. The results
showed that the nanofluids of high-volume fraction had better photothermal properties. Both carbon black
powder and nanofluids had good absorption in the whole wavelength ranging from 200 to 2,500 nm. The
nanofluids exhibited a shear thinning behavior. The shear viscosity increased with the increasing volume fraction
and decreased with the increasing temperature at the same shear rate. The thermal conductivity of carbon black
nanofluids increased with the increase of volume fraction and temperature. Carbon black nanofluids had good
absorption ability of solar energy and can effectively enhance the solar absorption efficiency.
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Introduction
The major resource of renewable energy comes from the
sun. Solar energy utilization is very important in the
background of global warming and reduction of carbon
dioxide emission. Solar energy has been explored
through solar thermal utilization, photovoltaic power
generation, and so on [1-3]. Solar thermal utilization is
the most popular application among them. In conven-
tional solar thermal collectors, plates or tubes coated
with a layer of selectively absorbing material are used to
absorb solar energy, and then energy is carried away by
working fluids in the form of heat [4,5]. This type of
collector exhibits several shortcomings, such as limita-
tions on incident flux density and relatively high heat
losses [6]. In order to overcome these drawbacks, direct
solar absorption collector has been used for solar ther-
mal utilization. In this kind of collector, solar energy is
directly absorbed by the working fluids meanwhile the
generated heat is carried out by the working fluids [4].
In the last century, black liquids containing millimeter
to micrometer-sized particle were used as working fluid
in solar collectors due to their excellent photothermal
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properties [7]. However, the applications of these suspen-
sions are limited because of severe abrasion, sedimenta-
tion, and plug problems of coarse particles. Recently,
nanofluids have been applied as working fluids in direct
solar collectors [5,8-11]. Nanofluid is a new class of heat
transfer fluids containing stably suspended nano-sized
particles, fibers, or tubes in the conventional heat transfer
fluids such as water, ethylene glycol, engine oil, etc.
[12-16]. Several researchers have reported that nanofluids
could effectively improve the solar energy utilization
[4,17,18]. Taylor et al. found that nanofluids had excel-
lent potential for solar thermal power plants. Efficiency
improvement on the order of 5% to 10% was possible
with a nanofluid receiver [19]. Shin et al. reported that
the specific heat of a high temperature nanofluid (1 wt.%
silica nanoparticles in a eutectic of lithium carbonate and
potassium carbonate) enhanced by 25% compared with
that of the pure eutectic [20]. The results of Tyagi et al.
showed that the absolute efficiencies of the Al/water
nanofluid-based direct absorption solar collectors were
about 10% higher than that of the conventional flat-plate
type collectors using pure water under similar operating
conditions [6]. Mu et al. investigated the radiative prop-
erties of SiO,/water, TiO,/water, and ZrC/water nano-
fluids. They found that the ZrC nanofluid had the highest
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solar absorbance among the studied nanofluids [5]. How-
ever, the research on the solar energy utilization of nano-
fluids is only in the start stage, and the relative reports
are scarce at present.

When nanofluids are used as working fluids of the
direct solar absorbers, the thermal properties of nano-
fluids are critical to the solar utilization. Photothermal
property is very important to the assessment of solar
energy absorption of nanofluids because it directly
reflects the solar absorption ability of nanofluids. Viscos-
ity and rheological behaviors not only are essential para-
meters for nanofluid stability and flow behaviors but
also affect the heat transfer efficiency of direct solar
absorbers. Thermal conductivity is an important para-
meter for heat transfer fluids. It also affects the collec-
tors’ heat transfer efficiency. Great efforts have been
made to the rheological behaviors and thermal conduc-
tivities of nanofluids [21-27], and these studies are help-
ful to the research of nanofluids as solar absorption
working fluids. However, as mentioned above, there are
only a few research committed to the photothermal
properties [5,18]. Therefore, more studies are essential
to the photothermal property research.

Carbon black is a kind of material that has very good
absorption in the whole wavelength range of sunlight
[18]. Carbon black nanofluids seem to have high poten-
tials in the application of solar utilization. However,
there are only a few researches on carbon black nano-
fluids [28-31], which mainly concern about the viscosity,
dispersion stability, and tribological behavior.

In this study, carbon black nanofluids were prepared
by dispersing the pretreated carbon black powder into
distilled water. The size and morphology of the nano-
particles were explored. The photothermal properties,
optical properties, rheological behaviors, and thermal
conductivities of the nanofluids were also investigated.

Experiments

Preparation of nanofluids

Commercial carbon black powder (N115) was supplied
by Qingdao Degussa Company, Qingdao, China. To
obtain stable nanofluids, the original carbon black pow-
der was pretreated as follows: 15 g of original carbon
black powder and 300 ml 30% H,O, were added into a
round-bottomed flask and heated to boiling under mag-
netic stirring. The reaction was carried out under stir-
ring and boiling for 5 h. Then the mixture was filtrated
at room temperature and dried at 100°C. Pretreated car-
bon black powder was obtained by repeating the process
twice. Then the pretreated carbon black powder was
ground and dispersed into distilled water under ultraso-
nic vibration for 1 h. Carbon black nanofluids of differ-
ent particle volume fractions were prepared by adjusting
the amount of carbon black and water.
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Characterization of carbon black nanofluids

The transmission electron microscopy (TEM) images
were captured on a JEM-2000EX (JEOL Ltd., Tokyo,
Japan) transmission electron microscope with an accel-
eration voltage of 160 kV. The carbon black nanofluids
were diluted with distilled water and one drop was
placed on a carbon-coated copper grid and left to dry at
room temperature. Particle size distributions of the
nanoparticles in nanofluids were measured with a Zeta-
sizer 3000HS (Malvern, Worcestershire, UK) particle
size analyzer based on dynamic light scattering technol-
ogy. The samples were also prepared by diluting the
nanofluids with distilled water.

Measurements of photothermal properties of carbon
black nanofluids

The schematic diagram of photothermal property test
equipment was shown in Figure 1. Carbon black nano-
fluids were sealed in quartz tubes (d = 26 mm, & = 150
mm). The tubes were placed in an insulation box. Insu-
lation materials were put under and between the tubes.
Each tube was filled with nanofluids of the same
amount, so that the experimental nanofluids had the
same endothermic and heat transfer area. Temperatures
of the nanofluids were measured and recorded in real
time with thermocouples inserted in the nanofluids. The
measurements were directly carried out in the sun and
performed twice and averaged. The average atmospheric
temperature is 24°C.

Measurements of optical properties of carbon black
powder and nanofluids

UV-Vis-NIR spectra of pretreated carbon black powder
and nanofluids were recorded on a CARY-500 spectro-
photometer (MedWOW, Necosia, Cyprus) at room tem-
perature from 200 to 2,500 nm. The carbon black
powder was put on a sample stage, and the absorption
spectra were detected. The carbon black nanofluids of
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Figure 1 Schematic diagram of the nanofluids photothermal
property test equipment. 1, thermocouple; 2, quartz tube; 3,
nanofluids; 4, insulation materials; 5, data acquisition device.
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different volume fraction were put into quartz cuvettes,
and the transmittance spectra were detected.

Measurements of rheological behaviors of carbon black
nanofluids

The rheological behaviors of the carbon black nanofluids
were investigated on a controlled stress viscometer (Phy-
sica MCR301, Anton Paar, Graz, Austria) with a cylind-
rical rotor. The shear rate and temperature ranged from
15 to 110 s and 25°C to 50°C, respectively. A continu-
ous reading of shear stress and shear rate was recorded
automatically when the measurement process was stabi-
lized after the nanofluids were transferred into a mea-
surement chamber. The cylindrical sample cell was
surrounded with a constant temperature water bath.
The temperature measurement accuracy was 0.01°C.

Measurements of thermal conductivity of carbon black
nanofluids

The thermal conductivity was measured on a KD2 Pro
Thermal Property Analyzer (Decagon Inc., Pullman, WA,
USA) using a single-needle sensor for heating and moni-
toring of the temperature, which is based on the transient
hot wire method. The instrument’s probe (1.3 mm in dia-
meter and 60-mm long) was vertically immersed in the
center of nanofluids. The thermal conductivity range of
the probe was 0.02 to approximately 2 Wm 'K™'. The
dimensions of cylindrical sample cell were 35 mm in dia-
meter and 70 mm in length. Each measurement took 1
min. Calibration of the probe was carried out first by
measuring the thermal conductivity of pure water,

Page 3 of 7

ethylene glycol, and glycerol. All our measurements were
performed over ten times and averaged, and the time
interval between the measurements was 15 min.

Results and discussion

Characterization of typical sample

Figure 2a shows the TEM image of the carbon black
nanofluids. The primary nanoparticles are about 20 nm
in diameter and aggregate to short clusters. Figure 2b
shows the size distributions of carbon black nanofluids.
The particle size of the carbon black nanofluid is about
50 to 500 nm and has a mean size of 190 nm. The
agglomeration of the nanoparticles and the hydrody-
namic diameter measured by the Malvern particle size
analyzer are responsible for the larger particle size [21].

Photothermal properties of carbon black nanofluids

Figure 3a shows the temperatures of carbon black nano-
fluids and pure water as a function of the solar irradiation
time. Figure 3b shows the temperature enhancement of
nanofluids to pure water at the same irradiation time. It
can be seen that the temperatures of the nanofluids
increase more quickly than that of pure water. For exam-
ple, within 42 min, the temperature of the 6.6 vol.%
nanofluid increases from 24.4°C to 38.4°C while that of
the pure water only increases to 31.2°C (Figure 3a). This
indicates that carbon black nanofluids have good solar
energy adsorption properties. It is clear that the nano-
fluids of high-volume fraction show higher temperatures,
i.e., the solar adsorption ability enhances with the volume
fraction in the experimental range (Figure 3). However,

Figure 2 Characterization of the typical sample. (a) TEM image, (b) size distributions.
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Figure 3 Photothermal properties of carbon black nanofluids. (a) Temperature as a function of time, (b) temperature enhancement as a

Time/min

the temperature of 7.7 vol.% nanofluids is close to that of
6.6 vol.% sample, indicating that the photothermal prop-
erties will not change significantly when the volume frac-
tion is higher than 6.6 vol.%. The temperature
enhancements of carbon black nanofluids were higher
than that of Mu’s TiO,/water, SiO,/water, and ZrC/water
nanofluids (<1 wt.%) [5], it is maybe due to the high con-
centration and good solar absorption of carbon black
nanofluids (see the following section).

Optical properties of carbon black powder and nanofluids
Figure 4 shows the UV-Vis-NIR absorption spectra of
carbon black powder. The fluctuations from 800 to 950
nm are due to wave change of the equipment. It is clear
that carbon black powder has very good absorption in
the whole range.
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Figure 4 UV-Vis-NIR absorption spectra of carbon black

powder.
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Figure 5 shows the UV-Vis-NIR transmittance spectra
of water and carbon black nanofluids. It can be seen
that both the water and carbon black nanofluids have
perfect absorption in the wavelength ranging from 1,400
to 2,500 nm, and carbon black nanofluids have lower
transmittance than water in the wavelength ranging
from 200 to 1,400 nm, indicating better solar absorption
ability. These are responsible for the better photother-
mal properties of carbon black nanofluids.

Rheological behaviors of carbon black nanofluids

Figure 6 shows the rheological behaviors of carbon black
nanofluids for different concentrations at room tempera-
ture (27°C). A shear thinning behavior can be observed,
and the extent of the shear thinning behavior increases
with the carbon black concentration. The shear viscosity
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Figure 5 UV-Vis-NIR transmittance spectra. (a) Water, (b) carbon
black nanofluids.
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Figure 6 Rheological behaviors of carbon black nanofluids of
different concentrations at 27°C.
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Figure 7 Rheological behaviors of carbon black nanofluids (6.6
vol.%) at different temperatures.

also increases with the increasing carbon black concen-
tration at the same shear rate. The shear thinning beha-
vior of present nanofluids is maybe due to the high
concentration and aggregation structure of nanoparticles.
It agrees with the results of Tseng et al. for concentrated
(5 to approximately 12 vol.%) aqueous suspensions of
TiO, [32] and that of Tamyjid et al. for Ag/diethylene gly-
col (0.2 to approximately 4.37 vol.%) [33].

As the shear rate increases, the aggregation structures
of the nanoparticles break down. As a result, the viscos-
ity decreases, and shear thinning behaviors are observed.
With the increase of the carbon black concentration, the
interaction between the nanoparticles enhances, and the
flow resisting force increases. Therefore, the viscosity
and the heat resistance increase with the increase of the
volume fraction.

Figure 7 shows the rheological behaviors at different
temperatures for the 6.6 vol.% carbon black nanofluids.
The nanofluids at other concentrations have the similar
rheological behavior. A shear thinning behavior can be
observed obviously, and the shear viscosity decreases
with the increase of the temperature at the same shear
rate.

With the increase of the temperature, Brownian
motion enhances, and hence, the interaction between
the nanoparticles decreases. The solvent effect of the
carbon black particles also decreases at high tempera-
tures. These might be responsible for the small viscosity
at high temperatures. When the temperature goes up,
the viscosity of the nanofluids decreases, and thus the
flow resisting force and heat resistance decreases. This
is helpful to improve the efficiency of the solar absor-
bers at high temperatures.

Thermal conductivity of carbon black nanofluids

Figure 8 shows the thermal conductivity of carbon black
nanofluids for different concentrations at 35°C. The
nanofluids at other temperatures (ranging from 15°C to
55°C) have the similar trends. It can be seen that the
thermal conductivity of nanofluids increases with the
increase of carbon black volume fraction. For example,
the thermal conductivities of current nanofluids are
0.619, 0.632, 0.643, and 0.652 Wm 'K, correlated to
volume fractions of 4.4%, 5.5%, 6.6%, and 7.7%, respec-
tively. The experimental data show a near linear correla-
tion between the thermal conductivity and the volume
fraction of carbon black. It agrees with the results in the
literatures [34-36]. The thermal conductivity
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Figure 8 Thermal conductivity of nanofluids as a function of
carbon black volume fraction at 35°C.
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enhancements of current nanofluids are smaller than the
reported results of functionalized carbon black nano-
fluids [30], which can probably be attributed to the sur-
face functionalization of carbon black nanoparticles.

When the volume fraction increases, the effective
medium increases. As a result, the thermal conductivity
increases with the volume fraction. As mentioned above,
the solar adsorption ability also enhances with the
volume fraction. However, as the concentration of car-
bon black increases, the viscosity and flow resisting
force increases. Thus, the heat transfer efficiency
decreases. Therefore, there should be an optimum
volume fraction. Considering these thermal properties,
the 6.6 vol.% carbon black nanofluids have better solar
thermal utilization properties.

The thermal conductivity of carbon black nanofluids
at the concentration of 6.6 vol.% is shown in Figure 9.
The nanofluids at other concentrations have the similar
trends. The thermal conductivity increases with the
increasing temperature. For example, the thermal con-
ductivity of nanofluid increases from 0.622 to 0.652
Wm 'K when the temperature increases from 18.5°C
to 55°C. The same trend had been observed by other
researchers [37-40]. The carbon black nanofluid shows
high thermal conductivities at high temperatures. This
can effectively improve the solar energy utilization at
high temperatures. At the same time, the viscosity
decreases with the increase of temperature. Therefore,
the carbon black nanofluids had better solar absorption
properties at higher temperatures.

Conclusion
Carbon black nanofluids were prepared by dispersing
the pretreated carbon black powder into distilled water.
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Figure 9 Thermal conductivity of 6.6 vol.% carbon black
nanofluids as a function of temperature.
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The nanofluids of high-volume fraction have better
photothermal properties which indicate better solar
energy adsorption properties. Both carbon black powder
and nanofluids have good absorption in the whole wave-
length range from 200 to 2,500 nm. The nanofluids
exhibit a shear thinning behavior. The shear viscosity
increases with the increasing volume fraction and
decreases with the increasing temperature at the same
shear rate. The thermal conductivity of carbon black
nanofluids increases with the increase of volume fraction
and temperature. In conclusion, carbon black nanofluids
have good absorption ability of solar energy and can
effectively enhance the solar absorption efficiency. As a
result, carbon black nanofluids have high potentials for
the application of solar utilization.
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TEM: transmission electron microscopy.
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