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Abstract

The surface tensions of graphene oxide nanofluids of five mass concentrations were measured by the oscillation droplet
method in an acoustic levitator. The oscillation information of the suspension droplets was obtained by combining acoustic
levitation with image recognition technology, and a shape correction coefficient a was introduced to modify the Rayleigh
equation. Over the temperature ranging from — 7 to 10 °C, the surface tension of the graphene oxide nanofluids increases with
increasing mass concentration and decreases with increasing temperature. Compared with the surface tension changes caused
by an increase in the mass concentrations of nanofluids from 0.08 to 0.12% at — 7 °C, the surface tension slowly increases
from 79.144 to 80.664 mN m~' when the mass concentration increases from 0.02 to 0.08%. The change rate of the surface
tension with temperature is linear in both supercooled and non-supercooled states. For nanofluids with a mass concentration
of 0.02%, the values are —0.185 and — 0.186, respectively, which are basically the same. However, with an increase in mass
concentration, the surface tension increases abnormally in supercooled state. For nanofluids with mass concentrations of
0.05% and 0.08%, the curve of the surface tension has an inflection point at — 1.0 °C, while for mass concentrations of 0.10%
and 0.12%, the inflection point is at 1.0 °C. All inflection points are distributed around the triple point temperature of water.
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List of symbols 5,6  Surface tension and average surface tension
A Amplitude (mN m™")
a Correction coefficient 0] Angular velocity (rad s™")
B The constant term of the Rayleigh equation @ Initial phase (rad)
fr-f  The natural oscillation frequency and oscillation .
. Subscript
frequency of the droplet, respectively (Hz) ..
S L . C Critical state
l The oscillating mode of liquid suspension droplet . .
R Rayleigh equation
M The mass of the droplet (kg) -
o 0 Original state

T, T Absolute temperature and critical temperature,

respectively (K)
x Time (s) Introduction

¥, ¥o The length of droplet’s long axis and the average

length, respectively Nanofluids refer to the dilute suspensions prepared by the

dispersion of metallic or nonmetallic nanoparticles, with a
typical size of less than 100 nm, in base fluids. Since first
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and the interface phenomenon during fluid flow [15, 16]. As
we know, the carbon structures nanomaterials have better
performance than the traditional metal, so the surface ten-
sion of carbon structures nanofluids have great potential to
be studied. Therefore, it is extremely important to measure
surface tension of carbon structures nanofluids.

In addition, a brief review of recent studied on surface
tension of carbon structures nanofluids can expand under-
standings the evolution of the surface tension. For instance,
several researchers reported the surface tension of graphene
oxide nanofluids with different mass concentrations at tem-
perature (10-100 °C). An enhancement of 2.9% in surface
tension has been observed at the maximum mass concen-
tration (0.10%). It has been found that the surface tension
increased with the graphene oxide nanoparticles concentra-
tion [17]. Kamatchi et al. [18] investigated the effect of the
nanoparticles concentrations (0.01-0.03 mass%) and tem-
perature (35-75 °C) on the surface tension of reduced gra-
phene oxide nanofluids. The result showed that the surface
tension of the nanofluids is higher than that of water and
increases with concentrations. Moreover, Ahammed et al.
[19] examined the surface tension of graphene nanofluids
with volume concentration and temperature. When the vol-
ume concentration was maintained at 0.15%, the surface
tension of nanofluid in the temperature measurement range
decreased by 18.7% compared with that of deionized water.
It should be noted that the surface tension of graphene nano-
fluids decreased with the increase in the both concentration
and temperature. Furthermore, Cabaleiro et al. [20] studied
the surface tension of graphene oxide at ambient tempera-
ture. They believed that diminutions in surface tension can
be attributed to the increase in the intermolecular spacing
at the liquid—air interface, which can reduce the attractive
force between water molecules that are inside the droplet.

Besides graphene nanofluids, some researchers have
studied the surface tension of carbon nanotubes nanofluids
with concentrations (0.1-10 mass%). The surface tension of
multi-walled carbon nanotubes nanofluids with 10 mass%
enhanced by 7% compared to that of deionized water. It has
been found that the surface tension initially decreased with
concentration and then increases [21]. Karthikeyan et al.
[22] experimentally measured the surface tension of func-
tionalized multi-walled carbon nanotubes nanofluids with
volume concentration (0.001-0.012%). It has been observed
that the surface tension of nanofluids did slightly change,
only when the concentration of nanofluids exceeds the
critical concentration, the surface tension of the nanofluid
increases linearly with the concentration. Moreover, Ber-
rada et al. [23] noted that the surface tension evolution was
intensively depended on the surface properties of carbon
nanomaterials, and the hydrophobic functional groups on
the surface of carbon nanotube generated the surface ten-
sion reduction with nanofluid concentration. Furthermore,
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Karami et al. [24] reported the surface tension of functional-
ized graphene and multi-walled carbon nanotubes nanoflu-
ids with various concentrations. The results showed that the
surface tension of nanofluids decreased with the increase in
nanoparticle concentrations.

The above researchers must contact a solid material with
the tested fluid sample during the surface tension measure-
ment of nanofluids. Therefore, during the test, one must
carefully clean the experimental hardware and prevent con-
tamination of the sample from the containers. Furthermore,
due to the wetting conditions, various solid materials may
be used for different fluids, and much effort is required for
calibration of the measurement system. Acoustic levitation
provides a containerless technology to measure the surface
tension of fluids. During the process of measurement, a
small test droplet is levitated and isolated within another
medium by the acoustic radiation stress on the droplet’s
surface. Usually, the levitated droplet is excited into shape
oscillations, and the surface tension is obtained by measur-
ing the oscillation frequency accordingly. Acoustic levitation
has no special requirements for the levitated droplet, so it
is widely used in research on the solidification of materials
[25], biomedicine [26, 27], and droplet dynamics [28-30].

For most commonly used fluids, such as water and vari-
ous mixed liquids, surface tension has been relatively well
tested. Nevertheless, the available experimental data are still
scarce in some temperature regions. Moreover, most of the
surface tension data are limited to stable thermodynamic
conditions. In this paper, we focus on the surface tension of
graphene oxide nanofluids in supercooled state, i.e., when
the supercooled nanofluids are cooled below freezing, which
is a metastable state. The surface tension of the supercooled
nanofluids plays an important role in the nucleation of nano-
fluids. It is very difficult to measure the surface tension in
supercooled region, which is the temperature zone of nuclea-
tion. In this paper, we utilize acoustic levitation combined
with image recognition to measure the surface tension of
the supercooled graphene oxide nanofluids by detecting the
oscillation information of the levitated graphene oxide nano-
fluid droplets.

Experimental
Surface tension measuring apparatus

Figure 1 shows the schematic of the surface tension meas-
uring apparatus. This device consists of an acoustic levita-
tor, a thermostatic bath, and a data acquisition system. A
high-intensity ultrasonic wave is generated by an ultrasonic
transducer driven at a resonant frequency of 20 kHz. A verti-
cal titanium alloy ultrasonic horn is attached axially to the
ultrasonic transducer. The ultrasonic wave radiates from the
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Fig. 1 Schematic of the surface tension measuring apparatus

emitter and is reflected by a concave reflector whose distance
from the emitter is adjusted via a height adjuster. When the
ultrasonic horn and the reflector are separated by an appro-
priate distance, a standing wave is formed in the gap. The
acoustic pressure varies as the square of a sine wave along
the horn—reflector axis. The concavity of the reflector serves
to radially focus the acoustic pressure into points where a
droplet of nanofluid may be stably levitated against gravity.

The temperature inside the cooling chamber is controlled
by setting the temperature of the ethylene glycol solution,
which flows recurrently between the cooling chamber and
the thermostatic bath. The lowest temperature of the ethyl-
ene glycol solution can be set at — 15 °C during experiments.
Considering the large measurement inaccuracy of infrared
thermometers at low temperatures, copper—constantan
(T-type) thermocouples are used to measure the temperature
of both the air inside the cooling chamber and the levitated
droplet. These temperatures were recorded by a data acqui-
sition instrument (Agilent 34970A). The precision of the
thermocouples is + 0.2 °C, as calibrated by a high precision
thermometer.

When the temperature inside the cooling chamber is
stable, the distance between the emitter and the reflector
should be carefully adjusted to reach a resonance state.
Then, a 40 pL droplet is manually injected to the node of the
standing wave through a small window by a pipette to make
it levitate stably by adjusting the power of the ultrasonic

LTI

Thermostatic bath

Reflective screen

generator. The thermocouple preset at the node of the stand-
ing wave is accordingly moved to the center position of the
droplet, and when the temperature of the droplet reaches a
stable value, the droplet is slightly disturbed by blowing air
on it with a syringe in order to generate oscillation [31]. At
the same time, a high-speed camera (Basler acA2040-90uc)
is utilized to continuously record the images of the levitated
droplet at a rate of 800 fps. Repetitive experiments were
carried out six times at each temperature in order to ensure
the reliability of the experimental data.

Preparation and characterization of graphene oxide
nanofluids

The graphene oxide nanofluids were prepared by the two-
step method. The graphene oxide nanomaterial (longest
diameter: 500 nm—5 um, a single-layer ratio of 99%, thick-
ness: 0.8—1.2 nm) was purchased from XFNANO company
(china). The graphene oxide nanomaterial was evenly dis-
persed in deionized water (resistivity: 18 MQ cm at 20 °C)
by an ultrasonic stirrer (FS-300, supplied by SONXI com-
pany in china). The power of the ultrasonic oscillator was
set at 300 W with 8 s pulse mode for 150 min. Figure 2
shows that the mass concentrations of the graphene oxide
nanofluids are 0.02%, 0.05%, 0.08%, 0.10%, and 0.12%,
respectively.
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Fig.2 Image of the graphene oxide nanofluid with different mass
concentrations

Table 1 Particle size and Zeta potential distribution of the different
mass concentrations of graphene oxide nanofluids

Graphene Particle size Average Zeta Average Zeta
oxide (over 90%)/ particle potential potential/mV
nanofluids/ nm size/nm (absolute)/

mass% mV

0.02 73-165 98 0-51 30

0.05 20-45 30 0-75 42

0.08 15-50 37 0-86 47

The particle size distribution and Zeta potential of the
graphene oxide nanofluids are measured by a laser size and
zeta potential analyzer (Nano ZS90). Table 1 shows the dis-
tribution of the particle size and zeta potential of the gra-
phene oxide nanofluids with three mass concentrations. The
zeta potential of the graphene oxide nanofluids with different
mass concentrations is greater than the critical stable value
(the absolute value is 30 mV) [32], which indicates that the
graphene oxide nanofluids possess excellent stability.

Fig.3 Binary image of a peri-
odic oscillation of 0.05 mass%
nanofluid droplets at —5 °C

@ Springer

Droplet oscillation and image recognition

Principle of measuring surface tension by the oscillating
droplet method

For a near spherical inviscid liquid drop, the frequency of
oscillation is expressed by the Rayleigh equation [33],

_ 3 >
S = =+ Mk 1)

where 6, fi are the surface tension and natural frequency
of the droplet, respectively. M is the mass of the suspended
droplet, which can be determined by a volume reading of the
pipette. The precision of the pipette is + 1 mg, as calibrated
by a high-precision electronic balance. L is the resonant
mode, which can be observed by oscillating the droplet. The
surface tension is proportional to the square of the natural
frequency fr. This suggests the method for measuring the
surface tension via the frequency of an oscillating droplet.

Before measuring the frequency, it necessary to judge the
droplet resonant mode /. A binary image composed of black
and white pixels is obtained by processing the recorded image
during the process of droplet oscillation, and the area of the
black pixels represents the droplet. Figure 3 shows a binary
image of the 0.05 mass% graphene oxide nanofluid droplets
at —5.0 °C in an oscillation period. Alternating flattening
and extension of poles of the droplets, consistent with the
oblate—prolate oscillation of the fundamental (/=2) mode, can
be seen in this figure. By observing the oscillation process of
the droplets at different measurement temperatures, the reso-
nant mode of the droplets is determined to be [=2.

Indeed, the initial shape of the suspended droplets is non-
spherical according to the balance among the surface tension,
the gravity, and the acoustic radiation pressure. The Rayleigh
equation is modified by introducing the correction coefficient a
[34-36], which is determined by fitting the measurement data.

3

6= gaisz2 2)

Processing the suspension droplet images

In order to obtain the oscillation frequency of the drop-
let, the image recognition software ImageJ combined with
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self-programming which is used to batch process images of
the collected droplet. Figure 4 shows the image processing
flow of the acoustic suspension nanofluid droplet at ¢ = %T
in Fig. 3. First, the original RGB image of the droplet is con-
verted into a grayscale image. To retain the droplet’s shape
information, the software can significantly remove interfer-
ence signals and reduce the computational complexity of the

(a) RGB image of the droplet and background

(b) Image after grayscale conversion

(c) Binary image of the droplet after processing

(d) Image of the droplet after ellipse fitting

Fig.4 Image processing flow of the 0.05 mass% nanofluid droplets at
-5.0°C

boundary recognition. Then, by subtracting the background
image, the interference of the thermocouples, the shadow
of the thermocouple, and the shadow below the droplet are
eliminated. Finally, the Canny [37] method is used to gen-
erate the boundary of the droplets, and after the dilation,
erosion, and filling operations, the shape of the droplet is
elliptically fitted to obtain the data of the long axis, short
axis, and centroid.

For nanofluid with mass concentration of 0.05% at
—5.0 °C, the long axis changes of an oscillation drop-
let over a period of time are shown in Fig. 5. This value
varies in a sinusoidal manner and can be fitted by
y(x) = yo(1 + Asin(wx + @)) with y, =23.986 pixels,
A =0.127, ® = 9027, @ = 43.382x. This means that the
drop oscillates at a frequency of 45.1 Hz. Besides fitting the
droplet data to obtain the oscillation frequency, it can also
use the fast Fourier transform (FFT) to analyze the droplet
data, as shown in Fig. 6. The dominant frequency in the
spectrum diagram represents the oscillation frequency f of
the suspension droplet.

Meanwhile, it is observed that there is a second peak
in the spectrum diagram, the corresponding frequency is
50 Hz, which is the same as the input current frequency
of the ultrasonic generator in the acoustic levitation sys-
tem. The principle of the ultrasonic generator is to con-
vert the 50 Hz AC in the power grid into the required
high frequency through the circuit module. However, the
output signal of ultrasonic generator is mixed with the
unconverted low-frequency signal and this low-frequency
signal through the ultrasonic transducer and ultrasonic
horn to the suspended droplets, which causes that the
droplet appears a small vibration with a frequency of
50 Hz. As a result, a second peak (50 Hz) appears in
the spectrum diagram. In addition, the amplitude of the
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Fig.5 Curve of the time evolution of the long axis of the 0.05 mass%
nanofluid droplets at —5.0 °C
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Fig.6 Spectrum of 0.05 mass% nanofluid droplets oscillation at
-5.0°C

second peak is only 8.66% of the amplitude of the main
peak, so the interference of the second peak on the result
can be ignored.

Results and discussion
Verification the surface tension of deionized water

In order to verify the feasibility of the method, the sur-
face tension of deionized water in the range from — 7.0
to 10.0 °C was measured. The experiment was repeated
six times for each temperature to calculate the average of
the experimental data, and the deviations from the mean
value are within +0.43%. The theoretical data of surface
tension can be determined by the Vargaftik equation [38].

1.256
_s(1_L _ _T
5_13(1 Tc> <1 0.625<1 Tc>> 3)

where T is the absolute temperature (K), 7 is the critical
temperature of water, and B=235.8 mN m~

The surface tension of deionized water at 10.0 °C is
taken as the datum, and the oscillation frequency f of
the suspended water droplets at 10.0 °C was put into the
Eq. (2), to determine the correction coefficient of deion-
ized water a =0.784. Figure 7 shows the result of the
measurements in this paper and theoretical data. The
measured values agree well with theoretical data, and the
average deviation is +0.37%. This is enough to prove that
the surface tension measurement method adopted in this
paper can accurately and effectively measure the surface
tension of droplets and is suitable for supercooled fluids.
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Fig.7 Surface tension of experimental and theoretical results for
deionized water

Determination of the correction coefficient a

Based on Eq. (2), in order to determine the surface tension
of the graphene oxide nanofluids in supercooled state, in
addition to measuring the oscillation frequency f of the sus-
pended droplets, it is also necessary to determine the cor-
rection coefficient a that corresponds to different mass con-
centrations of nanofluids. In this paper, the surface tension
of the graphene oxide nanofluids at 10.0 °C is taken as the
benchmark, which is obtained by using the method of Zheng
[17] (the ring method). Figure 8 shows that the oscillation
frequency spectra of the graphene oxide nanofluid droplets
with five mass concentrations processed by FFT at the base
temperature. In this way, the corresponding oscillation fre-
quency f1is obtained. Table 2 shows the correction coefficient
a, determined by combining Eq. (1) with Eq. (2), where 5is
the average of six repeated tests.

Effect of mass concentrations on surface tension

Figure 9 shows the surface tension of the graphene oxide
nanofluids with different mass concentrations at — 7.0 °C.
According to the measured results, with an increase in mass
concentration, the surface tension of the nanofluids increases
at the same temperature. This likely occurs because hydro-
philic graphene oxide nanoparticles are added to the water,
and these nanoparticles are more distributed in the interior
of droplets, while the attraction between the nanoparticles
and water molecules is stronger than that between the water
molecules, which makes the water molecules on the sur-
face of the droplets flow inward, resulting in a decrease in
the molecule spacing at the interface of the droplets and
increases surface tension. Moreover, there are fewer nano-
particles on the surface of droplets. This will further reduce
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Fig.8 Spectrum of droplet oscillation at the reference temperatures

Table 2 Correction coefficient a of graphene oxide nanofluids at the
reference temperature

Graphene Temperature/°C  Reference S/mNm~' a
oxide nanoflu- value [17]/

ids/mass% mN m™!

0.02 10.0 76.000 94.842 0.801
0.05 10.0 76.600 92.588 0.827
0.08 10.0 77.530 93.447 0.829
0.10 10.0 77.300 92.383 0.836
0.12 10.0 77.020 91.282 0.843

the molecule’s space under strong interactions with water
molecules. In addition, some researchers [39, 40] have
shown that nanoparticles with specific functional groups
will be charged in the base liquid, and these charged nano-
particles will be enriched and assembled at the gas/liquid
interface, which may also lead to changes in the surface ten-
sion of the nanofluids.

Moreover, the experimental results clearly show that
when the mass concentration is lower than 0.08%, the change
rate of the surface tension with mass concentration is smaller
than that of a higher mass concentration, and the surface
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Fig. 10 Surface tension of graphene oxide nanofluid varies with tem-
perature

tension slowly increases from 79.144 to 80.664 mN m™!
when the mass concentration increases from 0.02 to 0.08%.
This is likely because the distance between nanoparticles is
much larger than the nanoparticle size for such dilute sus-
pensions, so the interactions between nanoparticles have
little impact on the surface energy. However, as the mass
concentration increases, nanoparticles move closer to each
other. Thus, the van der Waals forces increase significantly,
which will increase the free energy at the surface and thereby
increase surface tension.

Effect of temperature on surface tension

Figure 10 depicts the variation in the surface tension of
graphene oxide nanofluids with five mass concentrations
and deionized water at different temperatures, and Table 3
shows the corresponding specific data. As seen in Fig. 10
and Table 3, the surface tension of the graphene oxide
nanofluids decreases with an increase in temperature. It is
consistent with the change trend that the surface tension of
all the prepared nanofluids decreases with the raise of tem-
perature whatever the base fluid used [41]. For nanofluids
with mass concentrations of 0.02%, the surface tension is
76.000 mN m™" at 10.0 °C and 79.144 mN m™~" at — 7.0 °C.
When the temperature increases by 17.0 °C, the surface ten-
sion decreases by 4.13%. When the temperature increases
from — 7.0 to 10.0 °C, the surface tension of nanofluids with
mass concentrations of 0.05%, 0.08%, 0.10%, and 0.12%
decreases by 4.73%, 4.04%, 6.37%, and 9.04%, respectively.
This shows that changes in the surface tension of nanofluids
with temperature are affected by the nanofluid’s mass con-
centrations. With an increase in mass concentrations, the
change range of surface tension decreases when the increase
in temperature is intensified. This may relate to the Brown-
ian motion of nanoparticles [42]. On the one hand, with
an increase in temperature, the Brownian movement of the
nanoparticles is enhanced, which reduces the concentration

Table 3 Surface tension of

. . Temperature/°C Graphene oxide nanofluid/mass%

graphene oxide nanofluids at

different temperatures (unit: 0.00 0.02 0.05 0.08 0.10 0.12

mN m™)
-7.0 76.808 79.144 80.224 80.664 82.228 83.986
-5.0 76.358 78.761 79.622 80.017 81.203 82.940
-3.0 76.068 78.447 78.967 79.437 80.429 81.843
-1.0 75.859 78.033 78.343 78.843 79.695 80.747
1.0 75.476 77.676 78.035 78.592 78.994 79.837
3.0 75.148 77.369 77.700 78.356 78.638 79.194
5.0 74.810 77.043 77.320 78.128 78.256 78.668
7.0 74.629 76.608 76.955 77.898 77.804 78.183
9.0 74.259 76.214 76.694 77.645 77.468 77.487
10.0 74.051 76.000 76.600 77.530 77.300 77.020
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Table4 The change rate of the surface tension of graphene oxide
nanofluids with temperature

Graphene oxide
nanofluids/mass%

The change rate of
surface tension with
temperature in non-
supercooled state

The change rate of
surface tension with
temperature in super-
cooled state

0.00 —0.158 —0.158
0.02 —0.186 —0.185
0.05 -0.159 -0.313
0.08 -0.118 —0.303
0.10 —0.188 —-0.422
0.12 -0.313 -0.539

of nanoparticles in the interior of the droplets, weakens the
attraction of water molecules at the interface of the droplets,
and leads to a decrease in surface tension. On the other hand,
arelative increase in the concentration of nanoparticles in a
gas/liquid state would enhance the attraction to water mol-
ecules and cause the surface tension to increase. Under the
influence of these two factors, the surface tension decreases
with an increase in temperature.

Meanwhile, the experimental results clearly show that the
change rate of surface tension with temperature is different
in both a supercooled and non-supercooled state. Data for
the change rate of the surface tension with temperature are
shown in Table 4.

The value of 0.02 mass% graphene oxide nanofluids and
deionized water in supercooled state shows a slight differ-
ence from that in non-supercooled state and presents an
approximately straight line. However, for a higher mass
concentration, the change rate of surface tension with tem-
perature in supercooled state is obviously greater than that
in non-supercooled state. Further, there is an inflection point
in the surface tension curve, for nanofluids with mass con-
centrations of 0.05% and 0.08%, the inflection point is at
— 1.0 °C, while for mass concentrations of 0.10% and 0.12%,
the inflection point is at 1.0 °C, and the inflection point is
close to the triple point temperature of water, and it may be
related to the addition of graphene oxide nanomaterial. Simi-
lar phenomena have been reported in some previous studies
[43-45]. In addition, under a supercooled state, the change
rate of the surface tension increases with an increase in mass
concentration. This result is likely related to the distribution
of nanoparticles in supercooled state. Moreover, the surface
tension of the supercooled and non-supercooled states shows
a linear change trend.

Conclusions

The surface tension measurements of graphene oxide nano-
fluids with mass concentrations of 0.02%, 0.05%, 0.08%,
0.10%, and 0.12% were taken using an acoustic levitator.
The surface tension data for the graphene oxide nanofluids
in supercooled state are thus enriched. Containerless pro-
cessing and noncontact measurement techniques eliminated
contamination from the container wall, which enabled the
accurate measurement of fluid in supercooled state. In both
supercooled and non-supercooled states, the surface tension
of nanofluids increased with an increase in mass concentra-
tion at the same temperature and decreased with an increase
in temperature. When the mass concentration is lower than
0.08%, the surface tension continues to increase slowly with
the increase in the mass concentration. The change rate with
temperature of the surface tension of 0.02 mass% graphene
oxide nanofluids in supercooled state is basically the same as
that in non-supercooled state and presents an approximately
straight line. However, for higher mass concentrations of
nanofluids, the change rate of the surface tension with tem-
perature in supercooled state is obviously different from that
in non-supercooled state, and there is an inflection point
near the triple point temperature of the water. Moreover, the
surface tension of nanofluids in both supercooled and non-
supercooled states shows a linear variation trend.
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