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a b s t r a c t

This study experimentally investigated the preparation method, stability, measurement,
and modeling of the thermal conductivity of water/graphene oxide-silicon
carbide nanofluid. In this study, the nanofluid was prepared via a two-stage method.
Moreover, the SEM and XRD tests were used to investigate surface and atomic structure
of nanoparticles. A probe-type ultrasonic stirrer was used to achieve stability and ho-
mogenized distribution of particles in the base fluid. Then, the nanofluid stability was
assessed using the DLS test. According to the results, the base fluid contained nano-sized
particles. Moreover, the thermal conductivity measurement of the hybrid nanofluid was
carried out in the temperature and volume concentration ranges of 25–50 ◦C and 0.05–
1 vol%, respectively. The experimental variables were the nanofluid’s temperature and
volume concentration. Results showed that the thermal conductivity of the nanofluid
increased with increasing volume concentration and temperature. Although nanoparticle
concentration has a greater impact than temperature, changes in thermal conductivity are
greater at higher temperatures. The greatest increase in thermal conductivity of nanofluid
was 33.2% at the concentration of 1 vol% and temperature of 50 ◦C. To calculate thermal
conductivity of this nanofluid, a highly accurate experimental equation was developed
using the laboratory data curve fitting method.

© 2019 Published by Elsevier B.V.

1. Introduction

Today, technological growth is very dramatic in various industries. The high-tech industries such as manufacturing and
production systems, electronics, transportation, and oil and gas have come up with great ideas to solve many issues such
as production enhancement, pollution reduction, and recycling. A barrier to progress in these industries is a rapid cooling
solution to maintain operational performance and reliability of new products [1–4].
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Table 1
Results from review study into thermal conductivity improvement in nanofluid versus base fluid.
Enhancement T (%) Concentration (%) Temperature (◦C) Base fluid Nanoparticle Ref.

19.9 0.01–0.5 25–60 Water GO Esfahani et al. [13]
7.08 0.1–1 20–50 Oil TiO2 Wei et al. [14]
11 1.96–12 .58 21 Water SiO2 Esfe et al. [15]
10.3 0.01–1 20 Methanol SiO2 Pang et al. [16]
48 0.24 15–75 Water MWCNT Esfe et al. [17]
38 0.0625–5 24–50 EG Zn O Glory et al. [18]
20 4 Ambient temperature EG Cu O Esfe et al. [19]
26.71 0.1–2 Up to 50 EG–Water Cu O Shima et al. [20]
48 0–2 20–60 Water Fe3 O2 Sundar et al. [21]

Heat transfer is one of the most important and applicable engineering sciences. This importance is multiplied regarding
the necessity of energy consumption management. To this end, working out suitable solutions capable of reducing energy
consumption and raising productivity is essential [5]. The optimization of heat transfer equipment to achieve higher energy
efficiency requires equipment size reduction on the one hand, and heat transfer enhancement per unit surface area on the
other hand. Among the widespread applications of fluid’s heat transfer capability is cooling processes in various areas such
as power plants, automotive industries, electronic equipment, and specifically in heat exchangers [6,7].

Nanofluids are a new group of fluids with high heat transfer characteristic, which are designed and prepared through
the suspension of metal and nonmetal nanoparticles (<100 mm) in a base fluid such as water, oil, and ethylene glycol [8].
Moreover, the very small size of these particles significantly contributes to the elimination of such problems as corrosion,
impurity, pressure drop, and improvement of fluid stability against sedimentation [9,10]. In nanofluids, the addition
of nanoparticles to the base fluid changes its thermophysical properties. Moreover, since these properties depend on
nanoparticle concentration in the base fluid and temperature, the maximum efficiency of these properties can be achieved
by changing nanoparticle concentration and temperature. Typically, fluids have high thermal conductivity, and subsequently
high rate of heat transfer [11,12].

The thermal conductivity is the quantity of heat that passes in unit time, through unit thickness, and under unit degree
of specified temperature. The rate of heat transfer is greater in materials with higher thermal conductivity than in materials
with lower thermal conductivity. As a result, materials with higher thermal conductivity are used for heat absorption,
and materials with lower thermal conductivity are used in insulation materials. Table 1 presents a summary of previous
studies into the increase in thermal conductivity of nanofluids. According to Table 1, the addition of a limited quantity of
nanoparticles to the base fluid always improves its thermal characteristics. This nanofluid characteristic has a principal role
in its industrial applicability.

With respect to previous studies into two-phase solid–liquidmixtures, aswell as nanofluids,Maxwellwas among the first
researchers who analytically investigated thermal conductivity through particle suspension. Maxwell used a highly diluted
suspension of spherical particles, regardless of particle-based fluid interaction, and provided the results in the form of an
analytical equation [22]. Moreover, other researchers such as Hamilton and Crosser [23], and Yu and Choi [24] investigated
different parameters such as the particle shape, intrasurface effects, and thermal resistance to calculate the effective thermal
conductivity of mixtures. In the past two decades, advanced nanofluids comprising of different particles, have attracted
researchers. These ‘‘hybrid’’ nanofluids are typically obtained from a combination of two different types of nanoparticles in
the base fluid. Further, some relevant studies are presented.

Harandi et al. introduced Fe3O4-MWCNT as a suitable compound of nanoparticles for improving thermal characteristics of
water–ethylene glycol nanofluid. They reported that thermal conductivity of the nanofluid increased by 28.1% at the volume
fraction of 1 vol%, as compared to the base fluid [25]. An experimental study compared thermal conductivity of a ZnO-Ag
hybrid nanofluid (30:70) with a water–ethylene glycol hybrid fluid, as the base fluid, at the temperature range of 26–50 ◦C
and volume fraction range of 0.05–1.6 vol%. Results showed that the highest nanofluid thermal conductivity was measured
at the volume concentration of 1.6 vol% and temperature of 50 ◦C [26]. Hemmat et al. investigated the effect of temperature
and volume fraction of the ZnO nanoparticles/multi-walled carbon nanotubes in the base fluid of water–ethylene glycol [27].
The range of temperature and volume concentration in their study was 20–50 ◦C and up to 0.75 vol%, respectively. Their
results showed that the thermal conductivity increased by 36.2% at the volume fraction of 0.75 vol% and temperature of
50 ◦C. Kanayan et al. experimentally investigated the effects of an increase in temperature and volume fraction in a hybrid
nanofluid containing aluminum oxide and copper oxide nanoparticles. Their experiment was conducted in the temperature
range of 20–70 ◦C and volume fraction of up to 0.2 vol%. Their findings showed a 45% increase in the thermal conductivity
at the temperature of 70 ◦C and volume fraction of 0.2 vol% [28].

Alavi et al. used Al2O3, CuO, SiO2, and ZnO nanoparticles in a water-based fluid to improve thermal conductivity. The
range of temperature and concentration in their study was 26–50 ◦C and 1–5 vol%, respectively. Results showed that the
thermal conductivity improved by 40% as compared to the base fluid [29]. Monkhabayar et al. investigated the effect of an
increase in temperature and volume fraction of the Ag nanoparticles/multi-walled carbon nanotubes in the water as the
base fluid. The range of temperature and volume concentration in their study was 15–40 ◦ C and up to 3 vol%, respectively.
Their results showed that thermal conductivity increased by 14.5% at the volume fraction of 3 vol% and temperature of
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Table 2
Thermophysical characteristics of base fluid at 20 ◦C.
Water Properties

H2O Chemical formula
0.606 Thermal conductivity (w/m k )
0 Melting point (◦C)
18.01528 Molar mass (g/mol)
0.998 Density (gr/m3)
6–7 PH
100 Boiling point (◦C)
3.1690 Vapor pressure (k pa)

Table 3
Thermophysical characteristics of nanofluid.
SiC Go Properties

Grayish white Black Color
99 99 Purity
3.216 1 Density (gr/ m3 )
Almost spherical Sheet, 6–10 Layers Structure
45–65 3.4–7 Thickness Dimensions ( nm)
40–80 100–300 Specific surface area (m2/gr)

40 ◦C [30]. In a laboratory study, Nabil et al. investigated the effects of an increase in temperature and concentration of
titanium dioxide and silicon dioxide nanoparticles in a hybrid water–ethylene glycol nanofluid at the volume fraction of
3 vol%. Their findings suggested a 22.8% increase in thermal conductivity at the temperature of 80 ◦C and volume fraction of
3 vol% [31]. The desirable characteristics of nanofluids have turned them into an alternative fluid-type materials capable of
not only overcoming energy conversion and transfer issues, but also contributing to the development of thermal systems,
reduction of thermal exchanger size, enhancement of productivity, and reduction in fuel consumption and costs [32–49].

In this study, the combination of graphene oxide and silicon carbide nanoparticles were used for the first time [50–73] to
prepare a hybrid nanofluid with pure water as a base fluid. First, nanofluid preparation and stability were examined. Then,
the thermal conductivity of the hybrid nanofluid was measured at the temperature range of 25–50 ◦C and volume fractions
of 0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 vol%. Finally, experimental results along with data analysis results were presented
in comparative diagrams. According to laboratory results, an experimental equation was developed to calculate thermal
conductivity of this hybrid nanofluid using the curve fitting method and SigmaPlot11.

2. Experimental

2.1. Preparation methods of nanofluids

Among the faced challenges in the use of nanofluids are their preparation and stability. This is because achieving uniform
anddefining characteristics in nanofluids requires them to be stable. In this study, a two-stagemethodwas used for nanofluid
preparation and stabilization. It was a water-based fluid containing a combination of graphene oxide and silicon carbide
nanoparticles with the volume ratio of 50:50. The characteristics of the base fluid and hybrid nanoparticles are presented in
Tables 2 and 3, respectively.

The nanoparticles used in this study were purchased from the US Research Nanomaterials, Inc. The XRD and SEM were
conducted to assure their surface and atomic structures. Results are presented in Figs. 1 and 2. The planar surface structure
of graphene oxide nanoparticles, as well as the partially spherical structure of SiC nanoparticles, are presented in Table 1.
Moreover, diameters of nanotubes and particles of silicon carbide are presented in this table.

Fig. 2 presents XRD results for nanoparticles under investigation. It is a non-destructive method with many applications,
providing comprehensive information about chemical compounds and crystalline structure of materials. The XRD results
are acceptably consistent with findings of other researchers.

In this study, thewater-based fluidwas used because of itswide industrial applications. Themass of nanoparticles, aswell
as that of the base fluid, wasmeasured using Eq. (1), characteristics ofmaterials presented in tables above, and an A&Ddigital
scale (GF-300) with the accuracy of 0.001 g (Fig. 3A). The mass of nanoparticles and base fluid by different concentrations is
presented in Table 4.

ϕ =
(m

ρ
)GO + (m

ρ
)SiC

(m
ρ
)GO + (m

ρ
)SiC + (m

ρ
)H2O + (m

ρ
)EG

∗ 100 (1)

After the measurement of the base fluid and nanoparticles mass, the nanoparticles were added to the base fluid for
60 min using a digital magnetic stirrer (IKA C-MAG HS7; Fig. 3B). After suspension preparation, a probe-type ultrasonic
device (Hesher UP400St, 400 W, 24 Khz, Germany; Fig. 3C) was used for 45 min to achieve long-term stability and break
agglomerated particles, turning them into nano-sized particles.
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Fig. 1. SEM image of graphene oxide (left) and silicon carbide (right) nanoparticles.

Fig. 2. XRD results for graphene oxide (bottom) and silicon carbide (top) nanoparticles.
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Table 4
Mass of base fluid and nanoparticles by concentration of hybrid nanoparticles at volume of 60 ml.
Mass (±0.001 ) (gr) Concentration

SiC Go Water

0 0 58.8 0.00
0.048 0.015 58.771 0.05
0.096 0.030 58.741 0.10
0.193 0.060 58.682 0.20
0.386 0.120 58.655 0.40
0.579 0.180 58.447 0.60
0.772 0.240 58.330 0.80
0.965 0.300 58.212 1.00

Fig. 3. Equipment used for nanofluid preparation; (A) Digital Scale, (B) Magnetic-stirrers, (C) Ultrasonic processor.

2.2. Measurement of thermal conductivity of nanofluids

There are different methods for the measurement of nanofluid thermal conductivity [35], out of which the hot wire is
one of the most applicable ones. In this study, the nanofluid thermal conductivity was measured using a hot wire-type
KD2-Pro (Decagon devices Inc., USA). The KS-1 sensor with the length of 60 mm and diameter of 0.9 mm was used for
the measurement. To eliminate vibration-caused measurement error, which results in natural and forced displacement, the
system presented in Fig. 4 was used. A temperature bath (WNB7, made by MEMMERT, Germany) was used to achieve a
controlled and homogenized temperature during the experiment.

3. Results

3.1. Stability of nanofluids

Dynamic light scattering is a physical model to determine particle distribution in nanofluids. This non-destructive and
rapid method is used for determination of particle size within the size range of a few nanometers to a micron. This method
depends on light-particle interaction. The light scattered from nanoparticles in the suspension changes with time, which can
be attributed to the particle diameter. In this study, DLS-VASCOTM y Series was used, whichmeasure nanoparticle size range
by application of laser beam at the wavelength of 657 mm to a nanoparticle-containing solution, based on Mie scattering
theory [36].

Results from particle size measurements are presented in Fig. 5. This diagram shows the size of particles in a water–
ethylene glycol solution based on the intensity of laser beam scattered from the particle surface. Based on the laws of physics
governing laser beams, self-scattering is more intense in larger particles than smaller ones. As a result, smaller particles may
remain undetected with the sensors and thus not reported in the final results. According to the results, the highest intensity
was observed with a particle size of 81 mm. The size range of other particles is also presented.
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Fig. 4. Real image of a nanofluid thermal conductivity measurement system.

Fig. 5. Diameter of nanoparticles suspended in nanofluid by intensity.

3.2. Validation

Before conducting the experiments, the accuracy of the KD2-Pro thermal analyzerwas first assessed, using glycerin as the
calibration fluid. Results suggested that the device measurement error was very low and acceptable at room temperature
based on the manufacturer manual. Before conducting the experiments at predefined temperatures and concentrations, the



104 A.A. Mahyari, A. Karimipour and M. Afrand / Physica A 521 (2019) 98–112

Fig. 6. Validation of laboratory results for thermal conductivity of water–ethylene glycol based on ASHRAE handbook [37].

Fig. 7. Thermal conductivity of hybrid nanofluid by volume fraction at different temperatures.

thermal conductivity of the base fluid (water) was measured to assure the accuracy of the overall system results under
temperature conditions. Results were then compared to the ASHRAE handbook [37]. According to the results (Fig. 6), the
system was acceptably accurate at different temperature conditions, with the maximum error rate of 2%.

3.3. Thermal conductivity

This section presented the laboratory results of thermal conductivity of water/graphene oxide-silicon carbide in the
volume concentration range of 0.05–1 vol% and temperature range of 25–50 ◦C. The thermal conductivity improvement
ratio of the nanofluid to the base fluid is presented by Eq. (2).

Thermal conductivity ratio =
knf
kbf

(2)

Fig. 7 presents thermal conductivity changes of the hybrid nanofluid by the volume fraction at 25, 30, 35, 40, 45, and 50 ◦C.
According to the results, thermal conductivity increases with increasing the volume fraction. Considering that the thermal
conductivity of the nanofluids used in the current study was very higher than that of the base fluid, these positive changes
for higher concentration could be related to the thermal conductivity of nanomaterials. Another reason for improvement
of thermal conductivity was nanofluid instability caused by the addition of more particles to the base fluid. Thermal
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Fig. 8. Improvement of thermal conductivity of nanofluid relative to base fluid by volume fraction at different temperatures.

Fig. 9. Nanofluid thermal conductivity by temperature at different volume concentrations.

conductivity changes also improve with increasing temperature. Increasing nanofluid concentration above a certain level
leads to particle instability and clustering; moreover, nanofluid viscosity increases with increasing the concentration. These
phenomena limit the degree of increase in nanofluid concentration.

Fig. 8 presents thermal conductivity ratio of the nanofluid to the base fluid. Results showed that the thermal conductivity
ratio of the hybrid nanofluid increased (up to 33.2%) with increasing volume fraction of nanoparticles. This diagram presents
the improvement trend of thermal conductivity of the water/graphene oxide-silicon oxide nanofluid relative to the pure
water as the base fluid. On the other hand, the number of suspendednanoparticles increasedwith increasing volume fraction.
This figure also showed an increase in the slope of changes at higher temperatures.

Fig. 9 presents results from nanofluid thermal conductivity experiments in the temperature range of 25–50 ◦C for
nanofluids with different concentrations. According to this figure, the nanofluid thermal conductivity improves with
increasing the temperature. Moreover, further increase in nanofluid thermal conductivity occurs at higher temperatures. An
effective factor in improving nanofluid thermal conductivity under temperature increasemay be the natural characteristic of
thermal conductivity ofmaterials. This is because the thermal conductivity of themajority ofmaterials increaseswith raising
the temperature. Energy transfer between nanofluid layers increases with increasing particle volume in the base fluid; on
the other hand, molecular movement increases with raising the temperature. These factors are among the parameters that
improve heat transfer.

Fig. 10 presents the thermal conductivity ratio of the experimental hybrid nanofluid to the base fluid at different
concentrations. According to the results, nanofluid thermal conductivity significantly increasedwith raising the temperature.
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Fig. 10. Improvement of nanofluid thermal conductivity relative to base fluid by temperature at different concentrations.

Fig. 11. Margin of deviation of computed thermal conductivity relative to laboratory results.

The ratio of thermal conductivity changes always follows an upward trend with raising the temperature. These changes
are due to the effective parameters in improving heat transfer such as the Brownian motion and natural characteristics of
particles.

4. Thermal conductivity correlation

The improvement of nanofluid thermal conductivity depends on different qualitative and quantitative parameters,
specifically particle size and shape, operating temperature, volume concentration of particles, and nanofluid preparation
method. According to the literature, there is no comprehensive equation to predict thermal conductivity of hybrid nanofluids.
This study proposed an experimental equation to calculate thermal conductivity of a hybrid water/graphene oxide-silicon
carbide nanofluid by applying the curve fitting method to laboratory data, using SigmaPlot 11. This equation was a function
of volume fraction and temperature of the nanofluid.

This equation (Eq. (3)) had the maximum error rate of 1.79% in the temperature range of 25–50 ◦C and volume
concentration range of 0.05–1 vol%.

knf
kbf

= 0.015229T(0.52876+0.31508ϕ)
+ 0.92124 (3)
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(a)

Fig. 12. Comparison of experimental results with results from proposed equation at different experimental temperatures.
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(b)

Fig. 12. (continued).
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In this study, K is thermal conductivity, T is temperature (◦C), and ϕ is volume fraction of the nanofluid. In addition, nf
and bf present nanofluid and base fluid, respectively.

To investigate the results accuracy and maximum margin of deviations from Eq. (3), they are compared to the empirical
results of thermal conductivity obtained from Eq. (4).

Deviationmargin(%) =
kExp − kPred

kExp
× 100 (4)

where EXP and Pred subscripts are experimental and predicted values given by the proposed equation. The maximum
deviation between thermal conductivity results from Eq. (3) and thermal conductivity measured in vitro is presented in
Fig. 11. In this figure, themajority of points are located on the bisector or very close to it, indicating the appropriate accuracy
of the proposed equation. Moreover, the maximum margin of deviation between thermal conductivity results was 1.79%,
which is acceptable for an experimental equation.

To assess the accuracy and overlap of experimental results for thermal conductivity as compared to the results from the
proposed equation (Eq. (3)), the obtained results were presented in Fig. 12. Results for different experimental temperature
were reported separately. Changes in thermal conductivity in these diagrams are based on volume concentration of the
nanofluid.

5. Conclusion

For the first time, this study measured and modeled thermal conductivity of the water/Sic-graphene oxide hybrid
nanofluid in the temperature range of 25–50 ◦C and volume fractions of 0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 vol% in vitro
after evaluating its stability [74–97]. Results are presented as follows:

1. Regarding the type of oxide nanoparticles used in the current study, as well as mechanical and ultrasonic preparation
process applied by it, a homogeneous nanofluid with acceptable stability was prepared.

2. DLS test results with different patterns approved acceptable stability of the nanofluid. The test clearly showed the
presence of nano-sized particles in the nanofluid.

3. The effect of an increase in volume concentration on thermal conductivity of the nanofluid used in this study was
significantly greater than that of temperature variations. These changes could be due to desirable thermal properties
of the employed particles.

4. As an effective parameter, temperature can improve the thermal conductivity of the nanofluid relative to the base fluid.
On the other hand, changes follow an accelerating upward trend with raising the temperature. these changes can be
due to the unique characteristics of the nanofluid. This is because, in functional systems, an increase in temperature
necessitates an increase in heat transfer capacity.

5. The proposed experimental equation for thermal conductivity of nanofluid showed high accuracy. It can be used to
calculate thermal conductivity of the hybrid water/graphene oxide-silicon carbide in future studies.
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