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ARTICLE INFO ABSTRACT
Keywords: In the present study, the effects of nanoparticles, mass fraction percentage and temperature on the
Thermal conductivity coefficient conductive heat transfer coefficient of Graphene nanosheets- Tungsten oxide/Liquid paraffin

Hybrid nanofluid

Graphene nanosheets
Tungsten nanoparticles
Liquid paraffin

Feed-forward neural network

107160 hybrid nanofluid was investigated. For this purpose, four different mass fractions were
used in the range of 0.005%-5% in a number of examinations. The results illustrated that the
thermal conductivity coefficient was increased with the increment of the mass fraction percentage
and the temperature of Graphene nanosheets- Tungsten oxide nanomaterials in the base fluid.
Then, a feed-forward artificial neural network was used to model the thermal conductivity co-
efficient. In general, with the increase in temperature and concentration of nanofluid, the value of
thermal conductivity increases. The optimum value of thermal conductivity for this experiment
was observed in the volume fraction of 5% and at the temperature of 70 °C. The results of this
modeling indicated that the fault of the data estimated for the coefficient of thermal conductivity
in the Graphene nanosheets- Tungsten oxide/Liquid paraffin 107160 nanofluid, as a function of
mass fraction percentage and temperature, was less than 3%, as compared to the experimental
data.

1. Introduction

Nanotechnology has made it possible to produce nanoparticles small enough to be used in all physical processes [1-8]. This
technology is one of the most advanced ones today, and its various applications can change the future world. By producing nano-
structures, the physical properties of materials, including the magnetic behavior, electrical conductivity, thermal conductivity,
strength and melting point, can be controlled without changing the structure. These changes in properties can be made using advanced
nanomaterial technology in different fields such as electrical industries, materials, chemical industries, oil and gas. Generally,
nanoparticles refer to particles whose dimensions are considered less than 100 nm [9-14]. Since nanoparticles are extremely small,
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when dispersed in liquids, they generate unique properties in those liquids, such as high thermal conductivity coefficient, longer
stability period, and less erosion. Nowadays, heat exchangers are widely used in various industries such as oil, gas and petrochemical
industry, power plant, car industry, etc. Since the metal solids and their oxides have a thermal conductivity much higher than that of
fluids, the idea of dispersing the solid particles in the fluid to enhance this feature has arisen in the recent years. Utilization of nanofluid
as a new approach is considered in the operations of heat transfer [9,10,15-18].

First, Choi put the nanofluid idea into practice by dispersing nanometric solid particles in a fluid. However, when using these fluids,
problems such as lack of stability, sedimentation, abrasion, erosion of the ducts, and pipe blockages in the used heat exchangers could
prevent the acquisition of a proper commercial product on an industrial scale [19]. The first evidence on the enhancement of the
conductivity coefficient of nanofluids caused by the utilization of nanoparticles in common heat transfer fluids was reported by
Masuda et al. in 1993 [20]. Generally, they reported that the thermal conductivity coefficient of these fluids could be enhanced by
adding small amounts of metal nanoparticles or metal oxide nanoparticles such as copper, copper oxide, alumina, or carbon nanotubes
(CNT) to the fluid. On the other hand, the convective heat transfer coefficient (HTC) is the main factor in the heating-cooling ap-
plications of forced convection, and its enhancement in the nanofluid performs by parameter variations, such as the volumetric
concentration of nanomaterials, size, structure of the particles’ shape, temperature of the base fluid and the additives [21]. The
experimental and theoretical results have shown that frequently used fluids that are being consumed in the heat transferring field have
a low coefficient of thermal conductivity and thermal diffusivity coefficient. Therefore, since the conductive coefficient of nano-
particles is high due to their solid nature, the thermal conductivity coefficient of the fluid, which is one of the most fundamental
parameters of heat transfer, can be increased by dispersing these nanoparticles in the base fluid [22].

Graphene-based nanofluids consist of nanoparticles; the most important ones include: Graphene (GE), Graphene Oxide (GO),
Graphene nanoplatelets (GNPs), Graphene nanosheets (GNSs). These nanoparticles have been used with different aqueous and non-
aqueous fluids. In some of the past studies, thermo-physical features of these GNS-based nanofluids have been investigated. Yu
et al. have, for instance, investigated the thermal conductivity coefficient of the GNSs-ethylene glycol nanofluid stabilized with a
conventional surfactant (sodium dodecylbenzene sulfonate (SDBS)) in the range of 0.01-0.05 wt% using the Transient Hot Wire (THW)
procedure. Production of the nanofluid using the two-step method was performed and Fourier-transform infrared spectroscopy (FT-
IR), Energy-dispersive X-ray spectroscopy (EDX), and Transmission electron microscopy (TEM) tests were used for the validation of the
nanofluid. They demonstrated that the conductive HTC of the nanofluid along with Graphene sheets at 5 volumetric concentrations
was increased by 86% [23]. Aravind et al. also investigated the thermal conductivity coefficient of GNSs-deionized water and
GNSs-ethylene glycol nanofluids without any surfactant in the range of 0.008-0.138 volumetric concentrations. They produced the
nanofluid by the two-step method and utilized the FT-IR, EDX and TEM tests for the validation of the nanofluid. They also demon-
strated that the thermal conductivity coefficients for GNSs-deionized water and GNSs-ethylene glycol nanofluids were increased by
13.6% and 27%, respectively, at the temperature of 25 Celsius degrees [24].

As a matter of fact, hybrid nanofluids are obtained from the suspension of two different very small particles on the nanoscale in the
base fluid; they are capable of increasing the heat transfer significantly, as compared to the pure fluids [25]. Some researchers have
studied the conductive HTC of hybrid nanofluids along with GNSs-based nanofluids. Baby et al. have also illustrated the conductive
HTC of the Ag/HEG hybrid nanofluid in the base fluid of deionized water and ethylene glycol. They produced the nanofluid by the
two-step method, with a concentration of 0.01-0.07 wt%. They also used FT-IR, scanning electron microscope (SEM), X-ray Diffraction
(XRD) and TEM tests for the validation of the nanofluid. They showed that the hybrid nanofluid’s conductive HTC for the deionized
water base fluid has was increased by 25% at 25 °C and 86% at 70 °C. They also indicated that the nanofluid’s thermal conductivity
coefficient for the ethylene glycol base fluid was improved by 6% at 25 °C and 14% at 70 °C [26].

According to the literature, there is no investigation on the thermophysical features of the hybrid nanofluid with GNSs [27]. It has
been shown that the graphene causes the thermal conductivity coefficient to be increased [28]. On the other hand, increasing the
viscosity of the nanofluid makes its application limited in industrial processes requiring high pumping power for the high rates of the
heat transfer fluid [29]. Therefore, studies on increasing the efficiency of the heat transfer should be such that the viscosity of this
nanofluid can be decreased. Also, it has been stated in the past studies that due to their irregular catheter movement (Brownian
motion), adding spherical nanoparticles can easily lead to the separation of the intertwines of GNSs. In this case, the reduction of the
intertwines of GNSs causes the momentum transfer between the layers of the fluid to be easily done. Therefore, it is expected to
significantly reduce the viscosity by adding spherical nanoparticles to the nanofluid containing GNSs; meanwhile, the thermal con-
ductivity coefficient can be kept high, so that heat transfer efficiency in the heat exchangers can be maintained; also, the nanofluid
pumping costs can be reduced [30,31].

Thus, this study aimed to increase the thermal conductivity coefficient using the technology of producing hybrid nanofluids
containing spherical WO3 nanoparticles and also, GNSs; this should be such that the viscosity of the nanofluid would not increase
significantly. Since oil is being used in the heat exchangers for heat transfer, in this study, non-aqueous base fluids were considered so
that an applicable conclusion in line with the existing assumptions could be achieved. Also, since the nanostructure of WO3 is very
hydrophobic, it was expected for these nanoparticles to have relatively high stability in non-aqueous environments and a good result
could be obtained. It has been determined in recent years that compared to viscosity, the thermal conductivity could be increased more
with temperature, concentration, and use of nano-powders in the base fluid. To add, the nanofluids based on paraffin have a proper
function in the cooling processes of high-temperature industries. In this study, the conductive HTC of the hybrid nanofluid with a non-
aqueous base fluid containing GNSs and WOg3 was investigated at different temperatures and concentrations. The use of graphene
nanosheets has become widespread in all pharmaceutical, biomedical, electrical and thermal industries due to their suitable thermal,
electrical and mechanical properties. In addition, WO3 is a generic wide bandgap semiconductor with a large exciton binding of
energy, phonon-limited electron mobility and high optical absorption coefficient. Also, paraffin is used in all industries as a material to
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prevent water penetration; due to its suitable properties, this material is used as a lubricant in mechanical parts. Furthermore, this
material is widely used as a phase change material in energy storage systems. Therefore, the use of these materials together can be very
useful in different industries due to the unique properties of each of the components. Eventually, a proposed model for the prediction of
the thermodynamic behavior of this nanofluid can be presented.

2. Methods and materials

In these tests, tungsten oxide nanoparticles and graphene nanosheets were dispersed in liquid paraffin. As mentioned earlier, these
nanoparticles have unique and special properties and their use can increase the thermal conductivity coefficient and further improve
the efficiency of thermal devices. Also, the use of an artificial neural network model, along with experimental methods, can reduce
production costs and save time. Therefore, in this article, we investigated a neural network model to determine the thermal con-
ductivity coefficient and conduct experimental tests.

2.1. Materials and devices

The nanoparticles formed in hybrid nanofluids are GNSs and WOs3 nanoparticles. Due to their high conductivity, these nano-
particles have many applications in different industries. WO3 nano-powders, with the purity of 99.5% and physical properties pre-
sented in Table 1, were prepared from the US-Nano research Company.

Also, GNSs, with the purity of 99.5% and physical characteristics presented in Table 2, were prepared from the US-Nano research
Company.

Also, Liquid Paraffin 107160 was used as the non-aqueous base fluid for the production of the intended nanofluid. The liquid
paraffin 107160, with the purity of approximately 99.99% and physical characteristics presented in Table 3, was obtained from the
German Company Merck.

Also, devices such as TEM (9000 Na, Hitachi Co, Japan) were used to investigate the real sizes of GNSs-WO3 nanoparticles and the
thermal conductivity coefficient; also, the Z-Potential3 (Malvern Co, England, under the ZetaSizer name) was applied to measure the
surface loads of WO3 nanoparticles. Further, the thermal analyzer or KD-2 Pro (Deacagon Co, USA); and other experimental equipment
like magnetic stirrer and erlen were used for the stabiltization of the nanofluid.

2.2. Preparation of the nanofluid

In this study, the GNSs-WO3/LP107160 hybrid nanofluid was obtained by the two-step method. To produce and stabilize the
nanofluid, first, a particular mass of GNSs and WO3 nanoparticles was weighed. Nanoparticles are dispersed in the fluid in the equal
percentage (50-50%). Then, it was added into 19 g paraffin with high purity and a magnetic stirrer was used for 2 h at 800 rpm. Finally,
the obtained hybrid nanofluid containing GNSs and WOg3 nanoparticles was placed into ultrasonic device (for 20 min with 400 Watt
power and 40 KHz frequency). As different mass concentrations should be considered and produced, the initial concentration nano-
fluid could be diluted and used. For example, in order to produce GNSs-WO3/LP107160 hybrid nanofluid with 1% mass concentration,
first, 4 ml of the 5% nanofluid sample was taken by the pipette, and the intended base fluid (liquid paraffin here) was added to make
the volume of 20 ml using a volumetric flask. A view of the intended hybrid nanofluids containing GNSs and WOs3 nanoparticles is
shown in Fig. 1.

2.3. The method of measuring the coefficient of thermal conductivity in the hybrid nanofluid

In the present study, an investigation is performed on the effectiveness of four temperatures higher than the room temperature,
including 25, 40, 55, and 70 Celsius degrees, on the conductive HTC of the nanofluids. A temperature control water bath with the
accuracy of 0.1 Celsius degrees was used to keep the temperature constant (for 15 min) and measure the thermal conductivity co-
efficient of the nanofluid. The measurement of the thermal conductivity coefficient for each nanofluid sample was performed using the
THW (Transient Hot Wire) technique; it was repeated in 12 steps. The measurement period difference of each step with the next step
was considered to be 5 min to keep the temperature around the measurement probe stable. In addition, Decagon KD2 Pro thermal
analyzer was used to measure the thermal conductivity. This device works according to ASTM D5334-08 and IEEE 442-1981 standards.
The probe used to measure the thermal conductivity is the KS-1 probe. Also, the measurement accuracy of the device is equal to 0.001
w/m.K. In this study, to measure the conductive HTC of the nanofluid accurately and avoid the effects of the experiment faults, first,

Table 1

Characteristics of WO3 nano powders.
Chemical name Wo3
Molecular weight 231.8
Boiling point (°C) 1700
Melting point (°C) 1473
True density 7.16 g/cm®

CAS number 1314-35-8
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Characteristics of GNSs.
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Chemical name

Graphene nanosheets (GNSs)

Thickness (nm) 18

Number of layers 32

The diameter of Width (pm) 2-12

Special surface (m?/gr) 1200

CAS number 7782-42-5
Table 3

The thermophysical characteristics of liquid paraffin 107160.

Flash point (°C)
Melting point (°C)
Vapor pressure
Kinematic viscosity
Density

CAS-No, EC-No

300

300-500

Less than 0.01 Pa
42.5 mm?/s

0.86 g/cm®
8012-95-1, 232-384-2

(®) ©

3 .2 > ..\
- <

© ® (2

Fig. 1. Different concentrations of hybrid nanofluids; (a) ¢ = 5 wt%, (b) ¢ = 1 wt%, (c) ¢ = 0.5 wt%, (d) ¢ = 0.1 wt%, (e) ¢ = 0.05 wt%, () ¢ =
0.01 wt% and (g) ¢ = 0.005 wt%.

the nanofluid containing GNSs-WOs3 nanoparticles with different concentrations (from 0.005% to 5% mass concentration) was poured
into a cylindrical glass container, such that the height of the nanofluid inside the container was higher than 10 cm (the geometry of the
glass container was considered such that the height of the container was 12 cm and its diameter was 5 mm). Then, the probe (the thin
rod for measuring the conductive HTC) of the measuring device was taken into the nanofluid and the value of the coefficient of thermal
conductivity in the nanofluid was measured using the device. After measuring the coefficient of thermal conductivity in the nanofluid

Fig. 2. The outcomes of the TEM test for the GNSs with sheet structures, with a with a 150 nm magnification.
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using the thermal analyzer device, the glass container was emptied and a nanofluid with a higher concentration was transferred into
the container, so that the interfering effects of the nanoparticle concentrations on the final results of the test could be avoided. In this
step, as in the previous ones, the device probe was immersed into the nanofluid and the coefficient of thermal conductivity was
measured.

3. Results and discussion
3.1. The transmission electron microscopy (TEM) test

In the present study, the TEM test was utilized to specify geometry, morphology and shape of GNSs-WO3 nanoparticles. In this test,
WO3 nanoparticles or GNSs were added to a solvent with high volatility, and around 0.1 cc of the solution, after sufficient dilution, was
transferred on a graphite sheet. After the used volatile solvent was completely evaporated, the TEM test was done on the graphite
surface containing the WO3 nanoparticles or GNSs. Figs. 2 and 3 depicts the results of the TEM images of the GNS with sheet structures
and WO3 nanoparticles with spherical structures.

As can be seen, the geometry, shape and also, the average dimensions of the nano-powders could be specified. In this study, the
shape of the WO3 nanoparticles were approximately spherical.

3.2. The zeta potential test

In order to study the GNSs-WO3 nanofluid stability in the liquid paraffin 107160 base fluid, given the lack of sedimentation of the
nano-powders, one of the proper criteria is measuring the electrical surface charges of the particles dispersed in the intended base fluid.
The high electrical surface charges of both negative and positive particles could lead to the stability of particles in liquids and their non-
settlement. This has been very much considered in the field of nanoparticles to prevent their agglomeration. Also, the electrical surface
charges could prevent the particles from being agglomerated in the liquid paraffin base fluid. In the present study, the Zeta Potential
tests with high accuracy were utilized to evaluate the nanofluid stability. Most liquids contain cations and anions (positively and
negatively charged atoms). The stability of nanofluids is determined according to the DLVO theory and based on the balance between
attractive and repulsive forces. This theory is a classical explanation to express the stability of colloids in a suspension. It seems,
therefore, that the balance between the opposing forces of electrostatic attraction and repulsion is used to explain the occurrence or
non-occurrence of agglomeration of nanofluids. Also, due to the nature of these particles and the base fluid, the criterion of the stability
of the particles in the fluid is that the highest surface charges should be less than —40 or higher than +40 mV. Therefore, considering
that the highest peak observed in Fig. 4 is greater than 40, it could be concluded that this nanofluid has a very good stability. Therefore,
the possibility of forming agglomerate in this fluid is very low. This figure depicts the outcomes of the Zeta Potential test for the hybrid
nanofluid after the dispersion of the nanoparticles, sonication (20 min’ ultrasound for dispersion), and preparation of the nanofluids.
Also, the measurement was done one week after making the samples. Considering that the obtained results were in a suitable range, we
realized that the samples have good stability. The results, as shown in the diagrams of the Zeta Potential test, indicated that the
nanoparticles had very high stability in the liquid paraffin 107160 base fluid. Therefore, because of the nanofluid stability, the

Fig. 3. The outcomes of the TEM test for the WO3 nano-powders with spherical structures, with a 150 nm magnification.
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Fig. 4. The outcomes of the Zeta Potential test of the hybrid nanofluid.

sedimentations of the nano-powders and its effectiveness on the physical characteristics of the nanofluid, including the thermal
conductivity coefficient, could be ignored.

3.3. The results of investigation of thermal conductivity coefficient of the GNSs-WO3/LP107160 nanofluid

Many experimental and numerical studies [32-35] have been previously performed on the use of nanomaterials to increase heat
transfer. The main factor in increasing heat transfer has been the thermal conductivity of nanoparticles [36-40]. Examination of these
sources showed that there was a good agreement between the trend of changes in thermal conductivity with the previous results.

After the preparation of the GNSs-WO3/LP107160 hybrid nanofluid, the tests were performed to measure the thermal conductivity
coefficient and consider the effectiveness of changes in the mass concentration and temperature of the GNSs-WO3 nanopowders on the
coefficient of thermal conductivity. In order to study the effectiveness of the nanopowders concentration, the GNSs-W0Q3/LP107160
hybrid nanofluid was obtained in mass concentrations ranging from 0.005% to 5%. Also, in order to investigate the effect of tem-
perature on the thermal conductivity coefficient of the nanofluid, different temperatures, including 25, 40, 55 and 70 Celsius degrees,
were selected. Fig. 5 displays the results of measuring the conductive HTC of the hybrid nanofluid of GNSs-WO3/LP107160 at diverse
temperatures and GNSs-WO3 nanopowders mass fractions. It should be noted that in this diagram, the test fault was calculated using
the data standard perversion from the average values.

Also according to Fig. 5, as a physical point of view, it can be concluded that the Brownian motion of nanoparticles increases with
increasing temperature. Further, with the increase of these movements, the thermal conductivity coefficient increases.

Based on the results in this diagram, it could be derived that the rise of the mass concentrations of the GNSs-WO3 nano-powders led
to the enhancement of the coefficient of thermal conductivity in the hybrid nanofluid (GNSs-WO3/LP107160). Also, these results

0.55

0.50

0.45

0.40

nanofluid (W/m K)

0.35

0.30

Thermal conductivity of WO,-nG/liquid paraffin

0.001 0.01 0.1 1 10

WO,-nG mass fraction (wt%)

Fig. 5. The diagram of the thermal conductivity coefficient of the nanofluid in terms of mass fraction of the GNSs-WO3 nanoparticles for the hybrid
nanofluid at different temperatures.
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demonstrated that while the temperature increase reduced the thermal conductivity coefficient of the liquid paraffin 107160 (without
the nanoparticles), for this hybrid nanofluid, the rise of temperature leads to the improvement of the conductive HTC. As shown in this
diagram, at 70 °C, the thermal conductivity coefficient was increased with nanoparticle concentrations; also, by increasing the
temperature, the effects of temperature changes on the conductive heat transfer coefficient of the GNSs-WO3/LP107160 nanofluid was
reduced significantly.

3.4. The results of relative thermal conductivity (RTC) coefficient in GNSs-WO3/LP107160 hybrid nanofluid

Generally, the RTC coefficient of the mentioned hybrid nanofluid could be considered as a subordinate of the nanofluid thermal
conductivity coefficient divided by the thermal conductivity coefficient of the liquid paraffin 107160, as represented below [34]:

kﬂf
Ry = Koy (€8]

In this formula, we measured Ky at the given temperature and nanoparticle concentration and Ky at the given temperature. Fig. 6
display the RTC coefficient of the GNSs-WO3/LP107160 hybrid nanofluid at varied mass concentrations of GNSs-WO3 nanoparticles
and temperatures. The figure illustrates that by increasing the GNSs-WQO3 nanoparticles fractions in the nanofluid with paraffin in the
liquid phase as its base fluid, the changes of the RTC coefficient of the nanofluid in concentrations less than 0.1% could be very
minimal. However, by increasing the mass concentrations of the nano-powders from 0.1 to 5%, the variations in the RTC of the
nanofluid would be much more. Also according to Fig. 6, It can be concluded that by increasing the volume fraction of nanofluid, the
active surface of heat transfer increases. Therefore, the values of thermal conductivity coefficient and relative thermal conductivity
coefficient increase with increasing temperature.

By comparing the results of this study with previous research [17], it was found that due to the use of hybrid nanoparticles (nano
graphene (nG) and WO3), a higher thermal conductivity coefficient can be achieved. In general, using the hybrid nanoparticles (oxide
nanoparticles such as WOj3, TiO», etc., and other nanoparticles such as nG, MWCNT, etc., with low and high thermal conductivities,
respectively) in compare of using only oxide nanoparticles, caused to a significantly increase in the thermal conductivity coefficient
and as a result thermal efficiency of the processes. For example, as seen in Fig. 7, at a temperature of 25 °C and a volume fraction of
0.005%, the thermal conductivity coefficient can be increased to approximately 35% by using hybrid nanoparticles. It can also be
concluded that due to the economic point of view, the use of graphene nanoparticles is a bit expensive, the use of tungsten oxide
particles along with graphene can increase efficiency and thermal conductivity in addition to reducing costs. Also, due to not using
oleic acid in this study, we can achieve a stable nanofluid. According to Fig. 7 and considering the bonds made between nanoparticles
and the base fluid, as well as the appropriate increase in the thermal conductivity coefficient, the use of this nanofluid is recommended.

Since it is very expensive and difficult to perform the test for all volume fractions of nanofluid, using the obtained equations in
Table 4 can lead to saving the cost and time of performing the test. So, in Table 4, the equations of the thermal conductivity coefficient
are presented in terms of temperature changes and volume fraction. Using of these equations, a good approximation of the behavior of
the thermal conductivity coefficient can be obtained in terms of other variables.

3.5. The proposed model for the nanofluid thermal conductivity coefficient

Many numerical and analytical methods were used to modeling and simulation the industrial applications [41-48]. In the
following, the conductive HTC of the GNSs-WO3/LP107160 hybrid nanofluid was considered as a function of temperature and mass
concentrations of the nanopowders in the base fluid. To that end, ANN was performed to solve the fitting problem between the inputs

Relative Thermal conductivity of
WO,-nG/liquid paraftin nanofluid

Lo T T T
0.001 0.01 0.1 1 10

WO,nG mass fraction (wt%)

Fig. 6. The diagram of the RTC coefficient of the hybrid nanofluid in terms of mass concentration for the GNSs-WO3/liquid paraffin 107160 hybrid
nanofluid at varied temperatures.
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Fig. 7. Comparing the thermal conductivity of the WO3-nG/Liquid Paraffin nanofluid (present work) and thermal conductivity of SiO,/Liquid
Paraffin nanofluid (Li et al. [17]): Experimental results.

Table 4

Equations for thermal conductivity coefficient in terms of temperature and volume fraction

variations.
@ (%) Equations
0.005 K = —0.00000348T> + 0.00044873T? — 0.01137678T + 1.40972296
0.01 K = 0.00000800T> — 0.00125724T2 + 0.06766093T + 0.29250543
0.05 K = —0.00000226T> + 0.00025559T2 — 0.00251641T + 1.32158580
0.1 K = 0.00000678T> — 0.00099356T2 + 0.05280863T + 0.57087975
0.5 K = 0.00001322T% — 0.00197708T2 + 0.09786293T + 0.02909358
1 K = 0.00001113T° — 0.00165629T2 + 0.08444411T + 0.22483889
5 K = 0.00001513T? — 0.00233185T2 + 0.12296930T — 0.18489617

(i.e., mass concentrations and temperature) and targets (i.e., the thermal conductivity coefficient of the hybrid nanofluid). The used
ANN is a feed-forward network with one hidden layer and an output layer in which “tansig” and “purelin” activations functions are
used, respectively.

The neural network provides the mapping relationships, as follows [49-51]:

y=purelin (LWQ'I a' + bz) 2)
where
Hidden Layer Output Layer
Temperature | \
> (Wx+b) T (Wxtb)

mass fraction 4

Activation Activation

Function: Function:

tansig purelin
Ytansig(n) = 2 1 (n)
tansig = 1+ e-2n Ypurelin =n

Fig. 8. The architecture of artificial neural network.
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a' :tansig(IWI'lx-i—bl) 3)

where, x and y are the input and target vectors, IW'! and LW?! are the weight matrices, and b' and b? are the bias vectors of the hidden
and output layers, respectively. Fig. 8 shows a view of the current network architecture. To obtain the weight and bias values, the
Bayesian regularization algorithm is utilized. The sigmoid layer and linear output layer in the error propagation network’s architecture
enable it to estimate any function with limited points of discontinuity.

In artificial neural networks, one of the practical methods of obtaining optimal parameters is the use of Bayesian regularization
learning rules, which automatically sets appropriate values for the parameters of the objective function. The Bayesian regularization
algorithm can be used to improve the ability of the neural network and to train the objective function F, which is shown in Eq. (4)
[49-51]:

_ 1 n 2 1 n 2
F—GZZH (ti — o0i) +ﬂ;zizlwi *

Here, n is the number of network inputs, t; is the target and o; is the output of the ANN. In Eq. (4), the first term is the sum of the
squares remaining between the network output and the objective function, and the second term is the sum of the squares of the network
weights. o and f are the parameters of the objective function setting, each of which depends on the training of the network in reducing
the remaining outputs or the size of the network.

In multilayer feedforward networks, neurons with a nonlinear transfer function and a linear final layer provide the ability to learn
between inputs and outputs. The optimal number of neurons in the hidden layer in ANN is determined by trial and error. In this study,
the number of neurons was changed between 2 and 10, and the mean relative errors was investigated according to Eq. (5). Here, n, y;
and y; are the number of data, target and network output, respectively. As can be seen in Table 5, the lowest mean relative error was
obtained with 5 neurons in the hidden layer. The results, as can be seen in Table 5, showed that the increase in the number of neurons
caused overfitting because the network could not generalize the patterns in the training data set to the test data set [49-51].

n _
Mean Relative Error :l Z u (5)
n = Vi

The output results of the neural network model for the tested values are shown in Fig. 9. As can be seen, the conductive heat transfer
coefficient values at different temperatures for untrained data were determined using an artificial neural network in terms of mass
fraction. One of the advantages of training ANN using the Bayesian regularization algorithm is that it divides the input data into sets of
training and testing data. This factor causes more data to participate in the training and testing phase, and the network has a better
generalization ability for the arbitrary input data. In this study, 85% of the data was considered for the training dataset and 15% for the
test dataset. The regression diagram and the whole data are presented in Fig. 10 for training and testing. These graphs show how close
the output data is to the actual target values in the training and test phase. As can be seen in the figures, the horizontal axis is the
experimental data and the vertical axis is the outputs from ANN. In accordance with the regression diagram for the test data, which
serves as a means of data validation. Values at the target and output have strong convergence. And this shows that data was correctly
trained, as well as validating untrained data. In Fig. 10, the R correlation shows the closeness of the outputs obtained from the network
outputs and the real values, whose value is obtained from Eq. (6) [51]. As can be seen, the network has a good correlation with the
targets for the test and training dataset. The value of R = 0.994 for all data confirmed that the obtained fitting was almost ideal.
Furthermore, the estimated thermal conductivity coefficient error of the GNSs-WO3/LP107160 nanofluid is given in Fig. 11 as a
function of temperature and mass concentration, in comparison with the experimental data.

R— n(Qoyy) = 2y (o)
VI Xy = (S35~ (T3]
As can be seen, this error is less than 3%. When the model with proper accuracy was achieved, it can be used to estimate the

coefficient of thermal conductivity in all ranges of temperature and mass concentration inputs. The final results are shown in Fig. 12.
The smooth figure of this contour represents the fact that not only does the model have a proper precision for the trained data, but it

©)

Table 5
Mean relative error value to estimate the number of
neurons in the hidden layer.

Neuron Mean relative error %

4.56
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4.20
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Fig. 9. The output results of the neural network model for the tested values.
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Fig. 10. Network regression graph for a) training data, b) test data and c) all data.

also has an acceptable generalization for the untrained data as well. Therefore, this model can be used in the range of the presented
inputs. As observed in the figure, the conduction heat transfer coefficient considerably rises with temperature and mass fraction,
reaching a value of approximately 0.47 w/m.K at a mass fraction of 5% and a temperature of 70 °C.
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Fig. 11. The error of the estimated thermal conductivity coefficient as a function of temperature and mass concentration, in comparison with the
empirical data.
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Fig. 12. The estimated thermal conductivity coefficient in all ranges of the mass concentration and temperature inputs.
4. Conclusion

In the present investigation, the conductive HTC of the GNSs-WO3/LP107160 nanofluid was studied. In order to examine the
effectiveness of mass fractions and temperature of the nano-powders on the thermal conductivity coefficient of the nanofluid, four
different mass fractions and temperatures of GNSs-WOs nanomaterials in the range of 0.005%-5% were used in the experiments. In
this study, tungsten oxide-graphene nanosheets/liquid paraffin hybrid nanofluid was used for the first time. The use of this nanofluid
provided amazing results due to the unique properties of nanoparticles and base fluid. The main novelty of this research was to
measure the thermal conductivity coefficient of the hybrid nanofluid. According to the results, it can be concluded that the use of this
nanofluid is justified due to its properties. Also, the use of an artificial neural network model along with the experimental method
helped the quality of the paper. The results of this research include:

e The conductive HTC of the nanofluid containing GNSs-WO3 nanoparticles changes with temperature, such that it strongly a
function of temperature. The difference is that the coefficient of thermal conductivity of the liquid paraffin 107160 reduced by
increasing the temperature.

e The outcomes of the present study indicated that the thermal conductivity coefficient of the nanofluid is enhanced by incrementing
the mass concentrations of GNSs-WQ3 nano-powders in the base fluid.
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e The outcomes of the present study demonstrated that by incrementing the concentrations of GNSs-WO3 nano-powders in the
nanofluid with the liquid paraffin as its base fluid, the changes of the RTC coefficient of the nanofluid in mass concentrations less
than 0.1% is very little. However, by incrementing the mass concentrations of the nano-powders from 0.1 to 5%, the variations in
the RTC coefficient of the nanofluid will be too larger.

e A model, as a function of mass fraction and temperature, was proposed for estimation of the conductive HTC of the GNSs-WO3/
LP107160 hybrid nanofluid. This model not only has a proper precision for the trained data, but it also has an acceptable
generalization for untrained data as well. Therefore, this model can be used in the ranges of the presented inputs.

In this study, we do not know the surface tension and density of the hybrid Nanofluids. So, in future works, we will try to investigate
surface tension and the effect of density on heat transfer.

Future extensions

For future research activities, we expect that the effect of paraffin’s with different melting and freezing temperatures will be
investigated. Also, investigating the Brownian motions of nanoparticles in paraffin during melting and freezing can be an interesting
subject.
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Nomenclature

k Thermal conductivity coefficient, W/m.K
T Temperature, °C

L Length, cm

nm Nanometer

E Error

R Regression

RTC Relative Thermal Conductivity

gr Gram, Mass

GNSs Graphene Nanosheets
WOs3 Tungsten Oxide

Pa Pressure, Pascal

LP Liquid Paraffin

TEM Transmission Electron Microscopy
SEM Scanning Electron Microscope
Greek symbols

v Kinematic viscosity, mm?/s

p Density, kg/m>

® Mass fraction, %
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Subscripts

nf
bf
\

Nanofluid
Base fluid
Water

References

[1]
[2]
[31
[4]
[5]
[6]
[71
[8]
[91
[10]
[11]
[12]
[13]
[14]
[15]

[16]
[17]

[18]

[19]
[20]

[21]
[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]

[34]

[35]

E. Tkatchouk, N.P. Mankad, D. Benitez, Goddard, F.D. Toste, Two metals are better than one in the gold catalyzed oxidative heteroarylation of alkenes, J. Am.
Chem. Soc. 133 (36) (2011) 14293-14300.

M.S. Kamel, F. Lezsovits, Enhancement of pool boiling heat transfer performance using dilute cerium oxide/water nanofluid: an experimental investigation, Int.
Commun. Heat Mass Tran. 114 (2020), 104587.

M. Hasan, S.S. Priam, A.N.E. Faiaz, A.K. Azad, M.M. Rahman, Influence of thermal conductivity on transient mixed convection in a vented cavity with a hollow
cylinder and filled with CNT-water nanofluid, Heliyon 9 (3) (2023).

X. Gong, Y. Zhang, W. Zhao, Y. Duan, H. Wu, Z. Zhang, W. Jiang, X. Li, Y. Han, Z. Ge, J. Dong, Remarkably enhanced thermal properties of tobacco granules with
high-thermal-conductivity nanoparticles, Heliyon (2022), e12696.

B. Dong, Rubin Wei, X. Wang, W. Zhang, J. Li, F. Li, W. Zhai, Research review of bulletproof performance of graphene reinforced composites, J. Ordnance
Equipment Eng. 42 (1) (2021) 137-143.

M.H. Fakhar, A. Fakhar, H. Tabatabaei, Nanotechnology efficacy on improvement of acute velocity in fluid-conveyed pipes under thermal load, Int. J.
Hydromechatronics 4 (2) (2021) 142-154.

B.K. Liu, W.Z. Lu, Surrogate models in machine learning for computational stochastic multi-scale modelling in composite materials design, Int. J.
Hydromechatronics 5 (4) (2022) 336-365.

J. Hanna, Accurate computational modelling for impacts of microcapsule size and interfacial fracture properties on the fracture of self-healing concrete, Int. J.
Hydromechatronics 5 (4) (2022) 397-415.

R. Pourrajab, A. Noghrehabadi, E. Hajidavalloo, M. Behbahani, Investigation of thermal conductivity of a new hybrid nanofluids based on mesoporous silica
modified with copper nanoparticles: synthesis, characterization and experimental study, J. Mol. Liq. 300 (2020), 112337.

S.Z. Heris, M.B. Pour, O. Mahian, S. Wongwises, A comparative experimental study on the natural convection heat transfer of different metal oxide nanopowders
suspended in turbine oil inside an inclined cavity, Int. J. Heat Mass Tran. 73 (2014) 231-238.

0. Mahian, A. Kianifar, S.Z. Heris, S. Wongwises, First and second laws analysis of a minichannel-based solar collector using boehmite alumina nanofluids:
effects of nanoparticle shape and tube materials, Int. J. Heat Mass Tran. 78 (2014) 1166-1176.

S.S. Meibodi, A. Kianifar, H. Niazmand, O. Mahian, S. Wongwises, Experimental investigation on the thermal efficiency and performance characteristics of a flat
plate solar collector using SiO2/EG-water nanofluids, Int. Commun. Heat Mass Tran. 65 (2015) 71-75.

Z. Chen, P. Liu, A. Zare, A. Karimipour, A. Abdollahi, I. Tlili, Evaluation of thermal conductivity of deionized water containing SDS-coated NiO nanoparticles
under the influences ofconstant and alternative varied magnetic fields, Powder Technol. (2020).

B.A.F. Dehkordi, A. Abdollahi, Experimental investigation toward obtaining the effect of interfacial solid-liquid interaction and base fluid type on the thermal
conductivity of CuO-loaded nanofluids, Int. Commun. Heat Mass Tran. 97 (2018) 151-162.

R. Pourrajab, A. Noghrehabadi, M. Behbahani, Thermo-hydraulic performance of mesoporous silica with Cu nanoparticles in helically grooved tube, Appl.
Therm. Eng. 185 (2021), 116436.

D. Wilcox, Turbulence Modeling for CFD, vol. 2, DCW industries La Canada. CA, 1998.

Z.1i, S. Asadi, A. Karimipour, A. Abdollahi, I. Tlili, Experimental study of temperature and mass fraction effects on thermal conductivity and dynamic viscosity
of SiO2-oleic acid/liquid paraffin nanofluid, Int. Commun. Heat Mass Tran. 110 (2020), 104436.

Z. Tian, S.A. Bagherzadeh, K. Ghani, A. Karimipour, A. Abdollahi, M. Bahrami, M.R. Safaei, Nonlinear function estimation fuzzy system (NFEFS) as a novel
statistical approach to estimate nanofluids’ thermal conductivity according to empirical data, Int. J. Numer. Methods Heat Fluid Flow (2019).

S.U. Choi, J.A. Eastman, Enhancing Thermal Conductivity of Fluids with Nanoparticles, Argonne National Lab., IL (United States), 1995.

H. Masuda, A. Ebata, K. Teramae, N. Hishinuma, Y. Ebata, Alteration of Thermal Conductivity and Viscosity of Liquid by Dispersing Ultra-fine Particles
(Dispersion of y-Al203, SiO2 and TiO2 Ultra-fine Particles), 1993.

S. Kakag, A. Pramuanjaroenkij, Review of convective heat transfer enhancement with nanofluids, Int. J. Heat Mass Tran. 52 (13-14) (2009) 3187-3196.

W. Duangthongsuk, S. Wongwises, An experimental study on the heat transfer performance and pressure drop of TiO2-water nanofluids flowing under a
turbulent flow regime, Int. J. Heat Mass Tran. 53 (1-3) (2010) 334-344.

W. Yu, H. Xie, X. Wang, X. Wang, Significant thermal conductivity enhancement for nanofluids containing graphene nanosheets, Phys. Lett. 375 (10) (2011)
1323-1328.

S. Jyothirmayee Aravind, S. Ramaprabhu, Surfactant free graphene nanosheets based nanofluids by in-situ reduction of alkaline graphite oxide suspensions,
J. Appl. Phys. 110 (12) (2011), 124326.

H. Eshgarf, M. Afrand, M. Hemmat Esfe, Experimental investigation of the effects of temperature and nanoparticles volume fraction on the viscosity of non-
Newtonian hybrid nanofluid, Modares Mech. Eng. 16 (3) (2016) 98-104.

T.T. Baby, S. Ramaprabhu, Enhanced convective heat transfer using graphene dispersed nanofluids, Nanoscale Res. Lett. 6 (1) (2011) 289.

A. Arshad, M. Jabbal, Y. Yan, D. Reay, A review on graphene based nanofluids: preparation, characterization and applications, J. Mol. Liq. (2019).

M. Kole, T. Dey, Investigation of thermal conductivity, viscosity, and electrical conductivity of graphene based nanofluids, J. Appl. Phys. 113 (8) (2013),
084307.

F. Wang, L. Han, Z. Zhang, X. Fang, J. Shi, W. Ma, Surfactant-free ionic liquid-based nanofluids with remarkable thermal conductivity enhancement at very low
loading of graphene, Nanoscale Res. Lett. 7 (1) (2012) 314.

N. Ahammed, L.G. Asirvatham, S. Wongwises, Entropy generation analysis of graphene-alumina hybrid nanofluid in multiport minichannel heat exchanger
coupled with thermoelectric cooler, Int. J. Heat Mass Tran. 103 (2016) 1084-1097.

W. Yu, H. Xie, D. Bao, Enhanced thermal conductivities of nanofluids containing graphene oxide nanosheets, Nanotechnology 21 (5) (2009), 055705.

A. Dastnaei, M. Behbahani, R. Pourrajab, A. Noghrehabadi, Evaluation and optimization of the thermal conductivity enhancement of a water-based GO
nanosheets/Au NPs hybrid nanofluid: box-Behnken design, New J. Chem. 46 (41) (2022) 20010-20021.

H. Azimy, N. Azimy, A.H. Meghdadi Isfahani, S.A. Bagherzadeh, M. Farahnakian, Analysis of thermal performance and ultrasonic wave power variation on heat
transfer of heat exchanger in the presence of nanofluid using the artificial neural network: experimental study and model fitting, J. Therm. Anal. Calorim.
(2022) 1-15.

R. Pourrajab, A. Noghrehabadi, M. Behbahani, E. Hajidavalloo, An efficient enhancement in thermal conductivity of water-based hybrid nanofluid containing
MWCNTs-COOH and Ag nanoparticles: experimental study, J. Therm. Anal. Calorim. 143 (2021) 3331-3343.

M.H. Ahmadi, M.A. Ahmadi, M.A. Nazari, O. Mahian, R. Ghasempour, A proposed model to predict thermal conductivity ratio of Al 2 O 3/EG nanofluid by
applying least squares support vector machine (LSSVM) and genetic algorithm as a connectionist approach, J. Therm. Anal. Calorim. 135 (2019) 271-281.

13


http://refhub.elsevier.com/S2405-8440(23)04747-3/sref1
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref1
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref2
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref2
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref3
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref3
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref4
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref4
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref5
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref5
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref6
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref6
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref7
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref7
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref8
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref8
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref9
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref9
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref10
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref10
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref11
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref11
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref12
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref12
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref13
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref13
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref14
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref14
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref15
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref15
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref16
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref17
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref17
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref18
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref18
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref19
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref20
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref20
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref21
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref22
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref22
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref23
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref23
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref24
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref24
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref25
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref25
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref26
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref27
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref28
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref28
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref29
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref29
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref30
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref30
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref31
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref32
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref32
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref33
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref33
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref33
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref34
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref34
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref35
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref35

M.H.

[36]
[37]
[38]
[39]
[40]

[41]

[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]

[50]
[51]

Razavi Dehkordi et al. Heliyon 9 (2023) e17539

R. Ferrero, G. Barrera, F. Celegato, M. Vicentini, H. Sozeri, N. Yildiz, C. Atila Dinger, M. Coisson, A. Manzin, P. Tiberto, Experimental and modelling analysis of
the hyperthermia properties of iron oxide nanocubes, Nanomaterials 11 (9) (2021) 2179.

A. Moita, A. Moreira, J. Pereira, Nanofluids for the next generation thermal management of electronics: a review, Symmetry 13 (8) (2021) 1362.

S. Rbihi, L. Laallam, M. Sajieddine, A. Jouaiti, Characterization and thermal conductivity of cellulose based composite xerogels, Heliyon 5 (5) (2019), e01704.
R. Pourrajab, A. Noghrehabadi, M. Behbahani, Development of Cu/mesoporous SBA-15 nanocomposite in ethylene glycol for thermal conductivity
enhancement: heat transfer applications, Int. Commun. Heat Mass Tran. 119 (2020), 104931.

M.H. Ahmadi, M.A. Nazari, R. Ghasempour, H. Madah, M.B. Shafii, M.A. Ahmadi, Thermal conductivity ratio prediction of A1203/water nanofluid by applying
connectionist methods, Colloids Surf. A Physicochem. Eng. Asp. 541 (2018) 154-164.

Y. Peng, M.B. Ghahnaviyeh, M.N. Ahmad, A. Abdollahi, S.A. Bagherzadeh, H. Azimy, A. Mosavi, A. Karimipour, Analysis of the effect of roughness and
concentration of Fe304/water nanofluid on the boiling heat transfer using the artificial neural network: an experimental and numerical study, Int. J. Therm. Sci.
163 (2021), 106863.

F. Ahmad, Deep image retrieval using artificial neural network interpolation and indexing based on similarity measurement, CAAI Trans. Intell. Technol. 7 (2)
(2022) 200-218, https://doi.org/10.1049/cit2.12083.

J. Khan, E. Lee, K. Kim, A higher prediction accuracy-based alpha-beta filter algorithm using the feedforward artificial neural network, CAAI Trans. Intell.
Technol. 1 (2022) 16, https://doi.org/10.1049/cit2.12148.

Z. Chen, Research on internet security situation awareness prediction technology based on improved RBF neural network algorithm, J. Comput. Cognitive Eng. 1
(3) (2022) 103-108, https://doi.org/10.47852/bonviewJCCE149145205514.

R. Hanif, S. Mustafa, S. Igbal, S. Piracha, A study of time series forecasting enrollments using fuzzy interval partitioning method, J. Comput. Cognitive Eng.
(2022), https://doi.org/10.47852/bonviewJCCE2202159.

A. Baghban, M. Kahani, M.A. Nazari, M.H. Ahmadi, W.M. Yan, Sensitivity analysis and application of machine learning methods to predict the heat transfer
performance of CNT/water nanofluid flows through coils, Int. J. Heat Mass Tran. 128 (2019) 825-835.

C. Deng, L. Zhang, H. Deng, Improving sentence simplification model with ordered neurons network, CAAI Trans. Intell. Technol. 7 (2) (2022) 268-277, https://
doi.org/10.1049/cit2.12047.

S. Sharma, K. Verma, P. Hardaha, Implementation of artificial intelligence in agriculture, J. Comput. Cognitive Eng. (2022), https://doi.org/10.47852/
bonviewJCCE2202174.

D.J. MacKay, The evidence framework applied to classification networks, Neural Computation. Sep 4 (5) (1992) 720-736.

D.J. MacKay, Bayesian interpolation, Neural Comput. 4 (3) (1992) 415-447.

H. Demuth, M. Beale, Neural Network Toolbox for Use with MATLAB: User’s Guide; Computation, Visualization, Programming, MathWorks Incorporated, 1998.

14


http://refhub.elsevier.com/S2405-8440(23)04747-3/sref36
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref36
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref37
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref38
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref39
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref39
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref40
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref40
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref41
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref41
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref41
https://doi.org/10.1049/cit2.12083
https://doi.org/10.1049/cit2.12148
https://doi.org/10.47852/bonviewJCCE149145205514
https://doi.org/10.47852/bonviewJCCE2202159
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref46
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref46
https://doi.org/10.1049/cit2.12047
https://doi.org/10.1049/cit2.12047
https://doi.org/10.47852/bonviewJCCE2202174
https://doi.org/10.47852/bonviewJCCE2202174
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref49
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref50
http://refhub.elsevier.com/S2405-8440(23)04747-3/sref51

	Experimental study of thermal conductivity coefficient of GNSs-WO3/LP107160 hybrid nanofluid and development of a practical ...
	1 Introduction
	2 Methods and materials
	2.1 Materials and devices
	2.2 Preparation of the nanofluid
	2.3 The method of measuring the coefficient of thermal conductivity in the hybrid nanofluid

	3 Results and discussion
	3.1 The transmission electron microscopy (TEM) test
	3.2 The zeta potential test
	3.3 The results of investigation of thermal conductivity coefficient of the GNSs-WO3/LP107160 nanofluid
	3.4 The results of relative thermal conductivity (RTC) coefficient in GNSs-WO3/LP107160 hybrid nanofluid
	3.5 The proposed model for the nanofluid thermal conductivity coefficient

	4 Conclusion
	Future extensions
	Author contribution statement
	Data availability statement
	Declaration of competing interest
	Nomenclature
	Greek symbols
	Subscripts

	References


