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ABSTRACT

The thermo-physical properties of nanofluids are highly dependent on the used base fluid. This study explores the
influence of the mixing ratio on the thermal conductivity and viscosity of ZnO-CuO/EG (ethylene glycol)-W (water)
hybrid nanofluids with mass concentration and temperatures in the ranges 1-5 wt.% and 25-60�C, respectively. The
characteristics and stability of these mixtures were estimated by TEM (transmission electron microscopy), visual
observation, and absorbance tests. The results show that 120 min of sonication and the addition of PVP (polyvinyl
pyrrolidone) surfactant can prevent sedimentation for a period reaching up to 20 days. The increase of EG (ethylene
glycol) in the base fluid leads to low thermal conductivity and high viscosity. Thermal conductivity enhancement
(TCE) decreases from 21.52% to 11.7% when EG:W is changed from 20:80 to 80:20 at 1 wt.% and 60�C. A lower
viscosity of the base fluid influences more significantly the TCE of the nanofluid. An Artificial Neural Network
(ANN) has also been used to describe the effectiveness of these hybrid nanofluids as heat transfer fluids. The optimal
number of layers and neurons in these models have been found to be 1 and 5 for viscosity, and 1 and 7 for thermal
conductivity. The corresponding coefficient of determination (R2) was 0.9979 and 0.9989, respectively.
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1 Introduction

Active, passive, and combined methods are used for heat transfer enhancement. Among them, passive
method is the best in increasing heat transfer. Many researchers have attempted to increase heat transfer of a
fluid by dispersing nanoparticles into the fluid [1]. Hybrid nanofluids use two or more species of
nanoparticles dispersed in the base fluid [2]. They are expected to have higher thermal conductivity than the
corresponding single nanofluids, due to the synergistic effect [3]. The most important thermo-physical
properties of hybrid nanofluids are the thermal conductivity and viscosity, which affect the pumping power
and heat transfer coefficient in any thermal system. Base fluids account for the majority of any nanofluid, so
their properties affect the thermal conductivity and viscosity of nanofluids. Water (W), oil-based fluids,
ethylene glycol (EG), methylene glycol methanol, and several others are generally used as base fluids [4].

In the past few decades, the limited research on the base fluid has shown that is an important factor
affecting the thermophysical properties for hybrid nanofluids. Most recent studies were focused on single
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nanofluids and there are contradictory research results on the enhancement effect of EG and W of thermal
conductivity. Some studies have shown that the thermal conductivity enhancement of EG is larger than that
observed when water is used as the base fluid. For example, Reddy et al. [5] found that the thermal
conductivity of TiO2-based nanofluids could be increased by 5.01%, 4.38%, or 14.2% when in water, EG-
W (40:60) and EG-W (50:50) at 1.0 vol.% TiO2 and 30°C. Babu et al. [6] found that relatively low thermal
conductivity of base fluid exhibits high thermal conductivity enhancement of nanofluids. However, some
contradictory results were observed in other studies. Chiam et al. [7] investigated Al2O3/W-EG nanofluids
with W:EG ratios of 40:60, 50:50, and 60:40 from 30°C to 70°C. The results show that the viscosity can be
increased up to 50% when W:EG = 60:40 and the thermal conductivity enhancement was found to increase
by 2.6% to 12.8%. Similar results were found by Sonawane et al. [8] and Cabaleiro et al. [9], who
investigated the addition of TiO2 nanoparticles in different base fluids (EG, W, and paraffin oil).

Whether these same results can be observed in hybrid nanofluids is not known yet. Das [10] reviewed
the effect of the base fluid on the thermal conductivity of nanofluids published recently. Due to the
contradictory results mentioned above, he mentioned that it is difficult to conclude the quantitative effect
of the base fluid on changes in thermal conductivity enhancement. Hence, more experiments should be
conducted at fixed particle concentration to demonstrate the effect of base fluids alone for all nanoparticles.

Recently, researchers have used reliable Artificial neural networks (ANN) to predict the thermos-
physical properties of nanofluids [11,12]. It can model complex correlations with high speed and acceptable
accuracy. Akhgar et al. [13] used ANN and curve fitting to study the change of thermal conductivity of
MWCNT-TiO2/EG:W hybrid nanofluid at different temperatures and concentrations. After comparing with
experimental data, they pointed out that accuracy of the ANN is much greater than the curve fitting method
for hybrid nanofluid. Esfe et al. [14] obtained the same conclusion in the study of Al2O3/EG:W nanofluid.
Shahsavar et al. [15] use GMDH type neural network optimization and data prediction. The proposed
structure of the genetic algorithm with a single hidden layer is considered as the optimal network structure
for predicting the thermal conductivity. Toghraie et al. [16] proposed an algorithm to generate the best
architecture of ANN and use it to predict the dynamic viscosity of Silver/EG nanofluid, in the correlation
method, MSE is 0.0012, SSE is 0.0512 and the maximum value of error is 0.0858.

Therefore, from the view point of the base fluid, the selection of the base fluid type and its mixture ratio
is very important for preparing a nanofluids system that provides high heat transfer. Sajid et al. [17] pointed
out that the most common base fluids for hybrid nanofluids are water, EG, water/EG mixtures, and various
oils. Among them, water is the most widely available and has better thermal properties than other fluids.
However, water can be frozen in cold areas, thus water is often used with EG to prevent freezing and
improve the thermophysical property of water. EG has more a much a lower freezing point and a much
higher boiling point than water (−12.9°C and 197.4°C, respectively). Therefore, the ratio of EG:W can be
adjusted to design a suitable nanofluid. In the current limited studies, there are few studies on the
influence of the ratio of EG:W on the thermos-physical properties of hybrid nanofluids.

Current research mainly focuses on the effects of nanoparticles, temperature and volume fraction on
thermal properties of nanofluids [18,19]. However, the importance of the influence of the vast majority of
base fluids on excellent thermal properties must be considered. In this paper, the stability, viscosity,
thermal conductivity, and modeling of ZnO-CuO/EG-W hybrid nanofluids with different base fluids
mixture ratios are studied.

This paper can be structured into three parts: first, the effects of sonication time and surfactant on the
stability of ZnO-CuO (50:50)/EG-W hybrid nanofluids were investigated. Then, effect of base fluids ratio
(EG:W) on viscosity and thermal conductivity was investigated. Finally, an artificial neural network
(ANN) was used to model the thermophysical properties of ZnO-CuO/EG-W hybrid nanofluids. The
experimental data obtained in the present work were compared with existing models available in the
literature as well.
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2 Experiments

2.1 Preparation and Characterization of Hybrid Nanofluids
Combinations of nanoparticles that do not interact with each other can be used to design a nanofluid with

high thermal conductivity as they can produce the synergistic effect. In our previous study, we found that the
synergistic mechanism is caused by dispersing different sizes of nanoparticles to form an ordered
arrangement of liquid molecules around nanoparticles, and small size of nanoparticles fills into the space
caused by large size of nanoparticles, which results in more compact solid-liquid interface and reasonable
heat transfer network [20]. Metallic oxide nanoparticles have widely used as they are easy to prepare and
tend to be chemically stable [21]. 30 nm ZnO and 50 nm CuO (99.9% purity, Beijing Deke Daojin
Science and Technology Co., Ltd., China) were used in the hybrid nanofluid. The thermal conductivities
of ZnO and CuO nanoparticles are 29 and 76.5 W/(m⋅K), respectively [22,23]. Fig. 1 shows transmission
electron microscopy (TEM) images of ZnO and CuO nanoparticles. The nanoparticles have circular
shapes, and large clusters of particles can be seen in the field of view. During transport and storage, the
nanoparticles can become aggregated due to their high surface energy.

Figure 1: TEM images of CuO and ZnO nanoparticles

ZnO (50%) and CuO (50%) nanoparticles with combined mass fractions of 1.0, 2.0, 3.0, and 5.0 wt.%
were prepared. EG and deionized water (W) were chosen as base fluid mixture with volume ratio ranging
from 20:80 to 80:20. The mass fraction (w %) of nanofluids was calculated as following:

w% ¼ mZnO þ mCuO

mZnO þ mCuO þ mEG þ mW
� 100% (1)

where m is the mass of various materials, kg. The corresponding mass of nanoparticles and base fluid were
weighed with a digital scale (ML304 T, China).

Single-step and two-step methods are commonly used to prepare nanofluids, although the two-step
method is more popular. The main reason for this is its lower cost and the ability to produce nanofluids in
large volume [24]. Fig. 2 shows a schematic of the two-step method for preparing homogenous and
stable ZnO-CuO/EG-W hybrid nanofluids. A magnetic stirrer (JKI, 200–1500 rpm, China) and
ultrasonicator (CP-2010GTS, 40 KHz, China) were used to disperse the nanoparticles. Nanoparticles are
often hydrophobic and do not easily disperse into water or EG without surface treatment or surfactants
[25]. Then, a surfactant is added to ensure uniform dispersion. Different surfactants exhibit different
characteristics when used in the same fluid. Sodium dodecyl sulfate (SDS) and polyvinyl pyrrolidone
(PVP) were chosen as surfactant in the present experiment.
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Apart from sonication power and surfactant type, the sonication time and the amount of surfactant will
also influence the stability of nanofluids. Therefore, sonication time, appropriate surfactant type, and
surfactant content should be optimized for the given nanofluids.

After preparing stable ZnO-CuO/EG-W hybrid nanofluids, X-ray diffraction (XRD) was used to analyze
each component in the fluid and to determine the structure of each crystalline component. The hybrid
nanofluids were dried in air, and the powder was removed for XRD analysis. XRD spectra were gathered
at 5 °/min scanning rate from 5° to 90°. Fig. 3 shows the XRD pattern of the ZnO-CuO/EG-W hybrid
nanofluid. The characteristic diffraction spectrum of the mixture is displayed in the upper right corner. It
is worth mentioning that the diffraction peak of the mixture only arises due to mechanical superposition
from each phase. Obviously, the composition of the ZnO-CuO/EG-W hybrid nanofluid coincides with the
characteristic diffraction spectra of CuO and ZnO, revealing that the nanoparticles and base fluid are only
physically mixed without chemical changes in the nanofluidic system. This shows that the resulting
changes in the thermophysical properties of hybrid nanofluids can be explained in terms of physical
movement and structure by mixing ZnO and CuO nanoparticles.

Figure 2: Preparation of ZnO-CuO/EG-W hybrid nanofluids with a two-step method

Figure 3: XRD pattern of the ZnO-CuO/EG-W hybrid nanofluid
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2.2 Measurements of Thermophysical Properties
The viscosity and thermal conductivity were measured with a digital viscometer (Brookfield DV-3 T,

USA) and thermal constant analyzer (Hotdisk TPS2500, Sweden). Viscometer works based on measuring
the fluid resistance because of torque created by a spindle immersed in the fluid [26]. Transient plane
sources (TPS) theory is used to calculate the thermal conductivity of nanofluids in the thermal constant
analyzer (TCA) technique. The TCA technique enables measurement over a broad range of thermal
conductivity values (0.02–200 W/(m⋅K)) without sample preparation and sample size requirements. All
the experimental data were gathered with the sample placed in a temperature bath held from 25°C to
60°C in 5°C increments. At least three measurements were collected within 20 min and the average
values were calculated for all samples. The uncertainties in the viscometer and thermal constant analyzer
measurements were calculated as follows [27]:

Ul ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dT
T

� �2

þ dlnf
lnf

� �2
s

(2)

Uk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dT
T

� �2

þ dknf
knf

� �2
s

(3)

The maximum of
dT
T

is 0.05 and 0.005 for the viscosity and thermal conductivity, respectively.

Moreover, the accuracy of the Brookfield DV-3T viscometer and Hot Disk TPS2500S are ±1.0% and
±3.0%, respectively. According to Eqs. (2) and (3), the uncertainties were 1.11% and 3.04%, respectively.

Before conducting the nanofluid measurement, the equipment was validated by comparing
measurements from the water/EG mixture with values from the ASHRAE handbook [28], as shown in
Fig. 4. The thermal conductivity and viscosity data are found to be consistent from 25°C to 60°C, with
deviations of less than 1.0%. Therefore, the viscosity and thermal conductivity of ZnO-CuO/EG-W
hybrid nanofluids were measured by such two experimental setups.

Figure 4: Validation of (a) viscosity and (b) thermal conductivity with literature
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2.3 ANN Models
Many researchers have shown that an ANN can be used to predict thermophysical properties with up to

98% accuracy by using models. Among them, Esfe et al. [29–31] used ANN models to precisely predict the
thermophysical properties based on the variable of base fluid ratio in Cu-TiO2/EG-W, MgO/EG-W, and ZnO-
MWCNT/EG-W hybrid nanofluids. Therefore, we attempt to use an ANN model to describe the
effectiveness of hybrid nanofluids as heat transfer fluids.

There were 240 experimental data for μ and λ, in which 168 values were used for training and 72 were
used for testing. A feed-forward algorithm was used to model the viscosity and thermal conductivity of ZnO-
CuO/EG-W hybrid nanofluids. Linear, Tan-Sig, and Log-Sig transfer functions were used to construct the
ANN. More details on the ANN can be seen in our pervious publications [32,33]. The optimum number
of layers and neurons was determined based on R-squared (R2) and the mean squared error (MSE). R2

and MSE are defined as follows [34,35]:

R2 ¼ 1�
PN
i¼1

ðKexp � KpredÞ2i
PN
i¼1

ðKexpÞ2i
(4)

MSE ¼ 1

N

XN
i¼1

ðKexp � KpredÞ2i (5)

where K is viscosity or thermal conductivity; the subscripts exp and pred indicate experimental data and
modeled data, respectively.

Different neural networks were designed to determine the optimum number of hidden layers and
neurons. Table 1 shows the performance of these ANN models. As shown in Table 1, the optimum
number of layers and neurons were 1 and 5 for viscosity, and 1 and 7 for thermal conductivity,
respectively. Fig. 5 shows the optimum structure of the ANN models for describing viscosity and thermal
conductivity. The input data for these present ANN models were weight fraction (w), base fluid ratio (R),
and temperature (T), and the output data were the viscosity (μ) and thermal conductivity (λ).

Table 1: Performance of ANN models for the viscosity and thermal conductivity in different structure

Number of hidden layers Number of hidden neurons MSE R2

μ 1 2 6.1034e−3 0.9723

1 3 9.7347e−2 0.9149

1 4 4.0580e−3 0.9997

1 5 3.0924e−4 0.9979

1 6 1.3341e−3 0.9777

1 7 4.6724e−2 0.9819

1 8 7.5140e−2 0.9835

1 9 4.3487e−2 0.9876
(Continued)
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3 Equations and Mathematical Expressions

3.1 Stability of ZnO-CuO/EG-W Hybrid Nanofluids
The typical frequency used for ultrasonication ranges from 20 and 40 kHz. Apart from frequency and

power, sonication time is the most crucial parameter that affects the stability of nanofluids. The effects of
physical (ultrasonication) and chemical (adding surfactant) treatments on stability were examined. First,
the optimum sonication time was determined without adding surfactant with a fixed sonication frequency
of 40 kHz. Then, two different surfactants (SDS and PVP) were added to compare the stability for the
given optimum sonication time. The stability of ZnO-CuO/EG-W hybrid nanofluids was observed using
an ultraviolet-visible (UV-vis) spectrophotometer and by visually examining sedimentation. The
absorbance measured with the UV-vis spectrophotometer was used to estimate the effect of sonication
time on stability.

Fig. 6 shows the absorbance spectrum of various ZnO-CuO/EG-W hybrid nanofluids (1.0 wt.%)
prepared with different sonication times. Higher absorbance values mean the nanoparticles are more
evenly dispersed in the base fluid. The sonication period varies from 30 to 120 min for various base fluid
ratios. It is found in Fig. 6 that the absorbance from 400 to 800 nm was greatest when the samples were
sonicated for 120 min. This means the nanoparticles can be sufficiently dispersed into the EG/W mixture.
Results from most studies are consistent in that it has been found that the thermal conductivity was
maximized and the viscosity was kept sufficiently low when the nanofluid was stable and the

Table 1 (continued)

Number of hidden layers Number of hidden neurons MSE R2

λ 1 2 2.6754e−7 0.9912

1 3 3.5381e−7 0.9872

1 4 7.0393e−8 0.9973

1 5 5.3130e−6 0.9772

1 6 4.5253e−8 0.9884

1 7 2.3202e−8 0.9989

1 8 3.7651e−6 0.9795

1 9 6.3553e−7 0.9913

Figure 5: Optimum structure of the ANN models for (a) viscosity and (b) thermal conductivity
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nanoparticles were sufficiently dispersed [36,37]. Therefore, 120 min is considered as the optimum
sonication time.

The effectiveness of the surfactant is linked to the chemical nature of the base fluid. To ensure the ZnO-
CuO/EG-W hybrid nanofluids remain stable for a long period of time, a surfactant was added to the base fluid
under the optimum sonication time of 120 min. A small amount of PVP and SDS surfactants (0.5 wt.%) were
used to further ensure the fluid remained stable. Fig. 7 shows the absorbance spectrum from various ZnO-
CuO/EG-W hybrid nanofluids with and without added surfactant. The absorbance of the fluid with added
PVP is largest from 400 to 800 nm, indicating the fluid with added PVP is the most stable.

Then, using the above nanofluids, the according visual sedimentation of ZnO-CuO/EG-W hybrid
nanofluids (EG:W = 40:60) at various times is shown in Fig. 8. One can see that the nanofluids with
added PVP surfactant can remain stable for the longest period of time, even exceeding 20 days without
apparent sedimentation. 120 min of sonication time and adding PVP surfactant can significantly improve
the stability. These two methods were used in other hybrid fluids with different mass concentration in the
following experiment.

(a) (b)
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Figure 6: Absorbance of ZnO-CuO/EG-W hybrid nanofluids (1.0 wt.%) for different sonication time: (a)
40:60, (b) 50:50, (c) 60:40, and (d) 80:20
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3.2 Effects of Surfactant Ratio and Base Fluid Ratio
As mentioned in Section 3.1, PVP was found to be the appropriate surfactant for use in the present base

fluid mixture. The influence of the amount of PVP on thermal conductivity and viscosity was also
investigated by varying the mass concentration of PVP from 0.5 to 3 wt.%. Fig. 9 shows how the thermal
conductivity and viscosity vary with surfactant mass concentration and temperature (EG:W = 60:40). The
thermal conductivity tends to increase up to the maximum value and then starts to decrease when
ωpvp = 1 wt.% at the same temperature. At 1 wt.% PVP, the ZnO-CuO/EG-W hybrid nanofluid exhibits
the highest thermal conductivity and lowest viscosity. The main reason for this outcome is that the
presence of a surfactant reduces the surface tension of the nanofluid. Thus, the nanoparticles can transfer
more heat via Brownian motion. A similar result was observed by Hormozi et al. [38] and in our
previous study [39]. In the following analysis, the experimental data were gathered from fluids prepared
with 120 min sonication time and ωpvp = 1 wt.%.

The thermal conductivity of ZnO-CuO/EG-W hybrid nanofluids at different mass fractions (0 to
5.0 wt.%) and various temperatures (25°C to 60°C) is shown in Fig. 10. The thermal conductivity is an
increasing nonlinear function of surfactant mass concentration and temperature. The highest thermal
conductivity was found to be 0.6343, 0.5293, 0.4753, and 0.4346 W/(m⋅K) at a temperature of 60°C and
5.0 wt.%, for 20:80, 40:60, 50:50, and 80:20 (EG:W), which is higher than the corresponding base fluids.
As the mass concentration and temperature increased, the greater surface area and more frequent
Brownian motion between the nanoparticles and liquid molecules drive convective heat transfer inside the
nanofluidic system.
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Figure 7: Absorbance of ZnO-CuO/EG-W hybrid nanofluids (1.0 wt.%) with and without added surfactants

Figure 8: Stability of ZnO-CuO/EG-W hybrid nanofluids after (a) 0, (b) 3, (c) 10, and (d) 20 days (EG:W =
40:60)
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Fig. 10 also shows that a fluid with a higher proportion of EG tends to have lower thermal conductivity.
The thermal conductivity of EG is lower than that of water at the same temperature. Moreover, fluid
molecules must overcome greater flow resistance when the fluid contains a higher proportion of EG,

Figure 9: Thermal conductivity vs. viscosity for different surfactant ratios

Figure 10: Thermal conductivity of ZnO-CuO/EG-W hybrid nanofluids with EG:W ratio of (a) 20:80, (b)
40:60, (c) 50:50, (d) EG:W = 60:40
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which inhibits Brownian motion. However, the decreasing trend does not depend nonlinearly on the ratio of
EG:W due to the random motion of the nanoparticles. Therefore, the effects of mass concentration and
temperature on the thermal conductivity of hybrid nanofluids are quite obvious.

The thermal conductivity enhancement (TCE) ratio can be defined as the change in thermal conductivity
compared to the base fluid [40]:

TCE% ¼ �nf � �bf

�bf
� 100 (6)

where λnf and λbf are the thermal conductivities of the nanofluid and base fluid, respectively.

Fig. 11 shows the dependence of TCE on mixture ratio and temperature for a mass concentration of 1.0
wt.%. A similar trend is seen for other mass concentration values. A fluid with a smaller EG:W ratio has
larger thermal conductivity. The highest TCE values were found to be 21.52%, 20%, 13.07%, 12.43%
and 11.7% for mixture ratios of 20:80, 40:60, 50:50, 60:40, and 80:20 (EG:W) at a temperature of 60°C,
respectively. This can be attributed to a lower base fluid viscosity, which would correspond to a larger
thermal conductivity for a given nanoparticle weight fraction, as shown in Fig. 9 and as mentioned by
Yang et al. [41].

Fig. 12 shows the viscosity of ZnO-CuO/EG-W hybrid nanofluids with mass concentration ranging from
1 to 5 wt.% for base fluid ratios (EG:W) of 20:80, 40:60, 50:50, and 60:40, respectively. A viscosity
enhancement (VE) can be defined as follows:

VEð%Þ ¼ lnf � lbf
lbf

� 100 (7)

Fig. 12 shows VE for a 5 wt.% fluid; the VE value decreases from 62.78% to 32% when the EG:W ratio
is varied from 20:80 to 80:20 at 25°C. In summary, nanofluids with a higher viscosity base fluid exhibit
greater VE values compared to nanofluids with a low viscosity of base fluids. For each base fluid ratio,
the same trend was observed when it varies with mass concentration and temperature. As the mass
concentration and base fluid ratio increase, the viscosity increases nonlinearly. Similar effects of
concentration and base fluid ratio on viscosity were found in other reports in the literature, such as
Timofeeva et al. [42]. Adding more nanoparticles to the base fluid increases the flow resistance due to the
presence of more internal friction. Moreover, a higher base fluid ratio has more EG, so it has higher

Figure 11: TCE as a function of temperature and mixture ratio (w = 1.0 wt.%)
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viscosity. Fig. 12 shows that the viscosity decreases as the temperature increases for each base fluid ratio. As
the temperature increases, the connection between liquid molecules and nanoparticles, and Van der Waals
forces between particles, become weaker and the viscosity is lower.

The practical use of hybrid nanofluids is based on a trade-off between their high thermal conductivity
and relatively low viscosity, which is related to the mass concentrations and base fluid ratio. Hence, the
overall performance of nanofluids as working fluids in comparison with the base fluid can be estimated
from the viscosity and thermal conductivity. The properties enhancement ratio (PER) presented by Hamid
et al. [43] can be used to estimate the combined effect of thermal conductivity and viscosity:

PER ¼ lnf=lbf � 1

�nf=�bf � 1
(8)

If PER < 5, the nanofluid is suitable for heat transfer medium in a thermal management system. Fig. 13
shows the variation of PER in the ZnO-CuO/EG-W hybrid nanofluids. All data were distributed below the
line PER = 5 for the given experimental conditions.

Figure 12: Viscosity as a function of temperature for various mass fractions and EG:W ratios of (a) 20:80,
(b) 40:60, (c) 50:50, and (d) 60:40
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3.3 ANN Models for Viscosity and Thermal Conductivity
Fig. 14 shows a comparison of the viscosity and thermal conductivity with some other published data. A

comparison against a 1 wt.% mass concentration and 40:60 (EG:W) in the experiment is also provided. Data
presented in other studies is presented in Table 2. For viscosity, Nabila et al. [44] and Hamid et al.’s [43]
models show excellent agreement with the present experimental data at all temperatures less than 35°C.
However, there is a larger difference between the experimental values and data obtained predicted
models, for thermal conductivity. Therefore, more accuracy of predicted models should be presented to
reduce errors for the present thermal conductivity and viscosity.

Fig. 15 shows the margin of deviation (MOD) of the viscosity and thermal conductivity between the
proposed ANN models and experimental data. MOD is defined as

MODð%Þ ¼ Kexp � Kpred

Kexp

� �
� 100 (9)

Figure 13: Variation of PER at different base fluid ratio and temperature

Figure 14: Comparison of μ and λ obtained from experimental data and results in the literature
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As shown in Fig. 15, the modeled values of μ and λ were accurate to within less than ±3% and ±2%,
respectively. Moreover, Esfe et al. [47] mentioned that if the data is closer to the zero line, the accurate of
predicted models increase. The deviation between the most of the modeled and experimental data is near
0%, showing good accuracy of ANN models.

Fig. 16 shows a comparison between the modeled and experimental data. It is found that all data were
close in different mass concentration and base fluid ratio. This overlap indicates the ANN model can
accurately describe the experimental data. The model has a coefficient of determination of R2 = 0.9979 for
viscosity and R2 = 0.9989 for thermal conductivity. Therefore, these two ANN models can be used to

Table 2: Some predicted models for the thermal conductivity and viscosity

Predicted model Author Nanofluids type

lnf
lbf

¼ 37 0:1þ ’

100

� �1:59
0:1þ T

80

� �0:31 Nabila et al. [44] TiO2-SiO2 hybrid
nanofluids

lnf
lbf

¼ 1:42ð1þ RÞ�0:1063 T

80

� �0:2321 Hamid et al. [43] TiO2-SiO2 hybrid
nanofluids

�nf

�bf
¼ 0:8707þ 0:179’0:179 expð0:09624’2Þ

þ ’T � 8:883� 10�4 þ ’0:252T � 4:435� 10�3

Esfe et al. [45] SWCNT-ZnO hybrid
naonfluids

�nf

�bf
¼ 1þ ð0:04056� ð’TÞ � ð0:003252� ð’TÞ2Þ

þ ð0:0001181� ð’TÞ3ÞÞ � ð0:000001431� ð’TÞ4Þ

Rostamian et al. [46] CuO-SWCNTs hybrid
naonfluids

�nf

�bf
¼ 1þ ’

100

� �5:5 T

80

� �0:01 Nabila et al. [44] TiO2-SiO2 hybrid
naonfluids

�nf

�bf
¼ 1:42 1þ Rð Þ�0:1063 T

80

� �0:2321 Hamid et al. [43] TiO2-SiO2 hybrid
naonfluids
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Figure 15: MOD of (a) μ and (b) λ determined from the proposed ANN model
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sufficiently predict the viscosity and thermal conductivity of ZnO-CuO/EG-W hybrid nanofluids when
temperature is 20°C–60°C, w: 0–5 wt.%, and EG:W = 20:80 to 80:20.

4 Conclusions

The effect of EG:W ratio in base fluids on the viscosity and thermal conductivity of ZnO-CuO/EG-W
hybrid nanofluids was investigated in this study. Ultrasonication and added surfactant were used to prevent
sedimentation. ANN models for describing viscosity and thermal conductivity were determined using
measured data.

The hybrid nanofluid can be stabilized for at least 20 days after the optimal ultrasonic time of 120 min.
Under the above conditions, adding 1 wt.% PVP surfactant showed the optimum thermal conductivity and
viscosity for ZnO-CuO/EG-W (60:40), which were 0.428 and 1.476 at 35°C, respectively. A higher EG
content results in lower thermal conductivity enhancement and higher viscosity enhancement of hybrid
nanofluids. The choice of EG content in base fluids is conducive to obtaining lower viscosity and higher
thermal conductivity. ANNs were used for regression, and the values of MOD between experimental and
modeled data were ±3% and ±2% for describing viscosity and thermal conductivity.

The present work can enrich the data for different combination of nanoparticles and base fluids. It can
provide engineers with the appropriate base fluid ratio under different requirements. The accurate and fast
ANN model proposed can be used to estimate viscosity and thermal conductivity, which can effectively
reduce the experimental cost.
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