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Abstract
Stable α-alumina-water-ethylene glycol (WEG) based nanofluids with a low viscosity requirement are preferable for prom-
ising engineering applications. Viscosity of nanofluids is a significant parameter that decides the flow characteristics and 
pumping pressure requirements. In this study, α-alumina nanoparticles (spherical morphology with 40 nm) dispersed in 
WEG mixture in a ratio of 50:50 (v/v) using an ultra-sonication process. Further analysis of the effects of process param-
eters on the viscosity of prepared nanofluid, including volume concentrations (0.01%–0.2%), temperatures (30-45 °C), and 
sonication times (0–4 h). A decrease in viscosity of 11.36% was observed for 0.2% volume concentration as sonication time 
increased from 0 to 3 h at a process temperature of 45 °C. The viscosity value of nanofluids approaches a stable value at 3 h 
of sonication. No significant sonication ‘null effect’ was required for lower concentrations irrespective of the temperature and 
sonication time, yielding low viscosity. At the same time, clusters were observed at a higher volume concentration under a 
minimal sonication time (1 h) resulting in a higher viscosity. On the other hand, the viscosity of nanofluid was reduced with 
the help of an increase in sonication duration and process temperature. Statistical analysis ranks a higher degree to volume 
concentration of nanoparticles.
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1 Introduction

Conventional heat transfer fluids are considered energy-
intensive and demanding costly thermal management sys-
tems and can cause environmental concerns. The concept of 
nanofluids started at the beginning of the nineteenth century, 
but there is still a need for comprehensive research, as the 
development of new types of nanoparticles and their exotic 
properties offer a solution for emerging engineering applica-
tions. Choi and Eastman [1] introduce the concept of nano-
fluids by suspending nanoparticles in the base fluid in order 
to create advantages over conventional fluids. Nanofluids are 
new-generation heat transfer fluids synthesized by dispers-
ing metallic like copper, aluminium, etc., or non-metallic 

nanoparticles such as various forms of carbide, ceramics, 
and semiconductors or nanofibers/nanotubes of less than or 
equal to 100 nm size in base fluids [2–4].

Zarei et al. [5] have suggested the prospects of nanoflu-
ids as a working fluid for various heat transfer applications. 
Nanofluids have boosted thermal properties with better long-
term stability, and offer low pressure drops and erosion dur-
ing fluid pumping [2]. Nanofluids are prepared using either 
one-step or two-step techniques without/with the addition of 
a surfactant to increase its stability and prevent sedimenta-
tion. Generally, heat transfer fluids such as water, ethylene 
glycol, propylene glycol [6], tri-ethylene glycol [5], glycerol 
[7], and engine oil [8] are explored as base fluid. However, 
a mixture of water and ethylene glycol is widely used as a 
heat exchange medium in both heating and cooling systems 
to maximize the boiling point and minimize the freezing 
point, respectively [9]. In a nanoparticle group, alumina 
(α-Al2O3) is one of the non-metallic nanoparticles having 
unique favourable characteristics for the requirement of 
many heat transfer applications. Alumina (α-Al2O3) nano-
particle is a thermodynamically stable metal oxide with 
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attractive features such as better specific heat, high thermal 
conductivity, and lower density [10].

Characteristics of nanofluid are governed by four essen-
tial thermophysical properties, such as thermal conductivity, 
viscosity, density, and specific heat [11]. Also, these proper-
ties are directly related to parameters such as type of nano-
particles, their volume concentration, mixture of base fluids, 
and process temperature [2].

A suitable combination of above-mentioned parameters 
is to be controlled to tailor the required properties of nano-
fluids. Thermal conductivity and viscosity of nanofluids are 
the most significant characteristics that describe the applica-
tion of nanofluids in heating and cooling systems, nuclear 
reactors, pool boiling, solar heater, lubricant for machin-
ing processes, automotive cooling system, medical, and 
food industries [6]. Thermal conductivity and viscosity of 
the nanofluid increase with the addition of nanoparticles is 
unavoidable. However, the required heat transfer fluids must 
be balanced as low viscosity and high thermal conductivity 
for efficient use as coolants [12]. In terms of flow and heat 
transfer properties, viscosity is one of the essential proper-
ties of fluids and determines the selection of nanofluids for 
various applications [13]. Much research has been conducted 
on the thermal properties of nanofluids [14–16], especially 
thermal conductivity, stability and specific heat, with regard 
to the morphology and size of added nanoparticles. Few 
research studies have reported on the viscosity of nanofluids 
which consist mainly of a mono-type fluid [3]. Viscosity is 
also referred to as dynamic viscosity, which is an important 
behaviour of thermophysical properties of colloidal suspen-
sions like nanofluid [17, 18]. However, there has been gradu-
ally increasing interest in the viscosity of nanofluids due 
to its impact on several other characteristics of nanofluid 
such as heat transfer, fluid flow, resistance to flow, specific 
heat capacity, and pumping pressure [19–22]. Several fac-
tors influence the viscosity of nanofluids, either directly or 
indirectly, including particle shape and size, volume con-
centration, base fluid properties, process temperature, and 
added surfactants [23, 24]. Usually, nanofluids have a higher 
viscosity as compared to their respective base fluids but the 
requirement of any nanofluid has as much as low viscosity 
to facilitate the fluid flow [3].

Likewise, temperature is a significant parameter that 
influences the viscosity of nanofluids. Normally, an increase 
in temperature significantly decreases the viscosity of nano-
fluids [25, 26]. In addition, Asadi et al. [27] stated in a study 
that nanofluids show a gradual reduction in viscosity up to 
critical temperature, after that the viscosity is dramatically 
reduced to a lower extent. Moreover, the prospect of nano-
fluid is also related to its processing conditions, which may 
extend stability of nanofluid.

The effect of the ultrasonication process on the thermal 
conductivity and viscosity of nanofluid has been studied 

in order to understand its positive impact on the studying 
fluids [28, 29]. Ultrasonication can prevent the formation 
of agglomeration of nanoparticles and facilitate its uniform 
dispersion in the base fluid. Ultrasonication process con-
trolled by parameters of power, duration, and frequency to 
make a dispersion effectively. However, sonication dura-
tion is an ultrasonication process parameter that effectively 
controls the nanofluid properties by a uniform dispersion of 
nanoparticles and its stability in a base fluid [30]. Further 
to understand the ultrasonication process, Mahbubul et al. 
[31] investigated the effect of ultrasonication energy on the 
viscosity of  Al2O3 water nanofluid and reported the decrease 
in the number of clusters with an increase in ultrasonication 
duration but not considered to have a concentration effect 
and a process temperature.

As compared to low viscosity base fluids, higher viscosity 
base fluids containing nanoparticles need more sonication 
time (energy) to become homogeneous [32]. Kwak and Kim 
[33] found that an optimal duration as 9 h required to com-
plete dispersion of nanoparticles for ethylene glycol-based 
CuO nanofluid from the experimental sonication duration of 
1 to 30 h. Lee et al. [25] conducted the sonication of aque-
ous-based  Al2O3 (30 nm) nanofluids up to 30 h and found 
that 5 h of sonication was an optimum. They asserted that an 
optimal ultrasonication period for the nanofluids depends on 
the size and zeta potential of alumina nanofluids. Buonomo 
et al. [34] and Gangadevi et al. [35] found optimum sonica-
tion duration for water based  Al2O3 nanofluid as 2 h (40 nm) 
and 4 h (50 nm), respectively. At the same time, Adio et al. 
[36] conducted experiments with  Al2O3 nanoparticles of dif-
ferent sizes such as 30, 80 and 100 nm in glycerol as base 
fluid and reported that nanofluid prepared with smaller par-
ticle size (30 nm) shows higher viscosity and requires more 
sonication energy when compared with nanofluid prepared 
with larger particle size (80 nm and 100 nm). He et al. [37] 
investigated the viscosity of  TiO2 nanofluids with particle 
sizes ranging from 95 to 210 nm and found that the viscosity 
increases with increasing nanoparticle size; however, their 
experimental results contradicted Adio et al. findings.

Considering the above discussions, the requirement of 
efficient heat transfer nanofluids with optimum viscosity 
is required for the heat transfer applications. The present 
investigation aimed to study the effect of ultra-sonication 
duration, volume concentration of nanoparticles, and tem-
perature on the dynamic and relative viscosity of the WEG 
based  Al2O3 nanofluid to suit different engineering applica-
tions. Further, statistical analysis on viscosity of nanofluid 
has been performed to study the effect of considered param-
eters to determine its significance and their ranking.
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2  Experimental Procedure

2.1  Source and Characteristics of Alumina 
Nanoparticles

Al2O3 nanoparticles are chemically stable, less toxic, cheaper, 
and commercially available. α-Al2O3 nanoparticles of less than 
50 nm were purchased from Sigma-Aldrich, Germany. High-
Resolution Transmission Electron Microscope (HR-TEM) was 
employed to study the morphological characteristics of  Al2O3 
nanoparticles.

The morphology and average size of the nanoparticles, as 
shown in Fig. 1a, were almost spherical, and 40 nm. XRD 
analysis on the  Al2O3 nanoparticles was carried out with an 
Empyrean X-ray diffractometer (PANalytical, Netherlands) 
with Cu anode (line and point focus) to confirm the crystal-
line structure of metal oxide. Figure 1b reveals the rhombo-
hedral structure of  Al2O3 nanoparticles and confirmed peaks 
with the help of JCPDS card number 1040LQS. Major XRD 
reflections observed were listed as follows: 25.59°, 35.14°, 
37.78°, 43.36°, 52.55°, 57.52°, 59.8°, 61.23°, 66.55°, 68.20°, 
and 77.2°. The morphology, size, and structure of  Al2O3 nano-
particles were identified to be suitable for the preparation of 
WEG based alumina nanofluid.

2.2  Calculation of Volume Fraction of Nanoparticle

The formula used to find the volume concentration of the 
nanoparticle [38] in the nanofluid is mentioned below Eq. (1).

(1)Volume concentration,� � =

⎡
⎢
⎢
⎣

VAl2O3

�Al2O3

VAl2O3

�Al2O3
+

Vbf

�bf

⎤
⎥
⎥
⎦
× 100

where,
ϕ is the volume fraction of the nanoparticle.
VAl2O3 and VWEG are the weights of nanoparticle and 

WEG fluid, respectively.
ρAl2O3 and ρWEG are the densities of nanoparticles and 

WEG fluid, respectively.

2.3  Preparation of Nanofluids

The two-step procedure is the most widely used method 
for nanofluid preparation. Ethylene glycol has anti-freezing 
properties [39] and is miscible with water. Yu et al. [40] 
suggested that the suitable proportion of water and ethyl-
ene glycol (WEG) is 50: 50 for anti-freezing or anti-boiling 
applications. It is therefore considered to be a good base 
fluid for nanofluid preparation [41]. Nanofluid was prepared 
by dispersing the  Al2O3 nanoparticles in the WEG fluid in 
the ratio of 50:50 (Ethylene glycol: water) using a two-step 
method [42], as follows:

1. 100 ml of a mixture of deionized water and ethylene 
glycol was stirred well over a magnetic stirrer (REMI 
5MLH) at a constant speed of 420 rpm.  Al2O3 nanopar-
ticles were then added to the mixture and the stirring 
process continued at the same speed.

2. Finally, the obtained suspension was again sonicated to 
required stability with an ultrasonication method (RS 
PRO Ultrasonic) with a facility to precisely control the 
temperature of the bath.

2.4  Examination of Stability of  Al2O3 Nanofluids

Al2O3 nanoparticles were dispersed in the volume con-
centration of 0.01%, 0.05%, 0.1%, and 0.2% in ethylene 

Fig. 1  HR-TEM image and XRD pattern of  Al2O3 nanoparticle
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glycol–water mixture. Prepared nanofluid samples were 
stored for one month in glass vials to determine the stability 
through visual observation. Figure 2a shows the photograph 
of nanofluid samples at the time of preparation. After one 
month, the photograph of samples was taken and is pre-
sented in Fig. 2b. No visual sediments were observed in all 
studied samples but there was a presence of slight sedimen-
tation for higher volume concentration samples.

2.5  Particle Size Determination in Alumina 
Nanofluids

Dynamic Light Scattering (DLS) is the  most com-
mon method that can be used to find the size of particles 
in the suspension or nanofluids. The alumina particle/clus-
ter size of the prepared nanofluids was determined using 
a Dynamic Light Scattering (Model: Nanotrac Wave II) 
analyzer. After 3 days of nanofluid preparation, particle 
size analysis was performed at room temperature for lower 
(0.01%) and higher (0.2%) volume concentrations.

2.6  Viscosity Measurements

A rotational type digital viscometer (VISCO-895, ATAGO, 
Japan) was used to measure the dynamic viscosity of pre-
pared samples. Some advantages of using this type over 
other viscometers were high accuracy (± 1%), small sam-
ple amount (16 mL), least count (~ 1mPas), and variable 
speed (0.5–250 rpm). The digital viscometer measures the 
viscosity of the liquid sample directly using the theory of 
measuring the shear stress (torque) between the cylindrical 
surface of the spinning cylinder immersed in the sample. 
The viscosity of samples was taken at a constant rotation 
speed of 250 rpm.

Prior to measurement, the instrument was calibrated 
using a standard liquid with known viscosity. The dynamic 

viscosity of WEG (50:50) is measured three times for the 
validation of the instrument, and the same is compared with 
the values of ASHRAE [43]. A k-type thermocouple was 
used to monitor changes in the temperature of nanofluids 
during viscosity measurements. Figure 3 shows a compari-
son of the WEG experimental results with the ASHRAE 
data. The observed results were in good agreement with 
ASHRAE data showing a variance of ± 5 per cent and thus 
verified the validity of the measurements.

For experimentation, process parameters such as ultra-
sonication time (0–4 h), temperature (30–45 °C), volume 
concentration (0.01%, 0.05%, 0.1%, 0.2%) of nanoparticles 
were considered to investigate the change in viscosity of 
WEG -based  Al2O3 nanofluid. The selection of process 
parameters was based on the previous literature [19, 21]. 
This study is used to determine the variation in viscosity 

Fig. 2  a Samples at the time 
of preparation. b Samples after 
one month
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of WEG -based  Al2O3 nanofluids without surfactant. The 
viscosity of each sample was measured every hour after 
sonication under investigation conditions and repeated an 
average of three trials.

2.7  Taguchi’s Statistical Design and Analysis 
for Ranking

Statistical analysis was conducted using a Taguchi method 
for ranking of considered parameters that are influencing 
the viscosity of nanofluids [44]. The present work aims to 
acquire minimum viscosity as the desired property of nano-
fluid, therefore the ‘smaller is better’ condition was chosen 
to obtain the optimum results. Experimentally obtained vis-
cosity values and their corresponding parameters were used 
to construct the orthogonal array (L16) design. Experimental 
parameters and their levels for the L16 orthogonal model are 
shown in Table 1.

The ranking of the influencing parameters, such as tem-
perature, nano-aluminium concentration and sonication 
time, and their optimum levels for achieving the minimum 
viscosity of the prepared nanofluid, were analysed using the 
Signal-to-Noise (S/N) ratio.

3  Results and Discussion

Experimental findings of the viscosity of WEG based alu-
mina nanofluids were presented in this section, with the 
effect of ultrasonication time, volume concentration of nano-
particles, and process temperatures.

3.1  Effect of Ultra‑sonication Time

The effect of ultrasonication time on dynamic viscosity of 
water-ethylene glycol (WEG)-based  Al2O3 nanofluids is 
presented in Fig. 4a–d, as a function of various volume con-
centrations and process temperatures. It is noted that the 
dynamic viscosity of the nanofluid increases marginally for 
1 h of sonication time. Thereafter, there is a decreasing trend 
with the sonication duration at all volume concentrations. 
A similar pattern in viscosity with a sonication duration 
has been observed for deionized water-based multi-walled 
carbon nanotubes nanofluid [45] and ethylene glycol-based 
carbon nanotubes nanofluid [46]. A small rise in viscosity 

was attributed to the presence of clusters of nanoparticles 
that provide resistance to the viscometer spindle. Later, it 
decreases due to the de-clustering of agglomerates with a 
sonication duration. At volume concentration of 0.01%, the 
rate of increment in viscosity for the sonication time of 1 h 
is lower at 45 °C compared to 30 °C. An increase in process 
temperature certainly reduces the increment of viscosity due 
to particle clusters. For given volume concentrations and 
temperatures, nanofluid viscosity values without sonication 
are referred to as the baseline values.

The baseline viscosity was 3.42 cP for 0.01% (lower 
volume concentration) at 30  °C, as the sonication time 
increased to 3 h the viscosity decreased by 1.75% to 3.36 cP. 
It is shown that ultrasonication does not alter the nanofluid 
viscosity considerably. Similarly, the decrease in viscosity 
was 10.6% for 0.2% (higher volume concentration). Ultra-
sonication has a major impact on the viscosity of WEG-
based  Al2O3 nanofluids. It is noted that there is an interrela-
tion between the volume concentration of nanoparticles and 
the ultrasonication duration.

Likewise, at 45 °C, the sonication time increased from 0 
to 3 h, and the viscosity value decreased by 3.8% for 0.01% 
(lower volume concentration). Similarly, a decrease in vis-
cosity of 11.36% was observed for 0.2% (higher volume con-
centration). It is shown that concentration increased from 
0.01 to 0.2%, at a higher temperature, the rate of reduction 
in viscosity was a combined effect of increased process tem-
perature and ultrasonication duration. This combined effect 
apparently causes mobility of the particles and weakens the 
cohesive force between the particles [47].

In addition, there is an insignificant decrease in viscosity 
value with sonication time for 0.01% and 0.05%. Despite 
using ultrasonic energy to disperse nanoparticles, a large 
volume of base fluid with a low fraction of nanoparticles 
absorbs ultrasonic energy. Sonication was more beneficial 
by adding more nanoparticles to the base fluid. In particular, 
a higher volume concentration (0.2%) shows a substantial 
shift in viscosity with sonication time compared to lower 
volume concentrations.

Continuous reduction in nanofluid viscosity is observed 
up to a sonication duration of 3 h. It was evident that the 
de-clustering of agglomerates stimulates the mobility of 
nanoparticles, leading to a reduction in viscosity. After that, 
viscosity is approached by a stable value for a higher soni-
cation duration. It’s because nanofluids reach their level of 

Table 1  L16 Orthogonal array 
and parameter levels

Factor Parameters Unit Levels

1 2 3 4

A Temperature °C 30 35 40 45
B Alumina Concentration % 0.01 0.05 0.1 0.2
C Sonication Time hrs 1 2 3 4
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homogeneity. It is observed that the prolonged sonication of 
nanofluid does not produce any desirable effect on viscos-
ity. A similar pattern of viscosity is observed for the various 
processing temperatures and concentrations. Comparing all 
the results, the optimal sonication time to obtain the lowest 
nanofluid viscosity for the volume concentrations considered 
is 3 h.

3.2  Effect of Temperature

The effect of temperature on dynamic viscosity of water-
ethylene glycol (WEG)-based  Al2O3 nanofluids under vari-
ous sonication times and volume concentrations is shown 
in Fig. 5a–d. All samples of WEG-based  Al2O3 nanofluids 
show a steady decrease in viscosity with a rise in temperature 
from 30 to 45 °C. The increase in processing temperature 

of nanofluids reduces the strength of intermolecular attrac-
tion between base fluid and nanoparticles [3] and increases 
the Brownian motion of nanoparticles [45]. The addition of 
particles increases viscosity, but the decrease in viscosity 
is related to temperature. The increase in thermal energy of 
nanofluid helps to encourage Brownian motion, which leads 
to a decrease in the attractive forces of inter-particles and 
thus decreases viscosity of nanofluids.

For a volume concentration of 0.01%, a negligible shift 
in viscosity values with a volume concentration of 0.05% in 
volume at all temperatures for a sonication duration of 1 h 
is observed, as shown in Fig. 5a. It shows that an increase in 
temperature decreases the viscosity for all concentrations. 
However, for 0.01% and 0.05%, the difference in viscos-
ity would be almost the same, but little change is observed 
due to a small amount of nanoparticles added. Conversely, 
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Fig. 4  a–d Effect of ultrasonication duration on the viscosity of WEG-based  Al2O3 nanofluid
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there is a considerable increase in the viscosity of nanofluid 
with addition of nanoparticles (0.1% and 0.2%). This is due 
to an increase in the volume concentration of the number 
of dispersed nanoparticles in the base fluid, which contrib-
utes to an increase in viscosity regardless of the increase 
in temperature. It is noteworthy that the decrement trend 
of viscosity of nanofluid was observed with an increase in 
process temperature. It may reduce the viscosity, which has 
been increased by added nanoparticles. Thus, it brings the 
viscosity values down to desired value. Ruan and Jocabi 
[46] performed experiments with ethylene glycol nanofluids 
based on carbon nanotubes and reported similar effects of 
temperature on viscosity.

Decreased viscosity with processing temperature was 
observed for all concentrations regardless of the sonica-
tion time, as shown in Fig. 5b. As compared to Fig. 5a, b 

indicates a decrease in the magnitude of the viscosity due 
to the de-clustering of agglomerated nanoparticles in the 
base fluid. Further sonication time increased to 3 h, and the 
magnitude of the viscosity decreased to a certain level to all 
temperatures considered as shown in Fig. 5c. It seems that 
an effective sonication realized at 3 h. It is noted that the 
sonication effect was not much realized, but a small shift in 
the magnitude of viscosity is observed at lower concentra-
tions. At the same time, the viscosity value of 0.2% volume 
concentration is moved further downwards and reached a 
closer viscosity value of 0.1% for studied temperatures. Sim-
ilar pattern is also observed in Fig. 5d. This figure shows 
a negligible change in magnitude of the viscosity between 
0.1 and 0.2% for the 4 h sonication duration. Experimen-
tal results show that there is a substantial decrease in the 
viscosity magnitude of WEG-based  Al2O3 nanofluid for a 
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Fig. 5  a–d Effect of temperature on dynamic viscosity for different nanoparticle concentrations
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3 h sonication period. This means that WEG-based  Al2O3 
nanofluid achieves homogeneity at a sonication time of 3 h 
leading to a significant declustering of agglomerates. Asadi 
and Alarifi [30] found that extended sonication time might 
not have had any beneficial impact on nanofluid dispersion. 
It is derived from experimentation that the ultrasonication 
process was much needed to achieve lower viscosity for 
higher concentrations added nanofluid as compared to lower 
concentrations.

The distribution of nanoparticles in nanofluid under dif-
ferent conditions is presented schematically in Fig. 6. Null 
effect is characterized as an infinitesimal effect on the dis-
persion of nanoparticles due to sonication. Null effect was 
observed for lower concentrations of nanoparticles under 1 h 
and 3 h, irrespective of processing temperatures. Low-vol-
ume concentration does not take longer sonication time for 
dispersion of nanoparticles. At the same time, clusters were 
observed at a higher volume concentration under a minimal 
sonication time. This implies that the importance of the soni-
cation effect would be needed to disperse higher concentra-
tions of nanoparticles. This concludes that the concentration 
of alumina has a higher impact on the viscosity of nanofluids 
compared to process temperature and sonication time.

3.3  Effect of Cluster Size on Viscosity of Nanofluids

In order to study the effect of alumina cluster particle dis-
tribution on viscosity of WEG-based  Al2O3 nanofluids, 
lower volume concentration (0.01%) and higher volume 
concentration (0.2%) at 1 h and 3 h sonicated conditions 
were considered. Figure 7a–d depicts the particle/cluster size 
of alumina-WEG nanofluids measured at room temperature 
by DLS method for sonication durations (1 h and 3 h) and 
volume concentrations (0.01 and 0.2%).

The mean cluster size of 0.01% nanofluid at 1 h of sonica-
tion was 150 nm, which decreased to 135 nm as the sonica-
tion time increased to 3 h. As the concentration of nano-
alumina increased to 0.2%, the mean cluster size at 1 h of 
sonication was 215 nm, which decreased substantially to 
175 nm after 3 h of sonication. Similarly, the observed vis-
cosity of nanofluid was higher for 1 h sonicated samples 
relative to 3 h sonicated samples, as previously shown in 
this study. The obtained results suggest that increasing the 
cluster size of nanoparticles increases the dynamic viscos-
ity of prepared nanofluids. This result is consistent with the 
findings of Nguyen et al. [26] and Jarahnejad et al. [48], who 
analysed the viscosity of  Al2O3/water nanofluids with clus-
ter/particle sizes ranging from 36 to 300 nm and found that 
the viscosity of the nanofluid increased with the size of the 
nanoparticles. This may be because the molecular structure 
of nanofluids has changed. It is noted that the mean cluster 
size of nanofluids was substantially bigger than the primary 
nanoparticle size (average size 40 nm).

3.4  Relative Viscosity of WEG Based  Al2O3 Nanofluid

Figure 8a–d describes the relative viscosity of WEG (50:50) 
based  Al2O3 nanofluids with different volume concentra-
tions, temperatures, and sonication durations. Loading 
nanoparticles in the base fluid increases the density of 
nanofluids, which increases the viscosity of nanofluids [8]. 
Generally, higher nanoparticle loading reduces the inter-
particle distance resulting in increased interaction between 
the nanoparticles.

From the observation, a maximum rise in relative vis-
cosity is observed at a volume concentration of 0.2% under 
all considered sonication durations and temperatures. This 
indicates that the volume concentration contribution to the 

Fig. 6  Sonication effect on the 
viscosity of  Al2O3 nanofluids
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viscosity was large compared to other variables, including 
process temperature and ultrasonication time. Esfe and Sae-
dodin [49] and Kole and Dey [50] have reported that the 
viscosity of nanofluids increases linearly with an increase 
in the volume fraction or concentration of nanoparticles.

It can also be shown from Fig. 8a–d that the relative 
viscosity decreases linearly with an increase in sonication 
time. This is the outcome of the ultrasonication effect on 
nanofluids arising from the de-clustering of nanoparticle 
agglomerates in WEG nanofluid. By comparing all cases, 
the minimum relative viscosity observed was 1.13, 1.14, 
1.29, and 1.32 for 0.01%, 0.05%, 0.1%, and 0.2% of the vol-
ume concentration at 3 h and 45 °C, respectively.

3.5  S/N Ratios for Viscosity Measurements

The S/N ratio was used to determine the statistical param-
eters affecting the viscosity of WEG-based  Al2O3 nanofluid. 
Table 2 presents the S/N ratio of parameters considered for 
dynamic viscosity of nanofluids including their ranks.

Figure 9 shows the main effect plot of the viscosity of 
WEG -based  Al2O3 nanofluid for the considered parameters 
using an L16 Orthogonal design. The goal of the present 

work is to minimize the viscosity of the prepared nanofluid, 
which can be done at a temperature of 45 °C with a S/N ratio 
of-10.81. The addition of heat energy to nanofluid increases 
the random motion of nanoparticles and reduces the resist-
ance of fluids, thus increasing the distance between particles. 
This leads to a major decrease in nanofluid viscosity. The 
findings obtained are similar to previous experimental stud-
ies on nanofluids [51, 52]. The minimum viscosity of the 
prepared nanofluid was achieved at a S/N ratio of -10.23 for 
the lowest aluminium concentration of 0.01%. Normally, a 
smaller quantity of nanoparticles may not have had a signifi-
cant effect on the viscosity of the base fluid. Ultrasonication 
process offers good dispersion of nanoparticles by invoking 
de-clustering of agglomerates in an alumina based WEG 
nanofluid. Based on the results, the minimum viscosity of 
nanofluid was achieved at a S/N ratio of -10.88 for a sonica-
tion period of 3 h. The optimal sonication time was 3 h from 
both experimental and statistical analysis.

Based on the present statistical design, the desired com-
bination of parameters to obtain a minimum nanofluid vis-
cosity was a high processing temperature (45 °C), a low 
aluminium concentration (0.01%) and an intermittent soni-
cation time (3 h). Other thermophysical properties have 

Fig. 7  Alumina particle size of WEG based Al2O3 nanofluids a Concentration 0.01% @ 1 h sonication, b Concentration 0.01% @ 3 h sonica-
tion, c Concentration 0.2% @ 1 h sonication, and d Concentration 0.2% @ 3 h sonication
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also been considered during the selection of parameters 
for the preparation of nanofluids for specific engineering 
applications. However, the present research is limited to 
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Fig. 8  a–d Variation of relative viscosity with various temperature for each sonication duration

Table 2  Response Table for S/N Ratio

Level Temperature (°C) Nano-alumina Con-
centration (v/v)

Sonication
Time (hr)

1  − 11.38  − 10.23  − 11.32
2  − 11.26  − 10.41  − 11.31
3  − 11.00  − 11.67  − 10.88
4  − 10.81  − 12.14  − 10.95
Delta 0.57 1.91 0.43
Rank 2 1 3

Fig. 9  S/N ratio plot for the viscosity of  Al2O3 based nanofluids
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the investigation of viscosity, which is one of the essential 
characteristics of nanofluids.

The delta value for each parameter was determined by the 
difference in the maximum and minimum S/N ratio values. 
Based on delta value, rank for influencing parameters on 
viscosity of nanofluid was determined. The current statisti-
cal study lists the order of parameters that follows alumina 
concentration > temperature > sonication time.

4  Conclusion

The present study reveals the variation in viscosity of 
α-Al2O3-WEG based nanofluids without surfactant. Influ-
ence of parameters such as ultra-sonication duration (0–4 h), 
process temperature (30–45 °C), and volume concentration 
(0.01%, 0.05%, 0.1%, 0.2%) of nanoparticles on the dynamic 
viscosity and relative viscosity of α-Al2O3-WEG based 
nanofluids was studied through experimental and statisti-
cal analysis. The following observations are made from this 
study:

1. TEM results of α-Al2O3 reveal spherical morphology 
and are free from impurities. XRD results of α-Al2O3 
show the characteristic peaks of rhombohedral  Al2O3 
structure.

2. Dynamic viscosity of the nanofluid increases as a result 
of nanoparticle clusters due to the nature of inter-particle 
attraction requiring strong ultrasonication. However, vis-
cosity decreases with an increase in sonication duration 
due to the de-clustering effect of agglomerates, increas-
ing inter-particle distance.

3. Sonication  time increased from 0 to 3 h, a decrease 
in viscosity of 11.36% was observed for 0.2% volume 
concentration with precondition of higher process tem-
perature (45 °C). After sonication time of 3 h, viscos-
ity value becomes almost stable and nanofluids reach 
homogeneity for all considered temperatures and volume 
concentrations.

4. A low concentration nanoparticle-containing nanofluid 
requires a smaller ultrasonication, in other words, null 
effect was seen for lower concentrations irrespective of 
the temperature and sonication time. At the same time, 
clusters were observed at a higher volume concentration 
under a minimal sonication time (1 h).

5. Sonication effect was much required to disperse higher 
concentrations of nanoparticles effectively. This con-
cludes that the concentration of alumina has a higher 
impact on the viscosity of nanofluids compared to pro-
cess temperature and sonication time.

6. The addition of heat energy to nanofluid by increasing 
process temperature reduces the resistance of fluids 

which decrease the viscosity of nanofluid for all con-
centrations, regardless of the sonication time.

7. The current study revealed that the clustering effect 
of alumina nanoparticles increases the viscosity of 
 Al2O3-WEG based nanofluids.

8. The minimum relative viscosity observed was 1.13, 
1.14, 1.29, and 1.32 for 0.01%, 0.05%, 0.1%, and 0.2% 
of the volume concentration at 3 h and 45 °C, respec-
tively. Since the loading of nanoparticles in WEG base 
fluid increases the interaction between nanoparticles 
and clustering resulting in increased relative viscosity 
of nanofluid.

9. In addition, based on the S/N ratio, the order of param-
eters affecting the viscosity value was the alumina con-
centration > temperature > sonication time. The infer-
ence obtained from the statistical analysis is in line with 
experimental results.
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