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Summary

In a comprehensive study, the thermal conductivity, dynamic viscosity, and the

rheological behavior of a SiO2/water nanofluid are investigated experimentally

at the temperatures, solid concentrations, and the shear rates of 25°C to 50°C,

0% to 1.5%, and 400 to 1400(s−1), respectively. The Response Surface

Methodology (RSM) is utilized to obtain regression models for the thermal con-

ductivity and the dynamic viscosity. Subsequently, the sensitivity of the afore-

mentioned models to 10% changes in the temperature, and the nanofluid

concentration is analyzed. Afterward, Nondominated Sorting Genetic Algo-

rithm II (NSGA‐II) is utilized to find the maximum thermal conductivity and

the minimum viscosity. The nondominated optimal points are presented

through a fitted correlation on a Pareto front to make the results more practi-

cal. The measurements of the investigated nanofluid could be summarized as a

paper of a handbook. The workability of the investigated nanofluid is also

examined in both laminar and turbulent flow regimes through analysis of the

heat transfer merit graphs. To this end, the ratio of the dynamic viscosity

enhancement to the thermal conductivity enhancement and the Mouromtseff

number are chosen as two criteria of the laminar and turbulent flow regimes,

respectively. Finally, the results are compared with those for SiO2/glycerin

and SiO2/ethylene glycol nanofluids to check the workability in different base

fluids. From a thermal‐efficiency point of view, the SiO2/water nanofluid is not

suggested for use in both laminar and turbulent pipe flows, except in temper-

atures higher than 30°C and volume concentrations lower than 1% for the case

of laminar flow. This is because the favorable heat transfer enhancement of the

nanofluid is more than the unfavorable increase of the pumping power. From

the rheological point of view, though, a SiO2/water nanofluid would be a good

choice in lubricating moving surfaces for both laminar and turbulent flow

regimes. It is found that in higher nanofluid concentrations, the thermal con-

ductivity of a SiO2/water nanofluid is highly influenced by temperature. More-

over, adding nanoparticles at temperatures of 35°C to 40°C would have the

highest increasing effect on the thermal conductivity. It is also revealed that
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increasing the temperature does not significantly affect the viscosity when 1%

SiO2 nanoparticles are suspended within the water.
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Highlights

• Carrying out a review of SiO2/water
nanofluid.

• Conducting a rheological study of a SiO2/
water nanofluid in a temperature, nanofluid
concentration, and a shear rate ranging
from 25°C to 50°C, 0% to 1.5%, and 400 to
1400s−1, respectively, and observing 80%
and 4% enhancement in the viscosity and
the thermal conductivity, respectively, by
dispersing 1.5% nanopowder at 50°C.

• Proposing correlations for the viscosity and
the thermal conductivity, performing a
sensitivity analysis, and offering optimal
points.

• Examining the thermal performance of SiO2/
water, SiO2/EG, and SiO2/G nanofluids in
both laminar and turbulent flow regimes.
1 | INTRODUCTION

Nowadays, the use of nanofluids in engineering systems
has become a common practice to reduce energy con-
sumption and boost productivity. Adding nanoscale‐sized
particles to oil, ethylene glycol, water, and others, as base
fluids, improves their thermophysical properties. Most
common types of nanoparticles are chemically stable
metals such as metal oxides and carbon allotropes. Choi1

was the first to introduce the term “nanofluid.” His pur-
pose was to improve the thermal properties of water by
dispersing different metallic‐oxide nanoparticles. From
the beginning of the emergence of this concept,
researchers quickly figured out that the performance of
thermal devices such as cooling of microchips, heating,
and cooling of buildings, and solar heating, could be
raised by dispersing nanopowder in a base fluid.2-4

Solar distillation has benefited from the nanofluid
technology as an affordable and reliable technique for
providing freshwater.4 Nanofluids offer many key advan-
tages in solar power plants. Changing the concentration,
type, and size of nanopowder directly affects the effi-
ciency of solar energy absorption in various solar range,
radiation and convection heat transfer, and direct solar
energy absorption.5 In the last decade, the efficiency of
storages and solar energy conversion devices has been
evaluated in a number of studies.5-14 The efficiency of
solar energy systems was proven to improve profoundly
through the use of nanofluids. Using a nanofluid dish
receiver, a 10% enhancement in the efficiency of solar col-
lectors was reported by Taylor et al.6 A similar study was
conducted by Shin and Banerjee,7 Lenert and Wang,8 and
Yousefi et al.9 Shin and Banerjee7 have noted that the
efficiency benefited from the heat capacity and the ther-
mal conductivity enhancement due to the use of
nanofluids. More than 35% and 28% efficiency improve-
ment was reported by Lenert and Wang8 and Yousefi
et al9 for the cases of concentrated and flat‐plate solar col-
lectors, respectively. Besides the studies of water‐based
nanofluids, Mercatelli et al15 showed that an
SWCNH/EG nanofluid has a positive effect on the effi-
ciency of sunlight absorbers of solar collectors. Using an
SiO2‐MWCNT/PEG hybrid nanofluid was reported as a
promising approach to enhance the efficiency of energy
storage systems.16 Hence, the use of nanofluids in the
solar energy industrial applications has been approved.
Modeling and simulation of a nanofluid flow for a variety
of applications became important because of the high cost
of experimental studies.

Researchers released their predictive models for
nanofluids' viscosity and thermal conductivity.17,18

Table 1 presents well‐known theoretical models along
with some considerations, briefly. Nowadays, comparing
the experimental results with the existing theoretical
models shows that some are available only under narrow
conditions, or the behavior of the nanofluid is not
predictable by these relations.25-27

Researchers have approved and utilized Choi's concept
in their engineering problems.28-32 Using nanofluids
allows heat exchangers,33-38 heating, ventilation, and air
conditioning (HVAC systems),39 and microchannels40 to
reduce energy consumption and dramatically increase
performance. The material, shape, size, and morphology
of nanoparticles are responsible for the features of the
resulting mixture. The general features of different
metallic nanoparticles, including TiO2, Al2O3, ZnO, and
CuO, and their effects on the mixture were addressed in
previous studies.41-47



TABLE 1 Viscosity and thermal conductivity predictive models

Reference Correlation Consideration

Maxwell17 keff
kf

¼ kp þ 2kf þ 2φ kp − kf
� �

kp þ 2kf − φ kp − kf
� � For liquid and solid solutions

Hamilton and
Crosser19

keff
kf

¼ kp þ n − 1ð Þkf þ n − 1ð Þφ kp − kf
� �

kp þ n − 1ð Þkf − φ kp − kf
� � ¼ 4:97φ2 þ 2:72φþ 1

kp/kf > 100

Pack and Cho20 keff = (1+7.47φp)kbf Metallic oxide particle

Xue21 keff
kf

¼1 − φþ 2φ
kp

kp − kf
ln
kp þ kf
2kf

1 − φþ2φ
kf

kp − kf
ln
kp þ kf
2kf

Nanospheres with interfacial shell

Dynamic viscosity models

Einstein22 μeff
μf

¼ 1þ 2:5φ Spherical nanoparticles suspended with less than
0.5% concentration

Brinkman23 μeff
μf

¼ 1

1−φð Þ2:5
Spherical nanoparticles

Batchelor24 μeff
μf

¼ 1þ 2:5φþ 6:2φ2 Spherical nanoparticles

Wang et al18 μnf
μbf

¼ 1þ 7:3φþ 123φ2 ‐
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2 | STATE ‐OF ‐THE ‐ART REVIEW
ON THE NANOFLUIDS
CONTAINING SIO2

Due to the high tendency of SiO2 to be suspended homo-
geneously in nanofluids and nano‐lubricants, the disper-
sion of SiO2 nanopowder has attracted the attention of
many researchers.48,49 The thermal conductivity enhance-
ment of nanofluids containing MWCNT, CuO, and SiO2

into various base fluids (water, ethylene glycol, oil, silicon
oil, and poly‐α‐olefin oil) was investigated by Hwang
et al.50,51 Their results revealed that the thermal conduc-
tivity is in direct relation with the nanofluid concentra-
tion and that the intensity of variations highly depended
upon which nanoparticles type and which type of base
fluids were used. Adding 1% SiO2 nanoparticles with 7
nm diameter was found to lead to a 2.5% rise in the ther-
mal conductivity. Ahmed et al52 numerically solved the
laminar SiO2/ethylene glycol nanofluid flow through a
triangular duct. The investigated ranges of Reynolds
number and nanofluid concentration were 100 to 800,
and 1% to 6%, respectively. The Reynolds number and
the nanofluid concentration were considered in the
ranges of 100 to 800, and 1% to 6%, respectively. Raising
the Reynolds number from 100 to 800 caused a 50% heat
transfer enhancement for the case of 6% concentration.
They also found that for laminar flows, the friction factor
(pumping power) is not noticeably affected by adding
nanoparticles. A turbulent flow of EG‐Water 60:40 with
the Reynolds number in the range of (0.3 − 1.6) × 104

was studied by Vajjha et al53 while dispersing SiO2

nanopowder with a nanofluid concentration up to 6%.
Two empirical correlations for the viscosity and the ther-
mal conductivity were obtained. It was shown that both
the viscosity and the thermal conductivity are in direct
relation with the volume fraction. A 12% improvement
in the thermal conductivity was reported when 4%
nanopowder was dispersed. Moreover, the impact of the
size of the nanoparticles was also examined. Using three
diameters of 20, 50, and 100 nm, it was revealed that
the higher the diameter of the nanoparticles, the higher
the thermal conductivity. Mohammad et al54 examined
a hybrid nanofluid produced by dispersing TiO2‐SiO2

nanoparticles into water‐ethylene glycol 60:40 for three
concentrations of 0.5%, 1%, and 1.5%. The experiments
were performed under two different conditions of the
constant temperature of 70°C and constant heat flux.
The solution with 1.5% concentration improved the ther-
mal conductivity by 30.8%. The laminar and turbulent
flow regimes of SiO2/water nanofluid flow through circu-
lar and square tubes were studied by Pourfayaz et al.55

The hydraulic diameter for both cases was held equal in
their experiment along with assigning a constant heat
flux to the boundaries. Their research was conducted for
different values of the nanofluid concentration up to
0.2%. Both the Reynolds number and the solid volume



TABLE 2 Brief results of using SiO2 nanoparticles on thermal conductivity

Reference Nanofluid Reynolds
Maximum
Enhancement Conc. T, °C Results

Darzi et al56 SiO2/water 5000 < Re
<
13500

2.6 times 0.5, 1 ‐ They studied a plane finned‐tube with different geometrical
configurations. It was reported that thermal performance
improves dramatically with corrugation frequency.

Chen et al57 SiO2/water ‐ 2 times 1‐2.5 20,
40,
60

Two types of nanofluids were utilized dispersing functionalized
and traditional SiO2 nanoparticles within the water. The
suspensions were utilized in thermosiphon loop devices. The
decreasing trend in the evaporation heat transfer coefficient
and the maximum heat flux were shown.

Corcione58 SiO2/water
SiO2/EG

‐ ‐ 0.2‐9 21‐51 A new correlation was obtained from the data in the literature
to predict the viscosity of SiO2/water and SiO2/EG
nanofluids.

Tavman
et al59

SiO2/water ‐ 2.5 times 0.45,
1.85, 4

20,
35,
50

A direct relation between the heat transfer rate and solid
concentration was revealed.

Ferrouillat
et al60

SiO2/water 200 < Re
<
10000

60% 5‐34 %wt 20,
50,
70

Darcy and heat transfer coefficients were analyzed in various
Reynolds number.

Azmi et al61 SiO2/water 5000 < Re
<
27000

32.7% 0‐4 30 The friction factor and convective heat transfer of a pipe were
analyzed while a constant heat flux was assigned to the
surfaces. Increasing Reynolds number causes an increase in
heat transfer rate. Moreover, at a fixed value of Reynolds
number, the maximum heat transfer coefficient occurred at
3% concentration.

Ahmed
et al52

SiO2/EG 100 < Re
< 800

42.8% 1, 3, 6 27 They numerically simulated a laminar flow through a
rectangular duct. The variations of pressure drop and heat
transfer coefficient were examined by changing nanoparticle
type, nanofluid concentration, and Reynolds number in the
presence of a vortex generator.

Sun et al62 SiO2/water ‐ 17% 1.96,
3.92,
8.57,
12.58

20 A rheological behavior was conducted in different shear rates
of 0‐820(s−1). Thermal conductivity is higher for shear flow
field than a static state.

Jumpholkul
et al63

SiO2/water 3800 < Re
<
12000

35% 0.5, 1, 2 25,
30,
35

Pumping power and thermal performance of the nanofluid
within a pipe were examined in the turbulent flow regime.
The results showed that friction factor and Nusselt number
are increasing functions of solid volume fraction, Reynolds
number, and inlet temperature. Finally, two relationships
were proposed for predicting the Nusselt number and the
nanofluid friction factor in turbulent flow.

Bontemps
et al64

SiO2/water 100 < Re
<
10000

14% 0‐4 %wt 20,
50,
70

It was approved that pressure drop and Nusselt number
increase with an increase of nanofluid concentration. Also,
the thermal conductivity has increased significantly in the
turbulent flow regime.

Kazemi
et al65

SiO2/water
SiO2/EG

‐ 20% for water
and 14% for
EG

0.05‐0.4 ‐ In this study, the increase in thermal conductivity was due to
increasing the solid concentration, temperature, the size of
the nanoparticles, and the time spent after the nanofluid
preparation. It was also concluded that in the presence of the
nanoparticle, thermal conductivity has increased. This
increase with the EG base fluid is 14 times for volume
fraction of 0.36, but when water was the base fluid, 20%
thermal conductivity enhancement was observed.
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fraction had a favorable impact on the thermal conductiv-
ity. They also noticed that, for a fixed mass flow rate, a
circular cross‐section showed a better thermal perfor-
mance than a square cross‐section. At a fixed Reynolds
number, however, the thermal performance of square
cross‐section was better. Table 2 reports brief results of
the studies on laminar and turbulent silicon
dioxide/water nanofluid flows.

Regardless of the profoundly favorable effects of dis-
persing nanopowder in a conventional fluid, its rheologi-
cal behavior will also be affected.66,67 A rheological study
was conducted by Namburu et al68 for the case of SiO2/
60:40 EG‐water in different particle diameters of 20, 50,
and 100 nm, and in temperatures in the range of −10°C
to 50°C. It was found that, for a fixed solid volume frac-
tion, nanoparticles with 20 nm diameter offered a higher
viscosity in comparison with larger ones. This is because
smaller particles provide a larger surface exposed to heat
transfer between the liquid and solid phases in the solu-
tion. Further studies on SiO2/water were conducted by
Ferroiulate et al60 in samples with concentrations of 5%,
16%, and 34%. A reduction in the viscosity was observed
with increasing the temperature. Also, the nanofluid vis-
cosity was reported to be four times greater than that of
the base fluid at the solid volume fraction of 34%. A large
number of rheological studies of nanofluids produced by
various types of nanoparticles have been con-
ducted.67,69,70 Some of the selected studies in which SiO2

was used are listed in Table 3 along with their
considerations.

From Table 3, it can be observed that the investigated
nanofluids showed their best performance, namely, the
highest thermal conductivity and the lowest viscosity,
only in narrow conditions, and not in broad circum-
stances. In fact, an optimization procedure must be
followed to discover the answer as to what manipula-
tion(s) of inputs the responses show their best desirable
outcomes.77,78 Using the Nondominated Sorting Genetic
Algorithm II (NSGA‐II), Hemmat et al77 conducted an
optimization study on a heat‐exchanger to simulta-
neously reduce the production and operational cost and
raise the thermal conductivity of MgO/water nanofluid.
The cost function and the thermal conductivity were
modeled in terms of the nanofluid concentration and
the nanoparticle diameter using response surface meth-
odology (RSM). Then, a multi‐objective optimization
was employed, and optimal solutions were obtained
through the Pareto front. Another economically based
optimization was carried out by Lv et al79 to discover
the optimum solution of a heat exchanger network using
the NSGA‐II algorithm. They carried out an experimental
study on MWCNT‐SiO2 (15%‐85%)/EG with a nanofluid
concentration ranging from 0.05% to 1.95%, for the first
time, to determine the conditions wherein the nanofluid
achieves its best performance. The inlet temperature
and solid concentration of SiO2/water nanofluid flow
through a loop heat pipe (LHP) associated with the max-
imum thermal performance and minimum pumping
power was found by Gunasegaram et al.80 Their RSM‐

based optimization was performed for an inlet heat flux
and solid concentration ranging from 20 to 100 W and
0% to 3%, respectively.

The low‐cost production of SiO2/water nanofluid has
led to the use of this nanofluid in many engineering
applications, often mistakenly. Therefore, the
thermophysical properties of this nanofluid should be
carefully evaluated for different conditions of tempera-
ture and concentration.

As mentioned, limited researches were carried out to
measure the thermal conductivity and the viscosity and
to determine the rheological behavior of nanofluids con-
taining SiO2 nanoparticles, simultaneously, in a labora-
tory. In the current paper, the thermophysical properties
of a SiO2/water nanofluid were measured experimentally,
for the first time, by using a KD2 Pro device and a DV‐III
in six temperatures and six concentrations less than 1.5%.
To the best of our knowledge, limited articles that measure
the properties of nanofluids in small intervals of variables
can be found. Design points were widely scattered, and
changes within the intervals were not captured. So, the
intervals between two temperatures and concentrations
have been considered narrow to better capture the viscos-
ity and thermal conductivity variations. A two‐step
approach was followed in the absence of surfactant to pro-
duce a nanofluid with a nanoparticle diameter of 20 to 30
nm and a purity of 99.5%. The results were compared
against the literature data. Consistency was shown in some
tests, while some inconsistencies were reported for heat
transfer merit63 and also for viscosity and rheological
behavior. The rheological behavior of the nanofluid was
also evaluated in a broad range of shear rate, which has
rarely been seen in previous studies. Since advanced fluids
like nanofluids have diverse industrial applications,
obtaining simple and handy regression models has always
attracted the attention of researchers. The existing models
are inconvenient because of the exponential, logarithmic,
fractional, and trigonometric terms. Moreover, the accu-
racy of the existing models is not satisfying due to the use
of surfactant with different concentrations to provide a
homogeneous suspension, the duration of sonication, or
other unknown sources of error. To this end, two regres-
sion models were established using the RSM approach.
Then the NSGA‐II evolutionary algorithm was employed
to obtain the optimal solution, wherein the highest perfor-
mance of the nanofluid would result. Furthermore, the
sensitivity of responses to a sudden change of temperature



TABLE 3 Brief results of rheological behavior of nanofluids prepared by dispersing SiO2

Reference Nanofluid Correlation

Viscosity

Enhancement φ T, °C Results

Richmond

et al71
SiO2‐TiO2/water ‐ ‐ 0.468 20 Although SiO2/water nanofluid

shows Newtonian behavior,

adding TiO2 nanoparticles into the

suspension changes the

rheological behavior to Bingham

plastic.

Song et al72 SiO2/water μeff
μf

¼ 1þ 71:4φ D = 7 nm—34% Solvation factor was investigated

based on the viscosity of dispersion

theory.

D = 14 nm—31%

Corcione58 SiO2/water μeff
μf

¼ 1

1 − 34:87 dp=df
� �−0:3φ−1:03

df ¼ 0:1þ 6M
Nπρf :0

 !
A new regression modeling for the

viscosity was established according

to the data in the literature for

various nanoparticles.

SiO2/EG

Anoop et al73 SiO2/paraffinic

mineral oil

‐ 1, 2 25‐

140

The rheological behavior in high

temperatures was investigated in

shear rate ranging from 1 to 1000

(s−1). Newtonian behavior was

reported for the nanofluid

temperature more than 100°C.

Tavman

et al59
SiO2/water ‐ 5% 0.45, 1.85, 4 20‐50 Viscosity was found to increase with

solid concentration and decrease

with temperature.

Zhao et al74 SiO2/water ‐ 22% 0.1‐2 25 The effect of acidity of SiO2/water

nanofluid was investigated. Ph was

found has a negligible impact on

the viscosity for nanoparticles

larger than 20 nm.

Namburu

et al68
SiO2/60:40 EG‐

water
log μeff
� �

¼ Aexp −BTð Þ
A ¼ 0:1193φ3 − 1:9289φ2 − 2:245φþ 167:17

B ¼ −7 × 10−6ð Þφ2 − 0:0004φþ 0:0192

80% 0‐10 ‐35‐50 The impact of nanopowder size on

the rheological behavior was

studied in a broad range of

nanofluid temperature.

Azmi et al61 SiO2/water μr ¼
μnf
μw

¼ 1þ φ
100

� �11:3
1þ Tnf

70

� �−0:038
1þ dp

170

� �−0:061 49% 0‐4 30 Dynamic viscosity enhancement with

solid concentration was reported.

Chevalier

et al75
SiO2/Ethanole ηrel ¼ 1− φa dð Þ

φm

� �−2 100% 1.4‐7 ‐ The nanofluid showed Newtonian

behavior in a vast range of shear

rates up to 50 000(s−1). Also, a

direct relation between viscosity

and nanofluid concentration was

observed.

Jamshidi

et al76
SiO2/water ‐ 250% 0‐0.1 20‐70 Four types of base fluid were used to

examine the effect of temperature

and solid volume fraction. The

viscosity enhancement is higher

for the case of water‐based

nanofluid as compared with other

base fluids. Also, they established

a correlation for the viscosity.

SiO2/EG

SiO2/water‐EG

SiO2/

transformer

oil
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and solid concentration was studied, in response to, for
instance, surface evaporation, addition of nanopowder,
and boiling. The recommendation to the operator of a ther-
mal system is to control the temperature or add a base fluid
to fix the solid volume fraction based on the conditions of
his/her thermal system. In the present study, as a challeng-
ing topic, further examination of the workability of SiO2/
water, SiO2/ethylene glycol, and SiO2/glycerin nanofluid
in laminar and turbulent flows was also carried out.
3 | MATERIAL AND METHOD

3.1 | Nanofluid preparation

Using a two‐step methodology, seven samples of water‐
based SiO2 with concentrations of 0.125%, 0.25%, 0.5%,
0.75%, 1%, 1.25%, and 1.5% (see Figure 1) were produced.
The stability of the samples was provided without surfac-
tant because of its impact on thermophysical properties.



FIGURE 1 Photograph of SiO2/water nanofluid [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Properties and specification of SiO2 nanopowder

Phase Amorphous

Composition SiO2 (>99.5%), Ti, Fe, Ca, Na
(<0.5% trace)

Size 20‐30 nm

Color White

Shape Spherical

Density True 2.4 g/cm381

Bulk <0.10 g/cm3

Thermal conductivity 1.38 W/m K82

Specific heat 745 J/kg K82

Specific surface area (BET) 180‐600 m2/g
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The amount of nanoparticles for dispersing into the water
was calculated using the following equation25,27:

%φ ¼
w
ρ

� �
SiO2

w
ρ

� �
SiO2

þ w
ρ

� �
Water

× 100; (1)

where φ is the nanofluid concentration, and ρ and w are
the density and the weight, respectively. Weights were
measured using a digital weighter with the precision of
0.1 mg. Then, the powder was dispersed into the fluid
phase and mixed very well. Then, to assure the homoge-
neity and protect the two‐phase mixtures against agglom-
eration and sedimentation, an ultrasonic homogenizer
(Ultrasonic Homogenizer, Development of Ultrasonic
Technology, Iran) with a power of 400 W was utilized,
and the samples were kept under ultrasonic waves for
about 3 hours.
3.2 | Nanoparticles properties

Spherical SiO2 nanopowder with a purity of 99.5% was
utilized to produce the nanofluid.81 The properties of sil-
ica nanoparticles were gathered from the literature81,82

and tabulated in Table 4.
To confirm the structural and morphological charac-

teristics of SiO2 nanopowder, X‐ray diffraction (XRD)
and transmission electron microscopy (TEM) analyses
were performed. As a result, the crystal phase, shape,
and size were determined using XRD patterns and TEM
analysis. As shown in Figure 2, the average diameter of
the SiO2 nanopowder was found to be 20 to 30 nm.
3.3 | Property measurement

Similar to many other researchers, the thermal conduc-
tivity of our samples was measured employing a KD2
Pro (made by Decagon Devices, Inc, USA), a portable
thermal property analyzer. The device has a heat‐
generating needle‐type probe along with an algorithm to
display a curve fitted onto time and temperature data
on the screen. The probe must be immersed perpendicu-
larly into the nanofluid with no movement to prevent

http://wileyonlinelibrary.com


FIGURE 2 Nanopowder, X‐ra diffraction (XRD), and transmission electron microscopy (TEM) image of SiO2 [Colour figure can be viewed

at wileyonlinelibrary.com]
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natural convection and achieve the best accuracy,
although a 5% error was reported from the device. It
should be noted that each measurement was repeated five
times, and the averaged value was reported.

As schematically drawn in Figure 3, the viscometer
has a spring and a torque meter to measure the viscosity.
The instrument consists of a spring and a spindle. The
calibrated spring drives the spindle through the nanofluid
and measures torque against rotation with a speed of
between 0.01 and 250 RPM.
FIGURE 3 Measurement devices [Colour figure can be viewed at wi
4 | RESULTS AND DISCUSSION

4.1 | Effect of silica nanoparticles on
thermal conductivity

The results of the thermal conductivity measurement of
the base fluid at different temperatures are shown in
Table 5. To verify the measured values, these data are
compared with the values reported in Haynes et al.83

Since the data reported in the handbook83 are not
leyonlinelibrary.com]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


TABLE 5 Thermal conductivity results for water

T, °C

Thermal Conductivity, W/m K Deviation, %

Measured
Haynes
et al83

Correlation From
Haynes
et al83

From
correlation

Kf = 0.56+0.002T − 0.00001T2

R2 = .998

25 0.599 0.6062 0.60375 −1.1176 −0.70892

30 0.607 0.6143 0.61100 −1.1193 −0.57613

35 0.614 ‐ 0.61775 ‐ −0.52889

40 0.623 0.6285 0.62400 −0.8828 −0.16051

45 0.627 ‐ 0.62975 ‐ −0.43860

50 0.633 0.6406 0.63500 −1.2006 −0.31596

FIGURE 4 A comparison between the measured value of the

thermal conductivity and the three models for the case of SiO2/

water nanofluid at 35°C and different values of solid volume

fractions [Colour figure can be viewed at wileyonlinelibrary.com]
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continuous, a curve has been fitted on the measured
values with R‐squared equal to 0.998 and presented in
the table. The deviation from the literature shows a fair
agreement between the present results and those of the
handbook.83 The experimental results are accompanied
always by inevitable errors. One of the experimental
errors occurs during data gathering. When the KD2 Pro
device is used to measure the thermal conductivity, the
mixture must be in a stationary condition so that convec-
tion and even radiation do not affect the measurements.
On the other hand, the Brownian motion of nanoparticles
inside the nanofluid, which is followed by the accumula-
tion, and agglomeration of nanoparticles around the KD2
probe, is another source of error. Also, careful consider-
ations should be given to ensure that both the nanofluid
temperature and the bath temperature are equal, and
the system is stationary. Many considerations should be
given to weigh nanopowder. Moreover, the quality of
samples depends on many parameters such as the size,
type, and shape of the nanoparticles, the time of sonica-
tion, and the addition of surfactants. Therefore, labora-
tory errors are inevitable. Human errors are other
sources of errors. The device was calibrated by comparing
the results of the base fluid against those in handbooks
and other available articles to reduce errors. Each experi-
ment was repeated at least five times to reduce the noise
of the system.

Figure 4 illustrates the measured thermal conductivity
of SiO2/water nanofluid obtained from the current exper-
iments and the models of Maxwell,17 Maxwell and Gar-
nett,84 and Pak and Cho.20 It can be seen that both the
models of Maxwell17 and Maxwell and Garnett84 are able
to predict only the increasing trend of the thermal con-
ductivity with the nanofluid concentration. As a matter
of fact, both of them show an underestimation in the pre-
diction. The situation is worst for the Pak and Cho model,
and the prediction is off. The model not only
overestimates the thermal conductivity but it also cannot
predict the increasing slope correctly. As shown, the dif-
ferences are noticeable. It is also important to note that
due to the elimination of many parameters, neglecting
many phenomena, and the consideration of many simpli-
fications, the existing models are not able to estimate
experimental data, accurately. Thus, it is necessary to
establish a new relationship.

Figure 5 was drawn, in order to discover how the ther-
mal conductivity of a SiO2/water nanofluid varies with
respect to the nanofluid concentration of 0 to 1.5% and
temperatures in the range of 25°C to 50°C with a 5°C
interval. It can be seen that the thermal conductivity rises
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FIGURE 5 The variations of measured thermal conductivity against A, temperature and B, volume concentration [Colour figure can be

viewed at wileyonlinelibrary.com]
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monotonically, as the solid volume fraction increases,
which can be justified for various reasons.

One of the most important reasons for this increase is
the presence of a phenomenon known as “Brownian
motion,” which becomes important as the volume frac-
tion of the nanoparticles increases. Increasing the num-
ber of nanoparticles within the solution results in a rise
in the collision rate. The collision of these nanoparticles
with the KD2 probe also increases. Consequently, heat
transfer enhances.

The second reason could be explored in the intensifica-
tion of fluctuations originated from adding nanoparticles.
The addition of more nanoparticles causes more fluctua-
tions in the flow and consequently increases the temper-
ature. By increasing the nanofluid temperature, the
energy of the nanoparticles is increased, which increases
the collision of the particles and exacerbates the
FIGURE 6 The variations of measured thermal conductivity against

viewed at wileyonlinelibrary.com]
Brownian motion. As a result, the thermal conductivity
of the sample increases, which is shown in Figure 5. All
in all, with the increase in the nanoparticle volume frac-
tion and the temperature, the Brownian motion is inten-
sified, and, on the one hand, the particles interact both
with each other and with the probe. The motion of parti-
cles towards the probe and their accumulation around it
results in a concentration gradient, which varies the uni-
formity of the mixture and affects data extracted from the
probe. The concentration gradient may be due to various
reasons, the most important of which is poor dispersion
of nanoparticles. In the current study, due to making
the proper suspension, the probability of concentration
gradient is negligible.

To better understand the underlying physics of the
thermal conductivity enhancement, the thermal conduc-
tivity ratio (TCR) has been depicted in Figure 6 for
A, temperature and B, volume concentration [Colour figure can be
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various temperatures and nanofluid concentrations.
According to the results, the maximum TCR, which is
around 4%, occurs when 1.5% silica dioxide nanoparticles
are dispersed into the water at the temperature of 50°C.
4.2 | Effect of silica nanoparticles on
viscosity

Measuring the viscosity of the base fluid for various tem-
peratures is necessary to be certain about the viscosity
obtained from the setup. Like as the previous subsection,
the measured values are compared with the data from the
handbook83 and tabulated in Table 6. The small amount
of deviation indicates a fair agreement between the values
obtained from the viscometer and the handbook data, so
that, one can convincingly fit a curve on the measured
data.

As explained in the previous section, errors and noises
during data gathering are features of experimental stud-
ies. They cannot be overlooked and require calibration
and removal of the noise of the systems. In using the
Brookfield viscometer instrument, the spindle condition
and the amount of nanofluid under the spindle must be
checked, and the working conditions must be in accor-
dance with its catalog. Nanofluid preparation and
weighing accuracy are other considerations that play sig-
nificant roles in the precision of data gathering. Satisfying
the thermal equilibrium condition during measurements
and further considerations should be given to assure that
the temperatures of the nanofluid and the bath are equal.

Having more patience in experimental work, repeti-
tion of tests and comparing the results against available
literature and handbooks can largely reduce the errors.
In this study, each measurement of viscosity was repeated
at least five times on average. Due to the difficulties dur-
ing data gathering, some tests were repeated even more to
reduce the noise of the system.
TABLE 6 Viscosity results for water

T, °
C

Viscosity, mPa s

Measured
Haynes
et al83

Cor
μf =
R2

25 0.86 0.89 0.84

30 0.76 0.798 0.77

35 0.68 0.719 0.69

40 0.615 0.653 0.62

45 0.575 ‐ 0.55

50 0.485 0.547 0.48
The existing models were established based on some
assumptions and circumstances. This is why most
researchers who conducted their experimental works try
to release their own models, which suits their testing
requirements. Carrying out experimental works with
greater accuracy for different nanofluids with different
base fluids is important. It may results in a master profile
applicable to every problem, by presenting an artificial
intelligence model that encompasses all the situations.
Implementing numerical and mathematical modeling
and obtaining some correlations is very useful in
predicting the system performance.

The data from the experiment and the estimated
values from the Einstein22 and Wang et al18 models are
illustrated in Figure 7. As depicted, the models do not
have the ability to estimate the relative dynamic viscosity
of SiO2/water, and therefore a new, more accurate rela-
tionship is necessary.

The dynamic viscosity variations in terms of the
nanofluid concentration and the temperature were
depicted in Figure 8. The dynamic viscosity is in direct
and an inverse relation with the volume concentration,
and the temperature, respectively.

Adding more nanoparticles causes the van der Waals
forces to increase, causing the nanoparticles to cling
closer together. The existence of intermolecular forces
between silica oxide nanoparticles brings them together.
This phenomenon is referred to as the clustering effect.
The accumulation of nanoparticles and the formation of
nanoclusters reduce the mobility of the nanoparticles
and increase the friction between the surfaces and the
fluid layers. Therefore, increasing concentration is an
important factor in increasing viscosity.

Besides, the decreasing effect of temperature on the
viscosity is undeniable. As the temperature rises, the
inter‐particles van der Waals forces decrease. In other
words, increasing the temperature raises the energy of
particles, and consequently, their speed. Accordingly,
Deviation, %

relation From
Haynes
et al83

From
correlation

1.2 − 0.0143T
= .9855

25 3.37 2.03

10 4.76 1.44

95 5.42 2.86

80 5.81 2.11

65 ‐ 3.21

50 11.33 0.00



FIGURE 7 Comparison of measured relative viscosity with

Einstein22 and Wang et al18 models in different volume

concentrations of 35°C SiO2/water nanofluid [Colour figure can be

viewed at wileyonlinelibrary.com]
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the adhesion forces between nanoparticles and the fluid
layers decrease. With the loss of the adhesion force, the
viscosity will be decreased.

The relative viscosity of SiO2/water nanofluid is shown
in Figure 9 at various nanoparticles volume fractions and
temperatures. At any fixed value of volume concentra-
tion, the viscosity sharply hanged at temperatures
between 40°C and 50°C, while at other temperatures,
especially at low temperatures, it does not show a depen-
dency on temperature. Furthermore, the increasing effect
FIGURE 8 The variations of measured dynamic viscosity against A, te

1350 s−1 [Colour figure can be viewed at wileyonlinelibrary.com]
of the volume concentration on viscosity is more notice-
able than that of temperature. As depicted in the figure,
relative viscosity changes from 1.1 to 1.8 at 50°C when
volume concentration varies from 0.125% to 1.5%. The
highest viscosity is observed about two times of the base
fluid viscosity, which approves the negative effect of
adding nanoparticles on the pressure drop. Any signifi-
cant enhancement in the thermal conductivity could
overcome the inevitable bad effect of the rise of the
pumping power. The workability of a SiO2/water
nanofluid has been quantitatively shown in the following
sections.
4.3 | Rheological behavior of silica
nanofluids

The viscosity is defined as the ratio of the shear stress to
the shear rate. The rheological behavior of fluids directly
affects the pressure drop (pumping power) and, conse-
quently, the workability is determined by the relationship
between these three parameters. According to the rela-
tionship between the viscosity and the shear rate, fluids
are classified into Newtonian and non‐Newtonian groups.
If the viscosity of the fluid changes with the change in the
shear rate, the fluid is non‐Newtonian and may be of the
following types: pseudoplastic, Bingham plastic, Bing-
ham, or dilatant. Otherwise, the fluid would be
Newtonian.

In the current study, the viscosity was measured at
shear rates ranging from 400 (1/s) to 1600 (1/s) in
nanofluid concentrations of 0% to 1.5%, and at tempera-
tures between 25°C and 50°C. The shear stress and the
apparent viscosity variations against the shear rate are
plotted in Figure 10 at different solid volume fractions
mperature and B, volume concentration at the constant shear rate of

http://wileyonlinelibrary.com
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FIGURE 9 The variations of relative viscosity against A, temperature and B, nanofluid concentration [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 Rheological curves for SiO2/water nanofluid (apparent viscosity and shear stress as functions of shear rate) [Colour figure can

be viewed at wileyonlinelibrary.com]
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and temperatures. These graphs help determine the rheo-
logical behavior of the nanofluid. As shown, the shear
stress changes linearly with the shear rate at all
temperatures and nanofluid concentrations. Thus, the
viscosity is constant. This proves that an SiO2/water
nanofluid shows a Newtonian behavior.
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4.4 | Modeling and optimization

RSM is a mixed mathematical and statistical approach,
which can be utilized to establish the relationship
between effective parameters and one or more
responses.85 In the current study, the viscosity and the
thermal conductivity are two responses, while the
nanofluid concentration and the temperature are the
two controllable factors. The general cubic form is as fol-
lows:

f ¼ α0 þ α1Aþ α2Bþ α3ABþ α4A2 þ α5B2

þ α6A2Bþ α7AB2 þ α8A3 þ α9B3; (2)

where f is the response, A and B are independent factors,
and αi are unknown coefficients.

A two‐objective optimization was carried out to find
the lowest viscosity and the highest thermal conductivity.
The temperature and the nanofluid concentration are
inputs, while the viscosity and the thermal conductivity
are outputs. The two objectives are conflicting, so
selecting and following the best algorithm among large
numbers of well‐known ones is necessary. To this end,
the NSGA‐II was employed, which uses nondominate
sorting and crowding distance functions to almost evenly
scatter optimal points across the x‐axis compared with the
simple Genetic Algorithm (GA). The nondominated
sorting function is responsible for comparing all the
points, parley.86
TABLE 7 The results of analysis of variance for the reduced

cubic model of μnf

Source SS DoF MS F Value P value

Model 2.374 6 0.39573 519.86761 <10−4

T 1.093 1 1.09282 1435.6421 <10−4

φ 0.196 1 0.19618 257.72754 <10−4

Tφ 5.4 ×
10−2

1 5.372 × 10−2 70.569017 <10−4

T2 7 × 10−3 1 7.15 × 10−3 9.3891459 4.2 × 10−3

φ2 9 × 10−3 1 8.83 × 10−3 11.600389 1.7 × 10−3

φ3 5 × 10−3 1 5.41 × 10−3 7.1058374 1.15 ×
10−2

Residual 2.7 ×
10−2

35 7.6 × 10−4

CTSS 2.401 41

SD 0.028 R2 .9889037

Mean 0.884 Adj R2 .9870015

C.V. % 3.121 Pred R2 .9836318

PRESS 3.9 × 10−2 Adeq
Precision

84.577773

Abbreviation: CTSS, corrected total sum of squares.
4.4.1 | Regression models

RSM was used to model the viscosity and the thermal
conductivity of the nanofluid in terms of the temperature
and the nanoparticle volume fraction.

μnf ¼ 1:41599 − 0:027972T
þ 0:30875φ − 0:008826Tφþ 0:00020984T2

þ 0:49016φ2 − 0:17739φ3: (3)

knf ¼ 0:53235þ 3:19365 × 10−3T
þ 0:75868φ − 1:73673 × 10−5T2: (4)

Both of the above correlations are valid for tempera-
tures between 25°C and 50°C, and nanofluid concentra-
tions ranging from 0% to 1.5%. Establishing models and
evaluating their fitting accuracy was performed using
the analysis of variance (ANOVA) procedure.85 ANOVA
comprises many statistical indicators to find out how
effective at prediction a model will be.

Each regression model has its own F value. A large F
value implies that the model has a low error.85 As
reported in Tables 7 and 8, these values are 519.86, for
the viscosity, and 6083.785, for the thermal conductivity,
regression models. The P value is another indicator that
evaluates the validation of the regression model.85 When
the P value is lower, the model is closer to the actual
results. A P value lower than 0.05 is acceptable. This is
lower than 0.0001 for both models. It is worth noting that
the P value for the term φ2 in Equation (3) was higher
than 0.05, which indicates that the interaction of φ with
itself is not meaningful, so it was crossed out from the
typical third‐order polynomial without being displayed.
A similar argument was used for removing the terms
T3, T2φ, and Tφ2 from Equation (4).

The values of R2 and adjusted R2 for the thermal con-
ductivity regression model are 0.9979 and 0.9977, respec-
tively, and for the viscosity regression model are 0.9889
and 0.9870, respectively. The proximity of these values to
unity indicates that the viscosity and the thermal conduc-
tivity of a water‐based SiO2 nanofluid are well modeled.85

The actual data versus the predicted data have been
drawn in Figure 11. As the scatters come closer to or fall
on a bisectrix line, errors shrink. The figure illustrates
that the equations have high potentials to predict the
measured characteristics. By comparing the outputs
obtained from the correlations with the measured values
and calculating the error, it can be concluded that the
correlations have high accuracy and can be effectively
used for optimization purposes.



TABLE 8 The results of analysis of variance for the reduced

cubic model of knf

Source SS DoF MS F Value
P
value

Model 1.1546 ×
10−2

3 3.848609 × 10−3 6083.785 <10−4

T 1.0952 ×
10−2

1 1.0952317 ×
10−2

17313.15 <10−4

φ 5.44 × 10−4 1 5.44243 × 10−4 860.326 <10−4

T2 4.93 × 10−5 1 4.92654 × 10−5 77.87749 <10−4

Residual 2.4 × 10−5 38 6.32601 × 10−7

CTSS 1.157 × 10−2 41

SD 7.95 × 10−4 R2 .997922

Mean 0.632252 Adj R2 .997758

C.V. % 0.125798 Pred R2 .997449

PRESS 2.95 × 10−5 Adeq Precision 235.1127

Abbreviation: CTSS, corrected total sum of squares.

FIGURE 12 The results of Nondominated Sorting Genetic

Algorithm II (NSGA‐II) based multi‐objective optimization

[Colour figure can be viewed at wileyonlinelibrary.com]
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4.4.2 | Optimization

To reach the target of optimization, an initial set of the
population for the first Pareto front must be prepared
along with the introduction of the number of iterations
as the ending condition of the algorithm. After obtaining
the first front, the points will be the inputs for the second
iteration. Figure 12 shows the first, fifth, 15th, and Pareto
fronts, along with the curve fitted on the Pareto front
data. In this figure, the x‐axis is the inverse of thermal
conductivity, and the y‐axis is the dynamic viscosity. It
shows that the solutions for the highest thermal conduc-
tivity correspond to the lowest dynamic viscosity, simulta-
neously. As depicted in the figure, the primary sets are
FIGURE 11 Comparison of actual results against predicted values for

be viewed at wileyonlinelibrary.com]
off, even after the fifth iteration. Further iterations lead
the front to be converged, and the points fall on a line.
Ultimately, the Pareto optimal solutions are produced
after more than 15th iterations, which show a good con-
vergence. Focusing the fronts, especially the Pareto front,
shows that the crowding distance condition is correctly
observed. This is supported by the fact that the points
not only meet the nondominated sorting condition but
they are also reasonably placed at a specific distance from
each other. All points are nondominated, so that, any of
them could be chosen according to a one's need.
Figure 12 also reveals that the final Pareto optimal
A, thermal conductivity and B, dynamic viscosity [Colour figure can
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solutions are about 70% less than the first set, which is a
noticeable reduction.

In order to better utilize the obtained optimum points
in engineering applications, a polynomial correlation has
been fitted to the points. The correlation will be useful,
because, depending on the system and the importance
of the pumping power, it can be examined whether the
SiO2/water nanofluid is a good choice at a specific
nanofluid temperature or not. The temperature and the
solid volume fraction for the optimal points are in the
ranges of 49°C to 50°C and 0.45 to 0.54, respectively.
The solid volume fraction associated with the optimal
points is almost in the mid‐range. From a cost‐
effectiveness point of view, increasing the nanofluid con-
centration means rising prices, because of the following
two main reasons. Either the use of more nanoparticles
FIGURE 13 The sensitivity of thermal conductivity to A, temperatu

concentration in different values of temperature [Colour figure can be v
imposes a high production cost or providing a stable
and homogeneous suspension is much more difficult
and costly in high nanofluid concentrations. This is
because the sonication time is strongly dependent on
the amount of nanoparticles added to the base fluid.
Another negative result of using more nanopowder is that
using a surfactant to make a homogeneous suspension
and protect the mixture against agglomeration and sedi-
mentation not only imposes more cost but also changes
the thermophysical properties of the nanofluid.

This correlation helps the designer to determine the
viscosity of the system under the optimal condition of
the thermal conductivity. It is worth noting that the first
four off‐points of the Pareto front are not economically
feasible when compared to other points at the same set;
therefore, they have been ignored.
re in different values of nanofluid concentration and B, nanofluid

iewed at wileyonlinelibrary.com]
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4.5 | Sensitivity analysis

4.5.1 | Sensitivity of thermal conductivity

To further delineate design factors effects on responses, a
sensitivity analysis is carried out. To this end, the thermal
conductivity variation of the nanofluids and the base fluid
are compared using the following equation:

%Sensitivity of TC ¼
knf
� �

After Change

knf
� �

Base Condition

− 1

 !
× 100; (5)

where the subscript “after change” denotes the thermal
conductivity of nanofluid after a 10% increment in
nanofluid concentration or temperature. From a
FIGURE 14 The sensitivity of viscosity to A, temperatures in different

different values of temperature [Colour figure can be viewed at wileyon
mathematical point of view, the slope of the regression
models reflects the sensitivity of the response, which is
shown in Figure 13. A positive bar chart implies that
the response is increased with the independent designing
variable. Moreover, the longer the bar, the greater the
sensitivity to the factor.

The sensitivity of the thermal conductivity to the tem-
perature changes in the range of 0.93% to 1.1%, as illus-
trated in Figure 13A, so that its highest value occurs at
0.125% concentration and at 40°C. The sensitivity to tem-
perature rises with an increase in temperature and
reaches a peak point before it decreases. The underlying
physics is that the thermal conductivity is highly affected
by Brownian motion at low temperatures, and aggrega-
tion and clustering govern the thermal conductivity at
values of nanofluid concentration and B, nanofluid concentration in

linelibrary.com]
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high temperatures. The figure clearly shows an ever‐
decreasing trend for the sensitivity to temperature with
increasing solid volume fraction increases at any fixed
value of temperature.

Figure 13B depicts the sensitivity of the thermal con-
ductivity to the nanofluid concentration. Observing the
results, it can be concluded that at high volume fractions,
a SiO2/water nanofluid thermal conductivity varies
sharply with a slight change in the temperature. In addi-
tion, the interaction between nanofluid concentrations
with itself is positive, and Figure 13B shows an ever‐
increasing trend to nanofluid concentration. Overall,
adding nanoparticles at temperatures of 35°C to 40°C
would have the best effect on thermal conductivity
improvement in SiO2/water nanofluid.
4.5.2 | Sensitivity of viscosity

The sensitivity of the dynamic viscosity to the tempera-
ture and the nanofluid concentration is depicted in
Figure 14. From the previous section, it was found that
adding SiO2 nanoparticles shows its highest increasing
effect on the thermal conductivity at 40°C. While here in
Figure 14, it is illustrated that the nanofluid viscosity
enhances significantly at the same condition. Since a
favorable effect encountered with an unfavorable and
unavoidable effect, a trade‐off is exposed, which shows
clearly the importance of optimization once again.
Figure 14A reveals that at temperatures above 40°C,
adding nanopowder has a more increasing effect on vis-
cosity. As a result, the pumping power of thermal systems
becomes more important when SiO2/water nanofluid is
selected as the working fluid. In addition, the sensitivity
of viscosity to temperature increases monotonically as
FIGURE 15 Dependence of A, Cμ/Ck and B, Monf/Mobf ratios to SiO2/

30°C [Colour figure can be viewed at wileyonlinelibrary.com]
the temperature increases. The results illustrated in
Figure 14B show that the highest sensitivity of dynamic
viscosity to the nanofluid concentration would be at 1%
concentration. Moreover, changing the temperature does
not significantly affect the viscosity when 1% of SiO2

nanoparticles are suspended within the water.
4.6 | Heat transfer merit

The workability of a SiO2/water nanofluid is determined
in thermal applications by using the equation below.87,88

Cμ

Ck
¼

μnf − μbfð Þ.
μbf

knf − kbfð Þ.
kbf

0
B@

1
CA; (6)

where Cμ and Ck are the dynamic viscosity enhancement
and the thermal conductivity enhancement, respectively.
From the thermal performance point of view, the fraction
indicates that how much a nanofluid is beneficial in a
laminar flow regime. Thus, the lower the ratio is, the
superiority of the nanofluid compared with the base fluid
is. Analyzing the pressure drop in laminar pipe flows,
Prasher et al88 concluded that the use of a nanofluid for
heat transfer applications is beneficial if Cμ was less than
four times of Ck, ie, Cμ < 4Ck. It was reported that when
the ratio is less than four, the favorable heat transfer
enhancement of the nanofluid is more than the unfavor-
able increase of pumping power. However, it is important
to note that no conclusion can be drawn if this ratio was
greater than 4. The characteristic of workability, Cμ/Ck, is
plotted in Figure 15A for different nanofluid concentra-
tions at 25°C and 30°C. It is shown that within almost
the entire domain, this ratio is far higher than 4. Thus,
water nanofluid concentration at constant temperatures of 25°C and
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the use of SiO2/water nanofluids is proposed only in cases
where heat transfer is more important than the pumping
power, such as heat exchangers. As can be seen from
Figure 15A, with increasing temperature, the ratio
declines, but with increasing solid volume fraction, the
ratio increases. Based on the above discussion, one can
conclude that the increase of temperature improves the
thermal performance of the nanofluid so that at tempera-
tures above 30°C and a volume fraction of less than 1%,
the SiO2/water nanofluid can be used as a coolant in lam-
inar flows.

The Mouromtseff number (Mo) number, Equation (7),
is used to determine the thermal efficiency of pipe flow in
the turbulent flow regime. The ratio of Monf/Mobf shows
how much the use of nanofluid is desirable in heat trans-
fer applications. The more this ratio is greater than 1, the
more it indicates the usefulness of the nanofluid in this
fluid flow regime.89

Mo ¼ ρ0:8k0:67c0:33p

μ0:47
: (7)

This fraction,Monf/Mobf, is plotted for different values
of the nanofluid concentration at 25°C and 30°C. As
observed, the ratio for the base fluid is close to unity
TABLE 9 Properties of SiO2/water nanofluid and heat transfer efficie

Volume
fraction vol., %

Density ρ,
kg/m3

Specific heat
cp, J/kg K

Thermal
conductivity k,
W/m K

Vis
mP

At 25°C

0 997.5 4181.6 0.5995 0.8

0.125 999.3 4177.3 0.6031 0.8

0.25 1001 4173 0.6046 0.9

0.5 1008 4164.4 0.6061 0.9

0.75 1018.4 4155.8 0.6067 1.1

1 1021.9 4147.3 0.6085 1.2

1.25 1039.2 4138.6 0.6103 1.3

1.5 1059.6 4130 0.6121 1.5

At 30°C.

0 995.6 4180.5 0.5995 0.7

0.125 997.4 4176.2 0.6133 0.7

0.25 999.1 4171.9 0.6142 0.8

0.5 1006.1 4163.3 0.6172 0.8

0.75 1016.6 4154.7 0.6178 0.9

1 1020 4146.2 0.619 1.1

1.25 1037.3 4137.6 0.621 1.2

1.5 1057.7 4129 0.6245 1.3

Abbreviation: DVE, dynamic viscosity enhancement.
and in other cases less than 1. Therefore, the use of
SiO2/water nanofluid in the turbulent flow regime is
appropriate just in cases where heat transfer is required.

Based on the rule of mixtures, the heat capacitance
and effective density are calculated using the following
relationships82:

ρcp
� �

nf ¼ 1 − φð Þ ρcp
� �

bf þ φ ρcp
� �

p; (8)

ρnf ¼ 1 − φð Þρbf þ φρp; (9)

The workability of SiO2/water nanofluid in various
solid concentrations at two temperatures of 25°C and
30°C is quantitatively analyzed from the properties tabu-
lated in Table 9. As stated before, Mo values indicate the
weakness and inefficiency of the nanofluid in the turbu-
lent flow regime. While improving the thermal efficiency,
the pumping power not only cannot be neglected but also
its enhancement becomes more obvious than the thermal
conductivity enhancement. Thus, dispersing SiO2 nano-
particles would not be economically feasible. On the
other hand, due to the high value of Cμ/Ck and the large
number of Mo number, it can be said that the use of this
nanofluid has low hydrodynamic efficiency.
ncy

cosity μ,
a s Mo, −

Mo
Ratio DVE TCE DVE/TCE

6 2992.801 1 0 0 ‐

6 3008.146 1.005127 0 0.006005 0

6 2864.253 0.957048 0.116279 0.008507 13.66849

7 2869.08 0.958661 0.127907 0.011009 11.61822

1 2715.073 0.907201 0.290698 0.01201 24.20462

6 2568.442 0.858207 0.465116 0.015013 30.98191

8 2497.421 0.834476 0.604651 0.018015 33.56374

2442.222 0.816032 0.744186 0.021018 35.4079

6 3166.719 1 0 0 ‐

6 3218.932 1.016488 0 0.023019 0

4 3077.185 0.971727 0.105263 0.02452 4.292875

4 3102.426 0.979697 0.105263 0.029525 3.565269

8 2909.578 0.918799 0.289474 0.030525 9.483031

1 2753.187 0.869413 0.460526 0.032527 14.15823

2 2673.208 0.844157 0.605263 0.035863 16.87699

3 2615.262 0.825859 0.75 0.041701 17.985



TABLE 10 Heat transfer efficiency of SiO2/water, SiO2/G, and

SiO2/EG nanofluid at 30°C

Mo Number

Nanoparticle volume
fraction (%) SiO2/water SiO2/G

86 SiO2/EG
86

0 1.016488 1 1

0.5 0.979697 0.992 0.959

1 0.869413 0.985 0.915

1.5 0.825859 0.982 0.867
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Table 10 represents the Mo ratio of the present
research, in which SiO2 nanoparticles are suspended
within the water, and the literature data for SiO2 nano-
particles dispersed within ethylene glycol and glycerin.86

It can be seen that the Mo ratios for the three base fluids
are less than 1. Thus, suspending silicon dioxide
nanopowder, regardless of its base fluid, in the nanofluid
concentrations of 0% to 1.5%, if used in heat transfer sys-
tems with turbulent flow regimes, would not be useful
from an energy point of view.
5 | CONCLUSIONS

In the present work, a water‐based silicon dioxide
nanofluid is produced by the two‐step method. The vis-
cosity and the thermal conductivity are measured experi-
mentally at different nanofluid concentrations of 0% to
1.5% and temperatures of 25°C to 50°C. To assure the
Newtonian behavior of the SiO2/water nanofluid, a rheo-
logical study is conducted for shear rates ranging from
400 to 1400(1/s). According to the comparison made
against the classical models of the dynamic viscosity
and the thermal conductivity, it is found that these
models do not work accurately. For this reason, a multi-
variate regression analysis is used to find the relation-
ships between the nanofluid concentration and the
temperature, as inputs, and the viscosity and the thermal
conductivity, as outputs. Using the RSM, the best two
models are established as follows:

μnf ¼ 1:41599 − 0:027972T þ 0:30875φ − 0:008826Tφ
þ 0:00020984T2 þ 0:49016φ2 − 0:17739φ3Knf

¼ 0:53235þ 3:19365 × 10−3T
þ 0:75868φ − 1:73673 × 10−5T2:

The accuracy of the above models is approved
through ANOVA. To determine how much change the
responses undergo with a 10% increase in the inputs, a
comprehensive sensitivity analysis is performed. After-
wards, a multiobjective optimization using the NSGA‐II
evolutionary algorithm is followed to find the conditions
wherein the lowest viscosity and the highest thermal con-
ductivity occur, simultaneously. Tending to practical
results, optimal points are presented through a mathe-
matical correlation fitted on the Pareto front. Higher ther-
mal conductivity and lower viscosity are attained by
dispersing the least amount of nanoparticles favorable
for thermal systems' designers. Since all the points are
nondominated, all points could be used, and designers
have many options. Finally, dispersing SiO2, distinctly,
within three base fluids of water, glycerin, and ethylene
glycol, the workability is examined for both laminar and
turbulent flows.

• The thermal conductivity is enhanced by 4% com-
pared with the pure water at 50°C and 1.5% concen-
tration. At this condition, the dynamic viscosity is
raised more than 80%.

• The water‐based SiO2 nanofluid shows a Newtonian
behavior at different shear rates.

• The thermal conductivity experiences its highest
increasing slope when SiO2 nanoparticles are added
to water at 40°C. Also, the sensitivity of the thermal
conductivity to the nanofluid concentration rises
monotonically by adding more nanopowder within
the nanofluid.

• The temperature variation has its lowest increasing
effect on the dynamic viscosity for suspensions with
about 1% concentration, although, at this concentra-
tion, the sensitivity of the dynamic viscosity to the
nanofluid concentration reaches its highest value.
Furthermore, the higher the temperature, the higher
the sensitivity of the viscosity to temperature.

• All of the optimal points on the Pareto front have a
volume fraction and temperature in the ranges of
0.45 to 0.54 and 49°C to 50°C, respectively.

• From a pumping power point of view, the use of SiO2/
water, SiO2/ethylene glycol, and SiO2/glycerin are not
beneficial, both in laminar and turbulent flows, except
in temperatures higher than 30°C and volume con-
centrations lower than 1% for the case of laminar
flow. In fact, the use of the base fluid, water, is sug-
gested in the turbulent pipe flow because it is more
economically rational than the nanofluid.

It was shown that a SiO2/water nanofluid does not
provide good thermal performance. While its usage is
widespread in some applications. The two workability
criteria have to be further evaluated whether they are still
applicable in low temperatures or not. The temperature is
not reflected explicitly in both of the models. Also, the
exponents of the Mouromtseff number do not depend
on the environmental conditions of the laboratory. It is
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obvious that the agglomeration is very likely to happen in
low temperatures, regardless of the flow regimes. No
doubt, deviating from a homogeneous suspension
changes the experimental results. The matter should be
reflected in both of the workability criteria. The authors
were planning to repeat the same procedure for other
nanofluids and finally gathered all the results in a hand-
book. Another on‐going work could be gathering a large
number of experimental results for the same nanofluid
and present a widespread model based on neural network
able to predict the viscosity and the thermal conductivity
for a wide range of variables.
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NOMENCLATURE
k
 thermal conductivity (Wm−1°C−1)

w
 weight (gr)

T
 temperature (K)
Greek symbols
_γ
 shear rate (s−1)

μ
 dynamic viscosity (mPa s)

ρ
 density (kgm−3)

τ
 shear stress (Pa)

φ
 nanoparticle volume fraction (%)
Subscripts
nf
 nanofluid

bf
 base fluid
Abbreviations
Adeq
 adequate precision

Adj
 adjusted R2
CTSS
 corrected total sum of squares

DoF
 degree of freedom

DVE
 dynamic viscosity enhancement

EG
 ethylene glycol

G
 glycerin

MS
 mean square

NSGA‐II
 Nondominated Sorting Genetic Algorithm II

PEG
 polyethylene glycol

SC
 solar collector
SD
 standard deviation

SS
 sum of squares

TC
 thermal conductivity
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