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Abstract

The enhanced thermal properties being the prominent objective behind the usage of nanofluids. Hence it is necessary to study the

base/nanofluid physical properties at various conditions. This article projects the experimental results of thermal conductivity

and viscosity of two different nanofluids. The ratio was considered as 60:40 and 40:40 by volume in water and ethylene glycol

respectively. The preparation of nanofluids was started by scattering SiO2 nano-particles in EG and “water” (W) blended in

“60:40” (60EGW) and “40:60” (40EGW) ratio by volume. The ratio was considered as 60:40 and 40:40 by volume in water

and ethylene glycol respectively. The regression analysis was conducted with available data and correlations were formulated

for thermal properties. The nanofluids were used in evaluating “viscosity” and “thermal conductivity” experimentally. From

the results, the SiO2 particles have achieved enhancement of 34% and 32% in thermal conductivity with the two base-fluids.

Similarly, enhancement of 102% and 62% were reported in viscosity. Hence, it can be observed that SiO2 nanofluids in 40EGW

nanofluid are a better heat transfer fluid when compared to SiO2 in 60EGW nanofluid.

*****************************************************************************

Abstract:

The enhanced thermal properties being the prominent objective behind the usage of nanofluids. Hence it
is necessary to study the base/nanofluid physical properties at various conditions. This article projects
the experimental results of thermal conductivity and viscosity of two different nanofluids. The ratio was
considered as 60:40 and 40:40 by volume in water and ethylene glycol respectively. The preparation of
nanofluids was started by scattering SiO2 nano-particles in EG and “water” (W) blended in “60:40” (60EGW)
and “40:60” (40EGW) ratio by volume. The ratio was considered as 60:40 and 40:40 by volume in water
and ethylene glycol respectively. The regression analysis was conducted with available data and correlations
were formulated for thermal properties. The nanofluids were used in evaluating “viscosity” and “thermal
conductivity” experimentally. From the results, the SiO2 particles have achieved enhancement of 34% and
32% in thermal conductivity with the two base-fluids. Similarly, enhancement of 102% and 62% were reported
in viscosity. Hence, it can be observed that SiO2 nanofluids in 40EGW nanofluid are a better heat transfer
fluid when compared to SiO2 in 60EGW nanofluid.

Keywords: Nano-fluids; Base-fluids; Heat transfer analysis; Nano-particles; Silicon dioxide; Thermal con-
ductivity, Viscosity
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Introduction:

Some of the renowned conventional working fluids include refrigerants, oil, glycol, ethylene, and water. In-
deed, nanofluids, which represent new fluid trends, can be used to enhance these conventional working fluids’
characteristics. Imperative to note is that nanofluids constitute nano-sized solid particle suspensions, which
are found in liquids and have their sizes ranging between 1 nm to 100 nm. Some of the applications in which
the new particles (nanofluids) could gain application include manufactured drug delivery systems, solar wa-
ter heating, thermal storage, lubrications, drilling, refrigeration, cooling electronics, engine oil transmissions,
and engine cooling [1–4]. Some of the enhanced thermal properties with which nanofluids are associated,
which account for their increasing application, include heat transfer[5], thermal conductivity[6,7], specific
heat conductivity[8], viscosity[9], and density [10]. With enhanced thermal conductivity, the eventuality is
that there is likely to be a state of enhanced heat transfer. These mixed, but promising outcomes point to the
criticality of examining the nanofluids and base fluids’ thermal physical properties at different experimental
or operating conditions [11–13].

Several scholarly investigations have been conducted to understand the extent to which there could be
enhanced convective heat transfer, especially regarding the use of different nano particles [14–20]. Some of
the particles that have been investigated included Silicon Dioxide, Titanium Dioxide, Zinc Oxide, Copper
Oxide, and Aluminum Dioxide. Upon dispersing these nano particles in water, most of the outcomes suggest
good results. Apart from water as a base fluid that has been used, other materials that have continually been
embraced included glycerin, ethylene glycol, and oil. In situations where the volume of water and ethylene
glycol mixtures as base fluids has been set at 40:60 (40EGW) and 60:40 (60 EGW), promising results have
been reported. An enhancement of 40% was observed by Vajjha [21] for a particle concentration varying from
1.0%-10.0% concertation range and 0oC to 100 oC temperature range for 60EGW and 24% enhancement
was observed by Azmi [22] for a particle concentration less than 1.0% at a working temperature of 70oC in
40EGW base fluids.

One of the prominent steps involves nanofluids preparation with stability, especially in relation to their appli-
cation for industrial scale, the step remains challenging. From the previous investigation, the nano particles’
setting behavior accounts for the perceived challenges [23–26]. Two procedures through which nanofluids
tend to be prepared include the two-step process, as well as the one-step process. In this investigation, the
method that was used in nanofluids preparation entailed the two-step procedure. To modulate the stability
of the materials that were used, the study relied on the aspect of pH control whereby the shape and size of
the nano particles were controlled [27,28] similarly, the surfactant and dispersant were selected appropriately
[29]. It is also imperative to highlight that different methods for dispersing nanofluids exist. Some of these
techniques include homogenization, ultrasonication, and ball mining, which have an impact on the stability
scenario [30,31].

In the aspect of heat transfer coefficient, one of the notable parameters that play an important role entails the
target fluid’s state of thermal conductivity. From the majority of the previous experimental investigations,
factors that affect the thermal conductivity of nanofluids include dispersion, the pH value, temperature,
shape, size, volume concentration, and the base liquid; as well as material properties [32]. The transient
hot-wire technique is mostly used to measure the state of thermal conductivity because of its high accuracy
and quick response time – with the KD2 Pro instrument also playing a complementary role in realizing
the merits. It is also notable that most of the previous experiments have seen the viscosity measured using
viscometers. To take the viscosity readings, this investigation relied on the Anton Paar MCR 302 Rheometer.
Given the shear rates, this tool determines the state of parameters such as viscosity and the shear stress.

In the experimental investigation by Namburu et al. [33], different particle sizes were used as the dependent
variables for discerning the viscosities of SiO2 nanoparticles, hence a comparative analysis. The selected
sizes included 100, 50, and 20 nm. These particles were dispersed in 60EGW while the range reflecting
the concentration was between 0% and 10%. Also, the temperature range was between -36oC and +50oC.
From the findings, the study indicated that at 8% concentration and with 100 nm-sized nano particles, SiO2

nanofluids exhibit the least velocity. In another investigation by Sundar et al. [34] in their experiments,
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investigated the influence of various EG/water base liquid mixture ratio , the main objective was to determine
the impact of different water/EB base fluid mixture ratios on the viscosity of nanofluids; with particular
reference to 60:40%, 40:60%, and 20:80% ratios by weight; having suspended the materials in Al2O3 nano
particles. The range of temperature for these experimental conditions involved 20oC to 60oC. Also, Vajjha
and Das [35] strived to unearth the state of thermal conductivity of different nanofluids. With the particle
dispersal operating at 60EGW relative to the mass ratio, specific nanofluids that were investigated included
ZnO, CuO and Al2O3. The range of temperature under which the experimental conditions were set was
between 25oC and 90oC. Also, 10% was the maximum volume concentration under which the experimental
study was conducted. The authors formulated a new relationship or correlation linked to β1 andf (T, φ),
which was expressed in the form:

f (T, φ) =
(
2.8217× 10−2φ+ 3.917× 10−3

) (
T
To

)
+ (−3.0669 × 10−2φ −

3.91123× 10−3)(1)

The relations for β1 are listed in Table 1 for different nanofluids.

Type of particles β1

∅% / temperature
range References

CuO

9.8810(100∅)
−0.9446

1.00 <∅< 6.00%,
298.00<Tnf<363.00K

[36]

ZnO

8.4407(100∅)
−1.07304

1.00 <∅< 7%, 298.00
<Tnf<363.00K

[36]

Al2O3 8.4407(100∅)
−1.07304

1.00 <∅< 10%,
298<Tnf<363.00K

[36]

Al2O3 0.0017(100∅)-0.0841 ∅ > 1.00 [37]
CuO 0. 0011(100∅)-0.7272 ∅ > 1.00 [37]
Au-citrate,
Ag-cirate&CuO

0.0137(100∅)-0.8229 ∅ < 1.00 [37]

To determine the state of thermal conductivity in relation to the use of 20nm-sizd particles suspended in
60EGW, Sahoo et al. [38] focused on SiO2 as the selected nanofluids and set their experimental temperature
at 20-90oC. Also, 20% was set as the experiment’s maximum concentration. Indeed, the state of enhanced
thermal conductivity was reported to be 20%. However, these results only held when the temperature was
87oC and∅ =10%. It is also worth noting that Sundar et al. Al2O3 focused on the behavior of nanofluids
by suspending Al2O3 particles in 60EGW, 40EGW and 20EGW base fluids – relative to their weights. To
establish the values of thermal conductivity, the temperature ranges that characterized the experimental
conditions were 20 to 60oC [39]. Also, the rate of concentration of the experimental materials was set
between 0.3 and 1.5%. In the results, the authors reported 32.26% as the maximum rate of enhancement.
These results held when 1.5% was set as the volume concentration, as well as 20EGW as the base fluid.
Also, the results emerged after the temperature of the experimental conditions was set at 60°C [40].

In circumpolar countries and other cold regions such as Alaska and Canada, most of the industrial plants’
heat exchangers and automobiles have seen heat transfer fluids used widely. With subzero temperatures
experienced, the fluids have also been used in building heating systems [37]. The eventuality is that propylene
glycol or ethylene glycol have gained increasing use, having been mixed with water in varying proportions

3
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to serve the purpose of heat transfer [41]. However, propylene glycol solutions are seen to perform inferiorly
compared to ethylene glycol solutions, with the factor of heat transfer property on focus. This outcome
is also more pronounced in situations involving low temperatures. In situations involving cold climates, it
is imperatively notable that 40% water and 60% ethylene glycol (translating into 40EGW is used [21,42].
However, the case of countries experiencing hot temperatures has seen this ratio altered to 60EGW (or
40:60). The alteration is informed by the affirmations that with pure water, it is challenging to maintain
stability in these conditions [43]. In this investigation, the base fluid saw the water and EG mixtures’ ratios
used as 40:60 and 60:40.

Other factors operating independent of the role of nano particles have been investigated and documented
relative to the nanofluids’ thermal conductivity enhancement. Some of these factors include viscosity, tem-
perature, and thermal conductivity. As such, this study strived to determine the thermal conductivity and
viscosity properties of 40EGW and 60EGW base fluids. Given the base fluids, nano particles were dispersed,
which SiO2 utilized as the nanofluids. In the section that follows, the manner in which the nanofluids were
selected and prepared is described. The third section focuses on the experimental process that was employ-
ed towards investigating the viscosity and thermal conductivity of the materials. The fourth section offers
the study’s resultant regression analysis, culminating into the fifth section that focuses on the experimental
outcomes relative to the parameters of viscosity and thermal conductivity (in the form of a comparative ana-
lysis). Lastly, the sixth section provides a conclusion, which is a summary of the insights that were gained
from this study.

Nanofluid Preparation Methodology

Initially, water forms a component of heat transfer, pointing to its wide-scale use as a liquid cooling applicant.
Properties that account for this wide usage include low velocity and high thermal conductivity, as well as high
heat capacity. The latter properties also imply that the fluid can be pumped easily. However, it is imperative
to acknowledge that water exhibits a high freezing point, coming in the wake of the fluid’s associated low
boiling point. Furthermore, failure to maintain the pH at a neutral level implies that water could prove
corrosive. These trends have seen scholarly attention directed to the use of ethylene glycol. The growing use
of the material is attributed to its antifreeze properties. Hence, ethylene glycol has been used in situations
such as those involving chilled water air condition systems whose handlers or chillers are kept outside. Also,
the material has gained growing use in systems requiring to be cooled at a freezing temperature that is
lower than that of water [44]. Figure 1 below summarizes the flowchart of the methodology that this study
employed.

4
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Figure 1 Flow chart for the research methodology of this study

The whole methodology can be simplified into following steps,

1. APS – Average particle size has to be determined for particle aggregation
2. Stability – The investigation on stability is a key issue that influences the properties of nanofluids for

application, and it is necessary to study and analyze influencing factors to the dispersion stability of
nanofluids [45].

3. pH Measurement – It determines the nano particle aggregation and stability of the nanofluid.
4. Experimental thermal conductivity and viscosity – Initially thermal conductivity values are used for

degerming the stability of the nanofluid over a period and once the nanofluid is stable, further values
are taken over various operating conditions.

5. Regression analysis – The thermo physical properties values collected from experimental work and
literature work have analyzed and correlations were formulated.

6. Comparison - Experimental results were compared with literature and regression analysis to validate
the correlations formulated.

5
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2.1. Average Particle Size (APS) of Nanoparticles

One of the considerations for determining particle aggregation, upon suspension in the base fluid, involves
nano particle size. To evaluate the solid nano particles’ APS state, various techniques are employed. Given
solid nano particles, techniques that could be employed include transmission electron microscopy and scan-
ning electron microscopy. Indeed, the electron microscope does not rely on light as its source of radiation.
Instead, it relies on the electron beam. Figure 2 illustrates the scanning electron microscopy image for SiO2

nano particles. To ensure that the nano particles’ APS is assessed, an appropriate approach becomes the
Dynamic Light Scattering technique [46]. In this technique, the speed of the particle is correlated with
its size, a trend informed by the state of Brownian motion. The Stokes-Einstein equation illustrating this
relation is shown below:

D = kT
6πµr (2)

Figure 2 SEM Image of SiO2 Nanoparticles

In this case, the diffusion coefficient becomes D while the Boltzmann constant is k . also, µ is the dynamic
velocity, the particle’s radius being r , and its absolute temperature beingT . figure 3 (below) highlights the
silica size distribution.

6
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Figure 3: Particle Size Distribution of SiO2 Nanoparticles

2.2. The Stability of Nanofluid

In nanofluids applications, one of the crucial parameters entails stability. The parameter is worth examining
and analyzing relative to different factors that could influence it; hence the nanofluids’ dispersion stability.
To evaluate nanofluids stability, various techniques have gained application. Examples include Spectral
Absorbency Analysis, Zeta Potential Analysis, and the sedimentation technique. In this investigation, the
method that was employed to assess nanofluids dispersion stability involved the sedimentation approach
[47,48]. The criterion was set in such a way that if the nanofluids had their supernatant particle sizes or
concentration kept constant, they (the nanofluids) would be deemed stable. In test tubes, the nanofluids’
sedimentation photographs play a crucial role in discerning material stability [49]. In this investigation,
the stabilization of SiO2/60EGW nanofluids was realized through the addition of poly vinyl pyrrolidone
(PVP) at 20% [50–52]. Given the desired volume concentration for SiO2, pH values were adjusted for nearly
one-and-a-half hours, coming after the ultra-sonication procedure was conducted on the respective samples.

The above procedure was achieved via the use of a sonicator. Regular intervals were set at 30 minutes. To
ensure that the sonicator’s possible heating effect was countered, the respective samples were kept in water
beakers. Following the ultra-sonication procedures, the samples’ pH values were assessed. To ensure that the
pH values were maintained between 9 and 10, 5 mol of NaoH was added; eventually observing the behavior
of the nanofluids samples for three days.

Given that the extraordinary electrical conductivity enhancement is reported, some of the major factors
linked to this trend include the iso electric point (IEP), monodispersity, and surface charge (or the pH
value). In some of the previous scholarly investigations, the impact of IEP and particle surface charge has
also been documented (especially regarding the resultant variation in the experimental sets’ states of thermal
conductivity – Lee et al. [53]. In the latter investigation, findings demonstrated that colloidal particles are
more likely to enhance nanofluids thermal conductivity and also exhibit stability if the target solution’s pH

7
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exceeds the particles’ IEP.

2.3. pH Measurements

Given a homogenous mixture solution, one of the crucial factors that determine nano particle aggregation
entails the pH. Furthermore, the pH shapes the suspended nano particles’ state of stability. To determine
the pH of the respective nanofluids, this study relied on the Mettler Toledo pH meter. The accuracy range
was set at ±0.01. For the pH meter, the initial stage involves buffer solution calibration, which is followed
by the rinsing of the electrode –before placement in samples for measurement. Indeed, de-ionized water
aids in the rinsing process. The read button is then placed in the meter and the measurement could only
be implemented if the button is pressed. On the display appears a measurement icon and, as the decimal
point starts to blink, the process suggests a measurement in progress. The resultant display reflects the
target sample’s pH value. He meter’s default setting is A, an automated endpoint. Given temperatures levels
between 0oC and 100oC, the pH ranges that could be determined lie between 0.00 and 14.00. In this case,
the accuracy of the temperature could be set at ±0.5oC.

If nanoparticles exhibit a neutral electrically surface, the resultant pH reflects a zero point of charge. On the
other hand, a solution that inclines towards the basic, the interface tends to experience a predominance of
negative ions, reflecting a negatively charged surface. However, situations, where the solution’s pH tends to
be more inclined towards the acidic, there is prevalence of the positive charge, implying the presence of a
positively charged surface. Should the pH be far from that which is exhibited by the IEP, the eventuality is
that there are stable nanofluids [27,54]. pH values are taken after the ultra-sonication, as the ultra-sonication
might affect the pH of the nanofluid prepared and are formulated in Table 2 .

Table 2 pH values of SiO2 nanofluids in two different base fluids

Nanofluid ∅ (%) T, oC pH Value

SiO2/60EGW 0.5 22.7 7.56
SiO2/60EGW 1.0 22.6 7.23
SiO2/60EGW 1.5 22.7 7.22
SiO2/40EGW 0.5 24.7 7.01
SiO2/40EGW 1.0 24.7 6.95
SiO2/40EGW 1.5 25.2 6.91

The pH values are taken experimentally before and after adding NaoH and the surfactant. The values of
pH are needed to be studied over a period of time, to keep a check on stability. Hence, the pH values are
taken experimentally after a gap of fifteen days in three sets (Day1, Day 15 and Day 30). The values were
plotted against time over a time of thirty days and values were observed to be close enough to declare that
the nanofluid is stable. The pH values are plotted with time and temperature and is shown in Figure 4 .

8
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Figure 4. pH values plotted against temperature and time

Thermal conductivity and viscosity experimental setup

As mentioned earlier, the Anton Paar MCR 302 Rheometer aided in taking the viscosity readings. These
readings aided in discerning viscosity and shear stress, which were the fluid parameters at the selected
shear stresses. Indeed, the tool reflects an oscillatory and rotational rheometer that gives insight into the
viscoelastic or viscous characteristic of different materials; including solids, gels, and fluids.

To measure the selected samples’ thermal conductivity, the KD2 pro was used. The instrument had a lab
thermal properties analyzer, as well as a fully portable field. Indeed, its functionality holds that the thermal
conductivity is measured using the transient line heat source – relative to the IEEE and ASTM specifications.
Also, the instrument constitutes a small single needle (6 cm) and a digital controller. Furthermore, it has
special algorithms responsible for analyzing the resultant measurements gained during cooling and heating
intervals. In this study, five consecutive measurements were used to obtain the calibration data. Also
important to note is that a 2.0-percent deviation was observed. The times of reading the measurements
ranged between one and ten minute. The type of measurement determined the interval of taking the readings.

3.1. Thermal Conductivity Measurements for Stability

Measuring the thermal conductivity of the given nanofluids is one of the known methods to keep a check
on stability. To have a better understanding on knf and thermal conductivity enhancements, it is important
to follow the time dependent knf,η of stable metal and metal oxide nanofluids with time [55,56]. Thermal
conductivity readings were measured for the prepared nanofluids in regular intervals of time at the same
temperatures every time to check the stability of the nanofluids. Here, the SiO2 nanoparticles were dispersed
in the both the base fluids 60EGW and 40EGW in 0.5% volume concentration. The readings were taken in
a set of three temperatures 25, 30 and 40oC, respectively.

9
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After a gap of seven days the experiment will be repeated for the same nanofluid at the same temperatures
and the readings were noted. Similarly, the experiments were carried in the same manner for the next three
weeks. On a whole, for the same nanofluid, the thermal conductivity measurements were taken over period
of thirty days at the same temperatures and the thermal conductivity values were analyzed with time. The
values were observed have less than 1% deviation and are shown in Figure 5 . Hence, it can be concluded
the nanofluid was stable.

The six samples are shown in Figure 6 are taken on the first day of preparation and the samples in Figure
7 are taken after a month gap. The samples were observed to be stabilized as seen with naked eye. As the
other two samples out of eight are base fluids, they were not shown here.

Figure 5. Thermal conductivity vs temperature weekly analysis

10
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Figure 6. Nanofluid samples on the first day of preparation

Figure 7: Nanofluid samples after one month of preparation

3.2. Uncertainty Analysis

In this experimental study, the measured values’ uncertainty was achieved by focusing on errors that re-
sulted from parameter measurements. The parameters on focus included weight, temperature, viscosity, and
thermal conductivity. Regarding the examination of the thermal conductivity parameter, the study relied
on a KD2 thermal properties analyzer. On the other hand, the MCR 302 Rheometer aided in assessing the
nanofluids’ viscosity. It is also worth noting that the Analytical Balance weighing scale was used to deter-
mine the nano particles’ weight, with a resistance temperature detector utilized towards the measurement
of the parameter of temperature. To determine the uncertainty, the expression that was used was [57]:

um =

√(
k
k

)2
+
(
T
T

)2
+
(
w
w

)2
(3)

The accuracy of the RTD was 0.5oC. The accuracy of the Analytical Balance was 0.0001g. Hence the total
uncertainty of thermal conductivity experiment was observed to be less than ±2.1%. The uncertainty of
viscosity can be calculated using the Equation (3) by replacing thermal conductivity, k with viscosity, μ and
the uncertainty was observed to be ±4.1%.
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Regression Analysis of Thermo-Physical Properties

The experimental data that was obtained aided in conducting a theoretical analysis relative to the thermo-
physical properties of interest. From the literature [21,35,38,58], some experimental data exists. This data
was incorporated into this study, especially for regression. Some of the parameters to which the regression
analysis, which partially relied on the data obtained from the previous studies, included thermal conductivity,
viscosity, specific heat, and density. For both nanofluids and other fluids, correlations were implemented in
relation to different thermo-physical properties. It is also worth acknowledging that the nanofluids and base
fluids’ equations in the literature were applied towards successful regression analysis for the target physical
properties (4)-(15).

4.1. Base Fluid Properties for 60EGW

In the 60EGW mixture, the parameter or thermo-physical properties of thermal conductivity, viscosity,
specific heat, and density were determined via the use of correlations accruing from the regression analysis.
Also, some of the experimental data in the previous literature [41] was incorporated into the analysis. The
correlations below summarize the base fluid properties of the investigation:

ρbf = 1090.6− 0.32857T − 0.00286T 2 + 5.421×10−19T 3(4)

Cpbf = 3044.135 + 4.2808T − 0.00186T 2 + 0.0000155759T 3(5)

µbf = 0.0087− 0.000245439T + 0.00000282043T 2 − 0.00000001178T 3(6)

kbf = 0.33944 + 0.00111T − 0.0000100528T 2 + 0.0000000377393T 3(7)

4.2. Base Fluid Properties for 40EGW

The EG-W base fluid properties were obtained from regression correlations using ASHRAE data [41],

ρbf = 1066.79734 − 0.3071T − 0.00243T 2 (8)

Cpbf = 3401.21248 + 3.3443T + 9.04977E − 5T 2 (9)

µbf = 0.00492− 1.24056E − 4T+1.35632E − 6T 2−5.56393E − 9T 3(10)

kbf = 0.39441 + 0.00112T − 5.00323E − 6T 2 (11)

4.3. Nanofluid Properties with Base Fluid 60EGW

Indeed, the nanofluids’ properties determine the assessment of the friction factor and the heat transfer co-
efficients. For the EG-water based nanofluids that included SiO2,Al2O3 and CuO, the viscosity and thermal
conductivity were established based on varying parameters. These parameters included material concentra-
tion, temperature, and particle size; with the data in the previous literature playing a crucial role at this
stage [21,35,38,58]. The correlations below illustrate how thermal conductivity and viscosity parameters were
assessed via regression analysis, which also dependent on a numerical program.

µnf

µbf
= 4.589

(
1 + ∅

100

)0.2963 (
1 + Tnf

97

)0.1398 (
1 +

dp
53

)−0.4531

(12)

knf

kbf
= 0.852

(
1 + ∅

100

)2.608 (
1 + Tnf

97

)0.3889 (
1 +

dp
77

)−0.08427 (
αp
αbf

)0.04192
(13)

The correlations (12) and (13) are valid in the range of 0 ≤ ∅ ≤ 4% ; 20≤ Tnf ≤ 90oC; 20≤ dp ≤ 50nm
with a maximum deviation of 10
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4.4. Nanofluid Properties with Base Fluid 40EGW

Given the SiO2/40EGW nanofluids’ experimental results gained from the previous literature and this study’s
experimental results for the Al2O3/40EGW nanofluids, the outcomes that were gained aided in conducting
the regression correlations. These correlations would, in turn, give crucial insight into the aspects of thermal
conductivity and viscosity evaluations; having targeted variables such as particle size, temperature, and vo-
lume concentration. The correlations below were used to evaluate the aforementioned parameters of thermal
conductivity and viscosity.

µnf

µbf
= 1.389

(
1 + ∅

100

)60.68 (
1 + Tnf

70

)−0.669
(

1 +
dp
50

)−0.1573

(14)

In this case, the standard deviation and average deviation were estimated and found to be 8.5% and 6.9%
respectively\y.

Equation (15) shows the thermal conductivity state achieved. Particularly, the standard deviation and ave-
rage deviation obtained after implementing the correlations were 2.8% and 1.9% respectively.

knf

kbf
= 0.9431

(
1 + ∅

100

)0.1612 (
1 + Tnf

70

)0.1115 (
1 +

dp
50

)−0.003986 (
αp
αbf

)0.006978
(15)

The correlations (14) and (15) are deemed or perceived as valid; given of 0 ≤ ∅ ≤ 1.5% ; 20≤ Tnf ≤
70oC; 13≤ dp ≤ 50nm.

Experimental Results of Nanofluid Thermal conductivity and Viscosity

In this chapter, the main objective is to discuss the theoretical and experimental results that were reported in
the previous literature and this study respectively. From the literature [21,35,38,58], thermo-physical values
were obtained based on the formulated correlations. The results were compared with those that were obtained
by this investigation, especially due to the need to make valid and informed conclusions and inferences about
relations among the parameters or variables that were being investigated. Some of the crucial data that
aided in making inferences included the viscosity and thermal conductivity values. Indeed, there was less
than 20-percent deviation in relation to a comparison that was made between the experimental results and
the theoretical outcomes reported in the previous literature.

The experimental thermal conductivity values are compared with correlations of 60EGW base fluid (7)
and with 40EGW base fluid (11) and are shown in Figure 8 . The experimental data was taken in the
temperature range of 25oC-60oC for a particle size of 20nm. A deviation less than 7% was observed with
correlation (7) and a deviation less than 3% with correlation (11). And the same data was compared with
ASHRAE data as well and a maximum deviation of 8% was observed.
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Figure 8 Comparison of experimental thermal conductivity values of base fluids with ASHRAE data

Nanofluid correlations in (13) were compared with thermal conductivity values obtained regarding this
study’s selected nanofluids. With the temperature range set between 25oC and 60oC and the concentra-
tions for SiO2/60EGW nanofluids set at 1.5%, 1.0% and 0.5%, Figure 9 highlights the outcomes. In the
investigation, an additional experimental condition was that the particle size was set at 20nm. Indeed, 15%
was observed as a maximum deviation experienced. Imperatively, thermal conductivity was reduced via the
addition of higher thermal conductivity particles. Indeed, the temperature of the nanofluids was observed
to be a key parameter affecting the thermal conductivity of the selected materials. In particular, it was
established that an increase in temperature causes an increase in the state of thermal conductivity, reflecting
a direct correlation between the factor of temperature and the aspect of thermal conductivity.

The nanofluid thermal conductivity was plotted against temperature along with correlation (15) for the given
nanofluid SiO2/40EGW and was shown in Figure 10 for the similar operating conditions as mentioned for
60EGW based nanofluids.The maximum deviation observed 12% when compared to the base fluid 40EGW.

Compared to water, it was evident that ethylene glycol exhibits low thermal conductivity. Hence, adding the
ethylene glycol to water would cause water’s thermal conductivity suppression. As more ethylene glycol is
added, the thermal conductivity of the resultant mixture would reduce. These results were not only obtained
in this study but had also been reported in part of the previous literature [22]; especially for scholarly studies
that had targeted or focused on Al2O3/40EGW nanofluids.
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Figure 9 Comparison of experimental values of thermal conductivity for SiO2/60EGW nanofluids with the-
oretical equation (14)
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Figure 10 Comparison of experimental values of thermal conductivity for SiO2/40EGW nanofluids with
theoretical correlation (15)

Given the 60EGW and 40EGW-based nanofluids, Figure 11summarizes the experimental results that were
obtained regarding the parameter of thermal conductivity. From the figure, it is evident that when thermal
conductivity is the focal factor, SiO2/40EGW-based nanofluids demonstrate higher enhancement, proving
superior when compared to cases involving SiO2/60EGW-based nanofluids. It is always desirable to examine
the nondimensional thermal conductivity ratiokr (= knf/kbf) of the nanofluid, when it is normalized by the
base fluid value, because the thermal behavior will also include the influence of the base fluid. This ratio,
called the relative thermal conductivity is plotted against temperature for the two given nanofluids.

Figure 11 Comparison of thermal conductivity enhancement of SiO2/60EGW and SiO2/40EGW nanofluids

It is pretty clear that SiO2/40EGW shows an enhancement in thermal conductivity with a maximum en-
hancement of 34% than the base fluid at 1.5% volume concentration and 55oC temperature. On the other
hand, the thermal conductivity of SiO2/60EGW shows an enhancement of 28% at 1.5% volume concentration
and 55oC temperature. The reason of thermal conductivity enhancement is with the Brownian motion and
micro-convection of particles in the base fluids. The thermal conductivity enhancement not only depends on
the particle concentration and temperature, but it also depends on the effect of base fluid.

Based on the regression analysis, the theoretical predictions were made for thermal conductivity of SiO2

and Al2O3 nanoparticles in both the base fluids and are shown plotted in Figure 12 . At a concentration
1.5%, Al2O3/40EGW predicts a higher thermal conductivity when compared to other nanofluids. At the
same concentration Al2O3nanoparticles and 40EGW based nanofluids predicts a higher thermal conductivity
values when compared to SiO2 nanoparticles and 60EGW based nanofluids respectively.
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Figure 12 Comparison of theoretical thermal conductivity values for two different nanofluids

The effect of particle size on thermal conductivity was quite evident in all nanofluids, where the thermal
conductivity increases with decrease in size. The reason being the increase in specific surface area with
decrease in particle size. While there are few observations reported where, thermal conductivity increases
with increase in particles size.

Beck et al. [59] have reported that, thermal conductivity increases with increase in particle size up to a
diameter of 50nm for Al2O3 in both water and EG as base fluids. They have attributed this decrease in
enhancement to a decrease in the thermal conductivity of the nanoparticles themselves as the particle size
becomes small enough to be affected by increased phonon scattering. Li and Peterson [60] have also reported
similar observations for Al2O3/water nanofluids for 36nm and 47nm particles sizes.

The main factor effecting the thermal conductivity is considered to be the temperature of the nanofluid as
most studies have demonstrated. As there is increase in volume concentration, the thermal conductivity
increases which is observed by many researchers. However, the enhancement tends to diminish at high
concentration due to the initiation of arrogation.

Based on current experimental investigations the nanofluids thermal conductivity is greater than the base
liquid which increase with concentration and temperature. The thermal conductivity ratio increases with
volume fraction, but with different rates of increase for each nanofluid. The thermal conductivity of nanofluid
increase with decrease in particle size.

The viscosity measurements were taken in the temperature range of 20-80oC and in the concentration
range of 0.0-1.5% for a particle size of 20nm. The viscosity of SiO2/60EGW nanofluids are investigated
experimentally and are shown plotted inFigure 13 . As observed, the viscosity increases as the volume
concentration increase. However, the viscosity decrease exponentially as the temperature increases similar
to Azmi et al..On the other hand, the experimental viscosity values are compared with equations (8) and (14)
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for 60EGW base fluid and SiO2/60EGW nanofluids respectively and a maximum deviation of 20% observed.

Figure 13 Comparison of experimental values of viscosity for SiO2/60EGW nanofluids with theoretical cor-
relations (6) and (12)

Similarly, the experimental viscosity values of SiO2/40EGW nanofluids are compared with base fluid corre-
lation (10) and nanofluid correlation (14) and are plotted inFigure 14 . The viscosity measurements were
taken in the same operating conditions of SiO2/60EGW nanofluids as mentioned. A deviation less than 18%
was observed with correlation (18). Additionally, the study established that given different concentrations,
an increase in temperature causes a significant decrease in the nanofluids’ viscosity. As such, SiO2 nano
particle loading was observed to cause an increase in flowing resistance and friction of the fluids, translating
into increased viscosity.

The viscosity enhancement was plotted against temperature for the two given nanofluids in Figure 15 . It
is quite clear that SiO2/40EGW shows a good enhancement in viscosity with a maximum enhancement of
102% than the base fluid at 1.5% volume concentration and 25oC temperature. Based on the observations
40EGW based nanofluids shows a higher enhancement in viscosity. This study indicates that, with the
increase in percentage of ethylene glycol, the viscosity of SiO2 nanofluids also increases. The measurements
have similar finding as Lotfizadeh Dehkordi et al. [61] who have used Al2O3dispersed in 60EGW and 40EGW
base fluids by mass % and also Syam [62] has observed enhancement of 300% and they attributed it to the
shear resistance offered by the particles onto the fluid layer. With larger the particle concentration in the
base fluid, larger the quantity is of particles are required.
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Figure 14 Comparison of experimental values of viscosity for SiO2/40EGW nanofluids with theoretical cor-
relations (10) and (14)
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Figure 15 Comparison of viscosity enhancement of SiO2/60EGW and SiO2/40EGW nanofluids

Based on the research available from the literature, the factors influencing the viscosity are nanoparticle
size, volume concentration and temperature whereas the material doesn’t seem to be effecting much. The
viscosity of nanofluids are increasing with particles sizes at higher concentrations as observed Nguyen et al.
[63], where he has reported that there is no big change in viscosity for a varying sizes of 36nm and 47nm for
the nanoparticles at 4% concentration. But, if the volume concentration is increased, then the viscosity of
the nanofluid seems to be increasing with the particle size.

He et al. [64] have also reported similar observations with TiO2/water nanofluids which shows that viscosity
is increasing with particle size. However, contradicting observations were made by Namburu et al. [33] indi-
cating that, viscosity of nanofluids decreasing with particles size for SiO2/60EGW nanoparticles which have
supported by results of Pastoriza-Gallego et al. [65] and Anoop et al. [66] for CuO/water and Al2O3/water
nanofluids respectively. While analysis of Prasher et al. [67] was different from others, where he has showed
that viscosity of nanofluid is irrespective of the particle size.

In case of influence of temperature on the viscosity, it is quite evident that, the temperature is the most critical
and influential parameter as recommended by whole nanofluid research community. The overall research
indicates a pretty common observation of downward trend in viscosity with an increase in temperature.
As the temperature increases, the intermolecular attraction between the nanoparticles and their base fluids
weakens [68]. Hence, the viscosity of nanofluids decreases with the increase in temperature.

Based on the research it can be concluded that, viscosity increases with concentration of the nanofluid.
Viscosity of the nanofluid decrease with increase in temperature. An increase in viscosity with decrease in
particle size is reported in the literature.

The enhancement ratio is plotted for the SiO2nanoparticles in both the base fluids for the estimation of
optimum heat transfer at a concentration in Figure 16 . Enhancement ratio can be defined as ratio of
viscosity enhancement to thermal conductivity enhancement as given in correlation (20). According to Garg
et al. [69], the enhancement in heat transfer under turbulent flow is a maximum when the value of ER [?] 5.
As shown the figure 16, the optimum heat transfer enhancement can be obtained at 1.0% and 1.4% volume
concentrations for a given temperature of 70oC in 60EGW and 40EGW based nanofluids respectively.

ER =

(
µnf
µbf

−1
)

(
knf
kbf

−1
) (16)

Hence, the optimum parameters for obtaining enhancements will be 1.0% and 1.4% for 60EGW and 40EGW
based nanofluids at 70oC temperature. The predicted values of thermal conductivity are compared, Al2O3

nanoparticles show some better values than SiO2 nanoparticles in both the base fluids such as 60EGW and
40EGW. When compared in SiO2nanofluids, the influence of 40EGW base fluid has better impact on SiO2

nanofluids. Though change of material doesn’t have any influence on viscosity, 40EGW based nanofluids
have shown higher values than 60EGW based nanofluids.
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Figure 16 Variation of property enhancement ratio with temperature for the turbulent flow condition

Conclusions:

In summary, factors that aid in discerning the stability of nanofluids include the zeta potential, electrical
conductivity, and the pH value. Even if higher values are obtained for the parameter of thermal conductivity,
they are not adequate to enhance the state of heat transfer; findings that have been documented by most of
the previous literature focusing on CuO, SiO2 and Al2O3 nanofluids. Rather, additional parameters such as
the temperature of nanofluids, the diameter of nano particles, and the volume fraction determine the capacity
of the nanofluids to enhance the heat transfer aspect; with the factor of the ratio of heat transfer between the
nanofluids and the nano particles unexceptional. In the regression equation, the oxide nanofluids’ thermal
conductivity is seen to be predicted by the heat capacity term; outcomes that concur with some of the
previous studies. Also, the change in the density of the particles relative to the nano particles’ specific heat
and their size is seen to affect the nanofluids’ thermal conductivity. The latter trend aids in inferring the
value deviations that have been reported by different scholarly researchers. Overall, this study established
that higher values of thermal conductivity were associated with 40EGW-based nanofluids.
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