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STUDIES ON THERMOPHYSICAL PROPERTY
VARIATIONS OF GRAPHENE NANOPARTICLE
SUSPENDED ETHYLENE GLYCOL/WATER

Article Highlights

o Graphene/ethylene glycol/water mixed nanofluids were prepared

e The thermophysical characteristics of the graphene suspended base fluid was studied
¢ Obtained results were compared with models proposed in the literature

Abstract

The objective of the study is to determine the thermophysical property vari-
ations (such as viscosity, density, specific heat capacity and thermal conduct-
ivity) of graphene suspended base fluid (ethylene glycol (EG)/water (W)), with
respect to graphene nanoparticle concentration and hot fluid inlet temperature.
Graphene nanoparticle concentrations (0.2, 0.4, 0.6, 0.8 and 1 vol. %) and the
base fluid of 30:70 vol. % of EG: Water is prepared initially. The impact of gra-
phene nanoparticle addition on base fluids based on experimentation in the
commercial plate heat exchanger was studied. In this experiment, the hot fluid
inlet temperature was varied at 55, 65 and 75 °C. The experimental results of
thermophysical properties were compared with the selected models proposed
in the literature. Einstein (1956), Kitano (1981) and Bachelor models (1977)
have been used to consider the effect of viscosity. The measured density and
specific heat capacity were validated with Pak and Cho and Xuan models,
respectively. To consider the effect of thermal conductivity, three different
models (Maxwell (1954), Vajjah (2010) and Sahoo (2012)) have been used.
Study revealed that the thermophysical properties of base fluid significantly
affect the graphene nanoparticle suspension.

Keywords: graphene, nanoparticle, thermophysical property, ethylene
glycol, water.

Viscosity, density, specific heat capacity and
thermal conductivity are significant thermophysical
properties, which alter the properties of conventional
heat transfer fluids. Viscosity is a significant property
which measures a fluid friction and its internal flow
resistance. Density of a fluid is directly proportionate
with respect to pressure and indirectly proportionate
with respect to temperature. Also, this property is imp-
ortant in the stage of preparation of nanoparticle sus-
pensions, since for materials with different densities is
difficult to get a homogeneous mixture. Specific heat
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capacity represents the quantity of heat needed to
increase the temperature of one kg of mass by 1 K. It
is a significant factor since it decides the requirement
of heat transfer fluid. Among the four properties, ther-
mal conductivity is a very significant factor, since it is
expected, when high thermal conductivity nanometer-
sized particles are added to a conventional heat
transfer fluid, to reach for achieving higher value of
thermal conductivity of the nanoparticle mixture. This
property plays important role in the design and fabric-
ation of energy-efficient heat transfer equipment.
From the available literature, it was found that low
thermal conductivity is a primary drawback in the
growth of energy-efficient heat transfer fluids. Hence,
nanoparticle suspended base fluids are needed to
show high thermal conductivities compared to those
of base heat transfer fluids for efficient utilization in
heat transfer processes. These fluids are beneficial in
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various industries such as transportation, chemical,
electronics cooling, space, nuclear and food indus-
tries [1]. Corrugated heat exchangers are very useful
in dairy industries because of their outstanding heat
transfer coefficient characteristics and compact
designs [2].

The following literature are studies based on the
effect of thermophysical properties with respect to
nanofluid: the initial idea was proposed by Choi et al.
[3] for enhancing the thermal conductivity of base
heat transfer fluids by adding and mixing nanopar-
ticles in a base fluid. They observed that metals and
metal oxides possess higher thermal conductivity
than the base fluids. Sarafraz et al. [4] framed a
research work for studying the pool boiling heat trans-
fer behaviour of MEG/DEG/water ternary mixture sus-
pended nanofluid and developed a new correlation.
Rasher et al. [5] studied the viscosity effect on alu-
minium oxide suspended pure propylene glycol at a
temperature range of 30 to 60 °C and a nanoparticle
volume fraction of 0.5 to 3%; they varied the nanopar-
ticle size (27, 40 and 50 nm). They reported incre-
mental effect on viscosity of nanoparticle suspension.
Kulkarni et al. [6] performed investigation on rheo-
logical properties with copper oxide nanoparticles
suspended in a propylene glycol/water mixture. Their
operating temperature ranged between -35 and 50
°C; they have also varied the particle volume fraction
(0-5.9%). They made comparative analysis of experi-
mental data with ASHRAE data (2005) and Bache-
lor's correlation equation (1977), and observed better
agreement with ASHRAE data, whereas the Bache-
lor's correlation showed substantial deviation. The
thermodynamic feasibility of the liquid chemical loop-
ing gasification (LCLG) in syngas production was
made by Sarafraz et a/. [7]. In this study, copper oxide
is implemented as an oxygen carrier for chemical
looping gasification process. The proposed system
offers a potential benefit to avoid agglomeration and
sintering, which implies that no further process is
required in separation of the evaporated copper oxide
from the syngas.

Aluminium oxide and copper oxide suspended
water nanofluid was analysed by Nguyen et a/. [8] for
the effect of nanoparticle addition on viscosity of base
fluids. They have conducted the study by varying the
nanoparticle volume fraction, size of the nanoparticle
and operating temperature. The obtained results rev-
ealed that viscosity is strongly influenced by the vol-
ume concentration of the nanoparticle. However, with
respect to particle size the dependency of the visco-
sity is less significant. The experimental study was
conducted by Namburu et a/. [9] with SiO, nanopar-
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ticle suspended in a base fluid of water and ethylene
glycol mixture. Their objective was to find the visco-
sity effect on the addition of SiO, nanoparticle with 20,
50 and 100 nm. They observed lowest viscosity 100-
-nm-sized SiO, nanoparticle at 8% volume fraction.
Silver nanoparticle suspension in water was used by
Godson et al. [10] to find the viscosity effect of silver
nanoparticle dispersed in deionized water. Their oper-
ating conditions were experimental temperature of 50
to 90 °C and the nanoparticle volume concentration of
0.3-0.9%. The study demonstrates the effect of Brow-
nian motion and thermophoresis on the thermophys-
ical properties of base fluid. They also developed an
experimental correlation for viscosity relating with the
temperature and nanoparticle volume fraction. Sara-
fraz [11] prepared dispersions of CuO nanoparticles
in water/ethylene glycol mixture at 50-50 volumetric
concentrations, in order to study the sedimentation
effects and convective boiling characteristics of the
prepared fluid. Comparative analysis was made
between the experimental results and correlations
(Chen, Gun-gor-Winterson, Rohsenow) and the study
recommends Chen correlation is suitable to deter-
mine the convective flow boiling heat transfer coeffi-
cient of prepared nanofluid. The study was conducted
by Sarafraz ef al. [12] with biologically produced sil-
ver/coconut oil nanofluid. The objective of the study
was to quantify the thermal conductivity, viscosity and
boiling heat transfer coefficient of biologically pro-
duced nanofluid. The assessment of thermal perform-
ance is also made with the prepared nanofluid in
annular heat exchanger. Due to the enhancement in
thermal conductivity and viscosity of the base fluid,
the study reveals that this nanofluid can be used as a
lubricant as well as a coolant in engines.

The density variation with ZnO, Sb,05:Sn0O, and
AlL,O3; nanoparticles suspended in ethylene glycol/
/water mixture base fluid was studied by Vajjha et al.
[13]. They measured the changes in density of nano-
particle suspended base fluid. They operated at the
temperature range between 0 and 50 °C with 1-10 %
volume fraction of nanoparticle suspension. Their
experimental results were compared by Pak and Cho
model and obtained better agreement with the mea-
sured values at all temperatures. They have noted
1.2% deviation for Al,O; and Sb,05:SnO, nanopar-
ticles and 8% deviation for ZnO nanoparticle. The
effect of ZnO nanoparticle suspension on density of
water/ethylene glycol mixture base fluid was done by
Mahian et al [14]. They have prepared EG/water
mixture of weight ratio 40-60, their temperature range
between 25 and 40 °C and the ZnO volume fraction
was 4.0%. They observed maximum density of 1328
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kg/m® at a temperature of 25 °C for a 4.0% nanopar-
ticle volume fraction.

The specific heat capacity of titanium oxide and
aluminium oxide nanoparticles suspended in a base
fluid mixture of water and ethylene glycol (20/80
wt.%) was measured by Yiamsawasd et a/. [15]. They
have determined specific heat based on a differential
thermal analysis technique with a temperature
between 15 and 65 °C and nanoparticle volume frac-
tion of 8.0 vol.%. They framed new correlation to esti-
mate the specific heat capacity of suspended nano-
particles in a form of specific heat ratio between
nanofluid and base fluid. Satti et a/ [16] prepared
CuO, Al,03, SiO,, Zn0 and TiO, nanoparticles diluted
in water/propylene glycol (40:60 volume ratio) base
fluid. They measured the variation in specific heat
capacity with respect to the effects of nanoparticle
volume fraction between 0.5 and 6 vol.%, operating
temperature ranges between 243 and 363 K and par-
ticle sizes of 15 and 76 nm. The results revealed that
the specific heat capacity decreases with increase in
nanoparticle volume fraction and the specific heat cap-
acity increases with increase in temperature, which
were in good agreement with already published results.

The experiment was performed by Lee et a/. [17]
to study the thermal conductivity effect on Al,Og/
/ethylene glycol, Al,Os/water, CuO/water and CuO/
/ethylene glycol base fluids with vol.% from 1 to 5.
They reported that only a small amount of nanopar-
ticles have considerably high values of thermal con-
ductivities than the base fluid without nanoparticles.
The study conducted by Xuan and Li [18] by the
suspension of copper nanoparticle, reported that the
thermal conductivity of nanofluid is affected by the
shape, size, volume fraction, and properties of the
nanoparticle. Eastman et a/. [19] studied the perform-
ance of copper nanoparticles directly suspended in
ethylene glycol and reported significant enhancement
in thermal conductivity of the base fluid containing
smaller-sized copper nanoparticles. An experiment
study was conducted by Das ef a/. [20] to determine
the effects of temperature variation on thermal con-
ductivity. They have used Al,O3/CuO nanoparticles
suspended in water base fluid. By applying wavering
method, they have calculated the thermal conduct-
ivity. They observed an increasing trend of thermal
conductivity with an increase in temperature. Their
finding also reveals that nanoparticle suspensions will
be better at high temperature. Murshed et a/. [21]
studied the thermal conductivity effect of TiO, sus-
pended deionized water and reported that nanopar-
ticles in small quantity have much higher thermal con-
ductivities than conventional fluid. Evans et al. [22]

studied the variations of temperature and Al,O,
nanoparticle size and demonstrated the hydrodyn-
amics effects associated with Brownian motion on the
thermal conductivity of the nanoparticle suspended
base fluid. Their finding shows that a nanoparticle is
approximately 10 times more conductive than base
fluid. Li and Peterson [23] investigated with copper
oxide and aluminium oxide suspension in water with 2
to 10 vol.% of nanoparticle volume fraction and 27.5
to 34.7 °C of temperatures. A linear regression equat-
ion was proposed to determine the thermal conduct-
ivity ratio based on temperature and nanoparticle
volume fraction. The experimental study was con-
ducted by Vajjah and Das [24] for Al,O;, CuO and
ZnO nanoparticle suspension in a base fluid of water
and ethylene glycol. Their test conditions were 10% of
nano particle volume fraction and 298 to 363 K tem-
perature range. Their study reveals there is an inc-
rease in thermal conductivity of nanofluid with respect
to nanoparticle volume fraction and temperature, and
18% thermal conductivity ratio enhancement was
observed for ZnO suspension at the 7% volume frac-
tion of nanoparticle. Xie et al. [25] studied with ethyl-
ene glycol (EG) suspended with TiO,, MgO, ZnO,
Al,O3 and SiO, nanoparticles and reported that the
MgO/EG suspension has the highest thermal con-
ductivity and the lowest viscosity. They concluded
that at 30 °C the thermal conductivity enhancement
was 40.6% for a 5% volume concentration for MgO
nanoparticle. The thermal conductivity study with
titanium dioxide and aluminium oxide nanoparticle
suspended in propylene glycol base fluid was made
by Palabiyik et al. [26]. Their observation was differ-
ent to the many literature results, since they have
reported results of nonlinear behaviour with the sel-
ected nanoparticle volume fraction. They also rep-
orted that with respect to temperature, the enhance-
ment in thermal conductivity was not varying signific-
antly. The rheological behavior and heat transfer
performance of various metal-based nanofluids (sil-
ver, copper, alumina, TiO,) were studied by Pour-
mehran et al. [27] and reported that the Brownian
motion is considered to simulate viscosity of nano-
fluid. They have used the Patel model to predict the
thermal conductivity. According to their results it was
observed that maximum value of heat transfer enhan-
cement is obtained by selecting the silver (Ag) as
nanoparticle.

Silicon dioxide and EG/water were used by
Sahoo et al. [28] to investigate the impact of nano-
particle suspension in EG/water base fluid on the
thermal conductivity. They observed 20% enhance-
ment in a base fluid thermal conductivity. Their pro-
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cess conditions were 20 to 90 °C temperature and a
nanoparticle concentration of 10 vol.%.

The thermal conductivity behaviour of deionized
water and ethylene glycol after ing graphene and
graphene multi-walled carbon nano-tubes (MWCNTSs)
was studied by Aravind and Ramaprabhu [29]. They
reported that 9.2 and 73% improvement in deionized
water for nanoparticle concentration of 0.04% at
temperature of 25 and 50 °C, respectively. The
enhancement was 6.9 and 20% for ethylene glycol
base fluid at the same nanoparticle volume fraction
and temperature, respectively. They concluded that
the increase in nanoparticle volume fraction increases
thermal conductivity of nanofluid. Manikandan et a/.
[30] performed heat transfer studies in a corrugated
plate heat exchanger with TiO, and ZnO diluted in a
base fluid mixture of water and ethylene glycol and
reported there is a significant improvement in the heat
transfer rate by the nanoparticle suspension. The
experimental study performed by Sundar et a/. [31]
with the prepared magnetic Fe;O, nanoparticle dis-
persed in water, showed 8.4 and 17% enhancement
in thermal conductivity at temperatures of 20 and 60
°C, respectively. They have prepared 0 to 2% volume
fraction of nanoparticle suspension. Barbés et al. [32]
measured the thermal conductivity and specific heat
capacity for aluminium oxide suspended in water as
well as ethylene glycol base fluid. Their study con-
ditions were 298 to 338 K temperatures and a nano-
particle volume fraction of 1.0-10.0%. Their results
reveal that thermal conductivity of suspension inc-
reased but the specific heat capacity of suspension
decreased with respect to nanoparticle concentration.
Graphene suspended water base fluid was prepared
by Ahammed et a/ [33] to study the thermal con-
ductivity variation of a nanoparticle addition. Their
concentrations of nanoparticle were 0.05, 0.1 and
0.15 vol.% and temperatures were in the range of 10-
-50 °C. They have noted that the thermal conductivity
ratio was improved by 6.7 and 18.6% at 10 and 50 °C,
respectively, for a nanoparticle volume fraction of
0.05%. The result confirmed that the thermal conduct-
ivity of graphene based nanofluid has a considerable
impact against process temperature. It was also
noted from the study that 3.3% higher thermal con-
ductivity enhancement occurred with the increase in
volume concentration. Graphene and copper sus-
pended ethylene glycol/water base fluid used by Peri-
asamy et al. [34,35] observed that the nanoparticle
volume fraction has the significant effect on thermal
conductivity of base fluids. A new correlation was pro-
posed by Sarafraz [36] for the determination of the
Nusselt number based on the investigation of the
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thermal performance and pressure drop character-
istics of liquid indium mixed with copper oxide nano-
particles in a rectangular micro-channel.

Different metal oxide nanoparticles (CuO, Al,O,,
SiO, and ZnO) were suspended by Satti et a/. [37] in
a propylene glycol and water mixture. They deter-
mined the thermal conductivity at a 6% volumetric
fraction of nanoparticles and 30 to 90 °C temperature
range. They observed an increase in thermal con-
ductivity of nanoparticle suspension with increasing
nanoparticle volume fraction and fluid temperature.
The effect of ethanol/MEG/DEG ternary mixture sus-
pension on nucleate pool boiling heat transfer char-
acteristics were studied by Sarafraz et a/. [38] and
observed significant changes in thermophysical pro-
perties. They summarized the factors affecting the
thermal conductivity of nanoparticle suspensions
which are properties of particles and the base fluid,
nanoparticle volumetric concentration, particle size
and temperature. This result is helpful because the
thermal conductivity improved working fluids may be
utilized at higher temperature applications. The
potential application of a liquid metal enriched with
Al,O3 nanoparticle was studied by Sarafraz et a/. [39]
in a micro-channel solar thermal receiver with 5, 10
and 15% (mass fractions). They investigated thermal
performance of the suspended nanoparticle and
achieved the highest thermal performance index of
3.5 and 2.9 for the laminar and turbulent flow, res-
pectively, at mass fraction of 10%. In order to study
the heat transfer coefficient, thermal resistance and
the thermal performance of a thermosyphon heat
pipe, zirconia-acetone nanofluid was prepared by
Sarafraz et al. [40]. Results showed that the presence
of the nanofluid decreases the total thermal resist-
ance and enhanced the boiling heat transfer mech-
anism, which resulted in the thermal performance
enhancement of the heat pipe. To assess the thermal
performance, a new correlation was proposed from
the study to predict the Kutateladze number. Sarafraz
et al. [41] made an experimental investigation on the
thermal performance and efficiency of an evacuated
tube solar collector (ETSC) with graphene-methanol
nanofluid. It was revealed from the study that the
presence of nanoparticles improved the thermal con-
ductivity of methanol, while the heat capacity of the
nanofluid decreased by a decrease in the mass fract-
ion of the graphene. The different concentrations of
Fe;O, nanoparticles in water were used by Sarafraz
et al. [42] to quantify the heat transfer coefficient of
nanofluid under constant magnetic field. Results
showed that the magnetic field can lower the fouling
resistance providing that the nanosuspension is
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stable. Hence the heat transfer coefficient value was
also improved with the Fe;O, nanosuspensions.
Some of the significant studies with respect to
graphene nanoparticles are given in the following
section; graphene oxide/water nanofluid was syn-
thesized by Liu ef al. [43] using modified Hummers’
method. They have investigated the stability of the
prepared nanofluids using UV spectroscopy and
showed that nanofluid stability is >3 months and also
that 1.0 mg/ml nanofluid can work in applications with
an operational range up to 1000 °C. The study pro-
vides new correlation to calculate thermal conductivity
of nanofluids. It is revealed from the study that gra-
phene oxide nanoparticles synthesized by modified
Hummers’ method, can be used as a stable nanofluid
with acceptable heat transfer potential in thermal sys-
tems. Heat transfer studies in a three-dimensional
spiral heat exchanger were performed by Bahiraei et
al. [44]. In this study, thermal and hydraulic attributes
of a graphene nanofluid in a countercurrent spiral
heat exchanger were evaluated. They determined the
performance index (ratio of heat transfer rate to pres-
sure drop) and reports that performance index
enhances with increase in either nanoparticle concen-
tration or Reynolds number. Bahiraei et al. [45] made
an investigation on thermo-hydraulic performance of
graphene nanoplatelets. They performed the test
within a tube enhanced with rotating twisted tape. The
results revealed that the convective heat transfer
coefficient and pumping power increase by increasing
the rotational speed and weight fraction, while they
decrease by increasing the twisted ratio. The effect of
nitrogen-doped graphene (NDG) nanofluids concen-
tration on heat transfer and fluid flow in double-pipe
heat exchangers was made by Marjan Goodarzi et al.
[46]. A novel MATLAB code solved the governing
equations were used to analyze the resulting heat
transfer coefficient, pressure drop, wall temperature
reduction and pumping power. Khan et al. [47] inves-
tigated a blend of ANjgella sativa biodiesel, diesel, n-
butanol, and graphene oxide nanoparticles to
enhance the performance, combustion and symmetric
characteristics and to reduce the emissions from the
diesel engine of a modified common rail direct inject-
ion (CRDI). The results obtained indicate that 90 ppm
of graphene oxide nanoparticles and 10% rbutanol
in Nigella sativa biodiesel are comparable with diesel
fuel. Safaei et al. [48,49] used graphene oxide nano-
fluids in solar-driven water desalination process and
developed an empirical equation to correlate the aver-
age Nusselt number as a function of Rayleigh number
(Ra), the Stefan number (Ste), the sub-cooling factor
(Sb), and the Fourier number (Fo). Sarafraz et a/. [50]

conducted an experimental investigation on heat
transfer performance of graphene nanoplatelets/pen-
tane nanofluid in a gravity-assisted heat pipe. They
observed enhancement in heat transfer coefficient by
increasing the heat flux. Experimental heat transfer
studies were conducted by Sarafraz et al [51] by
using graphene nano-platelets dispersed in water-
ethylene glycol mixture and reported that the thermal
performance of the system increased by 21% in terms
of heat transfer coefficient. The new preparation
method for the decoration of platinum (Pt) on the
functionalized graphene nanoplatelet (GNP) was
introduced by Yarmand ef al [52]. Based on the
stability analysis, it was noticed that nanofluids were
stable and no significant sedimentation was observed
for a long time (22 days).

According to the published articles, extensive
research was conducted only on thermal conductivity
measurement of nanofluids. The influence of other
thermophysical properties such as viscosity, density
and specific heat capacity variations were not studied
much with added nanoparticles. Since these thermo-
physical properties may improve the heat transfer
performance of the conventional base fluids, and also
improve the application of nanofluid in heat exchan-
gers, a complete understanding of the thermophysical
properties is necessary. Also, from the published lite-
rature, it was identified that ethylene glycol is a viable
heat transfer fluid because of its thermal character-
istics, but it was noticed that only limited studies were
performed with ethylene glycol as a base fluid.

Graphene is one of the most studied carbon-
-based nanofluids because of its larger surface/vol-
ume ratio, higher thermal conductivity, lower erosion,
corrosion and clogging. It was found from the litera-
ture that mostly thermal conductivity studies were per-
formed with graphene nanofluid. Since there will be a
scope for exploring other thermophysical properties
(viscosity, density and specific heat capacity) of gra-
phene nanoparticle, this study was chosen. The nov-
elty of the present study is considering graphene as a
nanoparticle and performing the thermophysical char-
acteristics analysis of the graphene suspended ethyl-
ene glycol/water mixture.

MATERIALS AND METHODS

Experimental setup

In order to study the thermophysical character-
istics of graphene nanoparticle suspended EG/water
base fluid, the experimental setup consists of a hot
and cold fluid tank (20 L), four thermocouples, two
pumps, two flow meters, and a corrugated plate heat
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exchanger (PHE) was fabricated and the outline and
photograph of the experimental setup is shown in
Figures 1 and 2, respectively.

Figure 2. Photograph of experimental setup.

Experimental procedure

The water is pumped from the hot fluid tank and
its temperature is constantly maintained at approxi-
mately 55 °C using a thermostat and the outlet is
returned to the outlet tank.

Hummers’ method was employed for producing
graphene nanoparticles.

The prepared nanoparticle suspension (graph-
ene/EG/water) in the cold fluid tank is also pumped
into the plate heat exchanger.

The inlet and outlet temperatures of cold and hot
fluid were measured using the inserted thermocouples.

A rotameter was used to measure and control
the flow rates.

Experiments were repeated by varying the hot
fluid temperatures to 65 and 75 °C and the nano-
particle suspension volume fractions of 0.2, 0.4, 0.6,
0.8 and 1%.

In order to compare the results, experiments
with base fluid (EG/water) used as cold fluid were
carried out first and the results were compared with
the graphene suspended base fluid.

Nanofluid preparation and characterization

Graphene nanoparticles were produced by the
Hummers’ method [53]. The prepared nanoparticles
were dispersed in the base fluid (ethylene glycol/
/water mixture) as per the proposed ratio and the
nanofluids were used in our study. Figure 3 provides
the TEM image of graphene nanofluids at 1.0 volume
fraction.

Figure 3. TEM image of graphene nanofiuids at 1.0 volume
fraction.

Calculation of thermophysical properties

In order to calculate thermo physical properties
such as viscosity, density, specific heat capacity and

Cold Water Tank

Heat Exchanger

P1, P2 ~ PUMPS
R1. R2 ~ROTAMETERS

HAL HAZ - HICH ACCURACY VALVES
Thi, Tho~ HOT WATER INLET & OUTLET
Tei, Teo ~ COLD WATER INLET & OUTLET

bt Water Tank

Figure 1. Outline of experimental setup.
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thermal conductivity of nanoparticle suspension, the
following thermophysical property models were used
in the present study.

(1) Viscosity models
1. Einstein model

lanano = (1 + 25¢) /ubase

2. Kitano model

9
= 1——
‘unana |:( ¢m j:|:ubase

3. Bachelor model

Hpano = (1 + 25(P+ 62(p2 )/'lbase

(i) Density mode/
1. Pak and Cho model

pnano = (1 - ¢7) pbase + wpbase
(1ii) Specific heat capacity mode/

1. Xuan model

((1 - ¢)p baseCP base T Ppase nanoCP nano ))
((1 - go)pbase + PP nano

Cﬂ nano =

2. Pak and Cho model
C,D nano — (1 - (0) Cr pase T oCop particle

(iv) Thermal conductivity models
1. Maxwell model

K fluid_ _ K particle +2K base + 2¢(K particle K base)
K base K particle + 2Kbase - ¢( K particle K base)

2. Vajjha Model

e = (0.0282¢+ O.OOBQ)(LJ +
base 7?)

+(~0.0307¢—0.0039)

3. Sahoo Model

base

2
Kig _ (4_4557)(%} +1.72837(;)—0.18559
0 0

RESULTS AND DISCUSSION

Impact of graphene nanoparticle concentration on
viscosity of base fluid suspension

Viscosity indicates the resistance offered by the
fluid. To consider the effect on viscosity, Einstein
(1956), Kitano (1981) and Bachelor (1977) models
have been taken to compare experimental results.

Figure 4a shows the influence of graphene
nanoparticle suspension on the viscosity of base fluid
at a hot fluid inlet temperature of 55 °C and base fluid
concentrations of 30:70 (EG:W). From the figure, it
was observed that the viscosity increases with the
increase in graphene nanoparticle concentration. This
is due to the fact that viscosity is strongly influenced
by the volume concentration of the nanoparticle. Fig-
ure 4b presents the effect of nanoparticle addition on
viscosity of base fluid at a hot fluid inlet temperature
of 65 °C. At this temperature, an increase in nano-
particle volume fraction increased the viscosity in all
the selected models with approximately equal values.
It was also observed that the magnitude of viscosity
decreases with increase in hot fluid inlet temperature.
Figure 4c provides the plot for the influence of nano-
particle concentration on viscosity of base fluid sus-
pension at the hot fluid inlet temperature of 75 °C. It
was observed that at a hot fluid inlet temperature of
75 °C, an increase in nanoparticle concentration inc-
reased the viscosity of base fluid at the prepared base
fluid concentration. This behaviour is attributed to the
fact that the increase in nanoparticle concentration
increases the viscosity of base fluids but the increase

152

L3l Figure 4(a)
1.5

—#—Einstzin model
—f—Kitano model
149

148 ——Batchelor
madel

npkg/m.s)

147

148

0.2 0.4 0.6 0.8 1 12
Particle volume fraction {3}

1385

1.38 Figure 4(b)

1.365

nnp(kg/m.s)

135 o

1.335

Particle volume fraction {%:)

129

Figure 4(c)

: 1275

1 yrikg/m.s)

1.245
0.2 04 0.6 0.3 1 12
Particle volume fraction (%)

Figure 4. The influence of graphene nanoparticle concentration
on viscosity of a base fluid concentration of 30:70 (EG:-W) at a
hot fluid inlet temperature of- a) 55, b) 65 and c) 75 °C.
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in hot fluid inlet temperature decreases the viscosity
of nanoparticle suspended base fluids.

Impact of graphene nanoparticle concentration on
density of nanofluid

The density of metal oxides is greater than that
of liquids. Density and specific heat capacity are
determined as a function of particle volume fraction
on the principle of two-phase mixtures. Density is
considered an important parameter for evaluating the
heat transfer performance of nanofluid. Figure 5a-c
presents the effect of graphene nanoparticle addition
on the density of nanofluid for the base fluid concen-
trations of 30:70 (EG:W) at the hot fluid inlet tempe-
rature of 55, 65 and 75 °C, respectively. The mea-
sured density data was validated with the Pak and
Cho model.

The addition of graphene nanoparticle increased
the density of the base fluid mixture. The reason for
this is the nanofluid density is higher than that of the
base fluid. It was noticed that the density of base fluid
increased gradually with respect to the entire particle
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Figure 5. The influence of graphene nanoparticle concentration
on density of a base fluid concentration of 30:70 (EG:W) and a
hot fluid inlet temperature of- a) 55, b) 65 and c) 75 °C.
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volume fraction, but the density decreases with res-
pect to all the three hot fluid temperatures. The maxi-
mum density was observed at 1.0 vol.% for all the
base fluid concentrations. The maximum density obs-
erved in the Pak and Cho model is 1037 kg/m® for
30:70 (EG:W). The result shows that nanofluid den-
sity increases with increase in nanoparticle concen-
tration and decreases with increase in hot fluid inlet
temperature.

Effect of graphene nanoparticle concentration on
specific heat capacity of nanofluid

Specific heat is the amount of heat required to
raise the temperature of one gram of nanofluid by one
degree centigrade. Specific heat is one of the impor-
tant properties and plays an important role in influen-
cing the heat transfer rate of nanofluid. Figure 6a-c
presents the effects of graphene nanoparticle volume
fraction on specific heat capacity of nanoparticle sus-
pension at a hot fluid inlet temperature of 55 °C and
base fluid concentrations of 30:70 (EG:W) at a hot
fluid inlet temperatures of 55, 65 and 75 °C, res-
pectively.
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Figure 6. The influence of graphene nanoparticle concentration
on specific heat capacity of base fluid concentration of 30:70
(EG:W) at a hot fluid inlet temperature of: a) 55, b) 65 and c) 75 °C.
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Increase in nanoparticle concentration leads to
decrease in specific heat capacity. It can be observed
from the results that the values of specific heat
capacity decreased from 3.762 to 3.7582 kJ/(kg K)
with increase in volume concentration between 0.2
and 1.0% as per the Pak and Cho model for a base
fluid concentration of 30:70 (EG:W) and a tempera-
ture of 65 °C. The reason for this is due to the fact
that specific heat capacity is a mass specific quantity
and this effect depends on the density of components
and its mixture. The effect of graphene nanoparticle
addition on specific heat capacity of nanofluid at a hot
fluid inlet temperature of 75 °C and a base fluid con-
centration of 30 vol.% of ethylene glycol base fluids is
shown in Figure 5c. The nanoparticle specific heat
capacity decreased with increase in nanoparticle con-
centration for all the three base fluid concentrations.
No significant variations were observed in specific
heat capacity of nanofluid with respect to tempera-
ture. The experimental result was validated with Pak
and Cho, and Xuan models. A better agreement was
obtained between the measured values with selected
models at all base fluid concentrations.

Effect of graphene nanoparticle concentration on
thermal conductivity ratio of nanofluid

Thermal conductivity ratio (K./Ky) is an impor-
tant parameter in measuring the effectiveness of the
nanoparticle addition in the base fluid. For this pur-
pose, comparisons between thermal conductivity ratio
values of graphene nanoparticle with respect to base
fluid concentration (30:70 (EG:W)) and at a hot fluid
inlet temperatures of 55, 65 and 75 °C were plotted in
Figure 6a-c, respectively. To consider the effect of
Thermal conductivity ratio, three different models
(Maxwell model (1954), Vajjah model (2010), and
Sahoo model (2012)) have been used to compare
experimental results with base fluids.

Figure 7a depicts the effects of nanoparticle
addition on thermal conductivity ratio of the nanofluid
at a hot fluid inlet temperature of 55 °C. The thermal
conductivity ratio increased gradually at all the nano-
fluid concentrations due to the fact that nanoparticle
volume fraction is directly proportional to thermal con-
ductivity. At the variation of hot fluid inlet temperature
at 65 °C (Figure 7b, the thermal conductivity inc-
reases with increase in volume fraction of nanopar-
ticle in the base fluid concentration of 30:70 (EG:W).
The improvement is higher than at the hot fluid tem-
perature of 55 °C, due to the temperature effect (if
temperature increases then thermal conductivity also
increases). Further increase of hot fluid inlet tempe-
rature at 75 °C (Figure 7c) shows significant inc-

reases in thermal conductivity ratio. This is due to the
fact that thermal conductivity is significantly affected
by temperature and nanoparticle volume fraction,
because of the expanded surface area of the dis-
persed nanoparticle in base fluid. The thermal con-
ductivity predictions based on the selected published
models were compared. Thermal conductivity inc-
reased gradually in all the selected models, which is
due to the addition of nanoparticle to the base fluid.
From the comparison of the thermal conductivity with
the standard correlations (Maxwell model (1954), Vaj-
jah model (2010) and Sahoo model (2012)) it is evi-
dent that increase in volume fraction of nanoparticle
improved the thermal conductivity due to random
Brownian motion, particle morphology, inter-particul-
ate diffusion effects, and possible decrease in the
boundary layer thickness.

There exists good agreement between the
results calculated from experimental and different
models. It was noticed that the density and specific
heat capacity variations fall within +5% deviation with
experimental results and +8 % deviation for viscosity
and thermal conductivity variations. Hence, there
exists good agreement between the correlation
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Figure 7. The influence of graphene nanoparticle concentration
on thermal conductivity ratio of a base fluid concentration of
30:70 (EG-W) and a hot fluid inlet temperature of: a) 55,

b) 65andc) 75 °C.
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results and experimental results, which shows the
accuracy of the results of the experiment.

CONCLUSION

The study revealed that the hot fluid inlet tempe-
rature and nanofluid concentration have significant
effects on the thermophysical properties of graphene
suspended base fluids. There is an increase in vis-
cosity from 1.247 to 1.272 kg/(m s) with respect to 75
°C of inlet temperature. At 55 °C, the base fluid has a
higher density of 1041 kg/m® at 1.0 vol.%, however,
the density of the mixture has the lowest value of
1028 kg/m® at 75 °C. Hence, the density increases
with nanoparticle concentration and decreases with
hot fluid inlet temperature. The dispersed nanoparticle
shows lower specific heat than the values of base
liquid. The observed specific heat capacity at 55 °C is
3.752 kJ/(kg K) (at 0.2 vol.%) which is reduced to
3.747 kJ/(kg K) (1.0 vol.%). Hence, the specific heat
of nanofluid decreases with the increase in nanopar-
ticle concentration, and the specific heat of nanofluid
does not vary significantly with hot fluid inlet tempera-
ture. The obtained thermal conductivity ratios of base
fluid are maximum at 75 °C and 1.0 vol.% with a value
of 1.031, which is higher than those of base fluid. For
all the thermophysical properties, the selected correl-
ation models showed good agreement with the expe-
rimental results.
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Nomenclature

Vol.% Volume %

EG Ethylene glycol

\W Water

G, Specific heat capacity, J/(kg.K)
Greek symbols

k Thermal conductivity, W/(m.K)
)7 Viscosity, kg/m.s

P Density, kg/m3

0] Particle volume fraction
Subscripts

nano  Nanofluid

base Base fluid
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PROUCAVANJE PROMENA TERMOFIZICKIH
SVOJSTAVA NANOCESTICA GRAFENA
SUSPENDOVANIH U SMESI ETILEN-GLIKOLA |

Kongu Engineering College, Erode,
India

2Department of Food Technology,
Kongu Engineering College,Erode,
India

NAUCNI RAD

Clilj ovog rada je bio da se utvrde promene termofizickih svojstava (kao Sto su viskoz-
nost, gustina, specificni toplotni kapacitet i toplotna provodljivost) bazne tecnosti (etilen-
-glikol/voda, EG/V) sa koncentracijom nanocestica grafena i ulaznom temperaturom
vruce tecnosti. Koriscene koncentracije nanocCestica grafena su 0,2, 0,4, 0,6, 0,8 i 1
vol. %, a bazna tecnost je sa 30 vol. % EG. IstraZivan je uticaj dodavanja nanocestica
grafena baznoj tecnosti u komercijalnom plocastom razmenjivacu toplote. U ovom eks-
perimentu temperatura ulaska vruce tecnostf bila je na 55, 65 i 75 °C. Eksperimentalni
rezultati termofizickih svojstava uporedeni su sa odabranim modelima predloZenim u
literaturi. Modeli Ajnstajna, Kitanoa i Bacelora korisceni su za razmatranje uticaja na
viskozitet. Izmerene vrednosti gustine, odnosno specificnog toplotnog kapaciteta potvr-
deni su modelima Paka i Cua, odnosno Ksuana. Za toplotnu provodijivost koriscena su
tri razlicita modela. IstraZivanja su otkrila da se termofizicka svofstva bazne tecnosti
znacafno menjaju dodtakom nanocestica grafena.

Kiljucne reci: grafen, nanocestice, termofizicka svojstva, etilen-glikol, voda.
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