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ABSTRACT

In this work, stable homogeneous nanofluids were designed
as dispersions of sulfonic acid-functionalized graphene
nanoplatelets in an (ethylene glycol + water) mixture at
(10:90)% mass ratio and nanoparticle mass concentrations up to
0.5 wt.%. Nanofluid stability was evaluated by means of
Dynamic Light Scattering (DLS) and Zeta Potential
measurements. The thermal conductivity and dynamic viscosity
of base fluid and nanofluids were experimentally obtained in
the temperature range from (283.15 to 343.15) K by using a
TPS 2500S Hot Disk and an AR-G2 rotational rheometer,
respectively. Thermal conductivity improvements reach up to
5% while the maximum dynamic viscosity increase is 12.6%.
Finally, the experimental values of these two transport
properties were also utilized to analyze nanoparticle
concentration effect on heat transfer performance and pumping
power through different figures of merit.

NOMENCLATURE

AAD% Average Absolute Deviation
[ [J/gK] Specific heat capacity

EG Ethylene glycol

GnP Graphene nanoplatelet
GOnP Graphene oxide nanoplatelet
k [W/mK] Thermal conductivity

Li, Bii Coefficients of Nan model
Mo Mouromtseff number

T [K] Temperature

w Water

W [W] Pumping power

1o, D, Ty Adjustable parameters of Vogel-Fulcher-

Tamman (VFT) model

Special characters

In/ Intrinsic viscosity

n [mPa-s] Dynamic viscosity

p [g/em’] Density

[ [-] Mass fraction, wt.%

] [-1 Volume fraction, vol%
Subscripts

bf Base fluid

nf Nanofluid

np Nanoparticle
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INTRODUCTION

The exponential growth in energy consumption
experimented in the last few decades of the twentieth century
has made evident the need to improve the thermal performance
of thermal facilities in general and the weak heat-transfer
abilities of most conventional heat transfer fluids in particular.
In this sense, the suspension of nanoparticles in these
conventional fluids, also called nanofluids, has become a
subject of intensive study worldwide due to their anomalous
thermal behavior [1].

Among the different nanoadditives utilized to engineer
nanofluids, carbon nanostructures seem to exhibit the highest
potential [2]. Within the family of graphite carbon allotropes,
graphene (ideally envisaged as a single-atom-thick sheet of sp*-
bonded carbon atoms arranged in a honeycomb lattice) has
raised great interest because of their exceptional mechanical,
thermal, and electrical properties [3-4]. This two-dimensional
material is commercially available in the form of stacks, with
between 10 and 100 layers, known as graphene nanoplatelets or
nanosheets (GnPs). GnPs exhibit not only thermal
conductivities much higher than those of multi- or single-wire
nanotubes, but also larger surface areas which favors a better
contact area/interface with base fluid reducing Kapitza
resistance [5]. These features, together with the relative easy
and cost effective of producing GnPs make this material an
excellent candidate as nanoadditive to develop nanofluids with
improved thermal conductivities.

Graphene is hydrophobic and consequently it cannot be
dispersed in water for a long time without agglomerate.
However, stable suspensions in water or some organic solvents
can be prepared by means of proper sonication once the
material has been functionalized [6-7]. Surfactant addition and
acid treatment are common methods to improve interactions
between graphene nanostructures and base fluid necessary to
prevent nanoparticle settling. Graphene functionalization by
acid treatment can avoid the rise in pumping power due to the
viscosity increase usually produced by the addition of
surfactant. However, oxidation by acid can introduce defect
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sites within the graphene structure of the nanosheets, which in
turn can lead to a reduction in thermal conductivity [8-9].
Another peculiar property of graphene oxide (GO) is the high
natural acidity of its aqueous solutions which must be
controlled to prevent possible damages to metallic components
in thermal facilities [10-11].

The thermal conductivity %, of nanofluids has attracted a lot
of attention in last decades due to the significant influence of
this property on heat transfer performance [12]. However, other
properties such as density p, specific heat capacity c,, and
especially dynamic viscosity #, are necessary to make technical
calculations. Furthermore, an analysis of different figures of
merit (FoMs) based on these thermophysical properties, such as
the Mouromtseff number (Mo) [13], can assist to compare the
heat transfer capabilities of different heat transfer fluids [14].

Graphene nanofluids using water (W) [1, 15-18] or ethylene
glycol (EG) [10, 17-19] have been largely studied in literature
while (ethylene glycol + water) mixtures are preferred in many
industrial installations since they combine the higher thermal
conductivities of water with the lower freezing points of
glycols. Up to our knowledge, only Kole and Dey [5], Amiri et
al. [20], and Ijam et al. [21] have studied the thermophysical
and rheological behavior of GnPs nanofluids in (EG+W)
mixtures at 70, 60 and 40% in volume of EG, respectively.

This investigation deals with dispersions of acid-
functionalized graphene nanoplatelets in an (ethylene glycol +
water) mixture at (10:90)% mass ratio and nanoparticle mass
concentrations of 0.1, 0.25 and 0.5%. Higher nanoadditive mass
concentrations were not considered in order to ensure good
nanoparticle stability and avoid higher viscosity penalties. Zeta
potential and temporal variation of average nanoparticle size
were analyzed with the aim of optimizing the preparation
conditions such as sonication time or pH-value. The thermal
conductivity and dynamic viscosity of nanofluids and base fluid
were experimentally obtained, analyzing temperature and
nanoparticle concentration dependences. The experimental
values of these two transport properties were also used to assess
how nanoparticle concentration influences on heat transfer
performance and pumping power by means of different figures
of merit.

EXPERIMENTAL
Materials
Sulfonic  acid-functionalized  graphene nanoplatelets

(GOnPs) were provided by Nanolnnova Technologies S.L
(Madrid, Spain, www.nanoinnova.com). Ethylene glycol
(Sigma-Aldrich, 99.5%) and reagent-grade water (18.2 MQ-cm
resistivity at 298.15 K) produced by means of a Millipore
system (Billerica MA, USA) were utilized to prepare the base
fluid, an (ethylene glycol + water) mixture at (10:90)% mass
ratio. An ammonium hydroxide solution (30-33% NH; in
water) from Sigma-Aldrich was used to modify the pH-value.
Reagents were weighted in a Sartorius analytical balance with
an uncertainty of 0.0001 g.

1688

Nanofluid preparation and stability characterization

Nanofluids were designed following a two-step method.
Hence, the amount of graphene nanopowder necessary to obtain
the required nanoparticle concentration was first added to the
base fluid and then stirred for 120 min. Afterwards, samples
were sonicated by means of a CP104 Ultrasonic Bath (CEIA,
Italy) operating at a power level of 200 W and a frequency of
40 kHz. As pointed out, the dispersion of GOnPs in aqueous
solutions leads to a diminution in the pH-value. In our case,
samples exhibit pH-values between 2.2 and 2.8. With the aim
of selecting the optimum preparation conditions, the influence
of pH-value and sonication time on nanofluid stability were
evaluated through zeta potential and size measurements by
means of a Zetasizer Nano (Malvern, U.K.) [22].

Firstly, zeta potential was studied as a function of pH for the
0.1% and 0.25% nanoparticle mass concentrations. Ammonium
hydroxide was added to dispersions in order to obtain pH-
values up to 10. No zeta potential measurements were
performed for the highest mass concentration since detected
intensity was outside optimum working conditions. Zeta
potential remains constant around 40-43 mV for the pH range
from 2.2 to 5 and then decreases as pH-value rises. The iso-
electric point takes place at around 9.5. pH= 5 was selected to
prepare the nanofluids in order to ensure zeta potentials high
enough to ensure strong electrical repulsion charges around the
particles and, at the same time, avoid possible future corrosion
of metallic elements in facilities.

The nanoparticle size distribution of the dispersions was
studied at 298.15 K by analyzing the random changes in the
intensity of scattered light collected at an angle of 173°. It must
be pointed out that sizing measurements obtained by means of
dynamic light scattering (DLS) are based on the assumption
that particles are spherical while the studied nanoadditives are
sheet-like shaped. Apparent size measurements were performed
for nanofluids designed using a 0.1% mass concentration of
GOnP and sonication times ranging from (0 to 300) min. The
studied GOnP/(EG+W) nanofluids exhibit a trimodal
distribution with apparent sizes from a few nanometers to 4 um.
The average value and width of the different peaks reduce as
sonication time increases, especially between (0 and 240) min.
However, only little difference was found between samples
using (240 and 300) min. Thus, larger sonication times were
not considered and nanofluids at the three studied nanoadditive
concentrations were prepared sonicating for 300 min.

Afterwards, nanofluid stability was analyzed with the time
elapsed after preparation following the procedure proposed by
Fedele et al. [22]. Hence, two different cuvettes were filled with
each of the three concentrations and their apparent sizes were
studied by DLS for a month. One of the two cuvettes was
maintained in static conditions in order to assess the changes in
size distribution due to natural sedimentation, while the other
sample of the pair was periodically measured after manually
shaking so that settled particles were recovered. The apparent
size distributions of the 0.1 wt.% graphene concentration
measured just after preparation and the 28" day are plotted in
Figure 1.
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Figure 1 Apparent size distributions of the 0.1 wt.%
GOnP/(EG+W) nanofluid.

As it can be observed, in the case of the static sample, the main
peak slightly moves to left and the 4000-nm peak disappears
while the 50-nm and 400-nm peaks move to the right for the
shaken sample. This indicates a partial sedimentation ratio of
the largest nanoparticles under static conditions.

Experimental methods

Thermal conductivities were determined by using a TPS
2500 S Hot Disk Thermal Analyzer® (Hot Disk AB, Sweden)
together with a 7877 probe based on the Transient Plate Source
(TPS) technique. The sensor was vertically immersed in the
sample so that heat could freely diffuse in all directions. A
delay of at least 15 min. was established between different
measurements and both sample and probe were placed in a
proper designed box and immersed in a thermostatic bath in
order to ensure uniform initial temperature and remove thermal
gradients. Analyses were performed by using low thermal
powers, (40-55) mW, and short power input times, 4 s, with the
object of minimizing possible convection effects. The thermal
conductivity of water was also studied in the same temperature
range and the results differ less than 1.5% from those of the
NIST database [16]. These deviations are well within the
uncertainties of the measurements. Additional information
about the experimental device and measuring procedure can be
found in Fedele et al. [23].

Rheological tests were performed by means of an AR-G2
magnetic bearing rheometer (TA Instruments, New Castle,
USA) with a cone-plate geometry of 1° cone angle and 40 mm
diameter. A Peltier plate and an upper heated plate (UHP) were
utilized to regulate the sample temperature in the range from
(293 to 343) K. Before experiments, the rheometer was
carefully calibrated as further described by Bobbo et al. [24].
The geometry was imposed to a gap of 30 um and an amount of
0.34 cm’ was considered optimal for experiments. Flow curve
analysis were carried out at constant temperature and shear
rates ranging from (80 to 1200) s”'. The dynamic viscosity of
the water was also studied over the entire temperature range
and the values exhibit an 44Ds% less than 2% with those of the
NIST database [16]. The estimated uncertainty of this device is
less than 2% [24].
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RESULTS AND DISCUSION
Thermal Conductivity

The influence of GnP concentration on the thermal
conductivity was analyzed at temperatures ranging from (293 to
344) K with steps of 10 K. The temperature dependences of the
different nanoparticle concentrations are depicted in Figure 2.
Our thermal conductivities of base fluid were also compared
with previous literature data. To our knowledge, only Melinder
[11] reported values for the (EG+W) mixture at (10:90)% mass
ratio. Additionally, Bohne et al. [25] and Sun et al. [26] studied
different concentrations of this system and proposed
correlations as functions of composition and temperature. The
experimental results here presented exhibit 44Ds% of 2.6, 4.0,
and 1.9% with those reported or calculated by using those
equations proposed by Melinder [11], Bohne et al. [25], and
Sun et al. [26], respectively. Thermal conductivity rises with
the addition of nanoplatelets reaching improvements of up to
5%. Enhancements are almost temperature-independent as
previously reported in literature for graphene-nanofluids in EG
[10] or EG+W [5] base fluids.
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A 0.25 wt.% GOnP+HEG+W at 10:90 wt.%)
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Figure 2 Temperature dependence of thermal conductivity, £,
of GOnP/(EG+W) nanofluids. (—) Nan model [27], Egs.(1-2).

Nan model [27] was used to describe the thermal
conductivities of the studied nanofluid set. Nan et al. [27]
generalized the Maxwell equation including the particle
geometry effects and finite interfacial resistance through the
following expression:

o=k _3+¢'[2'/}11'(l_lﬂ)"‘ﬁn'(l_Ln)] (1)
nf = "bf
3-0-(2- By Ly +By - L)
where L;; are the geometrical factors, which are L;;= 0 and L3;=
1 in the case of nanoplatelets [5, 19], ¢ is the nanoparticle
volume fraction, and f; coefficients are defined as:

ko, — ke
 _ np bf
A ke + Ly '(knp _kbf)
Our experimental results can be fitted with an 4A4Ds%= 0.6%
by using Eqgs.(1-2) with a value of 17 W/m'K for the thermal
conductivity of the nanomaterial, k.

@
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Dynamic Viscosity

The rheological behavior of the base fluid and the three
designed nanofluids was analyzed in the temperature range
from (293.15 to 343.15) K. The comparison between the results
obtained for the base fluid and previous literature data [11, 28-
30] exhibit 44Ds% from (1.5 to 3.6)%. Both base fluid and
nanofluids are Newtonian over the studied concentration and
shear rate range. This Newtonian behavior agrees with the
results found by Kamatchi et al. [31] and Mehrali et al. [32] for
graphene oxide-water nanofluids at shear rates higher than 80 s’
' The temperature dependence of dynamic viscosity is plotted
in Figure 3. As we can see, dynamic viscosity decreases
considerably with temperature. The temperature behavior of
this transport property can be described by utilizing the three-
coefficient Vogel-Fulcher-Tamman (VFT) model:
D-T,
T-T,
where 7y, D and T, are the adjustable coefficients. D and Ty
parameters are also known as the Angell Strength and Vogel
temperature, respectively. As shown in Figure 3, this equation
describes our experimental results with A4Ds% lower than or
equal to 1.6%. As expected, the addition of GOnPs raises the
dynamic viscosity of nanofluids. This effect is more noticeable
at high temperatures especially above 323.15 K, for which
increases of up to 12.6% for the 0.5 wt.% GOnP mass
concentration are reached.
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Figure 3 Temperature dependence of dynamic viscosity, 7,
of GOnP/(EG+W) nanofluids. (—) VFT model.

In the case of dispersions of non-interacting and stationary
hard particles, relative viscosity can be described by means of
the Einstein model [33]:

nnf

The “
Tt

where /5/ is known as intrinsic viscosity and quantifies the
contribution of particle structure to the final viscosity of the
suspension. /#/ depends on nanoparticle shape and takes a value
of 2.5 for suspensions of mono-disperse and spherical particles
and rises as shape differs from this spherical shape.

[34]. Maximum deviations less than 2.7% were found between
experimental and correlated values by using Eq. (4) obtaining a
value of 45 for /5/.

=1+|n-¢
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Nanofluid comparison based on thermophysical properties.

As indicated, different figures of merit can be utilized to
assess the modification of heat transfer performance and
pumping power of nanofluids regarding their base fluids.

Under laminar flow conditions, the replacement of the base
fluid with a nanofluid would be beneficial in terms of energy
when the increase in dynamic viscosity is less than four times
the thermal conductivity enhancement [35]:

& _ (”nf _ﬂbf)/nbf <4

Ck (knf - kbf )/kbf N
Under turbulent flow conditions, the heat transfer performance
can be assessed from the Mouromtseff number (Mo) [13] which
is defined as:

)

08,067 033
Pk c,

Mo,
Mo =——G7—>

(6)
n Moy
A high Mo numbers indicates a good capability to transfer
energy and so a high Mo,¢/Moys ratio is desirable.

On the assumption that both base fluid and nanofluid have
the same mass flow rates, the increase in pumping power in
circular tubes with a boundary condition of uniform flux at the
wall can be estimated by using the following expressions for
laminar and turbulent flow conditions, respectively [36]:

>1

. 2
W[n}[p] (7
Woe  \ ot ) \ Pur

. 025 2
2] {2 ©
Woe e Pt

Moderate W, /Wy ratios are preferred in order to avoid high
increases in energy consumption because of fluid pumping.

In order to carry out these comparisons, the experimental
dynamic viscosities and thermal conductivities here obtained
were utilized, while density and specific heat capacity were
calculated by using the following weighted average equations:

pnf:¢'pnp+(l_¢)'pbf (9)

Cp,nf = ¢'cp,np +(l_¢)-cp,bf (10)

The values of density and heat capacity data were obtained
from literature for nanoadditive [8] and base fluid [11]. The

temperature dependences of these figures of merit (FOM) are
plotted for the different studied nanofluids in Figure 4.



12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics

Beneficial for
b
5§
3
Q)
Beneficial for l"--x.__ P - * 0.94
laminar flow K ® ® L
2 ° * ° 0.92
~ L 4
0 . - . - - . 0.90
283 293 303 313 323 333 343 353
T [K]
1.12
b)
1.09 .j
= 1.06 /‘\‘
& A~ , x
N e
‘R 103 ;
1.00 X 24
Beneficial for
laminar/turbulent flow
0.97 : \ L : : :
283 293 303 313 323 333 343 353
TIK]

Figure 4 FOMs based on thermophysical properties for
(®,A,®) laminar and (<,A,O) turbulent flow conditions.
(,$)0.1, (A,A)0.25, and (@,0) 0.5 wt.% GOnP/(EG+W)
nanofluids.

In the case of laminar flow conditions, only the highest studied
concentration of nanoplatelets, 0.5 wtc%, would be
advantageous in terms of thermal performance. However, for
this same concentration under turbulent conditions the
replacement would be beneficial only at temperatures of 303
and 313 K. On the other hand, the addition of GOnPs raises the
pumping power up to 2.4% and 11.9% for turbulent and
laminar flow conditions, respectively. As presented in Figure
4b, the increases in pumping power for both laminar and
turbulent conditions are superior for the highest temperature
since the increases in viscosity are also larger at those
conditions.

CONCLUSIONS

New nanofluids were designed as dispersions of GOnPs in
an (ethylene glycol + water) mixture and following a two-step
process which was optimized by means of a stability analysis.
Thermal conductivity and dynamic viscosity — were
experimentally obtained up to 0.5% nanoparticle mass
concentrations. Despite the low concentrations utilized, thermal
conductivity enhancements reach up to 5%. However, dynamic
viscosity rises more strongly, especially at high temperatures,
reaching a maximum increase of 12.6%. The temperature or
nanoparticle behaviors of these two transport properties were
also described by using Nan, Vogel-Fulcher-Tamman (VFT) or
Einstein models with A4Ds% of 0.6%, 1.6%, and 1.3%,
respectively. According to an analysis of different figures of
merit based on the thermophysical properties of the nanofluids
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and base fluid, no significant increases in heat transfer
performance would be expected under turbulent conditions for
the studied nanoparticle range, while pumping power would
rise up to 2.4% and 11.9% for turbulent and laminar flow
conditions, respectively.
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