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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 

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 sp2-
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 

AAD%  Average Absolute Deviation 
cp [J/g∙K] Specific heat capacity 
EG  Ethylene glycol 
GnP  Graphene nanoplatelet 
GOnP  Graphene oxide nanoplatelet 
k [W/m∙K] Thermal conductivity 
Lii, βii  Coefficients of Nan model 
Mo  Mouromtseff number 
T [K] Temperature 
W  Water 
Ẇ [W] Pumping power 
η0, D, T0  Adjustable parameters of Vogel-Fulcher-

Tamman (VFT) model 
 

Special characters 
/η/  Intrinsic viscosity 
η [mPa∙s] Dynamic viscosity 
ρ [g/cm3] Density 
φ [-] Mass fraction, wt.% 
ϕ [-] Volume fraction, vol% 
 

Subscripts  

bf  Base fluid 
nf  Nanofluid 
np  Nanoparticle 
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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 k, 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 ρ, specific heat capacity cp, and 
especially dynamic viscosity η, 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 NanoInnova Technologies S.L 
(Madrid, Spain, www.nanoinnova.com). Ethylene glycol 
(Sigma-Aldrich, 99.5%) and reagent-grade water (18.2 MΩ·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% NH3 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. 
 
 
 

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 μm. 
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 28th 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 μm and an amount of 
0.34 cm3 was considered optimal for experiments. Flow curve 
analysis were carried out at constant temperature and shear 
rates ranging from (80 to 1200) s-1. The dynamic viscosity of 
the water was also studied over the entire temperature range 
and the values exhibit an AADs% less than 2% with those of the 
NIST database [16]. The estimated uncertainty of this device is 
less than 2% [24]. 

 
 

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 AADs% 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. 

 

 
 

Figure 2 Temperature dependence of thermal conductivity, k, 
of GOnP/(EG+W) nanofluids. (—) Nan model [27], Eqs.(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: 

( ) ( )[ ]
( )33331111

33331111
bfnf 23

1123
LL

LLkk
⋅⋅+⋅⋅⋅−

−⋅+−⋅⋅⋅+
⋅=

ββφ
ββφ   (1) 

where Lii are the geometrical factors, which are L11= 0 and L33= 
1 in the case of nanoplatelets [5, 19], ϕ is the nanoparticle 
volume fraction, and βii coefficients are defined as: 

( )bfnpiibf

bfnp
ii kkLk

kk
−⋅+

−
=β    (2) 

Our experimental results can be fitted with an AADs%= 0.6% 
by using Eqs.(1-2) with a value of 17 W/m∙K for the thermal 
conductivity of the nanomaterial, knp. 
 
 
 
 

0

5

10

15

20

10 100 1000 10000

In
te

ns
ity

Apparent size [nm]

1st day
28th day static sample
28th day shaken sample

0.55

0.58

0.61

0.64

0.67

283 303 323 343

k 
[W

/m
∙K

]

T [K]

                   0.50 wt.% GOnP+(EG+W at 10:90 wt.%) 
                   0.25 wt.% GOnP+(EG+W at 10:90 wt.%) 
                   0.10 wt.% GOnP+(EG+W at 10:90 wt.%) 
                   Base Fluid (EG+W at 10:90 wt.%) 

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

1689



 

Dyna
T

desig
from
obtai
30] e
nano
shear
resul
graph
1. Th
in F
consi
this t
coeff

wher
param
temp
descr
equa
dyna
at hi
incre
conc
 

Fi

 
In

hard 
the E

wher
contr
suspe
of 2.
and r
[34].
expe
value

amic Viscosit
The rheologica
gned nanoflui

m (293.15 to 34
ined for the ba
exhibit AADs

ofluids are Ne
r rate range. 
lts found by K
hene oxide-wa
he temperature
Figure 3. As 
iderably with
transport prop
ficient Vogel-F

re η0, D and 
meters are als
perature, respe
ribes our expe

al to 1.6%. As
amic viscosity 
igh temperatu
eases of up 
entration are r

gure 3 Tempe
of GOnP/(

n the case of 
particles, rela

Einstein model

re /η/ is know
ribution of pa
ension. /η/ dep
5 for suspensi
rises as shape 
 Maximum de

erimental and c
e of 45 for /η/.

0.0

0.5

1.0

1.5

283

η
[m

Pa
∙s]

                   Ba
                   0.1
                   0.2
                   0.5
 

ty 
al behavior o
ids was analy
43.15) K. The 
ase fluid and p
% from (1.5 

ewtonian over
This Newton

Kamatchi et al.
ater nanofluid
e dependence 

we can see
h temperature.
perty can be d
Fulcher-Tamm

( ) 0ln ln T += ηη

T0 are the ad
so known as 
ectively. As sh
erimental resu
s expected, th
of nanofluids

ures especially
to 12.6% fo

reached. 

erature depend
(EG+W) nano

dispersions o
ative viscosity
l [33]: 

η
η =1

bf

nf

wn as intrins
article structur
pends on nano
ions of mono-
differs from th
eviations less 
correlated valu
. 

303

se Fluid (EG+W at 10:90 w
10 wt.% GOnP+(EG+W at 1
25 wt.% GOnP+(EG+W at 1
50 wt.% GOnP+(EG+W at 1

of the base fl
yzed in the t
comparison b
previous litera
to 3.6)%. Bo

r the studied 
nian behavior
. [31] and Meh

ds at shear rate
of dynamic v

, dynamic vi
. The temper
described by u
man (VFT) mo

0

0

TT
TD

−
⋅

+   

djustable coeff
the Angell St
hown in Figur
ults with AAD
he addition of 
s. This effect i
y above 323

or the 0.5 w

 

dence of dynam
ofluids. (—) V

f non-interact
y can be descr

φη ⋅+1   

ic viscosity a
re to the fina

oparticle shape
-disperse and 
his spherical s
than 2.7% we
ues by using E

323

T [K]

wt.%) 
10:90 wt.%) 
10:90 wt.%) 
10:90 wt.%) 

luid and the t
temperature r
between the re
ature data [11
oth base fluid
concentration
r agrees with
hrali et al. [32

es higher than 
viscosity is plo
iscosity decre
rature behavio
utilizing the th
odel: 

  

fficients. D an
trength and V
re 3, this equa

Ds% lower tha
f GOnPs raise
is more notice
.15 K, for w

wt.% GOnP m

mic viscosity,
FT model. 

ting and statio
ribed by mean

  

and quantifies
al viscosity of
e and takes a v
spherical part

shape. 
ere found betw
Eq. (4) obtaini

343

three 
range 
esults 
, 28-

d and 
n and 
h the 
2] for 
80 s-

otted 
eases 
or of 
hree-

(3) 

nd T0 
Vogel 
ation 
an or 
s the 
eable 

which 
mass 

 
 η,  

onary 
ns of 

(4) 

s the 
f the 
value 
ticles 

ween 
ing a 

Na

as
pu

flu
wh
the

Un
ca
is 

A 
en

the
cir
wa
lam

M
inc

dy
we
ca

Th
fro
tem
plo
 
 
 
 
 
 
 
 
 
 
 

anofluid com
As indicated

sess the mo
umping power

Under lamin
uid with a nan
hen the increa
e thermal cond

nder turbulent
an be assessed 
defined as: 

Mo =

high Mo nu
nergy and so a 

On the assu
e same mass 
rcular tubes w
all can be est
minar and turb

Moderate Ẇnf/Ẇ
creases in ene

In order to 
ynamic viscos
ere utilized, w

alculated by us

he values of
om literature 
mperature dep
otted for the d

mparison based
d, different fi

odification of 
r of nanofluids
nar flow condi
nofluid would
ase in dynami
ductivity enha

(
( nf

nf

−
−

=
kC

C

k

ηηη

t flow conditio
from the Mou

470

33067080

.

.
p

.. ck
η

ρ ⋅⋅
=

umbers indica
high Monf/Mo

umption that b
flow rates, th

with a boundar
timated by us
bulent flow co

bf

nf

bf

nf








=

η
η

W
W




0

bf

nf

bf

nf








=

η
η

W
W




Ẇbf ratios are 
ergy consumpt

carry out the
sities and ther
while density
sing the follow

npnf ρφρ ⋅=

nf, pp cc ⋅= ϕ
density and h
for nanoaddit

pendences of 
different studie

 

d on thermop
igures of mer
f heat transfe
s regarding the
itions, the rep
d be beneficia
ic viscosity is 
ancement [35]

)
) 4

bfbf

bfbf ≤
kk
ηη  

ons, the heat 
uromtseff num

3
,  

Mo
Mo

ates a good c
obf ratio is desi
both base fluid
he increase in
ry condition o
sing the follow
onditions, resp

2

nf

bf








⋅



ρ
ρ   

2

nf

bf
250









⋅

ρ
ρ

.

  

preferred in 
tion because o
ese compariso
rmal conducti

y and specific
wing weighted

( ) bfp 1 ρφ ⋅−+  
( )np 1 pp, c⋅−+ ϕ

heat capacity 
tive [8] and b
these figures 

ed nanofluids 

physical prop
rit can be util
er performanc
eir base fluids.
placement of th
al in terms of 
 less than fou
: 

 

transfer perfo
mber (Mo) [13]

1
bf

nf >
o
o  

capability to t
irable. 
d and nanoflu
n pumping po
of uniform flux
wing expressi
pectively [36]:

 

 

order to avo
of fluid pumpin
ns, the exper
ivities here o

c heat capacit
d average equa

 

bfp,   
data were o

base fluid [11
of merit (FO

in Figure 4. 

perties. 
lized to 
ce and 
. 
he base 

f energy 
ur times 

(5) 

ormance 
] which 

(6) 

transfer 

id have 
ower in 
x at the 
ions for 

(7) 

(8) 

id high 
ng. 
rimental 
obtained 
ty were 
ations: 

(9) 
(10) 

obtained 
1]. The 

OM) are 

 

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

1690



 

F
(

(,

In th
conc
adva
this 
repla
and 3
pump
lamin
4b, t
turbu
since
cond

CON
N

an (e
proce
Ther
expe
conc
cond
visco
reach
nano
also 
Einst
respe
merit

C
η/C

k

0

1

1

1

1

1

W
nf

/W
bf

.
.

Figure 4 FOM
,,) lamin
) 0.1, (,

he case of lami
entration of

antageous in t
same conce

acement woul
313 K. On the
ping power u
nar flow cond
the increases 
ulent conditio
e the increas
ditions. 

NCLUSIONS
New nanofluid
ethylene glyco
ess which wa
rmal conduc
erimentally o
entrations. De

ductivity enhan
osity rises mo
hing a maxim
oparticle behav
described by u
tein models 
ectively. Acco
t based on the

0

2

4

6

8

10

283 293

C
η/C

k

Beneficial for
laminar flow

a)

.97

.00

.03

.06

.09

.12

283 293

b)b)

Ms based on th
nar and (,,
) 0.25, and (

nanof

inar flow cond
f nanoplatele
terms of therm
entration und
d be benefici

e other hand, t
up to 2.4% 
ditions, respec

in pumping
ons are superi
ses in viscos

S 
ds were design
ol + water) mi
s optimized b
ctivity and 

obtained up 
espite the low 
ncements reac
ore strongly, e
mum increase 
viors of these
using Nan, Vo
with AADs%

ording to an 
e thermophysi

303 313

T [K

303 313

T [K

hermophysical
,) turbulent 
,) 0.5 wt.%
fluids. 
 
ditions, only t
ets, 0.5 wt
mal performan
der turbulent
ial only at tem
the addition of
and 11.9% 

ctively. As pr
g power for b
ior for the hi
sity are also

ned as dispers
ixture and fol

by means of a
dynamic 

to 0.5% n
concentration

ch up to 5%. H
especially at h
of 12.6%. Th

e two transpo
ogel-Fulcher-T

% of 0.6%, 
analysis of d
ical properties

323 333

K]

Bene
turbu

323 333

K]

Beneficial for
laminar/turbulent

Beneficial for
laminar/turbulent

 
l properties for
flow condition

% GOnP/(EG+

the highest stu
tç%, would 
nce. However
t conditions
mperatures of
f GOnPs raise
for turbulent 
resented in Fi
both laminar 
ighest tempera
o larger at t

sions of GOnP
llowing a two
a stability anal

viscosity 
nanoparticle m
ns utilized, the
However, dyn
high temperat
he temperatur
rt properties 
Tamman (VFT
1.6%, and 1
ifferent figure
s of the nanof

0.90

0.92

0.94

0.96

0.98

1.00

1.02

343 353

eficial for
ulent flow

343 353

r
t flow
r
t flow

 

r 
ns. 
+W) 

udied 
be 

r, for 
the 

f 303 
es the 

and 
igure 

and 
ature 
those 

Ps in 
-step 
lysis. 
were 
mass 

ermal 
namic 
tures, 
re or 
were 
T) or 

1.3%, 
es of 
fluids 

an
pe
the
ris
co

AC

Co
EN
fu
Na
wa
De
Pr
in 

RE
[1]

T
g
n
C
3

[2]
C
g

[3]
e
S

[4]
M
g

[5]
v
J

[6]
m
b
5

[7]
S
f
p
E

[8]
F

[9]
H
c
g

[10
c
g
V

[1
s
2

[12
M

M
o n

f/M
o b

f

nd base fluid
erformance wo
e studied nan
se up to 2.4%
onditions, resp

CKNOWLED
This work w

ompetitividad 
NE2014-5548

unctionalized 
anoinnova Te
ants to thank
eporte” (Spai
rogram. Autho
the measurem

EFERENCES
] Mehrali, M.; 
Tahan Latibari,
generation for
nanoplatelets 
Communication
31. 
] Park, E. J.; P
Critical heat flu
graphite nanopl
193-197. 
] Lee, C.; Wei
elastic properti
Science, Vol. 32
] Balandin, A. A
Miao, F.; Lau, 
graphene, Nano
] Kole, M.; D
viscosity, and e
Journal of Appl
] Li, X.; Chen
modification on
based SiO2-coa
595, 2014, pp. 6
] Amiri, A.; Sad
S. N.; Dahari, M
functionalizatio
physical proper
Energy Convers
] Pop, E.; Varsh
Fundamentals a
1273-1281. 
] Teng, C. C.; 
Hsiao, M. C.; 
conductivity 
graphene/epoxy
0] Hadadian, 
conductivity, th
graphene oxide
Vol. 16, 2014, p
1] Melinder, A
systems, Intern
2010 
2] Azmi, W. H
M. S., The en

d, no signifi
ould be expec
noparticle ran
% and 11.9%
pectively. 

DGEMENTS:
was supported

(Spain) and 
9-C2-2-R Pro
graphene nan

echnologies S
k the “Mini
in) for a rese
ors want to tha
ments. 

S 
Sadeghinezhad

, S.; Metselaar,
r laminar forc
nanofluids in 

ns in Heat and M

Park, S. D.; Ba
ux characteristi
latelets (xGnPs)

i, X.; Kysar, J
ies and intrins
21, 2008, pp. 38
A.; Ghosh, S.; B
C. N., Superio

o Letters, Vol. 8
Dey, T. K., In
electrical condu
lied Physics, Vo
n, Y.; Mo, S.; 
n the stability 
ated graphene n
6-10. 
dri, R.; Shanbed
M., Performanc
on approaches: 
rties of graphen
sion and Manag
hney, V.; Roy, A
and application

Ma, C. C. M.;
Yen, M. Y.; 

and structure
y composites, C
M.; Goharsha
hermal conduc
-based nanoflui
pp. 2788. 
., Properties of 
ational Institute

H.; Sharma, K. V
nhancement of

 

icant increase
cted under turb
nge, while pum
% for turbulen

: 
d by the Minis

the FEDER p
oject. Author
noplatelets p
.L. (www.nan
sterio de Ed
earch stay gr
ank Antonella

d, E.; Rosen, M
, H. S. C., Hea
ced convection

a horizonta
Mass Transfer,

ang, I. C.; Park
ics of nanofluid
), Materials Let

J. W.; Hone, J
sic strength of 
85-388. 
Bao, W.; Calizo
or thermal cond
8, 2008, pp. 902
nvestigation of 
uctivity of grap
ol. 113, 2013, pp

Jia, L.; Shao,
and thermal c

nanofluid, Ther

di, M.; Ahmadi,
e dependence o
An experimen

e nanoplatelet-b
gement, Vol. 92
A. K., Thermal 
ns, MRS Bullet

; Lu, C. H.; Ya
Chiou, K. C.; 

e of non-co
Carbon, Vol. 49,
adi, E. K.; Yo
ctivity, and rhe
ids, Journal of N

f secondary wor
e of Refrigerati

V.; Mamat, R.;
f effective ther

es in heat t
bulent conditi
mping power
nt and lamina

sterio de Econ
program throu
rs acknowled
owder provid
noinnova.com
ducación, Cul
rant under th
a Barizza for h

M. A.; Akhiani
at transfer and 
n flow of g
l tube, Inter
 Vol. 66, 2015,

k, Y. B.; Park,
ds based on ex
tters, Vol. 81, 2

., Measuremen
f monolayer gr

o, I.; Teweldebr
ductivity of sing
2-907. 
f thermal cond
hene based nan
p. 084307. 
 X., Effect of 
conductivity of
rmochimica Ac

, G.; Chew, B. T
of thermosypho
ntal study on 
based water nan
2, 2015, pp. 322
properties of gr

tin, Vol. 37, 20

ang, S. Y.; Lee
Lee, T. M., T

valent functio
, 2011, pp. 5107
oussefi, A., E
eological prope
Nanoparticle Re

rking fluids for 
ion (IIR), Paris,

; Najafi, G.; Mo
rmal conductiv

transfer 
ions for 
r would 
ar flow 

nomía y 
ugh the 
dge the 
ded by 

m). D.C. 
ltura y 

he FPU 
her help 

i, A. R.; 
entropy 

graphene 
rnational 
, pp. 23-

, H. W., 
xfoliated 
2012, pp. 

nt of the 
raphene, 

rhan, D.; 
gle-layer 

ductivity, 
nofluids, 

f surface 
f water-

cta, Vol. 

T.; Kazi, 
n on the 
thermo-

nofluids, 
2-330. 
raphene: 
012, pp. 

e, S. H.; 
Thermal 
onalized 
7-5116. 

Electrical 
erties of 
esearch, 

indirect 
, France, 

ohamad, 
vity and 

 

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

1691



    

effective dynamic viscosity of nanofluids – A review, Renewable 
and Sustainable Energy Reviews, Vol. 53, 2016, pp. 1046-1058. 

[13] Mouromtseff, I. E., Water and Forced-Air Cooling of Vacuum 
Tubes Nonelectronic Problems in Electronic Tubes, Proceedings of 
the Institute of Electrical and Electronics Engineers (IEEE), New 
Yersey, USA, pp. 190–205. 

[14] Cabaleiro, D.; Colla, L.; Agresti, F.; Lugo, L.; Fedele, L., 
Transport properties and heat transfer coefficients of ZnO/(ethylene 
glycol + water) nanofluids, International Journal of Heat and Mass 
Transfer, Vol. 89, 2015, pp. 433-443. 

[15] Mehrali, M.; Sadeghinezhad, E.; Rosen, M. A.; Tahan Latibari, 
S.; Metselaar, H. S. C.; Kazi, S. N., Effect of specific surface area on 
convective heat transfer of graphene nanoplatelet aqueous 
nanofluids, Experimental Thermal and Fluid Science, Vol. 68, 2015, 
pp. 100-108. 

[16] Lemmon, E. W.; Huber, M. L.; McLinden, M. O., NIST Standard 
Reference Database 23, in:, Reference Fluid Thermodynamic and 
Transport Properties (REFPROP), National Institute of Standards 
and Technology, Vol. 2010. 

[17] Baby, T. T.; Ramaprabhu, S., Enhanced convective heat transfer 
using graphene dispersed nanofluids, Nanoscale Research Letters, 
Vol. 6, 2011, pp. 289. 

[18] Jyothirmayee Aravind, S. S.; Ramaprabhu, S., Surfactant free 
graphene nanosheets based nanofluids by in-situ reduction of 
alkaline graphite oxide suspensions, Journal of Applied Physics, 
Vol. 110, 2011, pp. 124326. 

[19] Yu, W.; Xie, H.; Wang, X., Significant thermal conductivity 
enhancement for nanofluids containing graphene nanosheets, 
Physics Letters, Section A: General, Atomic and Solid State Physics, 
Vol. 375, 2011, pp. 1323-1328. 

[20] Amiri, A.; Sadri, R.; Shanbedi, M.; Ahmadi, G.; Kazi, S. N.; 
Chew, B. T.; Zubir, M. N. M., Synthesis of ethylene glycol-treated 
Graphene Nanoplatelets with one-pot, microwave-assisted 
functionalization for use as a high performance engine coolant, 
Energy Conversion and Management, Vol. 101, 2015, pp. 767-777. 

[21] Ijam, A.; Saidur, R.; Ganesan, P.; Moradi Golsheikh, A., Stability, 
thermo-physical properties, and electrical conductivity of graphene 
oxide-deionized water/ethylene glycol based nanofluid, 
International Journal of Heat and Mass Transfer, Vol. 87, 2015, pp. 
92-103. 

[22] Fedele, L.; Colla, L.; Bobbo, S.; Barison, S.; Agresti, F., 
Experimental stability analysis of different water-based nanofluids, 
Nanoscale Research Letters, Vol. 6, 2011, pp. 300. 

[23] Fedele, L.; Colla, L.; Bobbo, S., Viscosity and thermal 
conductivity measurements of water-based nanofluids containing 
titanium oxide nanoparticles, International Journal of Refrigeration, 
Vol. 35, 2012, pp. 1359-1366. 

[24] Bobbo, S.; Fedele, L.; Benetti, A.; Colla, L.; Fabrizio, M.; Pagura, 
C.; Barison, S., Viscosity of water based SWCNH and TiO2 
nanofluids, Experimental Thermal and Fluid Science, Vol. 36, 2012, 
pp. 65-71. 

[25] Bohne, D.; Fischer, S.; Obermeier, E., Thermal conductivity, 
density, viscosity, and Prandt-numbers of ethylene glycol-water 
mixtures, Berichte der Bunsengesellschaft/Physical Chemistry 
Chemical Physics, Vol. 88, 1984, pp. 739-742. 

[26] Sun, T.; Teja, A. S., Density, viscosity, and thermal conductivity 
of aqueous ethylene, diethylene, and triethylene glycol mixtures 
between 290 K and 450 K, Journal of Chemical and Engineering 
Data, Vol. 48, 2003, pp. 198-202. 

[27] Nan, C. W.; Birringer, R.; Clarke, D. R.; Gleiter, H., Effective 
thermal conductivity of particulate composites with interfacial 
thermal resistance, Journal of Applied Physics, Vol. 81, 1997, pp. 
6692-6699. 

[28] Tsierkezos, N. G.; Molinou, I. E., Thermodynamic properties of 
water + ethylene glycol at 283.15, 293.15, 303.15, and 313.15 K, 
Journal of Chemical and Engineering Data, Vol. 43, 1998, pp. 989-
993. 

[29] Yang, C.; Ma, P.; Jing, F.; Tang, D., Excess Molar Volumes, 
Viscosities, and Heat Capacities for the Mixtures of Ethylene Glycol 
+ Water from 273.15 K to 353.15 K, Journal of Chemical & 
Engineering Data, Vol. 48, 2003, pp. 836-840. 

[30] Iulian, O.; Ciocîrlan, O., Viscosity and density of systems with 
water, 1,4-dioxane and ethylene glycol between (293.15 and 313.15) 
K. I. binary systems, Revue Roumaine de Chimie, Vol. 55, 2010, pp. 
45-53. 

[31] Kamatchi, R.; Venkatachalapathy, S.; Abhinaya Srinivas, B., 
Synthesis, stability, transport properties, and surface wettability of 
reduced graphene oxide/water nanofluids, International Journal of 
Thermal Sciences, Vol. 97, 2015, pp. 17-25. 

[32] Mehrali, M.; Sadeghinezhad, E.; Latibari, S.; Kazi, S.; Mehrali, 
M.; Zubir, M. N. B. M.; Metselaar, H. S., Investigation of thermal 
conductivity and rheological properties of nanofluids containing 
graphene nanoplatelets, Nanoscale Research Letters, Vol. 9, 2014, 
pp. 15. 

[33] Einstein, A., A new determination of molecular dimensions, 
Annals of Physics, Vol. 19, 1906, pp. 289-306. 

[34] Tesfai, W.; Singh, P.; Shatilla, Y.; Iqbal, M. Z.; Abdala, A. A., 
Rheology and microstructure of dilute graphene oxide suspension, 
Journal of Nanoparticle Research, Vol. 15, 2013, pp. 1989. 

[35] Prasher, R.; Song, D.; Wang, J.; Phelan, P., Measurements of 
nanofluid viscosity and its implications for thermal applications, 
Applied Physics Letters, Vol. 89, 2006, pp. 133108. 

[36] Mansour, R. B.; Galanis, N.; Nguyen, C. T., Effect of 
uncertainties in physical properties on forced convection heat 
transfer with nanofluids, Applied Thermal Engineering, Vol. 27, 
2007, pp. 240-249. 

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

1692


