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Viscosity of graphene in lubricating oil, ethylene glycol and glycerol

Jianhong Bao1,2 · Rodolphe Heyd2,3 · Gilles Régnier1 · Amine Ammar2 · Jorge Peixinho1 

Abstract
This paper reports the results of an experimental investigation of graphene particle suspensions in lubricating oil, ethylene 
glycol and glycerol-based fluids. Graphene particles of different specific surface area show variation in the viscosity depend-
ing on the shear rate and the temperature. The lubricating effect, e.g., reduction in the viscosity compared to the base fluid, 
is observed for the concentration (below 0.4 mass%) in lubricating oil and glycerol. In the range of parameters studied (e.g., 
concentration below 1 mass% and temperature up to 80 °C), the activation energy slightly decreases. The enhancement of 
viscosity with graphene volume fraction is larger for ethylene glycol.
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Introduction

The threat of global warming and the increasing frequency 
of environmental disasters shows the current urgency to 
improve energy efficiency. Heat transfer plays an important 
role in many industrial and technical applications ranging 
from cooling of heat engines or high-power transformers 
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to heat exchangers, refrigeration systems or power plants. 
Unfortunately, usual heat transfer fluids, such as water and 
polymer solutions, have relatively low thermal conductiv-
ity. One way to improve heat extraction is to combine the 
flow properties of heat transfer fluids with the high thermal 
conductivity of some solid materials, such as metals, metal 
oxides, or different carbon-based materials: carbon black [6], 
carbon nano-tubes [9], carbon nano-horns [4] or graphene 
nanoplatelets [29]. However, the use of suspensions with 
micrometer-sized solid materials can lead to complications, 
such as abrasion, sedimentation and clogging.

Graphene, a single-atom-thick sheet of hexagonally 
arrayed bonded carbon atoms, was elegantly obtained and 
characterized by Novoselov et al. [18] and is now one of 
the most studied materials. The importance of graphene 
nanoplatelets and their benefits have been investigated, and 
the following advantages have been mentioned [22]: (1) it 
is relatively easy to synthesize, (2) it has long suspension 
time (leading to stable particle suspensions), (3) graphene 
nanoplatelets have large surface area/volume ratio, and (4) 
present low erosion, corrosion and clogging. The dynamic 
viscosity of such suspensions is also an essential property for 
practical applications in heat transfer. Most of the scientific 
literature, which is about suspensions in water with some-
times surfactants/dispersants [1, 2, 10, 12, 19], evidenced 
that the graphene nanoplatelets concentration leads to a 
nonlinear increase in viscosity. In addition, several authors 
studied the viscosity of graphene nanoplatelets nanofluids 
[27] and showed a strong decrease with temperature. Meh-
rali et al. [16] prepared homogeneous graphene nanoplate-
lets suspensions using a high-power ultrasonic probe for the 
dispersion with concentrations 0.025, 0.05, 0.075 and 0.1 
mass%, for three different specific surface areas of 300, 500 
and 750 m2 g−1 . They measured the viscosity of aqueous gra-
phene nanoplatelets versus shear rate at temperatures from 
20 to 60 °C. It was observed that the viscosity decreased 
with the temperature but was sensitive to the concentration 
and the specific surface area. In water, the samples of gra-
phene nanoplatelets suspension also exhibit shear-thinning, 
which can be explained as follows. At low shear rates, as the 
nanoplatelets rotate in the fluid, they gradually align them-
selves in the direction of increasing shear, producing then 
less resistance and hence a reduction in viscosity. When the 
shear rate is high enough, the maximum amount of possible 
shear ordering is attained and the aggregates break down 
to smaller sizes, decreasing viscosity [7, 25]. Iranmanesh 
et al. [11] also studied the viscosity and thermal conductiv-
ity of graphene nanoplatelets dispersed in distilled water 
and investigated the three influential parameters including 
concentration, temperature and specific surface area. They 
proposed correlations for the relative viscosity as a function 
of the different specific surface area, the concentrations and 
the temperatures.

For heat transfer applications, it is essential to properly 
assess the thermofluid behavior of graphene nanoplatelets for 
the adjustment of pumping power. The thermal conductivity, 
which is the ability of a material to transport energy in the 
form of heat, can be measured with different methods [5, 
15]. The thermal conductivity of nanoplatelets suspensions 
depends on several factors [16], such as concentration, aspect 
ratio [23] and shape, material purity level and temperature 
[2]. Lee and Rhee [14] studied the thermal conductivity of 
ethylene glycol-based graphene nanoplatelets nanofluids, 
and they concluded that the thermal conductivity increased 
with concentration and temperature. Moreover, the thermal 
conductivity at high temperatures (above 40 °C) is enhanced 
by 3 and 5 h ultrasonic treatment. This can be explained by 
the faster heat transfer along the connected structures of the 
graphene nanoplatelets, which are easily formed at higher 
concentration and higher temperature [3, 15].

Another essential thermofluid property to consider for the 
adjustment of pumping power is the viscosity. Specifically, 
reliable quantitative dynamic viscosity data as a function of 
temperature, nanoplatelets concentration and shear rate are 
needed. Besides, there is a need for rheological properties 
of graphene nanoplatelets suspended in multiple base fluids 
[3], such as lubricating oil (LO), ethylene glycol (EG) and 
Glycerol (GL).

Materials and methods

Materials

Ethylene glycol (EG) (Lab-Honeywell), lubricating oil (LO) 
(Fuchs, ISO VG 68 RENEP CGLP) and Glycerol (GL) (Lab-
Honeywell) were used as received. Their densities, melting 
point and boiling point temperature are indicated in Table 1. 
The graphene nanoplatelets (GNP) were purchased from the 
Nanografi Nanotechnology company (NNc) and used for the 
experiments. The dry powder of GNP has a black color, a 
purity of 99.9%, a particle diameter of 1.5 μ m, thickness of 
3 nm and a density of 1.9–2.2 g cm−3 at 20 °C (from NNc). 
Three kinds of GNP were used with different specific surface 
areas: 320, 530 and 800 m2 g−1 , labeled GNP3, GNP5 and 
GNP8. Figure 1 shows the scanning electron microscopy 
(SEM) images of GNP with different specific surface areas. 

Table 1   Physical properties of tested fluids (data from the www.​lab.​
honey​well.​com and www.​fuchs.​com)

Fluids Density/g cm−3 Boiling/°C

LO 0.88 > 300
EG 1.11 195–197
GL 1.26 290

http://www.lab.honeywell.com
http://www.lab.honeywell.com
http://www.fuchs.com


The images were performed with a scanning electron micro-
scope Hitachi S-4800 at 15.0 kV of accelerating voltage. 
The sheet-like structure of the GNP has been well captured, 
with a lateral size at the micrometer length scale and an 
average thickness of 3 nm (in agreement with NNc). It can 
be seen clearly that the nanoplatelets are aggregated and 
overlap randomly.

Specific surface areas

The adsorption of nitrogen molecules N 2 (the adsorbate) to 
the surface of GNP (the adsorbent) creates a film, and the 
amount of adsorbate on the adsorbent as a function of its 
pressure at constant temperature is usually described as an 
isotherm. The isotherms, shown in Fig. 2, were carried out 
at 77 K (− 196.15 °C) using a gas adsorption instrument 
(Belsorp-max from BEL Japan, Inc.) after out-gassing the 
sample for several hours. The samples GNP3, GNP5, GNP8 
masses were 73, 118 and 31 mg, respectively. A slight hys-
teresis is observed at high pressures. The adsorption iso-
therms can be analyzed using several methods: Langmuir 
method, BET (Brunauer–Emmett–Teller) method, t-plot 
method, BJH method or NLDFT method [21]. Here, the 

BET method was used for the adsorption isotherm analysis, 
and the specific surface areas are 265 m2 g−1 for GNP3 and 
GNP5 and 550 m2 g−1 for GNP8. The measured specific 
surface areas were found to be smaller than those reported 
by NNc.

Solutions preparation

Different masses of GNP were dispersed in 20 mL of each 
base fluid, to obtain the following solid fractions: � = 0.05 , 
0.25, 0.45, 0.75 and 1%. For each base fluid, seven GNP 
solutions were prepared, including five samples with differ-
ent volume fractions using GNP8 (shown in Fig. 3) and two 
samples with volume fraction 1% using GNP3 and GNP5, 
respectively. Here, no dispersing agent nor surfactant has 
been used. To insure a good mixing and an uniform disper-
sion of the particles in the base liquid, each mixture was 
stirred with a magnetic stirrer for 48 h. In order to limit 
the initial agglomeration of the nanoplatelets due to van der 
Waal forces and high surface areas, the suspensions were 
subjected to ultrasonication (BPAC ultrasonic bath, oscil-
lation frequency 40 kHz and power 240 W) for 2 h. The 
samples, contained in closed vials, were immersed in a water 
bath at room temperature. Next, all suspensions were stored 
at room temperature in hermetic containers. No observable 
phase separation or agglomeration has been detected in the 
containers before rheological measurements. Moreover, at 
the beginning of tests, the samples were again stirred and 
sonicated for 30 min before the measurements.

Methods

The viscosity measurements were performed using a Anton 
Paar rheometer MCR502 equipped with a convection 
oven. The temperature was directly measured at the sam-
ple height from temperature probe gas-outlet (CTD Pt100) 
placed inside the oven. The liquid suspension was placed in 
between concentric stainless-steel cylinders (see schematic 
in the inset of Fig. 4), with inner diameter 9.99 mm, outer 

PIMM 15.0 kV 5.6 mm x 50.0k SE(U) PIMM 15.0 kV 5.6 mm x 50.0k SE(U) PIMM 15.0 kV 5.5 mm x 50.0k SE(U)1.00    mµ 1.00    mµ 1.00    mµ

Fig. 1   SEM images of GNP made at a working distance of 5.6 or 5.5 mm and an electron high tension of 15 kV. a GNP3, b GNP5 and c GNP8
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diameter 11 mm and height 29.99 mm. At the bottom of the 
inner cylinder (bob), there is a cone with a height of 5 mm, 
and the tip of the cone is placed at about 1 mm from the 
bottom of the cup.

A constant volume of 5 mL is placed in the cup at room 
temperature so that the fluid level is slightly higher than the 
top of the inner cylinder. Then, the oven is closed, and the 
temperature is set with a soak time from 30 to 60 min with 
resolution of 0.01 °C. The reported mean steady viscosity and 
temperature are obtained from the last 10 s interval before the 

next shear or temperature condition. Each measurement was 
repeated, and the dispersion is indicated by error bars and is 
always below 5%.

Results and discussion

Viscosity versus temperature of the base fluids

The rheological tests of the base fluids were carried out first. 
The data obtained from the experiments for the base fluids are 
plotted as a function of the temperature, as shown in Fig. 4. 
Besides, the results for GL, EG and LO were compared to 
the literature, specifically the results of Takamura et al. [26], 
Bakak et al. [3] and Segur et al. [24], respectively. It can be 
seen that the viscosity for each of the base fluids decreases 
with temperature increasing and that our results are in good 
agreement with the reference data. An alternative plot is pre-
sented in Fig. 4b as a function of 1/T, where now the increase 
in viscosity is linear.

Previous authors [20] used an Arrhenius-type law (1) to fit 
their measurement results of viscosity as a function of tem-
perature. In the present case, the viscosity is also fitted by the 
Arrhenius law of the form:

where the temperature T is in Kelvin, R = 8.314 J K−1 mol−1
is the universal gas constant, and Ea is the energy of activa-
tion. Using the Arrhenius equation, our experimental meas-
urements led in the case of the three base fluids, to the values 
of coefficients A and Ea gathered in Table 2 together with 
the determination coefficients R2 . A coefficient close to 1 
indicates a good fit of the model. Large values of Ea indicate 
that the viscosity is sensitive to temperature. As expected, 
GL is more thermo-dependent than LO.

(1)� = A exp

(

Ea

RT

)

Fig. 3   Pictures of the prepared GNP8 suspensions with GNP concen-
trations 0.05, 0.25, 0.45, 0.75 and 1% (from left to right). Base fluids 
are a LO, b EG and c GL

Fig. 4   Shear viscosity of EG, 
LO and GL as a function of a 
the temperature, T, and b 1/T. 
The lines represent Arrhenius 
fits: �(T) = A exp(Ea∕RT) 
presented in Table 2. The insert 
is a schematic of the concentric 
cylinder geometry

20 40 60 80

10−2

10−1

100

300 320 340 360
(a)

Temperature/°C

V
is

co
si

ty
/P

a 
s

Temperature/K

0.0028 0.003 0.0032 0.0034

10−2

10−1

100

(b)

T−1/ K−1

GL [26]
GL
LO [27]
LO
EG [23]
EG



Viscosity versus temperature of the suspensions

This investigation is primarily focused on viscosity as it is an 
important parameters when calculating the heat transfer in 
flowing fluids. When solid particles are added to base fluids, 
the study of suspension dynamics shows that the viscosity 
generally increases in the range � ≤ 1 % of the solid volume 
fraction [8].

Viscosity

For each base fluid, the temperature protocol described 
above is reproduced for different concentrations. First, the 
viscosity at high shear rate is considered, i.e., 𝛾̇ = 100 s −1
where the fluid is sheared vigorously but well below the 
threshold velocity for hydrodynamic inertial instability. Fig-
ures 5, 7 and 9 show the viscosity of GNP8 suspension in 
LO, EG and GL-based fluids for different concentrations, 
as a function of temperature. The associated Figs. 6, 8 and 
10 also show the viscosity at constant solid fraction of 1% 
as a function of temperature, but for three different specific 
surfaces areas (SSA): GNP3, GNP5 and GNP8.

In Fig. 5, it can be clearly seen that the viscosity of 
LO+GNP decreases with the temperature increasing. 
One can note that the viscosity for low fraction 0.05% is 
lower than other samples and pure LO at any temperature 
from 25 to 80 °C, which shows that there is a lubricating 
phenomenon appearing in LO+GNP with volume frac-
tion � = 0.05 %. At 25 °C, the viscosity of LO+GNP8 

at � = 0.05 % is decreased to 120 mPa.s compared to 
130 mPa.s for pure LO, which corresponds to a relative 
decrease of about 8%. It can also be seen from Fig. 6 that 
the viscosity of LO+GNP is affected slightly by SSA. Only 
GNP8 with the SSA 550 m3 g−1 experiences an increase 
in the viscosity.

In Fig.  7, it can be observed that the viscosity of 
EG+GNP8 nanofluids also decreases at higher tempera-
tures and similar trends have also been observed before 
[3, 5]. There is an evident increase in viscosity at high 
concentrations, e.g., at � = 0.75 and 1%. At the lower tem-
perature below 30 °C, the viscosity of EG+GNP is higher 
than that of pure EG.

It can be seen in Fig. 8 that the viscosity of EG+GNP 
with � = 1 % and different SSAs is higher than that of pure 
EG. More specifically, at temperatures below 50 °C, it 
seems that the SSA has only a small influence on the vis-
cosity increase, but at high temperature, the highest SSA 
suspension results in the lowest viscosity increase com-
pared to pure EG.

Table 2   Parameters of the Arrhenius fit (1) and the coefficient of 
determination R2 values used in Fig. 4 for LO, EG and GL base fluids

Fluid A/Pa s Ea/kJ mol−1 R
2

LO 1.651 × 10−8 39.33 0.999
EG 5.545 × 10−7 25.64 0.982
GL 6.801 × 10−11 57.71 0.999

Fig. 5   a Viscosity at 𝛾̇ = 100 s −1
of LO and LO+GNP8 as a func-
tion of temperature for different 
fractions, � . (b) Zoom around 
50 to 80 °C. Dashed lines repre-
sent the model (1) for LO
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From Fig. 9, the viscosity of GL+GNP8 shows the same 
evolution with increasing temperature as the other suspen-
sions. As in the case of LO+GNP8, we can also observe here 
a lubricating effect for the GL+GNP8 suspension at 0.05% 
volume fraction. Finally, it was found here that the viscos-
ity of GL+GNP suspensions increased consistently with 
increasing SSA, especially at low temperatures, as shown 
in Fig. 10.

In conclusion, it has been observed here that the viscos-
ity of the different GNP-based suspensions decreases as 
expected with the temperature, in similar trends than found 
in previous studies [3, 16]. The significant viscosity increase 
observed for high GNP concentrations could be explained by 
particles agglomeration within the suspensions, resulting in 
internal shear stress and greater force needed for dissipating 
the agglomeration, hence an increase in viscosity.

Activation energy

After fitting all the viscosity-temperature evolution curves 
using the Arrhenius law (1), the activation energy Ea and 

Fig. 7   a Viscosity of 
EG+GNP8 as a function of 
temperature for different GNP8 
fractions, � , at 𝛾̇ = 100 s −1 . b 
Zoom around 50–80°C. Dashed 
lines represent model (1) for EG
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Fig. 8   Viscosity of EG+GNP at 𝛾̇ = 100 s −1 as a function of tempera-
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Fig. 9   a Viscosity at 𝛾̇ = 100 
s −1 of GL+GNP8 as a function 
of temperature for different � . b 
Zoom around 50–80 °C. Dashed 
lines represent model (1) for GL
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corresponding determination coefficients R2 have been 
calculated for each of the suspensions (see Table 3). From 
the values found for the coefficients of determination, we 
can see that all the experimental data are well fitted here 
with Arrhenius’ law.

On the whole, the activation energy Ea shows a slight 
linear downward trend with increasing concentration, as 
shown in Fig. 11. The decrease is contrast to recent results 
on graphite polydisperse suspensions in mineral oil [13] 
that indicates a clear increase in Ea at larger concentration 
up to 0.25%.

Effect of the shear rate on viscosity

Figure 12 shows the viscosity behavior at 25 °C of the 
GNP suspensions as a function of shear rate for different 
volume fractions, � . Within the shear rates range investi-
gated, 1 ≤ 𝛾̇ ≤ 1000 , it is observed that the shear viscosity 
is dependent on the shear rate and the solid fraction. In 
comparison with previous experiments [3] using a cone-
plate geometry, the present viscosity increase at low shear 
rate is smaller. Presumably, the concentric cylinder geom-
etry limits slip at the wall but enhances the sedimentation 
effect that may be present for LO. Bakak et al. [3] used 
the Carreau–Yasuda (CY) model to fit their rheological 
measurements results:

where �0 is he zero-shear rate dynamic viscosity, �
∞

 is the 
infinite shear rate dynamic viscosity, and � is a relaxation 
time characteristic of the studied fluid; a is a parameter char-
acteristic of the transition width between the zero-shear rate 
viscosity domain and the shear-thinning domain, and n is the 
power law index. Unfortunately, the present measurement do 
not give direct access to �0 as the zero-shear rate plateau is 
not clearly observed. Yet, we used the CY model to fit our 

(2)
𝜂 − 𝜂

∞

𝜂0 − 𝜂
∞

=

[

1 + (𝜆𝛾̇)
a
]

n−1

a

Fig. 10   a Viscosity at 𝛾̇ = 100 
s −1 of GL+GNP � = 1% 
suspension as a function of tem-
perature but different SSA. b 
Zoom around 50–80 °C. Dashed 
lines represent model (1) for GL

30 40 50 60 70 80
0

0.2

0.4

0.6

0.8

1

300 310 320 330 340 350 360
(a)

Temperature/°C

V
is

co
si

ty
/P

a 
s

Temperature/K

GL

GL + 1% GNP3

GL + 1% GNP5

GL + 1% GNP8

50 55 60 65 70 75 80
0

0.05

0.1

0.15

325 330 335 340 345 350
(b)

Temperature/°C

Temperature/K

Table 3   The activation energy 
Ea (in kJ mol−1 ) for LO, EG and 
GL-based suspensions, used in 
Fig. 11, and the corresponding 
coefficient of determination R2 
values

The last column indicates the slopes s (in kJ mol−1/%) of the fits

� (%) 0.05 0.25 0.45 0.75 0.1

Ea R
2 Ea R

2 Ea R
2 Ea R

2 Ea R
2 s

LO 39.80 0.999 34.46 0.999 38.85 0.999 38.01 0.999 37.75 0.998 − 0.94
EG 28.44 0.999 28.41 0.999 28.13 0.998 20.10 0.991 25.15 0.993 − 4.49
GL 57.11 0.999 57.75 0.999 57.45 0.999 55.99 0.999 55.09 0.999 − 2.41
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data. The fitted values of the CY model parameters, obtained 
by fitting our experimental results, are presented in Table 4.

When looking at Fig. 12, it is clear that the addition of 
GNP indices a shear-thinning effect that is more pronounced 
as � increases. In the case of LO and GL fluids at low � 
(0.05%), the viscosity remains fairly constant and sometimes 
have a value below the pure fluid viscosity (see Fig. 12a, e).

For EG (see Fig. 12c, d), the viscosity is the lower of the 
three fluids tested. However, when GNP are added, there is a 
systematic increase in viscosity that seems to be independent 
of GNP SSA (see Fig. 12d).

From Fig. 12e, the viscosity of GL+GNP with 0.05% vol-
ume fraction is only smaller than that of pure GL with shear 
rate varying from 1 to 1000 s−1 , indicating that a lubricating 
effect exists in 0.05% GL+GNP, which is consistent with the 
conclusion stated before. It can be seen that the viscosity of 

GNP with concentration 1% increases with SSA increasing 
in Fig. 12f.

For each of the three studied GNP suspensions, shear-
thinning has been observed, which is more pronounced for 
higher solid volume fractions. As indicated in the literature 
[17], the decrease in viscosity as a function of shear rate 
could be attributed to the agglomeration and breakup effect 
of the GNP or to the alignment of the nanosheets in the plane 
of flow during shearing, resulting in less viscous dissipation 
and in a decreasing of the apparent viscosity.

Effect of solid volume fraction on viscosity

The influence of the GNP volume fractions ( � = 0.05 , 0.25, 
0.45, 0.75 and 1%) on the dynamic viscosity of each of the 
three base fluids at the working temperature 25 °C is examined 

Fig. 12   Viscosity of LO+GNP, 
EG+GNP and GL+GNP solu-
tions as a function of shear rate 
𝛾̇ , a, c, e for different � of GNP8 
and b, d, f for different SSA at 
� = 1% and 25 °C (298.15 K)
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in the following in Fig. 13, for different shear rates, 𝛾̇ = 1 , 
10, 100 and 10,000 s−1 . For each fluid LO, EG and GL, the 
relative viscosity defined as the ratio of the shear viscosity to 
the shear viscosity without GNP is represented as a function 
of the GNP volume fraction. In order to take into account � , 
the relative viscosities are modeled using the law proposed by 
Vallejo et al. [28]:

(3)� = �0exp

(

DT0

T − T0

)

+ E� exp
(

F

T

)

− G�2

where the parameters �0 , D and T0 values are obtained 
from modeling the data of the base f luids using 
Vogel–Fulcher–Tammann (VFT) equation [28]:

E, F, and G are fitting parameters, and � is the volume frac-
tion. Considering only a constant temperature T0 = 25 °C, 
Vallejo’s law can be expressed in the following form:

(4)� = �0 exp

(

DT0

T − T0

)

Table 4   Values of the CY 
model parameters �0 , �∞ , a, � 
and n obtained by fitting the 
experimental results at 25 °C 
(298.15 K) in the range of shear 
rate: 1 < 𝛾̇ < 1000 s −1

GNP Base fluid � �0/Pa s �
∞

/Pa s a �/s n R
2
CY

8 LO 0.05 0.1240 0.1189 14.045 0.75 − 0.0785 0.992
8 LO 0.25 0.2610 0.1224 9.6960 8.54 0.0310 0.959
8 LO 0.45 0.2352 0.1325 8.8051 7.23 0.4662 0.999
8 LO 0.75 0.3586 0.1295 9.6256 8.86 0.4281 0.999
8 LO 1 0.3998 0.1337 8.1089 6.24 0.4235 0.999
5 LO 1 0.3084 0.1297 11.490 12.36 0.2090 0.971
3 LO 1 0.1420 0.1284 7.7975 0.54 0.3433 0.933
8 EG 0.05 0.1765 0.0178 31.302 17.17 0.0267 0.996
8 EG 0.25 0.1431 0.0183 14.842 19.08 0.1882 0.998
8 EG 0.45 0.1384 0.0196 10.859 7.89 0.3410 0.998
8 EG 0.75 0.1689 0.0204 14.377 9.56 0.4033 0.999
8 EG 1 0.2879 0.0220 8.6131 6.70 0.3972 0.999
5 EG 1 0.2872 0.1091 8.4385 11.41 0.4679 0.999
3 EG 1 0.3310 0.0209 13.681 7.11 0.3654 0.998
8 GL 0.05 0.8332 0.7867 125.13 3.15 − 0.4967 0.919
8 GL 0.25 0.8967 0.7563 8.1862 6.27 0.9734 0.943
8 GL 0.45 1.0669 0.8989 74.525 9.21 − 0.9766 0.945
8 GL 0.75 1.0858 0.8787 0.8620 20.47 0.8450 0.998
8 GL 1 1.2817 0.9151 1.0755 12.31 0.7573 0.999
5 GL 1 1.1886 0.9297 7.5546 10.18 0.6175 0.994
3 GL 1 1.0780 0.9042 7.4179 5.56 0.6091 0.997
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Fig. 13   Relative viscosity of a LO+GNP8, b EG+GNP8 and c GL+GNP8 as a function of the solid fraction at temperature 25 °C for different 
shear rates: 1 ≤ 𝛾̇ ≤ 1000 s −1 . The dashed lines correspond to the model (3) described in the text



where ��0
 is the viscosity of the base fluids at temperature T, 

F and G are fitting parameters.
After fitting the data of viscosity with volume fraction 

using the model (5) for different shear rates in the case of 
EG, the model describes well the suspension viscosity as 
a function of GNP volume fraction � as found in the study 
of Bakak et al. [3]. For GL and EG, the fits did not take 
into account the lubricating points. Hence, the results of fit-
ting the Vallejo model are in good agreement with the data. 
For EG, the increase in viscosity is more important as the 
shear rates considered are low. For example, for 𝛾̇ = 1 s −1
and � = 1 %, it is found that the relative increase in viscosity 
is �∕��0

≈ 4.06.
Moreover, the evolution of the relative viscosity of the 

GNP with � leads to several observations. There is a weak 
lubricating effect in LO+GNP, at the limit of the meas-
urement uncertainty, for the volume fraction considered 
( � = 0.05 and 0.25%). The relative viscosity of LO+GNP 
for volume fractions 0.05 and 0.25% is smaller than one. 
For shear rates investigated, the lubricating effect at low 
shear rate is more evident than that at high shear rate. It 
can be seen that for the GL+GNP, there is also a notice-
able lubricating effect for the volume fraction � = 0.05 %; 
the viscosity reduces about 10% at the shear rates investi-
gated compared to pure GL. The possibility of a lubrication 
effect, in the case of the LO+GNP and GL+GNP for solid 
volume fractions, which should allow a significant improve-
ment in heat extraction, is a very encouraging result for the 
use of these liquids from an industrial point of view. For 
higher volume fractions given by 0.75 and 1%, the viscos-
ity becomes greater than that of the base fluids, whatever 
the shear rate considered. For EG suspension, there is no 
lubricating effect appearing. Since the GNP is of the same 
nature for the three types of suspension considered in this 
study, this difference in behavior should be attributed to the 
base fluid-GNP interactions.

Conclusions

An experimental study of the rheological properties of 
GNP suspension was presented for the following base 
fluids: LO, EG and GL. The GNP suspension was pre-
pared by ultrasonication and stirring that were stable for 
a relatively long period of time. Detailed shear viscosity 
measurements were carried out to determine the effect of 
particles volume concentration, specific surface area, shear 
rate and temperature on the shear viscosity properties of 
GNP suspension. The results indicate that temperature has 

(5)
�

��0

= 1 +
F

��0

� −

G

��0

�2 a strong effect on the viscosity properties, which decreases 
significantly with increasing temperature.

It can be noted that shear-thinning exists, and there is 
a plateau at high shear rate range in the viscosity ver-
sus shear rate plots. The decrease in viscosity as a func-
tion of shear rate could be attributed to the breakup of 
agglomeration of graphene nanosheets or to the alignment 
of the nanosheets in the plane of flow during shearing. 
The shear viscosity properties can be reproduced using 
the CY model, which gives good approximation for the 
three base fluids considered. The influence of GNP con-
centration on the shear viscosity properties has been sys-
tematically studied, for different solid volume fractions 
(0.05, 0.25, 0.45, 0.75 and 1%). Shear tests on suspension 
revealed that higher concentration increases the viscosity; 
however, other investigated parameters, such as specific 
surface area, have a small influence on the viscosity too.

The low concentration (0.05%) GNP in LO and GL 
experience a lubrication effect in which the viscosity 
decreases with the addition of graphene nanoparticles. 
This interesting behavior allows to consider industrial 
applications for this suspensions in the field of heat extrac-
tion, for example.

Future works will focus on the thermal and thermody-
namic properties, such as thermal conductivity and specific 
heat, and on the electrical and dielectric properties.
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