
Research Article
Experimental Measurements on the Thermal Conductivity of
Glycerol-Based Nanofluids with Different Thermal Contrasts

Mohamed Lotfi ,1 Rodolphe Heyd ,2 Abderrahim Bakak ,2 Abdellah Hadaoui ,3

and Abdelaziz Koumina 2

1LaMEE, Cadi Ayyad University, FSSM, B.P. 2390, Marrakech 40000, Morocco
2LIRBEM, Cadi Ayyad University, ENS, Route d’Essaouira, Marrakech 40000, Morocco
3Radiotherapy Department, Regional Center of Oncology, Agadir 80000, Morocco

Correspondence should be addressed to Mohamed Lotfi; lotfimohamed_1999@yahoo.fr

Received 25 April 2021; Revised 12 August 2021; Accepted 18 August 2021; Published 8 September 2021

Academic Editor: Donglu Shi

Copyright © 2021 Mohamed Lotfi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

We report, in this work, our study of the thermal conductivity of high-viscosity nanofluids based on glycerol. Three nanofluids
have been prepared with different thermal contrasts, by suspending graphene flakes, copper oxides, or silica nanoparticles in
pure glycerol. The nanofluids were thermally characterized at room temperature with the 3ω technique, with low amplitudes of
the temperature oscillations. A significant enhancement of the thermal conductivity is found in both the glycerol/copper oxide
and the glycerol/graphene flake nanofluids. Our results question the role played by the Brownian motion in the microscopic
mechanisms of the thermal conductivity of high-viscosity glycerol-based nanofluids. A similar behavior of the thermal
conductivity as a function of the nanoparticle volume fraction was found for all three glycerol-based nanofluids presently
investigated. These results could be explained on the basis of fractal aggregation in the nanofluids.

1. Introduction

Over the last few years, the improvement of thermal transfer
has become an imperative requirement for optimizing the
use of energy in various industrial and technological fields,
mainly due to the scarcity of fossil fuels exhorting the use
of current resources more efficiently. Among the different
venues explored in the past two decades to improve the trans-
fer of heat, the use of nanofluids has become an attractive
alternative that has been intensively studied by the interna-
tional scientific community. According to the terminology
introduced by Choi in 1995 [1], a nanofluid consists of a sta-
ble dispersion of nanoparticles (NPs) in a base liquid. This
kind of dispersion has aroused considerable interest in the
last few years since a significant improvement of the effective
thermal conductivity has been achieved with several nano-
fluids. It has been demonstrated that the dispersal of highly
conductive nanoparticles in liquids, even in very small
amounts (less than 1% per volume), is able to increase the

effective thermal conductivity of the base fluid by nearly
200% with carbon nanotubes (CNTs) for example [2] and
by about 40% in the case of the copper oxide NPs [3]. To
retain the configuration and volume of a heat dissipation sys-
tem (e.g., a battery-cooling system in the constraint trunk of
an electric vehicle) and to raise heat dissipation capacity,
nanofluids can be used because they transfer heat efficiently
[4]. For example, with regard to the use of CNTs in heat dis-
sipation, the heat transfer performance of CNT/water nano-
fluids (CNWNFs) was measured [5]; the measurements
revealed that using CNTs at a concentration of 0.5wt% in a
horizontal tube enhanced heat transfer by 350%.

In spite of these encouraging results, questions remain
about the interest of these fluids concerning heat transfer.
These doubts originate from the high variability of the
experimental results reported to date in the literature, e.g.,
the reviews of Wang and Mujumdar [6] and Aybar et al.
[7]. As mentioned by Corcione [8], the discrepancies among
the data available in the literature are sometimes of the order
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of 50% or more. For a given type of NPs, the reasons for
these discrepancies vary and may originate from differences
in the sample preparation (NP synthesis modes, size, shape,
oxidation, dispersion modes, chemical additives used and
agglomeration, and base liquids used) or in the measure-
ment methods (transient hot wire, transient plane source,
3ωmethod, and hot disk). Among all these reasons, the state
of dispersion and agglomeration of the NPs undoubtedly
plays a key role.

Several studies [9, 10] have shown that the thermal con-
ductivity of water and ethylene glycol-based nanofluids
decreases dramatically over time, returning to the value of
the base fluid in about ten minutes after the dispersal. This
time-dependent behavior of the thermal conductivity is
due to particle agglomeration and consequently to settling.

To avoid this harmful influence of clustering, some
chemical additives are commonly used to ensure a longer
stability of the solution. Control of the pH value, use of sur-
factants, and polymeric grafting at the surface of the NPs are
common stabilizing methods against settling. Unfortunately,
these surface treatments may alter the way in which heat is
transferred inside the suspension and, thus, hide the real
influence of the NPs on the effective thermal conductivity
of the nanofluid [11]. Therefore, the use of various stabiliza-
tion routes and chemical additives, different from one exper-
imental study to another, can contribute to the variations of
the experimental results. In addition, the use of base liquids
with low viscosities, such as water (η = 1mPa·s at room tem-
perature), inevitably questions the influence of convection
on the measurement of the thermal conductivity, both at
the microscopic and macroscopic levels.

This confusion is also reflected in the large number of
models proposed to explain the various experimental results
[6, 7]. Some authors [10] have even shown that at low con-
centrations (less than 1%), no significant improvement in
conductivity is observed in the case of well-dispersed nano-
fluids, for which the results of effective-medium theories,
such as the Maxwell-Garnett and Hamilton-Crosser laws,
still apply. Using nanofluids containing magnetite nanoparti-
cles [12–14], Philip et al. have shown that initially well-
dispersed nanoparticles do not induce significant thermal con-
ductivity (TC) enhancement of their suspensions. In contrast,
when applying a magnetic field to their suspensions, they have
obtained significant enhancements of the TC, by inducing lin-
ear agglomerates of the magnetite nanoparticles in the base
fluids. They have shown that the observed enhancements of
the TC were due to the effective heat transport through the
induced chainlike aggregates of nanoparticles, rather than to
the Brownian microconvection.

In order to limit the influence of both chemical treat-
ments and convection, our suspensions were prepared with
a high-viscosity base liquid. This choice can help to identify
as clearly as possible the real thermal diffusive properties of
the nanofluid.

Glycerol was chosen as the base fluid, due on the one
hand to its high viscosity at room temperature and to the
lack of specific reactivity with the NPs used here. Compared
to water, glycerol has several advantages in the framework of
our study. Its high viscosity allows us to obtain stable sus-

pensions without any specific functionalization and without
using chemical additives for promoting the dispersion. As
mentioned earlier, this chemical neutrality is highly impor-
tant. It allows us to, macroscopically, characterize the effective
thermal conductivity of the nanofluid, without the micro-
scopic influence of chemical treatments, usually unavoidable
with less viscous fluids. In addition, as mentioned byMoghad-
dam et al. [15], glycerol has the correct dispersion solubility
needed to prepare stable graphene suspensions.

Many researchers have observed that the thermal con-
ductivity enhancement along with rising temperature,
regardless of the selection of nanomaterials, is due to the
Brownian motion, where absorption of kinetic energy causes
more particle collisions. However, the nanofluid’s thermal
performance generally would depend on the appropriate
amount of concentrations of weight/volume percentages,
which will jeopardize others [16]. One of the main objectives
of this work is to analyze the influences of the Brownian
microconvection and aggregation on the enhancement of
the thermal conductivity of highly viscous liquids, as a func-
tion of the solid volume fraction.

2. Experimental Methods

2.1. Preparation of the Samples. In the present study, NPs
showing different thermal conductivities k have been used,
regardless of their sizes and shapes. Silica spherical particles
(Figure 1(a)), with 50 nm average diameters, were synthe-
sized in the laboratory by using the Stöber process [17].
They correspond to the lowest thermal conductivity studied
here. Copper oxide NPs, with 7 nm average diameters
(Figure 1(b)), were synthesized in the laboratory by the ther-
mal decomposition of copper (II) acetylacetonate with oley-
lamine [18]. The process has been improved by the addition
of a small quantity of trioctylamine during the decomposi-
tion [19]. Due to the very high reactivity of these small
NPs, the resulting powder is made of a mixing of CuO and
Cu2O particles, as revealed by XPS analysis performed on
these copper oxide NPs just before the introduction in the
glycerol.

Finally, we also have used a graphene nanopowder, com-
posed of flakes with 8 nm thickness, 550 nm average lateral
size, specific surface area of 100m2/g, and purity > 99:9%.
It has been bought from the Graphene Supermarket Com-
pany and dispersed as received in glycerol, without any other
chemical treatment. Figure 2 shows the scanning electron
microscope (SEM) images of the GNP sheets. Graphene
NPs are supposed to exhibit the highest thermal conductiv-
ity tested in the present study.

Nanoparticles were chosen with varied thermal
conductivities:

(i) Graphene has an outstanding thermal conductivity.
It is thus expected that the use of graphene-based
nanofluids can significantly enhance thermal char-
acteristics of heat transfer fluids (HTFs)

(ii) Graphene-based nanofluids have lower environ-
mental impacts
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(iii) CuO and SiO2 nanoparticles exhibit different ther-
mal conductivity contrasts

Because of the high hygroscopicity of glycerol, only
fresh liquid (Sigma-Aldrich, glycerol for molecular biology
≥ 99%) has been used to prepare the suspensions. Her-
metic precautions, concerning the storage of the samples
and the operation of the measurement cell, were imple-
mented to avoid the dissolution of the atmospheric water
vapor in the nanofluid. To enable a good homogenization
of the suspension at the macroscopic scale, the NPs are
progressively introduced into heated glycerol (at a temper-
ature of 50°C), in order to decrease its viscosity and ease
the homogenization process. A volume of 20mL of this
moderately heated suspension is then stirred and finally
sonicated at low power (160W–35 kHz) during 48 hours
in order to break the aggregates. The more concentrated
suspensions were prepared first using an analytical balance
(0.0001 g), to precisely measure the mass of the NPs. The
lower volume fraction suspensions were prepared by dilu-
tion of the more concentrated, by adding the required
amounts of pure glycerol.

The values of the different thermal conductivities of the
materials used in this study are summarized in Table 1
(room temperature).

2.2. Suspension Characterization. To study the state of dis-
persion of the nanoparticles in the base fluid and in order
to evaluate the presence and size of graphene aggregates,
samples of each suspension were analyzed by SEM after dry-
ing. Figure 3 shows an example of nanofluid based on glyc-
erol, for a volume fraction 0.25% of graphene. One drop of
each sample was collected, placed on the SEM grid and then
slowly dried in an oven. Figure 3 shows that the graphene
nanosheets are uniformly dispersed and that the morphol-
ogy of these nanosheets is not altered after the stirring and
sonication steps.

2.3. Experimental Setup for the Thermal Characterization

2.3.1. Mode of Operation. In order to measure the effective
thermal conductivity of our suspensions, we have adapted
the 3ω technique, developed by Cahill for the thermal char-
acterization of dielectric solids [20], to the case of electrically

2 𝜇m 1 𝜇m

Figure 2: SEM images of GNP nanosheets (Zeiss Supra 25 microscope with EDS probe and 1.5 nm resolution at 20 kV).

(a) (b)

Figure 1: Transmission electron microscope (Philips CM20 TEM) pictures of the different types of nanoparticles used in this study. (a) SiO2
NPs with 50 nm average diameter, synthesized by using the Stöber process. (b) Copper oxide NPs with 7 nm average diameter, synthesized
by a thermal decomposition process. The NPs were synthesized at the ICMN institute.
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conducting liquids [21, 22]. This method has been privileged
here, rather than the usual transient hot wire (THW) tech-
nique, because the use of a very efficient dual-phase synchro-
nous detector (DPSD) allows to use very low amplitudes of
the sensing wire temperature (of the order of 1K), which
reduces the influence of natural convection on the thermal
diffusivity measurement.

The measurement temperature Ti of the nanofluid was
stabilized using a thermostatic bath (0.1K). A low amplitude
excitation current iðtÞ = Î cos ðωtÞ was used to excite the
thermal signals (2ω harmonic temperature and electrical
resistance) throughout the wire and the liquid. The measure-
ment procedure mainly consists in sweeping the excitation
current frequency, ν = ω/2π, at low values (typically ten
values between 0.1 and 1Hz) and measuring the corre-
sponding harmonic variations of the wire temperature (the
in-phase and quadrature components), which contain all
the needed information about the thermal conductivity of
the surrounding liquid [21]. For each of these frequencies,
the two temperature component values measured by the
DPSD were recorded when they were stabilized to less than
1% fluctuations. This stabilization procedure usually needs
at least fifty periods of measurement accumulation per fre-
quency by the DPSD; this means a measurement time tv,m
between tν,m = 500 s (ν = 0:1Hz) and tν,m = 50 s (ν = 1Hz)
per frequency. The entire process of measuring one thermal
conductivity value therefore takes on average about thirty
minutes. We repeated at least for times each thermal con-
ductivity measurement and have reported in the present
study (see Tables 2 and 3) their arithmetic mean values. A
maximum relative uncertainty of 5% was derived from the
statistical treatment of our TC measurements.

2.3.2. Validation of the Device. In order to validate the oper-
ation of our device, we have firstly measured the room tem-
perature thermal conductivity of usual liquids, such as water
and ethanol. The results we obtained were in accordance
with the usual values of the thermal conductivity of these
liquids, within the limits of the 5% maximum relative
uncertainty mentioned previously. However, as our study
focused on the thermal properties of glycerol-based nano-
fluids, we have refined the calibration of our device by
measuring the thermal conductivity khf of pure glycerol, as
a function of temperature T . The results are shown in
Table 2 and Figure 4. We have also plotted the linear models
obtained from CINDAS values [23] (dashed line) and from
our measurements (continuous line). By comparing our
results to those obtained in CINDAS, we can conclude that
our device gives correct values in the case of glycerol, with
an accuracy of around 5% (a drastic estimation, the worst

of our measurements (for T = 320K) being less than 5% of
the corresponding CINDAS value.).

3. Results

3.1. Thermal Characterization of Glycerol-Based Nanofluids.
The variations of the thermal conductivities knf of three
different glycerol-based nanofluids have been studied as a
function of the solid volume fraction ϕ: glycerol/SiO2, glycer-
ol/CuOCu2O, and glycerol/graphene nanofluids. The sam-
ples were all prepared using the same protocol, without any
chemical treatment. All the measurements were carried out
at the same temperature Ti = 298K, using the device previ-
ously described in Section 2.3. The values of the thermal con-
ductivity knf measured for each of these nanofluids, as a
function of the solid volume fraction ϕ, are gathered in
Table 3.

The variations of the thermal conductivities knf of the
glycerol-based nanofluids are plotted as a function of the
volume fraction ϕ in Figures 5, 6, and 7. As can be seen from
Figure 5, no particular enhancement of the thermal conduc-
tivity has been found in the case of the glycerol/silica nano-
fluid, with volume fractions of nanoparticles as low as those
used here. This was expected, because of the low thermal
conductivity of silica ðk = 1:4W ⋅m−1 ⋅ K−1Þ. These results
are consistent with the results found in the literature. For
example, Suleiman et al. concluded that the SiO2 nanoparti-
cles had about 6.1% higher thermal conductivity enhance-
ment when suspended in ethylene glycol compared with
3.1% found in glycerol at 30°C [24].

The results are however quite different in the case of the
nanofluids containing copper oxide nanoparticles or gra-
phene. The best results are obtained in the case of the
graphene-based nanofluids, for which a very large enhance-
ment in the thermal conductivity is observed, even at low
fractions. This improvement reaches, for example, 224% in
the case of a graphene volume fraction equal to 1%. These
very impressive results are due to the high thermal conduc-
tivity of graphene and are quite comparable to those
obtained with some nanofluids prepared with carbon nano-
tubes ([2], 200% increase for a volume fraction as low as
0.35%) and for graphene-based silicone thermal grease
([25], 120% enhancement for 1% of graphene). The thermal
conductivities of graphene-water nanofluids with 0.05, 0.1,
and 0.15% volume concentrations and temperatures from
10 to 50°C were experimentally studied by Ahammed et al.
Enhancements of 19.1% and 37.2% were found at 10°C and
50°C, respectively, for the maximum volume concentration
of 0.15% [26].

The thermal conductivity enhancement observed in the
case of the intermediate situation of the copper oxide-
based nanofluids is also very interesting and can reach a
value as high as 121% in the present case, justifying the
interest of such composite systems.

Glycerol-based nanofluids have shown a good improve-
ment in thermal conductivity as proven by several studies
in the literature, such as nanofluids containing α −Al2O3
nanoparticles with three different sizes (31 nm, 55nm, and
134 nm), prepared by a two-step method, at volume

Table 1: Typical values of the materials thermal conductivities
used in this study.

Materials Glycerol
Silica
NPs

Copper oxide
NPs

Graphene
flakes

k W ⋅m−1 ⋅ K−1� �
0.28 1.4 50 1:5 × 103
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fractions ranging from 0.5% to 4%. The experimental results
showed that α −Al2O3 − glycerol nanofluids have substan-
tially higher thermal conductivity than the base fluid, the
maximum enhancement of the relative thermal conductivity
being 19.5% for the case of 31nm at 4% volume fraction
[27]. Ntumba et al. have shown that the thermal conductiv-
ity ratio increases linearly with the volume fraction of MgO
nanoparticles at a constant temperature and displays a max-
imum enhancement of ≈19% at 4% volume fraction of
MgO-glycerol [28].

3.2. Analysis and Discussion. There are different elementary
models to describe the evolution of the thermal conductivity
of suspensions according to the volume fraction ϕ, among
which we consider the Maxwell-Garnett (MG) mixing rule
for the case of spherical NPs; it expresses the thermal con-
ductivity ratio of the nanofluid to the base fluid as

knf
khf

= 1 + 3 α − 1ð Þϕ
α + 2 − α − 1ð Þϕ : ð1Þ

In the present case, the thermal contrast α is very high,
α = kp/khf ≫ 1; thus, one can approximate (1) as ϕMG ≈ 1/ð1
+ 3khf /ΔkÞ, with Δk = knf − khf . In the case of copper oxide
nanoparticles suspended in glycerol, we have found that Δk
/khf = 1:21 for ϕexp = 0:64%, while the corresponding value
provided by MG is ϕMG ≈ 28:7%, i.e., 45 times larger. These
results clearly show that the conventional effective medium
models are not suitable to describe the improvements of

the thermal conductivity observed with the two high thermal
contrast glycerol nanofluids studied here.

Another popular model used to determine the thermal
conductivity of nanofluids is the Bruggeman model (2). It
is valid for spherical particles and considers the interaction
between the particles [29].

knf
khf

= 0:25 3ϕ − 1ð Þα + 2 − 3ϕð Þ + 1
khf

ffiffiffiffi
Δ

p� �
, ð2Þ

Δ = 3ϕ − 1ð Þkp + 2 − 3ϕð Þkhf
� �2 + 8kp ⋅ khf : ð3Þ

As can be seen from Figures 6 and 7, Bruggeman’s law
cannot describe the significant increase of the thermal con-
ductivity observed with the glycerol/CuO-Cu2O and glycer-
ol/graphene nanofluids, even at low volume fractions.

Among the new models proposed to explain the great
enhancements of the effective thermal conductivity of the

2 𝜇m10 𝜇m

Figure 3: SEM characterization of nanofluid glycerol/graphene for a volume fraction 0.25% of graphene.

Table 2: Measurement of the thermal conductivity khf of pure glycerol as a function of the temperature. R2 is the correlation coefficient. We
have indicated the modelling of the data by using a linear law, in the case of our measurements and in the case of CINDAS values.

Ti Kð Þ 300 305 310 315 320 325 330

khf W ⋅m−1 ⋅K−1� �
0.284 0.285 0.285 0.287 0.286 0.287 0.288

R2 0.9994 1.0000 0.9998 0.9991 0.9996 0.9994 0.9999

Model k = aT + b a W ⋅m−1 ⋅ K−2� �
b W ⋅m−1 ⋅K−1� �

Our values 1:21 × 10−4 0.248

CINDAS values 1:294 × 10−4 0.2464

Table 3: Values of the thermal conductivity knf (in W·m−1·K−1),
measured for three different glycerol-based nanofluids, as a
function of the volume fraction φ, at room temperature. For each
nanofluid, the correlation coefficient R2 was greater than 0.99.

ϕ %ð Þ 0.1 0.25 0.5 1.0

Glycerol/SiO2 0.285 0.285 0.285 0.286

Glycerol/graphene 0.400 0.513 0.667 0.926

ϕ %ð Þ 0.078 0.16 0.32 0.64

Glycerol/CuO-Cu2O 0.382 0.447 0.479 0.627
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nanofluids, numerous approaches have underlined the key
role played by the Brownian motion of nanoparticles in the
microscopic mechanisms of the thermal conductivity
enhancements [30]. Most of these models have been intro-
duced in the case of low viscosity base fluids, such as water,
and mainly concern spherical nanoparticles. They have been
summarized by Chon et al. [31] through the following
empirical law:

knf
khf

= 1 + Aϕa
dhf
dnp

 !b
knp
khf

	 
c

Prd Ree, ð4Þ

where A, a, b, c, d, and e are numbers without dimensions, to
be determined for each type of nanofluid; dhf = 0:547 nm
and dnp are, respectively, the molecular diameter of the base
fluid (here the glycerol) and the average diameter of the
nanoparticles; Pr = cp,hfμhf /khf = 12600 is the Prandtl num-
ber of the glycerol at T = 298K. The Reynolds number based
on the Brownian motion of the nanoparticles is given by

Re = ρhfkBT
3πμ2hf ℓhf

, ð5Þ

where kB is the Boltzmann constant; ρhf = 1260 kg ⋅m−3,
μhf = 1:5Pa·s, and ℓhf = 0:495nm are, respectively, the den-
sity, the dynamic viscosity, and the mean-free path of the
glycerol at T=298K. Chon et al. have determined the fol-
lowing set of values in the case of water/Al2O3 nanofluids:
A = 64:7, a = 0:7460, b = 0:3690, c = 0:7476, d = 0:9955, and
e = 1:2321 [31].

The same model was used by Corcione et al. [8, 32] but
with different coefficients.

None of the many models offered in the reviews [6, 7]
allowed us to describe the results we have obtained with
our nanofluids. In a sense, it is relatively logical, because
none of the base fluids reported in these reviews is as highly
viscous as glycerol.

In the case of the glycerol nanofluids studied here, we
have used a modified form of Chon’s relation, written as

knf
khf

= 1 + A′ϕa, ð6Þ

where A′ = A′ðPr, Re, dhf /dnp, knp/khf Þ is fluid dependent
and is also a function of interfacial resistances. This modified
relation has been applied first to the glycerol/CuO-Cu2O
nanofluid, for which the particles are spherical and of

300 305 310 315 320 325 330
0.280

0.282

0.284

0.286

0.288

0.290
k
hf

(W
·m

−1
·K

−1
)

Ti (K)

Measurements
Present model
CINDAS model

Figure 4: Variations of the thermal conductivity khf of pure
glycerol, as a function of the temperature T . The symbols and the
continuous line correspond to the measurements made with our
device, while the dashed line corresponds to the CINDAS values.
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Figure 5: Plot of the thermal conductivity knf of glycerol-based
nanofluids, as a function of the nanoparticle volume fraction ϕ, at
room temperature.
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Figure 6: Thermal conductivity enhancement knf /khf as a function
of the nanoparticle volume fraction φ, in the case of the
glycerol/CuO-Cu2O nanofluid. The triangular symbols
correspond to the measurements, made at the temperature Ti =
298K.
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nanometer size, with average values of the nanoparticle ther-
mal conductivity knp = 50W ⋅m−1 ⋅ K−1 and diameter dnp =
7 nm. We have found a good agreement between the exper-
imental results and model (6), as shown in Table 4 and
Figure 6. The same analysis applies about the modelling of
the thermal conductivity of the glycerol/graphene nanofluid.
As can be seen in Figure 7, the agreement between the mea-
surements and law (6) is very good in the case of graphene
flakes suspended in glycerol. The corresponding value of
the exponent a, reported in Table 4, is identical to that found
by Chon in the case of water-based nanofluids.

The use of a high-viscosity base fluid also allows us to
examine the role played by the Brownian motion in the
enhancement of the thermal conductivity in the case of
glycerol-based nanofluids. According to relation (5), the
ratio of the Reynolds numbers associated to the Brownian
motion of the spherical NPs, suspended, respectively, in
glycerol and in water, can be expressed as

Regl
Rewa

=
ρgl
ρwa

× ℓwa
ℓgl

× μwa
μgl

 !2

: ð7Þ

By recalling that the densities of glycerol and water are
very close, the same hypothesis being applicable for the
mean-free paths, one can write to a very good approxima-
tion that Regl/Rewa ≈ ðμwa/μglÞ2 = 4 × 10−7. Even if the Reyn-
olds number is considerably larger for the water-based
nanofluids rather than for the glycerol-based nanofluids,
an important enhancement of the thermal conductivity has
been observed in the latter case. Therefore, given the very
large differences in viscosity between the glycerol and water,
it seems difficult, in the case of glycerol-based nanofluids, to
attribute a major role to the Brownian motion in the
enhancement of the thermal conductivity. Evans et al. have
shown that the aggregation of nanoparticles into clusters

can lead to a significant enhancement of the thermal con-
ductivity, whose value is dictated by the cluster morphology
[33]. We have applied relation (6) to the results of their
Monte Carlo simulations in the case where the chemical
dimension dl of the clusters is equal to the fractal dimension
df = 1:8, with a thermal contrast knp/khf = 100 and zero
interfacial thermal resistance. We have found a good agree-
ment between their results and our model, with a value of
the exponent a close to those found in our experiments
(Table 4). We recall that the values of the coefficientA′
depend, among others, on the nature of the base fluid and
on the chemical treatments and thus cannot be compared
here.

4. Conclusion

In this study, three glycerol-based nanofluids have been
thermally characterized at room temperature. The use of sil-
ica NPs does not induce any notable enhancement of the
thermal conductivity, as expected from the low thermal con-
ductivity of silica. In contrast, a significant increase of the
thermal conductivity is observed with copper oxide NPs
and even more so with graphene flakes suspended in glyc-
erol, comparable to that obtained with carbon nanotubes
in some nanofluids. The latter is ascribed to the high thermal
conductivity of graphene.

Effective-medium theories such as the Bruggeman and
Maxwell-Garnett laws are totally inadequate to describe
these results. However, the dependence of the enhancement
factor on the NP volume fraction can be fitted with a mod-
ified version of an empirical power law [31] applied to NPs
suspended in low-viscosity liquids such as water: knf /khf −
1 + A′ϕa, with values of a very close for the three nanofluids.

In the models considered to describe the enhancement
factor in low-viscosity liquids, Brownian motion plays a
key role. However, the Reynolds numbers associated with
Brownian motion are 6-7 orders of magnitude lower for
glycerol-based nanofluids than for water-based ones, so
Brownian motion cannot be playing a significant role in
the nanofluids studied here. On the other hand, aggregation
of NPs into clusters has been shown to lead to significant
enhancement of the thermal conductivity [33]. Monte Carlo
simulations based on this approach are in good agreement
with the empirical power law fitted to our results for
glycerol-based nanofluids.

Work is in progress to study the influence of both tem-
perature and NP size on the thermal and mechanical trans-
port properties of glycerol-based nanofluids.
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Figure 7: Thermal conductivity enhancement knf /khf as a function
of the nanoparticle volume fraction φ, in the case of the
glycerol/graphene nanofluid. The circular symbols correspond to
the measurements, made at the temperature Ti = 298K.

Table 4: Values of the coefficients A′ and a corresponding to the
relation (6) in the case of thermal conductivity.

Nanofluid A′ a R2

Glycerol/CuO-Cu2O 24.88 0.602 0.9834

Glycerol/graphene 69.89 0.746 0.9999

Chon’s coefficient — 0.746 —

Evan’s coefficients 7.014 0.690 0.9927
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