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a b s t r a c t

This article studies the effective permittivity of alumina nanofluids (aluminium oxide) in ethylene glycol.
Two nanoparticle sizes (40 nm and 80 nm) were considered and the measurements were carried out at
various concentrations (up to 2% in volume) and at six different temperatures (from 298.15 K to
348.15 K). An empirical equation is proposed that allows to obtain the permittivity value at any concen-
tration or temperature in the studied ranges. The influence of the volume fraction, nanoparticle size and
the temperature on relative permittivity is shown. When compared to the previous published values for
alumina (40 nm) in water, current results show the influence of the base fluid. The enhancement of per-
mittivity was calculated, and its behaviour was analysed. Smaller sized particles have the highest values
of permittivity and enhancement. Theoretical models in the study of permittivity are applied. The poor
predictions of classical models are attributed to the positive behaviour of the permittivity change on mix-
ing for these nanofluids. The contributions to permittivity from ethylene glycol and nanoparticles are
separated in two distinct terms in the variable index equation. The permittivity change on mixing calcu-
lated from this equation points out that the nanoparticles are the main responsible for the unusual per-
mittivity increment in these colloids.

� 2021 Elsevier Ltd.
1. Introduction

Nanofluids are among the advanced materials that have already
been studied for several decades. They are colloids of nanoparticles
dispersed in base fluids. It is well known that, in general, their
properties depend on the size, concentration and morphology of
nanoparticles, the possible addition of surfactants as well as the
chemical nature of the nanoparticles and the base fluid. Many dif-
ferent properties of these colloids have been studied in literature
because their study is important from both theoretical and exper-
imental points of view. Among these properties, the thermal con-
ductivity is being extensively studied because, in general, when
nanoparticles are added to the base fluid, the nanofluid presents
a higher thermal conductivity, K, than that of the base fluid, KB.
That is, the enhancement of thermal conductivity, K / KB, is bigger
than one. Permittivity is another quantity that is being studied.
Apart from the importance of this study from a fundamental point
of view, Koo and Kleinstreuer [1] have also pointed out the signif-
icance of this study for the micro heat-sink performance improve-
ments. Subramaniyan et al. [2] present studies of dielectric
properties as a function of frequency (104 Hz and 107 Hz) at
293.15 K, of TiO2 with ethylene glycol, propylene glycol and
water-based nanofluids and they reported an increase in dielectric
constant for all samples. The largest growth was observed for
water-based nanofluids. There are not many studies on permittiv-
ity behaviour as a function of temperature, particle volume frac-
tion, particle size and purity of the base fluid. The authors T.P.
Iglesias et al. [3,4] have shown the behaviour of alumina (15,
40 nm) in water based nanofluids at 1 MHz.

In this paper, we will study the permittivity behaviour with
temperature of alumina nanofluids with nanoparticles sizes of
40 nm and 80 nm and using ethylene glycol as base fluid. The mea-
surements were carried out without the addition of surfactants in
order not to mask the effect of the nanoparticles, thus allowing to
highlight the importance of the other factors mentioned above on
the behaviour of permittivity and enhancement permittivity of the
studied nanofluids.

Since both these magnitudes mentioned above, thermal con-
ductivity and permittivity, have a parallelism in their mathemati-
cal formulation, we are tentatively comparing their respective
experimental behaviours. Regarding the publications in literature
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about thermal conductivity of alumina nanofluids using ethylene
glycol as base fluid, several authors have measured this quantity
showing the following enhancement values in function of nanopar-
ticle volume fraction, temperature and particle size: [5] Georgia
et al. (5%, 298.15 K, 5 nm) <1.06 at 2% nanoparticle volume frac-
tion; [6] Murshed et al. (1% to 5%, 288.15 K to 333.15 K, 80 nm),
1.18 at 5% nanoparticle volume fraction and 1.10 at 2%; [7] Barbés
et al. (1% to 10%, 298.15 K to 338.15 K, 40 - 50 nm), around 1.15 for
5% nanoparticle volume fraction, and greater than 1.30 at 8%, both
to 298.15 K. The values of that ratio as a function of temperature
and volume fraction show a slight increase for all volume fractions
when the temperature increases; [8] Longo and Zilio, (1% to 3%,
273.15 K to 323.15 K, 10 nm) around 1.18 at 2% nanoparticle vol-
ume fraction at 20 �C; [9] Beck et al. (2/3/4%, 298.15 K, 8 nm to
282 nm) around 1.06 at 2% particle volume fraction and decreases
when nanoparticle size decreases (<50 nm); [10] Beck et al. (1% to
4%, 301.15 K to 409.15 K, 20 nm), around 1.15 at 4% particle vol-
ume fraction; [11] Lee et al. (1% to 5%, room temperature ,
25 nm), 1.10 at 3% and 1.18 at 5%; [12] Timofeeva et al. (0% to
10%, 296.15 K, 40 nm) 1.13 at 5% nanoparticle volume fraction;
[13] Pastoriza-Gallego et al. (1.5% to 8.6%, 283.15/303.15/
323.15 K, 40 - 50 nm) 1.05 at 2% nanoparticle volume fraction at
303.15 K; [14] Patel et al. (0.5% to 3%, 293.15 K to 323.15 K,
11/45/150 nm) 1.14 at 2% nanoparticle volume fraction at
323.15 K. From the work of these authors, we will try to find
analogies or differences between the behaviours of permittivity
and thermal conductivity enhancements of the nanofluids under
study.

The paper is organized as follows. In section 2, the experimental
details are described. In section 3, the results and the data analysis
are presented. In section 4, a summary of the main conclusions is
made.
2. Materials and methods

2.1. Materials

The provenance and purity of the materials studied are sum-
marised in Table 1. Alpha-alumina nanoparticles (a-Al2O3), with
an average particle size of 40 nm, were supplied by MK-nano.
The purity of these aluminium oxide nanoparticles was greater
than 0.995 mass and a stated density of 3.7 g � cm�3. This value
is in good agreement with the density range (3.75 to 3.95) g �
cm�3 given by Morrell [15] for bulk alumina having 0.2% to 3%
porosity. Alpha-alumina nanoparticles (a-Al2O3) with an average
particle size of 80 nm were supplied by Iolitec. The purity of these
aluminium oxide nanoparticles was greater than 0.995 mass and a
stated density of 4 g � cm�3. This value is in good agreement with
the density range (3.90 to 3.99) g � cm�3 given by Morrell [15] for
bulk alumina, having a porosity smaller than 1%. Ethylene glycol,
EG, was supplied by Sigma Aldrich with a purity greater than
99% (GC). This was degassed ultrasonically, dried over molecular
Table 1
Specifications for pure components.

Name Alumina (40 nm) Alumina (80 nm) Ethylene glycol

Chemical
formula

a-Al2O3 a-Al2O3 C2H6O2

CAS number 1344–28-1 1344–28-1 107–21-1
Supplier MK-nano Iolitec Sigma Aldrich
Mass fraction

Purity
greater than
0.995 a

greater than
0.995 a

greater than
0.99 a,b

a stated by the supplier.
b the measured water content using a Karl Fisher coulometer (Mettler Toledo DL

32) was 980 ppm.

2

sieves type (3 and 4) 10-8 cm supplied by Aldrich and kept in inert
argon. As it is hygroscopic after carrying out the measurements, its
water mass fraction was determined by Karl Fisher coulometer
(Mettler Toledo DL 32). Table 2 compares the permittivity values
for the ethylene glycol with those of literature.
2.2. Preparation of the nanofluids

In order to minimise errors in achieving the nanofluids, the
nanoparticles were stored in airtight and opaque vials throughout
the process to avoid contact with light and air.

To prepare an alumina nanofluid sample in ethylene glycol at a
certain volume fraction, the required amount of nanoparticle mass,
which was calculated with the density provided by the manufac-
turers, was added to a certain amount of mass of base fluid. The
alumina volume fraction, /A, was calculated using the equation
(1), [3,4],

/A ¼ xAV
�
A=½ð1� xAÞV�

EG þ xAV
�
A� ð1Þ

where xA and VA* stand for the alumina mole fraction and molar vol-
ume, respectively. Ethylene glycol molar volume, VEG*, was
obtained from its density, Table S1, which was measured with an
Anton Paar DMA-4500 densimeter with a precision of ± 10-5 g �
cm�3, [23]. Before taking the measurements, this instrument was
calibrated with Millipore quality water and ambient air, respec-
tively, in accordance with the instructions.

All samples were prepared using a Mettler balance AE-240,
which has a 5�10-5g accuracy and a resolution of ±10�4 g.

To obtain a uniform dispersion and prevent aggregation of the
nanoparticles, the Bandelin Sonoplus HD2200 ultrasonic homoge-
niser was used. Its 20 kHz oscillations are transmitted and ampli-
fied through TT 13 titanium tip, 13 mm in diameter. A similar
procedure to that used in [3,4] was followed. The sonication was
applied for 60 min at 10% of maximum power. In order to prevent
overheating, the sonication was applied in six time intervals of ten
minutes, with a three-minute break between them, and the vial
containing the sample was immersed in an ice bath throughout
the sonication process.
2.3. Measurement of permittivity

The relative permittivity, er, measurements were carried out
using a HP4284A precision LCR Meter with a range of frequency
of 1 kHz to 1 MHz. This meter was connected to a HP16452A mea-
surement cell, which has parallel plate geometry, through a
HP16452-61601 test lead. The equipment is fully automatic and
computer-controlled by means of a HP-IB and an average of sixteen
values for permittivity was obtained at each experimental fre-
quency. The measurement cell was thermostatted using a PolyS-
cience fluid circulation bath, which controlled the temperature to
Table 2
Comparison between experimental relative permittivity, er, and data in the literature
for ethylene glycol at the work temperatures and at the pressure of 96.5kPaa.

T/K er Literature

298.15 40.77 40.82 [16], 40.96 [17], 40.253[18], 41.2 [19], 40.25 [20],
40.35 [21]

308.15 38.62 38.69 [16], 38.89 [22], 38.90 [17], 38.229 [18], 39.2 [19],
38.22 [20]

318.15 36.63 36.69 [16], 36.98 [22], 36.94 [17], 37.5 [19], 36.29 [20]
328.15 34.85 34.82 [16], 35.09 [17], 35.2 [19], 34.45 [20]
338.15 33.14 33. 06 [16], 33.32 [17], 32.70 [20]
348.15 31.63 31.39 [16], 31.65 [17], 31.04 [20]

a Standard uncertainties u are u(T) = 0.01 K, u(p) = 0.5 kPa and the combined
expanded uncertainties, Uc(e) = 1% with 0.95 level of confidence (k � 2).
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within ± 0.01 K. The description of this equipment can be seen else-
where [24].

In this work, the reported relative permittivity values were
obtained at 1 MHz. At this frequency, the reliability of the mea-
surements has been checked [24–26], and an uncertainty of <1%
is estimated.

3. Results and discussion

Figure 1 shows the effect of temperature and nanoparticle con-
centration on the relative permittivity of the alumina (40 nm)-
ethylene glycol nanofluid. The numerical values are reported in
Table S2. Relative permittivity decreases with increasing tempera-
ture and, at fixed temperature, it increases slightly with increasing
concentration of nanoparticles. A similar behaviour was obtained
for alumina (80 nm) in ethylene glycol nanofluid showing values
slightly smaller than those of alumina (40 nm). The numerical val-
ues are reported in Table S3. The behaviour of both nanofluids with
temperature and concentration of the nanoparticles is similar to
those obtained for Al2O3 (15 or 40) nm in water nanofluids [3,4].
As the base fluid contributes to thermophysical properties of
nanofluids, Fig. 1 also shows the behaviour of the relative permit-
tivity of the ethylene glycol base fluid at the experimental temper-
atures. It also decreases with rising temperature.

The relative permittivity data for each nanofluid system are
accurately described as a function of the alumina volume fraction
and temperature by the following double-polynomial expression:

ln er ¼
X
i

X
j

CijðT=KÞi �£j
A ð2Þ

the best-fitting parameters, Cij, are listed in Table 3 together with
their corresponding standard deviations, s, calculated according to:

s ¼
PN

i ðyi;exp � yi;calcÞ2
N � k

 !1
2

ð3Þ

where y and N stand for the property values and the number of
experimental data, respectively. k represents the number of adjus-
table parameters used in the expression.

Regarding the permittivity enhancement, er/er,EG, and analysing
the graphs in Fig. 2 it is possible to see that the permittivity
Fig. 1. Experimental relative permittivity, er, of the nanofluid a-Al2O3

(40 nm) + ethylene glycol as a function of alumina volume fraction, /A, and
temperature, T:h, T = 298.15 K;j, T = 308.15 K;4, T = 318.15 K;▲, T = 328.15 K;s,
T = 338.15 K;d, T = 348.15 K. Stars stand for relative permittivity of ethylene glycol.
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enhancement increases with the concentration of nanoparticles
and temperature, and this effect is smaller the larger the size of
the nanoparticles.

Fig. 2 shows that, for each temperature, the permittivity
enhancement is slightly higher than that of the base fluid for all
concentrations of alumina nanoparticles. The relative permittivity
of solid alumina is rather insensitive to temperature variation in
the experimental range [15], and values for er,A between 9 and
10.5 can be found in literature [15,27–29]. Note that, since the rel-
ative permittivity of alumina is lower than that of the ethylene gly-
col, er,EG., the permittivity of the nanofluid should be lower than the
source fluid, which does not happen.

To the best of our knowledge, in literature, there are no known
studies for these nanofluids that relate the permittivity of the
nanofluid, er, to the permittivity of the base fluid, er,EG. So, we com-
pared the permittivity enhancement to the thermal conductivity
enhancement K/KEG, due to the parallelism in the mathematical
formulation for these two physical quantities. The numerical val-
ues of K/KEG obtained at room temperature by Lee et al. [30] for alu-
mina nanoparticles with a mean diameter of 38 nm and those
obtained by Pastoriza et al. [13] with a diameter of (40–50) nm
are of the same order of magnitude as those of er/er,EG obtained
in this study. Regarding this, it seems that the parallelism in the
behaviour of K/KEG and er/er,EG already observed in [4] remains
for the alumina (40 nm) + ethylene glycol nanofluid. However,
the finding by Pastoriza et al. [13] that the K/KEG is nearly indepen-
dent with rising temperature seems not to be verified for er/er,EG as
shown in Fig. 2. Contrarily, Barbés et al. [7] found that the thermal
conductivity enhancement for alumina (40–50) nm + ethylene gly-
col nanofluid increases with temperature and nanoparticles vol-
ume fraction present a similar behaviour to that of er/er,EG.

Because the base fluid contributes to the permittivity enhance-
ment, Fig. 3 compares the behaviour of this quantity for a-Al2O3

nanofluids (40 nm) in water [4] and in ethylene glycol. This figure
shows that the permittivity enhancement is smaller for the nano-
fluid with ethylene glycol as base fluid.

In order to see the influence of the size of the nanoparticles, the
behaviour of this quantity is compared in Fig. 4 for both nanofluids,
a-Al2O3 (40 nm) or a-Al2O3 (80 nm) in ethylene glycol. It seems
that er/er,EG increases when the size of nanoparticles is smaller.
The same behaviour was found in the study of the aqueous
nanofluids of a-Al2O3 (40 nm) and c-Al2O3 (15 nm), [3,4]. Patel
et al. [14] also found a similar behaviour for the enhancement of
thermal conductivity of three different Al2O3 + ethylene glycol
nanofluids using alumina nanoparticle sizes of 11 or 45 or 150 nm.

The improvement of the permittivity gives a direct estimation
of the impact of the nanoparticles in the relative permittivity of
the base fluid. However, according to a fundamental standpoint,
the relative permittivity of mixing Dmixer is more interesting. For
fixed temperature and pressure, this property is defined by the
Eq. (4) where /EG = 1 � /A, /EG represents the volume fraction of
ethylene glycol and er,A is the relative permittivity of bulk alumina.
Dmixer = er � (/EGer;EG + / Aer;A) ð4Þ
For liquid mixtures, the sum within parenthesis is the ideal per-

mittivity [31,32] and, in this case, Eq. (4) is the excess permittivity
of the mixture which represents the deviation from the ideal beha-
viour of the mixture.

In order to illustrate the application of Eq. (4) a temperature
independent value of er,A = 9.8 [29] was chosen. The calculated val-
ues of Dmixer for alumina (40 nm) in ethylene glycol nanofluid are
represented in Fig. 5. For a better visualization, only three temper-
atures were depicted. Tables S4 and S5 show that the values of
Dmixer are positive for all temperatures and concentrations, which
means that the polarization is larger in the real mixture in relation



Table 3
Coefficients Cij of Eq. (2) and their standard deviations, s, for the two nanofluids.

Nanofluid C00 C01 C02 C10 C11 s

a-Al2O3 (40 nm) + EG 5.1555 0.0976 0.0331 �0.0049 0.0032 0.004
a-Al2O3 (80 nm) + EG 5.1760 0.0976 0.0331 �0.0049 0.0012 0.004

Fig. 2. Permittivity enhancement, er/er,EG, for the nanofluids (a) a-Al2O3

(40 nm) + ethylene glycol and (b) a-Al2O3 (80 nm) + ethylene glycol as a function
of alumina volume fraction, /A, at different temperatures: h, T = 298.15 K; j,
T = 308.15 K; 4, T = 318.15 K;▲, T = 328.15 K;s, T = 338.15 K; d, T = 348.15 K.

Fig. 3. Permittivity enhancements, er/er,EG and er/er,W for the nanofluids a-Al2O3

(40 nm) + ethylene glycol (open symbols) and a-Al2O3 (40 nm) + Milli-Q water
(filled symbols) [4] as a function of alumina volume fraction, /A, at three different
temperatures: squares, T = 298.15 K; triangles, T = 318.15 K; circles, T = 338.15 K.

Fig. 4. Permittivity enhancements, er/er,EG for the nanofluids a-Al2O3

(40 nm) + ethylene glycol (open symbols) and a-Al2O3 (80 nm) + ethylene glycol
(filled symbols) as a function of alumina volume fraction, /A, at three different
temperatures: squares, T = 298.15 K; triangles, T = 318.15 K; circles, T = 338.15 K.
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to that of the ideal one. This behaviour is in line with the temper-
ature dependency of the permittivity enhancement shown in Fig. 2.
Fig. 5 shows that Dmixer increases with increasing temperature,
which is an unusual behaviour when compared to that of the
excess permittivity of the binary liquid mixtures. This last quantity,
in general, tends to decrease with rising temperature [24,33,34]. In
other words, the binary liquid systems approach ideal behaviour
when temperature increases. A positive behaviour of Dmixer that
moves away from ideal behaviour when rising temperature was
also observed for the aqueous alumina nanofluids [3,4].

In order to separate the contributions to er, of each of the two
components of the nanofluid, the empirical equation (5) of variable
index is considered
4

er ¼ £EG � eIr;EG þ£A � eJr;A ð5Þ
where I and J are empirical fitting parameters. A similar equation
was proposed in [35] to separate the contributions to the electrical
conductivity from the nanoparticles and the base fluid.

Table 4 shows the values of I and J at the different temperatures.
The values of I are close to one for all temperatures.



Fig. 5. Relative permittivity of mixing, D mixer, for de system a-Al2O3

(40 nm) + ethylene glycol as a function of alumina volume fraction, /A, at three
different temperatures: d, T = 298.15 K; ▲, T = 318.15 K and j, T = 338.15 K.
Continuous lines are drawn as eye-guides.

Fig. 6. Contributions to the permittivity, Eq. (5), from the base fluid, er;EGand from
nanoparticles, er;A , as a function of alumina volume fraction, /A, and temperature, T,
for the alumina (80 nm) + EG nanofluid. Symbols: h, T = 298.15; j, T = 308.15; 4,
T = 318.15; ▲, T = 328.15; s, T = 338.15; d, T = 348.15 K. The continuous line
represents the behaviour of er;A at all those temperatures.
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By Eq. (5) the separation of the two contributions to permittiv-
ity of mixing can be obtained:

Dmixer ¼ £EG � ðeIEG � eEGÞ þ£r;A � ðeJA � eAÞ
¼ Dmixer;EG þ Dmixer;A ð6Þ

In this equation, Dmixer;EG and Dmixer;A represent the contribution
of ethyleneglycol and that of alumina to permittivity change on
mixing, respectively.

In Fig. 6, the two contributions to er are shown for alumina
{(80 nm) + ethylene glycol} nanofluid. A similar behaviour is
obtained for alumina {(40 nm) + ethylene glycol} nanofluid. It
can be seen that the contribution of the base fluid is much higher
than that of the nanoparticles. However, Fig. 7, where the two con-
tributions Dmixer;EG and Dmixer;A from Eq. (6) are represented sepa-
rately, shows that the contribution of the alumina
nanoparticles,Dmixer;A, is higher than that of the base
fluid,Dmixer;A > Dmixer;EG. That is, as the base fluid has a permittivity
higher than that of the alumina bulk its contribution to er is the
highest, Fig. 6. However, Fig. 7 shows that the alumina nanoparti-
cles are the main responsible for the deviation from the ideal beha-
viour and, therefore, the main responsible for the unusual
increment of the permittivity of these colloids.

For both nanofluids, the behaviours of Dmixer;A and Dmixer;EG with
the nanoparticle concentration are similar, Fig. 7. Dmixer;Aincreases
linearly while Dmixer;EGis nearly constant. However, their beha-
viours with temperature are opposite. For the nanofluid of alumina
(40 nm) Dmixer;Aincreases with temperature while Dmixer;EG presents
a very small dependence on this quantity, Fig. 7a. For the nanofluid
Table 4
Coefficients I, J of Eq. (5) and the standard deviation, s, for the two nanofluids.

a-Al2O3 (40 nm)

T/K I J s
298.15 1.0009 1.7822 0.0
308.15 1.0011 1.7939 0.0
318.15 1.0012 1.8322 0.0
328.15 1.0012 1.8789 0.0
338.15 1.0012 1.9170 0.0
348.15 1.0018 1.9218 0.0

5

of alumina (80 nm) the change with temperature of Dmixer;Ais very
small while Dmixer;EG slowly increases with temperature, Fig. 7b.

We have compared our experimental permittivity data with
those predicted by some theoretical models for binary mixtures.
Among those that offered the best results for the standard devia-
tion, see Eq. (3), we present in Table 5 the outcome of three that
we have considered the more representative. The Looyenga’s
model [36], Eq. (7), and the Maxwell model [37], also known as
Maxwell-Garnett, Eq. (8). They are representing the classical
models.

er ¼ e1=3r;EG þ£A e1=3r;A � e1=3r;EG

� �h i3
ð7Þ
er ¼ er;EG
er;A þ 2er;EG þ 2 er;A � er;EGð Þ£A

er;A þ 2er;EG � er;A � er;EGð Þ£A

� �
ð8Þ

The third theoretical model considered represents the models
that were specifically formulated for nanofluids without any coef-
ficient of fitting in its deduction. Attending to the parallelism in the
mathematical formulation for permittivity and thermal conductiv-
ity, we have adapted the equation from the Nan et al. [38] devel-
oped for thermal conductivity of carbon nanotubes nanofluids to
our relative permittivity data in the following form,

er ¼ 3þ /Aðer;A=er;EGÞ
3� 2/A

er;EG ð9Þ

Table 5 shows the good ability of this model to predict the
experimental values even though the size of the nanoparticles is
not specifically considered in Eq. (9). Attending the values of the
standard deviation, its prediction is much better than those from
a-Al2O3 (80 nm)

I J s
1 0.9995 1.7230 0.06
2 0.9999 1.7094 0.02
2 1.0001 1.7239 0.02
2 1.0004 1.7383 0.04
2 1.0012 1.7233 0.04
2 1.0014 1.7360 0.04



Fig. 7. Contributions to the permittivity of mixing from the base fluid, Dmixer;EGand from nanoparticles, Dmixer;A as a function of alumina volume fraction, /A, and temperature,
T. Symbols: ___, h, 298.15; - - - - ,j , 308.15; - � - � -,4, 318.15; __ __ __,▲, 328.15; __.__.__,s, 338.15; __ .. __..d, 348.15 K. a) alumina (40 nm) + EG; b) alumina (80 nm) + EG.

Table 5
Comparison of predictive ability of different theoretical models for the relative
permittivity of present nanofluid systems measured by the standard deviation
calculated using Eq. (3).

Theoretical model a-Al2O3 (40 nm) a-Al2O3 (80 nm)

ethylene glycol
Looyenga, equation (7) 0.95 0.86
Maxwell, equation (8) 0.91 0.83
Nan et al., equation (9) 0.24 0.16

Fig. 8. Relative permittivity of mixing, D mixer, for the system a-Al2O3

(40 nm) + ethylene glycol as a function of alumina volume fraction, /A at two
different temperatures: T = 298.15 K are represented by triangles and T = 348.15 K
by squares. Experimental values are represented by filled symbols and the
theoretical ones using equation (9) by open symbols.
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the classical models of Looyenga and Maxwell. However, this equa-
tion does not predict adequately the experimental behaviour, as
we will see below.

Although the calculated standard deviation of the experimental
data with respect to theoretical values is the same for er and Dmixer
this latter allows a better visualization of the deviations of theoret-
ical values with respect to the experimental ones. While the classi-
cal models predict a behaviour of Dmixer < 0, Eq. (9) predicts its
positive behaviour correctly, see Tables S4, S5, S6 and S7. Further-
more, the experimental values of Dmixer deviate from the ideal
behaviour when temperature increases while their predicted val-
ues from Eq. (9) follow the opposite behaviour and close to the
ideal behaviour, see Fig. 8. As in the case of alumina (15 or
40 nm) + water nanofluids [3,4], the models that were formulated
for nanofluids have performed better than the classical ones.
4. Conclusions

From the experimental determination of relative permittivity of
nanofluids constituted by alumina particles of different sizes,
40 nm and 80 nm, in base ethylene glycol having concentrations
up to a volume fraction of 2% in the temperature range (298–
348) K, we draw the following conclusions.

The relative permittivity decreases with increasing temperature
and increases with increasing concentration. The permittivity
enhancement (er/er,EG) increases while increasing both tempera-
ture and concentration. This enhancement is more pronounced in
the nanofluid with nanoparticles of smaller size (40 nm). This
could be because of the definition of nanofluid; that is, as the size
of the nanoparticles approaches 100 nm the special properties of
the nanofluids will gradually disappear. Keeping the nanoparticle
size, the nanofluids with water as base fluid have larger permittiv-
ity enhancement than those that have the ethylene glycol. Similar
behaviours were found in literature for the enhancement of ther-
mal conductivity.
6

The observed positive deviations of the relative permittivity in
relation to its ideal value (Dmixer > 0) indicate that the polarization
of real nanofluids is larger than would be expected. This positive
behaviour may explain why classical equations for prediction of
permittivity failed when they were applied to the present nanoflu-
ids. Indeed, these classic models lead to Dmixer < 0.

The Eq. (5) of variable index predicts that the base fluid has a
higher contribution to the permittivity of the nanofluid than that
of the alumina nanoparticles. However, the permittivity of mixing
values from Eq. (6) point out that the nanoparticles are the main
responsible of the unusual permittivity increment in these colloids.
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