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The effective permittivity and electrical conductivity of copper oxide (12 nm) nanofluids in water are
studied. The measurements were carried out at various concentrations (up to 2% in volume) and at six
temperatures (from 298.15 K to 348.15 K). Empirical equations were used for describing the conductivity
and the permittivity of the experimental data. The study shows the influence of the volume fraction, the
temperature on relative permittivity and electrical conductivity. When compared with the previously
published values for alumina (15 nm) in water, present results show the influence of the nanoparticle’s
nature. The enhancement of both permittivity and electrical conductivity were calculated and their beha-
viour was analysed. It is discussed whether their positive values can be considered greater than what
would be expected. The contributions to permittivity from volume, contrast and interactions are sepa-
rated. Theoretical models are applied in the study of permittivity and electrical conductivity. The poor
predictions of classical models for permittivity are attributed to the positive behaviour of the permittivity
change on mixing for these nanofluids. The contributions to electrical conductivity from water and
nanoparticles are separated.
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1. Introduction

Technological development has led scientists and engineers to
make a constant research effort to achieve better results in the field
of science and technology.

Since Choi in 1995, which demonstrated the increase in thermal
conductivity in nanoparticle suspensions, several studies have
shown that nanofluids have a higher thermal conductivity, higher
electrical conductivity and light absorption. Thanks to all these
properties, nanofluids have huge potential in industry: from refrig-
eration machines, motor cooling and electronic circuits [1,2] to
solar heating of water and heating of buildings [3-6], as well as
biomedical applications [7,8].

Much has been investigated regarding certain properties of
nanofluids, such as thermal conductivity and, more recently, also
viscosity in hybrid and non-hybrid nanofluids. With regard to the
dielectric properties of water-based nanofluids, such as permittiv-
ity, some researchers have studied their behaviour with concentra-
tion and temperature. In [9,10], the permittivity behaviour of
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water-based nanofluids with y-Al,03 (15 nm) and (40 nm) with
concentration up to 2% volume and temperatures from 298.15 K
to 348.15 K was studied. Subramaniyan et al. [6] studied dielectric
properties of TiO, with ethylene glycol, propylene glycol and
water-based nanofluids at 293.15 K. They reported an increase in
dielectric constant for all samples and the largest growth was
observed for water-based nanofluids.

Some studies have been carried out on electrical conductivity in
nanofluids. According to K. Sarojini [11], the electrical conductivity
of a nanofluid is related to the ability of charged particles (ions) in
the suspension to carry the charges (electrons) towards respective
electrodes when an electric potential is applied. In nanofluids, the
nanoparticles dispersed in a base fluid get charged due to the for-
mation of electrical double layer (EDL) around the particle surface.
These nanoparticles, together with the EDL, move towards an
oppositely charged electrode when a potential is applied. This
EDL formation depends on the surface charge, size and volume
fraction of the particles and ionic concentration in the base fluid.
Thus, the electrophoretic mobility of charged particles determines
the electrical conductivity of a nanofluid. S. Ganguly et al. [12]
studied the effective electrical conductivity of water-based o-
Al,03 nanofluids as a function of nanoparticle concentration and
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temperature. They found an almost linear increase in conductivity
with increasing volumetric fraction as well as an increase in tem-
perature for a given volumetric fraction. Maddah et al. [13] studied
the electrical conductivity of silver and aluminum oxide nanofluids
and reported significant increase when compared with the base
fluid, which was water. Minea et al. [14] investigated electrical
properties of aluminum oxide-water nanofluids too, and found a
rise in electrical conductivity with an increase in volume fraction
and temperature. Sikdar et al. [15] investigated TiO, nanofluids
in water-based fluid and found an increase in electrical conductiv-
ity with an increase in volume concentrations, but they also
observed a decrease in rate of increase with an increase in volume
concentrations. Angayarkanni and Philip [16] showed an increase
in electrical conductivity for a-Al,03, SiO,, y-Al,03, TiO, water-
based nanofluids. They explain such a large increase as an effect
of double electric layer surrounding each particle and particle size
effect.

K. Sarogini et al. [11] detected an increase in electrical conduc-
tivity with increasing concentration and temperature ranging from
303K to 333K, for Cu (~80 nm), CuO (~80 nm), and Al,03 (20-
30nm, 80 nm and 150 nm) in different base fluids (deionized
water and ethylene glycol). Other authors have observed the same
electrical conductivity behaviour in water-based nanofluids with
different nanoparticles: Ganguly et al. [12] in water-based nanoflu-
ids with Al,03 (13 nm); Minea et al. [14] in water-based nanofluids
with Al;05 (12 nm) between 298 K and 343 K; Sikdar et al. [15] in
TiO, (21 nm) water-based nanofluids and T.T. Baby and Rama-
prabhu [17] with water and ethylene glycol-based nanofluids of
graphene with volume fractions between 0.005% and 0.056% at
temperatures ranging from 298 K to 323 K.

Experimental studies of permittivity and electrical conductivity
of nanofluids are of interest in understanding the dielectric proper-
ties of these colloids and to give operational values for some of the
design parameters of machinery used in refrigeration and air-
conditioning J. Koo [18]. The importance of electric properties of
nanofluids as coolants is concisely explained in [19] and the refer-
ences therein.

This paper presents the permittivity and electrical conductivity
behaviour of a nanofluid consisting of 12 nm copper oxide particles
in base water, in the temperature range (298-348) K and nanopar-
ticle concentration up to 2%. No surfactant is added in the sample
preparation to avoid masking the effect of nanoparticles and to
allow these mixtures to be studied from the standpoint of view.
The nanofluid under study was compared with the experimental
values of y-Al,03 (15 nm) water-based nanofluid [9] obtained with
the same experimental equipment and methods.

2. Materials and methods
2.1. Materials

Copper oxide nanoparticles (CuO) with an average particle
size of 12 nm were supplied by Iolitec. The purity of these cop-
per oxide nanoparticles stated by the supplier was greater than
0.995 mass fraction. The value of density stated by the supplier
is 6.32 g-cm™>. This value is in agreement with the value of
6.31 g.cm™> from [20] for nanoparticles of (35-45) nm and that
of 6.32g.cm™3 from [21] for nanoparticles of (30-50) nm. The
water was deionized and double distilled. Ethylene glycol was
used without any further treatment. As it is hygroscopic after
carried out the measures its water mass fraction was determined
by Karl Fisher coulometer (Mettler Toledo DL 32). The prove-
nance and purity of the materials studied are summarised in
Table 1.

Table 1

Specifications for pure components.
Name Copper Oxide Water Ethylene

(12 nm) glycol
Chemical formula  CuO H,O0 C,Hg0,
CAS number 1317-38-0 7732-18-5 107-21-1
Supplier Iolitec Deionized Fluka
Mass fraction >0.995° Double >0.995%°
Purity Distilled

Stated by the supplier.
bAfter carry out measures, without further treatment, the measured water content
using a Karl Fisher coulometer (Mettler Toledo DL 32) was 927 x 1075,

2.2. Preparation of the nanofluids

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

The two-step method was used to prepare a copper oxide nano-
fluid sample in water at a certain volume fraction. The required
amount of nanoparticle mass, which was calculated with the den-
sity provided by the manufacturer, was added to a certain amount
of mass of base fluid. The copper oxide volume fraction, ¢c, was
calculated by the equation (1), [9,10],

Dewo = XcwoVeuo/ [(1 = Xcwo) Viy + Xcwo Vo) (1)

where Xcyo and Vo are the copper oxide mole fraction and molar
volume, respectively. The molar volume of water was adjusted for
experimental temperatures using standard density values [22].

All samples were prepared using a Mettler balance AE-240,
which has a 0.00005 g accuracy and a resolution of +0.0001 g.
The quality of the base fluid was checked prior to each sample
preparation at 298.15 K, using the commercial conductivity meter
EC-Meter GLP 31 from CRISON. Then, in order to obtain uniform
dispersion and prevent nanoparticle aggregation, a similar proce-
dure to that used in [9,10] was followed. The Bandelin Sonoplus
HD2200 (Bandelin Electronic, Berlin, Germany) ultrasonic homoge-
niser was used. Its 20 kHz oscillations are transmitted and ampli-
fied through a TT 13 titanium tip, 13 mm in diameter. This
procedure was considered effective in [23] after comparing differ-
ent sonication methods and was confirmed again in [24]. The son-
ication was applied during 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 rest of three minutes between
them, and the vial containing the sample was immersed in an ice
bath throughout the sonication process. Although this method
should prevent agglomeration during measurements, which were
reproducible, the formation of small nanoparticle aggregates can-
not be completely ruled out.

2.3. Apparatus and procedure

Complex relative permittivity at a given frequency is made up
of two parts: & = ¢ — ig,”. The real part & represents the relative
permittivity and the imaginary part ¢/ is the so-called loss factor.
The latter, which depends on the frequency, accounts for dielectric
losses due to polarisation on the displacement current, &}, and for
the electrical conductivity due to actual charge transport according
to:

o o
" —
Eo

el @)

In this equation, ¢ is the conductivity of the nanofluid,
&0 = 8.8542 pF-m™! is the permittivity of a vacuum and  is the fre-
quency of the applied electric field.
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Fig. 1. Electrical conductivity, o, of ethylene glycol as a function of temperature: *,
[29]; ©, [30]; &, [31]; x, [32]; @, This work; A, [33].

The complex relative permittivity, &, measurements were car-
ried out at frequencies in the range of 1 kHz to 1 MHz using a
HP4284A precision LCR Meter that was connected to a HP16452A
measurement 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, [25]. The measurement
cell was thermostated using a PolyScience fluid circulation bath,
which controlled the temperature to within +0.01 K.

The relative permittivity values, ¢, were obtained at 1 MHz. The
reliability of the measurements has been checked at this frequency
[25-27], and an uncertainty less than 1% is estimated.

Measurements of electrical conductivity following the commer-
cial specifications of the set up, mentioned above, are described in
[28]. An equivalent procedure is followed in this work. The electri-
cal conductivity is estimated from equation (2) by plotting &/
against 1/m. An average of 16 values for ¢ was obtained at each
experimental frequency.

In order to check the quality of the experimental procedure,
measurements were taken of standard solutions with conductivity
147 pS-cm™!, 1413 pS-cm ™" and 12.88 mS-cm™! supplied by Crison
and with 500 pS-cm~! supplied by Fluka. The present method
accurately reproduced all these values. Ethylene glycol supplied
by Fluka with mass fraction purity > 0.995 and without any further
treatment was also measured, Table S1 of the support material.
Fig. 1 shows the values compared with those of the literature.
The differences observed are probably due to the condition of the
liquid. This procedure to measure the electrical conductivity has
a combined expanded uncertainty of U, = 1% at a 95% confidence
level (k=2), [9].

3. Results and discussion
3.1. Dielectric behaviour

Fig. 2 shows the effect of temperature and nanoparticle concen-
tration on the relative permittivity of the {CuO (12 nm) + water}
nanofluid. Relative permittivity decreases with increasing temper-
ature and at fixed temperature increases slightly with increasing
volume fraction. The numerical values are reported in Table S2 of
the supporting material.

The relative permittivity data of the nanofluids in the experi-
mental range of temperature and concentration is accurately
described as a function of CuO volume fraction by the following
empirical expression

& = &weXp[A(deuo)’] >

85
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Fig. 2. Experimental relative permittivity, &, of the CuO (12 nm) + water nanofluids
as a function of copper oxide volume fraction, ¢cyo, at different temperatures: @,
T=298.15K; O, T=308.15K; A, T=318.15K; A, T=328.15K; W, T=338.15K; and
0, T=348.15 K. Continuous lines from the empirical equation (3).

where ¢, is the relative permittivity of the water, see Table S3 of
the supporting material. The value of ¢\ at the two highest tem-
peratures should be taken with caution because they differ up to
2% from those of literature. The best-fitting parameters,  and 7,
are listed in Table 2 together with their corresponding standard
deviations, s, calculated according to:

N 2\ 3
i yi.ex _yi.cac
S_<Z( Np—k l)> “)

where y and N are, respectively, the property values and the num-
ber of experimental data, k is the number of adjustable parameters
used in the expression.

An alternative description as a function of both the CuO volume
fraction and temperature can be performed by the following
empirical equation, [34]

Lne, = Z Z VijTi(bquO )
J

i

the best-fitting parameters, y;;, and the standard deviation are listed
in Table 3. We comment that these y;; values are only valid for CuO
nanofluids within the experimental ranges of concentration and
temperature. The behaviour at lower concentrations could be differ-
ent as happen with thermal conductivity [35].

The behaviour of the nanofluid with temperature and concen-
tration of the nanoparticles is similar to that obtained for alumina,
Al03, of 15 nm and 40 nm in water nanofluids [9,10]. As the nat-
ure of the nanoparticles contributes to thermophysical properties
of nanofluids, Fig. 3 compares the behaviour of {CuO (12 nm)
+water} and that of {Al,O3 (15 nm)+ water}, [9], because both
nanofluids have the same base and nanoparticles of the similar
size. Alumina (15 nm) in water nanofluids presented greater rela-
tive permittivity values at the experimental temperatures and, at

Table 2
Coefficients B and vy of equation (3) and their standard deviations, s, for CuO (12 nm)
+ water nanofluid at the different temperatures.

T/K B Y s

298.15 4.852 1.376 0.27
308.15 1.992 0.936 0.15
318.15 1.231 0.726 0.44
328.15 2.109 0.786 0.19
338.15 0.972 0.558 0.29
348.15 0.564 0.399 0.19
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Table 3

Coefficients y;; of equation (5) and the standard deviation, s, for CuO (12 nm) + water nanofluid.
Yoo Vo1 Vo2 Y10 Y11 Y12 N
5.6289 0.0710 0.0007 —0.0043 0.0180 -0.3375 0.01
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Fig. 3. Experimental relative permittivity, &, of the CuO (12 nm)+ water (open
symbols) and y-Al,03 (15 nm) + water (filled symbols) nanofluids, [9], as a function
of nanoparticle volume fraction, ¢, (n = CuO or Al,05), and of temperature, T. Stars
are for the relative permittivity of water. Curves, which were obtained from [9], are
drawn as eye guides.

each temperature the nature of the nanoparticles has a greater
influence at higher concentrations.

Fig. 4 shows the behaviour of permittivity enhancement, &/&;w,
with the concentration of nanoparticles and temperature. The per-
mittivity enhancement is slightly higher than that of the base fluid
for all concentrations of copper oxide nanoparticles and increases
with the nanoparticles concentration and temperature. The rela-
tive permittivity of solid CuO, &;cyo, Was considered insensitive
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Fig. 4. Permittivity enhancement, &./é.w, for the CuO (12 nm) + water nanofluids
(open symbols) and y-Al,05 (15 nm) + water nanofluids (filled symbols), [9], as a
function of nanoparticle volume fraction, ¢, (n=CuO or y-Al,0s3), and of temper-
ature, T. Curves, which were obtained from [9], are drawn as eye guides.

to temperature variation in the experimental range with a value
of 18.1 at 2 MHz [22]. Note that as the relative permittivity of cop-
per oxide is lower than that of the water, the permittivity of the
nanofluid should be lower than the source fluid, which does not
happen. The relative permittivity of alumina bulk (=10) is also
smaller than that of the water and the {y-Al,03 (15 nm) + water}
nanofluid also shows values &/e.w > 1, [9].

Because the nature of the nanoparticles contributes to the per-
mittivity enhancement, Fig. 4 compares the behaviour of this quan-
tity with the change in temperature and concentration of
nanoparticles, ¢, for {CuO (12 nm)+water} and {y-Al,03;
(15 nm) + water}, [9]. This Figure shows that the behaviours are
similar for both systems but the values are smaller for the nano-
fluid with CuO nanoparticles. As the permittivity of copper oxide
bulk is greater than that of alumina bulk the opposite would be
expected.

To our knowledge, there are no studies in the literature related
to the permittivity behaviour of (CuO + water) systems. There are
some thermal conductivity studies that are of interest from the
standpoint of view because of the parallelism in the mathematical
formulation of magnitudes, permittivity and thermal conductivity.
Therefore, we compared the permittivity enhancement to thermal
conductivity enhancement. Thus, for water-based CuO (29 nm)
nanofluids Mintsa et al. [36] show a thermal conductivity ratio of
~1.04, at a 2% concentration and temperature of (294-296) K.
Liu et al. [37] shows a ratio of ~1.11 for CuO nanofluids (29 nm)
based on ethylene at 2% concentration. Khedkar et al. [38] presents
a ratio of ~1.1 for water-based CuO (25 nm) nanofluids at 2% con-
centration and room temperature (299 K). It seems that at the vol-
ume concentration of 2% and room temperature the enhancement
of thermal conductivity is the same order of magnitude as that of
permittivity in the same experimental conditions.

The permittivity enhancement gives a direct estimate of the
impact of the nanoparticles on the relative permittivity of the base
fluid. However, according to a fundamental standpoint, the relative
increment permittivity of mixing, Ae,, is more interesting. For fixed
temperature and pressure, this property is defined by the equation
(6), where ¢w =1 — ¢cuo, ¢cuo is the volume fraction of copper
oxide and & cyo is the relative permittivity of bulk CuO.

Agr =& — (¢w3r.w + d)CuOSr.Cuo) (6)

For liquid mixtures, the sum within parenthesis is the ideal per-
mittivity [39,40] and, in this case, equation (6) is the excess per-
mittivity of the mixture.

In order to illustrate the application of equation (6) a tempera-
ture independent value of ¢.cy0 = 18.1 mentioned above was con-
sidered. The calculated values of Ag; for copper oxide (12 nm) in
water nanofluid are represented in Fig. 5. The Ag, values are posi-
tive for all temperatures and concentrations, which means that the
polarization is larger in the real mixture in relation to that of the
ideal one. This behaviour is in line with the temperature depen-
dence of the permittivity enhancement shown in Fig. 4. Fig. 5
shows that Ag; increases with increasing temperature, which is
an unusual behaviour when compared with that of the excess per-
mittivity of the binary liquid mixtures. This last quantity, in gen-
eral, tends to decrease with rising temperature [26,41,42]. In
other words, the binary systems approach ideal behaviour when
temperature increases. A positive behaviour of Ag, that moves
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Fig. 5. Increment of permittivity of mixing, Ag;, for the CuO (12 nm) + water system
as a function of copper oxide volume fraction, ¢cyo, at different temperatures: @,
T=348.15K; O,T=338.15K; A, T=328.15K; A, T=318.15K; B, T=308.15 K; and
0, T=298.15 K. Continuous lines from equation (3).

away from ideal behaviour when rising temperature was also
observed for the alumina water nanofluids studied in [9] and [10].

The model proposed in [43] was applied to Ag; in order to study
the contributions to this magnitude from the interactions, Agl,
from the dielectric contrast, AsS and from the excess volume, AsY,

Ag; = e} + A& + Ag) (7)
where
1- r —1)?
e e 72
and
v_Va
Ag; = S [(werw + beuoéreuo) — 1] (7b)

Vi

T'cuojw = &rcuolérw is the contrast, Vi, is the molar volume of the
nanofluid and V& is the excess molar volume calculated as

an =Vm— [XCuOVEuo +(1 - XCuO)V:N] (7¢)

As A, AeY and Ag;, are calculated from equation (7a), (7b) and
(6) respectively, the values of Agl are determined from equation
(7). The values of VE V., were calculated from the extrapolation
of density values for CuO (11 nm) + water [44] at the temperatures
of this work. Concentrations of 1%, 1.75%, 2.5% and 5% by weight of
CuO from [44] were considered in the extrapolation.

Fig. 6 shows the behaviour of Ael AeS and AgY for the CuO
(12 nm) + water nanofluids at the extreme temperatures of
298.15K and 348.15K. Ael is temperature-dependent while AgS
and AgY change slightly. A&l is responsible for the positive behaviour
of A¢, because AsS and AgY are small at these low working concen-
trations. In other words, interactions are essentially responsible for
the permittivity behaviour. Fig. 6 shows as their influence increase
with increasing temperature and concentration.

We have compared our experimental permittivity data with
those predicted by certain theoretical models for binary dielectrics.
Models of Looyenga, [45], Kraszewski [46], Iglesias-Peon [47] or
Bruggeman [48] which, in general, acceptably predict permittivity
of liquids mixtures, fail for these nanofluids. This information is
reported in Table S4 of the supporting material. We have also
tested the equation of Nan et al. [49] that was formulated for
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Fig. 6. Ag,, Agl, Ac€ and AeY as a function of nanoparticle volume fraction, ¢cuo
for the CuO (12nm)+water system: Agl at temperatures T=298.15K, M;
T=348.15K, [0; AeY at temperatures T=298.15K, A; T=348.15K, A; Ag at
temperatures T=298.15 K, ®; T=348.15 K, O; Ac¢ at temperatures T =298.15 K, #;
T=348.15K, <.

predicting thermal conductivity of nanofluids containing carbon
nanotubes and adapted for permittivity in [9,10]. This equation
reads,

3+ deuo (12
& = M&_‘W (8)
3 = 2¢cuo

As Table S5 shows, the equation prediction (8) is better than
those from the classical models mentioned in Table S4, when the
standard deviations are compared. Although the standard devia-
tion with respect to theoretical values is the same for ¢ and Ag;,
the 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 Ag <0 at all concentrations,
equation (8) predicts its positive behaviour correctly as in the case
of {alumina (15 or 40 nm) + water} nanofluids, [9,10]. However,
the experimental values of Ag; increase when temperature is
increased while the values predicted by this model decrease.
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Fig. 7. Electrical conductivity, , of the CuO (12 nm) + water system as a function of
CuO nanoparticle volume fraction, ¢c,0, and temperature, T: [J, 298.15; W, 308.15;
A, 318.15; A, 328.15; O, 338.15; @, 348.15 K. Continuous lines calculated from
equation (9). Stars are for the conductivity of water ¢w/mS-m~! x 10.
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3.2. Electrical conductivity behaviour

Fig. 7 shows the dependence of the experimental values of ¢
with ¢cyo0 and T. The conductivity increases with increasing copper
oxide volume fraction at fixed temperature and with increasing
temperature at fixed composition. The numerical values are
reported in Table S6 of the supporting material. They can be accu-
rately described in function of the nanoparticle concentration by
the following empirical expression [9,10]

0 = 0w - exXp [ﬁ(@bCuO)y] (9)

where # and v are fitting parameters and oy is the electrical con-
ductivity of the water. Their values are given in Table 4 together
with their corresponding standard deviations.

The electrical conductivity values for the CuO (12 nm) + water
nanofluid are greater than those of 7y-Al,O; (15nm)+ water
nanofluids [9]. This agrees with the results of K. Sarogini et al.
[11] who studied electrical conductivity in CuO (80 nm) and «-
Al;03 (80 nm) nanofluids, both in deionized water.

Following the procedure used in [9] for describing the effect of
concentration on electrical conductivity at fixed temperature by
two-parameter empirical equations we have also taken the
Archie’s law, 6 = a - ow(¢yw)™ into consideration. However, this
equation presents an average value of the standard deviations cal-
culated at each temperature of 6 1073 S -m~!, which is large when
comparing with those of Table 4. This empirical equation is inade-
quate in this case, perhaps because the conductivity of the base
fluid, which is smaller than 1 mS- m~! (see Table S6), is several
orders of magnitude smaller than that of the nanoparticles,
0.064 S-m~', see [50]. The opposite occurred in the case of the {alu-
mina (15 nm) + water} system, the electrical conductivity of the
base fluid is about five orders of magnitude larger than that of
the nanoparticles and this empirical equation predicts the experi-
mental values properly, [9].

We have considered the Hill equation [51,52], which reads for
electrical conductivity as

n
o Kod@g (10)
1+ Kodeyo

It has two fitting parameters, Ko and n, and was used in different
branches of science to quantitatively describe the degree of coop-
eration in different kinetic processes, [51-54], although some
authors in the literature consider this equation as merely a fitting
equation [55,56]. Table 5 shows these parameters and the standard
deviation. Values of n # 1 would indicate that the CuO nanoparti-
cles modify the electrical conductivity of the layer of water mole-
cules that surround them. n < 1 would indicate that the first layer
of molecules would tend to screen the effect of nanoparticles on
the next water molecule layer. When n > 1 the opposite effect is
produced and there would be positive cooperation. The molecules
of the first layer would tend to enable the effect of CuO nanoparti-
cles on the next molecular layer. This positive cooperation is also
verified by the alumina (15 nm) + water system, [9], as shown in
Table S7 of the supporting material.

Table 4
Coefficients g and y of equation (9) and their standard deviations, s, for CuO (12 nm)
+ water nanofluid at the different temperatures, T.

T/K B y 5103/Sm™!
298.15 11.289 0.147 0.8
308.15 11.029 0.156 13
318.15 11.023 0.169 1.8
328.15 10.725 0.170 24
338.15 10.094 0.158 1.4
348.15 9.939 0.158 43

The equation (11) that is named as equation of variable index
[9] was also considered,

7 = pw(Ow) + dewo(Tcyo)’ (11)
ocuo is the electrical conductivity of CuO bulk. This equation
allows separating the contributions of the base fluid, ¢, (ow)’, from

those of the nanoparticles, ¢>CU0(JCuO)f. According to [57], the elec-
trical conductivity of CuO bulk at the temperature of 293K is
between (0.1-1) S-m~". In [50], a value of 0.064 S-m~! is declared
for pure CuO at room temperature and ranging from (0.18 to
0.39) S‘m~' for pressed powers in the range of temperatures of
the present work. Because of the different values found in the lit-
erature for ¢cyo, the nominal value of 0.064 S-m~! was considered
in order to illustrate the application of equation (11). Table 5
shows the fitting parameters i, j at each temperature and the cor-
responding standard deviations. Fig. 8 shows these contributions.

$w(ow)" does not depend on concentration and slightly on temper-

ature while ¢cy0(0,0)’ strongly depends on concentration but not
on temperature. This last dependence is represented in Fig. 8 by a
straight line. Only for the lowest nanoparticle concentration is the
water contribution greater than that of the nanoparticles for some
temperatures. A similar behaviour is found when the electrical
conductivity values of pressed powers for CuO mentioned above
are considered in equation (11). In this case, the predicted values
from equation (11) also show standard deviations similar to those
of Table 5.

Electrical conductivity enhancement defined as the ratio of the
electrical nanofluid conductivity and the electrical conductivity of
the base fluid (¢/0), enables checking the change in behaviour of
the electrical conductivity of the base fluid when different concen-
trations of nanoparticles are added. As can be seen in Fig. 9, the
electrical conductivity enhancement increases with nanoparticle
concentration at fixed temperature and decreases significantly
with increasing temperature at fixed composition. The enhance-
ment of electrical conductivities of alumina (15 nm) and copper
oxide (12 nm) nanofluids in water are compared in Fig. 9 in terms
of their nature.

The observed dependence on copper oxide content could be
regarded as an expected behaviour because nanoparticles of
greater conductivity than that of the base fluid are being added.
In order to study whether the magnitude of the values a/a, > 1
are an expect result or not, the mixing increment of electrical con-
ductivity is considered, Ag. This property is defined by equation
(12) in a similar way as equation (6),

AG = 0 — (pwOw + ¢cuoTcuo) (12)

Fig. 10 shows the behaviour of Ag with the change in volume
fraction concentration. The positive values of Ag at all volume
fractions and temperatures would mean that the electrical con-
ductivity is greater in the real mixture than that of the ideal
one. That is to say, the positive behaviour of A¢ indicates that
the magnitude of the o/o,, values are greater than those that
would be expected.

On the contrary, /o, > 1 in {alumina (15 nm) + water} nano-
fluid is an unexpected result because the electrical conductivity
of the alumina does not exceed 5 pS-m~!, which is about five
orders of magnitude below that of the base fluid and Ag > 0 for this
system. The system with the highest electrical conductive
enhancement is the one that has conductive nanoparticles.

In order to describe the variation with temperature an
Arrhenius-type relationship has been considered in [59] which
reads

G:A-exp{—%} (13)
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Table 5
Coefficients n and Ky in Eq. (10), i and j in Eq. (11) and respective standard deviations, s, for CuO (12 nm) + water nanofluid at the different temperatures, T.
T/K n Ko 5103/(Sm™) i i 5103/(Sm™)
298.15 0.876 1.462 0.54 0.605 —0.278 0.88
308.15 0.880 1.799 0.83 0.627 —0.346 1.3
318.15 0.904 2.466 14 0.654 —0.423 1.7
328.15 0.885 2.726 21 0.636 —0.478 2.5
338.15 0.842 2.679 1.5 0.625 —0.531 3.2
348.15 0.823 2.808 2.9 0.588 —0.559 48
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Cu0 nanopartic]e volume fraction, ¢cyo, and temperature, T. ¢cyo(Gcuo)’ ,continuous 80 |
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where A is the pre-exponential or collision-frequency factor, E, is <
the activation energy for electric conductivity and R is the gas 2 A
constant. 40 - A
In order to compare our results with those obtained in [9] we
use an extension to the electrical conductivity of nanofluids of
the classical Vogel-Fulcher-Tammann equation [60-62] originally 20 -
developed for the temperature dependence of viscous flow, in the
form
BVFl- O\\\l P T T T T T TN Y T S T SO N S SO B
0 = Aver - €Xp {f T-T,) (14) 0 0.005  0.01 0.015 0.2  0.025
(PCuO

where T, has the meaning of a glass transition temperature. The
best values of this parameter are shown in Table 6. Given the sim-
ilarity between equations (13) and (14), by equating the parameter
Byrr to E,/R, we have estimated the activation energy values for con-
ductivity shown in Table 6. As evidenced in Table 6, the analogue of
the glass transition temperature increases with increasing CuO
nanoparticle concentration. An opposite behaviour is observed for
the activation energy. Furthermore, present activation energy val-
ues strongly suggest that the activation energy for the base fluids

Fig. 10. Increment of electrical conductivity, Ag, for the [CuO (12 nm) + water]
nanofluids as a function of copper oxide volume fraction, ¢cy0 at different
temperatures: [, 298.15; M, 308.15; A, 318.15; A, 328.15; O, 338.15; @,
348.15 K. Solid lines by Redlich-Kister’s [58] empirical equation are drawn as eye
guides.

will be larger than for the corresponding nanofluids. Similar trends
have been observed in [9] for {alumina (15 nm) + water} nanofluid
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Table 6

Coefficients Avrr, Byrr and Ty in equation (14) and estimated energy, E,, for the {CuO (12 nm) + water} system and the respective standard deviations, s, at the different volume

fractions, ¢cuo-

$cuo Avre/(S-m") Byrr/K Te/K Ea/(J-mol ") 510%/(Sm™")
0.0030 0.203 498 143.7 4138 0.2
0.0050 0.454 482 161.2 4008 0.6
0.0075 0.604 457 165.1 3796 0.7
0.0100 0.665 428 168.4 3556 0.5
0.0125 0.677 399 172.5 3316 1.7
0.0150 0.625 347 178.6 2885 1.1
0.0200 0.616 294 185.5 2443 2.0

and in [63] for the activation energy of viscous flow of the {SiC
(170 nm) + water} nanofluid. Comparing the results with those of
[9] it is obtained that {Ty (CuO (12 nm)+ water)}>{T; (Al,O3
(15 nm) +water)} and {E, (CuO (12 nm)+water)}>{E, (Al,O3
(15 nm) + water)}.

4. Conclusions

From the experimental determination of relative permittivity
and electrical conductivity of nanofluids of copper oxide particles
(12 nm) in base water and with concentrations up to a volume
fraction of 2% in the temperature range (298-348) K, we draw
the following conclusions.

4.1. The effect of temperature and concentration

The relative permittivity decreases with increasing temperature
and increases with increasing concentration. The permittivity
enhancement (&;/¢;w) increases while increasing both temperature
and concentration. The observed positive deviations of the relative
permittivity in relation to its ideal value (Ag; > 0) indicate that the
electrical polarization of real nanofluids is larger than the volume-
fraction weighted average of pure component polarizations. The
behaviour of this magnitude shows that the system tends towards
the ideal behaviour when decreasing temperature and concentra-
tion. The positive behaviour of Ag. may explain why equations
such as Looyenga, Kraszewski, Iglesias-Peon or Bruggeman for pre-
diction of permittivity failed to predict the permittivity of the pre-
sent nanofluids. Indeed, these classical models lead to Ag, < 0. The
Nan’s model, explicitly formulated for nanofluids, obtains better
results and predicts positive values of Ag.. However, this model
fails to predict the behaviour of Ag, with temperature. The reduc-
tion of Ag, with the increase in temperature is predicted when the
opposite occurs experimentally. The influence of both contrast and
excess volume on the behaviour of Ag, is smaller than the influence
of the interactions that are essentially those responsible for the
positive behaviour of this magnitude.

The electrical conductivity regularly increases when both cop-
per oxide volume fraction and temperature increase. The variable
index equation allows separating the contribution of CuO nanopar-
ticles from that of the base fluid. The behaviour of nanofluid elec-
trical conductivity comes from nanoparticles except at the lowest
concentration. The change with temperature comes from base
water. The Hill equation for electrical conductivity would indicate
that the first layer of water molecules around the CuO nanoparti-
cles would tend to enable the effect of CuO on the next water mole-
cule layer.

The conductivity enhancement (¢/ow) increases with increas-
ing CuO nanoparticle content at fixed temperature and decreases
with increasing temperature at fixed composition. The observed
positive deviations of the electrical conductivity in relation to its
ideal value (Ao > 0) indicate that the electrical conductivity of real

nanofluids is greater than the electrical conductivity of the
ideal mixture considering the latter as volume-fraction weighted
average of pure component conductivities. The behaviour of this
magnitude shows that the system tends towards the ideal beha-
viour when increasing temperature and decreasing concentration.
Their positive values point out that the magnitude of the values of
o/ow are higher than those that would be expected.

4.2. The effect of the nanoparticle nature

The general trends described in Section 4.1 of ¢; and ¢ for {CuO
(12 nm) + water} nanofluids follow the previously observed beha-
viours with temperature and concentration for {alumina (15 nm)
+ water}. Although the copper oxide permittivity is in the order
of twice the alumina permittivity, the alumina nanofluids have
higher permittivity values than those of copper oxide nanofluids.
As the base fluid is the same in both systems, the pattern for per-
mittivity is followed by é&;/e;w. The permittivity enhancement is
greater than one which is unexpected because bulk permittivity
of copper oxide, or alumina, is smaller than water permittivity.
The influence of the nature of the nanoparticles on magnitudes,
permittivity and permittivity enhancement is greater at higher
concentrations.

The electrical conductivity of the (CuO + water) system is larger
than that of the alumina + water, perhaps because the bulk con-
ductivity of CuO is higher than that of the alumina. As the base
fluid is the same in both systems, the pattern for conductivity is
the same followed by ¢/ow. The finding o/ow > 1 is an expected
result for the system with CuO nanoparticles because the ¢ of
CuO is several orders of magnitude higher than that of the water.
However, this is an unexpected result for the system with alumina
nanoparticles because the ¢ of alumina is about five orders of mag-
nitude below that of the water, [9]. The magnitude of g/ow is
greater for both systems than would be expected. Hill’s model
for electrical conductivity predicts positive cooperation of the first
layer of water molecules for both systems, with CuO nanoparticles
and with alumina nanoparticles.
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