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A perturbed hard-sphere chain equation of state (PHSC) is employed to predict the volumetric properties of some nanofluids containing
Co0304 in ethylene glycol (EG), SnO: in EG, TiOz-anatase (-A) in EG, TiOz-rutile (-R) in EG, Al2Os3 in EG/H20, Sb205-SnO: in EG/H-0,
ZnO in polyethylene glycol (PEG)/H20 and CuO in H20. Two temperature-dependent parameters in the proposed EoS were expressed in

terms of molecular scaling constants o; effective hard-sphere diameter, and €; non-bonded interaction energy. The mentioned scaling

constants were correlated with melting temperatures and densities which shows the rationality of them. It is also indicated in this study

without knowledge of potential energy function can able to illustrate the volumetric properties of nanofluids. Comparisons between the

calculated liquid densities and the experimental values over the temperature range from 273.15 to 363.15 K and the pressure range from 0.1

to 45 MPa show that the average absolute deviation is 1.49%.
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INTRODUCTION

A nanofluid is defined as a colloidal system of solid
particles, fibers, rods, or tubes with nanometer size (denoted
as nanoparticle) that is distributed in a fluid (denoted as base
fluid). One of the advantages of using nanofluids is that they
can be reduced the size of required heat exchangers and
ultimately energy and material consumption is reduced [1].
Nowadays, environmental problems and damaging effects
created by growing fossil fuel consumption that are vanishing
reserves are yet one of the important problems to be right
away dealt [2]. Economically, water and ethylene glycol are
widely used as base fluids. Due to the low thermal
conductivity of these fluids, their use as heat transfer fluids
in limited spaces such as electronic equipment and
concentrated solar radiation converters is very limited.
According to new findings suspending solid nanoparticles in
liquids significantly increases effective thermal conductivity
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[3], but the suspension of millimeter or micrometer particles
increases the Sedimentation speed and creates a layer on the
surface, and decreasing the fluid heat transfer capacity [4].
When the size of the particles is large, it can lead to clogging
of the flow channels, especially for narrow cooling channels
and the fluid pressure drop increases significantly [4]. Due to
the high heat transfer ability of metal and metal oxide
nanofluids, extensive investigations on these fluids in order
to use them in cooling electronic appliances, solar and
automotive have been done. Hafiz M. A. et al. [5] introduced
an effective method to increase the efficiency of heat transfer
in a car radiator using water-based ZnO nanofluids. The
effect of temperature and particle size along with

nanoparticles concentration on the effective thermal
conductivity of alumina/water and copper oxide/water
nanofluids were investigated by Mintsa et al. [6]. Extensive
investigations have been done by Chandrasekar et al [7] both
experimentally and theoretically to determine the effective
thermal conductivity and viscosity of ALO3/H,O of

nanofluids. Asleshirin ef al. [8] measured the effect of shape
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alumina nanoparticles on the thermophysical properties of
1-hexyl-3-methylimidazolium hexafluorophosphate as ionic
base fluids (green solvents) such as density, viscosity,
thermal conductivity, and heat capacity at different
concentration of nanoparticles and temperatures. According
to a theoretical model presented by Ren et al. [9], the increase
in the effective thermal conductivity of nanofluids due to the
effects of the interfacial layer and particle motion was
considered. The experimental results obtained by Chavan
et al. [10] clearly show that the viscosity of nanofluids,
increases with increasing in particle volume concentration
and decreases with increasing in temperature of nanofluids.
In order to predict the heat transfer behavior of nanofluids,
their thermophysical properties are quite essential. For these
advantages, nanofluids have attracted much attention and
have been widely used in many engineering applications such
as nuclear reactors, energy efficiency enhancers, food
industry, air conditioning systems, refrigeration, heating, and
biomedicine [11-21]. Due to the high thermal efficiency of
nanofluids compared to water in heating and cooling
processes, these fluids can be used instead of water in heat
exchangers. Therefore, in most cases, the volume of water
consumption can be reduced and also the problems related to
the production of large industrial wastes such as the oil
industry and especially petrochemical industries can be
solved [20]. Density values of nanofluids are necessary to
evaluate fluid dynamics and heat transfer efficiency [22-24].
Vajjha et al. [25] measured the experimental density of three
different nanofluids containing aluminum oxide (Al2O3),
antimony-tin oxide (Sb20s5:Sn0,), and zinc oxide (ZnO)
nanoparticles in a base fluid of 60:40 ethylene glycol/water
by mass. Despite of significance of density in heat transfer
calculations, less attention has been dedicated to that.
However, experimental measurement of nanofluids density
has restrictions on preparing monodisperse suspensions,
homogeneity of its solution, and difficulty in measuring the
size of particle. Whereas the experimental density of

nanofluids is scarce, theoretical methods such as equations of
state (EoS) and PpT correlations seem to be beneficial. Pak
and Cho [26] introduced an equation for density of nanofluids
as follows:
Pos = Prp?t Py (1= 9)
1
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where, pyr, pns, and pp, are the density of the base fluid,
nanofluid, and nanoparticles respectively and ¢ is the particle
Pak and Cho performed this
experiment at only one temperature (25 °C) for y- Al,O3 and

volume concentration.

TiO nanofluids up to 4.5% volume concentration to verify
Eq. (1). However, the Pak-Cho equation requires knowing
the correct of the base fluid and nanoparticle densities to the
determined nanofluids density and poor accuracy in
determining the density of dry powder, Pup: restricts the
applicability of the Pak-Cho equation.

Equation of states and their correlations [27-30] are
widely used to predict the thermodynamic properties of the
liquid phase for pure and fluid mixtures. Recently, we have
applied a statistical-mechanical method to calculate the
volumetric properties of ionic liquids and mixture of liquid
refrigerants [31-33].

In this paper, we investigate the applicability of
perturbed hard sphere chain (PHSC) EoS to predict the
volumetric properties of nanofluids. The results showed that
PHSC EoS by using crossed interaction parameters between
fluid
thermophysical properties of extremely nonsimple fluids.

base and nanoparticle can suitably model

THEORY

Equation of State for Pure Base Fluid

Song et al. and Eslami [34,35] proposed PHSC EoS based
on the statistical-mechanical perturbation theory. In the field
of PHSC theory, a chain molecule as a chain of freely
connected tangent of hard bodies is assumed. The PHSC
equation of state uses a hard-sphere-chain reference system
plus a van der Waals attractive perturbation:

P

=14 72h(T)pg(d") - (r = Dg(d") — 1] -

KT

2)

where P is the pressure, p is the number (molar) density, kT
is the thermal energy per one molecule, r is the number of
segments, b(7) is the van der Waals ¢ per segment or the
second virial coefficient of non-bonded hard spheres, d is the
hard sphere diameter, g(d*) is the pair radial distribution
function of hard spheres at contact, a(7) reflect the attractive
forces between two non-bonded segments. We need a
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mathematical expression for g(d™*) to utilize this equation. /% =1+ pXij xixj17ibi; gij (d;'j) —>Xx (-

Carnahan and Starling [36] proposed an analytical expression 1) x[gu(dH) —1] -2 YT XX TiT Ay 9)
for g(d™*) as: T

where x; and x; are mole fractions of components i and j,

g(d") = ﬁ ) respectively, r; is the number of segments for the i-th
component, and g;; (d;) is the pair radial distribution

where 1 is the packing fraction and defined as: function of hard sphere mixtures at contact. Like Eq. (2) the
first three terms in Eq. (9) represent the reference equation of

— IbMp 4) state for hard-sphere-chain mixtures and the last term is a van

4
der Waals-type perturbation for attractive forces. The

Song et al. [34] defined a (T) and b(T) in terms of pair temperature-dependent parameters a;; (reflecting attractive

potential, but they have shown that a(7) and »(7) are not
sensitive to details of potential. However, for most physical

forces between two unlike segments) and b;; (second cross
virial coefficient of hard-sphere mixtures) can be specified by

systems especially nanofluids, where the interaction between extending Eqs. (5) and (6) to mixtures as:

base fluid and nanoparticles depends on different factors, is -
a(T) = _038F
ij 3 el

rarely identified. Since the pair potential can be defined in }:Tj) (10)
terms € (the depth of the minimum in the pair potential) and

o (the separation distance at minimum of pair potential), then and

a(T) and b(T) can be scaled by these terms and they are given

o by() = L + Y (1
o) =2 e F(KT/ ) (5)

where, o;; and ¢; can be generated by suitable mixing rules:

and
&ij = /giigjj (1 —kyp) (12)

b(T) =2 *F,(¥T/) (6) .
oy =24 (13)
where F, and F), are universal functions of reduced
temperature (kT/ g) , which are written as: where, k;; is a binary parameter for measuring the interaction

between mixture components.
’ i i kT
Fa(kT /g) — o+ aze_QS(kT/g) ) Fij(T) is a geometrical mean of Fg( / g) for pure
components i and j:

-1/4

F, kT = e_ﬂz(kT/é‘) + (1 — 1-— e_ﬂ3(kT/€) X X

w(KT/¢) = B, 1 - Bl ] Py = [ (14
®) v

where @y, @, @, By, B, and By are 0.7170, 1.9003, 0.5152 The well-known expression for g;; (d;) which demonstrate

0.5849. 0 477’2 and 1.0669, respectively the pair radial distribution function of hard sphere mixtures

is the Mansoori-Carnahan-Starling [39] equation:

Extension of the PHSC EoS to Nanofluids : ;2
3 Sy 1 Sy

1
The present PHSC EoS can be generalized to mixtures of 9ij (’7' §ij) =15 + 20=m2 T 2(1-n)3

(15)

any number of components [37,38] as:
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Where 7 is the packing fraction:

P
n= ZZ‘mei rib;

— bibjs1/3 pem 2/3
S = (b_ij) 7 2k XkTicby

RESULTS AND DISCUSSION

The proposed EoS has been utilized to calculate the
volumetric properties of nanofluids. The parameters, €, G,

and 7 for base fluids were tuned with experimental

which were taken from the literature [40-42] and are given in
Table 1. These parameters for nanoparticles were adjusted by
densities of compacted nanopowder [43] over the desired

temperature range.

. Chem. Res., Vol. 11, No. 4, 735-745, December 2023.

Three molecular parameters ¢, o, and r, along with melting
temperature, T,, and density of the intended nanoparticle

(16) have been given in Table 2.
We investigate the correlations of & with melting
(17) temperature in Fig. S1 (Supporting Information: SI) and o

with density in Fig. S2, to indicate the reasonability of
obtaining molecular parameters for nanoparticles.

In the next step, we applied mixture version of PHSC EoS
for binary base fluids, including ethylene glycol (EG) + water
and polyethylene glycol (PEG) + water. It should be noted
that in the present EoS a binary interaction parameter, k;; is
PpT data added to compute the crossed attractive parameter for
realization the measure of interaction between base fluid-
fluid (k) and  nanoparticle-base  fluid
) molecules. The temperature and pressure ranges,

base
(Knp-—
the mole fraction of water in binary mixture, the number of

Table 1. The Molecular Scaling Constants of Intended Based Fluids to be Used in Egs. ((2)-(8))

Pure base fluid &fkg o r AT AP NP? AAD Ref.
(nm) (K) (MPa) (%)°
EG 432.8 0.319 4.06 283.15-343.15 0.1-45 15 0.34 [40]
PEG 429.4 0.59 4.09 298.15-323.15 0.1 6 0.04 [41]
Water 613.0 0.21 4.91 280.00-380.00 0.1-50.1 120 0.65 [42]
“NP represents the number of data points examined. ® AAD = 100/NP YN, | pEXP- — peate| /pEXP.
Table 2. The Molecular Scaling Constants of Intended Nanoparticles to be Used in Egs. ((2)-(8))
Nanoparticle &lkg c T AD? D? T,.°¢
(nm) 9 9 (K)
(cm3 (cm3
C0304 1398.0 0.25997 4.49 6.10 6.11 895
SnO, 25934 0.31600 2.07 6.94 6.95 1630
TiO2(-A) 2893.0 0.31100 2.16 3.90 3.90 1843
TiO2(-R) 2992.7 0.31099 2.00 4.18 4.23 1870
ZnO 3092.2 0.28200 2.07 5.59 5.60 1975
AlLOs 3304.3 0.34300 2.10 3.90 3.90 2040
Sba0s5-Sn0O; 2497.21 0.21000 20.49 6.79 6.8 -
CuO 1798.6 0.26199 2.08 6.30 6.31 1201

2AD indicates the average density of nanoparticl

es reproduced from PHSC EoS. ®D indicates the density of nanoparticles

obtained from the literature [43]. °T}, indicates the melting temperature of nanoparticles obtained from literature [43].
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examined data points of comparison, the binary parameter,
and the average absolute deviation percent (AAD%) of the
calculated densities of these binary mixtures from
experimental values [41,44] from the PHSC EoS are given in
Table 3.

As the studied nanofluids contained nanoparticles in pure
or binary base fluids, Egs. ((9)-(17)) are applied for two and
three-component mixtures. We have used PHSC EoS to
predict the volumetric properties of nine nanofluids
containing Co30s4 in EG, SnO; in EG, TiO-anatase (-A) in
EG, TiOs-rutile (-R) in EG, ZnO in EG/H,0, ALO; in
EG/H,0, Sb,0s5-Sn0O; in EG/H,0, ZnO in PEG/H>O and
CuO in H>0. The accuracy of predicted results is examined

by comparing with experimental data [40,41,44-48] over a

wide range of pressures, temperatures, and mole fractions.
The number of examined data points, the ranges of
temperature, pressure, and mole fraction of nanoparticle in
nanofluid and the average absolute deviation percent
(AAD%) of the calculated densities for nanofluids from
literature values [40,41,44-48] via the PHSC EoS are given
in Table 4.

Table 5 shows the maximum and minimum deviation
percent of calculated densities of Co304/EG, TiO: (-A)/EG,
and SnO»/EG nanofluids in different temperatures and a
pressure range of 0.1 to 45.0 MPa from experimental data
[40,45,48] using PHSC EoS. As Table 5 shows, the results

are in good agreement with the experimental literature data.

Table 3. The Average Absolute Deviation Percent of Predicted Densities of Studied Mixed Base Fluids Using the Proposed

PHSC EoS from Literature

Mixed base fluid AT AP AXyater NP ki, AAD Ref.
(K) (MPa) (%)

EG + water 278.15-363.15 0.1-45 0.755-0.755 55 -0.15 1.06 [44]

PEG + water 298.15-323.15 0.1 0.108-0.981 78 0.196 1.99 [41]

Table 4. The Average Absolute Deviation Percent of Predicted Densities of Studied Nanofluids Using the Proposed PHSC

EoS from Literature

Nanofluid AT AP Axpy NP knp_py AAD Ref.
(K) (MPa) (%)
Co304EG 283-323 0.1-45 0.008-0.042 200 -0.016 1.86 [45]
SnO/EG 283-323 0.1-45 0.004-0.020 200 -3.63 1.75 [48]
TiO2(-A)EG 283-343 0.1-45 0.014-0.039 25 -1.019 1.47 [40]
TiO2(-R)/EG 283-343 0.1-45 0.014-0.039 30 -1.308 1.82 [40]
ZnO/EG+H,0 278-363 0.1-45 0.009-0.038 165 0.3682 0.96 [44]
273-323 0.1 0.021-0.041 36 -0.141° 2.34 [25]
ALOs/EG+H,0 273-323 0.1 0.012-0.107 36 0.561 0.66 [25]
Sb205-SnO2/EG+H,0 273-323 0.1 0.005-0.029 30 0.649 0.50 [25]
CuO/H,0O 283-323 0.1-45 0.004-0.020 200 -5.619 1.77 [46]
ZnO/PEG+H,0 293-318 0.1 9E-5-0.016 45 2.300 1.78 [47]
Overall 967 1.49

*This value was obtained for ZnO nanoparticle with the average particle size equal to 29 nm in nanofluid. ®This value was

obtained for ZnO nanoparticle with the average particle size equal to 70 nm.
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Table 5. The Absolute Maximum and Minimum Deviation Percent of Predicted Densities of Studied Nanofluids Using the

Proposed PHSC EoS from Literature

Nanofluid P [Maximum Dev(%)| |Minimum Dev(%)| Ref.
(MPa)

Co3;04/EG 0.1 3.48 0.08 [45]

1.0 3.49 0.01 [45]

5.0 3.28 0.03 [45]

10.0 3.34 0.05 [45]

20.0 3.47 0.09 [45]

30.0 3.3 0.04 [45]

40.0 3.4 0.13 [45]

45.0 3.45 0.08 [45]

SnO»/EG 0.1 3.29 0.07 [48]

1.0 331 0.09 [48]

5.0 3.37 0.17 [48]

10.0 3.45 0.12 [48]

20.0 3.59 0.04 [48]

30.0 3.41 0.19 [48]

40.0 3.22 0.02 [48]

45.0 3.45 0.08 [45]

TiOx(-AYEG 0.1 2.39 0.33 [40]

1.0 2.41 0.36 [40]

20.0 2.68 0.53 [40]

40.0 2.96 0.12 [40]

45.0 3.03 0.0 [40]

Also, Table 6 indicates the maximum and minimum
deviation percent of the calculated liquid densities of
ZnO/EG+H>0, ALO3/EG+H,0, Sby0Os-SnO»/EG+H,0 and
ZnO/PEG+H-0 in different temperature and a pressure range
0.1 to 45.0 MPa from the literature [44,25,47] using the
proposed EoS. As obviously indicated in Tables 5 and 6, the
predicted densities from the PHSC EoS were in good
agreement with the literature data.

The values of deviation can specify that the calculated
values are more or less close to the experimental data.
Therefore, it can be claimed that the PHSC EoS can predict
the experimental density of nanofluids with good accuracy
according to the obtained results were given in Table 4. The

obtained results which were given in Table 4 show a good

740

capability of the PHSC EoS to calculate the molar density of
nanofluids.

the
experimental density from the proposed EoS is plotted as
shown in Fig. 1. This figure shows that the PHSC EoS
performs excellently in comparison with experimental data
for nanofluids containing Co304, SnO,, TiO,-A, TiO-R,
Zn0O, ALO3, Sbr0s-SnO; as nanoparticles dispersed in EG
and EG + water as base fluids in different temperatures,

The calculated density of nanofluid versus

pressures, and mole fractions.

As Fig. 1 indicates, the calculated densities are well
distributed along the diagonal, therefore, the results show that
the present EoS is capable of predicting the densities of
various nanofluids over a broad range of temperatures,
pressures, and mole fractions.
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Table 6. The Absolute Maximum and Minimum Deviation Percent of Predicted Densities of Studied Nanofluids Using the
Proposed PHSC EoS from Literature

Nanofluid P(MPa) [Maximum Dev(%)| [Minimum Dev(%)| Ref.
ZnO/EG+H,0 0.1 2.53 0.04 [44]
1.0 2.50 0.04 [44]
5.0 233 0.08 [44]
10.0 2.14 0.25 [44]
15.0 1.96 0.18 [44]
20.0 1.70 0.00 [44]
25.0 1.59 0.00 [44]
30.0 1.67 0.13 [44]
35.0 1.82 0.27 [44]
40.0 1.95 0.29 [44]
45.0 2.09 0.13 [44]
AlO3/EG+H,0 0.1 1.81 0.04 [25]
Sb,05-Sn0y/EG+H,0 0.1 2.0 0.08 [25]
ZnO/PEG+H,0 0.1 1.89 0.01 [47]
1.5
14 - _poo®d
% 1.3 A l@p‘ﬁsgﬂdﬂo
I o g
= g 4 g%
1.1 o
1 T T T T
1 1.1 1.2 1.3 1.4 1.5

Pexp (B/cm?)

Fig. 1. The predicted densities by the present equation of state for nanofluids containing Co304, SnO», TiO2-A, TiO2-R,
Zn0, Al>0O3, SbyOs-SnO as nanoparticles dispersed in EG and EG + water as base fluids at various temperatures, pressures,
and mole fractions compared to the experimental data [40,41,44-48].
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CONCLUSIONS

In this research, the PHSC EoS was utilized to model the
volumetric properties of EG, PEG, water, PEG + water, and
EG + water-based nanofluids at different nanoparticle
concentrations. In the first step, the estimation of pure
fluids and
nanoparticles is done, and then, PHSC EoS is extended to

component parameters including base
mixed base fluids and nanofluids by using binary interaction
parameters. Also, this work indicated that without knowledge
of potential energy function can able to illustrate the PVT
properties of nanofluids. Here, we have shown that the
adjusting of molecular parameters, &, o, and r with
experimental data provided us an excellent opportunity to
scale the temperature-dependent parameters of PHSC EoS. It
should be noted that our obtained results accord well with the
experimental data. The overall average absolute deviation of
calculated densities from literature values is found to be

1.49%.
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Nomenclature and Units

b (T): van der Waals covolume of nonbonded hard spheres
(m?)

T: Absolute temperature (K)

P: Pressure (Pa)

kg: Boltzmann's constant (J K')

M,,: Molecular weight (g mol™)

a (T): Attractive forces between two nonbonded segments
(Jm3):

a;- ag: Coefficients that used in Eq. (7)

B1 — B; . Coefficients that used in Eq. (8)

F, and F},: Universal functions

N,: Avogadro's number

x: Mole fraction

d: Hard sphere diameter (nm)

g(d*): Pair radial distribution function of hard spheres at
contact

k,,: Binary interaction parameters between base fluid-base
fluid molecules
kn_py: Binary interaction parameters between nanoparticle-

base fluid molecules

Greek Letters

o: Effective hard-sphere diameter (nm)

€: Non-bonded interaction energy parameter (J)
n: Packing fraction

p: Number (molar) density (mol m™)

@: Particle volume concentration

Superscripts
Calc: Calculated
Exp: Experimental

Subscripts

EoS: Equation of state
bf: Base fluid

np: Nanoparticle
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