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ARTICLE INFO ABSTRACT

Keywords: Thanks to their excellent heat transfer coefficient, nanofluids can be considered as ideal heat transfer fluids for
N:anoﬂ'uid a large number of relevant engineering and scientific applications. Precise assessments of their thermophysical
Viscosity | properties are thus essential for reliable calculations. In this work, a new semi-empirical scaled correlation based
g’;‘::;;;:a on 8 parameters (volume fraction, temperature, base fluid critical temperature, base fluid density, base fluid

critical density, nanoparticle diameter, base fluid molar mass, nanoparticle density) is introduced to evaluate the
dynamic viscosity of nanofluids. The correlation is regressed and evaluated using a dynamic viscosity dataset for
32 nanofluids, including a total of 737 experimental points: 10 nanofluids have water as base fluid (Ag, Al,O5,
Al,0;/Cu0, C, CuO, diamond, Fe/Si, MWCNT, ND-Ni, TiO,), 6 nanofluids have ethylene glycol (Ag, Al203,
Ce0,, Co;0,, SiC, TiO,/Cu0), 11 nanofluids comprise different mixtures of water and ethylene glycol (Al,O5,
MWCNT/WO;, CB, fGnP, G/Dp, G/Dr, nD87,nD97, TiO,), 1 nanofluid has propylene glycol (SiC) and 4 nanofluids
comprise different mixtures of water and propylene glycol (TiB,, TiB,/B,C, fGnP). The dynamic viscosity dataset
was derived from experimental measurements documented in the scientific literature and conducted with samples
that were prepared using consistent and reliable methods. The study evaluates the dynamic viscosity of nanofluids
using 14 literature equations to verify their accuracy against the proposed correlation. Results show that the
correlation has an average absolute relative deviation of 8.16%, which is significantly lower than that of the
literature equations. A 4-fold cross-validation also shows that the correlation is resilient and accurate with
different regression datasets.

Absolute relative deviation
n-fold cross-validation

1. Introduction

Nanofluids are heat transfer fluids created by integrating and sta-
bilizing nanoparticles into conventional heat transfer fluids, such as
aqueous solutions, glycols, or oils. The aim is to significantly enhance
heat transfer by optimizing the performance of the working fluid [1].
The study of this area can be traced back to 1881, when Maxwell devel-
oped a theoretical model for the electrical conductivity of heterogeneous
systems of solid particles [2]. However, research employing micrometre-
or millimetre-sized particles yielded insignificant outcomes due to the
rapid settling of the particles. Furthermore, substantial concentrations
of particles were necessary to attain any noticeable enhancement in fluid
properties. The advent of nanotechnology in the 1980s and 1990s facil-
itated the acquisition of nanoparticles, which effectively addressed the
issues previously identified. Nanoparticles employed in the fabrication
of nanofluids can be classified into several categories, including metals,
metal oxides, specialized carbon structures, and hybrid nanoparticles
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[3]. Their physical properties are typically more elevated than those of
conventional solids. [1]. This is primarily due to their relatively high
surface area to volume ratio [4].

Nanofluids can be synthesized via two distinct methods: the one-step
method and the two-step method. Although the former method, which
involves simultaneous mixing of the nanoparticles into the base fluid,
can produce a more stable fluid in an industrial setting, the latter, which
involves a step of preparing the nanoparticles as dry powders and sub-
sequent mixing, is the preferred approach. In fact the one-step method
is significantly more costly and intricate than the two-step method [5].
The maintenance of enhanced thermophysical properties in nanofluids
is contingent upon the stability of the fluids. Attaining such stability fre-
quently necessitates the implementation of two distinct methodologies:
chemical and physical techniques. Chemical approaches employ the use
of surfactants and pH adjustment, whereas physical approaches entail
the implementation of homogenization techniques, such as ultrasound
or ball milling. At present, there is no established methodology for as-
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np Nanoparticle
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sessing the stability of nanofluids [6]. A considerable number of studies
have employed visual examination as means of assessing the stability of
nanofluids. However, only a limited number of investigations have fo-
cused on the examination of more quantitative parameters such as pH
and zeta potential. When the zeta potential of two particles is insuffi-
ciently high (i.e., between —25 mV and —25 mV), the particles will begin
to agglomerate, leading to an unstable suspension. A high zeta poten-
tial is an effective method of preventing particle agglomeration, thereby
maintaining a uniform and free-flowing dispersion [7].

Exploring the potential applications of nanofluids reveals a vast
range of possibilities, which include their use in heat exchangers. In
2022, Zheng et al. [8] conducted an analysis of a double corrugated
tube heat exchanger utilizing various types of water-based nanofluids.
The use of H,O+SiC (1.5% wt) resulted in a coefficient of performance
of 59%, with a flow rate of 200 Lh~!. Focusing on the most recent re-
sults, in 2023 Ajeeb et al. [9] conducted a study on a compact exchanger
utilizing Al,0; nanoparticles (0.01%, 0.05%, 0.1%, 0.15%, 0.20% vol)
in water and ethylene glycol mixtures. An examination of the data re-
veals an uptick in viscosity, reaching a maximum of 7.5% for a 0.2 vol%
sample. There was a considerable improvement in thermal conductivity,
which stood at 7.3% with H,O (0.2% vol), 8.4% with EG-H,0(80:20),
and 9.1% with EG-H,0(70:30). In the same year, Ghazanfari et al. [10]
conducted an analysis of the impact of nanofluids (H,0+Al,03, 5%,
10%, 15%, and 20% vol) on the performance of a tube-and-shell ex-
changer. The findings indicate that while the heat transfer coefficient
exhibits a 20% enhancement, the pressure drop concurrently increases
by 14%.

Another area of use for nanofluids is in solar collectors, where
they can be used to increase the absorption of thermal energy from
solar radiation, with the aim of achieving higher operating tempera-
tures and reducing fluid flow rates and pumping power in hydraulic
circuits. In 2022, Stalin et al. [11] conducted a comparative analy-
sis of the performance of a flat solar collector, utilizing water, the
nanofluid H,O+Fe,0,, and the hybrid nanofluid H,O+Zn-Fe,0,. The
results demonstrate that the utilization of H,O+Zn-Fe,0,4 (0.5% vol)
enhances the thermal performance by 6.6%. The maximum energy ef-
ficiency of 80.1% is achieved at a mass flow rate of 0.1 kgs™1. The
hybrid nanofluid exhibited a maximum exergy efficiency of 5.36%, rep-
resenting an 8.24% improvement over Fe,O,/water nanofluids. In the
same year, Mustafa et al. [12] employed H,O+Al,0; nanofluids (0.1%
vol) and H,0+Al,05-Cu hybrid (0.1% vol) in a flat solar collector. The
results demonstrate that the hybrid nanofluid represents the optimal col-

lector operating fluid, exhibiting a 4.23% increase in efficiency. Henein
et al. [13] conducted an experimental analysis of the performance of an
evacuated tube solar collector using the hybrid nanofluid H,O0+MgO-
MWCNT. The experiments were conducted at varying weight ratios and
three flow rates, ranging from 1 to 3 L min~". The results demonstrate an
enhancement in the optical efficiency of the collector, reaching a max-
imum of 78.1%. The mean thermal power gain increased from 240 W
to 495 W. The utilization of the hybrid nanofluid demonstrated an en-
hancement of the fluid inlet-outlet temperature differential by 56% and
a reduction of the collector area by 36%.

Another promising solar collector technology is the one based on the
direct absorption (DASC) of solar energy. In 2022, Balakin et al. [14]
used Fe, 03 nanoparticles (60 nm diameter) dispersed in water, obtain-
ing volumetric concentrations in the range of 0.5% to 2% by weight.
This resulted in the formation of H,0+Fe,03, a magnetic nanofluid
capable of establishing photothermal convection in an industrial-scale
direct absorption solar collector equipped with a solenoid. The study
yielded the highest recorded thermal efficiency of 65%. In the same
year, Joseph and Thomas [15] produced a H,O0+C nanofluid using a
more cost-effective one-step method. Nevertheless, a colloidal analysis
revealed that the nanofluid exhibited remarkable stability for approx-
imately six months. Subsequently, the nanofluid was employed in a
DASC, with the thermal efficiency, exergy destruction, and corrosion
coefficient subjected to analysis and comparison with the results ob-
tained in the same collector using water. It was found that the thermal
efficiency of the nanofluid was 73%, which is significantly higher than
that of water (15%).

Fundamental thermophysical properties of nanofluids include den-
sity, specific heat, thermal conductivity, and dynamic viscosity. While
simple correlations are sufficient for approximating the first two prop-
erties, this is not the case for the thermal conductivity and dynamic
viscosity of nanofluids. Consequently, a considerable body of literature
has emerged, comprising both theoretical and experiments studies of
these transport properties. This work focuses on the dynamic viscosity of
nanofluids, adopting a methodology based on previous studies [16,17].
The authors created a database of reliable experimental data to evaluate
remarkable correlations of the dynamic viscosity of nanofluids. Further-
more, they advanced a semi-empirical scaled equation that, contingent
on specific parameters, shows lower deviations with respect to other
correlations. The primary objective is to provide engineers and scien-
tists with a new fit-for-purpose dynamic viscosity correlation for heat
transfer modeling.
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The paper is organized as follows. Section 2 presents the dataset
used to analyze the dynamic viscosity of nanofluids. Section 3 reviews
some of the most important correlations available in the literature. Sec-
tion 4 discusses the proposed semi-empirical scalad equation. Section 5
presents the literature correlations regressed on the database. Section 6
presents the findings of the analysis, including the general behavior of
the equations over the entire database as well as the specific behavior
for each base fluid. This section also includes a comparison between the
suggested model and the literature correlations. Section 7 provides the
conclusions of the work.

2. Materials and methods

This section analyzes the thermal-physical features of the studied
nanofluids alongside the other relevant parameters. Regarding dynamic
viscosity, this study also provides useful information on preparation
methods, use of dispersants, stability assessment, and instrumentation.

2.1. Dynamic viscosity dataset of nanofluids

The dynamic viscosity dataset comprises 737 data records obtained
regarding 32 nanofluids. The investigation considered five base fluids:
water (H,0), ethylene glycol (EG), propylene glycol (PG), mixtures of
ethylene glycol and water (EG/H,0), mixtures of propylene glycol and
water (PG/H,0). As regards H,O, 10 nanoparticles (3 metal oxides, 4
metal, 3 hybrids) are found: silver (Ag), aluminum oxide (Al,03), cop-
per oxide (CuO), aluminum oxide-copper oxide (Al,05-CuO), carbon
(C), iron - silicon (Fe-Si), multi-walled carbon nanotube (MWCNT), nan-
odiamond (ND), nanodiamond-nichel (ND-Ni), titanium dioxide (TiO,).
The second base fluid (EG) comprises 6 nanoparticles (3 metal oxides, 1
metal oxides, 1 covalent compound, 1 hybrid): silver (Ag), aluminum ox-
ide (Al,03), cesium dioxide (CeO,), cobalt trioxide (Co;0,), silicon car-
bide (SiC), titanium dioxide-copper oxide (TiO,-CuO). Propylene glycol
(PG) comprises only one type of nanoparticle, which is a covalent com-
pound known as silicon carbide (SiC). The fourth base fluid (EG/H,0)
comprises 9 nanoparticles (4 metal, 2 metal oxides, 3 hybrid): alu-
minum oxide (Al,03), black carbon (CB), sulfonic acid-functionalized
graphene nanoplatelets (fGnP), diamond nano-mixture purified (G/D
p), graphite/diamond nano-mixture raw (G/D r), nanodiamonds pu-
rified grade GO1 (nD 97), nanodiamonds purified grade G (nD 87),
titanium dioxide (TiO,) and multi-walled carbon nanotube-tungsten
trioxide (MWCNT-WO3;). The last base fluid (PG/H,0) comprises 3
nanoparticles (1 metal, 1 covalent compound, 1 hybrid): sulfonic acid-
functionalized graphene nanoplatelets (fGnP), titanium diboride (TiB,),
titanium diboride-boron carbide (TiB,-B,C).

Table 1 provides the main experimental information for the nanoflu-
ids, which includes wide ranges of dynamic viscosity, temperature, and
nanoparticle concentration. Fig. 1 shows how the experimental dynamic
viscosity values depend on temperature. For liquids, viscosity tends
to decrease with increasing temperature. At higher temperatures, the
molecules of a liquid vibrate faster and with greater intensity. This
increase in kinetic energy reduces intermolecular attraction, allowing
molecules to slide more easily over each other, which in turn decreases
viscosity. In the following paragraphs, additional information about the
experimental procedures is provided.

H,0+Ag Khosravi-Bizhaem et al. [30] dispersed 0.2% silver by mass
in water, corresponding to 0.019% by volume. The samples obtained
were subjected to ultrasonication to remove any aggregation of the
nanoparticles. Viscosity was measured (with an uncertainty of +5%)
at different temperatures (20-40-60 °C).

H,0+Al,0; Elcioglu et al. [31] dispersed 10+5nm and 30+ 5nm
nanoparticles obtaining 3 different volumetric concentrations (1, 2, 3%).
The stability was confirmed by measuring the zeta potential (48 mV).
Nair et al. [32] prepared the nanofluid using the two-step technique by
dispersing different volume concentrations, 0.5-1-1.5-2-2.5%, in water.
The zeta potential was 35.1 mV and the pH was 4.3. Coccia et al. [33]
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Fig. 1. Dataset experimental dynamic viscosity vs. temperature.

dispersed different volumetric concentrations of alumina in water. The
samples obtained were subjected to ultrasonication and were found sta-
ble. Nguyen et al. [34] obtained the nanofluid by dispersing particles
with diameters of 36 nm and 47 nm in water, obtaining concentrations
of 14-15-22% by weight. The stability was confirmed by measuring the
zeta potential (47 mV).

H,0+Al1,0;/Cu0O Zufar et al. [35] obtained this hybrid nanofluid
by dispersing Al,0; and CuO nanoparticles in water using the two-step
method and a mixing ratio of 50:50, resulting in a weight concentration
of 0.1%. The samples were then subjected to ultrasonication for 360
minutes to improve stability.

H,0+C Dalkilic et al. [36] prepared the nanofluid by dispersing
graphite nanoparticles (average diameter of 8 nm) in water and obtained
four different mixtures characterized by volumetric concentrations of
0.5-1-1.5-2%. A zeta potential value of 70 mV was documented.

H,0+CuO Nair et al. [32] prepared the nanofluid using the same
method of H,0+Al,0;3. Pastoriza-Gallego et al. [37] measured the dy-
namic viscosity of the nanofluid with a mass concentration in the
range 1-5%. They obtained two different sets of samples. In the first,
the nanoparticle had diameter between 23-37 nm. In the second the
nanoparticle (d = 11 nm) was obtained according to the rapid precipi-
tation method, proposed by Zhu et al. [47].

H,O0+Diamond Alrashed et al. [38] obtained the nanofluid by dis-
persing diamond nanoparticles with a diameter of 3-6 nm in water us-
ing the two-step method and without the addition of surfactants. The
samples were then subjected to ultrasonication and homogenization for
about 30 minutes.

H,0+Fe-Si Huminic et al. [39] obtained the nanofluid using the two-
step method. This was followed by the use of an ultrasonic disperser
and a thin vibrating rod to obtain homogeneous suspensions. Three dis-
tinct suspensions (250 ml each) were prepared (mass concentration in
the range 0.25-1%). The zeta potential was measured to be -72.2, -71.5
and —73.1 mV for the three different suspensions, respectively.

H,0+MWCNT Alrashed et al. [38] used a special procedure to ob-
tain four different volume concentrations of 0.02%, 0.08%, 0.1% and
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Table 1
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Dynamic viscosity experimental dataset of nanofluids.

Nanofluid N Toin T Hatmin Hnf,max Dave Ref.
°C °C Pas Pas %
EG+Ag 21 25 55 0.0083  0.0226  0.50  [18]
EG+AlL, 0, 73 10 50 0.0075 0.0468 2.63 [19]
EG+CeO, 24 25 50 0.0082  0.0195 0.22  [20]
EG+Co;0, 15 10 50 0.0080  0.0448 328  [21]
EG+SiC 44 10 80 0.0031  0.0452 093  [22,23]
EG+TiO,-CuO 24 25 60 0.0055 0.0241 0.99 [24]
EG-H,0(20:80)+Al,0, 25 20 60 0.0007  0.0022  0.89  [25,26]
EG-H,0(20:80)+MWCNT-WO; 30 25 50 0.0009  0.0018 029  [27]
EG-H,0(50:50)+Al,04 11 20 70 0.0011 0.0046 0.05 [28]
EGH,OWater(50:50)+CB 16 10 80 0.0011  0.0065 0.20  [29]
EG-H,0(50:50)+fGnP 16 10 80 0.0011  0.0066  0.18  [29]
EG-H,0(50:50)+G/Dp 16 10 80 0.0011 0.0067 0.13 [29]
EG-H,0(50:50)+G/Dr 16 10 80 0.0011  0.0066  0.14  [29]
EG-H,0(50:50)+nD87 16 10 80 0.0011  0.0069  0.11 [29]
EG-H,0(50:50)+nD97 16 10 80 0.0012  0.0070  0.11 [29]
EG-H,0(50:50)+TiO, 11 20 70 0.0012 0.0048 0.05 [28]
EG-H,0(60:40)+Al,0;4 20 20 60 0.0019  0.006 0.64  [25]
H,0+Ag 3 20 60 0.0007  0.0013  0.02  [30]
H,0+Al,0; 54 5 65 0.0006 0.0021 2.25 [31-34]
H,0+Al,0,/Cu0 4 50 80 0.0006  0.0007  0.02  [35]
H,0+C 10 20 60 0.0006  0.0013  1.74  [36]
H,0+CuO 95 5 50 0.0005 0.0023 0.92 [32,37]
H,0+Diamond 16 20 50 0.0007  0.0011  0.11 [38]
H,O+Fe-Si 15 20 50 0.0005  0.001 0.12  [39]
H,0+MWCNT 13 20 50 0.0006  0.0016  0.06  [38]
H,O0+ND-Ni 8 30 60 0.0005 0.0009 0.23 [40]
H,0+TiO, 26 10 70 0.0007  0.0022  2.87  [41-43]
PG+SiC 24 25 80 0.0043  0.0456  0.62  [22]
PG-H,0(20:80)+TiB, 4 15 45 0.0013 0.003 0.46 [44]
PG-H,0(20:80)+TiB,-B,C 4 15 45 0.0012  0.0027  0.71 [44]
PG-H,0(30:70)+fGnP 35 10 80 0.0008  0.0055  0.28  [45,46]
PG-H,0(50:50)+fGnP 32 10 80 0.0013 0.0122 0.29 [45,46]

0.2%. After dispersing the MWCNT nanoparticles (diameter 8-15 nm) in
water, a magnetic stirrer was used to increase the dispersion of the nan-
otubes.

H,0+ND-Ni Sundar et al. [40], prepared the hybrid nanofluid by
dispersing 51.57 g and 155.56 g of ND-Ni nanoparticles in 13 L of dis-
tilled water to obtain volume concentrations of 0.1% and 0.3%, respec-
tively. The measured diameter was 4.5 nm.

H,0+TiO, Duangthongsuk and Wongwises [41] prepared the
nanofluid by dispersing titanium oxide nanoparticles (diameter 21 nm)
in water using the two-step method. Mixtures with volumetric concen-
trations of 0.2, 0.6, 1.0, 1.5 and 2.0% with pH values of 7.5, 7.1, 7.0, 6.8
and 6.5 were analyzed. Tertsinidou et al. [42] prepared the nanofluid
using the same method of H,O+Al,05. Fedele et al. [43] prepared the
nanofluid by sparging titanium oxide nanoparticles (diameter 40 nm)
into water using the two-step method. Mixtures with volumetric con-
centrations of 1-10-20-35% were analyzed with pH values of 3.07, 2.34,
2.24, and 1.86, respectively. A zeta potential of 55 mV was determined
for all nanofluids.

EG+Ag Zadeh and Toghraie [18] carried out the study of this
nanofluid by analyzing six different volume fractions of 0.25-0.5-0.75-1-
1.5-2%. The Ag nanoparticles (diameter 40 nm) were added and mixed
until the nanoparticles were completely suspended, resulting in a stable
colloidal mixture (ph 7 and zeta potential 50 mV).

EG+Al, 05 Pastoriza-Gallego et al. [19] prepared the nanofluid by
dispersing alumina nanoparticles (diameter 40 nm) in ethylene glycol
using the two-step method and obtained six different mixtures charac-
terized by the volumetric concentrations 0.5, 1, 1.5, 2.1, 3.1, 4.8, and
6.6%. The pH of the solution was measured to be approximately 6-7.5.

EG+CeO, Saeedi et al. [20] investigated the dynamic viscosity of
this nanofluid by considering six volume fractions of 0.05, 0.1, 0.2, 0.4,
0.8, and 1.2%. The nanofluid was prepared using a two-step technique
to disperse nanoparticles with a diameter of 10-30 nm. The solution was

first stirred for 2 hours and then ultrasonicated for 6 hours. The pH of
the solution was measured to be around 6-7.5.

EG+Co50, Mariano et al. [21] prepared the nanofluid according to
the two-step method, dispersing cobalt oxide nanoparticles (diameter
10-24 nm) in ethylene glycol to obtain five different mixtures with vol-
ume concentrations of 0.9, 2.1, 3.1, 4.3, and 5.7%, respectively. Stability
was increased by subjecting the samples to ultrasonic cycles.

EG+SiC Akilu et al. [22] prepared the nanofluid using the two-step
technique by dispersing silicon carbide nanoparticles with a diameter of
45-65 nm in ethylene glycol. Viscosity was measured at volume concen-
trations of 0.25, 0.5, 0.75, 1%. In the study by Colla [23], nanofluids
were supplied by Nanograde Llc at concentrations of 0.1, 1 and 5%
by weight. An anionic dispersant was added to the suspensions at con-
centrations of 0.008, 0.08, and 0.4 wt%. The reported diameter ranged
from a minimum of 10 nm to a maximum of 50 nm. Dynamic viscosity
was measured at room pressure and at temperatures between 10 °C and
90°C.

EG+TiO,-CuO Akilu et al. [24] prepared titanium-copper oxide
(TiO,-CuO) nanocomposite particles using a wet mixing protocol. The
viscosity of the nanofluid was measured at various temperatures (be-
tween 303.15 K and 333.15 K) and volume concentrations (0.5, 1.0, 1.5,
and 2.0%). The stability was corroborated through the measurement of
the zeta potential (45 mV).

PG+SiC Akilu et al. [22] prepared and characterized the nanofluid
following the same procedure for EG+SiC, again analyzing the same
mass and volume concentrations.

EG-H,0+Al,0; Sundar et al. [25] synthesized the nanofluid through
the dispersal of Al,0; nanoparticles (average diameter 36 nm) in vary-
ing concentrations of base fluids, specifically 20:80%, 40:60%, and
60:40% by weight of ethylene glycol and water using the two-step
method. Viscosity experiments were carried out at temperatures be-
tween 20 and 60 °C volume concentrations between 0.3% and 1.5%.
Stability was confirmed by zeta potential analysis (39 mV). In the study
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by Yiamsawas et al. [26], only the 20:80% mixture of ethylene glycol
and water was used as the base fluid. Aluminum oxide nanoparticles
(average diameter 120 nm) were dispersed in this mixture by the two-
step method, resulting in four volumetric concentrations of 1, 2, 3, and
4%. Said et al. [28] obtained it by dispersing nanoparticles with an aver-
age diameter of 10 nm in the mixture consisting of 50:50 wt% ethylene
glycol and water, giving volume concentrations of 0.05 and 0.3%. The
samples were then subjected to magnetic homogenization for 30 min-
utes. The pH values were measured under different conditions; the mean
value is approximately 8.

EG-H,0+CB In the study by Vallejo et al. [29], carbon black (CB)
nanoparticles (diameter of 13 nm) were suspended in a mixture of 50:50
wt% of ethylene glycol and water, prepared using the two-step method.
To enhance the stability, the samples were subjected to ultrasonication.

EG-H,0+fGnP The nanofluid was obtained by Vallejo et al. [29]
with the same procedure as EG-H,O+CB, using graphene nanopatterns
functionalized with sulphonic acid, fGnP.

EG-H,0+G/Dp The nanofluid was obtained by Vallejo et al. [29]
with the same procedure as EG-H, 0+CB, using a purified graphite/dia-
mond nano-mix, G/Dp, with an average diameter of 4 nm.

EG-H,0+G/Dr The nanofluid was obtained by Vallejo et al. [29]
with the same procedure as EG-H, 0+CB, using a raw graphite/diamond
nano-mix, G/Dr, with an average diameter of 4 nm.

EG-H,0+MWCNT-WO; In the study by Zhu et al. [27], the nanofluid
was prepared using the two-step technique by dispersing nanoparticles
of MWCNT (diameter 20-30nm) and WO; (diameter 23-65nm) in a
mixture consisting of 20:80% by weight ethylene glycol and water. The
volumetric concentrations obtained were 0.1, 0.2, 0.3, 0.4, 0.5, 0.6%.
The zeta potential had a maximum value of 46.2 mV.

EG-H,0+nD-97 The nanofluid was obtained by Vallejo et al. [29]
with the same procedure as for EG-H,0+CB, using purified nanodia-
monds of grade GO1, nD-97, with an average diameter of 4 nm.

EG-H,0+nD-87 The nanofluid was prepared by Vallejo et al. [29]
with the same procedure as for EG-H,0+CB, using purified nanodia-
monds of grade G, nD-87, with an average diameter of 4 nm.

EG-H,0+TiO, Said et al. Said et al. [28] prepared and character-
ized the nanofluid following the same procedure as for EG-H,0+Al, 03,
using TiO, nanoparticles with an average diameter of 5 nm. The result-
ing nanofluids were then ultrasonicated. A zeta potential of —42mV is
recorded.

PG-H,O0+fGnP Vallejo et al. [45] obtained the nanofluid by dis-
persing sulphonic acid functionalized graphene nanopatterns (fGnP),
characterized by layer heights between 2 and 18 nm and lengths and
widths of approximately 530 nm, in water using the two-step method.
All samples were ultrasonicated. The zeta potential was measured to be
—57.1 mV. The base fluids used were mixtures of propylene glycol and
water in a mixing ratio of 30:70% and 50:50% by weight. In the study by
Pérez-Tavernier et al. [46], nanofluids were prepared using a mixture of
propylene glycol and water in a ratio of 30:70% by weight as the base
fluid. The corresponding quantities of nanoparticles were then added
to obtain the desired mass concentrations of 0.25, 0.50, 0.75, and 1%.
The pH was measured to be 8 and the zeta potential was approximately
—48 mV for all samples.

PG-H,0+TiB, Vallejo et al. [44] prepared the nanofluid by dis-
persing titanium diboride (diameter 1nm) in a solution of propylene
glycol and water in a proportion of 20:80% by weight using the two-
step method, obtaining nanofluids with a weight concentration of 2%.
The samples were then ultrasonicated for 20 minutes, to increase their
stability.

PG-H,0+TiB,-B,C Vallejo et al. [44] prepared and characterized
the nanofluid using the same procedure as for PG-H, 0+TiB,. The TiB,-
B,C hybrid nanoparticles had an average diameter of about 48 nm.
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Table 2
Properties of pure fluids.
Base Fluid EG H,0 PG
Apyg (Pas) 0.0031-0.0335  0.0007-0.0015  0.0042-0.04
(AT (°C)) 10-80 5-55 25-80
Ref. [49] [50] [51]
Apye (kgm™) 1072-1120 971.7-1005.5 990-1033
(AT (°C) 10-80 5-55 25-80
Ref. [52] [50] [53]
M,; (kgkmol™)  62.07 18.01 76
Ref. [54] [54] [54]
T, CO) 446.85 373.94 400.85
Pepr (Kgm™) 360.0 400.1 338.96
Ref. [54] [54] [54]
Table 3
Properties of EG-H,0 mixtures.
EG-H,0 (%wt) 20:80 50:50 60:40
Apy (Pas) 0.0007-0.0016 0.0009-0.0055 0.0017-0.0054
(AT (°C)) 20-60 10-80 20-60
Ref. [54] [54] [54]
Apye (kgm™) 1011.9-1029.7 1038.46-1077.5 1063.7-1086.3
(AT (°C)) 20-60 10-80 20-60
Ref. [54] [54] [54]
My (kgkmol™)  21.49 29.26 32.99
Ref. [54] [54] [54]
T, CC) 385.17 399.86.94 405.72
Pepr (kgm™) 314.0 324.01 330.3
Ref. [48] [48] [48]

2.2. Thermophysical properties of base fluids and nanoparticles

In order to evaluate the existing equations for dynamic viscosity,
additional thermophysical properties of base fluids and nanoparticles
was found in previous experimental works or using existing equations
(with dependence on temperature): base fluid dynamic viscosity (uy;),
base fluid density (py,;), and nanoparticle density (pnp). Table 2, 3 and 4
show the ranges for the base fluid dynamic viscosity (Ap), base fluid
density (Ap;), and base fluid molecular mass (M,;) within the tem-
peratures considered, with references to data sources. In addition, the
same tables show the critical temperature (Tep) and the critical density
(Ap. ) of the base fluids considered. Table 5 presents the properties
of the nanoparticles included in the database, analyzing the diameter
range (Adnp) and the density (pnp).

As the literature provides a limited amount of data on the density of
nanoparticles, for several nanoparticles we have collected values at con-
stant temperature, usually close to room temperature. However, given
the limited effect of temperature on these properties for solid nanopar-
ticles, we considered such constant values to be acceptable and suffi-
ciently accurate for the present work. Many of the nanoparticle proper-
ties were extracted from the DETHERM database [48]. The density of
the nanoparticles and base fluids were not only used in the proposed
model (Section 4), but were also essential to calculate the volume con-
centration of nanoparticles (¢) for the references that present only mass
concentrations.

3. Correlations for dynamic viscosity

Viscosity is the resistance measurement of a fluid flow between two
adjoining layers. When nanoparticles are dispersed in a fluid, it can re-
sult in an augmented resistance between these layers when subjected to
shear forces. This leads to an increase in the viscosity of the nanofluid.

In literature, the dynamic viscosity behavior of nanofluids has been
evaluated with numerous models, both theoretical and empirical. The
enhanced viscosity of nanofluids can be evaluated quantitatively using
solid-fluid homogeneous equations. Unlike many review papers, which
have analyzed in detail the dynamic viscosity models for nanofluids
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Table 4
Properties of PG-H,0 mixtures.

PG-H,0 (%wt) 20:80 30:70 50:50

Apye (Pas) 0.00011-0.0024 0.0007-0.0048 0.0011-0.0106
(AT (°C)) 15-45 10-80 10-80
Ref. [54] [54] [54]
Apye (kgm™) 1007.6-1020.9 992.4-1032.5 1011.1-1048.0
(AT (°C)) 15-45 10-80 10-80
Ref. [54] [54] [54]
M,; (kgkmol™)  21.66 23.99 30.22
Ref. [54] [54] [54]
T CO) 379.33 382.00 387.42
Pepr (kgm™) 262.72 255.18 241.25
Ref. [55] [55] [55]
Table 5
Properties of nanoparticles.
Nanoparticle Aa',,p (nm) Pup (kgm™3) T (°C) Ref.
Ag 40-47.5 10500 20 [56]
AlLO, 8-68 3970 20 [571]
Al,05-Cu0O 10 5225 25 [48]
C 8 2250 25 [48]
CB 8 1950 25 [48]
CeO, 20 7132 20 [58]
CuO 21.5 6480 20 [48]
Diamond 4.5 3520 20 [48]
Fe-Si 200 5052 20 [39]
fGnP 210-500 2250 20 [48]
G/Dp 4 2875 20 [48]
G/Dr 4 2860 20 [48]
MWCNT 11.5 1740 25 [41]
ND-Ni 4.5 3971 20 [48]
nD87 4 3500 20 [48]
nD97 4 3520 20 [48]
SiC 55-110 3170 20 [48]
TiB, 1 4520 25 [48]
TiO, 5-40 4285 20 [48]
TiO,-CuO 21.5 4702 20 [48]

available in the literature (e.g., [59-63]), this study only focuses on the
analysis of the most important and simplest equations.

The pioneering model, which to this day remains the most classical
[64], was derived by Einstein [65] in 1906, and is based on the as-
sumption of a linearly viscous fluid containing suspensions of spherical
particles. The model is expressed as:

Hop = s (1 +2.5¢) @)

where y,; (Pas) is the dynamic viscosity of the nanofluid, p,; (Pas) is
the dynamic viscosity of the base fluid, and ¢ is the volume fraction
of nanoparticles. Equation (1) is valid for very low volume concentra-
tions, less than 0.02%. While many researchers have contributed to the
revision of Einstein’s Equation (1), it is important to note that in many
of these papers, authors have typically considered inertial effects in the
fluid to be negligible when assuming a very slow flow. This simplifica-
tion technically imparts linearity to the equations of motion.

In 1941, Eilers [66] analyzed the viscosity of emulsions of highly
viscous substances as a function of concentration. This model can be
expressed as:

125¢

1=¢
0.78

Hop =1+ My (&)

Based on the model developed by Einstein [65], in 1945 De Bruijn [67]
proposed the following model, valid for volumetric concentrations be-
tween 2 and 10%:

e = pipp (1 =2.5¢ +1.55$%) 3)
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Vand [68] proposed his theory of the viscosity of concentrated sus-
pensions in 1945. He stated that, if one assumes that the suspension
behaves hydrodynamically with respect to an additional particle as a
homogeneous medium [68], considering the effect of Brownian motion
and reciprocal forces in the suspension, it is possible to derive a model
valid for concentrations above 2%. Starting from Equation (1), taking
into account an infinitesimal increase in viscosity du, an infinitesimal
increase in volume dV/, and integrating, it turns out that the model may
be written:

o = iyp (1= p— 1.1642) @)

In 1950, Saitd [69], based on Eilers [66] equation, proposed the fol-
lowing model, which is valid for volumetric concentrations above 1.5%:

2.5
ﬂnf=<l+1Tq;) >be ®

Brinkman [70] extended Einstein [65] formula to a moderate parti-
cle volume concentration up to 4%. It is expressed as:

1
Hnf = Hpf <m) (6)

The Krieger and Dougherty [71] equation is the most widely cited
model for high particle volume concentrations. The model has the fol-
lowing form:

1 Pmin
¢ > )

Hnf = Hpt <1 e
min

where ¢, represents the maximum volume concentration, typically
ranging from 0.495 to 0.54 under quiescent conditions and reaching
0.605 at high shear rates. 5 represents the intrinsic viscosity. The typical
value for mono-disperse spheres is approximately 2.5. Some researchers
developed empirical models for the dynamic viscosity of particle-fluid
mixtures in exponential form, considering micron-sized particles. These
include the equation by [72], who proposed the following model in
1965:

Hop = Hpp (1 +2.5¢ + 10.5¢* +0.00273¢'0%) 8)

In 1970, Nielsen [73] proposed a generalized equation for the dy-
namic viscosity of composites for a 2% concentration of dispersed par-
ticles:

Pmin

Hyt = pe(1+ 1.5 p)e ' ~#min )

where ¢,,;, is the maximum volumetric concentration.
Alternatively, in 1972, Lundgren [74] proposed the subsequent equa-
tion as a Taylor series in ¢:

:ﬁybfgybf (1+2.5¢+%5¢2+0(¢3)) 10)
The above equation is also in the form of the Einstein [65] model, if the
term O(¢%) or higher is neglected.

In 1977, Batchelor [75] conducted an evaluation of the impact of
Brownian motion on the dynamics of anisotropic suspended systems
comprising rigid, spherical particles. For suspensions with volumetric
concentration values below 10%, he proposed the following model:

Hnf

Mo = po (1 +2.50+65¢%) an

Based on Einstein [65] model and fitting the curve to the empiri-
cal data of Wang et al. [76] in 2004, Maiga et al. [77] developed the
following model:

Hop = Hpr (1+7.3¢ + 123 %) 12)

The models described above show a tendency for viscosity to in-
crease with volume fraction when spherical nanoparticles are consid-
ered. However, experimental data contradict this trend. Indeed, the
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Fig. 2. Results of the effect size analysis.

dynamic viscosity of nanofluids is a thermophysical property that can-
not be explained by considering only the concentration of nanoparticles
dispersed in the base fluid. In fact, viscosity also depends on other pa-
rameters such as the properties of the nanoparticles, the temperature,
and the properties of the base fluid used.

In 2006, Guo et al. [78] stated that small particle size induces
high viscosity values in nanofluids; therefore, they updated the corre-
lation proposed by Batchelor [75] to include the effect associated with
nanoparticle size (d,;), and proposed the following model:

Mo = Hor (1 +2.5¢ +6.5¢%) <1+350di> 13)

np
In 2011, Corcione [79] proposed the following model to estimate the
dynamic viscosity of nanofluids:
ot = o a4
1-34.87 (—P) $13
dpt
where d,, (m) is the nanoparticle diameter and dy indicates the equiv-

alent diameter of a base fluid molecule, which can be calculated using
the following equation:

1
6 My ) 3 (1s)

dy; =0.1 <—
N 7 po73k

where My represents the molar mass of the base fluid, N is Avogadro’s

number, and p,;3 indicates the density of the base fluid at 273 K.

4. Proposed correlation for dynamic viscosity

A new semi-empirical equation, which takes into account the depen-
dence of dynamic viscosity of nanofluids (u,;) on temperature, nanopar-
ticle diameter, volumetric concentration, and the properties of the base
fluid used, such as dynamic viscosity, density and molar mass, is pro-
posed in this work. The main parameters of the equation were selected
by using an effect size analysis [80-82], i.e. a statistical procedure car-
ried out on all the experimental dataset. As demonstrated in Fig. 2,
the selected parameters have unambiguous statistical impacts (effects,
Eff) on p,¢. To define the effect size Eff used in the present paper, let
us consider an independent variable x, which can assume the values
X; € [Xmin>Xmin] G =1,...,N). The domain of the independent vari-
able, D, can be subdivided into D* = {x € D | x; > (Xpin + Xmin)/2}
and D™ = {x € D | x; < (Xpin + Xmin)/2}. The effect size of x for the
dependent variable y(x) (i.e., y, in this study) is defined as:

20 Y

xeD+ xeD~

H0)= Card (D7)~ card (D)

(16)

where card is the cardinality of the subdomains Dt and D~. Based on
Eq. (16), Eff has the same unit of measurement of ., (Pas).
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The proposed equation is as follows:

d ¢ 4
c Por dnp My
o = o [ 1+ (a9 (r > <
nf bf ( ) c,bf Pebf 21‘Bohr NA Prp dl:ip

a7

where yuy; is the dynamic viscosity of the nanofluid (Pas), ¢ is the vol-
ume fraction of nanoparticles, T is the temperature (K), T is the
critical temperature of the base fluid (K), pyr is the density of the base
fluid (kgm™), p. ¢ is the critical density of the base fluid (kg m=>), My;
is the molar mass of the base fluid (kg kmol™1), N A is Avogadro’s num-
ber (kmol ™! ), Prp is the density of nanoparticles (kg m™3), and dnp is the
average diameter of the nanoparticles (m). The term rg,,, = 5.292 X
10~!" m is the Bohr radius. It represents the most probable distance be-
tween a hydrogen atom nucleus and its electron in its ground state. The
values of the scaled regression coefficients (a = 4.34 x 107>, b =0.55,
c=1,d=2.61, e=1.63, f =0.59) were determined using a Random
Search Method (RSM) [83]. This procedure was undertaken with the
objective of minimizing the average absolute relative deviation (AARD)
between the values calculated from the proposed equation and the data
presented in Table 1. AARD(u,;) is expressed as:

N

100
AARD (py) = = D
i=1

Hnf,calc — Mnf,exp (18)

Hnf ,exp

where N in the number of experimental points, while g ... and
Hnf exp are the calculated and experimental dynamic viscosity of nanoflu-
ids, respectively. It is important to note that the coefficients regressed
for the selected nanofluids are applicable within the following ranges:
0.018<¢<5.7,5°C<T <80°C,1nm < d,, <500nm,971.71 kgm™ <
Por < 1120.23kgm™>.

5. Literature equations regressed on the database

Using the Random Search Method (RSM) [83], the literature equa-
tions were regressed using the collected dataset of thermophysical prop-
erties. The aim of this procedure was to determine new coefficients that,
when applied to the equations, would enhance the predictions of the dy-
namic viscosity of nanofluids.

Table 6 shows the results of this operation. The second column in-
cludes the reference to the original equation (Section 3), while the third
column shows the equation with the new regression coefficients ob-
tained.

6. Results and discussions

This section presents a comprehensive analysis of the results ob-
tained with several equations selected from the literature (Section 3).
Subsequently, the results obtained with the suggested scaled equation
(Section 4) are presented and analyzed in comparison with the litera-
ture equations. Lastly, the results derived from the literature equations
regressed on the proposed database (Section 5) are provided.

6.1. Literature equation results

The AARD of the 14 selected literature equations were analyzed us-
ing the recorded experimental dataset (Table 1). The result of the analy-
sis is provided in Table 7, which shows the percentage AARD(y,;) values
provided by these equations for all listed nanofluids. Table 7 shows that
Maiga’s equation (12) has the smallest deviation between the calculated
upe and the experimental values, with an average AARD of 12.33%.
Guo’s model (13), on the other hand, is identified as the weakest model
available in the literature, with an average AARD of 23.09%. The mod-
els proposed by Einstein (1), Vand (4), Brinkman (6) and Thomas (8) are
almost completely equivalent, with an average AARD of around 13.7%.
The average AARDs of the models of Saito (5), Krieger-Dougherty (7)
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Table 6
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Results of RSM applied to the literature equations.

Model from literature Original Eq.

Regressed equation

Einstein [65] @ o = pp (1 + 1441 ¢)
Eilers [66] ®) Hyp = (1 + ‘ﬁ"’) Ho
De Bruijn [67] 3) top = iy (1 +2187 ¢ —276.65¢%)
Vand [68] @ pog =t (1= p— (—12.80) 2) ™%
saito [69] ®) g = (14 222 ) g
Brinkman [70] 6) Hng = Hof G=gme
243 i
Krieger and Dougherty [71] (2] Mg = Hyp (l - %
Thomas [72] ® Hop = ppe (1 +8.34 ¢ — 47.73 7 +0.08 e!401%)
Pmin
Nielsen [73] ©) top = pop (1 + 11.43 e min
Lundgren [74] (10) Hop = TH08s Hyp
Batchelor [75] 1) Hop = g (1+21.87 p — 276.65 ¢?)
Maiga et al. [77] (12) e = Hyp (1+21.87 p —276.65 ¢*)
Guo et al. [78] (13) o = o (1+15.72p+0.78 %) (1 — 157043108 di)
Corcione [79] (14) Hor = % '
]—0.78( b ) 04
20— —— o
JI
1.8 . e . Cet@l® e e o 1
. .. . e s « Eq.(1) . Eq.(9)
16 L . oo LI d 4
. L cse oums o0 o . Eq(2) . Eq(10)
5 e o . as e o o
E_:-‘; 14r :.";‘“.‘:ét: :'O'w- .. T Eq(3) . Eq(11)
22l i ezii . 1 Ea() . Ea(12)
X . : o ". g . Eq.(5) . Eq.(13)
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Fig. 3. Experimental reduced dynamic viscosity vs. calculated values for all equations. Some points out of the displayed range are not shown.

Table 7

Average AARD(u,;) (%) of all the literature equations.
Model Avg. AARD(u,¢) (%)  Eq.
Einstein [65] 13.80 1)
Eilers [66] 14.43 2)
De Bruijn [67] 16.18 3)
Vand [68] 13.74 )
Saitd [69] 14.88 5)
Brinkman [70] 13.77 6)
Krieger and Dougherty [71] 14.86 7
Thomas [72] 13.59 8)
Nielsen [73] 13.47 9
Lundgren [74] 13.75 (10)
Batchelor [75] 14.75 (11)
Maiga et al. [77] 12.33 (12)
Guo et al. [78] 23.09 (13)
Corcione [79] 13.29 (14))
All selected models [65-79] 14.66 (D-(14)
Proposed model 8.16 a7

and Eilers (2) are equivalent, averaging about 14.8%. On average, all
models in the literature have an AARD of 14.66%.

Figs. 3 and 4 illustrate a comparative analysis between experimen-
tal data and calculated values for nanofluids. Fig. 3 displays the results
for the literature equations, whereas Fig. 4 categorizes the base flu-
ids. Based on Fig. 3, the literature’s equations often underestimate .
Specifically, De Bruijin’s, Krieger-Dougherty’s, Thomas’s, and Batche-
lor’s models (Egs. (3), (7), (8), and (11)) show this tendency. In contrast,
Maiga and Guo’s models (Egs. (12) and (13)) tend to overestimate the
dynamic viscosity calculation.

6.1.1. Results for water-based nanofluids

The analysis of the nanofluids comprising H,O as the base fluid re-
veals that the optimal model is that of Lundgren (10), as depicted in
Table 8, showing an average AARD(4,¢) of 10.60%. Conversely, the least
effective model is the one by Guo (13), displaying an average AARD of
40.87%. The model shows criticality with the following nanoparticles:
Al,053, C, CuO, ND-Ni, TiO,. With the exception of Guo (13), the analy-
sis of the data shown in Table 8 reveals that the average AARDs yielded
by the different models are nearly the same (about 11%). Fig. 4(a) illus-
trates the tendency for equations in literature to generally underestimate
Hpr- It is worth noting that the distribution of points is quite symmetri-
cal. Notably, nanofluids containing oxide nanoparticles, such as Al,0,
and CuO, are particularly underestimated. Conversely, the H,0+TiO,
nanofluid appears to be overestimated.

6.1.2. Results for ethylene glycol-based nanofluids

Analyzing in detail the nanofluids with EG as the base fluid (Ta-
ble 9), it emerges that the best model is Maiga’s (12), with an AARD
of 13.97%; the worst model, instead, is Saito’s (5), with an AARD of
24.52%. From the same table, it can be seen how this result is affected by
the nanofluid EG+SiC, for which the AARD is 45.93%. Furthermore, it
appears that the Krieger-Dougherty (7) and De Bruijin (3) models show
an AARD greater than 20% for almost all EG-based nanofluids. Fig. 4(b)
illustrates how equations in the literature typically underestimate ;.
The ethylene glycol-based nanofluids that are most underestimated in-
clude those containing Al,03, Ag (at low volumetric concentrations),
and SiC. On the other hand, the nanofluids EG+Ag (at high volumetric
concentrations) and EG+Co;0, are overestimated.
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Fig. 4. Comparison of measured and predicted dynamic viscosity for water-based nanofluids (a), ethylene glycol-based nanofluids (b), mixtures of water and ethylene
glycol nanofluids (c), and mixtures of water and propylene glycol nanofluids (d). The legend is the same of Fig. 1.

Table 8

AARD(u,¢) (%) of the literature equations for water-based nanofluids.
Equation Avg. Ag Al 04 Al,0;-Cu0  C CuO Diamond  Fe-Si MWCNT  ND-Ni TiO,
Einstein [65] (1) 10.85 12.43 12.24 22.08 12.50 10.36 4.58 7.97 6.32 12.74 7.28
Eilers [66] (2) 10.90 12.43 13.63 22.04 12.69 10.32 3.70 7.42 6.35 12.62 7.83
De Bruijn [67] (3) 11.99 12.45 17.73 21.96 13.76 10.87 3.98 7.54 6.43 12.34 12.86
Vand [68] (4) 10.76 12.43 12.11 22.08 12.48 10.36 4.58 7.37 6.32 12.74 7.16
Sait6 [69] (5) 11.16 12.44 14.57 22.02 12.82 10.38 3.88 7.45 6.38 12.54 9.14
Brinkman [70] (6) 10.61 12.43 12.16 22.08 12.49 10.36 2.98 7.37 6.32 12.74 7.21
Krieger and Dougherty [71] (7) 11.04 12.44 14.51 22.02 12.82 10.38 2.78 7.45 6.38 12.54 9.04
Thomas [72] (8) 10.62 12.37 11.94 22.41 12.45 10.45 2.94 7.33 6.27 12.84 7.15
Nielsen [73] (9) 10.88 12.43 11.25 22.08 12.48 10.86 3.54 7.37 6.32 12.79 9.68
Lundgren [74] (10) 10.60 12.43 12.12 22.08 12.48 10.36 2.88 7.37 6.32 12.74 7.17
Batchelor [75] (11) 10.67 12.43 12.13 22.08 12.48 10.36 3.58 7.37 6.32 12.74 7.19
Maiga et al. [77] (12) 12.14 13.41 9.98 22.19 15.78 11.72 4.26 7.19 6.20 13.14 17.56
Guo et al. [78] (13) 40.87 12.37 40.32 23.68 158.74 27.07 12.97 7.24 6.59 49.12 70.55
Corcione [79] (14) 11.60 12.43 10.47 22.07 15.86 10.49 2.89 7.39 6.30 12.97 15.08
Proposed model (17) 10.56 10.35 10.15 21.15 15.94 11.24 2.26 7.15 6.05 15.04 6.23

6.1.3. Results for nanofluids based on mixtures of water and ethylene
glycol

The analysis of the nanofluids having EG-H,O mixtures as base
fluid shows that the best model is Guo’s (13), with an AARD(y,;) of
7.11%, as can be seen from Table 10, from which a good behavior
can be also observed with the nanofluids EG-H,0(20:80)+Al,0; and
EG-H,0(50:50)+nD87 (AARD of 3.48% and 1.89%, respectively). The
worst model is De Bruijin’s (3), which has an average AARD(y,) of
14.45% and shows the highest AARD values for each nanofluid. The
remaining models predict dynamic viscosity quite similarly, with an

average AARD(u,) just above 13%. Fig. 4(c) shows that the nanoflu-
ids with mixtures of water and ethylene glycol are underestimated by
the literature equations. The nanofluids EG-H,0(20:80)+Al,03, EG-
H,0(50:50)+nD87 and EG-H,0(50:50)+Al,05 are the most underes-
timated of the literature.

6.1.4. Results for propylene glycol-based nanofluids and water-propylene
glycol mixtures

The analysis of the nanofluids having PG and PG-H,O mixtures as
base fluids shows that the best model is Maiga’s (12), which has an
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Table 9
AARD(p,¢) (%) of the literature equations for ethylene glycol-based nanofluids.

Equation Avg. Ag Al 04 CeO, Co;0, SiC TiO,-CuO

Einstein [65] (1) 17.38 23.86 21.35 12.57 13.74 14.90 17.86

Eilers [66] (2) 18.69 24.41 23.14 12.77 17.28 15.52 19.00

De Bruijn [67] (3) 21.72 25.66 27.27 13.22 25.54 16.99 21.61

Vand [68] (4) 17.35 23.84 21.13 12.57 13.91 14.86 17.80

Saitd [69] (5) 24.52 24.76 24.26 12.98 19.45 45.93 19.72

Brinkman [70] (6) 17.27 23.85 21.22 12.57 13.26 14.88 17.82

Krieger and Dougherty [71] (7) 19.47 24.75 24.16 12.89 19.30 15.92 19.81

Thomas [72] (8) 16.96 23.69 20.85 12.45 12.45 14.75 17.55

Nielsen [73] (9) 16.42 23.65 18.59 12.52 11.67 14.74 17.36

Lundgren [74] (10) 17.21 23.85 21.16 12.57 13.02 14.87 17.81

Batchelor [75] (11) 17.22 23.85 21.17 12.57 13.08 14.84 17.81

Maiga et al. [77] (12) 13.97 21.88 12.20 11.92 12.16 12.45 13.22

Guo et al. [78] (13) 19.46  17.45 2455 895  47.09 11.32  7.39

Corcione [79] (14) 17.87 23.27 1417 1236 2830 1420 14.92

Proposed model (17) 9.63 18.10 5.14 9.58 9.69 8.14 7.11

Table 10
AARD(u,¢) (%) of the literature equations for nanofluids based on mixtures of water and ethylene glycol.
EG-H,0 (wt%) 20:80 20:80 50:50 50:50 50:50 50:50 50:50 50:50 50:50 50:50 60:40
Equation Avg. Al,0; MWCNT-WO;  ALO; CB fGnP G/Dp  G/Dr nD87 nD97 TiO2 Al O,
Einstein [65] (1) 13.38 10.65 11.96 8.99 11.10 13.49 14.68 13.25 16.99 20.42 15.80 9.82
Eilers [66] (2) 13.70 11.68 12.34 9.04 11.37 13.72 14.85 13.43 17.13 20.56 15.86 10.72
De Bruijn [67] (3) 14.45 14.10 13.22 9.17 11.99 14.25 15.26 13.84 17.45 20.86 16.01 12.78
Vand [68] (4) 13.37 10.60 11.95 8.99 11.09 13.49 14.68 13.25 16.99 20.42 15.80 9.79
Saitd [69] (5) 13.91 12.35 12.59 9.08 11.54 13.87 14.97 13.54 17.22 20.64 15.90 11.29
Brinkman [70] (6) 13.47 10.62 11.95 8.99 11.10 13.49 14.68 13.25 16.99 20.42 15.80 9.80
Krieger and Dougherty [71] (7) 13.91 12.34 12.59 9.08 11.54 13.87 14.97 13.54 17.22 20.64 15.90 11.28
Thomas [72] (8) 13.14 10.45 11.71 8.79 10.85 13.25 14.44 13.01 16.76 20.19 15.57 9.53
Nielsen [73] (9) 13.29 10.48 11.77 8.99 11.03 13.44 14.63 13.20 16.96 20.39 15.80 9.50
Lundgren [74] (10) 13.37 10.61 11.95 8.99 11.10 13.49 14.68 13.25 16.99 20.42 15.80 9.79
Batchelor [75] (11) 13.37 10.61 11.95 8.99 11.10 13.49 14.68 13.25 16.99 20.42 15.80 9.79
Maiga et al. [77] (12) 12.25 7.05 10.63 8.81 10.19 12.73 14.10 12.66 16.53 19.98 15.60 6.42
Guo et al. [78] (13) 7.11 3.48 8.83 8.86 5.87 13.25 5.81 7.56 1.89 4.90 13.25 4.55
Corcione [79] (14) 13.02 9.20 11.74 9.02 10.82 13.68 14.37 12.94 16.78 20.22 15.77 8.66
Proposed model (17) 6.35 5.04 5.83 6.97 2.37 7.78 5.15 4.01 7.57 10.35 10.57 4.18
Table 11

AARD(u,¢) (%) of the literature equations for propylene glycol-based nanofluids and water-

propylene glycol mixtures.

PG-H,0 (wt%) 100:00 20:80 20:80 30:70 50:50
Equation Avg. SiC TiB, TiB,-B,C  fGnP fGnP
Einstein [65] (1) 15.72  18.95 18.18 11.99 16.51 12.95
Eilers [66] (2) 16.28  19.62 18.74 12.91 16.84  13.31
De Bruijn [67] (3) 17.59 21.15 20.02 15.02 17.60 14.15
Vand [68] (4) 15.69  18.92 18.16 11.95 16.50 12.94
Saitd [69] (5) 17.25  20.04 19.10 16.50 17.05  13.55
Brinkman [70] (6) 1570  18.93 18.17 11.97 16.51 12.94
Krieger and Dougherty [71] (7) 16.65 20.04 19.09 13.50 17.05 13.55
Thomas [72] (8) 15.46  18.69 17.94 11.70 16.27  12.70
Nielsen [73] (9) 15.57  18.57 18.17 11.97 16.34  12.78
Lundgren [74] (10) 15.70 18.93 18.17 11.96 16.50 12.94
Batchelor [75] (11) 17.02  19.73 20.17 14.65 17.52  13.04
Maiga et al. [77] (12) 13.65 16.45 16.20 8.53 1537  11.69
Guo et al. [78] (13) 57.48 13.50 243.05 2.95 15.78 12.14
Corcione [79] (14) 14.82  18.23 15.01 11.16 16.64  13.07
Proposed model (17) 5.37 8.69 1.97 6.37 4.82 5.01

average AARD(u,) equal to 13.65%, as can be seen from Table 11.
The same table shows how this result is affected by the AARD(yu,)
of PG+SiC and PG-H,0(20:80)+TiB,, which are close to 16% error.
Again, the Guo’s model (13) is the worst because it presents an aver-
age AARD(u,;) of 57.48%. However, the result is strongly influenced
by PG-H,0(20:80)+TiB,, for which it has an AARD of 243.05%. The
models of Eilers (2), Saito (5), Krieger-Dougherty (7) and De Bruijin (3)
have a very similar behavior, with an AARD(y,) of more than 16.50%.
While the models proposed by Einstein (1), Vand (4), Brinkman (6),
Thomas (8), Nielsen (9), and Lundgren (10) produce very similar out-
comes, with an AARD(y,;) of around 15.50%. Table 11 indicates that
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all models have an AARD(y,,;) of over 10%, except for the nanofluid PG-
H,0(20:80)+TiB,-B,C. In this case, Maiga’s (12) and Guo’s (13) models
yield an AARD(y,;) of 8.53% and 2.95%, respectively. Fig. 4(d) shows
how the equations in the literature tend to underestimate all nanofluids
with mixtures of water and propylene glycol as base fluids.

6.2. Results for the proposed correlation
Fig. 3 illustrates that the literature equations often underesti-

mate yu,;. Specifically, De Bruijin’s, Krieger-Dougherty’s, Thomas’s, and
Batchelor’s models (Egs. (3), (7), (8), and (11)) are notable for this ten-
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Fig. 5. Temperature-dependent deviations in dynamic viscosity according to
Eq. (17). The legend is the same of Fig. 1.
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viscosity according to Eq. (17). The legend is the same of Fig. 1.
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Fig. 7. Experimental reduced dynamic viscosity vs. calculated values for
Eq. (17). The legend is the same of Fig. 1.

dency. In contrast, Maiga and Guo’s models (Egs (12) and (13)) tend to
overestimate the dynamic viscosity calculation.

The results of the proposed correlation (Eq. (17)) are provided in
Table 7, 8, 9, 10, 11, and in Fig. 5, 6 and 7. In Fig. 5, it can be
seen that the relative error does not exhibit a discernible correlation
with temperature, indicating that the model accuracy remains rela-
tively consistent across the entire temperature range under consider-
ation. This observation is further supported by the results presented in
Fig. 6, but demonstrates that higher concentrations yield to higher er-
rors. This phenomenon, in part, depends on the limited availability of
data at high volumetric concentrations, which in turn affects the pre-
cision of the resulting estimates at these concentrations. Fig. 7 shows
how the proposed model slightly underestimates some nanofluids, such
as H,0+CuO and H,0+Al, 03, while slightly overestimates others, such
as PG-H,0(50:50) +fGnP, EG+Co30,, and PG+SiC.
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Table 12
AARD(u,¢) (%) for the 4-fold cross-validation used on Eq. (17).

Test  Regressed Dataset  Predicted Dataset ~ Complete Dataset
% % %

1 8.04 8.18 8.23

2 7.41 8.18 8.44

3 9.15 8.15 7.82

4 8.23 8.18 8.16

As can be seen from Table 7, the suggested model exhibits an over-
all average AARD(y,;) of 8.16% across the entire dataset, result that
is significantly better with respect to the average AARD(y,;) value re-
lated to all the literature equations (14.66%). The consideration is also
true if the proposed correlation is compared with Maiga’s model (12),
which provides the best AARD(y,,;) among the equations available in
the literature (12.33%).

Studying the results for the nanofluids that have H,O as base fluid
(Table 8), it can be seen that the proposed model shows an average
AARD(u,¢) of 10.56%, a result then is slightly better with respect of
what can be obtained with the literature equations. From Table 8, it
can be seen that the proposed model has low AARD(u,;) values for
the nanofluids H,0+Diamond, H,0+MWCNT and H,0+Fe-Si (2.26%,
6.05% and 7.15%, respectively). However, it has poor compatibility
with H,0+Al,03/Cu0 and H,0+C nanofluids, for which the AARD(y,,¢)
is 21.15% and 15.94%, respectively. For these nanofluids, however, the
proposed model presents AARD(y,;) values in line with the literature.

From Table 9, where the results for nanofluids having ethylene gly-
col (EG) as base fluid are detailed, it can be seen that the proposed model
has an average AARD(y,;) of 9.63%, while the literature equations ex-
hibit an average AARD(y,;) exceeding 15%. This is due to a very good
compatibility displayed by the model with EG+Al,03; (AARD(y,;) of
5.14%), EG+Ti0,/CuO (AARD(y,;) of 7.11%), and EG+SiC (AARD (s,
of 8.14%). But the AARD(y,;) related to EG+Ag nanofluid, which is
18.1%, negatively impacts the overall result.

Studying the results for the nanofluids having mixtures of EG-H,0 as
base fluid (Table 10), it can be seen that the proposed model presents
an average AARD(y,;) of 6.35%. It also exhibits AARD(u,;) values of
less than 6% for various nanofluids such as EG-H,0(20:80)+Al, 05, EG-
H,0(20:80)+MWCNT/WO;, EG-H,0(50:50)+CB (nanofluid for which
it also exhibits the lowest AARD(u,,;) value of 2.37%), EG-H,0(50:50)+
G/Dp and EG-H,0(60:40)+Al,05. These deviations show that the model
exhibits better behavior with respect to the literature equations, apart
from a few exceptions where Guo’s model (13) gives slightly better re-
sults.

From Table 11, where results are presented for nanofluids having
propylene glycol (PG) and mixtures of propylene glycol and water (PG-
H,0) as base fluid, it can be seen that the proposed model exhibits an
average AARD(y,;) of 5.37%. The proposed model presents very low
AARD(y,¢) values for all the considered nanofluids, particularly for PG-
H,0(30:70)+fGnP and PG-H,0(20:80)+TiB,, for which the AARD(y,,;)
is 4.82% and 1.97%, respectively.

The efficacy of the suggested model was evaluated through the im-
plementation of a k-fold cross-validation technique, which was utilized
to assess its capacity for generalization. In the k-fold cross-validation
method, the dataset is divided into k equal parts. For model coefficient
estimation, kK — 1 of these subsets are used, while the leftover subset
evaluates the model’s ability to predict outcomes. This procedure iter-
ates k times, cycling through all subsets. In conducting their analysis, the
study’s authors employed a fourfold cross-validation approach. Table 12
presents the findings of each test. The high generalization capability of
the proposed Eq. (17) is demonstrated by the obtained deviations.

Finally, Fig. 8 shows the temperature dependence of the proposed
Eq. (17) for five nanofluid samples selected from the dataset, provided
with their experimental values. It can be seen that the proposed corre-
lation effectively captures the physical progression of dynamic viscosity
as function of temperature.
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Fig. 8. Trend of the proposed Eq. (17) with temperature for different nanofluids. The symbols represent the experimental values.

Table 13
Average AARD(u,¢) (%) of the literature equations re-
gressed on the database.

Avg. AARD(u,¢) (%)  Eq.
Einstein [65] 11.52 (€D]
Eilers [66] 11.58 (2)
De Bruijn [67] 10.90 3)
Vand [68] 10.97 4)
Saitd [69] 13.66 5)
Brinkman [70] 11.92 (6)
Krieger and Dougherty [71] 12.62 (2]
Thomas [72] 10.34 ®)
Nielsen [73] 11.70 (©)]
Lundgren [74] 12.30 (10)
Batchelor [75] 10.90 a1
Maiga et al. [77] 10.90 (12)
Guo et al. [78] 11.48 (13)
Corcione [79] 10.30 (14)

6.3. Results for literature equations regressed on database

As discussed in Section 5, the 14 selected literature equations were
regressed on the database in order to obtain new coefficients that would
reduce the error committed by the original formulations. Table 13 shows
the AARD(y,¢) values of the literature equations after this re-fitting op-
eration. After comparing these results with those in Table 7, it appears
that all models show a marked improvement. The equation that mostly
benefits from the operation is that of Corcione (14), which reaches an
average AARD(y,;) of 10.30%. Despite this, the proposed Eq. (17) still
provides more accurate predictions (AARD(y,,¢) of 8.16%) than the re-
fitted literature equations.

7. Conclusions

In order to evaluate the precision of several renowned correlations
pertaining to the dynamic viscosity of nanofluids (u,¢), an experimental
dataset of 737 points and 32 different nanofluids was collected in this
work. The study examined and assessed a total of 14 correlations and a
semi-empirical scaled equation proposed by the authors.

Based on the results of the study, the main findings can be summa-
rized as follows.

« For the entire dataset, the best literature equation is Maiga’s [77]
(AARD(p,¢) = 12.33%).

+ For H,0-based nanofluids, the best literature model is Lundgren’s
[74] (AARD(u,;) = 10.60%).

+ For EG-based nanofluids, the best literature equation is Maiga’s [77]
(AARD(p,¢) = 13.97%).

+ For base fluids consisting of mixtures of H,O and EG, the best lit-
erature model is Guo’s [78] (AARD(y,) = 7.11%).
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+ For base fluids consisting of mixtures of H,O and PG, the best lit-
erature model is Maiga’s [77] (AARD(y,¢) = 13.65%).

Applying the Random Search Method (RSM) to the literature equa-
tions, it was found that the best re-fitted model was the one of
Corcione (14) (AARD(y,¢) = 10.30%).

The correlation proposed by the authors (Eq. (17)) was found to
have an AARD(y,,;) = 8.16% for the entire dataset. The correlation
also showed the best results for each sub-group of the base fluids.
A 4-fold cross validation proved its generalization capability with
new data.

In conclusion, it is recommended that researchers provide compre-
hensive descriptions of the methodologies employed in the preparation
of nanofluids, including detailed numerical data, instruments, zeta po-
tential, and pH values utilized.
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