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Abstract

Thermal oils due to their high ability in cooling and lubricating have many applications in high-tech
industries such as the automotive industry. Dispersing nanoparticles in a thermal oil (which the
resulted new liquid is called nanofluid) can modify further the cooling and lubrication efficiencies.
This review paper aims to present the recent advances in the preparation methods and
thermophysical properties measurements of oil-based nanofluids. Effects of various parameters
such as nanoparticle concentration, size, and temperature on the values of properties including
thermal conductivity, viscosity, density, and specific heat are reviewed. The correlations available

for the properties of oil-based nanofluids are gathered from the literature that could be a worthy

source for those who aim to work on oil-based nanofluids.

Keywords: Oil-based nanofluid; Preparation method; Thermophysical properties; Viscosity;

Density; Thermal conductivity; Specific heat capacity.

Nomenclature
7. Shear stress (Pa)
M: Dynamic viscosity (cP)

y: Shear rate (s)

T: Temperature (°C)

¢: Solid concentration (%)

V : Kinematic viscosity (m?/s)

Indexes:

eff: Effective
bf: Base fluid
nf: Nanofluid

k: Thermal conductivity (W/m K)
d: particle diameter (nm)

p: Density (kg/m°)
C,: Specific heat capacity (J/kg K)

P: Particle
np: Nanoparticle



1- Introduction
Nanofluid (NF), a cutting-edge liquid with superior thermal conductivity compared to common

liquids, are absolutely a well-known keyword in thermal sciences. The greater thermal conductivity
of NFs makes them as an appropriate candidate for efficiency enhancement of thermal equipment,
although at the same time the increase in viscosity which happens due to adding nanoparticles
(NPs) to the base fluid (BF) could be a negative aspect of the NF application. NFs are applied to
solar energy devices [1], [2], car radiators [3], [4], microchannel heat sinks [5], [6], medicine [7],
different cavities [8], [9], and so forth.

Prior to employing NFs in different applications, it is necessary to estimate the thermophysical
properties to achieve a better design of the target system. However, available theoretical models in
the literature failed to predict the properties with a high accuracy. Therefore, measurement of NFs
properties is inevitable, especially at high concentrations of particles. Although the number of
research and review papers on the NF properties exceeds hundreds, however, for the given NFs (oil-
based NFs), some discrepancies in the literature can be observed on the effect of nanoparticles’
morphology and NF temperature and concentration on the thermophysical properties (mainly
thermal conductivity and viscosity). These inconsistencies would be because of different

preparation and measurement techniques used by researchers.

The present paper focuses on the preparation methods and thermophysical properties of oil-based
NFs. There are plenty of good reasons on why the oil-based NFs are the focus of the present review;
First of all, there are a few review articles that focus on the properties and characteristics of oil-
based NFs despite numerous review articles on the other types of NFs; Nadooshan et al. [10]
reviewed the effective parameters of rheological behavior of different nanofluids; Hafiz et al. [11]
presented a review on different preparation methods of nanofluids containing TiO, nanoparticles;
Sajid et al. [12] reviewed the advances of nanofluids in heat transfer applications; Mahian et al. [13]
reviewed the contribution of nanofluids in solar energy; Babar et al. [14] presented a critical review
on the viscosity of hybrid nanofluids; Chamkha et al. [15] reviewed the application of nanofluids in
different microchannels; and there are some other reviews [16]-[19]. Another point would be that,
from the practical point of view, oil-based NFs can be used in many applications in different
industries in which water-based NFs are not applicable; such as automobile industry where the NF
is used for engine cooling or lubrication of other components and solar based systems [20]-[23].
Thus, in the present review, various preparation techniques, which is the most important step

toward studying the NFs’ thermal efficiency, will be presented and reviewed. Then, the published



experimental literature on dynamic viscosity, thermal conductivity, density, and specific heat
capacity of different oil-based NFs will be discussed and a collection of available correlations on

properties will be presented.

2- Nanofluid preparation
It is known that the first and most important step toward experimentally studying different NFs is

the preparation step. Two major techniques have been widely used by researchers to prepare a long-
time stable (at least 10 days) oil-based NFs; single/one-step method, which is preferred for small-
scale production, and two-step method, which is suitable for mass production due to its low

production cost [24].

2-1- Single/One-step method
Preparing NFs from NPs and BF directly and simultaneously can be defined as the one-step

preparation method. Due to the fact that this approach can prevent NPs oxidation, such method is
not only favorable but also many relevant researchers have been using this approach to prepare their
NFs. Furthermore, several characteristics of one-step prepared NFs such as dryness, storing,
transportation and dispersion of NPs can lead to decrease aggregation and clustering to improve the
stability [25].

Some techniques such as laser ablation (Fig. 1A) [26] and submerged arc NPs synthesis system
(SANSS) (Fig. 1B) [27] are available for preparing stable one-step NFs. During such processes,
metals will be vaporized and then cooled into liquid for preparing stable NFs. Moreover, submerged
are NPs synthesis system (SANSS) includes a heat source, cooling system, and a state control
system which consists of isobaric and isothermal control systems. Using this method can also
prevent forming undesired aggregation [27]. In fact, for managing thermal systems, it is essential to
have stable working fluid either prepared by two-step or one-step.

Therefore, several techniques have been used by the researchers to prepare and stabilize their
applied NFs. For instance, direct fabrication approach [28]-[31], sol-gel technique [32], chemical
precipitation process [33], physical gas-phase and direct condensation technique [26], [34], [35],
mechanical stirring method [36], surface treated and functionalization acid process for Carbon
nanotube [37], [38], chemical co-precipitation approach [39], and electrical explosion of wire [40],
[41]. To reduce agglomeration of NPs and improve stability, some of the above mention methods
employ dispersant such as SDBS [42]-[45], Chitosan [46], using surfactant such as
Polyvinylpyrrolidone [25], Cetyl Trimethyl Ammonium Bromide (CTAB) [47], and some scholars



have employed other alternatives to obtain uniform mixture using surface modifier such as silane
[48], spiral coil [27], varying of pH of NFs [37], and creation of carboxyl groups on the surface of
the NPs [39] for stability purpose.

Using single-step method, Electrical Explosion of Wire (EEW), Aberoumand and Jafarimoghaddam
[41] synthesized the Cu/engine oil NF in different solid weight concentrations (0.2, 0.5, and 1 %).
In this method (EEW), employing the extra high electric voltage and current leads to converting the
primary wire into NPs through under liquid wire explosion process. Consequently, they produced

long-time stable NFs with the average nanoparticle size of 50 nm.

2-2- Two-step method
In this method, the nano-sized particles, which are usually nanotubes or NPs, that can be formed by

physical, chemical or mechanical processes as dry powders [1]. Then, an ultrasonic device would be
used for mixing and stirring the nano-sized powders within the BF. Ultrasonication process can
decrease the particle aggregation, which is one of the challenges in NFs preparation process.
Moreover, dispersants would be added to enhance the stability of the NFs. Another feature of the
two-step method is that such preparation method is very suitable for large scale of NFs production.
It must be noted that the two-step preparation method is the most economical approach for

preparing any NFs. Fig. 2 presents schematic view of the NF preparation process.

Literature shows that the two-step method is the dominant method in preparing the oil-based NFs
compared to the single-step method as shown by the Tab. 1 that presents a summary of the

preparation methods used by researchers to produce oil-based NFs.

Employing the two-step method, Saeedinia et al. [49] dispersed CuO (50 nm, purity 99 %) NPs into
oil in four different weight concentrations of 0.2, 0.5, 1, and 2 %. They used an ultrasonic processor
(400 W, 24 kHz) to break down the possible agglomeration of NPs into the BF. They observed no
sedimentation over the first 24 hours of the preparation with the naked eyes. However, the
sedimentation has been observed after a week of preparation.

The MWCNT nanoparticle has been dispersed into heat transfer oil using the two-step method by
Pakdaman et al. [50] They dispersed the NPs in three weight concentrations of 0.1, 0.2, and 0.4 %
without using any surfactant. First of all, employing an electrical blender for 1 h, the MWCNT has
been dispersed into the BF. Then, the suspension has been subjected to an ultrasonic processor (400
W, 24 kHz) for 6 hours. They used the ultrasonic processor to break down the agglomeration of

NPs. The literature shows that using the ultrasonic processor is an inevitable part of preparing the



NFs in the two-step method and different researchers proof that it helps to break down the
agglomeration of NPs and make a long-time stable NF with uniform particle distribution [51]-[53].

Wang et al. [54] employed the two-step method to prepare graphite-oil NF into four weight
concentrations of 0.5, 1, 2, and 4 %. They used a ball grinder (KQM-X4, China) to fabricate the NF.
It must be noted that they produced the samples with and without using any surfactants and declared

that the samples containing surfactant showed better stability.

In another study, Ahmadi et al. [55] investigated the effect of different preparation method,
ultrasonic bath, ultrasonic probe, and the ball-mill method, on the quality of the NF. They dispersed
MWCNT nanoparticle with 0.1 wt. % into the oil. They observed that bath and probe sonication
method is not that much effective to break down the agglomeration of MWCNT particles compared
to the ball-mill method.

The Silicon Carbide (SiC) and Titanium Oxide (TiO,) NPs have been dispersed into the diathermic
oil applying two-step method by Wei et al. [56]. They added the hybrid NPs into the BF in three
different concentrations of 0.2, 0.4, and 0.8 vol. %. They investigated the stability of the produced
samples through sedimentation experiments and zeta potential measurements and observed that the
produced samples have good stability even after 10 days. Fig. 3 presents the results of the zeta

potential as a function of time and the sedimentation experiments.

Asadi and Asadi [57] dispersed the hybrid NPs of ZnO and MWCNT into a four seasonal engine oil
(10W40) employing the two-step method. They used the ZnO and MWCNT with the ratio of 85 %
and 15 % and dispersed them into the engine oil in five concentrations of 0.125, 0.25, 0.5, 0.75, and
1 %. In the first step, a magnetic stirrer has been employed for 2 h to mix the NPs into the BF.
Then, to make a uniform and long-time stable NF and breaking down the possible agglomeration of
the NPs, an ultrasonic processor (1200 W, 20kHz, Topsonic, Iran) has been used for 1 h. They
reported that employing the two-step method, NF stability is achieved for at least one week and the

naked eyes have evidenced no sedimentation.

3- Viscosity
Studying the rheological properties of NFs, it is of paramount importance to categorize whether the

NF is a Newtonian or non-Newtonian fluid. There are many debated whether a NF is a Newtonian
or non-Newtonian fluid; especially in the case of oil-based NF, Alirezaei et al. [58] reported that the

MWCNT-ZnO/engine oil NF showed non-Newtonian behavior over the range of the studied



temperatures (25-50 °C) and concentrations (0.625-1 %) and various shear rates (670-8700 s™) while
for the same NF, Asadi et al. [57] reported that the MWCNT-ZnO/engine oil hybrid NF showed
Newtonian behavior over the studied temperatures and concentrations. In the following sections, the
Newtonian and non-Newtonian behavior will be discussed, and the related literature will be

reviewed.

3-1- Newtonian Behavior
The Newtonian fluid behavior was described for the first time by Sir Issac Newton (1642-1726). He

described the Newtonian fluid with a simple linear relation between shear stress (mPa) and shear

rate (1/s) as follows:

r=pxy 1)

Where 7, |4, and y are shear stress, viscosity, and shear rate, respectively. It must be noted that the

viscosity of the Newtonian fluid is temperature-dependent. Moreover, there is a linear increase in
shear stress with increasing the shear rates, and the slope of this increase is given by the viscosity of
the fluid. Thus the viscosity of the Newtonian fluid will keep constant regardless of its velocity to
flow through a pipe or a channel. Water, mineral oil, gasoline, and alcohol are just some of the
examples of Newtonian fluids widely used for the preparation of NFs. Fig. 4 presents the qualitative

flow behavior for different types of fluids; Newtonian and non-Newtonian.

The rheological properties of CuO (50 nm)-oil NF has been experimentally investigated by
Saeedinia et al. [49]. They performed the experiments in different solid fractions (0.2-2 wt. %) and
temperatures (20-70 °C). They reported that the prepared samples exhibited Newtonian behavior

over the studied range of temperatures and concentrations.

Pakdaman et al. [50] conducted an experimental investigation on the rheological behavior of
MWCNT/heat transfer oil in three different concentrations of 0.1, 0.2, and 0.4 wt. % and at different
temperatures (40-100 °C). They reported that there is a linear relationship between the shear stress

and shear rate of the studied NF, which proves that the studied NFs are Newtonian.

In another experimental study, the rheological properties of CuO/engine oil (20W50) over a
different range of concentrations (0.2-6 wt. %) and temperatures (5-70 °C) by Farbod et al. [59].

They used CuO NPs, nano-rhombic, and nano-rod to prepare the samples. They reported that the



studied NF with all the particle shapes as well as the BF (engine oil) showed Newtonian behavior
over the studied range of temperatures and concentrations.

Dardan et al. [60] studied the effect of adding Al,O3-MWCNT NPs into the engine oil (SAE40) on
the rheological behavior of the resultant hybrid NF. They used the Al,O3 and MWCNT NPs by the
ratio of 75 vol. % and 25 vol. % in six different solid fractions (0.0625 % to 1 %). Moreover, they
conducted the experiments over the different temperatures ranging from 25 °C to 50 °C and share
rates ranging from 1333 s to 13,333 s™*. They reported that the viscosity of both the BF (SAE 40)
and the prepared samples of NFs showed independent behavior from the shear rate at all the studied
temperature and concentrations. Thus both of them are Newtonian fluids.

Asadi et al. [61] investigated the effects of adding MgO (80 vol%) and MWCNT (20 vol%) on the
rheological properties of a hybrid engine oil-based (SAE50) NF. The mean diameter of the NPs was
30 nm, and they have conducted the experiments over different concentrations (0.25- 2 %) and
temperatures (25-50 °C). They reported that the prepared hybrid NF showed Newtonian behavior
over the studied range of temperatures and solid concentration. A summary of the studied NF which

showed Newtonian behavior is presented in Tab. 2.

In another experimental study, Aberoumand et al. [40] studied the rheological properties of Ag-heat
transfer oil NF over different temperatures ranging from 25 to 60 °C and three concentrations of
0.12, 0.36, and 0.72 wt. %. Their results were quite interesting; they reported that while the BF
showed Newtonian behavior, the prepared NF showed non-Newtonian behavior at the temperatures
lower than 35 °C. However, at the temperatures higher than 35 °C the prepared NF showed

Newtonian behavior.

3-2 Non-Newtonian behavior
Another type of fluids, which their flow curves are nonlinear or even their flow curves are linear,

but it does not pass through the origin, called non-Newtonian fluids. In other words, the viscosity of
non-Newtonian fluids depends on the flow conditions; shear rate/stress developed within the fluid,
flow geometry, time of shearing, the initial state of dispersion, stability, and so forth. Moreover, the
viscosity of the non-Newtonian fluids is temperature-independent. The non-Newtonian fluids can be

categorized into two different categories:

3-2-1- Time-independent fluids: the fluid properties of this category are independent of the

duration of shearing, which can be described as follows [62]:



z-yx = f(}/yx)

or, (1)

Y = T(zy)

Based on the form of the Eq. 2, the time-independent fluids can be categorized into three different

types as follows:

A. Shear-thinning or pseudoplastic fluids: in this types, increasing the shear rate leads to
decreasing the viscosity of the fluid. Fig. 5 clearly presents the shear-thinning or
pseudoplastic behavior. There are some mathematical models to describe the pseudoplastic
behavior, but the power-law model is the more widely used ones among others. The Eyring
model, the Cross model, the Carreau viscosity, and the Ellis fluid model [62] can also be

suitable. The power-law expression is as follows:

T, =M(y )"
or; 2)

p=m(y, )"

A. Where n and m are the power-law index and the fluid consistency coefficient, respectively.
It is known that for the Newtonian fluid, n=1 while for the pseudoplastic n<1. It must be
mentioned that the lower value of n means the greater the degree of pseudoplastic [62].

B. Shear-thickening or dilatant fluids: This types of fluids are the opposite of the shear-
thinning; the viscosity of the fluids increases as the shear rate increases. The shear-
thickening behavior is shown in Fig. 5.

C. Visco-Plastic fluids: This types of fluids are categorized by the existence of the yield stress

(to). This yield stress should be exceeded before the fluid starts to flows.

3-2-2- Time-dependent fluids: There are some fluids which their apparent viscosity, apart from the
applied shear rate, is also a function of shearing time. This type of fluids can be divided into two

different categories:



A. Thixotropic fluids: The apparent viscosity of this types of fluids decreases with time at a
constant shear rate. By gradually increasing the applied shear rate at a certain rate and then
decreasing the shear rate at the same rate, a hysteresis loop will be obtained [62], as
presented in Fig. 3.

B. Rheopectic fluids: Compared to the thixotropic fluids, the rheopectic fluids showed inverse
behavior; at a constant shear rate, the apparent viscosity increases with time [62]. In this

type of fluids, the hysteresis loop in the flow curve is inversely observed (Fig. 6).

Hemmat Esfe et al. [63] studied the rheological behavior of MWCNT-SiO,/oil (SAE40) hybrid NF
in different temperatures (25 to 50 °C) and concentrations (0.625 to 2 vol. %). They conducted the
experiments over different shear rates ranging from 100 to 500 RPM and observed that at solid
volume fractions up to 1 %, the studied NF exhibited Newtonian behavior, however, in higher

concentrations (¢> 1 %), the studied NF behaved as non-Newtonian fluid (Fig. 7).

In another experimental investigation, the rheological behavior of alumina-silicon oil NF at four
different concentrations of 2, 4, 6, and 8 wt. % and shear rates ranging from 5 to 1000 s™ was
studied by Anoop et al. [64]. They performed the experiments at room temperature and observed
that both the BF and the NF showed Newtonian behavior at the shear rates up to 102 s, but at

higher shear rates, the NF showed non-Newtonian shear-thinning behavior.

The effect of adding surfactant on the rheological properties of Al,Os-diathermic oil NF was studied
by Colangelo et al. [65]. They conducted the experiments over three different concentrations of 0.3,
0.7, and 1 vol. % and reported that the sample without using surfactant at the solid concentration of
1 % and the samples without surfactant and the concentrations of 0.7 and 1 % showed non-
Newtonian behavior. Tab. 3 presents a summary of the literature which showed the non-Newtonian

behavior of oil-based NFs.

4- Viscosity of oil-based nanofluids
The resistance of fluids against flowing is called viscosity, which affects the momentum transfer

between the fluids’ layers. One of the most important parameters, which has a certain effect on heat
transfer of NFs, is, undoubtedly, the viscosity of NFs. It has a direct effect on the pressure loss and
the pumping power. Various parameters affect the effective viscosity of NFs, such as the viscosity
of the BF, solid concentration of NPs, particle diameter, shape, nature, and temperature. Although
the thermal conductivity of the oil-based NFs has been widely investigated, the effective viscosity

was not the focus of the researchers. Thus, to make a better understanding of the affecting



parameters on the viscosity, further research should be done. In the following sections, the effect of
temperature and solid concentration of NPs on the effective viscosity of oil-based NF will be
reviewed. Then the classical model to estimate the dynamic viscosity of NFs will be discussed.
Finally, the proposed models by different researchers to predict the dynamic viscosity of different

oil-based NFs, which are based on the experimental data, will be presented.

4-1- Effect of temperature and solid concentration
It is known that temperature and solid concentration of NPs are two important factors which have a

certain effect on the viscosity behavior of NFs. The literature showed that adding NPs to the based
fluids, even at a very low concentration, leads to increasing the dynamic viscosity of the NFs.
However, there are some contradictory reports. The main cause of this increase would be that the
possibility of growing the NPs’ cluster is increased as the solid concentration increases. This nano-
cluster would prevent the movement of the fluid layers easily, which leads to increasing the
dynamic viscosity of the NFs. On the other hand, it has been proved that the dynamic viscosity
decreases as the temperature increases. The main cause of this decrease would be attributed to the

fact that the interactions among the fluid molecules weakening as the temperature increases.

Ettefaghi et al. [55] investigated the kinematic viscosity of MWCNT/engine oil (20W50) NF at two
different temperatures of 40 °Cand 100 °C and three concentrations of 0.1, 0.2, and 0.5 wt. %. They
reported quiet interesting results; the kinematic viscosity decreased at the solid concentration of 0.1
wt. %, then it showed an increasing trend by increasing the solid concentration. They stated that at
the low solid concentration (0.1 wt. %), the added nanotubes would place between the oil layers
which leads to ease the movement of the oil layers and thus decreasing the viscosity of the NF.
However, at higher concentrations (0.2 and 0.5 wt. %) the nanotubes start to agglomerate which
leads to increasing the viscosity. They also reported that increasing the temperature leads to
decreasing the kinematic viscosity. The maximum decrease was 0.25 % which occurred at the
temperature of 100 °Cand the solid concentration of 0.1 wt. % while the maximum increase was 1.7

% which took occurred at the temperature of 40 °C and the solid concentration of 0.5 wt. %.

The effects of temperature variations and solid concentration on the dynamic viscosity of MWCNT-
MgO/engine oil (SAE50) has been studied by Asadi et al. [61]. They reported that increasing the
solid concentration from 0 to 2 vol. % leads to a 65 % increase in the dynamic viscosity of the NF.
It was the maximum increase in the dynamic viscosity which took place at the temperature of 40 °C.

They also reported that the minimum increase in the dynamic viscosity was 14.4 % which took



place at the solid concentration of 0.25 vol. % and temperature of 25 °C. Fig. 8 displays the
percentage of increase in dynamic viscosity of the NF in different temperatures and concentrations.
They also reported that increasing the temperature from 25 to 50 °C caused approximately 77 %

decrease in the dynamic viscosity of the NF in all the studied concentrations.

Hemmat Esfe et al. [63] studied the dynamic viscosity of MWCNT-SiO,/engine oil (SAE40) hybrid
NF in different temperatures and concentrations. They reported that increasing the NPs leads to
increasing the dynamic viscosity of the NF which this increase in more noticeable in lower
temperature compared to those higher. They reported the maximum increase of well over 30 %
which accrued at the solid concentration of 1 vol. % and temperature of 40 °C. Tab. 4 presents a

summary of the recent literature of the dynamic viscosity of oil-based NFs.

4-2- Classical viscosity models
There are some classical models to predict the viscosity of suspensions. It is now well-established

that most of them are not able to predict the viscosity enhancement of NFs with nanoparticle
content except in rare cases or in the presence of aggregates. In this section, there are simply

recalled in the following Tab. 5.

Undoubtedly, Einstein’s model [66] is the most popular model which can be used to predict the

viscosity of the suspensions containing spherical particles. The Einstein’s model is as follows:

Hegi = Hy (1+2.50) (1)

The Einstein’s model has been extended by Brinkman [67] to predict the viscosity of less diluted

suspensions as follows:

-25
Her = by (1= ) (1)
Considering the interactions among particles (Brownian motion) in the suspension, Batchelor [68]

modified the Einstein’s model as follows:

Mo = Hy (1+2.50+6.29°%) )

Thus, a semi-experimental power-law model has been presented by Krieger and Dougherty [69] for

the higher range in particle content as follows:



_[,u]¢7m

Mg = Ha 1--+- )

m

This model can predict the viscosity of the suspensions within any concentrations of spherical
particles. Tab. 5 presents a summary of the classical model to predict the viscosity of suspensions

containing different particles.

4-3- Proposed experimental models for oil-based nanofluids

Due to the fact that every nanoparticle has different properties such as density, specific heat
capacity, and thermal conductivity, suspending these NPs in different BFs leads to different
rheological and thermophysical properties of the resultant fluids (NF). Although many researchers
tried to propose a model to predict the viscosity of different NFs, there are only a few models to
predict the viscosity of NFs within the acceptable range of accuracy thus far. Thus researchers
proposed different empirical-based correlations to predict the viscosity of a specific NF in the range
of the studied temperatures, concentrations, shear rates, and so forth. In this section, a summary of
the proposed correlation for estimating the viscosity of oil-based NF will be presented. It must be
noted that almost all of these models have been proposed applying curve fitting method on the

experimental data.

Pakdaman et al. [50] proposed a correlation to predict the kinematic viscosity of the MWCNT-heat
transfer oil in terms of the studied range of temperatures (40 to 100 °C) and concentrations (0.1, 0.2,
and 0.4 wt. %). They employed the least square method to propose the correlation with the square

correlation coefficient (R?) of 0.91. The proposed correlation is as follows:

anv;‘/bf = (~11.23T +5926.5)p"* (1)
bf

In another experimental investigation, Dardan et al. [60] investigated the rheological properties of
Al,03-MWCNT/engine oil (SAE40) in different temperatures (25 to 50 °C) and concentrations
(0.0625 to 1 vol. %). Employing the curve fitting method (Marquardt-Levenberg algorithm [70]),
they proposed a new correlation in terms of temperature and solid concentration to predict the
dynamic viscosity of the NF within the range of the studied temperatures and concentrations. The

proposed correlation is expressed as:



:unf
H

0.01719
+0.9695(Ij
@

It is interesting to note that the maximum error of the proposed correlation is reported as 2 %, which

=1.123+0.3251¢p—0.08994T +0.002552T > —0.00002386T *
1)

indicates the excellent accuracy of the correlation in predicting the dynamic viscosity of the NF.

Employing the curve fitting approach, Asadi et al. [61] proposed a new correlation regarding the
temperature and solid concentration to predict the dynamic viscosity of MgO-MWCNT/engine oil
(SAES0). The correlation can predict the dynamic viscosity of the studied NF in the temperatures of
25 to 50 °C and concentrations of 0.25 to 2 vol. % with the maximum error of 8 % (Fig. 9). The

proposed correlation is as follows:

,Unf — 328201XT72.053 x (00.09359 (3)

A summary of the proposed models to estimate the viscosity of different oil-based NF is presented
in Tab. 6.

5- Thermal conductivity
There is no disagreement that adding NPs, which possess different thermophysical properties, to

conventional working fluids (i.e., water, ethylene glycol, oil, etc.) leads to changing the
thermophysical properties of the conventional fluids. Thermal conductivity is one of the most
important properties which has a direct effect on heat transfer performance of NFs. In this regard,
various parameters affect the thermal conductivity of the resultant fluids (NFs); particle size &
shape, temperature, thermal conductivity of the NPs, thermal conductivity of the BF, solid
concentration of NPs, preparation techniques, additives (surfactants), acidity (pH) of the BF, and
clustering. The effects of these parameters on thermophysical properties of different NFs was
comprehensively reviewed by Gupta et al. [71]. Moreover, the responsible mechanisms for heat
transport in NFs, which are Brownian motion, nanolayer, nanoclusters particle aggregation, liquid
layering, and thermophoresis, was comprehensively discussed by Chandrasekar and Suresh [72],
Fan and Wang [73], Pinto and Fiorelli [74], Tawfik [75], and Wong and Castillo [76]. Measuring
the thermal conductivity of NFs, various methods have been employed by researchers such as
transient hot-wire method, temperature oscillation method, 3-@ method, and the optical

measurement method. However, the literature survey showed that the transient hot-wire method is



the dominant method used by researchers. In the following sections, the effect of adding different
NPs on thermal conductivity of oil-based NFs will be reviewed and discussed. Then, the classical
model to predict the thermal conductivity of NFs will be presented, and, finally, the proposed
models by researchers to predict the thermal conductivity of different oil-based NFs will be

presented.

4-1- Effect of adding nanoparticles
The literature showed that the thermal conductivity of NFs is higher compared to the BFs, and the

oil-based NFs are not the exception. Researchers widely reported that increasing the solid
concentration of NPs as well as the temperature leads to enhancing the thermal conductivity of NFs.
Although the thermal conductivity of NFs plays a crucial role in heat transfer enhancement, there is
a limited number of studies devoted to investigating the thermal conductivity of oil-based NFs. In
this ground, the thermal conductivity of CuO/oil NF was investigated by Saeedinia et al. [49]. They
measure the thermal conductivity in different temperatures (24 to 70 °C) and two concentrations of 1
and 2 wt. %. They reported considerable enhancement in the thermal conductivity of the studied NF
with temperature. With increasing the temperature in the suspension, the agglomeration of NPs

diminishes, therefore, thermal conductivity enhances due to more uniformity of NPs in the mixture.

The effect of temperature and solid concentration on the thermal conductivity of oil-based NF
containing graphite NPs was investigated by Wang et al. [54]. They reported that adding 1.36 vol.
% graphite to the BF leads to 36 % enhancement in the thermal conductivity. It is reported that the
thermal conductivity enhancement was nonlinear as the solid concentration increased. They also
reported that the temperature has a weak effect on the thermal conductivity enhancement although
increasing the temperature leads to increasing the thermal conductivity. They introduce the
clustering effect as the dominant heat transfer mechanism.

Aberoumand et al. [40] studied the thermal conductivity of silver/heat transfer oil NF over different
temperatures and concentrations. They reported that the thermal conductivity of the BF showed a
decreasing trend as the temperature increased, but the thermal conductivity of the NF showed an
inverse trend; it increases as the temperature increased. This increasing trend has been repeated for
all the concentrations. They also indicated that the Brownian motion is the responsible mechanism

to increase the thermal conductivity by increasing the temperature.

The effect of adding a different amount of Oleic Acid surfactant to Al,Os/diathermic oil NF on the

thermal conductivity, in different temperatures (30 to 50 °C) and three concentrations of 0.3, 0.7,



and 1 vol. %, has been investigated by Colangelo et al. [65]. Their results showed that adding
surfactant does not affect the thermal conductivity of the NF. Moreover, increasing the solid
concentration of the surfactant has also no effect on the thermal conductivity enhancement. They
reported the maximum enhancement of 4 % at the solid concentration of 1 vol. %. A summary of

the recent literature on the thermal conductivity of oil-based NF is presented in Tab. 7.

4-2- Classical thermal conductivity models
Many attempts have been made to present a model to predict and explain the thermal conductivity

enhancement of suspensions and biphasic materials. In this ground, one of the pioneering studies
was conducted by Maxwell [77]. He proposed the first theoretical model to predict the thermal

conductivity of the suspensions containing large spherical particles as follows:

ki: kp+2kbf +2(kp—kbf )1, "
Kt kp + 2K, — (kp —ky )

This is the base model to predict the thermal conductivity of homogeneous suspensions containing a
low solid concentration of particles thus far. After this pioneering study, the Maxwell model was
modified by Hamilton-Crosser who introduced and considered the shape factor of particles in the

model:

(kp +(n=Dky +(n-Dep(ky _kp))
(kp +(n -1k +¢(kp —ky ))

Where n represents the shape factor of the particles. It must be noted that for spherical particles

K, =Ky

nf

(2)

n=3 while for other particle’s shape, it differs from 0.5 to 6.

Another widely used model which is suitable for the suspensions containing a low solid

concentration of spherical particles was introduced by Jeffrey [78]:

k 3 3 4
L =1+3pp+ 3,6’2+3’B SBrv2) 35 @’
K, 4 16(27+3) 64

p=— 1)



Resulting in the better prediction compared to the models mentioned above for spherical particles,

Bruggeman [79] proposed another model as follows:

ke 1 K
kf :Z(s(p—l)kp+[(2—3<o)kbf]+f\/&

bf

KV " 1)
A=|Bp-17| X | +[(2-3¢)* +2(2+ 99 -90°)] +
Ky Ky
More recently, considering both the static influence (Maxwell model [77]) and the effect of
Brownian motion, Koo and Kleinstreuer [80] proposed the following model:

K, =Ky +k

ok {kp + 2k +2(k, — )(o}’
kp + 2kbf - (kp - kbf )o
kT
P dnp
B =0.0137(1009) %% (1%
S =0.0017(100¢) °%* p)1%
f =(~134.63+1722.3p) + (0.4075—6.04¢)T

As for the hybrid NFs, the thermal conductivity can be predicted based on the principle of the

static Brownian

kBrowni.am = 5 X104 ﬁ¢pbf Cbe f ! (1)

mixture rule. The modified Maxwell model for the thermal conductivity of hybrid NF is:

(Ko +K005)
p1#p1 p27p2 +2kbf +2(kp1¢p1+kp2¢p2)—2(ﬂkbf
k —k whnf (2)
ot =00 (ko K L)
pl plqo p27p2 +2kbf _Z(kp1¢pl+kp2¢p2)_¢kbf
hnf

It is proofed in the literature that none of the previous classical models (Eqs 12-14) can predict the
thermal conductivity of different NFs within an acceptable range of accuracy and they generally
underestimate thermal conductivity enhancement of NFs with nanoparticle loading. Thus

researchers tried to proposed new empirical-based correlation to predict the thermal conductivity.



4-3- Proposed correlations
As it is discussed before (section 4-3), a different combination of NPs with working fluids results in

having a NF which possesses different thermophysical properties compared to that of the based
fluid. Various parameters, such as solid concentration of the particles, particle material, BF, particle
size, particle shape, temperature, and acidity (pH), have a certain effect on the thermal conductivity
of NFs. Thus researchers tried to proposed new correlations which can predict the thermal
conductivity of specific NFs considering one or more of the mentioned affecting parameters. In this
section, the empirical-based correlation, proposed so far, to predict the thermal conductivity of the
oil-based NFs will be presented.

Pakdaman et al. [50] developed a correlation to predict the thermal conductivity of MWCNT/oil NF

in terms of solid concentration of NPs, particle’s size, and the bulk fluid temperature as follows:

0.369

knf 136.35 1 T1.2321
=1+ 30447 (1 ) exp(-0.021T) | || ey (1)

2.4642B1(T—C)
bf 5 10

Where the constant B and C are 247.8 and 140, respectively. It is interesting to note that the
maximum deviation of this model is approximately 6 % which shows the accuracy of the

correlation.

In another experimental study, Aberoumand et al. [40] proposed a new correlation to predict the
thermal conductivity of Ag/oil NF over the temperatures ranging from 40 to 100 °C and
concentrations of 0.12, 0.36, and 0.72 wt. %. They proposed the correlation in terms of solid
concentration, temperature, and thermal conductivity of the nanoparticle with the maximum

deviation of 3.5 % as follows:

ky =(3.6x107°T —0.0305)¢” +(0.086 -1.6x10™*T )¢
(1)
+3.1x107*T +0.129-5.77x10°k , —40x10™*

Ilyas et al. [81] proposed a new correlation to estimate the thermal conductivity of MWCNT-

thermal oil NF in terms of solid concentration and temperature as follows:
ky =0.595-0.4547(1-¢,) +

0.2759  0.3943 )
1-9,) -9,)°

T|0.7422-0.606(1-¢,) +



This correlation is valid within the temperatures ranging from 25 to 63.15 °C and concentrations
ranging from 0.1 to 1 wt. %. Moreover, the mean absolute error and coefficient of determination

(R?) of the correlation have been reported as 3.5 % and 0.95, respectively.

Considering the solid concentration of NPs and temperature, Asadi et al. [82] proposed a new
correlation to predict the thermal conductivity of Al,O3-MWCNT/oil hybrid NF in a different range
of temperatures and concentrations with the maximum deviation of well under 2 % (Fig. 9) as

follows:

k, =0.1534+0.00026T +1.1193¢ (20)

A summary of the proposed empirical-based correlation to predict the thermal conductivity of the

oil-based NF has been presented in Tab. 8.

6- Density
Another important thermophysical property, which has a direct effect on Reynolds number, pressure

loss, Nusselt number, and friction factor, is density. There are a limited number of studies on the
density of NFs. Generally, the density of the NFs is predicted based on the mixture rule as follows
[83]:

o = (mj _ My + My _ LotV +§0pr 1)
nf

v V4V, ViV

To predict the density of NFs, Pak and Cho [84], for the first time, used the following equation,
which is for the micrometer-sized particles:

Pri = Pp+ (=) oy (21)
As for the density of hybrid NFs, extending the law of mixture, Takabi and Salehi [85] proposed

the following equation, which showed good agreement with the experimental data:

Pt = pplwpl + pp2¢p2 + (l_ (Dh)pbf ;
Oy =Pt Py,

Saeedinia et al. [49] measured the density of CuO/oil NF in different concentrations ranging from

(21)

0.2 to 2 vol. %. They also compared the experimental data with those of Pak and Cho [84]
correlation and declared that there is a good agreement between the experimental data and the

correlation output.



In another experimental study, the density of MWCNT/oil NF has been measured by Pakdaman et
al. [50]. They compared the experimental data with Pak and Cho [84] correlation and reported that

there is only 1 % deviation between the experimental data and the correlation output.

Ilyas et al. [81] studied the density of MWCNT/oil NF is different concentrations (0.1 to 1 wt. %)
and temperatures (20 to 60 °C). They reported that the density of the NF showed a decreasing trend
as the temperature increased. This trend was repeated in all the concentrations. Moreover, the
density of the NF showed an increasing trend as the solid concentration increased. They also
compared the experimental data with the Pak and Cho [84] correlation and found that there is a

good agreement between the experimental data and the correlation output.

The density of Al,Os/oil NF was investigated by llyas et al. [86]. They conducted the experiment
over different temperatures (20 to 60 °C) and concentrations (0.5 to 3 wt. %). They compared the
experimental results with those of Pak and Cho correlation and found that there is a good agreement
between the experimental data and the correlation output in low concentrations while the difference
was quite significant for the high concentrations. Based on the experimental data, they proposed a
new correlation to predict the density of the NF in terms of temperature and solid concentration
with the mean absolute error of + 0.5 % and R?=0.0997 as follows:

p, =—1012.83— 70291 157831101 ?,)0 % 1

0.7125
T

671.4463

(1_¢ )3.2992T 0.1938
p

(21)

From the available literature on the density of oil-based NFs, it can be concluded that the classical
model presented by Pak and Cho [84] can predict the density of different NFs within the acceptable

range of accuracy.

7- Specific heat capacity
Specific heat capacity, which is a parameter to shows the capability of a fluid to store and move the

heat away from the hot source, is one of the most important properties that has a direct effect on the
heat transfer performance of NFs. There are two models available in the literature to predict the
specific heat capacity of NFs which are based on the law of mixture. The first model was presented
by Pak and Cho [84] in terms of solid concentration of NPs, the specific heat capacity of NPs and
BF:

Cp =Cp o+ (1- CD)Cbe (21)



The second model was presented by Xuan and Roetzel [87]. This model is based on the heat

equilibrium as follows:

¢, =(-¢p)pyC, + PPyCo, (21)

As for the hybrid NFs, Takabi and Salehi [85] proposed a correlation to predict the specific heat

capacity as follows:

(-9)pyC,. +0p,.C,  +0p,,C
CPhnf — bf Pot p.l pp,l p.2 pp,Z (21)
phnf

The specific heat capacity of CuO-oil NF over a different range of concentrations (0.2 to 2 wt. %)

and temperatures (30 to 78 °C) has been experimentally investigated by Saeedinia et al. [49]. They
found that the specific heat of the studied NF is considerably less than that of the BF. They also
reported that increasing the solid concentration of NPs leads to decreasing the specific heat capacity
of the NF. They also compared the experimental results with Pak and Cho [84] and Xuan and
Roetzel [87] correlations and reported that these models have no capability to predict the specific

heat capacity of the studied NF; the models overestimate the specific heat of the NF.

Pakdaman et al. [50] experimentally investigated the specific heat capacity of MWCNT/heat
transfer oil and compared the experimental findings with Pak and Cho [84] and Xuan and Roetzel
correlations. They reported that these widely used correlations are not able to predict the specific
heat capacity of the studied NF within the acceptable range of accuracy. Thus they proposed a new
correlation to predict the specific heat capacity of the studied NF in terms of temperature and solid

concentration as follows:

(Cpbf B Cpnf )

c Por

=0.0128T +1.8382¢ """ (21)

This correlation is valid over the studied range of temperatures (313 to 343 K) and concentrations
(0.1, 0.2, and 0.4 wt. %). The maximum error of the proposed correlation is 9.4 % which shows the

ability of the correlation to predict the specific heat capacity of the NF.

In another study, llyas et al. [81] developed a new correlation to predict the specific heat capacity of

MWCNT/thermal oil NF in terms of temperature and solid concentration of NPs as follows:



¢, =-20+21573(1-¢,)—0.012T +0.024T (1- ,) 22)

Pre o
The maximum deviation between the experimental data and the correlation output was reported as
+ 3 %.

8- Discussion
An overview of different preparation methods of oil-based nanofluids have been presented in this

review paper. It is seen that the two-step method is the dominant method used by researchers since
it is the most economical approach for preparing the samples, especially in large quantity.
Thermophysical properties of nanofluids play imperative role on heat transfer performance of the
nanofluids. Dynamic viscosity directly affected the pumping power and pressure loss and thermal
conductivity has direct effect on heat transfer performance. Various parameters have affect the dyna
mic viscosity and thermal conductivity of nanofluid among which temperature and solid
concentration of particles are the two imperative parameters. Adding nanoparticles to the oil (as a
base fluid) results in increasing the dynamic viscosity of oil-based nanofluid; the main reason would
be that adding nanoparticles leads to increasing the possibility of having large size clusters which
prevents the easily movement of fluid layers. As for temperature, increasing the temperature leads
to weakening the interactions among the fluid molecules which leads to decreasing the dynamic
viscosity of the nanofluid. Adding nanoparticles, which possess higher thermal conductivity
compared to the base fluid, results in improving the heat transfer performance of the base fluid. The
dominant mechanisms of heat transfer performance are Brownian motion, nanoclusters particles
aggregation, liquid layering, and thermophoresis, which are comprehensively discussed by
Chandrasekar and Suresh [72], Fan and Wang [73], Pinto and Fiorelli [74], Tawfik [75], and Wong
and Castillo [76]. It is also revealed that the transient hot-wire method is the dominant method for

measuring the thermal conductivity of the oil-based nanofluids.

9- Concluding remarks and challenges
In the present paper, it is tried to review the different preparation techniques used in producing oil-

based NFs as well the thermophysical properties of the oil-based NFs. It is found that the two-step
method is the dominant method in the preparation of the oil-based NFs. However, the single/one-
step method leads to preparing the more uniform and stable NFs. Moreover, it is revealed that oil-
based NF possesses higher viscosity compared to that of the BF. This trend is similar as the solid
concentration and temperature increases. However, in some limited cases such as [55], the viscosity

of the NF showed a lower viscosity in the extremely low concentrations of particles (0.1 %wt)



compared to the BF. It would be a valuable path to conduct more in-depth investigations on the
extremely low concentration of NPs. As for the thermal properties, it is found that adding NPs to
the oil leads to enhancing the thermal conductivity of the BF. Increasing the solid concentration and

temperature leads to increasing the thermal conductivity of the oil-based NF.

Reviewing the proposed classical models, it can be well understood that the classic models for
predicting thermal conductivity and viscosity of nanofluids cannot be suitable for oil based
nanofluids. According to Fig. 10, the proposed correlations are able to predict the viscosity while
the predicted values by classic models are not matched with the measured data. These major
deviations are because of the fact that several parameters such as volume concentration, bulk
temperature of nanofluids, nanoparticle type, size and geometry, and even the base fluid certainly
affect the viscosity while some of these parameters are not included in classic models. Because of
the same reasons, classic models for predicting thermal conductivity are also unable to calculate
thermal conductivity of oil based nanofluids. Moreover, thermal conductivity of oil based
nanofluids increases with the temperature rising while all of the classic models predict thermal
conductivity of all kinds of nanofluids (water, EG, oil, etc) in a decreasing way. This decreasing
trend has come from the first experiments on nanofluids which was only water based. Thus, the
models that have been derived from the water-based nanofluids cannot be used to predict thermal

conductivity of other types of nanofluids such as oil based.

As for the density, it is revealed that adding NPs to BFs leads to increasing the density. However,
increasing the temperature leads to decreasing the density of the NF. Furthermore, the literature
showed that the proposed model by Pak and Cho [84] is able to predict the density of the oil-based
NFs within the acceptable range of accuracy. Finally, it is found that adding NPs to conventional

fluids leads to decreasing the specific heat of the fluid.

Further investigations could concentrate on studying the effects of different factors such as particle
shape and size on thermophysical properties of oil-based NFs. Moreover, it would be of value to
investigate the extremely low solid concentration of NPs and high temperatures (higher than 60 °C)
since such results are quite rare in the literature. Another future path would be focused on proposing
models and correlations which consider more affecting key factors on thermophysical properties

rather than just temperature and solid concentration of NPs.
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Fig. 2 Schematic view of the two-step NF preparation process; A) Nanoparticle synthesis/preparation, B) base fluid

adding, C) surfactant adding and ultrasonication of agglomerated particles, D) stable NF
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Fig. 3 Results of the A)sedimentation experiments, and B)zeta potential analysis as a function of
time presented by Wei et al. [56]. Reprinted with permission from Elsevier with the license
number 4542530898908.
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Fig.7 Newtonian and non-Newtonian behavior of MWCNT-SiOy/oil hybrid NF presented by Hemmat
Esfe et al. [63]. Reprinted with permission from Elsevier with the license number 4542531118052.
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Fig. 10 Comparison between the proposed experimental models to predict the viscosity and thermal

conductivity of different nanofluids with those of the classical models.



Tables:

Table 1 Summary of the preparation methods of oil-based NFs

Reference Nanoparticles Preparation method
Aberoumand et al. [40] Ag Single-step
Botha et al. [88] Silver-Silica Single-step
Aberoumand and Jafarimoghaddam [41] Cu Single-step
Farbod et al. [59] CuO Single-step
Ettefaghi et al. [55] MWCNT Two-step
Wang et al. [54] Graphite Two-step
Saeedinia et al. [49] CuO Two-step
Hemmat Esfe et al. [89] AlL,O;-MWCNT Two-step
Pakdaman et al. [50] MWCNT Two-step
Dardan et al. [60] AlL,O;-MWCNT Two-step
Asadi et al. [61] MgO-MWCNT Two-step
Hemmat Esfe et al. [63] SiO,-MWCNT Two-step
Afrand et al. [90] SiO,-MWCNT Two-step
Lietal. [91] SiC Two-step
Asadi and Asadi [57] ZnO-MWCNT Two-step
Hemmat Esfe et al. [92] ZnO-MWCNT Two-step
Li et al. [93] SiC-TiO, Two-step
Asadi and Pourfatah [94] Zn0O and MgO Two-step
Anoop et al. [64] Al,O; Two-step
Colangelo et al. [65] Al, O3 Two-step
Ahmadi Nadooshan et al. [95] SiO,-MWCNT Two-step
Asadi [96] MWCNT-ZnO Two-step
Hemmat Esfe [97] Zn0O Two-step
Moghaddam and Motahari [98] CuO-MWCNT Two-step

Table 2 A summary of the studied oil-based NF with Newtonian behavior

Reference Studied nanofluid Concentrations Temperatures
Saeedinia et al. [49] CuO-ail 0.2-2 wt% 20-70 °C
Pakdaman et al. [50] MWCNT/ oil 0.1, 0.2, and 0.4 wt % 40-100 °C

Farbod et al. [59] CuO/engine oil (20W50) 0.2-6 wt % 5-70 °C
Dardan et al. [60] Al,0;-MWCNT/engine oil (SAE40) 0.0625 % to 1 % 25-50 °C

Hemmat Esfe et al. ) o
[63] MWCNT-SiO,/ engine oil (SAE40) 0.0625-2 vol.% 25-50 °C
Afrand et al. [90] MWCNT-SiO,/ engine oil (SAE40) 0-1 vol.% 25-60 °C
Li et al. [91] SiC/diathermic oil 0.2-0.8 vol.% 25-60 °C
Asadi et al. [61] MWCNT-MgO/ engine oil (SAE50) 0.25-2 vol. % 25-50 °C

Hemmat Esfe et al. o
[92] MWCNT-ZnO/ engine oil (SAE40) 0.05-1 vol. % 25-60 °C




Asadi and Pourfatah o
[04] MgO and ZnO/engine oil 0.125- 1.5 vol. % 15-55 °C
Aberoumand et al. ) 0.12,0.36, and 0.72 wt
Ag/oil 2510 60 °C
[40] %
Asadi et al. [99] MWCNT-Mg(OH),/engine oil 0.25to0 2 vol. % 2510 60 °C
) SiC/waste cooking oil
Lietal. [93] ) ) . 0.05 and 1 vol. % 25-65 °C
TiO,/waste cooking oil
Asadi and Asadi [57] MWCNT-ZnO/engine oil (10W40) 0.125-1 vol. % 5-55°C
Wei et al. [56] SiC-TiOy/diathermic oil 0-1 vol. % 25-60 °C
Asadi et al. [82] MWCNT-AI,Os/engine oil 0.125to 1.5 vol. % 2510 50 °C
Motahari et al. [100] MWCNT-SiO,/engine oil (20W50) 0.05to 1 vol. % 40 to 100 °C
Asadi [96] MWCNT-ZnO/engine oil 0.125 to 1 vol. % 15-55 °C
Table 3 A summary of the studied oil-based NF with non-Newtonian behavior
) : Solid :
Reference Studied nanofluid : Temperature Type of the fluid
concentration
o Non-Newtonian, Shear-
Wang et al. [54] Graphite/oil 0.5-4 wt % 30-60 °C o
thinning
Hemmat Esfe et MWCNT-SiO,/engine oil )
0.625-2vol. % | 25to50°C Non-Newtonian
al. [63] (SAE40)
L ) Ambient Non-Newtonian, Shear-
Anoop et al. [64] Alumina/silicon oil 2-8 wt % o
temperature thinning
Colangelo et al. ) o ]
(65] Al,Oz/diathermic oil 0.3-1 vol. % 30-50 °C Non-Newtonian
Ahmadi
MWCNT-SiO,/engine oil Non-Newtonian, Shear-
Nadooshan et al. 0.05-1 vol. % 5-55 °C o
(10W40) thinning
[95]
Hemmat Esfe et S Non-Newtonian, Shear-
ZnOl/engine oil (10W40) 0.25-2 vol. % 5-55°C o
al. [97] thinning
Moghaddam and | MWCNT-CuO/engine oil | 0.0625-1 vol. SR Non-Newtonian, Shear-
Motahari [98] (SAE40) % thinning
Hemmat Esfe et | Al,O3-MWCNT/engine oil Non-Newtonian, Shear-
0-1vol. % 5-55°C o
al. [89] (5W50) thinning




Aberoumand and
) L 0.2,05,and 1 )
Jafarimoghaddam Cu-engine oil - 40-100 °C Non-Newtonian
0
[41]
Alirezaei et al. MWCNT-MgO/engine oil | 0.0625-1 vol. ]
25-50 °C Non-Newtonian
[58] (SAE50) %
Hemmat Esfe et ) o 0.125-1.5 vol. Non-Newtonian, Shear-
TiO,/engine oil (SAE5S0) 25-50 °C o
al. [101] % thinning
Hemmat Esfe et | ZrO,-MWCNT/engine oil Non-Newtonian, Shear-
0.05-1 vol. % 5-55 °C o
al. [102] (10wW40) thinning
) Non-Newtonian,
Ilyas et al. [86] Al,Oz/thermal oil 0.5-3 wt. % 25-90 °C _ )
Bingham plastic
Graphene )
_ 25, 50, and Non-Newtonian,
Chai et al. [103] | nanosheets/hydrogenated 30-50 °C
) 100 ppm Shear-thinning
oil
Hemmat Esfe and MWCNT-MgO/engine oil Non-Newtonian,
0.25to 2 vol. % 2510 45 °C o
Esfandeh [104] (SAE40) Shear-thinning

Table 4 A summary of the published literature of the dynamic viscosity of oil-based NFs

Reference Nanofluid — : Temperature Remarks
concentration
Saeedinia et al. CuO/oil 0.2to 2 wt. % 20to 70 °C Minimum viscosity increase of 20
[49] % @ T=20 °C
Pakdaman et al. MWCNT/oil 0.1,0.2,and 0.4 | 40to100°C | Maximum viscosity increase of 67
[50] wt. % % @ T=40 °Cand ¢=0.4 wt. %
Ettefaghi et al. MWCNT/oil (20W50) | 0.1, 0.2, and 0.5 40 to 100 °C Maximum viscosity increase of
[55] wt. % 1.7 % @ T=40 °Cand ¢=0.5 wt,
Maximum viscosity decrease of
0.25 % @ T=100°C and ¢=0.1 wt
Farbod et al. [59] CuO-oil (20W50) 0.2 to 6 wt. % 10to 70 °C -
Dardan et al. Al,O3-MWCNT/engine 0to1vol. % 25to0 50 °C Maximum viscosity increase of 46
[60] oil (SAE40) % @ T= 35 °Cand ¢=1 vol. %
Asadi and Asadi MWCNT-ZnO/engine 0.125to 1 vol. 5to55°C Maximum viscosity increase of 45
[57] oil (10W40) % % @ T=55 °Cand ¢=1 vol. %
Minimum viscosity increase of
19.5% @ T=5 °Cand ¢=0.125
vol. %
Hemmat Esfe et MWCNT-SiO,/engine | 0.0625 to 2 vol. 25to 50 °C Maximum viscosity increase of
al. [63] oil (SAE40) % 1.7 % @ T=40 °Cand ¢=0.5 wt.
%
Afrand etal. [90] | MWCNT-SiO,/engine 0to1vol. % 25to0 60 °C Maximum viscosity increase of
oil (SAE40) 37.4% @ T=60 °Cand ¢=1 vol.
%
Aberoumand et Ag-oil 0.12, 0.36, and 25 to 60 °C Maximum viscosity increase of 41




al. [40]

0.72 wt. %

% @ T= 25 °Cand ¢=0.72 wt. %

Asadi et al. [61] MWCNT-MgO/engine | 0.25t0 2 vol. % 25t0 50 °C Maximum viscosity increase of 65
oil (SAES0) % @ T=40 °Cand ¢=2 vol. %
Minimum viscosity increase of
14.4 % @ T= 25 °Cand ¢=0.25
vol. %
Hemmat Esfe et MWCNT-ZnO/engine | 0.05to 1 vol. % 25 to 60 °C Maximum viscosity increase of
al. [92] oil (SAE40) 33.3% @ T=40 °Cand ¢=1 vol.
%
Colangelo et al. Al,Os/diathermic oil 0.3,0.7,and 1 30, 40,and 50 | The effect of adding surfactant on
[65] vol. % °C rheological behavior has been
studied and found that the
viscosity increase is not
noticeable in the samples
containing Oleic Acid surfactant.
Asadi and MgO and ZnO/engine 0.125to 1 vol. 5to 55 °C Maximum viscosity increase of
Pourfatah [94] oil % 124.3 % for ZnO and 75 % for
MgO @ T=55 °Cand ¢=1.5 vol.
%.
Ahmadi MWCNT-SiO,/engine | 0.05to 1 vol. % 5t055°C They reported that increasing the
Nadooshan et al. oil (10W40) temperature leads to decreasing
[95] the consistency factor and power
law coefficient.
Hemmat Esfe et | ZnO/engine oil (L0W40) | 0.25to 2 vol. % 5to 55 °C The viscosity at higher
al. [97] temperatures is more sensitive to
solid concentration increase.
Hemmat Esfeet | Al,Os-MWCNT/engine | 0.05to 1 vol. % 5to55°C The solid concentration increase
al. [89] oil (5W50) leads to aggravating the non-
Newtonian behavior while
increasing the temperature
showed the revers effect.
Moghaddam and MWCNT-CuO/engine | 0.0625 to 1 vol. 2510 50 °C Maximum viscosity increase of
Motahari [98] oil (SAE40) % 29.47 % @ T= 30 °Cand ¢=1 vol.
%
Aberoumand and Cu/engine oil 0.2,0.5,and 1 40to 100 °C | Maximum viscosity increase of 37
Jafarimoghaddam wt. % % @ T=40 °Cand =1 wt. %
[41]
Alirezaei et al. MWCNT-MgO/engine | 0.0625 to 1 vol. 2510 50 °C Increasing the temperature from
[58] oil % 25 to 50 °Cleads to 75 % decrease
in the dynamic viscosity.
Hemmat Esfe and | TiOy/engine oil (SAE50) 0.125t0 1.5 25t0 50 °C The sensitivity analysis showed
Rostamian [101] vol. % that the maximum sensitivity was
occurred at the solid concertation
of 1 vol. % and temperature of 25
°C.
Hemmat Esfe et MWCNT-ZrOy/engine | 0.05to 1 vol. % 5to 55 °C The maximum increase in the
al. [102] oil (10W40) dynamic viscosity was at the
temperature of 55 °Cand solid
concentration of 1 vol. % by 31
%.
Ilyas et al. [86] Al,Oz/mineral oil 0.5t0o 3wt. % 251090 °C The effect of solid concentration
on the dynamic viscosity is
negligible at high shear rates.
Chai et al. [103] Graphene 25 to 100 ppm 30 to 50 °C Maximum viscosity increase of 33




nanosheets/hydrogenated
oil

% has been reported at the
temperature of 30 °C.

Attari et al. [105] Different oxide NPs 0.2t0 2 wt. % 40 to 100 °C The NPs which possess higher
(TiO,, NiO, Fe,03, Zn0O, density leads to considerable
and Wos)/crude oil increase in the dynamic viscosity
of the NFs. Moreover, at higher
temperatures, the relative
viscosity is less than unity.
Ilyas et al. [81] MWCNT/oil 0tolwt % 2510 90 °C Non-linear decrease of the
viscosity by increasing the
temperature has been reported.
Wei et al. [56] SiC-TiO2/diathermic oil 0to 1 vol. % 2510 60 °C They reported increasing trend in
the dynamic viscosity by
increasing the solid concentration
and decreasing trend by
increasing the temperature.
Li et al. [93] SiC and TiO,/waste 0.05and 0.1 2510 65 °C Both the studied NF showed
cooking oil vol. % lower viscosity compared to the
BF.
Asadi et al. [82] MWCNT-AI,Os/oil 0.125t0 1.5 251050 °C Maximum viscosity increase of 81
vol. % % @ T=40 °Cand ¢=1.5 vol. %
Minimum viscosity increase of
less than 10 % @ T=50 °Cand
¢=0.125 vol. %
Hemmat Esfe and | MWCNT-MgO/engine | 0.25to 2 vol. % 25to 45 °C The results showed that adding
Esfandeh [104] oil (SAE40) MWCNT to the BF considerably
increases the dynamic viscosity.
Asadi et al. [99] MWCNT- 0.25to 2 vol. % 2510 60 °C Maximum viscosity increase of 50
Mg(OH),/engine oil % @ T=60 °Cand ¢=2 vol. %
Minimum viscosity increase of 5
% @ T= 25 °Cand ¢=0.25 vol. %
Motahari et al. MWCNT-SiO,/engine | 0.05to 1 vol. % 40 to 100 °C Maximum viscosity increase of

[100]

oil (20W50)

171 % @ T= 100 °Cand ¢=1 vol.
%

Table 5 A summary of the classical model to predict the viscosity of different suspensions

Reference Model Remarks
Suitable for the
L suspensions with
Einstein . . .
[66] Mot = Mg (1+ 25(0) spherical particles in
the concentrations less
than 1 %
Hatschek The model is
M = Mg (1+4.5¢) . _
[106] appropriate to predict




the viscosity of two-

phase suspensions.

The model is capable of

predicting the viscosity

Krieger and -2.5 _
Doudhert 1 (1) of suspensions
ougher — _
ey Hett = oy containing rigid spheres
[69] P
and all the
concentrations.
] Applicable for diluted
Brinkman (1 )—2.5 : f
= - suspensions o
[67] Hese = Hig ® P

particles.

Brenner and

Mot = e (L+1700)
where;

The model considered
the shape effect of the
rod-like particles at

Condiff )
[107] . 0.312r 2 05 1.872 high shear rates for the
In2r-15 In2r-15 r volume fractions up to
1.
The model is proposed
Jeffrey and 4 2 to predict the viscosity
Acrivos U = My | 3+ 4 of non-dilute
[108] In (ﬂj suspensions containing
¢ rod-like particles.
” . A model to predict the
ang et al.
[1%9] Heie = His (1+ 7.3(0 +123(02) dynamic viscosity of
different NFs.
Batchel This model takes into
atchelor
[68] Heie = His (1+ 2.5¢+ 6.2¢)2) account the Brownian
motions of particles.
The model is applicable
to the suspensions
containing sphere
Graham 2.25 1 1 1 particles. h and a
Hesi = My | (1+2.59) + =————=x o - 5 )
[110] h h h represents the inter-
I+ 1) |1+ ] [1+(D) _ _
2a a a a particle spacing and the
particle radius,
respectively.
Nielsen This power-law model

[111]

)

Mo =ty 1+1.50)€

is a generalized




equation applicable to
the composite
materials.

Table 6 A summary of the proposed correlation to estimate the viscosity of oil-based NFs

Studied : Applicability and
Reference e Proposed correlation
nanoflui accuracy
At the temperatures
of 40 to 100 °Cand
Pakdamanet | MWCNT-heat Vot = Vi concentrations of
_ O _(~11.23T +5926.5)p™*
al. [50] transfer oil Vi 0.1,0.2, and 0.4 wt.
%.
R*=0.91
At the temperatures
H 0
ALO.. " —1.123+0.3251p—0.08994T + of 25 to 50 °Cand
Dardan et al. s Hyt concentrations
MWCNT/engine
[60] _ T \°%7 | 0.0625 to 1 vol. %.
oil (SAE40) | 0,002552T 2 —0.00002386T* +0.9695| — ;
: . +U. 0 Maximum error: 2
%
At the temperatures
MaO of 25 to 50 °Cand
. g0-
Asadi et al. i concentrations of
(61] MWCNT/engine . = 328201 T 2% x 9% 0.25 10 2 vol. 06
.25 to 2 vol. %.
oil (SAE50) .
Maximum error:
Less than 8 %
The values of o
would be found in
Hemmat MWCNT- U the paper at
f
Esfeetal. SiO,/engine oil — = a, +a,p+ a2g02 + <':13(p3 different
[63] (SAE40) M temperatures

ranging from 25 to
50 °Cand




concentrations
ranging from
0.0625 to 2 vol. %.
Maximum error: 1.2
%.

Aberoumand
et al. [40]

Ag/oil

11 =ty (1.15+1.061p—0.5442¢° +0.1181¢°)

At the temperatures
ranging from 25 to
60 °Cand
concentrations of
0.12,0.36, and 0.72
wt. %.

Afrand et al.
[90]

MWCNT-
SiO,/engine oil
(SAEA40)

:unf

Hi

=a, +ap+ae’ +a,0° +a,p"

The values of a
would be found in
the paper at
different
temperatures
ranging from 25 to
60 °Cand
concentrations
ranging from
0.0625 to 1 vol. %.
Maximum error:
0.75 %.

Hemmat
Esfe et al.
[92]

MWCNT-
ZnO/engine oil
(SAEA40)

:unf
His

3

=A+Bp+Cp®+Dg

The values of A, B,
C, and D would be
found in the paper
at different
temperatures
ranging from 25 to
60 °Cand
concentrations
ranging from 0.05
to 1 vol. %.
Maximum error: 2
%.

Lietal. [93]

SiC and
TiO,/waste

;unf
Mt

=0.15+ 2.4 —0.23¢°

At the temperature
of 25 °Cand




cooking oil

concentrations up to
0.1 vol. %.

Asadi and
Asadi [57]

MWCNT-
ZnO/engine oil
(10W40)

11, =T796.8+76.26¢+12.88T +0.7695¢T
, (-196.9T ~16534T)

JT

At the temperatures
ranging from 5 to
55 °Cand
concentrations
ranging from 0.125
to 2 vol. %.
R?=0.9803.

Hemmat
Esfe et al.
[97]

ZnOlengine oil
(10W40)

:unf

=a, +a,p+a,p” +a,pln(p)

Hy

The values of a
would be found in
the paper for the
temperatures
ranging from 5 to
55 °Cand
concentrations
ranging from 0.25
to 2 vol. %.
Maximum error: 1.2
%
R’=0.9797.

Asadi et al.
[82]

MWCNT-
Al,Oz/thermal oil

/unf = A+ B(D

The values of A and
B would be found
in the paper for the
temperatures
ranging from 25 to
50 °Cand
concentrations
ranging from 0.125
to 1.5 vol. %.
Maximum error:

less than 5 %

Hemmat
Esfe et al.
[89]

MWCNT-
Al,Os/engine oil
(5W50)

1806¢0.01382

T 0.2

fhy =—T44.8+

At the temperatures
ranging from 5 to
55 °Cand

concentrations




ranging from 0.05
to 2 vol. %.
R?=0.9923.

Asadi et al.
[99]

MWCNT-
Mg(OH),/thermal
oil

:unf

Hi
4—0.07343(0T2 —83.2T —7.389¢T —~0.01123T13

~74.19¢"

=1604 + 256.8¢ + 24.73¢° +1.615T ?

At the temperatures
ranging from 25 to
60 °Cand
concentrations
ranging from 0.25
to 2 vol. %.
Maximum error: 6.5

%.

Moghaddam
and
Motahari
[98]

MWCNT-
CuO/engine oil
(SAE40)

:unf

bf

=, + a0 exp(p) + a,¢° + a,p°

The values of a
would be found in
the paper for the
temperatures
ranging from 25 to
50 °Cand
concentrations
ranging from
0.0625 to 1 vol. %.
Maximum error:
less than 2 % and
R’=0.9803

Alirezaei et
al. [58]

MWCNT-
MgO/engine oil
(SAE50)

i, =4x10" +145¢—240T —0.061y
+1.9x10°¢p” +0.36T°

At the temperatures
ranging from 25 to
50 °C,
concentrations
ranging from
0.0625 to 1 vol. %,
and shear rates
ranging from 670 to
8700s™.
R?*=0.98.

Hemmat
Esfe and
Rostamian
[101]

TiOy/engine oil
(SAES0)

Har =1.2854+0.1444¢9 —0.013802T
Hhg

~0.00175¢T

At the temperatures

ranging from 15 to
55 °Cand

concentrations

ranging from 0.125




to 1.5 vol. %.
Maximum error:

1.52 % and

R’=0.9751.

Hemmat
Esfe et al.
[102]

MWCNT-
ZrOy/engine oil
(10W40)

:unf

Hi

=a +a,pe’+ 33(01.2 + a4§03

The values of a
would be found in
the paper for the
temperatures
ranging from 5 to
55 °Cand
concentrations
ranging from 0.05
to 1.5 vol. %.
R?=0.9513.

llyas et al.
[86]

Al,Oz/mineral oil

0.7856

Uy =—1.6752— +0.9125(1—-¢p) +

_ 2
3.4862(1— )2 +134.8479(1T—? -

2.7263(1- p)° — 2347.62 (1T_f’)

At the temperatures
ranging from 25 to
80 °C,
concentrations
ranging from 0.5 to
3 wt. %, and shear
rates ranging from
100 to 2000 s™.
Mean absolute
error: 15 %, and
R°=0.9814.

Attari et al.
[105]

TiO,, Fe,03,
ZnO, NiO, and
WOs/crude oil

The values of the
coefficients would
be found in the
paper for the
temperatures
ranging from 40 to
100 °Cand
concentrations
ranging from 0.2 to
2 wt. %.

The maximum error
of 20 % and
R?=0.96.




llyas et al.
[81]

MWCNT/thermal

oil

0.0686

1y =—1.8231- +1.7235(1- ) +

_ 2
3.329(1- ¢)? +136.7838 (1T§”) -

2

3.2363(1—p)° — 2347.39aT_—3<”)

At the temperatures
ranging from 25 to
90 °C,
concentrations
ranging from 0.5 to
3 wt. %, and the
shear rate of 100 s™.
Average absolute
deviation: 4.91 %,
and R*=0.97.

Lietal. [93]

SiC and
TiO,/waste

cooking oil

/unf
Myt

=0.15+ 2.4 —0.23¢°

At the temperatures
ranging from 25 to
65 °C, and
concentrations of
0.5and 0.1 wt. %

Hemmat

Esfe and

Esfandeh
[104]

MWCNT-
MgO/engine oil
(SAEA40)

Hot
Hig
~1.76723E-0.005y +3.93936 E-0.003¢ T
+1.14589E—0.005¢y —1.90857 E-0.007 T
+0.037831¢” +1.58759E —0.005T * + 2.17677E

—0.0097% —3.83867E —0.007¢yT

=1.10780-0.10873p—1.18666 E-0.003T

At the temperatures
ranging from 25 to
45 °C,
concentrations
ranging from 0.25
to 2 vol. %, and
shear rate ranging
from 100 to 1000 s
l.
Maximum error:
less than 3 %, and
R’=0.9565.

Motahari et
al. [100]

MWCNT-
SiO,/engine oil
(20W50)

2
Hot _ 0.09422 — (I] +0.100556T 2827 03148
Hi ®

exp(72474.75T ¢*7*)

At the temperatures
ranging from 40 to
100 °C, and
concentrations
ranging from 0.05
to 1 vol. %.
Maximum error:
less than 5 %, and
R?=0.9943




Table 7 A summary of the literature on the thermal conductivity of oil-based nanofluids

Reference

Studied nanofluid

Temperature

Solid

concentration

Remarks

Saeedinia et al.

in both the concentrations, the

CuO/oil 24 t0 70 °C land 2 wt. % | thermal conductivity increased as
[49] .
the temperature increased.
Maximum thermal conductivity
o 0.17to 1.36 enhancement of 36 % at the solid
Wang et al. [54] Graphite/oil 30to 60 °C ]
vol. % concentration of 1.36 vol. %
temperature of 60 °C.
Maximum thermal conductivity
Pakdaman et al. ) 0.1,0.2,and 0.4 enhancement of 15 % at solid
MWCNT/oil 40to 70 °C )
[50] wt. % concentration of 0.4 wt. % and
temperature of 70 °C.
Maximum thermal conductivity
Farbod et al. [59] CuO/oil 25°C 0.2to 6 wt. % | enhancement of 8.3 % at the solid
concentration of 6 wt. %.
. ) ) Maximum thermal conductivity
Ettefaghi et al. MWCNT/engine oil 0.1, 0.2, and 0.5 )
20 °C enhancement of 22.7 % at solid
[55] (SAE 20W50) wt. % )
concentration of 0.5 wt. %.
Maximum thermal conductivity
) o o enhancement of 7.36 % at solid
Lietal. [91] SiC/diathermic oil 20to 50 °C 0.2t0 0.8 wt. % )
concentration of 0.8 wt. % and
temperature 50 °C.
The Brownian motion is the
responsible mechanism for the
Aberoumand et ] 0.12, 0.36, and o
Ag/heat transfer oil 40 to 100 °C thermal conductivity
al. [40] 0.72 wt. % ) )
enhancement by increasing the
temperature.
Adding Oleic Acid surfactant
Colangelo et al. 0.3,0.7,and 1
Al,Oz/diathermic oil 30 to 50 °C showed no effect on the thermal
[65] vol. % o
conductivity enhancement.
The thermal conductivity of the
Aberoumand and BF showed a decreasing trend by
) - 0.2,0.5,and 1 ) ]
Jafarimoghaddam CuOl/engine oil 40 to 100 °C . increasing the temperature. The
. /0

[41]

maximum thermal conductivity

enhancement is 37 % at the solid




concentration of 1 wt. % and

temperature of 100 °C.

Ilyas et al. [81]

MWCNT/oil

20t0 60 °C

0.1to 1wt %

The thermal conductivity of the
pure oil decreases as the
temperature increased. The
Brownian motion and
thermophoresis are the
responsible mechanisms for the
thermal conductivity
enhancement. The maximum
enhancement was 28.7 % at the
¢=1 wt. % and T=60 °C.

Ilyas et al. [86]

Al,O5/oil

251055 °C

0.5to3wt. %

The thermal conductivity of the
pure oil decreases as the
temperature increased. The
Brownian motion was reported as
the main mechanism for thermal

conductivity enhancement.

Chai et al. [103]

Graphene
nanosheets/Hydrogenated

oil

30to 50 °C

25, 50, and 100
ppm

Maximum thermal conductivity
enhancement of 14.4 % at ¢= 100
ppm, and T=50 °C.

Asadi [96]

MWCNT-ZnO/engine oil

150 55 °C

0.125to 1 vol.
%

Maximum thermal conductivity
enhancement of 40 % at ¢= 1 vol.
%, and T=55 °C.

Li et al. [93]

SiC and TiO,/waste

cooking oil

30 °C

0.025t0 0.3

vol. %

Adding 3 vol. % dispersant
results in 5 % enhancement in the

thermal conductivity.

Asadi and
Pourfatah [94]

MgO and ZnO/engine oil

15to 55 °C

0.125t0 1.5

vol. %

Maximum thermal conductivity
enhancement of 28 % for ZnO
and 32 % for MgO at = 1.5 vol.
%, and T=55 °C.

Wei et al. [56]

Sic-TiO,/Diathermic oil

17 to 43 °C

0.1to1wt %

Maximum thermal conductivity
enhancement of 8.39 % at p=1
vol. %, and T=43 °C.

Asadi et al. [61]

MWCNT-MgO/engine

oil

251050 °C

0.25to 2 vol. %

Maximum thermal conductivity
enhancement of 62 % at ¢=2 vol.
%, and T=50 °C.

Asadi et al. [82]

Al,0;-MWCNT/engine

251050 °C

0.125t0 1.5

Maximum thermal conductivity




Asadi et al. [99]

Mg(OH),/engine oil

2510 60 °C 0.25t0 2 vol. %

oil vol. % enhancement of 45 % at ¢=1.5
vol. %, and T=50 °C.
Maximum thermal conductivity
MWCNT-

enhancement of 50 % at ¢=2 vol.
%, and T=60 °C.

Table 8 A summary of the proposed empirical-based correlations for estimating the thermal

conductivity of the oil-based NFs.

Reference

Studied
nanofluid

Proposed correlation

Applicability and
accuracy

Pakdaman et
al. [50]

MWCNT/oil

k
ki =1+304.47(L+ )%

bf

0.369
1 Tl.2321
exp(-0.021T) [d_J {Wj

p

The constant B and C
are 247.8 and 140,
respectively.
Applicability: T=40
to 70 °C and ¢=0.1to
0.4 wt. %.
Accuracy; Maximum

error: 6 %.

Aberoumand
et al. [40]

Ag/oil

k . =(3.6x10°T —0.0305)¢° +(0.086-1.6x107T )¢
+3.1x107*T +0.129-5.77x10°k ) —40x10™

Applicability: T=40
to 100 °C, and ¢=0.12
to 0.72 wt. %.
Accuracy: Maximum

error: 3.5 %.

llyas et al.
[81]

MWCNT-

thermal oil

Ky =0.595-0.4547(1—¢,)+

0.2759  0.3943
1-9,) @A-9,)

T|0.7422-0.606(1—¢,) +

Applicability: T= 25
to 63.15 °C, and
¢=0.1to 1 wt. %.
Accuracy: Maximum
error: 3.5 %, and
R%=0.95

llyas et al.
(86]

Al,O5/oil

k. =1.4408-0.829(InT)+0.1588(InT?) -
0.0702(1-¢,)—0.2151(InT)(1- ) +
0.5965T  0.39T

1-9,) (@-9,)

Applicability: T=
24.47 t0 54.65 °C,
and ¢=0.5 to 3 wt. %.
Accuracy: Maximum
error: £2 %, and
R*=0.96




The constants a, b,

and ¢ would be found

Sic and
Wetetal: | o diathermic k. =aT?+bT +C in the reference.
[56] oil " Applicability: T= 17
to 43 °C and ¢=0.2 to
1 vol. %.
Applicability;: T= 25
Asadi et al. MWCNT- to 50 °C, and ¢=0.25
61 | Mgolengineoi k., =0.162+0.691p+0.00051T 0 2 vol. %.
Accuracy: Maximum
error: 3 %.
Applicability: T=25
Asadi et al. MWCNT- to 50 °C and ¢=0.125
82 | ALogengine o k. =0.1534+1.1193p+0.00026T 0 1.5 vol. %.
Accuracy: Maximum
error: 2 %.
Applicability: T= 25
Asadi et al. MWCNT__ to 60 °C and =0.25
Mg(OH)./engine k, =0.159+1.1112¢+0.003T to 2 vol. %.
9] oil Accuracy: Maximum

error: 2 %.
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