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W N e

Abstract: The application of nanofluids for enhancing the heat transfer rate is widely used in various
heat exchanger applications. The selection of oil as the base to prepare nanofluids significantly
enhances the thermal performance, due to its high heat carrying capacity as compared to conven-
tional base fluid. A review is performed of various heat exchanger conduits having base fluid as
nanoparticles with oil. It is reported that the heat transfer rate of a heat exchanger is significantly
increased with the use of oil-based nanofluids. The rate of heat transfer depends on the type of
nanoparticle, its concentration and diameter, the base fluid, as well as factors like the mixture of
more than two nanoparticles (hybrid nanofluids) and stability. A review is also performed of the
thermal performance of the different nanofluids analyzed by various investigators. The heat trans-
fer system reviewed in this work includes triangular, square, and circular conduits, as well as rib
surface conduits. The review of various applications viz. solar thermal systems, heat exchangers,
refrigerators, and engines, is carried out where the inclusion of the oil base is used. It is reported that
the amalgamation of the nanomaterial with the oil as base fluid is a prolific technique to enhance
thermal performance. The performance of the reviewed research work is comparatively analyzed for
different aspects viz. thermal oil, mineral oil, hybrid, and conventional nanoparticles, concentration
of nanoparticles, etc. The novelty of the present work is the determination of the effective performing
oil-based nanofluid in various applications, to figure out the selection of specific mineral oil, thermal
oil, nanoparticle concentration, and hybrid nanofluids.

Keywords: nanofluids; heat transfer; thermal conductivity; volume fraction; oil-based

1. Introduction

The consumption of energy in an effective manner is a major challenge and can be
achieved by using source energy more efficiently or by reducing the magnitude of the
facility used. Developing a heat exchanger of high efficiency, which is lightweight, low
in cost, and of a compact size leads to the investigation of heat transfer enhancement
techniques [1]. The environmental considerations and energy cost encourage modification
of the existing designs for enhanced performance in chemical engineering, air conditioning,
electronic chip cooling, power systems, and aerospace applications. Heat transfer rate
between the hot surface and fluid can be enhanced by various methodologies, such as
increasing the heat transferring area that augments heat transfer coefficient (HTC). The
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incorporation of micrometer-sized metal powders to heat-transferring fluids enhances the
thermal conductivity of fluids [2].

Industrial applications benefit from enhanced heat transfer fluids, and the nanoflu-
ids have the potential to bring down thermal resistances. The suspended nanoparticles
have higher thermal conductivities as compared to the base fluids (water, ethylene glycol,
etc.) and a higher rate of heat transfer is seen using the nanofluids, even at low volume
concentrations. The addition of nanoparticles to a base fluid in a heat exchanger consider-
ably enhances the rate of convective heat transfer [3]. The viscosity determines the flow
capabilities and driving force, i.e., pumping power for the transport of the fluid.

The objective of the present work is to comparatively analyze the performance of
the oil-based nanofluid reviewed to reach a conclusion defining the best suited oil-based
nanofluid for a specific application. The review of various applications such as heat ex-
changers, solar thermal systems, refrigerators, and engines is performed using oil as a base
fluid. The secondary objective is to compare the performance of literature reviewed for
different thermal oil, mineral oil, hybrid and conventional nanoparticles, and the concen-
tration of nanoparticles used in a specific application. This comparison will determine the
best performing selected oil-based nanofluid for various applications.

2. Nanofluids: Preparation and Stabilization

Nanofluids are fluids made by suspending nanoparticles in base fluids. Nanoparticles
are different from micro- or macro-sized materials. We should be concerned about the
possible detrimental impact of nanoparticles on humans or the environment, since it is
unknown if nanoparticles of certain materials and sizes might harm the environment and
health [4]. As for their low heat transfer qualities, common heat transfer fluids such as
water, ethylene glycol, and motor oil have limited heat exchange capabilities. Metals’
thermal conductivities are approximately three times greater than fluids. Therefore, it
makes sense to mix the two to create a thermal performance medium that behaves like a
fluid but has the thermal properties of a metal. A nanofluid is a two-phase combination
with nanosized particles in the solid phase [5]. Many experiments have been conducted
to improve heat transmission utilizing nanofluids. Nanoparticles suspended in a fluid
improve perceived thermal conductivity while also changing viscosity and density [6].

Nanofluids modeling may be done in two ways: single and two phases. Researchers
have considered nanofluids as normal pure fluids in a single step and employed standard
mass, momentum, and energy equations. Researchers assumed slip velocities between
nanoparticles and fluid molecules in the first phase [7,8].

Preparation of Nanofluids

The preparation of the nanofluid is a critical stage in determining the stability of the
nanofluid. The chemical inertness and strength and durability of suspended nanoparticles
are required to use nanofluids in practical uses. Even suspension, ensuring appropriate,
durable suspension, no chemical reactions in the type of combination, the dispersion
medium, thermal stability, chemical compatibility, and preparation processes are desired
characteristics for manufacturing nanofluids. There seem to be two major approaches for
preparing nanofluids: one-step and two-step, or dispersion processes [9].

One technique is conducted by producing nanofluids through evaporation of a
nanoparticle source and deposition of evaporating into a base fluid. The base fluid, includ-
ing oil or ethylene glycol, is put in a cylindrical drum with a thermal and exchanger-cooler
device that can be adjusted. As the drum rotates, a thin liquid layer forms inside the drum.
An insulated heater-boat-evaporator and heat exchanger cooler device.

A thin liquid layer forms on the interior surface of the drum as it circles. As an
insulated heating element with a melting material located within its boat evaporator,
the evaporated substance is warmed, evaporating a portion of the evaporation material
and creating nanoparticles; the nanoparticles are absorbed by the liquid film to produce
nanofluid [10].
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The most common method is the two-step method. Powder nanoparticles manufac-
tured or purchased are used in the dispersion process. The nanoparticles are dispersed into
the base fluids using ultrasonic agitation, mechanical stirring, the addition of a dispersant or
a pH-5.0 nanofluid. The clumps of nanoparticles are broken down by mechanical churning
and ultrasonic stirring to prevent the re-aggregation of nanoparticles and produce stable
nanofluids, add dispersion or modify pH. The two-step procedure typically begins with
the creation of nanoparticles by a physical or chemical process (such as evaporation and
inert-gas condensation processing) before breaking them up into a base fluid [10].

3. Governing Equation and Correlation Used to Calculate Thermo Physical Properties
of Nanofluids

Nanofluids have a wide range of properties, but their key characteristics are their
thermal conductivity, density, specific heat, and viscosity. These characteristics include the
particle size, heat, chemical composition, and interfacial characteristics at the particulate
interface, in addition to the volume fraction of particles and particle-fluid conductivity
ratio [11].

3.1. Thermal Conductivity

The characteristic that has attracted the most interest from the research community is
thermal conductivity. In terms of temperature change, thermal conductivity is defined as
the amount of heat given per unit of time and per unit of surface area divided by watts per
degree Kelvin. When suspending metal or non-metal, the heating rate is a crucial thermal
characteristic for increasing the heat transfer of liquids. To create the regression equation,
various data points on the thermal conductivity of metallic and metal oxide nanofluids,
such as Al,O3, Fe30y4, TiO,, Zn0O, ZrO,, and CuO are accessible via the literature [12].

Since the heat capacity of these fluids significantly impacts the temperature transfer
between the heat transfer medium and the heat transfer surface, conventional heat transfer
fluids like oil, water, and mixtures of ethylene glycol are poor heat transfer fluids. Therefore,
various techniques have been used to increase the thermal conductivity of these fluids by
suspending materials in liquids made up of nano/micro- or larger-sized particles [13]. The
various thermal conductivity equations from numerous authors are included in Table 1.

Table 1. Equations used for calculating the thermal conductivity of nanofluids.

Investigators

Equations

Navaei et al. [14]

Ahmad et al. [12]
Haridas et al. [15]

Dogonchi et al. [16]
Yang et al. [17]

1<eff = Kstatic + kbrownian
Kevori. — k [ (knp+2ke) =26 (ks —kinp )|
e = 5 [l 120 0 o )

Kprownian = 5 X 104B¢Ppcpf\/ zp R £(T, ¢)

Keit kp+2ki—2 (ki—k )
k¢ Kp+2ke+ o (ke—kp )

Knf = Ku {0.8938(1 ) T ) ) (1 %)0'01737}

knf _ ke2ki— 2d)<kf )
ke T ks +2ki+2¢ (ke—ks)

Kp +2kpr—2(kpe—kp ) b
knf_ kp+2kbf+(kbf ) Ko + Eﬁpbep bf % f L (b

3.2. Density

Mass per unit volume is the definition of density. It may be measured in kilograms per
liter and grams per milliliter. For estimating the density of nanofluids, several researchers
have developed various equations using various relationships. Table 2 lists a few of them.
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Table 2. Equations used for calculating the density of nanofluids.

Investigators Equations
Kumar et al. [9] Pt = (1 — &) ppe + dopg
Hussein et al. [18] Onf = (%) pp + (1 — 1%0) Pt
Ahmad et al. [19] Pnf = (1= ®)ps + dpp
Dogonchi et al. [16] Pnf = (1 — &) pbe + dps

3.3. Specific Heat Capacity

The quantity of heat a substance requires to cause temperature change is referred to
as its specific heat capacity. The specific heat is increased because the surface atoms of
the nanoparticles have a larger specific surface energy than the bulk material. Additional
thermal storage mechanisms induced by interfacial interactions between nanoparticles and
liquid molecules may contribute to the increase in particular heat [20]. The nanoparticle’s
large specific interfacial area may absorb liquid molecules to its surface and create liquid
layers, which reversely constrains the nanoparticle and converts its free boundary surface
atoms to non-free inner atoms. This impact will increase the specific heat capacity of the
nanofluid even more [18]. Many scientists have provided additional heat capacitance
formulae, which are included in Table 3.

Table 3. Equations used for calculating the specific heat capacity of nanofluids.

Investigators Equations
& PpCrne+(1— ) ppeC
Kumar et al. [9] Cppe = 2 PrpCrnt p(nf ) vt Cot
Ahmad et al. [12] (PCp) = (1 =) (pCp) +d (pCp)
Dogonchi et al. [16] (Cp P)nf = (1 - ¢)puCppt + $psCps
Yang et al. [17] co._ ((1*¢)ppCp)bf+¢(pCp)p
pnf — Pnf
Vanakiet al. [18] (Cp) = ((1=p)xPex (Cp)) +px (PpxCp)
P/m — Pm

3.4. Viscosity

Viscosity is defined as friction among fluid particles. It may measure viscosity using a
viscometer, which is a piece of equipment that regulates the amount of force required to
move through a liquid. Another parameter that influences the Nusselt number and flow
friction is viscosity [21]. Several authors have employed computational and experimental
research using various formulae to estimate the viscosity of nanofluids. Table 4 shows a
selection of them.

Table 4. Equations used for calculating the viscosity of nanofluids.

Investigators Equations
Kumar et al. [9] of = Hp (123q>2 +73¢ + 1)
. — K
Navaei et al. [14] Hpf = =)

Ahmad et al. [12]

— 1
Heff = uf1734_87(dp/df)—0.3><¢)1.03

Yang et al. [17] 1 =123¢% +7.3¢ +1

Their thermo-physical characteristics determine nanofluids’ heat transmission behav-
ior. Conventional heat transfer fluids such as water, oil, propylene glycol, and others have
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naturally modest heat transfer rates, making them inappropriate for applications requir-
ing high heat transfer rates [19]. Thermophysical properties and parameters such as the
Reynolds number (Re), the Prendle number (Pr), volume concentration (¢) of nanoparticles
affecting heat transfer (Nu), and flow friction (ff) of fluids. Ho et al. [22] proposed Nu
relations for four distinct models based on two formulae for 0% < ¢ < 4%. The findings
revealed that the uncertainties associated with the formulas used significantly influenced
heat transfer characteristics.

Correlation formulations for Nu and ff offered by researchers such as Petukhov [23];
Gnielinski [24]; Dittus and Boelter [25]; Maiga and Bécaye [26]; Duangthongsuk and
Wongwises [27]; Suresh et al. [28]; Sundar et al. [29]; and Madhesh et al. [30] are listed in
Table 5.

Table 5. Correlation relations for Nusselt number and flow friction for various flow regimes.

Researchers Correlations
Nu = RePr(f/8)
Petukhov [23] 107+12.7(1/8)" (PrO% 1)

f= (1.82logRe — 1.64) >
(£/8)(Re—1000)Pr

Gnielinski [24] T 14127(6/8)° (P 1)
f = 0.079Re /4
Dittus and Boelter [25] Nu — 0.024Re%8Pr04for heating
0.024Re"8Pr%3for cooling
Maiga and Bécaye [26] Nu = 0.085Re’71Pr0-3
Duangthongsuk and Wongwises [27] Nu = 0.074Re%707 py0-385 (,0.074

Nu = 0.31(RePr)"%(1 4 ¢)*7
f = 26.44Re 08737 (1 4 @) 15623

Nu = 0.215Re?8Pr%5(1 + ¢)*78
f = 0.3108Re 0243(1 4 )*

Madhesh et al. [30] Nu = O.OlZRe.PrO'333((p)O'O32

Suresh et al. [28]

Sundar et al. [29]

4. Investigations of Heat Transfer Characteristics of Oil-Based Nanofluids for Varying
Particle Concentration in Various Applications

The utilization of the Oil-Based Nanofluids finds its application in various applica-
tions as shown in Figure 1. Various applications using the oil-based nanofluids delivers
an effective and prolific results in their performance. Hwang et al. [31] reported aug-
mentation in the thermal conductivity of nanofluids with an increase in the particle vol-
ume fraction (¢); except for nanofluids with water as base of low thermal conductivity.
Hekmatipur et al. [32] and Javed et al. [33] synthesized a copper oxide nanofluid and
found that the thermal properties increased as compared to the base fluid. The nanoparti-
cles such as copper oxide, fullerene, silicon dioxide, and multi-walled carbon nanotubes
(MWCNT) with base fluids (water, ethylene glycol, etc.) were studied by Hwang et al. [34],
Vasheghani et al. [35], Yu et al. [36], Gholamipour et al. [37], and Farbod et al. [38]; the stud-
ies reported that increasing the value of ¢ enhances the thermal conductivity of nanofluids.
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01l Based Nanofluids- Composition and Application

» Thermal Oil » Carbon nano tubes ¢ Heat Exchangers

» Crude oil (CNT) * Solar thermal

- Vegetable Oil * Copper Oxide Collectors

» Pure oil * Fullerene * Referigeratos

» Palm Oil * Silicon dioxide ¢ Engines

« Engine Oil * Multi-walled carbon ¢ Grinding
nanotubes

» Mineral Based oil (MWCNT)

» Titanium dioxide
¢ Aluminum dioxide
¢ [ron Oxides

Figure 1. Nanofluid applications.

Xue ZQ [39] and Sauvad [40] found that HTC, using a TiO,-5iO; nanofluid, is boosted
by elevating the temperature and concentration volume. The maximum augmentation in
the heat transfer rate is reported to be 81%, as compared to the base fluid for a selected
concentration volume and temperature of 3.0% and 70 °C, respectively.

Sundar et al. [41] and Rahimi et al. [42] analyzed nanofluids by dissolving synthesized
nanoparticles of GO/Co304 with water and ethylene glycol, and reported an increase in
thermal conductivity of water-based nanofluids by 19.14% and an increase in ethylene
glycol-based nanofluids by 11.85% at ¢ = 0.2%. Aberomand [43] conducted a study on oil-
based nanofluids, including silver nanoparticles, and observed that thermal conductivity is
temperature dependent in the range of 40 to 100 °C at various weight fractions from 0.12%
to 0.72%. Salimi et al. [44] showed that, by increasing the Reynolds number (Re) from 300
to 900, the rate of heat transfer is enhanced by 9.5%. Sokhansefat et al. [45] numerically
studied Al,O3; nanoparticles in synthetic oil for enhancement in heat transfer rate. The
numerical analysis revealed that the convective HTC is directly affected by the volumetric
concentration of the nanoparticles. Carvalho and Fossum [37] reported an escalation in the
thermal conductivity of nanofluids by increasing the weight percentage of the nanoparticles.
The highest Nusselt number (Nu) ratios for a Re of about 800 were found to be 1.15,1.31,
and 38 for A1,03/turbine oil (0.50%), TiO, /turbine oil (0.50%), and CuO/turbine oil
(0.50%), respectively.

Sidik et al. [46,47] reported higher heat transfer rates using hybrid nanofluids as
compared to commonly used heat transfer fluids, such as water, ethylene glycol, and
oil. Kumar and Gaurav [48] and Hemmat et al. [49] found that nanoparticle suspension
required lower specific energy for grinding as compared to sunflower oil. Amiri et al. [50],
Aghaei et al. [51], and Ilyas et al. [52,53] found that viscosity increased when the nanoparti-
cle volume fraction was increased, and decreased when temperature was increased. The
use of a nanofluid-based technique could save fuel in the oil industry and solve issues
brought about by limited access to a diluent [54-56]. Table 6 represents the optimum
parameters and major findings of oil-based nanofluids in previous investigations.
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Table 6. Optimum parameters and major findings of oil-based nanofluids in previous investigations.

Author’s Name Nanoparticle Parameter Optimum Parameter Remarks
— 06— 1.4% The Nu for MWCNT nanofluid
Manoj and Ghosh [2] MWCNT =5 e ¢ =1% is 35% higher than that of
dnp = 50 nm c
soluble oil.
The sintering of CusZng
¢ =02-3% P nanoparticles showed a small
Farbod etal. [38] CusZng dnp = 21 nm ¢ =1% change in the thermal
conductivity of nanofluid.
© = 05— 3.0% The Nu of SiO; nanofluid is
TiO d _'50 nrﬁ @ =3.0% higher than TiO, nanofluid.
Sauvad [40] Si 02’ T“E EO 50. 70 °C T =70°C The maximum enhancement
2 Re — 3000 — 18.000  Re = 18,000 Nu is found to be 81% at
- ! Q= 3%.
The viscosity enhancement of
o o P water-based nanofluid is
Sundar et al. [41] Co304 "(Fp —_2?)0—56/2):8 2% "(Fp —_6?)%C/o 1.70 times, and ethylene glycol
o o based nanofluid is 1.42 times at
@ =02%and T = 60 °C.
The optimum value of solid
. @ =0.01 —0.5% @ = 0.05% volume fraction for highest
Rahimi et al. [42] DWENT T =20—50°C T =50°C value of average HTC and
Nusselt number is 0.05 vol%.
¢ =012 — 0.72% Finned annular tube can
Y e @ =072 improve this enhancement by
JA Aberomand [43] Cu ?{Zp__ozg 1112(1) Re = 140 about 33% compared to the
o base fluid.
The Soluble oil-based TiO,
©=03-1% Y nanofluid improved heat
Salimi et al. [44] TiO, Re = 300 — 900 gei_ 9000 transfer rate due to its
dnp = 20 nm N promising thermal and
lubricating properties.
©=0-5% _ 50 The Nu is increased as the ¢ of
Sokhansefat et al. [45] Al,O3 dnp = 70 nm "(Fp B 50(6 oC the nanoparticles in the base
T = 300 — 500 °C - fluid is increased.
¢ =05-3% — 30 Effective thermal conductivity
Ilyas et al. [52] Al,O3 dnp = 40 nm "(Fp __25 g C of nanofluids is improved as
T=25-90°C o compared to pure oil.
Both CuO and SiO, NPs are
. 1o capable of enhancing the
Zareh and Davoodi [57] (S:inO zip _3'30 —1';)0/;m © =0.7% friction reduction ability of
2 P vegetable oils 21-31%,
respectively.
The thermal conductivity of
© = 0.01 — 0.04 % -~ oos panoﬂuiéls iricreasfed v:.ith anc1
Qin et al. [58] CuS o = 60 nm © = 0.04% increased volume fraction an
T P 30 — 60 °C T=30°C obtained Nu enhancement up

to 20.5% for a volume fraction
of 0.04% at 30°C.
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Table 6. Cont.

Author’s Name Nanoparticle Parameter Optimum Parameter Remarks
. o n o The viscosity of solution
Zheng et al. [59] SiO, ,}p _ é) .E—92(.)00 (/:0 ,}p _ 8260°é increased with addition of
- - nano- SiO; (0.5-2.0 wt%).
. . @ = 0.25—-0.55% _ o HTC and Nu of pure water
Tabari and Heris [60] MWCNT dnp = 15nm @ = 0.55% increased by adding MWCNT.
Nanofluid have better Nu
when they flow in flattened
tubes rather than in round
¢®=02-20% — 0% tubes. Maximum enhancement
Razi et al. [61] CuO dnp = 50 nm ge_— '1 08 in Nu of 16.8%, and 26.4% is
Re =10-100 N obtained for nanofluid flow
with 2% wt. concentration
inside the round tube and
flattened tubes
The Nu for nanofluid is 28%

. ¢ =01-2% o larger than the base fluid;
MqraYe]l and CuO Re =10—-90 ¢ =2% pressure drop in helical tube is
Hejazian [62] do — Re =85 . .

np = 50 nm approximately three times
higher than the straight tube.
Adding CuO, TiO and Al;O3
CuO, o nanoparticles led to higher Nu
TiO ¢ =01-05% @ =0.50% as compared to the pure oil
. D, _ B =0u. 0 .
Heris etal. [63] and Ee __328 B g(S)?nm Re =850 The CuO/turbine oil nanofluid
Al,O3 P has better performance as
compare to other NPs.
Using engine oil-based
.. . @ =0.2% — 2.0% @ =2.0% nanofluid as the coolant in the
Ghazvini et al. [64] Diamond Re =200 — 1000 Re = 1000 plain tube: Nu
enhances by about 60%.
The electrical conductivities of
both H,O— and EG-based
ND-Ni nanofluids are
o o significantly greater than its
@ =0.02-0.1% ¢ =01% .
Sundar et al. [65] ND-Ni T =24 65°C T = 65°C base fluids. Furthermore, the
do — 40 — 50 nm do — 40 electrical conductivity
np np enhancement for HyO—based
ND-Ni nanofluid is higher
compared to that of EG based
ND-Ni nanofluid.
Addition of TiO; nanoparticles
. @ =025, 2% ©=2% reduced the variability
Ingole etal. [66] T, dnp = 20-25nm dnp =20 and stabilized the
frictional behavior.
0= 0001, 001% fermperatues, he viscosty of
Beheshti et al. [67] MWCNT dnp = 10 — 20nm T —80°C the nanofluid was lower than

T=20-80°C

that of transformer oil.
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Table 6. Cont.

Author’s Name Nanoparticle Parameter Optimum Parameter Remarks
HTC increased by using
. . ¢ =0.011 -0.171% B o nanofluid instead of pure oil.
Arani etal. [65] Ag-oll dnp = 20 nm ¢ = 0.171% Maximum enhancement of
HTC occurs in 0.171 vol%.
The collector efficiencies of the
— 0 — 0.05% PTC system using
Wang et al. [69] Al,O3 ¢ = o @ = 0.05% AlyO3/synthetic oil nanofluid
dnp = 28 nm hich der all
are higher under a
working conditions.
Graphite oil-based nanofluid
— 0.1 0.5% MQL reduced cutting force
Su et al. [70] Graphite g T 35’ n;n ’ @ =0.5% and temperature as compared
o to dry cutting and MQL with
the corresponding base oil.
o The maximum enhancement of
Derakhshan and g 7_0'2511;0'2 e ¢ =02% Nu due to presence of
Behabadi [71] MWCNT Rre1p B 10 — 100 Re =100 nanoparticles is about 22% and
T —710 —80°C T =280°C 18% for horizontal plain and
- microfin tubes, respectively.
The viscosity of the hybrid
nanofluid increases with
. Al,O3 ¢ =0-1.0% © =1% . . .\
Isfahani et al. [72] MWCNT T — 25 _ 50 °C T = 25°C increasing .nano—addltlves
concentration and
decreasing temperature.
Maximum enhancement of
¢ =012—-0.72% — 072% thermal conductivity was
Aberouand et al. [73] Ag dnp = 10 nm "(Fp __1 O'O N CO about 17% for the nanofluid
T =40 —100°C o with mass concentration of
0.72% at 100 °C.
The employment of nanofluids
—1_39 as the cooling medium of
Wang et al. [74] Cu and diamond ::lp o 5 80nm © =3% piston cooling gallery is an
o effective method to reduce the
heat loading of pistons.
@ =0—4% _ 49 The existence of ribs enhances
Gholami et al. [75] MWCNT Re = 1-100 ge — 1 000 the friction factor and Nusselt
dpp = 50 nm o number, significantly.
Cu-Zn with 50:50 combination
@ =0.1% —0.5% — 05% results in better enhancement
Mechiri et al. [76] Cu-Zn dnp = 25 nm ? B 3(') o (O: in thermal conductivity due to
T=25-55°C - the Brownian motion of
the particles.
Thermal conductivity and
. E @ = 0.125-1.5% © =15% dynamic viscosity
Asadietal. [77] AlLO3-MWCNT T=25-50°C T =50°C increased as the solid

concentration increased.

5. Application-Based Investigation of Oil-Based Nanofluids

The present section discusses the use of oil-based nanofluid in specific applications
and the effect of using the discrete nanofluid as compared to the conventional one.
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5.1. Investigation on Nhanced Oil Recovery Using Oil Based Nanofluids

Zheng et al. [59], Suleimanov et al. [78], Radnia et al. [79], Kuang et al. [80], and
Emadi et al. [81] experimentally studied non-ferrous metal nanofluid in an aqueous solution
of anionic surface-active agents and the addition of light, for enhanced oil recovery (EOR).
It was revealed that the use of nanofluid reduces the surface tension on an oil boundary
by 70% to 90% compared to the surface-active agent aqueous solution that results in a
considerable EOR.

Hemmat et al. [82], Dai et al. [83], Liang et al. [84], and Chen et al. [85] concluded
that surfactants could modify rock wettability and bring down the oil-water interfacial
tension (IFT). Alnarabiji et al. [86] and Anssari et al. [87] reported that the efficiency of
diluted nanofluids is enhanced by nanofluid concentration and immersion time. The
results revealed new nanofluid potential to be used for improved EOR and efficient CO,
geostorage. Zabala et al. [88] and Shahrabadi et al. [89] concluded that nanoparticles are
promising agents and have more potential for EOR. The oil-based nanofluid also tripled
in performance compared to conventional nanofluids. Hendraningrat and Torseeter [90],
Zhao and Li [91], Youssif et al. [92], Bhunia [93], Valantina [94], and Gbadamosi et al. [95]
investigated hydrophilic metal oxide particles with brine to determine the potential for
EOR. They concluded that the presence of nanoparticles and dispersant reduced the IFT to
yield significant EOR. Fontes et al. [96] and Khademolhosseini et al. [97] concluded that
nanoparticles and bioproducts have an effect on each other. Because of a reduction in the
IFT, an improvement of about 58% was obtained in mobility ratio and oil recovery.

Murshed et al. [98] analyzed the applicability of nanofluid and temperature effects
on the surface tension, IFT, and viscosity for droplet-based microfluidics. A lower surface
tension was reported with oil-based IFT as compared to base fluid. Mohammadi et al. [99]
and Hussein et al. [100] analyzed nanoparticles in the solution and reported wetting
alteration from oil-wet to strongly water-wet conditions, and also decreased the residual
oil saturation and EOR by about 15%. Liu et al. [101] examined the mechanical properties
of hybrid nanomaterials of nano-silica and graphene oxide of oil-well cement. The strength
of cement for 1.5% nano-silica and 0.03% graphene oxide was increased by 43.2% and 42%,
respectively, with 28 days of curing.

5.2. Investigation on Heat Exchanger Tube/Channel Using Oil-Based Nanofluids

Qi et al. [102] analyzed the TiO;-water nanofluid for heat transfer rate and flow
characteristics using triangular and circular tubes in the heat exchanger, and found that
the nanofluid in a triangular tube enhances heat transfer more than in a circular tube.
Lee et al. [103] studied the CuO/base oil nanofluid to determine the thermohydraulic
properties in a smooth tube by using different wire coil inserts. Results show a 45% increase
in HTC and a 63% enhancement in friction losses at a maximum Re. Razi et al. [104] found
that the HTC and friction losses are increased by the use of nanofluids, and that the use of
flattened tubes instead of round tubes enhances the convective HTC.

Ariana et al. [105] inspected heat transfer using turbine oil-based nanofluids of CuO,
TiO,, and Al,O3 nanoparticles. The results obtained for performance indexes were greater
than 1 and the presence of ribs considerably increased the Nu and friction factor. Heat
transfer behavior also depends on the rib shape, and therefore, rib shapes have been
compared. The maximum Nu was found for the rectangular rib [75].

5.3. Investigations on Medicine Using Oil-Based Nanofluids

Ragvan et al. [106] conducted precautionary studies of a garlic oil nano-emulsion
for preventing and treating dyslipidaemia, and reported reduced toxicity and improved
efficacy using garlic oil. Gao et al. [107] and Hazer and Kalayci [108] reported that clove oil
is a reducing agent that stabilizes the formation of silver nanoparticles. The outer layer of
the nanoparticles coated with clove oil produces better antibacterial silver nanoparticles.
The perpetual dielectric nature of a ZnO nanofluid at a high temperature can be used
in industries as a coolant and lubricant [109]. The use of eco-friendly oils (minimum
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quantity lubrication (MQL), nanoparticles with various harnesses, and vegetable oil) can
be beneficial to solve environmental and human health issues raised by using conventional
cutting fluids during machining processes [110-112].

5.4. Investigation on Solar Collectors Using Oil-Based Nanofluids

Adenutsi et al. [113] and Wang et al. [114,115] analyzed the performance of a gold/oil
nanofluid used as the heat-transferring fluid in solar applications. The gold/oil nanofluid
produced a 240% increase in photothermal conversion efficiency and was a better fluid in
the absorption of indirect solar collectors.

Shen et al. [116] and Nimr and Dafaie [117] used mathematical modeling to verify
that a nanofluid is an excellent solar radiation absorber. Khakrah et al. [118] investigated
parabolic trough solar collectors (PTC) under the effect of various operational conditions
for overall efficiency. They reported that, at the highest wind speed of 10 m/s, the thermal
efficiency decreased by 7% compared to the still air, and 22% for heat transfer fluid (HTF)
with a nanoparticle volume fraction of 5%. The relative exergy efficiency was increased by
19% through the addition of 5% nanoparticles. Gulzar et al. [119] observed that, instead
of TiO; and Al,O3-Therminol-55 nanofluids, the use of a hybrid nanofluid-enhanced
photothermal conversion. A maximum temperature of 125.8 °C of Therminol-55 was
recorded, whereas temperatures of 158.6 °C, 152.9 °C, and 149.6 °C were observed for
0.5 wt% hybrid (Al,03-TiO,), 0.5 wt% Al,O3-Therminol-55, and 0.1 wt% TiO,-Therminol-
55 nanofluids, respectively. A hybrid nanofluid built on Therminol-55 was suited for
high-temperature concentrating collectors, compared to the mono-nanofluid and base
fluid. Wang et al. [120] studied the PTC system with an Al,O3/synthetic oil nanofluid
with variable heat flux distributions. The use of the Al,O3/synthetic oil nanofluid had
the potential to lower the solar absorber plate temperature and temperature gradient.
The efficiency of the collectors of the PTC systems with Al,O3/synthetic oil nanofluid
was significantly higher as compared to synthetic oil. Loni et al. [121] reported a 12.93%
increase in thermal efficiency using Al,O3/thermal oil in a hemispherical cavity receiver as
compared to a SiO, /thermal oil.

6. Oil-Based Review of Different Nanofluids Analyzed
6.1. I Examination on Crude Oil-Based Nanofluids

Hendraningrat et al. [122] observed experimentally promising results and EOR by
injecting a nanoparticle suspension. The testing was conducted in water-wet Berea core
plugs for various nanofluid concentrations. Crude oil and nanofluid with concentrations of
0.01, 0.05, and 0.1 wt% were synthesized using synthetic brine. It was reported that the IFT
is reduced as nanofluid concentration rises. Zhang et al. [123] investigated high salinity
reservoir crude oil and brine solution nanofluid to replace crude oil with Berea sandstone.
Berea sandstone enhances the efficiency by 50%, whereas the brine alone delivers a value
of 17%. Alomair et al. [124] studied the effects of nanofluids to recover crude oil compared
to the use of water flooding. The Al,O3, SiO,, NiO, and TiO were added to saline water
to form a nanofluid of different concentrations. The use of an AL,O3 nanofluid with a
concentration of 0.05 wt% reduces the emulsion viscosity by 25%. The highest EOR was
found for SiO; and Al,O3 nanofluids at 0.05 wt%. Table 7 represents the comparison of a
previous investigation on crude-oil-based nanofluid.
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Table 7. Comparison of previous investigations on crude-oil-based nanofluids.

Authors Name

Nanoparticle Numerical/Experimental Main Findings

Taborda et al. [54]

When the nanofluid is added, the
highest viscosity reduction is
Si0, Experimental obtained and a synergistic effect
occurs which produces better
viscosity reduction performance.

Radnia et al. [79]

The value of IFT for aqueous phase
Sulfonated graphene Experimental with sulfonated graphene is lower
than the IFT value of DI water.

Kuang et al. [80]

SiOyx nanofluids were stable while

the stability of Al,O3 and TiO,

nanofluids depend on chemical
SiOy, Al; O3, and TiO, Experimental agents.

Pure Al,O3 with 0.1 wt% nanofluid

had a better performance than pure

SiOyx nanofluid.

Dai [83]

The treatment and composition of
SC — CO,, fracturing fluid
decreased the permeability of cores
to 85%.

SC — CO, Experimental

Chen et al. [85]

Viscosity of crude is reduced to
10.4% at 0.2% of

AlL,O3 Experimental hydrophobic particle.
Al,O3 NPs reduces the IFT when ¢
is lower than 0.5%.

Alnarabiji et al. [86]

Mixing ZnO nanofluid with crude
oil, the EOR is high.

ZnO Experimental When the 0.01 wt% concentration of
ZnO-NCs was used in the fluid, no
permeability reduction took place.

Mohammadi et al. [99]

The doping of SiO; reduces the
particle size.

TiO; | SiO, Experimental An amount of 80% TiO, nanofluid
was optimal for the core
flooding experiments.

Lee and Babadagli [125]

AlyO3 did not perform well in
stabilizing emulsions.

AlyO3+ZrO; led to the rapid phase
separation of emulsions.

Al O3, ZrO, Experimental

6.2. Examination of Vegetable Oil-Based Nanofluids

Li et al. [126] reported that the trapping depth of vegetable-insulating nanofluids
with an oil base is influenced by the nanoparticle surfactant polarization. Su et al. [70],
Padmini et al. [127], and Li et al. [128] evaluated cutting force and temperature using the
nanofluid MQL with vegetable oil and ester oil as base fluids. At high cutting speed, the
performance of graphite-LB2000 revealed a reduction in the cutting force and temperature,
and was superior to the graphite-Pri Eco 6000 nanofluid. The turning of AISI 1040 steel
using cutting fluids as vegetable-oil-based nano was examined by Rapeti et al. [129]. Im-
proved machining was seen at a feed rate of 0.14 mm/rev and a cutting speed of 40 m/min
using 0.5% coconut oil nano-molybdenum sulfide with 0.5% nanoparticle concentration.

Desari and Davoodi [57] investigated vegetable oils as a lubricant for its biodegrad-
ability and non-toxicity in the metal-forming process for reduction in friction losses and
extreme pressure capabilities. A diverse concentration of nanofluids was formed by dispers-
ing the CuO and SiO; nanoparticles of rapeseed and soybean oils with two metal-forming
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lubricants, and their lubrication performance was compared. Mechiri et al. [76] analyzed
the vegetable oils and reported that the Brownian motion of the particles enhanced thermal
conductivity. High viscosity leads to the lubrication property and reduces the energy input,
as well as the generation of heat during grinding. Table 8 represents the comparison of the
previous investigations on vegetable-oil-based nanofluids.

Table 8. Comparison of previous investigations on vegetable-oil-based nanofluids.

Authors Name Nanoparticles

Numerical/
Experiment

Main Findings

Su et al. [70] Graphite

Experiment

Increase in mass fraction of
nano-graphite resulted in the
reduction in cutting force and
temperature, irrespective of the
type of base oil.

Mechiri et al. [76] Cu—Z7n

Experiment

Hybrid Cu — Zn (50:50) has the
advantage of having less density
and high thermal conductivity as
compared to Cu — Zn (25:75) and
Cu-Zn (75:25).

Gao [110] CNT

Experiment

Among the six surfactants, the CNT
nanofluids with APE-10 have the
highest viscosity, lowest friction
coefficient and minimum
roughness value.

The addition of surfactant can
increase the viscosity of the

CNT nanofluids.

Yuan et al. [112] Diamond, Cu and SiC

Experiment

Nano-Diamond and nano-Cu have
better results in reducing cutting
forces than nano-SiC.

Lietal. [126] Fe30y4

Experiment

Covalent bonding between oleic
acid and Fe30y crystals prevents
agglomeration of Fe3Oy
nanoparticles and also improves the
compatibility between the
nanoparticles and the vegetable
insulating oil.

Padmini et al. [127] CC+nMoS,

Experiment

Maximum enhancement in thermal
conductivity, specific heat and heat
transfer coefficient in case of
CC+nMoS; is 2.5%, 0.98% and
3.54% from base fluids, respectively.

Lietal. [128] Fe30y4

Experiment

The appropriate nanofluid MQL
parameter could enhance the
lubrication and cooling properties
of the oil film to improve the
surface quality and reduce the
surface roughness.

Lv etal. [130] Fe30y4

Experiment

The AC breakdown strength of
Fe304 nanoparticles and NF-8 is the
highest one and up to 1.4 times of
that the base oil.

6.3. Study on Pure Oil-Based Nanofluids

Arani et al. [68] experimentally investigated the HTC for various parameters (Re,
nanofluid particle concentration, and tube diameter ratio). They revealed that the HTC and
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pressure increased by replacing pure oil with nanofluid. Razi et al. [61] and
Jiang et al. [131] analyzed CuO-base oil nanofluids with particle weight fractions between
0.2 and 2%. They reported that the inclusion of nanoparticles in the base fluid increased the
thermal conductivity of the nanofluid as the specific heat capacity decreased. An increase in
HTC by 12.7% was observed for a specific nanoparticle concentration compared to pure oil.
Table 9 represents the comparison of a previous investigation on pure oil-based nanofluids.

Table 9. Comparison of previous investigations on pure oil-based nanofluids.

Authors Name Nanoparticles ]1;( L;:;ﬁf;?;i Main Findings
Jafarimoghaddam et al. [43] Ag Experiment The HTC of nanoparticles suspended in

the base oil is higher than the base oil.

Moraveji and Hejazian [62]

A combination of the two enhancing
CuO Numerical methods made a significant
improvement on heat transfer.

Beheshti et al. [67]

The viscosity of nanofluids is lower
than that of pure oil.

MWCNT Experiment The thermal conductivity of pure oil
decreased, and that of
nanofluids increased.

Jafarimoghaddam et al. [68]

Silver-oil nanofluids exhibit a higher
viscosity than pure oil.

Ag Experiment HTC increases with increasing
Reynolds number due to increasing the
fluid velocity.

Aberoumand et al. [73]

The average Nusselt number was about
13.4% higher than the simple annular

Ag Experiment tube. The specific HTC decreases in the
presence of low concentrations of the
Ag/oil nanofluid.

Jafarimoghaddam et al.
[132]

The average increase of Nusselt
Al Experiment number for Al/oil nanofluid was found
to be about 16.4%.

Jia et al. [3]

The friction coefficient of MoFe,;O4 and

NiFe;O4 nano-oil was lower than that
MoFe;O4-NiFe; Oy Experiment of pure oil.

MoFe;O4 nano-oil makes the biggest

impact on refrigeration performance.

6.4. Exploration on Palm-QOil-Based Nanofluids

Li et al. [107] selected palm oil as the base o0il of MQL cooling. Various nanofluids
with volume fractions ranging from 0.5 to 4% were made by the nanoparticles of carbon
nanotube (CNT) for MQL cooling grinding of a Ni-based alloy to determine the optimum
heat transfer and lubrication performance. Li et al. [133] investigated palm oil as the MQL
base oil. The MoS,, ZrO,, CNT, PCD, Al,O3, and SiO; nanoparticles were added to form
nanofluids. The minimum grinding force ratio of 0.365 was achieved for SiO,, followed
by MoS, nanofluid with a ratio of 0.367, while the PCD nanofluid showed the best ratio of
grinding force of 0.40. Li et al. [126,134] studied palm oil and found an increase in thermal
conductivity because of Brownian motion of nanoparticles and revealed that the higher
viscosity of the nanofluid promotes the lubrication effect that leads to the lower energy
input and less grinding heat. Table 10 represents the comparison of a previous investigation
on palm-oil-based nanofluids.
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Table 10. Comparison of previous investigations on palm-oil-based nanofluids.

Authors Name

Numerical/

Nanoparticle Experimental

Main Findings

Javed et al. [33]

The maximum enhancement was
CuO Experimental observed for 0.7% nanoparticles
concentration.

Wang et al. [74]

CNT nanoparticles have the highest
thermal conductivity.

Adding nanoparticles to the base
fluid can increase the viscosity of the
base fluid.

The density of MoS; nanoparticles is
higher than that of PCD
nanoparticles.

MOSz, Zl‘Oz, CNT, PCD,

AlyO3, SiO, Experimental

Fontes et al. [96]

The 4 vol.% nanofluid possesses the
highest viscosity.

CNT Experimental The addition of nanoparticles into the
base fluid can significantly increase
the HTC.

Hussein et al. [100]

The viscosity of the nanofluids
increases as nanofluid volume
concentration increases.

Heat transfer enhancement was
observed when nanoparticles were
added to the pure oil.

TiO; Experimental

6.5. Exploration on Engine-Oil-Based Nanofluids

Wang et al. [74] employed various nanoparticles in traditional engine oil for develop-
ing a novel nanofluid cooling medium, and analyzed the heat transfer rate of engine oil and
nanofluids. Mohammad and Kandasamy [135] showed that engine-oil-based nanofluids
have a significant impact on temperature distribution by augmenting the nanoparticle vol-
ume fraction. Derakhshan and Behabadi [45] and Rehman et al. [136] employed a 3D flow
of rotating water and engine-oil-based nanofluid for the analysis by varying the nanometer-
sized single-walled carbon nanotubes (SWCNT) and MWCNT. The SWCNT delivers a
higher skin friction and Nu because of their higher density and thermal conductivity.

Asadietal. [77], Tao et al. [137], and Asadi et al. [138] examined the rate of heat transfer
of an engine-oil-based nanofluid lubricating oil, with concentrations varying from 0.25 to
2%. They reported that the dynamic viscosity of the nano-lubricant increases as the solid
concentration is increased. Finally, they concluded that nanofluids are advantageous for
heat transfer applications used as a coolant fluid. Pryazhnikov et al. [139] analyzed the
thermal conductivity coefficient of Al,O3, TiOy, SiO;, ZrO,, CuO, and diamond particles
based on water, ethylene glycol, and engine oil.

They also found that the base liquid influences the thermal conductivity of the nanoflu-
ids. Ghazvini et al. [64] investigated the effects of utilizing nano-diamond particles with
engine oil as the base fluid, and revealed higher heat transfer rates and pressure drops by
adding nanoparticles. Isfahani et al. [72] and Mashhadi et al. [140] examined the behavior
of engine oil using various types of hybrid nano-additives, and reported that the viscosity
of the nanofluid goes up by increasing the nano-additives concentration.

Wang et al. [120], Dinesh et al. [141], He et al. [142], and Quercia et al. [143] stated
that the use of a nanofluid made with engine oil as the base fluid boosted the lubrication
properties. Sgroi et al. [144] reported that fuel consumption was reduced by 0.9% compared
to traditional engine oil. Pourfattah and Asadi [145] analyzed the ZnO and MgO-engine oil
nanofluid for thermophysical and heat transfer characteristics as coolants and lubricants in
various engineering applications. They observed that the nanofluid with ZnO raises the dy-
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namic viscosity, and in laminar flow regimes the heat transfer performance is good. Table 11
represents the comparison of a previous investigations on engine-oil-based nanofluids.

Table 11. Comparison of previous investigations on engine-oil-based nanofluids.

Numerical/

Authors Name Nanoparticle .
Experimental

Main Findings

Addition of 3 wt% of y-Al,O3; was
found to improve thermal conductivity
Vasheghani et al. [35] Alumina Experimental by 37.49%. y-Al,Oz-based engine oil
has better performance as compared to
a-AlyOs3-based engine oil.

The nanofluid viscosity decreases with

Aghaei et al. [54] CuO-MWCNTs Experimental .
temperature increment.

The maximum deviations of relative
viscosity occur between temperatures
of 25 °C and 50 °C.

The relative viscosity of
Al,O3-MWCNTs/SAE40 is
significantly more.

Isfahani et al. [72] Al,O3-MWCNTs Experimental

The combination Cu-oil has a better
performance as compared to
traditional oil.

Diamond-oil-based nanofluid has a
better performance as compared

to Cu-oil.

Wang et al. [74] Copper and diamond Numerical

The thermal conductivity of the

nanofluid enhances as the solid
Asadi et al. [77] Mg(OH), - MWCNT Experimental concentration increases.

Using this nanofluid would be

advantageous in cooling applications.

The temperature of the nanofluids with
different nanoparticle shapes increases.

Mohammad and Cu, AlL,O3 . . .

Kandasamy [135] and SWCNTs Numerical Et}.lylen.e glycol and engine oil have a
unique impact on temperature
distribution.

MWCNTs proved to be more effective

SWCNT, in rapid heat transfer at the surface.

Rehman et al. [136] MWCNTs Numerical SWCNTs have high density compared
to MWCNTs.
Asadi and MgO-MWCNT Experimental A maximum increase of 65% in HTC

Aberoumand [138] was found at a temperature of 40 °C.

6.6. Investigations on Mineral-Oil-Based Nanofluids

Sundar et al. [39] and Gara and Zou [146] experimentally investigated the tribological
properties of ZnO nanofluids in paraffinic mineral oil and reported a reduction in friction,
which enhanced the dispersibility and stability of the nanofluids. Ingole et al. [40] studied
applications of the mineral-based nano-oils on two domestic refrigerator compressors. The
performance of the two compressors was enhanced by 5.6 and 5.3%, respectively, compared
to mineral oil. Fontes et al. [147] and Hameed et al. [148] investigated MWCNT-based
nanofluids to determine the Nu for the same Grashof number (Gr), and reported that
the nanofluids presented better convection characteristics. The maximum increase in the
convection HTC was 23% for diamond nanofluids with a higher volumetric concentration.
Lv et al. [149] concluded that thermal conductivity increased with nanoparticles. Table 12
represents the comparison of previous investigations on mineral-oil-based nanofluids.



Energies 2022, 15, 8422

17 of 28

Table 12. Comparison of previous investigations on mineral-oil-based nanofluids.

Authors Name Nanoparticle Num.encall Main Findings
Experimental
. . Base oil with 2 wt% showed the
Ingole et al. [66] TiO, Experimental highest HTC.
Increasing the concentration led to an
. . increase in the density of nanofluids.
Beheshti et al. [67] MWCNT Experimental The highest thermal conductivity
obtained for 0.01 mass% was at 20 °C.
The dynamic viscosity increases with
Fontes al. [96] 1]\)/[1?5(1\;12 Experimental increasing the
nanoparticle concentration.
The mean Nusselt number increased
Fontes et al. [147] 1]\)/[1?5(1\;12 Numerical with the Prandtl number of

the nanofluids.

Lvetal. [149]

The enhancement on the thermal
TiO; Experimental conductivity is due to the formation
of clusters.

6.7. Examination on Thermal-Oil-Based Nanofluids

Asadi et al. [150] determined the rate of heat transfer for an Al,O3-MWCNT /thermal
oil hybrid nanofluid to have concentrations in the range of 0.125 to 1.5%, and temperatures
from 25 °C to 50 °C. They reported that the application of nanofluid is prolific in laminar
and turbulent flow as compared to base fluid. Loni et al. [151-153] examined the nanofluids
Cu/thermal oil, Al,O3/thermal oil, SiO; /thermal oil, and TiO, /thermal oil. They saw that
thermal efficiency was reduced when nanoparticle volume concentrations were increased,
and the exergetic efficiency was enhanced by increasing nanofluid concentrations. The
Cu/thermal oil nanofluid also delivered the highest exergy in the investigated nanofluid in
a cylindrical cavity receiver.

Herper and Entel [154] studied four types of nanofluids for the thermal properties of
AlO3, Fe30y4, 5i0;, and SiC nanoparticles in thermal oils. An augmentation in the thermal
conductivity of oil by 8% was reported when 0.5 wt.% of aluminum nitride nanoparticles
were dispersed, and cooling was enhanced by 20%. In the thermal-oil-based nanofluids
with 0.08% < ¢ < 0.39%, the dielectric breakdown voltage was three times higher than
that of pure thermal oil [103]. Beheshti et al. [67] experimentally determined the effect
of oxidized MWCNT on the properties of thermal oil, and a decreased breakdown in
voltage was reported as the concentration increased. Aberoumand et al. [73] examined
the rate of heat transfer of an oil-based silver nanofluid with parameter temperatures
ranging from 40 °C to 100 °C and mass fractions of 0.12 to 0.72%. The enhancement in
viscosity depends on temperature, whereas the specific heat capacity decreases as the
mass concentration of nanofluids increases. Sadegh et al. [73] and Mohammadi et al. [155]
and found that the thermal conductivity of a thermal-oil-based nanofluid was enhanced
with temperature, whereas the specific heat capacity reduced as the mass concentration
increased. Qin et al. [58] synthesized stearic acid-modified CuS (SA-CuS) nanoparticles
with a uniform diameter of 60 nm by a facile two-phase approach Table 13 represents the
comparison of a previous investigation on thermal-oil-based nanofluids.
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Table 13. Comparison of previous investigations on thermal-oil-based nanofluids.

Numerical/

Authors Name Nanoparticle .
Experimental

Main Findings

The nanoparticles were more in favor

of heat transfer enhancement rather
Hekmatipour et al. [32] CuO Experimental than pressure drop.

The maximum performance index was

approximately 61% at ¢ = 1.5%.

The average thermal efficiency of the

Al O3, cylindrical cavity receiver using the

Sokhansefat et al. [45] Sio, Experiment AL O3 /thermal oil nanofluid
was highest.
Qin et al. [58] CusS Experimental The thermal conductivity enhancement

was 20.5% for ¢ = 0.04% at T = 30 °C.

The maximum effect of nanoparticles

Derakhsha.m and MWCNT Experimental on enhancement of heat transfer was
Behabadi [71] . . .
found using a horizontal plain tube.
Sharp angles of rib caused heat transfer
enhancement.
Gholami et al. [75] MWCNT Numerical The rectangular and parabolic ribs had

the maximum and minimum amounts
of average Nu.

Nanoparticles had significantly less
absorbance in the UV region. TiO;
nanofluids exhibited better optical
properties than Al,O3.

Al O3,

Gulzar et al. [119] TiO
2

Experiment

The thermal efficiency of the
hemispherical cavity receiver using the
MWCNT/ oil nanofluid was higher
than base oil.

Loni et al. [156] MWCNT Experiment

The maximum increase in dynamic
viscosity was 65% at T = 40 °C. The

Asadi et al. [138] MgO-MWCNT Experiment nanoparticles could be attributed to the
higher conductivity of MWCNT and
MgO nanoparticles.

7. Comparative Study

A comparison of various nanoparticles was conducted based on Nu generated where
the base fluid used was pure oil. Figure 2 shows the variation of Nu for different Re using
various nanofluids. It was revealed that SiO, /0il nanofluid delivered the maximum Nu,
followed by Al,O3/0il, ZnO/oil, CuO/oil, and pure oil, respectively.

The variation of Nu for different Re is presented in Figure 3, which reveals that
the value of the Nu is higher for base fluids of oil + water, compared to plain water. The
probable reason for the higher Nu is that oil + water has a high dynamic viscosity compared
to water, which results in an augmentation in heat transfer capabilities. The comparative
studies in the literature review also show that hybrid nanofluids deliver augmented heat
transfer as compared to simple nanofluids, which are boosted by a rise in Re; as represented
in Figure 4.
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Figure 2. Comparison of Nu vs.Re with different oil-based nanofluids.
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Figure 3. Comparison of Nu vs. Re with water and oil + water-based nanofluids.
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Figure 4. Comparison of Nu vs. Re with simple and hybrid nanofluids.

It is evident from the comparative study, as shown in Figure 3, that the oil-based
nanofluids deliver added thermal conductivity as compared to the base fluid. The nano par-
ticles concentrations is also a major parameters that can affect the thermal conductivity of
nanofuids, as shown in Figure 5. The literature review also revealed that the thermal conduc-
tivity of hybrid Ag — WO3/mineral-oil-based nanofluids is higher than the amine-treated
graphene mineral-oil-based and simple MWCNT /mineral-oil-based fluid, as shown in Fig-
ure 6. Figure 7 shows that the thermal conductivity of Al O3 — MWCNT/thermal-oil-based
nanofluids is higher than MgO — MWCNT/thermal oil and simple MWCNT/thermal
oil-based nanofluids. For all nanofluids, the thermal conductivity also increases with tem-
perature because the Brownian motion of the particles is greater at elevated temperatures.
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8. Research Gaps, Challenges, and Future Works

This review of oil-based nanofluids determined the benefits of switching the nanofluid
base from water to oil. These prolific outcomes were analyzed in the fields of solar thermal
systems, heat exchangers, lubrication in grinding, refrigeration, and engines. The results
revealed the effective performance of oil-based nanofluids for different oils, nanoparticles,
and concentrations used in specific processes. The review also identified gaps in the
analyzed literature. Future work in these domains should focus on sustainability analysis
concerning the use of oil as the base fluid in terms of cost analysis, emissions from oil when
heated, and energy consumption in driving the high viscosity oil through the channel.
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9. Conclusions

This study reviewed the literature addressing the use of nanofluid/oil and the major
conclusions drawn from the survey are summarized as follows:

e  The use of nanoparticles suspended in oil leads to a remarkable reduction in the
specific energy requirement during grinding operation.

e Nanoparticles with Cu and Zn as the chief constituents have high and low densities,
respectively, whereas hybrid nanoparticles with the same concentrations have average
densities. Compared to nano-SiC, nano-diamond and nano-copper have better results
in reducing the cutting forces.

e  The HTC of nanofluids is improved by volume concentration and temperature aug-
mentation. The maximum convective heat transfer enhancement for SiO, is 81%,
compared to the base fluid at a volume concentration and temperature of 3.0 and
70 °C, respectively.

e  The use of nanoparticles enhances thermal conductivity, anti-frictional properties, and
cooling-lubrication characteristics of various oils. Similarly, the wettability of the oil is
significantly enhanced with nano-suspension.

e  The thermal conductivity of water-based nanofluids is improved by 19.14% and
the ethylene glycol-based nanofluid is improved by 11.85%. Likewise, the viscos-
ity of water-based and ethylene-glycol-based nanofluids is enhanced by 1.70 and
1.42 times, respectively.

e  Silver/oil nanofluids are prolific in increasing the Nu in a thermal system. The thermal
conductivity of nanofluids is directly proportional to the nanoparticle concentration.
The stability of Al,O3 and TiO; nanofluids depends on the concentration of the
chemical agents added. The stability of the nanofluids increases up to ¢ = 0.1%; with a
further increase in ¢, the stability starts to decrease.

e  Adding nanoparticles with different volume fractions to the pure oil notably enhances
the heat transfer and friction factor.

e  Ahigher thermal efficiency is seen using the Al,O3 /thermal oil nanofluid compared to
the SiO, /thermal oil nanofluid in a cylindrical cavity receiver. It is recommended that
the cylindrical cavity receiver should be used with the Al,Os/thermal oil nanofluid to
obtain a higher thermal efficiency.

e  More experimental data is still needed to fill in the gaps in the knowledge.
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Abbreviations

CNT Carbon nanotubes

EOR Enhanced oil recovery

IFT Interfacial tension

HTF Heat transfer fluid

HTC. Heat transfer coefficient

MQL Minimum quantity lubrication

MWCNT Multi-walled carbon nanotubes
PTC Parabolic trough solar collector

SWCNT Single-walled carbon nanotubes
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