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Blood flow dynamics contributes an elemental part in the formation and expansion of cardiovascular diseases
in human body. Computational simulation of blood flow in the human arterial system has been widely used in
recent decades for better understanding the symptomatic spectrum of various diseases, in order to improve
already existing or develop new therapeutic techniques. The characteristics of the blood flow in an artery can be
changed significantly by arterial diseases, such as aneurysms and stenoses. The progress of atherosclerosis
or stenosis in a blood vessel is quite common which may be caused due to the addition of lipids in the arterial
wall. Nanofluid is a colloidal mixture of nanometer sized (which ranges from 10–100 m) metallic and non-
metallic particles in conventional fluid (such as water, oil). The delivery of nanoparticles is an interesting and
growing field in the development of diagnostics and remedies for blood flow complications. An enhancement
of nano-drug delivery performance in biological systems, nanoparticles properties such as size, shape and
surface characteristics can be regulated. Nanoparticle offers remarkably advantages over the traditional drug
delivery in terms of high specificity, high stability, high drug carrying capacity, ability for controlled release.
Highly dependency has been found for their behavior under blood flow while checking for their ability to target
and penetrate tissues from the blood. In the field of nano-medicine, organic (including polymeric micelles
and vesicles, liposomes) and inorganic (gold and mesoporous silica, copper) nanoparticles have been broadly
studied as particular carriers because as drug delivery systems they delivered a surprising achievement as
a result of their biocompatibility with tissue and cells, their subcellular size, decreased toxicity and sustained
release properties. For the extension of nanofluids research, the researchers have also tried to use hybrid
nanofluid recently, which is synthesized by suspending dissimilar nanoparticles either in mixture or composite
form. The main idea behind using the hybrid nanofluid is to further improve the heat transfer and pressure drop
characteristics. Nanoparticles are helpful as drug carriers to minimize the effects of resistance impedance to
blood flow or coagulation factors due to stenosis. Discussed various robust approaches have been employed
for the nanoparticle transport through blood in arterial system. The main objective of the paper is to provide
a comprehensive review of computational simulations of blood flow containing hybrid-nanoparticles as drug
carriers in the arterial system of the human body. The recent developments and analysis of convective flow
of particle-fluid suspension models for the axi-symmetric arterial bodies in hemodynamics are summarized.
Detailed existing mathematical models for simulating blood flow with nanoparticles in stenotic regions are
reviewed. The review focuses on selected numerical simulations of physiological convective flows under various
stenosis approximations and computation of the temperature, velocity, resistance impedance to flow, wall shear
stress and the pressure gradient with the corresponding boundary conditions. The current review also highlights
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that the drug carrier nanoparticles are efficient mechanisms for reducing hemodynamics of stenosis and could be helpful
for other biomedical applications. The review considers flows through various stenoses and the significances of numerical
fluid mechanics in clinical medicine. The review examines nano-drug delivery systems, nanoparticles and describes recent
computational simulations of nano-pharmacodynamics.

KEYWORDS: Blood Flow, Stenotic Artery, Nanofluids, Drug-Carrier, Single-Phase Modeling, Pharmacodynamics,
Numerical Simulations.
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1. INTRODUCTION
The main function of the blood circulatory system, an
impenetrable network of blood vessels, is to transport
vital nutrients and oxygen to the active tissues of the
body and remove waste products. This system is respon-
sible for the exchange of ions, cells, gases and macro-
molecules between the blood and tissue. Blood flow
dynamics contributes an elemental part in the formation
and expansion of cardiovascular diseases. Accumulation
of macrophage white blood cells, low-density lipoproteins
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(LDL), cholesterol to the arterial wall of blood vessels is
referred to as a hardening of the arteries, which results in
a reduction in the area of the blood vessel and leads to the
cardiovascular diseases (Fig. 1). Nowadays, in many coun-
tries, the majority of deaths are being reported because of
this disease. For the improvement of already existing tech-
niques or for the development of new therapeutic methods,
simulation of blood flow is being widely used in present
decades to better understand the numerous diseases. The
most critical variables of this hardening are hemodynam-
ics effects and considered as the reason of plaque due
to which normal circulation of blood is interrupted. Dif-
ferent arterial diseases such as stenosis or an aneurysm
can alter the blood flow characteristics in an artery. The
growth of atherosclerotic plaques that lump into the lumen
is the known reason of tapering of stenosed blood vessels.
Development of stenosis in an artery leads to severe sit-
uations such as the enhanced resistance and reduction of
blood flow to the different organs of the body, which fur-
ther can cause severe arterial disorders inside the human
body.
Considering the need of life science problems in the past

time, a numerous number of mathematical models have
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been analyzed for blood flow through the arteries with
or without stenosis, defining different viewpoints men-
tioned in arterial biomechanics area. For mostly inves-
tigations, blood vessel is considered as cylindrical pipe
having uniform cross-section area everywhere. Related
to this, in 1968, Whitmore1 propounded that the arterial
vessels have tendency of bifurcation at recurrent inter-
vals and the diameter of the artery also get change with
the distance. However, in understanding the blood flow
phenomenon, the flow in fluctuating blood vessel is the
prime reason for a large number of investigations by
Manton2 and Hall.3 As the exact reason for stenosis for-
mation is not known, although researchers have investi-
gated theoretically and experimentally the impact of steno-
sis over blood flow characteristics. Accordingly, numer-
ous investigations have discussed the flow characteristics
(like blood velocity, pressure and shear stress) to under-
stand their role in stenosis formation and the validity of
treatments.4–7 A large number of investigations have been
performed to elaborate the blood flow phenomenon in
arteries.

Fig. 1. Atherosclerosis.8

1.1. Blood Flow in Arterial System
Human blood is a heterogeneous multiphase suspension of
blood cells (erythrocytes, leukocytes, platelets) in plasma,
which is about 55% of total blood volume and is composed
of mostly water, dissipated proteins, mineral ions, clotting
factors, hormones and blood cells, which is represented by
Figure 2. Blood has a complex macroscopic behavior due
to the properties of the constituents and the composition
of blood. It has been pointed out that the nature of plasma
is Newtonian fluid;9 however, whole blood exhibits non-
Newtonian fluid characteristics.10 Blood cell and plasma
characteristics are presented in Tables I and II respectively.
Behaviour of blood as Newtonian or non-Newtonian fluid
depends on the nature of the blood transportation process
as well as on the size and shape of vessel. Blood hav-
ing shear rate greater than 100 s−1 shows a Newtonian
nature. For example, in large arteries, veins and in large
cavities, blood exhibits Newtonian characteristics. How-
ever, for shear rate less than 100 s−1, blood present non-
Newtonian nature. In general, in capillaries, arterioles and
in myocardium, non-Newtonian effects can be seen.
Blood vessels are one of the important components of

the circulatory system. These are mainly branched into

Fig. 2. Elements of blood.11
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Table I. Blood cell components.

Blood component Size (�m) Per microliter Percentage

Erythrocytes (RBC) 7–8 4.1–5.1×106 97
Leukocytes (WBC) (4–10×103)

Neutrophils 10–12 62% of Leukocytes 2
Lymphocytes 6–14 30%
Eosinophils – 2.3%
Monocytes 15–20 5.3%
Basophils 0.4%

Platelet 3 1.5–4.5×105 1

capillaries, arteries and veins (Fig. 3), in which veins are
responsible for carrying deoxygenated blood towards the
heart whereas arteries are responsible for carrying oxy-
genated blood towards the different parts of the body. Gen-
erally, capillaries are of size about 5–10 �m in diameter
and veins ranges between 1 mm to 1–1.5 cm in diameter.
In the case of arteries, elastic artery diameter is always
more than 1 cm whereas for muscular arteries, its range is
0.1–10 mm. The thermophysical properties of blood, for
example, viscosity, density etc. are shown in Table III. It
is seen that different parameters like temperature, age and
hematocrit alter the thermophysical properties of blood.

Another critical feature of arterial blood flow is its
pulsatile behavior, which was highlighted by Ling and
Atabek.12 Normally, blood flow in arteries is taken as
a laminar flow, but due to the development of steno-
sis, hardening of the arterial wall etc, interruption in
the flow of blood is generated and reduces the required
blood flow, which further leads to breaking down of the
blood circulatory system. This makes it necessary to have
detailed knowledge of blood flow in the detection of arte-
rial diseases.13 Velocity, pressure, viscosity, fluid-structure
interaction are the basic quantities and phenomenon that
completely describes the blood flow phenomenon.14

Across a wide range of cardiovascular diseases, the
best outcome depends on the physician’s competency of
injecting the drugs to a particular affected area. Despite
numerous research and development for drug delivery,
present-day formulations still leave the drugs incompetent
in localizing en mass at affected site. These drug molecules
disperse and spread randomly throughout the body, result-
ing in undesirable side effects and this reduces the active

Table II. Plasma characteristics.

Plasma component Component Density (g/dl)

Plasma
Water 91% Albumin 4�5
Protein 7% Immunoglobulin 0�3

Fibrinogen 2�5
Prothrombin 0�015

Other
Salt includes vitamin,
lipid, sugar etc.

Table III. Blood’s various properties.

Thermophysical properties Erythrocytes Blood Plasma

Density (kg/m3) 1125 1060 1025
Specific heat capacity (J/Kg �C) – 3750 –
Thermal conductivity (W/mK) 0.45–0.482 0.492 0.57
Viscosity (cp) 6 3 1.2
Electrical conductivity (S/m) – 0.667 2

response of proper doses. Since past few years, a advanced
specialization of fluid dynamics, named nanofluid dynam-
ics has emerged, which receives mixed applications in
energy, biology and medical science fields.
In comparison with pure fluids, Nanofluids which are

the suspensions of dissimilar nanoparticles in base fluid,
may demonstrate contrasting thermal characteristics. As
an example, various experiments have been conducted
with nanofluids, which result that thermal conductivities of
these fluids are remarkably increased and hence nanofluids
are beneficial for micro-scale cooling applications.
A significant distinct utilization of nanofluid can be

seen in modern medicine field. In this area, for exam-
ple, nano-drugs are embodied in micro-channels for con-
trolled delivery with bio-MEMS (micro electro-mechanical
system). For this purpose, nanoparticle-based drug deliv-
ery has immense potential for therapeutics having mini-
mal side effects and optimizing specific targeted delivery.
In spite of the potential of increasing a drug’s propen-
sity to accumulate at a targeted sited, the platform also
faces a complex series of biological barriers that limit site-
specific bioavailability, preventing achievement of proper

Fig. 3. The major subsystem of blood vessels.39
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Fig. 4. Nanoparticle flow, margination and adhesive properties in blood
vessels depending on geometry and particle size. Reprinted with permis-
sion from [15], O. C. Farokhzad and R. Langer, ACS Nano 3, 16 (2009).
Copyright@American Chemical Society.

therapeutic outcomes. For treatment and diagnosis purpose
or in drug delivery areas, nanoparticles like copper have
been extensively purposed.
The delivery of the nanoparticles in the artery is strongly

dependent on the size, shape and material of nanoparti-
cles. Conventional nanoparticles like polymer nanoparti-
cles and liposomes, having spherical geometry and size
10–100 nm in diameter, are designed particularly for the
arterial delivery. This is due to the fact that small spher-
ical particles, such as liposomes, are found in a partic-
ular region of the blood vessel, called as the cell-free
layer, which is a direct result of the tendency of red blood
cells to accumulate selectively within the core of a vessel
(Fig. 4). Many investigations16�17 have shown that nanopar-
ticles having spherical shapes show minimum lateral drift
and are less likely to migrate to vessel walls. According to
the hemorheological behavior of nanoparticles, the pres-
ence of external force, like the magnetic field, improves
specific target delivery.

1.2. Models for Blood Flow
As we have discussed above, whole blood has Newto-
nian and non-Newtonian fluid characteristics, under certain
restrictions. It is concluded that in small vessels having
diameter not more than 0.5 mm and having low shear rate,
non-Newtonian character of blood has always been found
while it exhibits a Newtonian fluid nature in large ves-
sels where shear rate is high. There are several general-
ized non- Newtonian models (Power-law, Carreau-Yasuda,
Herschel-Bulkley etc.)18 and viscoelastic fluid models19

which have been used to simulate the non-Newtonian
behavior of blood. Further, numerous investigation have
confirmed that hemodynamics plays an important role in
atherosclerotic lesions due to which normal circulation of
blood is disrupted. Morgan and Young20 investigated the
pressure drop in arterial diseases. Furthermore, clinical

data have stated that stenosis does not have a specific
shape.21 The arterial regions having high curvatures and
bifurcation are the most suitable destination inclined to
plaque restriction. Tapering of the artery also affects the
flow behavior in a very particular manner. A large num-
ber of investigations have been accomplished for the flow
characteristics in tapered and non-tapered arteries.190–193

Further, some important blood flow models with their con-
stitutive equation are summarized below:
• Power-law Fluid: The commonly used viscosity model
representing the non-Newtonian nature of blood is the
power law fluid18�22 which has considerable practical
significance. The constitutive equation used by many
researchers23�24 is

� = �o

(
�v

�y

)�m−1	

(1)

where � represents the shear stress, ��v/�y	 is shear rate,
and m is power index. This power index is mainly respon-
sible for the behavior of flow, as m< 1 denotes the shear-
thinning fluid, m> 1 is for shear-thickening fluid and for
m= 1, it behaves as Newtonian fluid.
• Carreau-Yasuda Fluid: The only limitation of the
power-law viscosity model is that it is not able to calculate
viscosity for large or small shear rates. So to overcome the
limitation, Carreau-Yasuda non-Newtonian fluid25 is sug-
gested, for calculating the viscosity for both shear rates.
The constitutive equation for this model is:

� = 
��+ ��o −��	�1+ ���̇	2	�n−1	/2�̇ (2)

Here the physical parameters given in above equation
are defined as, �—stress tensor, �o—zero shear rate vis-
cosity, ��—infinite shear rate viscosity, n—power index
and �̇ is given by:

�̇ =
√
1
2

∑
i

∑
j

�̇ij �̇ji (3)

For many cases, when (��) is much less than (�o), then
we take �� = 0, and the above constitutive equation will
reduce to:

� = �o�1+ ���̇	2	�n−1/2	�̇ (4)

• Casson Fluid: This non-Newtonian model was first pro-
posed by Casson in 195926 to analyze the rheological
behavior of inks. The important property of this fluid
is that if yield stress is much lower than wall stress, it
behaves as viscous fluid. For yield stress py of fluid and
dynamic viscosity �B, the constitutive equation of Casson
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fluid is:

� = 2

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(
�B+

py√
2�

)
eij � � > �c(

�B +
py√
2�c

)
eij � � < �c

(5)

where eij is �i� j	th component of deformation rate and
� = eijeij is product of components of deformation rate
with itself and �c is the critical value for non-Newtonian
model. Casson fluid exhibits shear thinning behavior if
yield stress (py) is less than shear stress and behave as a
solid if shear stress is greater than yield stress (py).
• Sisko Model: Sisko model is another generalized non-
Newtonian model27 whose rheological equation is given
as:

�̄ =−
⎡
⎣a1+b1

∣∣∣∣∣
√
1
2
��̄ � �̄	

∣∣∣∣∣
�m−1	

⎤
⎦ �̄ (6)

where �̄ and �̄are the rate of deformation tensor and stress
tensor. a1, b1 and m are different material constants for
various fluids.
• Herschel-Bulkley Model: This model was first men-
tioned by Herschel and Bulkley in 1926.28 This fluid
model characterizes the relationship between three param-
eters, the flow index n, yield shear stress �o and the con-
sistency k, which is defined by:

� = �o +k�̇n (7)

The effective viscosity representing the generalized
Newtonian fluid is written as:29

�eff =
{
k�̇n−1

o + �o�̇
−1
o � ��̇� ≤ �̇o

k ��̇�n−1+ �o ��̇�−1
� ��̇� ≥ �̇o

(8)

2. NANOFLUIDS: RECENT RESEARCH,
DEVELOPMENT AND APPLICATIONS

2.1. Nanofluids
Conventional fluids in industrial applications exhibits
excellent lubrication properties but their poor thermal
properties restrain uses. Nowadays, many researchers have
been endeavored to increase heat transfer rates of conven-
tional fluids. Experimentally it was found that the addi-
tion of small-sized solid particles in the base fluid can
enhance the thermophysical properties. In 1995, Choi and
Eastman30 coined a new term, “nanofluid,” which is a col-
loidal suspension of nanometer-sized particles (1–100 nm)
in a base fluid. These nanoparticles can be oxide, car-
bide, metallic, non-metallic, carbonic, hybrid and even
other liquid droplets. The base fluid includes water, min-
eral oil, ethylene glycol or refrigerants. Some researchers
have identifled that the inclusion of nanoparticles in base
fluid increases the thermal conductivity by remarkable
degrees.31–37 These particles are also synthetic materials in

some applications related to bio-medicine because of the
unique way of they interact with matter.38 Figure 5 repre-
sents the various applications of nanofluids.
Saidur et al.40 resulted that enhancement in volumetric

particle fraction, also increased the thermal conductivity.
Some experiments have shown that enhancement of vis-
cosity increases the thermal conductivity but a little fall is
observed in pressure.41–43 Tiwari et al.44 and Kumar et al.45

noted that viscosity and density of fluid increased by the
increment of nanoparticle volume concentration, which in
result modified the pressure drop and hence, enhances the
pumping power. Babu et al.46 studied the effects of ther-
mal radiation and heat source on non-Newtonian nanofluid
flow over a stretching sheet considering the magnetohy-
drodynamics. The relation between the increments of shear
viscosity with the nanoparticle concentration is presented
by Ref. [47]. However, the effect of Reynolds number on
pressure drop has also been studied. It is verified by a few
researchers48–51 that enhancement in Reynolds number also
increases the pressure drop.

2.1.1. Thermophysical Properties of Nanofluids
On comparing with base fluids, nanofluids have completely
different thermophysical properties such as density, ther-
mal conductivity, viscosity, and specific heat capacity. To
distinguish between properties of fabricated nanofluid and
base fluid, we use the term “effective” to denote the ther-
mophysical properties of nanofluid.
• Thermal Conductivity: Hamilton and Crosser53 pre-
sented a thermal conductivity model of solid–liquid

Fig. 5. Applications of nanofluids.
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mixtures of non-spherical particles, which is given as:

knf

kf
= kp+ �n1−1	kf − �n1−1	�1�kf −kp	

kp+ �n1−1	kf +�1�kf −kp	
(9)

where kp and kf are nanoparticles and base fluid’s ther-
mal conductivity, respectively. n1 is empirical shape factor,
calculated as n1 = 3/� in which � shows particle spheric-
ity. For spherical particles, � is 1 and 0.5 for cylindrical
particles. Another model for thermal conductivity is also
proposed by Maxwell54 and is found to be a special case
of Hamilton and Crosser’s model:

knf

kf
= kp+2kf −2�1�kf −kp	

kp+2kf +�1�kf −kp	
(10)

• Viscosity: For the effective viscosity of nanofluid, many
models have been suggested by researchers considering
the nanoparticle suspension in the base fluid. The first
model was suggested by Einstein55 in 1906 using the
phenomenological hydrodynamic equations. The derived
equation is:

�nf = �1+2�5�	�f (11)

As the model given by Einstein is restricted to spherical
particles only, some other models also have been proposed
by many researchers for non-spherical particles. A very
significant model was proposed by Brinkman56 in 1952,
which provides a relation between base fluid viscosity,
nanoparticle concentration and the effective viscosity of
nanofluid as-

�nf =
�f

�1−�	2�5
(12)

where �f denotes the base fluid viscosity.
• Density: With the help of the properties of both base
fluid and nanoparticles, the effective density of nanofluid
is numerically calculated52 as:

�nf = �1−�	�f +��s (13)

where �f and �s density of the base fluid and nanoparticle
respectively and � is nanoparticle volume fraction.
• Specific Heat Capacity: The effective heat capacity can
be calculated using the following equation as reported in
Refs. [52, 57] as:

�Cp	nf = �1−�	�Cp	f +��Cp	s (14)

Some other approaches have also been suggested regard-
ing heat capacity concept58�59 as

��Cp	nf = �1−�	��Cp	f +���Cp	s (15)

These two formulations may, of course, lead to different
results for specific heat. Due to the lack of experimental
data, both formulations are considered equivalent in esti-
mating nanofluid specific heat capacity.60

The idea of nanofluid flow has been further developed
by suspending dissimilar combinations of different nano-
particles in conventional (base) fluids, which produces
hybrid nanofluids.

2.2. Hybrid Nanofluids
Makishima61 suggested suspensions of two or more met-
als in base fluid to provide a homogenous phase, entitled
as hybrid nanofluid. With comparison to unitary nanofluid,
hybrid nanofluids exhibited even more promising enhance-
ment in thermophysical properties and heat transfer char-
acteristics. Hayat and Nadeem62 performed a numerical
study for the heat transfer rate in Ag-CuO/water hybrid
nanofluid in the presence of chemical reaction, thermal
radiation and heat generation for steady flow and found
that hybrid nanofluid possessed a higher heat transfer rate
in comparison to unitary nanofluid.
Selimefendigil and Öztop63 performed a three-

dimensional numerical simulation in a cubic enclosure
with two rotating cylinders for TiO2, Al2O3 and Cu
nanoparticles. They observed that nanofluid containing Cu
nanoparticles exhibited the highest heat transfer rate. Mad-
hesh and Kalaiselvam64 investigated the heat transfer rate
and rheological behavior of hybrid nanocomposite of Cu-
TiO2 having a particle concentration from 0.1 to 1 (vol%)
in water base fluid. The experimental study showed that
up to 0.7 (vol%) Nusselt number increased but as particle
concentration exceeded this value, a decline was noticed.
A hybrid nanofluid made of sand/encapsulated paraffin
wax in propylene glycol/water mixture was studied by
Manikandan and Rajan65 to observe the thermal conduc-
tivity and specific heat of the fluid. An enhancement of 9%
in thermal conductivity and reduction of 18% in viscosity
was found for nanoparticle concentration of 1 vol%.

2.2.1. Thermophysical Properties of Hybrid Nanofluids
As we know the thermophysical properties are very signif-
icant since they allow us to take into account performance
with better accuracy. A major portion of literature indi-
cates that thermal conductivity and viscosity are dependent
on temperature and concentration, while the heat transfer
characteristics are dependent on preparation.
• Density: The density of the hybrid nanofluid strongly
influences the stability, Reynolds number and other heat
transferring properties. To calculate the density of hybrid
nanofluid �hnf , first consider for base fluid and one-
nanoparticle:

�nf = �1−�1	�f +�1�S1
(16)

where �nf denotes a density of unitary nanofluid. Now
consider for unitary nanofluid and a second nanoparticle:

�hnf = �1−�2	�nf +�2�S2
(17)

Using the value of �nf , �hnf is given as:

�hnf = �1−�2	
�1−�1	�f +�1�S1
+�2�S2

(18)

Here �f , �S1
and �S2

stand for a density of the base
fluid, density of first nanoparticle and second nanoparticle,
respectively. Moreover,�1 and �2 are nanoparticle volume
fraction for particle 1 and 2.

8 J. Nanofluids, 10, 1–30, 2021
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• Thermal Conductivity: Thermal conductivity is a truly
complex and important property of a material, which
depends on important factors such as:

� Base fluid
� Particle shape
� Nanoparticle concentration
� Particle size
� Temperature

For deriving the thermal conductivity of hybrid nanofluid
khnf , first consider the base fluid and one nanoparticle to
find the thermal conductivity of unitary nanofluid knf :

knf

kf
= kS1 + �n−1	kf − �n−1	�1�kf −kS1	

kS1 + �n−1	kf +�1�kf −kS1	
(19)

Hence for unitary nanofluid and a second nanoparticle

khnf

knf
= kS2 + �n−1	knf − �n−1	�2�knf −kS2	

kS2 + �n−1	knf +�2�knf −kS2	
(20)

Where knf is given in the above equation. Here kf , kS1 and
kS2 denote the thermal conductivity of fluid, first nanopar-
ticle and second nanoparticle, respectively.
• Viscosity: Viscosity of the hybrid nanofluid is a key
flow property and the variation in viscosity also influ-
ences factors like convective heat transfer and pressure
drop directly. Viscosity of unitary nanofluid �nf for base
fluid and 1-nanoparticle is given as

�nf =
�f

�1−�1	
2�5

(21)

Now considering the nanofluid and second nanoparticle,
the hybrid viscosity �hnf is-

�hnf =
�nf

�1−�2	
2�5

(22)

Substituting the value of �nf , we will get the �hnf as:

�hnf =
�f

�1−�1	
2�5�1−�2	

2�5
(23)

In which, �f is the viscosity of base fluid.
• Specific Heat Capacity: To calculate the specific heat
capacity of a hybrid nanofluid ��Cp	nf , first consider for
base fluid and one-nanoparticle:

��Cp	nf = �1−�1	��Cp	f +�1��Cp	S1 (24)

where ��Cp	nf denotes the specific heat capacity of uni-
tary nanofluid. Now consider for nanofluid and a second
nanoparticle:

��Cp	hnf = �1−�2	��Cp	nf +�2��Cp	S2 (25)

Implementing the value of ��Cp	nf , ��Cp	hnf is given as:

��Cp	hnf = �1−�2	
�1−�1	��Cp	f +�1��Cp	S1

+�2��Cp	S2 (26)

Here ��Cp	f , ��Cp	S1 and ��Cp	S2 stands for specific
heat capacity of base fluid, first nanoparticle and second
nanoparticle respectively.

2.3. Physical Models
In this section, the essential physico-mathematical models
are presented, which are used to simulate the nanofluid
flow and heat transfer characteristics. Figure 6 illustrates
the various physical models with their further classifica-
tion. The governing (transport) equations for conventional
fluids i.e., the continuity, the momentum equations and
the energy equation are presented for calculating velocity,
temperature and pressure field due to the motion.
• Transport Equations for Conventional Fluids: Mahian
et al.66 presented a robust formulation of nanofluid flows.
With the help of that article, the transport equations are
written below for steady, incompressible and Newtonian
flow of a conventional fluid having density �f , viscos-
ity �f and thermal conductivity kf . The conservation of
mass is:

� · ��f
	V 	= 0 (27)

The momentum equation is as:

�f � 	V ·�	 	V = −�p+� · 
�f �� 	V +� 	V T 	

+� · 
��� · 	V 	I+F (28)

The parameter � is the second coefficient of viscosity due
to viscous effects and usually it is taken as negligible.
�f � 	V ·�	 	V is the convective term, � · 
�f �� 	V + � 	V T 	
is the viscous diffusion term and F is the summation of
external body forces.
For the case of incompressible flow where viscosity and

density are constant, this equation can be written as:

�f � 	V ·�	 	V =−�p+�f�
2 	V +F (29)

The energy equation is presented as:

� · ��f Cp�f
	V T 	= � · �kf �T 	+� (30)

In this equation, � · ��f Cp�f
	V T 	 denotes the thermal

convection, � · �kf �T 	 is heat conduction and � is the
viscous dissipation function, which is given as:

� = �f

(
2
[(

�u

�x

)2

+
(
�v

�y

)2

+
(
�w

�z

)2]
+
(
�v

�x
+ �u

�y

)2

+
(
�w

�y
+ �v

�z

)2

+
(
�u

�z
+ �w

�x

)2)
+��� · 	V 	2 (31)

2.3.1. Single-Phase Approaches
Naturally, a nanofluid is considered as a two-phase fluid
(solid–liquid); however under given conditions for numer-
ical simulations, some relevant assumptions can be con-
sidered to model the nanofluids as a single-phase fluid.
In the case of the single-phase models, the governing
equations for nanofluids are solved only for a com-
pelling liquid phase. This model can be further divided
into three main components, including homogenous, non-
homogenous (Buongiorno) and thermal dispersion models.

J. Nanofluids, 10, 1–30, 2021 9
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Fig. 6. Important approaches for nanofluid flow modeling.

In a square cavity, the buoyancy-driven heat transfer
enhancement in nanofluids was first studied by Khanafer
et al.,67 using the Brinkman model56 for viscosity and
Wasp model68 for thermal conductivity. They found that
at any given Grashof number, the suspended nanoparti-
cles increases the heat transfer rate. In addition, they also
observed that an increase in the nanoparticles volume frac-
tion also increases the nanofluid heat transfer rate and the
structure of fluid flow can be altered by the presence of
nanoparticles in the fluid.
• Homogenous Single-phase Approach: The existence of
ultrafine nanoparticles makes the mixture of base fluid and
nanoparticles a multi-phase problem but it is also assumed
that the nanoparticles can be easily fluidized and as a
result, the nanofluid can almost be considered as a conven-
tional single-phase (homogenous) fluid with physical prop-
erties of individual phases. This is said to be the simplest
approach for modeling. The main assumptions that we
consider in this model are: the slip between the nanoparti-
cles and the base fluid is negligible and there is always a
thermal and hydrodynamic equilibrium in solid and fluid
phases. These assumptions imply that between the fluid
and solid particles, any thermal exchange and interphase
forces can be neglected. Taking negligible viscous dissipa-
tion and � = 0 for homogenous single-phase approach,66

the basic form of transport equations are presented as:
Conservation of mass:

� · ��nf
	V 	= 0 (32)

Conservation of momentum:

�nf � 	V ·�	 	V =−�P +� · 
�nf �� 	V +� 	V T 	+F (33)

Conservation of Energy:

� · ���Cp	nf 	V T 	= � · �knf �T 	+� (34)

In the above model, the viscosity of nanofluids is consid-
ered as a function of concentration or temperature which
has been used in many studies. Choosing appropriate mod-
els for the thermophysical properties of nanofluids like
thermal conductivity and viscosity is the biggest challenge
of this approach. Depending on the problem complexity,
these properties can be taken as time-independent or time-
dependent. Considering the published literature, there are
only a few articles found in which both experimentally and
numerically, the convective heat transfer of nanofluids has
been calculated.
The numerical and experimental analysis of nanofluid

laminar forced convection in double pipe and shell geome-
tries has been presented by Akhtari et al.69 The main aim
of this study was to examine the effects of nanofluid tem-
perature, cold and hot volume flow rates and nanoparti-
cle concentration. For modeling, they used FVM (finite
volume method) commercial software Ansys-FLUENT in
which un-structured quadrilateral cells were adopted. It
was illustrated that by increasing the cold and hot vol-
ume flow rates, the overall heat transfer coefficient also
increases and the particle concentration and nanofluid inlet
temperature also rise.
Saha and Paul70 investigated the flow of water-based

Al2O3 and TiO2 nanofluids under constant heat flux bound-
ary conditions in a horizontal tube using the homogenous
single-phase model and temperature-dependent properties.
Izadi et al.71 stimulated the laminar forced convection

10 J. Nanofluids, 10, 1–30, 2021
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of diluted Al2O3 and water nanofluid in an annulus.
The single-phase governing equations were discretized by
using the Finite Volume Method in which the first-order
upwind method was employed for convective and diffusive
terms and the SIMPLE algorithm employed for velocity-
pressure coupling.

In order to find the heat transfer coefficient and Nusselt
number for the heat transfer enhancement in some sim-
ple problems where the enclosure wall has either adi-
abatic conditions or constant temperature, Abouali and
Ahmadi72 showed that by taking nanofluid as single-phase
and homogenous, there is no need to solve the governing
equations. The heat transfer enhancement can be found
just by calculating the ratio of nanofluid thermophysical
properties to base fluid properties.

Nunf

Nuf

=
(
knf

kf

)−m(�nf

�f

)−m(Cp�nf

Cp�f

)m(�nf

�f

)m(�nf

�f

)2m

(35)

hnf

hf

=
(
knf

kf

)1−m(�nf

�f

)−m(Cp�nf

Cp�f

)m(�nf

�f

)m(�nf

�f

)2m

(36)

Where the geometry and boundary conditions of the prob-
lem decides the value of the indicial parameter (m). The
literature survey indicates that the homogenous single-
phase model has been used in many theoretical studies
based on convective heat transfer using nanofluids. Com-
putational efficiency and simplicity is a key point of this
model. However to obtain significant results, we need to
choose the most appropriate thermophysical property cor-
relations since it is still not classified for a given situation
which correlation available in the literature is the best.
• Thermal Dispersion Single-phase Approach: The chaotic
movement of nanoparticles creates thermal dispersion. To
handle this dispersion, Xuan and Roetzel73 first intro-
duced the thermal dispersion single-phase approach. In
this revised approach, a perturbation is introduced to both
the velocity and temperature of the nanofluid by the rela-
tive motion of the nanoparticles with respect to the base
fluid. Therefore, the intrinsic phase averages, considering
the analogy with turbulence are given as:

	V = V̄ +V ′ (37)

	T = T̄ +T ′ (38)

Where V ′ and T ′ denotes the fluctuation in temperature
and velocity due to nanoparticles chaotic movement and
its average value is given as V̄ = �1/∀f 	∫∀ f

	V d∀ and T̄ =
�1/∀ f 	∫∀f 	T d∀. Here ∀ is the volume of working fluid.

By neglecting the boundary surface between the
nanoparticles and the fluid and substituting the values of
V and T, the energy equation will become:

� · ��nf Cp�nf V̄ T̄ 	= � · �knf �T̄ 	− ��Cp	nf V̄
′T̄ ′ (39)

The second term on the right side of the energy equation
illustrates the perturbation effect of the thermal dispersion.
Due to the thermal dispersion, the induced heat flux in
nanofluid flow is given as:

qd = ��Cp	nf V̄
′T̄ ′ = −kd�T̄ (40)

Where kd is the coefficient of dispersion thermal conduc-
tivity. The final form of the energy equation is rewritten
as:

� · 
��Cp	nf V̄ T̄ = � · 
�knf +kd	�T̄  (41)

Xuan and Roetzel73 formulated the dispersed thermal
conductivity in nanofluids as:

kd = C̄��Cp	nf UR (42)

Where C̄ is a constant which can be determined by match-
ing the experimental results and R denotes the pipe radius.
Bahiraei and Hosseinalipur74 tried to determine a more

accurate correlation in the radial direction for the dispersed
thermal conductivity as:

kd = C̄��Cp	nf

(
�vx
�r

)
��r	Rdp (43)

The above-presented relation is given for fully developed
flow inside a horizontal tube; the nanoparticle distribution
��r	 here is taken as a function of radius. Many investiga-
tions have been done to simulate nanofluid flow and heat
transfer with the single-phase thermal dispersion model. A
study on the thermally driven two-dimensional cavity flow
in Cu/water nanofluid using a single-phase thermal disper-
sion model has been carried out by Kumar et al.75 Fur-
ther, to examine the Al2O3 and water nanofluid, Özerinç
et al.76 took into account the homogenous model inside
a tube having various boundary conditions. They noted
that the heat transfer rate estimates with the help of this
numerical method are below experimental values. Then,
the thermal dispersion model was considered and exam-
ined, which however provides a good agreement with the
experimental results.
To check the heat transfer enhancement in a metal foam

using the dispersion model, Ameri et al.77 examined the
capacity of nanofluids and they also considered the distri-
bution of nanoparticles to be non-uniform. With the help
of the control volume approach, in the entrance region of
a circular tube, Mojarrad et al.78 numerically examined
the heat transfer enhancement of Al2O3 and water-based
nanofluids in addition to constant surface temperature on
the walls. In the above discussed article, for radial dis-
persed thermal conductivity, a new correlation is suggested
as:

kd = Cd��Cp	nf
R�

dp

(
�T

�r

)
(44)

• Buongiorno Model: To improve the available models,
Buongiorno79 proposed a seminal model in 2006. In his
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study, the seven slip mechanisms are developed based on
the relative velocity of base fluid and nanoparticles, which
include (a) Inertia (b) Diffusiophoresis (c) Brownian dif-
fusion (d) Magnus effect (e) Gravity (f) Thermophore-
sis (g) Fluid drainage. The Brownian diffusion and ther-
mophoresis slip mechanism have the most powerful impact
in nanofluids. In comparison with the thermal dispersion
model, this model describes the effect of the base fluid
and nanoparticles relative velocity in a more significant
way. Concerning the findings of Buongiorno,79 a two-
component four-equation non-homogeneous equilibrium
model for transport equations in nanofluids was estab-
lished. Considering Brownian and thermophoresis effects,
we can write the transport equations in the homogenous
model as:
Conservation of Mass-

� · ��nf
	V 	= 0 (45)

Conservation of Momentum:

�nf � 	V ·�	 	V =−�P +� · 
�nf �� 	V +� 	V T 	 (46)

Conservation of Energy:

� · ���Cp	nf 	VT 	 = � · �knf �T 	+ ��Cp	p

×
[
DB�� ·�T +DT

�T ·�T
T

]
(47)

In the above equation, Brownian diffusion and ther-
mophoresis is represented as:

DB = kBT

3��nfdp

(48)

DT = 0�26
knf

2knf +kp

�nf

�nf

� (49)

Conversion of Nanoparticles:

	V ·��= � ·
[
DB��+DT

�T

T

]
(50)

Based on the literature survey, some studies have been
done using the Buongiorno model to analyze the convec-
tion heat transfer of nanofluids. Vasu et al.80 applied the
Buongiorno model to unsteady nanofluid flow in the for-
ward stagnation region of a heated sphere to study the
heat and mass transfer phenomenon using a nonlinear
Boussinesq approximation. Vasu et al.81 used the revised
Buongiorno model along an inclined plate to study the
hydrodynamics, heat and mass transfer in a non-Newtonian
power law fluid film suspending with nanoparticles. In fur-
ther studies, Garoosi et al.82�83 carried out a numerical sim-
ulation for natural and mixed convection of water-based
Al2O3 nanofluid in a square cavity applying Buongiorno
model.
Using the Homotopy semi-numerical modeling method

for non-Newtonian nanofluid external to three different

geometries with variable wall temperature and nanoparti-
cle concentration condition, Buongiorno model was used
by Ray et al.84 Considering the effects of Brownian motion
and thermophoresis, Vasu et al.85 conducted an entropy
analysis in steady laminar thin film convection flow of
a power-law fluid with nanoparticles using Buongiorno’s
model. Gorla et al.86 investigated the mixed convec-
tive boundary layer flow adjacent to a vertical stretching
surface using the Buongiorno model for non-Newtonian
nanofluid in unsteady condition. Furthermore, Gorla and
Vasu87 examined the unsteady forced convective boundary
boundary layer flow over a stretching sheet with the non-
Newtonian nanofluid using the Buongiorno model. The
Keller-box implicit finite difference method was used to
solve non-linear system of equations. Vasu et al.88 consid-
ered two-dimensional non-Newtonian blood flow through
a stenosed coronary artery with a suspension of nanopar-
ticles. For the convection of nanoparticles in the blood,
Buongiorno’s model again was considered.
Malvandi et al.89 applied the modified two-component

four-equation non-homogenous equilibrium model to study
the fully developed mixed convective nanofluid flow in
an annulus. Taking into account the thermophoresis and
Brownian diffusion effects, Sheremet and Pop90 studied
the natural convection in a square porous cavity using
Buongiorno’s model in the steady-state. Furthermore, for
alumina and water-based nanofluid, Malvandi and Ganji91

studied the mixed convective heat transfer inside a micro
channel and found that the effect of nanoparticle migra-
tion was correctly simulated with the modified Buongiorno
model.

2.3.2. Two-Phase Approaches
Normally, nanofluids are two-phase fluid by nature, so
the classical theory of two-phase fluids can be imple-
mented for nanofluids. In this approach, the assumption
that nanoparticle and base fluid as two different phases
having different temperature and velocity, and have zero
slip velocity between the particles and fluid, is no longer
valid.92 For the stated reason as this approach deals with
the movement between the fluid and nanoparticles, the
results may be more realistic. The two-phase approach
further divided into two models: Eulerian-Eulerian and
Lagrangian-Eulerian.
� Eulerian-Eulerian Model: This model is recommend-
able for the mixture containing a large amount of solid
particles but it is not suitable for tracking the path of sus-
pended nanoparticles.93 This model can be further subdi-
vided as: (a) VOF model (b) Mixture model and (c) Eule-
rian model.
(a) Volume of Fluid (VOF) Model: In this model, the
nanoparticles concentration is tracked by solving the con-
tinuity equation for the base fluid and the velocity shared
by both phases is determined by a single set of Navier-
Stokes equations for the base fluid. In the same manner,
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the shared temperature is obtained by using a single energy
equation.94 The continuity equation is represented as:

� · ��p�p
	Vp	= 0 (51)

Where p stands for the phase. Here the summation of vol-
ume fraction of all phases will be one,

∑n
p=1�p = 1. The

other conservation equations (momentum and energy) will
be the same as for the single-phase homogenous model.
For combined convection and laminar flow, Akbari et al.94

inspected the single-phase and three available Eulerian-
Eulerian models to review their accuracy with the help
of experimental data. They showed that two-phase models
provides more accurate results.
Further, all the two-phase models present similar predic-

tions of experimental data but because of the lowest com-
putational time, the VOF model is more attractive. Simi-
larly, considering Cu/water nanofluid flow Rashidi et al.95

analyzed the two-phase and single-phase approaches in a
channel with wavy walls. Davarnejad and Jamshidzadeh96

also compared three individual models i.e., single-phase,
mixture and VOF for turbulent heat transfer using
MgO/water-based nanofluid and found that the two-phase
model is more accurate for heat transfer prediction.
(b) Mixture Model: The mixture model is basically appli-
cable for flows having two or more phases and each phase
has a different concentration and velocity field. This model
requires less computational time and CPU usage than
some existing models and for a large group of multi-phase
problems, it is more feasible. Nanoparticles are signified
by the base fluid via drag and turbulence, while the base
fluid is affected by nanoparticles via enhanced turbulence
dissipation and reduction in mean momentum. For this
model,97 the mass and the energy equations are similar to
the single-phase model while in the momentum equation
of the mixture model, it includes an extra term to take the
effect of drift velocity between the phases. Further, for the
secondary phases flow, a volume fraction equation must
also be solved.
Continuity Equation:

� · ��m
	Vm	= 0 (52)

Momentum Equation:

�m� 	Vm ·�	 	Vm = −�p+� · 
�m�� 	Vm+� 	V T
m 	

+� ·
( n∑

k=1

�k�k
	VDR�k

	VDR�k

)
+F (53)

Energy Equation:

� ·
( n∑

k=1

�k�kCp�k
	VkTk

)
= � ·

( n∑
k=1

keff �Tk

)
(54)

Volume fraction equation foe a secondary phase q:

� · ��p�q
	Vm	=−� · ��p�q

	VDR�q	 (55)

Where 	VDR�k stands for the drift velocity of phase k. How-
ever, the mixture velocity 	Vmis given as:

	Vm =
∑n

k=1�k�kCp�k
	Vk

�m

(56)

From the literature survey, it has been noted that most
of researchers used a mixture model for nanofluid studies
because it takes less computational power and it is also
relatively more accurate than any other method. Safikhani
et al.99 experimented in horizontal flat tubes to find heat
transfer coefficients and pressure drops using a mixture
model for Al2O3 /water nanofluid flow. In the same way,
Labib et al.100 investigated the heat transfer coefficient
for the Al2O3-CNTs/water and Al2O3 /water-ethylene gly-
col nanofluids using a mixture model in a circular tube.
Goodarzi et al.101 employed the mixture model in mixed
convection in a rectangular shallow enclosure containing
the Cu/water nanofluids.
To simulate two-phase Cu/water nanofluid, Emami

et al.102 adopted the mixture model inside an inclined
cavity with different hot-wall configurations. The mix-
ture equations in non-dimensional form were first inves-
tigated by Siavashi and Rostami103 in a porous annu-
lus to model non-Newtonian nanofluid. Maghsoudi and
Siavashi104 evaluated the optimal pore size configuration
in a porous lid-driven cavity by simulating mixed convec-
tion of nanofluid using a mixture model. Further, Moraveji
and Ardehali105 compared the experimental data for four
individual models (Single phase, mixture, VOF, Eulerian)
in a mini channel heat sink for laminar forced convection
on Al2O3 nanofluid and observed that taking into account
both accuracy and computational speed, the mixture model
is the most suitable approach.
(c) Eulerian Model: This model is said to be the most

complex model because of its strong coupling between
phases. The basic difference between the Mixture model
and the Eulerian approach is that in the Eulerian model,
we solve transport equations independently for each phase.
This model is found to be most suitable for simulation
of fluidized beds, particulate flow and bubbly flows and
further it can also be applied in the case of nanofluid sim-
ulation. In the Eulerian model, the governing model for
laminar flow is represented as:98

The mass conservation equation for phase p is:

� · ��p�p
	Vp	= 0 (57)

And here
∑n

p=1�p = 1.
The momentum equation is expressed as:

�p�p� 	Vp ·�	 	Vp = −�p�p+� · 
�p�p�� 	Vp +� 	Vp

T
	

+
n∑

k=1

Rkp + �F +FL+FwL+FA	p

(58)
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where Rkp stands for the interaction force between the
particulate phase k and F , FL, FwL and FA denotes the
body, lift, wall lubrication and virtual mass forces.

The interaction force Rkpis given by:

Rkp =
n∑

k=1

Kkp� 	Vk − 	Vp	 (59)

The energy equation is represented as:

� · ��p��Cp	p 	VpTp	

= � · ��p�Tp	− 
�p�p�� 	Vp +� 	Vp

T
	 � � 	Vp +

n∑
k=1

Qkp

(60)

Where Qkp = hkp�Tk − Tp	 stands for interphase heat
exchange coefficient. hkp is the heat transfer coefficient
between phases.

Lotfi et al.106 applied the two-phase Eulerian approach
in horizontal conduits with alumina-based nanofluid for
forced convection flow and noted that both single-phase
and Eulerian underestimated the value of the Nusselt num-
ber. Bég et al.107 examined the bio nanofluid in a circular
channel to study the heat transfer and elaborated that the
difference between the results of single-phase and experi-
ments was 35% but for a Eulerian model, it was only 7%.
A study was done by Hejazian et al.108 to compare the
Eulerian and mixture models for nanofluid turbulent flow.
This reveals that both models almost provide the same
results.

Ebrahimnia-Bajestan et al.109 investigated the TiO2/
water nanofluid in a solar heat exchanger to calculate
heat transfer characteristics using single-phase, mixture
and Eulerian models. The results indicated that for accu-
rate experimental data, the Eulerian model is not recom-
mended, so they modified the common mixture model for
better results.
� Eulerian-Lagrangian Model: In the Eulerian-
Lagrangian model, by using the particle motion theory
given in the Lagrangian reference frame,110 the fluid phase
is considered as a continuum medium by solving the
momentum equations and the particle phase is modeled
by solving for individual particle motion. The influence
of particles in the fluid is introduced as source terms in
the momentum and energy equations. Mass, energy and
momentum can be exchanged by the dispersed phase with
the fluid phase.

A limitation of this model is that it requires more com-
putational time and high memory. Many research studies
have been done using the Eulerian-Lagrangian approach to
simulate nanofluid flow and heat transfer. As this approach
can handle limited numbers of nanoparticles, it is the most
suitable for modeling the micromechanics of a nanofluid
flow on a scale of up to about one million particles.
The Eulerian-Lagrangian approach was used by Rashidi

et al.111 inside a channel equipped with square blocks, to
simulate fluid flow and heat transfer. In this a mixture of
alumina particles (having concentration of 1% and size
between 30 nm and 0.5 �m) and water is taken as work-
ing fluid and ANSYS-Fluent software was used to solve
the problem.

2.4. Review of Hybrid Nanofluids
Publication statistics for the last five years shows that
the field of nanofluid is drawing significant attention of
scholars and researchers. Due to superior thermophysi-
cal properties of hybrid nanofluid over unitary nanoflu-
ids, a strong interest towards this field has been mobi-
lized. Application areas of hybrid nanofluids are varied
widely and include heat transfer in electronic cooling,
thermal storage, biomedical, drug reduction, heat pipes,
refrigeration etc. As far as hybrid nanofluid applications
in industry are concerned, they have better efficiency
than unitary nanofluids. Moreover, adding to research
articles, some books also have been published for the
properties and application of nanofluids.112–114�124–126 Some
existing literature for hybrid nanofluids is presented in
Table IV.

2.5. Rheological Behavior of Nanofluids
For any fluid, this behaviour is used to express the rela-
tionship between shear stress and strain rate. The ratio of
shear stress to the strain rate is called viscosity, which is
a measure of its resistance to deformation at a given rate
during flow. Convective heat transfer and pressure drop of
nanofluids are affected by rheological behavior. Further,
this behavior also depends on nanoparticle structuring,
which is a key-point for the prediction of thermal conduc-
tivity. Based on the nature of viscosity, fluid behavior is
classified as Newtonian and non-Newtonian. The Newto-
nian fluids follow the Newton’s viscosity law, which is a
linear relationship between shear stress and strain rate. Flu-
ids that do not follow this law are called non-Newtonian.
The model of non-Newtonian fluid is divided into three
groups, named time-independent, time-dependent and vis-
coelastic fluids.
• Newtonian and non-Newtonian behavior

� To understand the rheological behavior of nanofluid,
many studies have been done, in which some researchers
used rheometers129�131�150�151�178 while others used vis-
cometers to measure the viscosity.127�128 Nowadays the use
of viscometers is found mostly inadequate because in the
case of low viscosity liquid-based nanofluid having non-
spherical particles, it is not able to easure the feature of
shear dependence.
� TiO2 Nanoparticle: He et al.129 showed that taking

particle volumetric concentration as 0.24, 0.6 and 1.18
in TiO2/distilled water nanofluid for a 0.1–1000 shear
rate range, suspensions exhibited strong shear thinning
behavior until the shear rate reached 100 s−1 and for
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Table IV. Summary of numerical studies on hybrid nanofluids.

Nano- Base Volumetric Particle Preparation
Reference Composite fluid concentration size method Remarks

Toghraie
et al.115

ZnO, TiO2 Ethylene
glycol

0.1, 0.3, 0.5, 1.0,
1.5, 2.0, 2.5, 3.0,
3.5

– Two-step
method

Thermal conductivity increases with
increasing the solid volumetric
concentration and the maximum
enhancement of thermal conductivity
of ZnO-TiO2/EG hybrid nanofluid
was 32% at a volume fraction of
3.5%

Amiri
et al.116

SiO2, Cu Water/
Ethylene
glycol

– 50–80 nm Ultrasonicating By adding the small amount of Cu in
the SiO2 nanoparticles, the thermal
conductivity of water increases
between 8 and 11% compared to
pure water. For EG the increment
was between 9 and 11.5%

Esfahani
et al.117

ZnO, Ag Water 0.125–2% – Two-step
method

For ZnO-Ag (50%–50%) hybrid
nanofluid, highest thermal
conductivity was found for
volumetric concentration of 2% at
different temperatures

Kumar
et al.118

Cu, Zn Vegetable oil,
Paraffin oil,
SAE oil

0.1, 0.3, 0.5 25 nm Ultrasonication
method

Thermal conductivity with vegetable oil
base fluid is more increased in
comparison with others (due to
higher viscosity and lower thermal
conductivity of Paraffin oil and SAE
oil) and vegetable oil showed
Newtonian nature.

Esfe
et al.119

DWCNT, SiO2 Ethylene
glycol

0.03, 0.06, 0.12,
0.25, 0.38, 0.65,
1.15, 1.71

30 nm, For
DWCNT, inner
diameter
1–3 nm, outer
2–4 nm

Ultrasonication
method

At 1.71% volume fraction, thermal
conductivity of hybrid nanofluid
(SiO2, DWCNT/EG) is found 38%
more than that of base fluid and
DWCNT–SiO2/EG hybrid nanofluid
is more efficient than DWCNT/EG
nanofluid economically.

Aberoumand
and
Jafarimog-
haddam120

Ag, WO3 Transformer
oil

1.0, 2.0, 4.0 60 nm One-step
method

Transformer oil is used because of its
high heat transfer rate and silver, due
to the high capability in thermal
conductivity. For 4% wt volume
fraction, thermal conductivity of
hybrid nanofluid is enhanced by 41%

Rostamian
et al.121

CuO/SWCNT Ethylene
glycol and
water
(40:60)

0.02, 0.05, 0.1,
0.25, 0.5, 0.75

40 nm. For
SWCNT inner
diameter 2 nm

– Thermal conductivity of
CuO-SWCNT-EG water (40:60)
hybrid nanofluid increased with
increase in volume fraction and slope
of the increase does not follow
similar trend for different volume
fractions.

Akilu
et al.122

TiO2, CuO/C Ethylene
glycol

0.5, 1.0, 1.5, 2.0 20–26 nm Two-step
method

TiO2 is inexpensive, non-toxic but have
low thermal conductivity and CuO/C
has good thermal properties, hence
its combination is studied and highest
increment in thermal conductivity is
found to be 16.7% at 2% volume
fraction.

Qing
et al.123

SiO2, GNPs Transformer
oil

0.01, 0.04, 0.08 12 nm Two-step
method

Coating of SiO2 nanoparticles on
graphene surface inhibit the thermal
conductivity, due to its insulating
behaviour while maintaining
excellent thermal properties of
graphene. Viscosity of hybrid
nanofluid was higher than pure fluid
and highest increment in thermal
conductivity is about 80% for 0.04%
nanoparticle volume fraction.
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100 s−1–1000 s−1 it Newtonian behavior was recorded.
Chen et al.130�131 experimented on TiO2/EG nanofluid for
different � and for different shear rate range. For � hav-
ing 0.1, 0.21, 0.42, 0.86 and 1.8 values and a shear rate
range as 0–200,130 they found that nanofluid behaved as
Newtonian fluid and viscosity was dependent on nanopar-
ticle concentration but independent of temperature while
for � as 0.5, 2 and 8 with shear rate range 0.5–104 131

viscosity is dependent on both temperature and nanopar-
ticle concentration. With TiO2/water nanofluid Alphonse
et al.132 studied the flow behavior for various � in the
shear rate range between 0–100 and found that for this
range, nanofluid showed Newtonian behavior but as shear
rate range increased, it exhibited shear thinning behavior.
� SiO2 Nanoparticle: Chevalier et al.133 used SiO2

nanoparticles with ethanol base fluid having volumetric
concentration as 1.1–7.0 and found that this nanofluid
exhibited a Newtonian behavior over a wide range of
shear rates and also increment in nanoparticle concen-
tration increased viscosity. Anoop et al.134 analysed the
SiO2 nanoparticle with paraffinic mineral oil for 1.0 and
2.0 volumetric concentration in 1–1000 shear rate range.
Nanofluid showed Newtonian nature at ∼30 �C but shear
thinning nature was observed at ∼100 �C temperature and
pressure. Moreover, viscosity of nanofluid also increased
for higher value of pressure.
� Al2O3 Nanoparticle: Tseng and Wu135 took

Al2O3/double distilled water nanofluid having particle
size 0.2 �m for 1–1000 shear rate range and noted that
nanofluid exhibited shear thinning nature at low shear
rate but after a critical value of shear rate it followed
shear thickening behavior. Gallego et al.136 studied the
effect of Al2O3/EG nanofluid for 0.005–0.066 volumetric
concentration and for 123 s−1 shear rate. This suspension
exhibited Newtonian nature at given rate and its viscosity
decreased with increase in temperature and increased
with �.
� CuO Nanoparticle: Kwak and Kim137 analysed

CuO/EG nanofluid in the 10−5–10−1 volumetric concen-
tration range having particle size 10–30 �m. Nanofluid
was found to have very strong shear thinning nature and
at very higher shear rate; viscosity of both base fluid and
nanofluid posses the same value. Naik et al.138 experi-
mented on CuO/(PG+water) nanofluid in 60:40 ratio for
various volumetric concentrations in a shear rate range
500–700 for particle size less than 50 �m. In this research,
they found that the nanofluid displayed Newtonian nature
and viscosity decreased exponentially with the tempera-
ture rise. Saeedinia et al.139 studied CuO/oil nanofluid for
0.2, 0.5, 1.0 and 2.0 wt% volumetric concentrations for
shear rate range 1–17. In their findings, they illustrated
that at even different temperatures nanofluid showed a
Newtonian nature and viscosity decreased with a rise in
temperature.
� Graphite Nanoparticle: Wang et al.140 used

Graphite/oil nanofluid for 0.1–1000 s−1 shear rate range

and within 0.17–1.36 range of volumetric concentration.
They observed that for a wide range of shear rate the
nanofluid exhibited shear thinning nature and inclusion
of graphite nanoparticles and surfactant increased the
viscosity. Duan et al.141 analysed graphite nanoparticles
with deionized water for volumetric concentration 1–4
and shear rate range 1–100 s−1 and found that nanofluid
exhibited a shear thinning nature. It was also found
that at same nanoparticle concentration, enhancement in
viscosity of nanofluid, held for 3 days, was much more
than nanofluids that were prepared recemtly. Moghaddam
et al.142 used graphene/glycerol nanofluid having particle
size 15–50 �m in a shear rate range 1–180 s−1. They
found that for high shear rate , the suspension behaved as
Newtonian fluid but for low shear rate, the nanofluid had
shear thinning nature.
� Multi-walled Carbon Nano-Tube (MWCNT ):
� Potschke et al.143 experimented on 0.5, 1, 2 and 5

wt% volumetric concentration of MWCNT /polycarbonate
nanofluid and highlighted that at lower frequencies,
nanofluids containing more than 2 wt% MWCNT dis-
played non-Newtonian behavior while for 0.5 and 1%
they showed Newtonian behavior. Yang et al.144 used the
MWCNT/poly�–olefin(PA06) oil nanofluid for 100 shear
rate and demonstrated that the nanoparticles with highest
(8%) and lowest (0.3%) dispersant concentrations showed
strong non-Newtonian behavior while with 3wt% disper-
sant they showed a Newtonian nature. Seyhan et al.145

studied the MWCNT/vinyl ester-polyster based nanofluid
for 10−1–103 s−1 shear rate range and concluded that
pure resin fluid exhibited Newtonian behavior but with the
addition of MWCNT nanoparticles, it had shear thinning
behavior. For MWCNT -Al2O3/glycerol and water based
nanofluid, Lu146 experimented with various � and 1–
200 s−1 shear rate range. They found that with increase
in nanoparticle concentration, viscosity also increased and
both Al2O3 and MWCNT -Al2O3 suspensions displayed a
shear thinning nature.

� Phuoc et al.147 used MWCNT /deionized water
nanofluid having volumetric concentration in range of
0.24–1.43 in their study and proved that for low CNT
concentration (0.24 vol% and 0.1–0.2 wt%), it behaved
as Newtonian fluid while for high �, shear thinning
nature has been exhibited. In parallel research, Ruan and
Jacobi148 took MWCNT/EG nanofluid having 0.5 wt% vol-
umetric concentration and in 0.1–100 s−1 shear rate range.
Their study reveals that generally the nanofluid shows
shear thinning behavior and at a fixed shear rate first
the viscosity of fluid increased then decreased with an
increase in sonication time. Wang et al.149 studied the
MWCNT /deionized water nanofluid for � of 0.05, 0.24,
1.27 and shear rate range from 1 to 200 s−1 and concluded
that nanofluid displayed a shear thinning nature at a high
volumetric concentration. Moreover, viscosity decreased
with increasing temperature but increased with a rise in
concentration.
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—Hybrid Suspension of TiO2 Nanoparticle: Richmond
et al.127 conducted a study for SiO2 and TiO2 nanopar-
ticles in deionized water having 0.468 volumetric solid
concentration (�) and found that the SiO2/water nanofluid
demonstrated Newtonian behavior while the hybrid sus-
pension of nanoparticles exhibited Bingham plastic non-
Newtonian behavior. Further, the addition of TiO2 particles
increased the viscosity significantly in comparison with
pure SiO2 suspension. Chen et al.150 presented another
study for TiO2/water, TiO2/EG, TNT /water and TNT /EG
nanofluids having � of 0–2 with shear rate range 0.03–
3000 s−1. They found that only TiO2/EG nanofluid showed
Newtonian behavior while the other three nanofluids dis-
played non-Newtonian behavior. Hojjat et al.152 conducted
a study for Al2O3, TiO2, CuO nanoparticles with aqueous
solution of CMC base fluid for 350–1000 s−1 shear rate
range having different particle size also and observed that
nanofluid with all nanoparticles followed shear-thinning
behavior and that viscosity of TiO2, Al2O3 nanofluids are
dependent on nanoparticle volume fraction while CuO
nanofluid is found to be independent in nature of it.
—Hybrid Suspension of SiO2 and Al2O3 Nanoparticle:
Tavman et al.153 studied the SiO2/deionized water and
Al2O3 /deionized water nanofluid for various volumetric
concentrations and concluded that viscosity is proportional
to nanoparticle concentration but inversely proportional to
temperature. Hybrid ICH and ASCH/aqueous 5 wt% ben-
tonite nanofluid for 1–200 s−1 shear rate range has been
studied by Jung et al.154 and it has been demonstrated that
all clay-dependent based fluids posses a strong shear thin-
ning nature.
— Study on Distinctive Nanoparticles:

� BaTiO3 and distilled water based nanofluid hav-
ing shear rate range 1–1000 s−1 was analyzed by
Tseng and Li155 for 0.8 �m particle size. The
study showed that nanoparticles without NH4PA exhib-
ited shear thinning nature but behaved as Bing-
ham plastic as shear rate exceeded ∼400 s−1. By
adding NH4PA in conventional fluid, the fluid appeared
to be Newtonian nature for even low shear rate
(∼100 s−1).
� Tseng and Chen156 used Nickel nanoparticles with

terpineol base fluid for 0.03–0.1 volumetric concentra-
tion and for 1–1000 s−1 shear rate range and found that
nanofluid containing nickel powder showed shear-thinning
nature for all values of shear rate. Mary et al.157 con-
ducted an experiment for Aluminium/HTPB, PPg and PSi
nanofluid for particle size 120 �m and shear rate range
10−3–103 s−1. Results indicated that uncoated HTPB sus-
pension in base fluid exhibited Newtonian behavior while
the HTPB coated displayed shear-thinning nature for vol-
umetric concentration 6.25 and 10 vol%. Moreover, shear-
thinning nature was also observed for both PPG and
PSi suspended nanofluid. Tamjid and Guenthe158 used
silver as nanoparticle of size 40 �m with DEG base

fluid having � in range of 0.11–4.38. They reported that
nanofluid demonstrated pseudoplastic (non-Newtonian)
flow behavior and viscosity is proportional to particle
concentration.
� Tseng and Tzeng159 conducted a study for ITO and

deionized water nanofluid in 0.2–0.3 volumetric concen-
tration and in 10–500 s−1 shear rate range. The study
revealed that for lower shear rate, nanofluid exhibited
Bingham fluid (viscoplastic) characteristics while for very
high shear rate, it exhibited shear thickening behavior. Zhu
et al.160 using CaCO3/distilled water nanofluid observed
a Newtonian nature for a various volumetric concen-
tration (0.12, 0.48, 1.40, 2.05, 4.11) over a 5–100 s−1

shear rate range. Xie et al.161 analysed the MgO/EG
nanofluid having particle size 20 �m in 10–150 s−1 shear
rate range and concluded that it behaved as Newtonian
fluid, the viscosity in-creased with the rise of nanopar-
ticle volume fraction but decreased with an increase in
temperature. Meng et al.162 used carbon black powder
(N115) with Ethylene glycol for volumetric concentra-
tion 2.2, 5.6, 7.8 in shear rate range 6–120 s−1. In
their findings they observed that nanofluid showed shear
thinning nature and the extent of this nature increased
with more addition of carbon black into Ethylene glycol.
Moreover, viscosity decreased with rise in temperature.
Cholewa et al.163 analysed Yttrium oxide (Y2O3)/EG and
magnesium-aluminium spinel (MgAl2O4)/EG nanofluid
for various volumetric concentration (1, 5, 10, 15, 20
wt%) in 0.01–2000 shear rate-range. The study illustrated
that MgAl2O4 nanoparticle exhibited Newtonian nature
for low volumetric concentration while for higher con-
centration it showed shear thinning behavior. Further-
more, Y2O3 nano-fluid exhibited a non-Newtonian nature
and temperature did not affect the viscosity of MgAl2O4

suspension.

• Magneto-Rheological behavior of Nanofluid:
� Fe3O4 Nanoparticle: Hong et al.164 used Fe3O4 mag-

netic particle with deionized water for 10, 15, 25, 35
wt% volumetric concentration in 1–100 s−1 shear rate
range. Results expressed that for 10 and 15 wt% nanofluid
exhibited Newtonian nature, with increasing volumet-
ric concentration the behavior changed. For 25 wt% it
behaved as shear thickening fluid while for 35 wt% it
showed a shear thinning nature. Zafarani-Moattar and
Majdan-Cegincara165 showed that Fe3O4/polyethylene gly-
col (PEG) nanofluid exhibited shear-thinning nature for
a various volumetric concentration (0.48, 1.0, 3.05, 3.6)
over a 0.01–1000 s−1 shear rate range.
� Fe2O3 Nanoparticle: Phuoc and Massoudi166 anal-

ysed Fe2O3 (Ferric Oxide)/deionized water nanofluid hav-
ing particle size of 20–40 �m for 13.2–264 s−1 shear
rate range. The research showed that nanofluid having
volumetric concentration less than 0.02 showed Newto-
nian nature but for higher concentration it displayed shear
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thinning property. Pastoriza-Gallego et al.167 found that
Fe2O3/EG nanofluid exhibited shear thinning nature and
also thixotropic behavior for a volumetric concentration
6.6 over a 1–1000 s−1 shear rate range. Fe2O3 and glyc-
erol based nanofluid was studied by Abareshi et al.168 for
0.25–0.8 volumetric concentration and for 0.01–264 shear
rate range. Results indicated that suspensions showed
shear-thinning behavior and viscosity of nanofluid was
proportional to concentration but inversely proportional to
temperature.

• Study on Various Magnetic Nanoparticles:
� Vekas et al.169 used �-Fe2O3/iso-butanol and �-

Fe2O3/methyl-ethyl-ketone (MEK) nanofluid having par-
ticle size less than 10 �m and for a shear rate range
from 1 to 1000. Their findings illustrated that MEK-based
nanofluid showed shear-thinning nature while Iso-butanol
based nanofluid exhibited Newtonian nature. The increase
in magnetic field did not affect the iso-butanol nanofluid
rheological behavior but it strongly affected the MEK
based nanofluid.
� Susan-Resiga et al.170 performed a numerical inves-

tigation to study the effect of Magnetite/transformer oil
nanofluid having particle size 6–7 �m and at volumetric
concentration 0.8–21. It was found that all suspensions
behaved as Newtonian fluid except for the 20.8% vol-
umetric concentration and nanofluid viscosity increased
with particle concentration. In the same manner, Katiyar
et al.171 investigated the Fe-Ni nanoparticles having par-
ticle size less than 15 �m with paraffin oil base fluid
for 2–12 wt% volumetric concentration. They found that
without magnetic field, the suspension with 10 wt% load-
ing exhibited pseudoplastic behavior but as magnetic field
increased, the fluid behaved as Bingham plastic.
The above presented review has focused on the rheo-

logical behavior of nanofluid for a wide range of nanopar-
ticle volumetric concentration and shear rate range with
or without the influences of magnetic field. It has been
seen that mostly nanofluids with low shear rate range
and having low nanoparticle volumetric fraction display
a Newtonian nature while for high shear-rate range and
high volumetric fraction, non-Newtonian behavior is seen.
Further, a deviation from Newtonian to non-Newtonian
nature has been found in nanofluids while applying a exter-
nal magnetic field. This rheological behavior of nanofluid
plays a major role in blood flow problems in arterial
system.

3. REVIEW OF COMPUTATIONAL
BIO-NANO FLUID FLOWS

The accumulation of fatty substances or the formations of
plaques inside the lumen narrow the arterial vessel, result-
ing to cardiac-related problems. This narrowing of the
arteries is termed as stenosis. As hardening of the artery
causes the blood clot formation, which further reduces
the blood flow to the heart. This reduction of the blood

flow can cause severe problems like a heart attack or
stroke to the human body. Regardless of the reasons, these
obstructions may cause changes in significant parameters
such as in pressure distribution, flow resistance and wall
shear stress. Chakravarty and Mandal172 analyzed the non-
Newtonian blood flow in an artery with stenosis consid-
ering unsteady behavior. In this study overlapped stenosis
is taken while blood presents the viscoelastic nature. In
one of the study, Mandal173 showed that blood exhibits
non-Newtonian characteristics in particular some diseases
like cerebrovascular diseases, myocardial infarction or in
hypertension. The tapering of the blood vessel is found
to be another important factor. Chakravarty and Mandal174

studied a mathematical model for a tapered blood vessel
in which blood flowing through is considered as incom-
pressible Newtonian fluid. The arterial vessel wall has
elasticity and overlapping stenosis is taken for the geom-
etry. Additionally, Tripathi175 presented a study on three
layered oscillatory blood flow through an arterial stenosis
segment.
As it is known that blood vessel wall can be elas-

tic or permeable. Hence the understanding of the basic
mechanics of fluid is essential to figure out the mech-
anism involved in circulation of blood. Naz et al.,176

Shukla et al.,177 Hameed and Rahman178 and Ellahi et al.179

etc. are the basic studies considering various models of
Newtonian/non-Newtonian fluids. The thickness of the
arterial walls are mostly smooth and uniform in nature and
in normal artery, erythrocytes (RBC), leukocytes (WBC)
and other particles move freely towards the peripheral
organs. Nadeem and Akbar180�181 performed various the-
oretical studies for blood flow through different stenosis.
Several investigators like, Mekheimer and El kot182 and
Mekheimer et al.183 have highlighted the different aspects
of blood flow analysis in arteries. For mathematical model
representing the overlapped stenosed artery, the behaviour
of blood flow was examined by Riahi et al.184. Further-
more, Ellahi et al.185 conducted a theoretical study for
blood flow through an arterial segment under the compos-
ite stenosis and by considering blood as non-Newtonian
micropolar fluid.
A catheter is composed of medical grade polyvinyl chlo-

ride and polyester based thermoplastic polyurethane, etc.
and an annular region is formed between the catheter wall
and arterial wall by the inclusion of catheter. Catheter-
ization process can change the hemodynamic conditions
and blood flow inside the blood vessel. In reference to
this, various studies have been explored by researchers.
Srivastav186 studied the blood flow phenomenon through
the catheterized composite stenosis and the arterial walls
have permeability effects. Blood is considered as New-
tonian fluid inside the catheterized artery and for the
flow characteristics, permeability effects are discussed.
Srivastava and Srivastava187 exhibited a mathematical
model for catheterization inside the artery for both cases,
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Table V. Summary of various blood flow models with/without nanoparticles.

Blood Steady/
Stenosis Nanofluid flow unsteady Numerical

Ref Geometry type effect model nature method Remarks

Abdullah
et al.193

Irregular
single
stenosis

No Micropolar
fluid

Unsteady Finite
Difference
Method

Results show that axial
velocity and flow rate
in micropolar is less
than viscous fluid. And
Hartmann number’s
impact on velocity and
flow rate profile has
similar trend.

Mustapha
et al.194

Multi-irregular No Homogenous
Newtonian
fluid

Unsteady MAC (Marker
and cell)
method

Study shows that
separation with
Reynolds number for
multi stenoses is lower
than cosine and single
stenosis and excess
pressure drop occurs
for the cosine stenosis
than the irregular
type.

Ellahi
et al.195

Composite
and tapered
stenosed
artery

No Jeffrey fluid Unsteady Mild stenosis
with exact
solution

Problem is done for two
different stenosis with
permeable walls and
results exhibited that
impedance decreased
by increasing Jeffrey
parameter and Darcy
number.

Ali
et al.196

Tapered artery
with single
stenosis

No Sisko fluid Unsteady Finite
difference
method

Pulsatile flow of blood is
taken in tapered
stenotic artery and
results indicate that
flow rate and wall
shear stress is greatly
influenced by degree
of taperness and blood
model behavior.

Ellahi
et al.197

Composite
stenosis

Yes Newtonian
fluid

Steady HPM
(Homotopy
perturbation
method)

Blood flow with
nanofluid is
investigated for
composite stenosis.
HPM is used for
temperature and
concentration while
exact solution is used
for velocity
profile.

Nadeem
and
Ijaz198

Multiple
stenosis

Yes (SWCNT) Newtonian
fluid

Steady Mild
approxima-
tion

The trapping bolus
increases with an
enhancement in
nanoparticle
concentration as
compared to pure
blood case. The
characteristics of
multiple stenosis
decreases for variable
nanofluid viscosity.
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Table V. Continued.

Blood Steady/
Stenosis Nanofluid flow unsteady Numerical

Ref Geometry type effect model nature method Remarks

Ahmed
and
Nadeem199

Single mild
stenosis

Yes (Cu,
TiO2,
Al2O3)

Newtonian
fluid

Unsteady Exact solution The transmission of
velocity, wall shear
stress and resistance
impedance for Al2O3

nanoparticle is found
higher than both Cu,
TiO2 nanoparticles at
center of artery. While
temperature profile in
blood is found higher
for TiO2.

Mekheimer
et al.200

Overlapping
stenosis

Yes (Cu) Micropolar
fluid

Steady Mild stenosis
approximation

In the presence of
magnetic field, it is
observed that as the
nanofluid volume
fraction increases, the
velocity and wall shear
stress increases. And
velocity, wall shear
stress and
micro-rotational
velocity is higher in
case of nanofluid
scenario.

Nadeem
and
Ijaz201

Stenosis and
Aneurysm

Yes
(Metallic)

Newtonian
fluid

Steady Exact solution Metallic nanoparticles
with high
concentration
contribute to reduce
the wall shear stress
and resistance
impedance. For
converging tapered
artery, wall shear
stress and resistance
impendence gives
higher results
comparing to diverging
and non-tapered
artery.

Akbar
et al.202

Single
stenosis
tapered
artery

No Reiner-
Rivlin
fluid

Steady Mild stenosis with
perturbation
solution

Results exhibited that on
increasing
Reiner-Rivlin fluid
parameter, trapping
bolus also increases
while increment in the
height of stenosis,
trapping bolus
decreases.

Elnaqeeb
et al.203

Catheterized
single
stenosis
with
thrombosis

Yes (Cu) Newtonian
fluid

Steady Mild stenosis
assumption

Velocity, resistance
impedance and wall
shear stress are plotted
for catheter and tube
models, which shows
that on increasing
nanoparticle fraction,
velocity increases
while resistance
decreases.
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Table V. Continued.

Blood Steady/
Stenosis Nanofluid flow unsteady Numerical

Ref Geometry type effect model nature method Remarks

Talib et al.204 Cosine
shaped
single

No Power-law
fluid

Unsteady MAC method In this problem,
magnetic field is also
applied, which
decreased the axial
velocity. And the
axial velocity profile
is higher for
shear-thinning fluid
in comparison to
Newtonian fluid.

Ahmed and
Nadeem205

OverlappingYes (Cu) Newtonian
fluid

Unsteady Perturbation
approximation

Study is performed
using different
shaped Cu
nanoparticles for
catheterized stenosed
arteries. For all
results, a notable
difference between
curvature and
non-curvature artery
is found.

Ijaz and
Nadeem206

Curved
over-
lapped
stenosis

Yes, Hybrid
(Ag, Cu,
Au)

Newtonian
fluid

Steady Exact solution Resistance to blood
decreases by using
nanoparticles and the
drug Au
nanoparticles are
more effective to
minimize
hemodynamics when
compared to the drug
Ag and Cu
nanoparticles

Changdar and
De207

Irregular
shape
stenosis

Yes (Au) Newtonian
fluid

Steady HPM The velocity and
displacement profile
fluctuates more when
the size of the Au
nanoparticle
decreases in the
presence of magnetic
field. The impact of
Hartmann number on
gold nanoparticle is
noticed in
discrete-phase
model.

Ponalagusamy
and
Priyadharshini208

Tapered
single
stenosis

Yes, (Fe2O3) Casson
fluid

Unsteady Mild stenosis
with FDM

The values of wall
shear stress and
resistive impedance
are considerably
enhanced in
converging tapered
arteries than
non-tapered artery.
Prandtl and schmidt
number play a
influential role in
increasing
temperature and
nanoparticle
concentration.
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Table V. Continued.

Blood Steady/
Stenosis Nanofluid flow unsteady Numerical

Ref Geometry type effect model nature method Remarks

Ahmed and
Nadeem209

Different
stenosis (6
type)

Yes,
Hybrid
(Cu and
Al2O3)

Micropolar
fluid

Steady Mild-stenosis
approximation

Micropolar fluid with
hybrid
nanoparticles in 6
types of stenosis is
observed under
magnetic effect and
found that on
increasing
nanoparticle
concentration,
velocity and wall
shear stress
increases.

Ijaz et al.210 Overlapped
Stenosis
with
tampering
impact

Yes (Cu,
CuO)

Newtonian
fluid

Steady Mild-stenosis
Approximation

Results showed that
wall shear stress
and flow resistance
of the stenotic
artery decreases for
Cu–CuO/blood
having platelet
shape. For Biot
number, blood
resistance increases
and hemodynamics
give minimum
results for no-slip
case.

Ali et al.211 Tapered
overlapping
stenosis

Yes Sisko fluid Unsteady Mild stenosis
assumption
with FTCS
(forward time
central spacing)

Results are validated
with FEM and
found that an
increment in the
Brownian motion
parameter caused a
reduction in flow
rate at the stenotic
throat.

Zaman et al.212 Stenosis and
Aneurysm
in curved
artery

Yes (Cu,
Ag)

Newtonian
fluid

Unsteady FTCS (forward
time central
spacing)
method

Axial velocity profile
in stenotic area
shows symmetric
trend on increasing
curved parameter
Rc. With greater
nanoparticle
volume fraction,
flow rate, velocity
and wall shear
stress increases
while resistance
impedance
decreases.

Priyadharshini and
Ponalagusamy213

Tapered single
stenosis

Yes Herschel-
Bulkley
fluid

Unsteady FDM Magnetic field and
body acceleration
effects are being
considered in
stenosed artery.
Wall stress and
flow resistance
increased by
increasing yield
stress of fluid and
magnetic field.
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Table V. Continued.

Blood Steady/
Stenosis Nanofluid flow unsteady Numerical

Ref Geometry type effect model nature method Remarks

Ijaz and
Nadeem214

Overlapped
stenosis

Yes,
Hybrid
(Ag,
Al2O3)

Newtonian
fluid

Steady Exact solution The presence of the
catheter increases
the resistance to
blood flow and Use
of Ag, Al2O3/blood
is more helpful to
minimize the
hemodynamics
when compared to
the Ag-blood.

Shahzadi
and
Kousar215

Bifurcated
stenosed
artery

Yes,
hybrid
(Cu,
Al2O3)

Newtonian
fluid

Unsteady Mild stenosis
approximation

It is observed that slip
impacts are more
influential to
decrease the
hemodynamics in
stenotic region. In
daughter artery,
shear stress is
reduced because of
bifurcation angle
while it increased in
parent artery.

Changdar
and De216

Multiple axi-
symmetric
stenosis

Yes, gold
(Au)

Newtonian
fluid

Unsteady Finite difference
method

Results state that the
axial velocity
decreases in the
constricted part of
artery under the
influence of body
acceleration. The
wall shear stress
increases rapidly
near to the peak of
the constriction.

Padma
et al.217

Mild single
stenosis

No Jeffrey
fluid

Unsteady Laplace and
Hankel
transform

Jeffrey fluid blood
with magnetic
particles is
considered, which
shows that
enhancement in
Jeffrey parameters
increases the
velocity
distribution.

Sultan
et al.218

Stenosis and
Aneurysm

Yes Eyring-
Powell
fluid

Unsteady FTCS method The non-newtonian
blood attains the
higher velocity in
post-stenotic region
in comparison to
stenotic region. The
diseased depth
parameter decreases
the flow rate in
stenosis area while
it enhances the
quantity in
aneurysm region.
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Table V. Continued.

Blood Steady/
Stenosis Nanofluid flow unsteady Numerical

Ref Geometry type effect model nature method Remarks

Vasu
et al.219

Mild stenosis Yes,
nanofluid

Second-grade
Reiner-
Rivlin
fluid

Steady Finite element
method

Increase in magnetic
number cause
increment in
temperature,
nanoparticle
concentration with skin
friction coefficient.
The same behaviour is
also noticed for
thermophoresis
parameter.

Dubey
et al.220

Stenosis with
aneurysm

Yes,
nanofluid

Casson fluid
and Sisko
fluid

Steady Finite Element
Method

Results show that
nanoparticle
concentration increases
by increasing the
Brownian motion
parameter in core
region on moving in
positive z-axis
direction. And
volumetric flow rate
decreases in stenotic
region while it
increases in aneurysm.

Changdar
et al.221

Multiple
stenosis in
inclined
artery

Yes, non-
spherical
gold

Newtonian
fluid

Steady HPM and
discrete
phase
model

The impact of
nanoparticle’s
non-spherical
coefficient in the
presence of magnetic
field is found to be
very effective for drug
delivery. Momentum
exchange coefficient
has powerful impact
on velocity.

Abdelsalam
et al.222

Stenosis and
Aneurysm

Hybrid
(Au and
Al2O3)

Second-grade
fluid

Unsteady Exact method This study shows the
investigation of
physical traits of
electro-magneto-
hydrodynamics
(EHMD) of blood in
the presence of
electro-osmotic forces
via arteries having
stenosis and aneurysm
both for hybrid
mediated
non-Newtonian
nanofluid.

Devaki
et al.223

Mild stenosis Yes,
Copper

Newtonian
fluid

Steady Exact method On increasing
nanoparticle size, both
blood flow and
temperature decreases.
Shape of nanoparticles
has to be chosen as
bricks for more
number of trapping
boluses.
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Table V. Continued.

Blood Steady/
Stenosis Nanofluid flow unsteady Numerical

Ref Geometry type effect model nature method Remarks

Elnaqeeb
et al.224

Tapered
overlapped
stenosis

Yes (Au,
Cu, TiO2)

Newtonian
fluid

Steady Exact method Results show that gold
nanoparticles can help
in improving blood
flow profile in
stenosed artery
comparing to Cu and
TiO2 nanofluid blood
models. All the other
profiles are greater in
converging tapered
artery in comparison
to non-tapered and
divergent artery.

Shahzadi
and
Bilal225

Bifurcated
stenosis

Hybrid
(Cu–CuO)

Newtonian
fluid

Unsteady Mild stenosis
approximation

Bifurcation angle
minimizes the couple
stress for daughter
artery whereas it
maximizes the stress
for parent daughter.
Permeability effect is
useful in reducing
hemodynamics in
stenosed artery having
bifurcation.

Elnaqeeb226 Catheterized
multiple
stenosis

Yes (Gold) Newtonian
fluid

Steady Exact method Gold nanoparticles have
more powerful impact
on increasing the
blood flow while
applied magnetic field
resists the flow.
Nanofluid reduces the
flow resistance while
strong magnetic field
increased this
quantity.

Karami
et al.227

Tapered artery
with mild
stenosis

Yes
nanofluid

Newtonian
fluid

Steady Homotopy
Perturbation
method

Results show that
concentration in
divergent arteries is
more comparing to
non-tapered and
convergent artery
while temperature
profile is more for
convergent artery. On
increasing the stenosis
depth, velocity is
decreased.

Yan
et al.228

Cone shape
stenosis

No Non-
Newtonian
(Sisko
fluid)

Steady Finite element
Method

For increasing the
stenosis angle, blood
velocity increased
while temperature
phenomenon
decreased. Blood
velocity does not alter
by applying constant
heat flux.
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Table V. Continued.

Steady/
Stenosis Nanofluid Blood unsteady Numerical

Ref Geometry type effect flow model nature method Remarks

Karimipour
et al.229

Triangular
shape
stenosis

No Non-Newtonian
(Sisko)

Steady – Maximum velocity is
found for different
severity of stenosis
(20%, 30% and 40%)
and with increasing
value of artery radius,
the corresponding
maximum velocity is
subjected to decrease.

having stenosis and without stenosis. Additionally, Beg
et al.188 presented a theoretical analysis for boundary layer
flow through an impermeable vertical wall in steady-
state condition. Nanofluid, having water as base fluid
and oxytactic microorganisms as nanoparticles has been
considered and it was found that inclusion of nanoparti-
cles enhanced the heat transfer performance of fluid. Fur-
ther, for the same Reynolds number, increment in volume
fraction of nanoparticles also increased the heat transfer.
Akbar et al.189 presents a study for the simulating vis-
cous blood flow containing copper nanoparticles through
a composite stenosed artery. They also employed perme-
ability of arterial wall and thermal buoyancy effects in the
study. Sharma et al.190 studied a Soret and Dufour effects
on blood flow through a stenosed artery. In this, a constant
magnetic field is also applied to perpendicular direction
of the surface. Bhatti et al.191 investigated nanofluid drug
delivery in non-uniform porous channel having blood flow.
Approximate analytical solutions are derived for physi-
cal properties such as temperature, concentration, pres-
sure rise profiles. Srinivasacharya and Rao192 explored the
study considering the magnetic field effects in blood flow
through a bifurcated artery having mild stenosis. The cop-
per nanoparticles are considered in the study to represent
the drug delivery in blood. In this section, literature survey
for different arterial stenosis and different blood flow mod-
els with nanoparticle effects for drug delivery is presented
in Table V.

4. CONCLUSION
The present article comprehensively reviews the convec-
tive flows of nanoparticles and their influence on blood
flow in the human arterial system. From the literature it
can be seen that a suspension of nanoparticles can improve
the heat transfer capability and pressure drop character-
istics. Size, shape and surface irregularities are the most
effective parameters for the enhancement of nanofluid per-
formance in biological systems. Statistics have shown that
more attention has been given to nanofluids containing a
single type of nanoparticle but hybrid nanofluids showed

a remarkable increment in performance and are drawing
the interest of researchers at a rapid pace. The review
comprised of a broad comparison between single-phase
and two-phase nanofluid flows to elucidate most suitable
approach which gives more accurate results. In compari-
son to single-phase, two-phase models give the more real-
istic results because of the consideration of slip mecha-
nisms between the nanoparticles and the base fluid. The
influence of some parameters, such as, nanoparticle shape,
size, shear rate range and volumetric concentration on
the rheological behavior of nanofluid (Newtonian or non-
Newtonian) has been observed and has also highlighted
some irregularities about the size and shape of the par-
ticles. The effect of different nanoparticle concentration,
shear rate range, base fluids and nanoparticle shape has
also been compiled and analyzed for unitary nanofluid as
well as for hybrid nanofluid with or without the influence
of magnetic field. Clearly, most of the numerical results
showed that nanoparticles of spherical shape exhibit New-
tonian nature while tetragonal and tubular shapes show
non-Newtonian behavior. The review also extended to
mathematical models in the stenotic region for simulating
the blood flow containing nanoparticles. According to the
findings, stenoses have different geometries, so for vari-
ous blood flow models and with different nanoparticles,
the velocity, temperature, resistance (impedance) and pres-
sure gradient present different results, which is a key factor
influencing the effectiveness of nano drug delivery in clin-
ical medicine.
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163. M. Cholewa, G. Żyła, A. Witek, J. P. Plog, V. Lehmann, T. Oerther,
and D. Gross, Archives of Mechanics 65, 131 (2013).

164. R. Y. Hong, T. T. Pan, Y. P. Han, H. Z. Li, J. Ding, and S. Han, J.
Magn. Magn. Mater. 310, 37 (2007).

165. M. T. Zafarani-Moattar and R. Majdan-Cegincara, Colloid. Polym.
Sci. 291, 1977 (2013).

166. T. X. Phuoc and M. Massoudi, International Journal of Thermal
Sciences 48, 1294 (2009).

167. M. J. Pastoriza-Gallego, L. Lugo, J. L. Legido, and M. M. Piñeiro,
Nanoscale Research Letters 6, 1 (2011).

168. M. Abareshi, S. H. Sajjadi, S. M. Zebarjad, and E. K. Goharshadi,
J. Mol. Liq. 163, 27 (2011).
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