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Abstract: Arterioles are pivotal console of hemodynamics as they are significant contributors to pressure. Under 
various physiological conditions like administration of a drug, arterioles ascertain divergent mechanical forces. The 
current communication discusses the effect of different shapes of copper nanoparticles inoculated as nano drugs in 
arterioles. The blood is assumed to be a non-Newtonian fluid and is delineated as nanofluids. The three-layer model 
is used for modeling the blood flow as it aptly describes the flow of blood in narrow vessels of diameter less than 100 
μm. The Hamilton-Crosser model is implemented to describe the thermal conductivity of nanofluid as this model holds 
in accordance with experimental as well as theoretical results. The expressions are also obtained for density, thermal 
expansion and viscosity of the considered nanofluid. The equations are solved analytically and graphs have been plotted 
using MATLAB. The relative consequence of various shapes of nanoparticles like platelets, blades, cylinders and 
bricks is observed in temperature, velocity and flow rate. It has been investigated through the graphs that brick-shaped 
nanoparticles have shown a maximum rise in temperature, velocity and flow rate. And reverse results are observed for 
blade-shaped nanoparticles. The effect of volume fraction, heat source parameter and Grashof number have also been 
inspected. The considered analysis shows that a suitable shape of nanoparticle can be used to develop the nano drug 
according to biomedical needs.
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Nomenclature 
r'	 Dimensional radial direction
θ'	 Dimensional azimuthal direction
z'	 Dimensional axial direction
u'	 Dimensional radial fluid velocity
v'	 Dimensional azimuthal fluid velocity
w'	 Dimensional axial fluid velocity
r	 Non-Dimensional radial direction
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z	 Non-Dimensional axial direction
L	 Length of the arteriole
R0	 Radius of the arteriole
R'1	 Dimensional radius of the central region
R1	 Non-Dimensional radius of the central region
Rc	 Radius of the core region
P'	 Dimensional pressure
P	 Non-Dimensional pressure
μf	 Viscosity of blood
unf	 Viscosity of nanofluid
u'0	 Dimensional velocity of blood in the peripheral layer
u0	 Non-Dimensional velocity of blood in the peripheral layer
u'1	 Dimensional velocity of blood in the central region
u1	 Non-Dimensional velocity of blood in the central region
u'c	 Dimensional velocity of blood in the core region
uc	 Non-Dimensional velocity of blood in the core region
τf	 Shear stress of blood
τnf	 Shear stress of nanofluid
T'	 Dimensional temperature of blood in arteriole
T0	 Temperature of the peripheral layer
T1	 Temperature of the core region
H	 Constant heat generation or absorption parameter
knf	 Thermal conductivity of nanofluid
kf	 Thermal conductivity of blood
kp	 Thermal conductivity of nanoparticle
ρnf	 Density of nanofluid
ρf	 Density of blood
ρp	 Density of nanoparticle
γnf	 Thermal expansion of nanofluid
γf	 Thermal expansion of blood
γp	 Thermal expansion of nanoparticle
g	 Acceleration due to gravity
n	 Shape factor
ψ	 Sphericity
φ 	 Volume Fraction
α	 Shape of nanoparticle parameter
uavg	Average velocity of nanofluid
θ	 Non-Dimensional temperature
Gr	 Grashof Number
β	 Heat source parameter
Re	 Reynolds Number
Q0	 Volumetric flow rate in peripheral layer
Q1	 Volumetric flow rate in central region
Qc	 Volumetric flow rate in core region
Cp	 Specific heat capacity
Fr'	 Body forces in radial direction
Fθ'	 Body forces in azimuthal direction
Fz'	 Body forces in axial direction
Dnf	 Thermal diffusivity
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1. Introduction
Arterioles are the smallest branch of an artery that conduct blood away from the heart. Arterioles offer 80% 

impedance to the blood vessels while they transmit blood flow into capillary beds. Thus, they are instrumental in the 
upstream perfusion pressure for all body parts. Arterioles have a distinctive attribute of their active reciprocation to 
physical stimuli or alterations in the chemical conditions, in contrast to other blood vessels. The arterioles can be 
influenced by a disorder called arteriosclerosis that leads to deposition in their vascular wall. This affliction occurs in the 
patient’s renal vasculature with malignant hypertension. 

Blood is a heterogeneous fluid consisting of cells suspended in plasma. The prevalence of yield stress and shear 
thinning action of blood assorts it in the grade of non-Newtonian fluid. The blood in vessels of diameter about 100 μm, 
shows aberrant rheological effects like the Fahraeus effect and Fahraeus-Lindquist effect, the presence of cell-free layer 
at the wall and a blunt velocity profile [1-3]. Fahraeus effect and Fahraeus-Lindquist effect are estimated quantitatively. 
For determining velocity and concentration in a narrow vessel of diameters above 100 μm, like arterioles, researchers 
depend on the theoretical models devised by examining various cross section boluses. The three-layer model for 
blood flow provides a pragmatic model for arterioles, comprising of a cell-free layer at the wall constituting of plasma 
partitioned from the uniform core of red blood cells by the central layer embracing of cells and plasma [1]. This model 
more suitably fits experimental concentration profiles. The disposition of the wall layer where the red blood cells cannot 
probe into, has a hematocrit value very close to zero, 7 and it notably rises as one red blood cells radius from the wall [1]. 
Thus, divaricating the hematocrit values reports more positively for the peripheral layer or red blood cell migration. 

Gupta et al. [1] devised a three-layer mathematical model for the blood flow and particle suspensions in tubes of 
diameter less than 100 μm. They considered a narrow cell-free layer near the wall, a cell-free layer as an intermediate 
layer and a central core region of evenly spread cell-concentration. Chaturani and Biswas [4] examined the three-layer 
model for Couette flow of blood. Bali et al. [5] considered the three-layer model for small blood vessels. Debnath et al. 
[6] analyzed the unsteady dispersion of solute in fluid resembling the properties of blood flowing through a rigid artery 
using the three-layer model. Roy and Shaw [7] examined the dispersion of a solute in a micro vessel for nanoparticle-
based drug delivery. They considered blood as a Casson fluid in the intermediate region. 

The novel concept of nanotechnology was put forward by physicist Richard P. Feynmann who was a Nobel prize 
winner [8]. Since then, nanotechnology is a newfangled concept that needs wide exploration. Owing to the benefits 
of this pioneering technology, nanoparticles evolved, which are defined as particles with dimensions of at least one 
nanoscale. Researchers are working greatly toward using nanoparticles for the curing of cardiovascular diseases [9]. 
Nanoparticles offer a robust mechanism in therapeutics of cardiovascular diseases due to their capability of interacting 
with the cellular processes and influencing their functions. Pharmaceutical nanotechnology offers sustained and 
controlled delivery systems [9]. 

Several researchers have been working in the discipline of nanoparticle-based drug delivery. When the 
nanoparticles are dispersed in the blood, the blood carries itself as a non-Newtonian fluid. The characteristics of this 
fluid are described by nanofluids [10]. Nanofluids were introduced by Choi and Eastman [11]. The nanofluids are 
defined as nanoparticles (like Al, Cu, Ag, Au, Fe, Al2O3, CuO, TiO2, carbon nanotubes, etc.) dispersed in a base fluid [12]. 
Nanoparticles are present in 2%-5% volume fraction in nanofluids. Here, the blood has been regarded as base fluid.  
Recently, a number of researchers have studied nanofluid technology experimentally or theoretically in the presence of 
heat transfer [13-25].

The experimental results have been interpreted and analyzed by different mechanisms such as nanoparticle 
Brownian motion, nanoparticle aggregation, the chemistry of the surface and convection. Maxwell gave the classical 
model for the effective thermal conductivity of nanofluids [26]. This model had considered some limited parameters 
such as thermal conductivity of the base fluid, thermal conductivity of nanoparticles and particle volume fraction. 
Hamilton-Crosser model estimates the thermal conductivity of nanofluid taking into consideration the particle shape 
factor [27]. This model is in good agreement with the available experimental data for nanofluids of different shapes of 
nanoparticles. 

Earlier, the researchers have been considering usually only the spherical shape of nanoparticles. But practically, 
they have limited applications. Clinical diagnosis and drug delivery have a major usage of non-spherical shaped 
nanoparticles [28]. Nanoparticles of shapes like cylinder, blade, brick and platelets have enormous utilization in drug 
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delivery. 
The analysis of a three-layer model for blood flow in arterioles for different shapes of nanoparticles is a 

considerably new notion because the impact of shapes of nanoparticles like platelets, blades, cylinders and bricks has 
not been observed before. The constant heat generation/absorption parameter has also not been discussed earlier for this 
type of blood flow phenomenon. Also, in order to develop better nanomedicine, the effect of shape of nanoparticles has 
a vital role in their delivery in small blood vessels. This would develop new possibilities in the field of nanotechnology 
for medicine. In consideration of the above facts, an effort has been made in this paper to comprehend the effect of 
varying shapes of nanoparticles modeling the blood flow using the three-layer model of blood in arterioles. The next 
section discusses this mathematical formulation. The governing mathematical equations are solved analytically in the 
solution section. The exact solution for temperature, velocity and flow rate are achieved. The graphs have been plotted 
using MATLAB discussed in the graphical results and discussions section. The effect of distinct shapes of nanoparticles 
like a cylinder, blade, brick and platelets on temperature, velocity and flow rate have been investigated through graphs. 
The major findings of our study are encapsulated in the conclusion section. The results of this work will help to give 
a greater perception of the efficiency of different shapes of nanoparticles and subsequently give a novel insight into 
biomedical engineering.

2. Mathematical formulation
Steady and laminar flow of blood is considered in an arteriole of length L and radius R0. The incompressible flow 

of blood in the narrow vessel is represented by a three-layer model that consists of a peripheral layer of plasma, the 
central region of the suspension of nanoparticles in blood and the core region comprising of red blood cells. Copper 
nanoparticles of different shapes are dispersed in blood. Equation of continuity, Navier-Stokes equation and diffusion 
equations are used to frame the governing equations [29]. Since the flow is laminar low Reynolds number describes the 
flow (Figure 1).

Figure 1. Three-layer model

Equation of continuity in cylindrical co-ordinates:
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Navier-Stokes equation in cylindrical co-ordinates:
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where F with different indices represents body forces with respect to different directions.
Diffusion equation for temperature in cylindrical co-ordinates:
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where Dnf  is the thermal diffusivity.
The governing equations (1), (2) and (3) are solved under the following assumptions:
1. Flow is considered two dimensional.
2. Flow is axisymmetric.
3. The radial and azimuthal components of fluid velocity are zero.
4. The axial and azimuthal components of temperature are zero.
5. The heat transfer is considered to take place via diffusion in the arteriole. 
6. Constant heat source parameter is considered for heat generation/absorption under the effect of nanofluid flow.
The modified equations are given henceforth.
The equation of motion for peripheral layer is:

0 0f uP r
z r r r

µ ′′ ∂∂ ∂  ′− + = ′ ′ ′ ′∂ ∂ ∂ 

where μf  is the viscosity of plasma.
No slip condition is assumed at the arteriolar wall. Hence, the boundary conditions are stated as:

0 00  at  u r R′ ′= =

The equation of motion and heat in the presence of nanoparticles for the central region is:
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where T' is temperature, τnf is shear stress of nanofluid, (ργ)nf is thermal expansion of nanofluid and knf is nanofluid 
thermal conductivity in the central region of the arteriole. H is a constant heat generation or absorption parameter. T0 is 
the temperature of the peripheral layer.

The velocity and shear stress are continuous at the interphase of the peripheral layer and central layer. Hence, the 
boundary conditions are stated as:

0 1 1  at  u u r R′ ′ ′ ′= =

1 at  f nf r Rτ τ ′ ′= =

The temperature is prescribed T0 all over surface of the central region and the temperature gradient vanishes along 
the axis of the arteriole.
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r
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The equation of motion for the core region is:

0cu
r
′∂
=

′∂

where u'c is velocity in the core region.
The velocity gradient vanishes along the axis of the arteriole. Hence, the boundary conditions are stated as:

1 0  at  0cuu r
r r

′′ ∂∂ ′= = =
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Nanofluids are described as advanced colloidal fluids obtained by the dispersion of 1-100 nm nanoparticles in 
standard fluids [10]. It has been shown experimentally that nanofluids have greater conductivity than base fluids. 
Maxwell introduced the first mathematical model to devise the thermal conductivity of nanoparticle suspensions. 
Maxwell’s Effective Medium Theory (EMT) [27] was further developed by Hamilton and Crosser for non-spherical 
shaped particles.

The Hamilton-Crosser model describes the total thermal conductivity of two components in a heterogeneous 
mixture. It is a relation to the thermal conductivity of the pure materials, their respective compositions and the 
fashion in which they are scattered throughout the mixture [28]. It calculates the total thermal conductivity (knf) of the 
heterogeneous mixture. It includes shape factor n = 3/ψ where ψ is recognized as sphericity which is termed as the ratio 
of the surface area of the sphere to the surface area of the real particle with equal volumes. The value of n or shape 
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factor for various shapes of nanoparticles [30] is listed in Table 1.

( 1) ( 1)( )
( 1) ( )

nf p f p f

f p f p f

k k n k n k k
k k n k k k

φ
φ

+ − + − −
=

+ − − −

where kp represents the thermal conductivity of the nanoparticles, kf represents the thermal conductivity of blood. φ  is 
the volume fraction of the nanoparticles in the blood.

According to the principle of conservation of mass of two species, the density of nanofluid [6] is expressed as

(1 )
pnf fρ φ ρ φρ= − +

The thermal expansion of the nanofluid (ργ)nf is expressed as

( ) (1 )( ) ( )nf f pργ φ ργ φ ργ= − +

The viscosity of the nanofluid unf [6] is expressed as

(1 )nf fµ µ αφ= +

where is ρf the density, (ργ)f is the thermal expansion and μf is the viscosity of the blood. ρp is the nanoparticle density 
and (ργ)p is the nanoparticle thermal expansion. The value of α depends on the shape of the nanoparticles [19] listed in 
Table 1.

The non-dimensional scheme is stated as:
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where uavg is the average velocity, Re is the Reynolds number, Gr is the Grashof number and β is the heat source 
parameter.

The non-dimensional equations are stated as:
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The non-dimensional boundary conditions are stated as:
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3. Solution
The solution of equations (22) to (25) using the boundary conditions (26) to (32) is obtained analytically under 

simplified assumptions using the method of solving partial differential equations in the following manner:
Solving equation (24) for θ in terms of r, we get
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Equation (23) is solved for u1 using the value of θ from (33)
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Equation (22) is solved for u0 which is given as
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Equation (25) is solved for uc which is given as

2 2 ( ) ( 1) ( 1)( )1/ 4 / 2 / 4 (1 )
(1 ) 2 3 ( ) ( 1) ( )

p p f p fc
c c c

f p f p f

k n k n k kRRe pu R R Gr
z k n k k k

ργ φ
β φ φ

αφ ργ φ

   + − + − −∂  = − − − +      + ∂ + − − −      

2 2
21 1 1
1

( ) ( 1) ( 1)( )1 1/ 2 / 4 (1 )
4 4 4(1 ) 2 3 ( ) ( 1) ( )

p p f p f

f p f p f

k n k n k kR R RpRe R Gr
z k n k k k

ργ φ
β φ φ

αφ ργ φ

    + − + − − ∂   + − − + − − +         ∂ + + − − −         

2
3 2 1

1 1 1

( ) ( 1) ( 1)( )
log / 2 / 4 (1 ) / 2

( ) ( 1) ( ) 2(1 )
p p f p f

f p f p f

k n k n k k R Re pR R Gr R
k n k k k z

ργ φ αφ
β φ φ

ργ φ αφ

      + − + − − ∂   + − + − −       + − − − + ∂       

The volumetric flow rate is given as:
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4. Graphical results and discussions
A pioneering study is conducted on a three-layer model of blood flow in arterioles containing nanoparticles in the 

central region. The significant effect of distinct flow parameters on the nanofluid flow or nanofluid with different shapes 
of nanoparticles is examined in this part (Figure 2-9) with the graphs of temperature, velocity and flow rate. Table 2 and 
3 lists the values used in plotting the graphs. 

Figure 2 shows the graph of temperature (θ) of the nanofluid versus radial co-ordinate (r) for various shapes of 
nanoparticles in the blood i.e. different values of shape parameter (n). Brick-shaped nanoparticles in the blood show 
a maximum increase in temperature while blade-shaped nanoparticles in blood show a least rise in temperature. 
Brick-shaped nanoparticles have the lowest viscosity in the nanofluid, thus, maximum thermal conductivity that 
causes the greatest rise in temperature. Nanofluid with nanoparticles of shapes cylinders and platelets have lesser 
viscosity, therefore higher thermal conductivity which causes a higher rise in temperature. This is because elongated 
nanoparticles like cylinders and platelets exhibit greater viscosity [30]. Nanofluids with brick-shaped nanoparticles 
have a low viscosity in view of their shear-thinning nature with a rise in temperature which causes a maximum increase 
in temperature in the respective nanofluid. The result presented here agrees with the experimental results given by 
Timofeeva et al. [30].

(40)

(41)
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Figure 2. Temperature θ of nanofluid versus radial co-ordinate (r) for varying shapes of
nanoparticles (n) (β = 2.0, Φ = 0.02, Gr = 4.0)

Figure 3. Temperature (θ) of nanofluid against radial co-ordinate (r) for different values of
volume fraction (φ ) of nanoparticles (n = 4.9, β = 0.2, Gr = 4.0)

Figure 3 shows the variation of temperature (θ) of nanofluid against radial co-ordinate (r) for distinct values 
of volume fraction (φ ) of blade-shaped nanoparticles in the blood. It is observed from the parabolic trend that the 
temperature of the nanofluid rises with the increase in the volume fraction of nanoparticles in the blood. The increase 
in the number of nanoparticles increases the value of the volume fraction. With this increase in volume fraction, heat 
transfer gets dominated by conduction from the core region to the peripheral layer which causes a rise in the temperature 
of the nanofluid. A similar result was observed earlier by Ijaz and Nadeem [31]. This result is compatible with the 
physical behavior of nanoparticles in fluids.

Figure 4 shows the variation of temperature (θ) of nanofluid versus radial co-ordinate (r) for distinct values of heat 
source parameter (β) for blade-shaped nanoparticles. The trend of the graph is parabolic i.e. temperature is zero near 
the wall and maximum at the center of the axis. This is due to the fact that in arterioles hematocrit is very close to zero 
immediately near the wall under the influence of the wall exclusion effect while hematocrit is maximum at the axis of 
the wall [1]. It is seen that the nanofluid temperature rises with the rise in the value of the heat source parameter. The 
reason being more heat generation in the nanofluid by an increase in the effective movement of nanoparticles in the 
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nanofluid with the rise in heat source parameter. This result is in agreement with earlier observations given by Ijaz and 
Nadeem [31].

Figure 4. Temperature (θ) of nanofluid versus radial co-ordinate (r) for distinct values of
heat source parameter (β) (n = 4.9, Φ = 0.02, Gr = 4.0)

Figure 5. Axial velocity of nanofluid versus radial co-ordinate (r) for various shapes of
nanoparticles (n) (β = 2.0, Φ = 0.02, Gr = 4.0)

Figure 5 shows the graph of axial velocity of nanofluid versus radial co-ordinate (r) for varying shapes of 
nanoparticles in the blood i.e. different values of shape parameter (n). Brick-shaped nanoparticles in blood show the 
highest velocity profile while blade-shaped nanoparticles show the least velocity profile. Brick-shaped nanoparticles 
have the lowest viscosity in the nanofluid, thus, maximum thermal conductivity that causes the greatest rise in 
temperature [30]. The consequence of the shape of nanoparticles on the velocity is because of the viscosity dependence-
relation of the shape of the respective nanoparticle at a given temperature [30]. Platelets and cylinders have almost 
the same viscosity in nanofluid due to elongated structures, thus they show an overlapping profile for velocity. Similar 
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results were given by Madhura et al. [28]. Blade-shaped nanoparticles show maximum viscosity while brick-shaped 
nanoparticles have the least viscosity.

Figure 6 depicts the variation of axial velocity of the nanofluid versus radial co-ordinate (r) using distinct values 
of volume fraction (φ ) of blade-shaped nanoparticles in the blood. It is seen that the velocity decreases with rise in the 
value of the volume fraction of nanoparticles in the nanofluid. This is so because as the volume fraction increases, the 
number of nanoparticles in the blood increases, which makes the nanofluid more viscous. Identical observations were 
given by Timofeeva et al. [30] in their experimental study. The enhancement in viscosity causes an enhancement in the 
friction force which causes a reduction in velocity.

Figure 6. Axial velocity of the nanofluid versus radial co-ordinate (r) for distinct values of
volume fraction (φ ) (β = 2.0, n = 3.9, α = 13.5, Gr = 4.0)

Figure 7. Axial velocity of the nanofluid versus radial co-ordinate (r) for distinct values of
heat source parameter (β) (Φ = 0.02, n = 3.9, α = 13.5, Gr = 4.0)

Figure 7 exhibits the variation of axial velocity of the nanofluid versus radial co-ordinate (r) using distinguished 
values of heat source parameter (β) for blade-shaped nanoparticles. The enhancement in the heat source parameter 
causes an increase in the temperature which decreases the viscosity of nanofluids hence increasing their velocity. The 
calculated values of velocity in the core region for different values of heat source parameter do not have much difference 
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thus velocity profile can be seen overlapped in this region. An identical result was reported by Ijaz and Nadeem [31].
Figure 8 shows the variation of axial velocity of the nanofluid versus radial co-ordinate (r) for distinct values of 

Grashof number (Gr) for blade-shaped nanoparticles in the blood. The results show that velocity rises with the rise in the 
value of Grashof number. Grashof number signifies the ratio of buoyant force to the restraining forces. Buoyant forces 
are caused by temperature differences in the fluid and viscous forces are the restraining forces. The increase in Grashof 
number increases the upward buoyancy force. Therefore, the motion of nanofluids increases with increasing Grashof 
number because of the increase in buoyancy force. The increase in value of Grashof number reduces the viscosity of the 
nanofluid which thus increases the velocity. These results were also analyzed by Ijaz and Nadeem [31]. Rahbari et al. [32] 
and Imran et al. [33] also discussed similar observations.

Figure 8. Axial velocity of nanofluid against radial co-ordinate (r) for distinct values of
Grashof number (Gr) (Φ = 0.02, n = 3.9, α = 13.5, β = 2.0)

Figure 9. Axial velocity of nanofluid versus radial co-ordinate (r) for distinct values of
core region Rc (Φ = 0.02, n = 3.9, α = 13.5, β = 2.0, Gr = 4.0)

Figure 9 depicts the graph of axial velocity of the nanofluid versus radial co-ordinate (r) for distinct values of core 
region (Rc) for blade-shaped nanoparticles in the blood. The graph depicts that the increase in the radius of the core 
region causes a decline in the velocity of the core region. Narrower the radius of the core region, the lesser the number 
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of red blood cells, the lesser the viscosity and hence the greater the velocity of the blood with nanoparticles. Similar 
observations were given by Bali et al. [5] and Srivastava [34].

Figure 10 shows the graph of flow rate (Q) of the nanofluid against pressure gradient ( /p z−∂ ∂ ). The results show 
a straight-line trend for varying shapes of nanoparticles in the blood. Bali et al. [5] obtained a similar trend for flow 
rates. The shape factor (n) varies with the complete surface area of the nanoparticle and fluid interface. The shape factor 
approximately describes the ratio of the surface area of the real particle and the surface area of the sphere with the same 
volume [30]. Greater the value of the shape factor greater the interface. At a given temperature, nanoparticles with a 
higher shape factor show a lesser enhancement in flow rate because of higher viscosity [30]. The value of the shape 
factor is largest for blades and minimum for bricks. Thus, blades show a minimum slope and bricks show a maximum 
slope in the graph of flow rate against pressure gradient.

Figure 10. Flow rate (Q) against pressure gradient (-∂p/∂z)
for varying shapes of nanoparticles (n) in the blood (β = 2.0, Φ = 0.02, Gr = 4.0)

Axial velocity representation in graphs (Figure 5-8) 
• Velocity in the core region or uc is plotted in the region from 0 to Rc i.e. 0 to 0.2 on the radial co-ordinates. 
• Velocity in the central region or u1 is plotted in the region from Rc to R1 i.e. 0.2 to 0.85 on the radial co-ordinates. 
• Velocity in the peripheral layer or u0 is plotted in the region from R1 to R0 i.e. 0.85 to 1.0 on the radial co-

ordinates.

5. Conclusion
The influence of different shapes of nanoparticles is analyzed in an arteriole. Three-layer model for narrow vessels 

is used to model the flow of nanofluid. In the present work, we have used Hamilton and Crosser model and found 
that our analytical results are in agreement with the experimental results obtained by Timofeeva et al. [30]. The major 
findings of the analysis are summarized as follows:

• In order to develop a better understanding of physiological conditions under the influence of nanofluids, the three-
layer model holds significance, which can be seen in the results obtained. The velocity trends obtained are similar to that 
of the Hagen-Poiseuille flow. 

• The maximum increase in temperature is seen in bricks because of their shear-thinning behavior and the minimum 
is shown by blades. The observed trend can be stated as bricks > cylinders > platelets > blades.

• The velocity profile exhibits that maximum velocity is of bricks and minimum is of blades and the trend can be 
stated as bricks > cylinders ≈ platelets > blades.
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• The velocity of the blood with nanoparticles increases with the enhancement in Grashof number.
• The flow rate against the pressure gradient for different shapes of nanoparticles shows a straight-line trend. The 

maximum slope is observed for bricks and the minimum for blades.
• Brick-shaped nanoparticles have the highest velocity in blood, thus, they will reach the diseased site as soon as 

possible with decreased temperature, in comparison to other shaped nanoparticles. 
Over all discussions and observations show that nanoparticles with respect to parameters like shape, volume 

fraction, heat source parameters and Grashof number can be suitably implemented for nanoparticle drug delivery in the 
therapeutics of cardiovascular diseases.
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Appendix

Table 1. List of shape of nanoparticles and their shape parameter

Shapes of nanoparticles n (shape factor) α (shape parameter)

Platelets 5.7 37.1

Blades 8.6 14.6

Cylinders 4.9 13.5

Bricks 3.7 1.9

Source: Timofeeva et al. [30]

Table 2. Thermophysical values for blood

Thermophysical values for blood

Cp (J/KgK) (Specific heat capacity of blood) 3594

ρ (Kg/m3) (density of blood) 1063

k (W/mK) (thermal conductivity of blood) 0.492

γ (1/K) (thermal expansion of blood) 0.18 × 10-5

Source: Ijaz and Nadeem [31]

Table 3. Thermophysical values for nanoparticles 

Thermophysical values for nanoparticles 

Cp (J/KgK) (Specific heat capacity of copper nanoparticle) 385

ρ (Kg/m3) ( density of copper nanoparticle) 8933

k (W/mK) ( thermal conductivity of copper nanoparticle) 400

γ (1/K) (thermal expansion of copper nanoparticle) 1.67 × 10-5

Source: Ijaz and Nadeem [31]


