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The steady flow of viscous fluid flow through an inclined tube of the non-uniform cross-section including multiple stenoses has been
investigated under the influence of a single-wall carbon Nanotube (SWCNT). We linearized the flow equations and determined the
flow resistance and wall shear stress expressions assuming mild stenoses. Studies have examined how parameters affect flow variables.
It is found that the resistance of the flow increases with stenoses height. It is also interesting to notice that the wall shear stress decreases
with the increase of the height of stenoses. It is also observed that the resistance to the flow (1) increases with inclination (a), source
and sink parameter (f), Grashof number (B,), dynamic viscosity () and flux (gq). The velocity profiles are presented in the form of
streamlines.
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1. INTRODUCTION

The narrowing of the atrial lumen, the inner open space or cavity of an artery, due to fatty deposits is one of the
biggest health risks today. This can cause hypertension, myocardial infarction, etc., so stenosis, or abnormal and unnatural
growth, disrupts normal blood flow. Hydrodynamical factors like wall shear stress, flow resistance, etc. can cause and
progress this pathological condition. Knowledge of the flow condition in a stenosed tube may help understand and avoid
vascular disorders.

Thus, several authors have investigated mathematical models for constricted duct flows (Young [1], LEE and
Fung [2], Shukla et al, [3], Radhakrishnamacharya and Srinivasa Rao [4]).

All these mathematical investigations have described blood as a Newtonian fluid. Furthermore, when the diameters
of the channel or tube are small and the rate of shearing is low, blood exhibits non-Newtonian behavior. The amount of
red blood cells (RBCs) in erythrocytes influences this behavior. Numerous analytical research 5-9 have been conducted
out to analyze the mathematical impacts of stenosis on arterial blood flow characteristics, flow resistance, and shear stress
on the wall. Liu et al. [5] established a computational model for pulsating blood flow through stenotic and tapered arteries.
Prasad K.M. and Yasa P.R[6] have developed a mathematical model of a micro polar fluid flow in a tapering stenosed
artery having permeable walls.

However, all these studies focused on the impact of individual stenosis, assuming a uniform cross-section of the
tube. However, it is recognized that numerous blood vessels exhibit gradual changes in cross-section through their length
and may present multiple stenoses at junctions and bends (Schneck et al. [7]). Maruthi Prasad and
Radhakrishnamacharya [8] examined blood circulation in an artery characterized by multiple stenoses and a non-uniform
cross-section, treating blood as a Herschel-Bulkley fluid.

Nano-fluids have generated significant interest from researchers because of their increased thermal conductivity, a
concept first introduced by Choi [9]. Nadeem and Noreen Sher Akbar [10] investigated the flow of a micro-polar fluid
containing nanoparticles in the small intestine. Maruthi Prasad and Prabhakar Reddy [11] studied the thermal effects of
two immiscible fluids through a permeable stenosed artery having Nano-fluid in the core region and Newtonian fluid in
the peripheral region. Many researchers have focused on Nano fluids because of their importance in the biomedical field
[12-15]. The presence of nanoparticles suspended in the base fluid is insufficient to improve thermal conductivity, as this
enhancement is contingent upon the particles' shape and size. Murshed et al. [16] demonstrated that Carbon Nanotubes
(CNTs) exhibit thermal conductivity six times superior to other materials. lijima and Ichihashi [17] discovered that Carbon
Nanotubes are in the form of long and thin cylinders of Carbon. They have a wide range of applications in engineering
and Science because of their chemical and physical properties. Carbon Nanotubes are used in medicine, gene, and drug
delivery systems. The key features of CNT are three types 1) single-wall carbon nanotubes, ii) double-wall carbon
nanotubes, and iii) multi-wall carbon nanotubes.

Nano-electronics is one of the most prospective submissions of single-walled nanotubes for their excellent
conductivity. They are potential nanomaterials for anisotropic strengthening of thin composite films for balloon chattered
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fabrication. Many authors have studied carbon Nano fluids. [18,19]. Many researchers have penned their studies
presenting their applications in modern technology. Kim & Yoosuk presented their study of CNT in device applications
(Kim & Kuljanishvili, [20]). Thermal outcomes relating to SWCNT and MWCNT were also presented by Majeed, Aaqib
Majeed et al., [21]) and Wang, Mansir (Wang et al., [22]).

It is known that numerous ducts within physiological systems are not aligned horizontally but exhibit a certain
inclination to the axis. Recently Maruthi Prasad and Sreekala [23] have studied the thermal effects on peristaltic transport
in an inclined circular elastic tube.

Keeping this motivation and purpose a mathematical model is formulated to analyze blood flow through an inclined
tube with a non-uniform cross-sectional and multiple stenoses, affected by a single wall carbon nanotube, while treating
blood as a viscous fluid. Assuming mild stenoses, closed-form solutions have been derived. Resistance to flow and wall
shear stress expressions have been developed, and the influence of different parameters on these fluid flow parameters
has been examined.

2. MATHEMATICAL FORMATION
Considered is a steady, incompressible blood flow across a non-uniform cross-sectional tube with multiple stenoses.
A cylindrical polar coordinate system (z; r) ensures that the tube's center line and z-axis coincide. Presumably, the tube
is inclined at an angle of @ concerning the parallel (see Fig. 1). The stenosis should be moderate and symmetrical in its
development along the axis. The tube's radius is considered as: (Maruthi Prasad and Radhakrishnamacharya [2008] [8]

( Ry: 0=z<d,,
RO—%(1+cosi—f(z—d1—L2—l)>= dy<z<d;+1Ly,
Ro: dy+L Sz<B —2,
h=R(z) = Ro_%(1+cosi—:(2—31)>: B1—L7252531' v

R*(z) —%<1+cosi—:(z—31)>= B, <z<B; +L72

R'(z): By +2<z<B

where R*(z) = exp[fB?(z — B;)?].
Here 63, 6, and L4, L, are the maximum heights and lengths of the two stenoses respectively.

Consequently, the fluid flow's governing equations are as follows: The following are the governing equations for a
vertical artery's variable viscous Nano fluid that control the conservation of mass, momentum, and temperature:
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In the given equations, i ,7 & W represent the velocity components, T denotes the fluid's temperature, and
Qo represents the constant heat generation or absorption. In the suggested model for Nano fluids, p, represents the
variable viscosity of the fluid, y,,5 denotes thermal expansion coefficient, K, s denotes thermal conductivity, p,,; denotes
density, (p¢p)ny is the heat capacitance with the thermo-physical properties) [12] .
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Whereas for single wall carbon nanotubes, psycnr 1S the density,(pcp) is the heat capacitance, ysycnr 1S the

SWCNT
thermal expansion coefficient, kg cyr is the thermal conductivity and @ is the volume fraction. For the base fluid, uy is
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the viscosity, pr is the density, (pcp ) fis the heat capacitance, yy is the thermal expansion coefficient, and k is the thermal

conductivity.
The non-dimensional variables are
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G, constitutes the Grashof number, R,,, constitutes Reynold’s number, 8 gives the non-dimensional heat source or sink
parameter concerning the fluid and u, is the average velocity. Using mild stenosis approximation% « 1 and using the
condition, &€ = 2—‘; < 0(1).

The constitutive equations (2) to (5) become

dp _ __cosa
= F ©)
dp | sina 19 [uy( ow (Pr)nf
0z + F  ror [#0 (T' 6r)] + (or)f G-0 (10)
820 | 106 kp
e trar th,; =0 amn
The Nano fluid viscosity may be defined as
Enfe 1 ande® =1+ wh, 0 < 1

Uo e“’g(l—(p)z'S
The problem's geometrical structure and dimensionless boundary conditions are presented below.
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Figure 1. Schematic diagram of the inclined tube with multiple stenoses under the influence of SWCNT
The precise solutions of Eq. (10) & (11) using (13) to (14) are
6 =L [p2 2] (15)

4k‘nf
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The non -dimensional flux
q= foh 2rwdr. (17)

Substituting Eq. (16) in Eq. (20), an expression is deduced for the pressure gradient as follows

dp -8uq sma

e s L 12 AGr,Bk (18)
Where A = %,k ::Tff’ﬁ: u
The pressure drop per wave length is
bp == [, iz (19)
Substituting Eq. (18) in Eq. (19), we get
= e " AG.B k| dz (20)
The flow resistance
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The normalized flow resistance is
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The shear stress on the wall is
_—h(or
Th =73 (az) 23)

3. RESULT AND ANALYSIS
In this section, we analyze numerical measures of essential parameters to assess the dependability and accuracy of
our exact solutions [Maruthi Prasad et al.33]

R—(z)—exp[[)’BZ(z—Bl)Z] andd, = 0.2,L, = 0.2,B, =0.8,B =1,d, = 0.6,

which are illustrated through graphs. The graphs depict wall shear stress, and flow resistance as functions of the heat
source or sink parameter (), the inclination (o), and the heights of the stenosis (§; and §,). We consider these graphs
for cases involving pure blood and single-walled carbon nanotubes (SWCNT) at volume fractions of @ = 0.02 and @ =
0.04, while keeping certain parameters constant.
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Figure 2. Effect of §; on A, with §, varying Figure 3. Effect of §; on A, with a varying
(kr=02,ks=04,6.=0.2,9g=08,=001,0 =03,u=0.01) (kf = 0.2,ks = 04,6, = 0.2, = 0.8, = 0.01,a = E'w =03,u=
0.01)

From Figures 2-6, it is observed that when the heights of the primary and secondary stenosis (§; and §,). increase,
the flow resistance also increases. As the height of the stenosis increases, it disturbs the flow pattern, the velocity of the
fluid decreases, and the flow resistance increases. Interestingly, when comparing the SWCNT case to the pure blood
instance, the flow resistance provides better results.

It is also noticed from Fig. 2-6, that the flow resistance (1) increases with inclination (e), source and sink parameter
(B), dynamic viscosity (1) and flux (g). It is interesting to note from the Fig. 5 that as the viscosity increases the resistance
to the flow also increases, this resistance to more in SWCNT than the pure blood in the diseased artery.
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The graphs of shear stress on the wall along axial displacements are plotted in Fig. 7-11 for different cases. It is
observed from these figures that the wall shear stress (7) decreases with the heights of first and second stenosis
(6, and §,) i.e wall shear stress having stenosis (diseased artery) gives higher results for the pure blood case (@ = 0)

compared to the cases involving SWCNTs (@ = 0.02, 0.04).

Figures 7-11 represents the graphs of shear stress on the wall as a function of axial displacements for various cases.
Analysis of the figures indicates that wall shear stress (T) decreases with increasing heights of the first and second stenosis
(8, and &,). Specifically, wall shear stress in the presence of stenosis (diseased artery) provides higher values for the
pure blood case (@ = 0) compared to the SWCNT cases(@ = 0.02, 0.04).
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These results are observed in the region 0 to 0.1 only. When we apply SWCNT the wall shear stress reduces
comparing with without SWCNT this indicates the thermal properties will reduce the frictional force and make the blood
move freely. By controlling these parameters, blood flow can be optimized in the systems like drug delivery systems.
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It is also observed from the figures the wall shear stress decreases with the source and sink parameter (), Viscosity
Parameter (u), and flux (q). Generally, the wall shear stress will damage the artery system. This analysis will help doctors,
particularly in circulatory systems, and microfluidic devices, where the optimized shear stress prevents harm to the tissues
and ensuring efficient fluid flow

Fig. 12-15 shows the streamlines for various values of Nanoparticle volume fraction (@), Source and sink
parameter (f), Grashof number G, and viscosity (u). Here we discussed 3 different cases i.e. @ = 0,0.02,0.04. It is
observed from Fig. 12, the velocity of blood flow increases with an increase in the concentration of Nanoparticles as
compared with the case of pure blood @ = 0 i.e. the streamlines come closer in @ = 0.02,0.04 than @ = 0. The
streamlines for Grashof number G,., Source, and sink parameter () are shown in Fig.13-14. It is interesting to note
that, as G, 8 increases the streamline comes closer i.e. the middle part of the tube becomes wider so the velocity of
the blood flow increases.

Fig. 15. shows the effect of viscosity parameter (1) on the arteries. When the viscosity (#) goes on increasing the
velocity profiles are decreasing (i.e) the flow patterns have come very near.
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Figure 13. Streamlines for § = 0.01,0.05 and 0.1
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Table 1. Thermo-physical Properties of blood and SWCNT

Physical Properties Blood SWCNT
C,(U/K)K) 3594 425
p (Kg/m®) 1063 2600
KW /mK) 0.492 6600
yX10~5(1/K) 0.18 1.5
Table 2. Variations of A for 61 & 82
(Resistance)A
! 02 9 =0.00 ?=0.02 9 =0.04
0.02 1.00034 1.00035 1.00037
0.04 1.00052 1.00055 1.00058
0.06 0.02 1.00072 1.00076 1.0008
0.08 1.00094 1.00099 1.00104
0.1 1.00118 1.00123 1.0013
0.02 1.00043 1.00045 1.00047
0.04 1.00061 1.00064 1.00068
0.06 0.04 1.00081 1.00085 1.0009
0.08 1.00103 1.00108 1.00114
0.1 1.00127 1.00133 1.0014
0.02 1.00052 1.00055 1.00058
0.04 1.00071 1.00074 1.00078
0.06 0.06 1.00091 1.00095 1.001
0.08 1.00112 1.00118 1.00124
0.1 1.00136 1.00143 1.0015
0.02 1.00062 1.00065 1.00069
0.04 1.0008 1.00085 1.00089
0.06 1.00101 1.00106 1.00111
0.08 0.08 1.00122 1.00128 1.00135
0.1 1.00146 1.00153 1.00161
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Table 3. Variations of 7, for 61 & 62

T
81 82 9 =10.00 9 =0.02 9 =0.04
0.02 5.0419 5.04753 5.05358
0.04 5.02642 5.03212 5.03823
0.06 0.02 5.01105 5.01681 5.023
0.08 4.9958 5.00163 5.00789
0.1 4.98067 4.98658 4.99293
0.02 5.03713 5.04277 5.04883
0.04 5.02165 5.02736 5.03349
0.06 0.04 5.00628 5.01205 5.01825
0.08 4.99103 4.99687 5.00315
0.1 4.9759 4.98182 4.98818
0.02 5.03236 5.03802 5.04409
0.04 5.01689 5.0226 5.02874
0.06 0.06 5.00151 5.0073 5.01351
0.08 4.98626 4.99211 4.9984
0.1 497113 4.97707 4.98344
0.02 5.02759 5.03326 5.03935
0.04 5.01212 5.01785 5.024
0.06 0.08 4.99675 5.00254 5.00877
0.08 4.98149 4.98736 4.99366
0.1 4.96636 4.97231 4.9787
4. CONCLUSIONS

Effects of SWCNT characteristics on blood flow inclined artery with two symmetrical stenoses have been considered

and solved analytically. This analysis will help the doctors particularly in circulatory system, microfluidic devices, where
the optimized shear stress is preventing harm to the tissues and ensuring the efficient fluid flow. Based on the
Mathematical analysis it is observed that:

= The resistance to the flow A enhances with the stenoses height and with the addition of SWCNT compared to
pure blood.

=  The sink and source parameter of heat enhances the temperature &it gives better heat dissipation of the
considered base fluid with the addition of SWCNT.

=  The Wall shear stresses of arteries decrease with SWCNT stating that SWCNT base fluid give higher results
compared to other base fluids.

=  The various impacts of heights of multiple stenoses decrease for different Values of Nano fluid viscosity as
correlate to constant Nano Fluid viscosity

=  With the help of Stream Lines, blood velocity increases with an increase in the concentration of Nanoparticles
as correlate with the case of pure blood (@ = 0) i.e. by implementing the SWCNT we can reduce the stenosis
height or decreases the resistance to the flow
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AHAJII3 KPOBOTOKY YEPE3 HAXWUJIEHY APTEPIIO, IKA MA€ YACJEHHUI CTEHO3 31 3SMIHHOIO
B’SI3KICTIO HAHOPIJIMHU 3 BUKOPUCTAHHAM OJHOCTIHHOI BYIJIELIIEBOI HAHOTPYBKH (SWCNT)
Caiien Hicap Axmen®P, Kapanamy Mapyri [Ipacan?, P. Ilpinesic
“Jlenapmamenm mamemamuru, wixona Hayku, GITAM (ssasxcaemvca yHisepcumemonm), Xatioapabao, wmam Tenaneana, Inois—502329
b Tenapmamenm mamemamuxu, Iobansnuti incmumym inoicenepii ma mexuonozii, Yinkyp-poyo, wmam Tenanzana, Inois — 501504
CCYIENT Ltd, wumam Tenancana, Inoia — 500032
[Tix BrmrBOM 0HOCTIHHOT ByrteneBoi HaHOTpyOku (OCBHT) mociimkeHo CTIHKUI TOTIK TOTOKY B’S3KO1 PiIMHU Yepe3 IOXUITY TpYOy
HEOIHOPITHOTO IIONIEPEYHOT0 Mepepi3y 3 MHOXKHHHAMHY CTeHO3aMU. MU JTiHeapHu3yBanu piBHAHHS Tedil Ta BU3HAYMIN BHPa3H OLOPY
Tedii Ta Hapyry 3CyBY CTiHKH, IPUILYCKAIOUH JIETKi CTeHO3H. JIOCIIiKEHH S II0Ka3ay, SIK apaMeTpy BIUIMBAIOTh HA 3MiHHI OTOKY.
BcTanoBneHo, 1o orip NOTOKY 3pOCTaE 3 BUCOTOIO CTEHO3y. Takox IikaBo BiJ3HAYMTH, 1[0 HANpyra 3CyBY CTIHKH 3MEHIIYETHCS 31
301IBIICHHSIM CTYICHS CTEHO3y. TaKkoX CHOCTepIraeThCs, IO OMip MOTOKY (A7) 301IbIIYEThCS 3 HAXHIIOM (), TApaMeTPOM JKepera Ta
ctoky (f), unciom I'pacroda (Br), nuHamiuno0 B’s3KicTiO (1) i moTokoM (g). [Ipodini mBHAKOCTEH NpeacTaBiIeH] y BUMISIAL JTiHiH

CTpyMy.
KutouoBi ciioBa: cmenos; cmitikicme 00 meuii; gyeneyesa HaHompyoOKa, HAnNPyaa 3Cy8y CMIHKU



