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The primary concern of the present investigation is to study blood flow in a porous catheterized artery with
an axially asymmetric and radially symmetric stenosis (constriction). In the present study, blood is char-
acterized as a two-fluid system containing a cell-rich zone of suspension of blood cells described to be a
particle-fluid suspension (Jeffrey fluid) and a cell-free plasma (Newtonian fluid) layer near the wall. The
systematic expressions for flow characteristics such as fluid phase and particle phase velocities, flow rate,
wall shear stress, resistive force, and frictional forces on walls of arterial stenosis and catheter are derived.
It is recorded that the wall shear stress, flow resistance, and frictional forces are found to be increased with
catheter size, red cell concentration, and slip parameter. When blood obeys the law of constitutive equation
of a Jeffrey fluid, the flowing blood experiences lesser wall shear stress, flow resistance and frictional forces
as compared to the case of blood being categorized as a Newtonian fluid. The increase in Darcy number,
blood rheology as Jeffrey fluid, and the presence of peripheral plasma layer near the wall serves to reduce
substantially the values of the flow characteristics (wall shear stress, flow resistance and frictional forces).

Keywords: blood flow, Jeffrey fluid, erythrocytes, suspension, plasma layer, stenosis, catheter tube, slip,
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1. Introduction

It is well known that heart diseases are mainly respon-

sible for causing major death in the present era, and the

furthermost common groups are atherosclerosis, ischemia,

and angina pectoris. Stenosis or arteriosclerosis refers to

an abnormal and unnatural growth of connective tissues in

the arterial wall developed at various locations of the car-

diovascular system under diseased conditions (Caro et al.,

1978; Ponalagusamy, 1986; Young, 1968). It is established

that blood flow in an arterial stenosis disturbs the flow

pattern in circulatory system and stenosis or arterioscle-

rosis is one of the commonly arising cardiovascular dis-

eases (Young, 1979). Although the reason for the initiation

of such diseases is yet to be understood in totality, there is

a concrete faith that hemodynamic features and mechan-

ical behavior of blood vessels walls play a pivotal role in

the instigation, formation, and proliferation of the disease

(Chaturani and Ponalagusamy, 1986a; Young, 1968; Young

and Tsai, 1973). Nevertheless of the cause it is accepted

that once the constriction has developed, it brings about

enormous vicissitudes in the desired flow variables, par-

ticularly, velocity profile, skin friction, wall shear stress,

and the flow impedance, and the troubled flow field is fur-

ther altered by non-Newtonian rheology of blood, nature

of permeability of arterial wall, the presence of peripheral

layer of plasma, and the inserted a catheter into stenosed

artery. The theoretical and experimental investigations on

flow of blood are also vital for the diagnosis of cardio-

vascular diseases and development of pathological designs

in human or animal physiology, and for other clinical pur-

poses and practical applications (Caro, 1982; Ponala-

gusamy, 2012; Young, 1979). Since the rheology of blood

and its flow phenomena in a porous catheterized arterial

stenosis are of the key topics in a better understanding of

the genesis of stenotic lesions, a modest effort is to be

made to provide a mathematical study on flow of blood in

a porous catheterized arterial stenosis by taking into

account of a two-fluid model to be made up of a cell-rich

core of suspension of red cells (Jeffrey fluid) termed as a

particle-fluid mixture and a peripheral layer of plasma free

from cells (Newtonian fluid).

Assuming blood as a Newtonian fluid, blood flow in a

stenosed arteries has been studied by Deshpande et al.

(1979), Forrester and Young (1970), and Macdonald

(1979). It is well accepted that the rheology of blood

obeys the law of a non-Newtonian character under certain

flow environments (Cokelet, 1972). Recently researchers

studied the effects of non-Newtonian nature of blood on

its flow by considering blood as power law, Casson, and

Herschel-Bulkley fluid (Chaturani and Ponalagusamy,

1985; 1986b; Shukla et al., 1980b). In the models cited

above, blood is considered as a sole phase Newtonian or

non-Newtonian fluid and no effort is taken to study the

impact of blood cells concentration on the physiological

flow patterns. It is shown that blood cannot be considered

as a single-phase homogeneous viscous fluid when it*Corresponding author; E-mail: rpalagu@nitt.edu
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flows in blood vessels of diameter ≤2400 µm (Cokelet,

1972; Haynes, 1960). The distinctiveness of red cells (of

radius 4 µm) is significant even in such large blood ves-

sels with radius around 120 cells’ radius and a real picture

of flow needs attention of red cells as individual particles

(Ponalagusamy, 2016b). Keeping this in view, we rumi-

nate blood to be a multi-phase fluid in which the partic-

ulate phase is the red blood cells and the fluid segment is

the plasma.

The effects of blood cells concentration and stenostic

height on shear stress at the wall and resistance to flow are

studied (Srivastava, 2002). Mekheimer and Kot (2010)

have introduced a particle-fluid suspension model for

blood flow through a tube where the inner tube has a bal-

loon and the outer tube with a mild stenosis. The influ-

ences of hematocrit and the inclination of the vessel on

flow characteristics of blood are presented by Chakraborty

et al. (2011). It is well known fact that blood is a complex

fluid which contains suspension of cells and particles in

plasma. Hence, blood is having non-Newtonian character-

istics, particularly at low shear rates and in moderate

radius blood vessels (Ponalagusamy, 2012; Mann et al.,

1938). It is of interest to mention that the nature of New-

tonian fluid can be acquired from Jeffrey fluid model as a

special case. The problem of blood flow, in which the

fluid in the core region is supposed to be a Jeffrey fluid

and plasma in peripheral region to be a Newtonian fluid,

is formulated by Santhosh and Radhakrishnamacharya

(2014). They indicated that the effective viscosity and

core hematocrit are decreased with the increase in Jeffrey

fluid parameter. The flow pattern of Jeffrey fluid is further

discussed in (Jyothi et al., 2013; Rao and Rao, 2012). In

these models, blood is considered as a single-phase Jeffrey

viscous fluid and the studies thus failed to afford an esti-

mation of blood cells concentration (a two-phase Jeffrey

viscous fluid) on the blood flow features (velocity profile,

wall shear stress, frictional forces, and flow impedance).

When blood flows through tubes, the existence of a cell

free plasma layer near the wall is experimentally observed

by Bugliarello and Hayden (1963) and Bugliarello and

Sevilla (1970). Based on their experiments, it is preferable

to consider blood flow in tubes by a two-layered model in

place of one-layered model. Shukla et al. (1980a) ana-

lyzed two-layered model and found the effect of plasma

fluid viscosity on shear stress and flow impedance. Many

investigators (Chaturani and Kaloni, 1976; Chaturani and

Ponalagusamy, 1982; Srivastava and Rastogi, 2010; Sri-

vastava et al., 2010; Srivastava and Srivastava, 2009)

studied the flow of blood characterized by a two-layered

model and observed the influences of thickness of plasma

layer on flow quantities. Ponalagusamy and Selvi (2011;

2013; 2015) have investigated the two-layered model for

blood flow and studied the impacts of slip velocity, thick-

ness of peripheral plasma layer, radially variable viscosity,

and temperature on shear stress and flow resistance. Cath-

eterization is a mode in which a long thin multipurpose

tube has been inserted into the arterial stenosis for treat-

ment of atherosclerosis. Insertion of a catheter into the

lumen of the arterial stenosis upshots substantial devia-

tions in the blood flow pattern. In view of this, Mekheimer

and Kot (2010) and Srinivasacharya and Srikanth (2012)

considered the effects of tapering in arterial wall and cath-

eter size on blood flow respectively. During the process of

angioplasty, the translational pressure gradient was mea-

sured (Ganz et al., 1985). Sarkar and Jayaraman (1998)

have witnessed the troubled flow pattern in the stenosed

artery due to catheterization. In view of the immense

importance of studying two-phase (a particle-fluid mix-

ture) model of blood with plasma layer near the wall, no

effort in the literature (at least to the best of author’s

knowledge) is made to investigate the effects of catheter

size on the flow characteristics. 

Endothelial walls have been renowned to be permeable.

Further, the permeability of the arterial wall is signifi-

cantly increased by the presence of cholesterol in blood. It

is observed that the rise in permeability results from

dilated and inflamed arterial walls. Ponalagusamy (2016a;

2016b) has focused on investigating the influences of Jef-

frey fluid parameter, plasma layer thickness, red cell con-

centration, stenosis shape parameter, and catheter size on

the flow characteristics by assuming no slip condition at

the arterial wall and the nature of arterial wall is non-per-

meable. The no slip condition at the wall is not valid due

to the permeability of the arterial wall and hence consid-

ering a slip condition at the arterial wall becomes physi-

ologically an immense important situation (Brunn, 1975).

Slip phenomenon at the boundaries has been also detected

in the flows of polymeric liquids and it also has a signif-

icance importance in hysteresis effects, spurt, polishing of

artificial heart, shear skin, and internal cavities. It is, there-

fore, pertinent to recognise the influences of permeability

of the wall and slip at the wall of blood vessel with ste-

nosis, which are duly investigated in the present study of

blood flow. Dash and Mehta (1996) have analysed the

effects of permeability by considering two cases of per-

meability, constant permeability, and variable permeability

on the flow of blood. Sharma et al. (2012) developed a

mathematical model for pulsatile flow of blood through a

stenosed artery filled with porous medium and found that

the presence of porosity reduces the amount of blood trans-

ported to the organs. Ponalagusamy (2007) has, for the

first time, derived analytical formulas for computing slip

velocity at the wall and peripheral plasma layer thickness.

In flow models developed by Dash and Mehta (1996),

Ponalagusamy (2007), Ponalagusamy and Selvi (2011;

2013; 2015), and Sharma et al. (2012), only a single-phase

fluid model is taken into account and two-layered model

with suspension theory (a particle-fluid mixture) has not
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been developed.

The literature survey suggests that there exists a gap for

a study of the concurrent effects of an axially non-sym-

metric but radially symmetric stenosis, non-Newtonian

rheology of blood, concentration of red cells, thickness of

plasma layer, catheter size, permeability of stenosed arte-

rial wall, slip at the wall on physiologically important

quantities such as velocity, wall shear stress, frictional

forces on both the walls of stenosed artery and catheter,

and flow resistance (impedance) for blood flow in a ste-

nosed artery. The flow of blood is considered as a two-lay-

ered model containing a core region of suspension of all

erythrocytes described to be a particle-fluid mixture (Jef-

frey fluid) and a peripheral zone of cell-free plasma (New-

tonian fluid).

2. Problem Formulation

We consider an axially symmetric, two-dimensional,

steady, laminar, and fully developed flow of blood in a

porous catheterized arterial stenosis. In this article, blood

is symbolized by a two-layered model containing a cell-

rich core region of suspension of blood cells (Jeffrey fluid)

designated as a particle-fluid mixture of radius 

and a peripheral layer of cell-free plasma (a Newtonian

fluid) of thickness ( ), where  represents

the radius of artery in the stenotic region,  indicates

the radius of the region between the plasma layer interface

and the axis of the arterial stenosis, and  is catheter

radius which is considered to be very small as compared

to the radius of artery in the stenotic region. Let us take

the cylindrical coordinate system ( ) whose origin is

located on the axis of arterial stenosis (Figs. 1 and 2). The

wall profile of the flow geometry is expressed as

(1) 

where ,  denotes the radius of artery

(uniform tube),  indicates the maximum height of the

stenosis occurring at , n (≥ 2) is a para-

meter determining the shape of the stenosis (the symmet-

ric stenosis occurs when n = 2),  signposts the location

of stenosis, and the length of stenosis is .

Based on the continuum approach, the suitable govern-

ing equations for  and  components of momentum

with the continuity equation in the cylindrical polar coor-

dinate system for the core region ( ) com-

prising of both the fluid and particle phase flow of Jeffrey

fluid maybe expressed as below.
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Fig. 1. Geometry of an axially asymmetric catheterized arterial

stenosis.

Fig. 2. Geometry of an arterial stenosis with plasma layer.
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,

(8)

are termed as the stress components (Santhosh and Rad-

hakrishnamacharya, 2014),  and  are the axial veloc-

ities of fluid and particle respectively,  and  represent

the radial velocities of fluid and particle,  and  indi-

cate the densities of the fluid and the particle phases,

respectively, C represents the volume fraction density of

the particles,  denotes the pressure,  designates the

drag coefficient of interaction for the force exerted by one

phase over the other,  denotes the viscosity of par-

ticle fluid mixture, λ1 is the ratio of relaxation to retarda-

tion times,  is the retardation time, ,  and 

are shear stress components respectively in the planes of

 and , and the subscripts f and p represent the

quantities associated with the plasma (fluid) and erythro-

cyte (particle) phases, respectively. It is presumed that the

pressure gradient is the same for the two phases (fluid and

particle) which is accurate for several practical situations

(Drew, 1976). Srivastava and Srivastava (2009) clearly

said that in the situation of considering low concentration

of small particles, the field interaction between particles is

negligibly small and it can therefore be neglected. 

In the present analysis, the mathematical expressions for

 and  are preferred as 

, (9)

and

(10)

where  indicates the plasma viscosity,  represents the

radius of a red blood cell, and T is the temperature mea-

sured in the absolute scale (K). Based on suggestion made

by Charm and Kurland (1974), the expression for the sus-

pension viscosity (  is accurate up to 60% hematocrit

(C = 0.6), and the expression (Eq. (10)) is originally

derived by Tam (1969) representing classical Stokes drag

valid for a small particle Reynolds number. It is of sig-

nificance to note that the volume fraction density of the

particles C is considered to be a constant, which is a rea-

sonably good approximation in the case of small particles

with low concentration (Drew, 1979).

In the peripheral plasma layer zone ( ),

the momentum and continuity equations for the steady

flow of a Newtonian fluid in the cylindrical polar coor-

dinate system are written as 

,  (11)

, (12)

(13)

where ( ) are the axial and radial velocities of plasma

fluid and  denotes the density of plasma fluid.

We introduce the following dimensionless variables:

(14)

where  is the mean velocity over the cross section of the

tube of radius  and  is a constant viscosity of New-

tonian fluid when the flow of blood is represented as one

layered model. By applying Eq. (14), the applicable equa-

tions in their non-dimensional form governing the steady

flow of fluid and particle phase in the core region and

peripheral plasma layer region for the case of mild steno-

sis (  << 1) subject to the following two additional

conditions (Mekheimer and Kot, 2010; Ponalagusamy,

1986; Young, 1968)

(i)  (15)

(ii) (16)

may be expressed as follows:
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The corresponding boundary conditions are

(i)  at (20)

(ii)  as  and  at (21)

(iii)  at (22)

where D
a
 is Darcy number (or the permeability parameter)

and α indicates the slip parameter. Boundary condition at

the wall given by Eq. (20) is known as the Saffman’s slip

condition (Saffman, 1971). The equation of the flow

geometry in its dimensionless form is stated as

 (23)

where  and .

3. Solution
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region is respectively obtained as
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(R2 = 0) may be obtained from Eq. (28) as

. (29)

It is pertinent to point out that the sum of the flow rates

across the core and peripheral plasma regions is equal to

the total flow flux. Based on the study made by Ponala-

gusamy (1986) and Shukla et al. (1980b), one may obtain

the relation as mentioned below:

(30)

where γ represents the ratio of radii of the central core

zone to the artery in the unobstructed region (uniform

tube).

With the help of Eq. (28), the pressure drop Δp (= p at

z = 0, −p at z = L) across the stenosis between the sections

z = 0 and z = L is expressed as 

. (31)

The shear stress at the wall τw is defined as

.  (32)

Using Eqs. (24), (28), and (32), one may obtain the ana-

lytical expression for the wall shear stress (τw).

The flow impedance (flow resistance) λ is found from

Eq. (31) as 

. (33)

The frictional force on the stenosed arterial wall FR is

calculated as

. (34)

Similarly, we can find the expression for the frictional

force on the wall of catheter  by

. (35)

4. Results and Discussion

It is of interest to mention that to observe the quantita-

tive effects of volume fraction density of the particles C
(red cell concentration), non-Newtonian behavior of

blood, thickness of plasma layer near the wall, catheter

size, Darcy number, slip parameter, and shape and height

of stenosis on velocity profiles, flow flux, shear stress at

the wall, resistive force, and frictional forces, computer

codes are developed for the numerical computations of the

analytical solutions given in Eqs. (24)-(26) and Eqs. (32)-

(35) for parameters values (Cokelet, 1972; Mekheimer

and Kot, 2010; Ponalagusamy, 1986; 2013; Santhosh and

Radhakrishnamacharya; 2014; Shukla et al., 1980a; Young,

1968): d = 1; L = 4; C = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6;

n = 2; T = 298.5 K; δs = 0.0, 0.05, 0.10, 0.15, 0.20; R2 = 0,

0.1, 0.2, 0.3; λ1 = 0.0, 0.50, 1.00, 1.50; Da = 0.0, 0.0001,

0.0002, 0.0003; α = 0.1, 0.2, 0.3; and γ = 0.9832, 0.9533,

0.9640, 0.9688, 0.9742, 0.9782, corresponding to hema-

tocrit, C = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 respectively (Haynes,

1960). It is verified that the exact mathematical expres-

sions for fluid velocity, particle velocity, wall shear stress,

and flow impedance obtained in the present study are

reduced to the expressions obtained by Ponalagusamy

(2016a) for λ1 = 0.0 and Da = 0.0, to the expressions found

in Ponalagusamy (2016b) when R2 = 0.0 and Da = 0.0, to

the expressions by Srivastava and Sexena (1997) for λ1 =

0.0, R2 = 0.0, and Da = 0.0 and to the expressions obtained

in Srivastava and Srivastava (2009) for λ1 = 0.0, γ = 1.0,

and Da = 0.0.

Figure 3 reveals the radial variation of fluid velocity (uf)

with respect to one-layered and two-layered models for

the flow of Newtonian and Jeffrey fluid in the case of no

slip condition at the wall. We observe that the value of

fluid velocity is always higher in a single fluid model

(C = 0) over that of a particle-fluid mixture ( ). The

increase in the plasma layer thickness and Jeffrey fluid

parameter (λ1) tends to increase in the magnitude of fluid

velocity whereas it is significantly decreased by the inser-
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Fig. 3. (Color online) Radial distribution of fluid velocity (uf)

with one-layered and two-layered models for flow of Newtonian

and Jeffrey fluids in a rigid arterial stenosis.
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tion of catheter around the axis of arterial stenosis. The

radial distribution of fluid velocity for the flow of New-

tonian and Jeffrey fluids with respect to different values of

catheter size (R2), Darcy number (Da), and slip parameter

(α) is computed and illustrated in Fig. 4. When the values

of R2 (catheter size) and λ1 (Jeffrey fluid parameter) are

held fixed, the fluid velocity in the core region is increased

but it is decreased in the peripheral plasma region by the

increase of Darcy number. It of interest to note for the

same conditions stated above that the slip parameter (α)

leads to decrease the fluid velocity (uf) in the core region

whereas it increases the fluid velocity in the peripheral

plasma region. For a given value of Darcy number (Da),

Jeffrey fluid parameter (λ1), and slip parameter (α), the

insertion of catheter tube rapidly decreases the fluid veloc-

ity and its percentage decrease becomes approximately

52.94% at (r/R) = 0.5.

The results of the axial variation of wall shear stress (τw)

in the stenotic region with different values of Jeffrey fluid

parameter (λ1) and catheter size (R2) for one-layered and

two-layered models are shown in Fig. 5. For a given value

of catheter size (R2) and Jeffrey fluid parameter or the

ratio of relaxation to retardation times (λ1), the wall shear

stress is found to be lower in two layered model (γ < 1.0)

than in one layered model (γ = 1.0) and its magnitude is

further increased by the insertion of catheter tube. The

rheology of blood changing from Newtonian fluid (λ1 =

0.0) to Jeffrey fluid (λ1 = 1 & 2) and the introduction of

plasma layer near the wall play a vital role in substantially

diminishing the wall shear stress. The reason is that the

increase in λ1 and peripheral plasma layer thickness has

decreased the value of effective viscosity of blood which

leads to reduce the wall shear stress. This phenomenon

supports the aggregation of human platelets and integrity

of the endothelial cells alignment on the surface of wall of

artery. 

Figures 6 and 7 elucidate the axial variation of wall

shear stress (τw) with Darcy number (Da) and slip param-

eter (α) for one-fluid and two-fluid models of flow of

Newtonian and Jeffrey fluids. As the axial distance (z)

increases, the wall shear stress increases in the converging

Fig. 4. (Color online) Radial distribution of fluid velocity (uf)

with one-layered and two-layered models for flow of Newtonian

and Jeffrey fluids in a porous arterial stenosis. Fig. 5. (Color online) Axial variation of wall shear stress (τw)

against Jeffrey fluid parameter (λ1
) and catheter size (R2) for

one-layered and two-layered models.

Fig. 6. (Color online) Axial variation of wall shear stress (τw)

with Darcy number (Da) and slip parameter (α) for one-layered

and two-layered flow model for Newtonian fluid.
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region while it decreases in the diverging zone. This is

attributed to the fact that in the converging section of ste-

nosed artery, the velocity gradient near the wall zone is

higher due to the accelerated flow and thus causing rela-

tively large shear stress on the wall. The magnitude of

wall shear stress is found to be higher for the case of New-

tonian fluid than its corresponding value for the flow of

Jeffrey fluid when other parameters involved in the pres-

ent investigation are considered fixed. One of the most

striking observations is that the increase in Darcy number

decreases the wall shear stress while it is increased with

the increase of slip parameter whether the plasma layer

thickness near the wall is present or not. In the case of

Newtonian fluid flow in a catheterized porous arterial ste-

nosis (R2 = 0.1, Da = 0.0001, and α = 0.1), the percentage

decrease in the wall shear stress at z = 1.5 (where the ste-

notic height becomes maximum) is 55.28% approximately

due to the presence of peripheral plasma layer whereas it

becomes approximately 52.82% for the same flow phe-

nomena of Jeffrey fluid (λ1). For a higher value of α or Da,

the tendency mentioned above becomes slightly higher for

both the fluids.

The combined effects of Darcy number (Da), slip param-

eter (α), and catheter size (R2) on the variation of shear

stress (τws) at the point of maximum height of stenosis (or

at the throat of stenosis) against Jeffrey fluid parameter

(λ1) in both the cases of one-layered and two-layered

models are displayed in Figs. 8 and 9. It is observed that

the wall shear stress at the throat of stenosis decreases

with the increase in Jeffrey fluid parameter irrespective of

considering no slip condition (Da= 0) or slip condition

(  and ), which is imposed at the stenosed arte-

rial wall. The rate of decrease in τws becomes very sig-

nificant for a lower value of λ1 and this trend seems to be

less dominant for a higher value of λ1. In the case of

uncatheterized arterial stenosis, the value of τws is higher

for Da= 0 over that of Da= 0.0001 with α = 0.1 and the

percentage of decrease is steeper in the former case with

the increase in Jeffrey fluid parameter. Similar trend has

Da 0≠ α 0≠

Fig. 7. (Color online) Axial variation of wall shear stress (τw)

with Darcy number (Da) and slip parameter (α) for one-layered

and two-layered flow model for Jeffrey fluid.

Fig. 8. (Color online) Variation of shear stress at the stenosis

throat (τws) with Jeffrey fluid parameter (λ1) for two-layered flow

model in the case of suspension flow.

Fig. 9. (Color online) Variation of shear stress at the stenosis

throat (τws) with Jeffrey fluid parameter (λ1) for one-layered flow

model in the case of suspension flow.
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been observed in the case of catheterized arterial stenosis.

It is of interest to note that the slip parameter plays a pre-

dominant role in increasing the wall shear stress in com-

parison with Darcy number as far as the values of

parameters are considered in the present work. One of the

noteworthy results seen from Figs. 8 and 9 that the con-

sideration of Jeffrey fluid model and introduction of

peripheral plasma layer serve the flowing blood to expe-

rience significantly less shear stress. For the flow of New-

tonian fluid having red cell concentration or volume

fraction density of the particles C = 0.4 (a particle-fluid

mixture model) through an uncatheterized arterial steno-

sis, the percentage decrease in the wall shear stress (τws) is

approximately 61.70% due to the introduction of periph-

eral plasma layer thickness (R2 = 0.0 and Da = 0.0). The

percentage of decrease is approximately 56.30% for the

same flow phenomenon in a catheterized porous tube

(R2 = 0.1, Da = 0.0001, and α = 0.2). Figure 10 reveals

that for a given value of Jeffrey fluid parameter (λ1), the

wall shear stress at the mid-point of stenotic region

increases with the increase in the value of volume fraction

density of particle (C) and its rate of increase becomes

predominant for a higher value of C. 

Figure 11 is drawn to see how the changes are arisen in

flow resistance (or impedance) λ by the rheology of blood

as Jeffrey fluid and the insertion of catheter tube simul-

taneously in both the cases of one-layered and two-layered

models. It is noticed that the impedance is decreased as

Jeffrey fluid parameter (λ1) increases and it is increased

with the increase in catheter size. When the rheology of

blood is changing from Newtonian to Jeffrey fluid, the

flowing blood experiences lesser impedance and it is fur-

ther substantially reduced by the presence of peripheral

plasma layer (two-layered model), which implies that the

vital organs (heart, brain, legs, and liver) are supplied with

the required amount of blood. Another notable result is

that the introduction of plasma layer thickness near the

wall diminishes the severity marginally caused by the

inserted catheter size into the blood stream.

Another important feature of the present study is to shed

Fig. 10. (Color online) Variation of wall shear stress at the mid-

point of stenotic region (z = 1.5) with volume fraction density of

particle (C) for different values of Jeffrey fluid parameter (λ1).

Fig. 11. (Color online) Axial variation of flow resistance (λ) with

Jeffrey fluid parameter (λ1) and catheter size (R2) for one-layered

and two-layered models.

Fig. 12. (Color online) Axial variation of flow resistance (λ)

with Darcy number (Da) and slip parameter (α) for one-layered

and two-layered flows of Newtonian fluid.
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some light on the axial variation of flow resistance λ with

Darcy number (Da) and slip parameter (α) in both the one-

layered and two-layered models for Newtonian and Jef-

frey fluids, as shown in Figs. 12 and 13. Regardless of the

presence or absence of plasma layer thickness near the

wall and the rheology of blood as Newtonian or Jeffrey

fluid, the flowing blood experiences higher flow resis-

tance when it flows through a porous catheterized arterial

stenosis. The slip parameter plays a key role in the sense

that it brings out a significant increase in the flow resis-

tance as compared to Darcy number (for a case of porous)

for the values of parameters considered. For a particle-

fluid mixture model of Newtonian fluid flowing in a

porous catheterized stenosed artery, the percentage decrease

in impedance (at the end of stenotic region) becomes

55.43% by the presence of plasma layer thickness near the

wall (Da= 0.0001 and α = 0.1, see Fig. 12). The percent-

age of decrease is 58.59% and 57.07% respectively for the

values of Da= 0.0001, α = 0.3 and Da= 0.0003, α = 0.3.

This behavior is predominantly enhanced in the case of

blood being characterized as Jeffrey fluid.

Figures 14 and 15 exhibit how the nature of blood as

Jeffrey fluid favorably helps the flow of blood to experi-

ence less impedance when it flows through a porous cath-

eterized (or uncatheterized) arterial stenosis in both the

one-layered and two-layered models. The rate of decrease

of flow resistance (or resistive force) at the mid-point of

stenotic region (λs) with the increase of Jeffrey fluid

parameter (λ1) is higher when blood flow in an uncathe-

terized arterial stenosis than in a catheterized arterial ste-

nosis. It is observed that for a given value of λ1, catheter

size (R2), Darcy number (Da), and slip parameter (α), the

value of λs is lower in two-layered model over that of one-

layered model (absence of plasma layer near the wall). A

decrease in Darcy number leads to the increase in the

value of λs and its rate of decrease with λ1 is found to be

higher for a lower value of Da (or for a higher value of α)

than for a higher value of Da (or for a lower value of α).

This behavior is further enhanced in the case of one-lay-

ered model as compared to the two-layered model (Figs.

Fig. 13. (Color online) Axial variation of flow resistance (λ)

with Darcy number (Da) and slip parameter (α) for one-layered

and two-layered flows of Jeffrey fluid.

Fig. 14. (Color online) Variation of flow resistance at the stenosis

throat (λs) with Jeffrey fluid parameter (λ1) for two-layered flow

model.

Fig. 15. (Color online) Variation of flow resistance at the ste-

nosis throat (λs) with Jeffrey fluid parameter (λ1) for one-layered

flow model.
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14 and 15). It is noticed that for a lower value of Jeffrey

fluid parameter (λ1), the rate of decrease of resistive force

at the throat of stenosis (λs) with the increase of λ1 is more

significant and this phenomenon becomes week for a

higher value of λ1 (≥ 2.6). It is also observed from Fig. 16

that the increase in the volume fraction density of particle

(C) or concentration leads to increase in the flow resis-

tance at the mid-point of stenotic region (λs) and it

decreases as the Jeffrey fluid parameter (λ1) increases.

This is attributed to the fact that as the volume fraction

density of particle (C) increases, the apparent viscosity of

blood increases which makes blood flow to experience

higher resistive force while the Jeffrey fluid parameter (λ1)

takes a higher value, the apparent viscosity of blood

decreases resulting the flow of blood experiences lesser

flow resistance.

The effects of Darcy number (Da), slip parameter (α),

catheter size (R2), and red cell concentration (C) on the

axial variation of frictional force (FR) on the wall of

porous stenosed artery for the two-layered model flow of

Newtonian and Jeffrey fluids have been illustrated through

Figs. 17 and 18. We notice that the frictional force on the

stenosed arterial wall is significantly increased by the

insertion of a catheter, increased red cell concentration or

volume fraction density of particle, and the introducing

slip through the boundary condition imposed at the wall of

stenosed artery. As Jeffrey fluid parameter (λ1) or Darcy

number increases, the value of FR tends to decrease. When

the rheology of blood is changing from Newtonian fluid

(λ1 = 0) to Jeffrey fluid (λ1 = 2.0), the percentage decrease

in the frictional force on the wall of a porous arterial ste-

nosis at z = 2.0 becomes 44.18% for R2 = 0, C = 0.4, Da =

0.0001, α = 0.1; 34.27% for R2 = 0.2, C = 0.4, Da = 0.0001,

α = 0.1; 34.58% for R2 = 0.2, C = 0.4, α = 0.2, Da = 0.0001;

30.69% for R2 = 0.2, C = 0.4, Da = 0.0002, α = 0.2; 28.91%

for R2 = 0.2, C = 0.6, Da = 0.0002, α = 0.2. A similar trend

has been observed on the axial variation of frictional force

on the wall of catheter in the case of two-layered model

(Figs. 19 and 20).

Fig. 16. (Color online) Variation of flow resistance with volume

fraction density of particle (C) at the midpoint of stenotic region

(z = 1.5) for different values of Jeffrey fluid parameter (λ1).

Fig. 17. (Color online) Axial variation of frictional force (FR) on

the wall of arterial stenosis with respect to catheter size (R2), red

cell concentration (C), Darcy number (Da), and slip parameter

(α) for Newtonian fluid.

Fig. 18. (Color online) Axial variation of frictional force (FR) on

the wall of arterial stenosis with respect to catheter size (R2), red

cell concentration (C), Darcy number (Da), and slip parameter

(α) for Jeffrey fluid.
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6. Conclusions

The drive of the present work is to study the combined

effects of non-Newtonian rheology of blood (Jeffrey fluid),

red cell concentration (hematocrit), permeability of ste-

nosed arterial wall, peripheral plasma layer thickness,

catheter size (radius), slip at the wall, and stenosis size and

shape on the flow characteristics. It is pertinent to point

out that no attempt is made, so far, to investigate the key

roles of catheter size, slip parameter through the boundary

condition enforced at the wall of arterial stenosis, and non-

Newtonian rheology of blood on the suspension flows

moreover to the presence of plasma layer near the wall of

porous arterial stenosis. In the present investigation, blood

is considered as a two-layered model comprising a core

zone of suspension of all the erythrocytes (particles) sup-

posed to be a particle-fluid concoction and a peripheral

layer of plasma free from cells.

Endothelial cells are responsible for maintaining vascu-

lar integrity and permeability. The magnitude of wall

shear stress plays a predominant role in changing the

endothelial monolayer. Hence, a thorough knowledge of

wall shear stress distribution is predominantly useful in

understanding the effects of blood flow on morphology

and spatial alignment of endothelial cells and aggregation

of human platelets. The resistance to flow is one of the

physiologically and industrially important flow variables

to be investigated. It may be concluded from the results of

variation of wall shear stress, frictional forces on both the

walls of arterial stenosis and catheter, and flow resistance

that these flow characteristics are found to be decreased

when the rheology of blood is changing from Newtonian

to Jeffrey fluid, which is further reduced by the presence

of peripheral plasma layer. This is attributed to the fact

that the apparent viscosity of blood is decreased with the

increase in Jeffrey fluid parameter (λ1) and the plasma

layer thickness and hence the flowing blood experiences

lesser wall shear stress, frictional forces, and impedance.

The values of flow characteristics (mentioned above) are

significantly increased by imposing the slip on the wall of

arterial stenosis, the insertion of catheter, and lower per-

meability of arterial wall. In view of observations made in

the present study, the information about the effects of slip

parameter, low permeable nature of stenosed arterial wall,

catheter size, and Newtonian behavior of blood on the

blood flow and the way of increasing the value of Jeffrey

fluid parameter, permeability of wall, and plasma layer

thickness could be useful for bio-medical engineers and

biological scientists to develop new diagnostic tools. 

List of Symbols

‘−’ : Represents the dimensional quantities

: Radius of a red blood cell

C : Volume fraction density of the particles

d : Location of stenosis

FR : Frictional force on the wall of stenosed artery

: Frictional force on the wall of catheter

L0 : Length of stenosis

L : Length of arterial stenosis

n : Parameter determining the shape of stenosis

p : Pressure

a0

FR
2

Fig. 19. (Color online) Axial variation of frictional force ( )

on the wall of catheter with respect to catheter size (R2), red cell

concentration (C), Darcy number (Da), and slip parameter (α)

for Newtonian fluid.

FR
2

Fig. 20. (Color online) Axial variation of frictional force ( )

on the wall of catheter with respect to catheter size (R2), red cell

concentration (C), Darcy number (Da), and slip parameter (α)

for Jeffrey fluid.

FR
2
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Q : Volumetric flow rate

r : Radial coordinate

R(z) : Radius of the stenosed artery

R1(z) : Radius of core region

R2 : Radius of the catheter

: Radius of the normal artery

Re : The suspension Reynolds number

 : Drag coefficient of interaction

T : Absolute scale of temperature (K)

: Average velocity of fluid in uniform artery 

uf, vf : Axial and radial velocities of fluid

up, vp : Axial and radial velocities of particle

u0, v0 : Axial and radial velocities of plasma fluid

Greek Symbols

γ : Ratio of central core radius to the tube radius in

the unobstructed region

δs : Maximum stenotic height

λ : Flow resistance

λ1 : Ratio of relaxation to retardation times

: Retardation time

λs : Flow resistance at the throat of stenosis

: Viscosity of Newtonian fluid for the case of one

layered model

: Plasma viscosity

: Viscosity of suspension

: Density of plasma fluid

, : Actual densities of the material constituting the

fluid (plasma) and the particle (erythrocyte) phases

τ : Shear stress field

τw : Wall shear stress

τws : Wall shear stress at the throat of stenosis
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