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Abstract:

Blood flow in a double aneurysmatic artery of the normal tissue is studied. A Finite
element method is used to analyze numerical simulation of blood flow through
aneurysmatic arteries and Comsol multiphysics software is used for blood flow simulation.
The Newtonian, generalized Newtonian, Oldroyd-B, and generalized Oldroyd-B models are
considered due to the behavior of blood viscosity. In this paper, the effect of aneurysmatic
artery on blood flow with permeability in human organs has been investigated. The non-
Newtonian models have been applied to study the blood velocity, pressure, and wall shear
stress in an aneurysmatic artery. A set of partial differential equations are transformed into
dimensionless equations using non-dimensional variables and solved numerically. The
novelty of this work is to identify the cardiovascular diseases in case of double
aneurysmatic artery conditions for all models. The effect of wall shear stress is a vital
factor to determine fatal arterial diseases which may be reported in the research center.
The findings of this study can be used to know the atherosclerosis diseases and increase the
understanding level of the double aneurysmal artery with the presence of permeability for
which may help to enhance the knowledge of medical science. We have focused our
consideration on the simulation of blood velocity and pressure in terms of blood flow rate
for various Weissenberg numbers (Wi) and Peclet numbers (Pe). In this study, significant
changes in blood velocity, pressure, and wall shear stress for all cases due to the presence
of permeability at aneurysm in the artery are found. The effect of the Peclet number and
Weissenberg number have played a key role in the blood flow at the porous area. The
important effects on blood flow of aneurysmatic artery for blood velocity, pressure, and
wall stress profiles are presented graphically for Newtonian and non-Newtonian models.

Keywords: Anuerysmatic artery; Oldroyd-B model; finite element method; permeability; viscoelasticity

NOMENCLATURE
o Stress Tensor (Pa) i,  Polymer viscosity
oy Viscous stress tensor (Pa) s Solvent viscosity
on  Solvent stress tensor (Pa) V! Anti-symmetry velocity gradient
L  height and the enclosure (m) y Rate of deformation tensor
I Identity matrix u,v velocity components (ms)
Wi Weissenberg number U,V  Dimensionless velocity components
p pressure (Nm=) Greek symbols
non-dimensional pressure 7 Viscosity
Pe Peclet number y Deformation tensor
q  Flow rate (m?/s) p density of the fluid (kgm~3)
Jx  Relaxation time 0) kinematic viscosity of the fluid (m?s?)

Aq  Retardation time Ts Extra-stress tensor
V  Symmetry velocity gradient
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1. Introduction

An aneurysm is defined as a dilatation of a blood vessel involving an increase in diameter above 50 percent
compared with the expected normal diameter (Anand and Rajagopal, 2004). It is a result of an irregular growth
or weakened blood vessel wall which is bubble or balloon shaped. Aortic aneurysm, Cerebral aneurysm, and
Peripheral aneurysm are commonly found in the human body. The main reason and nature of aneurysms are still
a vital subject of debate and almost 75 % of patients with aneurysms die before reaching the hospital. It may be
90 percent if we count prehospital deaths of ruptured aneurysm diseases (Cronenwett et al., 1985, Ingoldby et
al., 1986). The study of blood flow has attracted many medical researchers, bioengineers etc. over the past years,
due to its significant effect on several human cardiovascular diseases such as Arteriosclerosis, Bleeding, Stroke,
kidney damage, and high blood pressure. The hemodynamical features of blood can change the rheological
properties during the blood circulation system. It plays an important role in the expansion and progression of
various cardiovascular diseases (Tu and Deville, 1996). A segment of the artery expands to form various
aneurysms due to the wvessel wall losing its structural integrity and continuously striking the pulsatile
intraluminal pressure. Subsequently, the tension on its wall increases obeying Laplace's law and wall thickness
plays a role in the expansion and ultimate rupture of an aneurysm and has shown that the stress in the arterial
wall is inversely proportional to the wall thickness (Johansen, 1982). It is observed that with the increases of
aneurysms the wall thickness has decreased. It is also found that the elasticity of the vessel wall has reduced
with increasing age.

In case of the aneurysm and cardiovascular diseases the blood circulation is restricted and creates disorder in the
blood flow system. As a result, blood flow loses its natural behavior and becomes non-Newtonian fluid.
Currently, A good number of researchers (Keslerova and Karel, 2015, Bluth et al., 1990) have studied
aneurysms from various perspectives and still have a great possibility to contribute to the sector. It is very
important to determine the main factors that are the core responsibilities of the growth aneurysm and rupture.
The aneurysm study of blood flow is very vital to understanding the blood behavior through enlarge tube as the
wall shear stress, pressure decline and velocity development are some important factors to identify arterial
diseases (Caro et al, 1971, Ernst, 1983, Friedman et al., 1992, Oka, 1973). The study of viscoelastic behavior of
blood have been done (Thurston, 1973) which shows a relation between shear rate and viscoelasticity of blood.
It has been studied of pulsatile blood flow in aneurysm and found the existence of vortex (Wille, 1981). The
primary and secondary vortices are found (Fukushima et al.,1986) and shown that negative shear stressed the
value and pressure fluctuation are remarkable in the aneurysm. An aneurysm is examined for the steady flow
with the range of Reynold number from 500 to 2600 (Budwig, et al, 1993). The correlation between fluid
dynamics and blood platelet deposition is found (Bluestein, et al, 1996) for steady flow in the aneurysm model.
A numerical forecast of blood flow patterns and hemodynamic stresses have been studied in an abdominal aortic
aneurysm in a two-aneurysm of different sizes (Finol and Amon, 2001). A data assimilation method (Elia et al,
2011) is used to show the numerical simulation of blood flow in 2D idealized stenosis with wall shear stress
effect for capturing the shear-thinning rheological behavior. A numerical simulation is studied for the
generalized Newtonian and Oldroyd-B model with an extended computation domain (Prokop and Kozel, 2013).
The simulations of blood flow have improved by incorporating known data (Telma et al, 2014). An analysis has
been done for viscous and viscoelastic fluids through the branching channel (Kumar and Naidu, 1995). A lot of
study of aneurysm hemodynamics have been done for steady blood flow (Bernsdorf and Wang, 2009, Budwig et
al, 1993) and shown the effect of the recirculating vortex on the aneurysm artery. It has been investigated
(Mukhopadhyay and Layek, 2011) that the systematic analysis of blood flow in the presence of hematocrit at
local aneurysm. In a dilated arterial vessel, the pulsatile suspension flow of blood with hemodynamics properties
has been studied (Prasad et al, 2014). A thermodynamic framework is used to describe the viscoelastic response
(blood) of bodies with multiple configurations (Rajagopal and Srinivasa, 2011). It has also discussed (Prasad et
al.,2014) the steady flow of Jeffrey fluid through a tube for stenosis and aneurysm. A study of blood flow
through an artery with overlapping stenosis has been done (Prasad et al., 2017). It is estimated of wall shear
stress for thoracic aortic aneurysm and shown that the tools are very helpful for treatment methodology at
arterial disease (Febina et al., 2018). The effect of cyclic stretch on vascular endothelial cells and abdominal
aortic aneurysm (AAA) have been studied (Ramella et al., 2019) and shown that significant change in AAA is
found due to wall calcification.
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Recently, it is found (Parth et al., 2020) that the human lung system has been affected by biological and other
factors for airflow and particle transport in arteries. They have shown that the velocity magnitude of airflow at
the stenosis area is higher than in healthy airways. A study has been done (Pokhrel et al., 2020) that the pressure
drop of the blood flow in the artery decreases with the increase of stenosis. An analysis of blood flow through
aneurysm models have been discussed (Hong et al. 2020) and found out the hemodynamics trend of blood flow
is affected by the various shape of the aneurysmal artery. Computational analysis has been completed ( Shen,
2021) on the rupture of the cerebral aneurysm of blood flow and indicates that the angle of the arriving blood is
significantly effective in the risky section on the aneurysmal artery wall. It has been studied (Rahman et al.,
2021) that the transportation of nanoscale and microscale particles having realistic lung models with and without
stenosis numerically. They have shown that with the increase of flow rate and the particle diameter, the particle
deposition efficiency in airways has increased.

With the above inspiration, an effort is made in the present theoretical analysis to develop a mathematical model
in order to study an aneurysmatic artery on blood flow in presence of permeability in human organs. A
generalized cross model is used for non-Newtonian blood flow in this case. It is found (Muraki, 1983) that the
mural thrombi and aneurysm rupture occurs in the enlarged area of the aneurysm. This study is one of the major
physiological significance and more focus is also paid to show the major changes in the presence of partial
permeable and permeable aneurysmal arterial wall for considered model.

In the present work, a numerical study of blood flow with aneurysmal artery has been studied to explore the
effects of blood vessel swelling, the intensity of aneurysm, the wall shear stress, the dimensionless humbers, and
the nonlinearity for Newtonian, Oldroyd-B and their generalized cases. A comprehensive scientific study is
shown through their simulation of blood flow and graphical presentation for all cases. A comparison is shown
with the previous result for validation of this study. The mathematical equations of blood flow are considered
for the 2D steady case and then a finite element model has been developed for the present problem.

2. Mathematical Formulation

The swelled blood vessel portion having a double aneurysm within its artery is modeled and steady two-
dimensional viscoelastic fluid in the existence of permeability with incompressible non-Newtonian fluid
characterized by generalized cross model. Figure 1 is the main enthusiasm for considering the present model and
the considered model in the present study is displayed in Figure 1. It is assumed that the blood fluid is uniformly
injected or removed with speed Vo at the aneurysmal artery and the parabolic velocity profile at the inlet is
considered. The wall is rigid, and deformability is ignored due to the complexity of the constitutive equations. A
mathematical model of the arterial segment has been used (Srivastava and Shailesh, 2010) for the overlapping
stenosed model. The modified mathematical structure of the geometrical model with the presence of a double
aneurysm is shown in Figure 2.

_ Rx)
“ Ry(x)
£ . _ o _ _
1+ IR (110 — 1) 12 —47(x — 102 12+ 72(x — 1030, — 36(x — [)%) lp<x =y + 1,
_ a
1, otherwise 1)

Where denotes the radius of the aneurysmatic section, Rﬁ(x] is the radius of the non-aneurysmatic area, la
indicates the length of the aneurysm, and I, is the aneurysm location, & is the maximum height of the aneurysm.

. I 51 . . o 3
The aneurysm positions are at x = I, + Eﬂ and x =1, + ?“ respectively. The critical height is taken as TE

at x = Iy + -2, from the origin.
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Figure 2. Aneurysmal geometric model

3. Mathematical model

Consider the blood flow in the enlarge artery to be two-dimensional, steady, symmetric and fully developed.
The flowing blood is the properties of viscoelastic and shear-thinning where the generalized cross model is used.
In vector form, the basic mathematical equations of the continuity equation, Navier Stokes equation (Bird et al.,
2001, Faveroa et al., 2010) and Oldroyd-B constitutive equation (Owens and Phillips, 2002) for steady-state
blood flow are as follows:

Continuity Equation
F.u=0 2
Momentum Equation

d
pa—: +p(u.Viu=—-VFp+u,Au+Vet+pf (3)

Oldroyd-B constitutive equation:

g+ i.r[%"‘ (u.V)e] = 2u, V(u)+ A [eV/ — Ve —aV — Vo] (4)
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Here u is the velocity vector, u= (us, Uz, U3)", p is the constant density, o is the extra stress tensor, p is
dynamic viscosity, A the relaxation and the symmetric part of the velocity gradient,lV = — {Vu + l?urj

i.e. o=2uV.

The following dimensionless variables are introduced to normalized equations (2) to (4).

x=LX, t=Lt*/U, u=UU,, o= Upo/L (5)
p = pUPIL, f = FuU/L?, v=V/L (6)
Wi = AU/L, Pe= UL/a = Re Sc, Sc = u/pL, @)

Using dimensionless scale equations (5-7), the governing non-dimensional blood flow equations are obtained
for steady state 2D aneurysm vessel in domain Q as follows:

Continuity Equation
VvUu=10 (8)
Momentum Equation

2 [W.V)U] = ~Vp+(1— W)AU+ V.o +F ©)

Oldroyd-B constitutive equation:
W, [(U.V)e]+ 6 = 2u, VIU) + W, [(VU)]e + & (VU)? (10)

The total viscosity are composed of Newtonian viscosity (solvent, u,) and viscoelasticity (polymer, )
. . . . . Ag
components, u= un + v and the relation between relaxation (L) and retardation time (Lq),is f = “T" The
x Hp THp
extra-stress tensor, ¢ = on + oy, Wwhere Newtonian part, on = 2uV and viscoelastic

oo
part, o, + A, A4

=21,V . Reynolds number (Re), Pectlet number (Pe) and Weissenberg number (Wi)

are dimensionless numbers. In the case of shear-thinning behaviors of blood flow, the shear rate dependent
viscosity function p(¥ ) and the generalized Cross model ( Sequeira et al. 2007, Galdi et al. 2008) given by

N Mo~ Mo
= — 11

#(¥) = b + o (11)
with the parameters a, b, A>0. On the basis of blood shear-thinning (un) and viscoelasticity (oy) properties, we
have four models such as (i) Newtonian (un = p = constant, oy =0) (ii) Generalized Newtonian (un = p(¥),0v
=0) (iii) Oldroyd-B (un = po = constant, o ) (iv) Generalized Oldroyd-B (pn = p(¥ ),0v).
It is required to prescribe either Dirichlet (velocity) or Neumann (surface force) boundary conditions (Prokop
and Kozel, 2013) at the inlet to develop parabolic velocity profile due to insufficient physiological data.

The mathematical parabolic velocity profile and the corresponding extra stresses components (Bodnar et. Al.
2011) are as follows

u =15 Ui(1-y?); 0<y<2,v=0 (12)
., 2 a
oy = 20, Wi(3) 00 =y 5 02 =0 (13)
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At outlet, pressure value is constant, and no slip conditions is appropriate at vessel walls. Due to pressure
force (Po) the stress is acting at the boundary

oc.n=-Pyn

For permeability, the constant velocity (vo) is used at first aneurysm. In case of Oldroyd-B and its generalized
model, the extra stresses components are used at inlet and others boundary conditions remain same as
Newtonian and generalized Newtonian. On the walls, no slip conditions are used for the velocity together with
the condition for the normal component of the extra stress: u = 0 and (6. n). n = 0, Where n is the boundary
unit normal vector.

In this research work, the continuity equation (2), momentum equation (3) and Oldroyd-B equation (4) are
considered to account for the blood viscoelasticity. The following models (Bodnar et. Al. 2011) are tested and
shown in Table 1 for different flow rates (q = 0.05, 0.1, 2 cm® s), that correspond to the common blood flow
rates in human body for the combination of shear-thinning and viscoelasticity.

Table 1: Models outline

Name of Model Shear-thinning () Viscoelasticity (ov)
Newtonian L = L= constant o, =0

Generalized Newtonian = u(y) oy =0

Oldroyd-B M = L= constant oy

Generalized Oldroyd-B = u(y) oy

4. Numerical Approximations

The partial differential equations subjected to the boundary conditions simultaneously have been solved for the
dependent variables such as velocity, pressure and stress tensor. The numerical procedure of the finite element
method (Dechaumphai, 1999, Taylor and Hood, 1973) has been used to solve this problem and details are given
below. The velocity and viscoelasticity Equations (8-10) result in a set of non-linear coupled equations for
which an iterative scheme is adopted. To ensure convergence of the numerical algorithm the following criteria
are applied to all dependent variables over the solution domain

Dlwg-wytl =107

Where, ¥ represents a dependent variable u, p,o; the indexes i, j indicates a grid point; and the index n is the
current iteration at the grid level. The six-node triangular element is used in this work for the development of the
finite element equations. All six nodes are associated with velocities as well as stress tensor; only the corner
nodes are associated with pressure. This means that a lower order polynomial is chosen for pressure, and it is
satisfied through continuity equation. The velocity component and the stress tensor distributions and linear
interpolation for the pressure distribution according to their highest derivative orders in the differential
Equations (8-10) are defined as follows.

ulX,¥Y) = Nyu, o(X,¥Y) = Nyon, p(X,¥) = Hip; (11)

Where, a=1,2,..., ..., 6; 1= 1, 2, 3; N, are the element interpolation functions for the velocity components and
the stress tensor, and H; are the element interpolation functions for the pressure.

To derive the finite element equations, the method of weighted residuals is applied to the continuity equation
(8), the momentum Equations (9) and the viscoelasticity Equation (10), we get.
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Iy Ne(Vou)dd=0 (12)
[ N, (u.Vyu ddA=—[,H; VpdA + [,N, (V.e)dA+ (1 — ) [, N, AudA + [, N fdA
5o 04 4 4 4 4

(13)

W, [N, (w.V) o dA+ [[NoodAd=2[,p, N V() dA+ W, [, N.((Vio + o (V) ) dA
(14)

Where, A is the element area. Gauss’s theorem is then applied to Equations (12-14) to generate the boundary
integral terms associated with the surface tractions and extra stress tensor. Then Equations (13-14) become,

Pe i ) i
—j N, (u.Viu JdA + j H; VpdA— j N, (V.e)dd —(1—21) J‘Nﬁ Audd— j N, fdA
Scla A A A Fl

= [, NaSxdso (15)
W, j N, (u.V)odA+ j N, odA—2 J‘p,, N, V{u)dA — W, jwﬁ{{jvu}ﬁ at(Var) }dA
A A A A

= fA Nﬁ,o‘wdsw (16)

Here Equations (15) specify surface tractions (S, Sy) along outflow boundary So and Equation (16) specifies
velocity components and stress tensor that can be applied from domain along wall boundary Sy. Substituting the
element velocity component distributions, the stress tensor distribution, and the pressure distribution from
Equations (8-10) the finite element equations can be written in the form,

K, prug + K, pyig = 0 17)
{:h’ﬂg},rugu}, + Hﬁg},}‘ L’gu},] + Mﬁprpﬁ + Hﬂgxﬁg + K, pyog
+(1 = A)(Saprx + Saprdug — fr Ky = Quu (18)

W (Kapyx ugo, + Kopyvpo,) + Kppoy, — u(Kpprug, + Ko pyug)
— W, (Kop,*upgo, + Kapyyugo,) = Qur (19)

Where, the coefficients in element matrices are in the form of the integrals over the element area and along the
element edges Sp and Sy, as,

Kopx = [ Ny Np dA K, gy = [, Ny Ng, dA Kog,x = [N, NgN,_.d4,

Kapyy = [ Na NpNyy dAKog = [ No NgdA, Sopwx = [, Noyo Np oA Sapyy = [, Noy NpydA,
afy

Mg = [ HoH, dA My » = [[Hy Hy ,dA, Qou = jgnwﬁsxds.:, QT = fs:. N, 0,,dS,,

These element matrices are evaluated in closed-form ready for numerical analysis. Details of the derivation for
these element matrices are omitted herein for brevity (Reddy, 1993; Zeinkiewicz, 1971; Roy and Basak, 2005).
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The derived finite element equations, Equations (17-19), are nonlinear. These nonlinear algebraic equations are
solved by applying the Newton-Raphson iteration technique by first writing the unbalanced values from the set
of the finite element Equations (17-19) as

Fopr = f&rﬁgxug + f't’,rg}‘ Vg

Fou = Re(Kapyx ugu, + Kop, v vgu, ) + Mg xPp— K, pxop — Ko gyop
+H(1 = ) (Sppxx+ Sppryug — foKy — Quu

Fpo = Wi(Kapy* ugoy + Kapyyvp0y) + Kapop — to(Kapx ug + Kapy vg)
—2W;(Kapy* 1, 0p + Kagyy u, 0p) = Qus

This leads to a set of algebraic equations with the incremental unknowns of the element nodal velocity
components, temperatures, and pressures in the form,

Hu u Hu & Hu T Au F, 13 .
K., K. 0 {J'_‘l. a 1 =—4F° (20)
Kpw 0 0 [lAp g

Where, K, = RE{:HHE},IU}, + f&rﬂ},ng}, + f&rﬁg},}‘Vg} + {l — ﬂ}{sﬁgxx + Sﬁg}‘}‘}
Kus = _HRE"'—KHS_F Uy, Hup = M:r,uxv
Hﬁu = H“Jz' Hrr,[? y¥0: — H:r B* My HG:F = er,[? - 21’1‘;:' {:H ch + Hrr,[?}rFUc}

afy
Kop =0,K;, = Kopx K, =0=K,,.
The iteration process is terminated if the percentage of the overall change compared to the previous iteration is
less than the specified value. To solve the sets of the global nonlinear algebraic equations in the form of matrix,
the Newton-Raphson iteration technique has been adapted through PDE solver (COMSOL MULTIPHYSIS,
2013) and MATLAB programing (Kumar et al., 2010).

5. Numerical Results

The aim of this mathematical model is to know and bring out the effects of permeable anuerysmatic artery, wall
shear stress, and dimensionless numbers on blood flow for the models of (i) Newtonian (u» = constant, oy =0)
(if) Generalized Newtonian (un = ;:(}?),Jy = 0) (iii) Oldroyd-B (un = constant, oy ) (iv) Generalized
Oldroyd-B (1 = ply), @, .The Newtonian (N), generalized Newtonian (GN), Oldroyd-B (OD) and
generalized Oldroyd-B (GD) models are used to study the influence of the shear-thinning and viscoelastic
behavior of blood. In this work, we are concerned with non-Newtonian fluids type, with the flows of
incompressible viscoelastic Oldroyd-B fluids. It is very important to select the blood viscosity for accuracy in
blood flow simulations. In 2D aneurysm case, the generalized Cross model, the mathematical parabolic velocity
profile and the corresponding extra stresses components are used for shear-thinning properties of blood.

A validation test has done (Prokop and Kozel, 2013) to evaluate the accuracy of the numerical simulation and
flow visualization for Newtonian (N), generalized Newtonian (GN), Oldroyd-B (OD) and generalized Oldroyd-
B (GD) cases. It has computed blood velocity, pressure and wall shear stress with dimensionless numbers Wi
and Pe for considered model. For this numerical study, the following blood properties are considered: 0 < Wi <
1, 0 < Pe < 1000, po = 0.16 Pa.s, un = 0.0036 Pa.s, a = 1.23,b = 0.64, . = 8.2s, p = 1050 kg.m-3, Ip = 2R, I=
10R, R=3.1mm, and I, = 6R.

The purpose of this paper is to discuss the effects of the permeable aneurysmatic artery, wall shear stress and
dimensionless numbers on blood flow for all cases to study the influence of hemodynamic variables. The
simulation of blood flows in terms of axial velocity contour lines have shown in Figure 3 as follows.
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Figure 3: Comparison of velocity contour of blood flow through stenosis artery

5.1 Aneurysmal vessel effects on blood flow field

The velocity contour lines have provided a detailed description of the blood flow field and it is a specific interest
of the model. The velocity profiles of blood flow of the four different models Newtonian, Generalized
Newtonian, Oldroyd-B, Generalized Oldroyd-B are presented in Figures 4-6 with constant flow rate. It is very
interesting that the only recirculation zones are originated in generalized Oldroyd-B model and absent at rest of
the models for simple aneurysm (no permeability) blood vessel. At permeable aneurysm, some permanent
recirculation zones are found between the aneurysms. It is noted that the recirculation zones are migrating
toward the proximal end of the aneurysm cavity and adjacent to vessel wall for all models. These recirculation
zones are symbolic of regions over a significant portion of each model where the flow is separated. At
generalized Newtonian and Oldroyd-B model the recirculation zones have shrunk considerably. Because of, a
shear-thinning viscosity of blood which leads to the increase of the local viscosity in the low-shear regions.

In Figure 4, the flow separation regions are initiated at the beginning of both aneurysm and blood flow patterns
are symmetric along vessel axis. But in the case of permeable boundary conditions at Figures 5 and 6, the flow
separation regions are created at the bottom section of first aneurysm but different in second aneurysm and the
blood flow patterns are migrating towards upper vessel wall.

The graphical presentation of velocity profiles is shown in Figure 7 for all four models at dimensionless number
Wi=0.6 and Pe=1000 with absent of permeable, partial permeable and both permeable aneurysms. From the
Figure 7a, the minimum value of velocity is found in second enlargement regions and peak value is at outlet for
Newtonian and Oldroyd-B case. Due to permeability, the velocity has increased and provide highest velocity at
generalized models in Figures 7a & 7b. In Figures 7a, 7b, and 7c, the minimum values are found at aneurysm
for all cases and the lowest value is approximately 0.044 which is in the 2nd aneurysm for the Oldroyd-B model
at the permeable aneurysm. It is a very interesting finding that the blood flow patterns are almost the same for
impermeable and permeable case, but the lowest value is found for generalized models in presence of
permeability. In the presence of porosity at aneurysm, the blood velocity is more affected for Oldroyd-B fluid.
In the case of partial porosity at aneurysm, the lowest value is observed at the Oldroyd-B and generalized
Oldroyd-B cases. The difference of blood velocities is 0.014 and 0.019, and the deviation of velocity is almost
22.22% for partially permeable aneurysms and 30.15% for both permeable aneurysms respectively. On the other
hand, the maximum values are 0.069, 0.065, and 0.061 for impermeability, partial permeability, and both
permeability aneurysm respectively. The maximum changes of blood velocity are 24.29% (approx.) for the
Oldroyd-B model whereas 11.59% for the generalized Oldroyd-B. So, the effect of permeability aneurysm
artery on the blood flow is more prominent for the generalized Oldroyd-B case. In the recirculation zone, the
blood shear-thinning behavior is remarkable and local viscosity increases significantly. The viscoelastic effects
may become more important for other cases.
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Figure 5: Velocity contour line on blood flow through partial permeable anuerysmatic blood vessel at
Pe=1000 and Wi = 0.6

Newtonian

Generalized Newtonian

Oldroyd-B

Generalized
Oldroyd-B

Figure 6: Velocity distribution on blood flow through permeable anuerysmatic blood vessel at Pe=1000
and Wi = 0.6
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Figure 7a Figure 7b

Figure 7¢

Figure 7: Velocity profile without permeable (Figure 7a), partial permeable (Figure 7b) and both permeable
(Figure 7c) aneurysm along vessel when Pe=1000 and Wi=0.6.

5.2 Aneurysmal vessel effects on pressure distribution

The blood flow simulation of pressure circulation is present in terms of contour plot for all models in Figures 8,
9 and 10 with permeability and without permeability of aneurysm. At Figure 8, the iso-pressure contours show
the way to gain a minimum value at the separation point and decreased mechanically. The maximum value has
peaked at the reattachment point, which created a stagnation point, and fell suddenly at the beginning of first
aneurysm. Due to presence of permeability, the pressure has decreased rapidly and gained minimum value at
outlet in Figure 10. The flow separation points, and stagnation point have migrated towards upper blood vessel
wall. The patterns of pressure distribution have changed magnificently along aneurysm for porosity of vessel
wall and pressure contour lines converted from steep to slant gradually at second aneurysm. The pressure
gradient is very intensive at the end of second aneurysm, and it is varied substantially throughout the blood
vessel. The contour of blood pressure results indicates that twice aneurysms are formed, the blood flow has
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increased the blood pressure at dilating area. The significant changes occur in blood pressure at first dilating
(aneurysm) because of penetrable vessel wall. At generalized Oldroyd-B model, the pressure is more dominated
compared to others due to the shear-thinning behavior of blood viscosity.

The numerical graph of pressure profiles is shown in Figure 11 for all four models at Wi=0.6 and Pe=1000.
From Figures 11a, 11b, and 11c, the least pressure values are almost -1.8, -2.2, -2.9 at the outlet for
impermeability, partial permeability, and both permeability aneurysm respectively in the case of the generalized
Oldroyd-B model. The maximum pressure changes are 61.11% in the presence of permeability aneurysm for
generalized Oldroyd-B case and almost 22.22% for Oldroyd-B case. In the middle of the aneurysm, the highest
changes of blood pressure are found for the generalized Oldroyd-B case. It is observed that the maximum
pressures are 0.8, 0.7, and 0.65 for Newtonian fluid for all cases. The blood pressure has changed 18.75% at
most for both permeable aneurysm arteries. At Figure 11, the minimum pressure is originated after second
dilating for all models. The lowest value is found at Oldroyd-B model due to porosity at Figure 11c which leads
to non-Newtonian fluid flow is faster than Newtonian fluid.

Newtonian

Generalized Newtonian

Oldroyd-B

Generalized
Oldroyd-B

Figure 8: Pressure distribution on blood flow through anuerysmatic (without permeable) blood vessel at Pe=1000
and Wi =0.6

Newtonian
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Generalized Newtonian

Oldroyd-B

Generalized
Oldroyd-B

Figure 9: Pressure distribution on blood flow through partial permeable anuerysmatic blood vessel at Pe=1000 and
Wi=0.6

Newtonian

Generalized Newtonian

Oldroyd-B

Generalized
Oldroyd-B

Figure 10: Pressure distribution on blood flow throUgh permeable anuerysmatic blood vessel at Pe=100 and Wi =
0.6
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Figure 11: Pressure profile with no permeable (Figure 11a), partial permeable (Figure 11b) and both permeable
(Figure 11c) aneurysm along vessel when Pe=1000 and Wi=0.6.

5.3 Wall Shear Stress effects on Blood flow

The wall shear stress (wss) effects on blood flow are an important factor to identify the fatal cardiovascular
diseases in the arteries. The impact of wss of blood flow has shown at Figures 12 for Newtonian model with
impermeable and permeable aneurysm at constant flow rate. The surface force has worked tangentially at blood
vessel artery, acting against the fluid flow and a vital parameter in blood flow simulation. In Figure12, the wss
profiles are shown at Pe=1000 and Wi =0.6 for all cases. The profiles have displayed the oscillation of wall
shear stress on blood flow along vessel axis for all models. The maximum value is found at inlet and then it is
going down rapidly at the genesis of permeable aneurysm for all models. It speeds up dramatically at first
aneurysm and suddenly fall down for all models. The lowest value is found just after permeable aneurysm in the
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case of Newtonian fluid. We have observed that the wss of generalized Newtonian and Oldroyd-B model is
marginally higher than the others model and the wall shear stress of generalized Oldroyd-B model is
significantly higher than other models.

The comparable graphical study of impermeable and permeable aneurysm for the wss are shown in Figure 13
with various Wi = 0.0, 0.5 and 1.0. At Wi = 0.0, the wss is greater in the case of impermeable aneurysm because
of viscous effect on blood flow. The influence of porosity aneurysm the wss is lower at Wi=0.0 in Newtonian

case. From the Figures. 13, it is clear that the wall shear stresses have a significant change due to permeability.

X105 | + t t t + t t t t — x10% [T
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Figure 12: Effects of wall shear stress on blood flow through impermeable (left) and permeable (right)
aneurysmal artery for Newtonian case at Pe=1000 and Wi = 0.6.
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Figure 13: Effects of wall shear stress on blood flow through impermeable (left) and permeable (right) aneurysm
for different Wi at Oldroyd-B Model case with Pe=1000.

6. Conclusion

The finite element method is used to simulate the blood flow through permeable aneurysm artery. The
generalized Newtonian model, Oldroyd-B models and generalized Oldroyd-B models are used for non-
Newtonian fluid blood viscosity. Due to shear-thinning and blood viscosity, Oldroyd-B type models play
important role to find out blood flow variables. The numerical study is performed to analyze the blood flow
patterns through permeable aneurysm in steady flow for all cases. The outcomes of blood flow characteristics
and wall shear stress are correlated to blood viscoelasticity. The blood flow variables are foremost and
decreased for all models along vessel axis at permeable aneurysm. The porosity aneurysm and blood viscosity
are main factors for the Newtonian and Non-Newtonian solution. At the present problems, the numerical method
is used to solve the governing equations seems to be sufficiently strong and effective for the appropriate
resolution. To solve these nonlinear equations, the Newton-Raphson iteration method is used for solutions of the
nodal velocity component, tensor component, and pressure by considering Weissenberg numbers of 0.0, 0.5 and
1.00 and Pectel numbers of 10° to 3x10%.

The effect of an aneurysmal artery on blood flow in the presence of permeability in human organs has been
studied for various values of relevant parameters. It is an important finding that non-Newtonian types model
provide accurate result compare to Newtonian types model to study blood flow characteristics for permeable
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aneurysm artery. Numerical models and simulation provide an effective non-invasive technique to obtain
accurate data of blood flow in human artery and appropriate identification of arterial diseases. The following
outcomes may be concluded from the present study:
e Significant changes of blood flow characteristics at permeable anuerysm for all four models are found in
this investigation. The blood velocity has been reduced due to presence of permeability at aneurysm is
another important finding.

e The effect of the blood flow on the wall shear stress is an important factor to determine fatal arterial
diseases.

e  The minimum value of blood velocity and maximum value of pressure are found at porous aneurysm. But
in impermeable aneurysm, the lowest velocity has been found at second aneurysm for all cases.

e The effect of dimensionless numbers Peclet (Pe) and Weissenberg (Wi) are more striking at porous region
and blood flow variables have been changed dramaticaly. The pressure distribution have been increased
with increase of Pe at permeable aneurysm but pressure patterns have been decreased with the increase of
Wi for generalized Oldroyd-B cases.

e The blood flow patterns are alike for impermeable and permeable aneurysm but the maximum variation of
blood velocity and blood pressure has occurred for the generalized Oldroyd-B model.

e The impact of a permeable aneurysm on blood flow is another key factor to identify cardiovascular
diseases.

o Elliptic types of recirculation zone are originated between the aneurysm regions for all four models and
non-axisymmetric profiles are found at the entrance.
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