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Abstract 
 
In accordance to the advancement in the field of technology, modern society has privilege to have access to multifunctional devices. 
Indeed, the life has become surprisingly easier than preceding era, where as it brings its own consequence in terms several life-

threatening diseases due to lack of physical activity. One of the most oozing out concern of the world is heart disease facilitated by cho-
lesterol deposition in the arteries. In preceding years several researchers have put enormous effort to deepen understanding of this disease. 
Here in this study, computational fluid dynamics based finite element method commercial software COMSOL is used for numerical sim-
ulation of blood flow through the stenosed artery. The incompressible Navier Stokes equation is used for modeling blood flow in con-
stricted channel. The blood is modeled as non-Newtonian fluid with the help of Carreau model. Various shape of constricted channel is 
considered to depict several biological occurrences of the blockage. Wide range of parameters such as blockage ratio (B = 10-50%), 
blood viscosity and blood velocity are evaluated to explore the phenomena of flow skewness and to explore the recirculation phenomena 
in the blood flow stream past partially blocked artery. 
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1. Introduction 

The modern lifestyle has a number of adverb patterns have nega-
tive effects on health physically, psychologically, and socially. 
One of these modern ways of living is the high intake of fast foods 
[1-3]. Not only fast food, but our polluted environment also affects 
the human heart which is a major problem nowadays. Normally 
most of the heart problems are caused due to the cholesterol de-

posit. Cholesterol and plaques can be the cause of heart disease. 
Plaques begin in artery walls and grow over years. The growth of 
cholesterol plaques slowly blocks blood flow in the arteries. 
Worse, a cholesterol plaque can suddenly rupture [4-5]. Reducing 
cholesterol and other risk factors can help prevent cholesterol 
plaques from forming. Occasionally, it can even reverse some 
plaque buildup. Our work is to analyze the fluid flow and heat 
transfer characteristics of blood inside blocked arteries [6-8]. 

2. Methodology 

The Finite element analysis (FEA) is the simulation of   any given 
physical phenomenon using the numerical technique called Finite 
element method (FEM). Finite element method is a numerical 
method for solving problems of engineering and mathematical 
physics. One of the Finite element method software COMSOL is 

used for numerical simulation. Before proceeding for application 
of the prepared model in COMSOL 4.3b, it is indispensable to 
access the accuracy and capability of the setup to solve different 
types of problem. Hence wide range testing has been done for 
different types of fluid flow and fluid structure interaction prob-
lem. The obtained results are com- pared with well-established 

results obtained in literature. The cases for validation are chosen 
in such a way that all the cases have been widely investigated. All 

the validating results are represented in the subsequent discussions.  
Generally, COMSOL solvers take all the input parameter in di-
mensional form. To make the inputs in non-dimensional form, we 
have modeled the setup interns of reference scale. The detail mod-
eling strategies will be described in the respective sections. 

 

2.1 Flows over Stationary Cylinder in Infinite Domain 

 
Formation of wake behind a sphere is a common phenomenon, 
when a moving fluid interacts with stationary body or vice versa. 
On the downstream side low pressure vortices are created and the 
object will tend to move towards the low-pressure zone. In this 
condition, vortices are generated and detached periodically from 
either side of the body. This phenomenon is widely available in 

nature also. Hence, at initial step we have chosen this problem to 
be solved by the setup prepared [7]. 
The domain is chosen in such way to ensure that the size must not 
affect the solution. The diameter (D) of the cylinder is chosen to 
be 1unit.The length (L) and height (H) of the channel is set to 27D 
and 16D respectively. The position of the cylinder is fixed at 7D 
from the inlet and 8D from the bottom face as shown Fig.1. Ap-
propriate boundary condition is imposed on all the boundaries for 

well implementation of problem. In Fig1 the left boundary is as-
signed with inlet, where the fluid is assumed to enter the domain 
at uniform velocity. Right boundary is assigned with outflow 
boundary condition. In such case, a zero-diffusion flux is assumed 
for all flow variables. Top and bottom boundary is identified as 
symmetry boundary condition, on which the velocity gradient in 
normal direction is assumed to be zero.  
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Fig 1: Computational model for flow over stationary cylinder 

 

The fluid property is defined in such a way that Re can be regulat-

ed by changing only dynamic viscosity (μ) as we usually do in 
non-dimensional analysis. The computational domain is meshed 
by using 27986 number of triangular unstructured elements. The 
coefficient of drag and lift on the cylinder wall are calculated and 
compared with Dalalet al. [9]. The results obtained are in good 
agreement. Also the flow structures obtained possess well simi-
larity with the previously obtained well established results. 

 

Table 1: Comparison of simulated values of drag coefficient (CD) at dif-

ferent Re with Dalal et al. 

Re 
Dalal et 

al.*[9] 

COMSOL 

Result 
Percentage error 

10 2.96 3 1.13 

20 2.14 2.25 5.14 

40 1.59 1.67 5.03 

100 1.412 1.41 2.69 

 
From the above discussion it is very clear that our simulation re-
sults posses good agreement with the reference results. 

 

2.2. Flow over Stationary Cylinder Placed between Two 

Parallel Plates  
 
Flow over isolated cylinder is widely studied with reasonably well 
accuracy. In extension to this, cylinder placed near a plane wall on 
either side or both sides is also abundant in real world. The fluid 
dynamic behavior of the flow pattern generated in this case has 
significant difference than that of the previous. In this portion the 
incompressible flow past a circular cylinder confined in a channel 

is studied and compared with Singha and Sinhamahapatra [10]. 
The computational model used for the simulations is as shown in 
the Fig.2. 
 

 
Fig.2: The schematic diagram of computational domain used for simula-

tion of flow past circular cylinder placed inside a channel. 

 

Due to the two-dimensional nature of the flow, there is no flow in 

z direction. Hence the solution will be governed by unsteady two 
dimensional Navier-Stokes equation and the boundary conditions 
are applied as follows. In Fig.2 the left boundary is assigned with 
inlet boundary condition, where velocity is defined by a fully de-
veloped parabolic velocity profile equation. The right boundary is 
identified as outflow boundary condition i.e. Neuman boundary 
condition. The top and bottom boundaries are defined as wall with 
no slip boundary condition. In addition to this on the surface of 
cylinder, as usual no slip boundary condition is applied. The au-

thenticity of the setup is evaluated by comparing coefficient of 
drag (CD) with Singha and Sinhamahapatra [10] for various 
blockage ratio (β) at two Re. The detail comparison is represented 
in tabular form in Table 2. The computational model used for 

simulations is meshed by using 13876 number of triangular un-
structured elements. 
 
Table.2: Comparison of drag coefficient (CD) at different with Singha and 

Sinhamahapatra [10] 

Re β 
Singha et 

al.[10] 

COMSOL 

Result 
Percentage error 

45 

4 1.83 1.7 7.10 

6 1.54 1.58 2.59 

8 1.44 1.39 3.47 

100 

4 1.40 1.33 5 

6 1.29 1.23 3 

8 1.26 1.23 2.38 

 

2.3 Nanofluid Flow in a Long Microchannel with Slip 

Flow 
 
The forced convection of Newtonian homogeneous nanofluid flow 
in a long microchannel is studied numerically under the influence 
of a magnetic field. The hot inlet nanofluid is cooled by the heat 
exchange with the cold microchannel walls.  In this portion the 
incompressible flow through a microchannel with slip velocity is 
studied and compared with Karimipoura, D’Orazio&Shadloo [11]. 
The computational domain used for the simulation is shown in the 
fig 3. 

 

 
Fig.3 The schematic diagram of computational domain used for simulation 

of flow in a microchannel with slip velocity. 

 
The solution will be governed by unsteady two dimensional 
Navier-Stokes equation and the boundary conditions are applied as 
follows.  Here the temperature of the boundary is taken as constant. 
Slip velocity and temperature jump boundary conditions are simu-

lated along the microchannel walls at different values of slip coef-
ficient. The authenticity of the setup is evaluated by comparing 
Maximum Velocity for different values of Slip Coefficient (B) 
with Karimipoura, D’Orazio&Shadloo [11]. The detail compari-
son is represented in tabular form in Table 3. 
 
Table.3: Comparison of comparing maximum Velocity for different val-

ues of Slip Coefficient (B) with Karimipoura, D’Orazio&Shadloo [11] 

Slip Coeffi-

cient (B) 

Maximum Velocity 
Percentage 

error Karimipouret 

al.[11] 

COMSOL 

Result 

0.01 0.05 0.05 0 

0.05 0.23 0.227 1.3 

0.1 0.37 0.37 0 
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Here is the Graphical comparison of the maximum Velocity for 
different values of Slip Coefficient (B) are shown in the Fig. 4. 
 

 
Fig.4: The graphical comparison of the maximum Velocity for different 

values of Slip Coefficient (B). 

 

After the validation the computational domain is modeled by us-
ing COMSOL for simulation. Observation of heat transfer and 
fluid flow characteristics in a micro channel with blockage ratio 
50% is done. 

 

3. Specification Of Problem 

 
Steady state fluid is flowing through a circular micro channel 
(similar to artery of human heart) of constant cross section as 
shown in Fig.5. The diameter of the channel is 100μm and the 
length of the channel is taken as 1000μm. 
 

 
Fig5: Fluid flow through a Double stenosed artery 

 
For calculation we considered a Carreau fluid model. Two-
dimensional Navier-Stokes equations, continuity equation, and 
momentum equations are applied. 
For modelling of blood viscosity, we used Carreau fluid model 

[12] 
Carreau fluid model 

 
Where 

  

λ = 313s 1p(poise)=0. 1pa.s  
n = 0.3568 
μ0= 0.56p = 0.056 pa.s 
ρ = 1060 kg/ m3 
By taking a real human artery model the velocity and blood prop-
erties are considered and the computation processes are conducted. 

 

 

 

3.1 Blood Flow inside Single Corrugated Artery 

 
Fig 6: Fluid flow through a single tapered artery 

 
This is the model for the blood flow inside a single corrugated 
artery with blockage ratio of 50%. For the second problem state-
ment different cases are analysed to observe the flow characteris-
tics like all the boundary conditions are remaining same with the 
previous problem. With different Re and different blockage ratios 

for Re 100, the flow properties are also observed. 

 

4. Result and Discussion  

 
4.1 Analysis of Blood Flow inside Double Corrugated 

Artery 

 

 
Fig 7: Fluid flow through a Double stenosed artery 

 
To observe the effect of slip velocity we took different slip length 
B with respect to n=0.35. In COMSOL a horizontal line is consid-

ered to observe the velocity and pressure drop across the channel. 
 
Table 4: Variation of umax and Pressure Drop (p) at throat for different slip 

length at n=0.35 

B umax (m/s) p (pa) 

0 8.27 -5700 

0.1 7.06 -6550 

0.05 7.38 -5300 

0.01 8 -5150 

 

 
(a) 
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(b) 

Fig 8: velocity umax(a) and Pressure Drop p (b) plots for Different Slip 

velocity co- efficient (B) for n = 0.35 across the channel. 

 
We took another line at the throat to find out the change of pres-
sure drop and velocity on the throat line for different slip velocity 
coefficient. The results are given below. 
 

 
(a) 

 

 
(b) 

Fig 9: velocity umax(a) and Pressure Drop p (b) plots for different Slip 

velocity coefficient(B) for n = 0.35 On throat 

 
To check the effect of n some models are created with constant B 

for n= 0.1, 0.2, 0.35, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95. The maximum 
velocities and pressure drop for the n are given in the table. 
 

Table 5(a) and (b): Variation of umax and p along the channel for slip 

length (B) at different n 

 
(a) 

 

 
(b) 

 

The results are plotted on TECHPLOT and the effects on velocity 
and pressure are observed. 
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(a) 

 

 
(b) 

Fig 10: Variation of umax  (a) and Pressure Drop p (b) at different B with 

respect to n along the channel 

 
To observe the effect and changes in velocity and pressure across 

the throat some more models are created and simulated. And the 
results are given in the figure11.  
 

 
(a) 

 

 
(b) 

Fig 11: Variation of umax (a) and P(b) across the throat region 

 

4.2 Analysis of Blood Flow inside Single Corrugated 

Artery 
 
After observing the fluid flow properties in a tapered artery with 
stenosis in both side, we simulated some models similar to a hu-

man artery with stenosis (from 10% to 50%) in one side. And then 
different Re are taken (from Re100 and Re500).  
 

 
Fig 12: blood flow inside single corrugated artery 

 
We found a circulation in flow after the blockage. Due to a lot of 
change in kinetic energy there is a circulation takes place. To ob-
serve the effect of slip velocity we took different slip length B 
with respect to n=0.35. In COMSOL a horizontal line 
(point1=(0,0) to point2=(0,2000)) is considered to observe the 
velocity and pressure drop across the channel along the 

microchannel. The maximum velocity and pressure drops are ob-
served for different blockage ratios and different Re. By taking the 
values graphs are plotted.  
 

Table 6: variation in pressure drop (P) and flow velocity with blockage 

ratio 

Blockage Ratio (B.R) umax (m/s) p(Pa) 

10% 4.4707 12513 

20% 4.8754 10815 

30% 5.5117 7714 

40% 6.264 1724 

50% 6.265 -11107 

 
From the above table we can observe that the pressure decreases 
rapidly by increase in blockage ratio.  There is a circulation from 
30% to more. The flow velocity increases as the blockage ratio 
increases. From the table we can see that, at 40% to 50% blockage 
the velocity change became less. Due to increase in blockage ratio 

the cross-sectional area decreases. Therefore, the velocity of the 
flow increases rapidly. Increase in velocity a flow separation leads 
to the recirculation of blood creating a dead zone just after the 
throat.  
 

 
(a) 
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(b) 

Fig13 Pressure Drop p (a) and velocity umax(b) for Different Blockage 

Ratio (B.R) along the channel 

 

From the plots it is clearly observed as the B.R increases the pres-
sure drops. The throat is at x=350 but from the figure 13(a) it is 
clearly visible that the pressure drops just after the blockage and 
for B.R 50% the pressure drop is maximum. Figure 13(b) shows 
the change in velocity.  
For 50% blockage as it can be observed that, the velocity increases 

at x=350(throat height is maximum), after that the velocity sud-
denly drops and the again increase and became steady. This cre-
ates the skewness in the flow. Due to increase in velocity the 
blood flows through artery rapidly leads to a flow separation and 
pressure drop. Pressure drop leads to dead zone, and a dead zone 
near a partially blocked artery can create a complete blockage.    
After observing the changes in fluid properties, we have created 
different models to analyse the effect of Re in the flow. Here we 

can observe that for blockage ratio 50% there is sharp drop in 
velocity and then it increases to the maximum.  

 

Table 7: Variation of umax and p and vortex length along the channel for 

different Re 

Re umax(m/s) p(pa) Vl(μm) 

 

100 

 

7.06 

 

-6550 

 

400 

200 12 84651 650 

300 18 168636 850 

400 25 283688 1050 

500 31 436656 1350 

 
This table shows the change in pressure and velocity due to in-
crease in Re. Due to increase in Re, the velocity and pressure 
drops increases and the vortex length became more. This leads to 

permanent blockage of the artery. 
 

 
(a) 

 
(b) 

Fig 14: Pressure Drop p (a) and umax(b) plots for Different Re for along the 

channel 

 
Here as we can observe that, by increasing the Re the pressure 
drop also increases. velocity increases in the Re but there is a 
skewness in the flow.  Table shows the increase in length of the 

vortex Vl with respect to Re. 
 

Table 8: Variation of umax and p and vortex length along the channel for 

different Re 

Re Image of the vortex created 
Vortex 

length Vl 

100 
 

400 

200 

 

650 

300 

 

850 

400 
 

1050 

500 
 

1350 

 
From the above table it can be observed that, as the Re increases 
the length of the vortex increases in a larger scale and the circula-
tion became sharper. From the validation model we knew that due 
to blockage a flow separation takes place which helps in dropping 
the pressure that leads to cardiac diseases.  

 

5. Conclusion 
 
The numerical analysis of fluid flow properties through a tapered 
artery is done by using finite element based commercial software 
COMSOL Multiphysics. Different types of model are observed 
under different conditions with slip velocity. As we know in no 
slip over predict the actual velocity, so to study the real case we 
took slip boundary condition. Both single tapered and double ta-
pered arteries are observed. For different slip velocity coefficient, 

varying blockage ratios and for different Re different models are 
analysed. From the analysis and by observing the results we found 
that 

 With increase in the slip length coefficient the velocity 

increases and the pressure drop. Keeping slip velocity coefficient 
constant and varying the n, it is observed that, there is not much of 
change in velocity and pressure at low n. But for higher value of n 
the velocity increases rapidly and pressure decreases. 

 In single corrugate ed artery, different amount of block-

age are created (from 10% to 50%) to observe the changes in fluid 
properties. It is observed that as the blockage ratio increases the 
velocity increases and pressure decreases. Due to reduction in 
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cross sectional area of the microchannel the flow velocity increas-
es rapidly creating a back pressure just after the throat region. 

 The pressure drops suddenly at 40% to 50% blockage. 

Blockage creates a back pressure due to which flow separation 
occurs. The flow starts rotating after the blockage, which creates a 
dead zone. It is observed that blockage more then 40% is harmful 
to human artery. 

 By changing the Re we observed the flow properties 

change. It is observed that at high Re, the recirculation length is 
more which means the pressure drop is more. Due to low pressure 
the deposition of the cholesterol increases which leads to complete 
blockage. 
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