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Abstract

This article describes the numerical investigation of blood flow in the stenosed artery bifurcation with accel-
eration of the human body. Using the commercial software FLUENT, three-dimensional analyses were per-
formed for six simulation cases with different body accelerations and bifurcation angles. The blood flow
was considered to be pulsation flow, and the blood was considered to be a non-Newtonian fluid based on
the Carreau viscosity model. In order to consider periodic body acceleration, a modified, time-dependent,
gravitational-force term was used in the momentum equation. As a result, flow variables, such as flow rate
and wall shear stress, increase with body acceleration and decrease with bifurcation angle. High values of
body acceleration generate back flow during the diastolic period, which increases flow fluctuation and the
oscillatory shear index at the stenosis.
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1. Introduction

Blood flow characteristics in arteries can be altered by

arterial disease, such as stenosis and surrounding circum-

stances. The altered blood flow and blood pressure may

influence the development of disease and regional changes

in blood rheology (Smedby, 1997). When patients with

orthostatic hypotension move from the lying-down posi-

tion to the standing position, their blood pressures can

decrease instantaneously by as much as 20 mmHg (Bra-

dley and Davis, 2003), so these people easily feel vertigo

and have temporary visual and hearing problems due to the

rapid movement and vibration of the body. Also, in the

same situation, patients with hypertension may suffer from

headache, a feeling of fatigue, an abnormal increase in

pulse rate, and myocardial infraction (Zerwic, 1988).

Periodic acceleration (pGz) is forced from axial oscil-

lating motion of whole body like a vibration. The human

body often undergoes vibration and changes in gravita-

tional forces in the daily activities of life, such as driving

in vehicles, riding a roller coaster, and the rapid body

movements that occur in sports activities. Although the

human body is able to adapt to changes in the surround-

ings, a prolonged exposure of body to such vibrations leads

to many health problems like headache, loss of vision,

increase in pulse rate, abdominal pain, venous pooling of

blood in the extremities and hemorrhage in the face, neck,

eye sockets, lungs and brain (Hiatt et al., 1961).

Adams et al. (2001, 2008) investigate the regional blood

flow change during periodic body acceleration (pGz) with

clinical trial of juvenile pigs. When 0.4 G pGz was sub-

jected, regional capillary blood flows rate significantly

increased in the outer layers of heart tissue (71%), cerebral

tissue (183%), brain stem located lower part of brain

(177%), and other of the vascular beds measured. Although

pGz did not change arterial blood pressure or heart rate, the

volume flow rate of blood pumped by the heart increased

as the magnitude of pGz increased. Increased blood flow

help revival of tissue by increase of oxygen delivery but

prolonged and excessive periodic acceleration induce var-

ious side effects and heath problems as described above.

Burton et al. (1974) and Hooks et al. (1972) researched

a clinical study of side effect by a change of blood flow

when subjected extreme gravity and various periodic accel-

eration surroundings. The International Organization for

Standardization (1997) has provided guidelines relating the

magnitude of vibration to the degree of discomfort that

passengers feel when using public transportation systems.

According to ISO’s guidelines, passengers feel uncom-

fortable if acceleration exceeds 0.3 m/s2. Also, a guideline

for whole body vibration for heavy equipment drivers was

published by an EU research group (CEN Report 12349,

2006), which stated that there are risks to human health

and safety when the human body is subjected to high levels
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of whole body vibration.

Due to physiological importance of body acceleration,

many theoretical investigations have been carried out for

the flow of blood under the influence of body acceleration

with and without stenosis. Sud and Sekhon (1985) pre-

sented a mathematical model for flow in single arteries

subject to pulsatile pressure gradient as well as the body

acceleration. In their analytical treatment, blood has been

assumed to be Newtonian fluid and flow as laminar, one-

dimensional, and tube wall as rigid and uniformly circular.

They define the periodic acceleration of axial direction

(pGz) and pressure gradient during a pumping action of

heart. The results shows that body acceleration does not

affect the net flow of blood in arteries but affect the instan-

taneous value of flow variables such as flow rate, velocity

and shear stress in the normal pumping actions. For body

acceleration less than 0.01 G, the influence on blood flow

in human arteries is negligible. However, when the body

accelerations are more than about 0.5 G, the fluctuation of

flow variables becomes relatively high. The results of their

model have been used by Sud and Sekhon (1986) to further

analyze the influence of body acceleration on arterial tree

with 128 arteries. Their approach is based on other research

on the blood flow under periodic acceleration.

Misra and Sahu (1988) developed a mathematical model

to study the flow of blood through large arteries such as

aorta and carotid arteries under the action of periodic body

acceleration. Chaturani and Palanisamy (1991) studied the

pulsatile flow of blood through rigid tube under the influ-

ence of body acceleration. The stenosis caused by intra-

vascular plaques in the arterial system of humans or

animals. This stenosis disturbs the normal pattern of blood

flow within the artery.

Chakravarty and Mandal (1996) studied the effect of

body acceleration on pulsatile flow through stenosed arter-

ies. Chaturani et al. (1995) re-examined the study of Sud

and Sekhon (1985) and obtained the analytical solution of

flow variables using real variables. Recently, El-Shahed

(2003) showed the effects of externally imposed periodic

body acceleration on pulsatile flow of blood through a

stenosed porous artery. All these studies were performed to

considering blood as a Newtonian fluid, but in most cases,

blood viscosity showed non-newtonian fluid from various

number of experimental observations. Chaturani and Palanisamy

(1990) have researched the effect of body acceleration on

blood flow with blood as a Casson fluid. Mandal et al.

(2007) used finite difference methods to develop a two-

dimensional mathematical model for use in simulating

stenosed arteries considering a moving wall effect with pre

defined unsteady moving grid. Nagarani and Sarojamma

(2008) investigated the effect of body acceleration on a

mildly stenosed artery by modeling blood as a Casson fluid

and Poiseuille flow using perturbation analysis assuming

that the Womersley frequency parameter is small.

All previous numerical research was performed in one-

dimensional or two-dimensional analyses with an own

developed mathematical model using the simplified gov-

erning equations and assumed boundary conditions. The

mathematical model has merits of computing time and var-

ious applications but it is not well suited for the problems

associated with complicated geometries, such as exist in

asymmetric stenosed arteries. In order to perform com-

plicated geometries and flow conditions, computational

fluid dynamics (CFD) method is more appropriate.

2. Numerical details

In order to simulate the blood flow characteristics for

various amplitudes of body acceleration and bifurcation

angles of the idealized carotid artery with stenosis, three

dimensional analyses were performed for six cases and

each cases were listed in Table 1.

2.1. Modeling of a blood vessel
Fig. 1 shows a schematic view of the blood vessel, and

it consists of three different bifurcation (α) angles (15, 26,

and 45 degrees) with stenosis. Young (1968) model was

used to model the radius of stenosis as:

(1)

(2)

where r0 is the radius of the blood vessel without stenosis

(4 mm), tw is the maximum thickness of the stenosis (r0/2),

y0 is the half length of the stenosis (8 mm), y1 is the center

position of the stenosis (80 mm), and S0 is the percent

reduction of the diameter due to the stenosis (50%).

2.2. Governing equations and boundary conditions
Numerical analysis was conducted for the blood flow,

considering axial direction of periodic acceleration in the

stenosed artery bifurcation. It was assumed that the flow

R y( ) r0

tw

2
---- 1 π y y1–( ) y0⁄( )cos+[ ]–=

S0 r0 R y1( )–( ) r0 100 %×⁄=

Table. 1 Simulation conditions for each cases

Cases
Percent 

stenosis

Magnitude 

of

acceleration

Bifurcation

angle

Frequency of

acceleration 

and heat beat

Case 1 50% 0.0 m/s2 26° 1.2 Hz

Case 2 50% 0.1 m/s2 26° 1.2 Hz

Case 3 50% 0.5 m/s2 26° 1.2 Hz

Case 4 50% 1.0 m/s2 26° 1.2 Hz

Case 5 50% 0.0 m/s2 15° 1.2 Hz

Case 5 50% 0.0 m/s2 45° 1.2 Hz
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through a blood vessel is laminar, incompressible, and

unsteady. The blood was assumed to be a non-Newtonian

fluid by the Carreau Viscosity Model (Cho et al., 1985).

Because young’s modulus of stenosed artery wall is more

higher than healthy artery wall (Tang et al., 2004), the

blood vessel wall was considered to be a rigid wall and a

no-slip condition was applied to the wall. In order to sim-

ulate a bifurcated blood vessel, we performed a three-

dimensional flow analysis.

The governing equations include the continuity equation

and the momentum conservation equation, as follows:

(3)

(4)

where ρ is the fluid density,  is the vector of fluid

velocity, p is the fluid pressure, t is time, and  is the shear

stress tensor. The term G(t) is the momentum source of

periodic acceleration, and it is needed for the momentum

equation in the axial direction (y-direction).

The constitutive equations for non-Newtonian flow are

required for blood rheology characteristics, and they are

described by the second invariant of the shear rate tensor.

(5)

where η is the apparent viscosity of the non-Newtonian

fluid. The term  indicates the shear rate, represented as

follows:

(6)

The cross, power, and Carreau models are the repre-

sentative constitutive equations of non-Newtonian fluid

viscosity. In this study, the Carreau Viscosity Model was

used because it is suitable for representation of blood rhe-

ology characteristics:

(7)

where η0 is the zero shear viscosity (0.056 Pa s),  is

the infinite shear viscosity (0.00345 Pa s), λ is the time

constant (3.313 s), and n is the power law index (0.356).

Periodic body acceleration was represented using sinuso-

idal functions that are composed of the frequency and the

amplitude of acceleration pulsation. (Sud and Sekhon, 1985):

(8)

where α0 is an amplitude of acceleration (0, 0.1, 0.5, or

1.0 m/s2), ωb is the frequency of periodic acceleration (2πfp,

fp=1.2 Hz). From the relationship between frequency of

heartbeat and the frequency of periodic acceleration (Sud

and Sekhon, 1985), we assumed that the periodic accel-

eration and heart pressure have the same frequency. 

For the pulsatile flow of blood, a pressure difference at

the inlet and outlet boundaries was applied as a sinusoidal

pressure pulse (Arntzenius et al., 1970).

, (9)

where A0 is the steady-state part of the pressure (1000 Pa),

A1 is the amplitude of its oscillatory component (200 Pa),

and ωp is the frequency of heart pulsation.

Pressure pulse had the same frequency as the periodic

acceleration (2πfp, fp=1.2 Hz), and the outlet boundary

condition was applied as a steady-state pressure boundary

condition (Sud and Sekhon, 1985). The profiles of accel-

eration and pressure are shown in Fig. 2.

∂ρ
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Fig. 1. Schematic representation and grid generation of artery

bifurcation for the hemodynamic quantitative analyses. (a)

The stenosed bifurcation artery has three bifurcation

angles and stenosis rate of 50%. (b) hexagonal and O-grid

shape mesh were used for the CFD simulation and we

define two side of wall for the comparison of wall shear

stress and oscillatory shear index. The periodic accel-

eration (pGz) is applied longitudinal axial of vessel.

Fig. 2. Transient profiles of the periodic body acceleration and

the pressure difference: Left axis is acceleration and right

axis is pressure difference.
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2.3. Computational Fluid Dynamics
Numerical simulations were performed with FLUENT

V6.3, using the User-Defined Function (UDF) for the vis-

cosity model, pressure, and acceleration profiles. The com-

mercial CFD software FLUENT is based on the finite

volume method. In this study, the second order scheme was

used for the discretization of the governing equation. In

this approach, higher-order accuracy was achieved at cell

faces through a Taylor series expansion of the cell-centered

solution about the centroid of the cell. Convergence criteria

for numerical results were residuals (10−3) of mass and

velocity for all cells, and integrated quantities, such as vol-

umetric flow rate, inlet velocity, and pressure, were also

examined. 

Unsteady flow analysis was conducted considering the

effect of acceleration and pressure pulsation with a time

step of 2 milliseconds and 4 periods. The solution time for

each case was about 12 h on a 4-node, parallel, 2.4-GHz

Intel, quad-core system. 

2.4. Grid generation
The computational grid consisted of hexahedral meshes

for three-dimensional geometry, and the commercial grid-

generation software, ICEM-CFD, was used. The O-grid

method was used to improve the mesh quality along the

radial direction, as shown in Fig. 1. Grid independence was

achieved with several refinements of the grids. We chose a

grid size of approximately 0.5 mm with 189,000 cells (30

×210×30) and used refined grids of 0.1 mm on the near

wall.

3. Results and discussion

3.1. Code validation
In order to validate the proposed periodic acceleration

results in this paper, numerical simulation was performed

under the same conditions as in a study by Sud and Sekhon

(1985). They developed a one-dimensional mathematical

model using a Bessel function for the calculation of arterial

flow with periodic acceleration and performed analyses for

flow characteristics with five different arteries under var-

ious periodic accelerations.

The volumetric flow rate in the artery without stenosis

was calculated by following equation (Sud and Sekhon,

1985).

(10)

where R is the radius of the artery, µ f is the Newtonian

viscosity of blood,  is the phase angle of the periodic

acceleration, κ is µ f /ρR2, and λn is the pole that were

obtained from the zeros of the Bessel function.

Fig. 3 shows a comparison of volumetric blood flow rate

in the aorta. The agreement between the results of math-

ematical and CFD simulation was very good. Errors of less

than 8 percent and the validation test confirmed that the

CFD method offered accurate and reliable solutions.

3.2. Detailed CFD simulations
3.2.1. The flow characteristics

The results of flow rate at the outlet of the artery are dis-

played in Fig. 4. The volumetric flow rate is shown as a

periodic flow pattern after two periods because of the ini-

tial condition.

The flow rate changed in proportion to the amplitude of

body acceleration due to the same frequency of heart pulse

and periodic body acceleration. However, there was almost

no change in the net flow rate over complete pulse cycles.

Periodic body acceleration affected the instantaneous flow

rate in the pulse cycle. Specifically, the instantaneous flow

rate became a negative value when the amplitude of accel-

eration was 1.0 m/s2, and a large backflow was observed at

higher values of body acceleration during the diastolic

period. These results agreed with the study of Arntzenius et

al. (1970), El–Shahed (2003), Mandal et al. (2007), and

Sud and Sekhon (1985).

In general, the pressure drop and flow resistance

increased as the bifurcation angle increased for the same
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Fig. 3. Comparison of the volume flow rate in the aorta: µ= 0.004

Pa·s; R=10 mm; a0=9.81 m/s2; fp=1.2 Hz; =0; A1=73

Kgm−2s−2; A0=14.6 Kgm−2s−2.
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flow rate, but the same value of pressure difference was

used at the inlet and outlet boundaries. So, the flow rate

decreased as the bifurcation angle increased, and the dif-

ferences in flow rate were reduced in the diastolic period

when the flow rates were small.

Fig. 5 (a) illustrates an axial velocity profile along the

diameter of a blood vessel at the center of stenosis. The

shape of the axial velocity in the core region is not a par-

abolic curve due to the shear-thinning characteristics of the

non-Newtonian fluid. It can be seen that the axial velocity

distribution is similar to the results of flow rate shown in

Fig. 4. Axial velocity increased as body acceleration increased

during the systolic period, and back flow occurred with a

body acceleration of 1.0 m/s2 (0.1 G) during the diastolic

period. Considering infinite shear viscosity, the Reynolds

number ranged between 1,700 and 2,100. Under normal

conditions, blood flow in most arteries is in the laminar

regime, but it is possible that flow could become turbulent

at higher values of body acceleration.

The axial velocity distributions at the center of the bifur-

cated artery are shown in Fig. 6.

The axial velocity near the inner wall was greater than it

was near the outer wall. The peak velocity increased by

about 22%, and the peak position was shifted closer to the

Fig. 4. Comparison of volume flow rate in the outlet. ((a) Effects

of amplitude of periodic body accelerations in the 26

degree of bifurcation angle (b) Effects of bifurcation

angles without the periodic body acceleration).

Fig. 5. Comparison of axial velocity in the middle of stenosis.

((a) Effects of amplitude of periodic body accelerations in

the 26 degree of the bifurcation angle (b) Effects of bifur-

cation angles without the periodic body acceleration).
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near wall as body acceleration increased. On the contrary,

axial velocity decreased as the bifurcation angle increased. 

These results resulted from the fact that the inertia force

of flow was higher than the centrifugal force caused by the

geometrical shape, so the axial velocity at the inner wall

was greater than the velocity at the outer wall. Therefore,

a shift of axial velocity reduced during diastolic period and

it did not occur at the peak diastole due to small flow rate

and inertia force.

The significant flow recirculation is shown in Fig. 7 (a),

(c), and (d). The flow recirculation occurred at the higher

values of acceleration and at the lower angles of bifur-

cation, and it was highly related to the changes in wall

shear stress and the oscillatory shear index (Ku et al.,

1985; He and Ku, 1996).

3.2.2. The wall shear stress and oscillatory shear index

Wall shear stress (WSS) is related to the shear rate and

the velocity gradient of the flow at the wall. Generally, the

WSS of a healthy aorta is about 1~2 Pa, but a stenosed

artery may have a WSS of more than 30 Pa (Fry, 1968).

The results on the WSS at the inner and outer wall are

shown in Fig. 8, and the WSS contour is presented for each

case in Fig. 9.

The uniform WSS is shown in the wall of the upper

stream, and the two peak values of the WSS are indicated

at the center of stenosis and at the apex of bifurcation.

Downstream from the branched artery, the WSS values at

the inner and outer walls are the same due to redeveloping

flows. As shown in Fig. 8, a higher value of body accel-

eration increases the WSS in the systolic period. The bifur-

cation angle has small influence one WSS than magnitude

of periodic acceleration relatively at the stenosis location,

but the small bifurcation angle rapidly increases the WSS

at the inner wall. These results were caused by the flow

characteristics of bifurcation, mentioned above.

Fry (1969) and Caro et al. (1971) postulated that higher

WSS values could damage the arterial wall. For this rea-

son, endothelial disruption or denudation could lead to ath-

erosclerosis. However, recently it has become widely

accepted that low or oscillatory shear stress, rather than

Fig. 6. Comparison of axial velocity in the middle of branched

artery. ((a) Effects of amplitude of periodic body accel-

erations in the 26 degree of bifurcation angle. (b) Effects

of bifurcation angles in the no periodic body acceleration)

Fig. 7. Cross section velocity magnitudes of axial direction for each

case: (1) 15 degree of bifurcation angle, and absence of peri-

odic body acceleration; (b) 26 degree of bifurcation angle,

and absence of periodic body acceleration; (c) 26 degree of

bifurcation angle, and 0.5 m/s2 of periodic body acceleration;

(d) 26 degree of bifurcation angle, and 1.0 m/s2 of periodic

body acceleration; (e) 45 degree of bifurcation angle, and

absence of periodic body acceleration. (unit : m/s).
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high WSS values, contribute to atherosclerosis (Ku et al.,

1985; He and Ku, 1996). 

The oscillatory shear index (OSI) defined by Ku et al.

(1985) is an important parameter for the prediction of arte-

rial disease. The OSI is defined by the following equation:

(11)

where  is the instantaneous WSS vector, and  is the

WSS component acting in the direction opposite to the

mean WSS vector. The OSI is a dimensionless value and

does not take account for the magnitude of the shear stress

vectors. For purely oscillatory flow, the OSI reaches its

maximum value of 0.5. As the shear stress acting in the

opposite direction increases, the value of OSI increases,

and the largest value of the OSI occurs in the flow sep-

aration and recirculation region.

Fig. 10 compares the OSI along the axial direction. Two

peak values are shown at the same position as the WSS in

all cases. It has been reported that atherosclerosis generally

occurs at the branched artery due to the sudden change of

section area and the curvature of the artery (Berger and

Jou, 2000).

Figs. 8 and 10 indicate that body acceleration does not

affect the health of the branched artery. However, in the

stenosed artery, as body acceleration values increase, the

value of the OSI and flow fluctuation increase. Thus, it

seems that the higher value of body acceleration results in

the increase of stenosis in the artery.

The OSI at the branched artery is affected by the bifur-

cation angle due to the variation of the WSS with time. The

OSI is inversely proportional to the bifurcation angle, and

the differences between the peak points are caused by

changes in the distance between the origin and the apex of

bifurcation due to geometrical differences. 

4. Summary and conclusions

In this study, finite volume method (CFD) studies were

OSI
1

2
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τ
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o

T

∫

τw td

o

T

∫

--------------–

⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞

=
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Fig. 8. Comparison of the wall shear stress (WSS) along the axial

direction at the maximum systole. ((a) Effects of ampli-

tude of periodic body accelerations in the 26 degree of the

bifurcation angle (b) Effects of bifurcation angles without

the periodic body acceleration).

Fig. 9. Wall Shear Stress (WSS) contour for each case: (1) 15

degree of bifurcation angle, and absence of periodic body

acceleration; (b) 26 degree of bifurcation angle, and absence

of periodic body acceleration; (c) 26 degree of bifurcation

angle, and 0.5 m/s2 of periodic body acceleration; (d) 26

degree of bifurcation angle, and 1.0 m/s2 of periodic body

acceleration; (e) 45 degree of bifurcation angle, and absence

of periodic body acceleration. (unit : Pa)
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performed for the idealized bifurcated blood vessel under

periodic body accelerations. In order to validate the results,

a numerical simulation was performed for the aorta model

with a mathematical model developed by Sud and Sekhon

(1985). The CFD results showed good agreement with the

results obtained by the mathematical model.

In conclusion, in this study, periodic body acceleration

affected instantaneous flow variables, such as flow rates,

velocity distributions, and variations in the WSS. The

amplitudes of fluctuation increased as imposed body accel-

eration increased. When the body acceleration was roughly

greater than 0.6 m/s2, back flow occurred during the dias-

tolic period. However, the body acceleration did not influ-

ence blood flow in the branched artery.

As the bifurcation angle decreased, most flow variables

increased due to small pressure drops in the flow field. The

bifurcation angle affected the WSS at the inner wall and

the OSI at the branched artery, but it had no effect in the

region of stenosis.

From these results, we concluded that higher values of

body acceleration have significant effects on blood flow in

the stenosed artery. Therefore, we plan to research the var-

ious parameters of body accelerations and flow conditions

in the stenosed artery bifurcation.
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