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Introduction

Detailed knowledge of blood flow and response of blood vessels is 
necessary to prevent, diagnose, and treat cardiovascular diseas-
es which are the main causes of death in developed countries[1]. 

Hypertension or high blood pressure is a cardiac condition in which the 
systemic blood pressure is elevated. Hypertension is classified as essen-
tial or secondary hypertension [2]. No medical cause has been found for 
essential hypertension [3]. Secondary hypertension results from identifi-
able causes such as endocrine diseases, kidney diseases, coarctation of 
the aorta and tumors [2]. 

One to five percent of hypertensive patients are affected by renal artery 
stenosis (RAS) which is the most common secondary cause of hyper-
tension [4]. RAS is of great clinical interest and extensive experimental 
and computational studies have been performed to determine the effects 
of RAS on blood flow characteristics. Liang et al. [5] studied the fluid 
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dynamics in normal and stenosed human renal 
arteries to assess hemodynamic factors associ-
ated with RAS. Kagadis et al. [6] simulated 
Newtonian blood flow across rigid RAS and 
investigated the effects of RAS on velocity, 
flow rate, overall pressure drop and wall shear 
stress. Schoenberg et al. [7] and Westenberg et 
al. [8] observed that changes in hemodynamic 
significance of the stenosis affect the blood 
flow waveform in the stenosed renal artery.

Besides the existence of stenosis in renal 
arteries which can impede blood flow to the 
kidney [9], geometric properties such as re-
nal branch angles are also critical parameters 
which affect blood flow characteristics through 
renal arteries [10]. Renal branch angle may be 
one of the factors that causes the arteries to 
be not able to deliver blood in the requisite 
amounts to the kidney and leads to decreased 
renal mass and perfusion pressure. Response 
of the kidney to counteract low blood flow is 
activation of renin-angiotension system which 
leads to severe hypertension [9,11]. Thus, it is 
an important issue for furthur investigation. 
Unfortunately, limited numerical studies have 
been carried out on the effects of renal branch 
angle on blood flow through renal arteries.

This paper aims at numerically determining 
the angulation effects of stenosed renal arter-
ies on blood flow velocity and renal mass flow 
rate. In order to achieve this, an anatomically 
realistic model of abdominal aorta and renal 
arteries is reconstructed from CT scans, and 
used to conduct computational simulation of 
pulsatile non-Newtonian blood flow incorpo-
rating fluid-structure interaction (FSI). The 
angle between the aorta and the right renal 
artery in the realistic model is 45˚. Two oth-
er branch angles, i.e. 90˚ and 135˚ are also 
considered for right renal artery to study the 
effects of angulation. Incorporating FSI in 
studying stenosed arteries provides a valuable 
tool in determining critical areas where plaque 
rupture or vessel wall collapse is likely to oc-
cur. In the present study, an iterative two-way 
coupling method is employed to link the fluid 

and solid portions. To achieve this, ANSYS 
13.0 software package containing the finite 
element and finite volume-based commercial 
codes, ANSYS Workbench and CFX, is used 
to simulate the structural and fluid domains, 
respectively.

Materials and Methods

Governing equations
The blood flow in the vessels is usually lam-

inar. This is the normal condition for blood 
flow throughout most parts of the circulatory 
system. Turbulent flow, however, occurs at 
highly stenosed vessels, highly irregular flow 
paths and under conditions of high flow, par-
ticularly in the ascending aorta [12].

For unsteady laminar flow of an incompress-
ible fluid, the mass and momentum equations 
(ignoring body forces) can be written as [13]:
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where iU  denotes velocity components, ρ  
and µ  are fluid density and viscosity, respec-
tively and p  is the pressure. 

For the vessel wall, which is defined as an 
elastic solid, the stress and displacement rela-
tionship (ignoring body forces) can be math-
ematically expressed as [13]:
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where id  and ijσ  are the components of the 
displacements and stress tensor in solid, re-
spectively, and wρ  is the wall density. Simi-
larly, ijσ  can be obtained from the constitu-
tive equation of the material. For a Hookean 
elastic solid, it is as follows [13]:
      ij kk ijeσ λ δ= + 2 L ijeµ           (4)

where λ  and Lµ  are the Lame’s constants, 
ijδ  is the Kronecker delta and 

ije  are the 
components of the strain tensor which can be 
expressed as [13]:
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Lame’s constants are related to physical ma-
terial properties, Young’s modulus, E , and 
Poisson’s ratio, υ , by the following equa-
tions13:
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Geometry
An anatomically realistic model of healthy 

abdominal aorta and renal arteries, which is 
from CT-scan images, is shown in figure 1. 
Figure 2 shows the basic model geometry used 

in this study which is reconstructed from fig-
ure 1, using a computer-aided design (CAD) 
software. The inlet and outlet diameters of 
main aorta are 18 and 13 mm, respectively. 
Also, outlet diameters of left and right renal 
arteries are 5 and 4 mm, respectively. The wall 
thicknesses of aorta and renal arteries are not 
equal and they are set to have the values of 2 
and 1 mm, respectively [12].

It has been shown that in the renal artery of 
humans, RAS commonly occurs in the up-
stream portion 1 to 2 cm distal to the renal 
ostium [10]. In this study, an axisymmetric 
trapezium shape stenosis with a length of L=1 
cm and area reduction of 45% is considered in 
the entrance of right renal artery, as depicted 
in figure 3. 

The renal arteries in the realistic model have 

Figure 1: CT-scan images of Abdominal aorta 
and renal arteries

 
 

Figure 2: Basic model geometry, reconstruct-
ed from CT-scan images

 

Figure 3: Stenosed right renal artery (a) flow field (b) vessel wall
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left and right branch angles of 53˚ and 45˚, re-
spectively. In addition, two other branch an-
gles, i.e. 90˚ and 135˚, are also considered for 
right renal artery to investigate the effects of 
angulation as shown in figure 4.

 

It is necessary to have proper mesh to re-
flect actual conditions and provide accurate 
answers while not exceeding reasonable com-
putational power. Due to the geometry com-
plexity, multi-block meshing technique is used 
to create structured mesh in computational 
domains and to prevent high grid concentra-
tion in the centre of circular cross sections (as 
shown in figure 5). The generated structured 
grid consists of 498,790 hexahedral elements, 
by performing grid study.

 

Material Properties
Several models have been proposed to pre-

dict the stress–strain relationship for blood 
[14-17]. However, none of these models is 
generally accepted as a reflection of the true 
behavior of the rheology of blood. The Car-
reau non-Newtonian model, as used by Cho 
and Kensey [15] and Johnston et al. [16] has 
been seen to provide close approximations to 
experimental blood flow conditions and not 
over-predict the non-Newtonian effects. 
Therefore, this model is used in the present 
study. The relation between viscosity and 
shear strain rate, γ  , can be written as [16]:

( ) ( )1 /22
0 1 ( )

n

fµ µ µ µ λ γ
−

∞ ∞  = + − +     (8)

where 3.313 sfλ = , zero strain viscosity 
0 0.056 Pa.sµ = , infinite strain viscosity 

0.00345 Pa.sµ∞ = , and the empirical expo-
nent 0.3568n = .

Also the blood has a density of 1050 kg/m3 
and the vessel is considered to be linearly elas-
tic, isotropic and nearly incompressible with 
a Young’s modulus of 4.66 MPa, a Poisson’s 
ratio of 0.45 and a density of 1062 kg/m3 [18].

Boundary conditions
A real pulsatile flow velocity in the entrance of 
abdominal aorta of a healthy adult was mea-
sured via laser Doppler anemometry (LDA) 
and used in this study. Figure 6 shows the real-
istic waveform inlet velocity, u(t), with a time 
period (tp ) of 0.82s . 
The mean arterial pressure takes account of 
pulsatile blood flow in the arteries, and is the 
best measure of perfusion pressure to an organ 
[12]. For the main outlet boundary, a constant 
pressure of 11500 Pa is set which is the mean 
through aorta. A mean pressure of 11000 Pa 
is specified for the right and left renal arter-
ies outlet pressure. An appropriate boundary 
condition is applied on walls to indicate the 
interfaces on which FSI occurs. This allows 
the transfer of fluid forces and solid displace-

Figure 4: Basic model geometry with differ-
ent right renal branch angles of (a)45° (b)90° 
(c) 135°

Figure 5: Structured mesh for computational 
domain
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ments across the specified boundaries. The 
solid model corresponding to the vessel walls 
are assumed to be fixed at the outlet of renal 
arteries, because of their connection to the kid-
neys. The inlet and outlet of aorta are exposed 
to a boundary condition, such that only move-
ment in the radial-tangential plane is allowed.
 

 

Results and discussion

Validation
To validate the methods employed in this 

study, a comparison with the numerical study 
by Chan et al. [19] is performed. Chan et al. 
[19]studied pulsatile blood flow in a flexible 
stenosed artery (Figure 7) and used a sinusoi-
dal volumetric flow waveform of 
4.3 2.6ml s±  at the inlet with a period of 

0.345pt s= . A constant pressure of 4140 Pa 
was specified at the outlet.

 

Figure 7: Stenosed artery uesd by Chan et 
al.[19] , L = 1.5 mm, D = 5 mm and Z’ = Z/D is 
the normalized distance from the centre of 
stenosis.

The results for axial velocity profile at and 
wall shear stress for Carreau non-Newtonian 
model are presented in this section (Figures 8 
and 9). The parameter t/tp is used to describe 
a particular time in a cycle. The term t repre-
sents the time in seconds and tp is the period of 
the flow cycle.

According to these figures, acceptable agree-
ment between the results is obtained.

Basic model results
Three different branch angles, i.e. 45˚,90˚ 

and 135˚, are considered for right renal art-
eryto investigate the angulation effects of ste-
nosed renal arteries on blood flow characteris-
tics. Simulations are carried out over at least 

Figure 6: Time variation of the inlet velocity,  
u(t) 

 

Figure 9: Wall shear stress along the axial 
distance at t/tp= 0.25 

Numerical Investigation of Angulation Effects 

Figure 8: Axialvelocity profile at Z’ = 4.3 
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three complete cycles to achieve a periodic so-
lution and results are saved for the final cycle.

As pointed out earlier, the main goal of this 
study is to investigate the flow characteristics 
which are highly affected by renal branch an-
gles as a critical parameter, particularly renal 
mass flow rate, that affects cardiac conditions 
and can finally result in hypertension. There-
fore, we will mainly concentrate on blood ve-
locity and mass flow rate and exclude other 
flow parameters such as shear stress, stream 
lines and vortex behavior from this study. 

In this section, the results for velocity dis-
tributionsis depicted at selected times over 
cardiac cycle, t/tp = 0.10 and t/tp = 1.00, cor-

responding to maximum and minimum inlet 
flow, respectively. In addition, right renal mass 
flow rate is plotted for three different branch 
angles over whole cardiac cycle.

Velocity
Plots of time-dependent velocity distribution 

at selected times for the three models, i.e. right 
renal angles of 45˚, 90˚ and 135˚, are shown in 
figures 10 to 12.

It is observed that high curvature of stream-
lines in the entrance of the right renal artery 
with the angle of 135˚ causes the flow velocity 
in this artery to be less than those of 45˚and 

 

Figure 10: Velocity distribution at selected time frames in model with the right renal angle of 
45° 

 

Figure 11: Velocity distribution at selected time frames in model with the right renal angle of 
90° 
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90˚. 

Mass flow rate
Figure 13 shows mass flow rate over one flow 

cycle through right renal artery with branch 
angles of 45˚, 90˚ and 135˚.It is obvious that 
streamlines in the entrance of right renal ar-
tery with the angle of 135˚ are highly curved in 
comparison with the two other branch angles 
and this causes the mass flow rate in this artery 
to be less than those of 45˚and 90˚. According 
to this figure, renal mass flow rate with the an-
gle of 135˚ is approximately 22% less than 45˚. 
As mentioned before, response of the kidney to 
the decrease in renalmass flow is activation of 

the renin-angiotension system, which results 
in severe hypertension [9,11]. 

Conclusions
The purpose of this study was to investigate 

the angulation effects on blood flow veloc-
ity and renal mass flow rate in stenosed renal 
arteries. To achieve this, pulsatile non-New-
tonian blood flow was simulated through a 
realistic model of abdominal aorta and renal 
arteries reconstructed from CT-scan images, 
considering an axisymmetric trapezium shape 
stenosis with area reduction of 45% in the en-
trance of right renal artery. The renal arteries 
had left and right branch angles of 53˚ and 45˚, 

 

Figure 12: Velocity distribution at selected time frames in model with the right renal angle of 
135°

 

Figure 13: Mass flow rate over one flow cycle through right renal arterywith the angles of 45°, 
90° and 135°

Numerical Investigation of Angulation Effects 
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respectively in the realistic model. In addition, 
two other branch angles, i.e. 90˚ and 135˚, 
were also considered for right renal artery to 
study the effects of angulation.

It was observed that high curvature of 
streamlines in the entrance of the right renal 
artery with the angle of 135˚ causes the flow 
velocity and mass flow to be less than those 
of 45˚and 90˚. For instance, mass flow rate in 
the renal artery with the angle of 135˚ is about 
22% less than 45˚.

It is concluded that renal branch angle is 
also a critical parameter which can affect 
blood flow characteristics through renal arter-
ies. Large renal branch angle causes the arter-
ies to be unable to deliver blood in the req-
uisite amounts to the kidney, consequently, 
renal mass flow decreases. Kidney responds 
to counteract low blood flow by activating the 
renin-angiotension system which results in se-
vere hypertension9,11. 
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