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The increase in cardiovascular diseases worldwide has resulted in higher death rate of 
people globally; the primary reason being atherosclerosis. A better understanding of this 
condition can be achieved through the application of numerical methods to understand 
the haemodynamics. The present study aims to investigate the effects of renal artery 
angulation on the flow characteristics in a non-critically stenosed artery compared to that 
of a normal artery in order to understand better, the reasons for causes and progression 
of renal artery stenosis. Abdominal aorta-renal artery models ranging from 30° to 90° 
angulations were generated from computerized tomography-angiogram slices, post 
which they were subjected to cleanup and defeaturing. Haemodynamic parameters such 
as velocity, pressure and time-averaged wall shear stress were evaluated at early systole, 
peak systole and peak diastole for the different artery models. Extensive amounts of flow 
recirculation were observed in normal renal arteries with higher bifurcating angles, 
whereas it was not the case in stenosed arteries where flow acceleration was seen for 
the duration of the cardiac cycle. Evaluation of static pressure encountered a similar 
trend where an increase in angulation saw a decrease in pressure for normal arteries 
which contradicted with stenosed artery results. Analysis of shear stress saw very similar 
trends in normal and stenosed arteries, with lower angulation profiles experiencing 
higher values of shear stress at the Ostia. In the cases of arteries of higher angulation with 
a non-critical stenosis, the possibility of worsening of stenosis into an opprobrious stage 
remains a concern. 
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1. Introduction 
 

According to the World Health Organization [1], the biggest cause for the number of deaths in 
the world are the cardiovascular diseases (CVDs). Disorders caused in the heart and blood vessels are 
a group of CVDs- which include coronary heart disease, cerebrovascular disease, renal artery stenosis 
and other diseases and is prominent amongst the elderly, usually leading to death prematurely 
around the age of 70 years [2]. Hypertension which is an alias for high blood pressure came to be 
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recognized as an essential factor for cardiovascular diseases, specifically renal artery stenosis [3]. For 
decades now, multiple studies have been conducted on the subject of hypertension and its 
propinquity with cardiovascular diseases [4]. A comparison between systolic and diastolic blood 
pressure as a recognition of the risk of heart disease was reviewed [5]. Atherosclerosis is the 
dominant cause of CVD, which include heart failure, stroke and myocardial infarction, which in the 
worst-case is a heart attack leading to death [6]. Atherosclerosis can be found mainly in the arteries 
with relatively medium to large size, such as the abdominal aorta-renal artery junction where the 
arteries branch out [7]. Atherosclerosis is the primary cause of Renal Artery Stenosis (RAS) [8]. It is 
the process of narrowing of one or both the renal arteries, which has a detrimental impact on the 
nephrological system as these are the arteries which carry blood to the kidneys from the aorta [9]. 
RAS is found to be one of the causes of hypertension and renal failure in patients [10,11]. It 
sometimes can lead to renal failure post, which the patient will have to undergo dialysis [12,13]. The 
cause of atherosclerotic renal artery stenosis (ARAS) has been generally linked by physicians with 
age, gender, medical conditions such as diabetes mellitus, hypertension and habits such as smoking 
[14]. Medical research dating back to the twentieth century has also suggested that factors such as 
the geometry of the arteries play a role, at least in the early development of the atherosclerotic 
lesions [15,16]. 

Blood flows through different vascular systems such as coronary, abdominal and femoral systems 
which has a variety of curvature, bifurcations and branches in them [17]. Changes in the geometry 
lead to flow variation and oscillations of haemodynamic parameters such as wall shear stress, risking 
the chances of atherosclerosis [18]. There are various ways of diagnosis of ARAS, such as Duplex 
Ultrasound Diagnostics, Catheter Angiogram, Computerized Tomographic Angiography (CTA) scan, 
and Magnetic Resonance Angiogram (MRA) [19]. Studies done on the practicality of CTA scans found 
it to be an accurate tool in visualizing the images of stenosed blood vessels [20]. Clinical experiments 
also highlighted the use of MRA as an alternative to CTA for patients with renal insufficiency [21,22]. 
Treatment for RAS include the use of a stent, which is a tube designed to be inserted inside a blood 
vessel or a passage to keep it open in order to restore normal mass flow rate of blood [23]. For the 
case of atherosclerotic renal artery stenosis, primary stenting was found to be useful than the 
traditional clinical approach of angioplasty [24]. Other methods include the inclusion of a bypass graft 
which redirects the flow away from the stenosed region [25]. For the appropriate treatment of 
stenosis in arteries, adequate preliminary study in analyzing the haemodynamic parameters of such 
blood vessels are vital for appropriate treatment of stenosis [26]. While medical imaging techniques 
like MRA, CTA and Ultrasound as mentioned earlier can give us a proper diagnosis for these diseases, 
their results sometimes tend to be conflicting [27,28]. In such circumstances, the physician 
sometimes has no other option other than to diagnose based on their intuition in the matter. 
Therefore, the recent developments in computer technology have enabled numerical techniques to 
analyse the haemodynamics of cardiovascular systems and have aided doctors by acting as a 
complementary tool with which they can perform better diagnosis of this disease [29]. The research 
assessing the haemodynamic parameters due to the introduction of stents has given valuable insight 
into clinical treatment [30]. By creating computational models, one can acquire a better 
understanding of the fluid dynamics and changes in fluid parameters [31]. As a result of which, there 
is an increased demand for non-invasive methods like computational fluid dynamics (CFD) in the 
domain of biomedicine [32,33]. 

Recent numerical studies regarding the flow behaviour in idealized renal arteries include the 
analysis of fluid flow in an abdominal aorta-renal artery system. The effect of bifurcating angle of the 
renal artery and Reynolds number on properties such as flow velocity and wall shear stress were 
investigated [34]. Computational analysis, followed by an experimental examination, was done to 
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find the differential pressure at the stenosed region of a renal artery [35]. The purpose of the study 
was to validate the accuracy of computational methods. Research on the effect of changes in the 
geometry of the aortoiliac region on atherosclerosis was also discussed in [36]. While studies on 
angulation of normal renal arteries have been carried out, the effect of geometry on a stenosed 
model needs to be explored. By virtue of its angulation, the risk of a non-critical stenosis can progress 
towards a critical stage, risking the chances of renal failure and ischemic stroke [37]. 

The present study focusses on the significance of renal artery angulation on idealized models. The 
two types of renal arteries considered are healthy and one with a single asymmetrical, non-critical 
stenosis. Haemodynamic variables such as flow velocity, static pressure and time-averaged wall shear 
stress (TAWSS) are monitored for models under the preceding cases for angles 30°, 60° and 90°. 
Several studies have highlighted the importance of such haemodynamic parameters in the early 
development of atherosclerosis [38-40]. This study highlights the importance of geometry as well as 
the consequences of renal artery stenosis (RAS). It stresses the effect of angulation on a stenosed 
artery compared to a normal artery; thereby, it contrives to be a complementary tool that can aid 
medical professionals in the diagnosis of such diseases. Numerical simulations are conducted to 
analyse the haemodynamic parameters for renal artery stenosis at various bifurcation angles, and 
the results are then compared with normal healthy arteries of similar angular profiles 
 
2. Methods 
2.1 Theory 
 

Blood flow in this vascular model is assumed to be Newtonian, laminar and incompressible [41]. 
The flow is assumed to be laminar as the blood flow is simulated under resting conditions of the 
cardiac cycle [42]. The governing equation used is the Navier-Stokes equation given by Eq. (1) and 
Eq. (2) [43]. 
 
𝛻. 𝜐 =  0              (1) 
 

𝜌 (
𝑑𝜐

𝑑𝑡
 +  𝜐. 𝛻𝜐)  =  −𝛻𝑝 +  𝜇𝛻2𝜐           (2) 

 
Where ρ is the density, υ is the velocity vector, p is the pressure and μ is the dynamic viscosity of the 
fluid. 
 
2.2 Modelling 
 

The abdominal aorta and renal artery models used in the present study were generated using the 
data obtained from a single central slice of a CT image. The models were subjected to geometry 
cleanup and defeaturing using CATIA V5 R19 [44, 45]. Renal arteries obtained where then given 
angulation with respect to the abdominal aortal axis at intervals of 30°, i.e., at 30°, 60° and 90°, which 
are referred to herein as Artery-30, Artery-60 and Artery-90 respectively. Defeaturing of the model 
enables one to study the haemodynamics solely due to its geometry, where blood flow simulation is 
done in perfect conditions with only one parameter affecting it: bifurcation angle. Figure 1(a) and 
Figure 1(b) shows the abdominal aorta models with normal and stenosed right renal artery at 30° 
angulations. Region-1 and 3 depict the upper and the lower parts of the abdominal aorta. Region 2 
and 4 represent the right and left renal artery, with encircled region-5 on the right renal artery 
representing stenosis. The region of stenosis depicted in region-5 was virtually generated with 75% 
stenosis, stenosis diameter 0.29 times and length of 1.125 times the renal diameter of 4 mm. The 
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stenosis is asymmetrical concerning the renal axis with an offset of 0.288 mm. Clinical trials have 
proven that stenosis below the threshold of 75-80% are known to be non-critical to the functioning 
of the renal system [45,47]. It was also ascertained that 50% stenosis was the onset of decline in the 
arterial functions [47]. 
 
2.3 Analysis 
 

The artery models were discretized using a hybrid octahedral and hexahedral mesh, as shown in 
Figure 1(c). Details of mesh closer to the wall to capture the effects of flow behaviour is shown in the 
highlighted portion. It was meshed using FLUENT 19 software, wherein the outer surface of the entire 
model consisted of octahedral elements and the interior, hexahedral elements; hence, the name 
Poly-Hexcore mesh. It is an application of mosaic technology in meshing, which results in 20-50% 
reduction in element count, thus speeding up the simulation process [48]. Prior to the transient 
simulation, grid independency tests were carried out in both the healthy and stenosed Artery-30 
models. Velocity parameter was the primary flow variable monitored for different grid sizes at two 
sections of the model—mid upper abdominal and mid renal. The grid tests were carried out under 
steady state conditions, with early systolic applied at the inlet and a constant pressure of 90 mmHg 
at the outlet. Figure 2(a) depicts the mesh independency test taking velocity distribution into 
consideration, for the healthy and single stenosed artery model. The sections monitored were the 
same for the two renal cases. Evaluating the grid test graphs of the normal artery model, it can be 
said that the parameter, i.e., velocity seems to have normalized after 350000 elements. Following 
the same trend were the graphs of single-stenosed artery model, where the velocity graph 
normalized after 400000 grid elements. Therefore, for the following analysis, a grid size of 380000 
and 420000 were considered for artery models of all three angulations under healthy and stenosed 
cases. The properties of blood being; density of 1050 kg/m3 and dynamic viscosity of 0.00345 Pas 
obtained from well-known medical literatures [49,50]. Transient analysis was done for the models—
Artery-30, Artery-60 and Artery-90 of both cases—Healthy and Single-stenosed were done using 
FLUNT Solver 19.0. The pulsatile time-varying profile of velocity at the inlet, and pulsatile pressure 
plot displayed in Figure 2(b) was applied at the outlet in order to encompass the resistance at the 
periphery [22]. This plot depicts the cardiac cycle under normal resting conditions. These pulsatile 
profiles were assigned at the inlet and the outlet boundary conditions with the interpretation of a 
user-defined function. The walls of the models were assumed to be rigid [51]. The cardiac cycle which 
has a time period of 0.9 seconds was simulated with a total of 180-time steps, each time step of size 
0.005 seconds in order to capture the flow behaviour more scrupulously [52]. Convergence criteria 
of 1x10-5 was employed. By analyzing the blood flow in these artery models, it is possible to ascertain 
the effects of angulation on healthy and stenosed abdominal aorta-renal artery models. 
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Fig. 1. Description of (a) Normal Artery-30 Model, (b) 
Single-Stenosed Artery-30 Model and (c) the Poly-
Hexcore mesh 

  

 
Fig. 2. (a) Grid dependency test of the Artery-30 model and (b) Inlet Velocity and Outlet Pressure 
profiles 
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3. Results 
 

Numerical analysis of healthy and stenosed artery models with three different angulations were 
carried out under pulsatile resting conditions. Three specific phases of the cardiac cycle; early systole 
(0.06s), peak systole (0.22s) and peak diastole (0.44s) were used to investigate three haemodynamic 
parameters, namely flow velocity, time-averaged wall shear stress (TAWSS) and static pressure. Flow 
velocity determines the amount of flow recirculation in the medium. Static pressure is the pressure 
exerted by the static fluid on the boundary wall. These parameters are expected to vary accordingly 
with time due to the pulsatility of the waveform, and maximum values of parameters are generally 
anticipated at peak systole when the inlet velocity is maximum. 
 
3.1 Velocity 
 

The velocity contour plots of the abdominal aorta-healthy renal artery models at early systole, 
peak systole and peak diastole are given in Figure 3. Comparing the velocity contours at early systole, 
which is the beginning of the isovolumic contraction, the effect of angulation on the flow velocity 
was clearly observed. Apart from flow acceleration in the infrarenal region due to reduction in the 
geometry, it was seen that flow recirculation at the proximal end of the renal artery increased in size 
as the angle increased [34]. A similar trend was observed at peak systole when the inflow velocity is 
at the highest. Renal artery models at higher bifurcation angles experienced a lower amount of blood 
flow due to the increasing amount of flow obstruction. However, at peak diastole, Artery-30 
experienced excessive amounts of flow recirculation in the infrarenal region. Flow in the right 
stenosed artery tended to be exaggerated compared to the flow in the normal arteries. Throughout 
the pulse cycle, it is characterized by a flow jet at the region of the stenosis or stenosed throat. At 
early systole, blood flow is found to accelerate at the stenosis throat, forming a jet flow as depicted 
in Figure 4(a). As the inlet velocity increases, so does the length of the jet, as shown in Figure 4(b), 
which illustrates blood flow at peak systole. Analyzing the velocity contour plots at peak diastole, 
given in Figure 4(c), reversed flow was observed in all the artery models, with only Artery-30 
experiencing flow recirculation in the infrarenal region of the abdominal aorta. Figure 5 captures the 
variation in blood flow velocity along the length of the centerline of right renal artery of all the models 
at early systole, peak systole and peak diastole respectively. Comparing the graphs of normal and 
stenosed cases, it is possible to gauge the impact of angulation on the flow behaviour. The velocity 
with respect to time of models with normal and stenosed cases were monitored at the central point 
of the right renal artery. In the normal cases, arteries with lower angulations experienced higher 
velocities throughout the systolic phase and lower velocities in the diastolic phase, as observed in 
Figure 6(a). In models with stenosis, mid renal flow velocity remained lowest for Artery-30 and 
highest for Artery-90 throughout the pulse cycle, as observed in Figure 6(b). 
 
3.2 Time-averaged Wall Shear Stress  
 

The TAWSS parameter is a function of wall shear stress is given below, where T is the period of 
the cardiac cycle [30]. 
 

𝑇𝐴𝑊𝑆𝑆 =  
1

𝑇
 ∫ |𝑊𝑆𝑆| 𝑑𝑡

𝑇

0
            (3) 
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The plots of TAWSS calculated with a time period of 0.9 seconds; the entire duration of the cardiac 
cycle for normal cases and stenosed cases at various angulations are given in Figure 7(a) and                    
Figure 7(b), respectively. For normal arteries, the WSS values tended to vary inversely as the 
bifurcation angles increased. Higher values of shear stress were observed on the distal side of the 
renal artery and lower values on the proximal side [53]. Comparing the TAWSS plots of stenosed 
arteries, shown in Figure 7(b), maximum values of shear stress was found to be at the stenosis throat, 
with stenosis model of Artery-90 having the highest value at that region. However, a higher value of 
TAWSS at the Ostia was observed for lower angulations of the renal artery. Similar to the normal 
arteries, distal surfaces experienced higher shear stresses compared to proximal surfaces but at 
higher values of WSS. 
 

 
(a) 

 
(b) 
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(c) 

Fig. 3. Velocity contour of normal artery at (a) early systole, (b) peak systole and (c) 
peak diastole 

 

 
(a) 

 
(b) 
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(c) 

Fig. 4. Velocity contour of single-stenosed artery at a) early systole b) peak systole and 
c) peak diastole 
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Fig. 5. Velocity along the centerline of normal and stenosed renal artery at (a) early systole, (b) peak 
systole and (c) peak diastole  

 

 
Fig. 6. Temporal variation of velocity at the mid-point of a) normal and b) stenosed renal artery 
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Fig. 7. TAWSS contours of a) normal and b) single-stenosed artery at the end of 
the pulse cycle 

 
3.3 Static Pressure 
 

Static pressure contours which describe the pressure exerted by the stationary fluid at a point in 
time on the rigid arterial wall. Figure 8 illustrate the static pressure contours throughout the flow 
medium at early systole, peak systole and peak diastole under normal cases. Positive gradient of 
pressure is seen in early systole as well as at peak systole. Gradual reduction in pressure along the 
flow is observed, albeit at peak diastole with the formation of a negative pressure gradient along the 
flow medium. This negative pressure gradient is what causes the backflow at peak diastole. Figure 9 
describes the pressure distribution of stenosed renal arteries of various angles at early systole, peak 
systole and peak diastole. Pressure contour plots during the systolic phase showed a sharp pressure 
drop post the stenosis throat at the right renal artery for all bifurcation angles [22]. In the diastolic 
phase, renal and abdominal outlets had higher pressure gradients resulting in backflow, similar to 
normal arteries. 
 

 
(a) 
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(b) 

 
(c) 

Fig. 8. Static pressure contours of normal artery at (a) early systole, (b) peak systole and 
(c) peak diastole 

 

 
(a) 
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(b) 

 
(c) 

Fig. 9. Static pressure contours of single-stenosed artery at a) early systole, b) peak 
systole and c) peak diastole 

 
4. Discussions 
 

In this study, the relation between the geometrical characteristics of a renal artery, mainly the 
angulation at the Ostia and the haemodynamics of blood flow was developed. The models were taken 
from CT-angio patient specific renal artery data and then defeatured and idealized, in order to obtain 
negate the effects of other geometrical features albeit the angulation. Moreover, the effects were 
investigated in a renal artery with a non-critical stenosis to observe the changed in behaviour. 
Analysis of flow velocity saw the presence of eddies in arteries of lower angulation which was not 
observed in the case for arteries with higher bifurcation angles. This is due to excessive backflow 
from the renal artery to the abdominal aorta [54]. In all these three phases of the cardiac cycle, 
Artery-30 observed higher flow velocities into the renal artery. Contrary to the flow behaviour in the 
normal arteries, higher flow velocities were observed in arteries at a higher bifurcation angle [54]. In 
both instances of early and peak systole, flow at lower angulation tended to follow the curvature of 
the distal wall, whereas, at higher angulation of the renal artery, it impinged the surface of the distal 
wall which is visible in the velocity contours of stenosed Artery-60 and Artery-90 models. Further 
analysis of the velocity parameter was obtained by analyzing charts. This aided in examining the 
extent of flow recirculation due to renal artery angulation and also comparing the effects of a 75% 
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stenosis. Formation of depression in the graphs in Figure 5 and Figure 6 suggest the extent of flow 
recirculation present in the medium. During the systolic phase of the cardiac cycle, normal arteries 
with lower angulation experience higher velocities and lower rates of recirculation. However, the 
presence of stenosis overturns this trend, as arteries with higher angulation see higher velocities, 
symbolized by the peak in the graphs, which represents flow acceleration [55]. Flow acceleration in 
relatively lower in Artery-30, but the depression at the region of the Ostia is far greater. At peak 
diastole, velocities in the normal case were 50% reduced when compared with that of the stenosed 
ones. By analyzing these factors, velocity is found to be the determining factor in the formation of 
eddies. Oscillation in flow patterns have also been associated with the growth of atherosclerosis [56]. 

Wall shear stress (WSS) is one of the most crucial parameters in the analysis of haemodynamics 
of blood flow, as it is the tangential force exerted by the fluid on the rigid artery wall. By averaging 
this value throughout a specific time period, it is possible to obtain time-averaged wall shear stress 
(TAWSS). Normal arteries with higher angulations experienced the shear stress distributed on a larger 
area of the distal surface compared to Artery-30. Artery-30 turned out to have the highest WSS values 
and Artery-90 the lowest. The result of a stenosis, due to increased flow velocity, resulted in higher 
resultant shear stress at the surfaces of the renal arteries. TAWSS presents the entire scenario of the 
shear stress distribution over time [57]. The regions experiencing lower wall shear stress tend to be 
hotspots of standing recirculation of blood throughout the cardiac cycle [58]. This leads to interaction 
between blood cells and the endothelial cells of the arteries resulting in the development of 
atherosclerosis [59]. Higher WSS values were observed at lower angulations of the renal artery for 
both the normal and stenosed cases. In the stenosed arteries, however, the region of the stenosed 
throat experienced higher amounts of WSS at higher angulations [60, 61]. Increased amounts of WSS 
tend to cause rupture of the atherosclerotic plaque resulting in the clotting of blood in the area; 
resulting in complete blockage [62]. Lastly, the changes in static pressure in the medium was 
observed with respect to time. By analyzing this parameter, it is possible to certify the presence of 
backflow in a system and the extent of arterial wall thickening. Pressure parameters are inversely 
related with the coagulation at the walls of the artery. Normal arteries with lower angulations were 
found to have higher pressure regions when compared with other angles. In the single-stenosed 
artery models, the stenosed throat witnessed higher pressure gradients for Artery-30 compared to 
Artery-60 and Artery-90. The presence of a non-critical stenosis resulted in a different pressure 
pattern for the arteries when compared to normal arteries of similar angulations. 
 
5. Conclusions 
 

The recent developments in computational fluid dynamics (CFD) can be useful in observing the 
detailed haemodynamics in cardiovascular systems that can be helpful in assisting clinical evaluation 
and treatment. This method can have great potential in non-invasive medical diagnosis and planning. 
In this study, transient CFD simulations are carried out on idealistic abdominal aorta-renal artery 
models with a non-critical, asymmetric stenosis for different angulations of the renal artery; mainly, 
30°, 60° and 90°. These results were then compared with the analysis results done on normal renal 
artery models of identical angular profiles. The haemodynamic parameters, namely flow velocity, 
static pressure and TAWSS were used to assess the fluid dynamics of these six models at three points 
of the cardiac cycle—early systole, peak systole and peak diastole. Bifurcation angles of renal arteries 
were found to have contrasting effects on velocity and static pressure on normal and stenosed 
arteries. In normal arteries, higher angular profiles were found to have greater flow recirculation 
regions, which was not the case in stenosed arteries. The presence of stenosis saw flow acceleration 
at the throat; higher velocity profile was observed in Artery-90 compared to Artery-30 throughout 
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the cardiac cycle. The static pressure contours of normal arteries were distributed throughout the 
region with Artery-30 having a higher static pressure at the Ostia. However, the pressure at the region 
of stenosis saw a drastic escalation, as a result of which renal arteries with higher angulation 
experienced greater pressure at the Ostia. Comparing the wall shear stress parameter averaged over 
the time period of the entire cardiac cycle, an increase in angulation of both normal and stenosed 
arteries witnessed a decrease in shear stresses at the ostial region. The results show the importance 
of geometry in influencing the progression of atherosclerosis. It is observed that arteries with greater 
angular profiles were susceptible to progression of stenosis from a non-critical to a critical stage. The 
results obtained need to be further validated by experimental and clinical trials. 
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