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The recent developments in computational fluid dynamics (CFD) can be useful in 
observing the detailed haemodynamics in renal artery bifurcation for clinical evaluation 
and treatment. The present study focuses on haemodynamic behaviour of blood as it 
flows through the abdominal aorta-renal artery junction in an idealistic healthy artery 
with varying bifurcation angles to the abdominal aorta, i.e. from 30° to 90° with 
increments of 15°. This is to examine the effect of angulation on the junction and to 
determine whether arterial geometry plays a role in the prediction of atherosclerotic 
lesions. The three-dimensional models used in this study were generated using ANSYS 
WORKBENCH 19.0, and numerical simulation was done using FLUENT 19.0 solver. The 
blood flow is assumed to be Newtonian, incompressible and laminar. Haemodynamic 
parameters such as velocity, wall pressure and wall shear stress along with flow variation 
are compared among the different models. As the angulation increased, velocity and wall 
shear stress at the ostial region decreased by 14% and 52% respectively. Wall pressure at 
the same region saw an increase by 3%. Therefore, renal arteries with higher bifurcating 
angles to the abdominal aorta were observed to be more prone to the formation of 
atherosclerotic lesions. The present study is a precursor for future studies on renal artery 
with stenosis. 
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1. Introduction 
 

Globally, cardiovascular diseases (CVDs) are the number one cause of death. CVDs are a group of 
disorders of the heart and blood vessels and include coronary heart diseases, rheumatic disease and 
other conditions. The World Health Organization (WHO) conducted a survey which shows that over 
15 million people in the world suffer from stroke every year [1]. Of those 15 million, 66% of them die, 
and the remaining thirty-four per cent are permanently disabled; the primary reason being 
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atherosclerosis [2]. Atherosclerosis is a condition wherein excess amounts of fats, low-density 
lipoproteins build upon the walls of the arteries reducing blood flow to the kidneys. This is known to 
lead to hypertension by virtue of the activation of the renin angiotensin system [3]. Analysis of blood 
flow through these systems remains crucial in understanding these diseases. Blood flows through a 
variety of regions involving branches, bifurcations, and curvatures in the coronary, abdominal, 
carotid and femoral vascular systems [4]. Variation in vasculature is known to cause flow variation 
and flow recirculations, making it prone to cardiovascular diseases [5]. Plaque formation as result of 
atherosclerosis tend to form adjacent to arterial bifurcation [6]. They exhibit reduced values of 
haemodynamic parameters such as wall shear stress and play a role in the progression of 
atherosclerotic lesions [7]. 

The dependency of these forces on one's lumen geometry is one of the reasons specific 
individuals are more likely to develop atherosclerosis than others [8]. A study on the haemodynamics 
of carotid arteries using particle image velocimetry (PIV) elucidates on the effect of geometry, 
rheology, pulsatility and compliance of carotid arteries on directional wall shear stress and flow 
behaviour which is proven to cause atherosclerosis [9]. Prominent medical techniques that facilitate 
the quantification of blood flow in arteries are Doppler ultrasound, Computed Tomography (CT) and 
magnetic resonance imaging (MRI). Both of these techniques suffer from excessive acquisition times, 
and their use on diseased arteries are limited. Time-dependant measurement of blood flow using 
these methods become rather tedious. Thus, paving the way for numerical techniques to predict the 
haemodynamics of cardiovascular systems and act as a complementary tool during the treatment of 
cardiovascular diseases [2]. Computational models have been used to obtain a better understanding 
of the fluid dynamics in arteries [10]. As a result of which there is an increase in demand for non-
invasive tools such as computational fluid dynamics (CFD) in the field of medicine and biomedical 
engineering [11]. 

Recently, numerical studies are being used to investigate the parameters of blood flow that result 
in cardiovascular diseases [12]. Certain clinical studies compare steady flow and pulsatile flow in a 
carotid artery bifurcation ([13]. Results from pulsatile flow conditions in contrast with steady flow 
conditions show varying regions of separations with time and wall shear stress values. There are also 
numerical studies regarding pulsatile blood flow in carotid arteries on both normal and stenosed 
cases. Two separate cases are taken for comparing the blood flow parameters in the stenosed artery 
with a healthy one [14]. On the other hand, there have been limited studies regarding blood flow in 
the abdominal aorta and renal artery junction. Much needed emphasis is required in this region as 
atherosclerosis of renal artery can lead to renovascular hypertension and ischemic stroke [15]. 
Stenosis formation in renal arteries results in a lower amount of blood flow to the kidney, leading to 
an increase in blood pressure in the region [16]. It accounts for 7% of peripheral vascular diseases 
and is one of the leading causes of secondary hypertension [17]. With the help of CFD and MRI/CT 
images, the formation of atherosclerotic lesions can be accurately predicted, and haemodynamic 
parameters can be assessed [19]. Feasibility of incorporating data obtained from CT/MRI in numerical 
studies is demonstrated in [20]. A potential risk factor of artery geometry resulting in exaggerated 
atherosclerosis was investigated [21]. A similar study on the femoral region was conducted proving 
that aortic bifurcation angle was an independent factor for aortoiliac occlusive disease — which is a 
case of stenosis of iliac arteries. Agitated haemodynamics, particularly low and oscillatory wall shear 
stress is identified as a prominent determinant in the development and progression of 
atherosclerotic lesions in regions of arterial bifurcation [22]. The effect of angle of renal artery 
angulation was also investigated employing a device known as ostium flow diverter, which is capable 
of altering blood flow to the kidneys by changing the angle of renal artery bifurcation. Essential 
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parameters like flow recirculation and WSS vary proportionally with the increase in diverter length 
and [23]. 

Comprehension of renal artery stenosis requires proper acumen regarding the flow behaviour of 
blood in normal, healthy arteries. Emphasis on the effect of angulation, considering few angles, on 
flow recirculation in abdominal aorta-renal artery junction has been investigated [24]. In the present 
study, a fundamental investigation is done on the effect of angulation of renal artery branches in a 
healthy idealistic abdominal aorta, with renal artery bifurcation angles ranging from 30° to 90°. It is 
an extension of the study carried out in [25],with the scope of the angles widened. In this analysis, 
the angle of the renal artery to the abdominal aorta is varied to analyse the flow dynamics. Simulation 
on an idealistic model assists in focusing on the effect of angulation while removing all other aspects 
of the geometry such as curvature and bends. Haemodynamic parameters such as velocity, wall 
pressure and wall shear stress (WSS) along with flow recirculation are determined. Velocity gradients 
determine the region, area and length of flow recirculation in the system [26]. Wall pressure 
(pressure exerted on the arterial wall) validates the velocity and is used to correlate to arterial wall 
thickening [27]. WSS is an important parameter which can help predict the extent of stenosis in a 
particular region [28]. This study can aid the nephrologists to analyse flow dynamics in an ideal 
abdominal aorta and renal artery [18]. Numerical simulation methods thus help in the 
haemodynamic analysis, and the results of the idealistic case can be used for comparison of arteries 
with stenosis. 
 
2. Methodology 
2.1 Theory  
 

Blood flow in this vascular model is assumed to be to Newtonian, laminar and incompressible. By 
doing so, emphasis on the viscous effects of the blood flow can be clearly analyzed in the bifurcation. 
zone. The governing equation used was the Navier–Stokes’s equation for incompressible flows [29]. 
 
𝛻. 𝜐 = 0              (1) 
 

𝜌 (
𝜕𝜐

𝜕𝑡
+ 𝜐. 𝛻𝜐) = −𝛻𝑝 + 𝜇𝛻2𝜐           (2) 

 
where ρ is the density, µ is the viscosity of blood, υ is the velocity vector, simplified as υ = u(�̂�𝑥) + v(�̂�𝑦) 
+ z(�̂�𝑧) and p is the pressure. Eq. (1) depicts the law of conservation of mass, for a system having no 
sources or sinks obtained from applying continuity equation on density, an intensive property. Eq. 
(2) is the modified equation for the law of conservation of momentum i.e. Newton’s second law. 
 
2.2 Modelling 
 

The model used in this study was that of an idealistic abdominal aorta with symmetric renal artery 
branches, obtained from the mid slice of a CT image of a healthy renal artery. CT data was used to 
generate the 3D model in ANSYS Design Modeler, which was later on subjected to surface refining 
and clean up [4]. Figure 1(a) shows the configuration of one of the models with the renal artery 
bifurcation angle of 30° from the abdominal aorta's axis. The entire body was split into five zones, A, 
B, C, D and E as depicted in figure 1(b) in order to obtain optimum mesh quality. A hybrid hexahedral-
tetrahedral mesh used is shown in figure 2. Zone A and E represent the upper and lower part of the 
abdominal artery, respectively, whereas zone B illustrates the region of bifurcation. Zone C and D 
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represent the left and right renal artery, respectively. For the purposes of realistic simulation, the 
diameter ratio of the abdominal aorta to the renal arteries were significantly higher. 
 

 
(a) (b) 

Fig. 1. (a) plane view of the abdominal aorta with renal artery bifurcation as 30° and b) depicts mesh zones for 
the same 

 

 
Fig. 2. Hybrid mesh of abdominal aorta model with 45° angle 
renal artery angulation 

 
2.3 Analysis 
 

The blood flow simulation was done in all the five models under transient and laminar conditions 
using the Finite Volume discretisation method, with blood being considered as Newtonian and 
incompressible fluid [30,31]. Pulsatile nature of the blood flow was simulated with the help of a user-
defined function with velocity at the inlet and pressure at the outlets as parameters. Grid dependency 
tests were conducted for one of the models; artery with 30° bifurcation under steady-state condition. 
Under steady-state conditions, the meshes of a varying number of elements of the artery model were 
solved whilst the velocity and pressure parameters were being monitored. The changes in the 
refinement of the mesh are done considering the solver capacity and computational times. The 
sections used to monitor the properties are illustrated in Figure 3. Static velocity of magnitude 0.2 
m/s obtained from the early systolic velocity profile was taken as the inlet velocity boundary 
condition. Outlet pressure of 90mm Hg was taken as the outlet boundary condition. The sections 
used to observe Figure 4 shows the variation velocities in section 1 and 2 with respect to the increase 
in mesh elements. Figure 5 depicts the change in pressure with the number of elements. On 
evaluating the grid test results, it is obvious that velocity and pressure variations seem to stabilise 
after 390000 elements. Mesh with the former mentioned number of elements were considered for 
transient analysis of all the artery models. Pulsatile time-varying velocity graph at rest condition is 
shown in Figure 6(a). This is applied at the inlet of the abdominal aorta. Taking into consideration the 
peripheral resistance of the arteries at the downstream, pulsatile pressure shown in Figure 6(b) is 
applied at the outlets [32]. The pressure pulse at the infrarenal aorta and the distal portions of the 
renal artery are assumed to be 10-40 mmHg. The duration of a single pulse lasts for 9 seconds which 
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was taken as the total simulation time for the transient analysis [33-36]. The total number of time-
steps taken was 180, and the size of each time-step was taken as 0.005 seconds as determined from 
the time-step independent studies conducted. Properties of blood flow were borrowed from [32,37]. 
The analysis was carried out using the SIMPLE formulation technique with the value of residuals taken 
as 1x10-5 for better convergence and solution accuracy [25]. Simulation of blood flow in these artery 
models will yield information regarding the effects of angulation on the renal artery- abdominal aorta 
junction. 
 

 
Fig. 3. Sections monitored in grid dependency test 

 

 
Fig. 4. Velocity distribution in section 1 & 2 

 

 
Fig. 5. Pressure distribution in section 1 & 2 
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(a) (b) 

Fig. 6. Pulsatile nature of velocity at inlet shown in (a) and pulsatile nature of pressure at outlet 
shown in (b) 

 
3. Results and Discussion 
 

Transient analysis with pulsatile inlet velocity and pulsatile outlet pressure was simulated. User-
defined C code was used to provide the pulsatile velocity and the pressure profile at the inlet and 
outlet boundary conditions, respectively [38]. Haemodynamic parameters such as velocity, wall 
pressure and wall shear stress were analysed at three different points in the pulse cycle. These three 
properties were compared at early systole (0.06 seconds), peak systole (0.22 seconds) and peak 
diastole (0.44 seconds) of the cardiac cycle. 

The methodology of the present work conducted adheres to procedures in [25]. Prior to the CFD 
simulations, extensive grid tests were conducted in a similar approach, ensuring that the results 
obtained are reliable and accurate for use. This study acts in consequence of the previous study, 
albeit providing more information on the effects of angulation of the renal artery. Validation of the 
results obtained were done by comparing it with [17,24,25]. Consistency of the results with that of 
experimental observations was also ascertained in [39]. This confirms that the results of the CFD 
simulation are useful in predicting the flow through the abdominal aorta-renal artery bifurcations. 
 
3.1 Velocity 
 

Comparing the velocity contour plot given in Figure 7, 8 and 9 of artery models with 30°, 60° and 
90° angulation respectively in three different phases of the cardiac cycle, it was seen that the flow 
patterns were very different. Blood flow in either of the renal artery was identical owing to the 
symmetrical nature of the artery geometry. At early systole, peak systole and at peak diastole, blood 
flow in either of the renal arteries with lower angles of bifurcation were scarce. This is primarily due 
to blood flow in the renal arteries getting impeded by the abdominal aorta [34,35]. Lower bifurcation 
angles make blood flow into the arteries more convenient than those with greater branching angles. 
Blood flow impinges on the distal wall of the renal arteries; making velocity at this region greater 
than that at the proximal wall region [25]. This lead to a flow recirculation zone near the proximal 
wall [24]. The length and the area of the flow recirculation zone fluctuated from early systole, peak 
systole and peak diastole.  
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Fig. 7. Comparison of velocity contours of arteries with 30°, 60° and 90° bifurcation angles at 
early systole 

 

 
Fig. 8. Comparison of velocity contours of arteries with 30°, 60° and 90° bifurcation angles at 
peak systole 
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Fig. 9. Comparison of velocity contours of arteries with 30°, 60° and 90° bifurcation angles at 
peak diastole 

 
Further validation regarding flow recirculation was obtained from Figure 10, 11 and 12, where 

vector plots of the velocity profile of arteries with bifurcation angle 45° and 75° were compared. 
Recirculation was primarily observed adjacent to the proximal wall. Arteries with higher angulation 
were seen with higher areas of recirculation, as observed in [24]. Length and area of eddy formation 
were found to increase with angulation from early systole to peak systole. However, eddies were 
absent at peak diastole as total reversed the flow of blood was seen in the renal arteries. Additionally, 
changes in velocity at the wall have also led to variation in shear stresses, effecting the mass transfer 
between the fluid medium and the endothelium [25]. In such cases, by virtue of its geometry, 
pathological arteries at a higher branching angle (≥ 60°) with non-critical stenosis would progress to 
a critical stage, and the presence of an already higher stenosis grade, would lead to ischemic 
nephropathy. 

Figure 13 depicts the velocity changes with respect to time at mid-section of the right renal artery 
for all the artery models. Comparing at early systole (0.06s), peak systole (0.22s) and peak diastole 
(0.44s), velocity curve of the artery with 30° angulation was much higher than the other models. It 
was then followed by the artery with 45° bifurcation angle and then the other model. The above 
graph co-relates with the inferences obtained from studying the contour plot and vector plot given 
above. The depression at 0.22s and 0.44s indicates the presence of flow recirculation. Velocity was 
found to be the determining factor in the generation of these eddies as Figure 14 suggests minimal 
deviation in static pressure of the blood flow at the centre section of the renal arteries.  
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Fig, 10. Vector plots of arteries with 45° and 75° bifurcation angles at early systole 

 

  
Fig. 11. Vector plots of arteries with 45° and 75° bifurcation angles at peak systole 

 

  
Fig. 12. Vector plots of arteries with 45° and 75° bifurcation angles at peak diastole 
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Fig. 13. Evolution of velocity at the mid-section of the renal artery 

 

 
Fig. 14. Evolution of pressure at the mid-section of the renal artery 

 
3.2 Wall Pressure 
 

Figure 15 and 16 show the pressure contours at early and peak systole. There was a positive 
gradient of wall pressure along the length of the abdominal aorta, with mild pressure drops seen at 
the regions of renal artery bifurcation. The pressure at peak systole was roughly three times than 
that at the early systole stage. The pressure contour at the peak diastole condition is shown in Figure 
17, where there was negative pressure gradient along the length of the abdominal aorta, and the 
renal branches owing to increased amounts of reversed flow. Wall pressure is found to increase with 
increasing bifurcation angle throughout the cardiac cycle, as it was also the case in the experimental 
data obtained from [40]. At the Ostia, the pressure at the distal wall was higher than that at the 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 88, Issue 1 (2021) 149-165 

159 
 

proximal wall in the early and peak systole condition for all the artery models, with pressure 
increasing proportionally with bifurcation angles. However, it was not the case at the peak diastole 
condition. The variation in pressure gradient with respect to time as shown in the above graphs, aids 
in understanding the physiological significance of a given atherosclerotic lesion [41]. It has always 
been associated with the direction of blood flow; higher the magnitude of oscillations, greater is the 
extent of reversed flow; when large enough is believed to cause flow separation [40]. The presence 
of stenosis causes oscillation in the PD with the average pressure losses in the left renal arteries of 
all angulations were noted to be above 10 mmHg. This causes malfunction in the renin-angiotensin-
aldosterone system (RAAS), which is known to cause renal hypertension [42]. Therefore, patients 
with arterial vasculature at higher angulations have more chances of getting diagnosed with 
hypertension, in the event of severe plaque formation. 
 

 
Fig. 15. Comparison of wall pressure contours of arteries with 45°, 75° and 90° bifurcation 
angles at early systole 

 

 
Fig. 16. Comparison of wall pressure contours of arteries with 45°, 75° and 90° bifurcation 
angles at peak systole 
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Fig. 17. Comparison of wall pressure contours of arteries with 45°, 75° and 90° bifurcation 
angles at peak diastole 

 
3.3 Wall Shear Stress 
 

Figures 18, 19 and 20 show WSS contours for arteries with varying angulation at early systole, 
peak systole and peak diastole. WSS was seen to vary inversely with bifurcating angles. WSS varied 
proportionally with velocity as the highest values were seen at peak systole, followed by those at 
early systole and then at peak diastole. Throughout the pulse cycle, higher values of WSS were 
located at the Ostia, with distal wall experiencing higher stress than the proximal wall [17]. As 
angulation of the renal arteries increased, WSS throughout the wall of the artery decreased and 
became more localised at the infrarenal region. Low wall shear stress indicates that there is standing 
recirculation of blood in the region. This causes interactions between blood cells with the arterial 
walls, resulting in atherosclerosis [43]. Maximum WSS oscillations are seen at the Ostia, making it 
one of the regions vulnerable to plaque formation [44]. The oscillations were much more prominent 
with an increase in angle of the renal artery. Distribution of shear stress on the arterial walls have 
always been linked with atherogenesis [32]. It is a very sensitive parameter as minimal changes in the 
shear stress value can have significant implications in the flow behaviour. Areas of low shear stress 
distributions like the proximal wall of the renal artery, are known to be sites of flow recirculation, 
which is linked to the onset of plaque formation [45]. Higher amounts of shear stress either at the 
throat of the stenosis or in areas subjected to incoming flow impingement at the junction such as the 
distal wall, often cause shear thinning in said regions and other regions downstream [40]. 

Figure 21 summarizes all the parameters discussed in one graph, wherein the normalised data of 
the properties were compared with renal arteries of different angulation. The maximum value of 
velocity at the Ostia for all angulations was observed at 0.22 s. Formation of recirculation zones is 
evident as the velocity drops by 14% as the bifurcation angle increases from 30° to 90°. Wall pressure 
at the region of the Ostia however, increases by 3% for the same trend. Wall shear stress at the 
junction sees a drastic drop as Artery-90 has a shear stress value 52% less than that of Artery-30. 
Thus, it quantifies the possibility of plaque formation in the abdominal aorta-renal artery junction of 
higher angulations.  
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Fig. 18. Comparison of WSS contours of arteries with 45°, 75° and 90° bifurcation angles 
at early systole 

 

 
Fig. 19. Comparison of WSS contours of arteries with 45°, 75° and 90° bifurcation angles 
at peak systole 

 

 
Fig. 20. Comparison of WSS contours of arteries with 45°, 75° and 90° bifurcation angles 
at peak diastole 
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Fig. 21. Comparison of all the parameters for all the artery 
models 

 
4. Conclusions 
 

In the present study, numerical simulations are conducted on an idealistic, healthy artery model 
to observe the effects of angulation of renal arteries on the flow behaviour of blood. It can be used 
as a complementary tool that can assist doctors in analysing the factors causing atherosclerosis. The 
method used in this study can be used to assess arteries which are prone to atherosclerosis by virtue 
of its geometry. Angulation of renal arteries with the abdominal aorta is found to play a major role 
in recirculation of blood flow, oscillation of wall shear stress and wall pressure, which were among 
the haemodynamic parameters analysed. Velocity was found to be highest in the region of 
bifurcation. It varied throughout the cardiac cycle. Renal velocity was higher for arteries with smaller 
bifurcation angle and lowered for higher bifurcation angle as a result of flow getting impeded at the 
Ostia. Flow recirculations were more prominent in arteries with higher angulation. WSS was seen to 
reduce as bifurcation angle increased. For arteries with higher bifurcation angles, it tended to be 
localised at the infrarenal region and at the Ostia. Wall pressure varied inversely to velocity and WSS, 
with higher bifurcation angles resulting in higher wall pressure near the Ostia. The present study 
proved that arterial geometry is one of the factors influencing the formation of plaques at the walls. 
By analysing the blood flow through models with different bifurcation angles, it was concluded that 
arteries with higher angulation were found to be much more susceptible to atherosclerosis.  

There were certain assumptions taken into consideration in the present work and requires further 
analysis to be suitable for practical applications. The artery wall is assumed to be rigid instead of 
elastic, making it unsuitable to fully resemble the physiological characteristics of an abdominal aorta-
renal artery junction. Further work can include CFD simulation in patient-derived geometries 
constructed from CT/MRI. Further study can be carried out on arteries with varying levels of stenosis 
and on patient-specific cases. 
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