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ABSTRACT 

Bifurcated vessels represent a typical vascular unit of the cardiovascular system. 

In this study, the blood flow in symmetric and asymmetric bifurcated vessels are 

simulated based on computational fluid dynamics method. The blood is modeled 

as non-Newtonian fluid, and the pulsatile flow velocity is applied on the inlet. 

The effects of the fluid model, bifurcation angle and symmetry of the geometry 

of the vessel are investigated. The results show that the wall shear stress (WSS) 

on the outer wall of daughter branches for the non-Newtonian fluid flow is 

greater than that for Newtonian fluid flow, and the discrepancy between the flow 

of two fluid models is obvious at relatively low flow rates. With the bifurcation 

angle increases, the peak axial velocity of the cross-section of daughter branch 

decreases, so the WSS increases. For the non-Newtonian fluid flow in the 

asymmetric bifurcated vessels, more flow passes through the daughter vessel 

with a lower angle, and the WSS along the outer wall of which is lower. 

Furthermore, the region with a low time-averaged wall stress (TAWSS) and high 

oscillating shear index(OSI) distributed on the outer wall of bifurcation vessels 

are larger for the flow in the vessel with smaller bifurcation angle. In conclusion, 

the effects of the blood viscosity cannot be neglected at low flow rates and the 

geometry of the bifurcated vessel plays a key role with regards to the blood flow. 
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1. INTRODUCTION 

Flow bifurcations, such as multiple bronchial 

bifurcations in the respiratory system and blood and lymph 

flow through blood vessels, are widespread in the human 

body (Arjmandi & Razavi, 2012; Beier et al., 2016; 

Abugattas et al., 2020). Blood carries oxygen as well as 

nutrients to various tissues in the body through the 

circulatory system, and the bifurcation structure is the 

most common blood vessel in the cardiovascular system 

(Zhao et al., 2000; Chen et al., 2020). The behavior of 

blood flow is strongly influenced by the geometry of 

vessels, and complex flow fields can lead to vascular 

disease (Spanos et al., 2017) . Several studies have shown 

complex flow behavior at vascular bifurcations (Soares et 

al., 2021; Harris et al., 2023). Therefore, it is important to 

study the flow behavior of blood in bifurcated vessels. 

Atherosclerosis is a vascular lesion characterized by 

atherosclerotic damage to the arterial lining and is one of 

the underlying causes of cardiovascular disease 

(Kucharska-Newton et al., 2017). Currently, it is believed 

that the formation of atherosclerosis is related to the 

permeability of endothelial cells in the vascular wall 

(Libby et al., 2011). Studies have shown that arterial 

stenosis leads to abnormal hemodynamic parameters and 

damage to the inner wall of the vessel, which in turn 

induces atherosclerosis (Caro et al., 1969; Fry, 2002; 

Nagargoje et al., 2021; Kamangar, 2022). Thus, the WSS 

provides important information for predicting which 

regions develop atherosclerosis. However, trying to obtain 

accurate approximate WSS values is complicated. Some 

researchers have obtained velocity fields by particle image 

velocimetry (PIV) and magnetic resonance fluid dynamics 

(MRI) techniques and computed the WSS by calculating 

the velocity field is more accurate (Cox et al., 2019), but 

it requires the assistance of equipment; therefore, it is 

more convenient to use a purely computational method to 

obtain the WSS. Some scholars have experimentally 

verified the accuracy of using numerical simulation to 
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calculate the WSS (Bordones et al., 2018; Cox et al., 

2019). 

The arterial bifurcation vessel has a greater impact on 

blood flow due to the bifurcation angle (Zhang & Dou, 

2015). For instance, Liu et al. (2015) found that in the right 

coronary artery, the angle of the side branch had a 

significant effect on atherosclerotic lesions. However, 

Beier et al. (2016) compared the results of stented and non-

stented Y-bifurcation vessels and concluded that the 

bifurcation angle had little effect on hemodynamics. 

Chaichana et al. (2011) investigated various combinations 

of bifurcation angles and low wall shear stress gradient 

was demonstrated with wide angles. The nonplanarity of 

bifurcation vessels is an important factor in 

hemodynamics and may play a significant role in 

pathophysiology (Chen & Lu, 2004, 2006). Nagargoje 

(Nagargoje & Gupta, 2020; Nagargoje et al., 2021) 

constructed symmetric and asymmetric bifurcation 

vessels, demonstrated that the flows of Newtonian and 

non-Newtonian fluids are obviously different in these 

vessels and observed a pair of helical vortices near the 

bifurcation. 

Blood is a suspension composed primarily of blood 

cells and plasma, of which red cells make up more than 

40% of the blood volume (Xiao et al., 2020a, 2023). 

Interactions among the red cells lead to complex 

rheological behavior (Freund, 2014). Blood viscosity does 

not significantly change at high shear rates, and at low 

shear rates, cell-to-cell adhesion increases, leading to an 

increase in blood viscosity (Xiao et al., 2020a, 2021), 

which is a well-known non-Newtonian characteristic 

(Kannojiya et al., 2021). In the cardiovascular network, 

blood is affected by the vascular structure and the pulsatile 

flow in a cardiac cycle. Therefore, it is important to adopt 

a non-Newtonian fluid model to characterize the blood 

flowing through bifurcating vessels. Caballero and Laín 

(2014) studied steady-state blood flows in human thoracic 

aortic vessels and compared Newtonian and non-

Newtonian rheological behaviors, suggesting that the 

Newtonian assumption is a good approximation at 

medium and high flow rates (the shear rate is higher than 

100S-1). Abugattas (2020) employed the Power Law, 

Cross and Carreau-Yasuda viscosity models of the carotid 

artery to study the bifurcation flow behavior of non-

Newtonian fluid in the vessel and concluded that different 

non-Newtonian models have different wall shear stresses 

in geometric stress concentrations. With the development 

of computer techniques and numerical methods, blood 

flow under physiological conditions can be simulated. 

In most of the previous studies on blood flow, specific 

bifurcated vessels were focused on, and the non-planarity 

and asymmetry of the vessels have been analyzed in some 

studies. Few studies on how the bifurcation angle affects 

the blood flow behavior and atherosclerotic areas have 

been reported. In this study, the blood flow in three-

dimensional bifurcated arteries is simulated. The effects of 

the rheological model, bifurcation angle and symmetry of 

bifurcation on the blood flow and vulnerable areas are 

investigated. Some conclusions drawn from this work are 

made, aiming to provide theoretical insight into the blood 

flows in bifurcating vessels. 

2. MODELS AND METHODS 

2.1 Model Geometry and Parameter Values 

In this article, the geometrical models considered are 

based on the model used by Chen and Lu (2004, 2006). as 

shown in Fig.1. The diverging bifurcated vessel consists 

of the mother vessel and two daughter branches. Each 

branch forms an angle with the parent vessel, termed the 

bifurcation angle α and bifurcation angle β. The length of 

the mother vessel is 3 times its diameter d. The length of 

the daughter branch is 8d. Referring to Perktoid’s data and 

individual differences in arterial vessels, the arterial 

vascular diameter(d) is assumed to be 6mm (Arjmandi & 

Razavi, 2012). A smooth curved transition is considered 

at the connection between the blood vessels. The 

diverging bifurcations can be considered symmetric and 

asymmetric, according to achieved by changing the 

distribution of the bifurcation angles. The distribution of 

the bifurcation angles is given in Table 1. 

2.2 Governing Equation and Rheological Model 

The blood flowing through the idealized arterial 

bifurcated vessel is considered to be pulsatile, laminar, and 

incompressible. The control equations are spatially 

discretized using the finite volume method, the SIMPLE 

algorithm is applied to solve the coupled pressure-velocity 

discretization equations, and a second-order upwind 

scheme is used for the momentum equations. The flow 

 

 

Fig. 1 Schematic diagram of the diverging bifurcated 

vessel model 

 

Table 1 Various bifurcation angle combinations 

Sr.No Case Angle 

1 Symmetric == 30  
2  == 45  
3  == 60  
4 Asymmetric == 1545  ，  
5  == 3045  ，  

6  == 6045  ，  
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governing equation is based on three-dimensional Naiver–

Stokes equations, which are given by: 

0u =                                                                            (1) 

( )
u

u u P
t

 
 

+  = − + 
 

                                            (2) 

Here, U  is the velocity vector,   is the density of 

blood, and p  is the pressure.   is the stress tensor and 

can be represented by: 

( )2 D  =                                                                   (3) 

  is the apparent viscosity of the fluid. The rate of 

deformation tensor D is defined as 

( )
1

D=
2

Tu u +                                                           (4) 

  represents the shear rate, it can be given by Equation 

(5) 

1
:

2
D D =                                                                (5) 

At relatively low flow rates, interactions between red 

blood cells are enhanced and blood will exhibit non-

Newtonian properties. In this paper, the Carreau-Yasuda 

viscosity is numerically calculated to describe the shear-

thinning behavior of blood, which is implemented using 

user-defined functions(UDF) in FLUENT and can be 

written as given by Eq.(6) 

( )  b
a

b
1

0 1)(

−

 +−+=              (6) 

The term  denotes dynamic viscosity, and  

denotes the shear rate. The parameters in Eq.(6) are 

obtained from the literature and expressed as follows: the 

high shear viscosity is Pa∙s, low shear 

viscosity is
 

Pa∙s, the relaxation time is 

=1.902, and the power law indices a  and b are 0.22 and  

 

 

Fig. 2 Viscosity curve for the Carreau-Yasuda and 

other blood models 

1.25, respectively (Weddell et al., 2015). A typical 

Newtonian viscosity value of 0.0035 = Pa∙s is 

considered. Figure 2 shows the viscosity for different 

models. The Carreau model and whole blood data from the 

literature were used(Kelly et al., 2020). The Carreau-

Yasuda model fits well with other non-Newtonian models. 

The density of blood is 1050 kg/m3(Johnston et al., 2004). 

2.3 Boundary Conditions and Hemodynamics 

Parameter 

Due to intermittent blood supply to vessels by the 

heart. the blood flow in the artery is pulsatile. Similar to 

chen et al. (2020) a time-varying velocity modeled by a 

fitting curve for the carotid artery is applied at the entrance 

of the main vessel, as shown in Fig. 3.  

( )

2

2

2
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2
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0.1008 8.32 32 0.08 0.2

V = 0.7888 3.792 6.32 0.2 0.36

1.10463232 3.933184 4.2752 0.36 0.46

0.2 0.46 0.8

t t

t t t
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t t
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− + −  


− +  


− +  
  

 

The duration of a cardiac cycle is about approximately 

0.8s, during which the blood flows at some particular 

instants of time, such as at T1=0.13s (peak systolic), 

T2=0.2s (deceleration) and T3=0.7s (end of diastole). At 

T1, the blood flow rate reaches the maximum value of 

0.44m/s, corresponding to Re=803.48, which is far from 

the lower critical value of turbulent flow. Thus the adopted 

laminar flow model is reasonable. The outflow is imposed 

on the outlet of the two branch vessels. A non-slip 

boundary condition is applied to the inner wall of all 

vessels. 

The region with low or oscillating WSS for a long 

time is regarded as the susceptible region of 

atherosclerosis, and the instantaneous parameters cannot 

be directly used to describe the magnitude and oscillation 

of WSS for the whole cycle, Therefore, it is also necessary 

to determine the eligible susceptible region by time-

averaged analysis. In this paper, the TAWSS and OSI, 

 

 

Fig. 3 Pulsatile axial velocity imposed on the inlet of 

the parent vessel in a cardiac cycle 

 

0.056 =

0 0.00345 = 
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(a)                                                                (b) 

Fig. 4 (a) Mesh at the inlet (b) Comparison of the velocity with three different mesh densities 

 

 

Fig. 5 Comparison of the experimental axial velocity 

results. 

 

which were commonly used in previous studies, were 

selected for analysis. The two parameters are calculated as 

follows: 

0

1
WSS

T

TA WSS dt
T

=                                                   (7) 

Where T is the time of one cardiac cycle. 

0

0

0.5 1

T

T

WSSdt

OSI
WSS dt

 
 

= − 
 
 




                                           (8) 

The OSI is a nondimensional parameter whose value 

varies between 0 and 0.5. The role of the OSI is to 

characterize oscillations in the WSS direction during a 

cardiac cycle, with larger values indicating more severe 

oscillations.  

2.4 Mesh Independence Study and Validation 

In most simulations of arterial hemodynamics, the 

velocity gradient near the wall has always been an 

important factor affecting the accuracy of the simulation 

results. Therefore, to ensure that the results are grid-

independent, a grid for Hexcore-poly with ten layers of 

inflation is generated by FLUENT MESHING, as shown 

in Fig. 4(a). The three different grid densities were set for 

comparison. Figure 4(b) shows the profile of the velocity 

obtained using three different meshes at a line located on 

the bifurcation plane at a distance of 2D from the 

bifurcation. It is clear that the solution differences are less 

than 1% for the two meshes(0.350 and 

1.034ⅹ106elements). Hence, the mesh parameters were set 

to be the same as the number of grids 0.350ⅹ106 million.  

The current numerical results were verified by 

comparison with experimental data from the literature 

(Gijsen et al., 1999), which provide experimental results 

for non-.Newtonian flow in a 90o-bend tube. The axial 

velocity profiles were compared on the 45o plane, as 

shown in Fig. 5. The numerical results are in good 

correspondence with the experimental results.  

3. RESULTS AND ANALYSIS 

3.1 Flow of Blood in the Bifurcated Vessels 

When blood flows through the diverging zone, its flow 

field changes dramatically. Figure 6(a) shows the contour 

of velocity on the bifurcation plane of the symmetric 

bifurcated vessels (α=β=45o). The blood flow passes 

through the bifurcation and is separated into two 

branching vessels. It can be seen from the figure that the 

distribution of velocity in both branching vessels is 

symmetric, due to the symmetry of the bifurcation 

geometry. It is faster at the inner wall close to the 

branching canal with a narrow section of the velocity 

maxima region, and a low-velocity region with a larger 

area appears on the side away from the inner wall. In 

addition, the blood flow is disrupted by the bifurcation and 

recirculation zones, where the streamlines exhibit unique 

helical flow patterns, as shown in Fig. 6(b). As the blood 

flows downstream of the branch, the flow velocity 

gradually slows down. 

The axial velocity profiles in the bifurcation plane 

along the daughter vessel are shown in Fig. 7. The  

non- dimensional radius r/R=1 denotes the outer wall of  
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(a)                                                                       (b) 

Fig. 6 Contours of the velocity on the bifurcation plane for the symmetric bifurcation angles 𝛂 = 𝛃 = 𝟒𝟓o and 

velocity streamlines at deceleration.(a) Contour of the velocity (b) Velocity streamline contours 

 

Fig. 7 Profiles of the axial velocity on the bifurcation 

plane in the daughter vessel at S=1d~7d for the 

symmetric bifurcation angles 𝛂 = 𝛃 = 𝟒𝟓o at the end 

of the diastole 

the vessel and r/R=-1 represents the inner wall of the 

vessel. S is the distance along the axis from the location of 

the cross-section through the conjunction of the two 

branches. The low-velocity zone occurs on the outer walls 

of the vessels near the entry segment of the daughter 

branches, indicating that flow reversal formed near the 

outer vascular walls in the region of S = 1d. Downstream 

of the bifurcation, the velocity profiles flatten at S=6d and 

S=7d, which indicates that the flow field is fully 

developed. 

Figure 8 shows the velocity contours and secondary 

flow streamlines along the daughter vessel at the peak 

systole. Obviously, the contours of the axial velocity are 

skewed to the inner wall near the branch point, but a nearly 

parabolic velocity profile can be seen near the exit of the 

branch. The movement of fluid from the outer wall to the 

inner wall is observed, resulting from a centripetal 

acceleration or the pressure gradient introduced by the 

curvature of the bifurcation. Counterrotating vortices, 

which are also called Dean vortices, occur at the cross 

sections close to the bifurcation. These vortices cause a 

shift of the peak axial velocity toward the inner wall. 

 

 

Fig. 8 Contours of the velocity and secondary flow streamlines on the cross-sectional planes in the daughter 

branch at S=1d~6d 
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(a)                                                         (b)                                                              (c) 

Fig. 9 Contours of the wall shear stress on the vascular walls of the bifurcation at three different moments: (a)t 

=T1, (b)t =T2, and(C)t =T3 

 

Figure 9 is the contour plot of the WSS on the 

vascular walls. The WSS on the inner wall is higher than 

that on the outer wall near the conjunction of two daughter 

branches. This is a result of the high-velocity gradient near 

the inner wall of the bifurcation (as shown in Fig. 6(a) or 

Fig.7), due to the presence of the bifurcation. It also shows 

that with the decrease in the mean velocity, the WSS along 

the vessel wall experiences a downward trend. This is due 

to the thicker viscous boundary layer near the inner wall 

of the bifurcation, as shown by comparing Figs. 9(a)~(c). 

3.2 Effects of the Non-Newtonian Behaviors of Fluid 

Flows in Bifurcated Vessels 

The blood exhibits shear thinning behavior at 

relatively low shear rates, which often occurs at the flow 

separation regions in the bifurcated vessels. It is necessary 

to incorporate the non-Newtonian fluid properties. Figure 

10 presents the distributions of the WSS along the outer 

wall and inner wall of the bifurcation plane of the 

symmetric bifurcated vessel with α = β =45o. The results 

show that a significant difference in the WSS exists for 

non-Newtonian and Newtonian flows, especially along 

the outer wall. In Fig.10c, the average difference in the 

WSS for non-Newtonian flow is 0.95% higher than that 

for Newtonian flow. Additionally, the profiles of the WSS 

on the daughter vessels at the peak systole and at the end 

of diastole are similar. In addition, the magnitudes of the 

WSS at the peak systole are much higher, resulting from 

the larger mean velocity and thinner viscous boundary 

layer. Moreover, the WSS reaches its peak on the inner 

wall near the entry section of the daughter vessel. As the 

flow separation occurs at the region where the WSS is 

approximately 0, it can be seen that the WSS at the peak 

systole and end of the diastole on the outer wall near the 

entry section of the daughter vessels reaches its valley 

value, close to 0. Notably, the profiles of the WSS for non-

Newtonian flows are higher than those for Newtonian 

flow at relatively low flow velocies, and the non-

Newtonian property of blood cannot be neglected. 

To understand the effects of the rheological model on 

flow phenomena, the secondary vortex at S=1D, 3D, 5D 

and 7D for the symmetric bifurcated vessel with α=β=45o 

at the end of the diastole, is shown in Figure 11. A pair of 

vortices with opposite rotational directions are observed 

at S=1D-5D. These vortices are known as Dean vortices. 

It is obvious that the structure of the rotational vortices for 

the non-Newtonian fluid breaks down, but that for the 

Newtonian fluid exists at S=7d. This phenomenon occurs 

because the shear-thinning fluid exhibits higher viscosity 

under a low shear rate, which further reduces the flow 

velocity of the non-Newtonian fluid in the daughter 

branch. Compared to the velocity for Newtonian fluid 

flows in the daughter vessel, the velocity for non-

Newtonian fluid flows is lower , and it is easy to reach the 

fully developed flow formed downstream. 

3.3 Effects of The Bifurcation Angle on Blood Flow in 

Symmetric Bifurcated Vessels 

To determine how the bifurcation angle affects the 

blood flow phenomena, the profiles of the axial velocity 

and WSS along the daughter vessels in the bifurcation 

plane for the non-Newtonian fluid flow during the peak 

systole are analyzed. Figure 12 demonstrates the profiles 

of axial velocity for three bifurcation angles at locations 

S=1d~6d. As shown in Fig 12(a), the flow separation, 

indicated by negative values of the axial velocity, is 

formed on the outer walls of the vessels near the 

bifurcation at S=1d. Under the influence of the flow 

reversal, the axial velocity near the inner wall increases 

with the bifurcation angle, as shown in Fig.11(a). 

Moreover, downstream of the daughter vessels, the peak 

value of the axial velocity is smaller for the larger 

bifurcation angle at S=3d~6d. 

Figure 13 shows the distributions of the WSS along 

the outer and inner walls on the bifurcation plane of the 

three symmetric daughter vessels at the peak diastole. As 

seen in Fig.13(a), the WSS along the outer wall is 0 for α 

= β = 30o, 45o and 60o at S=1.5. This implies that with the 

increase in the bifurcation angle, flow separation occurs 

earlier downstream of the branching vessel. Moreover, the 

WSS along the downstream of the daughter vessel 

increases as the bifurcation angle increases. The WSS gets 

closer to the value for fully-developed flow in a shorter 

distance for the bifurcated vessel with a larger bifurcation 
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Fig. 10 Distributions of the WSS along the outer wall at (a) t=T1 (the peak systole), (c)t=T2 (the beginning of the 

diastole), and (e)t=T3 (the end of the diastole)as well as the inner wall at (b) t=T1, (d) t=T2 and (f) t=T3 on the 

bifurcation plane of the daughter vessel for the flow in the symmetric bifurcated vessel with 𝛂 = 𝛃 = 𝟒𝟓o

 

 
Fig. 11 Velocity contours and secondary flow streamlines on the cross-sectional planes S=1D, 3D, 5D and 7D for 

the Newtonian and non-Newtonian flows in the symmetric bifurcated vessel with α=β=45o at the end of diastole. 

 

(e) (f) 

(c) (d) 

(a) (b) 

 

  

  

 

 

(a) 

(b) 
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Fig. 12 Profiles of axial  the velocity in the daughter vessel on the bifurcation plane at (a) S=1d, (b) S=2d, (c) 

S=3d, (d) S=4d, (e) S=5d, and (f) S=6d during the stage of the peak systole for symmetric bifurcated vessels with 

α = β =30o, 45o and 60o. 

 

  
Fig. 13 Distribution of the WSS along the outer wall (a) and inner wall (b) for the non-Newtonian fluid flow in 

symmetric bifurcated vessels with α = β = 30o, 45o, and 60o

 

(f) (e) 

(d) (c) 

(a) (b) 

  

  

  

  

(a) (b) 
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Fig. 14 TAWSS distributions on the wall of the symmetric bifurcated vessels for the α = β = 30o, 45o, and 60o

Table 2 Percentage of the area in low TAWSS zones 

in the symmetric bifurcated vessels 

 30o 45o 60o 

TAWSS(<0.4) 8.52% 5.28% 4.79% 

 

angle. Figure 13(b) shows the distributions of the WSS 

along the inner wall of the daughter vessel. Downstream 

of the apex of the diverging zone, the WSS decreases with 

an increase in the bifurcation angle. There is an inapparent 

effect of the bifurcation angle on the WSS after S=0.3. As 

seen in Fig. 12, near the bifurcation, the axial velocity has 

a greater value near the inner wall than it is near the outer 

wall. This explains why a high WSS is formed along the 

inner wall. Meanwhile, the axial velocity profiles are more 

symmetrical for the high bifurcation angles, which leads 

to the higher WSS value approaching fully developed 

flow. 

Adel et al. (Pinto & Campos, 2016) demonstrated that 

zones prone to atherosclerosis had low TAWSS 

values(<0.4). In symmetrically bifurcated vessels, the 

larger the bifurcation angle is, the smaller the percentage 

of this area, as shown in Table 2. The locations of these 

zones are the same, and they are all on the outer surface of 

the wall of the bifurcation. Combined with the OSI 

distribution shown in Fig. 14, and consistent with the 

conclusions in Table 2, the larger the bifurcation angle is, 

the smaller the zones with high OSI values. 

3.4 Effects of Vascular Asymmetry on Blood Flow in 

the Bifurcated Vessels 

The vascular system frequently exhibits an 

irregularity in the bifurcation angle. To investigate how 

the flow behavior is impacted by asymmetry in the 

bifurcation angle, the blood stream for three different 

bifurcation angles arrangements of 15o - 45o, 30o - 45o and 

60o - 45o are investigated. Figure 15 shows the profiles of 

the axial velocity for the non-Newtonian fluid flow in the 

asymmetric bifurcated vessels at the peak systole. Under 

the same flow conditions, the axial velocity profile for the 

symmetric bifurcated vessel (α = β = 45o) is compared 

with that for the asymmetric bifurcated vessel. Obviously, 

in the same asymmetric vessels, the axial velocity for the 

daughter vessel with a 45o bifurcation angle is larger, 

which suggests that more fluid enters into the daughter 

vessel with a higher angle. In addition, it can be deduced 

that very little reversal flow is observed in the daughter 

branch with a higher angle, resulting from the larger 

curvature of the higher angled daughter vessel. These 

behaviors indicate that blood flow is affected by 

asymmetry in the bifurcation angle. Blood flow changes 

greatly with higher bifurcation angles, resulting in a high 

flow velocity in the daughter vessels. The axial velocity 

profile for the daughter branch of the symmetric vessel 

with α=β=45o is almost the same as that for the branch 

with α = 45o of the asymmetric vessel. 

The distributions of the WSS along the outer and 

inner walls of the three asymmetric bifurcation planes are 

depicted in Fig. 16 Near the branch point, the WSS on the 

outer wall of the daughter vessel with larger angles is 

higher. The WSS along the outer wall of the daughter 

vessel with a lower angle is nearly 0 at S=1, which 

indicates that flow separation occurs earlier downstream 

of the daughter vessel. However, comparing Figs 16(b), 

(d), and (f), it can be observed that the peak WSS 

decreases while the total bifurcation angle (α+β) increases 

on the inner wall. This decrease is related to the larger 

velocity gradient (as shown in Fig. 15a) For asymmetric 

bifurcation vessels, it is obvious from Table 3 that when 

α=45o, the larger β is, the smaller the area of low TAWSS. 

Figure 17 shows the OSI distribution of three different 

types of asymmetric bifurcation vessels. Comparing the 

branch vessels with α=45o, the β angle affects the 

distribution of the OSI. The larger β is, the more dispersed 

the distribution of the area with high OSIvalues. For 

bifurcation vessels with a β angle, as with symmetric 

bifurcation vessels, branch vessels with larger angles have 

smaller areas of high OSI values. It is observed that the 

areas for the region of the low-TAWSS with α=β=30o and 

α=45o and β=15o are almost equal. Therefore, the 

symmetry of the bifurcation has a small impact on the risk 

region on the condition that the total bifurcation angle 

maintains a fixed value. 

 =
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4. Summary and Conclusions 

In the present work, the blood flow in three-

dimensional symmetric and asymmetric bifurcated 

vessels was numerically examined. Newtonian and 

Carreau-Yasuda non-Newtonian fluids were both 

considered. A pulsatile boundary condition was applied to 

the inlet. The effects of the viscosity model, bifurcation 

angle, and asymmetry of the bifurcation angle on the flow 

field were investigated. 

During the pulse cycle, flow separation and 

secondary flow are observed in the dividing vessels. In the 

daughter vessel, the axial velocity is skewed to the inner 

wall and the WSS along the inner wall is higher near the  

  

  

  

Fig. 15 Profiles of the axial velocity in the daughter vessel on the bifurcation plane at (a) S=1d; (b) S=2d; (c) 

S=3d; (d) S=4d; (e) S=5d and (f) S=6d during the stage of the peak systole in the symmetric bifurcated vessel 

with α = β = 45o and asymmetric bifurcated vessel with α = 45o and β = 15o 

 

Table. 3 Percentage of the areas in low TAWSS zones in the asymmetric bifurcated vessels 

    

TAWSS(<0.4) 8.49% 6.71% 4.45% 

 

  == 1545  ， == 3045  ， == 6045  ，

(a) 

 
(b) 

(c) (d) 

(e (f) 

  

  

  



J. Chu et al. / JAFM, Vol. 17, No. 6, pp. 1204-1216, 2024.  

 

1214 

  

  

  
Fig. 16 Distributions of the WSS along the outer and inner walls of the asymmetric bifurcated vessel on the 

bifurcation plane for α=45o, β=15o (a, b); α=45o, β=30o (c, d) and α=45o, β=60o (e, f) at the end of diastole 

 

 
Fig. 17 TAWSS distributions on the wall of the symmetric bifurcated vessels for the α=45o, β=15o(left); α=45o, 

β=30o(middle); α=45o, β=60o(right)

(a) (b) 

(c) (d) 

(e) (f) 
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bifurcation due to centripetal acceleration or the pressure 

gradient initiated by the curvature of the bifurcation. A 

pair of counter-rotating vortices are observed on the cross-

section in the daughter vessel. The effect of the blood 

viscosity was investigated by comparing results obtained 

for Newtonian and non-Newtonian fluid flow. The value 

of the WSS on the outer wall of the daughter branch for 

the non-Newtonian fluid flow is higher. Additionally, at 

low flow rates, the secondary flow streamlines of the 

Newtonian fluid are more pronounced compared to those 

of non-Newtonian fluid flow in the same zone. Therefore, 

non-Newtonian properties of blood in bifurcated vessels 

cannot be ignored at relatively low flow rates. In the 

symmetric bifurcated vessel, as the bifurcation angle 

decreases, the peak axial velocity is higher and the 

magnitude of WSS is lower. In the asymmetric bifurcated 

vessel, the peak axial velocity for the flow in daughter 

branch with large angle is greater, and the WSS along the 

outer wall for which is higher. Moreover, the geometry of 

the bifurcation has a significant impact on the low-

TAWSS and high-OSI regions. The lower the angle of the 

vessel branch is, the greater the area of the adverse 

hemodynamic region. The numerical results provide 

theoretical insight into the mechanism of cardiovascular 

disease from the aspect of hemodynamics.  
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