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Abstract 
 

Blood flow following Carreau-Yasuda viscosity model at steady-state through various categories of stenotic arterial bifurcations based 

on Movahed [1] was investigated by using finite element method. Reynolds number was fixed at 233. Results are reported in terms of 

wall shear stress (WSS) and velocity distributions. The maximum peaks of WSS was found at the minimum flow area, where high veloc-

ities were present. Symmetric stenotic sites gives rather symmetric WSS distribution and symmetric velocity profile, whereas on asym-

metric sites, the skewness depends upon the presence of the stenotic site as it introduces curvature. Volumetric flow rate ratios at various 

locations were introduced to indicate the crucial conditions. In addition, levels of stenosis between 30-60% based on flow area were con-

sidered. The 60% level gave significant higher WSS peak and the lowest WSS at the location behind the stenosis for the symmetric case. 

For the asymmetric case, the 50 and 60% levels show the lowest WSS values at the end of the stenotic site.  
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1. Introduction 

 Atherosclerotic lesions have been known associated to 

the vessel wall shear stress variation. The tentative sites 

of atherosclerotic participation are those locations, where 

the blood flow changes its direction such as curvature, 

junctions and bifurcations. Hence, the detailed infor-

mation of wall shear stress is important especially to car-

diologists. Bifurcations have been brought to numerous 

researchers' interests, and there have been significant 

classifications of coronary bifurcations such as Sanborn, 

Lefevre, Safian, Duke, Medina and Movahed [1]. While 

the first four classifications were used during the bare 

metal stent time, the last two are appropriate and adaptive 

to the current intervention technique for bifurcations us-

ing drug-eluting stents [1].  

  Advancement in computer software and hardware de-

velopment has made a non-intrusive method such as the 

numerical method with non-Newtonian viscosity models 

become more possible and effective. Hence, the compu-

tational fluid dynamic method has been adopted as a tool 

to evaluate vascular physiological quantities such as wall 

shear stress instead of conducting experiments. Johnston 

et al. [2] tested 5 different viscosity models via wall shear 

stress patterns with 4 different right coronary arteries at 

steady state in order to find the appropriate viscosity 

models that can imitate blood flow. The models were 

Newtonian, Carreau-Yasuda, Walburn-Schneck, Power 

law and Casson models. They stated that no single model 

can universally represent blood. Nonetheless, the fact that 

blood behaves as a Newtonian fluid at shear rate less than 

100 s
-1 

showed that the power law and the Walburn-

Schneck models did not show this behavior. The 

Carreau-Yasuda model was suggested as it fit experi-

mental data quite well. The results were also confirmed 

by Gijsen et al. [3] and presented the flattened axial ve-

locity profiles due to its shear thinning behavior. Addi-

tionally, Husain et al.[4] investigated 4 viscosity models 

such as power law, Casson, Carreau and generalized 

power law through a stenosed artery. The pressure drop 

values obtained from these models were compared to 

those from the Newtonian model. They found that all 

non-Newtonian models except the power law model gave 

higher pressure drop than the Newtonian.          

 Bifurcation is prone to atherosclerotic plaque due to 

the changes in flow directions and curvature causing flow 

separation and back flow, thus fluctuating the wall shear 

stress values away from their normal range of 0.5-1.5 Pa 
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in an artery [5]. Therefore, there have been various re-

searches conducted on blood flow through different 

shapes of bifurcations. For instance, a carotid arterial 

bifurcation has been interested by many researchers as it 

contains curvature and non-planar branching, which af-

fects the flow features. Zhao et al. [6] and Long et al. [7] 

used a reconstructed model from magnetic resonance 

images of a carotid arterial bifurcation of a healthy man 

to numerically study the Newtonian blood flow. Gijsen et 

al. [3] also studied blood flow through in vitro experi-

ments and a finite element method of an arterial carotid at 

steady state using both Non-Newtonian and Newtonian 

fluids. Their results were in agreement that the secondary 

flow or Dean vortex was found at the curvature from the 

transition from the common carotid and the internal ca-

rotid. Increase and decrease of the vessel cross-sectional 

areas decelerated and accelerated the flow, respectively, 

which affected the axial velocity profiles and the wall 

shear stress significantly. 

 In addition, flow through coronary bifurcations also 

catch researchers' interests as they are significantly relat-

ed to cardiovascular diseases. Due to their complex ge-

ometry, the effects of curvature on the flow and the WSS 

patterns were focused. Chen and Lu [8-9] investigated a 

geometric bifurcation with one non-planar curved branch. 

Weydahl and Moore [10] used a geometrically- curved 

bifurcation model. The effect of curvature of a left ante-

rior descending coronary artery realistic model and its 

first diagonal branch was studied by Prosi et al.[11]. An-

other interesting research work was conducted by Gijsen 

et al. [12] on a blood flow through a 90-degree curved 

tube using the Carreau-Yasuda model. Skewness of the 

peak of velocity distribution occurred toward the inner 

bend. In addition, Dean vortices took place resulting in a 

shift of the peak value toward the outer wall.  

 A straight vessel with stenosis has been investigated 

by several researchers. Flow and WSS patterns signifi-

cantly depended on stenosis severity according to Husain 

[4,13]. The maximum WSS occurred just before the 

stenotic throat, and further downstream the WSS values 

became undisturbed [4]. Wang and Berndolf [13] exam-

ined steady Newtonian and non-Newtonian Carreau-

Yasuda blood flow through cubic-spline shaped stenotic 

straight tubes with 30 and 70% stenosis. Longer recircu-

lation after the stenosis was found in the Newtonian case 

due to lower shear rate causing high viscosity in the non-

Newtonian case. Shuib et al.[14] tested 2D Newtonian 

laminar and turbulence blood flow through a stenotic 

vessel at different Reynolds numbers. The blood flow 

through a 90
o
-step and a smooth sudden expanded tubes 

were compared by Hyun et al.[15], and found that the 

step expansion was less prone to atherosclerosis.  

 Few researches were carried out on the blood flow 

through 3D stenotic bifurcations of any classifications. 

Zarandi et al.[16] presented blood flow conditions 

through stenotic coronary arterial bifurcations in the con-

text of Medina classification. Three cases of stenotics in 

the main branch proximal and/or the main branch distal 

and the side branch were carried out. The stenotic lesions 

were made axi-symmetric for 50 and 75% stenosis levels. 

Wall shear stress patterns were presented along with the 

flow distributions in order to conclude which stenosis 

type was more prone to atherosclerosis progression.   

 Most of researches on blood flow through stenosis 

have been carried out in a straight tube and through axi-

symmetric lesions without being in the context of any 

classification. Therefore, this current research was aimed 

to numerically study the blood flow through different 

types of stenotic arterial bifurcations according to 

Movahed classification by using a non-Newtonian vis-

cosity model of Carreau-Yasuda at various stenosis levels. 

The finite element method was employed under steady-

state condition at a fixed Reynolds number of 233, while 

the effect of pulsatile flow is planned for our following 

paper. Patterns of values of wall shear stress are present-

ed as well as axial velocity profiles.  

 

2. Methodology  

2.1 Assumptions and problem scope  

The blood flow through an arterial bifurcation at steady-

state and laminar flow was assumed at diastole correspond-

ing to Reynolds number of 233 [3]. The blood behaved in 

accordance with Carreau-Yasuda viscosity model. Shown in 

Fig.1, the bifurcation vessel consists of mother vessel having 

diameter of 4.0 mm, and was then divided to 2 branches 

namely primary and secondary daughter vessels having 3.2 

mm and 2.8 mm diameters, respectively. All vessel wall 

were assumed rigid and followed no-slip condition. Fur-

thermore, the stenosis level in terms of percentage is calcu-

lated based on the minimum flow area of the stenotic site 

compared to the flow area of the vessel before the stenotic 

site. The flow left the bifurcation at the exit of each daughter 

vessel toward zero gauge pressure. This was done in order to 

imitate an in vitro experimental setup.   

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Bifurcation with normal condition and boundary conditions. 
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2.2 Computational Domain 

Stenotic bifurcations were categorized based on the stenosis 

of arterial bifurcation categorization of Movahed [1] as illustrat-

ed in Fig.2. Note that Movahed [1] classified the stenotic bifur-

cation into 7 cases, namely 1m, 1s, S, L, 2, V and T, but in this 

study L, 2 and V types were combined to one case due to its 

similarity. Hence, here there are 5 types called 1m, 1s, S, L-2-V 

and T instead. Type 1m in Fig.2(a) contains stenosiss on both 

internal and external sides of the primary daughter vessel 

whereas type 1s shown in Fig.2(b) contains stenosiss on both 

sides of its secondary daughter vessel. Fig.2(c) presents type S 

which the stenosiss occur at the external side of the primary 

daughter vessel and the internal side of the secondary daughter 

vessel. The presence of stenosiss for types L-2-V and T in 

Figs.2(d) and (e) are similar, except for the fact that type T has 

an obtuse angle of 110o between the daughter vessels while type 

L-2-V and the rest have acute angles of 60o, and appear on both 

internal and external sides of both daughter vessels. Note that 

the stenosis on the external side of the primary daughter vessel 

for each related case also covers some part of the mother vessel. 

The stenosis percentage was calculated as minimum flow area 

over the diameter of the daughter vessel, where the stenosis was 

present. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Category of stenosiss in bifurcation based on the categorization of 

Movahed [1]. Note that the maximum stenotic areas cover 50% of flow 

area in each vessel. 

 

2.3 Governing equations 

 As the steady-state and laminar 3D flow was assumed 

throughout the study, the governing equations are as follows 

Continuity Equation: 

        (1) 

Momentum Equations : 

  
    

  
                      (2) 

where     denotes velocity of the blood,  is the blood 

density and equal to 1,050 kg/m
3
, P is the fluid pressure 

and  represents the dynamic viscosity of the blood, 

which behaves according to the Carreau-Yasuda model 

[17] and the values of parameters and constants were 

obtained from Gijsen et al.[3] as follows 

                        
   
  (3) 

where    is the viscosity of the blood when the infinite 

shear applies = 2.210
-3

 Pa-s,    is the viscosity of the 

blood when the minimum shear applies = 2210
-3

 Pa-s, λ 

is the characteristic time constant = 0.110 s, n = 0.392 

and a = 0.644. Note that the properties of all fluids used 

throughout this study are at 37
o
C. 

 Once the velocities were solved, the wall shear rate,   , 

was then calculated from 

   
   
   

 (4) 

Finally, the wall shear stress, WSS, was computed from 

the product of the wall shear rate and the Carreau-Yasuda 

viscosity as follows 

         (5) 

The results are reported in terms of the wall shear stress val-

ues and the flow fields or velocity profiles in the next section. 

 

2.4 Numerical Method 

 The finite element method was used to discretized the 

hemodynamic problem via a commercial software 

COMSOL in order to approximate the dependent variables u, 

v, w and P. Once the computational domain was set, unstruc-

tured 3D meshes were generated using free meshing algo-

rithm. For the Navier-Stokes equation system, second order 

Lagrange elements model the velocity components, and 

linear elements model the pressure. A second-order La-

grange or quadratic element contains node points at the cor-

ners and side midpoints of all mesh, and a linear element 

contains node points at the corners only. For each node point 

pi, there is a degree of freedom Ui = u(pi) and a basis func-

tion i. The major constraint of the basis function i is then a 

polynomial of degree 2 in the local coordinates. Hence, i = 

1 at node i and i = 0 at other nodes. Therefore, the basis 

functions are then continuous and        .       

 The governing equations are nonlinear partial differential 

equation system. Since our problems are at steady state, the 

stationary solver breaks down the nonlinear system into sev-

eral linear equations. Then, the UMFPACK algorithm, 

which is a direct solver for asymmetric systems using the 

asymmetric-pattern multifrontal method and direct LU fac-

torization of a sparse matrix, performs the solving process 

once the boundary conditions are applied in order to obtain 

matrices of u, v, w and P with tolerance of 10
-6
.  

        

 2.5 Mesh density dependence check 

 Unstructured meshes were generated throughout the 

vessels using the Delaunay algorithm with the boundaries 

partitioned into triangular elements. Prior to beginning 

the investigation on the flow through stenotic bifurca-

tions, mesh density dependence check needed to be car-

ried out for the normal bifurcation using Carreau-Yasuda 

viscosity model. Three mesh densities were tested: 11.85 
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meshes/mm
3
 (Model A), 46.81 meshes/mm

3
 (Model B) 

and 147.43 meshes/mm
3
 (Model C) using adaptive mesh 

refinement.  

 Two cross sections measured 10 mm away from the 

entry, called X-X', and at the bifurcation region, Y-Y', 

where the flow was divided to two daughter vessels as 

illustrated in Fig.3. The computed results were shown in 

terms of wall shear stress values in Figs.4 and 5 for the 

cross sections X-X' and Y-Y', respectively. 

 

  

 

  

 

 

 

 

 

 

 

 

Fig.3. Locations of cross sections taken for mesh density depend-

ence check. 

 

 Fig.4 shows the wall shear stress values at the cross 

section in the mother vessel, which is similar to the circu-

lar tube. All mesh densities gave harmonized results. The 

average values of WSS are 1.4256, 1.4361 and 1.4897 Pa 

for Models A, B and C, respectively. The wall shear 

stress values near the end of the mother vessel or the 

beginning of bifurcated daughter vessels present the fluc-

tuating pattern for all three mesh densities in Fig.5. This 

was because the flow prepared to be divided and the flow 

symmetry was being destroyed. Local comparison sug-

gested that the maximum difference around 20.63% oc-

curs at around 250
o
 between the WSS values of Models B 

and C. This was also due to that fact that the denominator 

was low.  

 According to the study by Holzbecher and Si [18], the 

adaptive mesh refinements led to more accurate solutions 

judging from less errors. This happened especially to 

quadratic elements. However, finer meshes consume the 

computational memory and time, and sometimes lead to 

divergence of the solutions. Therefore, in this study, a 

mesh density of 46.81 elements/mm
3
 was chosen as a 

compromise between accuracy and convergence. Note 

that Intel Core i3 CPU with 4 GB RAM Computer was 

used in the entire investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Comparison of wall shear stress of the cross section at 10 mm 

away from the mother vessel entry (X-X') for different mesh densities 

 

 

 

 

 

 

 

 

 

 

Fig.5. Comparison of wall shear stress of the cross section at the bifurca-

tion region (Y-Y') for different mesh densities. 

 

3. Results and Discussion 

3.1 Validation 

Fig.6 shows the comparison of dimensionless velocities 

(V/Vmax) of the present study of cross sections at z = 10, 15 

mm measured from the entrance of the mother vessel and at 

the beginning of the bifurcation, where the flow started to 

divide, to those obtained from literature, for the bifurcation 

without stenosis. Good agreement was found between the 

dimensionless velocities measured 10 mm away from the 

main entrance and the results of Boyd et al.[19], who used 

the Lattice method. The profile is flat in the middle of the 

vessel. At 15 mm away from the entrance, half of the profile 

became collapse to the results of Gijsen et al.[7], who also 

used the Carreau-Yasuda viscosity model, while the other 

half showed the difference. This was thought due to the fact 

that Gijsen et al.[7] examined the blood flow through a ca-

rotid artery, whose daughter vessels are significantly differ-

ent in diameters. This effect was also observed in the profile 

at the beginning of the bifurcation, where the flow from the 

mother vessel was getting split. 

 

 

 

 

 

 

 

 

 

(a) Locations of cross sections (b) Locations in terms of degrees 

along a circle peripheral 
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Fig.6. Comparison of dimensionless velocities at different cross sections 

along the mother vessel of bifurcation to literature. 

 

3.2 Stenotic bifurcation classification 

 The WSS distributions and the axial velocity profiles 

for each bifurcation are discussed here. This section starts 

with the WSS and the flow distributions of normal Y and 

T bifurcations. Then, the following subsection deals with 

the various types of stenotic bifurcations. Note that since 

local hemodynamics helps understand the cause of lesion 

generation especially after the stenotic sites, each case of 

stenosis is worth being discussed individually in this sec-

tion. Finally, the levels of stenosis will be discussed in 

the last subsection.    

   

3.2.1 Normal Y and T Bifurcations 

 WSS along the mother vessel and both daughter ves-

sels are reported for both Y and T bifurcations without 

stenosis as illustrated in Figs.7 and 8. The similarity of 

the trend was found along the mother vessel until the 

flow arrived the bifurcation section, where the flow was 

to be divided to the daughter vessels. For the Y-

bifurcation, after the bifurcation area the WSS in the pri-

mary daughter vessel is by overall higher than that in the 

secondary one whereas the opposite results were found 

for the T-bifurcation. Fig.9 presents the comparison of 

the WSS of the secondary daughter vessels of both types 

of bifurcation. The WSS in the mother vessel of the Y-

bifurcation is higher, while in the secondary daughter 

vessel the T-bifurcation gave higher value.  

Flow fields in Fig.10(a) suggests that for the Y-Bifurcation 

the daughter vessels were separated by the angle of 60
o
, and 

the angle between the mother vessel and each daughter ves-

sel was equal to 30
o
. However, since the primary vessel was 

larger, more flow was diverted towards it than the secondary 

one. Thus, the WSS was higher in the primary vessel (Fig.7). 

For the T-bifurcation, of which the daughter vessels were 

separated by the angle of 110
o
, Fig.10(b) shows that the flow 

in the secondary daughter vessel was strongly skewed to-

wards the inner wall compared to that in the primary vessel. 

This could be the explanation for the higher value of WSS in 

Fig.8. As for the explanation for Fig.9, the blood turned 

sharply in the secondary daughter vessel for the T-

bifurcation compared to that for the Y-bifurcation. This 

could cause the higher shear. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. WSS along a normal Y-bifurcation with 60o between the daughter 

vessels (without stenosis). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. WSS along a normal T-bifurcation with 110o between the daugh-

ter vessels (without stenosis). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. Comparison of WSS along secondary daughter vessels of normal 

Y and T-bifurcations. 

 

 

 

 

 

 

 

 

 

 

 

Fig.10. Overall flow fields in the entire bifurcations. 

(a) Y-Bifurcation (b) T-Bifurcation 

Mother Vessel 



0000 K.Kanokjaruvijit et al. / Journal of Mechanical Science and Technology 00 (2016) 0000~0000 

 

3.2.2  Stenotic bifurcations 

(a) Type 1m 

Figs.11(a) and (b) show WSS patterns along front wall 

and stenotic sites, respectively, for the stenotic bifurcation 

type 1m. Along the front walls, the values of WSS from the 

entrance in the mother vessel through the beginning of the 

primary daughter vessel are likely in the normal range (0.5-

1.5 Pa [4]), even where the stenosis on the outer side was 

present. However, the curvature of such stenosis insignifi-

cantly affected the flow as shown in the flow field in 

Fig.11(c). This also shows along the stenotic sites in 

Fig.11(b) on the outer wall. Then, the maximum peak of 

WSS was found at the minimum flow area, where the 

stenotic sites were present on both sides of the primary 

daughter vessel. This represents the high velocity vicinity in 

the flow field of Fig.11(c), where the flow looked like being 

squeezed through a narrow channel. Finally, once the blood 

flow was expanded, the WSS values became lower than 1 in 

both Fig.11(a) and (b). This occurred in the low velocity 

region after the stenotic sites in Fig.11(c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11. WSS and flow distributions for the stenosis type 1m. 

   (b) Type 1s 

Fig.12 shows the WSS patterns and flow field for the 

stenosis type 1s, which has stenotic sites with same curvature 

on each side of the secondary daughter vessel. The trend of 

WSS distribution on the front side in Fig.12(a) was not as 

severe as that of type 1m. Most of the WSS values were 

approximately in the normal range with the peak value of 

around 2.6 Pa, slightly higher than the higher limit of the 

normal range. Considering Fig.12(b), which illustrates the 

WSS pattern along the stenotic sites of both inner and outer 

wall, there are two peaks of the WSS on the inner wall and 

one nearly symmetric peak on the outer wall. The flow field 

illustrated in Fig.12(c) shows that the first peak the blood 

flow is skewed toward the inner wall. For the second peak, 

which occurred at the narrowest flow area, the flow is seem-

ingly squeezed then expanded, which correspond to the rapid 

drop of WSS. Note that the flow velocity profiles are likely 

symmetric when the flow was passing the stenotic sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12. WSS and flow distributions for the stenosis type 1s. 

 

 (c) Type S 

The stenotic sites for type S are located at 2 sites: on the 

(a) Front view through secondary daughter vessel 

(b) At stenotic sites 

(c) Flow field 

(a) WSS pattern along front side 

(b) WSS pattern at stenotic sites 

(c) Flow field 
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mother vessel to the outer side of the primary daughter ves-

sel and on the inner side of the secondary daughter vessel 

with smaller curvature. Fig.13(a) presents the WSS distribu-

tion along the front wall. The curvature of larger stenotic site 

did not affect the blood flow much in the mother vessel as 

the WSS values are still in the normal range. Once the flow 

reached the bifurcation region, the curvature started playing 

an important role, and caused smaller flow passage (see 

Fig.13(c)). The on-site WSS, then, rapidly increased to the 

peak of 6.8 Pa for the primary daughter vessel as shown in 

Fig.13(b). In the secondary daughter vessel, the convex site 

started at apex, where the flow from the mother vessel im-

pacted on, and caused the highest value of WSS of 11.5 Pa at 

the beginning of the site. Then, the WSS decreased to 3 Pa 

after the apex, and increased to another peak of 9 Pa at the 

narrowest flow passage. At the end of the convex sites of 

both daughter vessels, the WSS dropped rapidly. Fig.13(c) 

shows that the flow was deflected by the convex site toward 

the other side of each vessel. In addition, skewness of the 

flow toward the inner wall of each daughter vessel occurred 

in a normal bifurcation was likely to disappear on the convex 

sites in type S. This presents in parabola velocity profiles in 

the narrow flow passages in Fig.13(c). At the end of the ste-

nosis, the flow separation occurred on the outer wall of the 

primary daughter vessel and on the inner wall of the second-

ary daughter vessel.  

 

 (d) Type L-2-V 

 The stenotic sites of type L-2-V are located on both 

inner and outer walls of both daughter vessels. Both con-

vex sites on the inner and outer walls of the secondary 

daughter vessel were designed to be identical. However, 

the primary daughter vessel contained asymmetric con-

vex sites as shown in Fig.2(d) with a larger curvature on 

the outer wall. Fig.14(a) presents WSS distribution on the 

front view from the entrance of the mother vessel to the 

exits of both daughter vessels. Similar shapes were found 

with different peak values of 6.3 and 5 Pa for the primary 

and the secondary daughter vessels, respectively. The 

WSS distribution at the stenotic sites of the primary 

daughter vessel are illustrated in Fig.14(b). The convex 

surface on the mother vessel slightly affected the blood 

flow by increasing the WSS value to approximately 2.5 

Pa. However, the peaks values of both branches were 

similar at 7.3 Pa. Then, the WSS was reduced to below 1 

Pa at the ends of the stenotic sites. This could be ex-

plained by the appearance of flow separation in Fig.14(d). 

After the stenosiss, the blood flow became more parabol-

ic without skewness towards the inner wall.  

Considering the symmetry of the stenotic sites in the 

secondary daughter vessel in Fig.14(c), both maximum 

peaks are approximately the same at 7 Pa. Notwithstanding 

that, the shapes at the inner and outer walls are different. At 

the beginning of the inner wall, the WSS increases rapidly, 

because some amount of the flow from the mother vessel 

was deflected by the convex site on the mother vessel wall, 

and also the stenotic site on the inner wall started right at the 

apex, where the flow from the mother vessel impacted, see 

Fig.14(d). Then, the plateau shape of WSS occurred along 

the convex surface of the inner wall. However, the WSS of 

the outer wall gradually increased to the peak value near the 

narrowest flow passage. Once, the flow had passed the 

stenotic sites, the WSS decreased to near zero due to the 

flow separation. Then, the velocity profiles in Fig.14(d) be-

came more symmetric through the exit without a sign of 

skewness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13. WSS and velocity distributions for stenosis type S. 

 

(e) Type T 

 The stenotic sites of type T bifurcation are similar to 

those of type L-2-V in the previous section, except for 

the bifurcation angle between the primary and the sec-

ondary daughter vessels, of which type T is 110 degrees. 

The angle between the axis and the secondary daughter 

vessel here became 80 degrees, and that between the axis. 

Fig.15(a) represents the WSS distribution along the front 

side of the entire bifurcation. At the end of the mother 

(a) Front view through each secondary daughter vessel. 

(b) At stenotic sites 

(c) Flow field 



0000 K.Kanokjaruvijit et al. / Journal of Mechanical Science and Technology 00 (2016) 0000~0000 

 

vessel and the beginning of each daughter vessel, the 

WSS became greater than 2 Pa, which is greater than that 

of type L-2-V. The WSS on the secondary daughter ves-

sel dropped to 1.75 Pa and increased to the peak of 5.5 Pa. 

Contrarily, the WSS on the primary daughter vessel ra-

ther gradually increased until the flow passage became 

narrower, the WSS then raised to the maximum value of 

4.3 Pa. Finally, the WSS of both daughter vessels de-

creased to approximately 0.5 Pa, and increased again to a 

normal range along the expanded passage. 

 The WSS distribution along the stenotic sites of the pri-

mary daughter vessel are presented in Fig.15(b). Starting 

with 2.5 Pa for the inner wall, the maximum value was 9.5 

Pa, and rapidly decreased to near zero at the end of the site. 

The pattern of the WSS of the site on the outer wall is simi-

lar to that of type L-2-V as well as the maximum peak of 7 

Pa. Interestingly, the WSS distributions of the secondary 

daughter vessel shown in Fig.15(c) showed dissimilarity to 

those of type L-2-V at the beginning of the outer wall 

stenotic site as it was higher for type T. The maximum peak 

of the outer wall was approximately 10 Pa, while the inner 

wall gave the peak of 6.5 Pa. The blood flow from the moth-

er vessel drastically turned to the secondary daughter vessel, 

and also the convex surface on the mother vessel wall di-

verted more flow toward the secondary daughter vessel. In 

addition, the latter influence became more pronounced than 

type L-2-V as suggested in Fig.15(d). At the end of each site, 

the WSS value became below 1 Pa. This can be explained by 

the flow separation found at the end of the convex surface of 

each wall in Fig.15(d). 

 

 (f) Local volumetric flow rate ratio 

   According to the blood flow analysis through different 

types of coronary bifurcations in the context of Medina clas-

sification of Molavi-Zarandi et al.[16], volumetric flow rate 

ratio (Q ratio) was employed as a quantitative tool to help 

indicate the tendency of severity of the flow conditions. Here, 

the severe cases of stenotic sites occurring on both branches 

such as types L-2-V and T were selected to present in Table 

1. Note that the primary daughter vessels for both cases were 

equally tilted 30 degrees from the main axis, but the second-

ary daughter vessel were different. For type L-2-V, it was 

tilted 30 degrees from the main axis, while for the type T, it 

was tilted 80 degrees. Q denotes the volumetric flow rate. 

Subscripts 0, 1, 2, 3, 4, 5, 6 and 7 indicate the locations at the 

entrance of the main vessel, at the beginning of the stenosis 

on the main vessel, at the beginning of the stenosis on the 

primary daughter vessel, at the maximum stenotic site on the 

primary daughter vessel (the narrowest flow area), after the 

stenotic site on the primary daughter vessel, at the beginning 

of the stenotic site on the secondary daughter vessel, at the 

maximum stenotic site on the secondary daughter vessel (the 

narrowest flow area) and after the stenotic site on the sec-

ondary daughter vessel, respectively.         

 More crucial conditions were found in the secondary 

daughter vessel in both cases as the ratios became 20-37%. 

The significant difference were found in the secondary 

daughter vessel where type L-2-V gave 73% less at the max-

imum stenotic site (Q6) and 27% at the end of the stenosis 

(Q7). This helps imply that the restenosis tends to occur more 

to the L-2-V case than the T case in the secondary daughter 

vessel. For the primary daughter vessel, the Q ratios (Q2/Q0, 

Q3/Q0), however, are reverse between the two types. The cru-

cial condition for type L-2-V occurred at the maximum 

stenotic site with Q3/Q0 = 31.14%, whereas it occurred at the 

beginning of the stenosis for type T with Q2/Q0 = 33.18%.        

 

Table 1 Volumetric ratios at different locations of stenotic sites  

Volumetric 

flow rate ratio 
Type L-2-V Type T 

Q0/Q0 1 1 

Q1/Q0 0.6976 0.7055 

Q2/Q0 0.4768 0.3318 

Q3/Q0 0.3114 0.4530 

Q4/Q0 0.4711 0.4881 

Q5/Q0 0.2061 0.2582 

Q6/Q0 0.2118 0.3669 

Q7/Q0 0.2492 0.3171 

       

3.3  Levels of stenosis 

Comparison of WSS distribution for stenotic areas of 30, 

40, 50 and 60% were investigated in this section. Only types 

1m, 1s and T were selected to present the WSS distribution 

comparisons on the front side as they contained stenotic sites 

on both inner and outer walls plus their severity compared to 

other types. Also note that type 1m contains an asymmetric 

stenosis, while type 1s consists of a symmetric sites. Fig.16 

represents the WSS distribution for type 1m. The stenosis 

level of 60% showed the most severity in WSS distribution. 

Its peak is 4.5 Pa, and it decreases to 0.5 Pa at the end of the 

stenotic site, where the expanded flow passage was formed. 

However, for the other levels, the peaks were in the vicinity 

of 3 Pa, then the WSS was reduced to normal values of 1-1.5 

Pa. 

Fig.17 illustrates the WSS distribution at different steno-

sis levels for type 1s, at which symmetric stenotic sites are 

located on the secondary daughter vessel. The peak values 

for each case is around 2.5-3 Pa, but the significant differ-

ence occurs at the end of the stenotic site. At levels of 50 and 

60% stenosis, the WSS value decreases to 0.5 Pa, and then 

gradually increases toward 1 Pa. This can be explained by 

the fact that the blood flow through a narrow passage be-

tween stenotic sites abruptly expanded to a normal vessel. 

Nonetheless, for levels of 30 and 40% stenosis, the stenotic 

passages were not as narrow, thus, the WSS values after 

their stenotic sites stayed in the normal range and rather un-

disturbed. 
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Fig.14. WSS distribution for the stenosis type L-2-V. 

 The WSS patterns of type T stenotic bifurcation are 

presented in Fig.18 for both primary and secondary 

daughter vessels. Consider Fig.18(a) for the data of the 

primary daughter vessel with asymmetric stenotic site, the 

peak of 30% stenosis was at 3.2 Pa, whereas the rest were 

between 4.2 and 4.7 Pa. The falloffs at the end of the 

stenotic sites for 30, 40 and 50% stenosis levels were be-

tween 1-1.5 Pa, but 0.5 Pa for 60% stenosis level. 

Fig.18(b) presents the WSS distributions for the secondary 

daughter vessel, which was disposed to almost perpendic-

ular to the mother vessel causing all stenosis levels to start 

with higher WSS values than type 1s, which has similar 

stenosis geometry. The stenosis level of 50% gave the 

highest maximum peak of approximately 5.7 Pa followed 

by the 60% level, which gave 5.5 Pa. After the stenotic 

site, the WSS values for 30, 40 and 50% levels decreased 

to an agreeing value of approximately 1.5 Pa. However, 

the expanded flow passage strongly affected the 60% ste-

nosis case as the WSS drastically decreased to 0.5 Pa prior 

to increasing back to within the normal range. 

 

Fig.15. WSS distribution for the stenosis type T. 

 

Fig.16. WSS distribution of different levels of stenosis for type 1m. 

 

(a) Front view 

(b) At stenotic sites on 

primary daughter vessel 

(c) At stenotic sites on 

secondary daughter vessel 

(d) Flow field 

(a) Front view 

(b) At stenotic sites on 

primary daughter vessel 

(c) At stenotic sites on 

secondary daughter vessel 

(d) Flow field 
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Fig.17. WSS distribution of different levels of stenosis for type 1s. 

 

Fig.18. WSS distribution of different levels of stenosis for type T. 

 

4. Conclusions 

 This current study was focused on the patterns of WSS 

and the flow fields of various types of stenosis in a coro-

nary arterial bifurcation categorized by Movahed [1]. 

Normal Y- and T-shaped bifurcations were firstly inves-

tigated and found the significant difference in the sec-

ondary daughter vessels, which were tilted 30 degrees 

and 80 degrees from the mother vessel, respectively. 

More severe skewness toward the inner wall was found 

in the T-type bifurcation resulting in approximately 30% 

higher in WSS peak compared to that of the Y-type. This 

was thought due to the nearly sharp turn of the secondary 

daughter vessel of the T-type. 

 Five types of stenotic sites were investigated as illus-

trated in Fig.2: 1m, 1s, S, L-2-V and T. When the stenotic 

sites were present on both vascular inner and outer walls 

such as types 1s, L-2-V and T, skewness of the flow field 

did not play a role. The comparisons the WSS distribu-

tions of two-sided stenotic sites such as types 1m and 1s 

and one-sided sites such as S are considered as follows  

 The stenotic sites on the primary daughter vessel of 

type 1m versus that of type S show no significant 

difference in local WSS distribution. Flow passage 

expansion after the stenotic sites for both cases 

caused flow separation.    

 The stenotic sites on the secondary daughter vessel 

of type 1s versus that of type S gave more obvious 

different WSS distribution. Two peaks were found 

in type 1s near the beginning of the stenotic site and 

at the narrowest passage, while for type S the high-

er peak was found right at the beginning of the 

stenotic sites, and another one at the narrowest pas-

sage. Stronger flow separation on the inner wall af-

ter the stenotic site occurred to type S, whereas the 

velocity profiles for type 1s were likely symmetric. 

 Types L-2-V and T were compared due to their same 

stenosis locations but different angle between the mother 

vessel and the secondary daughter vessel. The primary 

daughter vessels of both types showed no significant 

difference in the WSS values with similar shape. None-

theless, such difference was found in the secondary 

daughter vessels of both types, especially on the inner 

wall possibly owing to more effect of skewness on type 

L-2-V. The trends of the WSS distributions were similar 

with higher values from type T. This can be because the 

flow velocity profiles showed similarity for both stenosis 

types. 

 The volumetric flow rate ratio was introduced in order 

to help indicate the tentative crucial condition according 

to Zarandi et al.[16]. However, in the current study, dif-

ferent locations along the main and the branch vessels 

were presented. The crucial conditions tended to occur in 

the secondary daughter vessel for type L-2-V and in the 

primary daughter vessel for type T as the volumetric flow 

rate ratios reduced.      

 Considering the influence of stenosis level on WSS 

distribution by varying between 30 and 60% asymmetric 

stenotic sites on type 1m showed the maximum of WSS 

peak for the 60% level, while the 50% level gave similar 

peak value to those of the 30 and 40% levels. The signifi-

cant differences between each level took place after the 

stenotic site. Symmetric stenotic site typifying type 1s 

illustrated similar peaks for all levels, but after the stenotic 

site, the levels of 50 and 60% gave the lowest WSS and 

the data almost collapsed. Nevertheless, type T gave the 

WSS distribution at various stenosis levels different from 

the other two types. The 50 and 60% stenosis levels gave 

similar WSS distribution and higher than the 30 and 40% 

levels, which showed similar distribution in the primary 

daughter vessel and different distribution in the secondary 

daughter vessel. This was thought due to the different 

bifurcating angles from the other cases of bifurcation. 
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Nomenclature 

u       : Blood velocity 

P     : Blood pressure 

Q   : Volumetric flow rate    

WSS   : Wall shear stress 

(a) Primary daughter vessel 

(b) Secondary daughter vessel 
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     : Wall shear rate 

    : Blood viscosity 

0     : Blood viscosity at minimum shear  

     : Blood viscosity at infinite shear 

    : Blood density 
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