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In order to imitate the atherosclerosis artery disease and determine the key issues, 
Computational Fluid Dynamics (CFD) is able to play a leading rule in the analysis of flow 
physics within the clogged arteries, in particular the stenosis artery. The problem of 
blood flow blockage through the blood vessel has been investigated numerically within 
a stenosis artery. In this work, a CFD technique was employed to solve the three-
dimensional, steady, laminar and non-Newtonian Carreau model blood flow through a 
stenosis artery using Star-CCM+ software. The shape of stenosis that has been selected 
is a trapezoidal with two cases (70% and 90% blockage). Shear rate, streamlines, 
vorticity and importance factor are examined to assess the influence of non-Newtonian 
model through the test section, the Carreau model was compared with Newtonian 
model. The clinical significance of the shear rate is reported for the examined cases, 
observing that the levels of non-Newtonian model are predicted to be higher in the 
90% blockage than that observed within the 70%; the same finding as related with the 
axial velocity and vorticity. The levels of re-circulation areas and vorticity are showed 
to be enlarged in the Carreau model compared with the case of Newtonian. 
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1. Introduction 
 

Arteries are large blood vessels that deliver the blood away from the heart to all parts of the body. 
Narrowing of these vessels is called stenosis, and this may be causing many diseases such as stroke. 

Fluid mechanical studies inside the arteries have been ongoing since 1960s in an attempt to 
understand the behavior of blood flow in order to predict and avoid the blood damage. Previously, 
the researchers investigated the flow behavior with simplifications such as laminar, steady, and 
Newtonian fluid [1, 2]. Hariharan et al., [3] performed an experimental investigation using particle 
image velocimetry (PIV) in order to assess the blood flow parameters related to medical device safety 
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through a nozzle model that proposed by the US Food and Drug Administration (FDA). Pressures and 
fluid velocities were examined in this model as well as the turbulent flow quantities. 

 Furthermore, the researchers noticed that serious problems associated with the flow of blood 
after the stenosis especially as related with the non-Newtonian effects [4–7]. Johnston et al., [6] used 
five different blood viscosity models (Carreau, Walburn-Schneck, Power law, Casson and Generalised 
power law model) as well as the Newtonian model in order to study the wall shear stress effects 
within different arteries. The authors examined local and global non-Newtonian importance factor 
through these models and they advised to use the non-Newtonian model to achieve better estimate 
of wall shear stress at low shear. Furthermore, Molla and Paul [8] used five different models of non-
Newtonian (Power low, Cross, Carreau, Quemada and modified-Casson). In this study, the authors 
evaluated the levels of these models on the pressure distribution and wall shear stress. The results 
showed that the reduction in shear stress was bigger when considering the effects of blood viscosity 
models. 

In addition, Carreau Yasuda model was used by Halder et al., [9] to examine the blood flow within 
artery stenosis using several variants of pulsatile flow and different inlet velocity profile. The authors 
investigated the wall shear stress, velocity fields, strain rate and vortex distribution for Newtonian 
and non-Newtonian models and noticed that there were significant differences between these 
models models. More recently, a study in 2020 by Foong et al., [10] evaluated the flow of blood inside 
an artery using Newtonian and non-Newtonian approaches numerically with applying a constant het 
flux. The authors reported the temperature and Nusselt number of blood flow using different 
parameters of the non-Newtonian (Sisco) model. In this study the authors got different values of 
temperatures in case of Sisco model comparing with the Newtonian one. Yan et al., [11] continued 
the work by investigating the behavior of blood flow within the artery using a cone shape of stenosis 
and Sisko fluid model was used a non-Newtonian model. In this study, the authors applied a constant 
heat flux on the wall in order to evaluate the velocity profile through the artery, noticing that there 
were no affect due to different directions of heat flux; whereas the non-Newtonian flow of blood 
prepared higher temperature than that of Newtonian flow because of higher heat transfer rate; as a 
result this variation affected on the health.  

Even though stenosis arteries have been assessed with different assumptions such as viscosity 
effect and nature of flow [7, 12] and various simulations have been demonstrated [13] but in 
simulating the rheology of blood inside the arteries, one of the significant issues that need to be 
taken into account is how to treat the flow of blood in order to evaluate correctly the strain rate and 
other parameters that related with the main problems such as thrombosis. Therefore, in the current 
study, a non-Newtonian Carreau model has been utilized in order to investigate the blood flow 
through 3D stenosis artery utilizing STAR-CCM+ v.12.02.011. Hence, the aim of the present study is 
evaluating the impact of using non-Newtonian models through the stenosis artery (Trapezoidal 
shape). 
 
2. Problem Description  
 

In the current investigation, blood vessel is modelled as a tube having blockage area. The shape 
of blockage area is presented as trapezoidal whereas the other parts as tube to point out the stenosis 
artery as shown in Figure 1. Table 1 illustrates the cases that used in the present work. The diameter 
of the artery and the whole length of stenosis are 3 and 10 mm respectively. In order to ensure fully 
developed flow, the inlet was located 100 diameter of the artery upstream of the stenosis area, and 
the outlet was located 80 diameter of the artery downstream the stenosis area; following Hariharan 
et al., [3]. The Newtonian model, as well as the non-Newtonian model, Carreau, is used through the 
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entire test sections. Two different area stenosis are include in the present investigation: 70% 
(moderate) and 90% (severe), as calculated by Kamangar et al., [14]. 
 

 

 

Fig. 1. Model geometry of the cases used in the present work 

 
Table 1 
Details of the cases used in the present work (All the dimensions are in mm) 

Description Case 1  
(Moderate 70%) 

Case 2 
Severe (blockage 90%) 

rs (radius of stenosis)  0.82  0.47  
ra (radius of artery)  1.5  1.5  
Ls (length of stenosis)  3 3  

 
3. Computational Details 
 

CFD is one of the common tools that used to investigate the flow physics through the medical 
devices. All simulations in the present work are executed using a commercial CFD software STAR-
CCM+ v.12.02.011 [15]. This code was employed to solve the steady Navier-Stokes equations based 
on a finite volume method as follows [16] 
 
𝜕𝑢𝑖

𝜕𝑥𝑖
= 0, 𝜌𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

𝜕𝑝
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𝜕
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where 𝑢𝑖  is the velocity gradient,𝑢𝑖 = (𝑢, 𝑣, 𝑤), 𝑥𝑖  is the Cartesian coordinate, 𝑥𝑖 = (𝑥, 𝑦, 𝑧); while 𝑝 
is the pressure and 𝜌 is the density. 𝜇(𝑆) is the blood viscosity that depends on the shear rate 
magnitude which is computed from the shear rate tensor as following 
 

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 , 𝑤ℎ𝑒𝑟𝑒 𝑆𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
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Blood was assumed as laminar. Furthermore, in order to assess the effects of non-Newtonian 

models on the flow behaviour within the model especially after the stenosis area, the flowing blood 
is treated as non-Newtonian and characterised by Carreau model; on account of superior 
performance of non-Newtonian flow effects through the medical devices as identified previously by 
the present author Al-Azawy et al., [4, 17] and the other researchers such as Johnston et al., [6] and 
Molla and Paul [8]. The flowing blood is treated as non-Newtonian and characterised by Carreau 
model. The Carreau model complies with the following form 
  

𝜇(𝑆) = 𝜇∞ + (𝜇0 − 𝜇∞)(1 + (𝜆𝑆)2)(𝑛−1) 2⁄           (3) 

0 

ra 
rs 

Flow direction 

Case 1 

Ls 

Case 2 



CFD Letters 

Volume 12, Issue 11 (2020) 27-36 

30 
 

where 𝜇∞ is the infinite shear viscosity (𝜇∞ = 0.00345 Pa.s), 𝜇0 is the viscosity of blood at zero shear 
rate (𝜇0 = 0.056 Pa.s), 𝜆 is the relaxation time constant (𝜆 = 3.313 s) and 𝑛 = 0.3568 [18]. 
Six separate meshes were generated to explore the spatial mesh resolution as shown in Table 2. In 
the present study, polyhedral mesh was employed for the CFD model using STAR-CCM+ 
v.12.02.011[15], as illustrated in Figure 2. A prism layer of 5 layers was employed to resolve the 
boundary layer. 
 

  

 

Fig. 2. Numerical mesh showing the prism layers 

 
Table 2 
Details of mesh models 

Meshes M1 M2 M3 M4 M5 M6 

Total number of cells 93 924 213907 696 608 997 313 1 244 421 2 162 820 

 
Figure 3 displays the variation of axial velocity and vorticity along a horizontal line (0.6 mm above 

the centerline) which represent a grid-independence study. It is clear from this figure that the 
prediction of axial velocity and vorticity for the meshes M5 and M6 are very close in comparison with 
the other four meshes. Consequently, the mesh M5 (1,244,421 cells) is selected for the following 
simulation to capture the properties of fluid through the entire body.  

In addition, the same inlet velocity was applied to all simulations cases (𝑣𝑙𝑖𝑛𝑒𝑡 = 0.6 m/sec), 
outflow boundary condition with no-slip conditions applied at the walls. 
 

  

(a) Variation of axial velocity. (b) Variation of vorticity. 

Fig. 3. Profiles of axial velocity and vorticity variation located along a horizontal line (0.6 mm above 
the centerline) 
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4. Results and Discussion 
4.1 Examination of Blood Rheology 
 

Validation with experimental data is important and crucial in order to appreciate the confidence 
of the numerical simulation. The present numerical simulation is validated with the available 
experimental data of Food and Drug Administration (FDA) nozzle model [3]. Figure 4 shows the axial 
velocity along a horizontal of the geometry (for more details, see Hariharan et al., [3]).  
 

 
Fig. 4. Variation of axial velocity of the results that 
obtained from STAR-CCM+ software and the 
experimental data from Hariharan et al., [3] 

 
Apparent blood viscosity variation with shear rate was inspected by comparing the results of 

Newtonian model with those of non-Newtonian Carreau model as illustrated in Figure 5. From this 
Figure, it can be seen that the dynamic viscosity is almost constant when the value of shear rate be 
more than 1000 1/s. 
 

 
Fig. 5. Viscosity of blood for Newtonian and non-Newtonian models versus strain rate 
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Availability of blockage within the artery gives enlargement to complexity of the flow behaviour 
especially after the stenosis. Figure 6 depicts the streamlines originated from the inlet surface 
towards the whole body. In this figure, the streamlines are seeded from line 1 and line 2 for the sake 
of illustration. For case 2 line 1, it can be noted that the re-circulation areas are raised in the Carreau 
model (see line 1, Figure 6(b), case 2) comparing with case 2 of a (for Newtonian model). 
 

 

(a) Newtonian 

 

(b) Non-Newtonian 

Fig. 6. Snapshot of streamlines originated from lines 1 and 2 for (a) 
Newtonian, and (b) Non-Newtonian 

 
4.2 Clinical Issues of Results 
 

It is also suitable to investigate the shear rate levels within the model in relation to different 
shapes of stenosis in order to assess the risk of blood damage especially thrombosis (blood clotting). 
Figure 7 presents the contour behaviour of the shear rate at mid xz-plane. 
  

 

 

Case 1 Case 2 
(a) Newtonian 

  

Case 1 Case 2 
(b) Non-Newtonian 

Fig. 7. Contour of shear rate at mid xz-plane 

 
In addition, the vorticity magnitude at vertical lines before, through and after the stenosis was 

illustrated in Figure 8. This is computed as follows 
 

|𝜔| = √2𝜔𝑖𝜔𝑖,              (4) 
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where 𝜔𝑖 is the vorticity vector and 𝜖𝑖𝑗𝑘 is the Levi-Civita cyclic operator. Levels of vorticity observed 

within the stenosis artery were observed to be very similar before and during the stenosis for both 
Newtonian and non-Newtonian models (see line 1 and 2, Figure 8 case 1 and 2), indicated that 
vibration of dynamic viscosity is minimal. As declared in Figure 7. A higher degree of difference is 
observed at the area after the stenosis (see line 3), inconsistent with the previous lines that levels of 
vorticity different with the difference of blood model. Observing that the vorticity in case 2 (90%) is 
higher than that observed in case 1 (70%) and reaches to maximum value of 4000 and 10000 1/s at 
case 1 and case 2, respectively (see line 3, Figure 8). It should be noted that such smaller vorticity 
means less rotation of blood particles and this one of the factors that could accumulate the blood, as 
a results, this likely to cause thrombosis. The same behaviour has been noticed with the velocity 
magnitudes as shown in Figure 9.  
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Fig. 8. Viartion of vorticity at three posions along lines as showed above. The above group is for case 1 
while the lower group is case 2 

 
Furthermore, in order to present a more quantitative examination of the non-Newtonian effects 

levels through the stenosis artery, the local ‘importance factor’(IF) assessed as proposed by Johnston 
et al., [19] and Al-Azawy et al., [4]. The importance factor was calculated as follows 
 

𝐼𝐹 =
𝜇(𝑆)

𝜇∞
               (6) 

 
where 𝜇(𝑆) is the actual dynamic viscosity that be governed by the Carreau model (see Eq. (3)), and 
𝜇∞ is the Newtonian shear viscosity. In general, the IF will be equal to 1 in the Newtonian model, 
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while the values that not equal to one will refer to the areas of the non-Newtonian flow. Figure 9 
describes the IF for the Carreau model for both cases. 

The clinical relevance of the importance factor is described for the examined cases, observing 
that the levels of non-Newtonian model are predicted to be higher in the 70% blockage than that 
observed within the 90% (see Figure 10).  
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Fig. 9. Viartion of velocity magnitude at three posions along lines as showed above. The above group is for 
case 1 while the lower group is case 2 
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Fig. 10. Local importance factor (𝐼𝐹) for Carreau model 

 
5. Conclusion  
 

The present numerical investigation was accomplished to examine steady, laminar and non-
Newtonian blood flow through a three-dimensional stenosis artery using a Carreau model. A 
trapezoidal shape of stenosis through an artery was examined and simulated numerically. The strain 
rate and importance factor were calculated, and flow inside areas of the artery noticed to lie within 
the range of non-Newtonian rheological effects can be present, verifying the necessity to treat blood 
as non-Newtonian fluid; especially, with the case of 70% blockage. An examination of streamlines 
through the artery advised that the re-circulation areas in the artery and after the stenosis stretched 
further in the Carreau model. The levels of vorticity are predicted to be higher in the 90% blockage 
than that observed within the 70%. 
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