
 

1. Introduction 

THEROSCLEROSIS is the most common cardiovascular 

disease (CVD) causing increased morbidity in many 

industrialized countries [1]. Although atherosclerosis is a 

general disease involving several factors, it preferentially 

affects the wall of the vessel bifurcations [2]. The reason 

behind this focal nature is due to the local hemodynamic 

factors such as Wall shear stress and flow recirculation in 

those regions [3]. Atherosclerosis in large arteries is one of the 

major causes of stroke and is a cause for high risk of death and 

leading to major disabilities. It is mainly caused by ischemia 

or hemorrhage. Weakened cerebral hemodynamics is closely 

associated with carotid stenosis and blocking [4]. One of the 

symptoms is Transient Ischemic Attack (TIA). It was observed 

by Eliasziw et al [5] that concluded that risk of stroke was 

high for patients with TIA. Also it was nt related to degree of 

stenosis.. Stroke can also occur due to plaque rupture from a 

stenosed carotid artery, which is a perfect location for the 

development of atherosclerosis because of the arterial 

bifurcations leading to disturbed and complex flow [6]. The 

significant role played by hemodynamic constraints such as 

pressure, Wall Shear Stress (WSS) in the formation and 

progression of CVD makes it very essential to understand the 

hemodynamics in the carotid artery Blood is a non-Newtonian 

 

 

fluid. It comprises of various components such as platelets, 

white blood cells, red blood cell etc. [7], however researchers

assumed blood as a Newtonian fluid [1] because in large

vessels (lumen diameter varying from 1 to 3 mm) the rate of

shear are higher than 100 s-1[8]. However, even in large

arteries like carotid arteries, there are some regions where the

diameters are significantly low resulting in low shear strain

rate, where considering blood as a non-Newtonian fluid 

becomes necessary. Many researchers have studied different 

non-Newtonian blood viscosity models [9], out of which 

Carreau-Yasuda model was found suitable to simulate blood 
flow [1]. Jehangiri et al studied different non – Newtonian 

models to study the blood flow behavior and concluded that 
the power law is not suitable to capture the flow [12]. Lee et al 

also suggested that the rupture of plaque can be predicted 

depending upon the plaque cap thickness and other geometric 

properties [13].  

Numerical investigation of haemodynamics in the carotid 

artery using Fluid structure interaction technique is an 

effective tool in understanding the flow dynamics and its 

effects on the arterial wall. The results from both structure and 

fluid are exchanged at the interface to obtain the desired 

results. In this study the behavior of flow of blood through 

stenosed carotid artery is subjected to normal High BP stage 1 

, High BP stage 2, High BP  stage 3and also hypotension. The 

purpose of this study was to enumerate the properties of 

different blood pressure ranges on the Wall Shear Stress 

(WSS) and vorticity and also in exploring the variations 

between Newtonian and non-Newtonian blood viscosity. 

2. Methodology  

2.1 Image acquisition and reconstruction. 

3D model of patient specific carotid artery is constructed by 

selecting CT angio data followed by converting 2D CT scan 

images into 3D CAD model using image processing software 

like MIMICS 19 (Materialise, Leuven, Belgium). To avoid the 

stair-step artifact which generally appears on the curved 

surface of the model, scan interval is kept less than 2 mm. The 

developed model had more than 300 slices each in coronal, 

sagittal, and axial planes. Using appropriate threshold ranging 

from -150 to 450 HU in the present case, carotid artery is 

identified, and the segmentation process is carried out. Using 

automatic region growing the carotid bifurcation is segmented. 

As the FSI model consists of fluid and structural model 

representing blood and elastic artery, both are generated 
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separately. The usual range of carotid intima media is in the 

range of 0.6 to 0.8 mm. In this study the arterial wall thickness 

is assumed to be 0.7 mm. 

The FSI analysis was performed using Ansys CFX 19.0 and 

Ansys structural 19.0(ANSYS® Academic Research, Release 

19.0). The artery was created as a linear elastic material with 

Elastic modulus of 0.9 MPa, and Poison’s ratio of 0.45. For 

the Newtonian viscosity model a density 1060 kg/m3 and 

viscosity of 0.004 Pa-s was used and the non – Newtonian 

consideration, Carreau – Yasuda model was chosen. The 

changes in WSS for different blood pressure ranges for both 

Newtonian and non – Newtonian models were considered and 

compared.  Figures 

2.2 Modelling and computational setup. 

The general FSI problem involves the fluid and solid domains, 

interface conditions, and the relevant conditions for other 

boundaries. The fluid is considered laminar governed by the 

Navier – Stokes equations of incompressible flows in 

Arbitrary Lagrange Eulerian basis: 

𝜌𝑓 (
𝜕𝑣𝑓

𝜕𝑡
+ 𝑣. ∇𝑣) − ∇. 𝜎𝑓 = 0, ∇. 𝑣 = 0                                         (1) 

in fluid domain. Where ρ is persistent density and v is the 

velocity of the field. The flow is defined by pressure and 

velocity fields vf and pf respectively. The outside forces of the 

human body is considered not significant and hence neglected.  

The constitutive relations for stress tensors read as 

𝜎𝑓 = −𝑝𝑓𝐼 + 2𝜇𝜀(𝑣𝑓)                                                           (2) 

Where μ is the dynamic viscosity of the fluid, pf is the 

Lagrange multiplier corresponding to incompressibility 

constrain in (1), ε(v_f ) is the strain – rate tensor: 

𝜀(𝑣𝑓) =
1

2
(∇𝑣𝑓 + (∇𝑣𝑓)

𝑇
)                                                   (3) 

The governing equations for the structure are  

𝜌𝑠 (
𝜕𝑣𝑠

𝜕𝑡
+ (∇𝑣𝑠)𝑣𝑠 − 𝑔) − ∇. 𝜎𝑠 = 0 IN Ω𝑡

𝑠
  (4)                       

Where s denotes structure, ρ_s is the material density, g 

represents the external body forces acting on the structure and 

σ_s is the Cauchy stress tensor.   

The structure configuration is described by the displacement 

us, with velocity field VS =
𝜕𝑢𝑠

𝜕𝑡
. In a common lagrangian 

explanation with respect to some fixed position state we have 

𝜌𝑠 (
𝜕2𝑢𝑠

𝜕𝑡2 − 𝑔) − ∇. Σ𝑠 = 0 In  Ω𝑠 

Where the tensor Σ𝑠= 𝐽𝜎𝑠𝐹−𝑇is called the first Piola – Kirchoff 

tensor (Razzaq et al., 2010) is the momentum equation. 

The boundary conditions on the fluid – solid interface is 

assumed to be  

𝜎𝑓𝑛 = 𝜎𝑠𝑛, 𝑣𝑓 = 𝑣𝑠  on Γ𝑡
0                                                      (5) 

In this study, first order high resolution scheme is used 

initially during steady state analysis to stabilize the flow. The 

mass flux source coefficient is defined at the interface to 

achieve convergence and to achieve stability. Sufficiently 

large pressures were transferred at the interface from fluid to 

structure. Here mass flux pressure coefficient technique is 

used with a fixed number of stagger loops and varying values 

of source coefficients to achieve convergence. Physical time 

scale is used in the solution at the starting instant during 

steady state simulation and to achieve convergence with a 

residual target of 10-5. After steady state simulation, a second 

order high resolution scheme is utilized to achieve higher 

order of accuracy for transient simulation using lower courant 

number automatically from previous steady state results.  

3. Boundary Conditions 

In this study, a three-dimensional carotid artery is studied to 

elucidate the hemodynamics under different blood pressure 

conditions. Blood is considered as Newtonian with a dynamic 

viscosity of 0.004 pas and artery as a linearly elastic model 

with Elastic modulus of 0.9E6 Pa and poisons ratio of 0.45 

since arterial wall undergoes small deformation approximately 

10 – 15% of mean diameter [10] . A section from a long artery 

is considered in this study, therefore in structural model at the 

nodes at the ends are fixed so that the model is stable during 

the pulsatile flow. The remaining nodes are free to move due 

the fluid interaction with the structure. A pulsatile velocity 

obtained from Doppler ultrasound is applied at the inlet. 

Resistance boundary condition is applied at the outlet as 

described by [11]. Figure 1 displays the 3D geometry and the 

boundary conditions applied.    

 

Figure 1: Boundary condition details 3D FSI model 

  

4. Results and discussion  

Figure 2 displays the analysis of the difference in WSS 

between non – Newtonian and Newtonian models. Maximum 

WSS over the entire wall of the artery is noted with a clear 

observation that the Newtonian model undervalues the WSS 
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equated to the Carreau Yasuda model. Vortex core regions 

were produced during the decelerating phase of the pulsatile 

flow. Flow diverged while approaching the bifurcation, and 

then showed helical motion representing vortex formation 

leading to low shear regions mainly near the carotid sinus and 

post stenosis in external carotid artery. During this helical 

flow the stagnation points appeared on wall below the carotid 

sinus and at the inner wall immediately post stenosis. The 

region affected due to vortex formation was small during peak 

systole and higher during late and early diastole. 

 
 

 

Figure 2: Comparision of WSS between different blood pressures and 

rheological models. 

 

 

 

Fig. 3 Vortex core regions for Newtonian and non-Newtonian models 

 

Figure 3 shows the vortex core regions for NBP 
Newtonian and non-Newtonian viscosity models. If can 
be enumerated that, although the vortex core regions 
arer similar qualitatively, there is significant quantitative 
variance between the two viscosity models.  

 

5. Conclusions 

The bio-rheological characteristics of blood in arterial flow 

influences the quantitative behavior of the flow field. The 

results showed that the Newtonian model is not appropriate for 

simulating the flow in the carotid artery with stenosis where 

the rate of shear is less than         100 s-1. The observations in 

the present study shows the differences in WSS and vorticity 

and their position was dependent on the flow distribution 

between the branches and the peripheral resistance due to 

pressure and also the blood rheology. 
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