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Abstract. Fluid-Structure Interaction (FSI) is one of the growing challenges in recent times, wherein both
fluid and structural solution domains are coupled using CFD and FEM methods respectively. Results from
both the analysis are exchanged at interface junction in a synchronized manner to obtain an FSI solution.
This study is helpful in observing the behavior of blood flow through arteries and to study the mechanisms of
diseases like Atherosclerosis, Hypertension, Aneurysms etc. The blood flow distends the elastic artery due the
flow-induced pressure and deformed artery in turn affects the flow behavior. The prime concern is in this study
is to compare the change in flow behavior and structural displacement of both occluded and normal carotid
artery. The clinical data is obtained from ultrasound technique and the subject is having an eccentric occlusion
of 66% in left common carotid and right common carotid shows normal behavior. Initially, the CFD model is
analyzed considering the realistic physiological boundary conditions. Then FSI model is analyzed considering
the same boundary conditions as observed for that of CFD model. The modeling and analysis is carried out
using ANSYS, commercially available Finite Element software. An ANSYS Parametric Design Language
(APDL) has been written to carry out the transient analysis and the parameters like arterial deformation, flow
velocity and wall shear stress are considered. The results obtained agree well with the clinical observations
and theoretical values.
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1

Introduction

Blood flow characteristics in arteries can be altered significantly by arterial disease, such as stenosis
and aneurysms. The altered haemodynamics may further influence the development of the disease and arterial
deformity and change the regional blood rheology. The study of physiologically realistic pulsatile flow through
stenosis has profound implications for the diagnosis and treatment of vascular disease.
Although the actual geometry of a stenosis artery may be varied and complex, it has been frequently simplified as symmetrical or asymmetrical constriction in a cylindrical tube. In general, flow through constricted
tubes is characterized by a high velocity jet generated from the narrowest section and flow separation distal
to the stenosis. Even though the pre-stenotic flow is usually laminar, flow in the post-stenotic region could
become highly disordered or even turbulent depending upon the flow conditions and severity of the stenosis.
Understanding of stenotic flow has also proceeded from both theoretical and computational efforts.
The post-stenotic phenomenon has been studied by Long et al.[7] on a straight tube stenosed model. In
this study axisymetrical and symmetrical model with a reduction of 25%, 50% and 75% were constructed. The
results have demonstrated that the formulation and development of FSZ in poststenotic region are complex in
flow deceleration zone. While Bathe and Kamm[1] used the “iterative over time step” coupling approach in
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modeling pulsatile flow in stenotic arteries. Boundary conditions at the inlet and outlet were obtained from
experimental data. Their model was compared with other mathematical models and was validated against
experimental data. They compared arteries with different degrees of stenoses. The interative approach for flow
field has been examined by Perktold and Rappitsch[10] . The boundary conditions of the flow problem, the inlet
and the outlet pressure, were obtained from experimental data.
The similar study on stenotic arteries has been carried out by Tang et al.[14] by using both thick and thin
wall model. They noticed that the stenotic severity and asymmetry in thick wall models changed not only the
wall geometry, but also the stiffness of the tube wall and this affected the wall deformation. They came to the
conclusion that arteries have a complex structure and should not be treated as a homogenous material. Later
Tang et al.[13] introduced a nonlinear three-dimensional thick-wall model with fluid-structure interactions to
simulate blood flow in carotid arteries with an asymmetric stenosis to quantify the effects of stenosis severity,
eccentricity, and pressure conditions on blood flow and artery compression.
In the present study the change in flow and structural behavior is compared on a realistic CCA model
considering both the normal as well as occluded artery. The radial displacements, Wall Shear Stress and Flow
Separation Zone are compared in both normal and occluded cases.

2
2.1

Methods and model description
Governing equations of FSI solution

Contributions to WJMS are welcome from throughout the world. Manuscripts may be submitted to the
managing editor In FSI analysis, the fluid domain is solved using modified momentum equation adopting
moving velocity is used along with continuity equation as given in equation below[2] .
∂
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where ρ is the density, τ is the stress tensor, υ is the velocity vector, υb is the grid velocity, P is the pressure,
bi is the body force at time t.
The transient dynamic structural solution is given by equation below[5] . The stiffness matrix is updated
in each time step. The Newmark method is used for updating of displacement at each time interval and then
stiffness matrix is solved using direct solver in particular sparse solver, for every time step.
[M ]{Ü } + [C]{U̇ } + [K]{U } = {F a }.
Where M is the structural mass matrix, C is the structural damping matrix, K is structural stiffness matrix,
F a is the applied load vector and Ü , U̇ and U represents acceleration, velocity and displacement vector.
2.2

FSI algorithm

The FSI analysis is performed using sequentially coupled FSI solver in ANSYS[5, 6] . This solver uses
ANSYS FLOTRAN elements for fluid domain and ANSYS structural for solid domain. The FSI algorithm
is shown in form of flow chart in Fig. 1. In the beginning of the FSI analysis, first fluid domain has to be
modeled using appropriate element then required boundary conditions are applied followed by solid domain.
The FSI algorithm solves the fluid and solid domains independently. After fluid domain is solved, the surface
load to the solid domain is transferred through fluid-structure interface and solid domain gets solved. After
the convergence is achieved, the fluid mesh has to be morphed using Arbitrary Lagrangian-Eulerian (ALE)
formulation. The algorithm continues to loop through the solid and fluid domain until convergence is reached
for that time step. Later the loop continues to solve for the time period specified.
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2.3

Fig. 1. FSI algorithm

Fig. 2. Occluded model for left CCA

Fig. 3. Normal model for right CCA

Fig. 4. Inlet Velocity wave form

FSI model description

An approximate carotid model of both the sides is generated in ANSYS-10.0. The required details are
obtained from Duplex scan done on an old patient, who is having 66% eccentric occlusion in left side and
right side is observed to be normal as shown in Fig. 2 and Fig. 3 respectively. The details of both the sides are
taken at different sections depending upon the convenience using M-mode scan for velocity and B-mode scan
for diastolic diameter[10, 15] . The geometry of models in this study is generated having a length of 15D and
thickness of solid model is 0.15D.

3

Analysis

Both fluid and structural part are modeled with 8 nodded brick element and discritized into hexahedral
elements with fluid part comprising of approximately 50000 element and structural part having 12000[10, 15] .
In this case, one pulse cycle is discretized into 50 time steps to simulate the flow behavior more accurately.
The normalized inlet velocity waveform is shown in Fig. 4 and constant pressure boundary conditions at outlet
for fluid-model[13, 14] . The inlet velocity profile shown in Fig. 4 is for occluded left CCA, where the distal flow
is more than compared to that of normal right CCA. The inlet and outlet of solid model is constrained in all
directions[15] . The density of the fluid domain is 1050 kg/m3 and dynamic viscosity is 0.004N-sec/m2 , while
density of solid domain is 1120 kg/m3 , Poisson’s ratio is 0.40 and elastic modulus is 0.9Mpa. Since the patient
is aged person, the arterial wall is stiffened and elasticity is less when compared with that of healthy young
persons. Due to this stiffening, there is a change in Elastic modulus and Poisson’s ratio as seen from Raymond
G et al.[11] , W. A. Riley et al.[12] , Mc Donald[9] , Jay Humprey[4] and Fung[3] . A generalized APDL written in
ANSYS performs the creation of geometry, solution and post processing of results.
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4

Fig. 5. Occluded model for left CCA

Fig. 6. Normal model for right CCA

Fig. 7. Occluded model for left CCA

Fig. 8. Normal model for right CCA

Results and discussions

The computed results like numerical values of displacement, wall shear stress and velocity patterns are
normalized to facilitate the comparison purpose. The structural displacement patterns are shown in Fig. 5 to
Fig. 8, which are obtained at selected instants of pulse cycle as shown in Fig. 4 and maximum displacement
is observed at systolic phase i.e. at instant (b). The flow and displacement pattern are normal as observed
clinically in healthy people. The radial distention seen in Fig. 6 and Fig. 8 is for normal right CCA at instant
(c) and (d) of pulse cycle, which is compared with occluded left CCA for similar instants as seen in Fig. 5
and Fig. 7. The post-stenotic distention seen in Fig. 5 is prime focus for occlusions and obtained results are
comparable as observed clinically. The flow increases in vicinity of occlusion which leads to jet formation in
downstream causing post-stenotic distention and though this distention subsides at instant (d), but eddies are
formed causing turbulence in downstream side and pressure accumulation in upstream side.
The radial distention is compared with theoretical calculations[8] for both normal and occluded models
as seen in Fig. 9 and Fig. 10. In case of normal model, the comparison is more similar, though during diastolic flow, there is some difference, which is due to flow deceleration as observed clinically. Also in early
part of cycle, the difference is because the artery has lost its elasticity and flow requires time to propagate
smoothly. Then in case of occluded model, large difference is observed as flow accumulates in upstream prior
to occlusion and increases the pressure and another reason may be due to numerical approximation.
Because of these reasons even in case of Wall shear stress plots, shown in Fig. 11 and Fig. 12 for occluded
and normal model respectively. The initial difference is observed at instants (a) and (b) for normal model (Fig.
12) and smooth variation is absent for rest of the pulse cycle. Due to the structural flexibility, the WSS is
more in case of rigid model (CFD model) than flexible model (FSI) as fluid undergoes more shearing in CFD
model than in FSI model as elastic structure dampens the flow induced pressure. Also in the flexible WSS
plot during the late diastole period there is slight increase in the WSS, this is mainly due to the diastolic flow,
which increases the shearing effect due to back flow[10, 14, 15] . In case of occluded model, the comparison is not
the same as that observed in normal model. The rigid WSS plot increases exponentially whereas the flexible
WSS plot follows the sharp rise and decline during systolic and diastolic flow respectively. This is because in
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rigid WSS plot, the shearing of fluid continues even during the later part of pulse cycle, where as in case of
flexible WSS plot, the structure dampens the flow induced pressure.

5

Fig. 9. Occluded model for left CCA

Fig. 10. Normal model for right CCA

Fig. 11. Occluded model for left CCA

Fig. 12. Normal model for right CCA

Conclusion

(1) In present case study, the person is having 66% occlusion in left sided common carotid artery and
right sided one is normal. For both the cases, CFD and FSI analysis is carried out.
(2) The diastolic flow is more in occluded model than in normal model due to occlusion.
(3) Due to old age, the artery has stiffened and the change in structural property is included in the model.
(4) The post-stenotic distention is observed in downstream of occluded model similar to that clinically
observed behavior, while the right CCA shows the normal distention.
(5) The computed and theoretical radial displacement comparison of right CCA is observed to be normal and difference is due to flow deceleration and numerical approximation. But for occluded model, large
difference is observed due to pressure accumulation prior to occlusion.
(6) The rigid and flexible WSS plots are compared separately for occluded and normal model. In normal
model, the rigid domain shows more WSS than flexible model as given in available literature. But there is
sharp rise and decline during systolic flow in case of occluded model comparison.
(7) The flow separates in downstream and eddies are formed causing turbulence.
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Appendix

CCA
Dt
Ur∗
Umax
V∗
Vmax
WSS∗
WSSmax

:
:
:
:
:
:
:
:

Common Carotid Artery
Diameter at time, t
Normalized radial displacement = Ut /Umax
Maximum radial displacement in time period
Normalized velocity = Vt /Vmax
Maximum velocity in time period
Normalized Wall Shear Stress = WSSt /WSSmax
Maximum WSS in time period

D∗
Dmax
Ut
Ur
Vt
WSSt
S
Ω

:
:
:
:
:
:
:
:

Normalized diameter = Dt /Dmax
Maximum diameter in time period
Radial displacement at time, t
Radial displacement at radius, r
Velocity at time, t
WSS at time, t
Closed surface
Control volume
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Fig. 11 shows variation of the pressure (mid-plane) developed in the circumferential direction for bearing
with L/D = 1.0 for different values of ε. Similarly, Fig. 12 illustrates the effect of various L/D on the pressure
distribution for ε = 0.6. From Fig. 11 and Fig. 12 it is clear that ε has greater influence on the pressure than
L/D ratios. Fig. 13 compares the maximum deformation of the bearing structure with various L/D and ε. From
Fig. 13 it is observed that an increase in ε predominantly increases δmax .

6

Conclusions

The overall EHL analysis of full journal bearing (360◦ ) has been conducted using the sequential application of Computational Fluid Dynamics (CFD) and Computational Structural Dynamics (CSD). General
FSI codes makes the analysis effective where complex flow geometries are involved or when more detailed
solutions are needed. The simulation results of Elasto-hydrodynamic lubrication have a good agreement with
that of the standard lubrication solutions. These techniques has been successfully implemented in finding the
bearing surface deformation under static load and the approach can be extended in predicting the bearing
performance under dynamic loading condition. Eventually FSI analysis will play a very important role in the
field of fluid film bearing analysis.
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