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ABSTRACT 

 

Saami K. Yazdani 

 

Geometry Induced Flow Disturbances 

 
From clinical studies it is well known that atherosclerosis has preferred locations 

in the vascular system, primarily sited in the carotid arteries, coronary arteries, and in 

vessels supplying the lower extremities in the arterial system. In the vicinity of 

bifurcations flow tends to separate forming re-circulation regions. In addition, due to 

the pulsatile character of blood flow during the deceleration part of the cycle, the flow 

becomes unstable and transition to turbulence may occur.   Vascular stents provide a 

novel method in treatment of atherosclerotic vessels.  Although stents have 

dramatically decreased the re-stenosis rate of vessels compared to balloon-angioplasty, 

restenosis still occurs in 25-30% of coronary implanted stents.  Understanding how 

stents influence flow patterns may lead to more hemodynamically compatible stent 

designs that alleviate thrombus formation and promote endothelialization.  

The first study employed time-resolved Digital Particle Image Velocimetry 

(DPIV) to compare the hemodynamic performance of two stents in a compliant vessel. 

The first stent was a rigid insert, representing an extreme compliance mismatch. The 

second stent was a commercially available nitinol stent with some flexural 

characteristics. DPIV showed that compliance mismatch promotes the formation of a 

ring vortex in the vicinity of the stent. Larger compliance mismatch increased both the 

size and residence time of the ring vortex, and introduced in-flow stagnation points.  

These results provide detailed quantitative evidence of the hemodynamic effect of stent 

mechanical properties. Better understanding of these characteristics will provide 

valuable information for modifying stent design in order to promote long-term  

In the second study, DPIV was utilized to explore the fluid dynamics phenomena 

in a symmetric compliant bifurcation.  We studied the effects of the Womersley and the 

Reynolds numbers under pulsatile flow conditions.  New insight of the fluid mechanics 
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is revealed. The flow topology results indicate that the formation of coherent vortices 

in the vicinity of the bifurcation apex is governed by physical process that dictates the 

energy and strength of the formed vortices. This is manifested by the identification of a 

characteristic dimensionless time-scale that combines the impulsive vortex formation 

with the inertia of the unsteady flow. 
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Chapter 1  

DPIV Measurements of Flow Disturbances in Stented Artery Model:  Adverse 

Effects of Compliance Mismatch 

1.1. Introduction 

The use of stents has dramatically increased since their approval by the United 

States Food and Drug Administration in 1994, largely as a result of technological 

advances. The clinical success of stenting has been due to their therapeutic advantage 

over balloon angioplasty alone despite the persistent problem of in-stent restenosis. 

Most recently, stents coated with antimitotic agents have shown promising results with 

extremely low rates of clinical events over the short and mid-term. Small sample sizes, 

careful patient selection and short follow-up periods remain important limitations of 

these results [1]. 

 Although existing stents perform their function of supporting diseased 

arterial tissue, stent design profoundly influences the post-procedural hemodynamic 

and solid mechanical environment of the stented artery [2,3,4].  This alteration in the 

mechanical environment is emerging as an important factor in the long-term patency of 

stented vessels.  Both in vitro and in vivo studies have revealed that stent structure 

influences global [2] and local [5] flow patterns, thrombus accumulation between struts 

[6], and restenosis [7].   Recently, coronary restenosis in patients receiving a variety of 

stent types was shown to be most dependent on vessel size and stent design [8]. 

Tominaga et al. [4] implanted spiral Nitinol stents in rabbit aortas and measured 

significantly less neointima formation in the stents that had gaps between the struts.  

Moreover, the pattern of accumulation appeared similar to the zones of flow stagnation 

predicted upstream and downstream of stent struts using computational fluid dynamics 

[5].  Rogers and Edelman [7] reported significantly less neointimal hyperplasia in 

balloon expandable stent designs fabricated with reduced strut-strut intersections 

 The evidence implicating specific flow patterns in atherogenesis and vascular 

graft failure is potentially relevant to stent failure.  Fluid dynamics studies in the human 

aorta [9], carotid arteries [10] and coronary arteries [11] have yielded a strong 

correlation between intimal thickening and specific flow patterns occurring at focal 
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locations in these vessels.  Low mean shear stress, oscillating shear stress, high particle 

residence times and non-laminar flow have all been shown to occur in the locations 

where early intimal thickening is greatest.  Studies in both end-to-side and end-to-end 

anastomotic geometries have indicated that similar flow patterns are found in the 

specific areas where vascular grafts are known to develop stenoses.  Compliance 

mismatch between vascular graft and host vessel is implicated as a culprit in neointimal 

hyperplasia [12,13,14,15,16,17].  One of the consequences of compliance mismatch in a 

vessel is local blood flow alteration [15].  Low mean shear rates and flow stagnation is 

correlated with intimal thickening.  Many of these same fluid dynamic features have 

been reported in models of stented vessels. 

 This study was undertaken to examine the effects of compliance mismatched 

and compliance matched stents in a straight tube model subjected to pulsatile flow 

using Digital Particle Image Velocimetry (DPIV).  The ability of DPIV to discern 

secondary flow patterns is exploited here to determine the effects of stent design on 

the development of non-laminar flow patterns. 

1.2. Methods 

1.2.1. Experimental Setup 

The experimental setup was comprised of a computer controlled gear pump 

(Ismatec Inc., Glattburgg, Switzerland, drive ‘MV-Z’ with micropump pumphead 

model 201) connected to a compliant 30 cm long straight transparent vessel.  The tube 

was contained in an acrylic box submerged with the working fluid in order to allow for 

optical access and account for index of refraction distortions.  The working fluid was 

an equal mixture of water and glycerin (ρ = 1.13 g/cm3, ν = 5.55e-2 cm2/sec).  Two 

intravascular pressure transducers (Millar Instruments, Inc. Houston, TX, model no. 

SPC-330A) were inserted proximal and distal to the stent site recording the 

instantaneous pressure.  Upstream and downstream flow rates were measured with two 

ultrasonic flow meters (Transonic Systems Inc., Ithaca, NY, Model T110) with a 30 Hz 

frequency response. An 8-channel, 16-bit, 1MHz (CIO-DAS16/M1/16) data 

acquisition board was used for the digital to analog conversion and data recording. 
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Data were taken with a frequency of a 1000 Hz for a period of 4 seconds.  A schematic 

representation of the experimental setup is presented in Fig. 1.1.  

 

 

Figure 1.1:  Schematic of experimental setup used to perform DPIV.  The arrow indicates 

direction of flow. 

1.2.2. Vessel and Stent Compliance 

The vessel hosting the stent was constructed from a transparent elastomeric 

silicone (Sylgard 184, Dow Corning Corporation, Midland, MI) 12 mm inner diameter 

with a 0.5 mm wall thickness.  More details can be found from previous publications 

on fabrication and specification of these vessels [2].  To compare and study the effects 

of compliance mismatch, two stents were used. The first was a transparent rigid 

cylinder and the second was a Cordis Smart Stent (Cordis Corporation, a Johnson & 

Johnson Company, Warren, NJ). The Smart stent was fabricated from the shape 

memory metal called nitinol and was more elastic than the rigid cylinder but stiffer than 

the host vessel. Figure 1.2 illustrates the diameter compliance of both the vessel and 

vessel-stent compliance.  The zero position of Fig. 1.2 represents the leading edge of 

the stent.  The rigid cylinder and the SMART stent were 13 mm in diameter 

uncompressed.  The thickness of the rigid cylinder was 0.55 mm, 4% of the overall 

diameter.  The thickness of the SMART stent was 0.145 mm, 1% of the overall 

diameter.  Both Stents were 25 mm in length.       
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Figure 1.2: Diameter compliance measurements of both the SMART and solid cylinder stent.  

The zero position represents the leading edge of the stent.  The solid line represents the SMART stent-

vessel compliance.  The dashed line represents the solid cylinder stent-vessel compliance.   

   

1.2.3. Flow Waveform 

The flow conditions generated corresponded to in vivo exercise conditions 

dynamically scaled according to the Reynolds number, Re, and Womersley parameter, 

α.  The Reynolds number represents the ratio of the 

inertial forces over the viscous forces and was determined 

from the relation 

 

 

where U is the average fluid velocity, L is a characteristic length (vessel diameter), 

Q is time-averaged volume flow rate, ν is the kinematic viscosity of the fluid and d is 

the diameter of the vessel.  The Womersley parameter is the ratio of unsteady forces to 

viscous forces and was determined from the relation 

 

 

where d is the tube diameter and  w  is the pulse rate in radians per second.  For 

this study, the mean Reynolds number used was 300 (466 ml/min), the peak Reynolds 

number was 1250 (1940 ml/min), and the Womersley parameter was 4.89 (90 

d
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beats/min).  The measured flow rate waveform is shown in Fig. 1.3.  Pressure ranged 

from 85-120 mmHg corresponding to physiological conditions. 

 

 

Figure 1.3:  Measured Flow Waveform via ultrasonic flow meters located upstream of test 

section.  Location of the two phases investigated in the pulsatile cycle.  Phase 1 corresponded to 0.4 to 

0.8 T (T: period of the pulse).  Phase 2 corresponded to 0.95 to 1.0 T.  

 

1.2.4. DPIV System Details 

A pulsing laser beam (55Watts) was guided through a series of mirrors and lenses 

in order to form a 2 mm thick laser sheet that illuminated the planar area of 

interrogation. Area of interrogation was approximately 1 diameter upstream and 

1diameter downstream of the leading edge of the stent.  Neutrally buoyant fluorescent 

particles (J. H. Engineering, Baltimore MD) were used as flow tracers in the working 

fluid (a glycerin/water mixture). The particle diameters were approximately 30 microns 

to insure that they accurately followed the path of the flow with limited response lag to 

velocity fluctuations. A fast CMOS digital camera (1000 frames/sec) was used to 

record the instantaneous positions of the particles. The recorded images were 

processed to evaluate the instantaneous velocity fields by applying a dual frame 

dynamically adaptive multigrid cross-correlation scheme [18,19]. The accuracy of the 

method is independent of the velocity gradients and the rotationality of the flow and 

delivers superior spatial resolution compared with conventional methods. For the 

conditions of the present experiments the accuracy was estimated to be approximately 

0.05 pixels with a velocity vector grid spacing of 266 microns. The camera and D/A 
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board were synchronized resulting in simultaneous pressure, flow rate measurements 

and DPIV data. 

1.3. Results 

The character of the flow in a stented region is governed by the flow waveform, 

pulsatility, and the compliance mismatch.  Vortex formation has been shown to 

originate from stent compliance mismatch in a pulsatile flow field [2].  To better 

examine the temporal and spatial evolution of these vortices, we are presenting DPIV 

results using instantaneous streamlines, lines tangent to the local velocity vectors.  

Pulsatile flow in a straight vessel tends to be inherently unstable during the deceleration 

phase of the pulse cycle, possibly creating separation and vortical structures.  Thus our 

analysis focused on the two phases that corresponded to the unstable part of the cycle.  

Phase 1 occurred during the time-period of 0.4 to 0.8 T (T: period of the pulse) where 

the decelerating flow began to separate and fully reverse.  This corresponded to the 

interval between late systole and early diastole (Fig. 1.3).  Subsequently, phase 2 

occurred during time-period of 0.95 to 1.0 T where the reverse flow ceased and 

forward flow ensued again (late diastole to early systole, Fig. 1.3).  We note that high 

frequency fluctuations present in the flow waveform are a result of transducer noise 

inherent in the signal. 

Vortical formation throughout phase 1 of the SMART stent is shown in Fig. 1.4.  

The horizontal black line (Y/D = 0) in each frame represents the leading edge of the 

stent and our field of view is limited to approximately 1 diameter upstream and 

downstream of the stent.  The time intervals between the consecutive instantaneous 

flow fields presented here are 0.05 seconds.  The direction of flow is from top to 

bottom.  As flow decelerates through the stented vessel, an unsteady shear layer grows 

upwards (opposite of the main flow) indicated by the streamlines deviated from the 

vessel walls (Fig. 1.4a).  In the vicinity of the leading edge of the stent, the shear layer 

begins to destabilize and begins to roll in a spiral motion resembling a vortex (Fig. 4b 

and 4c).  As time progresses, the spiral structure evolves into a clockwise rotating 

vortical structure with its locus position approximately at 0.35 X/D and –0.4 Y/D (Fig. 

1.4f).  A second counter-rotating vortex is observed at 0 Y/D and 0.75 X/D.  These 

two counter-rotating vortices interact and migrate towards the center (Fig. 1.4g) and 
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then diffuse into the flow (Fig. 1.4h).  Thus, the development of vortices dominates the 

flow field in the SMART stent during phase 1.    

 

Figure 1.4:  Flow development during phase 1 of the SMART stent illustrated via streamlines.  As 

flow begins to decelerate, a propagating unsteady shear layer is shown to develop opposing the main 

flow (flow is from top to bottom).  The shear layer detaches from the wall and rolls into a clockwise 

vortical structure near the leading edge of the stent.  As flow fully reverses, the vortex is diffused into the 

flow.   

Similar patterns may be seen for phase 1 of the rigid cylinder stent in Fig. 1.5.  As 

the flow decelerates, an unsteady shear layer begins to form (Fig. 1.5a). Figure 1.5b 

shows the formation of a clockwise rotating vortical structure in the vicinity of the 

leading edge of the rigid cylinder stent at -0.2 Y/D and 0 X/D.  Similar to the SMART 
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stent, a second counter rotating vortical structure can be observed in Fig. 1.5c.  These 

two counter-rotating vortices imply the existence of a ring vortex, as explained below 

in the discussion section.  Figures 1.5b through Fig. 1.5e illustrate the ring vortex (two 

counter-rotating vortices) remained in the vicinity of the vessel wall for approximately 

0.04 seconds.  Creation of secondary vortices on the vessel walls initiates the migration 

of the ring vortex toward the center of the vessel (Fig. 1.5e through Fig. 1.5f).  As the 

ring vortex migrates toward the center, it diffuses into the flow (Fig 1.5g and Fig. 1.5h).  

In a manner similar to the SMART stent, coherent vortices also dominate the flow field 

in the rigid cylinder stent, although the observed vortices are 100% longer in resident 

time and are 100% larger in size.   
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Figure 1.5:   Flow development during phase 1 of the solid cylinder stent as illustrated via 

streamlines.  As flow begins to decelerate, a propagating unsteady shear layer is shown to develop 

opposing the main flow (flow is from top to bottom).  The shear layer detaches from the wall and rolls 

into a clockwise vortical structure near the leading edge of the stent.  As flow fully reverses, the vortex is 

diffused into the flow.  

 

Figure 1.6 illustrates the flow behavior during late diastole/early systole (phase 2) 

of the SMART stent.  Unlike phase 1, the time interval between each image is 0.005 

sec.  The transition time measured between reverse flow and forward flow was 

approximately 0.03 seconds.  A symmetric flow behavior was observed in Fig. 1.6b 

through Fig. 1.6d.  Within the duration of phase 2 for the SMART stent, the change of 
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direction of the flow, from reverse to forward is not associated with the formation of 

coherent vortical structures. 

 

 

Figure 1.6:  Flow development during phase 2 of the SMART stent as illustrated via streamlines.  

Flow is in the reverse part of the cycle (flow is from bottom to top).  As flow begins to accelerates and 

begin the systolic part of the cycle, no vortical structures are observed.  The time interval between each 

consecutive image is 0.005 seconds.   

Phase 2 for the rigid cylinder stent can be observed in Fig. 1.7.  A symmetric flow 

transition as seen in the SMART stent does not exist in the early stage of this phase.  

Moreover, two vortical structures can be found in our area of interrogation (Fig. 1.7d).  

The first vortical structure exists on the leading edge of the stent (Y/D =0 and 

X/D=0.8) and the top portion of the second vortex can be seen extending from X/D 
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= 0.5, Y/D = -1.3 to X/D = 0.5 to Y/D = 0.4 (Fig 1.7e).  As forward flow progresses, 

the vortical structures diffuse into the mainstream of flow and the start of the next 

cycle begins (Fig. 1.7f).   

 

Figure 1.7:  Flow development during phase 2 of the solid cylinder stent as illustrated via 

streamlines.  Flow is in the reverse part of the cycle (flow is from bottom to top).  As flow begins to 

accelerates and begin the systolic part of the cylcle, a vortical structure is observed on the leading edge of 

the stent.  The time interval between each consecutive image is 0.005 seconds.   
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1.4. Discussion 

We examined flow patterns in two types of stents in order to identify regions that 

promote non-laminar flow patterns that may diminish stent performance.  Previous 

studies have shown that separated flow and vortical structures create high oscillating 

shear stress gradients, low shear stress, and abnormal physiological conditions that 

contribute to the development of intimal thickening and damage endothelial cells 

[9,10]. Therefore, we investigated the two phases that corresponded to the formation 

of vortical structures.  This was accomplished by using a time-resolved DPIV system 

that enabled us to obtain a high spatial and temporal resolution of the flow during the 

pulse cycle.  The results revealed that stent compliance largely dictates the level of flow 

disturbance.  Specifically, the more compliant SMART stent experienced less flow 

disturbance and a smoother transition during flow reversal compared with the rigid 

cylinder stent.   

During late systole/early diastole (phase 1) for both stent cases, we identified the 

formation of a shear layer that propagated upstream against the mean flow.  The shear 

layer is associated with flow reversal due to a change of the pressure gradient in our 

vessel.  Similar flow patterns are observed in a straight rigid pipe flow that is oscillated 

with a sinusoidal pressure gradient [20].  As flow decelerates during late systole, the 

upstream adverse pressure gradient acts upon the flow.  Because the flow has the least 

kinetic energy on the boundary walls, flow first reverses at the boundary, creating the 

observed shear layer.  Due to elasticity of the vessel, the oscillatory pressure propagates 

in a form of a wave and not an oscillatory bulk movement [21] concurring with the 

propagation of the shear layer observed in our experiment.  In both stent cases, we 

observe that the shear layer begins to destabilize and roll into a vortex in the vicinity of 

the leading edge of the stent.  During the late systole/early diastole (phase 1), the stent 

diameter is larger than the vessel diameter creating a cross-sectional area gradient at the 

leading edge of the stent.  Due to this cross-sectional area decrease, the velocity 

gradient between the shear layer and mean flow increases, creating conditions that 

favor vortex formation. 

As seen in phase 1 for both the SMART stent and rigid cylinder stent, the vortical 

formation generated from the shear layer develops into two counter rotating vortices 
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on the vessel walls (Fig. 1.4f and Fig. 1.5d).   Since vortex kinematics do not allow 

vortex lines to be terminated on a solid wall or abruptly end in the middle of the flow, 

these vortex lines have to be connected. As a result it is concluded that for both cases, 

the two counter-rotating vortices formed a ring vortex.  Figure 1.8 illustrates both the 

shape and the cross-section view of an axisymmetric ring vortex. Unlike Fig. 1.8, we 

did not observe a symmetric ring vortex.  A small perturbation in the vortex strength 

distribution evoked a tilt of the vortex ring, triggering an interaction of the vortices 

with the walls that induced an asymmetric velocity. Placement of stents may factor into 

this initial tilt of the ring vortex.  The induced asymmetric velocity forces the counter-

rotating vortices to orbit each other in a motion superimposed with the mean flow, and 

inclines the ring vortex axis, as observed in Fig. 1.5d through Fig. 1.5h for the rigid 

cylinder stent.  Figure 1.9 illustrates the sequence of events corresponding to this 

phenomenon.   In Fig. 1.9a, two-counter rotating exists on the boundary of the walls.  

The mean flow is represented by three arrows pointing downwards.  As these counter-

rotating vortices apply a non-uniform force, they begin to rotate with respect to each 

other (Fig. 1.9b and Fig. 1.9c).  As time progresses, the two counter-rotating vortices 

begin to diffuse away from the boundaries and diffuse into the flow (Fig. 1.9c and 

1.9d).   We note that although only one cycle of data is presented, flow behavior for 

both the SMART stent and rigid cylinder stent were repeatable for 4 cycles. 
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Figure 1.8:  (Top):  typical axisymmetric ring vortex is illustrated.  (Bottom): the cross-section of 

an idealized ring vortex is shown, demonstrating the existence of two-counter rotating vortices.  The 

thick black lines represent boundary walls.   
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Figure 1.9:  Illustration of vortex rotation superimposed with the free stream velocity. 

 

The presence of the ring vortex may promote platelet attachment and alter 

normal physiologic shear stresses on endothelial cells.  We observed that the ring 

vortex created for the rigid cylinder stent remains on the wall twice as long compared 

with the SMART stent and grew to 1.2 diameters in size (Fig. 1.4 and Fig. 1.5).  This 

occurrence has a direct impact on the resident time of blood elements inside the stent.  

Also, as the ring vortex detached from the wall, the time for the ring vortex to diffuse 

into the flow for the rigid cylinder case was 50% longer compared to the case of the 

SMART stent, creating a longer disturbance inside the stent. Mechanical properties of 

stents (compliance mismatch) thus induce changes in the hemodynamic environment 

that may adversely influence the platelet behavior in the stents during early stages of 



 16

implantation, when acute thrombosis is known to occur.  We note that since the ring 

vortex creates a 3-dimensional flow field, the location of the 2-dimensional plane of the 

cross-section view would affect the apparent size, but not the resident time of the ring 

vortex.   

The ring vortex also induces separation of the boundary layer and the formation 

of secondary vortices on the wall.  The transient boundary layer for our case was 

calculated to be 1.23 mm, which is in the order of 0.1 diameters and was determined 

by: 

               

 

where r is the radius of the vessel and α is the Womersley parameter.  These 

secondary vortices are not strong, and can be seen as a wave, which is a vortex, 

superimposed with the free stream in our flow field (Fig. 1.4d).  In Fig. 1.10, an 

instantaneous zoomed image demonstrating secondary separation of the boundary 

layer is shown (T=0.571).  Secondary vortices created in the boundary layer (within and 

adjacent to the stent) will vary the local shear stresses and consequently alter the shape 

of endothelial cells [22].  Moreover, since the resident time of the ring vortex for the 

rigid cylinder is greater compared with the SMART stent, the flow disturbances created 

by secondary separation will exist longer.  We also note that due to the existence of a 

ring vortex and the interactions with secondary vortices, a 3-dimensional flow field 

exist that causes the flow to depart from the classical paradigm of axisymmetric 

Womersley flow. 

 

α
δ r

=1
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Figure 1.10:  Secondary vortices in the transient boundary layer induced by the ring vortex in the 

solid cylinder case occurring at T=0.571. 

In the late diastole/early systole (phase 2) part of the cycle, flow behaves with 

accordance to phase 1.  Since the mean flow in phase 2 is in the opposite direction 

compared with phase 1, we anticipate the ring vortex to form in the distal edge of the 

stent.  Although the distal edge of the stent is outside our area of interrogation, the 

streamlines seen in both the SMART stent (Fig. 1.6) and rigid cylinder stent (Fig. 1.7) 

indicate the formation of a ring vortex.  Specifically, the top portion of the ring vortex 

for the SMART stent can be seen in Fig. 6e at Y/D = -1.0 to –1.5 and the top half of 

one of the vortices can be seen for the rigid cylinder stent in Fig. 6d at Y/D = -1, X/D 

= 0.5. 

By comparing the late diastole/early systole phase of the two stents, we observe 

the formation of secondary vortices in the vicinity of the leading edge of the stent for 

the rigid cylinder stent (Fig. 1.7d).  Similar to phase 1, the ring vortex in phase 2 for the 

rigid cylinder stent is more coherent (organized) creating a more disturbed flow 

compared with the SMART stent.  These data indicate the adverse affect of compliance 

mismatch. 

 In the future, flow phenomena near stent struts and in the vicinity of the 

stents will be explored to examine the effects of different stent compliancy and 

geometry.  The 3-D nature of the flow will also be examined.      
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Chapter 2  

Effects of Womersley and Reynolds number on a Symmetric Compliant Bifurcation 

Model 

2.1. Introduction 

Cardiovascular disease is the number one killer in the United States for every year 

since 1900 except for 1918.  Atherosclerosis represents one of the most severe cases of 

cardiovascular disease.  It is widely accepted that pathogenesis of atherosclerosis is 

contributed from mechanical disturbances experienced by endothelial cells (ECs).  ECs, 

which align the inner wall of vessels, are susceptible to fluid dynamic forces that can 

alter the cells normal function.  Disturbed flow, which corresponds to flow separation 

and re-circulation region, has been shown to alter both ECs shape and orientation, 

particularly at regions of high wall shear stress gradient (WSSG), which are located at 

separation and reattachment points.     

From clinical studies it is well known that atherosclerosis has preferred locations 

in the vascular system, primarily sited in the carotid arteries, coronary arteries, and in 

vessels supplying the lower extremities in the arterial system.  In the vicinity of 

bifurcations, flow tends to separate forming re-circulation regions. In addition, due to 

the pulsatile character of blood flow during the deceleration part of the cycle, the flow 

becomes unstable and transition to turbulence may occur. The combination of the 

above-described phenomena generates abnormal wall shear stress (WSS) levels and 

high WSSG.   

Flow in bifurcations has been studied both numerically and experimentally.  The 

effects of pulsatility and bifurcation angle were investigated by Jou and Berger [23] and 

Nazemi et al. [24]; however the later also examined the effects of stenosis.  Zhao et al. 

[25] measured velocity fields and wall shear stress.  Rindt and Steenhoven [26] 

observed the effects of changing the sinus angle, the angle between the main branch 

and the carotid sinus.  Lorthois et al. [27] used numerical simulations to quantify the 

shear stresses.  They showed that the risk of embolus might be greater for moderate 

stenosis than severe ones. Although understanding of the flow in bifurcations was 
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significantly enhanced by these studies, all the investigations mentioned above- were 

limited by the use of rigid models, which alleviates some of the complexity of the 

problem.  Recent experimental techniques have been utilized in analyzing fluid 

dynamics through bifurcations.  Perktold et al. [28] used Laser-Doppler Velocimetry 

(LDV) to compare and validate his numerical solutions of flow through a rigid 

coronary bifurcation model using unsteady flow.  Gijsen et al. [29] obtained data via 

Laser-Doppler Anemometry (LDA) to compare non-Newtonian and Newtonian fluid 

in a rigid bifurcation using steady flow.  For the non-Newtonian fluid the axial velocity 

profile was flattened, had lower velocity gradients at the divider wall, and higher 

velocity gradients at the non-divider wall.  No flow separation, was observed for the 

Newtonian fluids.  Carr and Kortha [30] used flow visualization techniques to look at 

the shape of a separation surfaces for Reynolds number ranging from 10 to 200 for a 

90 degrees and a 45 degrees bifurcation angle in a rigid model.  At low Reynolds 

numbers the separation surfaces are curved in a convex manner, bulging away from the 

opening of the side branch.  Increasing the Reynolds number causes the surface to 

become concave.  The branching angle was found not to have any noticeable effect on 

the separation surface shape.  Lee and Tarbell [31] used flow visualization to observe 

how vessel compliance and the phase angle between pressure and flow waves 

(impedance phase angle) affect wall shear rate distribution for both rigid and non-rigid 

models under unsteady flow conditions.  This study indicates that in the low shear rate 

zone, the unsteadiness of the flow greatly reduces the mean (time-averaged) wall shear 

rate level.  Vessel wall motion reduces the wall shear rate amplitude (time-varying 

component) up to 46 percent depending on the location and phase angle in the model.  

These findings manifest the need for employing compliant (non-rigid) models.  Palmen 

et al. [32] used hydrogen-bubble flow visualization to capture how the Reynolds and 

Wormersley numbers affect the flow characteristics, and the mass flow rate ratio in a 

rigid bifurcation (carotid) with mild stenosis.   

The majority of the previous experimental studies employ either flow 

visualization techniques or LDV/LDA. Flow visualization is a great tool to better 

understand the flow characteristics in a bifurcation, resulting into a global view of the 

flow. However, only qualitative information can be obtained.  LDV/LDA provides 

quantitative measurements of two or three velocity components at different locations 
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in the bifurcation.  But a great limitation rises from the inability of the method to 

generate a global view of unsteady flow fields, since velocities are measured at a single 

point every time.  Therefore, tedious and careful traversing of the measurement volume 

is required in order to reconstruct the entire flow field.  This procedure becomes much 

more difficult for unsteady/pulsatile flow fields, where one should insure that the 

phenomenon is periodic repeatable and accurate timing is feasible in order to phase-

trigger the data acquisition process. Thus a global description of the flow via LDV can 

only be reconstructed in a statistical manner and significant details of the instantaneous 

characteristics of the flow are suppressed.  

In the present study, we use time-resolve Digital Particle Image Velocimetry 

(DPIV) to explore the fluid dynamics phenomena in a symmetric compliant 

bifurcation.  We studied the effects of the Womersley and the Reynolds numbers under 

pulsatile flow conditions.  New insight of the fluid mechanics is revealed. The flow 

topology results indicate that the formation of coherent vortices in the vicinity of the 

bifurcation apex is governed by physical process that dictates the energy and strength 

of the formed vortices. This is manifested by the identification of a characteristic 

dimensionless time-scale that combines the impulsive vortex formation with the inertia 

of the unsteady flow. 

2.2. Methods 

2.2.1. Experimental Setup 

The experimental setup was comprised of a computer controlled gear pump 

(Ismatec Inc., Glattburgg, Switzerland, drive ‘MV-Z’ with micropump pumphead 

model 201) connected to a compliant bifurcation model, 8 inches in length. The 

bifurcation model was contained in an acrylic box submerged in a bath with the same 

fluid as the working fluid in order to allow for optical access and account for index of 

refraction induced distortions.  A flexible container was introduced before the test 

section to act as a low pass filter eliminating high frequency fluctuations generated by 

the pump.  Two intravascular pressure transducers (Millar Instruments, Inc. Houston, 

TX, model no. SPC-330A) were inserted proximal and distal to the bifurcation model 

recording the instantaneous pressure.  Upstream and downstream flow rates were 

measured with two ultrasonic flow meters (Transonic Systems Inc., Ithaca, NY, Model 
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T110) with a 30 Hz frequency response. An 8-channel, 16-bit, 1MHz data acquisition 

board was used for the digital to analog conversion and data recording. A schematic 

representation of the experimental setup is presented in Fig. 2.1. 

 

               

 

Figue 2.1:  Experimental Setup. 

2.2.2. Bifurcation Geometry 

The bifurcation model was fabricated with silicone Fig. 2.2.  The bifurcation 

diameters were scaled approximately 300% compared to the carotid arteries to better 

resolve the flow and attain high accurate measurements near the boundaries.  The 

bifurcation model was one inch in the mother tube and 0.75 inch in the daughter tubes 

with 2 mm thickness.  The bifurcation angle was 50 degrees between the two daughter 

tubes.    
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Figure 2.2:  Bifurcation geometry of silicone model.  

2.2.3. Flow Waveform 

To isolate the effects of Womersley number and Reynolds number at the 

bifurcation, the mean Reynolds number was varied from 80 to 440 with Womersley 

number of 8.5 (110 beats/min) and 10.5 (166 beats/min).  Table 2.1 summarizes the 

six cases.  The flow conditions generated corresponded to in vivo exercise conditions. 

A sinusoidal wave form with a 30% duty cycle was inputted.  Flow rate for all six cases 

are shown in Figure 2.3.  The pressure range was in the physiological range of 70-110 

mmHg.      

 

 

Table 2.1:  Parameter definition for each case.   

 Case
1 Re # 80, W # 8.5
2 Re # 280, W # 8.5
3 Re # 440, W # 8.5
4 Re # 80, W # 10.5
5 Re # 280, W # 10.5
6 Re # 440, W # 10.5  
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Figure 2.3:  Flow rate measurements for each case within the mother tube.  

2.2.4. DPIV System 

A pulsing laser beam (55Watts) was guided through a series of mirrors and lenses 

in order to form a 2 mm thick laser sheet that illuminated the planar area of 

interrogation. Neutrally buoyant fluorescent particles were used as flow tracers in the 

working fluid (a glycerin/water mixture). The particle diameter was approximately 30 

microns to insure that they accurately followed the path of the flow with limited 

response lag to turbulent fluctuations. A fast CMOS digital camera (500 frames/sec) 

was used to record the instantaneous positions of the particles. The recorded images 

were processed in order to evaluate the instantaneous velocity fields by applying a dual 

frame dynamically adaptive multigrid cross-correlation scheme. The accuracy of the 

method was show to be independent of velocity gradients and the rotationally of the 

flow and delivers superior spatial resolution. For the conditions of the present 

experiments the accuracy was estimate to be in the order of 0.05 pixels with a velocity 

vector grid spacing of 540 microns. The camera and D/A board were synchronized 

resulting in simultaneous pressure, flow rate measurements and DPIV data. 
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2.3. Basic Concepts 

2.3.1. Flow Separation 

In bifurcation geometries, an adverse pressure gradient always exists due to an 

increase in the cross-sectional area of the apex compared with the inlet.  Due to the 

high inertia of the flow during high systole, the adverse pressure gradient has minimal 

effects on the fluid dynamics within the apex region.  During the late systolic phase of 

the cycle the adverse pressure gradient begins to decelerate fluid elements near the 

boundary.  As the bulk flow velocity continues to decrease, the adverse pressure 

gradient induces a separation region within the apex region.  For low Reynolds number, 

the separation region begins to spiral into a coherent vortex as seen in Fig. 2.4a. For 

high Reynolds numbers, the vortex is observed as a wave, resulting from the 

superposition of the vortex with the free stream (Fig. 2.4b).   

 

 

 

Figure 2.4:  A)  Instantaneous image of a coherent vortex occurring during the deceleration part of the cycle 

(left side).  B)  Instantaneous image of a vortex seen as a wave (right side).     

As flow separates, more phenomena are observed.  Vorticity generated on the 

vessel walls begins to detach and migrate into the flow.  We note that in the data 

presented herein, we have superimposed the flow streamtraces with a non-dimensional 

shear stress contour plot, which provides similar information as vorticity.  Fig. 2.5a, 

illustrates an instantaneous image of our flow field where high shear exists on the 
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boundary walls.   As flow separates, the high shear stress values detach from the wall 

and diffuse into the main flow (Fig. 2.5b). Deceleration and recirculation regions of the 

fluid elements near the bifurcation apex and the detachment of the shear layer, reveal 

the onset of separation. 

 

Figure 2.5:  A) Instantaneous image illustrating high shear stress located on the boundary walls (left side).  B)  

Instantaneous image illustrating the migration of high shear stress into the main flow as separation occurs (right 

side).   

2.3.2. Characterization of vortex 

The vortex size and strength is related to how much vorticity a vortex can endow.  

The characteristic size of the vortex will be dictated by the diameter of the vessel. Since 

our flow is bounded, the vorticity fed to the vortex is generated on the boundary walls.  

Under pulsatile flow conditions the vorticity generation on the wall is maximum during 

the systolic part of the cycle while the rate of vorticity flux is proportional to the 

temporal variation of the pressure gradient. Subsequennly the vortex development can 

be described by three scenarios.  As the flow decelerates during diastoly is reduced and 

eventually instantaneously stops. The first scenario will predict that vorticity supplying 

the vortex ends before the maximum strength is reached.  Second, the vortex reaches 

its full potential as vorticity being generated is ceased.  Lastly, the vortex reaches its full 

capacity before the completion of the systoly therfore the vorticity flux from the wall 
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into the flow continues.  As a result the vortex saturates and the excess vorticity 

generated forms into smaller-scale vortices, indicating the occurrence of pinch-off.  

The formation of additional vortices in the flow enables us to identify when saturation 

occurs and can be shown in our flow field by the existence of saddle points.  Saddle 

points occur when two or more vortices develop in the flow and is represented in Fig. 

2.6a.   Flow topology teaches us that the presence of two vortices in the flows 

represented by nodes will be accompanied by the presence of one saddle point. Figure 

2.6b illustrates an example of a saddle point in our data.   

 

 

 

 

Figure 2.6:  A)  Illustration of a saddle point (left side).  B)  An instantaneous image of our flow field 

demonstrating the occurrence of a saddle point (right side).   

2.3.3. Governing parameters of vortex formation 

Similar to Gharib et al. [33], we want to calculate the ‘vortex formation number’ 

that will identify when the vortex in our bifurcation geometry is endowed with the 

maximum amount of vorticity.  In Gharib et al. model, a piston/cylinder arrangement 

was used to generate a ring vortex in an unbounded flow.  They showed that the 

dimensionless parameter governing the ring vortex formation is a number the stroke 

ratio (L/D).  The stroke ratio value in their experiment corresponded to the length (L) 

of the column of fluid being pushed by the piston versus the diameter (D) of the 
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orifice.  They also illustrated that the stroke ratio (L/D) is equivalent to the non-

dimensional value of Upt/D , where t is the instantaneous time, D is the diameter of 

the orifice, and Up represent the running mean of the piston velocity and is described 

by  

dtutU
t

pp ∫=
0

/1 .   

This formulation if most appropriate for pulsatile flow conditions since there is 

no mechanical piston driving te flow however the running mean of the velocity can be 

determined by the flow rate. In calculating the vortex formation number for our 

bifurcation geometry, we used a non-dimensional value of (Umt/D), where t was the 

instantaneous time instant, D was the diameter of the inlet tube, and Um represents the 

running max velocity of the inlet tube and is calculated by dtutU
t

mm ∫=
0

/1 .  The 

maximum velocity values Um, was obtained by our DPIV results.  The value of Um was 

then divided by the instantaneous Reynolds number.  The Reynolds number, Re was 

defined as 
ν

muD *
Re = , where D was the diameter of the inlet vessel, um was the 

maximum velocity of the inlet tube, and ν was the kinematic viscosity of the flow. 

2.4. Results 

Figure 2.7 illustrates flow conditions for case 1 during which flow separation 

occurs.  The mean Reynolds number for case 1 was 80, the peak Reynolds number was 

320, with a Womersley parameter of 8.5.  These images correspond to a t* interval of 

0.39 to 0.51 (late systole), where flow is decelerating and the adverse pressure gradient 

induces separation on the outer vessel of the bifurcation.  Figure 1b illustrates the first 

stage of the separation region where the shear stress deviates away from the boundary 

walls.  In Figure 1c, the separation region evolves into a coherent vortex with the 

center position at approximately X/D = 0.6, Y/D =1.1.  The migration of the vortex 

towards the center of the bifurcation and reversal of flow on the boundary is shown in 

Figure 1c.  Since no secondary vortices appear to exist, we assume that pinch-off never 

occurs, and the vorticity generated is ceased before the instant flow is reversing on the 

boundary. This instant occurs at 0.488 t* (Fig. 2.8), which has a corresponding L/D 
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value of 0.772 and an instantaneous Reynolds number of 134 resulting in the vortex 

formation number value of 0.0057.  

 

 

 

Figure 2.7:  Instantaneous flow images illustrating flow conditions during declaration phase of the cycle for 

case 1.  (a) Flow is beginning to decelerate (top left).  (b) Flow begins to decelerate more and roll into a spiral 

(top right).  (c) Flow transitions into a clock-wise vortex (bottom left).  (d) Flow remains in spiral motion and 

begins to grow larger (bottom right). 
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Figure 2.8:  Instantaneous flow image illustrating flow field before flow begins to reverse on the boundary and 

thus ceasing the production of vorticity. 

In Fig. 2.9, flow behavior for case 2 during the late systole is presented.  The 

mean Reynolds for this case was 280, the peak Reynold number was 790, with a 

Womersley parameter of 8.5.  The images correspond to the t* interval of 0.32 to 0.54.  

Figure 2.9a and 2.9b, illustrates the start and the expansion of the separation region.  In 

figure 2.9c, the separation region is shown to evolve into a clockwise vortex with its 

center position at X/D = 0.7, Y/D = 0.55.  A second separation region is also 

observed in this instance, confirming that the vortex has accumulated the maximum 

vorticity from the vessel wall and pinch-off has occurred.  As time continues, the 

second separation region is shown to have rolled into a small vortex with its center 

position at X/D = 0.6, Y/D = 1.3 (figure 2d).  The instant that pinch-off occurs was 

calculated to be at a t* value of 0.404 and is seen in figure 2.10.  In this figure, a saddle 

point can be identified at X/D = 0.7, Y/D =1.7 indicating the existence of a second 

vortex.  At this moment, the vortex formation number was 0.0106 which corresponded 

to a L/D value was 5.51 and the instantaneous Reynolds number was 519. 
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Figure 2.9:  Instantaneous flow images illustrating flow conditions during declaration phase of the cycle for 

case 2.  (a) Flow is beginning to decelerate (top left).  (b) Flow begins to decelerate more and roll into a spiral 

(top right).  (c) Second separation begins to roll into a spiral motion confirming the occurrence of pinch-off 

(bottom left).  (d) Second separation region is shown to have rolled into a small vortex with its center position 

at X/D = 0.6, Y/D = 1.3 (bottom right). 
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Figure 2.10:  Instantaneous flow image illustrating the occurrence of a saddle point and thus ceasing the 

production of vorticity. 

 

Flow behavior during late systole for case 3 is shown in Fig. 2.11.  The mean 

Reynolds number for case 3 was 380, the peak Reynold number was 1610, and the 

Womersley parameter was 8.5.  The images in Fig. 2.11 correspond to a t* interval of 

0.35 to 0.47.  In Fig. 2.11a, flow is separated.  In Fig. 2.11b, a second separation is seen 

to occur at X/D = 0.6, Y/D = 1.7.  As in case 2, a second separation region confirms 

that saturation has occurred and that the vortex has reached levels of maximum 

vorticity.  Figure 2.11c, shows that the second separation region has evolved to a small 

coherent vortex.  This vortex is seen to migrate downstream, adjacent to the boundary, 

in Fig. 2.11d.  The instant of pinch-off was determined to be at a t* value of 0.378 and 

is shown in Fig. 2.12 where  the corresponding L/D value was 8.34 and the 

instantaneous Reynolds number was 851.  From these values, the vortex formation 

number was calculated to be 0.0098.   
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Figure 2.11:  Instantaneous flow images illustrating flow conditions during declaration phase of the cycle for 

case3.  (a) Flow is beginning to decelerate (top left).  (b) Flow begins to decelerate more and form a separation 

region (top right).  (c) Second separation begins to roll into a spiral motion confirming the occurrence of pinch-

off (bottom left).  (d) Second separation region is shown to have rolled into a small vortex with its center 

position at X/D = 0.6, Y/D = 1.2 (bottom right). 
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Figure 2.12:  Instantaneous flow image illustrating the instant a second vortex is observed, thus ceasing the 

production of vorticity. 

Figure 2.13 shows the flow characteristic during the late systolic part of the cycle 

for case 4.  The mean Reynolds number for this case was 80, peak Reynolds number 

was 225, and the Womersley parameter was 10.5.  The images in Fig. 2.13 correspond 

to a t* interval of 0.39 to 0.57.  In Fig. 2.13a, flow is observed to separate as indicated 

by deviation of the shear stress contour plots from the bifurcation boundary.  

Separation further evolves in Fig. 2.13b and as time continues, it is rolled into a vortex 

with its center position at X/D = 0.5, Y/D = 1.0 (Fig. 2.13c).  The location of this 

vortex is very similar to the observed vortex in case 1, which also has a mean Reynolds 

number of 80 but with a lower Womersley  parameter of 8.5.  Since no additional 

vortices are apparent in the flow, we assume that the vorticity generated on the flow is 

ceased when flow reversal occurs on the boundary walls.   This instant occurs at a t* 

value of 0.541 and is illustrated in Fig. 2.14.  At this instant, the vortex formation 

number was determined to be 0.0087, which corresponded to a L/D value of 1.46 and 

an instantaneous Reynolds number value of 168 
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Figure 2.13:  Instantaneous flow images illustrating flow conditions during declaration phase of the cycle for 

case4.  (a) Flow is beginning to decelerate (top left).  (b) Flow begins to decelerate more and roll into a spiral 

(top right).  (c) Flow transitions into a clock-wise vortex (bottom left).  (d) Flow remains in spiral motion and 

begins to grow larger (bottom right). 



 35

 

 Figure 2.14:  Instantaneous flow image illustrating flow field before flow begins to reverse on the 

boundary and thus ceasing the production of vorticity. 

In Fig. 2.15, flow behavior during late systole for case 5 is illustrated.  The mean 

Reynolds for this case was 280, the peak Reynolds number was 775, and the 

Womersley parameter was 10.5.  The images correspond to a t* interval of 0.50 to 0.68.  

Figure 2.15a and 2.15b illustrate the separation region evolving to a clockwise vortex.  

In Fig. 2.15d, a second clockwise vortical structure is clearly visible with its center 

position at X/D = 0.6, Y/D = 1.45.  The instant where the formation of the second 

vortex is visible in our area of interrogation occurs at t* of 0.587 and is demonstrated 

in Fig. 2.16.  At this instant the value of L/D was calculated to be 5.13 and the 

instantaneous Reynolds number was 510, which corresponded to a vortex formation 

number of 0.0101.   
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Figure 2.15:  Instantaneous flow images illustrating flow conditions during declaration phase of the cycle for 

case 5.  (a) Flow is beginning to decelerate (top left).  (b) Flow begins to decelerate more and roll into a spiral 

(top right).  (c) Second separation begins to roll into a spiral motion confirming the occurrence of pinch-off 

(bottom left).  (d) Second separation region is shown to have rolled into a small vortex with its center position 

at X/D = 0.5, Y/D = 1.5 (bottom right). 
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Figure 2.16:  Instantaneous flow image illustrating the occurrence of a saddle point and thus ceasing the 

production of vorticity. 

 

Flow behavior during late systole for case 6 is shown in Fig. 2.17.  The mean 

Reynolds number for case 6 was 380, the peak Reynolds number was 1240, and the 

Womersley parameter was 10.5.  The images in Fig. 2.17 correspond to a t* interval of 

0.46 to 0.64.  In Fig. 2.17a, flow is separated.  In Fig. 2.17b, a second separation is seen 

to occur at X/D = 0.6, Y/D = 1.4.  This second separation indicates that pinch-off has 

occurred.  The instant where the second separation was identified at a t* value of 0.581 

and is seen in Fig. 2.18.  At this specific time, the vortex formation number was 

determined to be 0.0095, which corresponded to an L/D value of 7.68 and an 

instantaneous Reynolds number of 805.   
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 Figure 2.17:  Instantaneous flow images illustrating flow conditions during declaration phase of the 

cycle for case6.  (a) Flow is beginning to decelerate (top left).  (b) Flow begins to decelerate more and form a 

separation region (top right).  (c) Second separation begins to roll into a spiral motion confirming the 

occurrence of pinch-off (bottom left).  (d) Second separation region is shown to have rolled into a small vortex 

with its center position at X/D = 0.45, Y/D = 1.2 (bottom right). 
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Figure 2.18:  Instantaneous flow image illustrating the instant a second vortex is observed, thus ceasing the 

production of vorticity. 

2.5. Discussion 

We investigated the effects of the Womersley and the Reynolds numbers in a 

symmetric compliant bifurcation under pulsatile flow conditions.  In order to obtain 

both high spatial and temporal resolution, we examined the flow behavior using time-

resolve Digital Particle Image Velocimetry (DPIV).  As expected, no flow disturbances 

existed during high systole.  As flow decelerated (early diastole), the adverse pressure 

gradient induced flow separation and creation of vortical structures in the vicinity of 

the bifurcation apex.  Moreover, the results showed that the formation of vortices is 

governed by a characteristic dimensionless time-scale (Umt/D*Re), which we have 

referred to the vortex formation number.  When the vortex formation number is 

approximately 0.01, the maximum amount of vorticity which the vortex can withhold is 

attained.   

The vortex formation number for case 1 was measured to be 0.0057 occurring at 

a t* value of 0.488.  Since no saddle points (or additional vortices) were observed, the 

formed vortex was assumed not be saturated.  This same phenomenon also occurred 

for case 4, where the mean Reynolds number of the flow was the same as case 1, with a 

higher Womersley parameter.  As the Reynolds number was increased from 80 to 280 
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(case 2 and 5), both saddle points and additional vortices were observed.  This 

illustrates that by increasing Reynolds number, the vorticity generated increased to 

saturate the formed vortex and to initiate additional vortices.  As Reynolds number was 

increased from 280 to 380, we observe again the existence of additional vortices, 

indicating saturation of the vortex has occurred.  We note that the t* value for case 280 

(case 2) and 380 (case 3) for a Womersley parameter of 8.5 decreased from 0.404 to 

0.378.  This demonstrates that the developed vortex saturated faster as the Reynolds 

number was increased, as expected.  Also, for the higher Womersley parameter of 10.5, 

a slight decrease in the t* value was also occurred as the Reynolds number was 

increased from 280 (case 5) to 380 (case 6). 

The location of flow separation and vortical structures has been clinically 

significant in vascular diseases.  Regions of separation are associated with high wall 

shear stress gradient (WSSG) occurring at both the separation and reattachment point 

and very low wall shear stress (WSS).  Endothelial cells (ECs) which align the blood 

vessels and serve as the protective layer are very susceptible to the shear forces exerted 

by the flow.  It has been shown that in disturbed flow, both the orientation and shape 

of endothelial cells are changed due to the abnormal shear level detected by the cells, 

creating gaps in their uniformity.  Scientist believes that these gaps may serve as the 

initiation point of the atherosclerosis process, the build of plaque in the vascular 

system.  ECs serve as a bridge for blood elements to be transported from the blood 

stream to the smooth muscle cells, which are directly beneath the layer of ECs.  When 

excess amount of low-density lipoproteins (LDL) are delivered to the smooth muscle 

cells, the intima thickens, increasing the probability of severe case stenosis, a decrease 

in the vessel diameter.  The excess amount of LDL occurs as ECs are not able to 

perform their normal function 

 Flow separation and the existence of vortical structures have also shown to play a 

role in thrombus formation.  A thrombus refers to a clot formed in the cardiovascular 

systems to prevent excess bleeding during external clots, or to prevent internal bleeding 

during injuries.  Platelets, cell fragments that circulate freely in the vascular system, play 

an important role in thrombus formation.  In their inactivated phase, they neither 

adhere to surfaces nor aggregate (adhere to themselves).  As injury occurs in the 

vascular system, platelets begin to become activated, resulting in adhesion to the 
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subendothelium and adhesion to other platelets, resulting in a formation of a plug.  

Danger arises when platelets continue to aggregate leading to narrowing of the vessel 

lumen.  Part of the thrombus may be detached and travel downstream until coming to 

rest in a small diameter vessel, blocking blood flow to vital tissue and organs.    

Previous researchers have shown that platelets can also be activated when 

exposed to very high shear stress, or prolonged amounts of shear stress, as in 

circulation regions.  In the carotid bifurcations, platelets begin to adhere to 

atherosclerotic plaques, increasing the severity of the stenosis, but more important, 

increasing the chance of an emboli; a broken piece of the thrombus.  Previous studies 

have also shown that ADP release from sheared red blood cells enable platelets to 

adhere to surfaces and other platelets more rapidly (Bonnefoy et al. 2000; Plow and 

Marguerie, 1980).  Taha et al. showed that the release of ADP from sheared red blood 

cells had a greater contribution to platelet adhesion, and platelet aggregation than the 

platelet themselves.  Vortex formation dictates both in-flow and wall shear values and 

contribute directly to both shear stress sensed by the red blood cells and shear stress 

values occurring at vessel walls.  

In the future, we will be looking to find similar relationships between formation 

of coherent vortices and any characteristic dimensionless time-scale for vascular 

bifurcation geometries.  We also would like to investigate how the strength of a vortex 

affects blood elements, particularly blood platelets and red blood cells.   Particular 

interest will lie upon red blood cells releasing ADP under high shear, blood platelets 

being triggered due to exposure to shear stress, and the aggregation and adhesion to 

surface of platelets in vortical flow.  Temporal behavior of blood elements under 

abnormal physiological conditions may provide valuable information in the prevention 

of thrombosis.     
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Chapter 3 Conclusion 

3.1. Stent Compliance 

A high temporal and spatial resolution time-resolved DPIV system was used to 

explore the effects of stent compliance.  Two specific phases that correspond to the 

unstable part of the pulsatile cycle most susceptible to disturbances created by the 

compliance mismatch were investigated.  Our results revealed that flow induced 

disturbances and vortical structures were dependent on the compliance mismatch.  

Specifically, both the resident-time and the size of the ring vortex (two counter-rotating 

vortices) in the more compliant SMART stent were 50% less compared to the rigid 

cylinder stent.  These results indicate that mechanical properties (compliance 

mismatch) directly affect resident time of blood, promotes platelet attachment, and 

alter normal physiologic shear stresses on endothelial cells, which could lead to failure 

of stents.  Also noted is the three-dimensional characteristic of the flow associated with 

the ring vortex and its interaction with the walls.  These flow patterns indicate that 

compliance mismatch causes flow in a vessel to depart from the classical paradigm of 

axisymmetric Womersley flow. The results of this effort improve our understanding of 

the intrinsic relationship between fluid mechanics and the cause of high rate failures in 

implanted stents, demonstrating the importance of mechanical properties for stent or 

other interventional therapies.  Moreover, due to the enhanced spatial and temporal 

resolution, these results will support the validation and development of reliable and 

accurate computational models. 

3.2. Symmetric Bifurcation 

The effects of both Reynolds number and Womersley number were investigated 

in a symmetric compliant bifurcation under pulsatile flow conditions.  During the 

deceleration part of the cycle, flow disturbances and vortical structures were observed 

in all cases.  Moreover, the vortical structures were governed by a characteristic 

dimensionless time-scale associated with the inertia of the unsteady flow.  When the 

vortex formation number (dimensionless time-scale) was approximately 0.01, the 

created vortex was endowed with the maximum amount of vorticity that was generated 

on the vessel walls.  This was evident by the existence of saddle points in the flow field 
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that notified the structure of additional vortices.  Vortical structures in the vascular 

system provide conditions that favor atherosclerosis.  Separation and reattachment 

points of a separation region have shown to be associated with sites of atherogenesis.  

Understanding how separation regions are developed, and what parameters affect their 

structures may help in prevention of atherosclerosis and development of more 

intelligent implants. 
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