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Abstract—In this study, the development of unsteady vortical face is initiated by the activation, adhesion, and

fﬁrmaﬂ.ons in the dsepzrated flow g regiﬁnhdistlal t? a dSte”‘??iS aggregation of blood platelet$.Platelets are blood cells
throat is presented and compared with the platelet deposition ;.= = . . .
measurements, to enhance our understanding of the mecha—e"'pso'dal in shape with an average diameter of 2-4

nisms involved in platelet kinetics in flowing blood. Qualitative #M. They are present in large numbe(%00,000—
and quantitative flow visualization and numerical simulations 200,0004l) but in small volume concentratiofon the

were performed in a model of a streamlined axisymmetric grder of 1% in whole blood. In their normal state, plate-

i i 1 0,
stenosis with an area reduction of 84% at the throat of the lets are nonadherent to one another and the blood vessel
stenosis. Measurements were performed at Reynolds numbers

(Re), based on upstream diameter and average velocity, rangingWall. However, when induced into what is called the
from 300 to 1800. Both the digital particle image visualization ‘“‘active” state, platelets change into irregular shapes
method employed and the numerical simulations were able to with extended pseudopods, secrete chemicals into the
capture the motion of the vortices through the separated flow blood stream, and are able to bind with proteins on the
region. Periodic shedding of vortices began at approximately ' .

Re=375 and continued for the full range of Re studied. The Surface of other platelets or proteins that have been ad-
locales at which these vortices are initiated, their size, and their Sorbed onto a reactive surface. Platelet activation can
life span, were a function of Re. The numerical simulations of occur through chemical stimulatiofthose chemicals re-
turbulent flow through the stenosis model entailed a detailed |og55e(d by activated plateletby contact with an above

depiction of the process of vortex shedding in the separated . . .
flow region downstream of the stenosis. These flow patterns threshold concentration, contact with a reactive surface,

were used to elucidate the mechanisms involved in blood plate- OF thrOUgh mechanical sFimuIation via flu?d Shearir_‘g
let kinetics and deposition in the area in and around an arterial stress. This self-propagating process continues until a

stenosis. The unsteady flow development in the recirculation |pgse aggregate of platelets forms on the reactive sur-
region is hypothesized as the mechanism for observed changeq:(,:lce

in the distribution of mural platelet deposition between Re Th b boli licati il . .
=300, 900, and 1800, despite only a marginal variation in the romboembolic complications still comprise a sig-

size and shape of the recirculation zone under these flow con-hificant drawback in the use of synthetic biomaterials in
ditions. © 1999 Biomedical Engineering Society. cardiovascular devices, such as prosthetic heart vattes,
[S0090-696499)00306-9 vascular graft§, and ventricular assist devic&s.Flow
through such devices produces contraction and curvature
of streamlines and periodic vortex shedding. It has long
been known that the process of thrombosis may be af-
fected by a series of rheological and fluid dynamic pa-
rameters, including high rates of shear, areas of flow
stagnation or recirculation, and turbuleric&tein and
The Coagu|ation of blood is a normal hemostatic pro- Sabbaf! have correlated turbulence with thrombus for-
cess that serves to prevent blood loss in the case of amation on artificial surfaces, and Yoganattetral*® ob-
severed or ruptured blood vessel. Coagulation is alsoserved thrombus formation and tissue overgrowth on ex-
initiated when blood components are exposed to a reac-planted Bjork—Shiley heart valves in areas of low shear
tive surface, such as the synthetic surface of a cardio-and stagnation in the minor outflow region of the valve.
vascular device. Thrombus formation onto a reactive sur- We have previously measurécplatelet deposition as
a function of axial position along a geometrical model of
Address correspondence to Danny Bluestein; electronic mail: &N axisymmetric arterial stenosis machined from Lexan
danny.bluestein@sunysb.edu in the range of Re300-1800. This geometry produces
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the type of complex, nonparallel streamline flow condi- fe—190 am—spe—19.0 em—>{

tions, including separation and recirculation, high shear r&b |

and turbulence, and stagnation point flow, representative 1 ——— _3%”“
of flow through cardiovascular devices. The distribution 38cm

of mural platelet deposition was found to be minimum at «z)=4.75_1.4zs{1+c0(ﬁ)]

the throat of the stenosis and included an area of in-

creased deposition downstream of the throat. These data

seem to confirm the theoretical predictions of Wurzinger

and Schmid-Schoenbefi, who used a stenosis as a :
model for discussion of the relevant fluid dynamic fac- e
tors affecting the development of mural thrombus. In this e e
model, local increases in shear in the throat region ®
causes aCtlva.tlon of platelet? Immediately downstream FIGURE 1. (a) The arterial stenosis model. (b) Detail of the
of the stenosis, flow separating off the throat creates a computational mesh in the stenosis throat area. The pro-
region of slowly recirculating flow conducive to aggre- gressive density of the mesh in the radial direction shows
gation of platelets and platelet-activating factors. Further the carefully modeled near wall region.

downstream, the main flow reattaches to the tube wall,
creating a point of primary adhesion and subsequent ag-
gregation of the activated platelets.

In previous studie platelet deposition was correlated Both qualitative and quantitative flow visualization
with flow dynamics using a steady flow numerical model measurements were performed. In order to enhance reso-
to predict flow patterns. This model was unable to cap- lution, measurements were carried out in a steady flow
ture the unsteady vortex phenomena in the recirculation loop with the large scale stenosis mod&D times the
region known to occur under these conditions. The pur- model size used for the blood flow measuremest®wn
pose of the current study is to fully characterize the flow in Fig. 1. The model, blown from glass, is a streamlined
within the recirculation region downstream of a tubular axisymmetric stenosis with an upstream tube diameter of
constriction, and to use the observed flow dynamics to 9.5 cm, an area reduction of 84% at the throat of the
elucidate the mechanisms involved in blood platelet ki- stenosis, and a stenosis length of four diameters. The
netics and deposition in this region. steady flow loop included an entry length of 25 diam-
eters and distal length of 16 diameters. The working fluid
was water, seeded with reflective polycrystalline beads of
25 um average diametefOptimage Ltd., Edinburgh,
UK) to visualize the flow. The density of the beads was
identical to that of the working fluid. The seeding par-

Previously measured platelet deposition results were ticles were 25um, which is around 10 times the average
obtained by radioactive labeling of canine blood platelets size of a platelet. Geometric and dynamic similarity was
with In-111, and quantified by measuring the percentage maintained between the platelet deposition measurements
of radioactivity bound to platelets along successive seg- and the flow visualization. The field was illuminated
ments of a model stenosis manufactured from transparentwith a 500 mW argon-ion laser and a cylindrical lens
Lexan that was installed in a recirculating flow loop. The that produces a 1.5-mm-thick light sheet. The plane of
stenosis model employed was scaled down 1/10 from theview was a slice through the center of the axisymmetric
dimensions of the flow visualization model shown in Fig. flow chamber. Qualitative flow visualization was re-
1. This smaller model size was dictated by the amount of corded on videotape for a range of flow rates corre-
blood volume available. By keeping dynamic similarity sponding to Reynolds numbe(Re, based on upstream
between the two modelgthe same Reynolds number diameter and average veloditpf Re=300-1800. The
similar flow conditions were observed. A steady flow range of Re considered is relevant to both certain patho-
peristaltic pump recirculated the blood through the flow logical conditions in the cardiovascular system, e.g., ca-
loop, and a water bath maintained the blood temperaturerotid stenosis combined with hypertension and/or ane-
at 37°C. The platelets were labeled with In-111 mia, and flow through cardiovascular devices such as
tropolone using procedures described in detail by Dew- ventricular assist devices and prosthetic heart valves.
anjeeet al® The results are presented in terms of nor- Velocity vector field measurements described in this
malized platelet densityNPD), where the local number  paper were taken using the Flowgrabber digital particle
of platelets per unit area is normalized by the average image velocimetryDPIV) system(Dantec Measurement
platelet density along the entire test chamber. Details of Technology Inc., Mahwah, New JergeyThe system
these methods and the results can be found in Ref. 20. consists of a 500 mW argon-ion laser: a cylindrical lens

(@)

Flow Visualization

METHODS

Platelet Deposition
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which produces a 1.5-mm-thick sheet; a mechanical shut-

ter, fixed 30 Hz frame rate charge-coupled deWiCED)
camera with frame size 512 by 480 pixels, and a timing

box interface to reduce exposure time and time between

frames to a minimum of 2 ms; a PC with frame-grabbing
board; and the Flowgrabber software for computation
and presentation of the velocity vector fields. The
method used to compute velocities is described in detalil
by Willert and Gharit?®

The method may be summarized as follows. Two
sequential digitally recorded video images of seed par-
ticles within the light sheet in the flow, using an expo-
sure time and frame rate such that the particles are vi-
sualized without a streakline and with optimal motion of
the particles(around 5-10 pixels maximumare single
exposed. The two images are subsampled at one particu
lar area via an interrogation windovusually 32<32
pixels). Within these image samples an average spatial
shift of particles may be observed from one sample to its
counterpart in the other image. This shift may be ob-
tained by performing a spatial cross-correlation of the
two images. The maximum cross-correlation peak coin-
cides with the location of the displacement delta func-
tion. A broad correlation peak allows subpixel accuracy
using a centroiding technique. The sampling window is
overlapped 50% with the next, resulting in a grid of
approximately 960 equally spacdd6 pixel9 displace-
ment vectors for each image pair.

Numerical Methods

Computational fluid dynamic§CFD) modeling of
transient turbulent flow was employed. The blood was
modeled as a viscoelastic fluid, with yield a stress of 0.1
s ! and a changing viscosity with physiological blood
properties. The changing blood viscosity as a function of
shear ratdapproximatingo=1.056 g/cmi, x=3.5 cPoise,
and »=0.035cni/s at elevated shear levelsas curve
fitted to data measured in humans by Merrill
et al(1966'* and incorporated into the numerical model.
This is a crucial point for capturing accurately the dy-
namics of shed vortices, which are characterized by a
low shear stress environment. A quasi-unsteady flow
condition was employed at the inlet, by applying a 5%
fluctuation over a period of 10 ms to the inlet velocity
profile. This boundary condition was intended for induc-
ing an instability at the shear layer formed between the
stenotic jet flow and the recirculation zone, that would
initiate vortex shedding. A range of fluctuation levels

and periods was tested, e.g., 0.15% fluctuation over pe-

riods of 10 and 2.5 ms, and was found to produce very
similar results. This conforms with Hussdt® who
studied vortex shedding in the presence of controlled
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excitation and concluded that pulsation over a wide
range of frequencies had no effect on the natural shed-
ding frequency.

The numerical simulations were conducted using the
FIDAP CFD package(Fluent Inc., Lebanon, NHthat
utilizes a finite element procedure, using the Galerkin
form of the method of weighted residufigo solve the
Navier—StokegN.S) and continuity equations:

du;
—+

ot @

p ujui,j>:0'ij,i+Pfi

ap

— +(pu);=0. 2
In turbulent flows all variables in the governing N.S.

equations are decomposed into average values and small

fluctuations, e.g.u=U-+u’, where the overbar denotes
time average and the prime denotes fluctuation from this
average. When these variables are substituted into Eq.
(1) and time averaging is performed, a resulting extra
variable is introduced to the stress terms, i.e., the Rey-
nolds stressepu’v’. To close the number of governing
equations with the extra variables, the two-equatiea
turbulence model is traditionally employed. In thee
turbulence model the turbulent field is characterized in
terms of the turbulent kinetic enerdy and the viscous
dissipation rate of turbulent kinetic energy which are
defined as

1

2

)
(4)

Two transport equations, one fér and one fore, are
obtained from the N.S. equations and the new system of
equations is then solved. While this approach is very
efficient and accurate for high-Re flows, it may produce
inferior predictions for some low-Re flows. As physi-
ological flows are exclusively in the low Re range, the
innovative Wilcox k- model?*?® which is primarily
intended for simulating globally low-Re internal flows
(Re<10,000 was employed. In this model the turbulent
dissipation is related to the turbulent kinetic energy via
the simple expressioe= wk, where w is the turbulent
frequency. The turbulent scalag and &, are related
through dimensional analysis t and » according to
u,c vk and 8, Vk/w. The turbulent viscosity is obtained
from the k- relation; u= upk/w®, and thek-w trans-
port equations are solved.

A progressive mesh density in the axial direction was
applied to the inlet region, so that flow conditions at the
inlet could be altered from a uniform flow velocity pro-
file to a fully developed turbulent velocity profile where
turbulence prevailed. A zero stress zero pressure condi-
tion was applied at the outlet, and a no-slip condition

k=3 uu,

E=V Ui’jui’j.
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Re = 1800

FIGURE 2. Photographs of vortex shedding distal the steno-
sis throat. For Re =900 the vortices meander in the interface
between the core jet and the slowly recirculating fluid. For
Re=1800 the point of inception of the shed vortices is fur-
ther upstream, and the vortices meander closer to the steno-
sis wall.

was applied at the walls. The entrance length was con-
servatively chosen as 5 diameters so that the velocity
profiles could be fully established proximal to the steno-
sis. To find the exit tube length, we examined wall
stresses on the stenosis and the axial velocity profile in
the center of the model. Results were independent of exit
length for total model length greater than 10 diameters.
We conservatively selected a model length of 16.8 diam-
eters (5 diameters entry length, 3.8 diameters stenosis
section, and 8 diameters exit lengtirhe progressive
density and resolution of the finite elements mesh in the
radial direction was dictated by the need in thew
model of the first grid point away from the walls to be in
the vicinity of y"<1 (y* being the nondimensional vis-
cous sublayer height The height ofA, the first grid
point from the wall, was computed in the following
manner*2°

(5

where C, is an empirical constant. With a computed
characteristic near wall turbulent dissipation rate eof
=50,613mn¥/s® and C,=0.8333, thee=wk relation
with a typical turbulent kinetic energy ok=4050
mn?/s’ yielded a characteristic turbulent frequency of
w=125s1. These values puk at a characteristic value
of 140 um which was used to determine the minimal
mesh density in the vicinity of the wall.

After establishing the numerical results to be indepen-
dent of mesh density in all directions, the two-
dimensional(2D) mesh, solved in half of the flow do-
main, consisted of some 4500 quadrilateral elements

et al.

Re=1550f

Flow -»

0 1

[ ]iifespan of vortex
pathline of vortex

O vortex

FIGURE 3. Schematic drawing of the relative location, path-
line, and size of the vortices observed at representative Re
beginning at the inception of observable and repeatable pe-
riodic vortex formation. At Re >1600, the vortex formation
was not visually observable because of the increasing dis-
turbance of the flow in the recirculation region.

each containing nine nodes, i.e., 40,500 computational
nodes. The resulting mesh is shown in Fig. 1, in the
vicinity of the stenosis. The choice of a transient analysis
time integration algorithm is governed by its rate of
convergence and sensitivity to variations in the initial
conditions. The choice of the segregated version of the
solver, combined with a hybrid relaxation method and
streamline upwinding was successful in achieving con-
vergence for the demanding combination of a transient
problem and turbulence modeling. The time step was set
constant at 0.x10 3s.

Turbulent particle paths were computed using a sto-
chastic modél that simulates the influence of turbulence
on particle trajectories. In this model the instantaneous
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FIGURE 4. Motion of a typical periodic vortex as it travels along the core jet (in the y direction ) at Re=564. The first frame is
a schematic of the test chamber showing the region of visualized flow (shaded region ), and the particular region of interest in

which DPIV calculations were performed  (rectangular box—the interrogation area is 4 cm wide ). Flow is from top to bottom in
each frame, and the higher jet velocities have been clipped. The arrow on the vertical axis marks the approximate location of

the vortex center. The At between each frame was 267 ms.

velocities in the carrier phase are used to solve the par- e , , 2

. - ! " U,=U+Au’"; u'=+(5k), 6
ticle velocities. These instantaneous characteristics are (3K) ©
computed by adding random fluctuations obtained from

the k-w simulation, in the following manner: where\ is a random number betweenl and 1 sampled
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FIGURE 5. Normalized platelet density (NPD), at the three
different Re at which NPD measurements were made, com-
pared with flow conditions in the recirculation region. At
Re=300, no vortex shedding occurred, and the distal region
of increased NPD is centered around the reattachment point.
At Re =900, vortex shedding occurred, but the vortices did
not affect near wall dynamics, and thus the distal region of
increased NPD is again centered around the point of reat-
tachment. Finally, at Re =1800, vortex shedding occurred
near the separation region at the stenosis model wall, obvi-
ously affecting near wall platelet kinetics and resulting in a
very localized increase in NPD in this region.

Re = 1550

FIGURE 6. Velocity vectors with streamlines superimposed

on them at Re =1550 depict an intricate pattern of shed vor-
tices that roll on top of each other and merge in the expan-

sion zone distal to the stenosis throat.

path when a particle is repeatedly injected at a certain
point in the flow field, the combination of turbulence
modeling and a stochastic model for turbulent particle
paths computations result in a different particle path for
each run, as should be the case under turbulent flow
conditions.

RESULTS

Flow Visualization

The phenomenon of periodic shedding of vortices in
the separated region downstream of the stenosis throat
began at approximately Re875 and continued for the
full range of Re studied. Characteristic patterns of the
shed vortices are shown in photographs of the flow vi-
sualization for Re=900 and 180QFig. 2). For Re=900
the vortices meander in the interface between the core jet
and the slowly recirculating fluid. For Rel800 the
point of inception of the shed vortices is further up-
stream, and the vortices meander closer to the stenosis
wall. In general, the location of the site at which these
vortices are initiated, the size of the vortex, and the life
of the vortex varies with RéFig. 3). At low Re (564),
the vortex ring is not formed at the point of separation
but further downstream of the throat within the shear
layer between the jet and recirculating region of flow,

from a normal distribution. The motion of each particle and the vortex meanders, in a direction roughly parallel
is traced as it interacts with a succession of turbulent to the cylindrical axis, through the separated flow region
eddies. The interaction time with one eddy is limited to until merging with the main flow near the reattachment
the eddy lifetime-Te, or the time needed for the particle point approximately three diameters downstream. For Re

to traverse the eddy;, defined by

- Le
e=——;
Vi

Le

Tt:2|n(17'|Uoc—Up|)' (7)

<1000, the vortex ring remains confined between the
core jet and a layer of slowly moving fluid near the wall.
As Re increases, the location of the roll formation moves
upstream and closer to the wall, such that, for>R600,
the site of vortex initiation is very near the stenosis
throat at the point of flow separation. At this range of

where Le= (c®¥%>?)/¢ is the eddy characteristic size and Re, the vortex is much smaller, rotates at a much faster
7 is the particle relaxation time. After each interaction, a rate, and dissipates before reaching the end of the steno-
new fluctuation is assumed to act on the particle, i.e., the sis region. The path of the vortex ring at R&€000 is
particle enters a new eddy. Unlike laminar flow numeri- pushed outward from the jet, such that it appears the
cal simulations which yield exactly the same particle vortices are rolling along the stenosis walls.
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T=8%ms

FIGURE 7. The dynamics of vortex shedding distal to the
stenosis throat at Re =1550 over time. A large vortex is fully
formed at T=40ms, accompanied by a smaller, counter-
rotating, vortex. These two vortices are convected down-
stream, with the second vortex rolling on top of the first
(T=55ms). A third newly formed vortex is trailing both vor-
tices. The three vortices are convected together downstream
(T=66 ms), with the third vortex starting to merge with the
first. Two newly formed vortices  (T=72ms) trail the original
three vortices structure, making it into five discernible vorti-
ces. The process of shed vortices rolling on top of each
other (T=80ms) and the merging of discrete vortices
(T=83 and 89 ms), continues perpetually.

DPIV measurements of the motion of a typical peri-
odic vortex as it travels along the core jet at=FR#64 is
shown in Fig. 4. At this Re, the vortex is shown to move
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T=145ms

FIGURE 8. Periodic vortex shedding at Re =900 (perturbation
is superimposed on an already established recirculation vor-
tex). The recirculation vortex becomes unstable, with newly
formed shed vortices trailing it  (T=100 and 110 ms), while
newly formed vortices at the expansion zone of the stenosis
(T=110-145ms) are convected downstream.

rigid cylinder rolling without slip between two moving
plates moving in opposite directions and at different
speeds. The velocity vector field at the location of the
vortex resembles the velocities of individual points on
the surface of the cylinder model, with deviations occur-
ring due to fluid deformation, particularly along the edge
of the jet.

Numerical Simulations

Results are shown for Rel550 and 900(Figs.

a distance of approximately 9.5 cm, or about 1 diameter, 6-10. Velocity vectors with streamlines superimposed
in the span of 1.6 s. This corresponds to an averageon them(Fig. 6, Re=1550 reveal an intricate pattern of
speed of 5.94 cm/s for the center of the vortex. The shed vortices that roll on top of each other and merge in
DPIV measurements capture the rotational aspects of thethe expansion zone distal to the stenosis throat. While a
vortex in a satisfactory manner. Note the increased ret- large steady vortex encompassing the complete recircu-

rograde velocities in the vortex compared with the ve-
locities of particles located within the region of recircu-
lation but not rotating with the vortex. However, these
velocities are still much slower than velocities of the
particles rotating with the vortex but located within the
core jet. As shown in Fig. 2, at the lower Reynolds

lation region(from the flow separation point to the reat-

tachment point was reported by numerous researchers
over the years, this depiction indicates that the flow dy-
namics in the recirculation region are more complex. The
large vortex on the right, reminiscent of the steady re-
circulation vortex, is accompanied by two smaller

numbers the vortices remain confined between the corecounter-rotating vortices in a form characteristic of peri-

jet and a layer of slowly moving fluid near the wall.

odic vortex shedding(von-Karman vortex street in

Therefore, one may model the motion of the vortex as a wakes of bluff bodies and shear flo#s.
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Re = 1550

T=125ms

FIGURE 9. Vorticity contours at Re =1550. The vortical activ-
ity is depicted by the closed isovorticity contours. The cen-
ters of isovorticity are located at the shear layer between the
vortices and the stenotic jet.

The dynamics of vortex shedding distal to the stenosis

throat at Re=1550 are depicted in Fig. 7 over time. A
large vortex is fully formed aff =40 ms, accompanied
by a smaller, counter-rotating, vortex. These two vortices

are convected downstream, with the second vortex roll-

ing on top of the first {=55ms). A third newly formed
vortex is trailing both vortices. The three vortices are
convected together downstreanT =66 ms), with the
third vortex starting to merge with the first. Two newly
formed vortices T=72ms) are now trailing the original
three vortices structure, making it into five discernible
vortices. This process of shed vortices rolling on top of
each other T=80ms) and the merging of discrete vor-
tices(T=283 and 89 mk continues perpetually. A similar
depiction of periodic vortex shedding is shown in Fig. 8
for Re=900, where the 5% velocity fluctuation at the

BLUESTEIN et al.

Re = 1550

FIGURE 10. Turbulent particle paths simulations at Re  =1550
(from T=40 to 89 ms). The bulk of the particles that were
seeded in the expansion region were entrapped within the
smaller, counter-rotating, shed vortices, while a small part of

the particles wandered to the bigger recirculation vortex
downstream. Once entrapped in these vortices, most of
these particles were eventually convected toward the wall;
only two out of eight computed trajectories lead the particles
away from the wall.

ces, while a small part of the particles wandered to the
bigger vortex downstream. Once entrapped in these vor-
tices, most of these particles were eventually convected
toward the wall.

Platelet Deposition

The unsteady flow development in the recirculation
region may be the mechanism for significant changes in
the distribution of mural platelet deposition between Re
=300, 900, and 1800, despite only a marginal variation
in the size and shape of the recirculation zone under
these flow conditiongFig. 5. At Re=300, a recircula-

inlet was imposed on an already established steady re-tion zone was formed which extended approximately 3.5

circulation vortex. As a result the recirculation vortex
becomes unstable, with newly formed shed vortices trail-
ing it (T=100 and 110 ms while newly formed vortices

at the expansion zone of the stenosis=(110—145 ms)
are convected downstream.

In addition to the streamlines and the velocity vector
field, the level of the vorticity in the flow field is an
important measure of the vortical flow components. Vor-
ticity is defined asw=VXxU, where for a 2D flow field,
the vorticity is computed a® = dv/dx— duldy. The vor-
ticity field is outlined in Fig. 9, where the vortical activ-

diameters downstream from the throat and consisted of
slowly recirculating flow enclosed in a single, elongated
vortex ring. Platelet depositiotNPD) displayed a slight
increase proximal to the stenosis throat, a slight decrease
at the throat, and a large increase distal to the throat. The
distal region of increased NPD corresponded approxi-
mately to the length of the recirculation region. At Re
=900, the reattachment point moved to approximately
three diameters downstream of the throat, and varied
little more with further increases in Re. However, for
Re=900 and 1800, vortex shedding occurred. The path-

ity is depicted by the closed isovorticity contours. The line of the vortex at R&900 is shown in Fig. 3, while
centers of isovorticity are located at the shear layer be- for Re=1800 the path of the vortex was similar to the
tween the vortices and the stenotic jet. The maximum path shown for Re1550 in Fig. 3. The pattern for
local vorticity at the core of the vortices reached values platelet deposition continued for the two higher Re, with
as high as 3509, indicating the strong vortical activity ~a proximal increase, decrease at the throat, and distal
that was induced by the shed vortices. Generally, the increase. For Re900, the distal region of increased
vorticity alternated between positive and negative values, NPD corresponded with the length of the recirculation
typical of the “von-Kaman vortex street” dynamics in  zone, as the results for RG00 displayed. However, at
which successive vortices rotate at alternating clockwise Re=1800, the region of increased NPD was much nearer
and counterclockwise motion. to the throat, higher in magnitude, and corresponded with
To study the effect of these flow dynamics on platelet the region of vortex formation.
trajectories within the recirculation region, turbulent par-
ticle paths simulations were conducted. Several such par-
ticle paths are shown in Fig. 10 for R4550 (from
T=40 to 89 m$. The bulk of the particles that were The development of unsteady flow structures in sepa-
seeded in the expansion region near the wall were en-ration has been observed in a variety of applications. The
trapped within the smaller, counter-rotating, shed vorti- classical example is the Karman vortex sheet known to

DISCUSSION
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occur in flow past a circular cylinder in the *0Re In previous work by Schoephoerstest al*® and
<10 range®® Pauley etall® solved the unsteady Bluesteinet al® platelet deposition was correlated with
Navier—Stokes equations for flow through a channel in local fluid dynamics obtained by numerical solution of
which suction was applied on one wall, exposing the the equations governing flow through a stenosis. The
opposite wall to an adverse pressure gradient resulting innumerical solution was obtained assuming steady flow,
separation of the flow from the wall surface. For rela- @nd thus produced a single, closed vortex within the
tively weak adverse pressure gradients, the observedrecirculation region. The size of the recirculation region
separated region was described as a thin, steady, close@nd the velocities in the main flow were validated with
separation bubble. Stronger adverse pressure gradient®P!V measurements. The postulated flow-induced
(caused by increased suctjored to vortex shedding. mechanlsms for platelet deposnlor_\ in a stenosis geom-
Fearnet al® observed vortex shedding downstream of a €ty included:(1) enhanced convective transport of plate-
symmetric sudden expansion under steady flow condi- lets to the wall along locally curved streamlines with

tions. The flow remained steady and symmetric for Re Velocity components perpendicular to the wall) plate-
<35, then became asymmetric for RE5S5, at which let activation by above-threshold values of shear stress;

point vortex shedding ensued. Experimental observations@"d (3) local wall shear stresses, which, if high, may

indicated that the time dependence was a result of aWash adhered platelets from the wall or, if low, may
three-dimensional disturbance. Feaal® also studied allow prolonged contact of platelets with the wall. These

numerically the effect of inducing a 1% velocity pertur- mechanisms were used to explain the observed distribu-

bation, representing the small imperfections inevitable in ion of t_plat;alet deptosmon Ogtglr;re]dzlg. .5)' IEnhdar(;petdlt
their experimental apparatus, on the flow stability and convective transport occurred both proximal and distal to

the development of vortices and recirculation zones dis- the stenosis throat and was considered causative to the

tal to the expansion. They found that the perturbation increases in deposition at those locations. The decreases

had a considerable effect on all of the above. At higher n platelet deposition at Fhe throat was thought _to b.e
. . . attributable to the local high wall shear stress which is
Re numbers vortex shedding ensued, with the position of

: . likely to wash the platelets from the surface. Finally, the
the shedding moving upstream along the shear layer be-_. . . : o
. . size of the distal region of increased platelet deposition
tween the recirculation zone and the core flow.

- ; orrelated very well with the size of the recirculation
The transition to unsteadiness has also been observecg

in f th h bi hanical struct Gfhaoted ones, at least for Re300 and 900. This was thought to
In Tlows through blomechanical structures. tjnaote be due to a diminished capacity for the flow to wash the
the transition of the separation structure, within a 45°

o ; ¢ inale bubbl 250 platelets away from the surface because of low wall
anastomotlc.Juncnon, rom a single bubble at " shear in the recirculation region, as well as prolonged
to a corotating dual-vortex structure at R&00, to fi-

i ) contact of platelets with the surface in the layer of slow
nglly the onset of unsteadiness '_that included vortex Shed'moving fluid near the wall.
ding for Re>1000. Vortex shedding has also been shown

M , However, the size of the recirculation region remained
to occur off the trailing edge of the leaflets of a bileaflet essentially the same for R®00 and 1800. Despite that

heart valve prostheses in the deceleration flow phase ofiha size and magnitude of the distal region of increased
the heart cyclé” Finally, flow through an arterial steno-  pjatelet deposition changed remarkably between these
sis has been studied in great detail by Yodhghe most ~ two flow conditions. We now postulate that this change
detailed steady flow measurements at Re correspondingi, platelet deposition pattern may be attributable to the
with the current study were performed by Ahmed and \ortex shedding phenomena. The shedding of vortices in
Giddens? For flow through a 75% stenosis, flow was the shear layer between the core jet and the recirculation
stable and laminar at Re250, experienced periodic 0s- region began above Re&75 and continued through Re
cillations at Re=500, and poststenotic turbulence at Re =1800. In addition, the location of vortex initiation as
=1000 and higher. These results as well as those dis-well as the path of the vortices varied with Re. With this
cussed above with similar conditions of separation agree in mind, the following mechanisms involving the vortex
with the results of the current study. A stable, single shedding may be postulated. At R800, no vortex
vortex structure was observed at -R&00, with vortex  shedding occurred, and thus the previously mentioned
shedding ensuing with increasing Re. Conducting nu- mechanisms are sufficient to explain the observed plate-
merical simulations in a stenosis geometry, Thornburg let deposition. At Re=900, vortex shedding did occur.
et al?? observed vortex shedding distal to the stenosis However, as noted previously, the path of the vortices at
throat under steady flow conditions. No study that we are this Re was clearly separated from the wall as shown in
aware of has captured the details of the shedding vorticesFig. 3. In this case, the vortex moved between the core
as displayed here with the DPIV measurements, or dem-jet and a slowly moving layer of fluid near the stenosis
onstrated their existence in a stenosis geometry using awall. Therefore, the vortex did not affect near wall dy-
numerical perturbedurbulent flow simulation. namics, and the mechanisms previously mentioned still
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hold. For Re=1800, the vortex path resembled that of
Re=1550 in Fig. 3. Here the vortex appeared to roll
directly along the stenosis wall. In the area of the wall
near this rolling vortex, convective transfer of fluid and
platelets towards the wall will be enhanced. As shown in
Fig. 5, the location within the stenosis of the lifespan of
the vortices for Re1800 coincides with the relatively
narrow region of increased platelet deposition just distal
to the stenosis throat. This is further supported by the
numerical simulations, which depict turbulent particle
paths which lead the platelets to deposition in this region
(Fig. 10. We propose that the increase of platelet depo-
sition in this area is a result of the development of these
vortical structures in the flow field near the wall at this
Re range.

Therefore, the mechanisms which lead to the vortex

et al.

will depend on(1) the activation state of the plateléR)

the reactivity of the surface, an@®) the local fluid dy-
namic forces at the surface. It is hoped that this model
can be used to verify the mechanisms postulated using
the results of the previous and current studies.

The extrapolation of the observed correlations be-
tween regional dynamics of the flow and localized plate-
let deposition to the physiological environment must be
tempered with the limitations of thie vitro experimental
conditions in replicatingn vivo conditions. In particular,
arterial blood flow is quite pulsatile in nature. However,
even under pulsatile flow conditions, vortical structures
similar to those observed in these experiments have been
shown to occur in the deceleration phase downstream of
a tube constriction! The interaction of flow with blood
coagulation elements and events is extremely complex,

shedding phenomenon in flow through a stenosis proceedand even steady flow through a stenosis geometry can be

as follows: (1) an instability mechanism characteristic of

quite involved as we have shown. Therefore, it was our

confined jets arises when the jet attempts to attach to theintent to develop initial correlations under steady flow

downstream wall$® The emerging jet forms a vortex

conditions and a better understanding of the interaction

sheet at the interface between the jet and the surroundingbetween flow and the coagulation process before the

fluid. This is accompanied by an entrainment process
where, in the case of the bounded jet, the fluid must
come from the downstream region. As the jet expands
towards this region, it attaches and breaks from the
walls, causing the surrounding fluid to oscillate back and
forth. These fluctuations, in turn, influence the character
of the vortex sheet(2) As at higher Re numbers the

addition of convoluted pulsatile flow effects.

CONCLUSIONS

We have shown that platelet deposition onto a model
arterial stenosis can be correlated with and depends on
local fluid dynamic phenomena, and that these phenom-

stenotic jet becomes turbulent, in the process some non-ena include convection towards the wall, shearing forces

turbulent fluid is entrained, to which vorticity fluctua-
tions are transferred by viscous diffusithThose, in
turn, induce flow instabilities to the shear layer that may
break the recirculation zone into discrete vortices. Flow
fluctuations that may exist in the flow field will tend to

within the fluid, and fluid near-wall drag. In particular,
the current study depicts a process where vortex shed-
ding occurs in the geometry studied at >R50, that
these vortices affect near wall flow only for R&000,

and that for this higher range of Re the shed vortices

be augmented in the shear layer because of the inherenenhance local platelet deposition.

instabilities.(3) Once the recirculation zone breaks down
into discrete vortices, any slight nonuniformity in
strengths or spacing of tw¢or threg adjacent vortices
induces them to roll up around each othérortex
pairing).1>13

The numerical simulations of turbulent flow with a
small fluctuation superimposed at the inlet, and the DPIV
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