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Steady Flow in an Aneurysm 
Model: Correlation Between 
Fluid Dynamics and Blood 
Platelet Deposition 
Laminar and turbulent numerical simulations of steady flow in an aneurysm model 
were carried out over Reynolds numbers ranging from 300 to 3600. The numerical 
simulations are validated with Digital Particle Image Velocimetry (DPIV) measure
ments, and used to study the fluid dynamic mechanisms that characterize aneurysm 
deterioration, by correlating them to in vitro blood platelet deposition results. It is 
shown that the recirculation zone formed inside the aneurysm cavity creates condi
tions that promote thrombus formation and the viability of rupture. Wall shear stress 
values in the recirculation zone are around one order of magnitude less than in the 
entrance zone. The point of reattachment at the distal end of the aneurysm is charac
terized by a pronounced wall shear stress peak. As the Reynolds number increases 
in laminar flow, the center of the recirculation region migrates toward the distal end 
of the aneurysm, increasing the pressure at the reattachment point. Under fully 
turbulent flow conditions (Re = 3600) the recirculation zone inside the aneurysm 
shrinks considerably. The wall shear stress values are almost one order of magnitude 
larger than those for the laminar cases. The fluid dynamics mechanisms inferred 
from the numerical simulation were correlated with measurements of blood platelet 
deposition, offering useful explanations for the different morphologies of the platelet 
deposition curves. 

Introduction 

Abdominal aortic aneurysms (AAA) are among the most 
lethal clinical phenomena among people 55 years of age or 
older. Post mortem autopsies reveal that they occur in about 2 
percent of the population, while aneurysms of all kinds are seen 
in up to 10 percent of all postmortem examinations (Johansen, 
1982). An aneurysm is defined as a focal dilatation of a blood 
vessel involving an increase in diameter above 50 percent com
pared with the expected normal diameter. Aneurysms that are 
not treated to elective aneurysmectomy surgery, involving an 
aortic resection and reconstruction with a dacron graft, may 
rupture eventually. Up to 62 percent of the patients with rup
tured aneurysms die before reaching the hospital. When these 
prehospital deaths are counted, the overall mortality rate may 
exceed 90 percent (Ingoldby et al., 1986, Thomas and Stewart, 
1988). The increasing median age of the population contributes 
to an increasing incidence (Ernst, 1993). 

An aneurysm may occur when the arterial wall loses its struc
tural integrity and gives way to the distending force of the 
pulsatile intraluminal pressure. A segment of the artery expands 
to form a balloon-like dilatation: an aneurysm. Once initiated, 
the tension on its wall increases obeying Laplace's law that 
states that the tension in the wall is directly proportional to 
the product of the intraluminal pressure and the radius of the 
dilatation. As the thickness of the wall must play a role in the 
distension and ultimate rupture of an aneurysm, the stress in 
the arterial wall was shown to be also inversely proportional to 
the wall thickness (Johansen, 1982). As the volume of the 
arterial wall presumably remains constant, the wall thickness 
must decrease as the aneurysm enlarges, resulting in rapidly 
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increasing tensile stress. It is important to note that increasing 
age is accompanied by a reduction of the elasticity of the vessel 
wall. As the aneurysm progresses, the stiffening of the arterial 
wall predisposes it to rupture. 

As the aneurysm develops, its wall becomes lined with a 
mural thrombus: an aggregate of blood cells, platelets, blood 
protein and cellular debris. The thrombus grows as material is 
deposited from the flowing blood and protrudes into the lumen. 
Besides rupture, other complications arises as bits of mural 
thrombus may break off and be carried downstream; these em
boli can be lodged in a smaller blood vessel and interrupt the 
flow of blood. The growing mural thrombus may also occlude 
blood flow through the aneurysm. It has been argued that the 
thrombus represents an attempt of the body to increase the wall 
thickness, thereby reducing the likelihood of rupture, but the 
gelatinous mass can only be marginally helpful in resisting 
rupture. Aneurysms in smaller arteries supplying the head and 
extremities have a lower risk of rupturing than those of the 
aorta, but have a greater risk of thrombosis and embolization 
(Johansen, 1982). 

Abdominal aortic aneurysms have usually been characterized 
as atherosclerotic, although no unified concept of pathogenesis 
has emerged (Ernst, 1993). The genesis of blood coagulation is 
a cascade phenomena of biochemical events induced by several 
clotting factors. Transfer of platelets and other clotting factors 
to the vascular wall is accomplished through diffusive and con-
vective mechanisms. Predilection sites of thrombosis in the hu
man arterial system include geometries which produce non-
parallel streamline flow such as bifurcations, branches, curves, 
stenoses, and aneurysms. Convection of flow aggregates can be 
locally enhanced or diminished in such geometries that produce 
locaUzed regions of high and low shear, flow separation, recircu
lation, and reattachment. 

The process of thrombosis may be affected by a series of 
Theological and fluid dynamic parameters. Based on in vivo 
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experiments, Fry (1968) concluded that high shear stresses 
caused injury to the endothelial lining, initiating atherosclerosis. 
Changes in mass transfer coefficients in regions of relatively 
low wall shear stress were shown to be responsible for the 
localization of atherosclerosis (Caro et al., 1971). High rates 
of shear, areas of flow stagnation or recirculation, and turbu
lence, were shown to promote thrombus formation (Karino et 
al , 1987, Folic and Mclntire, 1989). Studies of the carotid 
artery (Ku et al , 1985) and the abdominal aorta (Friedman et 
al., 1981, Friedman et al., 1992) have found that low mean 
and oscillating wall shear stresses correlate with atherosclerotic 
plaque localization. Near wall excesses of platelets in tube flow 
have been reported (Eckstein and Belgacem, 1991, Tangelder 
et al , 1982, Aarts et al , 1988, Schoephoerster et al., 1993) to 
be dependent, among other factors, on flow conditions (wall 
shear rate, tube diameter). Stein and Sabbah (1974) have corre
lated turbulence with thrombus formation on artificial surfaces. 
Actual deposition of platelets onto artificial surfaces tends to 
increase with increasing shear due to increased collision fre
quency and mass transfer (Christenson et al., 1981, Lelah et 
al., 1984). Direct correlations of local fluid dynamic events 
with platelet aggregation in vortices and adhesion onto surfaces 
were obtained in low Reynolds number flow through an abrupt 
expansion (Karino and Goldsmith, 1979a and 1979b). The de
gree to which these mechanisms play a role in the pathogenesis 
of AAA is stifl under question (Dobrin, 1989), though the 
above mentioned studies clearly indicate that the coexistence 
of both high shear stress zone and low shear stress or recirculat
ing zone promote thrombus formation. 

There are several aneurysm hemodynamics in vitro studies 
in steady flow (Scherer, 1973, Drexler and Hoffman, 1985, 
Budwig et al., 1993). These studies have shown that the flow 
field through the aneurysm is characterized by a jet of fluid 
surrounded by a recirculating vortex. A typical value of the 
Reynolds number in a healthy human abdominal aorta is approx
imately 1800 during peak systole, but this value can dramati
cally change as a result of various pathologies. Thus in vitro 
studies comprise a range of Reynolds numbers anywhere be
tween a few hundreds to a few thousands. Scherer found that 
the flow through the aneurysm was turbulent when the Reynolds 
number (based on the bulge diameter) was greater than 2900. 
Budwig et al. (1993) found that the recirculating vortex effects 
dramatically the stresses on the aneurysm wall, with wall shear 
stresses in the recirculation zone dropping to about ten times 
less than in the entrance tube. The shear stress profile was 
characterized by two peaks near the reattachment point at the 
distal end of the aneurysm. Turbulence in the aneurysm was 
intermittent for 2000 < Re < 2500, with a turbulent slug ampli
fied considerably in intensity and length as it went through the 
aneurysm. These in vitro findings conform with recent in vivo 
results of cerebral aneurysms (Steiger, 1990) and AAAs (Bluth 
et al., 1990) that have shown that the flow is sometimes laminar 
and sometimes turbulent. Arterial-wall vibrations at low fre
quencies (up to 200 Hz) that are characteristic of turbulent flow 
fluctuations, were reported to be highly destructive to structural 
components of the wall (Johansen, 1982). An insight to the 
mechanism of thrombus formation in aneurysms was given by 
Muraki (1983) who performed ultrasonic studies of AAAs and 
suggested that the mural thrombi in aneurysms is initially 
formed in the distal area of the expansion and then develops 
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Fig. 1 Geometry of model aneurysm 

proximally. Muraki also observed that aneurysm rupture typi
cally occurs in the distal area of the aneurysm. Other in vitro 
studies include numerical studies of pulsatile flow through the 
aneurysm (Wille, 1981; Perktold, 1987; Fukushima et al., 1989; 
Taylor and Yamaguchi, 1994). Fukushima presents wall shear 
stresses and also flow visualization photographs, Wille presents 
velocity vector, streamline, and pressure field results, Perktold 
mainly presents path lines, and Taylor and Yamaguchi present 
three dimensional simulation of an asymmetrical aneurysm. Al
though recently there is a growing body of literature of both in 
vitro and in vivo results, studies of flow through aneurysms 
that correlate clinical hemodynamic parameters, e.g., platelet 
deposition, to the fluid dynamics through the aneurysm, are 
almost non-existent. Our group has recently used radioactive 
tagging of platelets to measure the platelet deposition on the 
wall in a model aneurysm under steady flow conditions (Schoe
phoerster et al , 1993). The current study is aimed at correlating 
these results with numerical results of flow through the same 
model under similar flow conditions, as to shed light on the fluid 
dynamic mechanisms that lead to thrombus formation inside the 
aneurysm and the dilatation of the aneurysm. 

Methods 
Both experimental and numerical methods were used to study 

steady in vitro flow patterns through a model aneurysm (Fig. 
1) under laminar and turbulent flow conditions. The geometry 
of the model followed the function; r{z) = 0.47 + 0.14 {1 + 
cos (7rz/1.9)}, where r{z) is the local radius of the tube and 
z is measured in cm in the axial direction from the center of 
the expansion. Numerical modeling of the flow through the 
aneurysm was conducted using FIDAP (Fluid Dynamics Inter
national, Evanston, IL 60201) CFD package. The FIDAP pro
gram utilizes a finite element procedure, using the Galerkin 
form of the Method of Weighted Residuals (Saad et al., 1983), 
to solve the Navier-Stokes equations: 

/ dui 
~ + \dt 

+ pfi 

dt 
+ (puj)j = 0 

(1) 

(2) 

where Einstein summation notation was used (M, = (M, D, W) 
and a repeated subscript implies summation). The pressure is 
eliminated from the momentum equations, and solved from the 
continuity equation (Eq. (2)) by replacing the zero on the right 
hand side with a very small penalty parameter. The progressive 

Nomenclature 

AAA = abdominal aortic aneurysm 
CFD = computational fluid dynamics 

d = diameter 
/ = body forces 
k = turbulent kinetic energy 
L = liters 

NPD = normalized platelet deposition 
r = radial coordinate 

Re = Reynolds number 
t = time 

M = velocity 
z = axial coordinate 

e = viscous dissipation rate of turbulent 
kinetic energy 

fj, = viscosity 
u = dynamic viscosity 
p = density 
a = stress 
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Fig. 2 Typical mesli for finite elements computations in the aneurysm area 

density of the finite elements mesh in the radial direction (Fig. 
2—the aneurysm area) shows the carefully modelled near wall 
region. A progressive mesh density in the axial direction was 
also applied to the inlet region, so that flow conditions at the 
inlet could be altered from a laminar parabolic velocity profile 
to a fully developed turbulent velocity profile. The boundary 
conditions at the inlet were a parabolic velocity profile for the 
laminar cases, and a plug flow profile that evolved into a fully 
turbulent velocity profile for the turbulent case. A zero stress 
zero pressure condition was applied at the outlet, and a no-slip 
condition was applied at the walls. The entrance lengths were 
conservatively chosen as 5 diameters for the laminar cases and 
8 diameters for the turbulent case, so that the velocity profiles 
could be fully established proximal to the aneurysm. To find 
the exit tube length, we examined wall stresses on the aneurysm 
and the axial velocity profile in the center of the model. Results 
were independent of exit length for total model length greater 
than ten diameters. We conservatively selected a model length 
of 15 diameters. After establishing the numerical results to be 
independent of mesh density, the mesh consisted of 4000 nine-
node quadrilateral elements for the laminar case and 4600 such 
elements for the turbulent case. In each element biquadratic 
interpolation functions were used to approximate the velocities. 
Pressures were approximated using the penalty function ap
proach. The successive substitution method was used for the 
laminar cases. Simulation of turbulent flow conditions was ap
plied by using the segregated solver method and the standard 
two equations k-e turbulence model, where the turbulent kinetic 
energy- k and the viscous dissipation rate of turbulent kinetic 
energy e, are defined as follows: 

fC — o t t J W (' (3) 

In the vicinity of solid boundaries the flow is dominated by 
viscosity and the use of the k-e model may lead to inferior 
predictions. FIDAP uses specialized elements for near wall 
modelling, in which the variation of the turbulent momentum 
diffusivity is modeled using van Driest's mixing length ap
proach. The combination of the k-e turbulence model with near 
wall modelling proved to be precise in predicting flow character
istics like reattachment length, as will be discussed later. Axi-
symmetry was assumed around the longitudinal axis of the aneu
rysm model, and the blood was assumed to be Newtonian, with 
real blood properties: p = 1.056 g/cm^, ^ = 3.5 cPoise, and v 
= 0.035 cm^/s, so that accurate correlations may be made be
tween the fluid simulations and actual blood platelet deposition 
determined from in vitro experiments. 

In order to validate the numerical simulation, quantitative 
flow visualization was carried out using a Digital Particle Image 
Velocimetry (DPIV) system (Dantec FlowGrabber™, Dantec 
Measurement Technology, NJ, USA). The DPIV system is ca
pable of providing a quantitative two-dimensional picture of 
displacement of particles and the velocity vector field of the 
flow. The fluid is seeded with particles and single exposure 
images of the particles illuminated by a laser light sheet are 
recorded using a video camera and a high speed electronic 
shutter. The displacements of the particles are obtained by lo
cally cross-correlating sequential images, and the velocity vec
tor fields are computed from the known shutter speed. The 
cross-correlation function of the two samples is calculated using 
FFT techniques. The displacement of the cross-correlation peak 

gives the average spatial shift of the particles in each subsample 
pair. Details of the method can be found in Willert and Gharib 
(1991). In order to enhance the DPIV resolution, measurements 
were carried out in a steady flow loop with a large scale aneu
rysm model (10:1), following the above mentioned geometry. 
The model was manufactured from glass and had the following 
dimensions: inlet diameter-9.8 cm, max. aneurysm diameter-
15.68 cm, entry length of 25 diameters, and distal length of 16 
diameters. The working fluid was water, seeded with several 
microns diameter reflective latex beads (Optimage Ltd., Edin
burgh, UK) to obtain the velocity vector fields. Dynamic simi
larity was kept in order to run the DPIV measurements in the 
respective Re numbers of the numerical simulations. 

Platelet deposition results were obtained by radioactive label
ing of the blood platelets with In-111, and quantified by measur
ing the percentage of radioactivity bound to platelets along 
successive segments of the model aneurysm. The results are 
given in terms of NPD (Normalized Platelet Deposition), where 
the local number of platelets per unit area is normalized by the 
average platelet density over the entire flow chamber. Detailed 
description of the experimental procedure can be found else
where (Schoephoerster et al., 1993). 

Results 

Numerical Results. Laminar flow results were obtained at 
three different Reynolds numbers: Re = 300, 900, and 1800 
(based on the proximal diameter and the average velocity at 
the entrance-computed from the corresponding flow rates of 0.5 
L/min, 1.5 L/min, and 3 L/min). Turbulent flow results were 
obtained for Re = 3600 (corresponding to a flow rate of 6 L/ 
min). All the results were characterized by a core flow pattern 
passing through the center of the aneurysm, surrounded by sym
metrical recirculating vortices (Figs. 3(a) through 3(d). For 
the laminar cases the maximum core flow velocity through the 
aneurysm (measured at the cross-sections of each corresponding 
center of recirculation) essentially remained the same as that 
of the entrance of the tube (Fig. 4) , indicating that the central 
flow through the aneurysm did not bear the nature of a jet flow. 
Therefore, the main hemodynamic mechanism for thrombus 
formation in the aneurysm was the slowly recirculating vortex. 

For the turbulent case, the maximum core flow velocity 
through the aneurysm (mean velocity) was 15 percent slower 
than that of the upstream (Fig. 4) . The difference between the 
laminar and the turbulent cases stems from the fact that the 
recirculation zone shrunk significantly for the turbulent case, 
leaving more space for the core flow to expand and slow down. 
As a result, although the upstream and downstream maximum 
velocities were approximately 35 percent higher at the center-
line for the turbulent case (Re = 3600) as compared to a laminar 
case (Re = 1800), the maximum velocities through the aneu
rysm were of similar magnitude for both Reynolds numbers. 

The streamline contour plots (Fig. 3(a) through 2(d)) show 
that as the Reynolds number increased the vortex became 
skewed, with the center of the recirculation moving down
stream, toward the distal end of the aneurysm and closer to the 
core flow, causing a contraction of the vortex streamlines in the 
distal edge of the aneurysm and an expansion of the streamlines 
on the proximal edge. The recirculation zone encompassed a 
larger area of the aneurysm cavity as the Reynolds number 
increased. 

282 / Vol. 118, AUGUST 1996 Transactions of the ASME 

Downloaded 06 Mar 2008 to 129.49.252.22. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



-1 0 1 
Distance / Diameter 

Fig. 3(a) Re = 300 
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Fig. 3(b) Re = 900 
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Fig. 3(c) Re = 1800 
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Fig. 3(d) Re = 3600 

Fig. 3 Streamline contour plots and Normalized Platelet Deposition 
(NPD) curves at tlie recirculation zone 

A dramatic change occurred when the flow became turbulent 
(Re = 3600, Fig. 3 ( J ) . The recirculation zone shrunk consider
ably; its center of circulation migrating toward the proximal 
end of the aneurysm. This agrees with results by Young (1979) 
in a flow through a stenosis. Young showed that the reattach
ment length in such flows increase with increasing Reynolds 
number for laminar flow conditions, peaks just before the onset 
of turbulence, and decreases with increasing Reynolds number 
when turbulence prevails, eventually reaching a limiting value 
at high Reynolds numbers. In the case of an aneurysm this 
mechanism can be explained by the fact that a turbulent velocity 
profile is more resistant to separation. The delay in separation 
initiates the recirculation zone deeper inside the aneurysm cav
ity. The recirculation zone is shortened because it is effectively 
confined in the proximal side of the aneurysm cavity; the 
streamlines are already tilted toward the wall of the cavity re-
Journal of Biomechanical Engineering 

Distance from centerline (cm) 

Fig. 4 Velocity profiles at the center of the recirculation zone (normal
ized with the inlet velocities) 

suiting in a particle path that is bound to reattach earlier to the 
wall. 

A typical pressure contour plot (Re = 1800) is shown in Fig. 
5. The iso-pressure contours show how the pressure reached a 
minimum at the separation point and increased monotonously 
along the aneurysm. The pressure peaked at the reattachment 
point, which constituted a stagnation point, and fell sharply 
distal to the aneurysm. The pattern of our pressure distribution 
results agree with those of Taylor and Yamaguchi (1994) for 
their steady flow case (Re = 700), where the region of maxi
mum pressure occurred at the distal end of the aneurysm. When 
comparing with their unsteady flow results (peak Re = 1400) 
when the vortex in the aneurysm is well established (the decel
eration phase during late systole), the pattern of our pressure 
results qualitatively agree with theirs, although it must be cau
tioned that both separation and reattachment points are in the 
proximal side for their unsteady flow solution. The pressure 
distribution results indicate that once an aneurysm is formed, 
the fluid dynamics inside the cavity will increase the pressure, 
further dilating the aneurysm. The location of the pressure peak, 
at the reattachment point, conforms with the findings by Muraki 
(1983), who observed that aneurysm rupture typically occurs 
at the distal area. 

Wall shear stress results are shown in Fig. 6(a) , normalized 
with the wall shear stress at the entrance tube. The wall shear 
stress declined rapidly to zero around the separation point {xl 
d a* - 2 ) , and maintained a near zero value (negative, because 
of the flow reversal in the recirculation zone) along the aneu
rysm. The wall shear stress rose sharply in the reattachment 
point {xld « 1.85) and peaked at xld » 2 with a value roughly 
1.75 times the upstream value. As the point of reattachment 
was shared by both the core flow and the recirculating flow, the 
shear layer created in the interface between the two gradually 

Reattachment Point 

Pressure Values Mvn/cm^l 
A-535,9 C-702.1 
B - 563.6 D - 826.7 

E-882.1 

Fig. 5 Typical pressure contour plot (Re = 1800) 
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Fig. 6(a) Wall shear stress normalized by inlet wall shear stress 
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Fig. 6 Wall shear stress distribution along the aneurysm 

decreased the shear stress in the downstream direction, till it 
approached the upstream value around xld = 6. 

The wall shear stress distribution along the aneurysm depicts 
the main mechanism of platelet deposition along the aneurysm. 
At the interface between the recirculation and core regions plate
lets are exposed to elevated shear along the higher velocity side 
of the shear layer, and at the vicinity of the reattachment point 
where the wall shear stress peaks. This exposure is relatively 
prolonged because of the convective deceleration at the inter
face. These elevated shear histories indicate that platelets ap
proaching the recirculation zone have high incidence of activa
tion. Once trapped in the recirculation zone, the platelets experi
ence low wall shear stresses that allow prolonged contact with 
the wall, promoting adhesion to the wall. 

A closer examination of the absolute wall shear stress values 
(Fig. 6(fe)) reveals that for the laminar cases the wall shear 
stress peaks neitf the reattachment points increased with increas
ing Reynolds numbers, corresponding to a spreading out of the 
platelet deposition peaks, that will be discussed in detail later. 
The turbulent wall shear stress peak (Re = 3600) migrated 
upstream, corresponding to the reattachment point of its shrunk 
recirculation zone. The turbulent wall shear stress values were 
around one order of magnitude larger than those under laminar 
flow conditions. The laminar results of the streamlines and wall 
shear stresses agree with numerical results by Budwig et al. 
(1993) for 400 < Re < 2000, in a similar geometry. 

Experimental Validation of the Numerical Results With 
DPIV. Validation of the numerical simulation results was ac
complished by comparing the numerical results to DPIV mea
surements conducted in an aneurysm model with the same ge
ometry in a steady flow loop. The numerical velocity profiles 
for Re = 900 were superimposed on a vector plot of the DPIV 
measurements (Figs. 7(a) and 1(b)). The superimposed divid
ing streamline of the recirculation zone according to the numeri
cal simulation was in a good agreement with the DPIV results. 
A comparison of a characteristic velocity profile in the recircula
tion zone showed a fairly good agreement, with a slight indica
tion that the measured DPIV velocity profile has not yet reached 
a fully developed laminar parabolic velocity profile. This could 
be accounted to the insufficient entry length (25 diameters) for 
the laminar cases, due to size limitations of our flow loop (441 
cm in total length). For the turbulent case (Re = 3600, Fig. 
7 (ZJ) ) a very good agreement was achieved between the numeri
cal and DPIV results in predicting a characteristic fully turbulent 
velocity profile across the aneurysm. This indicates that our 
assumption of turbulent flow conditions for Re = 3600 was 
valid, and in agreement with other researchers results (Scherer, 

RE = 900 

Niuncriciil Dividing Streamline 
for tlie Recircultion Zone 

DPIV measurement 

Numerical Simulation 

Fig. 7(a) Laminar case (Re = 900) 

RE = 3600 

Numerical Dividing Streamline 
for the Recircultion Zone Numerical Reattachment 

DPIV Reattachment 

DPIV Measurement 
' Numerical Simulation 

Fig. 7(b) Turbulent case (Re = 3600) 

Fig. 7 Correlation of numerical results with DPiV measurements 
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1973, Budwig et al , 1993). The prediction of the separation 
and reattachment points of the k-e turbulent model was in a 
fairly good agreement with the DPIV results, with the numerical 
results predicting a reattachment point slightly upstream from 
the measured one. This indicates that although our numerical 
simulation of turbulent flow conditions was carried out in the 
low Re range, the combination of the k-e turbulent model with 
specialized elements for near wall modelling, in which the varia
tion of the turbulent momentum diffusivity is modeled using 
van Driest's mixing length approach, yielded a good prediction 
of the size of the recirculation zone and the turbulent mean 
velocities of the flow inside the aneurysm. DPIV measurements 
of the velocity vectors within the recirculation zone were im
paired, partly because of the lack of refractive index matching 
that produced optical distortion near the wall, and partly because 
the DPIV could not resolve few of the very low velocities 
involved. This problem was exacerbated for the turbulent case 
(Fig. 7(i ' ) , Re = 3600), where random fluctuations yielded 
insufficient correlations to produce meaningful DPIV velocity 
vectors. 

Correlation With Platelet Deposition. In general, under 
laminar flow conditions an approximately linear increase in 
NPD was produced in the aneurysm region, increasing in the 
direction of flow (Fig. 3 a through d). Karino and Goldsmith 
(1979b) attributed this increase to the enhanced convective 
transport of platelets and blood cells to the wall along the locally 
curved streamlines. Streamlines with components perpendicular 
to the wall will cause the flowing platelets to coUide with the 
wall at higher rates than streamlines parallel to the wall. As the 
Reynolds number increased, the skewing of the vortex toward 
the downstream edge of the aneurysm caused a contraction of 
the streamlines in the distal edge of the aneurysm and an expan
sion of the streamlines on the proximal edge. As the flow rotated 
counterclockwise in the vortex region (toward the proximal end 
of the aneurysm), the number of streamlines carrying platelets 
within the critical adhesion distance from the wall decreased. As 
a result, the number of platelets adhering to the wall decreased in 
the direction of the local flow in the recirculation region, or, 
from a different frame of reference, increased along the wall of 
the aneurysm in the direction of the bulk flow. 

For flow conditions of Reynolds numbers 300, 900, and 1800 
skewed vortex regions were observed, thus creating the approxi
mately linear increases in NPD in the aneurysm in the direction 
of the bulk flow (Figs. 3(a), (b), and (c)) . For the 0.5 L/min 
flow rate (Re = 300), a very slow moving laminar recirculation 
zone was confined to the aneurysm, with the dividing streamline 
almost parallel to the upstream chamber wall. At 1.5 and 3.0 
L/min (Re = 900 and 1800, correspondingly), the flow in the 
annular region of the aneurysm was more disturbed, and the 
recirculation zone bulged toward the main flow causing the 
dividing streamline in the main flow to straighten within the 
aneurysm, inducing disturbances downstream from the aneu
rysm. This may be causative of the slight increase in NPD 
distal to the aneurysm compared with the proximal side. With 
convective transport becoming more dominant as the Reynolds 
number increased and the vortex being stretched in the direction 
of flow, the peak NPD became less sharp (more spread out) 
and the magnitude of the decrease was attenuated. This behavior 
may be attributed to the combined effect of the stronger convec
tion, manifested through higher wall shear stresses (Fig. 6) that 
washed away the platelets from the wall, and the stretching of 
the vortex that decreased the angle of incidence of the dividing 
streamline along the reattachment point. 

As the Reynolds number increased, a small dip in the NPD 
curves preceded the linear NPD increase. Besides the decrease 
in the number of streamlines carrying platelets within the critical 
adhesion distance from the wall in vicinity of the separation 
point (the proximal end of the aneurysm), the platelets already 
deposited to the wall at the distal end of the aneurysm generated 

a deficit in the possible number of recirculating platelets that 
could adhere to the wall in the proximal region. It should be 
emphasized here that under steady flow conditions the number 
of platelets trapped in the recirculation zone remains fairly con
stant. 

At Re = 3600 (Fig. 3(d)) , the turbulent fluctuations were 
effective in disturbing the flow within the aneurysm to the point 
of dominating the laminar convection mechanisms described 
above. The linear increase in NPD along the aneurysm was 
replaced by a lump like NPD distribution curve. As the circulat
ing vortex was much smaller and effectively confined to the 
proximal side of the cavity, with its center of circulation migrat
ing to the proximal side of the aneurysm, the platelets were more 
uniformly deposited along the aneurysm. The higher incidence 
angle of the dividing streamline (point of reattachment) could 
be accounted for by the gradual decrease of the NPD following 
the peak. The small dip, similar to those observed in the laminar 
cases, was proximal to the recirculation zone for the turbulent 
case, indicating that turbulent fluctuations may have driven 
away platelets from the wall at the beginning of the aneurysm 
expansion. 

The dynamics of the recirculation vortex for the turbulent 
case reinforce the notion that the turbulent fluctuations down 
play the effect of the laminar convection mechanisms. While 
under laminar flow conditions the platelets are deposited to the 
wall mainly by locally curved and contracting streamlines, the 
dominant mechanism under turbulent conditions is the agitated 
random fluctuations that increases the rate of collisions between 
platelets. Such collisions serve as an agent for platelet activa
tion, rendering the platelets to adhere to each other, as well as 
to other surfaces. This mechanism prevails throughout the tube, 
so that the effect of the diminished recirculation zone in the 
aneurysm becomes less and less pronounced. Moreover, the 
steeper velocity gradient near the wall, characteristic of fully 
turbulent flow conditions, creates higher shear rates that wash 
away deposited platelets. The overall effect results in a more 
spread out NPD distribution curve, with less pronounced rela
tive change between the proximal and distal sides. 

Conclusions 
We have presented results of a numerical simulation of flow 

through an axisymmetric aneurysm under laminar and turbulent 
steady flow conditions, and correlated them with experimental 
blood platelet deposition results obtained in a similar model 
aneurysm under similar flow conditions. It was shown that the 
fluid dynamics characterizing the recirculation zone formed in
side the aneurysm cavity create conditions that promote throm
bus formation and the viability of rupture. Wall shear stresses 
in the recirculation zone were around one order of magnitude 
less than in the entrance zone, while the reattachment point at 
the distal end of the aneurysm created a wall shear stress peak 
that was roughly twice the entrance shear stress value. The 
combination of spatially coexisting high and low shear stress 
zones along the interface of the recirculation zone and the core 
region, and inside the recirculation zone, promoted thrombus 
formation inside the aneurysm. Once trapped in the recirculating 
zone, platelets with elevated shear histories and higher incidence 
of activation were readily deposited to the wall in areas of low 
wall shear stress. As the Reynolds number increased, the center 
of the recirculation region migrated toward the distal end of the 
aneurysm, subsequently increasing the pressure at the reattach
ment point. As the flow pattern became fully turbulent, both 
the recirculation zone inside the aneurysm and the wall shear 
stress magnitude were altered dramatically. Platelet deposition 
results correlated with the numerical results. The fluid dynamics 
mechanisms that could be inferred in details from the numerical 
simulation, offered useful explanations for the different mor
phologies of the platelet deposition curves. 

The picture that emerges from the combined descriptions of 
the fluid dynamics and the platelet deposition results agrees 
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with the in vivo results by Muraki (1983), who examined pro
gressive aneurysms and suggested that the mural thrombi in 
aneurysms is initially formed in the distal area of the expansion 
and then develops proximally. While it must be cautioned that 
these conclusions were drawn from a steady flow simulation, 
such a simulation fairly approximates late systole pulsatile flow 
conditions through an aneurysm in terms of the well established 
recirculation zone that is fairly constant during this period. Nev
ertheless, future work that will establish similar correlations 
under pulsatile flow conditions is needed to provide further 
insight into aneurysm hemodynamics under more realistic con
ditions. 
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