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Abstract—Recirculating fluid regions occur in the human
body both naturally and pathologically. Diffusion is com-
monly considered the predominant mechanism for mass
transport into a recirculating flow region. While this may be
true for steady flows, one must also consider the possibility of
convective fluid exchange when the outer (free stream) flow is
transient. In the case of an open cavity, convective exchange
occurs via the formation of lobes at the downstream
attachment point of the separating streamline. Previous
studies revealed the effect of forcing amplitude and frequency
on material transport rates into a square cavity (Horner in J
Fluid Mech 452:199–229, 2002). This paper summarizes the
effect of cavity aspect ratio on exchange rates. The transport
process is characterized using both computational fluid
dynamics modeling and dye-advection experiments. La-
grangian analysis of the computed flow field reveals the
existence of turnstile lobe transport for this class of flows.
Experiments show that material exchange rates do not vary
linearly as a function of the cavity aspect ratio (A = W/H).
Rather, optima are predicted for A � 2 and A � 2.73, with a
minimum occurring at A � 2.5. The minimum occurs at the
point where the cavity flow structure bifurcates from a single
recirculating flow cell into two corner eddies. These results
have significant implications for mass transport environ-
ments where the geometry of the flow domain evolves with
time, such as coronary stents and growing aneurysms.
Indeed, device designers may be able to take advantage of
the turnstile-lobe transport mechanism to tailor deposition
rates near newly implanted medical devices.

Keywords—Recirculating flow, Stent, Aneurysm, Deposition,

Thrombus.

INTRODUCTION

A recirculating flow is one in which streamlines
appear as closed loops or vortical structures. As shown
in Fig. 1, recirculating flows are present in the human
body under a variety of situations. Flow past a
stenosis,5,46 in aneurysms,21,38 and in alveolar sacs48,51

are but a few physiologic examples of recirculating
flows. Recirculating flow may also occur when a
stent,2,3 cannula,7 or other device is introduced into the
body. Particle transport and deposition patterns are
determined by the flow structure. For example, in-
creased transport of thrombotic precursors to the
vessel wall was observed in the region of arterial
stenoses.4,5,27,43,47 Stent design factors have also been
implicated in the biological response after implanta-
tion.10,23,25,40 Therefore, an understanding of the fac-
tors that determine material exchange into and out of a
recirculating flow region can be critical to the success
of a device or intervention.

Fluid flow past an open cavity results in the for-
mation of one or more recirculating flow regions (also
known as flow cells or eddies) inside the cavity. These
recirculation regions can be classified as primary or
secondary flow cells. A primary flow cell is driven by
the free stream, while secondary flow cells are driven
by contact with primary cells or other secondary cells.
The number of flow cells is primarily a function of the
cavity aspect ratio A = W/H, where W is the cavity
width and H is the cavity height. There is typically one
primary flow cell when A = 1. This cell splits into two
corner eddies as A increases.16,32 In the dynamical
systems literature, the division of one flow cell into two
is referred to as a bifurcation because it occurs as a
discrete event. Bifurcations also occur in deep cavities,
creating new (secondary) flow cells along the height of
the cavity as A decreases.30,34
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As shown in Fig. 2, a separating streamline—or
separatrix—isolates a recirculating flow region when
the flow is steady. The three most common locations
for a separatrix are:

1. between the cavity flow and free stream, viz.
the upper separatrix in Fig. 2a;

2. between primary and secondary flow cells, viz.
the lower separatrix in Fig. 2a;

3. between a corner eddy and free stream, viz. the
separatrix in Fig. 2b.

The separatrix is a material line when the flow is
steady. Therefore, material transport into a steady
recirculating flow region is hindered since molecular
diffusion is the only transport mechanism across a
material line.

Transient flow breaks the separatrix permitting
convective material exchange between a recirculating
flow and the free stream. This convective exchange
mechanism is called turnstile-lobe transport,28,41 so-
named because flow perturbations lead to the forma-
tion of lobes that transfer material through what looks
like a turnstile (as illustrated in Fig. 3). When active,
turnstile lobe transport is the dominant mechanism for
material exchange between a free stream and an open
cavity because the characteristic time for convective
exchange is typically much less than the characteristic
time for diffusion. Pulsatile flows, such as the flow in
the vasculature, are inherently transient and so it is

expected that convective transport is the primary
transport mechanism for cells, macromolecules, con-
taminants, and other biologically relevant solutes.

The authors previously described an experimental
apparatus for studying turnstile-lobe transport.18 The
apparatus consisted of an open cavity positioned op-
posite a moving wall, whose motion was prescribed as
a sawtooth waveform. The forcing amplitude
(maximum speed of the wall) and forcing frequency
(inverse of the waveform period) characterized the
sawtooth wave. For the range studied, it was found
that material exchange increases with forcing ampli-
tude and that there is an optimum when plotting ex-
change rates vs. forcing frequency. Additional
conclusions from this research were that:

1. turnstile-lobe transport deposits channel ma-
terial in the vicinity of the downstream at-
tachment point of the separatrix;

2. deposited material first moves along the walls
of the domain, and then penetrates the interior
of the cavity or is transported back into the free
stream;

3. the amount of material introduced into an
open cavity is a function of the mean channel
flow rate and forcing amplitude;

4. the amount of material introduced is also a
function of the forcing frequency of the outer
flow.

The first two observations establish the location and
frequency at which material enters/exits a recirculating
flow region. The last two establish the link between
transport rates and physiologic state, highlighting the
need to consider the influence of cardiac output,
disease state, etc. on particle transport and deposition.

This paper summarizes an investigation of convective
transport enhancement across a wide range of cavity
aspect ratios, which is in contrast to previous research.A

FIGURE 1. Biomedical examples of recirculating flow: (a)
blood flow between stent struts,3 (b) air flow in alveolar sacs
(image from a computational model of particle separation in a
rat alvelolus, courtesy Prof. Akira Tsuda), and (c) blood flow
through an intracranial aneurysm.38 (a) With kind permission
from Springer Science+Business Media: Annals of Biomedical
Engineering, Experimental and computational flow evaluation
of coronary stents, 28, 2000, page 396, Berry J, Santamarina
A, Moore, Jr JE, Roychowdhury S, Routh W, Fig. 8a. (c) With
kind permission from Springer Science+Business Media:
Annals of Biomedical Engineering, Numerical modeling of the
flow in intracranial aneurysms: Prediction of regions prone to
thrombus formation, 36, 2008, page 1798, Rayz V, Boussel L,
Lawton M, Acevedo-Bolton G, Ge L, Young W, Higashida R,
Saloner D, Fig. 5, upper panel 1.

FIGURE 2. Prototypical examples of steady recirculating
flows for (a) flow in a recess (A 5 0.5) and (b) flow past a
corner. Three common locations for the separating streamline
are highlighted to illustrate the flow isolation of recirculation
regions.
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dynamical systems approach is used to interrogate the
mixing. This provides a deeper appreciation for the
mechanisms governing material transport between a
recirculation region and free stream and the dependence
of transport rates on the geometry of the flow domain.
The goals of the rest of this paper are therefore to pro-
vide a qualitative perspective on the primary mode of
material transport into open cavities and then to quan-
tify transport using transport rates. The dynamical
systems approach outlined in this paper could be utilized
to understand and quantify material transport in a wide
variety of biological and biomedical flows.

MATERIALS AND METHODS

Theoretical Foundations

Non-dimensionalized Navier–Stokes Equations

Transient flow past an open cavity is characterized
in terms of three non-dimensional numbers: the cavity
aspect ratio (A), the Reynolds number (Re), and the
product of the Reynolds and Strouhal numbers (ReSr).
The relations for Re and ReSr are derived from the
non-dimensional form of the Navier-Stokes equation:

Re Sr
@u

@t
þ u�ru

� �
¼ �rPþr2u; ð1Þ

where u and P are scaled values of velocity and pres-
sure, respectively. Re is defined as vmax �W=m and Sr is
defined as W=ðvmax � TÞ, and it follows that ReSr is
W2=ðm � TÞ. Variables used for scaling Eq. (1) are W
for the cavity width, vmax for the maximum speed of
the moving wall, a for the moving wall acceleration,
m ¼ l=q for the kinematic viscosity of the test fluid,
m=ðvmax �WÞ for the pressure, and T ¼ vmax=a for the
characteristic time scale. See Horner17 for further de-
tails on this set of scaling parameters. Re is the ratio of
the viscous time scale ðW2=mÞ to the convective time
scale ðW=vmaxÞ and Sr is the ratio of the convective
time scale to the characteristic time scale of the forcing
(T). Variations in Re correspond to changes in the
amplitude of the forcing, while variations in ReSr
represent changes in the viscous response time relative
to the time-scale of the forcing. Equation (1) is subject
to the incompressibility condition, r�u ¼ 0.

Mixing studies rely on the use of particle advection
to determine mixing patterns and transport rates. The
transport equation describing the evolution of a pas-
sive tracer from an injection point is dx=dt ¼ u, where
x is particle position. The trajectory of a specific par-
ticle is called a pathline. The locus of particles that
passes through a specific point is called a streakline or
a dye line. Streamlines portraits are defined as flow
lines that are tangential to the flow direction at all

spatial positions. They are determined from instanta-
neous vector fields.

Lobe Dynamics

The lobe dynamics framework provides a geometric
description of chaotic flows by following the evolution
of lobe structures with time. One benefit of this frame-
work is the significant reduction in the amount of in-
formation required to describe the transport and
account for transport rates. A brief introduction to lobe
dynamics theory is provided here in the context of la-
minar flow in a channel driving recirculation in an open
cavity. The reader is referred to Rom-Kedar et al.41 or
Wiggins54 for general treatises on lobe dynamics, and to
Horner17 and Horner et al.18 for more information on
lobe dynamics applied to open cavity flows.

As shown in Fig. 2, a separatrix exists between the
channel and cavity streamlines when the flow is steady.
The separatrix is an invariant curve (or material line)
in dynamical systems nomenclature. Molecular diffu-
sion is the only transport mechanism across the
separatrix since a passive tracer can not cross an in-
variant curve. Therefore, diffusion is the primary
means of material exchange between a channel and
open cavity when the flow is steady.

One way to increase the rate of material exchange
between the channel and cavity is to drive the flow using
a transient waveform. Transient flows result in the
formation of a heteroclinic tangle (cf. Fig. 8 in Horner
et al.18). The tangle defines the motion of passive tracers
and it also defines the location(s) of convective material
exchange between the cavity and channel. Figure 3
shows a time sequence of the lobe formation process
during one flow perturbation, wherein the separating
streamline deflects from its initial position to form a
turnstile-lobe pair. A second pair of lobes would form
on the next perturbation, a third on the next, and so on.
Lobes circulate inside the cavity and eventually return
to the turnstile region where they encounter the
stretching and folding mechanisms that lead to expo-
nential separation of fluid elements. Thus, the unsteady
forcing has fundamentally transformed the flow into a
chaotic mixing process. Chaotic mixing is characterized
by an exponential rate of stretching of fluid filaments as
defined by the Lyapunov exponents of the velocity
field.33 And exponential stretching typically means more
efficient mixing vs. a flow system where the character-
istic time for diffusion is similar to or greater than the
mixing time.

Experimental set-up and procedure

Dye-advection experiments are used to visualize and
quantify material exchange between an open cavity

HORNER et al.354



and a flow channel. The dye studies consist of injecting
a continuous amount of fluorescent dye into a clear
fluid. Digital images are acquired and analyzed using
standard image analysis algorithms. An overview of
the experimental set-up follows, many more details can
be found in Horner17 and Horner et al.18

The Open Cavity Flow Chamber

The experimental apparatus consists of a flow
chamber and rotating aluminum cylinder (see Fig. 4).
The flow chamber (10.16 cm ID 9 17.0 cm high) has
open cavities of various shapes positioned at 90� in-
tervals around the circumference. The base and side
walls of the flow chamber are made of Plexiglas. The
aluminum cylinder (6.99 cm OD and 9 15.0 cm high)
is centered in the chamber to form the inner wall of the
annular flow region. An aluminum arm suspends the
cylinder 2.0 cm above the chamber bottom. A micro-
stepper motor controls cylinder motion through a
timing belt. The stepper-motor has a resolution of
10,000 steps per revolution. The cylinder accelerates
and decelerates linearly, following a sawtooth wave-
form as shown in Fig. 5. While not physiologic, this
waveform exhibits the important features of a
physiologic flow in that it is periodic and contains
acceleration and deceleration phases. The sawtooth
wave has also been shown to result in qualitatively
similar mixing patterns when compared to more
complex waveforms, such as a sinusoid.19 The con-
clusions generated with this relatively simple waveform
can therefore be generalized to other transient forcing
protocols with no loss in generality.

An open cavity of variable aspect ratio is used to
explore the relationship between the forcing pa-
rameters (Re and ReSr) and cavity shape. The aspect
ratio of the cavity is adjusted through the addition of

FIGURE 3. Representative example of lobe formation in the
open cavity system.18 (a–f) This time sequence shows the
deflection of the separatrix from its initial position (a) into a
turnstile-lobe pair (f) over the course of a single flow pertur-
bation. One lobe is inside the cavity and the other is outside
(not shown). The flow in the outer channel is from left-to-right.

FIGURE 4. (a) Top view of the experimental apparatus. The
cavity at the bottom of the image has A = 1, the cavity to the
right has A = 0.5, and the cavity to the left has A = 4. (b) Side
view showing glycerin resting on top of the layer of FOM-
BLIN�. (W = 4.445 cm, H = 4.445 cm, R = 6.985 cm, h = 3.175
cm).

FIGURE 5. The angular velocity of the cylinder has a trian-
gular (sawtooth) shape with linear acceleration and decel-
eration phases. The forcing amplitude corresponds to the
peak velocity (vmax) and the forcing frequency corresponds to
the inverse of the period of each sawtooth cycle
ðð2:0 � vmax=aÞ�1Þ. Cylinder motion pauses for a time tp be-
tween each cycle to facilitate image acquisition.
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Plexiglas inserts on the side and back walls of the A =
1 cavity at the bottom of Fig. 4a. The inserts span the
full depth of the chamber. The deep cavity experiments
utilize the A = 0.5 cavity located on the right-hand
side of Fig. 4a. The cavity dimensions are fixed during
each individual experiment (and computational ana-
lysis). This is meant to represent situations where the
period of the pulsatile flow and the time-scale of the
mixing are very fast relative to changes in cavity shape.
This is, in fact, the case for most biological/biomedical
situations, e.g., thrombus deposition on a stent or
growth of an aneurysm.

Test Fluids

Solutions of glycerin and distilled water are used as
the test fluid. To gain access to the desired range of Re
and ReSr, the water content of the glycerin is increased
to 10% by mass (q = 1.236 g/cm3, l = 1.95 Poise at T
= 22.5 �C). The kinematic viscosity of glycerin-water
solutions is highly sensitive to the water content in this
range, therefore the viscosity is measured before and
after water addition using a Bohlin VOR Rheometer.

Tomake the experiments effectively two-dimensional,
a 4 cm layer of high-density, low-viscosity vacuum pump
oil (FOMBLIN� YL-VAC 06/6 perfluoropolyether) is
added at the bottom of the test chamber. The density
and viscosity of FOMBLIN� are 1.88 g/cm3 and 1.1
Poise (T = 20 �C), respectively.1 The vacuum oil covers
approximately 2.0 cm of the base of the aluminum
cylinder. The two-dimensionality of the flow was verified
both experimentally and computationally (results not
shown here, please see Horner17 for more details).

Fluorescent dye (Sigma F-6377) mixed with the
glycerin solution marks fluid elements. The tracer so-
lution is approximately 0.01% by weight of fluorescent
dye mixed with the 10% glycerin-water solution;
therefore, the density and viscosity are essentially un-
changed by the addition of tracer. The neutral buoy-
ancy of the dye solution is nevertheless verified before
each experimental run. A syringe continuously injects a
thin stream of the fluorescent dye into the chamber.
The dye injection point is upstream of the cavity and
along the channel wall a few centimeters below the free
surface. This position minimizes flow disturbances that
might be advected downstream from the needle tip.
Two UV lamps (360 nm) positioned on either side of
the cavity illuminate dyed fluid elements.

Data Capture and Analysis

A digital 8-bit grayscale image of the fluorescent dye
in the cavity is taken at the end of each flow cycle using
a Kodak Megaplus 1.4 camera containing a
1340 9 1038 CCD detector. The camera is positioned
directly above cavity. Dye area coverage is extracted

from experimental images using the Khoros digital
image-processing package 2.2 (Khoral Research, Al-
buquerque, NM). The image analysis scheme consists
of three main steps: background subtraction, a ‘‘multi-
masking’’ procedure, and then segmentation.17 Trans-
port rates are defined as the slope of the area coverage
curve where the area coverage increases rapidly. This
rate is non-dimensionalized by W2=T, which is con-
stant in all experiments in this paper. The non-di-
mensionalized transport rate is denoted as /0.

Computational Model Set-Up

A two-dimensional computational fluid dynamics
model of the open cavity flow system was also devel-
oped. This two-dimensional simplification is justified
both by experimental observation and previous com-
putational studies, which showed that three-dimen-
sional effects are minimal for the range of experimental
parameters under investigation here.17 Other mesh and
temporal independence studies were previously per-
formed17 and were used as a guideline to ensure nu-
merical accuracy. These studies focused on the
convergence of passive tracer integrations to establish
the numerical requirements, a more stringent metric
that is appropriate for Lagrangian mixing problems.

ANSYS DesignModeler 14.5.7 (ANSYS, Inc.,
Canonsburg, PA) was used to create a two-dimen-
sional model of the annular flow channel with a single
open cavity. The ANSYS Meshing platform 14.5.7
(ANSYS, Inc., Canonsburg, PA) was used to create the
computational grid, which was comprised of 51,600
quadrilateral elements for all cases studied, 49,100
elements in the channel and 2,500 in the cavity.

The computational fluid dynamics package ANSYS
Fluent 14.5.7 (ANSYS, Inc., Canonsburg, PA) was
used to solve for the transient velocity field and particle
tracks. Laminar flow was assumed since the Reynolds
number studied was 46.4 in all experiments. A no-slip
velocity condition was applied to all walls. The saw-
tooth waveform was decomposed into vx and vy com-
ponents and applied as user-defined functions defining
the speed of the rotating cylinder with time. Standard
spatial discretization was used for pressure and third-
order MUSCL upwinding was used for the velocity
degrees of freedom. Spatial gradients at cell interfaces
were calculated using the Green-Gauss node-based
approach. A fixed time-step of 0.005 seconds was used
and simulations were converged to residual values of
1.0E-4 for continuity and 1.0E-6 for velocity compo-
nents at each time-step. The fluid started from rest, i.e.,
p=0 and v=0 for all cells at t=0. Simulation results
are reported for the first flow cycle; i.e., no wash-out of
the initial condition was required since there is a short
pause between each transient wave in the experiment.
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Lagrangian flow structures were calculated using
the discrete phase model (DPM) in Fluent to integrate
particle trajectories in time. The Fluent DPM
methodology automatically switches between higher-
order and lower-order integration schemes as a func-
tion of a pre-specified tolerance criterion. The semi-
implicit trapezoidal method was selected as the higher-
order scheme and the implicit Euler method was se-
lected for the lower-order scheme.

RESULTS

Computational Results

The time-series of streamline portraits in Fig. 6
shows the structure of the open cavity flow for A = 1.
One primary flow cell is present in the cavity and there
is a separating streamline between the cavity and
channel at all time points. Figure 7 provides a close-in
view of streamline motion in the vicinity of the
separatrix, highlighting how the separatrix position
varies by less than 2% over the entire period of the
flow. Also note that the asymmetry in the streamlines
increases as the flow accelerates and then decreases
during deceleration.

Lagrangian analysis verifies that convective material
exchange is occurring via turnstile lobe transport at the
downstream corner of the cavity, see Fig. 8. Therefore,
the minor oscillations of the separating streamline
observed in Fig. 7 are enough of a perturbation such
that there is divergence of streaklines and pathlines
from the (instantaneous) streamlines.

Experimental Results

Figure 9 shows images of dye advection into open
cavities of varying aspect ratio. One primary flow cell
is observed in the deep cavity (Fig. 9a). There is a
second flow cell beneath the primary cell that is not
observed because the time required for dye to penetrate
into this region is greater than the length of the ex-
periment. A single flow cell spans the entire cavity
width as the aspect ratio increases (Figs. 9b, 9c). A
bifurcation from one to two flow cells occurs near the
critical aspect ratio of 2.5, leading to the presence of
two corner eddies (Figs. 9d, 9e). Lobe formation was
observed only in the upstream recirculating region for
the flows with two distinct corner eddies. Computa-
tional analysis confirmed that the downstream flow
cells are convectively isolated, i.e., turnstile lobe
transport is not occurring, for the aspect ratios inves-
tigated (not shown).17

Figure 10 shows a plot of /0 vs. A for all aspect
ratios tested. The dashed vertical line separates the plot

into two regions: there is one primary flow cell in the
cavity in region I and two corner eddies in region II. In
Region I, /0 increases and then decreases when the
aspect ratio increases beyond 2. In Region II, the
transport rate increases and then flattens out for A>
2.7. Minimal difference in the transport rates are ob-
served for A> 2.7. It is important to note that the
minimum in the transport rate is observed to occur at
the point where the cavity flow bifurcates from one
primary flow cell to two corner eddies.

DISCUSSION

Recirculating flows are encountered in vivo under
both naturally occurring and pathologic conditions;
examples include air flow in an alveolar sac and blood
flow past an aneurysm, respectively. The size and shape
of the recirculation region may be static or evolve in
time. Such is the case for cerebral aneurysms, in which
a continuous duct slowly evolves into one with an
outcropping. Tateshima et al.50 observed a bifurcation
from one flow cell to two in reconstructed models of a
growing aneurysm bleb (see their Fig. 2), which high-
lights the fundamental changes in blood flow patterns
that can occur in a growing aneurysm. The introduc-
tion of a medical device may also lead to the creation
of one or more recirculation regions. Coronary stents,
which exhibit pulsatility in the recirculating flow pat-
terns between their struts,31,37 are probably the most
intensely studied example in this category.

The fact that evolving boundaries are commonly
encountered in vivo motivates the need to understand
the relationship between flow geometry and mass
transport into and out of recirculation zones. The ex-
periments and computations in this paper character-
ized the relationship between recess geometry and the
rate of convective transport. Material exchange was
shown to be strongly dependent on cavity shape, and a
minimum was observed at the point where the cavity
flow structure bifurcates from one flow cell into two
adjacent cells. This result has profound implications
for systems where the size and shape of a recess evolves
over time. The following reinterpretation of studies
involving mass transport in the presence of recircula-
tion is instructive.

Shehata et al.44 examined transient flow past open
cavities with aspect ratios of 0.55, 1.0, and 2.0, which
correspond to the aspect ratios in region I of Fig. 10.
Their flow system consisted of a straight, two-dimen-
sional channel with an open cavity positioned on one
wall. A stationary cylinder was centered in the channel
at a point upstream of the cavity mouth. Steady vortex
formation in the cylinder wake was observed for low
values of Re, but became periodic when the inlet flow

Convection-Enhanced Transport into Open Cavities 357



rate exceeded a critical value of Re. Mass transport
into the cavity was observed to be ‘‘absent or small’’
when the flow outside the cavity was steady, but in-
creased with aspect ratio under oscillating flow con-
ditions (see their Figs. 5, 6, and 7). Their results are
consistent with our measurements in region I, and the
fact that transport rates were negligible under steady-
state conditions suggests that convective transport was

facilitating material exchange in their experiments.
Shehata et al.44 also observed transport enhancement
up to Reynolds numbers of 800, which helps to
establish the potential for turnstile lobe transport un-
der physiologic flow conditions. Horner et al.18 ob-
served a similar trend of increasing transport rates with
Reynolds number, albeit for a more limited range of
Re.

FIGURE 6. Cavity streamline portraits at different times during the sawtooth wave forcing profile. (Re = 46.4, ReSr = 1.26, Wo =
2.81, A = 1.0).

(a) (b)

FIGURE 7. Close-up view of a streamline in the vicinity of the separating streamline during flow acceleration (a) and deceleration
(b). The x and y coordinates have been scaled by the width and height of the cavity, respectively. (a) T = 0.2 (—–), T = 0.4 (- - -), T =
0.6 (— · — · —), T = 0.8 (— — —), T = 1.0 (— ·· — ·· —) (b) T = 1.2 (—–), T = 1.4 (- - -), T = 1.6 (— · — · —), T = 1.8 (— — —), T =
2.0 (— ·· — ·· —) (Re = 46.4, ReSr = 1.26, Wo = 2.81, A = 1.0).
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Blood flow past stenoses13,45,53 and aneurysms6,12,38

are naturally occurring situations where lobe dynamics
may provide new insights into particle transport and
deposition. This is especially true for those studies that
aim to elucidate the relationship between stenosis
shape, flow parameters, and particle deposition.4,5,49

For example, Bluestein et al.4,5 analyzed blood flow
and platelet deposition in the vicinity of a stenosis for
both laminar and turbulent Reynolds numbers. The
regions of highest deposition were located downstream
of the attachment point when the flow was laminar and
steady, but moved inside the vortex region once the
flow became unsteady. It is certainly possible that
material entrainment into the vortex region was me-
diated by turnstile lobe transport.

The introduction of a medical device, such as a
coronary stent, results in the formation of multiple
recirculation regions that are prone to particle depo-
sition. Berry et al.2 were the first to report on pulsatile
flow past a stent using dye injection. Their in vitro
apparatus mimicked physiologic pulsatile flow condi-
tions through a compliant arterial segment with a
Palmaz stent positioned along the wall. They observed
entrainment of dyed fluid into regions adjacent to the
stent struts during systole. The entrained material ad-

vected upstream during flow reversal, in a shape re-
flecting the outline of the strut pattern. In a later
investigation, Berry et al.3 noted that dye accumulation
was concentrated in regions adjacent to stent struts.
Both of these papers are consistent with lobe dynamics
as the mediator of material exchange into the inter-
strut space.

Platelet adhesion is another important area of stent
research since the recruitment of blood-borne par-
ticulates to the site of injury is the first step in
thrombus formation11 and atherogenesis.29 Robaina
et al.39 experimentally measured platelet adhesion be-
tween stent struts in a two-dimensional pulsatile flow
system. Adhesion was measured for inter-strut aspect
ratios of 1.5, 3, and 6 (the A = 1.5 configuration
corresponds to region I in Fig. 10 and the A = 3 and 6
configurations correspond to region II). The intro-
duction of stent obstructions increased platelet adhe-
sion over that of a flat channel in all cases tested and
the highest level of adhesion occurred when A = 3 and
decreased slightly for A = 6. We observed a similar
trend in region II of Fig. 10. Duraiswamy et al.9 ex-
tended the Robainaet al.39 protocol to resolve the
concentration of adhered platelets at multiple locations
between stent struts. They observed a bias in platelet

FIGURE 8. Computational simulation of lobe formation during one flow period. A single lobe pair forms at the downstream
attachment point of the unstable manifold as a result of the unsteady flow perturbation. (Re = 46.4, ReSr = 1.26, Wo = 2.81, A = 1.0).
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concentration towards the upstream flow cell in cav-
ities with two persistent corner eddies (see Fig. 11a).
Our experimental results in a cavity of similar aspect
ratio (Fig. 9e) provide a fundamental explanation for
the observed bias.

Qualitative relationships between the velocity field
near a stent strut and platelet deposition have also
been explored. For example, previous studies have
examined the relative orientation of near-wall stream-
lines8,9 and the relative magnitude of the radial velocity
component near the wall20,47 as potential predictors of
adhesion. But Figs. 6, 7, and 8 clearly demonstrate that
these types of Eulerian measures are poor indicators of
the presence of convective transport. For this class of
flows, a Lagrangian analysis is required to identify
which attachment points are convectively delivering
particles to the wall and into recirculation regions.

In addition to suspended particulates, convective
transport could also have a significant impact on drug
elution from stents. Kolachalama et al.22 used a com-
putational model to compare mural drug fluxes for
steady and pulsatile flow past a single stent strut. As
expected, higher mass fluxes were observed when the
flow was pulsatile. But many differences between their
study and this work preclude direct comparison. An
extension to further elucidate the effect of pulsatility
on material entrainment in and around stent struts
deserves further study. The same could be said for
research that includes drug delivery as part of a goal-
directed optimization of stent design.35,36

Lastly, it was shown that convection-enhanced
transport can occur even when only minor changes in
instantaneous flow structures are detected. This is a
critical observation because the appearance of steady
flow has led investigators to assume that a transient
flow can be replaced with a quasi-steady representa-
tion. A dynamical systems approach such as the one
outlined in this paper can help justify or negate the
quasi-steady assumption. Previous studies of particle

FIGURE 9. Experimental images of dye coverage as a func-
tion of cavity aspect ratio (a) A = 0.67, (b) A = 2.00, (c) A = 2.44,
(d) A = 2.59, (e) A = 3.01. (Re = 46.4, ReSr = 1.26, Wo = 2.81, 30
cycles).

FIGURE 10. The experimental flux measurements as a
function of cavity aspect ratio. There is a single flow cell
spanning the entire width of the cavity in region I and two
corner eddies in region II. A minimum in the flux occurs at the
point where the recirculating flow bifurcates from one flow
cell into two.
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transport in the pulmonary acinus by Tsuda and col-
laborators14,15,52, Kumar et al.24, Laine-Pearson and
Hydon26, and Sznitman et al.48 and the aforemen-
tioned work of Berry et al.2,3 on stents give further
examples of the application of dynamical systems tools
in the biomedical literature. Schelin et al.42 also discuss
the relationship between chaotic mixing and platelet
activation from a theoretical perspective. The authors
could find no studies of a biomedical nature that in-
clude a consideration of the effect of turnstile-lobe
transport, however. This is unfortunate, since lobe
dynamics adds a key dimension to dynamical systems

analyses that yields significant insights into the work-
ing of many systems of biomedical interest.

In conclusion, transient flow past an open cavity
was investigated both computationally and ex-
perimentally and the flow was characterized by means
of Eulerian and Lagrangian perspectives. Minor var-
iations in the instantaneous streamline plots were
shown to be sufficient to induce separation of the
streamlines, pathlines, and streaklines. Therefore, the
assumption of pseudo-steady and/or diffusion-limited
flow may underestimate transport rates and may also
incorrectly predict the spatial distribution of solutes
and/or suspended particulates. It was shown that
turnstile-lobe transport was the primary mechanism
for material exchange, and that turnstile lobes clearly
identified the fluid exchange region(s). An inflection
point in the exchange rate was observed at the point
where the recirculation zone in the cavity splits from
one primary flow cell into two secondary flow cells
oriented along the direction of flow. This last obser-
vation was unexpected and perhaps the most note-
worthy, fundamentally changing our understanding of
the relationship between cavity geometry and fluid
exchange.
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42Schelin, A. B., G. Károlyi, de A. Moura, N. Booth, C.
Grebogi. Chaotic advection in blood flow. Phys. Rev. E.
80:016,213, 2009.

43Schoephoerster, R., F. Oynes, G. Nunez, M. Kapadvan-
jwala, M. Dewanjee. Effects of local geometry and fluid
dynamics on regional platelet deposition on artificial sur-
faces. Arterioscler. Thromb. Vasc. Biol. 13:1806–1813, 1993.

44Shehata, A. K., J. D. Yang, A. C. West, V. Modi. Effect of
an unsteady external flow in mass transfer to cavities. Intl.
J. Heat Mass. Trans. 42:673–683, 1999.

45Steinman,. D. A., T. L. Poepping, M. Tambasco, R. N.
Rankin, D. W. Holdsworth. Flow patterns at the stenosed
carotid bifurcation: effect of concentric versus eccentric
stenosis. Ann. Biomed. Eng. 28:415–423, 2000.

46Stroud, J. S., S. A. Berger, D. Saloner. Numerical analysis
of flow through a severely stenotic carotid artery bifurca-
tion. J. Biomech. Eng. 124:9–20, 2002.

47Sukavaneshvar, S., G. M. Rosa, K. A. Solen. Enhancement
of stent-induced thromboembolism by residual stenoses:
contribution of hemodynamics. Ann. Biomed. Eng. 28:182–
193, 2000.

48Sznitman, J., F. Heimsch, T. Heimsch, D. Rusch, T. Rös-
gen. Three-dimensional convective alveolar flow induced by

rhythmic breathing motion of the pulmonary acinus. Trans.
ASME. 129:658–665, 2007.

49Tambasco, M., D. A. Steinman. Path-dependent hemody-
namics of the stenosed carotid bifurcation. Ann. Biomed.
Eng. 31:1054–1065, 2003.

50Tateshima, S., K. Tanishita, H. Omura, J. Villablanca, F.
Vinuela. Intra-aneurysmal hemodynamics during the
growth of an unruptured aneurysm: In vitro study using
longitudinal ct angiogram database. AJNR: Am. J. Neu-
roradiol. 28:622–627, 2007.

51Tsuda, A., F. S. Henry, J. P. Butler. Chaotic mixing of
alveolated duct flow in rhythmically expanding pulmonary
acinus. J. Appl. Physiol. 79:1055–1063, 1995.

52Tsuda , A., Y. Otani, J. P. Butler. Acinar flow irreversibility
caused by perturbations in reversible alveolar wall motion.
J. Appl. Physiol. 86:977–984, 1999.

53Varghese, S. S., S. H. Frankel. Numerical modeling of
pulsatile turbulent flow in stenotic vessels. J. Biomech. Eng.
125:445–460, 2003.

54Wiggins, S. Chaotic Transport in Dynamical Systems. New
York, NY: Springer, 1992.

Convection-Enhanced Transport into Open Cavities 363


	Convection-Enhanced Transport into Open Cavities
	Abstract
	Introduction
	Materials and Methods
	Theoretical Foundations
	Non-dimensionalized Navier--Stokes Equations
	Lobe Dynamics

	Experimental set-up and procedure
	The Open Cavity Flow Chamber
	Test Fluids
	Data Capture and Analysis

	Computational Model Set-Up

	Results
	Computational Results
	Experimental Results

	Discussion
	Acknowledgments
	References




