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ABSTRACT

The generation of secondary vortices from a wall-bounded vorticity sheet is a frequent occurrence in vortex ring-structure interactions. Such
interactions arise in both engineering and biomedical applications, including tracheoesophageal speech. This study investigated the evolution
of secondary vorticity following impact of an axisymmetric vortex ring on a concave hemicylindrical cavity. A primary vortex ring (PVR)
with a formation number of F = 2.00 and Reynolds number of Rer = 1500 was generated within a water tank. Five different ratios of hemi-
cylindrical cavity radius (R.) to PVR radius (R,) were examined; namely, y = 4, 3, 2%, 2,and 1 % Flow visualization and particle image
velocimetry analysis of the scenarios revealed the asymmetric impact of the PVR on the cavity surface. This asymmetric impact leads to dis-
tinctive flow dynamics in the evolution of secondary vorticity across both the transverse and longitudinal planes. In the transverse plane, the
PVR impact generated a secondary vortex ring (SVR) and a tertiary vortex ring (TVR). Following generation, the SVR and TVR rotated
completely around the PVR. In the longitudinal plane, the SVR produced a horseshoe-like loop instead of rotating around the PVR
completely. For y = 4, 3, and 21, the SVR loop moved upward due to self-induction. For y = 2 and 11, the legs of the SVR horseshoe-like
loop experienced reconnection and produced two new vortex rings. The upward trajectory of the SVR horseshoe-like loop varied with 7,
tending to move further from the primary ring’s axis as y decreased.
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I. INTRODUCTION

Scenarios that give rise to vortex laden flows interacting with a
boundary are ubiquitous, and span applications that range from engi-
neering' ’ to biological flows.” "> One of the most common vortex
structure interactions is a vortex ring impinging on a solid boundary,
where prior work has shown that both the geometry of the structure,
and the orientation of the vortex ring relative to it, influence the resul-
tant collision dynamics.”*”""

The impact of an axisymmetric vortex ring on a surface is a
highly researched area within the broader field of fluid-structure inter-
actions.”” " The simplest configuration is an axisymmetric vortex ring
impinging normally on a flat wall such that an axisymmetric collision
is produced.'”'”*" The dynamics of this interaction are dependent on
the Reynolds number of the primary vortex ring (PVR), which can be
defined as Rer = I' /v, where I is the vortex ring circulation, and v is
the kinematic viscosity of the fluid medium. At very low Reynolds
numbers (Rer < 250), viscous dissipation dominates the interaction
and no additional flow structures are produced.'****” For moderate
Reynolds numbers, as the PVR approaches the wall it induces the

formation of a secondary vortex ring (SVR) from the wall-bounded
vorticity. If Rer is high enough, a tertiary vortex ring (TVR) may also
be produced.””"*'**** Following formation, both the secondary and
tertiary rings subsequently orbit the primary ring and are ultimately
entrained into the core of the PVR. For sufficiently high Reynolds
Numbers (Rer > 2800), instead of orbiting the PVR, the SVR advects
upward and away from the impact surface.'””’ This behavior can be
induced at lower Reynolds numbers by changing the surface of contact
from a flat plate to a hemispherical cavity.’' That is, the surface geome-
try can be manipulated to more efficiently transfer vorticity from the
PVR to the SVR.

In some scenarios, the entire circumference of the vortex ring
may not simultaneously come into contact with a surface during colli-
sion; this is referred to herein as an “asymmetric” impact. This interac-
tion can occur when the trajectory of a vortex ring is oriented at an
acute angle relative to the wall, or when the vortex ring itself has an ini-
tial non-circular shape. Because this study focuses on circular vortex
ring interactions, subsequent references to asymmetric impact will
refer to the specific case of a circular vortex ring impacting a surface in
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FIG. 1. Schematic diagram of an asymmetric vortex ring impacting an inclined surface, and the subsequent formation of bi-helical vortex lines, as identified by Lim.**

a nonuniform manner. Figure 1 schematically represents the asymmet-
ric impact of a circular vortex ring on a flat wall that is oriented at an
acute angle («) relative to the direction of vortex ring advection. The
progression in time is shown from left to right. The first portion of
the vortex ring that comes into contact with the wall is referred to as
the “near end” while the opposite side is referred to as the “far end”
(see Fig. 1).2(),28,32—3(1

During asymmetric interactions the PVR experiences non-
uniform stretching,”””* which is more pronounced at the near end
than the far end. The variable stretching rate of the PVR leads to the
formation of bi-helical vortex lines along the core of the PVR (see
Fig. 1). Inducement of the SVR (not graphically presented in Fig. 1) at
the boundary initially occurs at the near end before progressing to the
far end. Orbiting of the SVR around the PVR progresses in a similarly
delayed fashion.”* As the SVR orbits the PVR it induces circumferen-
tial flow along the core of the PVR (see Fig. 1), which compresses the
bi-helical vortex lines toward the far end of the ring (see Fig. 1). This,
in turn, increases the PVR core diameter at the far end and pushes the
PVR away from the line of symmetry.””~>* As the interaction pro-
gresses, cross-sign vorticity interactions between the PVR and SVR at
the near end lead to rapid annihilation of vorticity. At the far end the
SVR produced by the PVR is characterized by an increasing core
diameter, relative to the near end, because vorticity diffusion is
decreased in this region.”””” Consequently, as the SVR orbits the PVR
a horseshoe-like loop is produced at the far end, which advects away
from the vicinity of the wall due to mutual induction between the
legs.”*"* The trajectory of this upward moving horseshoe-like loop
appears to depend on the angle with which the PVR is initially ori-
ented relative to the wall, although this aspect of the interaction
remains unexplored.”

A variety of biological and engineering scenarios are character-
ized by the more complex scenario of a vortex ring asymmetrically
impacting a concave cavity.”'"”” A problem of particular interest
arises during the production of replacement speech via tracheoesopha-
geal speech (TES). In individuals that have undergone a laryngectomy,
TES is produced by placing a prosthesis in the posterior wall of the tra-
chea that acts as a shunt and redirects airflow from the trachea into the
esophagus. The success of TES depends on the size and orientation of
this prosthesis relative to the esophagus,” as the subsequent flow field
that develops in the esophagus is what ultimately produces TES.
During TES vortex rings are generated at the exit of the prosthesis
before entering the cylindrical-shaped geometry of the esophagus
where they subsequently impinge on the posterior (back wall).""

This, and similar scenarios, have motivated fundamental studies
of vortex-ring cavity flow interactions, including a vortex ring imping-
ing on a concave hemicylindrical cavity’” and a vortex ring impacting

a V-wall. The latter configuration can essentially be treated as two indi-
vidual inclined-walls symmetrically joined at the apex.”” In both of
these scenarios, despite the vortex ring being oriented normal to the
trough of the cavity surface, the ring impacts the surface asymmetri-
cally due to the two-dimensional (2D) geometry of the cavity surface.
The resultant flows are characterized by their behavior in two separate
planes; one extending in the transverse direction (referred to in prior
studies as the concave’” and valley’” plane) and the other in the longi-
tudinal direction (previously referred to as the straight edge’ and
orthogonal™” plane). Note, due to the asymmetric collision that occurs
when an axisymmetric vortex ring impacts a 2D concave structure, the
mechanics are noticeably different between the two (e.g., transverse
and longitudinal) planes.

In the transverse plane, the flow experiences confinement due to
the wall boundaries. For a hemicylindrical cavity the PVR impacts the
interior wall of the hemicylinder surface in the transverse plane. As the
PVR approaches the surfaces of the interior wall in the transverse
plane both a SVR and TVR are generated. Both rotate completely
around the PVR and the rotational speed increases as the PVR
Reynolds number increases.”” Due to confinement of the PVR by the
cavity wall, its diameter does not noticeably increase; in contrast to the
longitudinal plane where the unbounded PVR grows significantly in
diameter.” For the V-wall cavity,” the physics of the PVR impacting
on the cavity in the transverse plane are similar to those observed for a
vortex ring impacting an inclined plate.”” Specifically, there is high
localized vorticity annihilation after the initial generation of the SVR
and TVR. However, for the V-wall configuration the rotation of the
SVR and TVR around the PVR is accompanied by the PVR cores
migrating toward the apex of the V-wall. Circumferential flow and bi-
helical vortex lines are also generated in the transverse plane along the
core of the primary ring.”’

For vortex ring-2D cavity interactions, the flow is unbounded in
the longitudinal plane, which leads to the development of unique phys-
ics. The core diameter of the PVR is much larger in the longitudinal
plane than the transverse plane, with less circulation strength. As a
result, the SVR does not fully rotate around the PVR in the longitudi-
nal plane and the rotational speed as it orbits the PVR is much less
than in the transverse plane. Instead of wrapping around the PVR, the
SVR initially moves toward the PVR axis and away from the cavity
surface. In tandem with this behavior, the bi-helical vortex lines that
are generated in the transverse plane compresses the PVR in the longi-
tudinal plane. This causes the PVR to quickly become incoherent, with
a weak tertiary vortex ring generated at the wall.”

While the two aforementioned studies’” provide insight into
the physics of a vortex ring impacting on a 2D concave cavity, there
are important aspects of the interaction that have not been detailed.
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First, the mechanics that lead to the SVR advecting away from the sur-
face are not clear, as unbounded interactions arising from a vortex ring
impacting a flat plate at a similar Reynolds numbers produce an SVR
that orbits the PVR without being ejected.' ™"

Possible insight into this behavior can be found by considering
the case of a vortex pair impacting a wavy wall, where the vortex lines
are oriented in the same direction as the changing wall amplitude.”® In
this scenario, a vortex ring is generated in the valley of the wavy wall.
This occurs as the secondary vortex line begins to orbit the primary
vortex line before being deformed into a horseshoe-like loop that ulti-
mately pinches off and forms the new ring. This new ring advects
away from the wall at 180° from the initial trajectory of the primary
vortex pair.

For the current scenario of interest, an axisymmetric vortex ring
impacting a 2D hemicylindrical cavity, it is not clear if a new vortex
ring is formed in the longitudinal plane, as prior work has only identi-
fied that secondary vorticity in the longitudinal plane is ejected away
from the wall.”’ Notably, the trajectory (ie., angle) of the secondary
vorticity is also different than that of the vortex ring that is ejected
from the valley of the wavy wall. Second, the effect of cavity size has
not been fully explored. More specifically, it is not clear how the diam-
eter of the cavity influences the formation and possible ejection of sec-
ondary vorticity in the longitudinal plane. This is expected to play a
role in the mechanics as changing the cavity diameter will influence
the degree of asymmetry that is introduced when the PVR impacts the
surface, and prior work exploring axisymemtric interactions with
acutely angled flat plates has shown the physics of the secondary vor-
ticity at the far end are influenced by the degree of asymmetry during
impact.”* Furthermore, although the influence of geometry has been
explored for vortex ring interactions with a V-wall,”” this scenario is
not directly analogous to TES, which motivates the current work.
Namely, a V-wall lacks surface curvature, which has been shown to
play an important role in the diffusion of vorticity at the boundary.”’
Hence, a curved hemicylindrical boundary is anticipated to produce
different mechanics than a V-wall.”

The aim of this study is to elucidate the evolutionary mechanics
of secondary vorticity produced by a constant diameter axisymmetric
vortex ring impinging normally on a 2D concave hemicylindrical cav-
ity, and explore this interaction as a function of cavity diameter. Both
qualitative flow visualization and quantitative particle image velocime-
try (PIV) measurements are performed in an experimental facility that
uses a piston-cylinder arrangement to generate the primary vortex
ring. Section IT details the experimental facility, measurements, and
methodology. The results are presented and discussed in Secs. I1I and
1V is left for the conclusions.

Il. EXPERIMENTAL DESIGN AND METHODOLOGY
A. Facility setup

Figure 2 shows the schematic diagram of the experimental facil-
ity. A cylindrical coordinate system is used. The origin of the coordi-
nate system is aligned with the central axis of the vortex tube. The z
axis corresponds to the axial direction, running along the length of the
vortex tube and points toward the contact surface. The radial direction,
r, points outward from the vortex tube axis. In this manuscript, the
radial distance in the transverse plane will be denoted as r, and in the
longitudinal plane as #;. The azimuthal angle 0 defines the angle of
rotation around the vortex tube axis. A 5500 cm’ water tank was
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employed for all of the investigations. A piston-tube arrangement was
used to generate a vortex ring. The clear acrylic vortex tube was
30.48 cm long with an outer diameter of 5.08 cm and a smooth inner
diameter of d; = 3.80 cm with a tolerance of *+0.05 cm. To facilitate
the detachment of vorticity the exit was externally chamfered at a 20°
angle. A linear actuator, Pololu (LACT12P-12V-05) with a 5:1 gear
ratio drove a custom-made 3D printed piston, which employed a cir-
cumferential o-ring to ensure an appropriate seal. A Jrk G2 24v13 USB
motor controller with feedback was paired with an Arduino Uno to
control the speed, U,, and stroke length, L, of the actuator. An impulse
piston velocity program was chosen for the piston movement."’ **
The mean piston velocity was U, = 3.20 cm/s. The precise time his-
tory of the piston velocity profile is available in prior work.”" A vortex
ring with a formation number of F = L/d; = 2.00, and Reynolds
number of Rer = I' /v ~ 1500 was generated, where I' is the vortex
ring circulation quantified from velocity field data, and v is the kine-
matic viscosity of the water. The formation number (F = 2.00) was
specifically chosen to prevent the generation of a trailing jet behind the
PVR, which could otherwise affect the upward motion of the SVR.

The contact surface consisted of a clear acrylic half cylinder
(hemicylinder). Five different hemicylinder radii, R, were employed
in the study; namely R, = 20.32, 1524, 12.70, 10.16, and
7.62 cm. The ratio of the hemicylinder to PVR radius was expressed
as y =Ry /Ry ~ 4, 3, 21, 2, and 11 Because Ry was fixed for
the experiments, y decreases with decreasing hemicylinder radius.
Additional details regarding the experimental facility can be found in a
previous publication.”’

Both qualitative fluid flow visualization and quantitative planar
two-dimensional and tomographic PIV measurements (2D-PIV and
tomo-PIV, respectively) were employed to identify the key vortical
structures produced during the interaction. Data were acquired in
three different planes; namely, transverse and longitudinal planes, and
a top view imaged along an axis angled 30° from the of the centerline
of the vortex tube. A representation of the three data planes is shown
in Fig. 3.

B. Experimental method
1. Qualitative measurements

Dye flow visualization was performed by seeding the vortex tube
fluid with a naturally buoyant solution made using blue food dye, iso-
propyl alcohol, tap water and whole milk. Visualization data were cap-
tured from the inclined top plane using a GoPro Hero8 Black camera
with a pixel resolution of 1920 x 1080 pixel. An Arduino Uno was
used to obtain synchronization between linear actuator and the cam-
era. Flow visualization images were captured at 100.00 Hz for 35.00s.
The time was nondimensionalized as 7 = tU,,/d,, which corresponds
to a range of 0.00 < 7 < 29.40, where 7 = 0.00 corresponds to the
start of the piston movement.

2. Quantitative measurements

2D-PIV measurements were acquired in both the transverse and
longitudinal planes. The flow was seeded with Cospheric fluorescent
red polyethylene microspheres (995kgm™>) with a diameter of
65-75um. A Litron Nano 532nm Nd:YAG laser operating at
50 m]J/pulse was used to illuminate the particles (see Fig. 2). A
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Motor controller
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Field of view:
Transverse plane

Field of view:
Longitudinal plane

LaVision sCMOS camera (2560 %2160 pixel) along with a NIKKOR
70 mm lens was positioned perpendicular to the light sheet at a dis-
tance of 71 cm. A long pass filter of 550 nm was placed over the camera
lens during image acquisition to enhance image signal to noise ratio by
eliminating laser light reflections. Image dewarping was employed to
correct image distortion caused by the different indices of refraction
between the fluid and the acrylic hemicylinder. During data acquisition
in the longitudinal plane a dewarping self-calibration was performed
to minimize image distortions. This was achieved by imaging a

Q Inclined top plane

Transverse plane

FIG. 3. Schematic diagram representing the data collection planes; namely, the
transverse, longitudinal, and inclined top plane, for an axisymmetric vortex ring
impinging on a 2D hemicylindrical cavity.
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FIG. 2. Schematic diagram of the experi-
PIV mental facility.
| computer

calibration plate at the focal plane (interior to the curved hemicylinder
surface) and then applying the dewarping algorithm available in the
DaVis software.

Because the total time of interaction was 35s, PIV data were
acquired at discrete intervals to minimize the processing time.
Sequential sets of four images were acquired at time intervals of
dter = 1.0, with the time between each image in a set equal to
Atimage = 0.033s. All raw images were processed to extract velocity
vector fields using DaVis 8.2.2 software from LaVision. A time series,
cross correlation scheme with recursive 64 x 64 pixel and 32 x 32 pixel
interrogation windows with 50% overlap was used to calculate the
velocity field from each set of PIV images. The field of view was
22.4 x 18.8 cm?, which produced a spatial resolution of 0.14 cm.

No post-processing of the vector fields was performed. This pro-
cess yielded 35 sets of three time-resolved vector fields as the vortex
ring advected though the flow domain. To address flow instabilities and
minimize uncertainty, an ensemble-averaged velocity field was calcu-
lated at each instance in time from 70 acquisitions. This specific number
was selected based on minimizing the root mean square error in com-
parison to the mean flow field from a substantially large sample size of
980 vector fields. The determination of 70 as the optimal number of
averaged velocity fields was based on the value where the error asymp-
totically approached a stable value of approximately 0.5%. The uncer-
tainty of the 2D velocity field was estimated by accounting for the
ability of the particles to follow the flow, as well as the uncertainty in
determining the particle displacement. Uncertainty due to particle iner-
tia was estimated to be ~1% because the particles Stokes number was
less than 0.1."" Errors due to particle sedimentation were found to be
0.14% based on the advection velocity of the vortex ring. Uncertainty
due to correlation errors (0.1 pixel)"* relative to the average particle dis-
placement (=6 pixel), as well as the error due to the timing uncertainty
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FIG. 4. Schematic of the tomo-PIV orientation in the experimental facility.

resulted in a processing error of 1.68%. Consequently, the total relative
uncertainty was estimated to be ~2.03%.

Tomo-PIV measurements were conducted in a 210 000 cm” water
tank, using the orientation (longitudinal plane) schematically pre-
sented in Fig. 4, with the rest of the facility remaining unchanged.
Tomo-PIV data were only acquired for the cases of y = 3, 2, and 11.
The measurements were performed using four 16 — bit,
2560 x 2150 pixel CCD cameras (LaVision ImagerPro X). The cam-
eras were positioned in a linear array on one side of the water tank at
angles of 30°, 16°, —20°, and —30° measured relative to the transverse
plane. Each camera had a 50 mm, f/1.8 NIKKOR lens. The lenses were
mounted onto a Scheimpflug adapter to bring the camera focal plane
into alignment with the field of view. Each lens aperture was set to
f# = 8 to maximize the depth of field. A 4.00 cm thick light sheet was
used to illuminate the measurement volume using a 150 mJ/pulse
Quantel EverGreen HP, Nd:YAG laser. The data were recorded in
double frame camera mode with dfjyge = 19.00ms at an acquisition
frequency of 1.00 Hz. Tomographic PIV data were only acquired over
the time-span of the interaction ranging from 8.00 to 30.00s. The
water tank was seeded with the same particles as the 2D-PIV measure-
ments (Cospheric fluorescent red polyethylene micro-spheres
(995 kg m~?) particles with a diameter of 65-75 um).

Image pre-processing was performed in DaVis 10.02.01 to elimi-
nate background noise and compensate for intensity differences
between images. A 5 x 5 pixel sliding minimum convolution filter was
first applied. All images were then normalized with a reference image
(the first image of each set), and a 5 x 5 pixel Gaussian filter was then
used to sharpen the image. Volume-self-calibration routines were per-
formed with DaVis 10.02.01 software to generate a mapping function
between image coordinates and physical volume coordinates. The final
volume self-calibration error had an average disparity of 0.06 voxel
and a maximum disparity of 0.23 voxel. After image prepossessing and
particle image volume reconstruction via the multiplicative algebraic
reconstruction technique (MART), a multi-pass cross correlation tech-
nique was employed decreasing the interrogation volume from
128 x 128 x 128 pixel to 32 x 32 x 32 pixel with an overlap between
adjacent interrogation regions of 50%. The final measurement volume
was 1.50 x 7.00 x 4.00cm’. The spatial resolution of the tomo-PIV
data was 0.19 cm in all axes. The uncertainty in the tomo-PIV mea-
surements was estimated using the tomographic uncertainty analysis
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technique available in the DaVis software. The uncertainty values were
found to be U, = 1.25%, U,, = 1.05%, and U,, = 3.35%. The out-of-
plane component had higher uncertainty due to the lower resolution
and sensitivity of the reconstruction process in this direction.

C. Data analysis and validation

The J,-criterion”” was employed to identify the vortex ring core
location and the associated trajectories throughout the interaction. The
instantaneous circulation (I') of each vortex ring was computed as the
area integral of the vorticity over the bounds of the largest closed con-
tour of vorticity that was within 65% of the maximum value of vortic-
ity in the core. This value was chosen to ensure a closed contour of
vorticity, over which the circulation and core area were computed,
could be identified for the PVR, SVR, and TVR through the entirety of
the interaction. The corresponding value of the cross-sectional area of
the vortex core was expressed as 7w R, where R, is the equivalent core
radius. For each case (i.e., value of y) the vorticity plots were nonid-
mensionalized as ®* = ®/(Fmaxpvr/7R?), Where Iipapvr is the
peak circulation of the PVR for the case of interest, which was com-
puted after the vortex ring was fully formed (ie., the circulation
reached a steady value). More details regarding the dynamics of the
generated vortex ring are available in prior work.”’

To ensure repeatability of the vortex ring generation the distribu-
tion of the vorticity along a line bisecting the core of the PVR is pre-
sented in Fig. 5 at time 7 = 5.04 for all of the investigated cases. The
distribution of the vorticity, o, is plotted as a function of the normal-
ized transverse distance (r* = r/d;). Both the symmetry in the vortic-
ity distribution and repeatability across all cases indicates robustness in
the generation of the vortex ring.

The experimental facility was also validated by comparing the
dynamics produced by a vortex ring impinging on a flat plate with the
existing literature."*”"* Excellent agreement was found; the details of
which can be found in prior work.”’

Ill. RESULTS

The flow physics of a vortex ring impacting a concave cavity, and
the influence of cavity diameter (i.e., ) on this behavior, is reported
herein. Emphasis is placed on identifying how the formation and
dynamics of the SVR is influenced by 7.

A. Primary physics of interaction
The primary physics produced by a vortex ring impinging on a
hemicylindrical cavity are initially discussed for the case of y = 3.

i

t

>0
<=k =R==
o n
lild Al

o (1/5)
=

54 ‘g

FIG. 5. Vorticity distribution along a line bisecting the center of the primary vortex
ring core.
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Figure 6 (multimedia available online) presents 2D-PIV data as vortic-
ity plots with velocity vectors overlaid at five instances in the transverse
[Fig. 6(a)] and longitudinal [Fig. 6(b)] planes. Note that when compar-
ing Figs. 6(a) and 6(b), the non-dimensional times at which the data
are reported are different. These discrepancies are intentional as the

a) Transverse b) Longitudinal

Hemicylinder Piston exit

FIG. 6. Vorticity contours with velocity vectors overlaid for an axisymmetric vortex
ring with Rer = 1500 impacting a hemicylindrical cavity of 7 = 3. Data are pre-
sented in the (a) transverse plane and (b) longitudinal plane. VIR (Vortex interaction
region) identifies the region where the SVR loops interact. Multimedia available
online.
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key flow physics occur at different instances in time in the two planes.
Figure 7 represents the temporal variation of the (a) the core area, and
(b) the peak core vorticity of the PVR in the transverse and longitudi-
nal planes. The core area and peak core vorticity are normalized by
their initial values, which correspond to the time at which the vortex
ring becomes fully formed (v = 4.2). The core area, as opposed to
the diameter, is chosen because the shape of the PVR core continu-
ously changes throughout the interaction. As the PVR approaches
the bottom of the hemicylinder a sheet of opposite sign vorticity is
generated on the hemicylinder surface due to the no slip condition
at the wall. This occurs in both the transverse and longitudinal
planes, as evidenced in Fig. 6(i). Due to the curvature of the hemicy-
linder, the PVR first impacts the wall of the hemicylinder in the
transverse plane before impacting the trough of the hemicylinder in
the longitudinal plane.

Due to the asymmetric impact of the PVR on the hemicylindrical
cavity surface, the PVR experiences non-uniform stretching, similar to
the phenomenon observed for a vortex ring impinging on an obliquely
oriented flat plate.”” The segments of the PVR that impact the hemicy-
linder wall in the transverse plane undergo higher stretching than the
segments of the PVR in the longitudinal plane. Due to this nonuni-
form stretching post impact (tr > 9.25) the core area decreases in both
planes, with the transverse plane showing a much greater reduction in
area [see Fig. 7(a)]. This smaller area corresponds with increased peak
vorticity in the core. Post impact (t > 9.25) the peak vorticity
increases in both planes, but it is much more pronounced in the trans-
verse plane, indicating increased rotational speed of the PVR [see
Fig. 7(b)]. This difference in vorticity distribution between the trans-
verse and longitudinal planes is expected to initiate bi-helical vortex
lines around the circumference of the PVR that propagate from the
transverse to longitudinal plane, as explained by Lim.”* Unfortunately,
the resolution of the acquired data was not sufficient to visually
observe the formation of bi-helical vortex lines.

Asymmetric collision between the PVR and the cavity surface
produces an asymmetric secondary vortex ring (SVR). The SVR first
forms in the transverse plane before forming in the longitudinal plane
as the PVR continues to translate down/toward the trough of the hem-
verse plane produces a circumferential flow along the PVR core from
the transverse plane to the longitudinal plane, this flow compresses the
bi-helical vorticity toward the longitudinal plane. As a result,

a) b)

———— Transverse
-------- <+ Longitudinal|

L ——— Transverse
2+ - Longitudinal

o .

O 05 0 5 10 15 20 25
T T

FIG. 7. Temporal variation of the (a) core area and (b) peak core vorticity, of the
PVR in the transverse and longitudinal planes for a Rer = 1500 axisymmetric vor-
tex ring impacting a y = 3 hemicylindrical cavity. The cross-sectional area (a) of
the PVR core is normalized by the initial core area (a;), and the peak core vorticity
() is normalized by maximum peak core vorticity ().
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immediately following contact at © = 13.45, the area of the PVR core
in the longitudinal plane briefly increases [see Fig. 7(a)].

After the SVR is formed it orbits around the PVR due to mutual
induction between them. The non-uniform vorticity distribution along
the PVR core combined with the change in area between the transverse
and longitudinal planes results in non-uniform rotation of the SVR
around the PVR. The segments of the SVR closest to the transverse
plane rotate faster than the segments closest to the longitudinal plane
with the SVR segments closest to the transverse plane completely
orbiting around the PVR [see Fig. 6(a)(ii~iv)]. In contrast, in the longi-
tudinal plane the SVR does not completely orbit the PVR. A tertiary
vortex ring (TVR) is also generated in the transverse plane at
T = 14.29 [see Figure 5(a)(iv)]. The TVR orbits the PVR in the trans-
verse plane in a manner similar to the SVR [see Fig. 6(a)(iv—v)].

Due to the increased diameter of the PVR in the longitudinal
plane the SVR rotates around the PVR core with a larger arc.
Moreover, the angular velocity of the PVR in the longitudinal plane is
less than the transverse plane. Together, these result in a decreased
orbital rotational velocity of the SVR in the longitudinal plane. The dif-
ference in rotational velocity between the transverse and longitudinal
planes, which causes the PVR and SVR to become intertwined, intro-
duces kinking in the SVR toward the extents of the PVR that align
with the longitudinal plane. This can clearly be seen in the flow visuali-
zation images from the top view, which are presented in Fig. 8 (multi-
media available online) at four instances in time during the
interaction. As the kinking becomes more pronounced, the extents of
the SVR form horseshoe-like loop vortices at each end [see Fig. 8(a)].
As the interaction progresses, the legs of the horseshoe loop approach
each other while orbiting around the PVR [see Fig. 8(b)]. If sufficiently
close in proximity, the legs can experience reconnection such that two
new vortex rings are formed at the extents of the longitudinal plane
[see Fig. 8(c)]. These newly formed vortex rings subsequently self-
advect upward and away from the trough of the hemicylindrical cavity
[see Fig. 8(d)].

a)T=16.81
Horseshoe like loop

b) t=18.49

Closing ends of SVR Loop | Probable reconnection

c)t=21.01

0=27.73

New ring-like structure

— i - ==

FIG. 8. Dye visualization from the inclined top view of a Rer = 1500 axisymmetric
vortex ring impacting on a hemicylindrical cavity with y = 3. Multimedia available
online.
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In Fig. 6(b)(iv-v), the probable reconnection of the legs of the
horseshoe-like loop is also observed. Because it remains unclear
whether complete reconnection between the loop legs occurs, this
region is referred to as the vortex interaction region (VIR). This is
because the legs of the horseshoe-like vortex interact in this region, as
shown in Fig. 6(b)(v), This notation, VIR, will be employed through-
out the remainder of the document to denote this region.

B. Influence of cavity size

Across the five considered cases (y = 4, 3, 2% , 2,and 1 %), four
of them (y =4, 3, 21, 2, and14) exhibited flow behavior in the
transverse plane similar to that which has already been discussed for
7 = 3. However, the smallest case (y = 13) exhibited marked changes.
For this case, when the PVR approaches the cavity, it generates oppo-
site sign vorticity along the edges of the cavity due to the similar size of
the vortex ring and the cavity. This is shown in Fig. 9 (multimedia
available online), which presents the vorticity contours and vector
fields from the PIV data in the transverse plane at discrete instances in
time throughout the interaction. The edge vorticity, referred to as EV
in Fig. 9(a), intensifies as the PVR moves closer to the cavity.
Simultaneously, a vorticity sheet is generated on the inner wall of the
cavity [see Fig. 9(b)]. When the PVR passes the lip of the hemicylinder
the edge vorticity separates from the lip due to the down-wash of the
PVR. This, in turn, generates small scale, opposite sign vorticity at the

b) =757
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FIG. 9. Vorticity contours with velocity vectors overlaid for an axisymmetric vortex
ring with Rer = 1500 impacting a hemicylindrical cavity of y = 1 %at six instances
in time. Data are presented in the transverse plane. Multimedia available online.
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cavity edge [see Fig. 9(c)], while the separated EV rotates around the
PVR due to mutual induction with the PVR [see Figs. 9(c) and 9(d)].
The PVR impacts the inner wall of the cavity close to the edge, during
which the wall-bounded vorticity separates and rolls up into an SVR,
as seen in Fig. 9(d). This then rotates around the PVR [see Fig. 9(¢)]
and, due to their proximity and having the same sense of rotation, the
SVR and EV then merge as they orbit the PVR [see Fig. 9(f)]. The rest
of the interaction then progresses the same as for the other cases of .

The transfer of vorticity from the transverse plane to the longitu-
dinal plane due to the production of the circumferential flow along the
core of the PVR occurred for all of the five cases considered. Figure 10
presents the change in time of the nondimensionalized area and core
vorticity of the PVR in the transverse plane as a function of 7y, while
Fig. 11 presents the same data in the longitudinal plane. The trend of
the PVR core area decreasing in the transverse plane, as previously dis-
cussed, was similarly observed for all values of y, as shown in
Fig. 10(a). In contrast, Fig. 11(a) shows that in the longitudinal plane
the PVR core area initially decreases before increasing following the
impact of the PVR on the trough of the cavity surface. Following
impact of the PVR in the transverse plane, the maximum value of peak
vorticity increases for decreasing y. This can be seen in Fig. 10(b),
when 10.09 < 7 < 13.45. As previously discussed, this occurs because
the PVR impacts the cavity surface earlier/higher up on the hemicylin-
drical cavity surface in the transverse plane, relative to the longitudinal
plane. This generates increased stretching of the PVR and leads to
higher vorticity in the transverse plane, relative to the longitudinal
plane. This can be observed by comparing the magnitude of the vortic-
ity in Fig. 10(b) with Fig. 11(b).

Along the longitudinal plane there are interesting changes to the
physics of interaction as a function of hemicylindrical cavity size (7).
As previously discussed, asymmetric winding of the SVR around the
PVR leads to kinking in the SVR and the formation of a horseshoe-like
loop at the extents aligned with the longitudinal [see Fig. 8(a)]. This
horseshoe-like loop then advects up and away from the trough of the
cavity. To explore this behavior, Fig. 12(a) (multimedia available
online) presents vorticity contour plots at time T = 25.21 as a function
of 7. Figure 12(b) plots the location in time of the PVR, SVR, TVR,
and VIR for the same values of ).

For y=4 [Figs. 12(a)(i) and 12(b)(i)], the SVR forms a
horseshoe-like loop at the extents of the longitudinal plane, similar to

i

=Rk
o
— WA

0 5 10 15 20 25 0 5 10 15 20 25
T T

FIG. 10. Temporal variation of the PVR (a) core area and (b) peak core vorticity, in
the transverse plane for a Rer = 1500 axisymmetric vortex ring impacting five
hemicylindrical cavities of y =4, 3, 21, 2, &11The cross-sectional area (a) of
the PVR core is normalized by the initial core area (a;), and the peak core vorticity
() is normalized by maximum peak core vorticity ().
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FIG. 11. Temporal variation of the PVR (a) core area and (b) peak core vorticity, in
the longitudinal plane for a Rer = 1500 axisymmetric vortex ring impacting five
hemicylindrical cavities of y =4, 3, 21, 2, &11.The cross-sectional area (a) of
the PVR core is normalized by the initial core area (a;), and the peak core vorticity
() is normalized by maximum peak core vorticity (c;).

what was discussed and shown in Fig. 8(a), for y = 3 [see also Figs.
12(a)(ii) and 12(b)(ii)]. However, for y = 4, the legs of the horseshoe-
like loop never cross the longitudinal plane or reconnect with each
other. This is because the confinement of the PVR in the transverse
plane is lowest for the largest case of y = 4. Consequently, the asym-
metry of impact, circumferential flow from the transverse to the longi-
tudinal plane, and asymmetry in the peak core vorticity of the PVR,
are all reduced (see Figs. 10 and 11). That is to say, its behavior begins
to resemble that of a vortex ring impinging on a flat plate, where asym-
metry in the SVR is minimized, as would occur as y approaches
infinity." ™"

Consequently, when y = 4 the legs of the horseshoe-like loop
come into close proximity, but do not reconnect, and mutual induction
between them determines the trajectory of the ejected horseshoe vor-
tex. This can be seen in the trajectory plots of Fig. 12(b)(i), where the
primary direction is toward the axis of the PVR. Before forming a
horseshoe-like vortex and being ejected away from the PVR, the SVR
rotates a finite arc length around the PVR due to mutual interaction.
This rotation of the SVR around the PVR produces a slight rebound in
the trajectory of the PVR, as seen in Fig. 12(b)(i). Due to this rebound
of the PVR a TVR is also generated and moves upward and away from
the region of impact [see Fig. 12(b)(i)].

For all other cases [y =3, 21, 2, and 14, which correspond to
figure panels 12(ii), 12(iii), 12(iv), and 12(v), respectively], the open
ends of the horseshoe-like loops of the SVR interacts at the longitudi-
nal plane and a ring-like structure is produced. This is observed in
Figure 12(ii-v) as two regions of opposite-sign vorticity in the longitu-
dinal plane, where the SVR is denoted, and the VIR is also identified.
The VIR moves in tandem with the upward movement of the SVR.
From the 2D longitudinal plane data, it appears that the SVR core and
VIR form a closed loop that produces a new vortex ring.

However, the VIR will appear in the 2D-PIV flow domain as long
as one of the legs of the horseshoe-like loop crosses the longitudinal
plane (ie., the data plane). This does not, however, definitely deter-
mine the formation of a new coherent vortex ring due to reconnection.

To determine whether reconnection occurs or not, tomo-PIV
data were acquired for the cases of y = 3, 2, & 11, and are plotted in
Fig. 13 (multimedia available online) as iso-contours of the /, crite-
rion. The interaction at three different instances in time are presented
in Fig. 13. Figure 13(a)(i) is presented at 7 = 14.29, when the
horseshoe-like loop has been generated and is rotating around the
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5 10 15 20 25 30

e PVR
= SVR
T+ TVR

FIG. 12. (a) Vorticity contours with velocity vectors overlaid for an axisymmetric vor-
tex ring with Rer = 1500 impacting a hemicylindrical cavity for y =4, 3,
2%,2,and1} at time t=20.10. (b) The location of the PVR (circle), SVR
(square), and RR (diamond) core plotted as a function of time, t for the same val-
ues of y. Multimedia available online.

PVR. For y = 3, it can be seen that the legs of the horseshoe vortex do
not approach each other as they orbit the PVR [see Fig. 13(a)(i-iii)]
and do not appear to cross the longitudinal plane.

For y = 2&14, the legs of the horseshoe-like loop are much
closer to each other than for y = 3 [see Figs. 13(b)(i) and 13(c)(i)].

ARTICLE pubs.aip.org/aip/pof

Consequently, as the interaction progresses in time the legs of the

the SVR in the longitudinal plane. Note that for the last instance in
time [Fig. 13(ii))] only the SVR is presented (the PVR has been
removed from the plot) to more easily visualize reconnection.

Due to instabilities that arise during the interaction, as well as the
potential for experimental uncertainties in the production of the PVR,
slightly off-axis collisions on the hemicylinder surface can occur. As a
result, the legs of the horseshoe-like loop structures may not be per-
fectly symmetric about the longitudinal plane [see Fig. 13(i)]. This
highlights the need to exercise care when interpreting 2D-PIV data, as
slight shifts in the location of the legs of the horseshoe-like loop can
result in them being bisected by the 2D PIV data in the longitudinal
plane, which results in two regions of circular, opposite-sign vorticity
appearing. This can easily be misinterpreted as a coherent vortex ring.
In contrast, the tomographic PIV data of Fig. 13 clearly shows that
reconnection only occurs for values of y < 2, which is when the kink-
ing of the SVR is extreme enough that the legs of the horseshoe-like
loop come into contact.

To investigate the production of the new vortex rings, the circula-
tion strength of the SVR core and RR regions were compared at the
time of formation. According to Morris et al.,” 2D-PIV data of a fully
formed vortex ring should have the same circulation strength at both
ends. Figure 14 shows how the circulation of the SVR and VIR vary in
time throughout the interaction. For y = 3and 21 the circulation
strength of the VIR never reaches the magnitude of that found in the
SVR core [see Figs. 14(a) and 14(b)]. However, when y < 2 the magni-
tude of the circulation in both the VIR and SVR core ultimately equal-
ize, confirming reconnection of the legs of the horseshoe-like loop and
the subsequent formation of a new vortex ring. These data also clearly
show that reconnection occurs earlier for decreasing values of y, with it
occurringat & 7 = 24.3 for y = 2,and at ~ t = 17.65 for y = 11.

Returning to Fig. 12(b), it is notable that the trajectory of the SVR
and VIR varies significantly as a function of y. For y =3 and 21,
the SVR and VIR advect toward the centerline of the PVR [see

becomes vertical and then moves away from the centerline of the PVR
for smaller values [see Fig. 12b(iv-v)].

The explanation for this change in trajectory lies in the asymmet-
ric impact of the PVR on the concave cavity surface. To explain this
behavior Fig. 15(a) illustrates the difference in vertical distance (Ah)
that the PVR must travel to impact the surface along the longitudinal
plane compared to the transverse plane. As y decreases the hemicylin-
der radius decreases, leading to an increase in Ah. Consequently, the
delay in time between when the PVR impacts the hemicylinder surface
in the transverse plane vs when it impacts the surface in the longitudi-
nal plane, referred to as Az, increases. This time delay was computed,
and is shown in Fig. 15(b) as a function of y. Impact of the vortex ring
on the surface was determined as the time when the fluid velocity at
the surface reached a maximum value. A fundamental observation of
vortex ring-structure interactions is that when the vortex ring
approaches a surface the vortex ring diameter increases.' " As previ-
ously discussed, the wall curvature constrains the PVR in the trans-
verse direction resulting in a reduced diameter in the transverse
direction relative to the longitudinal direction. This is shown schemati-
cally in Fig. 15(c), where the blue ring represents the PVR and the red
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i) 1= 16.81 i)1=14.29

iii) T = 21.01

ring represents the SVR. The major and minor axes of the PVR are
expressed as Dpyrmajor and Dpyg minors respectively. Thus, as 7y
decreases the minor axis of the PVR decreases and the legs of the
horseshoe-like loop structure come into increasingly closer contact.
This leads to VIR occurring earlier as well, as shown in Fig. 12(b)(ii-v)
and Fig. 14. In addition, the arc length that the SVR has to transcribe
as it rotates around the PVR increases as y decreases, because of the
larger diameter, Dpyr major> Of the PVR. Consequently, as  decreases
the outboard portion of the SVR core has not rotated as far around the
PVR when either mutual induction between the legs of the horseshoe-
like loop structure (y > 2), or self-advection of the new vortex ring
(y < 2), begins to eject the vorticity. As a result, the trajectory of the
SVR transitions from pointing toward the centerline of the PVR to
pointing away from it as y decreases.

ARTICLE pubs.aip.org/aip/pof
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FIG. 13. Iso-contours of 2, (s72) criterion
by (S-Z) for an axisymmefric vortex ring with
2

Rer = 1500 interacting with a hemicylin-
20.15 der for (@) y=3, (b) y =2, and (c)
’ y =11 at three instances in time: (i)
t=10.72, (i) ©=16.08, and (ii)
T = 17.42. Multimedia available online.
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Consequently, changing the ratio of hemicylinder to vortex ring
radius provides a method for controlling the trajectory of the ejected
vorticity and, for sufficiently small values of y, generating new vortex
rings. This contributes unique insight into the class of interactions aris-
ing from vortex rings impinging on concave cavities, where prior work
employing an axisymmetric hemispherical cavity also found that the
strength of the secondary vorticity that was ejected away from the sur-
face of contact could be controlled by adjusting the value of y."'

The current results are of particular interest for the scenario of
replacement speech via a tracheoesophageal prosthesis, as prior work
has shown that as the flow passes through the prosthesis and into the
esophagus, periodic vortex rings are produced and impinge on the pos-
terior wall of the esophagus.' More importantly, clinical observations
have found that simply changing the orientation of the prosthesis,

a)y=3 b)y=2} )y=2 dy=1
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+ VIR = VIR = VIR = VIR FIG. 14. Circulation as a function of time
0.4+ T T T for the SVR and RR (a) y =3, (b) y
" =25,(c)y =2 and (d) y = 1. The cir-
024 1 1 1 culation is normalized by the maximum
’ value of the PVR circulation (I'" =T/
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FIG. 15. (a) Schematic representation of the PVR impacting on the hemicylinder in
the transverse plane, (b) the non-dimensionalized time difference (At) between vor-
tex ring-surface impact in the longitudinal and transverse planes, and (c) a sche-
matic representation of the stretching and subsequent asymmetry in the rotation of
the SVR around the PVR.

thereby altering the trajectory of the vortex ring as it enters the esopha-
gus, often drastically improves, and can even completely restore, pho-
nation in aphonic individuals.”® The formation and trajectory of
vortical structures throughout this interaction is then, of critical impor-
tance in determining the quality of replacement speech that can be
produced via tracheoesophageal speech.

IV. CONCLUSION

In this study, the interaction arising from an axisymmetric vortex
ring impinging on a hemicylindrical concave cavity was explored as a
function of the ratio of hemicylindrical cavity to vortex ring radius
(7 = Ry1/Ry = 4, 3, 2%, 2, and 1 %) This is an extension of prior
work that investigated a vortex ring impacting a concave hemispherical
cavity.”' The results presented herein show similarities to prior work
investigating an axisymmetric vortex ring impacting a constant radius,
2D concave hemicylindrical cavity as a function of Reynolds number,””
and a 2D V-wall.”” However, in the current work, comparing the
dynamics in the transverse and longitudinal planes lead to the identifi-
cation of new flow physics that arise due to changing the radius of the
cavity relative to the primary vortex ring.

In the transverse plane, the flow behavior changed subtly but sig-
nificantly as 7 varies. Both SVR and TVR were generated and rotated
around the PVR after it impacted the cavity surface. As y decreased
(indicating increased wall curvature), the PVR impacted the cavity
wall earlier and at a higher location, leading to increased PVR stretch-
ing and vorticity diffusion. The greater stretching of the PVR facilitated
the transfer of vorticity from the transverse to the longitudinal plane
through its core, a process that intensifies with decreasing 7. Note that
for the lowest value tested, y = 11, edge vorticity is formed on the lip
of the cavity, rolls up, and rotates around the PVR.

In the longitudinal plane, the mechanics of formation and ejec-
tion of SVR were detailed, identifying how the trajectory of the ejected
vorticity depends on the cavity size to vortex ring size ratio, 7. The
PVR impacted the cavity surface in the transverse plane followed by
impact in the longitudinal plane. Upon impact in the longitudinal
plane, the PVR core initially decreased in diameter, then expanded due
to circumferential flow and vorticity transfer from the transverse plane
to the longitudinal plane. The rotation of the SVR around the PVR
was slower in the longitudinal plane due to the larger PVR core diame-
ter and reduced circulation, leading to the formation of horseshoe-like
loops at each end of the SVR. Figure 16 schematically represents the
evolution of the SVR horseshoe-like loops. For y > 2, the SVR loops

ARTICLE pubs.aip.org/aip/pof
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PVR SVR PVR SVR

FIG. 16. Schematic representation of SVR evolution for different cases.

experienced mutual induction and moved away from the cavity surface
[see Fig. 16(a)], and no reconnection between the loop legs occurred.
For y < 2, the loops reconnected to form a new vortex ring that also
advected away from the surface [see Fig. 16(b)]. However, the trajecto-
ries varied as a function of y transitioning from angling toward the
centerline for y = 4, to angling away from the centerline for y = 14.
This arose due to the delay in time of PVR impact between the trans-
verse and longitudinal planes.

These new findings have direct application to optimizing
the fluid-structure interactions that occur within the esophagus
during replacement speech produced by tracheoesophageal
speech.
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