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ABSTRACT

Vortex ring research primarily focuses on the formation from circular openings. Consequently, the role of tunnel geometry is less
understood, despite there being numerous research studies using noncircular shock tunnels. This experimental study investigated
shockwaves and vortex rings from different geometry shock tunnels from formation at the tunnel opening to head on collision with another
similarly formed vortex ring using schlieren imaging and statistical analysis. The velocity of the incident shockwave was found to be
consistent across all four shock tunnel geometries, which include circle, hexagon, square, and triangle of the same cross-sectional area. The
velocity was 1.26 0.007 Mach and was independent of the tunnel geometry. However, the velocities of the resulting vortex rings differed
between the shapes, with statistical analysis indicating significant differences between the triangle and hexagon vortex velocities compared to
the circle. Vortex rings from the square and circle shock tunnels were found to have statistically similar velocities. All vortex rings slowed as
they traveled due to corner inversion and air drag. All shock tunnels with corners produce a wobble in the vortex rings. Vortex rings interact
with opposing incident shockwaves prior to colliding with each other. Vortex velocity before and after shock–vortex interaction was
measured and evaluated, showing statistically similar results. Shock–vortex interaction slows the shockwave upon interaction, while the
shock–shock interaction resulted in no change in shock velocity. Although the vortex rings travel at different velocities, all head-on vortex
ring collisions produce a perpendicular shockwave that travels at 1.046 0.005 Mach.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0162433

INTRODUCTION

Little, if any, previous research uses explosively driven shock tun-
nels to create and study vortex rings; however, research into blast
induced traumatic brain injury, for example, has placed animals at the
end of a shock tunnel in the vortex ring region.1,2 Such explosively
driven shock tunnels are often used to create shockwaves to replicate
open field scenarios, but vortex rings are produced as a result of flow
through the tunnel. These vortex rings are not produced in the open
field. The impedance mismatch of the vortex ring to animals, or other
external targets, can cause unwanted effects. Consequently, vortex ring
formation from different tunnel geometries needs to be understood to
mitigate possible negative effects in experimental designs.

Vortex rings are structures of rotating fluid, such as air or water,
that rotate about a central axis. Formation of vortex rings can occur
due to surface tension such as ripples across a pond,3–6 buoyant
plumes from volcanoes and smoke stacks,4,5,7 and from flow separa-
tion.4,5,8 This research specifically examines vortex rings that are

formed from flow separation due to shear and boundary layers created
in an explosively driven shock tunnel. Fluid is pushed through an
opening resulting in the separation of the boundary layer at the edge
of the opening.4,8 Boundary layer separation causes the sheared layer
to roll up into the vortex ring.4,5 The ring will continue to travel in the
original direction of impulse while rotating around a central core until
impact with another vortex ring or solid surface. The Navier–Stokes
equation has been used to computationally evaluate the travel and col-
lision of circular vortex rings to determine how reconnected rings
form.9–12 Experimental circular vortex ring collisions have been stud-
ied using both air and water,8,13–17 and this paper is a continuation of
previous research conducted on circular vortex ring collisions in air,
which have been shown to create shockwaves from vortex–vortex col-
lision.18 Other previous studies of vortex rings in air have shown the
production of a wall shock due to vortex–wall collision.16,19–24 Current
research on shaped vortex rings focuses on rectangular rings such as
those created at the exit of the engines of the F-22 Raptor fighter
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jet.25–27 Rectangular vortex rings have been found to dissipate quickly
in air and deform into elliptical and circular shapes as they travel.28–30

This paper will expand vortex ring research by including different
geometry shock tunnels to evaluate the effect of geometry on vortex
formation and travel.

The Reynolds number is a dimensionless value representing the
ratio of inertial to viscous forces31 and plays an important role in
determining the outcome of vortex ring collisions.20,27 Low Reynolds
numbers result in the formation of new vortex rings, commonly
referred to as reconnected rings.32 The original rings collide, break
apart, and then re-form to travel perpendicular to the original direc-
tion of motion.32,33 High Reynolds numbers produce a turbulent cloud
after collision as opposed to reconnected rings.34,35 A high Reynolds
number can also lead to faster dissipation of rings as more energy is
required for the vortex rings to travel through turbulent flow from the
high Reynolds number.25,28,30

Oblique shocks are an essential part of vortex ring formation and
are the result of the pressure difference between the flow within the
shock tunnel and the flow behind the vortex ring. The shock tunnel
creates a high-pressure area that pushes the flow behind the vortex
ring outwards, creating a low-pressure area.36,37 The oblique shocks
form in response to this pressure differential to equalize the pressure
and prevent any further changes to the flow.37 Once the oblique shock
is formed, the flow upstream (the incident shock and vortex ring) can
no longer be affected by the downstream flow.13,38 These oblique
shocks further confirm the area of low pressure behind the vortex
rings and show that the vortex rings are no longer influenced by flow
from the shock tunnel.

The effect of charge shape on blast waves has been studied and
documented by various researchers,39–42 but less research has been
performed on the effect of tunnel shape on vortex rings. Charge shape
alters the shape of the wave, specifically at the corners. In the far field,
the shockwave becomes circular, and geometry of the charge is no lon-
ger significant.40,41,43 Various geometry vortex rings transition to
round cross sections at different rates depending on the geometry.29,44

This research aims to study the shock–vortex and vortex–vortex inter-
action of different geometries prior to the vortices breaking down as
well as the effect different geometries have on shockwave production.

This research examined the formation, travel, and interaction of
shockwaves and vortex rings formed from four different geometrical
tunnels using schlieren imaging and high-speed cameras. Circle,
square, triangle, and hexagon shock tunnels, nonelectric lead line, and
copper shock tunnel were used to create vortex rings. Statistical analy-
sis and vortex velocity were used to determine which vortex rings were
significantly different from the baseline circle geometry. Data from
this work will determine the effect of tunnel geometry on vortex veloc-
ity, movement, and collision.

METHODOLOGY

Different geometry shock tunnels were used to study shock and
vortex formation, travel, and their consequent impact with other
shockwaves and vortex rings. The shockwaves were created using a
1.8m length of nonelectric lead line with a velocity of detonation of
approximately 2000 meters per second (m/s).45 The nonelectric lead
line was inserted approximately 0.71 meters (m) into a 1.27 cm diame-
ter and 0.812m-long copper pipe acting as a circular shock tunnel,
shown in Fig. 1(b), to enable shockwave and vortex ring formation.

The pipe was connected to a 3D printed shock splitter used to split the
shockwave and create the head-on collision. Circle, square, triangle,
and hexagon shape adapters were used to create the shock tunnel exits
that affect the boundary layer separation and vortex formation. The
shock tunnel geometries were intentionally selected based on their dis-
tinct angles, acute, right, and obtuse. This deliberate choice allows for
a comprehensive comparison with circular geometry. These shape
adapter pieces in Fig. 1(a) keep the cross section of the opening area
consistent at 0.804 cm2 regardless of the shape selected.

A Phantom v2012 high-speed camera46 with a frame rate of
100 000 frames per second (fps) and resolution of 384� 384 captured
images of the shock and vortex collisions using schlieren imaging. The
experimental setup uses a two-mirror, Z-pattern schlieren setup with
135mm diameter spherical mirrors. The mirrors have a focal length of
1 meter (m), and a point light source of 50 lumens is used in experi-
mental testing. The test setup can be seen in Fig. 2. Figure 2(a) shows a
top-down view of the test setup showing both spherical mirrors, the
point light source, and test area. Figure 2(b) shows the test setup as
viewed from spherical mirror 2, looking straight into the test area with
a view of the point light source, shock splitter, and spherical mirror 1.
Phantom Camera Control (PCC) software47 was used to measure lead-
ing edge velocities of the shockwave and vortex rings.

Five tests of each geometry were performed using the same 3D
printed apparatus and shape adapters. The resulting movement and
collision of the shockwaves and vortex rings were observed and ana-
lyzed, specifically focusing on the geometry effects on shock and vortex
ring formation, travel, and interactions.

RESULTS AND ANALYSIS

Shockwaves and vortex rings were produced using nonelectric
lead line and copper shock tunnel. Schlieren imaging technology and a
high-speed camera captured images of the formation, path of travel,
and head-on collision of the vortex rings and resulting shockwave as
shown successfully in previous studies.18,44,48 Five repeats of each
geometry (circle, hexagon, triangle, and square) were performed and

FIG. 1. (a) 3D printed shape adapters and (b) shape adapters connected to the 3D
printed shock splitter and the copper pipe.
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analyzed. Analysis includes each segment of the process from incident
shockwave leaving the vortex tunnel, followed by the vortex ring, an
oblique shock, and finally vortex collision.

Vortex ring characterization

To determine laminar or turbulent flow, the Reynolds number
was calculated using Eq. (1), where U is the initial translation velocity
of the vortex ring, D is the diameter of the vortex ring, and v is the
kinematic viscosity of air calculated assuming ambient conditions of
22 �C.49 The diameter of the vortex ring and diameter of the shock
tunnel can be considered the same immediately at the exit of the tube;
thus, the shock tunnel diameter is used for the calculations,

Re ¼ UD
v
: (1)

The diameter for the shock tunnel geometries was calculated using the
incircle and circumcircle of each shape. The circumcircle passes
through all vertices on the exterior of the shape, the incircle is the larg-
est circle that can be inscribed in the shape, and an example for the
square is shown in Fig. 3. The Reynolds number was then calculated
using incircle and circumcircle values. All Reynolds number values
indicated turbulent flow as the values were all greater than 2000 as
seen in Table I.

Based on the Reynolds number, all shock tunnels produce turbu-
lent flow, which can result in shockwaves and vortex rings of increased
velocity when compared to laminar flow. The mixing of air in turbu-
lent flow results in strong incident shockwaves for each geometry
shock tunnel. The high-speed imagery shows that all four geometries
produce an incident shockwave, followed by the vortex rings and then
an oblique shock.

The exit of vortex rings from the shape adapters in all four geom-
etries results in the formation of oblique shocks, which can be charac-
terized by their Mach numbers and calculated using Eq. (2). The
incident shockwave is the first to leave the shape adapter, followed by
the vortex ring and then the oblique shock,

M1 ¼
1

sin / : (2)

M1 is the Mach of the oblique shock, while sin / is the angle the
shock makes as it exits the tunnel, seen in Fig. 4. This shock forms by
reflection off the walls of the 3D printed shaped adapters. A similar
phenomenon is seen in converging–diverging nozzles of rocket

FIG. 2. Schlieren test setup: (a) top view and (b) side view.

FIG. 3. Incircle and circumcircle of a square used to calculate Reynolds number.

TABLE I. Reynolds number of each geometry.

Geometry Incircle Re Circumcircle Re

Square 8.4� 104 1.2� 105

Hexagon 1.03� 105 1.66� 105

Triangle 3.3� 104 2.1� 105

Circle 9.3� 104 9.3� 104

FIG. 4. Oblique shocks of each geometry at 60ls: (a) circle, (b) hexagon, (c)
square, and (d) triangle.
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engines.50–52 The circle has the highest Mach number for the oblique
shock (1.83) because it has no corners that affect the flow. All shock
tunnels with corners produce vortex rings that wobble and create tur-
bulent flow, creating lower Mach numbers. The undisturbed flow
from the circular shock tunnel allows for stronger oblique shocks with
higher Mach numbers. Flow disturbance in the hexagon, square, and
triangle shock tunnels is evident in the wobble of the vortex rings
showing the ring movement due to tunnel geometry. The hexagon
shock tunnel has the next highest Mach number at 1.74. This shock
tunnel has obtuse angles that make the tunnel similar to the circle,
thus similar Mach numbers. Right angles in the geometry of the square
decrease the Mach number of the oblique shock to 1.70, while the
acute angles of the triangle result in a Mach number of 1.59. The trian-
gle has the largest perimeter of all the geometries, thus a slower mov-
ing oblique shock.

Slower oblique shocks in geometries of a larger perimeter high-
light the interplay between geometry, flow regime, and the resulting
behavior of shockwaves and vortex rings. The turbulent flow indicated
by the Reynolds numbers contributes to the generation of stronger
shockwaves and vortex rings. On the other hand, the presence of cor-
ners and the resulting flow disturbances affect the dynamics of the vor-
tex rings, leading to variations in the Mach numbers of the oblique
shocks.

The correlation between the Mach number and Reynolds num-
ber demonstrates that different geometries influence both the flow
regime (turbulent or laminar) and the compressibility effects (high or
low Mach number) within the shock tunnels. These factors collectively
impact the behavior and characteristics of the generated shockwaves
and vortex rings.

Vortex ring propagation

All rings except the one produced from the circular shock tunnel
wobble or invert as they travel toward each other as seen in Fig. 5. The
geometries with the most pronounced wobble are those with corners

of 90� or less, the square and triangle. The vortex ring from the circu-
lar shock tunnel is the only one without a wobble as there are no cor-
ners and the geometry is uniform. The vortex from the hexagon shock
tunnel has obtuse corners and wobbles slightly, but not as much as the
other geometries. All the wobbles of the vortex rings can be seen in
Fig. 5 taken at 40 microseconds (ls), 60, and 80 ls for each geometry.
The wobble of the vortex rings creates air drag, causing the rings to
slow as they travel. Vortex rings from the square, triangle, and hexa-
gon shape adapters all travel slower than those from the circle prior to
collision due to this wobble and air drag.

The corner inversion phenomenon of the square and triangle
vortex rings is visually depicted in Fig. 6. It is essential to clarify that
the setup for these images differs from the experimental setup and was
exclusively designed to enhance visual understanding while conduct-
ing the analysis of the experimental tests. These additional images
were created to provide a clearer visualization of the corner inversion
effect without directly influencing the actual experimental measure-
ments. To facilitate this visual analysis, an additional square shock tun-
nel with a cross-sectional area of 3.6 cm2 and a triangle shock tunnel
with a cross-sectional area of 3.2 cm2 were 3D printed.

Square shaped vortex rings have been shown to not hold their
shape well, as the vortex inversion causes the corners to flatten and
create a shape known as a squircle.53 The squircle is a cross between a
square and circle54 with rounded edges rather than corners like a
square.

In Figs. 6(a)–6(c), the propagation of the vortex ring from the
square shock tunnel is observed as it undergoes a transition, eventually
transforming into a squircle. During this transformation, the cross-
sectional area of the vortex ring increases, leading to a decrease in its
velocity. Similarly, in Figs. 6(e) and 6(f), the vortex ring from the trian-
gle shock tunnel is shown going through the corner inversion process.
Initially resembling a triangle with the apex pointing downward, the
vortex ring gradually transitions to a configuration with the apex
pointing upward. The images in Fig. 6 complement the experimental

FIG. 5. The wobble of each vortex ring at 40, 60, and 80 ls. (a) The circle vortex rings at 40 ls, (b) hexagon vortex rings at 40ls, (c) square vortex rings at 40 ls, (d) triangle
vortex rings at 40 ls, (e) circle vortex rings at 60 ls, (f) hexagon vortex rings at 60 ls, g square vortex rings at 60 ls, (h) triangle vortex rings at 60ls, (i) circle vortex rings at
80 ls, (j) hexagon vortex rings at 80 ls, (k) square vortex rings at 80ls, and (l) triangle vortex rings at 80 ls.
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data and contribute to a comprehensive understanding of the wob-
bling phenomenon exhibited by vortex rings in square and triangle
geometries.

Vortex rings generated from geometries with corners exhibit a dis-
tinct phenomenon known as “corner inversion,” which leads to the
observed wobbling as the vortex rings travel. In Fig. 7, each vortex ring
used in this study is shown alongside the corresponding corner inversion,
created in Fusion 360, which plays a crucial role in inducing the wobble.

In circular geometries [Fig. 7(a)], the flow velocities around the
entire vortex ring are relatively constant. As a result, there is no corner
inversion, and the vortex ring maintains a stable and uniform trajec-
tory during its travel.

In geometries with corners [Figs. 7(b)–7(d)], the fluid inside the
vortex ring flows faster in the regions around the corners compared to
the rest of the ring. This non-uniform flow creates areas of the ring
that propagate faster than the surrounding sections. As the vortex ring
advances, the faster-moving regions propagate faster than the slower-
moving portions, leading to corner inversion. The corner inversion
causes the vortex ring to exhibit a wobbling motion as it moves
through the medium.

This wobbling phenomenon is a result of the fluid dynamics
induced by the corners in the geometries. The presence of corners can
cause flow separation and pressure gradients, resulting in a non-
uniform distribution of velocities along the vortex ring’s circumference

FIG. 6. Vortex rings from the square and
triangle shock tunnels traveling and going
through corner inversion. (a) The vortex
ring at 250ls in a square shape, (b) the
vortex ring at 260ls inverting to the
squircle, (c) the vortex at 270 ls with
rounded corners, (d) triangle vortex ring
leaving the shock tunnel, (e) triangle vor-
tex ring in the middle of corner inversion,
and (f) triangle vortex ring after going
through corner inversion.

FIG. 7. Corner inversion of each vortex
ring: (a) circle, (b) hexagon, (c) square,
and (d) triangle.
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where fluid flows faster at the corners. Consequently, the vortex ring
experiences imbalanced forces, leading to corner inversion and subse-
quent wobbling. The presence of corners in non-circular vortex rings
can cause non-uniform velocities throughout the circumference of the
ring. This can lead to wobbling and deformation of the ring over time
as shown in previous literature.28,55,56 The sharp corners of rectangular
or square vortex rings can attain higher corner velocities than circular
vortex rings, which can lead to corner-induced deformations and wob-
bling.30,57–59 Previous research has shown the existence of a wobble or
corner inversion in non-circular vortex rings.25,26,44,60,61 Square and
rectangular rings have been shown to transform into a circle,28–30 sim-
ilar to the squircle found in this research. This research shows a com-
parative analysis between shock tunnels of different geometries not
seen in previous literature and includes vortex formation from obtuse
angled geometries.

Area was kept constant for all geometries, meaning that perime-
ter can be used as a variable. As the perimeter increases, the geometries
become less related to the circle. Of the various geometries, the triangle
has the largest perimeter of 4.09 cm and is the least like the circle,
which has the lowest perimeter of 3.18 cm. The square has a larger
perimeter (3.59 cm) than the circle and the hexagon, but statistical
analysis showed the vortex rings from the square shock tunnel were
not significantly different than those from the circle. While the hexa-
gon is most like the circle in terms of perimeter (3.34 cm), the vortex
rings from the hexagon shock tunnel show a significant difference
from the circle. The large perimeter of the triangle causes the vortex
rings to slow and become significantly different from the circle. Vortex
rings from the hexagon shock tunnel also have a larger perimeter and
slow as they travel. The perimeter of the square is larger than the circle,
but the transition of the square to the squircle decreases these effects
resulting in vortex rings that are not significantly different than those
from the circle shock tunnel.

Figure 8 presents a comprehensive comparison, using box and
whisker plots, of measured velocities for the shockwaves and vortex
rings from different geometry shock tunnels. To facilitate easy com-
parison, the y-axis displays the average velocity for the circle for each
metric displayed as well as a solid line for a Mach of 1 to clearly show
super and subsonic velocities. The figure clearly demonstrates that the
shock velocities of all geometries are similar, validating the earlier

statement that shock velocity is independent of tunnel geometry. In
contrast, the vortex velocities exhibit significant differences among the
geometries, as supported by both the statistical analysis and the visual
representation provided in Fig. 8. The figure visually conveys that the
vortex velocities not only differ from the circular shock tunnel but also
display greater variability and uncertainty. This is indicated by the
larger boxes and whiskers associated with the vortex velocities, signify-
ing the spread of data points around the mean velocity values for each
geometry. The significance of these findings regarding vortex velocities
and their dependency on tunnel geometry will be discussed in subse-
quent paragraphs.

The incident shockwaves travel at an average velocity of
1.26 0.007 Mach upon leaving the shape adapters, showing consis-
tency in the experimental setup and shockwaves that are independent
of tunnel geometry. Figure 9 shows the incident shock velocities from
the left and right shape adapters for the five repeated tests. The similar-
ity between the velocities of all incident shockwaves is shown as well as
the minimal deviation indicating consistency in the measurements.

The vortex rings leave the shape adapters an average of 276 2ls
after the incident shockwaves. The velocity of the vortex rings was
measured as the rings left the shape adapters and then again prior to
impact.

Vortex velocity was broken down into two separate stages, the
vortex leaving the shape adapter and immediately prior to collision.
Velocities were calculated for the left and right vortex rings immedi-
ately after leaving the shape adapters, but before impacting the oppos-
ing shockwave. Velocities were then calculated for the vortex rings
after passing through the opposing shockwave but prior to head-on
collision with the opposite vortex ring. The same number of frames
was used for both calculations. An analysis of variance (ANOVA) was
performed on the data first, and a p-value of less than 0.05 was used to
indicate statistical significance. If the ANOVA indicated a statistical
significance, an independent samples t-test with a threshold of
p< 0.05 was used to determine if there was a statistically significant
difference between the specific shock tunnel geometries. In both cases,
the analysis of variance showed that a significant difference was pre-
sent between the geometries.

The circle was used as the baseline geometry; an analysis of vari-
ance (ANOVA) and t-tests were run to compare vortex velocity of

FIG. 8. Velocity measurements of the
shockwaves and vortex rings.
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different geometries to the circle. The two-tailed t-test p-value was
used to account for the total range of statistical differences. Both the
left and right vortex rings showed the same results, the triangle and
hexagon were significantly different from the circle, but the square was
not. These results were consistent for both the vortex velocities leaving
the shape adapters and the velocities immediately before head-on colli-
sion. After the shock–vortex interaction, the vortex rings decrease in
velocity, but triangle and hexagon shape adapters are still significantly
different than the circle. Velocities of the vortex rings after leaving the
shape adapter can be seen in Fig. 10, while velocities of the vortex rings
prior to head-on collision can be seen in Fig. 11. Vortex rings gener-
ated from explosively driven shock tunnels exhibit structural integrity
and remain cohesive even in the presence of strong fluid flows, such as
the opposing shockwaves, without undergoing significant deformation
or disintegration, allowing for velocity measurements before and after
shock–vortex interaction.

To assess the statistical significance of these observations, a 95%
confidence interval was used in conjunction with t-tests. As the square,
triangle, and hexagon vortex rings traveled, their confidence intervals
increased, indicating an elevation in uncertainty and variability. This
increase in variability was attributed to the shock–vortex interaction
and the wobbling motion of the vortex rings.

The interaction between the shockwaves and vortex rings led to
the introduction of turbulence, resulting in slower velocities and
reduced stability of the vortex rings. The circular vortex rings, on the
other hand, did not exhibit an increase in confidence intervals since

they did not experience the same wobbling motion caused by corners
in the geometry. However, they still showed a decrease in velocity due
to the shock–vortex interaction.

Vortex–vortex collision

As the vortex rings are traveling toward each other, they begin to
trap air between them. Air is continuously pushed into the space
between the rings due to the vortex ring rotation. The increase in pres-
sure of the trapped air causes a pressure gradient as the air between
the rings has a much higher pressure than the surrounding air. Once
the rings collide and break, the high-pressure air is released and creates
a shockwave. This pressure gradient was verified through experimental
studies and simulations by these authors previously,18 and the mecha-
nism of formation for the shockwave remains the same for different
geometry shock tunnels. Figure 12 shows the expanding shockwave as
a result of the vortex ring collisions.

As the incident shockwaves travel, the region behind the wave
has a lower density. The vortex rings travel in this area of low density
up until the head-on collision. Low density air facilitates the formation
of the shockwave as the two vortex rings collide. The low-density air
allows for the fast propagation of the shockwave once the vortex rings
collide, allowing the wave to travel faster and more efficiently than
that in higher density air. As the subsonic rings collide, they produce a
shockwave that travels through the low-density region produced by
the incident shockwaves.

FIG. 9. Incident shock velocities from the
shape adapters.

FIG. 10. Vortex velocity leaving the shape
adapters.
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Vortex rings have much more variability and randomness as they
travel when compared to the incident shockwave and shockwave from
vortex collision. All the incident shockwaves were formed from a con-
sistent method, the non-electric lead line. The shockwave produced
from vortex ring collision was formed due to the release of high-
pressure air and breaking of vortex rings. The rings travel and wobble
differently in each test so the collisions are never the same. In each
experimental trial, vortex collision results in the formation of a region
of high-pressure air and release of a shockwave. Shockwave velocity
after collision shows no statistical difference between geometries
tested. A comparison of the incident shock velocities and collision
shock velocities can be seen in Fig. 13.

When comparing the average vortex collision shock velocities,
there is no statistically significant difference observed among the
geometries tested. The circle, square, triangle, and hexagon tunnels all
exhibit similar velocities for the shockwaves generated after the vortex
rings collide. Similarly, when examining the average incident shock
velocities, there is no substantial variation among the geometries
tested. The incident shockwaves are formed from non-electric lead
line, which consistently produces incident shockwaves with compara-
ble velocities across the different geometry tunnels.

These results indicate that, despite the variations in vortex ring
travel and wobbling patterns observed in each test, the collisions con-
sistently result in the formation of a high-pressure air region and sub-
sequent formation of a shockwave. The similarities in both incident
and collision shock velocities across the different geometries suggest
that the velocity of the resulting shockwaves is independent of shape
of the shock tunnel.

This study demonstrates that vortex ring travel exhibits more
variability and randomness compared to the incident shockwave. The

head-on collision of vortex rings consistently leads to the formation of
high-pressure air regions and the release of shockwaves, with similar
velocities observed across the circle, square, triangle, and hexagon
geometries. These findings highlight the robustness of the vortex colli-
sion phenomenon and suggest that other factors, such as angles or
perimeter of the shapes, should be explored to identify potential corre-
lations with vortex wobble or velocity characteristics.

CONCLUSION

This paper analyzed the formation, propagation, and head on
collision of shockwaves and vortex rings produced by different geome-
try shock tunnels through schlieren imaging and statistical analysis.
Previous research has shown that vortex ring collisions produce a
shockwave, but vortices produced by different geometry shock tunnels
have not been studied. Explosively driven shock tunnels created inci-
dent shockwaves of consistent velocity with resulting vortex rings. The
vortex rings of different geometries traveled at different velocities and
were analyzed for statistical differences. The triangle and hexagon vor-
tex ring velocities were found to be significantly different than the cir-
cle vortex rings. The vortex rings from square, triangle, and hexagon
geometry shock tunnels travel slower than the circle, but still create a
shockwave upon collision with no statistical difference in shock
velocity.

Vortex rings with either acute, right, or obtuse corners will invert
and appear to wobble in schlieren images. Geometries with smaller
angled corners, such as triangles and squares, will have a more pro-
nounced wobble than a hexagon with obtuse angles. The wobble of the
vortex rings is due to corner inversion of the rings, which results in
increased air drag. Air drag on the vortex rings results in decreased
velocity.

FIG. 11. Vortex velocity prior to impact.

FIG. 12. (a) The circle vortex ring collision
at 200 ls, (b) hexagon vortex ring colli-
sion at 200 ls, (c) square vortex ring colli-
sion at 200 ls, (d) triangle vortex ring
collision at 200 ls, (e) circle vortex ring
expanding shockwave at 210 ls, (f) hexa-
gon vortex ring expanding shockwave at
210 ls, (g) square vortex ring expanding
shockwave at 210 ls, and (h) triangle vor-
tex ring expanding shockwave at 210 ls.
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As the vortex rings approach a head-on collision, high-pressure
air becomes trapped between the rings. The collision results in a
release of air moving to equilibrium causing a shockwave. Vortex
rings with significantly different velocities and wobbliness all pro-
duced statistically similar perpendicular shockwaves after head on
collisions.

These results show statistical differences in vortex formation
and interaction when area is held constant but with different geome-
tries. Future work will investigate the effect of constant perimeter on
the formation of shockwaves and associated vortex rings when
formed from explosively driven shock tunnels in addition to the
pressure produced by vortex ring collision with a wall. Additional
research could also examine how factors, such as temperature and
shock tunnel material, will impact the dynamics of vortex ring
collisions.
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