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Shock wave formation
from head-on collision of two
subsonic vortex rings
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Vortex ring collisions have attracted intense interest in both water and air studies (Baird in Proc

R Soc Lond Ser Math Phys Sci 409:59-65, 1987, Poudel et al. in Phys Fluids 33:096105, 2021, Lim

and Nickels in Nature 357:225, 1992, New et al. in Exp Fluids 57:109, 2016, Suzuki et al. in Geophys
Res Lett 34, 2007, Yan et al. in J Fluids Eng 140:054502, 2018, New et al. in J Fluid Mech 899, 2020,
Cheng et al. in Phys Fluids 31:067107, 2019, Hernandez and Reyes in 29:103604, 2017, Mishra et al.

in Phys Rev Fluids, 2021, Zednikova et al. in Chem Eng Technol 42:843-850, 2019, Kwon et al. in
Nature 600:64—69, 2021). These toroidal structures spin around a central axis and travel in the original
direction of impulse while spinning around the core until inertial forces become predominant causing
the vortex flow to spontaneously decay to turbulence (Vortex Rings, https://projects.iq.harvard.edu/
smrlab/vortex-rings). Previous studies have shown the collision of subsonic vortex rings resulting

in reconnected vortex rings, but the production of a shock wave from the collision has not been
demonstrated visibly (Lim and Nickels in Nature 357:225, 1992, Cheng et al. in Phys Fluids 31:067107,
2019). Here we present the formation of a shock wave due to the collision of explosively formed
subsonic vortex rings. As the vortex rings travel at Mach 0.66 toward the collision point, they begin

to trap high pressure air between them. Upon collision, high pressure air was imploded and released
radially away from the axis of the collision, generating a visible shock wave traveling through and
away from the colliding vortices at Mach 1.22. Our results demonstrate a pressure gradient with

high pressure release creating a shock wave. We anticipate our study to be a starting point for more
explosively formed vortex collisions. For example, explosives with different velocities of detonation
could be tested to produce vortex rings of varying velocities.

Vortex rings can form not only in air, such as in rocket nozzles and wing tips of airplanes or out the end of a shock
tube, but also in water in cavitation bubbles, the wake of a boat and waterspouts'2. Cavitation bubbles can turn
into vortices as they travel, and upon impact with the propeller or wall of a ship, break and create shock waves
that damage the vessel'. As there has been significant research performed on vortex rings in water®”!>15-2, this
paper studies the head on collision of vortex rings in air from an explosively driven shock tube.

Formation of a vortex ring occurs by expelling a slug of fluid through an opening such as the end of shock
tube. As the air is moving through the shock tube, it creates a boundary layer on the inner wall of the tube. The
shock wave travels out through the center of the tube, creating shear along the boundary layer. This shear causes
the air exiting the tube to curl back on itself, pulling in surrounding air, and forming the familiar vortex shape!?.

Using air as a medium of travel, there have been many studies over the years on vortex ring interaction with
a solid boundary. Some studies focus on different angles of vortex collision with a solid wall*. Mariani looks at
travel distance and the collision of vortex rings with a wall*!. Others look at boundary layer and wave prorogation
around a wall”'**'. A common finding is the production of a wall shock”'*?!. As the vortex ring travels towards
the wall, a boundary layer is created on the wall opposing the vortex ring. When collision of the vortex ring
and the wall boundary occurs, a wall shock is created. This shock travels radially along the surface of the wall?.

Using water as a medium for the vortex rings to travel through has provided more success in visualizing and
measuring the head-on collision of vortex rings. Studies with water have allowed other researchers to numeri-
cally simulate vortex ring collisions as well. Much research focuses on the formation of secondary vortex ringlets
after the collision*®*#. The Lim and Nickels paper in Nature includes images of the vortex rings reconnecting
in a water tank®. Once the vortex rings collide, fibers or filaments from each ring break and reconnect with the
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opposing ring. As the rings are reconnecting, they are forming new vortex rings that travel perpendicular to the
original direction of travel of the rings. These two new rings are composed of fibers from both original rings>**23.

Reynolds number is frequently used to characterize flows and in analysis of vortex rings. The Reynolds num-
ber is a dimensionless value that shows the ratio of inertial to viscous forces®*. At low speeds, a flow is smooth
and considered laminar. High speeds create turbulent flow with eddies and wakes. Reynolds number is used to
characterize these flows. Low Reynolds numbers (under 2000) will produce laminar flows and high Reynolds
numbers (above 3500) produce turbulent flows?>?¢. At high Reynolds numbers, the vortex ring collision simply
leads to a cloud of turbulence as opposed to reconnected vortex rings'®?’. Vortex ring collisions at Reynolds
numbers below 2000 have been shown to create reconnected rings>?*-*’. The vortex rings split at the core into
two separate vortices then reconnect with the opposing ring>**%. Although high Reynolds numbers lead to
a turbulent cloud, the incident vortex rings have the highest possible kinetic energy®’. Reynolds number can
significantly affect the kinetic energy of a vortex ring. A lower Reynolds number will produce laminar flow and
vortex rings with lower kinetic energy. The vortex rings simply travel through the laminar flow and need little
energy to continue traveling. At high Reynolds numbers, vortex rings require more kinetic energy to travel. They
must pass through turbulence and keep the vortex shape®*2.

As Reynolds number increases, small vortices are formed in the trailing area of the incident vortex rings.
These small vortices can cause the primary or incident vortex ring to disintegrate more rapidly*'. Occasionally,
small, reconnected vortex rings will appear in the cloud, supporting the previous research of reconnected rings’.

Of particular interest are studies of shocks forming in vortex rings. Baird finds that a reverse shock forms
in a vortex ring leaving shock tube’. This vortex ring has an area of very low pressure and is shown clearly in
photographs. The unsteady flow following the shock wave was imaged and revealed these reverse shocks in the
vortex ring'. Vortex rings have also been shown to have mini shocks inside the rings as they travel through air.
As a vortex ring approaches a square plate, a mirror effect occurs. A vortex ring forms on the plate and interacts
with the vortex ring traveling toward it. This interaction forms a surface shock wave and small vortex rings on
the plate*. Minota found that as two vortex rings collide, they produce an inward facing shock, similar to that of
a converging-diverging nozzle*. As the area of the collision expands, the velocity increases, creating a shock.
In a converging-diverging nozzle, as the exit area expands, the flow velocity increases causing a shock*. Minota
performed this research in air, and used shadowgraphs to capture images of the collision. In his article, he admits
that there is no clear view on the images showing the collision of the vortex rings. The simulations provide the
majority of information for his article, with no clear experimental images to show the phenomena occurs.

This research uses Schlieren imaging and computer simulations to investigate the head-on collision of two
subsonic vortex rings. The experiment was performed at standard temperature and pressure, thus the speed of
sound is Mach 1. Schlieren technology was used to visualize the head-on collision of the vortex rings formed
from explosively driven shock tube. ANSYS Autodyn was used as a comparison to the schlieren images. The
ANSYS simulation depicts colored images as compared to the black and white schlieren images. The images of
the collision and resulting shock wave are clearly captured and presented in the following discussion.

Results and analysis

Nonelectric lead line was used to create vortex rings from a shock tube. The head-on collision of the vortex rings
was captured using schlieren imaging technology and a Phantom camera. Figure 1 shows a timeline of the col-
lision of the vortex rings compared to a simulation between 0 and 230 ys after exiting the tube. Figure la shows
the instance the incident shock waves leave the tube at 0 us. Here the vortex ring is just beginning to form. The
shock wave leaves the tube at a Mach 1.22 having created shear along the boundary layer inside the tube. The
vortex was formed due to the shear causing the air to curl back upon itself behind the shock wave. At 40 ps in
Fig. 4b the vortex rings have separated from the tube and the shock waves are about to collide. Here the vortex
rings are traveling at Mach 0.66, well below the speed of sound. In Fig. 1c at 130 ps, the vortex rings are shown
just before collision. In the simulation image, an area of high pressure can be seen between the vortex rings.
This high-pressure air has become trapped between the vortex rings, creating a pressure gradient. After colli-
sion in Fig. 1d at 200 ys the high pressure is escaping and creating a shock wave. The schlieren image shows the
shock wave beginning to expand radially outward from the collision. The simulation image shows the area of
high pressure decreasing as the air is escaping. After the initial collision of vortex rings, and the escaping of high
pressure air that creates a shock wave, flow continues to occur from the tubes creating an area of turbulence at
the collision site. Figure le at 220 us shows the turbulent flow from the collision. This is the area where previous
research has observed reconnection of the vortex rings in water and in simulation. Due to the high Reynolds
number in this experimental test, reconnected vortex rings were not observed.

From the point tracking method in the PCC software, change in distance of the wave was found. Using Eq. (1)
where x is distance in mm and t is time in seconds, velocity of the wave was calculated. The velocity was converted
to Mach then pressure was calculated using Eq. (2) found by McNesby*®. Kinematic viscosity was calculated
assuming ambient air temperature of 22 C*. The average speed of the shock wave is Mach 1.12 and the average
speed of the vortex ring is Mach 0.42.

x
V= n * 1000 (1)
M2 —1
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Figure 1. (a) The shock waves exiting the tube (b) The vortex rings exiting the tube (c) The collision of the
vortex rings (d) The resulting shock wave from the collision of vortex rings e: Turbulent flow moving away from
the collision.
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40 ps

Figure 2. The oblique shock behind the vortex ring created by reflections of shocks in the tube.

Figure 3. (a) Shock wave deformation before vortex collision (b) Shock wave leading edge catching up with the
rest of the shock wave.

Schlieren video analysis calculated the velocity and pressure of the incident shock waves as well as the vortex
produced shock wave. Schlieren has been used successfully in previous studies to provide accurate measure-
ments of vortex rings®”*.

Behind the vortex rings in Fig. 2 are lines representative of an oblique shock at Mach 1.6. Figure 2 is an
enlarged image of Fig. 4b to show the oblique shock. This shock was calculated using Eq. (3). As the shock dis-
sipates, another normal shock wave exits the tube behind the vortex rings.

1

Moo = —
sin o<

3)

Mo is the Mach of the oblique shock while the sin o< is the angle the shock makes as it exits the tube. This
shock is seen behind both vortex rings and is comparable to that of a converging-diverging nozzle. The shock
in the tube is reflected off the walls of the tube, creating the oblique shock as it leaves the opening.

The collision of the incident shock waves at center shows no deformation of the shock waves, however their
velocity decreases. As the incident shock waves approach the vortex rings, the shock waves are affected as seen
in Fig. 3a. The part of the incident shock wave that impacts the vortex ring is slowed and deformed as it passes
through the vortex ring. Only the part of the shock wave that directly impacts the vortex ring is slowed and
deformed, the rest of the wave continues traveling outward. As the shock wave exits the vortex ring, it gains
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Initially exiting the tube 419 1.22
After collision with opposing shock wave | 349 1.02
At collision with vortex rings 296 0.86
After passing through the vortex ring 371 1.08

Table 1. Shock wave velocity throughout the collision process.
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Figure 4. (a): Schlieren image of vortex collision with resulting shock wave (b) Simulation image of vortex
collision.

velocity and catches up to the part of the shock wave that was not impacted by the vortex ring as seen in Fig. 3b.
The rotation of the vortex rings originally slows the shock wave, but then also helps to increase the velocity. The
velocity comparisons can be seen in Table 1. These measurements were all taken from the leading edge of the
shock wave, which is the part that directly impacts the vortex ring. The other locations of the shock wave that
do not impact the vortex ring travel at an average of Mach 1.09. After the leading edge of the shock wave passes
through the vortex ring, it can be seen that it does return to the velocity of the rest of the shock wave.

The vortex rings collide at subsonic velocity but produce a shock wave as a result of the collision. Figure 4a
shows the collision and subsequent shock wave expanding in all directions. As the rings move closer together,
they trap an area of high pressure between them. Figure 4b shows the simulation of the vortex ring collision,
where the red area in the middle is the high pressure air. This high pressure is built up until the collision of the
vortex rings. Upon collision, the high-pressure air is released and creates a shock wave due to the velocity of
release. In Fig. 6 the shock wave is traveling at Mach 1.12.

As the collision of the vortex rings occurs, the initial motion of the rings is stopped. The motion becomes
perpendicular to the original direction sending turbulent flow away from the collision. A turbulent cloud per-
pendicular to the original direction of motion begins to form and move in the same way that reconnected vortex
rings have been shown to move in water. Due to the high Reynolds number, a turbulent cloud forms after the
collision of vortex rings as opposed to reconnected vortex rings in previous literature®. Smaller secondary vortex
rings then exit the shock tube. This can be seen in Fig. 5. These smaller rings merge with the initial collision
adding to the turbulent field and sending the resulting flow perpendicular to the collision.

The average radial velocity of the incident shock wave and vortex collision shock wave was measured using the
PCC software. After converting velocity to Mach, the pressure of the shock waves was calculated using Eq. (2).
Table 2 shows the data from the incident shock wave while Table 3 shows the data from the vortex collision
shock wave. These measurements were taken as the shock wave expanded radially outward. Both the incident
shock wave and the vortex collision shock wave show the shock reach a peak velocity and then begin to slow.

Equation (4) was used to calculate the Reynolds number of the vortex rings. This equation uses kinematic vis-
cosity of air as opposed to the circulation of the vortex rings and has been used successfully in previous works**.
Calculations were performed using U as the initial translation velocity of the vortex ring, D as the diameter of
the vortex ring, and v as the kinematic viscosity of air. The kinematic viscosity of air was calculated assuming
ambient conditions of 22 Celsius™.
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320 ps

Figure 5. Vortex rings coming from the tube adding to the turbulent cloud.

Time after incident shock first leaves the tube (us) | Velocity (m/s) | Mach | Pressure (KPa)
10 384.2 1.12 131.4
30 488.9 1.43 2233
70 419.1 1.22 159.6
90 419.1 1.22 159.6

Table 2. Incident shock wave data.

Time after incident shock first leaves the tube (ps) Velocity (m/s) | Mach | Pressure (KPa)
220 384.2 1.12 131.4
250 419.1 1.22 159.6
280 349.2 1.02 105.7
310 384.2 1.12 131.4

Table 3. Vortex collision shock wave data.

UD
Re = — 4)
v

The Reynolds number of the vortices was calculated to be 115,779. Reynolds numbers this high indicate
turbulent flow conditions around the vortex rings and after the collision. With the high Reynolds numbers,
there will be no reconnection of the vortex rings after collision, just a turbulent cloud. Vortex rings are a major
component of turbulent flow, and the high Reynolds number is to be expected in this situation. As the vortex
rings move towards each other, they trap an area of high pressure between them. When the vortex rings collide,

the high-pressure area is broken and the air rushes out, creating a shock wave.

Conclusion

The collision of two subsonic vortex rings was shown to result in shock wave generation at the collision point.
Experiments using an explosively driven shock tube as well as ANSYS Autodyn simulation were used to visualize
the shock waves exiting the shock tubes and the resulting vortex rings. The vortex rings traveled at an average of
Mach 0.42 before collision. After collision, the subsonic vortex rings produce a shock wave traveling at Mach 1.12.
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Figure 6. Schlieren test setup.

The collision of two opposing shock waves produces no visible deformities in the shock waves, but does
produce an instantaneous decrease in velocity of Mach 0.05 compared to the velocity directly prior to collision.
As a shock wave impacts a vortex ring, the area of the shock wave that hits the ring is slowed and deformed.
Upon exiting the ring, the leading edge of the shock wave returns to the same velocity as the rest of the wave.

As the vortex rings rotate quickly, they generate an area of low pressure and temperature around the entire
vortex ring. When the two vortex rings move together, they trap an area of high pressure between them. This area
of high pressure has nowhere to escape until the vortex rings collide. Vortex rings are two areas of low pressure
colliding, while the high pressure air needs to find a way out. This is known as a pressure gradient in atmospheric
science and can be used to describe how a vortex ring collision causes a shock wave. The air will move to equi-
librium when given the chance, and the collision of the vortex rings provides an avenue for high pressure air to
move out of the confinement. Similar to air escaping a balloon when it is popped, the high pressure air will rush
away from the vortex rings at a speed high enough to generate a shock wave.

Methods

A head-on collision of two vortex rings was examined to study the collisions of subsonic structures in air.
Schlieren imaging was used to visualize the collision of the vortex rings. The vortex rings were generated using
Nonel shock tube and a 3D printed apparatus. The resulting movement and collision of the vortex rings were
observed and analyzed, specifically focusing on the supersonic shock generated from the collision of two sub-
sonic vortex rings.

A two-mirror, Z-pattern Schlieren setup was assembled using a Light emitting diode (LED) as the point light
source and a Phantom v2012 high-speed camera with a frame rate of 100,000 fps and resolution of 384 by 384.
The mirrors were 135 mm spherical mirrors with a one-meter focal length. The test setup can be seen in Fig. 6.

The shockwaves emitted were generated via a piece of non electric lead line approximately 1820 mm (6 feet)
long and inserted approximately three quarters of the way into a piece of %" Type L copper pipe that was 812 mm
(32 inches) long to act as a circular shock tunnel. The HMX/AI dusted non electric lead line has a velocity of
detonation of around 2000 m/s (6500 ft/s)**. On the end of the copper tubing was a 3D printed apparatus designed
to split the shockwave into two openings that would direct the generated vortex rings onto a collision course.
Each end of the shockwave splitting apparatus had a half inch end portion that was straight and allowed fitting
of adapters to create the circular vortex rings. The circular exit has a 6.35 mm (0.25 inch) diameter opening. The
distance between the openings of the adapters is 50.8 mm (2 inches). The apparatus can be seen in Fig. 7. The
Phantom PCC software was used to measure shock and vortex velocity.

A two dimensional axially symmetric coupled Eulerian-Lagrangian simulation was used to model the for-
mation and collision of shock vortices in Ansys Autodyn 2021 R1 and is shown in Fig. 8. Two 4340 steel tubes
6 mm inside diameter x 200 mm long x 6 mm thick were modeled with a 50 x 3 Lagrangian grid along the axis
of symmetry using a linear hardening EOS and a Johnson & Cook strength model*’. The Lagrangian tubes were
spaced 50.8 mm apart and were coupled to a Eulerian atmospheric air domain 500 mm long x 50 mm radius with
22001 x 201 element grid using universal flow out boundaries at the extents of the domain*'.

To generate a shock wave in the simulation, 1 mg of TNT detonation products were modeled using a JWL
equation of state and were isotropically expanded to the 6 mm inside diameter of the tube using a 500 element
1D Eulerian wedge model simulation®. The isotropically expanded products were then mapped into the tubes in
the 2D axially symmetric air domain and were spaced 50 mm from the end of each tube to produce shock waves
in air traveling converging on the center of the Eulerian domain. The simulation was used to visually compare
the pressure distribution with the schlieren images. A pressure measurement technique was not used for the
simulations as the explosive in the Nonel lead line was not able to be modeled for a direct comparison of the
generated shockwave and vortex ring. However, velocity of the incident shock and vortex ring was validated in
comparison to the experimental schlieren images.
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Figure 7. (a) The apparatus used to split the shockwave (b) the 0.25 inch diameter opening.
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Figure 8. Section view of coupled Lagrangian/Eulerian vortex collision simulation setup mirrored about the
axis of symmetry.

Data availability

The datasets used and/or analyzed during the current study are available from the corresponding author on
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