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The role of shock waves in expansion tube accelerators
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(Received 20 June 2006; accepted 22 September 2006)

Simulations are combined with laboratory measurements to show the important role of shock waves
in a popular physics demonstration, the “ping pong cannon.” The simulation and measurements
confirm a developing shock wave that reflects from the end of the closed tube and approaching ball
and the eventual formation of a transient localized pressure build-up near the exit tape barrier. This
2 atm burst of pressure peaks within a few microseconds of the ball’s arrival, resulting from the
combination of near ambient gas density and shock heating to about 1200 K. Pulsed schlieren
images beyond the exit confirm the sequence of internally reflected shock waves and the intense, hot
air pressure pulse that explosively removes the exit tape just prior to the ball arrival. © 2006 American

Association of Physics Teachers.

[DOL: 10.1119/1.2366737]

I. INTRODUCTION

In the “ping-pong cannon” physics demonstration'™ a

plastic tube with a loose-fitting ping-pong ball at one end is
typically sealed at each end with sealing tape, evacuated to a
few Torr, and the tape near the ball end is punctured.4 The
ball accelerates as air expands into the tube and is known to
reach speeds near 300 m/s after a distance of 2 m." Earlier
work has shown that the exit tape barrier becomes detached
before the ball reaches the exit (see Fig. 1). The details of the
gas dynamics just prior to the ball’s violent exit have been
unclear and are fundamental to the physics of the demonstra-
tion. More complex, multiple stage gas expansion tubes of
this sort are widely used in aerospace education and research
for producing very high gas speeds and shock waves,” but
their use in the acceleration of solid objects is much less
common.

The detachment of the tape prior to the exit of the ball is
the result of highly nonlinear gas dynamics and shock behav-
ior occurring between the ball and the tape. These processes
are initiated when the tape at the ball end of the tube is
punctured. The acceleration of the ball induces large ampli-
tude compression waves that travel along the tube ahead of
the ball. For isentropic flows, these compressions lead to
increases in the local sound speed, which result in a steepen-
ing of the compression wave and eventual formation of a
shock wave.® Flow gradients are high across the formed
shock wave, resulting in significant heat transfer and fric-
tional effects. Thus, entropy is not conserved across the
shock and the isentropic assumption becomes invalid in the
shock region.

The formation of the shock wave and resulting reflections
in the expansion tube are depicted qualitatively in Fig. 2. The
top of Fig. 2 indicates the initial location of the ball and the
initial condition for the pressure surrounding the ball. The
remainder of Fig. 2 is a space-time diagram that identifies the
position of the ball as it accelerates down the tube, the for-
mation of the compression shock, and the ensuing reflections
between the closed right end of the tube and the ball. Four
flow states are identified as different regions in Fig. 2: Re-
gion A indicates the undisturbed air in the tube ahead of the
initial shock front; region B indicates the formation of the
shock at the leading edge of the compression wave in front
of the ball; region C indicates the propagation and reflections
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of the developed shock wave; and region D represents the
expansion of air behind the accelerating ball.

II. NUMERICAL SIMULATION AND ANIMATION
OF SHOT DYNAMICS

To gain a better understanding of what is happening in the
expansion tube, a one-dimensional (1D) model has been de-
veloped that approximates the physical situation in the tube.
The model assumes one-dimensional, inviscid, ideal gas
flow, no air flow around the ball, and no energy loss at the
closed (taped) exit end of the tube. Although an imperfect
approximation to this physical system, simulations based on
the model exhibit almost all of the major features observed
in the physical measurements that are described in the fol-
lowing sections.

To model the fluid-structure interaction between the gas
and the ball, four equations are to be solved simultaneously.
The 1D compressible Euler equations govern the fluid dy-
namics and are comprised of three equations: conservation of
mass, conservation of momentum, and conservation of en-
ergy. A fourth equation governs the dynamics of the ball. The
ID compressible Euler equations are

Fig. 1. High speed image of tape removal prior to ball arrival (with 0.4 us
laser illumination) (Ref. 1).
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Fig. 2. Shock formation in an expansion tube accelerator in front of an
accelerating ball.

g d
dp  dpu) _

0, 1
ot ox W

2
dpu) N dpu”+P) _

0, 2
ot ox @

dpe) dpue + Pu)
+ =0

ot ox ®)

Here, p is the fluid density, ¢ is the time, u is the fluid veloc-
ity along the tube, P is the fluid pressure, and e is the total
energy per unit mass. The fluid pressure is related to density,

velocity, and energy through an equation of state for ideal
gases as

u2
P=P(p,u,e)=(y—1)pe;=(y- 1)p<e - —>,

5 (4)

where e; is the internal energy per unit mass and 7y is the
specific heat ratio of the fluid. The fluid temperature is gov-
erned by the ideal gas law’

e (7’—1)( Mz)
Lo o=,
Cy R 2

T= (5)

where R is the ideal gas constant and Cy, is the specific heat
at constant volume.

The equation of motion for the ball from Newton’s second
law is

a_ljb_(Pl_Pr)

7TR2,
ot M,

(6)
where U,, M, and R, are the velocity, mass, and radius of
the ball, respectively. The pressures P; and P, act on the left
and right sides of the ball. The Euler equations for the fluid
and the equation of motion for the ball are coupled by im-
posing an interface condition, which requires that the veloc-
ity of the fluid at the interface is equal to the velocity of the
ball, and the pressures to the left and right of the ball are
equal to the fluid pressures at the interface.

Numerical solutions for the compressible flow and shock
behavior are found using the stabilized space-time finite el-
ement formulation.”® This method was introduced in the
early 1990s as an interface-tracking technique for the com-
putation of flow problems with moving boundaries and inter-
faces and is well-suited for handling the motion of the ball
within the fluid domain. The method is implemented for the
ID compressible Euler equations using Matlab’ to carry out
simulations on the expansion tube accelerator.
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Fig. 3. Contours of constant pressure. Isobars indicate values of log,y(P/P,,,) with changes in value of 0.025 between contours, where P, is standard
atmospheric pressure (760 Torr) and is the imposed stagnation pressure at the left boundary.
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Fig. 4. Predicted temperature and pressure histories. Temperatures corre-
spond to the taped end of the tube, and pressures correspond to a location
4.5 cm from the end of the tube to correlate with subsequent piezoelectric
pressure measurements (see Sec. III C).

A simulation of the expansion tube accelerator was carried
out using a single-processor desktop computer, with initial
air pressure of 10 Torr inside the expansion tube (that is, to
the right of the ball) and an atmospheric condition of
760 Torr outside the tube. The ball is initially stationary and
the air is initially at rest throughout the entire domain of the
fluid. After the simulation is started, the motion of the ball is
driven by the air pressure to the left and right of the ball. The
fluid solution is governed by the 1D compressible Euler
equations [see Egs. (1)—(3)], with the velocity of the ball
imposed as a fluid boundary condition. A converged solution
for the coupled compressible fluid and ball dynamics is
achieved each time step using an iterative coupling approach.
In iterative coupling, individual systems of equations are

solved for the dynamics of the ball and the compressible
fluid. Coupling is achieved through the transfer of interface
information prior to the individual updates. Multiple itera-
tions and transfers of interface information result in a tight
coupling between the fluid and the ball dynamics.

The simulation results are highlighted in Figs. 3-5 and
predict the shock wave formation and reflections back and
forth between the tape and the ball. These reflections occur
several times before the ball reaches the end of the tube and
a boost in pressure and temperature is triggered with each
reflection (see Figs. 3 and 4). Resulting pressures exceeding
2 atm and temperatures exceeding 1200 K are predicted as
the ball approaches the taped end of the tube. The peak pres-
sure is surrounded by a high concentration of contours and
rapid reflections in the upper right corner of Fig. 3. The high
pressure pulse is expected to result in the forceful removal of
the tape prior to the ball leaving the end of the tube. The end
of the tube experiences a boost in temperature with each
reflection, as indicated in Fig. 4.

Unlike the pressure and temperature, which are discon-
tinuous across the ball, the velocity field is continuous (see
Fig. 5). This continuity is due to the no-penetration boundary
condition that is imposed at the surface of the ball. Maxi-
mum velocities of approximately 300 m/s are ]i)redicted and
are in close agreement with measured values."'”

III. SHOCK MEASUREMENT TECHNIQUES

A. Shock kinematics

The deflection of a He-Ne laser beam by index of refrac-
tion gradients allows a determination of the velocities of
shock waves present within the tube. As a shock passes
through a laser beam (entering through windows along a path
perpendicular to the tube axis), the beam will be either de-
flected further onto or off a small 125 MHz detector depend-
ing on the shock’s direction, thus producing short voltage
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Fig. 6. “Knife edge” shock detection optics, with beam paths added for
clarity.

spikes on a recording oscilloscope. Half of the detector’s
0.12 mm? area is covered with a sharp “knife-edge” of black
tape, and the laser beam is initially aligned half on the de-
tector and half on the tape edge to enhance this effect (see
Fig. 6). This bending of a 2 mm diameter laser beam due to
the strong refractive gradients in the tube is due to the pass-
ing shock’s step function of increased density. By using a
beam splitter, two He-Ne beams (with a 41 mm beam spac-
ing) are moved to multiple locations along the tube to deter-
mine the arrival times, directions, and speeds of shocks at
these points. When the ball itself passes a beam, a longer
voltage pulse is observed, thus providing information on the
ball and shock relative positions.

Imploding air (with initial pressures ranging from
1 to 140 Torr) without a ball present led to confirmation of
the relation of shock speed to the driver to driven gas pres-
sure. This ratio is given by5

P, y-1| 2 1M -1 [0
sz_{_va_IMI_v_s_} ,
Py y+1ly-1 v+1 M

(7)

where v is the specific heat ratio (1.4 for air at STP), P, is
the driven gas pressure (that is, background pressure), P, is
the driver gas pressure (in our case atmospheric pressure),
and M; is the shock Mach number.® When we repeated this
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Fig. 7. Shock speeds 25 cm from the end of the tube with the ball.
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Fig. 8. Linear approximation to position of the shock wave (solid line) and
ball (dots) as functions of time. The shock wave positions have been ex-
trapolated from limited data of shock speeds and arrival times at 10 Torr
initial background pressure.

experiment while accelerating the ball, the shocks were
found to have considerably lower speeds (see Figs. 7 and 8).
The lower speeds follow from the interaction between the
ball and the shock wave at the onset of a shot. With each
successive reflection off the ball, the shock speed grows in
magnitude, while after each reflection off the sealed exit end,
the shock speed in the lab frame is notably slower."" Three
distinct forward passages of the shock wave are detected
near the exit before the tape is blown off, confirming the
simulation’s prediction that it is the convergent trapping of
the ricocheting shock just prior to the ball’s arrival that trig-
gers a rapid pressure and temperature escalation.

The refractive deflection technique has also been used to
observe external shocks passing through the tape prior to the
exit of the ball. External deflection pulses are observed at
times consistent with those found earlier within the tube and
fully confirm their 2D imaging with schlieren techniques as
shown in Fig. 9.

B. Shock density measurements

Interferometers can monitor changes in the optical path
length and provide a quantification of changes of the index
of refraction, allowing measurement of both slow and fast
variations in the gas density. For example, if the axis of a
tube with an inner diameter of 40 mm is oriented perpen-
dicular to one arm of an interferometer, the implosion of air
following tape puncture will produce dozens of fringe shifts
on a relatively slow time scale (10 ms). A specialized inter-
ferometer can also precisely quantify gas density fluctuations
on a microsecond time scale such as those produced by the
propagation of shock waves along the tube axis. For a given
gas, variations in density are largely proportional to the index
of refraction, and each fringe shift (27 rad of phase) signals
a corresponding change in density. The differential hetero-
dyne interferometer employed in this case can follow
changes between two optical paths (0.01A to several \)
within fractions of microseconds.

The optical system of Fig. 10 facilitates fringe shift mea-
surements by converting the process to one of electronically

Olson et al. 1074



Fig. 9. A pulsed schlieren image displays external shock waves beyond the
end of the tube (Ref. 1). The convergence of shock waves (centered verti-
cally) has served to remove the tape, and the singular shock wave in the
upper half of the image is an earlier shock wave partially reflected internally
back toward the ball. Hot air pulses out behind the tape, and the ball is just
starting to emerge at the bottom.

measuring the phase shift between two 80 MHz RF signals
(where 27 of phase shift corresponds to one wavelength
change in the round trip path). The RF signals result from the
superposition of optical beams that have been doubly shifted
in frequency by a 40 MHz acousto-optic modulator. In the
system shown, orthogonal polarizations are separated by a
polarizing beam splitter, with each polarization passing
through its own arm of the interferometer.'” One polarization
passes through the tube and is impacted by the density
changes within the tube, while the other polarization is re-
flected only by a reference mirror. Lenses before and after
the tube focus the radiation near the tube center and mini-
mize the impact of refractive bending due to shocks that can
throw the system out of alignment during the measurement.

The radiation of each polarization is reflected back to the
laser output mirror. The laser cavity serves as the interferom-
eter “reference arm” for each polarization, thus producing
two 80 MHz heterodyne signals from detectors that monitor
the orthogonal polarizations present within the zeroth-order
beam passed by the acousto-optic modulator. Most table and
mount vibrations affect both polarizations in similar ways,
thus making phase shifts between these two signals primarily
dependent on tube density changes. To obtain the change in
phase A¢(r) between these two signals, a quadrature phase
tracking system is used. A RF mixer (and delay line) after

PBS

125 MHz
Detectors

Nl

PZ Mount

Fig. 10. The interferometry system uses polarizing beamsplitters (PBSs) to
produce two beams with orthogonal polarizations. The acousto-optic (AO)
cell shifts the first-order beam by 40 MHz each pass, while the zeroth order
remains unshifted. One piezoelectric mirror mount is used to allow testing
of system response to a prescribed motion.
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Fig. 11. Logarithmic plot of interferometric results 4.5 cm from the end of
the tube at 1 and 10 Torr initial background pressures. All three shocks (I, II,
II0) are visible.

filtering produces sin(A¢) and cos(A¢); these signals are
digitized with a digital scope (with typically a 10 MHz sam-
pling rate), and a LabView program keeps track of the quad-
rant of A¢ and plots Ag(r). For the double pass of the
40 mm inner diameter of the cannon, 240 rad of phase shift
are observed for the case of vacuum to atmospheric density,
with this calibration facilitating a proportional calculation of
the air density in the tube as a function of the time varying
phase.

Oscilloscopes are triggered to take density data from a
photogate pulse that detects the ball’s position in the tube
shortly after implosion. Typically several oscilloscopes with
varying delays are utilized to each store 10 000 data points
for a duration of 1 or 2 ms. LabView compiles these results
to allow multiple passages of the shock wave’s density
change to be measured at a location near the tube exit. The
phase may change by as much as 100 rad (0.4 atm) during a
few microseconds.

Figure 11 displays the air density on a log scale in the tube
4.5 cm from the exit for two initial “pump down” pressures.
Three forward passages of the shock are observed, closely
followed in each case by corresponding jumps in the density
for the reflected shocks. Even though there is a maximum of
the density just prior to the ball’s exit, many repeats of these
measurements for differing initial pressures still show the
density never exceeding that of ambient air density in the
room. Thus neither simulation nor measurement suggests a
strong, compressive density burst above room ambient air
density prior to tape removal at this location.

C. Piezoelectric pressure measurements

A high frequency piezoelectric pressure sensor'® was em-
ployed to directly measure the pressure near the exit end of

Olson et al. 1075
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Fig. 12. Plot of data taken at 0.9 Torr initial background pressure at a
location 4.5 cm from exit. Both the pressure and density are shown as a
fraction of normal atmospheric pressure and density, respectively. The final
pressure spike is much more pronounced than the final density, resulting
from shock heating. The two-stage pressure jumps at 5.5 and 6.9 ms indicate
the advancement and reflection of shocks II and III past the sensor. These
pressure jumps are predicted in the numerical simulation as indicated in the
final 2 ms of Fig. 4.

the tube. The transducer’s voltage versus pressure character-
istics are calibrated by a full atmosphere implosion over tens
of milliseconds. With the transducer mounted 4.5 cm from
the exit tape, pressure shock measurements were recorded
for initial background pressures ranging from 0.9 to 20 Torr.
Pressure fluctuations due to shocks were found to generally
follow the density data at this same location (see Fig. 11) for
the earlier passings, but a significant change is observed after
the arrival of shock III. The pressure rises to at least 2 atm
within several microseconds, while the density elevation is
much less pronounced (see Fig. 12). This behavior is consis-
tent with the simulation’s prediction of shock heating to
nearly 1200 K and a corresponding pressure spike. The time
of tape removal is also observed by the sharp drop in pres-
sure shortly after shock III. A photogate positioned just out-
side the tube also demonstrates synchronization between the
tape removal and the internal plunge in pressure. Thus it is
clear for this 3.6 m tube that shock III triggers the tape re-
moval by initiating a short pulse of pressure and temperature.
The schlieren images of shock wave fronts passing
through the tape (see Fig. 9) were produced in a different
PVC cannon of length 2.9 m. The pressure sensor was trans-
ferred to this tube to determine if the shock waves behaved
similarly to those of the 3.6 m tube. In the shorter tube the
fourth incident shock wave (rather than the third) is found to
produce the tape removal conditions because the shocks now
have a shorter path to travel as they reflect off the tape and
ball. In this case it is therefore shocks III and IV that are
imaged in the pulsed schlieren image external to the tube.'

IV. CONCLUSION

A 1D model of implosive nonlinear gas dynamics and high
speed optical measurements of the “ping-pong cannon” com-
bine to reveal a complex but reproducible sequence of events
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within the cannon. Only by simultaneous measurements of
both densities and pressures has it been possible to properly
test many predictions of the simulation, including the focus-
ing of shock energy to produce a shock-heated, barrier-
removing explosive event just prior to the exit of the ball.
The simulation and measurements provide a very consistent
description for shock wave development and the eventual
formation of the localized pressure build-up near the exit
tape barrier. The predicted shock magnitudes and speeds are
in close agreement with measurements. Although measure-
ments indicate the immediate presence of a highly developed
shock wave, the simulation indicates a smoother build up of
shock properties. These minor discrepancies are likely due to
assumptions in the model, such as no air flow around the ball
and rigid body treatment of the ball. One of the most reward-
ing aspects of this combined experimental and numerical
physics effort has been to gain a much fuller understanding
of the striking pulsed schlieren image of Fig. 9.
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