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Abstract

Initial experimentation using X2 to simulate a Mach 13 scram-
jet flight condition indicated the requirement to develop a tuned
free-piston driver. This involves running the piston at much
higher velocities around the time of diaphragm rupture in order
to sustain high driver pressures for significantly increased dura-
tion. Central to the tuned driver is a lightweight piston, which
enables the piston to be accelerated to high speeds, and subse-
quently decelerated, over the same fixed length of compression
tube. This paper discusses the background to the tuned driver
requirement for X2, and describes the design, stress analysis,
and final configuration of a new lightweight aluminium piston.
Experimental results for X2 using the new tuned driver are pre-
sented, indicating the successful implementation of the concept.

Introduction

The University of Queensland (UQ) is currently developing
scramjet access-to-space flow conditions using the X2 and X3
expansion tube impulse facilities. These flow conditions entail
flight between Mach 10 and 15, along a dynamic pressure as-
cent trajectory of up to 100 kPa. Expansion tubes are well suited
to this task, since they are theoretically able to achieve the very
high total pressures required, which are of the order of GPa’s.

The free-piston driver is the technique preferred by UQ to
achieve high performance drivers for its various impulse facil-
ities. Its primary advantage is that it heats the driver gas as it
compresses it. This increases the gas sound speed, which sig-
nificantly increases the shock strength through the driven tube.
However, in order to achieve high temperatures, large compres-
sion ratios are typically used, therefore the volume of driver gas
at diaphragm rupture is relatively low for feasible tube lengths.

The current free-piston drivers in the X2 and X3 expansion
tubes use relatively heavy pistons and short compression tubes.
A heavy piston permits smooth operation, since the piston can
be operated relatively slowly (making it easier to stop) and yet
still attain enough kinetic energy during its acceleration to com-
press the driver gas to the diaphragm rupture pressure. How-
ever, for a slow moving piston, the driver gas slug can be as-
sumed to have approximately constant volume at the end of its
stroke when compared to the time scales involved in test flow
development. After rupture, an unsteady expansion in the driver
gas causes a rapid pressure drop, which is transmitted down-
stream as a strong u+ a wave. This may interfere with down-
stream flow processes before or during the test time.

The high speed flow conditions for which X2 and X3 have typi-
cally been used (such as planetary entry between 6 and 10 km/s)
only require driver gas to be maintained at high pressure for a
short duration. However, high total pressure scramjet flow con-
ditions involve generating slower shocks through much higher

density test gas. These flow processes require driver pressure
to be maintained at target levels for a much longer duration,
which requires tuned driver operation. This paper discusses the
tuned piston driver concept, and details the design of a new
lightweight piston for X2, which is fundamental for a practi-
cal tuned driver. Preliminary results for X2 are presented, indi-
cating successful application of the concept. Finally, plans for
a lightweight filament-wound carbon fiber piston for the much
larger and higher performance X3 facility are introduced.

The X2 Expansion Tube Facility

A schematic of the X2 facility is shown in Figure 1. A pis-
ton is accelerated along the compression tube by high pressure
reservoir air, compressing helium driver gas ahead of it (pos-
sibly mixed with argon). The driver gas is initially separated
from the downstream driven tube by a steel diaphragm, scored
so that it ruptures in a clean and repeatable fashion. Towards
the end of the piston stroke the driver gas pressure is sufficient
to rupture the diaphragm, initiating a shock in the driven tube
and subsequent downstream flow processes.

Secondary and tertiary light mylar diaphragms are used to ini-
tially separate downstream tube sections which may contain dif-
ferent gases at different pressures. In basic expansion tube mode
the test gas is initially contained between the steel primary di-
aphragm and a mylar secondary diaphragm. A low pressure
gas fills the remaining downstream acceleration tube and dump-
tank, which includes the test section. The primary shock first
processes the test gas. The shock ruptures the secondary di-
aphragm upon its arrival, allowing the shock processed test gas
to expand into the low pressure acceleration tube. The test gas
undergoes an unsteady expansion along the length of the accel-
eration tube, gaining significant total enthalpy, before eventu-
ally passing over the model in the test section and providing the
flow experiment.

The facility is highly configurable. A helium secondary driver
may be located between the primary diaphragm and the test
gas in order to drive a stronger shock (for high enthalpy con-
ditions) or to provide an acoustic buffer against lateral acoustic
noise generated by the primary diaphragm rupture process (as
described by Paull and Stalker [1]). A contoured Mach 10 noz-
zle has also been developed, which expands the flow to a higher
Mach number and lower static pressure, and also increases the
size of the core flow and the duration of useful test time.

Shock Attenuation with the Existing 35 kg Piston X2 Driver

Traditional analytical methods were used to determine a facility
configuration which would achieve a high total pressure Mach
13 scramjet test condition; refer Table 1. This flow condition
used a helium secondary driver and the existing 35 kg piston.



Figure 1: Schematic of X2 expansion tube facility.

Symbol Value Units Description
pA,0 1.1 MPa Reservoir fill pressure, air.
pD,0 30.0 kPa Driver fill pressure, 100% helium.
prupt 15.5 MPa Primary diaphragm rupture pressure.

λ 42.5 [-] Driver compression ratio.
mp 35.0 kg Piston mass.
psec 150 kPa Secondary driver fill pressure, helium.
pshk 330 kPa Shock tube fill pressure, air.
pacc 254 Pa Acceleration tube fill pressure, air.
Me 13.4 - Predicted Mach number at nozzle exit.
ue 3.950 km/s Predicted flow velocity at nozzle exit.

pe,0 1,450 MPa Predicted total pressure at nozzle exit.

Table 1: Mach 13 calculated flow condition for X2.

Figure 2 compares several shock speeds measured and com-
puted at different points along the tunnel to theoretical estimates
based on classical analytical calculations. Shock speeds are
seen to significantly attenuate, particularly in the high pressure
(330 kPa initial fill pressure) air-filled shock tube. This shock
attenuation results in significantly reduced speed and total pres-
sure in the test gas compared to the target flow condition.

L1d2 is a 1-D Lagrangian flow solver developed by UQ to anal-
yse unsteady flow processes in impulse facilities such as X2
[2]. L1d2 predicted shock speeds in Figure 2 demonstrate good
agreement with the experimental results. Subsequent detailed
analysis with the L1d2 code, which includes the full piston dy-
namics, indicated that shock attenuation was due to the rapid
expansion of the driver gas shortly after diaphragm rupture. The
expansion can be weakened by configuring the piston so that its
speed after diaphragm rupture is so high that it temporarilly con-
tinues to maintain or even increase driver pressure, essentially
via a ramming effect. This type of free-piston driver condition
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Figure 2: X2 shock speeds for Mach 13 condition. Points de-
noted ‘X2s...’ indicate experimentally measured shock speeds.

is referred to as a tuned condition, and has been implemented
with X2 to prevent the shock attenuation observed in Figure 2.

Tuned Free-Piston Driver Operation

Tuned piston operation was originally proposed by Stalker [3].
Ignoring wave processes in the driver, after diaphragm rupture
occurs there is a reference piston speed, Ure f , which will com-
pensate for driver gas loss into the shock tube, thus resulting in
approximately constant pressure in the driver. The actual pis-
ton speed at the moment of diaphragm rupture, urupt , is non-
dimensionalised by this reference speed, Ure f , to produce Itoh’s
[4] piston over-drive parameter, β = urupt/Ure f .

Stalker [3] proposed the idea of configuring the driver such that
β > 1, thereby “over-driving” the piston. For β > 1, the pis-
ton will actually momentarily continue to increase the driver
pressure following diaphragm rupture, before the piston slows
and pressure begins to fall. The duration of time over which this
variation in driver pressure is within acceptable limits (typically



considered to be around 10% of the target pressure [3, 4]), can
correspond to a significantly extended period of useful supply
time. This concept is explained schematically in Figure 3.

Figure 3: Effect of piston over-driving on driver pressure.

Piston Soft Landing

Over-driving the piston results in the piston having a relatively
high velocity (typically 100 − 300 m/s) when the diaphragm
ruptures. However, it is also necessary to stop the piston be-
fore it collides with the end of the tube. Itoh et al. [4] identified
the types of motion possible, after diaphragm rupture, as the
piston approaches the end of the compression tube. These are
defined as being either ‘piston rebound’, ‘soft landing’, or ‘di-
rect impact’. The eventual piston motion depends primarily on
the properties and initial fill pressures of the reservoir and driver
gases, the piston mass, the compression tube and reservoir ge-
ometries, and the diaphragm rupture pressure. Itoh [4] proposes
targeting the soft landing condition and sizing the piston buffer
so that it catches the piston at its inflection point (where piston
velocity and acceleration are simultaneously zero). A soft land-
ing condition was targeted for the new X2 free piston driver.
It was considered impractical to incorporate brakes in the pis-
ton (which would prevent a rebound motion), and designing for
survival of direct impact at signficant speeds is not feasible. An
analysis following the arguments of Stalker [3] indicated that it
was necessary to make the new piston as light as possible.

The X2 Aluminium Lightweight Piston

A new lightweight piston was machined from high strength
7075-T6 Aluminium alloy. The piston geometry was con-
strained by strength and facility interface requirements (i.e. the
ability to use the piston with the existing compression tube and
launcher arrangement). However, the final mass of 10.5 kg was
determined to be low enough to achieve a tuned driver condition
with sufficient performance to achieve the target scramjet flow
conditions. The new lightweight piston is shown in Figure 4.

A finite element static stress analysis of the piston was per-
formed using ANSYS Workbench 11.0. A symmetric 1/24th
segment model was developed (to include the regularly spaced
structural pocketing). Interfacing components were included to
ensure representative load transfer at the supports, however only
the piston main body was assessed for strength. The finite ele-
ment model, shown in Figure 5, was subject to two load cases:

1. Driver pressure loading. The maximum driver pressure
for X2 is 40 MPa, and acts on the front face of the piston.
This limit load was factored by 2× to give the ultimate
load. An inertial body force was applied to oppose the
pressure force. In addition to symmetry constraints, slid-
ing constraints were applied to the wear ring and chevron
seal outer surfaces.
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Figure 4: New lightweight piston for X2.

Figure 5: Finite element solid mesh, 1/24th segment model.

2. Reservoir pressure loading. The maximum reservoir pres-
sure loading for X2 is 10 MPa, which acts on the inside
surface of the piston when it is sitting on the launcher.
This load was factored by 2× to give the ultimate load. In
addition to symmetry constraints, a single axial constraint
was applied to prevent rigid body motion. The stress re-
lieving restraint of the tunnel walls was ignored.

A static linear analysis was performed for both limit load cases
(40 MPa driver and 10 MPa reservoir pressure loads) to ensure
the calculated Von Mises stress did not exceed the material yield
stress (441 MPa per [5]) at any location. This was followed by
a non-linear material static analysis for both ultimate load cases
(80 MPa driver and 20 MPa reservoir pressure loads) to ensure
the material ultimate stress (476 MPa per [5]) was not exceeded.
The driver pressure ultimate load case proved to be critical,
with results shown in Figure 6. A deflection check was also
performed for the 10 MPa reservoir pressure limit load case,
to ensure piston radial stretching would not cause gas leakage
over the launcher seals, thus initiating premature piston launch;
the analysis indicated radial deflection at the seals of less than
0.05 mm, which was considered acceptably small.



Figure 6: Stress distribution in piston body subject to the critical
ultimate driver pressure load of 80 MPa.

It is noted that the actual driver pressure load is transient, ramp-
ing up to maximum pressure over a duration of order 1 ms. A
transient linear analysis was performed to assess the effect of
unsteady loading, and it was found that stress waves moving
through the piston had associated stress peaks approximately
double the peak static stress level. The final design was not
performed using the transient analysis, since specific detailed
high strain rate material data was not available. The 2× safety
factor was applied in part to account for these transient effects.
This approach was considered conservative since metals typi-
cally exhibit increased strength at very high strain rates. Below
the recrystalline temperature of most metals and for large strains
(0.05 to 0.5), the ratio of dynamic yield stress, σD, to static yield
stress, σS, is approximately 1 < σD/σD < 2 [6]; that is to say,
low temperature metals typically demonstrate higher strength
at high strain rates. At high temperatures, this ratio increases
significantly [6]. Whilst Aluminium is generally considered to
have a relatively low strain sensitivity [7], it still demonstrates
the same trend.

A New Tuned Free-Piston Driver for X2

A MATLAB analytical model of the X2 piston dynamics was
developed based on piston equations of motion derived by Hor-
nung [8], and used to investigate feasible soft landing condi-
tions with the new 10.5 kg piston. This model was suited to a
broad search of possible solutions due to its very fast run time.
A selection of promising conditions was then analysed with
greater fidelity using L1d2, resulting in three new driver con-
ditions. L1d2 uses loss factors to account for 2D and 3D flow
features, such as flow through the piston launcher; these loss
factors were fine tuned for each proposed driver condition by
comparison with driver blanked-off experiments. These exper-
iments involve firing the piston in X2, however the diaphragm
is replaced with a thick steel plate. The plate, which has a PCB
transducer installed within it, doesn’t rupture, and the piston
simply bounces back and forth until it comes to rest. However,
the experimental pressure trace can be used to fine tune the L1d2
model for the entire compression process up until rupture, and
serves as extremely useful validation data.

Three new driver conditions, detailed in Table 2, were then
tested experimentally with rupturing diaphragms. 6× 50 mm
nylon studs were sized to catch the piston at the calculated in-
flection point. A soft landing was achieved for each of the three
driver cases, with no damage occuring to the studs. Comparison
of Table 2 with Table 1 indicates that the lightweight 10.5 kg
piston requires reservoir pressures up to 6× higher than those
used with the existing 35 kg piston. It is also noted that it was
necessary to add 20% argon to the driver gas to slow its sound
speed, since tuned operation required impractically high piston
speeds with pure helium.

Driver Diaphragm Rupture Reservoir Driver fill Buffer
Case ID thickness1 pressure fill pressure pressure length2

[-] [mm] [MPa] [MPa] [kPa] [mm]

1 1.2 15.5 4.94 110.3 (80% He / 20% Ar)3 100
2 2.0 27.9 6.85 92.8 (80% He / 20% Ar)3 45
3 2.5 35.7 6.08 77.2 (80% He / 20% Ar)3 45

1 Diaphragms manufactured from cold-rolled steel, pre-scored to 0.2 mm depth.
2 Buffer is comprised of 6x50 mm diameter nylon studs.

Table 2: X2 lightweight piston finalised driver conditions.

The same Mach 13 condition from Table 1 was operated with
the new tuned driver conditions. The varying performance of
each condition resulted in different shock speeds, however the
shock attenuation due to driver pressure loss was eliminated.
An example of shock speeds for Driver Case 2 from Table 2 is
shown in Figure 7. It can be seen that target shock speeds are al-
most achieved. The secondary driver shock speed is lower than
the 0-D analytical prediction due to the primary diaphragm be-
ing offset from the area change in the driven tube, which delays
the shock reaching full strength.
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Figure 7: X2 shock speeds for Mach 13 condition (refer
Table1), but using tuned Driver Case 2 from Table 2. Points de-
noted ‘X2s...’ indicate experimentally measured shock speeds.

Figure 8 shows the L1d2 predicted driver pressure response for
Driver Case 1 in Table 2. It can be seen that piston overdrive
results in an approximate 10% increase in pressure following
diaphragm rupture. A driver pressure of approximately 30 MPa,
acting over the piston face area, will result in a deceleration of
approximately 15,000g, a significant deceleration load.
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Figure 8: L1d2 driver pressure for Driver Case 1 in Table 2.

As of July 2010, the piston has undergone over 100 blanked-off
and diaphragm rupturing shots for driver pressures varying be-
tween 15 and 40 MPa, and shows no signs of structural distress
or damage. The methodology and assumptions used to design
the piston therefore appear to have been valid in this instance.

Conclusions

UQ is currently using its X2 and X3 expansion tube facilities
to develop Mach 10-15 high total pressure scramjet flow condi-
tions to simulate scramjet access-to-space flight. Fundamental



to this objective has been the development of new free-piston
driver conditions optimised to produce long duration driver gas
supply, which require much lighter pistons, and involve much
more severe operating conditions. An initial driver study under-
taken in X2 has resulted in the development of a new 10.5 kg
aluminium piston. A combination of analytical modelling with
MATLAB, numerical analysis with L1d2, and blanked off driver
experiments, has produced three new tuned driver conditions.
These conditions run the piston sufficiently fast to maintain
driver pressure at high levels for a long duration after primary
diaphragm rupture, whilst also ensuring the piston comes to rest
at the buffer without significant impact speed.

These concepts were shown to work with great success in X2,
and are now being applied to the higher performance X3 facil-
ity. A tuned driver for X3 will similarly require a much lighter
piston, and work is currently underway to develop a filament
wound carbon fiber piston. The X3 composite piston will incor-
porate brakes to prevent rebound motion, thereby expanding its
operational envelope. Initial structural sizing has not yet been
performed, however the general structural configuration of the
piston has been considered in detail; see Figure 9.
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Figure 9: Proposed X3 lightweight piston (not to scale).
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