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Abstract

The new free-piston shock tunnel has been partially
calibrated, and a range of operating conditions has been
found. A large number of difficulties were encountered
during the shake-down period, of which the ablation of
various parts was the most severe. Solutions to these prob-
lems were found. The general principles of high-enthalpy
simulation are outlined, and the parameter space covered
by TS5 is given. Examples of the operating data show
that, with care, excellent repeatability may be obtained.
The temporal uniformity of the reservoir pressure is very
good, even at high enthalpy, because it is possible to oper-
ate at tailored-interface and tuned-piston conditions over
the whole enthalpy range. Examples of heat transfer and
Pitot-pressure measurements are also presented. The heat
flux measurements were obtained on a slender pointed cone
in the laminar (1 MW/m?), and turbulent (4 MW/m?)
flow. Although the calibration of T5 is not complete, the
facility has already produced important data relevant to
SCRAM-jet propulsion.

1. Introduction

A free-piston shock tunnel was brought into operation
at GALCIT in December 1990. The transition from the
shake-down to routine operation took place in Septem-
ber 1991. However, further development became necessary
during continued high-pressure operation because of abla-
tion of the shock-tube wall. Facilities of this type have
been in existence elsewhere for many years and a few have
recently been completed. Notable examples are the tun-
nels known as T3 at the Australian National University,
completed in 1969, T4 at the University of Queensland,
completed in 1987, and HEG at the DLR in Géttingen,
completed in February 1992, see Eitelberg (1992). As its
name implies, TS is in several ways a machine that has
been developed from experience gained with the operation
of and research in the Australian free-piston shock tunnels,
all of which, starting with the very small facility T1, have
served to provide scaling laws for and successive improve-
ments in such devices, see Morrison, Stalker and Duffin

(1989).

The purpose of the free-piston shock tunnel is to gen-
erate very high enthalpy flows at high density, in order
to enable laboratory simulation of the chemical nonequi-
librium effects encountered in the aerodynamics of trans-
port to and from space through planetary atmospheres.
The method by which the free-piston technique achieves
high enthalpy at high density is to heat and compress the
monatomic driver gas adiabatically with a reusable, heavy
piston. The rationale leading to the technique is described
by Hornung (1988).
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This paper presents the features and performance data
of TS and discusses them in the light of previous results
and predictions. An earlier status of T5 is presented in
Hornung et al. (1991). Problems encountered because of
extreme heat loads to the facility and their solutions are
also presented.

2. Description of the facility
2.1 Dimensions, pressure levels and operation

With the constraints imposed on the design by the re-
quirement of sufficient size and pressure for binary scaling
of the important reactions, available space, safety and cost,
optimization led to the following parameter values:

Maximum diaphragm burst pressure 130 MPa
Maximum secondary reservoir pressure 15 MPa
Compression tube diameter 300 mm
Compression tube length 30 m
Shock tube diameter 90 mm
Shock tube length 12m
Piston mass 120 kg

A preliminary design to these specifications was made in
December 1988.

In a typical run, the secondary air reservoir contains
air at 13 MPa, the compression tube contains helium at
150 kPa, the diaphragm burst pressure is 110 MPa, and
the shock tube contains 90 kPa of air. When the piston
is released, it is accelerated by the compressed air to a
maximum speed of about 300 m/s. The kinetic energy
stored in the piston allows it to continue to move forward,
thus compressing and heating the helium to around 4600
K at diaphragm rupture. The piston speed is still signif-
icant at this point, typically 150 m/s, so that the driver
gas pressure is maintained approximately constant after
diaphragm burst (‘tuned piston’ operation). With these
conditions, the shock speed achieved is about 4.2 km/s,
so that the specific nozzle reservoir enthalpy is about 20
MJ/kg, and the nozzle reservoir pressure is about 70 MPa.

As the piston accelerates along the compression tube,
this center of mass shift is compensated by a recoil of the
compression tube, shock tube and nozzle. The test sec-
tion and dump tank remain stationary, and the secondary
air reservoir recoils in the opposite direction under the ac-
tion of the thrust of the outflowing air. To accommodate
the resulting relative motions, the joints at the nozzle and
at the launch manifold are fitted with sliding axial seals.
The recoil speed determines the level at which the tube
is stressed by a wave released by the rapid piston decel-
eration. This and other considerations make it desirable
to reduce the recoil speed as much as possible. For this
reason a substantial inertial mass (14 tons) is fixed to the



high-pressure end of the compression tube, the origin of the
stress wave. The recoil distances are typically 100 mm and
150 mm for compression tube and secondary air reservoir
respectively.

2.2 Instrumentation

The instrumentation available at the facility includes
thermocouple type surface heat transfer sensors, piezo-
electric surface pressure transducers, and Pitot pressure
probes. In addition, non-intrusive visualization is routinely
used in the form of differential interferometry, or schlieren
photography. Instrumentation belonging to Rocketdyne
division of Rockwell International Corporation and sta-
tioned at the T5 Laboratory includes higl-speed video,
high-speed schlieren photography (25,000 frames/s), du-
plicate planar laser-induced fluorescence for OH measure-
ment, and diffuse holography.

Ancillary equipment includes a combustion-heated
shock tunnel with a 1 in. diameter shock tube for syn-
chronized hydrogen injection at speeds up to 5.5 km/s,
see Bélanger and Hornung (1992), three Ludwieg tubes
(property of Rocketdyne) for heated hydrogen injection at
speeds up to 3 km/s, and a diaphragm indentation ma-
chine.

2.3 Data acquisition system

The modular data acquisition system consists of ampli-
fiers, threshold detectors, digital counters (for shock speed
measurement), digital delay generators (for control of test
section diagnostics and hydrogen injection timing), and
digitizing units. Forty A/D channels are currently avail-
able, each with a resolution of 12 bits and a maximum
sampling rate of 1 MHz. The total through-put is limited
to 16 MSamples/s. A typical run generates over 250 kByte
of data. The system is controlled from a Sun SPARCsta-
tion computer with software facilities enabling *quick-look’
examination of the data immediately after the shot.

For image acquisition, each PLIF system is equipped
with a CCD camera and accompanying software, an addi-
tional CCD camera is available for use with interferometry,
and wet-film photography facilities are available.

3. Problems encountered during shake-down

The first shot of T5 was fired on December 17, 1990,
and a number of difficulties were soon encountered as the
operating pressure was gradually increased. The most im-
portant of these was that in the original design the sec-
ondary air reservoir was not free to recoil. The mass move-
ment of air in the reservoir exerts a very significant thrust,
however, and an extensive modification of the support sys-
tem had to be designed and installed, before the pressure
could be raised to design value. This work was comnpleted
in April 1991. For more detail see Brouillette (1992).

3.1 Nozzle-throat heating
The most extreme heat flux in the facility occurs at the

nozzle throat. The original design used a beryllium-copper
throat insert, which terminated at an area ratio of about 2.

As the operating pressure of the facility was raised during
shake-down, it soon became apparent that severe ablation
occurred at a number of critical places. The end wall of
the shock tube which was stainless steel, melted when the
test gas was nitrogen and burned when the test gas was
air. The liquid metal or metal oxide then flowed into the
nozzle throat during the run and caused severe damage to
the throat. It became clear that a different material was
needed for the throat as well as for the end wall.

At first, we experimented with different materials for
the throat insert. The quantity that measures the ability
to withstand transient heating is the product Ty, /pck

.(where Ty, is the melting point, p is the density, c is the

specific heat and k is the thermal conductivity of the ma-
terial). Copper and molybdenum are the best materials
on this scale and steel is particularly bad. Tungsten is
nominally better than copper, but it burns vigorously, so
much so that the diameter of the throat increases during
one shot by 0.3 mm. Solid copper is too soft for the high
pressures of the nozzle reservoir region. Molybdenum does
a good job and is the material now in regular use. At the
maximum reservoir pressure of T5, 100 MPa, the molyb-
denum exhibits fine hairline cracks after the second shot,
which grow in width during each subsequent shot, so that
the throat insert has to be replaced after 5-6 shots.

A different solution, which was found to be effective in
other regions of the flow, was to electrodeposit a 0.3 mm
thick layer of copper on a steel backing material. In this
manner, the steel supplies the strength and the copper sup-
plies the required thermal properties, since the penetration
depth of the heat is only about 0.2 mm in the 2-3 ms of
the flow duration. This method was not successful in the
throat region, where the copper coating was found to melt
at the point where the radius of curvature in the longitudi-
nal plane was smallest (15mm). From this and the method
of calculating throat heating rates given by Enkenhus and
Maher (1963), the heat flux may be deduced to be at least
1 GW/m2

Downstream of the nozzle throat insert, the steel noz-
zle was also very severely ablated. Thus, even at area ratio
larger than 3, where the temperature is already down to
0.8 times T,, and the density to 0.2 times p,, the heat
flux is still well above that required to mielt steel in 2 ms.
A second nozzle insert was therefore made from a differ-
ent material. The most successful material was found to
be molybdenum, which, in that location does not crack,
even at the highest operating pressure. It does not require
replacement.

3.2 Ablation in other regions

The melting and burning of the shock tube end and
side walls in the nozzle reservoir region could be prevented
by using copper-coated inserts up to a distance of 8 shock

tube diameters upstream from the end wall. The shock
tube wall inserts required the last shock tube segment to
be removed and taken to a machine shop since it had to
be bored out. The insert is made of stainless steel with a
0.3 mm thick copper coating on the inside and a steel wall
thickness of 10 mm. The end wall surrounding the throat
insert is also made in this way. All the inserts have to be




able to seal vacuum and high pressure, of course, so that
a total of 6 additional ‘o’-ring seals were required.

At this time, there remains one place where ablation is
still occurring. This is just downstream of the diaphragm,
where the shock tube diameter decreases in a step in order
to prevent the diaphragm petals from being picked up and
bent back by the reflected shock. The step presents a steel
obstruction to the flow, at which significant ablation takes
place. This will be replaced by a copper step in the near
future, and it is expected that this will solve the problem.

3.3 Piston seals

The rear piston seal is made of nylatron. The sealing
action relies on the air pressure behind the piston to deflect
a thin skirt of nylatron against the inner surface of the
compression tube. It turned out that this seal exhibited
excessive wear at high pressure conditions, and had to be
redesigned to have a somewhat stiffer flexible element, see
Brouillette (1992) for more detail.

A more severe problem was encountered with the front
seal on the piston. This employs a chevron ring principle,
the original design being shown in Fig. 1. The aluminum-
bronze ring has 4 small holes that communicate the high-
pressure helium to a small cavity between itself and the
nylatron chevron sealing ring. The idea is that the pres-
surization of the chevron ring from the inside will push
it against the compression tube wall, thus sealing against
the helium. Unfortunately, the cavity will then leak to the
space between the piston body and the tube wall, with the
consequence that the heat transfer (in the presence of fast
flow) becomes excessive, and the aluminum-bronze ring
melts near the 4 holes. A second problem that occurred
during the off-design conditions that were being run during
shake-down, was that the aluminum-bronze ring could fail,
either by twisting off in a forward direction, or by shearing
off the aluminum threads of the piston.

Modifications were made to the design in a number of
steps, that led to the design shown in Fig. 2. The alu-
minum spacer ring was replaced by a thicker steel ring and
the aluminum-bronze ring was extended to the back to be
constrained by the new steel ring in order to prevent it
from lifting off the thread, thus preventing it from twist-
ing off. A piece of the piston was removed and replaced by
a hardened steel piece screwed onto the piston, such that
the aluminum-bronze ring would fail in thread shear first.
These two modifications were successful in preventing fail-
ure of the ring. The seal was redesigned by adding the two
‘o’-rings shown in Fig. 2, which now prevent any leakage
out of the cavity and completely remove the problem. The
seal now works very well, no blow-by or melting has been
occurring with it at all.

3.4 Transducer amplifiers

One of the features of modern electronic miniaturiza-
tion was that the impedance converters of piezoelectric
pressure transducers could be made so small, that they
could be housed in the body of the transducer. This has
the disadvantage in the environment of T5, that the circuit
1s subjected to higher acceleration than it can survive re-
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peatedly. It was necessary to revert to the earlier designs,
where the impedance converters were placed in the cable a
short distance from the transducer, so that they could be
isolated from the acceleration.

4. Performance
4.1 High-enthalpy flow simulation

At high enthalpy, the Mach number. which measures
the square root of the ratio of the ordered kinetic energy of
the flow to the thermal energy of the gas, is not so impor-
tant as the ratio of the ordered kinetic energy measured in
terms of the specific dissociation energy of the gas. There
are usually several such characteristic chemical energies.
The characteristic specific energies relevant for air are

Dy, = 33.6MJ/kg
DO:, = 15.5MJ/kg
Dyo = 20.9MJ/kg

E,N, = 0.992MJ /kg
E.0, = 0.579MJ /kg
Eyno = 0.751 MJ /kg .

where the D’s and E,’s are specific energies of dissociation
and of vibration respectively. It is therefore not possible
to simulate the numerous idiosyncrasies of a particular gas
by using another gas. Thus, the specific chemical energies
have definite known values, and the duplication of the ra-
tios of the ordered kinetic energy to them in a simulation
implies that the actual flow speed has to be duplicated.

It follows that the reservoir enthalpy hg of the flow,
which is approximately equal to ¥2/2, where V is the flow
speed, has to have the same value as in flight. If the flow
is accelerated from rest, as in T5, the reservoir enthalpy
corresponding to, say, a flow speed of 6 km/s is 18 MJ /kg,



which, at a reservoir pressure of 100 MPa, implies a tem-
perature of nearly 9000 K in air.

The high pressure is necessary to ensure that the chem-
ical reaction rates occur at the right rate for correct sim-
ulation of nonequilibrium effects. Smaller scale requires
faster reaction for correct simulation. If the temperatures
are right (as is ensured by correct flow speed) the reac-
tion rates depend mainly on thie density. Rates for binary
reactions, like dissociation, are linear in density, those for
three-body reactions like recombination are quadratic in
density. Thus, all reactions can never be simulated cor-
rectly except at full scale. In many cases, three-body re-
actions are not important and where they are, compouent
testing or extrapolation is necessary.

Two difficulties arise in simulation of high enthalpy
flows in reflected shock tunnels: The nozzle expansion is
not able to fully recombine the gas to the undissociated
condition of free flight, and the Mach number of the flow
is lower than that of free flight (free stream temperature
too high) unless the nozzle area ratio is extremely high.
The latter is precluded by the need for sufficiently high
density, unless the pressure is increased enormously. This
in turn introduces even more severe heating problems than
were encountered in T5. (A facility in which the reservoir
pressure will be an order of magnitude higher than in T5
is under construction at AEDC, see Maus et al., 1992).

Thus the parameters of interest in the assessment of
a facility’s ability to simulate high enthalpy flows are the
ranges of flow speed, density aud size, as well as the free
stream composition, Mach number and test time. Much
is often made of the last of these, and the question of
whether it is sufficiently long. Experience with TS has
clearly demonstrated that under no circumstances should
the test time be increased, if the facility is not to be de-
stroyed by ablation. Also, that the steadiness of the flow
over typically 2 ms has been demonstrated by schlieren
movies to be very good (Experiments by Rocketdyne in
T5).

4.2 Parameter space of T5 performance

In the characterization of a facility’s performance, it
1s essential that parameter values are quoted in context.
For example, it is not sufficient to say that the specific
enthalpy ranges up to 20 MJ/kg, unless the values of the
density and Mach number are also quoted. Thus, while
arc-heated tunnels can produce this specific enthalpy, the
density is so low that no significant recombination occurs
in the nozzle flow, and the reaction rates behind a norinal
shock are far too slow. In the case of shock tunnels which
use steady heating of the driver gas so that the the driver
temperature is limited to 750 I, high specific enthalpy can
only be achieved at low density. Consequently, the reaction
rates are again too slow. For comparison, the free-piston
shock tunnel typically operates at driver gas temperatures
of 4500 K. It is also necessary to relate the size, Mach
number and free-stream composition to these parameters.
4.2.1 Binary scaling, enthalpy, free-stream freezing

Following the arguments in the previous section, the
best way to display the performance of a high-enthalpy fa-
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cility is in a plot of the product of density p and nozzle
exit diameter d against the square root of specific reser-
voir enthalpy. For a given gas, the density-length product
characterizes the binary reaction rates, and 1/(2ho) char-
acterizes the equilibrium behavior. Such a representation
is given for T5 in Fig. 3. On the abscissa of Fig. 3, three
arrows mark values of some of the specific dissociation and
vibration energies of air components. The top straight
line defines the upper boundary of the range of conditions
achievable by T5 with a reservoir pressure of 100 MPa and
with a 32 mm diameter throat, at an area ratio of 100.
The lower straight lines represent the upper limits for the
same throat diameter but larger exit diameters, and cor-
respondingly longer nozzles. Such larger nozzles do not at
present exist.

To compare with these performance limits. the figure
also shows the trajectories of the National Aerospace Plane
on ascent and reentry. For this comparison, it was assumed
that the span of a mode! would be equal to half the exit
diameter of the nozzle. Fig. 3 also shows the values of the
atomic oxygen concentration as a mass-percentage at dif-
ferent points of the present nozzle flow in air. The atomic
nitrogen concentration is negligible at specific enthalpies
below 25 MJ/kg, or at equivalent speed below 7 km/s. The
larger nozzles indicated in Fig. 3 would require some hard-
ware modifications, but otherwise present no new prob-
lems. At any condition on or below the straight line, it is
possible to operate T5 with tailored interface conditions.
This is achieved at the lower enthalpies by mixing various
amounts of argon with the helium driver gas. In this way
the speed of sound of the driver gas can be changed over
a much wider range than is easily achievable by chang-
ing the compression ratio of the piston compression. Very
low densities can only be achieved by reducing the throat
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Fig. 3 T5 performance limits in relation to NASP trajec-
tories and air properties for the existing (M=5.2)
nozzle and possible other nozzles at nominal Mach
numbers as indicated. The free-stream atomic oxy-

gen concentration is shown as a mass percentage.
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diameter, which involves operating the present nozzle off
design.

The upper straight line of Fig. 3 is based on experimen-
tal results such as measurements of shock speed, reservoir
pressure, Pitot pressure, heat flux, and flow visualization.




No measurements of gas composition have been made so
far. The gas composition quoted in the form of atomic
oxygen concentration is based on nonequilibrium axisym-
metric nozzle-flow computations using the SURF code (see
Rein, 1990, 1991, 1992). However, computations show that
the sensitivity of the exit composition to the reaction rates
is small compared with the uncertainties in the rates, so
that these concentrations can be regarded with sonie confi-
dence. Previous experience with mass-spectrometric mea-
surements by Crane and Stalker(1977) support this view.
The Pitot pressure measurements indicate that the nozzle-
wall boundary layer has a very small displacement thick-
ness in the Mach 5.2 nozzle. The other straight lines in Fig.
3 are based on approximate extrapolation and numerical
computation with SURF.

The low Mach number nozzle is particularly useful for
SCRAM-jet combustor testing, because the inlet condi-
tions for these can be duplicated almost exactly for the
NASP ascent. This is the reason for the extended tests
that have been performed in T5 by Rocketdyne, see Davis
et al. (1992), also Waitz et al (1992). In these exper-
iments, the steadiness of the flow was demonstrated by
time-resolved (movie) schlieren photography, and success-
ful PLIF measurements of OH concentration were obtained
with synchronized hydrogen injection.

4.2.2 Test time

An important parameter of shock tunnel operation is
the test time before driver-gas contamination. So far, only
an indirect method has been used to measure this time.
It employs the phenomenon of shock detachment from a
wedge. The detachment angle for the exit conditions with
dissociating nitrogen is approximately 46 deg., and with
monatomic gas is approximately 36 deg. Thus, if a 45
deg. half-angle symmetrical wedge is placed in the flow,
the shock will be attached while the flow consists of test
gas, and will detach, when the monatomic driver gas ar-
rives. This technique will, of course, not detect very low
concentrations of driver gas, but is a useful indicator of
the approximate arrival time of driver gas. In order to
make it a little more sensitive, the quantity s. see Fig. 4,
was measured as a function of time. For approximately 3
ms, s remains fairly constant indicating no contamination
and rises in an erratic fashion thereafter, until, at 4-5 ms,
the flow breaks down completely. The model for this fiow
was just a plece of angle iron, rigged up quickly at a time
when a few runs became available to do this test. Clearly,
more sophisticated contamination measurements are still
needed.

Fig. 5 shows a diagram giving the test time as a func-
tion of reservoir enthalpy, as predicted after the prelimi-
nary design was completed in December 1988. The limit
to the test time is the arrival of the driver gas. The limited
amount of data available so far indicates that the curve in
Fig. 5 gives a very conservative estimate. The constancy
of the reservoir pressure in T5 is very good during this
period, because it is being operated at tuned piston and
tailored-interface conditions. At the maximum pressure
of 130 MPa (diaphragm burst), the piston is not heavy
enough to give optimum constant-pressure duration. A
heavier piston has been designed and is awaiting funding.

This will also enable more satisfactory lower compression
ratio operation.
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Fig. 4 The shock on a 90 deg. wedge as an indicator
of contamination onset. The distance s increases
significantly as the monatomic driver gas arrives.
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Fig. 5 Measured quantities relating to the available test
time, compared with predicted contamination onset.
This prediction appears to be conservative.

4.3 Examples of T5 operating conditions

In order to illustrate the quality of the T5 operating
conditions, a few representative data are collected in this
section. One of the important qualities of such a facility is
the repeatability of the shock speed. The shock speed. Vs,
depends on the thermodynamic state of the three gases
before the shot and the diaphragm burst pressure. The
temperature and pressure of the air driving the piston,
the driver gas, and the test gas, the driver-gas mixture
ratio, and the diaphragm burst pressure make 8 variables,
each of which is only repeatable within an experimental
error. To illustrate how well V, can be repeated, the table
shows the results of 5 successive shots with nominally equal
conditions. As may be seen, the variation of 1 is less than
1%. It needs to be pointed out that V; varies by a larger
amount than this over the length of the shock tube in one
shot, as a result of the attenuation caused by the turbulent
boundary layer on the shock tube wall. The values given
in Table 1 are measured at the second-last shock-timing

interval.



It should also be pointed out here that the free-piston
driver is significantly different from the usual long driver
without area change, as on a conventional shock tube. The
proximity of the piston to the diaphragm station and its
speed mismatch and acceleration cause weak waves to fol-
low the shock and to modify its strength. It is therefore
very important to operate with tuned-piston conditions, as
has been shown by the method-of-characteristics compu-
tations of Hornung and Bélanger, 1990.

The good repeatability of the diaphragm burst pres-
sure, on which the repeatability of 1, also depends, is
achieved by using the diaphragm indenting machine for
preparing the diaphragms. This also produces diaphragms
much more cheaply than other methods. It is based on
a configuration suggested to the author by Lucien Du-
mitrescu in 1991 and is described in detail by Cummings
(1992). By weighing the diaphragm before and after the
shot, the material loss was determined to be about 100 mg.

shot no. Vs, km/s po, MPa
140 4.76 57
141 4.72 55
142 4.76 58
143 4.74 60
144 4.78 60

The second quantity that needs to be accurately known
and repeatable is the nozzle reservoir pressure. To illus-
trate the character of the reservoir pressure trace, Fig. 6
shows a number of such traces for the corresponding shots
of the table. As may be seen, at this enthalpy and pres-
sure, the reservoir pressure pg is virtually constant over
a period of about 2 ms. These shots are very close to
the tailored-interface condition, as may be seen from the
traces. The value of pp is also given in the table. As may
be seen, the repeatability of pg is within £4%. Very careful
setting up is required to obtain these accuracies. V; and
po are the two quantities that determine the equilibrium
reservoir state of the test gas.

In order to illustrate how tailored-interface operation is
possible at different enthalpies, Fig. 7 shows two pp traces
at different values of hg. The free-piston machine permits
tailoring over the full range of hg as well as over the full
range of pg. The latter in the case of TS, is from 20 to 100
MPa. The lower liniit is again related to the piston mass.
With a lighter piston, pg could be further reduced.

The Pitot pressure survey that has been made in TS
suffered from the fact that the Kulite gauges that were used
for this purpose did not survive the thermal and shock
load at the maximum-pressure conditions at which they
were taken. The limited data available are shown in a plot
of Pitot pressure against radius in Fig. 8. Also shown is
the numerically computed value of the radial distribution.
These results were taken only at one axial position, and at
a time when the nozzle ablation problem was most severe.
They clearly need to be repeated much more thoroughly
and with better instrumentation. Nevertheless. the values
lie in the range where the SURF code predicts them for the
corresponding range of pg variation. A new set of probes
for the Pitot rake, using piezoelectric pressure sensors, is
presently being designed.
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Fig. 6 Nozzle reservoir pressure traces of 5 consecutive
shots with nominally the same conditions, hp

22 MJ /kg.

A large number of heat transfer measurements was
made in the test series of Rocketdyne. These used ther-
mocouple sensors which were found to withstand the con-
ditions in T5 without problems. A project now under way
studies the transitional boundary layer on a slender cone.
It was originally planned to use home-made thin-film heat
flux gauges, but these were obliterated by the flow in very
few runs. We therefore also switched to the thermocouple
Sensors.

A couple of examples of such measurements, one in
the laminar, and one in the turbulent part of the bound-
ary layer on a 5 deg. half-angle cone, are shown in Fig.
9. These were taken at a specific reservoir enthalpy of
ho = 12MJ/kg. The raw-data surface temperature trace
is deconvolved to generate the integrated heat flow per unit
area, which is then differentiated to give the heat flux. No
smoothing is applied in this process. The differentiation
of experimental data makes the traces very noisy, but the
quality of these may be regarded as very good in the con-
text of high-enthalpy shock tunnel measurements. Great
care was necessary to shield from the electrical noise gen-
erated by the hot flow.
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Fig. 7 Nozzle reservoir pressure traces of shots 142, and
145 at 22 and 11 MJ/kg, respectively.
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Fig. 8 Radial distribution of measured Pitot pressure 126
*  mm downstream of the exit plane of the nozzle. hg

= 12 MJ/kg, po between 90 and 100 MPa. The lines

show results of inviscid, axisymmetric, nonequi-
librium computations using SURF. The outermost

point lies in the expansion fan originating at the
nozzle edge. .

Note that the heat flux, even on a slender cone, reaches

more than 4 MW /m? just after transition, which is more.

than 4 times the value in the laminar boundary layer just
before. It is also important to note that the mean value
within the higher frequency noise is approximately con-
stant for 2 ms. For more detail, including visualization
of transitional flow and transition Reynolds numbers, see
Germain and Hornung (1992).

5. Conclusions

The performance and shake-down history of the free-
piston shock tunnel T5 is presented in some detail. The
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Fig. 9 Heat transfer measurement on a 5 deg. half-angle
cone, laminar boundary layer, ko = 12MJ/kg; up-
per trace: surface temperature, middle trace: heat
flow per unit area, lower trace: heat flow rate per
unit area.

parametef range achievable, the limitations, and some re-
sults are given.

T5 has so far been used mainly for a dedicated com-
bustor experiment by Rocketdyne, which is not reported
on here. Qur own research results are therefore limited
at this stage. However, the performance data so far show
that the conditions achieved in the facility are as had been
predicted or better, and the quality of the flow is very
good. To some degree this is because the flexibility of
the free-piston machine, which allows it to be operated at
tailored-interface condition over the full specific reservoir
enthalpy and reservoir pressure ranges, is fully exploited.
T35 is also being operated at tuned-piston conditions, which
gives longer constant pressure duration. Test flow calibra-
tion results also show better performance than predicted.
More extensive test flow calibration is still needed.

T5 has been demonstrated to fill an important gap in
the range of ground testing facilities. With further en-
hancement of the instrumentation and further trimming
of the operation, the value of this national resource will be
further increased.
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Fig. 10 Heat transfer measurement on a 5 deg. half-angle
cone, turbulent boundary layer, in the same flow
as that of Fig. 9, but further downstream.
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