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Technical limitations and requirements on the state of the test gas suggest accelerating models rather than
accelerating the test gas for hypervelocity testing. This holds particularly for measuring methods that necessitate
longer measurement times, such as force or heating measurements, or investigations of propulsion, ablation,
or re-entry in nonterrestrial atmospheres. Conveniently, recent developments in instrumentation, on-board data
transmission and recording, and acceleration techniques extend the capability of free-flight experiments. In
addition to general considerations, this article gives an example of the outline of a suitable test facility based
on the ram accelerator hypervelocity launcher concept and its adaptation to different measuring tasks.

Nomenclature
A = area, m2

a = acceleration, m/s2

CD = drag coefficient
c = speed of sound, m/s
D = diameter, m
E = energy, J
/ = internal degrees of freedom
L = length, m
M = Mach number
M - mole mass, kg/kmole
m = mass, kg
P = power, W
p = pressure, Pa
R = radius, m
T = temperature, K
t = time, s
U = velocity, m/s
V - volume, m3

p = density, kg/m3

cr = tensile stress, MPa

Subscripts
Bo = body
cs = cross section
e = end value
eff = effective value
ex = exterior
F = fin
in = interior
Me — measurement
Mo = model
max = maximum value
n = normal direction
Proj = projectile
Prop = propellant
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p = permitted load
S = sabot
T = tube
TC = test chamber
TF - test flow
tot = total value
0 = stagnation value
1 = filling state in ram tube

Superscript
= mean value

Introduction

T HE term "hypervelocity aerodynamics" describes hy-
personic flow in cases where the Mach number is not the

only relevant parameter. For investigations of boundary-layer
flow or mixing and combustion, the parameters velocity, den-
sity, gas composition, and characteristic length are important
as well. An increase in the number of relevant parameters
means less tolerance in scaling, and as a consequence, a re-
quirement for more powerful testing facilities.

The power P of a wind tunnel (this term also comprises
shock tunnels, Ludwieg tubes, etc.) depends on the flow ve-
locity U, flow density p, and test chamber cross section area
A, as follows:

PTF = 0.5 x pTF x (1)

For example, the power of a testing facility with test chamber
cross section ^4TC = 0.4 x 0.4m, U — 5000 m/s, at atmo-
spheric density p = 1.225 kg/m3, is PTF = 12.25 GW, which
can be supplied and controlled in such a comparatively small
installation for at most a few milliseconds.

Another aspect is the condition of the test gas. Its accel-
eration in any type of test facility requires an energy supply

Table 1 Obtainable velocity of air in wind or shock tunnels
and the corresponding minimum change of test gas state

due to energy addition

Minimum change of test gas state m/s
No change 2,000
Dissociation of O2 (r(Keff = 7000 K) 4,000
Upper limit for shock tunnels (with ionization) 8,000
Upper limit of wave expansion (with ionization) 15,000
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Fig. 1 Schematic of the University of Washington ram accelerator facility.
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Fig. 2 Ram-acceleration of a projectile (Mach numbers in body-fixed
coordinates): a) subsonic thermally choked combustion and b) super-
sonic combustion.

in conjunction with heating at some stage of the process. Table
1 shows the velocity of air that can be achieved and the cor-
responding minimum change of the test gas state, if test gas
temperature equal to ambient temperature is desired in the
test chamber. Note that about 2000 m/s is the maximum ve-
locity obtainable without dissociating air during the heating
process.1 Tests on extraterrestrial atmospheres, which contain
polyatomic gases such as methane, are much more sensitive
to energy addition and the nondissociating velocity limit is
lower.

The ability of the material of a hypervelocity tunnel to
withstand the heating load caused by the necessary energy
density may also be a limiting factor.2 The principal detri-
mental effect is the contamination of the test flow with ablated
material, originating from the nozzle throat.

On the other hand, for the aerodynamic parameters to be
measured most easily at hypervelocity conditions, a minimum
test flow slug length LTS with

= tMe x U>4 - 15 x (2)

is needed to produce quasistationary aerodynamic loads.3 For
the simulation of chemical reacting flows, the minimum LTS
and, hence, the necessary test flow duration may be longer.

In spite of these limitations, acceleration of the test gas has
been to date the dominant procedure in hypervelocity aero-
dynamic testing with instrumented models, because it is ac-
cessible with a greater variety of measurement techniques.4

Other reasons are as follows:
1) Lack of a launcher capable of launching models of suf-

ficient size and mass (several kilograms) at moderate accel-

eration levels to hypervelocities. Conventional gun launchers
lose effectiveness if the launch velocity exceeds half the wave
expansion velocity, Umax = / x c(),5 where/is the number of
the internal degrees of freedom (DOF) of the propelling gas,
and c0 is its speed of sound. Moreover, the acceleration is not
uniform, because there exists a peak acceleration and a sharp
acceleration rise at the beginning of the process. This can be
reduced by using a longer barrel or careful matching of the
stages of a light gas gun, with some sacrifice of efficiency.6

Nevertheless, this peak acceleration imposes severe limits on
structural design of the models and on the on-board instru-
mentation.

2) Lack of transducers, telemetry or memory devices, and
electrical supplies, which can be packed into models, sustain
heavy acceleration and produce signals of sufficient accuracy.

3) Much better access to the flowfield, if the model is at
rest. Many measuring techniques cannot be applied with free-
flying models; for these techniques wind-tunnel testing will
invariably remain necessary.

For these reasons hypervelocity testing with accelerated
models has been limited up to the present time to studies
using small models that have, at most, limited on-board in-
strumentation.

On the other hand, the most powerful high-enthalpy facil-
ities are free-piston driven Stalker tubes such as the T5 at the
California Institute of Technology2 and the HEG in Gottin-
gen,7 and the free-piston-driven expansion tube at GASL.8
HEG and T5 are able to produce a test flow velocity greater
than 5 km/s for 1-3 ms; the testing time of expansion tubes
is less. Clearly these facilities represent the peak of state-of-
the-art hypervelocity wind-tunnel capabiliy.

The severe restrictions on free-flight testing due to accel-
erator limitations can be overcome by ram acceleration (see
Ref. 9 and references therein). Moreover, progress in the
state-of-the-art of transducers, storage of data, telemetry,10

and data processing opens up new prospects for hypervelocity
aerodynamic testing using free-flying models. In what follows
we describe a proposed test facility based on the ram accel-
erator principle to "softly" launch aerodynamic test models
to very high velocities.

Ram Accelerator Driven Free-Flight Facility
Principle of Operation

The ram accelerator (Fig. 1) is a novel type of launcher.
Its special advantages are that the projectile velocity does not
depend on any typical gas velocity, and that projectile motion
and gas motion are not coupled. Theoretically, this permits
the attainment of projectile velocities above 10 km/s with high
efficiency.9 The propellant is a combustible gas mixture that
fills the accelerator tube. A preaccelerator, e.g., a powder-
or gas-gun, provides the necessary starting velocity of about
1000 m/s. When the projectile moves inside the ram-tube, the
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nose shock and subsequent reflected shock waves compress
and heat the gas mixture (see Fig. 2). Combustion initiated
behind or on the projectile body generates high pressure on
the projectile base, exerting forward thrust.

Depending on the ratio between the projectile velocity and
the detonation velocity of the undisturbed gas mixture, the
combustion process is termed "subdetonative," "transdeto-
native," or "superdetonative." n To date, each of these modes
has been demonstrated experimentally for velocities up to
2700 m/s in a 38-mm bore device of 16 m length at the Uni-
versity of Washington.9 The progress of the acceleration his-
tories obtained indicates that higher velocities will be obtain-
able with longer acceleration paths.9-11 Recent work at ISL12

and ARL13 has demonstrated operation with bore diameters
of 90 and 120 mm, respectively, proving the ease of scalability
of the concept.

The acceleration level to which the projectile is subjected
can be easily tailored by matching the cross-sectional area
load of the projectile raProjMcs Proj, and the fill pressure of the
accelerator tube/?!. The acceleration can be chosen to attain
any value appropriate to the structural stability of the model,
the demands of the on-board instrumentation, or other cri-
teria.

Measuring Tasks
Investigations with free-flying models can be divided into

two approaches14:
1) Experiments with stably flying, unguided models, fol-

lowing a straight flight path. Topics to investigate are, par-
ticularly, heating, aerothermodynamics and material prop-
erties testing; boundary layers in high enthalpy flow with hot
walls; scramjet propulsion; and signal transmission and op-
tronics. In these cases the testing range can be enclosed for
protection against environmental effects or for the arbitrary
choice of the test atmosphere. The length of this range de-
pends on the measuring time needed. This will be longer for
experiments on aerodynamic heating and ablation than for
investigations of boundary layer transition or shock related
phenomena. A testing time of about 100 ms or more may be
required.

2) Experiments with models producing some kind of lift or,
in general, a normal force. This means investigations on hy-
pervelocity lifting bodies; guidance, control, and stability; ex-
ternal combustion; and ablation and related aerothermo-
dynamic phenomena. In these cases, the trajectories of the
models are more or less curved. Usually, in this case, the
model's attitude must be measured, e.g., with small laser
gyros. In some cases, unpredictible trajectories may occur,
e.g., as a result of erratic ablation or structural or mechanical
failure of the model. The desired measuring times are on the
order of 10-100 ms.

Instrumentation and Model Requirements
A key criterion is the tolerable maximum acceleration of

the model. Table 2 shows that the transducers set the limiting
value. This value is imposed not only by survivability, but
also by the need for good resolution and accuracy. For aero-
dynamic force measurements in free flight (at expected loads
of 103-104 m/s2 acceleration or deceleration), a resolution of
10-100 m/s2 is desirable, thus limiting the operational range
of a transducer to roughly 105 m/s2 (similar considerations
hold also for pressure transducers). During the process of

Table 2 Permitted acceleration levels for individual
model components

Component a, m/s2

Model structure 5 x 105-106

Piezotransducers at launch 105

Piezotransducers at recovery 2.5 x 105

Data transmission and electronics 7 x 105

model recovery higher deceleration rates may be tolerated,
as long as physical survival of the instrumentation can be
ensured. Electronics that tolerate about 7 x 105 m/s2 are the
present state of the art.10

The instrumentation necessary for task (2) above can be
packed into a model of about 5-kg mass (including sabot
casing) and 20-cm span. This model size represents roughly
the maximum size permissible inside a test chamber of 40 cm
diam. If additional installations (e.g., jets or combustibles)
need to be built into the model, its size must increase ac-
cordingly, e.g., up to 50-cm span and 30 kg (assuming mProj/
^cs,pr0j is kept approximately constant). The model size for
task (1) may be somewhat less. In accordance with Ref. 15
we assign 6 km/s as the peak velocity. This is well within the
predicted limits of efficient operation of the ram accelerator,
and aerodynamic heating loads during acceleration should not
impose unsolvable problems.9

Concept of a Ram Accelerator Driven
Free-Flight Facility

Ram Accelerator
Figure 3 shows the length of the ram accelerator tube needed

as a function of terminal projectile velocity and mean accel-
eration. The circled point marks the preferred values, with a
tube length Lrof 175 m (for acceleration from £/Proj = 1000-
6000 m/s). For preacceleration we chose an average of 50,000
m/s2, to minimize jerk load; the corresponding preaccelerator
length is 10 m.

The effective pressure acting on the projectile base pef{
(see Table 3) ranges from 10 to 15 x plm With some allowance
for friction and other losses we adopt an average penlpl ~ 8.

Usually, the model will be packed in a sabot, which provides
an optimum shape for ram acceleration and protects the model.
The primary technical challenge with the sabot is to ensure
aerothermal and mechanical stability of the structure, because
both heat load and pressure are very high at the same time.
With respect to the heat load, some degree of ablation should
be tolerated in order to limit the heat flux into the interior
of the structure. New ceramic materials are not only very heat
resistant, but keep their full mechanical strength up to tem-
peratures of about 1400 K, without being too brittle.15

At the side and rear parts of the body, ablation does not
cause problems either with the flowfield or with combustion.
At the front part of the model ablation can be tolerated to

1000
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Fig. 3 Length of ram-tube as a function of terminal projectile velocity
at different acceleration levels.
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Table 3 Composition of gas mixtures and pressure performance for DProj/DTin = 0.77.
Upper block: subdetonative mode, lower block: superdetonative mode
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Fig. 4 Maximum predicted pressures in the ram-tube for a fill pres-
sure of 5 MPa.
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Fig. 5 Distribution of propellant molecular mass along the length of
the ram-tube.

some extent, and it will be one of the tasks of research to
find out what this is. If the constraints turn out to be severe,
special measures will have to be developed. It is possible that
the same holds true for the region of impingement of the
reflected shock on the shoulder of the sabot. Compared with
the aerothermal problems, the structural strength against the
external pressure is no problem, but just a matter of sufficient
material thickness. To the best of present knowledge, the
projectiles penetrate the diaphragms without suffering dam-
age, or demanding special measures.9-13

Model span and tube diameter DTm roughly correspond,
because the model's wings can be accommodated inside the
projectile fins. Because the optimum effective projectile di-
ameter DProj eff is, depending on velocity, 0.7 x DT in to 0.85
x D r in, raProjA4cs Proj attains a maximum value of 400 kg/m2

for mProj = 5 kg and DT in = 20 cm, and also for mProj = 30
kg and DTm = 50 cm. Accordingly, for aProj = 105 m/s2 we

obtainp l = 5 MPa. At £/Proj = 3000 m/s we assume transition
from subdetonative to superdetonative combustion. Figure 4
shows a plot of peak pressure along the length of the tube
for pl = 5 MPa. The maximum value is 230 MPa, which
requires a ratio of tube o.d. to i.d., DTex/DTin = 1.44, for
an assumed tube material tensile strength of apT = 800 MPa,
and DTex/DTin = 2.86 for crp T = 600 MPa for homogenous
tubes.

The projectile velocity and propulsion mode determine the
required molecular mass M of the gas mixture. Figure 5 shows
the variation of M along the length of the tube. This variation
in M was selected for optimum performance. The gradients
of M require segmentization of the tube by thin diaphragms,
a technique that has been demonstrated experimentally.n Table
3 gives the species ratios using H2 and O2 as propellants, and
N2 and He as inert components. Hydrogen can also be used
as a diluent. For the first section of the accelerator tube we
also need some CO2, and for the preaccelerator we use He.
Table 4 shows the total gas consumption of two facilities, one
with DTm = 20 cm and the other with D r in = 50 cm, re-
spectively, and Table 5 shows the species distribution.

Instead of He, a cheaper mixture of H2 and N2 or H2 alone
could be used as diluents. This change would reduce aero-
dynamic heating of the projectile: the real gas stagnation tem-
perature decreases from =^3600 to ^2900 K at 4200 m/s, and
from -5300 to -3600 K at 6000 m/s. All other conditions
(masses, pressure, efficiency, etc.) remain unchanged. A dis-
advantage of H2 as a diluent is that the excess H2 may burn
when the partially burnt propellants exit from the accelerator
tube into the atmosphere, thus possibly necessitating some
protective measures.
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Model Sabot and Diaphragms
If the model is nestled in a sabot, it must be set free after

acceleration. This is more complicated than, e.g., discarding
the sabot of subcaliber antitank kinetic energy ammunition
because the test models have a much smaller ratio of mProj/
^cs.proj than these very massive and heavy slender bodies made
of tungsten or depleted uranium. Accordingly, the test models
are much more susceptible to aerodynamic disturbances. As
another consequence of limited difference in density and CD
between the model and sabot, the time of parallel flight and
detrimental shock wave interaction between model and sabot
pieces is longer. Moreover, the model is entirely surrounded
by the sabot (e.g., Fig. 6). If separation is effected by aero-
dynamic force, the model will be exposed to strong shock
waves over its entire length, as can be seen in Fig. 7, and
disturbances affecting the nose region of the model will be
particularly adverse.

It is therefore advisable to separate the model and sabot
in a vacuum.14 A perforated tube section between the ram
accelerator tube and the separation tank can be used to allow
some of the acceleration gas to exit into the atmosphere (Fig.
8). In the ram accelerator the bulk of the gas moves rearward
and exits at the vented coupling between the preaccelerator
and ram accelerator. The entrance port to the separation tank
is closed with a suitable diaphragm, which can easily be pen-
etrated by the projectile.

Sabot separation in the vacuum tank can be achieved by
external guidance of the sabot parts, as sketched in Fig. 8.
The fins of the sabot are engaged in guide rails, which are
bent outwards at the place of separation. This automatically
separates the sabot parts from the model and ejects them into
suitable catch chambers. The curvature of the guide rails, and
accordingly, the length of the separation tank, depend on the
permitted lateral acceleration an s, and this in turn depends
on the ratio of tensile strength of the fins crp r to the mass ms
of the corresponding sabot part. The lightest possible con-
struction should be the goal, coinciding with the general in-
tention to minimize the overall mass of the ram projectile,

RAM ACCELERATOR TUBE
SLIDE SHOE

SABOT PARTS ENTRANCE PORT

GUIDING RAILS / DIAPHRAGM

GUIDING GROOVES

DIRECTION OF MOTION

Fig. 6 Schematic of model nestled inside sabot having necessary ram
projectile shape.

SHOCK WAVES

DIRECTION OF MOTION

Fig. 7 Qualitative sketch of shock impingement between sabot parts
and model.
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CATCH CHAMBERS ACCELERATOR TUBE

Fig. 8 Sketch of the sabot separation vacuum tank.
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Fig. 9 Schematic of a ram-acceleration driven test facility for free-
flying models.

and hence, the propellant needed for acceleration. With mod-
ern ceramic and fiber-reinforced materials this challenge should
be met, because they have a significantly lower specific mass
than conventional heat-resistant metals or alloys. Consider
an example: if an^ is 5000 m/s2, and the lateral distance to be
covered is equal to DT/2 = 0.1 and 0.25 m, respectively, for
the 20- and 50-cm accelerator bores, we need t = (DTlanS)112,
i.e., a time of 6.3 or 10.0 ms, respectively, for the two sizes
of models. At 6000 m/s the required separation lengths are
38 and 60 m, respectively. Some extra length should be as-
signed for smoother curvature of the guide rails at the begin-
ning of separation to minimize jerk load, and for attachment
of the catch chambers.

The exit port of the separation tank needs an additional
fast-opening closure to isolate the sabot separation vacuum
tank from the gas-filled test section. The exit port should be
opened just before the free-flying model arrives. When the
closure opens, the gas from the test section will start to flow
into the evacuated tank, towards the model. Suitable design
of the closure will minimize the disturbance of the model by
the inflow. This is also the case if the model passes into the
free atmosphere instead of a confined test section.

Shallow guide grooves in the accelerator tube (see Fig. 6)
fix the azimuthal position of the projectile during acceleration
and ensure that the slide shoes encounter the guide rails of
the separation tank.

The diaphragms that separate the different stages of the
accelerator tube have only to withstand limited pressure dif-
ferences, which occur inevitably during the filling process.
The two diaphragms at the ends of the accelerator tube are
more massive, because they must withstand a pressure dif-
ferential of 5 MPa. As a consequence of very lightweight sabot
design it may be necessary that these diaphragms (or, alter-
natively, fast-acting valves) have to be opened just before the
projectile arrives.

Example: Design of Ram Accelerator
Figure 9 shows a schematic of a test facility with DT = 20

cm to be used for task 1 in the Measuring Tasks section.
Perforated tubes are installed at both ends of the ram accel-
erator tube for gas venting, most simply into the atmosphere.
Their respective lengths are 10 m between the preaccelerator
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Fig. 10 Schematic of a ram-acceleration driven test facility for rail-
guided models.

and the ram accelerator tube, and 20 m between the latter
and the separation tank. The second perforated tube may also
be replaced by just the guide rails. Protection of the sur-
roundings should pose no serious problem.

The sabot separation vacuum tank shown has a total length
of 70 m, of which 20 m are allotted to the sabot catch cham-
bers. The beginning of the test section has to be placed after
the end of the sabot catch chambers, because of their im-
mediate vicinity to the model flight path. A tube surrounds
the model flight path towards the fast-opening closure, which
opens to let the model pass by. If the test gas is not air, this
closure is preferably a valve, which closes immediately after
the model passes by to minimize the loss of test gas. Other-
wise, a diaphragm whose rupturing is externally controlled
can be used as well.

The test chamber length LTC in Fig. 9 is 500 m, providing
about 83 ms of testing time for a model velocity of 6000 m/
s. The test chamber diameter DTC = 2 m does not allow for
more than minimal erratic lateral motion. If the test section
volume VTC has to be minimized, the model can be guided,
e.g., by a rail, as is shown in Fig. 10. In any case, LTC should
be adaptable to the effective test time needed.

Models with a speed of 6000 m/s are likely to cause con-
siderable damage to test chamber structures in case of an
accidental hit. Moreover, the destroyed model will produce
small particles and gases of decomposition that will contam-
inate the test chamber, and larger fragments that may damage
the instrumentation. As a consequence, in some cases it could
be advantageous to use an inflatable, balloon-like test section
instead of a massive, rigid one. A misguided model would
then simply penetrate the wall without suffering total destruc-
tion, the hole could be patched, and in a favorable case the
damage would be limited to just the loss of the test gas. The
flexible test chamber could readily be varied in length, or
folded if tests are to be carried out in ambient air, e.g., as
noted in task 2 in the Measuring Task section.

Recovery of models moving at a velocity of 6 km/s is a very
difficult operation and necessitates in every case a decelera-
tion section of considerable length, and cross section, if some
lateral motion of the models is permitted.14 If the model is
also guided during flight in the test section, it can be dece-
lerated in a tube filled with gas16 that gets compressed by the
model.

If the facility is used for task 2, the models preferably fly
through an unconfined atmospheric test range, where instru-
ments for external measurements may be disposed as desired.
In this case construction of a deceleration section is not fea-
sible, because (accidental) deviation from the predicted flight
path may be 100 m or more, depending on actually attained
model shape and attitude. Hence, deceleration in the uncon-
fined atmosphere is the best choice. The area necessary for
safety may be available near the seashore. Moreover, recov-
ery is easier at sea, if the remnant of the model is buoyant
and emits signals. During the long flight, wings, fins, and nose

tips of the model will ablate and should be designed as ex-
pendable parts, which protect the valuable interior instru-
mentation. Of course, deceleration by the atmosphere can
also be used for task 1 experiments.

Conclusions
For hypervelocity aerodynamic testing, accelerated models

and a quiescent test atmosphere give greater freedom in choice
of test gas state and composition. Test times greater than 10
ms can be easily achieved only by using accelerated models.
This is mainly due to the aerothermal load on test facilities
such as shock tunnels and Stalker tubes, particularly their
nozzle throats, which can absorb only a limited amount of
energy from the high enthalpy gas flow.

Similar aerothermal loads, to which the sabot is subjected
during the acceleration, pose a technical challenge to the ram
accelerator projectile as well. Nevertheless, ablation or ero-
sion do not affect the test flow quality, but just the stability
of the sabot. In view of novel materials such as carbon fiber
reinforced carbon, or advanced ceramics, these problems should
be solvable by careful selection of the sabot materials and
tailoring of their composition to the heat flux history.

The state of transducer technology, telemetry, data storage
techniques, and data processing makes it possible to use free-
flying models with on-board instrumentation, to carry out
measurements that traditionally could be performed only in
test-flow accelerating facilities. For acceleration of these models,
a ram accelerator facility is very suitable. In contrast to gas
guns a ram accelerator can bring models to hypervelocity with
arbitrary acceleration, thus allowing for delicate on-board in-
stallations. The propellant expense for acceleration of models
to 6000 m/s is just about 20 times the model mass. Moreover,
in view of its capability, the ram accelerator test facility is
comparatively compact, and because just the essential mass,
i.e., the model, is accelerated, it is also favorable with respect
to safety considerations.
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