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ABSTRACT

The development of new methods of producing hypersonic wind-
tunnel flows at increasing velocities during the last few decades is
reviewed with attention to airbreathing propulsion, hypervelocity
aerodynamics and superorbital aerodynamics. The role of chemical
reactions in these flows leads to use of a binary scaling simulation
parameter, which can be related to the Reynolds number, and which
demands that smaller wind tunnels require higher reservoir pressure
levels for simulation of flight phenomena. The use of combustion
heated vitiated wind tunnels for propulsive research is discussed, as
well as the use of reflected shock tunnels for the same purpose. A
flight experiment validating shock-tunnel results is described, and
relevant developments in shock tunnel instrumentation are outlined.
The use of shock tunnels for hypervelocity testing is reviewed,
noting the role of driver gas contamination in determining test time,
and presenting examples of air dissociation effects on model flows.
Extending the hypervelocity testing range into the superorbital
regime with useful test times is seen to be possible by use of
expansion tube/tunnels with a free piston driver.

NOMENCLATURE
A test flow area
A, frontal area
A, planform area
C, lift coefficient = (lift) X 2/(pwV2Ap)
Cy pitching moment coefficient =
(pitching moment about balance centre) X 2/(pmV2A,,D
Cr thrust coefficient = (forward thrust) x 2/(pwV2Af)
D test flow diameter
h., free stream enthalpy, including dissociation energy
hy frozen enthalpy
h, streamline enthalpy
H stagnation enthalpy
M., free stream Mach number
M, precombustion Mach number
p pressure
P, precombustion pressure
P, piston driver pressure
P, pitot pressure
Py nozzle reservoir pressure
R gas constant for air (= 287 J/kg/K)
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P, unit Reynolds number
T. free stream temperature
T. precombustion temperature
u velocity downstream of shock
1% free stream velocity
Vv, equivalent velocity = V2H
w test flow power
X streamline distance downstream of shock
zZ chord length
B angle between shock and free-stream velocity
Y ratio of specific heats
A volumetric compression ratio of driver gas
.. free stream density
[0} equivalence ratio

1.0 INTRODUCTION

The development of hypersonic wind tunnels has been largely
funded by governments, so it is not surprising that there should be
periods of intense activity in between longer, relatively quiescent,
periods as the perceived prospect of hypersonic flight advanced and
receded.

The first period of activity occurred during the late 50s and
through the 60s, and was spurred by the many design projects at the
time which involved hypersonic flight, and the widespread feeling
that theoretical knowledge of hypersonic flow phenomena was not
fully developed. This period saw the construction of many ‘cold’
intermittent hypersonic wind tunnels, with test times of at least a few
seconds, where hypersonic flow was produced by reducing the speed
of sound of the airflow while adding as little energy as possible to
increase its velocity™. At the same time, this period also saw the
introduction of impulse wind tunnels®*¥, in which the hypersonic
flow was produced by expansion of air from a high temperature
reservoir, avoiding the problem of containment in the reservoir by
operating with test times of a small fraction of a second.

The period encompassing the 70s to the mid 80s was an interval
of relative quiescence. Nevertheless, stemming from the realisation
that hypersonic propulsion was a critical field which was very poorly
understood, this period saw attention to the development of inter-
mittent wind tunnels, suitable for experiments on scramjet configura-
tions. Research in these wind tunnels led to another period of intense
activity, which occurred from the mid 80s into the 90s, when the
National Aerospace Plane project in the USA, and the ‘Hope’ and
‘Hermes’ re-entry glider projects, in Japan and Europe respectively,
encouraged the relatively rapid diffusion of the free piston shock
tunnel.

Since the funding requirements of university research were
relatively modest, it was not generally subject to perceptions of the
immediacy of hypersonic flight, and core activities were able to
continue in this sector at a more or less steady pace. Because
impulse facilities could be acquired at modest cost levels, and
operated reasonably economically, they tended to be favoured by the
university community, and a considerable part of the continuing
development of impulse facilities and techniques has taken place in
the universities.

The term ‘modern’ which appears in the title covers the last few
decades, since it is during this time that the hypersonic wind tunnel
concepts which are the subject of the review appeared and were
developed. In general, these concepts were directed to increasing the
test section velocity in hypersonic wind tunnels, and the review will
follow this trend, while noting the importance of other considera-
tions. Wind tunnels for hypersonic propulsion experiments will be
considered in a separate category to those for hypervelocity aerody-
namic experiments but, as will become apparent below, there is
considerable overlap between the two.

The review begins with a discussion of the simulation require-
ments of wind tunnels in the two categories of hypersonic propulsion
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and of hypervelocity aerodynamics. It then goes on to consider
developments in intermittent hypersonic wind tunnels, noting the
importance of reservoir pressures and test section size. Impulse facil-
ities are discussed next, with special regard to the variety of
operating techniques and developments in instrumentation as well as
their relation to airbreathing flight propulsion. Finally, the use of
impulse wind tunnels at superorbital test velocities is noted, together
with the results of early experiments.

2.0 HYPERSONIC SIMULATION

As well as their role in representing flight flow fields, wind tunnels
can be used for basic research on the physics of flow situations, and
the emphasis is then on experimental design which will reveal that
physics. However, even in this case, the utility of a wind tunnel
depends on its ability to supply flow conditions which are represen-
tative of the phenomena to be investigated. Thus, as with the repre-
sentation of flight flow fields, the capacity of a wind tunnel to
simulate flight conditions is of fundamental importance.

The first step in simulating hypersonic flows was to simulate high
Mach number effects with low stream temperature (i.e. ‘cold’)
hypersonic wind tunnels. The last few decades have seen improve-
ments in flow quality, Reynolds number capability and instrumen-
tation techniques with such wind tunnels (e.g. Refs 5 and 6), but they
have remained limited to flow speeds of about 1-5kms™. Interest in
flight at higher speeds demanded the development of hypersonic
wind tunnels which could provide simulation of flow fields at these
speeds, where the increased flow energies yielded temperatures at
which chemical reactions were an important feature of hypersonic
flow fields. New developments in hypersonic wind tunnels during
the last three or four decades have largely been directed towards
producing test flows at these higher speeds. These wind tunnels may
be described as ‘thermo-hypersonic’, signifying the importance of
high temperature effects in the flow fields they produce, or as ‘sub-
orbital hypersonic’, implying that they produce flow speeds which
are a significant fraction of Earth orbital velocity. The term ‘hyper-
velocity’ is more generally used and describes wind tunnels which
produce flow speeds in excess of 3kms™. The problems of flow field
simulation in these wind tunnels depends on whether a propulsive or
an aerodynamic flow field is involved.

2.1 Simulating propulsive flow fields

The lowest speeds at which chemical reactions become an important
part of the flow field are about 2kms™, where scramjet propulsion
becomes of interest. Airbreathing flight propulsion at lower speeds
normally involves turbojets or ramjets, where the chemically
reacting part of the flow is essentially independent of the general
flow field, and therefore does not need to be part of the overall flow
simulation. However, scramjets require integration with the flow
field about a vehicle configuration, and therefore flow field
simulation must involve the chemical reactions of the combustion
process.

Therefore, simulation involves producing the conditions in a
scramjet wind tunnel model which will allow the combustion
reactions to reach the same degree of completion as in the equivalent
flight configuration. This requires a relation for scaling between
combustors of different sizes. shock tunnel experiments with simple,
rectangular, constant area, combustion ducts, with fuel injection
from a strut mounted in the mid-plane of the duct”®”, have shown
that such combustors follow a binary scaling relation, implying that,
for geometrically similar combustors

P_L.= constant ~ 2 X 10* Pa.m. ..

Where P, is the precombustion pressure in the combustor, and L, is
its length. The numerical value of the constant at the right hand side
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Figure 1. Approximate requirements for simulation of propulsive flow
fields (D = test flow diameter, P, = nozzle reservoir pressure,
M, = precombustion Mach number,
M., = free-stream Mach number, V = free stream velocity).

of Equation (1) may vary as parameters such as the precombustion
Mach number are varied, and may change for different combustion
configurations. However, Equation (1) is useful as a means of
exploring the limits of hypersonic wind tunnels in simulating hyper-
sonic propulsive flow fields.

Though the detail of the model configuration will determine the
relation between model size and combustor length, the fact that a
low drag hypersonic configuration will be required to ensure
reasonably efficient propulsion will ensure that a slender configu-
ration is required, with an overall length some ten times the
combustor length. The test flow diameter of a hypersonic wind
tunnel may be about one third of the model length, as shown, for
example, in the sketch at the top of Fig. 1, and therefore may be
taken as three times the combustor length. Now, the test flow will
normally be supplied by a steady hypersonic nozzle expansion and
subsequent recompression in the model intake to the precombustion
Mach number, M,, and assuming that both are isentropic, the
precombustion pressure is given by

yI(r-1)

p=pfisosGnm 0

where P,is the nozzle reservoir pressure. Thus, using Equation (1),
with 3L~ D, the test flow diameter, it follows that

" MPa m. .3

P,D~0-06{1+0-5(y-1)M? }
where Pgis measured in MPa. Taking y = 1-35, this approximate
relation is presented in Fig. 1 for selected values of the nozzle reservoir
pressure. Cross hatched zones are used to indicate that the relation is
indeed an approximate one but, nevertheless, it serves to illustrate the
nexus which exists between wind tunnel size and the pressure levels
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Figure 2. Binary scaling and hypervelocity simulation
(a) Constant pressure relaxation after shock
(p = post shock pressure (Pa), u = post shock velocity (m/s),
x = distance from shock (m), V = free-stream velocity).
(b) Simulation of hypervelocity flow fields.
(Pp = pitot pressure, D = test flow diameter).

required for simulation of a scramjet flow field in a hypersonic wind
tunnel. Of course, the limits imposed by this nexus can be extended for
experiments on components of a scramjet but, in this discussion, only
simulation of the complete vehicle flow field is considered.

The binary scaling relation of Equation (1) also has implications
for the wind-tunnel power levels required for simulation of
propulsive flow fields. The test section power level, W, is, to a good
approximation, obtained by taking the product of flow kinetic energy
per unit area and the mass flow to yield.

W=0-5p_ AV’ N O]

where p..,, A.. and V are the test section density, cross sectional area and
velocity respectively. With the assumption of isentropic compression in
the scramjet intake, and a perfect gas equation of state,

p.=(P/RT)(T./T.)"" .5)

The value of the precombustion temperature, 7,, at which ready
ignition of a stoichiometric mixture of hydrogen and air will readily
ignite is taken as approximately 1,000K which, since simulation of
the intake compression is required, is approximately four times 7.
From Equations (2) and (3)

P.D ~ 6 x 10" Pa.m.

and, using Equation (5), as well as putting A_, = [1D%4, Equation (4)
yields

W ~ 1-6DV’ MW ... (6)
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Figure 3. Nozzle freezing of chemical dissociation.
(a) Frozen fraction of stagnation enthalpy.
(h, = frozen dissociation enthalpy (MJ/kg), H = stagnation enthalpy
(MJ/kg), Py = nozzle reservoir pressure).
(b) Constant pressure relaxation with upstream freezing. (px/u=
binary scaling parameter, h. = upstream enthalpy, h, = streamline
enthalpy, p, = equilibrium density).

where Vis in kms™ and D in metres. This relation is presented in Fig. 1
for selected values of the test flow diameter, the approximate nature of
the relation being once again recognised by the use of cross hatched
zones. Scales of test section Mach number and velocity corresponding
to the precombustion Mach number are also shown in the figure.

Figure 1 displays the increasing difficulty associated with simulating
propulsive flow fields as Mach number is increased. For example, to
increase the Mach number by 50% requires either a factor of ten
increase in the tunnel size, or in the nozzle reservoir pressure, and an
increase in test section power levels by a factor of three. As a conse-
quence, very large wind tunnels operating at high nozzle reservoir
pressures and high power levels are required at high Mach numbers.
Add to this the problems of heat transfer to tunnel components (and to
the models) due to the high flow energies involved and it becomes
clear that high Mach number simulation of propulsive flow fields will
be inhibited by severe engineering difficulties.

2.2 Simulating hypervelocity aerodynamic flow fields

Evidence of chemical reactions begins to appear in aerodynamic flow
fields as velocities exceed 3kms™, and for this reason the term ‘hyper-
velocity’” was coined to cover hypersonic flows at such velocities. The
flight vehicle configurations considered for operation in this regime
have, up to the present, involved a relatively blunt shape on the
windward side, as shown at the top of Fig. 2. Thus the flow field about
the vehicle will be preceded by a strong shock. There may be future
applications which involve slender, low drag, aerodynamic configura-
tions, such as orbital plane change vehicles, and the flow about such
vehicles would not necessarily be preceded by a strong shock.
Simulation of such flow fields will not be considered here.
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Binary Scaling

When the air crosses the strong bow shock high temperatures are
generated and dissociation of the air molecules begins. Dissociation
continues as the air passes downstream with the result that the
temperature reduces and, for a constant pressure flow, the density
increases. This is shown in Fig. 2(a), where the ratio of the density
immediately downstream of the shock is plotted against a parameter
consisting of the product of the pressure, representing the density
dependence of the dissociation rate, and the time for which the
dissociation reactions proceed"”; i.e. a binary scaling parameter.
The curves in the figure apply to the flow downstream of a normal
shock, but they can be used for a strong oblique shock by taking V
as the freestream velocity normal to the shock, and x and u as the
distance and velocity along a streamline downstream of the shock.
Curves are presented for flight altitudes of 75km and 30km, the
corresponding ambient densities differing by a factor of approxi-
mately 450. The curves are identical up to the point where the 30km
curves trend to the equilibrium condition, where dissociation is
balanced by recombination. As altitudes are increased to 75km this
departure point occurs at higher values of px/u. The coincidence of
the curves for widely differing densities indicates that binary
scaling applies to the non-equilibrium flow downstream of a strong
bow shock, until it approaches equilibrium.

Thus, when binary scaling applies, dissociating flow fields at a
given velocity can be simulated in a hypersonic wind tunnel by
matching the value of the binary scaling parameter — i.e. by
matching the product of a reference pressure and a flow field
reference dimension. However, the value of the binary scaling
parameter should be such that the approach to equilibrium is
avoided in the tunnel as well as in the flight flow fields. Because of
the small model scale, the tunnel will require higher pressures than
flight, and hence higher densities, for matching of the flight binary
scaling parameter, and these higher densities will cause an approach
to equilibrium at lower values of the binary scaling parameter. The
same effect is evident in Fig. 2(a), where the higher densities corre-
sponding to the lower altitude cause an approach to equilibrium at
lower values of the binary scaling parameter.

For example, with a vehicle 30m long, at an angle of incidence of
45°, a velocity of 6kms™, and an altitude of 67km (representing the
NASA Space Shuttle), the value of px/u is 16. The curve at 4-5kms™
in Fig. 2(a) then shows that although the flight vehicle flow on the
windward side is only beginning to approach equilibrium, the
increase in density associated with increasing the pressure to
compensate for the reduced length of a wind tunnel model implies
that the model flow approaches equilibrium at smaller values of
px/u. The effect on density is small, but the streamwise rate of
variation of the density is affected more, which may lead to small,
but important, effects such as a shift in the centre of pressure"".
Thus, provided that the chemical composition of the tunnel
freestream matches that in flight, binary scaling may be used as a
basis for simulation of flight flow fields, with some reservations
concerning flow field details associated with an approach to
equilibrium in the tunnel flow field.

Taking the pitot pressure, P,, as the reference pressure, with the
length of the model as the reference dimension, and putting the
length of the model equal to the test flow diameter, D, a relation
between the pitot pressure and the test diameter is obtained. This
relation is presented in Fig. 2(b) for P,D/V = 10Pas and two values
of the pitot pressure. The approximate nature of the relation is again
represented by cross hatching. Figure 2(b) shows the favourable
effect of wind-tunnel size. Increasing the size allows a decrease in
test flow pressure levels and therefore allows binary scaling to be
applied for greater downstream distances from the bow shock.

As noted in Section 2.1, the maximum nozzle reservoir pressure
is an important performance parameter for hypersonic wind tunnels.
The relation between nozzle reservoir pressure and the pitot
pressure of Fig. 2(b) depends on the test section Mach number and,
when the flow field to be simulated is preceded by a strong shock,
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the Mach number loses its importance as a simulation parameter, by
virtue of the Mach number independence principle. This has been
stated by Hayes and Probstein® as follows: ‘The flow around a
body behind the bow shock depends only on the density and uniform
velocity of the gas in the free stream...’. In view of the discussion
below on the effect of free stream dissociation freezing, it should be
noted that this applies when the chemical composition of the free
stream is fixed. The important point to note at this stage is that, for
a satisfactory simulation, it is not necessary to expand the test flow
to the correct Mach number, provided that the Mach number is
sufficiently high to produce a strong bow shock. Thus the relation
between the pitot pressure and the nozzle reservoir pressure is
somewhat arbitrary. For example, for a nozzle expansion with
Y = 1:35 a pitot pressure, P,, of 20kPa corresponds to a nozzle
reservoir pressure, P, of 2MPa at a test Mach number of 7-3, and to
a value of P,of 10MPa at a Mach number of 9-9, while for a value
of P,of 200kPa, these values of Pjare increased by a factor of 10.

Nozzle freezing

For hypervelocity flow, the nozzle reservoir is at temperatures
which are sufficiently high to dissociate some or all of the
molecular species of air into atoms, and some of these atoms fail to
recombine in the expansion. This yields a test section flow in which
some of the dissociation reactions are ‘frozen’ and the free stream
enthalpy therefore includes the dissociation energy of these
reactions. Atmospheric air contains almost no frozen species, and
this gives rise to a difficulty in simulating hypervelocity flight.

The proportion of the flow stagnation enthalpy consisting of
frozen dissociation energy, obtained from the correlation of
Harris"?, is shown in Fig. 3(a) for a nozzle area ratio of 1,000 and
two values of the nozzle reservoir pressure. The proportion of
stagnation enthalpy due to frozen dissociation energy increases and
approaches a plateau as the frozen oxygen dissociation proceeds to
completion, then increases again as substantial frozen nitrogen
dissociation occurs. Frozen dissociation energy represents as much
as 30% of the stagnation enthalpy at high stagnation enthalpies
when P,= 10MPa, but falls to approximately half that value for P,=
100MPa. Reference 13 indicates that varying the size of the nozzle
does not have a large effect on dissociation freezing implying that,
for minimising frozen dissociation, high operating pressures have
an advantage over large size. This needs to be checked with more
calculations involving nozzles of varying size but, as it stands, it is
in contrast to the requirement for binary scaling noted above, where
large size was advantageous.

The presence of frozen dissociation energy in the test flow
changes density ratios across the bow shock. Assuming Newtonian
flow and instantaneous post shock equilibrium, it can be shown
that, for a shock making an angle [ with respect to the free stream,
the shock density ratio is reduced by a factor of approximately {1 —
hel (HSin*B)}. Thus a reduction which is comparatively small when
the shock is normal to the free stream can become a large reduction
when the shock angle is reduced.

Of course, the post shock flow does not instantaneously reach
chemical equilibrium and, because frozen dissociation changes
conditions immediately downstream of the shock, the rate at which
the flow reacts and approaches equilibrium is changed. The effect of
this is displayed in Fig. 3(b), where the approach of density to an
equilibrium value with increase in the binary scaling parameter,
px/u, is shown. The upstream enthalpy includes the frozen dissoci-
ation energy and the figure shows that, when this is less than approx-
imately one third of the streamline enthalpy, the density variation is
close to that obtained with zero upstream enthalpy. It might be noted
that, as before, the effect of upstream dissociation will be less
evident for a normal shock than an oblique one, since the streamline
enthalpy is reduced for an oblique shock while the upstream
enthalpy remains the same, thus ensuring that the upstream enthalpy
is a greater proportion of the streamline enthalpy.
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Therefore free stream dissociation freezing has a relatively small
effect when the bow shock is not too far from being normal to the
oncoming flow, but has a larger effect for small shock angles.
Taking these effects into account in simulations involving both
blunt bodies and the flow over straight surfaces with moderate
values of the shock angle is discussed in Ref. 14. For curved shocks
which are not nearly normal to the freestream flow, quenching of
the dissociation reactions occurs downstream of the shock, as
explained qualitatively in Ref. 14, and the consequences of this
effect for simulation of attendant flow fields have not been
explored. Thus, although it is possible to develop similitudes for
some configurations, (or parts of configurations) with freestream
dissociation freezing, the problem of creating general similitude
rules remains unresolved.

2.3 Binary scaling and Reynolds number

Both propulsive flow fields and hypervelocity flow fields rely on
binary scaling for simulation. But simulation of the boundary layers
in a flow field demands matching of the Reynolds number as well.
In the absence of free-stream dissociation freezing, the freestream
velocity, temperature and viscosity are fixed at any given stagnation
enthalpy, and matching of the binary scaling parameter ensures that,
in addition, the product of freestream density and a characteristic
dimension is matched. Thus the freestream Reynolds number is
matched and, in view of the flow field matching, so is the post
shock Reynolds number.

The situation is less clear when substantial freestream dissoci-
ation freezing is present. This has only a small effect on the
freestream Reynolds number but, because there may be substantial
effects of freezing on the post shock flow, there may also be signif-
icant effects on post shock Reynolds numbers.

3.0 INTERMITTENT PROPULSIVE
WIND TUNNELS

Hypersonic propulsion is probably the area of hypersonics most in
need of research and development effort in the near future", not
least because of the extreme demands on wind tunnels at high Mach
numbers implied by Fig. 1. Of course, these demands arise in the
context of simulation involving complete configurations, and they
are considerably eased if the behaviour of components of these
configurations are studied in isolation. Indeed, this type of
combustion research has been widely used in research on supersonic
propulsion, and it would be surprising if the study of hypersonic
propulsion did not benefit from the same approach.

3.1 Combustion Heating

An example of a hypersonic facility for study of components of
propulsive configurations is shown in Fig. 4, which is a representation
of the blowdown tunnel laboratory described in Ref. 16. The facility is
supplied with air from a tank farm of volume 100m’, and exhausts to
the 1,600m’ volume vacuum sphere shown in the figure, providing test
times of up to 10 minutes as required. There are five test legs,
numbered from left to right in Fig. 4 as I to V. The five legs employ
heating of the airstream by combustion of hydrogen, with make-up
oxygen added to produce a vitiated airstream. Thus, the test gas is an
air-like mixture, with a high fraction of combustion products.

Legs I and II are used for simulation of the combined combustor-
thrust nozzle component of a scramjet engine, and this allows direct
supply of test gas from the wind-tunnel nozzle, without the wind
tunnel nozzle expansion and subsequent inlet compression which
would be required for a complete engine. These legs operate up to a
nozzle reservoir pressure and temperature of 12MPa and 2,500K
respectively. Referring to Fig. 1, the nozzle reservoir pressure, with
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Vacuum

Figure 4. Blowdown laboratory for hypersonic propulsion.

a combustor length of 1m, allows operation up to a precombustion
Mach number, M, near 5 but, with a precombustion temperature of
1,000K, operation is possible only up to a precombustion Mach
number somewhat in excess of 3, thereby simulating a flight free
stream Mach number approaching 8. Thus the reservoir temperature
limits the flight Mach number at which simulation is possible, rather
than the binary scaling relation.

Leg Il is a duct with a rectangular cross-section, 19mm X 32mm,
which is used for testing samples of materials and structural
elements. It operates at reservoir pressures up to 8-2MPa and
reservoir temperatures up to 2,700K, with heating provided by
hydrogen or ethylene combustion.

Legs IV and V are free jet facilities used for complete engine
testing. Leg IV incorporates a pebble bed heater which provides dry
air at a temperature of 1,300K and, with hydrogen combustion
heating as well, provides vitiated air at reservoir temperatures of
approximately 3,000K. Reservoir pressures are limited to 10MPa. As
for legs I and II, the reservoir temperature limits the flight Mach
number at which simulation is possible to values between 8 and 9.
Leg V is unique in that the supersonic/hypersonic nozzle, reservoir
and heater are mounted to rotate with respect to the stationary model
axis, allowing the flow from the nozzle to pass through an oblique
shock formed by a flat plate upstream of the model before passing
into the model intake. By rotating the nozzle assembly during a test
the continual variation of model inlet conditions, as would be experi-
enced by an engine mounted on an accelerating vehicle, can be
simulated. Leg V does not incorporate an upstream pebble bed
heater, but employs hydrogen combustion to provide vitiated air at a
reservoir temperature and pressure of 2,500K and 12MPa.

The use of a range of wind-tunnel types to test components of a
complete scramjet configuration is also evident in the review of
scramjet research at the NASA Langley Research Centre”, where
direct connect facilities with vitiated air heated by combustion of
hydrogen are also used for scramjet research. The same method of
heating is used in free jet wind tunnels, which are used for testing of
complete model engines up to a simulated flight Mach number of 6.
These facilities are supplemented by an arc heated hypersonic wind
tunnel in which extra air is added downstream of the arc, and this
provides an 0-28m square section test flow up to a flight Mach number
of 8. A virtue of the facility is that, although it has its own test flow
contamination problems, they are not the same as combustion heated
facilities, indicating that comparison of results between the two types
of facility can reveal contamination effects in either or both.

https://doi.org/10.1017/S0001924000004346 Published online by Cambridge University Press

JAaNuARY 2006

A hypersonic, combustion heated wind tunnel with a 2-4m
diameter test flow is also described in Ref. 17. This was originally
designed as a thermo-structural facility, heated by combustion of
methane, and was modified by the addition of an oxygen replen-
ishment system to become a hypersonic propulsion wind tunnel. It
can provide stagnation temperatures of 2,000K at nozzle reservoir
pressures of 13MPa which, referring to Fig. 1, would correspond to
a precombustion Mach number of 5 and a free-stream Mach number
of 11, with model lengths of the order of 10m. However, the
stagnation temperature limits simulation to a free-stream Mach
number of 6-8. Also, the test cabin does not allow such large
models. If, in order to avoid choking, it is necessary to inject
models into the test flow after the flow has started, the model length
is limited to 3-7m. Otherwise, somewhat larger models could be
tested.

It is worth noting that the facilities described up to this point
were employed for development of the successful NASA ‘Hyper-X’
flight of March 2004, in which a scramjet, in a model vehicle 3-7m
long, provided propulsive thrust at Mach 7 for 7 seconds.

A facility capable of testing scramjet engines at their expected
full size is the Aerodynamic and Propulsion Test Unit at the Arnold
Engineering Development Centre". This is currently being
upgraded with a new combustion heater and a Mach 7 nozzle to
produce a 1-1m diameter test flow with a stagnation temperature of
2,600K and a nozzle reservoir pressure of 19MPa, allowing
simulation up to a flight Mach number of 8. The upgrade plans
include mounting the heater and nozzle on a stand which can be
rotated during a test, similar to the arrangement described above,
thus allowing testing of a full scale engine in an accelerating phase
of flight. This facility is being developed in an environment with
several decades of experience in the development testing of large
aircraft engines, and therefore considerable attention is being given
to instrumentation and control issues.

It may be pointed out that facilities which employ combustion
heating use a test gas which is not air. However, as noted in Ref. 18,
‘... the ability to construct and operate a facility safely and
affordably (is) a very real issue. Realistically, sacrifices in
simulation parameters are made with the realization that increased
uncertainty in the test data will result.” Recent scramjet powered
flight tests have reduced this uncertainty and, because the test times
of many seconds makes these facilities suitable for many purposes
for which no alternative is available, such as tests involving
materials and other thermo-structural phenomena, they can be
expected to continue to play an important part in the development
of hypersonic propulsion.

3.2 Ultra high pressure and electron beam heating

Combustion heating limits intermittent propulsive wind tunnels to
Mach numbers of approximately 8. Electrical arc heated wind
tunnels have been widely used for materials testing, but are
confined to supersonic Mach numbers because of the difficulties
associated with maintaining the integrity of a reservoir with arc
heating at moderately high pressures. As already mentioned, arc
heating is possible when accompanied by dilution with air, but this
is also limited to Mach numbers of 8. This ‘Mach 8 barrier’ has
encouraged research on a new type of intermittent hypersonic wind
tunnel known as a radiatively driven hypersonic wind tunnel
(RDHWT)". This type of wind tunnel has not yet been built, but it
is useful to briefly review the concept, as it is a novel approach
involving a number of interesting physical effects.

The problems involved in achieving the high velocities necessary
to high Mach number flight simulation in a conventional inter-
mittent wind tunnel are related to heat transfer. First, the reservoir
enthalpies which are necessary at the reservoir pressures involved
are such that heat transfer makes containment impossible, and
second, excessive heat transfer to the throat and walls of the nozzle
in the presence of air makes their survival unlikely.
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Figure 5. Ultra high pressure electron beam heated
hypersonic wind tunnel — Schematic.

The first of these problems is avoided by arranging that a
substantial portion of the energy required (about two thirds) is to be
added in the supersonic/hypersonic nozzle by means of a high energy
electron beam, and by noting that as reservoir pressures are increased
beyond 100MPa the volume occupied by the molecules of air, and the
attractive force between them, become increasingly significant. As a
result, the enthalpy becomes an increasingly strong function of
pressure, a stagnation enthalpy of 2-5MJ/kg being obtained at a
reservoir pressure of 2,000MPa and a temperature of 750K. In
principle, with the reservoir walls at the same temperature, no heat
transfer to the walls of the reservoir takes place. The energy addition
in the nozzle is illustrated in Fig. 5. The electron beam is introduced
at a station in the downstream part of the nozzle, and the flow is
heated by collisional absorption of the beam energy. Numerical
simulations®” indicate that, by controlling the nozzle profile and the
current distribution in the electron beam it is possible to produce a
reasonably uniform core of flow at high enthalpy surrounded by a
cooler wall layer. This central core can be expanded downstream of
the heating region to produce the required test conditions.

The second problem, involving heat transfer to the throat and
nozzle, is approached through film cooling, by injecting a wall layer
of nitrogen in the reservoir. This is expected to be particularly
effective in preserving a low enthalpy, non-oxidising layer adjacent
to the wall, because the density is primarily dependent on the
pressure (rather than the combination of pressure and temperature) at
the ultra high pressures of the reservoir, implying that the nitrogen
can be injected at the same pressure but a lower enthalpy than the air
while keeping the densities of the two gases approximately the same.
This causes the acceleration of the nitrogen layer and air to be the
same in response to pressure gradients, with the result that there is a
very small difference in the velocity of the air and the nitrogen as
they pass from the reservoir, through the throat and into the super-
sonic region of the nozzle. As mixing between nitrogen and air at the
interface between the two depends on this velocity difference, the
mixing layer will grow very slowly, and the cool nitrogen layer will
retain its integrity, and will protect the wall as it passes downstream.

Supplying air at a nozzle reservoir pressure of 2,000MPa involves
meeting some novel engineering challenges®” which, as illustrated
schematically in Fig. 5, are being met by using an array of ultra high
pressure intensifiers robustly coupled to an ultra high pressure
manifold.
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Figure 6. Free piston shock tunnel operation.

(a) Wave diagram showing shock tunnel operating cycle (P, = initial
pressure in piston driver reservoir, P,, T,, = shock-tube driver pressure,
temperature, T; = initial temperature of shock-tube driver gas).

(b) Pressure and temperature amplification (A = volumetric
compression ratio of shock-tube driver gas, v = ratio of specific heats).

4.0 IMPULSE PROPULSIVE WIND TUNNELS

The maximum stagnation enthalpies of operating intermittent wind
tunnels are limited by combustion heating to values which allow
flight simulation up to Mach numbers near 8. Impulse facilities are
not subject to this limitation, and therefore are able to provide
simulation to much higher Mach numbers. Their disadvantage
stems from the short duration of flows which they produce, with
test times limited to only a few milliseconds. Thus, although they
are suitable for simulation and study of aerodynamic and gas
dynamic effects, they cannot be used to investigate other aspects of
hypersonic flight, such as thermo-structural effects. That said, it
should also be pointed out that aerodynamics and gas dynamics are
of prime importance to a flight vehicle, and this gives impulse
tunnels their particular legitimacy.

4.1 Free piston reflected shock tunnels

The reflected shock tunnel, which is used for hypersonic propulsive
research, is the most widely used of the impulse facilities. Early
research®? showed that reflected shock tunnels could be used for
studies of supersonic combustion, but a shock tunnel based continuing
program of basic research on scramjet propulsion only began in the
80s, using the free piston shock tunnels T3 at the Australian National
University, and T4, at the University of Queensland.

The operating cycle of a free piston shock tunnel is shown by the
wave diagram in Fig. 6(a). This piston, which is represented by the
cross-hatched rectangle in the figure, initially is subject to a much
higher pressure, P, in the piston driver reservoir (on the left of the
figure) than the initial pressure in the shock-tube driver gas (on the
right of the piston in the figure). Thus, when it is released, the piston
accelerates to the right but, as it approaches the entrance to the shock
tube, the compression of the driver gas causes the piston to slow
down. However, at a predetermined point in this compression
process, before the piston comes to rest, the diaphragm at the
entrance to the shock tube ruptures, and the driver gas expands into
the shock tube to initiate the shock-tunnel cycle. The velocity of the
piston is such that the flow of driver gas into the shock tube is
matched by movement of the piston face, thereby ensuring that the
pressure, P,, and the temperature, 7,, of the driver gas at the
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Figure 7. Free Piston Impulse Tunnels.
(a) Free piston shock tunnel T3.
(b) Growth of free piston shock tunnels and free piston expansion tubes (DC = compression tube diameter, DST = shock tube diameter).
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entrance to the shock tube remain constant for long enough to ensure
a conventional shock-tunnel cycle.

The free piston technique offers two benefits, which are made
evident by reference to Fig. 6(b). The curves presented in that figure
were obtained by assuming that the expansion of the piston driver gas
and compression of the shock-tube driver gas are both isentropic, and
by taking the initial volumes of both gases to be equal. The amplifi-
cation of shock-tube driver gas temperature, which is evident on the
right hand side of the figure, allows the shock tunnel to generate
stagnation enthalpies in the nozzle test flow which are well in excess
of those available with combustion heated intermittent wind tunnels.
As shown by the left hand side of the figure, the temperature amplifi-
cation is associated with a pressure amplification, leading to a shock-
tube driver pressure which becomes, at moderate values of the driver
gas volumetric compression ratio, an order of magnitude greater than
the initial pressures anywhere in the assembly.

These two pressure and temperature related benefits are partially
offset by the reduced size of the shock tube and nozzle in comparison
with the rest of the assembly, as this leads to a reduced test flow
diameter. However, in practice, the shock tube diameter, which is
related to the test flow diameter at any given Mach number, is
approximately one third of the diameter of the tube in which
compression of the driver gas takes place, whereas the pressure is
increased by an order of the magnitude by the compression process.
Figure 1 indicates that reducing the test flow diameter by a factor of
three and increasing nozzle reservoir pressures by an order of
magnitude increases the Mach number for propulsive simulation,
thereby signifying that the use of free piston compression of the
shock-tube driver gas increases the Mach number for propulsive
simulation.

Examples of free piston facilities are shown in Fig. 7. Figure 7(a) is
a photograph of the free piston shock tunnel T3 at the Australian
National University, in Canberra. It was brought into operation in
1968%Y and has since been operating continuously, largely serving as
a vehicle for university research. It was the first free piston shock
tunnel of a substantial size to be built but, as shown in Fig. 7(b),
much larger ones have since been constructed. The figure displays the
growth in size, beginning with T1 and T2. These were built following
a concept which originated at the National Research Council of
Canada®, and were experimental prototypes for T3. The two larger
free piston shock tunnels, HEG®® and HIEST®”, were constructed
and are operated in government laboratories. At the top of Fig. 7(b)
are two free piston expansion tubes which, as discussed below, are
being developed for hypervelocity aerodynamics research.

Operating nozzle reservoir pressure levels for HEG and HIEST are
100MPa and 150MPa respectively, while both HEG and HIEST use
nominal Mach 8 nozzles for scramjet engine testing, with exit
diameters of 0-6m and 0-8m respectively. Figure 1 indicates that, by
reducing the shock tunnel nozzle throat size, both of these facilities
could provide simulation of propulsive flow fields up to test section
Mach numbers exceeding 11.

In what may be regarded as the more conventional type of reflected
shock tunnel, the driver gas is statically contained in the driver tube
before rupture of the diaphragm at the entrance to the shock tube.
This type of shock tunnel has found some use for testing scramjet
configurations, but has been used mainly for aerodynamic research
and development, and will be discussed in more detail below.

4.2 Instrumentation

Techniques of surface pressure and heat transfer measurements are
well established and are widely used in shock tunnels for studies of
propulsive flows. Schlieren and interferometric techniques of flow
visualisation are also commonly used, and are particularly useful in
impulse facilities because light sources which illuminate and allow
recording of the field of view in less than one microsecond are
readily available, making it a relatively straightforward matter to
obtain images of the flow field.
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Figure 8. Holographic interferograms of supersonic combustion with
hydrogen fuel. (a) Model configuration
(b) Flow patterns with fuel addition (¢ = equivalence ratio, stagnation
enthalpy = 3 MJ/kg, free-stream Mach number, pressure and temper-
ature = 6-8, 8kPa and 290K respectively).

4.2.1 Interferograms

Holographic interferograms, obtained in shock tunnel T4, of a flow
field with hydrogen combustion are displayed in Fig. 8. As
shown in Fig. 8(a), the model was a symmetric two dimensional
duct with intake ramp angles of 9 degrees, followed by ramps of 12
degrees, leading to a combustion duct with parallel walls. The
model flow path was 75mm wide, and fuel injection wall orifices
were located 95mm downstream of the leading edges. Glass
sidewalls allowed interferometric flow visualisation during the test
time, a crack in one of these walls appearing as a black line
roughly transverse to the flow near the upstream end of the
combustion duct. Black lines are also used to show the theoretical
location of the shocks from the intake, together with their inter-
action near the combustion duct entrance, for the no fuel injection
case (¢ = 0) and the case of hydrogen injection at an equivalence
ratio of 0-5. This part of the flow structure differs only a little
between these two cases. However, differences become more
apparent further downstream, where the fuel on interferograms
show fringes which are more widely spaced and less structured in
the zones near the walls, consistent with the occurrence of
combustion heat release. At an equivalence ratio of 0-7 the flow is
choked, and the hot subsonic flow shows widely spaced fringes,
indicative of reduced density gradients, and the lack of structure
associated with large scale turbulent eddies.
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Figure 10. Supersonic combustion — shock tunnel vs Flight
(AP = pressure increase due to hydrogen injection
and combustion, equivalence ratio = 0-32 + 0-02).
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4.2.2 Model forces

The measurement of overall model forces is an important function of
any wind tunnel, and this is also true of impulse wind tunnels. For a
relatively ‘clean’ configuration, a general working rule is that the
flow about a model closely approaches the steady state by the time
that the steady mainstream has passed three model lengths, signi-
fying that the overall forces acting on the model also become steady
in that time. However, stress waves are induced in the model by
transient starting loads, and these stress waves propagate in a normal
steel or aluminium model with a speed which is of the order of the
free stream flow speed, reflecting and re-reflecting as they traverse
back and forth along the model. This leads to a situation where,
although the forces acting on the model have reached a steady state,
the internal stress distribution has not, and the magnitude of the
steady state forces cannot be transmitted to a recording transducer.
However, this problem can be circumvented by using the stress wave
force balance technique®. This technique involves recording the
stress waves passing into the model support struts during a test, and
subsequently deconvoluting those records to obtain the timewise
variation of forces on the model.

Figure 9 displays measurements of thrust, lift and pitching
moment on a simple hydrogen fuelled scramjet configuration®”,
obtained with a stress wave force balance in shock tunnel T4. The
thrust is negative, indicating a net drag which only approaches zero
as the equivalence ratio exceeds one but, as revealed by comparison
with results obtained with nitrogen test gas, there is a substantial
thrust increment due to combustion. There is also a considerable
increment of lift due to combustion, and a substantial increase in the
nose down pitching moment.

It is worth noting that the stress wave force balance technique can
be used in impulse flows of duration much less than the one
millisecond or so which is typical of shock tunnels. For example, it
has been used successfully to measure the drag on cones in a small
expansion tube with test times of 50 microseconds®".

Provided that models are not too large, model forces can also be
measured in shock tunnels with test times in excess of approximately
2 milliseconds by strain gauge balances, sometimes combined with
accelerometers mounted in the model. A useful discussion of this
type of force balance is given in Ref. 32.

4.2.3 Skin friction

Hypersonic propulsion will involve slender vehicles, and skin
friction can be expected to constitute a major component of drag on
such vehicles. Therefore, particular significance attaches to the
measurement of skin friction in impulse facilities. A skin friction
gauge, which used piezoelectric sensing elements in bending mode,
was developed at the Cornell Aeronautical Laboratory in the 60s.
This gauge had a natural frequency of 5kHz, and was used in an
extensive shock-tunnel study of flat plate turbulent boundary
layers®®. A skin friction gauge was also developed at the University
of Queensland. This gauge employed a piezoelectric element in
direct shear mode, and had a natural frequency of 40kHz®". Gauges
of this type were used in experiments which showed that combustion
of hydrogen in a turbulent boundary layer reduced the skin friction
by a factor of approximately three, and also reduced the heat
transfer™.

4.3 Flight — shock-tunnel comparison

Airbreathing propulsion at high speeds involves supersonic
combustion and, though theoretical and experimental research has
been done on supersonic combustion for some decades, no flight
data existed which would allow a correlation between flight and
wind tunnel research to be established. Thus the flight of a super-
sonic combustion experiment on a sounding rocket in July 2002°?,
had particular significance.
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The flowpath of the experimental model is shown schematically in
Fig. 10. It was fuelled with hydrogen, and involved a simple two
shock inlet with the inlet ramp terminated before the combustion
duct entry, as shown, in order to dump the inlet ramp boundary layer
and the shock reflected from the cowl leading edge. Lateral dumps
were also incorporated, thereby ensuring that the flow entering the
75mm wide and 9-8mm high rectangular combustion duct was
uniform and parallel to the walls of the duct. The flight model had
two identical flow paths, one of which was fuelled and the other
unfuelled, thus allowing the pressure increase due to hydrogen
injection and combustion to be determined at each moment during
the flight experiment. The model for testing in the shock tunnel, T4,
had only one flowpath, the fuel on and fuel off data being obtained
in separate tests. Resulting distributions of pressure increase in the
combustion duct due to hydrogen injection and combustion are
compared at the top of the figure. The sounding rocket followed a
parabolic trajectory, reaching an altitude of 320kilometres, and the
experiment took place as the model re-entered the atmosphere, on an
approximately vertical path, at a Mach number of 7-6.

The flight distribution of the pressure increase due to fuel
injection shown in Fig. 10 was taken at an altitude of 29km, and is
compared with the distribution obtained in the shock tunnel, before
the flight, at conditions which simulated this altitude®”. The shock
tunnel distribution displays irregularities which are thought to result
from marginal non-uniformities in the test flow (the shock tunnel
nozzle was operated somewhat off design) but, disregarding these
irregularities, it is almost the same as the flight distribution. This
level of similarity between tunnel and flight distributions persisted at
all other conditions experienced in the flight experiment, ranging
from conditions where the flow was dominated by the chemical
kinetics of combustion, to where mixing effects dominated. It
indicated that, at least at stagnation enthalpies near 3MJ/kg, flight
flow fields with combustion can be satisfactorily simulated in shock
tunnels.

Following the success of the shock tunnel in predicting
combustion in flight at Mach 7-6, the shock tunnel described in Ref.
16 was used to develop the combustor for the second successful
flight of a NASA ‘Hyper X’ vehicle in November, 2004, when a
Mach number of 9-7 was achieved.

5.0 IMPULSE WIND TUNNELS AND
REYNOLDS NUMBER

While the primary purpose of developing impulse wind tunnels was
to increase the velocities at which flight flow fields could be
simulated, the relative simplicity of the wind tunnels which evolved
encouraged design for relatively high pressure levels, with the result
that impulse wind tunnels could be used to produce higher Reynolds
numbers at a given Mach number than intermittent wind tunnels.
Figure 11(a) illustrates the benefit of higher nozzle reservoir
pressures, showing that they may be used to increase the test flow
unit Reynolds number or, alternatively, to increase the test flow
Mach number at a constant unit Reynolds number.

Figure 11(b) is a diagrammatic representation of three types of
impulse wind tunnel which have seen regular use in the high
Reynolds number/high Mach number mode®®**”. The reflected
shock tunnel uses the rupture of a high pressure diaphragm to
initiate the unsteady expansion of driver gas from the high pressure
reservoir, and thus to drive a shock wave through the test gas, as
shown. Reflection of this shock wave from the downstream end of
the shock tube produces the quasi-steady reservoir of test gas which
supplies the nozzle flow. Mixing at the interface between the driver
gas and test gas is a basic disadvantage of the reflected shock
tunnel, as it limits the test time, and will be discussed below.

The gun tunnel uses the same basic configuration as the reflected
shock tunnel, but employs a light piston to separate the driver gas
from the test gas. The need to maintain the integrity of the piston
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Figure 11. Impulse wind tunnels for high Mach numbers
with high Reynolds numbers.

(a) Effect of nozzle reservoir pressure on test test section unit
Reynolds number. (Ratio of specific heats = 1-35, test flow temper-
ature = 90K, Py = nozzle reservoir pressure, M_, = test flow Mach
number, R, = test unit Reynolds number).

(b) Typical high Reynolds number impulse wind tunnels.

dictates a minimum allowable piston mass and, because of this
finite mass, the piston undergoes some oscillations as its
compression stroke is completed. However, these oscillations are
rapidly damped, and the ensuing test time is much longer than the
test time of the reflected shock tunnel, ranging from 5 to 50
milliseconds. Test section velocities are limited to less than 2kms™.
Gun tunnels are operated mainly as university research wind
tunnels, where their simplicity and economy of operation is a
particular advantage.

While the gun tunnel involves minimisation of the oscillations
resulting from ‘overshoot’ of the piston as it completes its
compression stroke, the ‘longshot’ wind tunnel seeks to maximise
this overshoot, by using a moderately heavy piston, and trapping the
test gas at high pressure by an array of non-return valves near the
downstream end of the shock tube. In this way nozzle reservoir
pressures in excess of 200MPa are obtained at high Mach numbers,
yielding high values of the unit Reynolds number.

6.0 HYPERVELOCITY IMPULSE WIND
TUNNELS

6.1 Blowdown reflected shock tunnels

The hypervelocity regime may be defined by flow velocities in
excess of 3kms™ and, by the use of appropriate driver gases,
the blowdown (or conventional) reflected shock tunnel (illustrated
schematically in Fig. 11(b)) is able to penetrate well into this
regime.
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Figure 12. Blowdown hypervelocity reflected shock tunnels.
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Figure 13. Hypervelocity performance of free piston shock tunnels.

(a) Production of hypervelocity flows in shock tunnel T3.
(St = Stanton number, St, = Stanton number for no dissociation,
V,= «/2H , H = stagnation enthalpy).
(b) Driver gas contamination of test flow (£, = test section contami-
nation free time, d = shock tube diameter. Filled symbols indicate
blowdown shock tunnels, remainder free piston driver).
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Helium driver gas

An example of a blowdown hypervelocity reflected shock tunnel
using helium driver gas is shown in Fig. 12(a)*". The shock tube and
the driver have an internal diameter of 140mm, and are designed for
pressures of 150MPa. An electrical resistance heater can raise the
temperature of the helium driver gas to 500K before a test. This
shock tunnel can reach test flow velocities of approximately
3-5kms™.

Hydrogen driver gas

higher test flow velocities are available with the LENS (large energy
national shock tunnel) facility“?, shown in Fig. 12(b). The LENS I
blowdown shock tunnel is designed for the use of hydrogen driver
gas, and can reach test flow velocities of 5kms™ by electrical heating
of the driver gas. It has a 200mm diameter shock tube and a 280mm
diameter driver, which has a design operating pressure of 200MPa,
to yield a nozzle reservoir pressure of approximately 100MPa.
Referring to Fig. 11, this allows test section Mach numbers of 16
with a unit Reynolds number of 10%m which, since this shock tunnel
is able to accommodate models that are 4m in length, corresponds to
a test section Reynolds number of 4 x 10° . This is the approximate
value of the free stream Reynolds number associated with re-entry of
the NASA Space Shuttle at a Mach number of 16.

The useable test flow diameter is 1m, implying that the value of
the binary scaling parameter required for simulating flows with non-
equilibrium dissociation can readily be produced in LENS I
Referring to Fig. 2, a test flow diameter and model length of 1m
yields a test section pitot pressure of approximately 40kPa at a
velocity of Skms™ which, at a test flow Mach number of 12, can be
readily accommodated with a nozzle reservoir pressure of 60MPa.
Investigations of dissociation effects in LENS I, focussing particu-
larly on shock induced separated regions, are reported in Ref. 42.

Reflected shock tunnels normally are constrained to operate at
hypersonic Mach numbers because the supply of shock heated gas at
the nozzle entrance is only sufficient to sustain the test gas mass
flow for the test period through a relatively small nozzle throat,
implying that a given test flow area can only be supplied at Mach
numbers greater than some minimum value. For LENS I, this
minimum value of Mach number is 7. Lower test Mach numbers,
ranging from 7 to 3, are obtained in LENS II, which has a 620mm
diameter shock tube and driver. It uses helium driver gas and, since
it is limited to test velocities of approximately 2kms™, it is not a
hypervelocity facility when operated as a reflected shock tunnel.
However, velocities of approximately 4-5kms™ are obtained when
LENS 1I is operated as LENS X, which is an expansion tube/tunnel
variant of the LENS II assembly. Expansion tube operation is
discussed below.

The development role of the LENS facilities is evident in their use
for large scale testing of scramjet engines, and for aerothermal and
aero-optic design of advanced missile seekerheads, as well as the
seeker window obscuration problems presented by the proximity of
manoeuvring thrusters. This development role is conducted together
with basic research in areas such as shock—boundary-layer interac-
tions and film cooling.

Detonation drivers

There was a period, particularly during the 1960s, when combustion
of an oxyhydrogen mixture in helium driver gas was favoured as a
means of producing hypervelocity test flows. It was then considered
desirable to avoid detonation in these combustion drivers. Although
this type of driver has fallen out of favour, combustion drivers
involving exploitation of the detonation process have appeared
during the last decade. They are not strictly blowdown drivers, as
they are not in a static mode immediately prior to operation of the
shock tunnel, but detonation drivers have been used as a means of
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Figure 14. Effects of Nonequilibrium Dissociation reactions in hypervelocity flows.
(a) Mach Zehnder interferograms of wedge flows with dissociative relaxation.
(b) Centre of pressure shift on a model of reentry glider HOPE.

improving the performance of blowdown shock tunnels, and
therefore are included here.

Figure 12(c) illustrates schematically two variants of the
detonation driver. The shock-induced detonation driver uses the
expansion of high pressure gas to drive a detonation wave through
the oxyhydrogen in argon mixture when the high pressure diaphragm
(shown in Fig. 12(c) as a thick line) bursts. The detonation mixture
is restrained by a light diaphragm (shown by a thin line) which
bursts on arrival of the detonation wave, to propagate a shock wave
in the shock tube. This shock wave bursts a light diaphragm at the
entrance to the nozzle to initiate the test flow. A detonation driver of
this type has been used to increase the test flow stagnation enthalpy
from less than 2MJ/kg with a room temperature helium driver alone
to SMJ/kg with the detonation driver incorporated™.

The other variant is the upstream running detonation driver. It
employs only one driver chamber which, as shown in Fig. 12(c), is
filled with an oxyhydrogen helium mixture. The detonation is

https://doi.org/10.1017/S0001924000004346 Published online by Cambridge University Press

initiated at, or close to, the high pressure diaphragm by a suitable
source (such as an electric arc or an auxiliary shock tube), and
travels upstream. The pressure rise due to detonation bursts the high
pressure diaphragm, and a shock wave propagates through the air in
the shock tube to reflect and produce the nozzle flow. This type of
driver has been used to generate test flows with a velocity
approaching 5kms™ in the shock tunnel of Fig. 12(a)*.

6.2 Free piston reflected shock tunnels

As shown in Fig. 6(b), the driver gas temperature in a free piston
shock tunnel increases with the driver gas volumetric compression
ratio. Since the maximum stagnation enthalpy which can be
produced in a reflected shock tunnel depends on the driver gas
temperature, and since there is, in principle, no limit to the
volumetric compression ratio which can be used, there is also no
limit to the stagnation enthalpy which can be produced. In fact,
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driver gas contamination of the test gas and radiation of energy from
the reflected shock region both tend to set upper limits to the
stagnation enthalpy. Nevertheless, as shown by flat plate heat
transfer measurements“” in Fig. 13(a), stagnation enthalpies corre-
sponding to Earth orbital velocity can be produced. The experi-
mental Stanton numbers are consistent with predictions, which do
not involve dissociation effects, at low stagnation enthalpies. They
remain consistent at high stagnation enthalpies if the predicted
Stanton number is calculated assuming that the composition of the
boundary layer airflow remains frozen at the free stream dissociation
levels, and the dissociated atoms do not recombine at the surface.

Driver gas contamination

driver gas contamination of test gas is usually the factor which limits
the test time in a reflected shock tunnel. Figure 13(b) displays
measurements of the test section contamination free time with
helium driver gas for a number of shock tunnels. This contamination
free time is the time between arrival of the first element of flow at
the test section and arrival of contaminated flow. Therefore the
useable test time is obtained by subtracting the nozzle flow starting
time from the test section contamination free time. For the purpose
of comparing shock tunnels, the product of contamination free time
and the approximate flow velocity is taken, to yield a contamination
free flow length, and normalising this by the diameter of the shock
tube. Because dissociation freezing reduces the test section velocity,
the contamination free flow length will be reduced by up to 20% at
high stagnation enthalpies. As shown in the table in Fig. 13(b), a
variety of techniques are used for detecting contamination. The gas
dynamic technique involves choking of a small duct as the contami-
nation rises above a preset level®*™ and, together with the mass
spectrometer, is able to detect contamination of 10% by molar
concentration. The detection level using the heat transfer method is
less well defined, but comparison with results from gas sampling
probes indicate that the detection level is approximately 30%.

Figure 13(b) indicates that the contamination free flow length is
directly proportional to the diameter of the shock tube, with the
exception of the smaller shock tubes at high stagnation enthalpies.
The operating conditions with T2, the smallest shock tube, suggested
that the shorter test times may be due to the predominance of
laminar boundary layers in the shock-tube, while the relatively
extended test times with T4 may be due to use of a helium/argon
driver gas mixture in this case. The results with shock tube diameters
of 0-1m and greater indicate that there is not a significant difference
between the contamination free flow lengths obtained with
blowdown drivers and free piston drivers. In view of the similarity
of the shock tube processes involved, this is not surprising.

Recognising the need to maximise the useable test flow length in
reflected shock tunnels, there is a benefit to ensuring that the flow
starting processes pass through the nozzle as quickly as possible.
Since a substantial part of the starting time can be expected to occur
near the throat, where the speed of the upstream propagating
rarefaction wave which terminates the nozzle starting process most
closely matches the flow velocity, the length of the supersonic
region, near the nozzle throat, should be minimised. This implies
that minimal starting time losses can be expected with a contoured
nozzle employing the maximum divergence angle near the throat.

Dissociating hypervelocity flows

Examples of effects arising from the dissociation of air at hyperve-
locities are shown in Fig. 14. Mach Zehnder interferograms of
wedge flows in the free piston shock tunnel T3 at a stagnation
enthalpy of 19MJ/kg, a free stream total enthalpy, A.., of 4-5MJ/kg,
and a pitot pressure of 320kPa, are displayed in Fig. 14(a). The two
models shown were part of one model array in the shock tunnel, thus
ensuring that they both experienced the same test flow. With a span
which was six times the length of the 30° face shown, they produced
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wedge flows which were essentially two dimensional. The Mach
Zehnder interferometer was manipulated to set a pattern of fringes
across the field of view in such a way that a downstream shift of
these fringes indicated an increase in density.

On the 20° wedge faces a fringe shift occurs at the shock wave but,
apart from a slight forward shift close to the surface, due to boundary
layer effects, the fringes are closely parallel to those in the free stream,
indicating that nearly constant density prevails in the shock layer. The
post shock streamline enthalpy, 4,, is 8MJ/kg, and reference to Fig.
3(b) indicates that, indeed, only a very small change in density would
be expected in this case. On the 30° face, a post shock streamline
enthalpy of 10-5MJ/kg is obtained and the value of the binary reaction
parameter, px/u, is 0-7 Pa.s at the downstream edge of the wedge face.
The density change along shock layer streamlines will thus be approx-
imately represented by the 4. = SMJ/kg to h, = 10MJ/kg curve in Fig.
3(b) and, since the streamline flow lengths at any station in the shock
layer will increase in passing from the shock to the surface, so will the
density and the fringe shift, and the fringes will no longer be parallel
to those in the free stream. This is evident in Fig. 14(a). On the 35°
wedge face, the streamline enthalpy is 12MJ/kg, and the binary
reaction parameter has a value of 1-3Pas at the downstream edge of
that face. Referring to Fig. 3(b) indicates that the streamlines close to
the surface are approaching equilibrium, and the density changes less
rapidly along a streamline. Thus, the fringes tend to become parallel to
those in the free stream, as observed towards the downstream end of
the wedge face in Fig. 14(a).

The increase in shock—layer density along streamlines implies a
reduction in the shock angle with respect to the surface and an
associated reduction in the pressure. Although this is a small effect, it
can cause a significant upstream shift in the centre of pressure. A
centre of pressure shift largely attributed to this effect has been
measured in the free piston shock tunnel HIEST over a range of
stagnation enthalpies on a model of the proposed Japanese delta wing
re-entry glider, HOPE®”. The results are shown in Fig. 14(b). The
centre of pressure shift measurements were obtained from the
measured pitching moment by using the numerically computed values
for the normal force coefficient, and are seen to follow a trend similar
to that numerically predicted. These measurements confirm that the
effect of dissociation at hypervelocities can be measured on models of
flight vehicles in the short test times available in shock tunnels.

7.0 SUPERORBITAL IMPULSE WIND
TUNNELS

Superorbital wind tunnels are defined as those which generate test
flows at stagnation enthalpies in excess of those corresponding to low
Earth orbital velocity. Interest in such wind tunnels is stimulated by
the development of planetary exploration, and the attendant possi-
bility of Earth re-entry at speeds greater than 8kms™. As noted above,
the penetration of this regime by reflected shock tunnels is likely to
be limited by radiation loss of energy from the reflected shock region
due to high ionisation levels. This was confirmed by studies of the
radiation loss from argon test gas in the free piston shock tunnels T3
and T2%*¥, and led to investigation of the non-reflected shock tunnel
and the expansion tube as means of penetrating the superorbital
regime other than the reflected shock tunnel.

7.1 Non-reflected shock tunnel with prior steady flow

The hypersonic non-reflected shock tunnel, which is shown
schematically in Fig. 15(a), was first proposed in 1956, and has
since been the subject of experimental evaluation®. The conven-
tional method of starting the hypersonic nozzle flow, shown as the
‘without PSF’ case in Fig. 15(a), involves rupture of a thin
diaphragm at the entrance to the nozzle, which is pre-evacuated.
This is unsatisfactory for a high velocity shock tunnel, because the
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Figure 15. Prior Steady flow Nonreflected shock tunnel.
(a) Principle of operation (PSF = prior steady flow).

(b) Using hydrogen-neon mixture, at equivalent velocity 12-6kms™, to simulate shock layer at
g hydrog y Y/

inertia of any practical diaphragm is too large for it to be removed
from the test flow in the few tens of microseconds of test time
available in a high performance shock tube. The diaphragm can be
rendered unnecessary by arranging that, immediately prior to a test,
a steady flow of test gas is established in the nozzle®**”. This
allows the nozzle starting process to be completed as rapidly as with
a pre-evacuated nozzle and a massless diaphragm. The test gas
necessary to replenish the loss of test gas from the shock tube to the
prior steady flow is supplied by filling the bypass flow dump with
test gas, allowing it to serve as a nozzle feed tank for the prior
steady flow, and as a dump for the test gas which bypasses the
nozzle during passage of the shock heated gas.

A modification to free piston shock tunnel T3 enabled it to operate
as a prior steady flow non-reflected shock tunnel. Figure 15(b)
shows a schlieren image of the shock wave on a spherically blunted
cone obtained at conditions corresponding to entry into the atmos-

28kms™ in hydrogen-helium atmosphere. (Dots to help identify shock)
(c) Time resolved spectrum of radiation from stagnation region of a sphere in
hydrdogen-neon mixture at equivalent velocity 14-8kms™.

pheres of Uranus or Neptune. The test gas was a mixture of 60%
hydrogen with 40% neon, rather than the 85% hydrogen with 15%
helium mixture which is more typical of the atmospheres of these
planets, but it can be shown that both helium and neon act as inert
diluents, and therefore that hydrogen-neon mixtures could be used to
simulate ionising inviscid flow in hydrogen-helium atmospheres®®.
The density ratio across the shock wave is reduced by dissociation
freezing of hydrogen in the nozzle, and this is taken into account to
transform the shock and body shape of the 120° cone of the experi-
ments into the 134° cone and associated shock shape of an undisso-
ciated free stream, as shown in Fig. 15(b). Thus, while the
experiments were done in a hydrogen-neon test gas at an equivalent
velocity of 12-6kms™, they provide a simulation of a flight velocity
of 28kms™ in a hydrogen-helium atmosphere.

Figure 15(c) displays a time resolved spectrum of the radiation
from the shock layer in the stagnation region of a hemisphere at an
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Figure 16. Expansion Tubes for Superorbital Flows.
(a) Producing test flow with an expansion tube.
(b) Interferometric flow visualization in X2 expansion tube test flow (H,-Ne test gas, equivalent velocity 12-1kms™).
(c) Steady boundary layer flow in X3 expansion tube in N,. (Duct length = 1-1 m, equivalent velocity = 8-7kms™, Ru = 3-1x10%/m).

equivalent velocity of 14-8kms™ and a Mach number of 6 in the
above hydrogen-neon test gas. The time scale begins with the arrival
of the starting shock system at the model. During the test period
which follows, radiation over most of the visible part of the
spectrum is seen to consist only of the H, and Hy lines of hydrogen,
before contact surface arrival is signalled by the appearance of other
lines in the spectrum, which are ascribed to metallic diaphragm
fragments at the contact surface. Thus removal of the diaphragm at
the entrance to the nozzle has made it possible to produce a ‘spectro-
scopically clean’ hypersonic test flow.

The prior steady flow assembly can be designed to be inter-
changeable with the hypersonic nozzle of an existing reflected shock
tunnel, thus offering the possibility of operation at higher stagnation
enthalpies through the non-reflected mode.

7.2 Expansion tube/tunnel

The expansion tube, like the shock tunnel, is a variant of the shock
tube but replaces the steady flow nozzle expansion with an unsteady
expansion as a means of generating the final hypersonic test flow.
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The expansion tunnel adds a steady flow nozzle expansion of the
hypersonic flow generated by the unsteady expansion.

The operation of an expansion tube is shown in Fig. 16(a). The
top figure shows the shock tube in operation after rupture of the
main diaphragm with the shock wave and following interface
propagating towards a light secondary diaphragm at the
downstream end of the shock tube. An acceleration tube follows
the secondary diaphragm, and is initially at a lower pressure than
the shock tube. The incident shock ruptures the secondary
diaphragm, and is eliminated by the ensuing unsteady expansion
wave, to produce the flow situation shown in the bottom of the
figure, with the unsteady expansion and the interface passing
downstream. A secondary shock is formed in the gas initially in the
acceleration tube, together with a secondary interface between that
gas and the test gas which has passed through the unsteady
expansion. A region of uniform flow exists between the
downstream end of the unsteady expansion and the secondary
interface, thus forming a test region. Each element of gas in the
unsteady expansion does work on the adjacent downstream
element, with the result that the stagnation enthalpy and effective
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reservoir pressure of the test gas are increased in passing through
the unsteady expansion.

Early attempts to develop operating expansion tube wind tunnels
were only partly successful® because of the difficulty of eliminating
large oscillations in the test section flow. A theoretical development
by Paull® showed that this was due to lateral waves in the shock-
tube driver gas, which were probably excited by bursting of the main
diaphragm, and which tended to focus to a dominant frequency in
passing through the unsteady expansion. These waves could be
effectively prevented from passing through the shock tube interface
by ensuring that the Mach number in the driver gas at the interface
exceeded the Mach number in the test gas at the interface by a suffi-
cient margin. Typically, this required a Mach number of 4 or 5 in the
driver gas, a value which was reduced as the temperature of the
driver gas increased. This theoretical development opened the way
to the use of the expansion tube as a high velocity wind tunnel®”.

In addition to the free piston expansion tubes X2 and X3, shown
in Fig. 7, Ref. 16 describes a blowdown shock tunnel which can
also be reconfigured to operate as an expansion tube, while Ref. 62
describes a smaller blowdown expansion tube used for combustion
studies. As mentioned in Section 6.1, the blowdown shock tunnel
LENS II can also be reconfigured as an expansion tube which, by
operating with a nozzle attached at the downstream end of the
acceleration tube, becomes the expansion tunnel LENS X. The
large acceleration tube diameter of LENS X (610mm) yields a
relatively long expansion tube test time of 2 milliseconds at a flow
velocity of 4-5kms™.

As already noted, the effective reservoir pressure is increased by
passage of the test gas through an unsteady expansion, with the
result that the test flow conditions correspond to a value of Py, the
effective nozzle reservoir pressure, which exceeds the initial
pressure in the expansion tube driver. This effect is partially offset
by the need for some expansion of the driver gas in order to prevent
the penetration of Paull type waves into the test flow but, since the
ratio of P, to the driver pressure increases with test flow Mach
number, the need to avoid Paull waves only shifts the effective
magnification of P, to somewhat higher test flow Mach numbers. As
an example of the magnifications achieved in practice, experiments
with a small free piston driven expansion tube™, with a main
diaphragm burst pressure of 53MPa, produced a test flow with an
effective reservoir pressure of 330MPa at an equivalent velocity of
14-7kms™ and a Mach number of 6-7. The magnification of P is an
important feature of expansion tubes since, as indicated by Fig. 1
and Fig. 2, it allows flow simulation at a higher Mach number in a
facility of given size.

Examples of experiments using the free piston expansion tubes
X2 and X3 are shown in Fig. 16(b) and Fig. 16(c). Figure 16(b) is a
holographic interferogram obtained during an investigation of a
proposal for a planetary aerocapture configuration(64), consisting
of a large toroidal balloon which, like a parachute, is towed behind
a vehicle to generate a large, decelerating, drag. For the X2
expansion tube model, the toroidal ‘ballute’ is represented by a
metal ring, while a sphere was used to represent the spacecraft. The
X2 expansion tube had an acceleration tube internal diameter of
85mm and the model, which had an overall diameter of 48mm, was
tested in the free jet issued from the end of the acceleration tube.
The test equivalent velocity was 12-1kms™', and the test gas was a
15% hydrogen with 85% neon mixture, to represent aerobraking in
the atmosphere of Neptune. This yielded a test time of 30
microseconds. Interferograms such as Fig. 16(b) indicated that the
flow through the toroid was not subject to choking, thus allowing
interpretation of measurements of heat transfer in the stagnation
region on the toroid.

Figure 16(c) displays records of skin friction and heat transfer
obtained in the X3 free piston expansion tube. X3 is shown in Fig. 7.
It employs a two stage free piston driver, by which a large piston in a
relatively low pressure compression tube is used to launch a smaller,
but more massive, piston in a relatively high pressure compression
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tube®”. The internal diameter of the acceleration tube is 183mm,
approximately 140mm of which is useable test flow, and tests are
done in the free jet emerging from the end of the acceleration tube.
The results displayed in Fig. 16(c) were obtained in nitrogen test gas
on one wall of a rectangular duct with an 80mm x 100mm inlet and a
length of 1-1m, at a flow velocity, Mach number, and unit Reynolds
number of 8-4kms™, 11 and 3-1 x 10° respectively®”. The skin
friction and heat transfer records were obtained at 0-46m and 0-16m
respectively from the leading edge, and are typical of records
obtained along the duct. As indicated on the figure, the test period
exceeds 300 microseconds, which corresponds to a flow length of
2-5m. Thus, with provision of a suitable nozzle (to eliminate
expansion waves propagating from the edge of the free jet), X3 can
be expected to provide steady viscous flows on models over 1m long
which do not develop large, nearly two dimensional, separated
regions.

8.0 CONCLUSION

The last few decades have seen the development of new wind tunnel
techniques for simulating hypersonic flight at ever increasing veloc-
ities, and this review has focussed on these developments. The
parallel development of computational fluid mechanics is outside the
scope of the review, although the importance of computational fluid
dynamics should be noted, not only for extrapolating from the wind
tunnel to flight, but also for understanding the operation of these
new wind tunnels themselves. The review has considered the wind
tunnel simulation of propulsive flow fields and of hypervelocity
aerodynamic flow fields, with some attention to the nascent area of
superorbital aerodynamic flow fields.

A new feature of simulation of both propulsive and hypervelocity
aerodynamic flow fields is a binary scaling requirement which, at a
given free stream velocity and temperature, also implies a Reynolds
number requirement. Binary scaling yields a nexus between wind
tunnel size and operating pressure levels — as tunnel size is
increased, lower reservoir pressures are required. For the hyperve-
locity case, this requirement may be compromised by a need to
retain high reservoir pressures as a means of minimizing the effects
of dissociation freezing in the hypersonic nozzle.

By burning the oxygen in air, and adding make-up oxygen, inter-
mittent wind tunnels have been built which achieve velocities up to
2-5kms™ with test times of at least a few seconds. The use of these
wind tunnels for scramjet research and development, as well as for
materials and thermostructural testing, is discussed. Also noted is an
attempt to exceed test velocities of 2-5kms™ with intermittent wind
tunnels, without the need to vitiate the test gas, by using ultra high
pressure technology combined with electron beam heating.

The velocity limit experienced by intermittent wind tunnels turned
attention to the use of impulse wind tunnels, with test times of a few
milliseconds. The consequential use of reflected shock tunnels for
propulsive testing is outlined, with particular attention to free piston
reflected shock tunnels. Examples are given of instrumentation used
in shock tunnels for propulsive research.

A brief account is given of the ‘HyShot’ supersonic combustion
flight experiment. This is an important development, as it demon-
strates the existence of a reasonably economical path from the
laboratory to flight status of a hypersonic vehicle.

A brief discussion of the use of shock tunnels and their variants as
high Reynolds number hypersonic wind tunnels is followed by
consideration of their dominant role in hypervelocity simulation. The
LENS facility is described, as a particularly impressive example of
blowdown shock tunnels which can operate in the suborbital hyper-
velocity regime, before turning attention to free piston shock tunnels,
and the role of driver gas contamination in limiting test times in
reflected shock tunnels. It is shown that stagnation enthalpies
throughout the suborbital regime are available with free piston shock
tunnels, and observations at high stagnation enthalpy which display
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the effects of dissociative relaxation on hypervelocity model flows in
air are described.

Finally, results of experiments in two types of superorbital

impulse wind tunnels are displayed. The experiments show that the
prior steady flow non-reflected shock tunnel can produce the high
stagnation enthalpies required, and that the expansion tube can also
produce those stagnation enthalpies, but with a test time which is an
order of magnitude longer.

This review illustrates the degree to which aerodynamic ground

testing will increasingly rely on hypersonic impulse wind tunnels as
velocities increase, and impulse wind tunnel instrumentation is
further developed. Intermittent wind tunnels can be expected to
continue to play an important role, particularly in areas such as
engine and vehicle systems, and thermo-structural testing, but the
difficulty of making a high velocity wind tunnel with test times of at
least a few seconds will encourage reliance on impulse wind tunnels,
coupled with judicious and economical use of flight testing.
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