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Abstract

The flight in high altitudes is generally
associated with high speed and consequently high
stagnation temperatures because of the limitations
given by the " flight corridor''. Wind tunnel
simulation of high altitude and high enthalpy flight
is faced with following problems: a) Rarefaction
effects on the pressure distribution and hence on
the forces are different for slender and blunt
bodies. Realistic lifting bodies are generally’
composed of both elements and consequently Mach
number as well as Reynolds number must be
duplicated. b) Correct wind tunnel simulation of
the complete nonequilibrium and high enthalpy
flow field past lifting reentry vehicles under
conditions of interest appears to be impossible,
Techniques involving incomplete simulation must
be employed. c¢) Only scarce free flight data are
available for hypersonic high Reynolds number
flight in equilibrium regime: no data are available
for nonequilibrium regime. d) This situation
requires an intensification of further theoretical
study of viscous nonequilibrium flows past
complex three dimensional shapes with the aim
to support incomplete wind tunnel simulation,

1. Introduction

The flight at high altitudes is determined by
the ({ flight corridor >, which bounds the possible
flight regime with sufficient lift force and
maximum heat load. It is generally associated
with high velocity and consequently high stagnation
enthalpy, low density, and real gas effects, The
flight conditions of hypersonic high altitude flight
may be simulated rather satisfactorily in different
types of hypersonic wind tunnels, such as shock
tubes and Ludwieg tube tunnels for the continuous
regime and hypersonic low density tunnels or
molecular beam arrangements for the transitional
and free molecular flow regime. With increasing
rarefaction, however, severe problems may be
encountered,

a) The hypersonic similarity law for inviscid
flows is no longer valid because viscous effects
predominate, which are intensifying with
increasing rarefaction. Rarefaction effects are
different for slender and blunt bodies; as lifting
bodies are generally composed of both elements,
a complete simulation of Mach- and Reynolds
number is needed.

b) The combined action of rarefaction and high
enthalpy causes relaxating nonequilibrium flow.

These phenomena are different in free flight and in
wind tunnel flow and possible discrepancies of
experimental data must be considered.

c¢) The difficulties preventing full wind tunnel
simulation of the flight corridor, namely reservoir
temperature and pressure requirements and also
effects of chemical and vibrational freezing in wind
tunnel nozzles, appear at present to be insuperable.
Reliance must be placed on non-simulating wind
tunnel tests coupled with extensive computation.
In what follows the different problems are discussed
in detail comparing wind tunnel and free flight data
with theoretical results.

2. Mach- and Reynolds number simulation

2.1 Flight corridor and Mach-Reynolds number
regime

The flight conditions of a hypersonic vehicle may
not be adequately defined by altitude and velocity
but rather in a corresponding Mach-Reynolds
number chart, Typical flight conditions of various
hypersonic vehicles are shown in an altitude-
velocity diagram (Fig. 1) and in the corresponding

150 — T ~Ti
Hkmy Lifting Reentry Earm,_/:ﬂ’” “"’"’L’
unar -return
Space Shuttle 1

Space Shuttle P/

Booster

Orbiter

50

8 10
ulkm/sec]

Fig. 1. Flight trajectories of typical re-entry
vehicles (Altitude H versus velocity v)

Mach-Reynolds number chart (Fig, 2). In the latter
chart the different regimes of rarefaction may be
indicated and the boundaries are characterized by
the ratio of the mean free path and a characteristic
length, In the near continuum regime this length is
given by the boundary layer thickness and
rarefaction effects are therefore characterized

by the well known similarity parameter Maoo/ Reoo'
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The criterion

= 0,01

characterizes the high altitude regime and it is
seen from Fig, 2, that this criterion corresponds
in terms of decreasing altitude to the occurence
of transition from laminar to turbulent boundary
layer. Deviations from the continuum flow regime
begin for Ma_/NRe > 0.1 . In the transitional
regime viscous effects become predominating and
the boundary layers grow larger and larger and
finally disappear, With diminishing density the
collisions between the molecules decrease
considerably and after all in the free molecular
flow regime, which may be characterized by
May,/Re,, > 3 no collisions between the
molecules occur in the flow field.

2.2 Inviscid hypersonic flow

2,2.1 Mach number independence principle
and hypersonic similarity law

The density ratio across a shock wave
P

_© 2 )
Py c?y-1)

¢ = shock wave angle

€= (1 +

v-1
y+1 (1)
with C = Ma -sino and
tends to a limoﬂing value

y-1

£~ £ = e
y+1

with increasing C , In order that the flow field
may be independent of the free stream Mach
number Mag, it is necessary that at any point
on the shock the density ratio & be independent
of Ma, ; this leads to the conclusion
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For slender bodies in hypersonic flow a similitude
law has been established which considers two
flows as equivalent, if both are given by the same
solution of the small disturbance equations. If the
contour of both two dimensional bodies is given by

(2)

with two different values of the parameter T,
invariant equations are obtained with the reduced
variables
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2.2,2 Newtonian theory

Following Newton's hypothetical model the
pressure coefficient on the surface is proportional
to the square of the cosine of the angle between
the wind velocity and the normal to the surface

P-P,

= 2cos’s . (3)
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In the case of 6= 90° this formula should be
identical with the pressure relation behind a
normal shock
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However c¢__ =2 only in the limiting case

Ma - o and y-+1., On a purely empirical
basis LEES (1) has proposed to use in the case of
¥¥ 1 the formula

2
c = c__cos &

P ps

where for blunt bodies ¢ L is given by the
formula (4) (modified Nevonian theory).

(5)

2.3 Viscous effects

The high temperatures encountered at hypersonic
speeds behind the shock or in the boundary layer
result in an increase of boundary layer thickness,
which generates itself a hypersonic shock layer
from the leading edge. The vorticity in the
inviscid layer due to the curved shock wave is

of the same order as the average vorticity in the
boundary layer due to the shear stress.



2.3.1 Flat plate

The pressure distribution along a sharp-nosed
flat plate is approximately proportional to the
parameter X = Maoo3 ’\/E'/ Re, , where
c=pTy/u, T and Re = V x/v asis
shown in Fig, 3 for the insulated flat plate in air,
With heat transfer the slope of the curve is lower
for a colder wall and higher for a hot wall,
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Fig. 3. Weak and strong interaction pressure
results on an insulated flat plate in air

(2)

2.3.2 Second order boundary layer theory

With diminishing Reynolds number the
classical boundary layer theory must be modified
to include secondary effects resulting from
curvature (longitudinal and transverse),
displacement, external vorticity (due to gradients
of entropy or total enthalpy), slip and temper-
ature jump. Dimensional analysis (3) shows, that
the flow fields depend on the parameter

2~ wf2
lr- 1)Ma 7]

N Re

e o]

when the viscosity is assumed to be proportional
to a power « of temperature.

Approximate solution of the second order
boundary layer equations have been obtained by
DEVAN (4) and solutions were also calculated
for separated flow past a bluff body (5), a higher
order theory for turbulent boundary layers was
established for moderately large Reynolds
numbers by AF ZAL (6) =

2.3.3 Free molecular flow

Free molecular flow is characterized by such
a degree of rarefaction that intermolecular

collisions are negligible. Thus in the flow field
only undisturbed molecules, coming from infinity,
and molecules reflected from the wall, are present,
The reflection of the molecules may be specular

or diffuse and the accommodation coefficients
indicate that part of the molecules which is
reflected diffusively.

For bodies with single reflection at the wall
(convex curvature) simple formulas are obtained
for the normal and tangential momentum which in
the hypersonic limit take the form

20T
2 2, ¢ cos 6
p = pV [(2-0")cos 6+§~/-—7—7F—V1 l_vig;i;"] (6)

T=0pvzsin6 cos 0 , (7)

where ¢ is the accommodation coefficient for
tangential momentum and ¢' for normal
momentum, Obviously the pressure force is
composed of a temperature independent part,
which is identical with the Newtonian force for
diffuse reflection, and a temperature dependent
part. The friction force is not influenced by wall
temperature.

In the case of multiple reflection (bodies with
concave curvature, wing-body configurations or
interaction of separate bodies) the solution of an
integral equation is required. It has been solved
for different problems (flow in cylindrical or
conical tubes, interaction of a wall with a cone),
but for more general cases a numerical procedure
is needed.

2.3.4 Monte-Carlo technique

The gas dynamics of the transitional flow
regime between continuum flow and free molecular
flow is described by the Boltzmann equation,
which unfortunately cannot be solved by analytical
methods. Among the different approximative
methods the ''direct simulation Monte- Carlo
method'' seems to be most ;;r'omising. In this
method proposed by BIRD {7+ 8) the flow field is
divided into a large number of cells. A multitude
of molecules is supposed to be in each cell and
the motion and collision data of the molecules are
calculated and stored in an efficient computer.
Results were obtained for bodies of simple shape.
In Fig, 4 the calculated drag coefficient of a stirip
in transverse flow is compared with measure-
ments (9) and Fig.5 shows a comparison of Monte-
Carlo data for a cylinder in cross flow with
measurements by KOPPENWALLNER (10)
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Fig.5. Comparison of drag data for cooled and
uncooled cylinders calculated by Monte-
Carlo technique with measured values

2.4 Wind-tunnel experiments

As is shown in Fig. 2, for a rather complete
simulation of reentry trajectories an extended
range of Mach and Reynolds numbers is needed.
Different types of wind tunnels are required to
cover almost the whole range. As an example
Fig, 6 shows the operational range of the hyper-
sonic tunnels at the DFVLR-Aerodynamische
Versuchsanstalt Gottingen, Germany, the
Ludwieg-Tube-Tunnel, the Hypersonic-Low-
Density-Tunnel with the closed wall test
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Fig. 6. Operational range of the hypersonic
tunnels at the DFVLR-Aerodynamische
Versuchsanstalt Gottingen, Germany

sections T and II and the free jet tunnel III. The
Reynolds numbers are referred to the actual
model sizes,

Conical nozzles are often used in hypersonic
test sections because of simple manufacturing.
In the influence region of the nozzle one has there-
fore a conical flow and from the continuity
equation follows
pv = Egr—lzsi (8)
r

and as the velocity for expansion into vacuum
reaches a limiting value, one obtains for suffiently
large r

t
p - congt ®
r

Corrections for the radiality of the flow and the
variation of density must be applied.

2.4.1 Force measurements on simple shapes

Force measurements have been undertaken on
simple shapes in the whole range from continuum
flow to the free molecular flow, The results of
Fig,7 show a remarkable difference between the
drag data of the uncooled and the cooled cylinder
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Fig.7. Measured drag coefficient for uncooled
and cooled cylinders in transitional flow

Whereas in the first case the free molecular limit
is reached monotonically, in the latter case the
drag coefficient has a maximum near a Knudsen
number Kn = 3 ., By subtracting the pressure
drag it is shown in Fig. 8, that this behaviour is
due to the friction drag, which has a maximum
also for the uncooled cylinder. This behaviour
may be compared with the flow of a rarefied gas
through a tube, where KNUDSEN (}1) has found

a minimum of flow rate (known as '"Knudsen
minimum') which corresponds to a maximum of
friction. An overshoot of drag coefficient is also
predicted for very slender cones. In the cone data
of Fig. 9 the cone angle is too large to show an
overshoot . Cone drag measurements in free
molecular flow (Fig, 10) are in close agreement
with theoretical predictions for varying temper-
atures.
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Fig,. 10, Experimental cone drag data in free
molecular flow for varying wall temper-
atures (by H. Legge unpublished)

2.4,2 Force measurements on reentry bodies

Drag measurements on the Apollo Command
Module (Fig, 11) cover the whole range from free
molecular flow to continuum flow (13). The normal
force coefficients of the blunt nosed Apollo CM
is strongly dependent on Mach- and Reynolds
number (Fig. 12) and may be represented as
function of the rarefaction parameter Ma,/NRe .
A quite different behaviour is shown for lifting
reentry bodies, where the normal force coefficient
is nearly independent of Mach- and Reynolds
numger in the range 10< Ma< 21 and 10°< Re
< 10° (Fig.13) The same is not true for the
drag and the lift to drag ratio as is shown in Fig. 14,
and the maximum values may again be represented
as function of the rarefaction parameter
Maoo/'\/ Reoo . The moment, too, depends on
rarefaction.
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2,4.3 Heat transfer measurements

Heat transfer may be characterized by a Nusselt
number, which corresponds to the ratio of the
actual heat flux to the possible convective flux in
still air, or by a Stanton number, which corresponds
to the ratio of the actual heat flux to the total heat
flux, oncoming in the frontal area, The Stanton
number tends to unity in the limit of free molecule
flow and may therefore be preferred in hypersonic
rarefied flow (15), This is shown in Fig. 15 for the
heat transfer on a sphere in hypersonic rarefied
flow (18), The heat transfer distribution on a lifting
reentry body is in a wide range independent from
Mach and Reynolds number when it is normalized
with the stagnation point heat transfer (Fig. 16).
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Fig. 15. Heat transfer in the stagnation point of a
sphere. (Theories and experiments) (16)
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Fig. 16, Normalized heat transfer distribution
along the center line of a re-entry body
at different incidence angles (16)
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2.5 Free flight tests kW/m?2

Only rare data are available which were

1200
obtained in free flight tests. L
2.5.1 High Reynolds number tests 1000

Slab delta wings and caret wings were

investigated at the Woomera rocket range. A
- A 800

general description of the rocket-propellet free-
flight model technique is given in Ref. (17) and a
more detailed description of the method used to
obtain heat-transfer data in Ref. (18), Typical 600
results of the slab delta wing tests (19) are
plotted in Fig. 17 and 18. The Reynolds number
referred to the length 1 (see Fig, 17) was
approximately 1.5- 107 , the altitude was below
20 km . The spanwise pressure distribution
follows rather closely the modified Newtonian

400

200t Laminar theory
theory. The heat transfer rate to leading edge in Turbulent theory
dependence of Mach number follows more
turbulent theory as could be expected and has a 0 1 I
maximum at the geometric stagnation line. 2 3 4 5 6 % T
o A Fig. 18. Heat transfer rate to leading-edge
/ ?\ geometric stagnation line (6 =0) of a
PPy A slab delta wing in acceleratinlg free flight
“ for different Mach numbers (19)
(-]
¥ a ‘\ X
“ ‘+ Thermocouple
\ 3 stations -0 1410
o\\ 2 }
T 2 : > J
‘ Y -
| | 2
\ Modified Newtonian
2% L ‘\ Blunt wing stagnation line
\\ 40 !
o
<y Cp
\\ . + v A > rln
1 5 \ hJ 30}
Ma,,=70
+Y
: sharp wingffree flight)
0 —1 I ey 20f Mag=3.47
0 1 2 3 a4 & sharpwing Ma, 347
{wind tunnel)
Fig, 17, Spanwise pressure distributio(rllgc)m a Lo Sl iRl
slab delta wing in free flight Blunt wing Magg: 3.36
4 (20) (flight test)
The free flight measurements on sharp 0 L . L :
and blunt (21) leading edge caret wings were 0 02 04 06 08 4 10

performed in a lower Mach number range up

to 3.6 or respectively 3.36 and at altitudes Fig. 19. Pressure distribution on sharp and blunt
below 1km ,

caret wing in free flight compared with

wind tunnel measurements (21)
Fig. 19 gives a comparison of spanwise

pressure distribution for free flight tests on
sharp and blunt caret wings and wind tunnel tests
on sharp wings., Obviously there is a good
agreement, The heat transfer data for the blunt

wing (Fig. 20) follows closely turbulent theory by
BECKWITH and GALLAGHER (22),
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stagnation line of a blunt caret wing in
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2.5.2 Low Reynolds number tests-

A comparison of flight and wind tunnel test
data are available for the Apollo Command
Module (23). A summary of lift to drag and
trimangle data is given in Fig. 21, However flight
data exist only for Reynolds numbers superior
to 7-10% ., From the good agreement between
wind tunnel data, where real gas effects were not
simulated, and full-scale flight data, where real
gas effects were present, it may be concluded,
that real gas effects are not significant on the
static stability of the Apollo Command Module.

A series of rocket launched flights are being
undertaken to provide heat transfer measurements
to hemisphere and bluff c(ylinders in actual high
altitude flight conditions (24), This will provide
a basis for a comparison of free flight and wind
tunnel data.
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3. High enthalpy simulation

3.1 Thermodynamics of high enthalpy flow

The thermodynamic conditions of a gas at high
temperatures is determined by the number of
degrees of freedom. In thermodynamic equilibrium
each degree of freedom contains the same amount
of energy kT /2 . At high enthalpy the thermo-
dynamic properties of real air deviate from an
ideal gas with constant specific heats. These
deviations result from various physical processes
namely vibrational excitation, chemical reactions
and ionisation, Fig.22 shows the composition of
air in equilibrium for varying temperatures.
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Fig. 22, Composition of air at high temperatures



3.2 Real gas relaxation (35, 98)

Energy changes occur at finite rates, which
can be characterized by relaxation times, or by
a relaxation length in a flow of given velocity. If
all relevant relaxation lengths are very much
shorter than the smallest flow field dimension of
interest, the flow may be regarded as being in
thermodynamical equilibrium. If relaxation
lengths and flow field dimensions are comparable,
the resulting nonequilibrium real gas effects may
greatly influence aerodynamic properties. If all
relevant relaxation length are very much greater
than the largest flow field dimension of interest,
the flow may be regarded as being frozen, so that
its vibrational energy, chemical composition and
degree of ionisation remain constant. In this
situation air may again be treated as a perfect
gas with constant specific heats.

For conditions generated in flight at less than
about 6 km/s, six elementary processes are
adequate to describe chemical changes in the high
temperature region behind a bow shock in pure
air. At higher velocities charge transfer
reactions such as

N2+No+i—7N;+No

becomes progressively more important and 54
elementary reactions are then required for an
adequate description of chemistry and ionisation
history of the air flow . It is generally not
possible to study all these processes in detail,
and an empirical relaxation time for dissociation
is introduced, based on the approach to
equilibrium of the temperature T in the non-
equilibrium flow behind a normal shock wave,

HARNEY (25) has established a dividing line
between the regimes of "chemical effects
negligible" and ''nonequilibrium chemistry' based
on the criterion that no more than 10 percent
of the oxygen is dissociated over the flow region
of interest, Two different flow regions of interest
representing two characteristic flight
configurations are considered, namely the nose
region of an axisymmetric body with a nose
radius of 0.3 m and a 45 deg planar shock
as representative of the flow on the windward
side of a winged body at an angle of attack. The
chart has been extended by indicating the regime
of vibrational nonequilibrium, using as limits
the conditions that the vibrational relaxation
length behind a normal shock lies between 0,01
and 1.0m , Also lines of rotational and
translational relaxation are indicated correspond-
ing to the conditions that 3A = 0.1 m oder
10A =0.1m, where 0.1 m is taken as
approximate stand-off distance of the shock wave
on a blunt body with 0.3 m curvature radius
(Fig. 23).
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Fig. 23. Different regimes of relaxation phenomena
in hypersonic rarefied flow for a blunt
nosed body with curvature radius of 0.3 m

3.3 Real gas effects on lifting re-entry
aerothermodynamics

As the velocity and altitude of a re-entry
vehicle decreases it will generally pass through
the regime of frozen low density flow at high
altitude, nonequilibrium at lower altitude and
equilibrium real gas flow at low altitude, if the
flight trajectory includes a sufficiently high
velocity. A re-entry vehicle, like the space shuttle,
being a large and complex shape, has many
characteristic lengths and so the boundaries
between the different regions are necessarily
diffuse.

LORDI, VIDAL and JOHNSON i have
calculated the chemical nonequilibrium effects on
the flow in the windward plane of symmetry of a
blunted orbiter and presented results for different
streamlines, The following conclusions are drawn
by BRAY (28) from this calculations and other
investigations:

a) Nonequilibrium gas effects are to be expected
at least within the altitude range 60 - 75 km .

b) The occurrence of thick boundary layers and
consequently significant viscous /inviscid flow
interaction phenomena is promoted by the

swallowing of the nonequilibrium entropy layer.



¢) The distance of the transition point from the
leading edge is found to move upstream by a
factor of between 2.5 and 4, if the non-
equilibrium entropy layer is taken at the
boundary edge. Further departure from
equilibrium leads to a prediction of earlier
transition.

d) The laminar heat transfer in the nose region
will be reduced considerably (about 40 %)
below the chemical equilibrium value if the
boundary layer is frozen while the effect on
the after body is expected to be less,

e) Inviscid nonequilibrium flow phenomena have
only a very small effect on the pressure
distribution, and hence on the lift, drag and
pitching moment, for slender, flat~-bottomed
deltas (29), These effects are considerably
larger for caret wings, where nonequilibrium
flow can cause a fall in pressure of up to
about 20 % as the flow approaches equilibrium.

f) The level of ionisation in the shock layer is
strongly influenced by nonequilibrium effects
with important implications for radio
communications,

3.4 Wind tunnel simulation of high enthalpy flow
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Fig. 24. Wind tunnel reservoir conditions for flight

Wind tunnel simulation of high enthalpy flow is
faced with two severe barriers:

1) Enormous values of reservoir pressure p
and reservoir temperature T, are required
to duplicate flight conditions. This may be
seen from Fig, 24,

2) During expansion of the test gas in the wind
tunnel nozzle departure from vibrational and
chemical equilibrium occurs and the medium
does not properly represent the thermodynamic
properties of atmospheric air. For extremely
low density in high vacuum tunnels this is
even valid for the translational energy, where
the longitudinal component freezes during
expansion,

In the absence of complete duplication of flight
conditions, wind tunnel tests must resort to one
or more of the following possibilities:

1. Nonsimulation

The test conditions which are known to be
unrepresentative of flight conditions are
compared with corresponding computations.
Real flight conditions are obtained by
theoretical extension of nonequilibrium results.

For this procedure an extensive development of
theoretical analysis is needed.

duplication according to BRAY
2. Partial simulation

Not all of the similarity parameters of the flight
situation are properly matched but conditions are
choosen, which minimise the resulting errors
(see Ref. (30)).

3. Correct simulation of only a part of the non-
equilibrium flow field

This method has been applied to simulate
stagnation point heat transfer in shock tubes and
electric arc flows.

In existing hypersonic facilities one tries to
duplicate either Mach- and Reynolds number or to
simulate only a part of the nonequilibrium flow
field. To the first group belong hypersonic low
density tunnels with rather high reservoir
pressure and hypersonic Ludwieg tubes, to the
latter group shock tubes, hotshots and supervelocity
free flight ranges. Wind tunnels which give neither
a correct simulation of the high enthalpy flow field
nor a Mach-Reynolds number duplication are only
of limited value. To this group belong arc-heated
continuously operating low density tunnels with
low reservoir pressure, sometimes incorrectly
named Plasma tunnels,
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4, Conclusions

The following conclusions may be drawn from

the results of this investigation.

1, It is possible to investigate in existing facilities

the rarefaction effects on simple shapes in the
whole range from continuum flow to free
molecule flow which comprises three of four
decades of Reynolds number., Correct wind-
tunnel simulation of the complete non-
equilibrium flow field past lifting re-entry
vehicle shapes under conditions of interest
appears to be impossible at the present time.
Techniques involving incomplete simulation
must be employed.

. Further theoretical study is required of both
inviscid and viscous nonequilibrium flows past
complex three dimensional shapes.

. The forces acting upon a body in hypersonic
flow result from the pressure force of the
incident particles (which corresponds to
Newtonian force), the pressure force of the
reflected particles, which depends on wall
temperatures and the friction force, which is
relatively small in the continuum limit and
reaches a constant value in the free molecular
limit after passing a maximum.

. The normal force coefficient of lifting bodies
is only slightly influenced by Mach- and
Reynolds number in the range 10 < Ma < 20
and 103 < Re < 10%. The normal force
coefficient of blunted bodies (e.g. Apollo CM)
is strongly influenced by Mach- and Reynolds
number and may be represented as function of
the rarefaction parameter Maoo/‘V Reoo b

. The drag forces of blunt bodies and lifting
re-entry bodies are a function of the rarefaction
parameter Mag, /N Re,, . Bodies with
predominant friction force (e.g. strongly

cooled bodies) reach a maximum drag
coefficient in transitional regime,

. The moment coefficient of lifting re-entry
bodies is much influenced by boundary layer
shock interference. Newtonian theory is not
appropriate to describe the measured data,

. It is preferable to characterize heat transfer
data by a Stanton number, because it tends to
unity in the limiting case of free molecular
flow. Existing theories are in close agreement
with measurements on simple shapes and
lifting re-entry bodies.

. Departure from equilibrium, which is at least
to be expected within the altitude range

60 - 75 km has a predominant influence on
the boundary and entropy layer, on transition
and heat transfer.

9.

(1)

(2)

(8)

(10)

(11)

(12)
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Inviscid nonequilibrium flow phenomena have
only a very small effect on the pressure
distribution of slender flat-bottomed deltas but
a large effect for caret wings.
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