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Experimental and Numerical Nonequilibrium Flow Studies

J. H. Spurk*
U. S. Army Ballistic Research Laboratories, Aberdeen Proving Ground, Md.

Experimental and numerical studies of the nonequilibrinm shock layer around cones in

hypersonic pure oxygen flows are reported. Experimental conditions are such that rotational,
vibrational, and dissociation relaxation occur simultaneously. Attention is given to the
effect of coupled relaxation on the flow properties in the shock layer. The phenomenological
models of Hammerling et al., and Treanor and Marrone predict the flowfield qualitatively cor-
rect. However, quantitative differences in shock geometry and density distribution are ap-
preciable. Better quantitative agreement with experiment is reached if in these models a
temperature dependent efliciency of O; and O in the relaxation processes is assumed.

Introduction

OR certain flight conditions, the flowfield around the
body is to a large extent determined by the rate with
which various relaxation processes occur. In the past much
effort has been devoted to the numerical prediction of these
flowfields. The analysis assumes a gas model by specifying
the relaxation equations and the equations of state. The
most commonly used gas models assume only one relaxation
process with equilibrium or frozen conditions existing for the
remaining internal modes. This appreciable simplification
is possible if the relaxation times characterizing the various
relaxation processes are vastly different, with the relaxation
time of the dominant process in the order of the flow time
L/U.. For example, the gas model which assumes transla-
tional, rotational, and vibrational equilibrium, frozen ioniza-
tion, and which considers as the only relaxation processes
dissociation and recombination, has been widely used!— even
outside its range of applicability to predict the flowfields
around bodies in hypersonic flight. Such a model is only
valid in a regime where the inequalities 7¢ < Tror < Tvin K
Tdiss &K Tion hold and where 74is ~ 0(L/U,). Experimental
studies? of the flowfield around cones have confirmed the
adequacy of this model for these conditions. For a tempera-
ture above 8000°K in the shock layer the preceding inequali-
ties cease to be valid for the oxygen component, and simul-
taneous vibrational and dissociation relaxation occur. The
two processes interact with each other, so that the over-all
relaxation is largely affected.

Phenomenological rate equations® accounting for the vibra-
tion dissociation coupling have been used to compute the
reaction profiles behind strong normal shocks in air. Com-
parison with experimental data® in terms of half-decomposi-
tion distance of the oxygen component shows the experimental
distance to be substantially larger than the theoretical value.
For the case of interest here, i.e., the hypersonic flow around
a body, departure of experiments from prediction should be
expected all the more, because the relaxation process is addi-
tionally affected by the gas dynamic process.

It is the purpose of this paper to report experimental date
on the shock layer flow for freestream conditions where con-
siderable coupling between rotation, vibration, and dissoci-
ation exists, their respective relaxation times being of the
same order of magnitude when extrapolated to the condition
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of the experiments. The experimental results are compared
with numerical prediction of the flowfield. Since at present
there is no theory to describe this coupled relaxation process,
the gas models on which the computations are based are
simplified in various respects; mainly one or several of the
pertinent relaxation times are assumed zero or infinite.

The test gas was pure oxygen rather than air to avoid
additional complexities associated with a mixture of diatomic
gases. On the other hand, the significant effects of relaxation
under nonisothermal conditions are preserved. Oxygen is a
good choice for the present purpose because its reaction ki-
netics have been most extensively studied.

Experiments

The hypersonic high-energy flow of pure oxvgen is gener-
ated in an expansion tube.” The expansion tube for one of
the experiments is operated in such a manner as to avoid
any freestream dissociation, i.e., the compressibility Z., = 1.

In this case, subsequently referred to as case 1, the free-
stream condition is determined by the measurement of free-
stream density and freestream pressure. The freestream
vibrational energy may be somewhat higher than indicated
by the translational temperature T, = p.(p.R)" % For the
other experiment (case 2) the expansion tube is operated in
the reflected mode; this may result in a freestream non-
equilibrium condition with Z., ~ 1.1 where neither the state
of dissociation nor the vibrational energy is in equilibrium
with the translational temperature. The freestream density
measurement is made by streak interferometry. The ac-
curacy of this measurement is affected by two errors: the
random error in measuring the fringe shift, which is about
10%, and a systematic error resulting from the fact that the
light beam traverses the boundary layer on the observation
windows of the expansion tube® The latter error can be
corrected in an approximate way. The combined error is
not larger than 209, and measured freestream density is
adjusted within this bound as described in the section en-
titled Comparison of Numerical and Experimental Data.
Impurity concentrations in the shock layer have been mea-
sured for conditions similar to the condition of these experi-
ments. The concentration of the main contaminants Fe,
Cr, CN was found to be less than 400 ppm.® The test gas
prior to admission into the facility has been checked for
nitrogen contamination, which was found to be less than
10 ppm. For the actual test, the gas is at relatively high
pressure (~% Atm) so that contamination by residual air in
the tube (50u Hg) is small. These impurity concentrations
are too small to affect the relaxation process especially at the
high shock layer temperatures of these experiments.

The main experimental tool is a Mach-Zehnder optical
interferometer which is used to observe, without interference,
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Fig. 1 Frame interferogram of a hypersonic flow around

a cone. Case 1, observing wavelength: A = 4358 A, free-

stream conditions: U, = 6350 m/sec, p, = 0.0148 kg/m?,
p. = 4810 N/m?.

the stationary flow around the model and the freestream
flow. The frame interferograms of the two flowfields are
shown in Figs. 1 and 2. The model diameter is 2 in. in both
cases, the cone angles 45° and 35°, respectively.

From these interferograms one can determine the shock
position and the fringe shift, i.e., the difference of ordinates
of the undisturbed and the disturbed fringe in an z;r coordi-

Fig.2 Frame interferogram of a hypersonic flow around a

cone. Case 2, observing wavelength: A = 5461 A, free-

stream conditions: U, 5710 m/sec, p, = 0.0194 kg/m?,
Po = 5720 N/m?.

it
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nate system attached to the apex of the cone. =z is measured
along the axis of the cone and r normal to z (Fig. 3). It is
convenient to measure the fringe shift along traces * = const
and to present the data as a function of the distance r from
the axis along * = const. The actual measurement of the
fringe shift is done automatically on a fringe reader; the
shock position is measured manually on the same instrument.
The fringe reader is essentially a microscope in conjunction
with a light sensitive cell. The position of the fringes is found
from the variation in back light intensity as the interferogram
is scanned. The experimental fringe shift and shock shape
are the principal data which are used in the comparison with
numerical predictions.

Numerical Computations

For the freestream conditions of the experiments, the
flow around the conical bodies is purely supersonic and the
method of characteristics can be used to integrate numerically
the equations of motion together with the rate equations.
Once a gas model is specified the integration is rather routine;
however, care must be taken to insure reliability of the nu-
merical results. The correctness of the characteristic solu-
tion can be judged by comparing its behavior to the simpler
conical flow solution of frozen and equilibrium flows. The

‘stream funetion on the body is computed for each advance

in right-running characteristic. The stream function at the
body is found by integration along the characteristic from
the shock to the body. Since continuity requires zero stream
function at the body, the grid size is adjusted in such a way
as to keep the value of the stream function on the body to
less than 19 of its value at the shock for the same character-
istic. More detail on the numerical procedure and on other
checks to ascertain the accuracy of the numerical results can
be found in Ref. 3.

From the numerical solution the shock position is, of
course, known; the fringe shift is then computed along traces
x = const using the density and species concentrations along
this line and known values of the specific refractivity for each
species. This provides the theoretical data for comparison
with the experimental data.

Gas Models

The oxygen in the shock layer is assumed to be a mixture
of perfect gases: molecular and atomic oxygen. The calorie
equation of state includes the contribution of the low-lying
electronic states to the energy of the gas, which is then
made up of contributions from translation, rotation, vibra-
tion, and electronic excitation. The vibrational energy is
computed on the basis of an anharmonic oscillator.” Ion-
ization'may be neglected for the present conditions.

TRACE AT X = Xq

!

r

FRINGE
/ »

FRINGE SHIFT

—SHOCK

Fig. 3 Sketch illustrating the coordinate system.
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For all the computations made the translational and rota-
tional degrees of freedom are assumed to come into equilibrium
within the shock, which is considered a surface of discon-
tinuity. Thus, 7+ = 7wt = 0 for all computations. The
rotational relaxation time, though smaller than the vibra-
tional relaxation time, is of the same order for parts of the
shock layer. It is well to keep in mind that rotation and
possibly translation may not have relaxed to a Boltzmann
distribution when vibrational relaxation sets in.

The electronic relaxation time 7.; = 0 for all computation,
i.e., the population of the electronic levels is based on the
translational temperature. There is evidence that the popu-
lation of the electronic levels follows the vibrational tempera-
ture. However, as sample computations show, the effect of
electronic excitation on the flowfield is quite small, so that
either choice should be adequate.

When the relaxation times go to the limit zero or infinity,
the flowfield becomes self similar. Three types of conical
flows were computed, which result from the following condi-
tions:

Ttrans = Trot = Tel — 0; Tvib = Tdiss = @ (1)
Ttrans = Trot = Tel = Tvib = O; Tdiss = (2)
Ttrans — Trot = Tel — Tvib = Tdiss — 0 (3)

The first two conditions, of course, give a flow with frozen
dissociation. The latter condition gives the equilibrium
flowfield.

Nonequilibrium flow computations are made for the case
where dissociation is the only relaxation process (Tians =
Trot = Tvib = Tel = ), 0 < 741s < @), and for the case where
dissociation and vibration occur simultaneously and interact
with each other (Torans = Trot = Te1 = 0, 0 < Tyin, Taiss < @ ).

A model to account for the vibration-dissociation coupling
was proposed in Ref. 5. This model accounts for the effect
of vibrational relaxation on the dissociation. The models of
Treanor and Marrone!:'2 and Heims'® account additionally
for the effect the dissociation has on the vibrational relaxation.

The model of Treanor and Marrone as reported in Ref. 12
has been used for these computations. In this model the
effect of the vibrational relaxation on the dissociation is
accounted for by the vibrational coupling factor V

V= kd/kdeq

where k4 is the actual rate constant; kqeq is the dissociation
rate that would exist with vibrational equilibrium at the local
translational temperature.

Treanor and Marrone postulate a probability for dissocia-
tion and further assume a Boltzmann distribution in the
vibrational mode in writing the vibrational coupling factor.
The model contains an adjustable constant U which is taken
to be U = D/6k in the numerical computation reported here.
D is the dissociation energy and & the Boltzmann constant.

A more consistent treatment of the coupled vibration-
dissociation process is given by Keck and Carrier,”® though
for dissociation of a diatomic molecule in an inert background
gas. According to this theory vibration dissociation occurs
in two steps. The first rapid phase establishes an “almost”
Boltzmann distribution in the vibrational mode. This phase,
during which dissociation is negligible, gives rise to incuba-
tion times.* The second phase, which has been treated
classically and quantum-mechanically in Ref. 15, is much
longer. During this phase the usual phenomenological rate
equation is valid, but with rate constants that are depressed
below their equilibrium value.14~7

Treanor and Marrone’s phenomenological model is in
qualitative agreement with the findings of Ref. 15; for the
present purpose, it is important that this model can be
formally applied to the dissociation in pure oxygen, and fur-
ther that it is still simple enough to be used in flowfield
computations.
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Rate Coeflicients and Vibrational
Relaxation Times

Constant Efficiency Model

The interpretation of the rate constants measured in shock
tubes is made difficult because most of the rates are measured
under conditions where coupling is important. The so-
called pre-exponential factor shows an inverse temperature
dependence, which can be caused by nonequilibrium effects in
the dissociating molecule.'»1%19  Such a pre-exponential
factor has been found in the experiments by Camac and
Vaughan? for the dissociation of O, in an argon bath. In-
deed, their rate coefficient is of the form given by Ref. 14.

In order not to account twice for the coupling, the pre-
exponential factor should be removed from the rate ex-
pression. This has not been done; as will be seen below,
there is an even stronger temperature dependence of the pre-
exponential factor for the case of dissociation in pure oxygen
for which there is currently no explanation.

The computations done are based on Camac and Vaughan
rate constants. In order to apply their results to the dissoci-
ation of pure oxygen the relative efficiency of O, and O with
respect to A has to be known. If the rate coeflicient is
written in the form

£a(O2 — 0,05) = Zo(0: — 0,0:)P*P(Q, — A)e~D/RT

where P(O; — A) is defined by the equation, £a(O: — A) =
Zy(0s — A)- P(O; — A)e D/RT; then we may consider
P* the efficiency of O, and O relative to argon. Z, is the
bimolecular collision rate for unit concentrations of the
reactants. Often, just the ratio of rate constants is termed
efficiency. It follows that P* is proportional to the ratio of
the rate constants;

P* = [kd(Og — 0,02)/kd(02 - A)][(Uo.oz/UA) (uo.oz/”A)]

where ¢ is the symmetry number and p is the reduced mass,
and where it has been assumed that the mean collision
diameter is the same for all collisions. Wray?! has recom-
mended for use in the low-temperature regime the reaction
rate ratios as A:0::0 = 1:9:25. This amounts to taking
the efficiency P* as a constant. The P* values resulting
from this recommendation are shown in Fig. 4 as independent
of the temperature.
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Fig. 5 Theoretical temperature distribution in the shock
layer; case 1.

This recommendation has been widely followed in non-
equilibrium computations even in the high-temperature
regime. Such a constant factor can be explained on the
basis of transfer of rotational energy of the colliding molecule
into vibrational energy of the dissociating molecule. The
computations made with this assumption of constant relative
efficiency are labeled “P* = const” in this report. The
vibrational relaxation time for the (O, — Og) collisions in
these computations was taken from Camac® and extrap-
olated to the temperatures encountered in these experiments
according to the Landau-Teller formula.

Variable Efficiency Model

Measurements of the rate coefficients of pure oxygen show
that the relative efficiency P* is a function of 7. For O, —
O, collisions this is demonstrated in Ref. 14. For use in the
present computation the relative efficiency P* is assumed of
the form P*(0; — OQ;) ~ C(D/RT)». The constants C and
n are determined from the condition that k;(0. — A):
ki(Oy — Oy) = 1:9 for T = 4,000°K according to Wray’s
recommendation, and from the condition that for T =
7,000°K, £4(02 — A):ka(O2 — O2) = 1:3 which is suggested
on the basis of Camac and Vaughan’s measurements. P*
as a function of 7T is plotted in Fig. 4. Also plotted are
values of P* based on the rate constants measured by Genera-
lov (3,000-7,000°) and Mathews (3,000-5,000°).

Atomic oxygen has been found highly effective in Oy — O
collisions at low temperatures; however, at high temperatures
Wray® noticed a drastic decrease in atomic oxygen efficiency,
the efficiency approaching that of argon at very high tempera-
tures. Again, assuming P* ~ C(D/RT)~, C and n are
determined from the ratio of reaction constants at 6000°K
(Camac and Vaughan)® and at 17,000°K according to Ref.
18. The resulting dependence of P* on 7 is shown in Fig,. 4.

In the vibrational excitation process a similar decrease in
efficiency of oxygen molecules relative to argon has been
observed by Generalov as reported in Ref. 14. Oxygen
molecules are about five times more effective than argon in
exciting molecular vibration in the low-temperature regime
(<5000°K). At high temperature the efficiency of oxygen
decreases and becomes equal to the argon efficiency. The
vibrational relaxation time in the computations for variable
efficiency were taken accordingly to be the relaxation times
for (O — A) collisions, since the major adjustments in vibra-
tional energy oceur in the high-temperature part of the shock
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layer. See Fig. 5 for theoretical temperature distribution in
the shock layer. It may be mentioned that! extrapolating
the relaxation time for pure oxygen according to the Landau-
Teller formula leads to relaxation times which are smaller
than measured times. The computations made for variable
efficiency and the increased vibrational relaxation times are
labeled P* = f(T) in the figures.

It is seen that for both cases of variable and constant
efficiency the reaction rates and relaxation times had to be
extrapolated and interpolated to a region where no data are
available at this time. Most disturbing is the fact that no
satisfactory explanation for the strong temperature depen-
dence of the relative efficiencies exists. As will be seen, this
has a large effect on the predicted flowfield.

Comparison of Numerical and Experiment Data

Case 1 will be discussed first. Figure 6 shows the shock
position and Fig. 7 the shock layer “thickness.”

The experimental points plotted are points obtained from
several independent measurements of the same interferogram.
The shock location in an interferogram is not as clearly de-
fined as for example in a schlieren picture and the different
measurements lead to a scatter, which on the scale of Fig. 7
is quite pronounced. It is seen that the equilibrium flow
assumption (v, = 7aiss = 0) and the nonequilibrium flow
assumption with (7., = 0,0 < 741 < @) yield practically the
same shock layer thickness and can hardly be distinguished
even on the scale of Fig. 7.

Predictions based on these two models give shock layer
thickness 30-409, smaller than experiment. The shock
layer thickness for the coupled vibration-dissociation model
and P* = const gives better agreement with experiment but
the thickness is still seen to be about 20-309, too small.
Best agreement is reached for the coupled model and P* =
f(T). Shown also in Fig. 7 are the two conical flows resulting
from 7yip = Tdiss = © and 7eip = 0, Tqiss == . The latter
model yields a shock shape which is in as good or better agree-
ment than the equilibrium flow shock shape. Superficial
estimate of the flow for the freestream conditions given would
suggest an equilibrium flow.
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Fig. 6 Comparison of the experimental and theoretical
shock position; case 1.
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Tigure 8 shows the fringe shift § in units of undisturbed
fringe spacing for the various models in comparison with
experimental data, for one trace at x = 16.20 mm. The
fringe shift in the shock layer is plotted as a function of the
distance r from the axis to the point for which & is measured.
The fringe shift is computed using experimental refractivities
of Ref. 22.  These are in good agreement with earlier measure-
ments of Alpher and White.2?

In the computation the refractivities have been assumed
independent of the temperature in the temperature range of
the shock layer. In the temperature range of 3000-4500°K
this has been shown to be the case for the oxygen atom and
molecule by Anderson.?? There are no experimental data
available for the refractivities at higher temperatures. The
ratio of specific refractivity at 4000°K to the specific re-
fractivity at 12,000°K of the oxygen atom was found to be
1.00 on the basis of Kramer’s dispersion formula and using
the best { numbers available. The absolute value thus
computed is, however, not in agreement with experimental
data.

The refractivities of high-temperature gases are not reliably
known at this time, and this introduces an additional un-
certainty in the theoretical data. However, the conclusions
concerning the shock layer thickness are not affected by the
value of specific refractivity; further, the fringe shift com-
puted on the basis of constant refractivity is consistent with
the shock data as inspection of Figs. 8 and 9 shows.

In computing the fringe shift the value of the freestream
density p. is used. Within the experimental error of p. the
density used in the computation is selected to give at one
point on the body, the same fringe shift as the experimental
fringe shift at this point. This required a change of free-
stream density by 109 from the value initially determined
from the streak interferogram.tf Two sets of data points
plotted in Figs. 8 and 9 result from two independent measure-
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Fig. 7, Comparison of the experimental and theoretical
shock layer ‘““thickness;’’ case 1.

1 The numerical predictions given in ATAA Paper 69-136 were
based on the uncorrected density. The theoretical data differ
from those given here by at most 3%.
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Fig. 8 Comparison of experimental and theoretical fringe
shift (r).

ments from the same interferogram. The scatter is indica-
tive of the accuracy of measuring the fringe shift. The
traces closer to the tip (x = 10.31; = = 11.78 mm) show the
largest scatter. The uncertainty in shock position on the
upper side of Fig. 1 where the traces were taken is approxi-
mately indicated by the error bars. Figure 8 shows that
best agreement with the experimental data is reached for the
coupled vibration-dissociation model with P* = f(T). Fig-
ure 9 gives the fringe shift for various traces. The only theo-
retical curve in this figure is the curve based on the coupled
model with variable efficiency.

For certain conditions, namely if ZK,p;/p is constant in the
shock layer (K, is the specific refractivity and p; the partial
density) the fringe shift data can be used to obtain the density
distribution. Assuming constant refractivities, the afore-
mentioned condition is fulfilled in this case. The density
distribution for the trace at = 16.20 is shown in Fig. 10.

The computation based on the coupled model with vari-
able efficiency P* = f(T) gives best agreement with experi-
ment. The equilibrium flow computation yields density
values about 309, too high. The computation for the un-
coupled model (7, = 0, 0 < 7a5s < ©) was not carried far
enough in z to serve for comparison here; however, the traces
closer to the tip show that the density distribution very
closely duplicates the distribution of the equilibrium flow
except for a very steep rise near the shock. The numerical
computations for this model were very time-consuming be-
cause a small grid size had to be used to handle the strong

r (mm}

Fig. 9 Comparison of experimental fringe shift 6(r) with
theoretical prediction using 0< 7vip, 7aiss < © and P* = f(T).
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Fig. 10 Comparison of an experimental density trace with
theoretical predictions.

gradients in the flow variables near the shock. The coupled
vibration-dissociation model with constant efficiency P* =
const gives density distribution about 209, too high.

The experiment for case 2 was done in a modified expansion
tube.?* In this modification the test gas is processed by a
reflected shock which heats the test gas high enough to
dissociate it. The test gas is subsequently expanded from
this dissociated state and nonequilibrium in the freestream
may be expected. For the conditions of this experiment
the compressibility in the reflected region depends very sensi-
tively on the Mach number of the reflected shock, so that
the compressibility in the freestream is uncertain even if no
recombination occurs in the expansion process. The nominal
value of the freestream compressibility based on the Mach
number of the reflected shock and assuming a completely
frozen expansion proeess is Z, = 1.1, giving an atom con-
centration of Co = 0.23 and a molecule concentration of
002 = 0885, here Ci = (pz/p)/(W,/I/Voz) and W is the
molecular weight. In addition, the vibrational energy is
assumed frozen out in the expansion and the freestream
vibrational energy is based on the (equilibrium) tempera-
ture in the shock reflected region.
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Fig. 11 Comparison of the theoretical and experimental
shock shape; case 2.
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Fig. 12 Comparison of the theoretical and experimental
shock layer thickness; case 2.

In the computation of this flow an attempt has been made
to correct for the boundary-layer thickness effect. Some
of the computation for this case is made for a body which
is made up of the cone plus the displacement thickness.
The displacement thickness is computed on the basis of an
ideal gas of constant v. For the highly cooled boundary
layer the thickness is proportional to the square of the sur-
face Mach number, and is about twice as large in case 2 as in
case 1.

Since the resulting body would have a blunted tip a conical
forebody has been attached to the tip, which has the largest
possible angle consistent with an attached shock and purely
supersonic flow for the given freestream Mach number. The
conical tip with half angle of 38.5° attaches to the body where
the slopes of their generating curves are the same. The
combined body is 0.001 mm longer than the original cone.
The computed density profiles for this body are found to be
essentially the same as for the cone, except displaced radially
by the displacement thickness. Figure 11 shows the shock
position and Fig. 12 the shock layer thickness. The compu-
tations are carried only to 20 mm because at this point the
memory capacity of the computing machine was exceeded.

In this case, the effect of vibration-dissociation coupling
on the shock layer flow should be reduced, since the maximum
temperature in the shock layer is only 8600°K. However,
as Fig. 12 shows, the effect of boundary layer becomes
noticeable and the freestream dissociation has a large effect
on the flowfield. The value of Z,, is not well known in this
experiment and this should be considered when comparing
the experiments and theory plotted in Fig. 12. However,
it is seen that the model with variable efficiency gives the
best agreement with experiment. Just as in case 1, even this
model predicts a shock layer somewhat too small.

Conclusions

Experiments of nonequilibrium flows around cones in
oxygen have been compared with numerical prediction. The
freestream conditions are such that the flowfield in the shock
layer is determined by various overlapping relaxation pro-
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cesses. Of these, only the coupling between vibration and
dissociation relaxation processes has been considered, al-
though an effect of rotational and possibly translational non-
equilibrium must be expected for portions of the shock
layers.

The coupling between vibration and dissociation has been
treated with a phenomenological model which is simple
enough to be used in flowfield computations and still retains
the main features of the chemical kinetic process. DBest
agreement with experiments was obtained for the model that
accounted for variable effectiveness of O and O collisions in
the excitation of vibration and dissociation. The two effects,
namely the vibration-dissociation coupling and the decreased
efficiency, appear to be equally important in order to obtain
agreement with these experimental results. Possibly, the
decreased efficiency effect is a coupling effect also, involving
the other degrees of freedom, though it is possible that it is
caused by differences between the interaction potentials of
the O — A and Oy — 0, O complex which becomes more
pronounced at the higher temperatures.

There is ample experimental evidence for the decreased
efficiency at high temperatures, and indeed the rates used
here are based on shock tube data; however, the extrapola-
tion used in the rate constants and vibrational relaxation
times used in these computations should be considered with
caution, since there is no satisfactory theoretical explanation
for the decrease in efficiency.

The usual practice of neglecting coupling effects leads to an
inaccurate description of the flowfield. (Additional compu-
tations, not reported here, with 7.3 = 0 but with P* =
S(T) instead of P* = const—which are reported here—do not
give agreement with experimental data either.) Condi-
tions where coupling becomes important are encountered for
situations of practical interest. In this connection it may
be mentioned that based on binary scaling the flowfields con-
sidered here are representative for flight of a body say of 1
ft diam at 140,000 ft altitude in an oxygen atmosphere at
20,000 fps velocity. In air the analysis of the flowfield under
similar conditions is rendered much more difficult because
many coupled relaxations occur that are presently not suffi-
ciently understood.
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