JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 40, No. 5, September—October 2003

This paper reprinted from Journal of the Aerospace Sciences, Vol. 29, No. 9, 1962, pp. 1038—-1051

Blunt-Nose Inviscid Airflows With Coupled

Nonequilibrium Processes

.’.

J. GorpEN HaLL, ALaN Q. ESCHENROEDER, AND PauL V. MARRONE

Cornell deronautical Laboratory, Inc.

Summary

Analyses have been made of the effects of coupled chemical rate
processes in external inviscid hypersonic airflows at high enthalpy
fevels. Exact (numerical) solutions have been obtained by the
inverse method for inviscid airflow over a near-spherical nose
under flight conditions where substantial nonequilibrium prevails
through the nose region. Typical conditions considered include
nose radii of the order of 1 ft at an altitude of 250,000 ft and
velocities of 15,000 and 23,000 ft per sec.

The results illustrate the general importance of the coupling
among the reactions considered. These included dissociation-
recombination, bimolecular-exchange, and ionization reactions.
The exact solutions show the bimolecular, NO exchange reactions
to be important in blunt-nose flow for the kinetics of NO and N,
as they are in the case of a plane shock wave. An important
difference between blunt-nose flow and plane shock flow, how-
cver, is the gasdynamic expansion in the curved shock laver of the
former. This expausion reduces post-shock reaction rates. Asa
consequence, in the regime studied the oxygen and nitrogen-atom
concentrations tend to freeze in the nose region at levels below
those for infinite-rate equilibrium. The reduction below the
equilibrium  dissociation level can be large, particularly for
nitrogen dissociation at higher velocities.

[n the regime considered, the chemical kinetics are dominated
by two-body collision processes. The inviscid nose flow, includ-
ing coupled nonequilibrium phenomena, is thus amenable to
binary scaling for a given velocity. The binary scaling is demon-
strated for a range of altitude and scale by correlation of the
exact solutions for given velocity and a constaut product of
ambicnt deusity and nose radius. This similitude, which can
also scale viscous nonequilibrium and radiation phenomena in the
shock layer, provides a useful flexibility for hypersonic testing
where it is applicable.

The afterbody inviscid-flow problem is briefly discussed in the
light of the results for the nose flow.,
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Symbols
h = specific static enthalpy
Ji = net rate of reaction 7 per unit mixture mass
p = static pressure
g = fluid velocity
¢:; = volume rate of production of species M; from reaction ¢
r = radial distance coordinate
Rp; = forward rate of reaction 7
Rp; = reverse rate of reaction ¢
R, = universal gas constant
Rs = shock wave radius at axis of symmetry
S = distance along streamline
7" = translational temperature of gas
u = velocity component in x’ direction
U, = flight velocity
v = velocity component in y direction
x’ = distance coordinate along shock wave
x = a'/Rg )
v = distance coordinate normal to shock wave
s = altitude
Z = axial-distance coordinate
p = fluid density
) = body-surface coordinate measured normal to shock
8¢ = shock standoff distance at axis of syvmmetry
i = angle to axis of symmetry
Subscripts
«© = denotes free-stream or ambient flight condition

(1) Introduction

ONSIDERARLE EFFORT is now being devoted to the
C study of thermochemical nonequilibrium effects
occurring in high-enthalpy airflows about blunt bodies
and in hypersonic nozzles. Exact analyses of these
effects entail simultaneous solution of the basic fluid-
dynamic equations plus a set of {coupled) phenom-
enologic rate equations governing the nonequilibrium
rate processes involved. In such analyses, two com-
plications arise. First, a precise specification of the
appropriate system of rate equations is precluded by
uncertain knowledge of high-temperature air kinetics.
Second, the addition of coupled nonlinear rate equations
greatly increases the difficulties of analysis even when
numerical methods are employed. As a consequence of
these complications, many previous analyses of non-
equilibrium flows have employed simplified chemical-
kinetic models involving a single rate process only.
Thus, for example, much work has been done for the
single dissociation-recombination reaction of a diatomic
gas, as this characterizes the kinetic behavior of oxygen
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in air under some circumstances. For the blunt-nose
problem, Freeman' employed the ideal dissociating gas
model introduced by Lighthill, along with Newtonian
flow simplifications, in a study of nonequilibrium flow
about a sphere. A pure diatomic gas model was also
employed by Lick,? who applied the inverse method in a
numerical study of nonequilibrium blunt-nose flow.
A survey of the literature on nonequilibrium-flow
studies in this class has been given by Li.?

Studies entailing but a single dissociation-recom-
bination reaction have unquestioned value in various
respects. However, such a simplified picture of the
kinetics of high-temperature air is quite inadequate for
certain aspects of many nonequilibrium airflows of
current interest. This is well demonstrated by the ex-
tensive machine calculations of Duff and Davidson,*
Lin and Teare,® and Wray,® for the inviscid non-
equilibrium flow behind strong plaue shock waves in air.
These calculations show, for example, that bimolecular
exchange reactions involving nitric oxide play a domi-
nant role in the kinetics of formation of N and NO
behind the shock wave. The nonlinear coupling among
the respective rate equations, and between the chem-
istry and the gasdynamics, produces a very complex
situation in detail. Nevertheless, such nonlinear
coupling effects are basic to the problem and must be
included if realistic answers are desired.

As recently reviewed by Wray,? experimental shock-
tube studies of high-temperature air kinetics done in the
past few years have yielded considerable information on
the rates of significant reactions. No doubt the knowl-
edge of air kinetics will continue to improve. How-
ever, the present state of knowledge does appear to
warrant analysis of coupled rate processes in hypersonic
airflows of greater gasdynamic complexity than for the
normal shock wave. In particular, nonequilibrium
coupled-reaction airflows over blunt re-entry bodies
and in high-enthalpy nozzles are of current interest.
Work on these problems has been underway at Cornell
Aeronautical Laboratory for some time as part of a
broader research cffort on hypersonic flows.” ™ The
recent work in this area of other groups is also noted.
Vincenti!* has reported on the development of a ma-
chine program for computing streamtube airflows in-
volving complex coupled chemistry. Vaglio-Laurin
and Bloom® and Lin and Teare!® have applied stream-
tube methods with coupled chemistry to simplify the
numerical study of nonequilibrium airflows about blunt
bodies.

In the studies of inviscid nonequilibrium airflows
with coupled chemistry carried out at CAL, methods
were first developed for numerical solution of general-
ized streamtube flows as well as plane shock flow. The
streamtube methods have been applied to the study of
nonequilibrium airflows both in hypersonic nozzles and
also over hemisphere-cvlinders in re-entry flight.® 4 13
The streamtube approach to the latter (blunt-nose)
problem has been similar to that of Refs. 15 and 16.
An appropriate gasdynamic boundary condition is

assumed, a priori, on the streamtube flow in order to
obtain a problem with but one spatial variable. Usu-
ally the streamtube pressure distribution is assumed,
some type of approximation being made on the basis of
corresponding frozen or equilibrum-flow solutions, or on
Newtonian or blast-wave simplifications. The de-
tailed nonequilibrium chemistry along the streamtube is
then obtained by numerical solution of a system of
ordinary differential equations subject to the assumed
pressure. It has been shown that the chemistry is not
too sensitive to the details of the chosen pressure dis-
tribution.® Of course, this simplified approach cannot
predict the effects of chemical nonequilibrium on the
flow field pressure.

While such streamtube methods for the nonequi-
librium blunt-nose problem provide valuable insight
into the nonequilibrium chemistry, there remains a
need for more refined approaches. Exact solutions are
desirable for the nonequilibrium gasdynamics as well as
the chemistry throughout the blunt-nose field. Toward
this end, the inverse method as applied by Lick for a
pure diatomic gas has been developed at CAL for a
general chemical-kinetic model of air.3!® The present
paper deals with application of this inverse method to
the study of inviscid nonequilibrium airflow with
coupled reactions over an axisynunetric, near-spherical
noise.

In what follows, the coupled-reaction air model
assumed is first outlined. The inviscid, nonequilibrium
airflow over a blunt nose is then discussed qualitatively
in terms of the corresponding nonequilibrium airflow
behind a plane shock wave. Here, the concept of
binary scaling for the nose flow is also outlined. Fol-
lowing this, specific applications of the inverse method
for a near-spherical nose flow are described in detail.
The emphasis here is on the results; some details of the
method have been given in previous reports® and a
complete description is to be published. Particular
attention is devoted to the importance of the coupled
reactions, to the tendency for oxygen and nitrogen atom
concentrations to freeze within the nose region in the
flight regime studied, and to the demonstration of
binary scaling by appropriate correlation of the exact
nonequilibrium-flow solutions. Finally, some possible
simplifications of the afterbody inviscid-flow problem
suggested by the results of the nose-flow study are
mentioned.

(2) Chemical Kinetic Air Model

For the thermodynamic conditions appropriate to the
dissociated shock layer on a blunt nose at high alti-
tudes, air was assumed to be an ideal-gas mixture of
monatomic and diatomic constituents. The neutral
species included were the atoms N, O, and Ar, and the
diatomic molecules Oz, Ny and NO. This composition
neglects more complex molecules, such as the higher
oxides of nitrogen, which are usually unimportant at
high temperatures. In the velocity or temperature
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range of interest (velocities up to 213,000 ft per sec) the
dominant positive ion1s NO*. For simplicity, the non-
neutral species were therefore taken to include only
NO+ and e~ in the present studies. It may be noted
that the machine code developed for application of the
inverse method can accommodate an arbitrary number
of species and appropriate reactions. At higher ve-
locities than considered here the nonequilibrium
streamtube calculations of Eschenroeder ef al.'? indicate
that atomic and additional molecular ions need to be
included, together with additional reaction mecha-
nisims.

The mixture of particles was assumed to remain
translationally equilibrated. Rotational degrees of
freedom were assumed to be equilibrated with transla-
tion. As regards vibrational excitation, this was
assumed to be fully equilibrated also. This assump-
tion, that the vibrational relaxation processes are fast
compared with those for chemical change, is more
serious, of course, than for rotation. However, for the
main purposes of the present studies, particularly the
question of binary scaling, the assumption is not critical.
It is satisfied behind plane shocks in air at lower tem-
peratures where vibrational equilibrium is attained
before significant molecular dissociation occurs. At
higher temperatures, the two processes are coupled.
However, a well-established theoretical basis for
handling such coupling in air does not presently exist.
The effect of vibrational nonequilibrium on the rate of
molecular dissociation in a shocked diatomic gas is
accounted for in the coupled vibration-dissociation
model introduced by Hammerling ef al.'7 A more
complete coupling model for a diatomic gas, which
accounts also for the effe¢t of dissociation on the rate of
vibrational relaxation, has been discussed by Treanor
and Marrone.!8

In the present work, some normal shock and nose-
flow studies were carried out with a postulated vibra-
tion-dissociation coupling mechanism similar to that of
Ref. 17. These studies suggest that for normal-shock-
type flows, at least, the overall effects of vibrational
relaxation on the airflow chemistry at high tempera-
tures are relatively limited.

Electronic relaxation was not considered. Equilib-
ritm contributions to the internal energy were assumed
for the electronic degrees of freedom.

(2.1) Reaction System Assumed
The chemical reactions controlling the production
and removal of the neutral species were in most cases
assumed as follows:
kp,

() O:4+M=2204+ M

kg,
(2) No+ M22N+ M
B3) NO+M=22N+0+M
(4) N+ 0,=NO+ O
(5) 04+ N,2NO + N

where the symbol M represents any atom or molecule.

This reaction system has been discussed and used
previously by several authors-—e.g., Ref. 4—as repre-
sentative of the significant kinetics of neutral species in
air at the temperatures considered. Reactions (1) to
(3) involve molecule dissociation by two-body collisions
and atom recombination by three-body collisions.
Reactions (4) and (5) are bimolecular exchange reac-
tions involving the production and consumption of NO.
From normal shock wave studies,*® and from the
presentwork, it appears as if these exchange reactions are
generally important with respect to the kinetics of NO
and N but play a more limited role with respect to O.
and O. The kinetics of the latter are controlled to a
large measure by the dissociation-recombination reac-
tion (1). Reaction (2), involving the direct dissociation
of N appears relatively unimportant over a wide
range of gasdynamic conditions, particularly at lower
temperatures.
The bimolecular reaction

(6) Ny 4+ 0,22 2NO

for production of NO was included in some of the
present normal shock studies in addition to reactions
(1) to (3). The results here, as previously obtained
elsewhere,® show that at high temperatures reaction (6)
is significant for NO production only at very early
times--1i.e., close to the shock front. The overall com-
position and thermodynamic effects of the reaction at
high temperatures are generally rather small.

For the present temperature and pressure range the
degree of iomization is relatively small. As a conse-
quence, the ionization kinetics have little influence on
the flow thermodynamics and can generally be de-
coupled from the problem. The only reaction mecha-
nism considered for ionization was the dissociative
recombination of NO+t—-ie.,

7) NO*4+ e @N+O0

It may be noted that at higher velocities than con-
sidered here the energy in ionization can become a
significant part of the total enthalpy. In this case, the
tonization kinetics cannot be decoupled from the prob-
lem. As previously noted, the nonequilibrium stream-
tube calculations of Ref. 13 indicate that atomic and
additional molecular ions need to be considered at
higher velocities, along with additional kinetic mecha-
nisms such as charge transfer, mutual neuntralization,
and 1mpact ionization processes.

(2.2) Formulation of Rate Equations

The formulation of the phenomenological rate equa-
tions for such a system of reactions is discussed in
detail by Penner.!* The ith of r reactions involving
species 4; (7 = 1, 2. . .s) is represented as

s kpi s
Z VijA[j = Z Vi_/'/lllj (l = 1, 2. .7’)
i=1 kri 1=1

where »;; and »;;" are the stoichiometric coefficients of
M; on the left and right sides, respectively. The net
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TaBLE 1. Dependence of Rates of Reaction on Density, Temperature, and Mass Concentrations (T in °K.)
Approximate Equilibrium Constant Forward Rate of Reaction Reverse Rate of Reaction
k
REACTION i
K, - kF‘ (Ref. 6) Rp. Ry
i Ri 1 1
kg 3 by
o g —s cmil2x10 59,000 3 p T 59, 380 2
2 =M = 20 + M 17z p {-==—) moles/cm MY 0, 7y exp () o T 7/M
R1
2 2
112,450 3 £ 113,260 7
a4 R AL, - . s
2 N2+M<—ZN+M 18 exp (- T ) moles/cm M—m—z 7’N27M e,\p(—?) m% N iM
2
3[ NO + M@N + 0+ M [ 4.0 exp (222990 015 /em? m%/zﬁ\lo?’m exp (12490 f}—?/N 707 m
T
16,010 1/2 3,120 19,130
4] N+ OZ2NO + O 4.2 exp (—T—) < oT 7/N '/02 exp (- T ) fem ,07/NO7/0 exp (- )
> 37,500 38,000
5|0 ¢ N,EZNO + N 4.5 exp (-=4=) o /07/071,\,2 exp (-——) m,O?’NO 7N
molar-volumetric rate of production Q,; of species .1/, assumed, the relation ky,/kp, = K,(T) is usually

from reaction ¢ is expressed as

] . s
Qii = (Vij, — vy) {kmpy‘ II v)ie — kg™ 11 ’)’Zm}‘
a=1 B

a=1

moles/unit volume/second, where

S
vy = Z Viey Vi =
a=1

and v, i1s the mass concentration of M, in moles,/ unit
mass. The factors ky; and kg, are the forward and
reverse specific rate coefficients, respectively, of the ith
reaction. These rate coeflicients are assumed to de-
pend only on the translational temperature 7  for
vibrational equilibrium. A net rate of reaction 7 per
unit mass of mixture, J;, is defined as

Ji== Qij/[(Vu' - Vu’,)P] = Rpi -

moles/gm sec, where Ry, and Ry, are the corresponding
forward and reverse rates of reaction. Thus J,; gives
the net molar rate of production in the forward direc-
tion of reaction ¢ per unit mass of mixture for unit
stoichiometric change. Table 1 shows the dependence
of Ry, and Ry, on density, temperature, and species
mass concentrations for reactions (1) to (5).

For equilibrium Q,;; = 0, and the forward and reverse
rate coefficients for any reaction are related through a
corresponding equilibrium constant K,, = kz/kg,.
The equilibrium constants are known functions of the
translational temperature determined from statistical
mechanical calculations. With vibrational equilibrium

Ra,

applied also for Q;; ¢ 0. This was done in the present
work.

With transport-free flow, as assumed, the total time
rate of change of v, becomes

D

1
— oy, =
p

Dt 2, 0y

The system of rate equations so obtained must be
solved simultaneously with the equations expressing
thermodynamic state and conservation of energy, mass,
and momentum. Thermodynamic state is expressed by

p = pRI 2 v,

i=1
and energy conservation becomes
¢%/2 + h = constant = kg

for adiabatic steady flow, as considered. The static
enthalpy & = e -+ (p/p) is a known function of all v;, T,
and the molecular vibrational energies. For vibra-
tional equilibrium, the latter are known explicitly in
terms of v, and 7. Relations for conservation of fluid
mass and momentum do not involve chemical variables
explicitly and therefore take the usual fluid-dynamic
forms.

(2.3) Rate Data Employed

A tabulation of all reaction rate data employed in the
present studies is given in Table 2 along with the data
source, Shown here are values of the forward rate
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coeflicients, ky;, for the reactions as written. Reaction
numbers correspond to those in the text. The flow
calculations were carried out in terms of &y, and the
corresponding equilibrium constant K, (1) = kp;/kg,.
Table 1 lists convenient (approximate) analytic ex-
pressions from Ref. 6 for the equilibrium constants of
reactions (1) to (5).

A comparison was made of the rate data used in the
present studies, as given in Table 2, with composite
values proposed in the review of Ref. 6. In general, the
agreement is quite good for the important reactions.
What differences do exist would not appear to be too
important for the present purpose. Normal shock
solutions obtained in the present studies agree reason-
ably well with those of Ref. 6. Of course, considerable
uncertainties exist in the experimental rate data in some
cases. A systematic investigation of the sensitivity of
the present results to the reaction system and rate data
employed was outside the scope of the work. How-
ever, some limited study in this direction was made, and
some previous studies are also relevant. This question
is further discussed in Section (3) in connection with
specific results.

(3) Nonequilibrium Airflow Over
Near-Spherical Nose
(3.1) General Description of Flow Field
A dominant feature of the hypersonic flow over a
spherical-type nose is the strong curved shock wave
which stands off from the surface a distance generally

small compared with the nose radius. Immediately on
crossing the curved bow shock a fluid particle begins to
equilibrate its chemistry with the local thermodynamic
environment. Initially, at least, the equilibration
process therefore resembles that occurring behind a
plane normal shock wave at the appropriate velocity
and density. Thus it is anticipated that features of the
nonequilibrium chemistry calculated for plane normal
shocks in air*% will appear along streamlines in the
blunt-nose flow field. Beyond this qualitative con-
sideration, Gibson® ! has recently developed a quanti-
tative method of using plane air-shock solutions to
determine the complete blunt-nose inviscid field in the
vicinity of the stagnation streamline.

Basic features of plane shock solutions for the
coupled-reaction air model of Section (2) include the
important effects of the bimolecular exchange reactions
(4) and (5) in addition to the characteristic dissociation
relaxation of oxygen and nitrogen. As previously
noted, the exchange reactions play an important role
with respect to the formation of NO and N. In par-
ticular, in the temperature range considered, reaction
(5) (forward) dominates the production of NO and N
in the initial flow behind the shock. Generally, the
exchange reactions tend to a local equilibrium much
faster than the dissociation-recombination reactions (1)
to (3). As a consequence of this behavior, the NO
concentration builds up rapidly behind the shock and
overshoots its final equilibrium value attained when the
entire reaction system is equilibrated. The resulting

TaBLE 2. Reactions and Rate Coefficients Employed in Calculations
CATALYTIC FORWARD RATE CONSTANT kF UNITS
REACT | ON oF SOURCE
BODY M T oK 0
F
k
Fi 211-3/2,, ¢ _59380 3y0r - see-| CALCULATED FROM REF. 30 DATA
| 0y +M—% 20 + M 0, 3.6 x 10°'T -T_.) CMMOLE™ "SEC
-
k 59380
Ri 0 10187 1/2gyp(- ) " 351 « RATE FOR 0, (30)
T 8o
59380
Ny, N, NO 102! 773/ 2645 - " I x RATE FOR 0, (31)
3
. 113260
Ng + MIm2N + M Ny 102! T'a/zexp(—T—) ’ ViA kp FROM REF. 17, 31
113260
N 1022 7-3/2¢4p(- " 5 x RATE FOR N, (31)
113260
0,,0,N0 1020 1-3/26yp(- ) . —:IT—x RATE FOR K, (31)
— 75490
NO + MZZH + 0 + M | Npi05,0, (02! T'3/2exp(-——T— " VIA kp FROM REF. 31
N,NO,Ar
3120
0, + KZNO + 0 1o'? T'/zexp(-—T—) " REF. 31
— 38000
Ny + 0= NO + N |0'3exp(——T—) " REF. 32
65000
Ny + 0,2 2N0 1024 778/ 2exp( -y " REF. 6
NOY + e” TN + 0 (02! 1-8/2 " REF. |1, 25, 33
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maximum in NO concentration is a characteristic
feature over a wide range of conditions.

In the blunt-nose flow field, this picture of the non-
equilibrium chemistry provided by plane shock flow is
modified, of course, by the particular gasdynamic
environment of the curved shock layer. On flowing
around the blunt nose the velocity of a fluid particle
increases while its density and temperature decrease
due to gasdynamic expansion. The reduction of
density and temperature generally reduces the rates of
chemical reaction and slows the strong initial drive
toward post-shock equilibration. Streamlines closest
to the body are characterized by a strong gasdynamic
expansion downstream of the sonic line which can
effectively quench the chemistry and produce frozen
composition in the afterbody flow.

Fluid particles crossing the curved bow shock close to
the axis of synumetry where it is nearly normal encoun-
ter the most favorable conditions for attaining thermo-
chemiical equilibrium prior to leaving the immediate
nose regioni. Here the temperature immediately behind
the translational-rotational shock front is higher and the
velocity lower than at any other corresponding post-
shock position. For strong shock conditions the density
immediately behind the shock changes little with shock
angle 8, and the corresponding post-shock temperature
therefore varies approximately as the pressure, or as
sin® 8. Thus, particles crossing the bow shock further
from the axis encounter reduced initial temperatures
and increased velocities, Both effects reduce the de-
gree of equilibration attained over a given path length.
A progressive departure from post-shock equilibration
might therefore be expected on moving away from the
axis along loci of equal streamline lengths.  Sutfliciently
far from the axis the internal degrees of freedom of fluid
particles crossing the curved shock may be expected to
remain completely frozen at ambient conditions during
particle transit over the body. However, the equi-
librium excitation at the lower temperatures thus in-
volved may be relatively unimportant.

From the foregoing consideration, it is evident that
the entire nose-region inviscid flow may be expected to
exhibit substantial nonequilibrium if such prevails
along streamlines which cross the bow shock close to the
axis. This situation was the primary concern in the
present studies for flight conditions giving inviscid flow
through an appreciable (outer) portion of the shock
layer. A point of particular interest was the degree to
which the three-body recombination reactions (1) to (3)
come into play on inner streamlines before the strong
gasdynamic expansion downstream of the sonic line
effectively quenches the chemistry. On this point
hinges the possibility of a simple density scaling of the
nonequilibrium chemistry through the nose region.

(3.2) Binary Scaling of Nonequilibrium Flow

In chemical equilibration behind a plane shock wave
in air (see, for example, the normal shock solutions of
Ref. 4), the net direction of reactions (1) to (3) is dis-

sociation. The reverse (recombination) reaction rates
become equal to the forward (dissociation) reaction
rates only at final equilibration. Where all three-body
recombination reactions remain unimportant the non-
equilibrium chemistry is determined by two-body
collision processes only, since all reactions other than
three-body recombination are of this class. All reac-
tion rates J,, therefore, have the same direct depend-
ence on density in this case (Table 2). Thus, for given
initial temperature and species mass concentrations
behind the shock, the time or distance variation of all
variables behind the shock may be normalized or scaled
with respect to the initial (post-shock) density. For
sufficiently strong shocks, the pre-shock density also
normalizes the solution since the (ideal-gas) density
ratio across the shock becomes essentially invariant,
The same binary scaling applies with vibrational non-
equilibrium if the usual two-body collisional excitation
of vibration is assumed. It is required only that the
effective vibrational relaxation times of the diatomic
species have the usual inverse first-power dependence on
the total density.

The above type of scaling is demonstrated in Ref. 4
for the features of the NO concentration maximum
which accompanies reversal of reactions (4) and (5)
behind strong shocks in air. At high temperatures and
lower densities this NO maximum occurs when reactions
(1) to (3) are still far out of equilibrium—i.e., (Rx,/Ry,)
> 1. Under these conditions its magnitude and loca-
tion are accurately scaled as above. At higher densi-
ties the recombination reactions, whose rates vary as p’
(Table 2), become important at the location of the NO
maximum and the scaling breaks down.*

Carried over to the flight situation, this binary scal-
ing with density means that the inviscid nonequilibrium
airflow over a blunt nose of given shape is scaled for a
fixed (high) flight velocity U/.. by the condition p, L =
constant when three-body recombination remains un-
important. Here p. is ambient atmospheric density
and L a characteristic dimension of the flow field or
body. Considering a bow shock of given shape, the
fixed and high flight velocity ensures duplication of the
(ideal-gas) temperature boundary conditions immedi-
ately behind the normalized shock. The relatively
small variation in atmospheric temperature with alti-
tude at conditions of interest is thus unimportant. The
high velocity (Mach number) also provides the required
strong-shock condition that the (ideal-gas) density
ratio across the shock have its limiting value.

Conditions for which recombination is unimportant
in air can be roughly estimated in terms of fluid particles
crossing the bow shock close to the axis, say at a radius
of order standoff distance &, (Fig. 1), and the correspond-
ing plane shock flow for air. In the case of a spherical
nose, such particles experience an environment similar
to that behind the corresponding plane uniform shock
(at the flight velocity and density) over a path length
somewhat less than the nose radius before experiencing
rapid expansion downstream of the sonic region.
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s

T'1g. 1. Coordinate systemn for axisymmetric blunt-nose flows.

Therefore, if the appropriate relaxation length for the
corresponding plane shock case is of the order of the
nose radius or larger, recombination will be generally
unimportant throughout the blunt-nose field. Here the
relaxation length is the distance required for the ratios
of the forward-to-reverse rates of reactions (1) to (3) to
become of order 1 in the corresponding plane shock case.
A characteristic feature of the plane shock in air at high
temperatures and low densities is that the forward-to-
reverse rate ratios of reactions (1) to (3) are approxi-
mately equal over most of the distance required for
equilibration. This behavior is demonstrated by the
normal shock solutions of Ref. 4, for example, in which
the above relaxation length is clearly evident.

At the velocities and high-altitude densities of present
interest (15,000 to 23,000 ft per sec and 150,000 to
250,000 ft altitude) the above relaxation length is
typically several orders of magnitude greater than the
distance to the maximum in the NO concentration
previously mentioned. At the location of the latter,
the forward-to-reverse rate ratios for reactions (4) and
(5) are of order 1, whereas those for reactions (1) to (3)
are typically several orders of magnitude.* Thus,
another indication that recombination is unimportant
through the nose region is if the distance to the NO
maximum behind the corresponding plane shock
approaches the order of magnitude of the shock stand-
off distance, 6.

An important question is that of the range of validity
of such scaling with respect to the parameters U., p..,
and p,.L. For increasing velocity, density, and scale,
equilibration is eventually attained very rapidly behind
the bow shock and recombination becomes tmportant
throughout the inner nose-region flow. Equilibrium
conditions must always prevail sufficiently close to the
inviscid stagnation point where the local velocity tends

to zero. The practical question, then, is the region of
influence of the equilibrium stagnation zone. In the
real situation, viscous effects are present close to the
body and need to be considered in this respect. A
determination of the general limits of binary scaling
was outside the scope of the present work. However,
an analytic study of this question has recently been
carried out by Gibson.!> ® The results from this
study suggest a rather wide range of valdity for the
neglect of three-body recombination both for the Light-
hill gas model and for air with coupled reactions. In
particular, molecular dissociation behind the bow
shock can attain a level very close to equilibrium along
the stagnation streamline before atom recombination
becomes important.

It may be noted that the condition p,l. = constant
at given velocity also has implications for the scaling of
nonequilibrium radiation phenomena, as well as for
nonequilibrium viscous phenomena. For nonequilib-
rium radiation, discussed by Camm et al.,** the correct
scaling of the nonequilibrium temperature and concen-
tration fields by this condition when recombination is
unimportant means that the associated radiative heat
transfer will be simultaneously scaled (reproduced)
correctly if electronic equilibrium prevails. Correct
scaling of radiative heat transfer with electronic non-
equilibrium requires the latter to be governed by two-
body collision processes. In the simultaneous scaling
of nonequilibrium viscous phenomena, discussed by
Gibson,!? the preservation of Reynolds number by the
above condition means that nonequilibrium viscous or
boundary-layer phenomena are correctly scaled pro-
vided recombination remains unimportant in the vis-
cous flow and appropriate surface boundary conditions
are maintained. In the regime considered here, where
nonequilibrium invisecid flow prevails through the outer
part of the shock layer, the low-density, small-scale
conditions favor occurrence of a chemically frozen
boundary layer wherein atoms would diffuse to a cold
surface before recombining in the gas phase.

It is apparent that such scaling offers a useful flexi-
bility for hypersonic testing where applicable to the
simulation of nonequilibrium phenotena occurring in
high-altitude flight of a blunt nose. As discussed in
Ref. 23, wind-tunnel duplication of the ambient condi-
tions appropriate to re-entry flight requires nozzle
reservoir pressures which become forbiddingly high for
expansions to high velocities. Binary scaling could
conceivably be employed to compensate for tunnel
ambient pressures less than in flight by the use of a
model size larger than full scale. If the flight velocity
was duplicated, correct simulation of flight non-
equilibrium phenomena in the nose region would there-
by be attained. Although correct simulation requires
duplication of the flight velocity, duplication of the
flight Mach number is not essential to the nose-flow
scaling provided the test Mach number is sufficiently
high to ensure strong-shock conditions. Another
possible application of such nonequilibrium scaling to
hypersonic testing might be in ballistic range studies.
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Here the use of pressures higher than in flight could
compensate for small model scale.

(3.3) Numerical Studies

The inviscid flow field about a blunt-nosed body in
supersonic flight is rendered difficult for analysis be-
cause of its mixed aerodynamic nature behind the de-
tached shock in the nose region. In recent years, con-
siderable emphasis has been placed on development of
numerical methods, particularly for use with high-speed
digital computers, for solving the subsonic-transonic
field around a blunt nose under ideal-gas conditions.
Both direct and inverse approaches to the problem have
been developed, with the main emphasis on the hyper-
sonic regime. In the direct approach, the flow field is
determined for a specified body shape. In the inverse
method, the shock-wave shape is specified and the
corresponding body shape is determined by mass con-
servation requirements in the course of solution.
While the direct method has a greater practical utility
for studies of the influence of body geometry, the inverse
method greatly simplifies handling of the boundary
conditions at the shock wave, the location of which is
unknown in the direct approach. A critical discussion
of both approaches is given by Hayes and Probstein.?*

In the present work, the development of the inverse
method for a general chemical-kinetic model of air
generally followed the previous work of Lick? for a pure
diatomic gas. The method entails a numerical march-
ing in from the starting conditions behind the specified
shock wave with the fluid-dynamic and chemical rate
equations of Section (2) being solved simultaneously.
The starting problem is simplified by the initial non-
equilibrium state whereby initial singularities are
avoided in the rate equations. The computation is
carried out in terms of coordinates x’ and y along and
normal to the shock front, respectively, as illustrated in
Fig. 1. A Runge-Kutta integration procedure is used
along the normal coordinate y, derivatives along x’ be-
ing fitted by a seven-point formula. Specific stream-
line shapes may be determined from mass-flow inte-
grals computed in the course of initial solution. The
thermodynamic properties of the chemical species may
be computed in either of two ways: (1) the use of poly-
nomial fits of enthalpy with temperature as in Ref. 4,
with derived relations for other quantities as free
energy and entropy, and (2) the use of simple harmonic
oscillator formulas where vibrational equilibrium is

assumed, including lower excited levels. Simple oscil-
lator formulas were employed for the diatomic species
in the present studies.

The inverse method formulated for inviscid axisym-
metric flows has been coded for high-speed digital
machine computation by means of an IBM-704 com-
puter. This code has been applied to the computation
of several examples which demonstrate the previous
considerations of nonequilibrium blunt-nose flow with
coupled reactions. The examples were calculated for
velocities of 15,000 and 23,000 ft per sec, using the
chemical kinetic air model of Section (2)-—i.e. reactions
(1) to (5) and reaction (7), with rate data as given in
Table 1. The axisymmetric shock-wave shape em-
ployed was the catenary Z/R, = cosh (r/R;) — 1,
where K, is the shock radius of curvature at the axis.
The notation is illustrated in Fig. 1.

The values of ambient density (altitude) and shock
radius chosen for the calculations were selected to pro-
duce substantial departure from equilibrium through-
out the nose region. In particular, for the correspond-
ing plane normal shock solutions the NO maximum
occurs at a distance behind the shock approaching the
shock standoff distance 8. As previously noted, a
determination of the limits of binary scaling was out-
side the scope of the work. However, in order to
demonstrate scaling the values of p., and R, were varied
for several cases so as to keep the product p.R, con-
stant at given velocity. A summary of conditions for
the cases computed is given in Table 3. The ambient
atmospheric conditions employed were those for the
1956 ARDC model atmosphere.

In general, the results for neutral species in the
present blunt-nose computations would not appear to
be unduly sensitive to the rate data employed. The
sensitivity question here is essentially that which arises
for nonequilibrium airflow behind plane uniform shocks.
In the latter case, quantitative studies have been made
by previous authors.® * In particular, the discussion
and results herein pertaining to nonequilibrium scaling
of the neutral species concentrations and the gas-
dynamic field are probably unaffected by present un-
certainties in the rate data. However, the same may
not necessarily be true for the ionized species, as even
the basic kinetic mechanisms in this case appear much
less certain.

With respect to viscous effects which are present at
the above conditions, the stagnation-point boundary-

TABLE 3.
Flight Velocity, Altitude, Ambient Density, Shock Radius,
Uw, ft per sec z, ft X 103 po, Ib (mass)/ft3 R, ft
15,000 150 0.1147 X 1073 0.183
15,000 200 0.1950 X 10~ 1.07
15,000 250 0.2573 X 1075 8.15
23,000 200 0.1950 X 10—+ 0.0692
23,000 250* 0.2573 X 107 0.525

* Results for this case are from computations performed for the Air Research and Development Command, Rome Air Development
Center, Griffiss Air Force Base, N. Y., under Contract No. AF 30(602)-2267.
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Fic. 2. Correlated body shapes and streamlines for nonequilib-
rium blunt-nose airflows.

layer thickness is about one fifth the shock standoff
distance for the 15,000-ft-per-sec-velocity cases. TFor
the two cases at 23,000-ft-per-sec velocity the boundary
layer is relatively thicker, becoming about one half the
standoff distance. These wvalues of boundary-layer
thickness are indicated by Scala® for typical cold-wall
conditions. It will be noted that the ratio of boundary-
layer thickness to nose (shock) radius K, should remain
approximately unchanged for given velocity in these
examples since p. R, remains constant. Although the
presence of the boundary layer would modify the
present inviscid-flow solutions for the flow close to any
real body, as discussed qualitatively below, it should be
emphasized that this fact does not enter, per se, the
present considerations on the scaling of inviscid non-
equilibrium phenomena. Also, of course, the usefulness
of the present numerical results for the testing of
approximate inviscid-flow solutions is unaffected by
viscous phenomena.

Detailed consideration of viscous effects is outside
the scope of this paper. However, it may be men-
tioned that the blunt-nose flow chemistry will be influ-
enced close to a cold surface by the reduction of tem-
perature and increase of density through the boundary
layer. The net effect on reaction rates (Table 2) will
tend to be a reduction where activation energies are
large, as with dissociation, and an increase where den-
sity dependence dominates, as with three-body recom-
bination. Close to a cold surface the cumulative effect
of temperature reduction may therefore be expected to
result in atom concentrations less than those for
inviscid adiabatic flow. The associated density in-
crease, and also the temperature decrease, will enhance
recombination. However, as previously noted, the
general conditions considered here favor a chemically
frozen boundary layer where gas-phase recombination
is unimportant.

(3.4) Numerical Results

The results of the numerical studies are of interest
with respect to both the basic chemical and gasdynamic
effects of nonequilibrium, as well as the question of
binary scaling. The inverse method provides a de-
tailed solution through the entire nose region on a mesh
scale small compared with the standoff distance. The
wealth of numerical data so obtained in the present
examples poses a problem with respect to graphical
presentation. In order to illustrate the above points of
interest, detailed results are presented in Figs. 2 to 13
for distributions of gasdynamic and chemical variables
along two representative streamlines, and along two
rays normal to the bow shock.

The computed body shapes for the two velocities and
the two streamlines, .1 and B, determined in each case
are shown in Fig. 2. Streamline /1 crosses the shock
inside the sonic point at an angle 8 of about 9°, whereas
B crosses outside the sonic point at a value of 8 of ahout
35°. The flow patterns of Fig. 2 and the results in
Figs. i3 to 12 apply to all ambient densities and scale
considered for the respective velocities as the correla-
tion or binary scaling of the different solutions for
p. R, = constant was generally excellent.  This will be
further considered following discussion of the variation
of quantities along the two streamlines shown. It will
be noted in Fig. 2 that the flow patterns for the two
velocities are quite closely the same. This is coinei-
dental and happens because the reduced scale of the
higher velocity case offsets the more rapid equilibration
produced by the associated higher temperature.

Distributions of pressure, density, temperature, and
species mass concentrations along streamlines .1 and B
are plotted in Figs. 3 to § for the two velocities. Ther-
mogasdynamic variations along these streamlines
shown in Figs. 3 and 4 are similar for the two velocities.
However, it will be noted that the temperature level is
roughly doubled at the higher velocity. The early
flow along inner streamline | resembles that behind a
plane uniformt shock--i.e., increasing density and
sharply decreasing temperature. Fairly quickly, how-
ever, the gasdynamic expansion becomes evident, in
contrast to the plane shock flow. Thus the density and

00 - RATE VALUES|

T
1000 ° K

Fi1c. 3. Correlations
of temperature (T°),
pressure (I°) and den-
sity (p) along non-
equilibrium blunt-nose
streamlines 4 and B.
Us = 15,000 ft per
sec.
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Fi1c. 4. Correlations of temperature (7T°), pressure (P) and
density (p) along nonequilibrium blunt-nose streamlines 4 and
B. U, = 15,000 ft per sec.

pressure pass through maximums and then decrease,
with corresponding decrease in temperature. The
latter changes are monotonic along outer streamline B
which crosses the shock outside the sonic point.

Also shown in Figs. 3 and 4 for S/R, values of about
0.5 (S = distance along streamline) are the correspond-
ing values of temperature and density for infinite-rate
equilibrium flow. These values (and corresponding
species concentrations) were computed assuming the
local pressure to be unaffected by nonequilibrium.
For the present purpose this assumption is quite ade-
quate, as the effects of nonequilibrium on the pressure
in this flow region are small. This is demonstrated in
Figs. 3 and 4 by the infinite-rate values for pressure
shown to exist immediately behind the shock (S/R; =
0). Further evidence on this point is the close agree-
ment between the pressure distributions of Figs. 3 and 4
where the nonequilibrium dissociation levels are high
and quite different. It will be noted that the non-
equilibrium temperatures substantially exceed the in-
finite-rate values. This is primarily because of the lag
in oxygen dissociation at 15,000 ft per sec (Fig. 3) and
the lag in nitrogen dissociation at 23,000 ft per sec
(Fig. 4).

The corresponding distributions along streamlines 4
and B of the chemical species O, N, NO, and e~ are
shown in Figs. 5 to 8, respectively. In these figures,
the species concentrations are plotted on a mass basis as
moles/original mole of air so that they become constant
for constant or frozen composition.

Figs. 5 and 6 show that oxygen dissociation is ther-
modynamically important at both velocities. Nitrogen
dissociation is unimportant in this sense at the lower
velocity of 15,000 ft per sec, but is very significant at

23,000 ft per sec. The oxygen atom concentrations
level off somewhat below the infinite-rate values on
both streamlines at 23,000 ft per sec and on inner
streamline 4 at 15,000 ft per sec. It will be noted that
the infinite-rate values here represent essentially com-
plete O, dissociation. Along outer streamline B at
15,000 ft per sec, O freezes well below equilibrium. In
all cases, nitrogen atom concentrations remain well
below the infinite-rate values. Thus, at 23,000-ft-per-
sec velocity, the energy in the dissociation of nitrogen,
although large, is only of the order of one half or less
of the infinite-rate equilibrium value.

The NO concentrations of Figs. 7 and 8 show expected
maximus on inner streamline 4, but remain well above
infinite-rate values. Maximums are not attained on
outer streamline B, and at 15,000 ft per sec the infinite-
rate value here is not exceeded. On outer streamlines
such as B, where the temperature level is progressively
reduced and the O, and N, concentrations become rela-
tively high, reaction (6) could appreciably accelerate the
formation of NO. Similar maximums are observed in
the e~ concentration along inner streamline .{. The
electron concentrations tend to remain above infinite-
rate values.

The results of Figs. 3 to 8 illustrate points of the
previous discussion of Section (3.1) on the qualitative
features to be expected in the nonequilibrium blunt-nose
flow field. In particular, a progressive departure from
equilibrium occurs on moving towards outer stream-
lines in the field (4 to B) along loci of equal streamline
lengths (equal S/ R, values). Features of plane normal
shock flows with coupled reactions appear along indi-
vidual streamlines, such as the maximum in NO con-
centration. The relative importance of individual
reactions along streamlines is qualitatively as for plane
shock flows at the appropriate temperature level.
Thus, reaction (1) dominates O, dissociation, whereas
reaction (2) for N, dissociation tends to be relatively
unimportant. Reactions (3), (1), and (5) are important
for the kinetics of N and NO. A basic difference from
plane shock flow is the continued reduction in tem-
perature and density with flow expansion around the
nose. This reduces the rates of all reactions and, as
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illustrated by the solutions, enhances the lag in dis-
sociation in such a way that atom concentrations tend
to freeze.

Figs. 9 to 12 show distributions of thermodynamic
and chemical variables across the shock layer along two
rays normal to the shock at values of x equal to ().16
(8 ~ 9°) and 0.58 or .60 (8 = 35°). These distribu-
tions reflect the different particle histories experienced
along the respective streamlines intercepted. In gen-
eral, the gas state approaches equilibrium on moving
along a ray toward the body. Of the gasdynamic fea-
tures of these results, it will be noted in Fig. 10) that the
normalized pressure distributions across the shock layer
are relatively insensitive to the very significant changes
in the nonequilibrium chemistry (particularly in atom
concentrations) which occur in going from a velocity of
15,000 ft per sec to one of 23,000 ft per sec. A similar
insensitivity of the normalized pressure to the chemistry
was noted for the streamline pressure distributions of
Figs. 3 and 4. Also in Fig. 10 it will be seen that the
velocity distributions across the shock layer tend to
remain nearly linear as in the case of ideal-gas flow.*
Features of the chemistry which may be noted in Figs.
11 and 12 are the greatly increased concentrations of O,
N, and e~ and the decreased concentration of NO
which obtain generally throughout the nose region at
the higher velocity of 23,000 ft per sec. Although the
body scales are quite different for the two velocities,
these effects are due primarily to the higher tempera-
tures existing at 23,000 ft per sec.

Values of the shock standoff distance at the axis, 6o,
are given in Table 1. Corresponding values for in-
finite-rate equilibrium, completely frozen chemistry,
and ideal-gas flow determined by the method of Li and
Geiger?® are shown for comparison. Tt is of interest to
note that the values of §, for the present nonequilibrium
flows tend to lie closer to the equilibrium than to the
chemically-frozen or ideal-gas values. By virtue of the
binary scaling discussed below, the above values of §,
for nonequilibrium flow also apply to the additional
cases computed for 150,000 and 250,000-ft altitude at
15,000 ft per sce and for 250,000-{t altitude at 23,000
ft per scc. The values of &, for these additional cases
agree with the above values to within the numerical
accuracy of the determination of §, - namely, to within
about 1 percent or better.

With respect to the question of binary scaling, the
results for the cases computed for different altitudes at
given velocity with p, R, held constant show excellent
agreement. The results of Figs. 2 to 12 thus apply for
all cases computed at the respective velocities to an
accuracy generally of the order of 1 percent or better.
The excellent correlation obtained in this respect imi-
plies that three-body recombination is generally unim-
portant for the conditions considered. This is demon-
strated directly in Fig. 13, which shows the ratios of the
forward-to-reverse reaction rates (Rp/Rg) of all
reactions along streamline 4 for both velocities at an
altitude of 200,000 ft. The unimportance of three-
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concentrations across nonequilibrium blunt-nose shock laver.

body recombination through reactions (1), (2), and (3)
is apparent here. This is particularly true for the
smaller-scale, higher-velocity case at 23,000 ft per sec
because of the much smaller particle flow time at a
given value of S/R; than at 15,000 ft per sec. For the
different altitude cases, the curves in Fig. 13 for reac-
tions (1), (2), and (3) shift inversely as the change in
ambient density, whereas those for reactions (1), (5),
and (7) remain unchanged.

(4) Implications for Afterbody Flows

The preceding results have some obvious implications
for the corresponding inviscid afterbody flows. The
results indicate that for high-altitude conditions, oxygen
and nitrogen atom mass concentrations tend to freeze
in the nose region at levels below those corresponding to
infinite-rate equilibrium behind the bow shock. For
outer streamlines, in particular, this reduction from
equilibrium dissociation can be large. It seems very
likely that for these conditions the {rozen atomic con-

————— = 23,000 ft
per sec
- s = 15,000 ft
per sec
Fre. 13. Ratio of ™
forward - to - reverse
rates of reaction (Rpi/
Rz:) along blunt-ncse
streamline A at 200 kft
altitude.
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TABLE 4.
5()/Rs
Present
Flight Velocity, Altitude, Shock Radius, Noneq. Equilib. Frozen Ideal
U, ft per sec s, ft X 108 R, t Chemistry Chemistry Chemistry Gas
15,000 200 1.07 0.0676 0.0625 0.0890 0.113
23,000 200 0.0692 0. 0666 0.0461 0.0805 0.108

centrations will prevail over an appreciable length in
subsequent expansion of the flow over near-cylindrical
afterbodies. This type of behavior is evidenced in the
streamtube calculations of Ref. 15.  In the flow expan-
sion over the afterbody, the temperature and pressure
are reduced, the latter dropping very strongly past the
sonic point and following a blast-wave type of decrcase
downstream of the shoulder region. This behavior is
very effective in quenching all chemical reactions.

The effects of nonequilibrium on the gasdynamics of
the inviscid afterbody flow are determined by the con-
centrations of the atomic species. Therefore, for the
type of conditions considered in the present examples it
would appear that the inviscid afterbody flow could be
computed in detail by usual ideal-gas characteristics
methods with an effective (constant) specific-heat ratio
determined from the atom mass concentrations frozen
in the nose region. This type of approach has been
taken previously by several authors.!® 2¢ However, it
has sometimes been assumed that the frozen atom
concentrations are those appropriate to infinite-rate
equilibrium immediately behind the shock or at the
sonic line. As noted above, the present results indicate
that this assumption, and therefore the dissociation
enthalpy assumed to be frozen, can be considerably in
error for the type of flow situations considered.

It may also be noted that the binary scaling of non-
equilibrium blunt-nose flows at given velocity on the
basis p. K; = constant, as demonstrated by the present
results, will automatically scale the corresponding
inviscid afterbody flows correctly at a given Mach
number if either the latter are frozen or else three-body
recombination remains unimportant. Thus, any one
numerical solution for the afterbody inviscid flow could
be generalized or scaled in this way. Assuming the
afterbody chemistry to be frozen, the blast-wave con-
cept is readily modified to obtain an approximation to
inviscid nonequilibrium effects on afterbody surface
pressures, as previous authors have shown.!» 2® The
scaling of nonequilibrium blast-wave solutions on the
above basis would appreciably extend their usefulness.

With respect to the simultaneous scaling of the vis-
cous or boundary-layer flow over the afterbody, similar
considerations apply here as for the nose region. If the
afterbody boundary layer is chemically frozen--i.e., if
atom diffusion dominates over recombination- as
appears likely if the stagnation-point boundary layer as
well as the outer inviscid flow is frozen, then the viscous
afterbody flow is also scaled correctly by p. R, = con-
stant at given velocity and Mach number, provided the

correct surface boundary conditions!'? are maintained.

(5) Concluding Remarks

This paper has discussed recent studies carried out at
CAL of inviscid airflow over axisyvietric blunt bodies
involving coupled chemical rate processes.

The results obtained with the reaction system consid-
cred illustrate the general importance of coupled
chemical reactions at high enthalpyv levels. For in-
viscid blunt-nose flow at flight conditions giving sub-
stantial nonequilibrium, exact solutions obtained by the
inverse method illustrate nonequilibrium effects along
streainlines which are common to plane normal shock
flows. For example, the bimolecular exchange reac-
tions play an important role in the kinetics of NO and
N, and a characteristic maximum in NO concentration
occurs. A basic difference from plane shock flow is the
gasdynamic expansion occurring in the curved shock
layer. This reduces post-shock reaction rates and
contributes to the freezing of atom concentrations at
levels substantially below those for infinite-rate
equilibrium.

In the flight regime considered i.e., where non-
equilibrium prevails through the mnose region -the
chemical kinetics of the air are dominated by two-body
collision processes. As a consequence, the entire
inviscid airflow, including the coupled nonequilibrium
phenomena, is amenable to binary scaling for given nose
shape and flight velocity on the basis of a constant
product of ambient density and body scale. This
similitude, demonstrated with the exact solutions ob-
tained by the inverse methotd, can also scale viscous and
radiation phenomena occurring in the shock layer.
The similitude provides a useful flexibility for hyper-
sonic testing where it is applicable.

The results of the nose-flow study suggest that
corresponding inviscid afterbody flows at high altitudes
may exhibit the reduced atom concentrations effectively
frozen in the nose region. In this case, analysis of the
afterbody flow may be considerably simplified by the
use of frozen-flow characteristics methods and by
application of binary scaling.
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