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Inviscid Hypersonic F low Around Blunt Bodies

Ervrort D. KaTzEN* AND GEORGE E. KaATTARIT
NASA Ames Research Center, Moffett Field, Calif.

Approximate methods have been used to study the inviscid flow in the subsonic region of the
shock layer about blunt bodies. Effects of high angles of attack, nonequilibrium flow, and
vapor injection were investigated. The results for equilibrium flow indicated that, as the
flight speed was increased for a body at high angles of attack, the shock wave distorted as well
as translated toward the body. These changes were accompanied by a movement of the stag-
nation point toward the corner of the body and an increase in the pressure gradients. Thus, it
was noted that significant errors in convective and radiative heating distributions result if
the assumption is made that wind-tunnel tests using cold air or helium adequately represent
flight conditions at atmosphere-entry speeds. The effect of nonequilibrium flow on shock-
layer thickness was calculated for a manned, lifting entry bodys; for flight conditions when
heating was severe, the effect was small. The results for flows with various gases injected
into the shock layer indicated large increases in shock-standoff distances as a result of the
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injection. Such increases must be taken into account in analyzing the heating for meteoric
bodies or vehicles entering the Earth’s atmosphere at meteoric speeds.

Nomenclature

maximum diameter of body, m

acceleration, m/sec?

altitude, km

reaction rate constant, sec™?

Mach number

molecular weight of mixture, g/mole

molecular weight of undissociated and un-ionized gas,
g/mole

radius of shock or body, m

radial coordinate of shock or body, m

arclength, m

temperature, °K

speed, m/sec

coordinate of shock measured from plane normal to body
axis at location Ag, m

molecular weight ratio, mo/m

angle of attack, deg

shock standoff, m

dummy variable

inclination of interface at point opposite sonic point on
body

density, kg/m?

average density, kg/m?

angular coordinate (see Fig. 2), deg
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Subscripts

body

basic shock

equilibrium

frozen

injected gas

interface

maximum value

nonequilibrium

body axis value at « = 0, value with no vapor injection,
and value at sea level

oggs.@%ageﬂ
|

st = stagnation point
o = freestream condition
2 = immediately behind shock, where the shock is normal to

the freestream direction
value at sonic point,
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Introduction

THE inviscid flow in the subsonic region of the shock layer
about a blunt body at hypersonic speeds has received
considerable attention, but solutions have been available only
for very limited cases. Solutions for equilibrium flow have
been available for certain restricted classes of bodies at zero
angle of attack (e.g., Refs. 1 and 2, which span an interval of
six years of work in this field) and, for a very limited number
of cases, for angles of attack. In Ref. 3, small angles of at-
tack are treated; an approximate method for high angles of
attack is presented in Ref. 4. However, only limited results
are presented in Ref. 4. For spherical bodies, limited solu-
tions have also been available for nonequilibrium flow* ¢ and
for flow with vapor injection.»® For arbitrary shapes,
however, methods have not been available for predicting the
effects of nonequilibrium flow, high angles of attack, or vapor
injection.

The purpose of the paper is threefold: 1) to outline
briefly approximate methods that allow prediction of the
effects of high angle of attack, nonequilibrium flow chemistry,
and vapor injection on the subsonic flow field of a blunt body
in the hypersonic speed range; 2) to present results in terms
of shock-wave shape and location, stagnation-point location,
and surface pressure for equilibrium flow, and in terms of
shock-wave shape and location for nonequilibrium flow, and
flow with vapor injection; and 3) to compare, where possible,
these results with available experiment or more exact theory.

Methods

For equilibrium flow, the method of Ref. 4 is used for pre-
dicting the shock-layer thickness at angles of attack and the
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Fig. 1 Nonequilibrium flow.
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location of the stagnation point, Ref. 9 is used for the surface-
pressure distributions, and Ref. 10 is used for predicting the
shock-layer thickness at zero angle of attack. Kxtensions
of Ref. 10 are used for predicting the effects of nonequilibrium
flow and vapor injection. The methods are based on 1) the
application of continuity of mass flow between the shock wave
and the body surface, 2) relationships for oblique and normal
shock waves, and 3) a correlation of stagnation-point velocity
gradient with normal-shock density ratio for various axi-
symmetric bodies, similar to the correlation of Ref. 11 of
stagnation-point. velocity gradient with Mach number and
ratio of specific heats. For convenience, the methods are
referred to hereafter as the approximate method.

Nonequilibrium Flow

The basis of the method for nonequilibrium flow is the as-
sumption that the shock standoff in the stagnation region is
a function of a mean nonequilibrium density evaluated
along the stagnation streamline from the shock wave to the
body. This assumption is made because for equilibrium
flow the shock standoff at the stagnation point correlates on
the basis of normal-shock density ratio for a wide variety of
bodies. The energy processes considered in the method are
vibration, dissociation, and ionization.

To define the mean nonequilibrium density, the local
density, velocity, and flow time must be related. The local
nonequilibrium density is assumed to increase exponentially
with time or distance (see Fig. 1):

Pre = pe — (p. — prle ! 1

This is approximately the type of density variation caleu-
lated in Ref. 12. The rate constant K is a function of the
flight speed and altitude. In the present instance, K is
determined from an unpublished correlation made by D. R.
Chapman, of the NASA Ames Research Center, of the rate
data of Refs. 13-16. An approximate expression for the rate
constant is K = 1.29 X 107 (p../po) V.2 The nonequilib-
rium results of Ref. 12 indicate an approximately linear
variation of velocity in the region between the shock and the
stagnation point. Therefore, the velocity is assumed to
vary as

where A,, is the shock standoff at the stagnation point. The
flow time is

5 dx o
t= J, Voll — @/ Al @)

Now that expressions are available for the local density,
velocity, and flow time, the mean nonequilibrium density
can be obtained. When Eqgs. (2) and (3) are substituted in
Eq. (1), the local nonequilibrium density becomes

Pre = p. — (p. — Pf) 1 - (6/A)]KA"6/V2 4

The mean density is

~ 1 Ane ds

Pne = Ane ‘I:) Pre

1 bne j § TKAne/V2

= A j; (pe - (pe - pf)l:]- — —Fm] dé

— [Iﬁ] (o — 0)) ®)

Tquation (5) contains the unknown A,. on the right, and an
iteration procedure must be used to solve for p,..

For hemispheres, the mean nonequilibrium density can be
obtained in a more convenient form by making the further
approximation A « p./p. This has been found to be a
reasonable assumption for hemispheres. With the use of
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Fig. 2 Flow with vapor injection.

the foregoing approximation, A.. = (os/pn.)Ay, where A,
is the shock standoff corresponding to frozen flow. Substi-
tuting for A.. in Eq. (5) gives

) A G il ]
-1 4 7 =12 — -
ﬁi’ _ {[ V, + pr\ V2 Vs !

Py 2

(6)

The mean shock-density ratio is pre/pe = (ps/0=)Bre/pr),
and Vs = poV./p; When these quantities are substituted
in Eq. (6),

Poe _ </Lf> y
Po Pe
G2 -
)

Now that the mean shock density is in hand, the shock stand-
off is determined as for equilibrium flow.

Flow with Vapor Injection

In order to provide a tractable analysis of the complicated
flows that arise when vapors are injected into the shock
layer, certain approximations and assumptions must be
made. The assumptions made in the present analysis are
similar to those of Ref. 7, but the analyses are different. The
postulated model of the flow is shown in Fig. 2. The body
through which the gas is injected has a spherical face of
radius R, It is assumed that an interface exists which
separates the gas (air) passing through the shock and the
vapors injected into the shock layer; the interface is assumed
to be spherical, of radius R;. It is also assumed that heat
conduction between the two flows is negligible and that the
pressures of the air and the injected gas are identical at the
interface. The velocity of the injected vapor V, is arbi-
trarily taken to vary with ¢ as Vi, = V,,=0 cose. This
should be a good approximation for the variation of velocity
of ablating gas with angular position for convective heating.
However, the radiative heating rate falls off much faster with
distance from the stagnation point than does the convective
heating rate.”” Thus, for radiative heating the variation of
velocity would be quite different from that assumed. It is
further assumed that the gas is injected at subsonic speed
and that the flow in the vapor layer is incompressible.

With the aid of the foregoing approximations and assump-
tions, the two flows can be related along the interface. Since

- the pressures are equal along the interface, the equations of

state for the two flows yield
po = (Mog/mo)(Z/Z)(T/Ty)p ©))

where the quantities without the subscript g are located on
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Fig. 3 Control area.

the left side of the interface (Fig. 2); the Bernoulli equation
for incompressible flow reduces to

pV? = p, V2 (9)
Combining Eqs. (8) and (9) yields
peVy = [(mOa/mO) (Z/Zg) (T/Ty) 1Y%V (10)

Thus, at the stagnation point the relationship between the
gradients of mass flow for the two flows is

dlpVa/ps Vi) o Mog Z z Y2 d(oV/ps Vi)
T dlsls [<m> <Z><Tﬂ de/sy M

where equations for d(pV/ps V) /d(s/sx) and psVy are given
in Ref. 10.

With the two flows related along the interface, continuity
of mass flow for the vapor layer is satisfied in a manner
analogous to that in Ref. 10. First, a relationship is written
for continuity of mass flow for a small cylindrical element
of volume, of radius dy, and length extending from the body
to the interface

[dp, V)i + dlpgVoele=0
2
Equation (11) provides the gradient of mass flow at the

interface; a linear variation of mass flow is assumed between
the interface and the body. The result is

w(dy)*(psVi) o=0 = 2mdy A, (12)

A;
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flow.

Ai/Ry as functions of [(p,V )/ (pxV ) 1[(mo/meg) (Z,/Z)(T,/
T)1¥2. The orientation of the interface can be determined
from B; = (B sines)/(sin 8;). The shock-wave shape and
location are calculated for an equivalent solid hemisphere of
radius R;.

1

By~ moo/mo) (2/7,) (T/T)7 sin: d(pV/pe V) (ps Vie/pV.) (13)

1 -
B; siney

The angle #; corresponds to the angle of inclination of the
sonic point for a sphere and is given in Ref. 9.

An additional continuity relationship is written in order
to determine the inclination of the point on the body opposite
the sonic point on the interface ¢4 and the interface standoff
A;. The control area (Fig. 3) is eylindrical, of radius y =
R, singy and length A;. The mass flow into the element
is given by

21 Ry2 f0¢* (psVy) o=05ing cosp dp = 7R (p,V ) =0sin%04
' (14)
The arithmetic mean flow normal through A is
(poVadAsx = 5 {[(moy/mo)(Z/Z,)(T/T )]V Vi cosb +
{0,V o) o=0 COS@y SNy} (15)
Combining Egs. (14) and (15) gives
B/ A (1 — coses) sings = [(mos/mo)(Z/Zs)(T/T4) V% X
s V) / (pV )1/ [(0sV o)/ (pVu) 1} cosfs  (16)

An additional unknown, A;y, has been introduced. However,
a geometric relationship exists between A; and As:

Au/Ry = (A/Ry) + (1 — coseyx) — sinegs tan(6:/2)  (17)

Sufficient equations are now available to define the shape
and location of the interface and the shock. KEquations (13,
16, and 17) can be used to determine the unknowns ¢, and

d(s/sx)  (peVo/pVe)

Now that a solution for hemispheres is in hand, it is further
assumed that the resulis of the effect of vapor injection for
hemispheres can be applied, in ratio form, to hemispherical
segments.

Results and Discussion
Equilibrium Flow
Results for equilibrium flow are presented for bodies having

sharp corners and front surfaces which vary from a hemi-
sphere Ry/rn = 1 to a flat face Ry/rn = .

Shock-layer thickness

Figure 4 was prepared to facilitate the construction of
shock-layer thickness for zero angle of attack. The shock
standoff (Fig. 4a) and the shock radius (Fig. 4b) are required
to define the shock shape at zero angle of attack. They are
presented as functions of the normal-shock density ratio
po/p2, which depends upon the flight speed, the flight alti-
tude, and the atmospheric constituents.

A wide range of flight conditions is represented by the
range of normal-shock density ratios shown in Fig. 4. Nor-
mal-shock density ratios for high-speed entries into the
atmospheres of Earth and Mars are indicated to orient the
reader to the relationship between flight conditions and
density ratio. Limiting density ratios for wind-tunnel tests
in helium or cold air are also indicated.

Shock-layer thicknesses for hemispheres calculated by the
approximate method and by the more exact numerical
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method of Ref. 2 are compared in Fig. 4. The results of
Ref. 2 (the dashed lines) are for ideal gases and real air. The
ideal-gas conditions are for a range of ratios of specific heat
y from 1.1 to 1.67 and Mach numbers from 5 to 100. The
real-air flows correspond to speeds from 3 to 14 km/sec and
altitudes from 30 to 90 km. Reference 2 has shown that
the shock standoff for hemispheres correlates on the basis of
normal-shock density ratio for a wide range of conditions.
Figure 4 indicates that the shock radius correlates on the same
basis but not as well as does shock standoff. The agreement
between the results of the approximate method and the exact
method is satisfactory. ]

The relatively linear dependence of shock standoff on
density ratio for hemispheres shown in Fig. 4a has been
observed by others. In fact, this linearity has been used as
a basis for extrapolating shock shapes from wind-tunnel tests
using cold air or helium to high-speed flight conditions.
Note, however, that, for the blunter bodies, the shock stand-
off does not have a linear dependence on density ratio.

The approximate method is used in Fig. 5 to show the
effect of angle of attack on the shock-layer thickness for a
flat-face body. Shock-wave shapes in the vertical plane of
symmetry are presented. The density ratio is 0.25, which
corresponds to the flow of cold air at a Mach number of
about 3. As the angle of attack is increased from 0° to
30°, the shock rotates about the body axis and approaches
attachment at the windward corner. Note that at angle
of attack the shock-wave shape is distorted from the shape
at zero angle of attack is not easily characterized by a stand-
off distance and a radius, as is the case at zero angle of
attack.

A comparison of a predicted and measured shock-wave
shape for o = 30° is also shown in Fig. 5. The experimental
data are from the Ames 1- X 3-ft supersonic wind tunnel.
Note that, for & = 30°, the predicted shock-wave shape is
beginning to have an inflection point at the lower part. This
is a region in which the predicted and experimental curves
are beginning to diverge. It is noted in Ref. 4 that this
occurrence of an inflection point is one of the conditions that
limits the angle of attack for which the method is applicable.
It can be seen that the predicted and experimental shocks
agree reasonably well at the stated limit of applicability.

In Fig. 6a, the approximate method shows the influence of
flight speed on the shock-wave shape for a flat-faced body -at
a = 20°. The shock-wave shape for a speed of approxi-
mately 1 km/se¢ (p../ps = 0.25) is repeated from Fig. 5,
and shock-wave shapes for speeds up to approximately 20
km/sec are added for comparison. As the flight speed is
increased, the shock wave translates toward the body; the
curvature of the shock wave is decreased a small but sig-
nificant amount.

A comparison is shown in Fig. 6b of shock waves computed
by the approximate method and by a commonly used pro-
cedure for extrapolating shock waves from data for low
speeds to entry flight speeds. In the procedure often used,

=

Fig. 5 Effect of angle of attack on the shock-layer
thickness, equilibrium flow; p./p; = 0.25.
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the shock wave is scaled according to the relationship A «
Pw/ps. A shock wave scaled in this manner is shown by the
dashed curve. The simple scaling procedure does not agree
with the present method. Reconsideration of Fig. 4a indi-
cates that this is to be expected for this type body. The
reader will recall that, for a body with a flat face, the shock
standoff cannot be expressed as a linear function of density.

Instead of scaling the shock standoff by a linear relationship
as in the foregoing, it would seem reasonable to consider
scaling the shock standoff for @ = 0° according to the rela-
tionships for & = 0° shown in Fig. 4a. This scaling pro-
cedure forces the calculated and the scaled shock-wave shapes
to agree at the longitudinal axis of symmetry of the body.
It can be seen from Fig. 6b that this scaling procedure (the
dash-dot curve) is an improvement over the procedure of
scaling according to the linear relationship. However, the
scaled shock wave is rotated less toward the body than the
shock wave predicted by the approximate method.

' '
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(P co/PZ)Hs

————Aps =ALS'W‘;

Boysg

——ApsThLse

oLs
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¢) Comparison of scaling procedure and approximate
method; R,/r, = 3

Fig. 6 Effect of density ratio on shock-layer thickness
equilibrium flow; o« = 20°.
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Fig. 7 Effect of body curvature and density ratio on
stagnation-point location, equilibrium flow.

Figure 6¢ presents a comparison of scaled and predicted
shock waves for a body less blunt than that considered in
Fig. 6b (Rs/r. = 3 instead of Ry/rn = ). The differences
in the computed shock-wave shape and the shock-wave
shape scaled in proportion to the density ratio are less than
those for the body with a flat face, but the differences are
significant. The predicted shock-wave shape and the shock-
wave shape scaled in proportion to the ratio (Ag high speed)/
(Do1ow speca) are in excellent agreement. Thus, the usefulness
of the simple scaling procedure varies with the bluntness
of the body.

Location of stagnation point

The influence of the radius of curvature of the body on the
location of the stagnation point is shown in Fig. 7a. Results
are presented for angles of attack of 10°, 20°, and 30°; the
density ratio is 0.25. For a given angle of attack, the stagna-
tion point moves toward the corner as the bluntness is
increased.

APPROXIMATE METHOD

\IMPACT THEORY

P
P
ST, 1 ks
0 EXPERIMENT Vo™ (

a=20°
-2- M=24 T
0| 1 1 i
-1.0 -5 0 5 10
r/tm

Fig. 8 Comparison of predicted and measured body
pressures, equilibrium flow.
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Figure 7a also compares stagnation-point locations pre-
dicted by the approximate method with those predicted by
impact theory and, for a particular body, those determined
from experiments. For front surfaces that are complete
or nearly complete hemispheres, § < r,./R, < 1, the approxi-
mate method and impact theory are in agreement; the
stagnation point is normal to the freestream velocity. For
the bodies that are more blunt than the hemisphere, how-
ever, the impact theory fails to anticipate the effect of the
corner, and the stagnation point predicted by this method is
too close to the corner. The results of the approximate
method are in good agreement with experimental results for
the body with R;/r,, = 2. The experimental results were
obtained in the NASA Ames 1- X 3-ft supersonic wind
tunnel.

The influence of flight speed (through density ratio) on the
location of the stagnation point is shown in Iig. 7b. The
results presented are for an angle of attack of 20°. Ior this
angle of attack and a body whose front surface is a hemisphere,
the stagnation point is constant with changes in density ratio
or flight speed. This is not true for bodies that are more
blunt than the hemisphere. Thus, it should be noted that
a significant error in the location of the stagnation point
and, therefore, in heating distribution results if the as-
sumption is made that the experimental values obtained
from typical wind-tunnel tests with helium or cold air (0.17 <
pe/p2 < 0.25) adequately represent results that would be
attained in flight at atmospheric-entry speeds (p../p2 =~ 0.06).

Pressure distribution

TFigure 8 provides a comparison of predicted and measured
pressures (unpublished wind-tunnel measurements by Seiff
and Stalder). Itshows an example of a case for which rigorous
equilibrium solutions have not becn available and for which the
widely used impact theory does not provide correct answers.
The example is for the pressure distribution on the face of
a flat-face cylinder at o« = 20°. It can be seen that in con-~
trast with impact theory, which predicts a uniform pressure
on the flat face, the approximate method predicts the correct
distribution of pressure.

It is of interest to observe the effects of flight speed on the
surface-pressure distribution of a body that is more blunt
than a hemisphere. It is well known that the pressure dis-
tribution for a hemisphere changes very little with changes
in flight speed. Figure 9 again shows the pressure distribu-
tion for a body with a flat face at an angle of attack of 20°;
the density ratios are 0.25 (corresponding to tests in helium
or cold air) and 0.06 (corresponding to atmosphere-entry
flight speeds). The effect of changes in flight speed is
largest near the windward corner. The pressures in this
region change much more rapidly with distance for the high-
speed flight condition than for low speeds. The attendant
increase in velocity gradients must be taken into account in
assessing the effects of flight speed on the heating to the
body.

APPROXIMATE
METHOD

L L 1 )
9|.0 -5 o .5 1.0

/Tm

Fig.9 Effect of density ratio on the pressure distribution,
equilibrium flow; o = 20°, Ry/r,, = «.
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Nonequailibrium Flow

The shock-wave standoff distance for a spherical body ob-
tained by the present approximate method has been compared
with the results of other methods and with experimental
results. Comparisons with the machine-computed solutions
of Hall, Eschenroeder, and Marrone® are shown in Fig. 10;
good agreement is noted. Other comparisons made but not
shown indicate that the present results are also in agreement
with the predictions of Freeman!? and with the experimental
results of Lobb.s

Figure 10 also shows the predicted influence of flight speed
and altitude and of hemisphere diameter on the nonequilib-
rium effects on shock-wave standoff. At the higher flight
speeds, the shock-wave standoff distance approaches the
equilibrium value, even though the time of flow from the
shock to the body is decreased with increased flight speed.
This phenomenon has been explained by Shih et al.!® on the
basis that the higher temperatures in the shock layer, at the
higher speeds, accelerate the chemical reactions.

The nonequilibrium flow for a typical lifting entry body
on an undershoot trajectory is now considered. The shock
standoff is presented in Fig. 11 for a body of about 3-m diam,
which is sufficiently large to contain men. The angle of
attack of the body is 30°, and the entry speed is equal to
Earth escape speed. The lift-drag ratio of the vehicle is
0.5. Lifting vehicles on undershoot trajectories that are
deceleration-limited generally plunge into the atmosphere
and skip out of the atmosphere unless they are prevented
from doing so. For the case shown, the body is allowed to
skip to an altitude of 150 km after peak heating and peak
deceleration (10 g). The body then plunges back to lower
depths. The time periods that are important for heating are
indicated in the figure. For these time periods and the
conditions shown, the shock standoffs are not greatly different
from the corresponding equilibrium values.

Shock-standoff distances are shown in Fig. 12 for the same
body as just mentioned on an overshoot trajectory for
which the body is at constant altitude of 80 km for a large
part of the time. (The maximum deceleration for this tra-
jectory is 2 ¢g.) Heating is important during most of this
overshoot trajectory. It can be seen that again the shock
standoffs are not greatly different from the corresponding
values for equilibrium flow.

The heating to an atmosphere-entry body is related to the
radiation intensity and the volume of the shock layer. For
the body and trajectories just studied, calculations of total
heating based on the gas-cap volumes for equilibrium flow
should not be grossly in error. '

Flow with Vapor Injection

Experiments were conducted to study flows with various
gases injected into the shock layer of a blunt body. The
purpose of the experiments was to provide a basis for assess'ng

18 - THEORY
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Fig. 10 Shock standoff for hemispheres, nonequilibrium
flow.
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Fig. 11 Shock standoff for typical lifting body; under-
shoot trajectory with skip to altitude of 150 km.

the assumptions and the results of the method of prediction.
In particular, it was desired to see whether an interface exists
between the injectant and the test stream. The tests were
conducted in the NASA Ames 1- X 3-ft supersonic wind
tunnel. The test stream was air, for which the freestream
Mach number was 5. The gases injected into the shock
layer were freon, helium, and air. The injectant and air
temperatures were approximately the same and were not
sufficiently high for the gases to be dissociated or ionized.
The body had a porous, spherical face with Rs/r. = 2.

Photographs in Fig. 13 illustrate different types of flow
patterns that depend principally upon the gas injected and
whether the gas is injected into the shock layer at subsonic
or supersonic speeds. Figure 13a gives an example of a flow
in which freon was injected into the shock layer at subsonic
speeds. There is a distinet but irregular interface between
the injected gas and the oncoming air; the interface is ap-
proximately spherical. The same type of flow pattern is
illustrated in Fig. 13b. In this example, the helium injection
speed was subsonic. An instance in which helium was in-
jected at supersonic speed is illustrated in Fig. 13c; the
forward shock is conical. One wonders whether the effect
of this type of flow pattern for a body in high-speed flight
would be to reduce the radiative heating to the body.* If
this were the case, it might be possible to design a passive
heat-protection system (i.e., an ablation system) for a blunt
vehicle which would be suitable for entry speeds for which
convective and radiative heating rates are generally pro-
hibitive. An example is shown in Fig. 13d of air injection at
supersonic speed. A secondary shock wave can be seen be-
tween the body and the upstream shock wave. For either
subsonic or supersonic air injection, it is difficult to detect an
interface from the photographs.

Figure 14 illustrates the large effect on shock-standoff
distance of the injection of various gases into the shock layer.
Shock-standoff distances are shown with freon, helium, and
air injected into the shock layer at either subsonic or super-
sonic speeds. When the vapors leave the body at super-

m = 1.5 meters
.20 " Ry

JI r—m=2.5
N

FROZEN FLOW

a2
. % FOR BODY
‘04 i ~
EQUILIBRIUM FLOW
0 400 800 1200 1600

TIME, sec

Fig. 12 Shock standoff for typical lifting body; over-
shoot trajectory with altitude limited to 80 km.
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a) Freon; Mg <1 b) Helinm; M, <1

¢) Helium; M, <1 d) Air; My;> 1

Fig. 13 Flows with various gases injected into the shock
layer; M. = 5(air).

sonic speeds but at flow rates the same as for subsonic speeds,
the standoff distance is greater than for subsonic speeds.

A comparison is also shown in Fig. 14 of the predicted and
measured effect on shock standoff for the subsonic injection
of gases into the shock layer. The results are shown as a
function of

0V /P Vo) [(p‘l/Poo) (mo/mMog) (Zﬂ/Z) (Tﬂ/ 7 ]1/2

which correlates the present calculated results for various
gases and flight conditions. An approximate expression for
this correlation is

Ag/AO ~1+4 (PgVa/PooVw) [(P2/Poo) X
(mo/mog) (Zo/ Z)(T/TH V2 (18)

A correlation of the theoretical results of Cresci and Libby”
is also shown in Fig. 14. This correlation was obtained by
multiplying the parameter N3 (used in Ref. 7) by p2/pe. The
results of both methods agree well with the experimental
results.

Calculations have been made of the shock-standoff distance
for a meteorie body entering the Earth’s atmosphere at a
speed of 20 km/sec. The ablative products were assumed to
be silicon dioxide. The calculations indicate that the injec-
tion is at subsonic speeds; the standoff distance is increased
by a factor of about 2 over the nonablating case. Such in-
creases must be taken into account in analyzing the total
heating for meteoric bodies or for vehicles entering the
Earth’s atmosphere at meteoric speeds.

Concluding Remarks

Approximate methods have been used to predict the in-
viscid flow in the subsonic region of the shock layer about
blunt bodies. Results have been presented for the equilib-
rium and nonequilibrium flow of real gases about various
body shapes at high angles of attack. Also, a limited
treatment of the- effect of vapor injection into the shock
layer has been given.

For equilibrium flow, the parameters studied were shock-
wave shape and location, stagnation-point location, and
surface-pressure distribution. The bodies had sharp corners
and front surfaces that varied from a hemisphere to a flat
face. It was found that, as the flight speed was increased, for

AIAA JOURNAL
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Fig. 14 Effect of vapor injection on shock standoff.

the more blunt bodies at high angles of attack, the shock
wave distorted, as well as translated, toward the body. These
changes were accompanied by a movement of the stagnation
point toward the corner of the body and an increase in the
pressure gradients. Thus, it was noted that significant errors
in convective and radiative heating distributions result if
the assumption is made that wind-tunnel tests using cold
air or helium adequately represent flight conditions at
atmosphere-entry speeds.

Shock standoffs at the stagnation point were calculated
for the equilibrium and nonequilibrium flow about a body
entering the Earth’s atmosphere at a speed equal to Earth
escape speed. The lift-drag ratio of the body was 0.5;
maximum decelerations were between 2 and 10 ¢, and the
body was sufficiently large for manned missions. During
the periods of the trajectories when the heating was severe,
the shock standoffs for nonequilibrium flow were not greatly
different from the corresponding values for equilibrium flow.

Shock standoffs at the stagnation point were also studied
for flows with various gases injected into the shock layers
of nonlifting bodies whose front surfaces consisted of spherical
segments. Large increases in shock-standoff distance were
indicated as a result of the injection. Such increases must
be taken into account in analyzing the total heating for
meteoric bodies or vehicles entering the Earth’s atmosphere at
meteoric speeds.
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Studies of Wakes of Support-Free Spheres at M =16 in Helium

Irwin E. Vas,* Earun M. MurmaN,t anp SEYymour M. BoepoNoFF]
Princeton University, Princeton, N. J.

A detailed investigation of the flow field behind spheres magnetically suspended in a Mach
16 helium stream has been initiated. Pitot pressure and constant-current hot-wire meas-
urements have been employed to investigate a region from 1 to 50 body diameters downstream
of two sphere diameters, 0.75 and 0.375 in., and several body Reynolds numbers from 45,400
to 109,000. Previous data reported in the literature indicated that transition to turbulence
should ocecur within the region of investigation, but hot-wire voltage measurements lead to
the conclusion that the wake is probably laminar. Detailed radial and axial pitot pressure
distributions are presented and compared with two-dimensional cylinder data at the same

Mach number, ballistic-range data, and two theories.

The measured rms hot-wire fluctua-

tion voltage was constant at a very low value along the wake axis but showed peaks at the wake

edge.

Nomenclature

body diameter

wake diameter

frequency

Mach number

static pressure

pitot pressure

stagnation-chamber pressure

Reynolds number per unit length
adiabatic recovery temperature
stagnation-chamber temperature

hot-wire temperature

velocity

root-mean-square hot-wire fluctuation voltage
radial distance measured from wake axis
radial distance measured from wake axis
axial distance measured from sphere center
density

molecular viscosity coefficient

hot-wire time constant
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Subscripts
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evaluated at wake centerline

evaluated at wake edge

evaluated in freestream

conditions when flow traversing normal shock at M
has expanded back to p.,
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1. Introduction

URING the past several years, the interest in the area

of hypersonic wakes has resulted in a large number of

both theoretical and experimental investigations of the wake

flow region. The key motivation for these studies is the desire

to predict the flow properties in the wakes of vehicles re-

entering the earth’s atmosphere as a method of analyzing
the long observable trails.

Hypersonic flow fields are generally divided into two classes
comprising blunt and slender bodies. The limiting case of
an axisymmetric blunt-body flow field is well represented by
that of a spherical body (Fig. 1). Curvature of the bow-shock
wave results in a highly rotational flow-field downstream of it.
The fluid in the viscous boundary layer, which has traversed
a strong, nearly normal shock wave, separates from the body
and forms g free shear layer. After passing through a com-
pression region known as the “neck,” the separated boundary
layer forms a hot viscous trail or wake. If the wake is
laminar, it grows via molecular diffusion into a region of
varying entropy. If the wake is turbulent, growth is ac-
complished through turbulent diffusion. The hot wake is
cooled through two mechanisms: expansion and conduetion.
The expansion from a relatively high-pressure area around
the neck region to freestream ambient pressure causes the
temperature of the wake to decrease. This effect is aug-
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