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A Transonic Experiment at Hypersonic Speed
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Cylindrically blunted wedges were tested in a hotshot tunnel at various angles of attack at
a Mach number of about twenty. The geometry was so arranged that the sonic point oc-
curred either on the nose or much further downstream on the corner terminating the body,
depending on angle of attack. Both surface pressures and shock shapes were obtained over
the range in incidence associated with this large change in sonic point body thickness. The
rearward shift of the sonic point was found to have very little effect on the flow for a relatively
The role of asymmetry in the stagnation region was explored by
comparing a nonslender blunted wedge at small incidence to the slender wedge at large inci-
Coordinates are discussed which allow representation of both shock shapes and sur-
face pressures of small afterbody flow deflection theory together with blast wave theory. In
these coordinates, pressure and shock from the present large flow deflection experiments on the
slender wedge (up to loss of asymptotic wedge flow) also correlate, independent of the posi-
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slender blunted wedge.
dence.
tion of the sonic point.
Nomenclature
Cp = nose drag coefficient
d = nose thickness or diameter
M_ = flight Mach number
P = surface pressure
Pmax = Stagnation pressure behind a perpendicular shock
Pasy = asymptoticsurface pressure far downstream
R = noseradius
S = distance along the body measured from the stagnation
point
T = temperature
T. = temperature ahead of the shock
z = distance along the direction of flow measured from the
stagnation point
y = distance, perpendicular to the flow direction, from stag-
nation streamline to shock
a = angle of attack, measured from flow direction to after-
body plane of symmetry
v = ratio of specific heats
A = shock standoff distance
8 = afterbody flow deflection angle
) = density
po = reference density, py = 1.2505 X 103 g/cm?
po = density ahead of the shock
¢ = body surface angle measured from the normal to the
flow direction
0 = asymptoticshock angle
v = geometrical factor, equals 1 and 2 for two-dimensional

and axisymmetric flow, respectively

I. Introduction

T is well known that the flow field of a blunt body in hyper-
sonic flight contains a transonic domain. Somewhere
downstream of the stagnation region there will be a sonie
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line between shock and body. The location of the sonic
point can be a useful guide for assessing surface pressures,
and it can be used in a simple way to relate shock and body
geometry.! The shape of the sonic line determines what, if
any, influence the downstream, supersonic portions of the
body exert on the upstream, subsonic nose flow.

Unfortunately, the transonic regime falls outside the re-
gions for which relatively simple theoretical models are avail-
able. Further upstream, constant density theory prevails.
Further downstream, hypersonic slender body theory becomes
useful. The author is aware of only one method? that can
give transonic information for blunt bodies to those without
access to either automatic computing machines or experi-
mental facilities. This method is inverse and fails for pre-
cisely that case where the location of the body sonic point
is supposed to be easy, the case where the body has a corner.
For such a body, even digital methods have only been applied
t0 cases where the sonic point is known to be at the corner.? *
Often we know that it is not there. Further, it is easy to
invent bodies with two corners.

At present there is increasing interest in hypersonic lifting
bodies. TFor a blunt body with transonic flow somewhere on
the nose at zero incidence, there clearly will be some angle
of attack for which the sonic point on the windward side has
been forced to the downstream corner. Only involved nu-
merical computations or experiment could predict this angle
and what effect a large rearward migration of the sonic point
would have on body pressures and shock shape. This ob-
viously has an important bearing on the stability characteris-
tics of the body. In attempting to assess such an effect, two
experimental investigations are relevant.

Johnson® obtained shock shapes for a family of spherically
blunted cones of various cone angles at zero incidence in
hypersonic helium. For this symmetrical flow, it was found
that there exists a eritical cone angle below which the shock
standoff distance is unaffected by increasing cone angle and
above which shock standoff distance rapidly increases with
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Fig. 1 Slender blunted wedge.

increasing cone angle. These results are interpreted in Ref.
5 in terms of a rather sudden rearward migration of the sonic
point from the nose to the corner terminating the afterbody.
No pressures were reported.

Zakkay and Fields® emphasized the importance of a move-
ment of the sonic point out of the nose region in changing sur-
face pressure. Their results for a cylinder-wedge at various
angles of attack in air at M., = 6 show clearly that the pres-
sure distribution with the sonic point on the nose can be quite
different from that obtained with the sonic point on the near-
est downstream corner. Unfortunately, no data are re-
ported in Ref. 6 within the range of incidence associated with
the sonic point shift, nor is any information given about the
agsociated shock geometry.

The present paper concerns an experiment designed to
study the significance of a large change in position of the
sonic point on the windward side of a hypersonic blunt body,
induced by changes in angle of attack. Both surface pres-
sures and schlieren photographs were obtained for a 15°
semiangle cylinder wedge through the range in inci-
dence associated with a sonic point shift of about 4 nose radii.
Shock shapes were also obtained for a much blunter cylinder
wedge in order to study the influence of asymmetry in the
stagnation region. The two-dimensional body was chosen
both to eliminate cross-flow complications for this asym-
metric flow and to maximize the influence of the sonic point
shift through the thicker entropy layer that exists on a two-
dimensional configuration. Further, the pressure on hyper-
sonic blunted wedges seems t0 have been somewhat neglected
relative to that for blunted cones, though of no less
importance.

II. Description of Experiment

The experiments were performed in the Martin hyper-
velocity tunnel. This is a capacitance-driven, 0.8-Mjoule
hotshot tunnel. This facility has a 10° included angle conical
nozzle with a 24-in.-diam test section. The useful gas core
for the present conditions is estimated to have a diameter
of about 10in. The test gas was nitrogen. This was chosen
to minimize complications due to dissociation, especially as
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-1 Fig. 2 Nonslender blunted wedge.

the shock, averaged over all runs, corresponded to flight at
M, = 19.5 through nitrogen at T. = 42°K and density
p=/po = 2.4 X 1074, as determined by the nitrogen Mollier
chart in Ref. 7. Behind the shock there are real gas effects
due to vibrational excitation, but the gas state is just short
of dissociation (see Ref. 8). The average Reynolds number
per inch ahead of the model shock was about 10,000, that at
the model sonic point about 700. TUseful flow time in the
facility varied from about 15 to 20 msec.

The pressure model was the 15° semiangle cylindrically
blunted wedge shown in Fig. 1. It had a ratio of afterbody
length to nose radius of 3.74 and a span of 6 in.  Eighteen
pressure taps were installed as indicated. These were ar-
ranged in three rows, one in the center of the span and the
other two % in. outboard. The wedge taps are located on
the windward side of the afterbody at angle of attack. The
furtherest downstream location was % in. upstream of the
corner, with two taps there in the outer rows. Variable re-
luctance diaphragm pressure transducers with a time con-
stant of 1 msec were mounted inside the model; their ampli-
fied output signal was recorded on light sensitive oscillograph
paper.

For comparison of shock shapes at the larger angles of
attack with and without a large asymmetry in the stagnation
region, another cylindrically blunted wedge was used, much
less slender, with a semiangle of 60°. It is illustrated in Fig.
2. This body has the same ratio of distance between junction
and corner to nose radius as the slender wedge, as well as the
same span. Its nose radius is smaller as dictated by tunnel
blockage considerations. It was not instrumented for pres-
sure.

Optical information came from a double pass schlieren sys-
temt with a 10-ft-focal length and a 15-in.-diam mirror.
Pictures of the shock were obtained with a xenon flash lamp
flashing for approximately 1 usec at 2-msec intervals.
Quarter-inch images were obtained on 35-mm XXX film.

Pressure data were obtained on the slender wedge at angles
of attack of « = 15°, 20°, 22°, 25°, 27°, 30°, and 35°, which
correspond to afterbody flow deflection angles on the wind-
ward side of § = 30°, 35°, 37°, 40°, 42°, 45°, and 50°. For
reference, note that, with a perfect gas with v = 1.4, a blunted
wedge at M, = 20 becomes asymptotically sonic on the sur-
face for & = 38.4°, and the limit of wedge flow is reached
for 8 = 45.3°. Schlieren photographs of the shock were
obtained at o = 15°, 30°, 35°, 40°, 45°, and 55° for the 15°
wedge and at « = 0° and 10° for the 60° wedge.

The smallest ratio of span to body thickness occurs for the
pressure model. This ratio varies with angle of attack from
just over two at o = 55° to just under three at « = 15°.
Several runs with and without end-plates on the pressure
model disclosed no optical or pressure evidence for any in-
fluence of the finite span.

ITII. Surface Pressures

The basic pressure results from this experiment are given
by the open points in Fig. 3. All pressures p have been made
dimensionless with stagnation pressure behind a perpendicu-
lar shock. They are given as functions of distance S along
the body measured from the stagnation point, nondimen-
sionalized by nose radius R, with afterbody flow deflection
angle on the windward side é as parameter. It was found
that, over this range in §, the stagnation point essentially
rotated with the velocity vector, so that 8§ = 0 may be identi-
fied with the point of tangency of the normal to the flow
direction and the surface. The sonic pressure ratio for the

1 Designed by R. Phinney.
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Fig. 3 Surface pressures.

present experiments has been indicated at p/Pmax = 0.56,
and calculated values of the asymptotic wedge pressures are
also shown for each 8.f Each point in Fig. 3 represents an
average at a particular location with the body at a particular
angle of attack, with the average formed from all data for
that location and angle.

Over the forebody, shadowside pressures as well as the
windward pressures for small § agree quite well with the
modified Newtonian distribution p/pm.x = cos?¢. It is con-
sidered pointless to argue here whether this should or should
not be so; we remark only that similar agreement is reported
by Zakkay and Fields® at M, = 6, that the results of Gregorek
and Korkan?® at M., = 9.85 show measured pressures on a
cylindrical nose considerably above modified Newtonian,
that numerical solutions for a cylinder at M, = « by both
Hamaker!® and Fuller!! show good agreement with it, and
that data by Penland!? are somewhat higher. From é = 37°
and higher, there is an increasing afterbody influence on
windward nose pressures, at § = 50° the Newtonian dis-
tribution is entirely irrelevant on that side, as pointed out in
Ref. 6.

On the afterbody, the flagged points represent the output
of the taps just ahead of the corner. The solid lines drawn
through the afterbody data are determined from a correla-
tion to be described. The lower points and dashed lines are
taken from Fig. 3 of Gregorek and Korkan? for a cylindrically
blunted plate at incidence with § = 0°, 5°, and 10°. The
solid points come from Ref. 6 for § = 35° and & = 50°, also
with the corner pressure flagged. It is apparent that the
present afterbody pressures follow the same trend with inci-
dence regardless of the sonic point shift to the downstream
corner, which has just begun at § = 37° and is nearly com-
plete for 8 = 45°. Even for § = 50°, the afterbody pressure,
which is completely subsonic, appears to belong to the same

1 The location of the stagnation point was determined by
fitting for each angle of attack « the forebody pressures on the
shadowside with a cos*(S’/R -+ const) distribution, with 8’
measured from the o« = 0 stagnation point. For each o, the
congtant turned out to be o within £1°. Sonic pressure was
determined from an isentropic expansion to M = 1 in the nitro-
gen Mollier chart of Ref. 7. The asymptotic pressure came from
a real gas oblique shock calculation that gave shock angle and
pressure behind the shock as a function of flow deflection angle.
The resulting shock angles differed congiderably from those for
a perfect gas with y = 1.4,

family as those from Ref. 9, with very small flow deflection
angles.

This is not true for the low Mach number data of Zakkay
and Fields.® Their § = 35° results are considerably above
ours, but this is not unexpected if one considers the differ-
ence in the quantity M. sinf between the experiments, with
6 the asymptotic shock angle. This quantity is 4.3 for Ref. 6
and 13.1 for us, so that there should be a Mach number effect.

More significant is the difference apparent for 6 = 50°.
With the surface subsonic, the location of the corner becomes
a significant factor. It would seem that the subsonic pres-
sures in Ref. 6 are determined primarily by the corner loca-
tion. This is an important element to consider before at-
tempting to extend the present results to other bodies.

It is interesting to note that the present data indicate
pressures that are lower than the calculated asymptotic val-
ues. This overexpansion with respect to the asymptotic
pressure becomes more pronounced with inereasing é and is
not observed for the very small values of § from Ref. 9.
Similar behavior is known to occur for blunted cones. The
observed overexpansion initially caused some alarm, since
it was felt that overexpansion was restricted to axially sym-
metric bodies, and suspicions arose that the conical tunnel
nozzle was responsible. An estimated conical flow correc-
tion, however, resulted in at most a 109, increase in the fur-
therest downstream pressure at the lowest angle of attack,
with decreasing corrections for increasing 6. This correction
was not applied to the data because of the uncertainties of the
nozzle boundary layer. It would not, in any case, eliminate
the overexpansion. Theoretical evidence that two-dimen-
sional overexpansion is possible can be inferred from Ha-
maker’st® computations for a cylinder perpendicular to the
flow. In Fig. 1 of Ref. 10 one may locate on the cylinder
the limiting characteristic given there with respect to the
tangent point of an asymptotically sonic wedge. The limit-
ing characteristic turns out to be 6° upstream of this tangent
point, and thus, for this example, an asymptotically subsonic
wedge can be found as an afterbody that is preceded by super-
sonic flow. This implies afterbody recompression, just as in
the axially symmetric case.

1V. Shock Shapes

Superimposed shocks obtained from schlieren photographs
at various angles of attack for both models are given in Fig. 4.
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Fig. 4 Superposed shock shapes.

As just discussed, the sonic point shift to the downstream
corner occurs for the 15° wedge approximately over the range
37° < 8 < 45°. For the first two shocks in Fig. 4a, 6 more
than spans this range, yet it can be seen that the shift has
had virtually no effect on the body-shock geometry in the
stagnation region. Note that the angles of attack for these
first two shocks are such as to include all the present pressure
data in Fig. 3. For our experiments the calculated wedge
shock detachment angle 1s & = 50°, corresponding to a =
35°. Thus, for the shocks with 35° < a < 55°, neither an
asymptotic constant pressure nor an asymtotically straight
shock exists any longer. In this range a noticeable thicken-
ing of the shock layer in the nose region is apparent, and it
would seem, as far as the nose is concerned, that shock geom-
etry has been influenced not by the sonic point shift but
rather by the loss of asymptotic wedge flow.

This observation led to a closer examination of the inter-
pretation of Johnson® of his cone-sphere experiments in
helium at M. = 22. A critical afterbody cone angle of 51°
is reported in Ref. 5 below which shock detachment is inde-
pendent of cone angle and above which shock detachment
increases rapidly with cone angle. For v = %, M, = o,
the cone shock detachment angle is 51.2°. This raises the
suspicion that, in those experiments also, what is critical is
loss of asymptotic flow rather than sonic point movement.
We can obtain a direct comparison of this effect between
blunted wedges and blunted cones. Shock standoff distance
becomes difficult to define with asymmetry and a curved
stagnation streamline, but we may note that, for the o = 15°
shock, on the slender wedge well before sonic point shift and
therefore typical for a eylinder, A/R = 0.36 = 0.01. This
may be compared to a cylinder value of A/R = 0.383 ob-
tained from Table 1 of Ref. 11 with v = 1.4 and M, = 20.
We now use the @ = 0 shock for the 60° afterbody model,
which yields A/R = 0.78 = 0.01. This case is 10° past the
caleulated detachment angle, and the shock standoff distance
is more than twice as large as that for the slender wedge.
Shock standoff distance 10° past the ertical angle in Ref. 5
is larger than that for a sphere by a factor of nearly three.

The difference in shock shape with and without a strongly
asymmetrical stagnation region is observable directly in Fig.
5. Here the 15° and 60° models with their shocks have been
superimposed for the three indicated flow directions. It is
seen that despite the fact that the flow deflection angle is the
same on the upper sides of the two models, the shocks there
are increasingly affected by the difference in the models on
the opposite side as the angle of attack of the 15° model
decreases. In Fig. 5a both upper sides but neither of the
lower sides are past the detachment angle. In Fig. 5b both
upper sides and the lower side of the 60° model are past this
angle, and in Fig. 5¢ only the lower side of the 60° model has
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no asymptotic wedge flow. The fairly large influence of the
lower side on the upper shown in Fig. 5¢ should be kept in
mind in relation to the convenient and often used scheme
whereby nonsymmetrical configurations are approximated
by two supposedly equivalent symmetrical ones. At least
for two-dimensional configurations, without cross-flow, this
method can be very poor.

V. Modified Correlation from Hypersonic
Slender Body Theory

Afterbody pressures and shock geometry for blunted wedges
with various semiangles can be fruitfully examined through
the correlations established by hypersonic slender body
theory if these angles are small enough. It is required that
both M.2tan?8 > 1 and tan?6 « 1. Although the first condi-
tion is satisfied in the present experiments, the second is not. |
Nevertheless, we pursue the matter further.

Hypersonic slender body theory contains different types
of solutions for various cases. For a blunted slender wedge
or cone with small semiangle §, a solution exists which results
in a universal surface pressure distribution and shock shape
for all values of 8, this angle having been incorporated into
both pressure and position coordinates. The case of § = 0
isnot included, however. For that case, i.e., that of a blunted
flat plate or cylinder, the blast wave solution applies. This
results in another set of variables which does not contain 8.

A unification of these two cases is contained in a trans-
formation of the variables recently given by Greenberg.!
This results in a single set of correlation parameters for the
pressure on both a blunted cone and a blunted eylinder.
One of these new variables is simply the pressure nondimen-
sionalized with the asymptotic pressure. Figure 2 of Ref. 13
shows that p/p.., correlates a variety of experimental and
numerical data including cylindrical and conical afterbodies
in terms of the new dimensionless body coordinate along the
flow. No comparison to theory is made. Some of this data
ig for large values of 8 up to 40°. The point to note here is
that, through use of p..y, the proper asymptotic limit is bound
to be reached, not just for small § as well as § = 0, but for
any 8. The correlation is thus forced to be correct far down-
stream regardless of any slenderness restrictions.

In the following we extend this idea and give a correlation
for both shock shapes and pressures for blunted cones or
cylinders and wedges or flat plates. The present experi-
mental large § data (below loss of asymtotic flow) are then
correlated on this basis and compared to slender body theory.

Pressure Correlation

First we consider the pressure for § = 0. TFor a given gas
and very large M, similarity considerations give the pressure

Fig. 5 Effect of asymmetric stagnation region.
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in the functional form (pp. 208 and 213, Ref. 14)
p/pm = f(x/d.C'D‘l/V.Mm—(z‘!'V)/V)

Here Cp is the nose drag coefficient, » is a geometrical
factor which is unity for two-dimensional fiow and two for
axisymmetric flow, d is the nose thickness or diameter, and
2 is distance along the direction of flow measured from the
nose. Since, for 6 = 0,

Pasy = P Dmax/ Do = Drmax/Dasy ~ M2
we may write
R R o
=gi- - C v, 27 (]_
pasy d P pmax )

Next, consider the pressure on a blunt-nosed slender wedge
or cone, & # 0 but small. Now we have (p. 234, Ref. 14) a
different functional relation that may be written

/Do = (M 8)%s(x/d-Cp=1/7.82+1/%)
But within the limits of hypersonic slender body theory,

Dasy/ Do ~ (M 0)?
We then obtain

(242)/2v
P z Dasy
- d .C o <—-> ] 2
Dasy & [d L Pmax ( )

For » = 2 this is the form obtained by Greenberg.’® Al-
though the functions involved in Eqgs. (1) and (2) are differ-
ent, the variables are the same. These variables will be the
basis of our correlation. The functions are known theoreti-
cally for both » = 1 and » = 2. The function in Eq. (1) is
given analytically by blast-wave theory, that in Eq. (2) can
be obtained from different numerical solutions given by
Chernyi'* and Cheng.'® ¢ (Reference 16 contains results
for blunted cones.) Since we wish to compare these solu-
tions, especially those of Chernyi and Cheng, and since the
numerical solution of Chernyi is given only for a perfect gas
with v = 1.4, this restriction is now imposed on the theories.

With v = 1.4, the blast-wave equations for blunted plate
and cylinder, Egs. (5.4) and (5.6) of Ref. 14, may be trans-
formed to the present coordinates to give

pasy/pmax ~ 62

p 0.146 B
por T @/ CoD /iy @ =D )
P _ 0.0365 _

b Y @O D O TP

It should be noted that these equations cease to be valid
as p approaches P.s,.

The function in Eq. (2) as determined by Chernyi is ob-
tained from Ref. 14 with Fig. 5.10 for » = 1 and Fig. 5.13
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Fig. 6 Two~dimensional pressure correlation.
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Fig. 7 Axisymmetric pressure correlation.

for v = 2 and the appropriate coordinate transformation.
Correspondingly, this function, according to Cheng, can be
obtained from Fig. 2.5 (b) of Ref. 15 for » = 1 and Fig. 6(B)
of Ref. 16 forv = 2.

In Fig. 6 we show the two-dimensional results. Equation
(1a) is indicated, as well as the results of Chernyi and Cheng,
all for v = 1.4. Cheng’s pressure is considerably over-
expanded with respect to the asymptotic-wedge pressure.
His asymptotic pressure is below the wedge value; even if
it were not, however, there would still be a region of over-
expansion. Chernyl approaches the wedge value from
above. The present real gas data begin with the first tap
downstream of the eylinder-plate junction.§ They are seen
to correlate quite well (the pressures from the corner taps
have been eliminated), falling between the two theories
and showing an overexpansion as previously indicated.
The low Mach number data of Zakkay and Fields® now fit,
as well as the experimental data of Gregorek and Korkan.®
By drawing a straight line through the present data in Fig.
6, we obtain the previously described solid lines for the after-
body pressures in Fig. 3.

The axisymmetric case is shown in Fig. 7. Both the
theories of Chernyi and Cheng show an overexpansion for
this case, as is well known. Some data, including both
experiments and method of characteristics calculations, have
already been given in these coordinates by Greenberg!?;
the shaded region in Fig. 7 indicates where the overexpanded
data in Ref. 13 fit with respect to the two theories.

Shock Correlation

Next, we consider shock shape away from the immediate
vieinity of the nose, again first for 6 = 0. For this case we
have (pp. 208 and 215, Ref. 14)

y/d-CD—l/”-Mm_Q/” = F(x/d-Cp*l/"~zllw“(2+")/”)

where y is the distance perpendicular to the flow direction
from the stagnation streamline to the shock. By the previous
argument for 6 = 0, this becomes '

» 240 /20
Y o=, (P Y Gl:’f Cp=1/r. <p_>>( T/ ]
d Drmox d Pmax

3
For small but finite 8, the corresponding functional relation
can be put in the form
y/d-Cp=1/7.§2/» = Fs(x/d-Cp—1/7-§2+n/7)

By the previous small § argument, this becomes

Yo, (Z'éix v G [7_” =1/ <?’_33_Y>(2+V)/2y]
d pmax d Dmax
4)

§ The necessary Cp was taken as Newtonian over the nose
that extends from the stagnation point to the wedge tangent
point.
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Again Eqgs. (3) and (4) involve the same variables. This
time, however, a further step is required to force the correla-
tion to work asymptotically far downstream. Far down-
stream, for any finite 8, the shock must approach a straight
shock given by y = « tané.

This can be put into the form

Yy _ Dasy /v Pasy \'? _
Y ¢ 1/»<_> [<—) tan0)1 | =
d " Dmax Do (banf)

249 /2v
: gy (B)
d Prax

For small 8, the factor inside the bracket on the left is a
constant, since small 8 means small 8 and P.ey/Pmax ~ sin20 ~
tan%f. Then the functional form in Eq. (4) is indeed proper.
For nonsmall §, however, the bracket becomes proportional
to cosf, which we approximate as (1 — Puy/Pmax) V2  For
small § this differs but little from unity. Thus, if we intro-
duce this correction factor into the shock coordinate, we ob-
tain as generalized shock correlation parameters

1/»
Y., (L) / <1 _ p_>’ -
d pmax pmax

z Das 2+»)/2v
SOV Nl VN [l
8 [d ° <pmax)

The following theoretical forms of the functional relationship
are again restricted to v = 1.4. For § = 0, we may write
the blast wave results, Eqs. (5.5) and (5.7) of Ref. 14, as

2Y  Pasy < Pasy \ 172 20 [ Pusy \H2 3
T — (1—-=—) =101~
CDd Pmex Pmax de Puax

(=1 (3a)
<3>1/2y <h>”2 <1 _ Dasy 1/2 _
CD d Pmax Dnax

2\ puy |2 _
0.95 l:( Cn> 3 pmx:l (v =2) (3b)

Again by the previous restriction, these only hold up to a
limiting value of the parameter on the right.

For small but finite §, the shock for » = 1 according to
Chernyi comes from Fig. 5.9 of Ref. 14 (no y is given there
for v = 2). The shock according to Cheng can be obtained
for v = 1 from Fig. 2.5(a) of Ref. 15 and for v = 2 from Fig.
6(a) of Ref. 16.

These theoretical results, as well as some shocks from the
present experiments, appear in Fig. 8. Agreement between
the blast wave solutions and the small but finite § solutions
for shock shape is considerably better than for the pressures.
Further, in these coordinates the transition far downstream

7
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to a straight shoek occurs conveniently at about the same
place for both the axisymmetric and two-dimensional cases.
Four experimental shocks are given for § = 30°, 45°, and
50° taken from the windside on the 15° model and for § = 0
taken from the shadowside at o = 15°. The points begin
in the immediate vicinity of the nose-afterbody junction.
There are two sets for § = 30° and § = 50°, obtained from
different, frames of the film for the appropriate run, to give
an idea of the over-all accuracy in shock position. The
collapse of the data is quite good. Both the § = 0 and the
large & data appear to be approaching the relevant theoretical
curves (v = 1), although the initial points are relatively far
away. This departure is, however, to be expected in view
of their nearness to the nose.

VI. Concluding Remarks

The results of the present experiment on blunted wedges
indicate that relatively little significance is to be attached
to a sonic point shift from the nose to the downstream corner.

Loss of asymptotic wedge flow, on the other hand, can have
important consequences in changing shock standoff distance
for symmetrical bodies and in coupling wind and shadow
sides when symmetry does not exist.

In this connection it is of interest to recall the very early
scheme of Moeckel! for predicting the detached shock on a
blunt body, with or without symmetry. The method ap-
proximates the sonic point location on any body by the point
of tangency of the body and a line parallel to the cone or
wedge corresponding to shock detachment, or by a corner
if the body abead of the corner is everywhere steeper than
this angle. Further, the sonic line is taken to be straight and
normal to the average flow direction across it. The shock
standoff distance is then related to the body thickness at
the approximated sonic point. For conditions such as studied
in the present experiments, neither approximation is valid,
since the actual sonic point has been made to shift much
further downstream than this approximate one. The sonic
line is then not straight, being essentially normal to the flow
near the shock but parallel to it near the body. But if the
nose-induced entropy layer near the surface is sufficiently
thin, this downstream stretching of the sonic line will affect
only a small part of the flow field and, therefore, not matter.
The new actual location of the sonic point will only begin to
matter when the sonic point on the shock has also shifted,
ie., when the afterbody angle becomes the detachment
angle. Then the approximated sonic point again agrees with
the actual sonic point. Thus, the transonic characteristics
implied in the Moeckel method are essentially correet and
should provide a useful guide even under conditions leading
to a large shift in the sonic point, provided the approximately
located special point is not taken literally as the sonic point.

It has been shown that there exists a transformation that
results in the same set of variables for both the case of a
blunted wedge or cone with small but finite afterbody de-
flection angle § and that with zero flow deflection angle.
This can then be modified so as to be asymptotically correct
even with large angles for both shock shape and surface
pressure. In the new coordinates the present measured
surface pressures and shocks for large & correlate quite well
with small § theory. This is true even for angles of attack
s0 large that the surface is subsonic. This conclusion is
qualified by the important restriction that with a subsonic
corner the corner must not be too close to the nose, since
otherwise the subsonic afterbody pressure is determined by
the corner. For large §, blunting can induce pressures be-
low the asymptotic pressure for two-dimensional as well as
axisymmetric flow.

Tinally, it is hoped that the results of the experiment as
expressed in the present coordinates may stimulate theoreti-
cal work toward a unification of not only the coordinates
but the functions involved as well.
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Recent Studies of the Laminar Base-Flow Region
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Some recent theoretical studies of the fluid dynamics and energy transport in the laminar
base-flow region are presented. Improvements to Chapman’s separated flow analysis include
the effect of finite initial profiles at the separation point, the effects of mass injection from the
body surface or base, and the influence of base heat transfer. Some of the more important
conclusions are that 1) the Crocco integral relation for the enthalpy and atom distributions
in the separated shear layer is not valid for most hypersonic bodies because the base-flow region
is far too short for the profiles to have become similar; 2) the distortion of initial profiles due to
a sharp turn at the separation point results in a shorter and cooler base flow, as compared to
using undistorted initial profiles; 3) base heat transfer appears to have only a slight effect on
base-flow properties; and 4) both base gas injection and similar blowing from the body wall
result in a cooler and longer base-flow region, base injection being the more effective in cooling

the wake for equal mass injection rates.

Nomenclature

blowing parameter

dividing streamline

auxiliary enthalpy funection, Eq. (12)

inviscid flow streamline outside viscous layer, Fig. 3
shear function, Eq. (6)

Blasius function

total enthalpy, b + u2/2

0 for two-dimensional flow, 1 for axisymmetric flow
Mach number
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M = injection mass flow rate (per unit depth, two-dimensional,
total, three-dimensional)

Re = Reynolds number

7o = radius of viscous layer

S = reduced streamwise distance, Eq. (4)

SSL = stagnating streamline

u == streamwise velocity

v = transverse velocity

W = auxiliary enthalpy function, Eq. (12)

x == streamwise distance

Y = transformed normal distance, Eq. (7)

y = transverse distance

z == distance along centerline from base

o = cone half angle

B = wake angle

u = viscosity

p = density

T = shear stress

¥ = stream function

Subscripts

b base wall

c = recirculating core
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