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ABSTRACT

Shock stand-off distances and shock shapes were measured
and/or observed for a series of 14 blunt-nosed bodies at a Mach num-
ber of 5,8 and Reynolds number per inch of 2,22 x 105,, Nine of these
bodies had hemisphere~segment noses designed to include the entire
range of possible nose radii of curvature from flat-faced to hemispher~
ical, Two models characterized by sharp shoulders and concave
hemisphere-segment noses were also tested.s Three additional models
representing the round-shouldered, flat-faced type completed the set
of 14, All models had cylindrical afterbodies 1, 50 inches in diameter,
and were yawed at angles of 0, 4, and 8 degrees,

Stand-off distances are compared to the theoretical predic-
tions of Hayes, Frobstein, and Heybey where applicable, and shock
shape is compared to that given by Hayes for the body with infinite
nose radius of curvature, Results of the stand-off distance compari-
sons varied from under prediction by a factor of two to over prediction
by the same amount, Hayes' shock shape approximated that actually
observed very closely., It was generally found that body shape in the
sonic region greatly influenced the shock shape and stand-off distance,

Static pressure distributions were measured on three repre-
sentative bodies selected as follows: (1) a hemisphere-segment body
having a ratio of nose radius to base diameter of 1, 30 and falling in
the middle of the range from hemisphere to flat-nosed; (2) a flat-faced
body with sharp shoulder; and {3) a flat-faced body with a rounded
shoulder of 5/16 inch radius, Pressures very close to stagnation
values generally were found to be present over a large area of the
nose in the case of the flat-faced body, Rounding of the shoulder tended

to reduce values of Cp/cpma below those observed at corresponding

X

points on the completely flat-faced body, except in the region near



the body axis. The pressure distributions are compared where
applicable with the modified Newtonian approximation and with

. . .
Probstein’s approximation to CP/CPmax for zero angle of yaw,
Agreement with the modified Newtonian values was generally good
near the axis, but deteriorated rapidly in the shoulder regions,

except in the case of the rounded shoulder body,
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LIST OF SYMBOLS

a speed of sound, feet per second
P = Py
C pressure coefficient, T ; dimensionless
P sp U
00 " o
D diameter of afterbody, inches
h nose rise, also referred to as the maximum height
of hemisphere segment, inches
p
k density ratio across a normal shock, ?J-—l— ; dimensionless
2
M Mach number, dimensionless
P pressure, pounds per square inch
T shoulder radius, inches
R nose radius of curvature, inches
S distance measured along model surface from the longi-
tudinal axis, inches
S* distance to sonic point measured along body surface, inches
U, free stream velocity, feet/sec,
y coordinate distance from longitudinal axis, inches
a angle of yaw, degrees
61 shock standoff distance measured along longitudinal axis,
inches
62 shock standoff distance measured as the shortest distance
from the sonic point on the shock to the body, inches
5H(M) shock standoff distance measured along extended body
axis for hemisphere-cylinder as a function of Mach
number, divided by afterbody diameter, dimensionless.
0, oblique shock angle at which sonic flow first occurs
behind the shock, degrees
. . 2 4
p air density, 1b. sec. /ft,
Subscripts

measured along longitudinal axis of the model

measured from sonic point on shock



{ )OO free streamm conditions

() conditions at sonic line or sonic point

()

maximum or stagnation value
max
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I. INTRODUCTION

The problem of aerodynamic heating is one among many
facing the engineer since the perfection of such high thrust devices
as the jet engine and the rocket motor have made flight at hyper-
sonic speeds possible, Just as the so called ""sonic'' barrier forced
profound changes in aircraft design following World War II, it is
now apparent that the "thermal' barrier in its turn will force mis-
siles and rockets to take on configurations somewhat different
from those of today's conventional aircraft,

In recent years a tremendous effort toward the solution of
this aerodynamic heating problem has been made, and it is becom-
ing increasingly evident that the answer lies in some form of blunt-
nosed body which due to its 'bluntness' is free of the sharp shoulders
and points which do not lend themselves readily to the installation
of heat removal equipment, It also appears that Nature is aware
of the aerodynamicist's troubles, for it provides an additional
dividend as an inducement to the selection of the blunt-nosed body
for use at hypersonic speeds, As pointed out by Eggers, Resinkoff,
and Dennis (Ref, 1) this added advantage is that of minimum drag
for a given length provided the body is not too blunt,

It is the purpose of this investigation to study a particularly
simple class of bodies for which some theoretical calculations have
already been made by Probstein (Ref, 2), Hayes (Ref. 3}, Serbin
(Ref, 4), and Heybey (Ref, 5), Time and available facilities also
limited the investigations to a nominal Mach number of 5,8 as dic~-
tated by the use of Leg 1 of the GALCIT 5 x 5 inch hypersonic wind

tunnel,
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The bodies chosen are of two types, the first having
hemisphere-segment noses and cylindrical afterbodies, These
nose shapes were selected to cover the complete range from the
true hemisphere to the flat-faced or infinite nose radius body, as
well as to permit a brief investigation of the flow over a concave
nose, There were eleven models of this type tested, The only
body shape parameter in this case is the radius of curvature of
the nose, The second type of body had a flat nose; cylindrical
afterbody, and rounded shoulder, Three models were investi=
gated in this class, and if the flat-faced model and the true hemi-
sphere are thought of as being limiting cases of shoulder rounding,
there were effectively five bodies available for analysis, Here
again there is only one body shape parameter,

The investigation itself proceeded along two distinct lines,
The first was a study of shock shape and stand-off distance from
schlieren photographs of flow over the various hemisphere-segment
and round-shouldered bodies, The second consisted of a study of
surface pressure distributions over the nose and in the shoulder
region of one flat-faced body, one hemisphere-segment body
falling in the mid-~range between the flat-faced and hemispherical,
and one round-shouldered body, Wherever possible an attempt
was made to compare the measured surface pressures with the
Newtonian approximation in the form proposed by Lees {Ref, 6)
as well as to compare them with the Probstein approximation

(Refo Z)o
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II. EQUIPMENT AND PROCEDURE

A, Wind Tunnel

The GALCIT 5 x 5 inch hypersonic wind tunnel (Leg 1) was
used exclusively in this investigation, This tunnel is of the contin-
uous flow, closed-return type, and can be operated at reservoir
pressures between approximately one and six atmospheres,

The test section Mach number of Leg 1 is nominally 5,8,
and the reservoir pressure and temperature were 88,7 pounds per
square inch absolute and 225 deg., F respectively, These condi-
tions correspond to a Reynolds number per inch of 2,22 x 105, and
insured no condensation in the test section,

A schematic of the entire wind tunnel installation is shown
in Fig, 1, and two views of the test section with a model mounted

in it can be seen in Fig, 2.

B, Models

The fourteen dummy models used in the schlieren studies
were machined from solid brass stock, Each model was originally
made with an afterbody diameter of 1,50 inches, Because of dif-
ficulties encountered in starting the flow, however, the concave-
nosed bodies were subsequently machined down to an afterbody
diameter of 1,25 inches, Nine of the models had noses of hemi-
sphere-segments ranging in radius of curvature from 0,75 inches
(a complete hemisphere) to infinity (flat), Three additional models
had flat noses with rounded shoulders of 1/8, 3/16, and 5/16 inch
radii, The two remaining bodies had concave nose radii of one

and two inches to make a total of fourteen bodies, A photograph
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showing the complete array of models is shown in Fig, 3, and
dimensioned drawings showing the details of their construction
can be seen in Figs, 4 and 5,

Three pressure models were also constructed of brass,
These models consisted of one flat-nosed body (infinite radius of
curvature), one hemisphere-segment body (1, 95 inch nose radius
of curvature), and one flat-nosed, round-shouldered body (5/16
inch shoulder radius). A photograph of these models can be
seen in Fig, 6, Pressure orifices 0,016 inch in diameter were
drilled in the face and just beyond the shoulder of each model in
the positions indicated in Fig. 7., The rounded shoulder model
had 10 orifices, while the other two a total of nine each. The
orifices were drilled normal to the body surface along one of
three equally spaced, meridional planes, These 0,016 inch ori-
fices joined larger passages drilled to intersect them from the
rear of the model, (See Fig. 8,) Into each of these larger pas=
sages was silver soldered a short length of stainless steel tubing
to which saran plastic tubing could be attached, The saran plas-
tic tubes served as a flexible link between the model and the
multiple manometer board from which the pressure measurements
were taken,

The dummy models were sting-mounted in the tunnel and
were screwed directly into the sting, The nose of each model
was located approximately 223 inches down the tunnel from the
throat, and very nearly in the center of the observation port

through which the schlieren light path shone, The sting itself
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was mounted on two vertical struts which extended through the
roof of the test section, These struts are 3 5/8 inches apart and
are attached to a drive and counter mechanism above the test sec~
tion, A change of one unit on the counter corresponds to 0,001
inch vertical displacement of the struts, so that it was possible
to set any angle of yaw accurately from outside the tunnel even
while the tunnel was in operation, All dummy models were tested
at angles of yaw of 0, 4, and 8 degrees, and in additional two
models were yawed to 12 and 16 degrees,
The pressure models were mounted on the same sting
and in approximately the same manner, The only difference in
mounting was the interposition of an accurately machined shaft
and sleeve between the model and the sting, which permitted ro-
tation of the model about its own axis, This mounting allowed
each pressure orifice to fall twice on each of the three equally
spaced meridional planes for each complete model revolution.
A set screw prevented model rotation after positioning. The
saran plastic tubes were tightly wired to the sting and were led
out of the tunnel approximately two feet downstream of the model,
Each pressure model was also tested at 0, 4, and 8 de-
grees of yaw,

C. Test Procedure

Once each dummy model was mounted in the tunnel as
described above, an interval of approximately 10 minutes was
required to allow the reservoir pressure and temperature to
stabilize to the desired values, When tunnel conditions were

steady a schlieren photograph was taken at each angle of yaw.
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The schlieren photographs were subsequently developed and be-
came the basis of the schlieren studies,

The pressure models were initially placed in the tunnel
with the model axis coinciding as nearly with the tunnel axis as
possible, The face of the model was approximately 21+ inches
down stream of the throat, The saran plastic tubes had previously
been secured to the model and pressure checked for leaks, The
ends of these tubes were led aft and out of the tunnel through a
special port, They were then connected to the manometers,
and again the system was checked for leaks, The base of the
model had been scribed every thirty degrees to permit accurate
model rotation, and one of the three meridional planes designated
the base or reference plane,

Once the tunnel was closed and started it was allowed to
run initially from one to one and one half hours to allow condi-
tions to stabilize, Pressure readings were then made at angles
of yaw of -8, -4, 0, +4, and +8 degrees, (Because of the axial
symmetry of the model the effect of both negative and positive
angles of yaw was simply to cut in half the number of rotations
required to obtain an apparent model rotation of 12 times,) The
test section was then bypassed, the model rotated 30 degrees,
and the above procedure repeated after about a 15 minute wait
to allow the reservoir pressure and temperature and the manome-
ters to stabilize, This process continued until six rotations
had been made and led to a complete set of pressure readings
along the intersections of six equally spaced meridional planes
with the nose of the model. These pressure data were recorded

for later reduction and plotting,
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III. DISCUSSION AND RESULTS

A. Schlieren Studies

1. General

The schlieren photographs resulting from the dummy model
wind tunnel runs are displayed in Figs. 9 through 53, Because of
the large number of photographs taken during this investigation it
was decided to limit the actual shock shape and stand-off distance
measurements to the unyawed cases only, The remaining photo-
graphs are presented to show graphically the effect of angle of yaw
on the shocks, but no further comment is intended,

Chronoclogically, the first measurement made was the stand-

off distance of the shock from thenose of the body, measured

1?
along the extended longitudinal body axis, These measurements
were made as accurately as possible on the GALCIT Kodak contour
projector to a projected scale which was ten times that of the photo-
graph, The results of these measurements are tabulated in the
non-dimensional form in the table on the next page, together with
the theoretical predictions of Probstein (Ref, 2), Hayes (Ref, 3},

and Heybey (Ref, 5) where applicable,

2, Hemisphere-Segment Bodies (Sharp Shoulders)

Fig, 54 is a plot of the stand-off distances divided by after-
body diameter, f-éi , versus the nose radius of curvature divided

by the afterbody diameter, R ; for the nine hemisphere-segment

O

bodies with convex noses, In Fig, 55 -6'- is plotted against the

reciprocal of "g' s In each of these two plots straight line regions

di

were discovered, Reference to Fig, 54 will show that — is a

D

linear function of ~B_ in the region where the bodies were most



R/D r/D d,/p §,/p §,/p d,/D
Measured Probstein Hayes Hevybey
0,500 - 0,080 - 0,0937 0,0700
0,567 - 0,090 - - -
0,727 - 0.115 - - -
0,920 - 0,145 - - -
1,300 - 0,181 - - -
1,907 - 0,208 - - -
2,880 - 0,226 - - -
5,733 - 0,246 - - -
00 - 0.269 0,210 0,498 -
- 0,083 0,237 - - -
- 0,125 0,217 - - -
- 0.208 0,190 - - -
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nearly hemispherical, Fig. 55 shows "6"' to be a linear function
of the reciprocal of R throughout the remainder of the range of
hemisphere-segment bodies with the exception of the region in the
vicinity of the flat-nosed body., The foregoing observations immed-
iately suggest that the hemisphere-segment bodies can be separated
into two sub-categories which it appears natural to refer to as ''the

near~-hemisphere bodies" and the ''nearly flat-faced bodies'',

a, Near-Hemisphere Bodies

Three of the nine models tested fall in the near-hemi-
sphere category. It has been shown by Oliver (Ref, 7) that the
body sonic point on the hemisphere falls at approximately 45 de-
grees of arc away from the body axis, Reference to Fig, 4 will
show that the three near-hemisphere bodies tested included 90, 62,
and 44 degrees of arc, The body sonic point on the first two bod-
ies definitely was on the hemisphere-segment nose, and on the
third model the sonic point was just beginning to appear at the
shoulder, Beyond the sonic point it should be possible to alter
the body shape without affecting the flow upstream in the subsonic
shock layer., It should even be possible to take any hemisphere-
segment and add material to the afterbody portion so as to make
it a true hemisphere-cylinder without affecting the stand-off dis-
tance, J, o In that case the nose radius of curvature will remain
the same but the afterbody diameter of this fictitious hemisphere-~
cylinder will be increased from its former value of D to twice the
nose radius, 2R, Assuming that the stand~off distance divided by
afterbody diameter can somehow be calculated or measured for a

true hemisphere and is some function of the Mach number,J"(M),
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then J (m) = ZR or Cr/ = ZJH (M) R . Dividing through
by the afterbody diameter of the real hemisphere segment, D,

=2 JH(M) -—g- o For any Mach number, however, cf; (M)
a constant and .‘.£'. , therefore, must be a linear function of R/D
in the near hemisphere case.

It is interesting to check the above results with the
measured values from this investigation, JH(S., 8) was found
to be 0,80, Therefore J' =P (0 80) D » For the body
where R/D equalled 0,727 __4:_’ = (0. 16)(0 '[2?) 0./16 + A measured

di

value of 0, 115 was obtained, If -—— as a function of R/D is taken

directly from the plot on Fig., 54 it is found that
J’ = 0.003 + O. l5‘f

.%;L =0.154% % , which is

approximately the same relation obtained previously,

and if the constant term is neglected

b. Nearly Flat-Faced Bodies

When the hemisphere-segment nose includes less than
45 degrees between the body axis and a radial to the shoulder, the
body sonic point remains fixed at the shoulder, This positioning
of the sonic point at the shoulder is the main characteristic of the
nearly flat-faced bodies, A simple explanation of the fact that %.’-_
varies almost inversely as .B- for the smaller values of . in
this region cannot be given at present, A number of interesting

results, however, were obtained,

Reference to Fig., 55 and a few simple calculations lead

4 =0.265 — 01092
D R/b

for the range 0. 727< % < 2,880, In the sub-range O, 727(-5 £ 1,50

to the relation
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the shock sonic point is still between the shoulder region and the
body axis, but moves toward the shoulder as R is increased,
Somewhere near -R- of 1,50 the shock sonic point has reached the
shoulder region, It is evident that some sort of continuous transi-
tion takes place as «a increases, and that there is no sharp line
of demarcation between the near-hemisphere and nearly flat-faced
bodies, It is fortunate, however, that the relation

j._l = 0.265 — ____________O.IO‘?S'

P o

bridges this gap,
A careful study of the schlieren photographs indicates

that for 2,880 S-g- £ o the shock shape was very nearly circular
inside the shoulder region and did not change with -& . oSince the
shock shape is independent of nose radius of curvature for values

of R/D greater than 2,880 it is obvious that the stand-off distance,
J, ; can be computed simply by subtracting the nose rise (maxi-
mum height of the hemisphere segment) from the stand-off distance,
J, , of the flat-faced body, This computation is shown in Fig,

56, and yields the relation

_i{.': 26?"
S 0. h

or

J R 4+ [7RY? k

— =0269 — +\/(T5) -0.250

D D

This relation gives QJ_‘.'. exactly in the region R/D greater than 2,880
and is reasonably accurate throughout the entire region of R/D

greater than 1,50,

The constant stand-off distance in the shoulder region is



-12-
another important result applying in the range 1,30 -g- L, In
this range it was found that a line perpendicular to the shock at the
point where sonic flow occurs just behind the shock in all cases
intersects the shoulder very nearly, if not exactly, This fact
would seem to confirm a concept first proposed by Busemann and
later discussed by Moeckel {(Ref, 8), They compare the region be-
tween the shock sonic point and the body sonic point to a channel
"throat'', With this concept in mind it is apparent that the shock
positions itself at the shoulder so as to provide sufficient area
for all of the fluid passing through the shock into the subsonic
shock layer to pass out of the region through this "throat'", For
this reason the throat height J; was obtained for all bodies, and
plotted as the — curve on Fig, 54, In all cases Jz. was defined
as the shortest distance between the sonic point on the shock and
the body, For R/D greater than 1, 30 this distance corresponded
to a sonic point to sonic point measurement, but it should be kept
in mind that for the near-hemisphere bodies and those in the transi-
tion region the shortest distance from the shock sonic point to the
body is not a sonic point to sonic point measurement,

As expected from the statements above — is a horizon-
tal straight line for all values of R/D greater than 1,30, It is also
of interest to note that below R/D = 1,30 =2 varies linearly with
R/D. At R/D = 1,30 there is a sharp 'knee' in the i‘: curve,
Reference to Fig, 13 will show that when R/D = 1, BODthe shock is
almost concentric with the nose of the body, Fig. 4 also shows

that for R/D = 1, 30 the surface of the nose of the body at the shoulder

is at an angle of 67 degrees to the body axis, For Moo = 5.8 the
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bow shock is inclined at 66 degrees 25 minutes to the body axis
at the sonic point and the shock layer can, therefore, be thought
of as bounded by a parallel-walled channel, For values of R/D
greater than 1,30 the channel converges ahead of the shoulder
and diverges behind it, For bodies where R/D is less than 1, 30
the channel is already diverging by the time the shoulder is
reached, and the minimum area or "throat! cannot occur at the
shoulder, It was observed that for values of R/D less than 1,30
the shock sonic point moves away from the shoulder region in
the direction of the body axis, and Jz compensates for this fact
by decreasing linearly with R/D. This, briefly, seems to ex-

dz

plain the underlying reason for the sharp break in the T), curve
at R/D = 1, 30,

The two concave nosed models were added when it was
theorized that shock shape and stand off distance measured
from a plane normal to the longitudinal axis through the shoulders
of the model would be no different from that observed for the flat-
nosed body., This supposition was indeed found to be correct,
Because of tunnel starting difficulties the concave models had to
be reduced in afterbody diameter from 1,50 inches to 1,25 inches,
However, if the flat-nosed body schlieren photograph and either
of the concave-nosed body photographs are projected to the same
scale and superimposed it is impossible to notice any difference
in shock shape or standoff distance,

By utilizing the concept of a ""throat' at the shoulder

the one dimensional equations of motion (and in particular conser-

vation of mass) can be applied to the nearly flat-faced bodies,
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since conditions upstream of the shock and at the shoulder are
known or can be calculated, The calculations carried out in Appen-
dix A are an attempt to predict JZ/D from just such a mass bal-
ance as suggested above, Three assumptions which could possibly
lead to errors are involved, The first assumption is that the sonic
line is straight, The second assumption is that the velocity vector
in the shoulder region is perpendicular to the sonic line, and the
third is that the density ratio across the shock is the same as for
a normal shock, Actually the third assumption need not be made
if some approximate shock shape is assumed, but the resulting
integral required this author to resort to a numerical method for
its evaluation, and the result was substantially the same as if the
shock had been assumed normal, It is also felt that the second
assumption does not lead to any great error since the assumed
velocity vector could only differ from the actual velocity by a fac-
tor equal to the cosine of a small angle,

The result of this calculation is considered fairly good in
view of the assumptions made, The actual measured value of
JZ/D is 0,186, The calculated value is 0, 1978, An error of 6,3
per cent is made., Admittedly this result may have been a fortu-
nate circumstance which applies only at Mach 5, 8,

The extension of this calculation to the prediction of Jl/D
is obvious, The only missing link is a reasonably accurate estima-
tion of the shock shape. Hayes (Ref, 3) provides one, and its cor-
respondence to that actually observed is shown in Fig, 57. Cor-
rectly positioning the shock in the shoulder region will provide a

fairly acceptable stand off distance estimation at all other points.
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The results of this estimate can be seen in Appendix A where L
is calculated to be 0,255 compared to the measured value of 0,269,

2, Rounded Shoulder Bodies

The next step in the schlieren studies was to plot JI/D
versus the shoulder radius divided by afterbody diameter, r/D, for
the three rounded shoulder models, The two limiting cases of the
hemisphere and the flat-nosed model were also added since they
properly can belong to either class of body, This plot appears in
Fig, 58, and again a straight line relationship between J‘I/D and
r/D is observed, As before this can easily be expressed analytically

as
d,/D = 0.269 - 0,380 (x/D)

for the entire range of r/D at Moo = 5,8, The important result here
is that increased shoulder rounding causes a linear decrease in
shock stand-off distance, Reference to Figs, 45, 46, and 47 will
also show the effect of shoulder rounding to be that of causing a

decrease in shock radius of curvature,

B. Pressure Studies

1, General

Since Oliver (Ref, 7) and to some extent Machell and O'Bryant
(Ref, 9) had previously gathered very good pressure data on the
hemisphere it was decided not to repeat their work, The intermed-
iate model selected for testing had an R/D of 1,30, The flat-nosed
body and a representative rounded shoulder body comprised the re-

maining two pressure models,
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The results of these pressure measurements are plotted
in Figs., 59 through 73 in the form C}!Cpmax versus S/D, where
S is the distance measured from the longitudinal body axis along
the face of the body, In all cases where applicable the half plane
which assumed a more advanced or upstream position in the flow
is plotted on the positive or right side of the S/D = 0 axis,

In each casle Cp/cpmax is plotted for the intersection of
three meridional planes with the nose and afterbody of the model,
These planes are a vertical plane, a horizontal plane, and a plane
+ 30 degrees away from the vertical plane, In addition C_/C
- P Pmax
was also plotted for the R/D = 1,30 model along a plane + 60°
from the vertical plane. In all cases the pressure distributions are
plotted for 0, 4, and 8 degrees of yaw on the same figure in order
to show the effects of yawing the model,

The two pressure orifices located beyond the shoulder were
not intended to be a means of studying surface pressure distributions
along the afterbody, but rather to show that the sonic point gener-
ally occurred in the vicinity of the sharp shoulder for the R/D = 1, 30
and R/D = o0 models, Intuitively this result is expected, For this
reason all pressure curves were extrapolated from the data point
corresponding to the last pressure orifice on the face out to Cp/CPmax
of 0,517, or the sonic pressure ratio, at the shoulder., No attempt
was made to extrapolate the curves any further in the R/D = 1,30
and R/D = oo cases because of the fact that the exact nature of the
flow between the shoulder and the first pressure orifice beyond the
shoulder could not be deduced from the schlieren photographs. It

is likely that a weak oblique shock originating at or just behind the
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shoulder is present, but this shock is invisible at these low tunnel

densities,

2. Unyawed Bodies

a., Flat Nose (R/D = )

In general it can be seen by réferring to Figs. 59 through
62 that the Newtonian approximation for the flat-nosed body is com-
pletely accurate only near the axis of the body, Beyond S/D of ap-
proximately 0,2 in the unyawed case the observed pressure ratios
begin to fall away from the CP/Cpmax of 1,0 which the Newtonian
approximation predicts, However, when it is considered that it is
not until after S/D = 0,433 that the actual pressure ratios begin to
deviate more than 10 per cent from the Newtonian approximation
the agreement is considered fairly good. Immediately beyond the
shoulder some slight over-expansion is observed in this case, The
Newtonian approximation also predicts zero pressure ratio beyond
the shoulder, which is not too far from that actually measured,

Probstein's (Ref, 2) pressure distribution prediction is com-
pared to the observed distribution in Fig, 62, Here agreement is
good near the axis and again near the shoulder, but tends to be low
at intermediate points,

An attempt to predict the pressure ratio by a Prandtl-Mevyer
expansion around the shoulder immediately encounters difficulty,
Experience has shown that in some cases this method can be applied
to such axially symmetric flows as those being considered here
with fair results, If an expansion through 90° is assumed it is felt
that a minimum possible pressure ratio could be found below which
the actual pressure ratio could not go. For this reason the Prandtl-

Mever prediction was calculated and found to be C /Cp = ~0,0231
D max
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as opposed to a measured value of -0,0148 at the orifice nearest
the shoulder,

b, Hemisphere-Segment (R/D = 1, 30)

In this case it is seen by reference to Figs, 63 through
67 that C_/Cp falls off more rapidly than for the flat-nose case,
P max
This result is exactly as expected because of the rounding of the
nose, Here again reference to Fig, 67 shows that the Newtonian
approximation predicts pressure ratios which are higher beyond
S/D = 0, 2 than those observed, Actually a better fit which holds
over a wider range of S/D is the Newtonian approximation with the
Busemann correction for centrifugal force, This correspondence
can be seen in Fig., 67 where it is apparent that C_/C does
p' “Pmax

not depart from that predicted by the theory more than 10 per cent
until the flow is quite close to the shoulder. It is felt that the jus-
tification for applying the Busemann correction here lies in the fact
that the shock is very nearly concentric with the nose of the body,

In this case no over-expansion is observed, and the Prandtl-
Meyer expansion method gives Cp/cpmax = -0,0176 beyond the
shoulder, as compared to a value of 0,00122 actually measured.

c. Rounded Shoulder (r/D = 0,208)

Figs, 68 through 71 display the results of the surface
pressure investigations over the rounded shoulder body. The modi-
fied Newtonian approximation is almost exact until the influence of
the rounded shoulder is felt, Fig, 71 compares the modified Newton-
ian approximation (without the Busemann correction) to the observed

pressure distribution, As in the other cases it can be seen that

C » . »
P/Cpmax falls off more rapidly than predicted by the Newtonian
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method in the shoulder region, No over-expansion is noted for
this body and the Frandtl-Meyer expansion predicts Cplcpmax
= -0,00239 as opposed to the measured value of +0, 0287,

3. Yawed Bodies

It is apparent from a study of the surface pressure curves
in Figs, 59 through 61, Figs, 63 through 66, and Figs., 69 through
70 that no particularly startling results were obtained by yawing
the models to angles of 4 and 8 degrees, For these relatively
small angles the pressures deviated a noticeable but not marked
amount from those observed in the unyawed cases, As expected
the stagnation point or region of maximum pressu:t:e moved off
the axis a slight distance onto the more advanced portion of the
nose, Deviations from the unyawed pressure measurements were
largest in the shoulder regions, There was no evidence to indicate
that the sonic point on either of the two bodies with sharp corners
had moved away from the shoulders, and the pressure curves were
again extrapolated to Cp/cpmax = 0,517 at the S/D point corres-
ponding to the shoulder,

It should also be noted that pressures observed along the
horizontal plane of all three models when yawed do not at any point
rise as high as the maximum pressure, This result is to be ex-
pected if the horizontal plane does not contain the maximum pres-
sure point,

4, Comparison of Surface Pressures Between Bodies

In order to compare the surface pressures over one body

to those of another, Cp /C is plotted versus S/S%*, where S¥*

Pmax

is the distance along the face of the model to the sonic point, Fig.



-20-
72 is such a plot for the flat-nosed body, R/D = oo, the round-nosed
body, R/D = 1,30, and a hemispherical nosed body, R/D = 0.500
(Oliver (Ref, 7)), Fig. 73 is a similar plot comparing the flat-nosed
square-shoulder body to one with a flat nose and rounded shoulder,
Both of these plots clearly show the effect of rounding either the
shoulder or the nose itself to be that of causing a more rapidly fall-
ing surface pressure, except in the sonic region, It should be kept
in mind that the effect of dividing by S* rather than D is to distort
the body dimensions since S* is different for each body, However,
to plot in the usual manner leads to an equally distorted presenta-
tion in which comparisons are just as difficult to make, The main
advantage to be derived from plotting in this manner is that it ap-
pears to be the most effective means of comparing the way in which

the pressures fall off to the sonic value among different bodies.,
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CONCLUSIONS

Based upon the foregoing results it is concluded that for the

conditions under which this investigation was conducted

(1) The shock shape and stand-off distance depend on body
shape in the vicinity of the body sonic point, and to a lesser
extent than originally supposed on body shape away from the
sonic point.

(2) That there are three distinct ranges of R/D in which
JI/D can be written as a simple, but different, function of
R/D.

(3) That for the flat-faced, sharp-shouldered body it is
possible to compute the stand-off distance of the shock at
the shoulder as well as at the body axis by applying the
simple, one-dimensional continuity equation and Hayes'
theoretical shock shape approximation, The resulting com-
putations are in fair agreement with the experimental values
obtained in this investigation,

(4) That the modified Newtonian approximation can be
expected to give good results near the axis of the models
tested, fair results between the region near the axis and
the region near the shoulder, and poor results close to the
shoulder except in the rounded shoulder case, Here the
Newtonian prediction is surprisingly good even in the
shoulder region.

(5) That the Probstein approximation to Cp/cpmax

is, as Probstein contends, valid only near the body axis,
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APPENDIX
{A) Calculation of .41' and .%\L by mass balance and Hayes'®

D
theoretical shock shape., (Flat nose body ~% =go )
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Poo U Ao = {’*U* Ax

As _ pm Us
Aoo“ Px Us

Axr  Po Poos  Pa 1,
Aw Pmt P2e P2 Maas

]
<
I
m
2
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Ax _ Poo P‘g( P*i Uw
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Using compressible flow tables to evaluate the right-hand

side and assuming M, = 5.8 so as to check results

A« _ (0.00¢023)(2 .2 8552)
Ao (0.6339)(0.03412)

Referring back to figure above it is apparent that

As = J,JT(D +d, cos 9*)

= 0.¢3¢46

; Ao = n‘(..g + d, cos @,r)l

where O, is determined from the equation below and equals 66° 25!

for M_ = 5,8
@

SIN ©4 "(J/W;f IMo —2 +,/5(5M.,;“-4M£+13)']

ForR 7 =140

Therefore

s Dt di cos O - 0.43¢46
(“i) +Jd.Dcosonr +d. cos'On

Dividing through by DZ and rearranging

dx Ly 2 .._____L____[_‘.& SI?:I o}
0.25000+-5- Cos By +(D) 0s B¢ = e +( D)cas

or

0.4685% J‘)+H7m( )-—o.asooo

i

@

_J_:: =111+ \//.37/5'0 +o.%854'
D 6.93708

!_t = 0.1978
D
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Measured value = 0, 186
Difference = 0,0118

o 0.0118 _, Lo
/0 error mm— x 100 = 6,3 /O

1 2.
]
Applying Hayes'® theoretical shock shape which is J "J, ‘”“Z"K}’l

{where it must be kept in mind that J is measured normal to the

body face)
At y:-g-iwfzcosea
J = Jz SIN 9#
Therefore

2 S i J D ¥
J' =(C5,_ SING,q) +2(-—————-———5.22+)(._2._.+ch056#)
or dividing through by D2

(%’—y: (%)Lsm‘@ﬁ + (0.0‘?S' 7/2)[_325‘000 +%: COSO#

2%
+(—‘£’2 coszenj
5 D
Using previous result that L2 20,1978,
J S
(__1) = 0,064973

%

2! = 0,255

D

Measured = 0, 269

Difference = 0,014

0,014

° error = 0765 X 100 = 5, Zo/o
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FIG. 2
TEST SECTION OF HYPERSONIC TUNNEL SHOWING

METHOD OF MOUNTING MODELS
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FIG. 9

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = w) AT ZERO DEGREES ANGLE OF YAW, M = 5. 8.

FIG. 10

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 5.733) AT ZERO DEGREES ANGLE OF YAW, M = 5. 8.
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SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 2.880) AT ZERO DEGREES ANGLE OF YAW, M = 5.8.

FIG. 12

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 1.907) AT ZERO DEGREES ANGLE OF YAW, M = 5. 8.



FIG. 13

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 1.300) AT ZERO DEGREES ANGLE OF YAW, M = 5.8.

FIG. 14

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.920) AT ZERO DEGREES ANGLE OF YAW, M = 5.8.



FIG. 15

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.727) AT ZERO DEGREES ANGLE OF YAW, M = 5. 8.

FIG. 16

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D=0.567) AT ZERO DEGREES ANGLE OF YAW, M = 5.8.



FIG. 17

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.500) (HEMISPHERE) AT ZERO DEGREES ANGLE OF
YAW, M= 5.8,

FIG. 18

SCHLIEREN PHOTOGRAPH OF CONCAVE NOSED BLUNT BODY
(R/D = 0.800) AT ZERO DEGREES ANGLE OF YAW, M= 5.8.



FIG. 19

SCHLIEREN PHOTOGRAPH OF CONCAVE NOSED BLUNT BODY
(R/D = 1.600) AT 0 DEGREES ANGLE OF YAW, M = 5.8.

FI1G. 20

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = x) AT 4 DEGREES ANGLE OF YAW, M = 5.8.



FIG. 21

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 5.733) AT 4 DEGREES ANGLE OF YAW, M = 5.8,

FI1G. 22

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 2.880) AT 4 DEGREES ANGLE OF YAW, M = 5.8.



FI1G. 23

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D=1.907) AT 4 DEGREES ANGLE OF YAW, M = 5.8.

FIG. 24

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 1.300) AT 4 DEGREES ANGLE OF YAW, M = 5.8.



FIG. 25

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.920) AT 4 DEGREES ANGLE OF YAW, M = 5. 8.

FIG. 26

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.727) AT 4 DEGREES ANGLE OF YAW, M = 5. 8.



FIG. 27

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.567) AT 4 DEGREES ANGLE OF YAW, M = 5.8.

FIG. 28

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.500) (HEMISPHERE) AT 4 DEGREES ANGLE OF YA
M = 5.8,



FiG. 29

SCHLIEREN PHOTOGRAPH OF CONCAVE NOSED BLUNT BODY
(R/D = 0.800) AT 4 DEGREES ANGLE OF YAW, M = 5. 8.

FIG. 30

SCHLIEREN PHOTOGRAPH OF CONCAVE NOSED BLUNT BODY
(R/D = 1.600) AT 4 DEGREES ANGLE OF YAW, M = 5.8.
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SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY

(R/D

FIG

w) AT 8 DEGREES ANGLE OF YAW, M = 5.8,

32

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY

(R/D

FIG

5. 8.

DEGREES ANGLE OF YAW, M

5.733) AT §.



FIG. 33

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 2.880) AT 8 DEGREES ANGLE OF YAW, M = 5.8.

FIG. 34

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 1.907) AT 8 DEGREES ANGLE OF YAW, M = 5.8.



FIG. 35

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 1.300) AT 8 DEGREES ANGLE OF YAW, M = 5.8.

FIG. 36

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.920) AT 8 DEGREES ANGLE OF YAW, M = 5.8.



FIG. 37

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.727) AT 8 DEGREES ANGLE OF YAW, M = 5.8.

FIG. 38

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.567) AT 8 DEGREES ANGLE OF YAW, M = 5.8.



FIG. 39

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 0.500) (HEMISPHERE) AT 8 DEGREES ANGLE OF YAW
M = 5.8.

FIG. 40

SCHLIEREN PHOTOGRAPH OF CONCAVE NOSED BLUNT BODY
(R/D = 0.800) AT 8 DEGREES ANGLE OF YAW, M = 5.8,



FIG. 41

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = w) AT 12 DEGREES ANGLE OF YAW, M = 5, 8.

FIG. 42

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D) = 1.300 AT 12 DEGREES ANGLE OF YAW, M = 5. 8.



FIG. 43

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D= w) AT 16 DEGREES ANGLE OF YAW, M = 5. 8.

FIG. 44

SCHLIEREN PHOTOGRAPH OF ROUND NOSED BLUNT BODY
(R/D = 1.300) AT 16 DEGREES ANGLE OF YAW, M = 5. 8.



FIG. 45

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = ») WITH 1/8 INCH ROUNDED SHOULDER (R/D = 0. 083)
AT ZERO DEGREES ANGLE OF YAW, M = 5.8.

FIG. 46

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = w) WITH 3/16 INCH ROUNDED SHOULDER (r/D = 0. 125)
AT ZERO DEGREES ANGLE OF YAW, M = 5.8.



FIG. 47

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = o) WITH 5/16 INCH ROUNDED SHOULDER (r/D = 0. 208)
AT ZERO DEGREES ANGLE OF YAW, M = 5.8,

FIG. 48

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = ) WITH 1/8 INCH ROUNDED SHOULDER (r/D = 0. 083)
AT 4 DEGREES ANGLE OF YAW, M = 5. 8.



FIG. 49

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = w) WITH 3/16 INCH ROUNDED SHOULDER (r/D = 0. 125)
AT 4 DEGREES ANGLE OF YAW, M = 5.8.

FIG. 50

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = o) WITH 5/16 INCH ROUNDED SHOULDER (r/D = 0. 208)
AT 4 DEGREES ANGLE OF YAW, M = 5.8.



FIG. 51

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = w) WITH 1/8 INCH ROUNDED SHOULDER (r/D = 0. 083)
AT 8 DEGREES ANGLE OF YAW, M = 5. 8.

FIG. 52

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = ») WITH 3/16 INCH ROUNDED SHOULDER (r/D = 0. 125)
AT 8 DEGREES ANGLE OF YAW, M = 5.8,
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FIG. 53

SCHLIEREN PHOTOGRAPH OF FLAT FACED BLUNT BODY
(R/D = ) WITH 5/16 INCH ROUNDED SHOULDER (r/D = 0. 208)
AT 8 DEGREES ANGLE OF YAW, M = 5. 8.
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THEORETICAL APPROXIMATIONS, --=1.30,

a=0.
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FIG. 72, COMPARISON OF SURFACE PRESSURE
DISTRIBUTIONS ON SEVERAL BLUNT NOSED
BCDIES, M=5.8.
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