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An Experimental Investigation of the Shock Layer

Surrounding a Sphere in Supersonic Flow

J. XERriK0s* AND W. A, ANDERSONT
Douglas Aircraft Company, Inc., Santa Monica, Calif.

An experimental study of the flow properties in the transonic and supersonic regions of the
flow field surrounding a sphere was conducted in order to provide more definitive flow-field
- data for evaluating current analytical blunt-body methods. In particular, results were com-
pared with the predictions of the one-strip direct integral method in order to determine the
most valid form of the integrand approximations employed. The tests were conducted at
nominal Mach numbers of 3, 4, and 5. Static and total pressure measurements were taken
across the shock-layer region. A mechanized probe was employed which enabled a complete
shock-layer pressure profile to be determined during a single tunnel run. Probe alignment
at each station was matched to flow inclination values predicted by the integral method.
Surface static pressures were also taken. In order to minimize the disturbing effect of the
probe on transonic shock-layer properties, a 14.9-in.-diam sphere was employed in order to
increase the scale of the flow relative to probesize. Shock-shape data were obtained through

the use of shadowgraphs and schlieren photographs.

Introduction

HE continuing interest and activity in blunt-body analy-

ses has motivated a number of experimental investigations
that have dealt largely with the measurement of shock-wave
shapes and surface pressure distributions.!=® Determina~
tion of shock-layer flow properties in the transonic zone has
been accorplished primarily through the use of optical
methods, e.g., ballistic range interferometric measurements?
and sonic line location technique using a shock generating
probe.® Since the theoretical blunt-body methods provide
characteristics starting data for computing the remainder of

the supersonic or hypersonic flow field, stringent accuracy

requirements must be placed on the predicted distribution of
flow properties across the shock layer. The necessity for
accuracy is particularly critical for configurations with small
nose blunting since the characteristics calculation must be
carried out over a distance corresponding to a large number
of body nose radii.

The present investigation was conducted with the princi-
pal aim of providing shock-layer data not currently available
for further evaluation of theoretical methods. A secondary,
more specific goal was to resolve questions arising in connec-
tion with the formulation of the integral method through
the use of experimental evidence. It is hoped that the data
and experience gained in the present study will provide a
basis for an extended investigation in the hypersonic regime.

Experimental Procedure
Test Facility

The tests were conducted in the Douglas Aircraft Aero-
physics Laboratory trisonic 4-ft tunnel (Mach number is
continuously variable from 0.2 to 5.0). The tunnel is a
blowdown to atmosphere facility with running times on the
order of 40-60 sec. The Mach number in the 4-ft square
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test section (4 X 4 X 6 ft) is uniform within 0.006 with a flow
angularity not exceeding 0.1°. Nominal values of stagna-
tion pressure, stagnation temperature, and Reynolds number
based on sphere diameter are given in Table 1 for the three
test Mach numbers.

Model Description

The basic model configuration consisted of a 14.9-in.~-diam
sting-mounted sphere as shown in Fig. 1. The sphere was
fabricated from a solid ingot of aluminum with the final pro-
cess involving anodizing of the polished surface. All pressure
transducers (differential pressure type: Statham PM-131) as
well as a wafer valve pressure switch were located within
the model (Fig. 2), thus reducing the lag time in recording
pressures. Whereas the traversing and centerline probes
employed separate transducers, model surface and ‘“hatchet”
static pressure readings were scanned using the wafer valve
switch and associated transducers. A Sanborn dynamiec re-
corder was used for visual monitoring of the selected pressure
measurements during the test runs.

Surface Pressures

Nine static pressure orifices were located at 10° intervals
from @ = 10° to § = 90°. An additional pressure tap was

Fig. 1 Model exterior.
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Fig. 2. Model interior.

located at § = —30° in order to check alignment of the model.
The entire model was pitched a total of 10° in 2° increments
such that a dense distribution of data points was obtained.
Owing to the short lag time in recording pressures, a com-
plete range of pitch positions was covered during one or two
runs.

Shock-Layer Pressures

Static and total pressure measurements were taken across
the shock-layer region along radial lines corresponding to
9 = 45°,60°, and 75°. The traversing probe mechanism ac-
comodated either a total pressure or static pressure probe
on a given run. Use of a single pitot-static probe (visible in
Tig. 1) was ruled out during the testing in order that total
and static pressure readings be taken at the same point in the
flow field and probe dimaeter be kept to a minimum. The
traversing mechanism was mechanically programmed to
stop at intervals of 0.18wmeor Where Stheor = distance between
body and shock, measured normal to the body surface as pre-
dicted by the one-strip integral method. In addition, the
probe alignment at each stop was matched to the theoretical
(integral method) flow inclination values. Nine “stop rails’”
and cams (see Fig. 3) corresponding to the various combina-
tions of three test Mach numbers and three angular positions
6 were necessary in order to attain the desired probe move-
ment. This movement was such that the tip of the total
pressure probe and the four cireumferentially located holes in
the static probe traced coincident paths along the specified
radial lines. It should be noted that the use of preset static

Fig. 3 Model details.
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Fig. 4 Coordinate system and nomenclature.

probe angular alignment introduced a weak coupling between
theoretical and experimental results.

Additional Instrumentation

The static pressure “hatchet” consisted of a sharp edge flat
plate with a row of eight static pressure orifices aligned in the
radial direction. This device could be manually set at vari-
ous positions within the shock layer with the orifices always
remaining along one of the specified radial lines.

The centerline total pressure probe was instrumented to
provide continuous measurement of total pressure and corre-
sponding probe position.

Flow Visualization

Use was made of both parallel light shadowgraph and
schlieren optical systems to record visual shock-layer phe-
nomens. The 30-in. schlieren system is capable of recording

ML ot
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Fig. 5 Typical shadowgraph.
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Fig. 6 Typical schlieren photograph.

single-frame photographs (70mm negative) at rates up to 5/
sec. During test runs involving the traversing probe, a
schlieren photograph was taken at each stop position as the
probe crossed the shock layer and eventually penetrated the
bow shock. This procedure provided a visual check of probe
position and alignment. Full scale shadowgraphs were also
taken using an 11 X 14-in. film bolder mounted on the
tunnel window. Only one shadowgraph, however, could be
taken during a single run.

Discussion of Integral Method

One of the factors that motivated the present investiga-
tion involved a question concerning the formulation of the
integral method which could only be satisfactorily resolved
through consideration of experimental evidence. Therefore,
a brief discussion of the analysis is given below in order to
identify the point in question.

An initial step in the integral method requires that the
governing partial differential equations be represented in
“divergence’”’ form, e.g.,

QF /os) + @G/on) + H = 0

where (s, n) are body-oriented, curvilinear coordinates (see
Fig. 4). Subsequent integration with respect to n necessitates
approximation of the functions F and H in terms of, for ex-
ample, polynomials in n with s-dependent coefficients. A
linear relationship is ordinarily employed in the one-strip
formulation.

An additional arbitrariness arises owing to the fact that
several combinations of the governing equations will yield
valid ordinary differential equations, which, for an increasing
number of strips (and a correspondingly more accurate ap-
proximation for the flow properties across the shock layer),
should tend to produce the same result. However, a marked
difference in results exists for the one-strip approximation.
Table 2 summarizes the pertinent relations corresponding to
two representative formulations. As may be seen, different
functions are being approximated in each case. It should
be noted that formulation Ia corresponds to the original,
widely employed Belotserkovskii analysis. A more general
form of the modified continuity equation is also presented

Table 1 Nominal test conditions

M. Pt DSIA T:.,°F Re
2.996 65 60
3.975 140 55} 15-108
4.926 285 180

SHOCK LAYER SURROUNDING A SPHERE IN SUPERSONIC FLOW 453

Mo

\ 2,996

‘ 3.975

S _— £4.926
i /f

L i L : .
1.0 x/R o

Fig. 7 Experimental shock shapes.

Ib which may be used to describe, for example, a flow process
involving a gas in thermodynamic equilibrium. This form
reduces to the original version of the equation e when per-
fect gas relations are employed.

The “continuity” formulation (II) is not restricted to a
particle isentropic process (i.e., constant entropy along stream-
lines) and would initially appear to be a logical choice for a
real gas analysis involving nonequilibrium processes. How-
ever, since the perfect gas numerical results corresponding to
use of the two formulations differed significantly, an evalua-
tion based on direct comparison with experimental data was
felt to be necessary. Although the test conditions did not
correspond to the hypersonic real gas regime, it appeared
reasonable to expect that a valid theoretical analysis should
yield accurate results in the supersonic regime.

Discussion of Experimental Results

The experimental data are presented in Figs. 7-21 with the
corresponding theoretical predictions of the one-strip integral
method.® Additional theoretical results are included in the

Table 2 Summary of integral method relations
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Fig. 8 Comparison of shock shapes: M, = 2.996.

presentation of the experimental shock shapes. The accuracy
of the analytical methods for # = 45° holds particular signifi-
cance since the input line for the method of characteristics
typically lies in the zone 45° < 8 < 50°.

Shock-Wave Shapes

The experimental shock data presented in graphical form are
based on direct measurement of full scale shadowgraphs, e.g.,
Fig. 5. The accuracy of the data is basically dictated by the
following considerations: 1) resolution of shock and body
images, 2) ability of optical system fo produce a parallel
light beam across the test section, and 3) displacement of
body image due to refraction caused by density changes
across the shock layer. The resolution was sufficient to limit
measurement, errors to As/R ~ 0.001. Use of a reference di-
mension device indicated negligible magnification of the image.
Although the film holder was mounted on the test section win-
dow to help minimize the displacement effect, this effect ap-
pears to be the main source of error.

Supplementary shock data were provided by schlieren
photographs. Although not subject to image distortion
in principle, the schlieren shock and body images were not
as uniformly sharp as the shadowgraphs. A representative
example is shown in Fig. 6. Schlieren measurement errors
were estimated to be of the order of As/R ~ 0.003. Table 3
presents a comparison of data obtained by both optical
techniques. The results differ by 2-69, with the maximum
differences occurring in the measurement of the detachment
distance (8 = 0°).

An attempt was made to obtain additional shock-shape
measurements through use of the position calibrated pressure
probe located at the sphere stagnation point. A continuous
pressure trace on a Sanborn recorder failed to identify a
distinct pressure step as the shock was pierced. This failure
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Fig. 9 Comparison of shock shapes: M, = 3.975.

was largely due to the continuous distortion of a portion of
the bow shock as the probe approached from the subsonic
zone. In contrast, the traversing probe used to obtain
shock profiles displayed steep pressure steps as the shock
was penetrated in the supersonic zone. However, this probe
was not instrumented with a position recording device.
Unfortunately, the maximum pitch angle of the model sup-
port (@ = 25°) did not allow the probe to pierce the bow
shock above the shock sonie point.

The graphic results that are all derived solely from shadow-
graph measurements are presented in both (z, r) coordinates
in Fig. 7, and §/R vs 6 plots in Figs. 8-10. The latter graphs
include theoretical data from the one-strip and two-strip®®
(available at M. = 3 and 4 only) integral methods, an in-
verse method!! (up to 6 = 48°), and characteristics results
based upon one-strip data input at # = 50°. The “inverse”
results shown are in substantial agreement with those of
other investigators employing this method.!2

With the possible exception of the “continuity’” formula-
tion (IT), the theoretical results compare favorably with the
shock data. The inverse method predictions appear to
correspond most closely to the two-strip results. The one-
strip (I) shock shape extended by the method of characteris-
ties tends to converge toward the experimental data. It
should be noted that the schlieren data are in better agreement
with the theoretical predictions in the stagnation region.

The “continuity’’ shock shape tends to diverge significantly
from the experimental data with increasing Mach number in-
dicating the undesirability of this formulation for hyper-
sonic analyses. This theoretical shock behavior is also
accompanied by an overly rapid drop in surface pressure,
causing an upstream shift in the location of the body sonic
point,

Surface Pressure Distributions

Surface pressure data for M, = 2.996, 3.975, 4.926 are
presented in Figs. 11-13, respectively. A model free of

Table 3 Comparison of schlieren (6s¢) and shadowgraph (6s5#) shock data

M. = 2.996 M. = 3.975 M. = 4.926 .
0 ssc/R ssu/R 8se/R ssu/R 8s¢/R dsa/R
0° 0.213 0.223 0.173 0.183 0.156 0.165
45° 0.315 0.322 0.250 0.260 0.229 0.237
60° 0.422 0.430 0.343 0.351 0.309 0.315
75° 0.600 0.614 0.490 0.502 0.442 _ 0.452
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Fig. 13 Surface pressure distribution: M, = 4.926.

probes was employed when taking surface pressure measure-
ments. Because of the sensitivity of the reference parameter
P+, to changes in M, recomputation of the theoretical data
at the exact freestream Mach number was necessary to ob-
tain a valid comparison of results.

The theoretical prediction is satisfactory up to the sonic
point with a gradual divergence taking place in the supersonic
region. The surface pressure data indicate a decrease in
accuracy of the one-strip integral method with increase in
Mach number.

Shock-Layer Pressure and Mach Number Distributions

Static pressure, isentropic total pressure, and Mach number
profiles taken at 8 = 45°, 60°, 75° are displayed in Figs. 14~
21. The theoretical profiles were derived using exact in-
viseid shock and body gradients in the n direction based on the
variation of flow properties in the s direction given by the
integral method. The results are plotted in terms of the
nondimensional distance n/8 measured normal to the surface
of the sphere.

In all cases, the experimentally measured shock wave was
closer to the body than was the theoretical shock. As a
result, the traversing probe pierced the shock wave between
the ninth and tenth stop positions, i.e., between 0.9 and
1.084heor- This was confirmed by schlieren and shadowgraph
photographs as well as by the trace on the Sanborn recorder.
Therefore, the experimental points do not fall exactly on the
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Fig. 14 Shock-layer static pressure profiles: M, = 2.996.
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Fig. 15 Shock-layer static pressure profiles: M, = 3.975,

4.926.

values of n/6 = 0.1,..., 1.0 but are shifted in proportion to
n X atheor/aexper-

The data reduction procedure was relatively straightfor-
ward. Static and pitot probe data were used to determine the
local Mach number through use of the Rayleigh pitot equa-
tion, thus enabling the subsequent evaluation of the isentropic
total pressure.

Although the shock-layer data are largely self-explanatory,
several specific comments are in order. The dashed curves
drawn through the experimental results are intended to de-
pict general experimental trends relative to the shapes of the
theoretical profiles. This comparison is favorable in the
majority of cases; an advantage is thus indicated in use of
the gradient method in establishing shock-layer profiles.
An increase in tunnel Mach number occurred during the M.,
= 4.926, § = 60°, total pressure run. This increase is re-
flected in an erratic shift in the data as indicated in Fig. 18.

Deviation of the curves at n/8 = 0 primarily reflected the
error in predicting surface pressure distributions, whereas
deviation at n/6 = 1 reflected the error involved in predicting
the shock shape. The scale at the top of Figs. 14 through 18
was included to indicate the sensitivity of the parameters
(p/p:. Yook and (Pe/Pe.,)shocx to small changes in §,. Measure-
ment of the shock-wave slope from shadowgraphs and sub-
sequent calculation of post-shock values of static and total
pressure (indicated by a vertical arrow on the 6, scale) pro-
vided a consistency check on the field data. An additional
check was afforded by the requirement that the locus of the
experimental points fare smoothly into the independently
measured surface total and static pressures.

The static pressure “hatchet” did not provide satisfactory
data because of a combination of instrumentation difficulties
and evidence of self-induced flow interference when mounted
near the surface of the sphere. As a result, pressure readings
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Fig. 21 Shock layer Mach number profiles: M., = 4.926.

were erratic and could not be used to establish smooth static
pressure profiles independently. However, the pressures
measured were in partial agreement with the static probe
measurements. Time limitations prevented a definitive eval-
uation of the usefulness of this device in making shock-layer
measurements.

Conclusions

The main test objective, namely, that of obtaining ac-
curate shock-layer pressure profiles, was essentially met on
the basis of critical examination of the experimental data.
While no gross deviations from predicted theoretical trends
were indicated (or expected), an additional quantitative basis
for evaluating blunt-body methods was established.

Use of a “continuity” integral method formulation led to a
description of the shock and body parameters which became
progressively inaccurate with increase in Mach number.

Further study is needed to establish the feasibility of de-
termining shock-wave profiles through nonoptical devices such
as the probe used in the present investigation.
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