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Fig. 3 Mean velocity profile in wall variables.

Fig. 4 Mean velocity profile in
outer variables.

both variables exhibit a sharp interface or superlayer at y = d
(x) . 3 In Fig. 3, the mean velocity at x = 90 6, is plotted in wall
variables. Within the region of validity of the law of the wall,
the calculated profile is within 1 % of the log profile

where K = Q.4l, C = 5.Q, and u* is calculated from Eq. (8). The
combined law of the wall and wake

U/u* - ( I/AC) en(yu+/v) + C+ (2II//c) sin2 (Try/26)

(where 11 = 0,62 for a flat-plate zero pressure gradient tur-
bulent boundary layer8) implies a relation between the skin
friction and boundary-layer thickness, and therefore the small
error in calculating cf (Fig. 1) precludes comparison with the
velocity profile in the wake region. Furthermore, the com-
bined law of the wall and wake, being an unconditional
average taken at a fixed distance from the wall, embodies the
intermittent structure of the outer region of the boundary
layer. The model equations, however, assume no in-
termittency, and it would therefore be more appropriate to
compare the calculated mean velocity as well as the calculated
mean turbulence quantities in the outer region with con-
ditional turbulent averages taken at fixed distances from the
instantaneous edge of the boundary layer. Such measure-
ments have apparently not been published to date. The mean
velocity at x—9Q dd is replotted in Fig. 4 in outer variables to
display its sharp superlayer at y — d.
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Holographic Analysis of Particle-
Induced Hypersonic Bow-Shock

Distortions

D.T. Hove* and A. A. Smitht
Science Applications, Inc., El Segundo, Calif.

Introduction
1BACKFACE temperature measurements made on
-Dthin skin blunt models subjected to dust-laden,
hypersonic flows have indicated significantly enhanced
stagnation region heating rates over clear air values. !~3 High-
speed shadowgraph movies taken in hypersonic wind tunnels
and laser photographs taken in ballistic ranges revealed that
the model bow shocks were severely distorted by the par-
ticulate in the flow. The bow shock distortions generally had
the appearance of large-angle conical shocks which traveled
upstream from the bow shock and then collapsed or were
swept around the model. Previous investigators2'3 postulated
that the shock distortions were initiated by rebounding dust
particles or model ejecta and that the large cone angles were
due to communication with the high pressure bow-shock
region through the particle wakes.

Tests were performed in the Boeing Hypersonic Wind Tun-
nel in a Mach 5 combined dust particle/aerodynamic flow en-
vironment to investigate the particle-induced bow-shock
distortions and their connection with enhanced stagnation
region heating rates. As part of the test program, three-
dimensional laser holograms were obtained to examine the
structure of the bow-shock distortions.

Experiment Description
An in-line laser holocamera mounted perpendicular to the

wind tunnel centerline viewed the models through 15-cm op-
tical windows. Coherent light from a 30-millijoule Q-switched
ruby laser was used to illuminate the particle field and test
model. Duration of the laser pulse was about 15 nsec which
effectively froie the particle and shock distortion motion.

The laser power source was charged when the tunnel con-
ditions were being established, and the laser was fired
manually about a second after the model reached the tunnel
centerline. Holograms were taken of 12 dust tests including
two model sizes and materials (2.5 and 6.0 cm titanium and
graphite disks), two flow unit Reynolds number (2.8 and
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6.4 x lOVcm) and two incident particle sizes (100 and 800 \L
diam).

Three-dimensional holograms were reconstructed at the
SAI Optics Laboratory in Tullahoma, Tenn. The holographic
plates were illuminated with a 50-mw helium neon laser, and
the scenes were projected onto a ground glass screen for
viewing. When a plane containing a particle or shock distor-
tion was brought into focus, the screen was replaced with a
Polaroid film pack and photographs taken for permanent
record.

Experiment Results
Bow-shock distortions were observed on each of the 12

holograms obtained, and as in the high-speed films, the
distortions had the appearance of large-angle conical shocks
protruding upstream of the bow shock (Fig. 1). Enlargements
of the holograms revealed particles in the apex of some of the
shock cones (Fig. 2). The conical* shock distortions were not
associated with the freestream particle shock structure (the
100-jii particles were traveling subsonic with respect to the
flowfield) as illustrated by the fact that for the particular dust
loading conditions (0.037 gm/cm2/sec) of Fig. 1, ap-
proximately 50 particles were in the scene volume. Rather, it
appeared that some fraction of the particles interacted with
the model to produce the bow-shock distortions.

The number of shock distortions on each hologram was ap-
proximately a linear function of the particle impingement rate
for 100-jLt particles independent of model material. A sub-
stantially larger percentage of shock distortions occurred for
800-ju, flows, but the dependence on impingement rate could
not be established from the two 800-ju. tests. The longest shock
distortions observed on the holograms were 3.2 cm (measured
from the body) for 100-^t particle flows, and 4.5 cm for 800-^t
particle flows.

Fig. 1 Bow-shock distortions
during 100-/A particulate flow.

Fig. 2 Bow-shock distortions
during 800-fi particulate flow.

Of the 30 well-defined shock distortions examined, 7 clearly
had particles in the apex of the shock cone. For 100-ju, flows,
three shock distortions contained particles which were ap-
proximately 100 /A in diameter; for 800-ju, particle flows, three
shock distortions contained particles with a minimum dimen-
sion of 800 fi (Fig. 2) and one shock distortion contained a
particle that was less than 100 /* (Fig. 2, arrow). The size of
the particles indicated they were primarily rebounded dust
particles and not ejecta. All shock distortions for which par-
ticles were observed in the apex occurred on tests employing
graphite models.

Cone half angles for shock distortions with particles in the
apex were consistently less than 40° while the predominant
number of shock distortions with no identifiable particle had
cone angles greater than 40°. Although no cone angles were as
low as the flow Mach angle (a = 11.5°), two shock distortions
were found with cone angles less than 30°. The two low-cone-
angle shock distortions appeared to have escaped from the in-
fluence of the bow shock.

Generally, the surfaces of the shock distortions were highly
irregular. Enlarged portions of the 100-/z particle flow
holograms revealed that the edges of the shock distortions
were scalloped whether a particle was present or not. In some
cases the apices of cones without identifiable particles did not
appear to be closed, although this may have been due to
hologram resolution.

The average measured hypersonic bow-shock standoff
distance for the 6 cm disks was within 3% of the theoretical
result of Serbin.4 However, the bow-shock standoff distance
for the 2.5 cm disks was between 20 and 30% low, apparently
due to the dominating effects of large single distortions.

Summary and Conclusions

Three-dimensional laser holography was employed to
examine the structure of blunt-body bow-shock distortions in
dust-laden, hypersonic flows. As in the high-speed films, the
bow-shock distortions appear to be caused by rebounded par-
ticles; however, the presence of ejecta in the shock distortions
cannot be ruled out. The fact that particles were not observed
in the shock distortions for tests employing titanium models is
thought to be due to particle breakup (particles smaller than
50 [L could not be resolved). All but two of the shock distor-
tion cone angles were much larger than the flow Mach angle
supporting the postulation that communication was main-
tained between the shock distortions and the high-pressure
bow shock region.

A theoretical model based on the Saffman turbulence
equations has been used successfully to predict enhanced
stagnation point heating rates for low-speed flows.5 Shock
distortions are suspected * sources of turbulence and are
thought to be connected to the enhanced heating rates.
However, the present experimental results show no effect of
model material on shock distortion frequency, length or cone
angle while enhanced heating rates in particulate en-
vironments have been found to correlate with material depen-
dent erosion mass loss rates.3 Further analytical and ex-
perimental investigations are required to model the
mechanisms responsible for the enhanced aerodynamic
stagnation point heating.
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Influence of Probe Geometry on
Pitot-Probe Displacement in
Supersonic Turbulent Flow

Jerry M. Alien*
NASA Langley Research Center, Hampton, Va.
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Fig. 1 Probe sketches. (AH dimensions in mm.)

Nomenclature
D = pitot probe outside diameter
Me — boundary-layer edge Mach number
Re = Reynolds number based on momentum thickness
u = stream wise velocity
u e = stream wise velocity at boundary-layer edge
y = normal coordinate
a = angle between probe and support shaft (see Fig. 1)
b = boundary-layer total thickness
6 = boundary-layer momentum thickness
6 0 = boundary-layer momentum thickness for D = 0

IN a recent AIAA Journal Note,! Wilson compared
the pitot probe interference experiments of

Alien2 with those of Wilson and Young,3 and concluded that
the reason the results of these two experiments did not agree
was differences in probe-tip and support geometries. Alien's
experiment was conducted with flat-ended probes supported
by a shaft of circular cross-section (configuration C of Fig. 1),
whereas Wilson and Young's experiment was conducted with
beveled probes supported by a thin, diamond-shaped shaft,
similar to configuration E of Fig. 1. Both were conducted in
turbulent boundary layers on the sidewall of supersonic wind-
tunnels.

The probe interference effects obtained in these two ex-
periments are illustrated in Fig. 2 in which velocity profiles
measured at similar test conditions are compared. The effects
of probe size in Alien's data are much larger than those in
Wilson and Young's data; hence the pitot probe displacement
effects are correspondingly larger.

In an attempt to analyze these geometric effects, the present
author has conducted a further experiment in which the six
probe configurations shown in Fig. 1 were tested at the flow
conditions of the Ref. 2 experiment. A small flattened probe,
used to measure reference profiles, a beveled probe, and a
flat-ended probe were tested with both circular- and diamond-
shape support shafts so that the effects of probe tip and sup-
port geometry could be separated. The objective of this Note
is to report the results of these further tests.

The velocity profiles obtained with all six configurations
are presented in Fig. 3, which shows that probe support shape
had a negligible effect on the measured profiles. Oil-flow
photographs of these configurations revealed that the in-
terference region of the circular support shaft, although more
extensive than that of the diamond shaft, was nevertheless
well downstream of the probe tip. Hence the differences bet-
ween the results of Refs. 2 and 3 do not appear to be caused by
the support shaft. On the other hand, they do not appear to be
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Fig. 2 Comparison of Refs. 2 and 3 probe interference results.
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Fig. 3 Effect of support-shaft geometry on measured profiles.
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Fig. 4 Effect of probe-tip geometry on measured profiles.


