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Shock-Wave Boundary-Layer
Interaction on a Missile Nose Probe

M. D. BENNETT*
Sandia Corporation, Albuquerque, N. Mex.

When a pressure probe is mounted on the nose of
a missile, a compression corner is formed at the
juncture of the probe base and vehicle nose. At
supersonic speeds, the shock wave emanating from
the compression corner interacts with the probe
boundary layer to produce perturbations both
downstream and upstream from the corner. To
avoid flow interference at the pressure orifice, the
afterbody of the probe must be sufficiently long
that the orifice is located upstream of the shock-
wave boundary-layer interaction region. Wind-
tunnel tests were made to determine the critical
length for a cone-cylinder probe at speeds from
Mach 1.4 to 4.0 and freestream unit Reynolds
numbers from 7.0 X 105 to 8.0 X 106/ft. In transi-
tional flow with adiabatic wall temperature, the
afterbody critical length is proportional to Mach
number and angle of attack and inversely propor-
tional to Reynolds number. In turbulent flow,
the critical length is relatively small and apparently
independent of Mach number, Reynolds number,
and angle of attack.

Introduction

IN some flight applications, a small probe is mounted on the
nose of a missile to permit measurement of atmospheric

properties such as pressure or density. At supersonic speeds,
a shock wave emanates from the region where the probe joins
the nose section of the vehicle. The abrupt increase in
pressure through the shock wave results in a strong, adverse
pressure gradient that can cause separation of the probe
boundary layer. Consequently, the pressure distribution
both downstream and upstream from the compression corner
may be affected. If the extent of the shock-wave boundary-
layer interaction in the upstream direction is sufficient to
cause interference with flow at the probe orifice, measured
pressure (or density) will be affected. In the extreme cases,
the interference effect can amount to more than 50% of the
true pressure. To eliminate flow interference, the afterbody
of the probe may be made sufficiently long that the orifice
is upstream of the interaction region.

Numerous studies of separated flow at supersonic speeds
have been reported. The results indicate that any of the
many variables that affect transition location can influence
the extent of, and pressure distribution in, separated flow
regions. Thus, in addition to the variables previously men-
tioned, surface roughness, stream turbulence, heat transfer,
probe geometry, and vehicle nose geometry can affect the
critical length of the probe afterbody.

Most of the previous studies have been concerned with the
separated region in two-dimensional flows. The present
study is concerned with the length of the separated flow
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SEPARATION

Fig. 1 Sketch of wind-tunnel model for shock-wave
boundary-layer interaction tests.

ahead of a compression corner in an axially symmetric flow.
Data at angles of attack up to 12° are presented.

Experiment

Tests were performed in a 12- X 12-in. wind tunnel at
speeds from Mach 1.4 to Mach 4.0; freestream Reynolds
number (Fo/^o) range was approximately 7.0 X 105 to 8.0 X
106/ft. The geometry of the pressure probe and an exagger-
ated sketch of the shock-wave boundary-layer interaction
are shown in Fig. 1. The model was supported by a swept
strut attached to the side wall of the tunnel. The leading
edge of the strut was located about 2.5 in. downstream of the
broken section shown at the right-hand margin in Fig. 1.
The probe was fixed with respect to the tunnel, and the axial
position of the skirt (the forward section of which represents
the tip of the vehicle nose) was remotely controlled. The
diameter of the skirt was made sufficiently large that the
reattachment point was located on the forward section of
the skirt; the reattachment point was determined from
schlieren photographs and spark shadowgraphs. Clearance
between the skirt lip and the cylindrical section of the probe
was about 0.004 in. There were 24 ^-m.-diam orifices
located ^ in. downstream from the cone-cylinder shoulder
and equally spaced around the periphery of the probe. The
orifices were manifolded in a tube located on the axis of the

1.06 p

1.04 p -

,l.02p

0 0.32 0.64 0.96 1.28 1.60 I.92r4 5
AFTERBODY LENGTH, x (INCHES)

Fig. 2 Effect of skirt position on probe pressure at Mach
1.4 (FoAo = 0.58 X 106/m.).
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Effect of skirt position on probe pressure at Mach
1.4 (FoAo = 0.13 X 106/in.).

Fig. 3

probe, and the manifolded pressure was measured by means
of a pressure transducer. The transducer and a potentiom-
eter that indicated skirt position were used in conjunction
with an X-Y plotter to provide a continuous trace of the
shock-wave boundary-layer interaction effect. Generally,
at the beginning of each test, the skirt was in the downstream
position (5 in. from the skirt leading edge to the probe ori-
fices). During the tests, the skirt was moved forward
toward the probe orifices and then returned to the original
position. There was no apparent aerodynamic hysteresis.

To locate the position of boundary-layer transition, the
Azobenzene technique was used. Azobenzene sublimates
rapidly in turbulent flow and is relatively unaffected in lami-
nar flow. Two tests were made at Mach 1.4 with the skirt
removed. The transition position was located 0.3 ± 0.1 in.
downstream of the orifices when VQ/VQ = 6.36 X 106/ft, and
1.8 ± 0.2 in. downstream of the orifices when VQ/VQ = 4.20 X
io6/ft.

Reference 1 shows that the principal variable controlling
pressure distribution in two-dimensional, separated flows is
the location of transition relative to the separation and re-
attachment positions. The classification of separated flows is
divided into three regimes: "pure laminar" when transition
is downstream of the reattachment position, " transitional"
when transition is between the separation and reattachment
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Fig. 4 Afterbody critical length at 0° angle of attack as a
function of freestream Reynolds number (transitional

separation).

Fig. 5 Afterbody
critical length at 0°
angle of attack as a
function of Mach
number for transi-
tional and turbulent
separation (Fo/Vo =

0.57 X 106/in.).
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positions, and "turbulent" when transition is upstream of
the separation position. Using this classification, the flow is
normally transitional for the results reported here. Addi-
tional data are presented with a turbulent boundary layer
that was generated by a trip.

Results

Figure 2 shows a typical record of the effect of skirt position
x on probe pressure p for several constant angles of attack a.
The freestream Mach and freestream unit Reynolds numbers
are M0 = 1.4 and V0/vQ = 6.96 X 106/ft, respectively. At
each angle of attack there is a critical distance aft of the
orifices beyond which the skirt position does not affect probe
pressure. When the skirt position is less than the critical
length, the pressure is increased. The extent of the increase
is proportional to the change in position. The critical length
of the probe afterbody, designated x at a. = 0°, is largest
at small angles of attack.

The interaction effect at a relatively small Reynolds num-
ber (Vo/v0 = 1.56 X 106/ft) and MQ = 1.4 is shown in Fig. 3.
At the smaller Reynolds number, critical length x is rela-
tively large, and the larger angles of attack dictate greater
critical lengths. Data at angles of attack larger than 6° were
not obtained under these particular test conditions because
of model-tunnel flow blockage.

Figure 4 shows the accumulation of all transitional-flow
data at 0° angle of attack. It was found that the data could
be represented by straight lines on a semilog graph. The
results have been extrapolated to Mach 5, and lines cor-
responding to constant flight altitude are indicated. Critical
length increases with increasing Mach number and decreasing
Reynolds number. A recent investigation of flow separation
on cone-cylinder-flare configurations at Mach 5 is presented
in Ref. 2. Although a direct comparison of the data cannot
be made with the results presented in Fig. 4, the data are in
qualitative agreement.

The angle-of-attack data of the present study may be
summarized as follows. For angles of attack up to 12°, the
maximum critical length, and also the maximum value of the
ratio of critical length at a. ± 0 to critical length at a = 0,
occurred at the condition where MQ = 2.1, a = 9°, and VQ/VQ
= 0.99 X 106/ft. The maximum value of the critical length
was 2.15x, or approximately 4.60 in.

Figure 5 shows a comparison of afterbody critical length at
0° angle of attack in turbulent and transitional flows with
constant Reynolds number (VQ/VQ = 6.84 X 106/ft). The
critical length in transitional flow is several times the value
in turbulent flow. In turbulent flow, the critical length is
practically independent of angle of attack for angles up to at
least 12°. The turbulent boundary layer was generated with
a f-in.-wide coating of commercial number 180 carborundum
grit around the conical nose surface of the probe. The car-
borundum coating was located J in. upstream of the cone
cylinder shoulder.
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Conclusions

The critical length of the afterbody of a cone-cylinder
probe on a slender nosed (12° half angle) vehicle has been
investigated experimentally at Mach numbers from 1.4 to
4.0 and angles of attack up to 12°. In transitional flow
with adiabatic wall temperature and at freestream Reynolds
numbers from 7.0 X 105 to 8.0 X 106/ft, the critical length
increases with increasing Mach number and angle of attack
and decreases with increasing Reynolds number. In turbu-
lent flow, the critical length is relatively small and apparently
independent of Mach number, Reynolds number, and angle
of attack.
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Measurement of Mean Particle Size
in a Gas-Particle Flow

R. A. DOBBINS*
Brown University, Providence, R. I.

Nomenclature
= particle number concentration
= particle diameter
= maximum particle size present
= optical transmission

K(D,m) = extinction coefficient or scattering coefficient for
dielectric particles

/ = optical path length
m = refractive index of particle relative to surrounding

medium
Nr(D) = particle size distribution function

THE use of metallic additives in solid propellants results in
the formation of particulate products of combustion, the

sizes of which influence the performance of the rocket motor.
Losses resulting in reduced thrust will occur if the particle
size is not small enough to assure thermal and dynamic
equilibrium between particulate and gaseous phases The
importance of techniques of measuring particle size there-
fore is apparent. Probably the most accurate method of
measuring particle size distribution is to obtain a representa-
tive sample for observation by appropriate methods of
microscopy. The work reported by Sehgal1 appears to be
an excellent example of the application of this type of tech-
nique. Although the most accurate means of measurement
is preferred on many occasions, it is natural to inquire as to
whether other techniques are available which possess ad-
vantages of greater convenience or more universal applicabil-
ity. The scattering properties of the particles appear to
provide a basis for a technique that fulfills this description.
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The advantages of a technique based on scattering properties
are, as noted by van de Hulst,2 the rapidity of the evaluation
and its applicability when the particles are inaccessible, i.e.,
when they cannot be sampled properly. A starting point
for an investigation on the use of scattering properties in
the simplest possible manner is afforded by considering the
optical transmission of the gas-particle fluid.

The transmission law applicable for a polydispersion of
spherical particles is

0)— = exp - -

The particle size distribution function Nr(D) is denned such
that

(2)

where P[Di < D < D2] represents the relative probability
of occurrence of particles larger than DI and smaller than Z)2.
The extinction coefficient is determined from electromag-
netic theory as described by van de Hulst.2

The transmission law can be written in a more useful form
by introducing certauv integrated quantities. The mean
extinction coefficient K and the volume-to-surface mean
diameter are defined as

K
(Dm K(D,m)Nr(D)D*dD

J 0______________________

/.*"*<
CDm Nr(D)D*dD
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f ̂  Nr(D)D*dDJ o
and the particle volume concentration cv is introduced:

/•Da

Jo Nr(D)D*dD

(3)

(4)

(5)

The transmission law now can be expressed as

F I 3 Kcvl

Although the determination of a complete distribution func-
tion from an optical transmission test generally is not possible,
Eq. (6) suggests that a determination of the mean diameter
represented by D32 may be feasible.

For the purpose of_ exploring this possibility, the mean
scattering coefficient K was calculated over a wide range of
D32 initially for rectangular and parabolic distributions of
dielectric particles, the refractive index of which is near unity,
(m — 1) <sc 1. The results show that the largest discrepancy
between the mean scattering coefficients yielded by these
two radically different distribution functions for given D32
was only 3% and that usually the two coefficients were more
nearly coincident. The mean scattering coefficient for
skewed distribution functions possessing a finite maximum
diameter Dm now is being investigated. The results ob-
tained thus far indicate that the K for these functions, which
are empirically representative of particle size distributions,
is very close to that of the parabolic distribution possessing
the same value of D22. A study of mean scattering coefficient
for polydispersions of dielectric particles of finite (m — 1) is
now in progress. The presently available results indicate
that the K is primarily a function of Z>32 independent of the
shape of the distribution function, or, in alternate form,

Z)32 = (7)
Figure 1 may be regarded as expressing this functional rela-
tionship in appropriate nondimensional form for parabolic
and rectangular distribution functions of particles of small
(m — 1). Thus, an optical transmission test on a gas-


