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The Boundary Layer on an Axisymmetric Body
With and Without Spin

Jerome T. Kegelman,* Robert C. Nelson, and Thomas J. Mueller
University of Notre Dame, Notre Dame, Indiana

The results from an experimental study of the boundary layer surrounding an axisymmetric model consisting
of a 3-caliber secant ogive nose, a 2-caliber cylindrical midsection, and a 1-caliber 7-deg conical boattail are
presented. Low-speed flow visualization data at zero angle of attack are shown for Reynolds numbers between
315,000 and 1,030,000 (based upon total body length), and ratios of peripheral to freestream velocity between 0
and 1.67. The smoke-flow photographs display the various stages of transition of the boundary layer. In ad-
dition, pressure distribution data are included for the nonspinning case. The pressure data are used in con-
Junction with the photographic data to present a ““physical’’ picture of the boundary-layer development on the

model.

Nomenclature
C, = pressure coefficient, (P— P_)/ V2pU2
D =diameter of cylindrical section and equal to 1 caliber
f =frequency
L =total length of the body
P =]ocal static pressure
D =spin rate, rad/s
P,  =freestream static pressure
Re, =Reynolds number based on model length, =U L/»
U, =freestieam velocity
| 4 =surface velocity of midsection, =pD/2
V/ U, =ratio of peripheral to freestream velocity
VA =axial distance measured from nose of body
)] =boundary-layer thickness at U=0.99U
0 =striation angle measured from smoke photograph
from a horizontal plane through the model axis
Aps  =wavelength of Tollmien-Schlichting waves
o =density
v =kinematic viscosity
Introduction

HE flight dynamics of a spinning body of revolution can

be influenced significantly by the Magnus forces and
moments acting on the body. These forces and moments are
major contributors to the inaccuracies and dispersion of spin-
stabilized projectiles as well as the dominant mechanisms for
producing flight instabilities. As a result, a great deal of
research has been conducted to determine -the parameters
affecting the Magnus forces. Experimental investigations
have shown the Magnus force to be a function of Reynolds
number, Mach number, ratio of peripheral to freestream
velocity, angle of attack, and body geometry. Although
progress has been made in both the theoretical and ex-
perimental aspects of this problem,! there appears to be a
need to improve our physical understanding of the basic flow
components.
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The Magnus force originates in the boundary layer and,
therefore, is directly related to the boundary-layer charac-
teristics. That is, the magnitude of the Magnus force depends
upon whether the boundary layer is predominantly laminar or
turbulent.® When the flow is laminar, reasonably accurate
numerical calculations can be obtained for almost any
situation; i.e., compressible, incompressible, two-dimen-
sional, three-dimensional, steady, or unsteady. The only
practical limitations are the size and. speed of the digital
computer or the funds available to obtain a result with the
desired accuracy. Using semiempirical methods, fully tur-
bulent flows may also be calculated in many cases within the
accuracy necessary for engineering purposes. The physical
events which the fluid encounters in changing from a laminar
to a fully turbulent flow—the transition process—presently
cannot be determined by theoretical or numerical methods.
The principal reason for this deficiency is that our un-
derstanding of this complex phenomenon is not complete
enough to form a detailed theoretical model. Although there
are significant differences between compressible and in-
compressible boundary-layer flows with regard to growth,
separation, and the stability of laminar layers, useful ideas of
fundamental importance may be obtained by studying in-
compressible flows. The detailed results and subsequent
understanding obtained at low speeds will be useful in in-
terpreting results in high-speed flows, 1013

The study presently being conducted at the University of
Notre Dame is an extension of the work of Refs. 1 and 14-17.
The experimental investigation is being directed toward
obtaining an understanding of the effects of spin on the
boundary-layer characteristics of  secant ogive nose
axisymmetric bodies. To accomplish this task, a combined
visual and pressure measurement study was initiated. The
ultimate objective of this investigation is to present a

5 12 Anti-turbulence screens 15 H.P.A.C. motor with

1_4sj1nterchupgeub[e, varigble speed drive
I\ working Vibration {,Lab 8 Bladed fan
“"["ﬂ“l[ section insulation wall

cone 1.83 1.1 145 1.50
83— [~ 1.14—f— 1.45 — 150

- eie
% Vg f=4.2° { -:{-.’-"'IEM
] iLir

0.16 -

[ Ditfuser

Concrete floor ) Ventilated shelter
Fig. 1 Low-turbulence subsonic smoke tunnel with axisymmetric
body. (All dimensions in meters.)




1486 KEGELMAN, NELSON, AND MUELLER

“‘physical”’ picture of the flowfield associated with spinning
and nonspinning axisymmetric bodies so that improved flow
models can be developed.

Description of Wind Tunnel and Associated Equipment

The experiments presented were conducted in one of the
University of Notre Dame’s low-turbulence subsonic smoke
wind tunnels. The indraft wind tunnel used is shown in Fig. 1.
The test section is equipped with a plate glass front, a black
velvet-covered back, and interchangeable plate glass/solid
wood parts along the top and bottom, allowing for a variety
of lighting and measurement probe arrangements. The wind
tunnel in this configuration can achieve velocities in the range
of 5-27 m/s with a turbulence intensity of approximately
0.10% over this entire velocity range.

Smoke is generated by a device which allows deodorized
kerosene to drop onto electrically heated plates. The smoke is
forced out of the generator through a heat exchanger and a
filter bag before it enters the wind tunnel from upstream of
the first screen. A more detailed description of these facilities
and their development may be found in Ref. 18.

Still photography of the smoke flow is accomplished using
a Graphlex 101 X127 mm (4x5 in.) camera, synchronized
with four high-intensity General Radio Type 1532
strobolumes and Kodak Royal-X film. High-speed movies are
obtained using a Wollensak WF-3 Fastax camera. The Fastax
camera has a speed range of 1500-7000 frames/s. A Red Lake
Laboratories timing light generator is used in conjunction
with the Fastax camera to mark the film for accurate
determination of the film speed. .

Velocity profiles in the boundary layer were obtained using
a DISA 55 M10 hot-wire anemometer and DISA Type 55 D10
linearization circuit. A DISA traversing mechanism allowed
resolution of the position of the hot wire in the boundary
layer to within 20.01 cm.

Description of Models

The baseline model for the flow visualization and pressure
tests is an axisymmetric model consisting of a 3-caliber secant
ogive nose, a 2-caliber cylindrical midsection, and a 1-caliber
7-deg conical boattail. Two baseline models were constructed;
one to be used for the flow visualization and the other for
measuring the pressure distribution of the body.

The flow visualization modél was constructed of 6061T651
aluminum in three sections, as indicated in Fig. 2. This model
was polished to a surface finish of 0.254 pm (10 win.) and
anodized black. The cylindrical midsection contains the
bearings, mounting supports, and air turbine for the spin
experiments. The midsection is internally threaded on both
ends to allow easy interchange of the nose and boattail
configurations. i

The pressure model was identical to the flow visualization
model, except that it was not anodized. This model was
designed to have 48 pressure taps located axially along the
surface, including a single base pressure tap. The pressures are
measured using a Model 48J-9 Scanivalve and Setra Systems,
Inc. Model 237 pressure transducer located inside the mid-
section of the model, as illustrated in Fig. 3. The pressure
transducer was calibrated in the range =+1.72x 103 N/m?
(£0.25 psid) by the manufacturer.

The major difficulty in obtaining quality flow visualization
still photographs and motion pictures is getting sufficient light
on the subject of interest. This is particularly critical for the
high-speed motion pictures. This difficulty was partially
overcome through the use of four 2000 W high-intensity
General Electric spotlights. Because of the short exposure
time and lighting difficulties, the still and motion picture
negatives were underexposed. To have sufficient contrast in
the negatives the film must be overdeveloped.

Another problem encountered in high-speed smoke
photography is the nonuniformity of the smoke density within
the various stages of the boundary layer. The smoke patterns
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Fig.3 Baseline secant-ogive pressure model.

produce negatives with strong and faint images. If such
negatives were printed in a conventional manner, the faint
images (photographic data) would be lost. To avoid this
problem, the positive prints require photographic dodging.
This is a technique in which the print is unevenly exposed so
that all the details in the negative are captured on the positive
prints. To enhance the three-dimensional appearance as well
as eliminate reflective glare from the high-intensity lighting,
the camera was placed 30 deg from the perpendicular to the
model. The high-intensity lights were placed on both sides of
the camera.

Results

The ultimate objective of this boundary-layer study is to
develop a physical picture of the flowfield associated with
spinning and nonspinning axisymmetric bodies. It is hoped
that this physical picture of the boundary-layer flow will lead
to improved flowfield models.

The research was conducted in two phases. The first phase
was the investigation of the boundary-layer development on
the nonspinning body at zero angle at attack. During the
second phase, the effect of spin on the boundary layer was
documented.

Phasel. Nonspinning Model at Zero Angle of Attack )
Flow visualization and pressure data were obtained on the

- baseline model for Reynolds numbers (based upon model

length) from 0.315 to 1.03 X 10%. Although this was a rather
narrow range of Reynolds numbers, the phenomena occurring
on the model varied dramaticaily.!® At the lowest Reynolds
number, 0.315x 106, the flow remained laminar over the
entire body. At about 0.75 caliber down the boattail, as
shown in Fig. 4a, axisymmetric vortex rings were formed
periodically and moved downstream into the wake. The rings
were formed at a frequency of approximately 120 rings/s. A
very slow recirculation region was visible near the surface of
the boattail indicating that separation apparently took place
shortly downstream of the boattail junction with the mid-
section.
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a) Re; =0.315x105,

b) Re, =0.631x106.

¢) Re; =0.814x105.

d Re; =0.928x 106,

e Re; =1.030x10°.

Fig. 4 Smoke photographs for various Reynolds numbers.

For the Reynolds number 0.631x10% flow, two-
dimensional Tollmien-Schlichting waves were observed in-
termittently along the cylindrical body. These waves disap-
peared as they approached the body-boattail intersection. It

was observed that the point at which the axisymmetric vortex -

rings became visible had moved up the boattail to about 0.5
caliber, as shown in Fig. 4b. The axisymmetric vortex rings
were formed as before; however, they accelerated more
rapidly into the freestream just after separation. As shown in
Fig. 5a, there is a marked difference in the pressure profiles
along the boattail for the two lower Reynolds number flows.
At a Reynolds number of 0.814 x 106, two-dimensional
Tollmien-Schlichting waves were observed continuously at the
midpoint along the body and disappeared continuously just
before the boattail. The appearance of vortex rings occurred
at a position about 0.3 caliber along the boattail as illustrated
in Fig. 4c. The vortex pattern was quite similar to that for the
Reynolds number 0.631 x 106 flow; however, the rings broke
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Fig. Sb  Pressure distribution along the baseline model at zero angle
of attack (Re; =0.814, 0.928, and 1.030 x 106).

down earlier into a turbulent wake. At a Reynolds number of
0.928 x 106, two-dimensional Tollmien-Schlichting waves
formed continuously. Approximately 50% of these waves
broke down to form vortex truss patterns. Vortex trusses are a
result of a nonlinear three-dimensional deformation of the
somewhat larger amplitude Tollmien-Schlichting waves. The
highest points of the deformations are carried downstream
faster than the portions of the waves that remain lower in the
boundary layer, yielding a triangular or trussed appearance.
The flow along the boattail became turbulent following the
intermittent formation of the trusses. When trusses did not
appear, axisymmetric vortex rings moved downstream and
broke down rapidly, as shown in Fig. 4d.

At the highest Reynolds number studied, Re; =1.03 x 108,
the transition process was found to be similar to the results
obtained by Brown!'4 and Knapp and Roach!’ on a tangent-
ogive nose body. The development of the transition process
on a tangent-ogive nose axisymmetric body is illustrated in
Fig. 6. For the highest Reynolds number all phases of the
transition process were present. Figure 4e is a photograph of
the boundary layer at the highest Reynolds number.

The transition phenomenon was observed and recorded
through high-speed smoke photography. Hot-wire surveys of
the boundary layer were taken at 0.5-caliber intervals along
the body for Re; =1.03 x 10¢. The boundary-layer thickness
5, where the Tollmien-Schlichting waves first become visible,
was found to be 1.35 mm. The two-dimensional waves, region
R, of Brown, were first observed at the midsection of the
cylindrical portion of the model. It usually appeared that
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Fig. 6 Time development of boundary-layer transition (one cycle).14
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- Fig. 7 Enlargement of staggered vortex truss pattern.

three to five strong (i.e., larger amplitude) waves were
formed, followed by two to three weaker ones:. Depending on
the amplitude of the two-dimensional waves, trusses (region
R, of Brown) were formed where 3.9<Z/D<4.75, along the
midsection of the body. Region R, of Brown, the three-
dimensional deformation of the waves, was not always visible
since the flow passes through this region to the truss for-
mation stage quite rapidly. The average wave spacing was

found to be approximately 9.96/wave. However, this .

wavelength was found to range from 8.46 to 11.35. The wave
speed was estimated to be about 10 m/s for the freestream
velocity of 25.5 m/s or 0.39U_, in agreement with Ref. 20. It
was observed that almost all the two-dimensional waves
became  three-dimensionally unstable and formed truss
patterns before leaving the cylindrical portion of the model.
However, approximately one in twenty did not form trusses
and was simply washed downstream.

Groups of two to five two-dimensional waves, almost
simultaneously, became unstable and formed trusses. Because
the breakdown of the two-dimensional waves occurred so
rapidly, the three-dimensional wave pattern observed by
Brown was only apparent in some of the photographs. Ap-
proximately 90% of the trusses which were formed were
arranged in a staggered formation, as shown in Fig. 7. The
truss formation was immediately followed by a breakdown in
the truss structure and the diffusion of the smoke into the
developing turbulent boundary layer. This is illustrated in Fig.
8. It is well known that sound can influence Tollmien-
Schlichting wave formation.20:?1 It was observed during
preliminary testing of the influence of acoustic enhancement

AIAA JOURNAL

Fig. 8 Enlargement of transition region.

of amplitude of the Tollmien-Schlichting waves at
Re; =1.03x 106 that the wavelength, A, could be varied
from approximately 8.3 mm at 1200 Hz to approximately 21
mm at 460 Hz. In all cases the truss wavelength was ap-
proximately equal to the Tollmien-Schlichting wavelength. As
the Tollmien-Schlichting wavelength decreased, the spacing
between trusses also decreased and the truss pattern changed
dramatically from a staggered to an in-line formation.

The pressure distributions for all five Reynolds numbers are
very similar, with the only significant difference occurring
along the boattail. The pressure distributions shown in Fig. 5b
are typical for this model configuration. The C,, is equal to 1
at the tip of the nose and decreases continuously along the
nose. A sharp spike in the pressure distribution occurs at the
nose-body intersection. The pressure then increases along the
center body, reaching a maximum at the midpoint. This
adverse pressure gradient is favorable to the amplification of
disturbances in the boundary layer. This is the region where
the two-dimensional- waves were observed in the smoke
pictures for all but the lowest Reynolds number flow. The
pressure distribution has a second and larger spike at the
juncture between the body and the boattail. This spike in-
dicates that the flow is accelerating in the locally favorable
pressure gradient upstream of the boattail shoulder. This is
demonstrated in the smoke pictures by the stretching of the
vortex truss patterns at higher Reynolds numbers. As men-
tioned, there are significant differences in both the pressure
data and the observed phenomena along the boattail at the
Reynolds numbers 0.315x 106 and 0.631 x 106. The higher
Reynolds numbers produce approximately the same pressure
profiles, except along the boattail as shown in Fig. 5.

Phase II. Spinning Model at Zero Angle of Attack

Still photographs were taken of the baseline model at zero
angle of attack over a Reynolds number range from 0.315-
1.030 x 105, and spin rates from 0-4500 rpm.22 The transition
process over the spinning model took a vastly different form
than that of the nonspinning case. On the nonspinning model
a viscosity conditioned instability leads to the development of
two-dimensional Tollmien-Schlichting waves and their
breakdown. The transition process on the spinning model
bears resemblance to instabilities which occur on both the
rotating disk?3 and the swept wing.?4 A typical example of
this spin-induced transition process is shown in Fig. 9. The
phenomenon was primarily related to the ratio of the
peripheral velocity to the freestream velocity, V/U,, and
relatively independent of Reynolds numbers (i.e., it was not
significantly affected by changes in Reynolds number for a
given V/U,_). Experiments were conducted for a range of
V/U,, between 0 and 1.67. There were no visible changes in
the boundary-layer characteristics for ¥/U_ less than 0.4,
with the exception of a slight skewness.in the tips of the vortex
trusses. When vortex trusses were present, this skewness could
be seen for V/ U, values as low as 0.1, as shown in Fig. 10. As
V/U,, increased striations in the smoke appeared at an angle
approximately equal to tan-! of (— V/U,), as shown in Fig.
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Fig. 9 Spin induced ftramsition at zero angle of attack
(V/U,,=0.658, Re; =0.928 x10°).

Fig. 10 Smoke photograph of spinning model at zero angle of attack
VU, =0.119, Re,; =1.030 x 10°). )
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Fig. 11 Plot of measured striation angle vs spin rate.

11. As on swept wings, the striations are a manifestation of
the inflectional or cross-flow instability; high-speed movies
show vortices that appear to rotate in the same direction.
Although a centrifugal instability probably contributes to the
effect,§ evidently the cross-flow instability dominates in this
case. The wavelength of these striations was on the order of
the boundary-layer thickness and remained constant regard-
less of spin ratio ¥/U,. As the Reynolds number was in-
creased, the transition process took place over a shorter

distance. High-speed motion pictures suggest the presence of .

helicoidal disturbances along the vortex lines just prior to the
onset of turbulence. Helicoidal disturbances can be discerned
as corkscrew deformations of the striations in Fig. 12. High-
speed smoke-flow movies showed that these disturbances,
which traveled along the vortices, deformed with the same
sense of rotation.
The direction of rotation of the model is not obvious from
“ the appearance of the striations. If one were to leave a trail on
the model with a paint brush, moving the brush only in the

§This possibility was suggcéted by Dr. W. Pfenninger, NASA
Langley, Hampton, Virginia.
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Fig. 12 Enlargement of striations illustrating striation breakdowh
(V/U, =0.825, Re; =0.814 x 10°).

direction of the freestream (from nose to tail) while the model
was spinning clockwise (viewed from the rear), one would
leave a trail along the model at the striation angle, ap-
proximately tan—1(— V/U_). However, the striations are not
on the surface of the model. These striations are vortex lines
with a sense of rotation opposite from that of the model. They
are expected to form at a distance from the model near where
the cross-flow velocity profile has an inflection point and
becomes unstable. Figure 12 suggests that this locus, which
approximately defines the origin of the spiral vortices, rotates
with the body.

The location of the transition zone is largely a.function of
V/U.,,. For a constant rpm the transition zone moved forward
with decreasing Reynolds number, just the opposite from
what occurred on the nonspinning model. The transition zone
moved forward with increasing spin rate as anticipated at a
constant Reynolds number. Furthermore, when the striations
appeared toward the end of the midsection, they were
superimposed on the two-dimensional axisymmetric
Tollmien-Schlichting waves. The simultaneous occurrence of
the Tollmien-Schlichting waves and the vortices spiraling
around the body, to the authors’ knowledge, were first ob-
served in the Notre Dame smoke tunnel.?s These phenomena
are the subject of further study. At high values of V/U,
(V/U_, greater than 1.0) the boundary layer was fully tur-
bulent along the entire midsection over the range of Reynolds
numbers studied.

Discussion of Results
PhaseI. Nonspinning Model at Zero Angle of Attack

At least three different modes of transition to turbulence
are observed over the range of conditions portrayed in Fig. 4.
The three types which occur over the cylindrical part of the
body start with two-dimensional Tollmien-Schlichting waves.
Depending upon the Tollmien-Schlichting amplitudes reached
for 4<Z/D <5, the waves may:

1) Stop growing in the locally favorable pressure gradient
and thus constitute initial disturbances for the locally or fully
separated boundary layers over the boattail.

2) For somewhat larger amplitudes a secondary instability
takes place, leading to staggered truss formations seen in Figs.
7 and 8.
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Fig. 13 Smoke photograph of nonspinning model at zero angle of
attack showing aligned vortex trusses (Re . =1.030 X 10%), no acoustic
enhancement.

3) When still larger amplitudes are reached in-line trusses
are formed, as in Fig. 13.

Recently Kegelman? was able to change the staggered
patterns to in-line patterns by acoustic enhancement of
amplitude, all other conditions remaining unchanged. The
staggered formations have presented a puzzle ever since they
were observed by Brown!4 and Knapp and Roach.!” The key
to the identification is the recognition that along a streamline
through the apices the visible wavelength suddenly doubles
from the upstream Mg of the growing Tollmien-Schlichting
waves. Hot-wire anemometry confirms that a sudden spectral
growth near half of the Tollmien-Schlichting frequency ac-
companies the A doubling. Recent combined hot-wire smoke-
wire studies by Thomas and Saric,?’ Saric et al.,2® and
Kachanov and Levchenko? showed the staggered wave
formation to be consistent with the mechanism of nonlinear
triad resonance described by Craik3® in 1971. Recently
Herbert3! described another subharmonic mechanism, also
consistent with the present visual and hot-wire information.
Detailed profile measurements of spanwise or normal fluc-
tuations will be needed to distinguish unequivocally between
the two theories.

When the initial two-dimensional Tollmien-Schlichting
wave of frequency f grows to a threshold magnitude, towards
the end of its passage through the region of amplification of
linear stability theory, it may pass energy, nonlinearly and
rather rapidly, to skew vorticity waves of frequency f/2. Such
skew waves are visible in the nonlinear region as the legs of the
staggered trusses in Figs. 7 and 8. According to Saric,3? the
threshold value may be as low as 0.003U . The waves in Figs.
4b and 4c are below this threshold value for Z/D<5.0. The
significance of the present results is that the Craik or Herbert
resonance, case 2, occurs without artificial stimulation of the
initial Tollmien-Schlichting wave by a vibrating ribbon (which
was used in the Thomas-Saric-Kachanov experiments).

When in-line trusses are observed, case 3, as in Fig. 13, the
nonlinear breakdown apparently also involves skew waves,
but of the frequency f rather than f/2. Although hairpin
eddies are seldom detectable, there is little doubt that this
breakdown is topologically the same as that described by
Klebanoff et al.3? and visualized by Hama and Nutant.? In
our experiments the Klebanoff breakdown is observed at
higher Reynolds numbers without artificial excitation, as in
Fig. 13.

At intermediate Reynolds numbers the Craik or Herbert f/2
subharmonic resonance can be pre-empted by exciting the
amplitude acoustically past another threshold value on the
order of 0.01U,. Evidently the damping past the upper
neutral curve of the linear stability theory is no longer
operative at such amplitudes and is replaced by a secondary
instability different from Craik or Herbert.

In case 1, Figs. 4b and 4c, the small Tollmien-Schlichting
vorticity distributions arriving at Z/D =5, do not correspond

AIAA JOURNAL

to the modes of instability over the boattail. The laminar
boundary layer separates at the shoulder, creating a highly
inflectional profile which is very unstable. The distributed
vorticity rolls up into clearly identifiable rather axisymmetric
vortex rings, somewhat hampered by the proximity of the
wall. The associated entrainment usually causes a reat-
tachment of the flow, laminar or turbulent, forming a so-
called laminar bubble. The onset of turbulence for such
geometries is apparently closer to that in free-mixing layers
(such as described by Miksad3S and Freymuth?) than to the
sudden local turbulent three-dimensional spot formations as
expected for case 3 in later stages of the Klebanoff in-lirie
breakdown. Our present observations are consistent with the
more gradual development of randomness described by Arnal
and Juillen3” and Gleyzes et al.3® for various geometries of
laminar bubbles. The latter reference suggests that the rolled
up vortices may pair even though the flow is reattaching, Thus
our geometry exhibits at least three different types of
breakdown modes leading to wall turbulence for the non-
spinning case over the range of Reynolds numbers studied.

Phase II. Spinning Model at Zero Angle of Attack

The smoke visualization of the spinning model at zero angle
of attack shows the following effects as spin rate is increased.
An inflectional cross-flow instability generates vortices that
spiral around the body, yielding a striated appearance to the
smoke in the boundary layer, when the spin rate is greater
than V/U_ =0.4. When the spin rate is less than 0.4, only a
skewness in the tips of the trusses can be observed when
trusses are present. The formation of cross-flow vortices is
primarily dependent upon the nondimensional spin rate,
V/U,, and relatively independent of Reynolds number over
the range used. The entire transition process does take place
over a slightly shorter region when the Reynolds number is

‘increased. The striations break down possibly after a helical

instability. The boundary layer along the midsection of the
model is entirely turbulent for values of V/U_ greater than
1.0.

The results presented are part of a continuing research
program to develop a better understanding of the complicated
boundary-layer development on a spinning axisymmetric
body. Present and future studies will investigate the boundary
layer and Magnus force on the body at angle of attack for
various nose bluntness geometries. The influence of sound on
the transition process also will be studied.
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