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Modes of Shock-Wave Oscillations on Spike-Tipped Bodies

Wladimiro Calarese* and Wilbur L. Hankeyt
Air Force Wright Aeronautical Laboratories, Wright-Patterson Air Force Base, Ohio

The phenomenon of self-excited shock oscillations on a spike-tipped body at Mach 3 is investigated. Various
modes of shock oscillations are observed. For some spike lengths, the shock oscillations are symmetric. For
other spike lengths, the shock structure oscillates asymmetrically with respect to the spike's axis. In this case,
experimental evidence confirms the presence of standing rotational waves on the body face and spike. Spike
configurations resulting in stable shock systems are also observed. Holography and interferometry are used to
obtain a detailed flow visualization.

Nomenclature
c = complex wave propagation speed in free shear

layer, =cr + /c/
Fl ,F2,F3 = high-response transducers (Kulites)
/ = frequency
h = enthalpy
L = spike length
m, n = mode numbers (integers)
P = period of fundamental frequency
p = pressure
R = cross correlation (cross co variance),

e.g., R(T) = p'(Fl,7)/?'(F2,/ + r)
r,6,(t> = spherical coordinates
/ =time
u, v, w = velocity components
a = wave number, 2ir/\ (longitudinal)
X = wavelength
p = density
GI .= phase angle
r = time increment
<l>i><t>2><t>n = phase angles
co = (2?r/) frequency

Superscripts
( _ ) ' = fluctuating values
( ) = mean values
( ) = amplitudes

I. Introduction

THE phenomenon of self-excited shock oscillations on
spike-tipped bodies of revolution has been studied

considerably in past years1'17 because of the harmful effect
caused to vehicles by excessive noise levels and structural
loadings. This fluid dynamic instability is known as "buzz."
Buzz can occur on supersonic inlets of jet engines, on blunt
bodies with drag reducing spikes, on ablating re-entry
vehicles, etc. In the past, it was believed that the shock
oscillated axially in a symmetric fashion with respect to the
spike, but there is evidence that the shock motion can be
asymmetric for certain configurations and flow condi-
tions.1'8' 10~12 In addition, different modes of instability might
occur for different spike lengths, i.e., the shock might wave or
undulate laterally with respect to the spike,1'9'16 or it might
rotate around the spike.8
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The present work has been performed to investigate in
detail the various aspects of the shock structure of the buzzing
phenomenon on spike-tipped bodies. In particular, theoretical
analysis and experimental evidence are used to justify the
hypothesis that standing rotational waves are present on the
spike and body face for some spike lengths.

II. Mechanism of Shock Oscillations
The mechanism of shock oscillations has been illustrated by

many researchers.1"17 A common explanation of the flowfield
is: for a given spike length and shoulder bluntness, if the flow
just outside the separated shear layer approaching the body's
shoulder can be turned by an attached conical shock, then the
shock structure is stable since an equilibrium condition is
reached between escaping and recirculating flows in the
separated region, and no oscillations occur (Fig. la); if the
turning angle of the flow is too large to be accomplished by an
attached conical shock, a detached strong shock is generated
which pumps high-pressure flow from the reattachment
region at the body's face into the recirculating region of the
separated shear layer (Fig. Ib). The high-pressure flow pushes
the shock structure upstream relieving the back pressure. A
strong detached bow shock results at the spike tip (Fig. Ic).
When this occurs, the flow behind the bow shock can escape
around the body's shoulder and the shock collapses down-
stream. This system is unstable and the oscillations continue.
This flow pattern has been compared and found to be con-
sistent with the numerical results of Ref. 10.

Some researchers believe that the main reason for the shock
oscillations lies in the shear layer reattachment conditions at
the body's face. Although this describes the flow process, the
authors believe it does not describe the true cause of the in-
stabilities. A complete explanation of spike buzz must include
three necessary conditions for self-excited shock oscillations
to occur.2 They are the presence of a shear layer with an
inflection point in the velocity profile, which is inherently
unstable, a reflecting surface (the body's shoulder) which
feeds back pressure waves, and the appropriate spike length to
permit in-phase reflection of these waves. If these conditions
are met, resonance occurs and selective amplification of
disturbances takes place until a limit cycle is reached. All three
conditions are therefore crucial.

It may be interesting to compare the fluid dynamic
oscillator (just discussed) with an electronic oscillator (Fig. 2).
The gain of the system is

where A is the amplifier and B the feedback. The existence of
a frequency for which the return ratio AB equals unity is a
sufficient condition for a self-excited oscillation to occur.
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However, self-excited oscillations will result only for very
specific phase relationships as mentioned above.

HI. Mode, Frequency, and Shape Determination
It is well known that a two-dimensional flow is unstable

when small disturbances are present, as in the case of a shear
layer which has an inflection point in its velocity profile.
Rayleigh18 showed that these disturbances are greatly am-
plified over a limited frequency range. It is then plausible to
assume that the same conditions can be encountered in an
axisymmetric flowfield. In this case, it is hypothesized that the
disturbances in a separating shear layer could trigger the onset
of shock oscillations with various modes. To examine the
different modes of oscillation it is informative to analyze the
possible forms of pressure waves that can exist on the spike.
Consider a pair of downstream traveling waves with origin at
the spike tip (r=0) rotating in opposite directions of equal
frequency and intensity.

ct) ] (1)

Now consider another pair of opposite rotating upstream
traveling waves with the origin at r= L

p'2 =2/5exp[ —iot(r — (2)

where a/ is an unknown phase angle. Adding these together
produces the combined pressure fluctuation

p' =

(3)

Application of appropriate r boundary conditions at the end
points will determine both a. and a/. Considering a symmetric
mode shape for which dp'/dr=Q (antinode) at r = 0 and L, we
obtain

p' =

(raeven)

f=
OiCr

a i —

mcr

'~4L (m even)

(4)

(5)

(6)

(7)

Alternatively, let us also consider antisymmetric boundary
conditions p ' (r = 0) = 0 (node); dp ' Idr (r = L) = 0 (antinode)

(8)

(9)

(10)

In all cases, f=mcr/4L, oi = mir/2L, f=u/2ir. The real part
of the pressure fluctuation is:

For the symmetric case, m = even

p' = 2pe~'"tcosn(l)[2is\noir] =4//?

(m odd)

p' = 4 \p I coso;fcos/?</>cosar

For the antisymmetric case, m = odd

p' —4

(11)

(12)

where the value of n has not yet been identified for either case.
At this point an interpretation of the different modes should
be presented (Fig. 3). At the spike tip (r = Q) the derivatives of
the pressure and peripheral velocity fluctuations, p' and w' ,

with respect to the azimuthal direction 0, must vanish in order
to prevent a nonphysical singularity from occurring. This may
be obtained under two circumstances: 1) w' = 0 for all r
values, or no rotation, /? = 0; 2) w' = Q (r=Q) node only at the
spike tip, «;*0, rotation possible. Case 1 occurs for the
symmetric mode (ra^even), no rotation. Equation (11)
becomes

p' — 4 \p \ 03)

Case 2 occurs for the antisymmetric mode (m = odd), rotation
[Eq. (12)]. Based upon the above argument, it is plausible to
formulate the following hypothesis: A secondary separation
in the shear layer creates a sudden burst of pressure on one
side of the spike causing a pressure fluctuation to be higher
than on the other side of the spike. The pressure wave is an
odd-mode wave which allows for rotation to occur. Under
this condition the high-response transducers of the frustum
face would be anticorrelated (180 deg out of phase). The
rotational waves excited by the shear layer separation must
travel in both azimuthal directions in a helicoidal fashion.
This produces standing rotational waves of integer
wavelength, which are periodic and reinforced. All other
waves interfere and are damped. Therefore, it is again
plausible to state that the fundamental frequency for
rotational antisymmetric waves (odd) would be one-half the
fundamental frequency of the nonrotating symmetric ones
(even). The same conditions would also justify the occurrence
of '-rocking" shock oscillations alternating from opposite
sides of the frustum, as suggested by Refs. 1 and 12. To ex-
plore these hypotheses, an experimental program was con-
ducted to investigate the frequency and phase relationship of
the different modes.

CONICAL
SHOCK
SHEAR LAYER

a)

b)

0

STRONG SHOCK

Fig. 1 Steady and unsteady shock system.

AMPLIFIER
(SEPARATED FLOW)

B FEEDBACK
(PRESSURE WAVES)

Fig. 2 Oscillator with feedback.
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IV. Equipment and Test Description
The experiments were performed at the Trisonic

Gasdynamic Facility of the Air Force Wright Aeronautical
Laboratories. A description of the facility is given in Ref. 19.
Tests were conducted at Mach 3 and a unit Reynolds number
of 7x 106/m on a cone frustum axisymmetric model with a
retractable spike placed at zero angle of attack (Fig. 4). The
spike and the frustum face were equipped with high-response
transducers (Kulites). An rms meter and a Fourier analyzer
were used during the tests to record pressure fluctuations,
power spectral densities, and cross correlations. The flow
visualization was accomplished using holography, with the
reference beam passing through the test section, to obtain
high-resolution photography, and interferometry and high-
speed cameras capable of 44,000 frames/s to obtain slow
motion movies. For the holography process, a 3 mJ ruby
pulse laser was used capable of pulses of 30 ns, while a 15 mW
helium-neon continuous-wave laser was used for the in-
terferometry.

V. Experimental Results
Shock Structure

Some features of the shock structure were previously in-
vestigated in Refs. 10 and 11. Depending on the spike length,
the flow may be steady or unsteady resulting in either a stable
or unstable shock structure. Experimental data show that the
stable shock configurations occur for spike lengths corre-
sponding to

L<13mm and L>44mm

while the unstable shock structures develop for spike lengths
between 20 and 43 mm (Fig. 5). Low levels of pressure
fluctuations indicate a stable configuration, while high levels
show an unstable shock structure. The theory outlined in Ref.
10 involved the numerical solution of the Navier-Stokes
equations by a time-dependent algorithm devised by Mac-
Cormack.20 The theoretical results obtained for a spike length
of 12.7 mm show a stable shock configuration and are
consistent with the experiment (Fig. 6). Power spectral
densities at these lengths indicate primarily broadband noise
and no major peaks at any frequency. No shock oscillations
occur in any direction. An illustration of an unstable shock
configuration is given in Fig. 7. It shows in detail the unstable
shock structure and flowfields for a spike length of 30 mm
obtained with outward motion. Two successive shock
positions for two pulses 200 ^s apart are depicted; the conical
shock which intersects the strong detached shock near the

ANTISYMMETRIC SYMMETRIC

m=4

m=6

o r L

Wtf
n=2

m=1

m=3

2JT
o t 2L_

Cr

body's shoulder is pushed upstream and becomes a strong
detached bow shock. In this particular oscillating position the
"conical" shock exhibits a quasiparabolic shape.

The unstable shock structure has two different modes of
instability which correspond to different spike lengths; even-
or odd-frequency modes of oscillation. The Strouhal number
(fD/U^) based on body face diameter, freestream velocity,
and fundamental frequency of oscillations is 0.22. A close
examination of Fig. 5 shows that the intensity of the pressure
fluctuations increases dramatically for spike lengths between
20 and 42 mm, signifying that shock oscillations take place.
The intensity of the fluctuations is higher on one side of the
frustum face (Kulite F3). A hysteresis phenomenon occurs
when the spike is retracted. It is attributed to the fact that the
shock configuration tends to conserve its state; once the shock
oscillations are induced by the spike outward motion, they
sustain themselves even when the spike reaches a length which
would require the onset of a stable configuration; similarly,
when the spike is retracted, the existing stable shock con-
figuration tends to remain unchanged for spike lengths which
would require the onset of the shock oscillations.

ALL DIMENSIONS IN mm

rKULITES (3 EA)
FRONT VIEW

88.65

SIDE VIEW

Fig. 4 Spike-tipped model used during testing.

1Sf

Fig. 3 Modes of oscillations of pressure waves.

____ JiL- • J.T.L • —iki. • : 'miL ' • _tk '! [IT 20 30 4 O 1 2 . 7 ZO 3D 40 L(mm)

Fig. 5 Pressure oscillation vs spike length.
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L = 12.7
(THEORY)
(REF. 10)

a) L = 12.7 mm
(EXPERIMENT)

L=45.2 mm
(EXPERIMENT)

big. 6 Stable shock pattern for different spike lengths.

Fig. 7 Two successive shock positions, 200 /*s apart, spike length 30

At L = 20.32 mm, the shock oscillations just begin to take
place and the intensity of the pressure oscillations caused on
the frustum face is not too high (see Fig. 5). The primary
mode (even mode) associated with axial shock oscillations has
a fundamental frequency of about 2800 Hz and higher
harmonics, as shown by the power spectral density plot of
Fig. 8 (the frequency of oscillations decreased slightly with
spike length down to 2700 Hz, but throughout the paper the
2800 Hz frequency value was used for simplicity). This
oscillating wave is modulated with another wave of about half
the frequency (odd mode). Cross correlations of the high-
response transducers on the frustum face show that the
modulating wave is correlated (in phase) with the primary
mode wave on one side of the frustum face and its amplitude
is low (check the small high-low undulations of the wave
peaks for Kulites F1-F2 on Fig. 9a), while it is anticorrelated
(180 deg out of phase) on the other side of the frustum face
and its amplitude is high (check the corresponding large low-
high undulations of the wave peaks for Kulites F1-F3 and F2-
F3 in Figs. 9b and 9c). The varying amplitude of the
modulating wave shows that an incipient asymmetry takes
place in the shock structure. The interpretation of the wave
peaks of the cross correlations is presented in the Appendix.

At L = 25A mm, a similar result is obtained. Power spectral
densities taken at the frustum face and on the spike (Figs. 10
and 11) show that the shock system oscillates axially at a
fundamental frequency of 2800 Hz and an odd-mode wave
with a frequency of 1400 Hz is present, but now the intensity
of the pressure oscillations on the frustum face is much higher
(see Fig. 5). The odd-mode wave is associated with an
asymmetric splitting of the shock which can be clearly ob-
served in every other cycle of oscillations (Fig. 12c and 12d',
which are frames of high-speed interferometry movies). This
asymmetric splitting is believed to be generated by a second-
ary separation which causes a sudden burst of pressure on one
side of the spike. Cross correlations show that the odd-mode
wave modulates the even-mode wave. The high-response
transducers on each side of the spike (Fig. 13a) are in phase
(high-low undulations), while the transducers on opposite
sides of the spike and on the frustum face are out of phase
(low-high undulations, Fig. 13b). Therefore, the odd-mode
disturbance, with asymmetric shock splitting, generates two
distinct counter-rotating waves about the spike which proceed
downstream onto the frustum face. At the frustum face the
cross correlations show that the odd-mode wave slightly
modulates the primary-mode wave on one side of the frustum
face while modulating it strongly on the other side. This is
consistent with the postulation of Sec. III. The modulations
on the spike show the presence of rotating waves. The dif-
ferent modulations on the frustum face indicate that the
disturbance is highly asymmetric and directed toward half of
the frustum face, but certainly cannot justify the explanation
that the shock system flaps from one side of the frustum to
the other. The authors of Refs. 1 and 12 believed that the odd-

Fig. 8 Power spectral density, spike length 20.32
mm, KuliteFl.

10 15 20
FREQUENCY (KHZ)
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•) KUUTCS F1-F2

Fig. 9

2 3

Cross correlation, spike length 20.32 mm (outward motion).

20 25
FREQUENCY (KHZ)

Fig. 10 Power spectral density, spike length 25.4 mm.

mode wave was a rocking wave which gave rise to an asym-
metric pressure distribution on the body face. Close scrutiny
of the high-speed movies showed no evidence at all of a
rocking motion of the shock from one side of the frustum to
the other. The authors of Ref. 8 speculated that this odd-
mode wave might rotate about the spike completing one
revolution for every two cycles of the axial oscillations.
However, they could not explain the origin and sense of the
rotation. The experimental evidence obtained so far does not
support a rotational bias in one direction around the spike. If
a rotational wave were present, the response of the three
Kulites, which are positioned on the frustum face 120 deg
apart from each other, should be about 120 deg out of phase.
However, examination of the experimental evidence does not
support this. Fourier analyzer data collected on the phase
relation among the frustum face transducers for the primary-
and secondary-mode frequencies showed that, at the primary
oscillation frequency, about 2800 Hz, the transducers were
practically in phase, being only less than 10 deg off. At the
secondary frequency, about 1400 Hz, they were an-
ticorrelated, i.e., out of phase between 170 and 180 deg. A
check of the coherence function which gives the linear
dependency between input and output signals showed perfect
coherence (1.0) for the primary frequency, while a coherence
level of 0.5 to 0.9 was obtained for the secondary frequency.
The diminished coherence probably resulted from the con-
tributions of extraneous measurement noise since the
secondary mode exhibited a low amplitude, close to the noise
level. Since the energy peak of the secondary mode was not
sharp but had instead a finite bandwidth, phase information
for 1400 and 1450 Hz was obtained. It was found that, at one
frequency, the transducers were about 180 deg out of phase
while, at the other frequency, they were about - 180 deg out
of phase. This can be construed as further proof that the
asymmetric shock oscillations generate rotational waves in
both directions about the spike, creating a standing rotational
wave as postulated in Sec. III.

At L = 38.1 mm, produced by traversing the spike out-
wardly (shown in the hysteresis area of Fig. 5 as the upper
branch of the curve where high-intensity oscillations occur),
the shock system oscillates axially at a frequency of 2800 Hz
(Figs. 14 and 15) and higher harmonics. The odd-mode wave
at 1400 Hz frequency is not present and the oscillations are
perfectly symmetric. The high-response transducers on the
spike and the frustum face show no modulation and negligible
sinusoidal damping, and are perfectly correlated. Figure 16,
taken from Ref. 10, shows the symmetric shock oscillations
and a comparison with theoretical results.

At L = 38.1 mm, produced by traversing the spike inwardly
(lower branch of the curve of Fig. 5 where low-intensity
oscillations occur), no axial shock oscillations are present,

Fig. 11 Power spectral density, spike length 25.4
mm, Kulite3.

-10

-60-

10
FREQUENCY (KHZ)

15 20



190 W. CALARESE AND W. L. HANKEY AIAA JOURNAL

Fig. 12 Shock wave oscillations, four cycles, recorded at 22,000
frames/s, M == 3.0, spike length 25.4 mm.

•)KUUTIS2-4

1 2 t(ms) 3 4

Fig. 13 Cross correlation, spike length 25.4 mm.

only a mild symmetric waving of the shock occurs. The
oblique shock system undulates laterally at low intensity and
changes shape from concave to convex and vice versa. This
mild undulation persists for longer spike lengths outside the
hysteresis area, as also reported by Refs. 9 and 16. The related
power spectral density shows a shift in the oscillation
frequency, from 2800 Hz to approximately 3500 Hz (Fig.
17a), which is due to the different type of shock motion.
Reducing the spike length further to 33.02 mm, which is
outside the hysteresis area, the fundamental frequency reverts
back-to 2800 Hz (Fig. 17b). The cross correlations at L = 38.1
mm for inward motion are not modulated and confirm the
absence of an odd-mode wave.

10 15 20
FREQUENCY (KHZ)

Fig. 14 Power spectral density, spike length 38.1 mm, Kulites Fl,
F2, F3 (outward motion).

-20 a) KULITE 2

10 15 20
FREQUENCY (KHZ)

Fig. 15 Power spectral density, spike length 38.1 mm, Kulites 2 and
4 (outward motion).

VI. Conclusions
An experimental investigation has been performed to in-

vestigate the various shock systems occurring on a spike-
tipped body at Mach 3. An analysis of the various modes of
self-sustained shock oscillations has been performed and
compared to experimental results. The conclusions are:

1) The various shock systems existing on the spike-tipped
body tested can be stable or unstable depending on the spike
length.

2) When the unstable shock configuration occurs, the
shock may oscillate axially in a symmetric or asymmetric
fashion which also depends on the spike length. In the
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Fig. 16 Theoretical and experimental shock oscillations for a spike
length of 38.1 mm, one cycle, M= 3 (outward motion).
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Fig. 17 Power spectral density, Kulite Fl (inward motion).

asymmetric case, experimental results show that a secondary
wave (odd mode), half the frequency of the primary wave
(even mode), modulates the primary wave and is out of phase
with respect to the primary wave. The secondary wave is
considered to be a standing rotational wave.

3) A hysteresis phenomenon occurs when the spike is
extended or retracted between a length of 36 and 43 mm. For
the outward motion the shock oscillations exhibit much
higher intensity than for the inward motion and the frequency
and type of oscillations are different. For the inward motion,
the longitudinal shock oscillations change into shock waving.
Some shock waving persists for longer spike lengths, outside
the hysteresis area.

Appendix:
Interpretation of Cross-Correlation Signals

It is useful to analyze the cross correlations of the high-
response transducers' signals in order to confirm the phase
relationship of the transducers.

Consider two signals (only ac level)

nirt

P'2 (t) =
nirt nirt\—— +Bncos—— )
^ r /

(A2)

These signals are composed of commensurate frequencies,
i.e., n = integer, /?= fundamental frequency period. The cross

1±£l/

-1/2

Fig. Al Cross correlation, case I, zero phase shift.

(1/2)cos27TT
P

Fig. A2 Cross correlation, case II, 90 deg phase shift.

(1/2) cos 2JT*
R(T)

-1/2

Fig. A3 Cross correlation, case III, 180 deg phase shift.

correlation (time) is defined as follows:

(A3)

, ,, ,PiP2 (r) = -
mrt\s—— J

. mr(t+T) +Bn

1 f= p }0
r> ' nirT\ • 2nirt j-Bnsm——)sm2 — dt

„ nirT\ ~mrt+^cos—— )cos2 —— dt (A4)

since the integral of the terms including sin(nirt/P)cos(mrt/P)
is equal to zero. Therefore,

—T-, — ̂  \^an ( * HKT . mrr\=pipi(T)=Li-f (Ancos— -Bnsin—J

A27T7n .>Min— +Bncos— ) = -

xcos (A5)
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Equation (A5) can be put in the following form:

bnAn-anBn

(A6)

(A7)

Rn = [ 1A (anAn + bnBn)2 + V* (bnAn - anBn)2] " (A8)'

R(T)= £ n c o s c o s 0 w + s i n s i n 0 , , (A9)

Case I, zero phase shift (Fig. Al)

</>7=Odeg, </>2

bnAn-anBn=0, bn=Bn=0, an=An

Let 0 /^e , a2 = l, an>2=0 since only two waves are con-
sidered

R(T) = -
7TT / 27TT..

(A10)

Note that the modulation occurs on top of the wave. The
bottom of the wave is unaltered. For 0 deg phase shift, high-
low peaks occur at r=nP.

Case II, 90 deg phase shift (Fig. A2)

</>y=90deg, </>2=Odeg

aiA1-\-bIBI=0, b1=AI=0, # /=# / , f l / = e

b2A2-a2B2=0, b2=B2 = 0, a2=A2 = l

1 v^ - / n-KT
=- lj (-I)"a2

n(cos— T
2 X "P

2-KT

mrr

e2 7TT 1
= -Tsin-+-cos (All)

Note that the modulation occurs at the bottom of the wave.
The top of the wave is unaltered. For 90 deg phase shift, low-
high peaks occur at T = nP/2, n odd.

Case III, 180 deg phase shift (Fig. A3)

0; = 180 deg, < /> 2 =Odeg

bnAn-anBn = 0, bn = Bn = 0, an=An, f l r / = e , a2 = l

/ , 7TT 1 2lTT
;I = - - €2COS—— + - COS ———

(A12)

Note that the modulation occurs on top of the wave. The
bottom of the wave is unaltered. For 180 deg phase shift, low-
high peaks occur at r = nP.
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