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Analysis of Normal Shock Noise Measurements on
Nose-Cylinder Bodies

J. PETER REDING* AND ROLF A. GUENTHERT
Lockheed Missiles & Space Company Inc., Sunnyvale, Calif.

Fluctuating pressure measurements at transonic speed have been obtained for three nose-cylinder configura-
tions (15° cone cylinder, biconic nose-smooth cylinder, and biconic corrugated cylinder). Special emphasis was
placed on determining both the steady and unsteady flow environment produced by the terminal normal shock
wave and its associated separated flow bubble. This was accomplished by locating boundary-layer profile sur-
veys near the separation bubble and by having a high density of fluctuating pressure transducers in the same
vicinity. The data revealed both a rippling of the shock lambda and a circamferential variation of the boundary-
layer thickness aft of reattachment. The coherence in the separated region has a peak which compared reason-
ably well with the predicted resonant frequency of the separation pocket based on Trilling’s two-dimensional
incident shock model. It is concluded, therefore, that the separated flow region must consist of three-dimensional
cells in order to be consistent with these and other experimental results. A flow model having the following
characteristics is postulated: In the central portion of the cell the flow resembles the classical two-dimensional
recirculatory bubble, but each cell is vented by a pair of counterrotating vortices which start at the surface and .

flow downstream.

Nomenclature

= speed of sound, m/sec
= reference length (cylinder diameter), 0.544m
= pressure coefficient, (p — p.)/q
»(rms) = root mean square fluctuating pressure coefficient
= cylinder diameter, m
= frequency, Hz
= average width of corrugation face, m
= boundary-layer shape factor, §*/6
= length of separated region, m
= freestream Mach number, U./a
= amplitude of cross power spectral density at a given
frequency :
= pressure, kg/m?
= dynamic pressure, kg/m?
= Reynolds number based on cylinder diameter
= unit Reynolds number, 1/m
= fluctuating pressure level, db
= local velocity, m/sec
= boundary-layer edge velocity, m/sec
= average recirculation velocity, m/sec (Ref. 8)
== freestream velocity, m/sec
= axial coordinate, origin at nose of biconic model, m
= coordinate normal to model surface, m
= angle of attack, deg
= coherence function, y?; ,(x; f) =|Py »(x, /)|*/P.(x, f)
Py(x, f); (Ref. 1)
= boundary-layer displacement thickness, m
= boundary-layer momentum thickness, m
= azimuth angle measured from leeward meridian, deg
= circular frequency, rad/sec
= freestream conditions
= measuring station index
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Introduction

ERODYNAMIC pressure fluctuations can be an im-

portant factor in booster design since they can cause panel
flutter, excite a bending mode, or subject a sensitive payload to
an excessive noise environment. As yet, theoretical techniques
are imperfect, particularly for complicated configurations
(e.g., the biconic nose corrugated cylinder configuration
showh in Fig. 1), and one must rely on experiments. Thus,
fluctuating pressure measurements were obtained in the Arnold
Engineering Development Center Propulsion Wind Tunnel
(16 T). A complete description of the facility can be found
in Ref. 2. However, experiments must be scaled to predictthe
flight vehicle environment, and a good understanding of the
flow mechanism causing the noise is vital to ensure proper
simulation. The present paper presentis an analysis of the
fluctuating pressure environment on three nose cylinder con-
figurations (Fig. 1). The analysis was aimed at gaining a
better understanding of the physical phenomena that affect
pressure fluctuations at the foot of the normal shock.

Verification of Results

Wind-tunnel fluctuating pressure results are always some-
what in question owing to the usually unknown influence of
tunnel background noise. The present results are no excep-
tion. The background noise spike at 630 Hz dominates the
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Fig. 1. Model configurations.
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Fig. 2 Comparison of background noise spectra, R, = 6.5 x 10°,

frequency spectra aft of the cone-cylinder shoulder at M = 0.7
(Fig. 2). Comparison of spectra obtained on the 15° nose
cone with previous background noise spectra® verifies that
this is indeed characteristic of the tunnel. However, it has
vanished by M = 0.8 (Fig. 2). At M < 0.75, where the extran-
eous noise dominates the spectra, the over-all fluctuating pres-
sure does not scale with dynamic pressure as it should if it
were due to the tunnel boundary layer. Thus, the M < 0.75

.and R.= 5.9 X 10°/m results are probably invalidated by an
extraneous noise of mechanical origin.

The blunted 15° cone-cylinder has received some attention
from Coe,* thus giving a basis of comparison to help determine
the validity of the present measurements. The agreement
with Coe’s results* under the shock is encouraging, but the
agreement deteriorates badly downstream (Fig. 3). The dif-
ferences between the present results and Coe’s data far aft of
the normal shock are rather surprising since in both cases the
boundary layer is turbulent and one would not expect such
large differences. The reasons for the differences have not
been definitely resolved; however, one is able to draw some
inferences from the data. The unusual fluctuating pressure
distribution of the present results scales with dynamic pressure.
The distribution is also sensitive to the cylinder structure. The
fluctuating pressure distribution aft of the shcok is relatively
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Fig. 4 Effect of nose configuration, M = 0.8, « = 0.

unaffected by the nose configuration if the cylinder is smooth
(Fig. 4), but the high noise levels at x/c = 1.65 and 3.05 are
substantially reduced when the cylinder is stiffened with cor-
rugations (as shown in Fig. 5). Furthermore, the over-all
fluctuating pressure level aft of the shock disturbance on the
corrugated cylinder does not agree too badly with Coe’s
measurement (compare Figs. 3 and 5), considering that the
corrugations should increase the fluctuating pressure level due
to higher shear in the boundary layer. Distribution minima
on the smooth cylinder correspond to model bulkhead loca-
tions (x/c = 1.088 at the shoulder and x/c = 2.42 and 3.76),
while maxima occur at antinode locations (Figs. 4 and 5).
The conclusion is obvious: the model shell must have been -
vibrating and the transducers were responding to accelerations
or the resulting flow perturbations, or both. The reason the
shock-induced pressure fluctuation measurements appear rela-
tively unaffected is because the shock lies nearly on top of the
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shoulder bulkhead for 0.8 < M < 0.9, and the low-frequency
shock does not respond well to the high-frequency model
vibrations. Thus, over the cylinder, only the fluctuating pres-
sure measurements under the normal shock for 0.8 < M < 0.9
are considered valid.

Discussion of Results

The flowfield over a biconic nose at high subsonic speeds is
unique since two normal shocks can exist in succession. The
first occurs just aft of the cone-cone shoulder; and the second,
if the expansive turning is great enough, occurs aft of the nose-
cylinder juncture. The first shock acts as a boundary-layer
bleed. The low energy portion of the boundary layer is trap-
ped in the separated region at the foot of the shock. Thus,
the boundary layer downstream is strengthened, i.e., can ne-
gotiate a greater pressure gradient. Ericsson® has shown that
this preseparation effect prevents the on-off separation obser-
ved by Chevalier and Robertson® on cone-cylinders, which
can result in aerodynamic undamping and possible aeroelastic
instability of the low-frequency modes of an elastic launch ve-
hicle. This low-energy flow is eventually scavenged down-
stream in longitudinal vortices (as will be discussed in detail
later) which also play a part in energizing the boundary layer
downstream of the shock. The result is a reduced fluctuating
pressure spike aft of the cone-cone shoulder and a decreased
separation bubble length (Fig. 4).

Even though the models were quite large, it was necessary
to use data from various circumferéntial positions to get a
complete fluctuating pressure distribution under the bubble.
This could give an erroneous indication of the axial fluctuating
pressure distribution since the normal shock ripples circum-
ferentially (as will be discussed in detail later). Fortunately,
the microphones at one circumferential position on the corru-
gated model appear to have caught the salient features of the
fluctuating pressure distribution under the mormal shock
(Fig. 5). (The validity of these measurements is further veri-
fied by the close agreement with flight data for a 25-12.5°
biconic nose). The double-humped noise distribution is
similar to that observed on hammerhead configurations.’
The first sharp peak'is the result of the separation shock, and
the broader second hump resuits from the relatively diffuse
reattachment. Fxamination of the spectra at the stations
indicated in Fig. 5 confirms this.

Forward of the shock the spectrum is similar to the undis-
turbed boundary layer on the fore-cone, but is elevated
owing to the effects of the corrugations and the upstream
effect (through the sublayer) of the shock. Under the forward
leg of the lambda shock, the spectrum shows the typical low-
frequency content which tends to dominate the separated re-
gion. The reattachment zone spectrum shows relatively more
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Fig. 6 Effect of nose configuration on extent of shock lambda.
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Fig. 7 - Boundary-layer profiles aft of reattachment, A/ = 0.8, o = 0.

energy at the higher frequencies. Aft of reattachment, the
spectrum is similar to the elevated turbulent boundary layer
which exists forward of separation.

The effect of the biconic nose on the extent of separation is
verified from schlieren measurements of the shock lambda
(Fig. 6). -Within the accuracy of the schlieren photographs
the forward leg of the shock lambda appears to be fixed rela-
tive to the shoulder for all three configurations, and the loca-
tion of the aft leg is sensitive to configuration changes. The
largest extent of the shock lambda occurs for the 15° cone-
cylinder model. The biconic nose causes a contraction of the
lambda while the corrugated skin increases its spread. Thus,
the schlieren results agree with the fluctuating pressure results
discussed earlier. Likewise, boundary-layer profile measure-
ments show a more filled-out velocity profile for the biconic
nose than for the 15° nose at the same station aft at the shoul-
der (Fig. 7). The greater velocity deficit in the 15° cone-cylin-
der boundary layer is probably aremnant of separation. That
is, the boundary layer has not yet recovered to a fully develop-
ed turbulent profile. It would appear that reattachment is
closer to the measuring station on the 15° cone-cylinder model
—further evidence that the biconic nose reduces the extent of
separation. Incidentally, the boundary-layer survey results
indicate that separation does indeed occur forward of the
measuring station for the 15° cone-cylinder (Fig. 8). Unfor-
tunately, the fixed rake positions missed the separation region
on the biconic nose.

The coherence function under the separation pocket reveals
that the fluctuating pressure there appears to be affected by a
variety of flow phenomena (Fig. 9). Trilling® has shown that
a resonant condition can exist in the separation pocket under
an incident wave. Using his lowest harmonic (wl/U = 1.79)
gives a resonant frequency of 1400 to 1900 Hz. (The frequen-
cy spread is due to the uncertainty in measuring the length of
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Fig. 8 Boundary-layer shape parameter measurements, 15° cone-
cylinder.
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the separation bubble.) The highcoherence observed between
two points under the separation bubble (x/c = 1.21 and 1.17)
seems to indicate that the bubble does indeed resonate at about
Trilling’s resonant frequency (Fig. 9). Thus, Trilling’s two-
dimensional flow model seems to predict the pocket resonarice
reasonably well. Ordway® has shown that the vorticity shed
by a rectangular rod with one face normal to the flow may be
predicted by the critical Strouhal frequency of a cylinder
(wd/Us = 0.2) if the cylinder diameter d is substituted with
1.7 h, where % is the width of the face normal to the flow.
Using the average width of the forward face of the corrugation
for & gives a shedding frequency of 1150 Hz. Thus, the peak
coherence of about y?; , = 0.8 between adjacent points just
aft of the corrugation leading edge (x/. = 1.09 and 1.104) is
probably the result of the vorticity emanating from the corru-
gation leading edge. Both the boundary-layer flow and the
forward edge of the shock lambda seem to be somewhat
-affected by the vorticity shed by the corrugation leading edge
and, possibly, by the resonance of the forward separation
pocket at the cone-cone shoulder. This is demonstrated by
the moderate peaks incoherence for theessentially uncorrelated
pressure fluctuations between x/c = 1.104 and 1.13.- These
remnants of the upstream flow appear to leave the corruga-
tion valley, as demonstrated by the poor high-frequency
correlation coefficient between the forward leg of the shock
lambda and the separation bubble (between x/c = 1.13 and
1.17) and between separation and reattachment (x/c=1.13
and 1.26).

This scavenging of the valley flow is the result of the earlier
expansion of the flow into the valley (Fig. 10). Since the
valley shoulder precedes the corrugation shoul der, lower pres-
sures occurs in the valley adjacent to the relatively high pres-
sures along the ramp at the corrugation leading edge. Thus,
the ramp flow spills into the valley. At the corrugation shoul-
der, reduced pressures are achieved by the flow expanding
around the corner from the ramp. Meanwhile, the pressures
in the valley adjacent to the shouldet have recovered somewhat.
The result is a lower pressure at the corrugation top than in
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Fig. 10 Generation of vorticity at corrugation edges.

the valley; therefore, the flow is out of the valley, curling up
onto the corrugation top. The direction of the shear between
the boundary layer developed in a corrugation valley and the
boundary layer developed over a corrugation top tends also
to produce vorticity which curls up over the corrugation top.
That is, a finite velocity will occur over the center of the valley
at a height above the valley floor equal to the corrugation
height. Zero velocity will occur at the corrugation top. The
resulting vorticity produces a transverse flow component that
will be in the direction of the corrugation top.

The present results seem to indicate a classical two-dimen-
sional separation (Trilling’s model is two dimensional) with
some three-dimensional vorticity superimposed by the corruga-
tions. However, there is a great deal of evidence that two-
dimensional separations are hard to achieve. Many investiga-
tors have observed cellular or vortical flow patterns in various
kinds of flow separation (e.g., inlaminarand turbulent reattach-
ing flow,%!! in regions of turbulent shock or step-induced
separation,'?~'# in separated regions on wings,'® in regions of
nose-induced separation on bodies ofrevolution'?). Ginoux!¢
has shown that concave flows can re-establish lingering traces
of vorticity within the boundary layer and expand them to
significant proportions. Tobak!” and Pérsen’s see this as the
basic mechanism behind the ablation crosshatching phenom-
enon. Persen even sees streamwise vorticity as a fundamental
concept in all fluid flows.?® This is further verified by the
experimental work of Zakkay and Calarese.?® Thus, the vor-
tical nature of separated flows and the magnification of rem-
nant vorticity by concave flows is well recognized. Further-
more, previous oilflow studies indicate vorticity at the foot of
a terminal normal shock for a 30° cone-cylinder configuration
(Fig. 11).** The present results should, then, also exhibit
a similar vortical flow in the separated region.

Fig. 11 Oilﬂow-shadowgraph photograph 30° cone-cylinder,
M=09,x=0.
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Fig. 12 Circumferential variation of fluctuating pressure spectra,
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A possible indication of such vorticity from the present re-
sults is evident in the circumferential variation of spectra type.
That is, at various circumferential positions, spectra typical
of the separation shock and the separation bubble occur at the
same axial station (Fig. 12). Likewise, comparison of the
present over-all fluctuating pressure measurements reveals a
circumferential rippling of the shock front (Fig. 13). It ap-
pears that the aft leg of the lambda shock is displaced periodi-
cally, while the fore-leg ripples. At ¢ =2° 45’ the shock
Jambda extends from x/c = 1.13 to 1.26, while at ¢ = 3° 40’
the lambda extends from x/c = 1.13t0 1.21. Likewise, the for-
ward edge of the lambda goes from x/c =1.104 to 1.13 be-
tween ¢ =55 and ¢ =1° 45". (It should be noted that the
transducer diameter was approximately 0.0029 ¢; thus, differ-
ences of a few hundredths of ¢ are readily measureable.)

These results tend to support the postulation that the separ-
ation pocket is three-dimensional The cellular flow model
sketched in Fig. 14, is therefore proposed. This model is con-
sistent with many independent observations. The flow be-
tween the cells is turned back by the displaced aft leg of the
lambda shock. It is then swept forward to the center of the
cell by the adjacent vortex. A cut through the center of the
cell would reveal a recirculatory flow very similar to the conven-
tional two-dimensional recirculation region (with Trilling’s res-
onance), except that the returning flow is scavenged through
the counter-rotating vortices which vent the separation pocket.
These vortices are eventually turned downstream longitudin-
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Fig. 13 Evidence of shock rippling from fluctuating pressure measure-
ments, M =08, x=0.
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ally. The existence of the longitudinal vorticity is verified by
the circumferential variation of the boundary-layer displace-
ment thickness aft of separation (Fig. 15). Zakkay and Calar-
ese have shown such boundary-layer waviness to be evidence
of streamwise vorticity.2® These streamwise vortices may be
the mechanism for convecting the pressure fluctuations due
to resonance of a separation pocket downstream to affect the
pressure fluctuations in a following pocket as observed on the
biconic nose (Fig. 9).

Conclusions

Fluctuating pressure and boundary-layer profile measure-
ments under the foot of the normal shock aft of the shoulder
of three nose-cylinder bodies indicate a complicated, interac-
tive, flowfield. The salient results can be summarized as
follows: 1) a resonance of the separation pocket that is reason-
ably well predicted by Trilling’s two-dimensional incident
shock model; 2) a shock front that is rippled circumferentially;
and 3) a rippled boundary layer aft of separation.

A three-dimensional flow model is proposed which consists
of cells of two-dimensional flow vented by pairs of vortices.
The model accounts for the observed characteristics of separ-
ated region and is consistent with existing pervasive evidence
of vorticity in regions of separated flow.

The vortical nature of the separated flow provides a mech-
anism for both streamwise and transverse fluctuating pressure
correlations. The shed vorticity prescribes a mechanism
whereby successive pockets of flow separation may be coupled.
The concave flow in regions of separation will magnify the
preexisting vorticity; thus the vortices produced in a forward
region of separation (and their alteration by local flow con-
ditions) may set the vortex pattern in successive regions of
separation.
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