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Abstract

HE oscillating flowfield around a spike-tipped body was

simulated by the numerical solution of the ‘three-
dimensional Navier-Stokes equations at a Mach number of
3.0 and a nominal Reynolds number of 7.87x10¢/m.
Computations were performed using a vectorized three-
dimensional Navier-Stokes program on the STAR 100
~ computer. Numerical solutions confirmed the experimental
result that the self-sustained oscillation occurs within a limited
range of the protruded spike length to shoulder height ratio.
The numerical result predicted correctly the discrete
frequency range as well as the rms pressure intensity. The
detailed flow structure is also presented and discussed.
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Introduction

The occurrence of ‘‘buzz’’ on spike-tipped configurations
and re-entry nose tips has been studied for several years.
These self-sustained oscillations have been observed for a
wide variety of shear layer impingement configurations.!:2
The highly organized oscillations of an impinging flow are
sustained by feedback or upstream pressure propagation
through the subsonic separated region to the shear layer origin
and by a selective disturbance amplification of the fluc-
tuations in the shear layer between separation and im-
pingement. ‘

For the oscillating flowfield around a spike-tipped con-
figuration, the experimental data’ reveals several unique
features which require additional elaboration (see Fig. 1).
First, the oscillatory motion occurs only for a certain range of
the protruded spike length at a fixed value of the spike and
afterbody diameter. The measured rms value of pulsating
pressure nearly vanishes at a spike length of about 12.7 mm.
However, at the other extreme, increasing spike length, the
rms pressure value drops rapidly after reaching its maximum.

Several numerical solutions*® using the Navier-Stokes
equations have been obtained for flows over indented nose
tips. Widhopf et al.* have indicated that the oscillatory
frequency does not show a strong variation with the Reynolds
number. In addition, they suggested that the essentially
viscous nature of the problem is the no-slip condition at the
surface which generates inflection points in velocity profiles.
Their solutions were obtained for relatively low Reynolds
numbers, however (in the order of magnitude of a few
hundred based on the nose radius).
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The basic configuration of the present investigation consists
of hemispherical nose cylinder connected to a truncated
conical afterbody. The spike has a diameter of 12.7 mm. The
diameter of the truncated conical afterbody at the junction is
50.8 mm and the cone half angle is about 9 deg: The con-
nections between the spike, the truncated forward-facing
surface, and the afterbody are rounded off with small radii of
about 3 mm. In order to achieve a satisfactory computational
mesh, the coordinates are first transformed from the Car-
tesian frame into a cylindrical polar coordinate system and
then transformed again into body oriented coordinates
(¢,1,¢) by means of a homotopy scheme. 78,

The system of equations is solved by a two-step predictor
and corrector scheme originated by MacCormack.® For the
present effort, the required numerical resolution in time
usually is more stringent than the allowable time step from the
stability consideration of the finite-difference approximation.
Therefore, the rather restrictive allowable time step does not
constitute a detriment to the efficiency of data processing.

The numerical evaluations were performed on the STAR
100 computer with the vectorized code of Smith and Pitts. 10
In order to eliminate excessive page faults and effectively use
the available primary memory, the 32 bits arithmetic option
(SL1) was adopted. The use of SL1 language not only reduced
the core memory by a factor of two but also sped up the data
processing rate from 1.50x10-4 to 6.0x 103 5.1011 Most
significantly, the numerical results between 64 and 32 bit
arithmetics are well within the acccuracy requirement for
engineering applications.

Discussion of Results

One of the major objectives of the present analysis is to
verify that the self-sustained oscillatory flow is maintained by
an instability of a free shear layer and the selectively amplified
disturbance is then fed back through a reflecting pressure
wave system. In the absence of cither of these mechanisms;
the oscillation eventually ceases.

In Fig. 1, the time history of pressure evaluated at the
shoulder for both the long (38.1 mm) and short (12.7 mm)
spike-tipped configurations is shown. For the longer spike-
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Fig.1 Pressure histogram of spike-tipped bodies.
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Fig. 2 | Sequential density contours during
one fundamental period.

tipped body, one observes the periodic variation emerges
roughly about 0.0020 s elapsed (2000 time steps). The
oscillatory behavior persisted over four periods and main-
tained its amplitude and wave form: no dramatic damping or
decaying is recognized. The self-sustained oscillation is
evident and the amplitude of pulsation is about 17 times the
freestream pressure value. On the other hand the flow over
the shorter spike-tipped body. after the transient phenomenon
decays. the pressure is relatively steady compared to longer
tipped configuration. This observation is in perfect accord
with experimental observation.? The comparison between the
spectral graph and ‘the result of spectral analysis of the

oscillating pressure distribution shows that the first- four

modes of discrete frequency are predicted within 7% of the
experimental data. .

A sequence of density contours is presented in Fig. 2. The
time frames describe one principle period. The bow shock
wave induced by the hemispherical tip is obvious. The
disturbance propagates downstream toward the afterbody
and amplifies in magnitude. After the oscillatory shear layer
impingement, the reflected pressure wave is propagated
upstream through the subsonic separated region to reinforce
the oscillatory phenomenon by reintroducing a disturbance
into the free shear layer. From the static display of the
sequential density contours, one observes only the steady
shock-wave formation at the nose tip and the pulsating shock
in the shoulder region due to impingement. The entire process
then repeats itself. Unfortunately, the upstream disturbance
propagation can only be demonstrated by the dynamical
display of the temporal events (computer movie).

Conclusion

The self-sustained oscillating flowfield around spike-tipped
configurations were successfully simulated by numerical
solutions of the time-dependent Navier-Stokes equations. The
numerical solution predicts accurately the frequency and
amplitude of the fundamental frequency and commensurable
higher modes of oscillation observed in experiments. The
numerical solutions also demonstrate that the self-sustained
oscillatory motion is maintained by the selective amplification
.of _disturbances in the shear layer as predicted by
hydrodynamic stability theory. The feedback mechanism of
an upstream propagating pressure wave through the subsonic
separated layer that reintroduces a disturbanceinto the initial
shear layer completely closes the chain of events. The present

analysis indicates that numerical solutions are useful for
investigating the stability of viscous flows.
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