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Introduction

HE shock-wave boundary-layer interaction (SWBLI) phe-

nomenon represents a fundamental fluid dynamic problem that
has been found to occur in a wide variety of high-speed flows, such
as over forward-facing steps and compression ramps and past blunt
fins and protuberances. As such, these flows find significant practi-
cal implicationson aerodynamic control surfaces and in the propul-
sion systems of high-speed flight vehicles. Past studies have shown
the interaction to be associated with unsteady behavior, which can
generate severe surface pressure fluctuations. Under the influence
of aerothermal effects, like those experienced during reentry, these
fluctuating loads can pose significant problems to the successful
flight of a high-speed aircraft.

The causes of unsteadiness of the shock wave,'* particularly
when the flow is separated, is one of the lesser known character-
istics in SWBLI. Kistler! was perhaps the first to make fairly de-
tailed high-frequency measurements in an attempt to characterize
suchunsteadiness,providing valuablequantitativedata for flow over
forward-facing steps in supersonic boundary layers. Later studies
focused on the fluctuating wall pressure in the interaction regions
of compression-ramp flowfields. Their results, although obtained
from different flow geometries, exhibited statistical properties that
were quite similar to those reported by Kistler." Similar results have
been obtained in three-dimensional flows, notably in those induced
by blunt fins at supersonic speeds.* In these cases high-speed pho-
tography and wall-pressure fluctuation measurements have shown
that large variations occur in the position and structure of the sep-
aration shock-wave system. Large-scale unsteadiness of the sepa-
ration onset and reattachmentregions has been observed at hyper-
sonic speed (Mach 7) in an interaction generated by a flare mounted
concentrically on a cone-ogive cylinder model.

The primary focus of the present work is to investigate the phe-
nomena of shock unsteadinessin a Mach 9 flare-generated SWBLI
in more detail and to gain a better understanding of the mechanisms
involved in their generation. For this reason laser schlieren sys-
tem has been developed to analyze the fluctuating density flowfield
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above the model surface, which might be crucial in gaining insight
of the various processesinvolved The flowfield was also analyzed
using a conventional schlieren system and surface-pressure distri-
butions. Further, evolution of energy content through the SWBLI
and space-time correlations in the vicinity of separation point have
been investigated.

Experimental Technique
Wind-Tunnel Facility and Test Model

The experiments were performed in the hypersonic wind tunnel
at Hypersonic Technology Gottingen, a new facility developed on
the Ludweig-tube principle.” This wind tunnel is an intermittent
blowdown type with a test-section diameter of 250 mm and a vari-
able Mach-number capability over the range of Mach 6-11 with
maximum run time of 100 ms.

Figure la shows the schematic of the HALIS (High Alpha In-
viscid Solution) Axisymmetric Configuration model (HAC), an ax-
isymmetric geometry based on the Space Transportation System
(STS) orbiter (space shuttle) that was used to provide the interac-
tion test surface. In this model configuration the curvature, shown
as “expansionregion,’ just upstreamof the flare is an important part
of the orbiters geometry. The slight expansion experienced by the
flow in this region tends to reduce any compression as a result of a
separation shock and might also play a major role in real-gas effects
for the viscous-interactionregion. Although the HAC profile does
incorporateessential features of the orbiter, it does not duplicate the
orbiter’s geometry exactly (e.g., the scaled flare length on the HAC
is much longer then the flap length on the orbiter). The model has
been manufactured in aluminum on a computer numerical control
(CNC) machine with an accuracy of £0.02 mm. Thereafter, the
model surface was polished with a mean roughness of 0.8 um.
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Fig. 1b Schematic of the laser schlieren setup.
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The test-section Mach number (M,,) for the present exper-
iments was 9.68 £4% and was calculated using the measured
stagnation pressure on the model nosetip and Rayleigh’s pitot-
tube formula. Tests were conducted for a charge tube pressure of
50+ 1.2% bar, which results in a test-section stagnation pressure
(Py) of 42.25 £ 1% bar. To avoid condensation of the relieved flow
in the nozzle, the gas column thatis ejected during the shot is heated
to 773£0.2 K, resulting in a test-section stagnation temperature
(T) of 738 £0.2 K. The corresponding freestream Reynolds num-
ber (Re) per unit length for the test condition was 6.072 x 10°m="'.
The boundary-layerstate upstream of separation was laminar.

Pressure measurements on the HAC model surface were made
using differential-type pressure transducers that were not mounted
flush to the surface but placed in the model supportsting downstream
of the model. The pressuretaps on the model surfaceare connectedto
these transducers via rubber tubes. The transducers were calibrated
before each test run. The error in pressure measurements for all of
the surface-pressurelocations was approximately 3% of the mean
pressure.

A data-acquisitionsystem was used to record data for the present
study. A 32-channeldata-acquisitionsystem was used to record data
ataspeedofupto40kHz. Data stored on the hard disk were available
for postprocessing or graphical output. In addition, piezoresistive
pressure gauges were calibrated and installed to measure the flow
in the charge tube, test section, and vacuum tank.

Laser Schlieren System

Figure 1b shows the schematic of the laser schlieren setup. A
parallel laser sheet is passed through the test section and projects
on an array of 16 photodiodes placed on the opposite side of the
test section. When the laser sheet passes an oscillatory shock, the
diffracted light appears periodically,and a time trace obtained from
the array of photodiodes shows unsteady voltage signals. This ar-
rangementprovidesan idea of the existing density fluctuationsin the
flow and hence an insight to the fluctuating nature of flow. Because
the response time of the photodiode is extremely small (4 ns), ex-
tremely high-frequencyshock oscillationscan be detected using this
optical technique. Further, the arrangement can be moved to probe
any section of flow, both horizontally and vertically. The arrange-
mentis simple and more accessiblethan the quantitativeschlierenor
shadowgraph system. The instrument, however, was not calibrated
againsta known density gradient.

The system makes use of the index of refraction fluctuations to
producevoltagesignal fluctuationsinstead of absorptionand scatter-
ing methodsusedearlier® and, therefore, seems to be more promising
because 1) the sensitivity of the schlieren system can be adjusted to
permit measurement of much smaller fluctuations than is possible
with the other two systems and 2) the schlieren signals are more
directly related to a property of the flow, that is, density® The lat-
ter implies that the laser schlieren system provides voltage signals
representative of the fluctuating density gradient flowfield.

Results and Discussion

Flow Visualization

Figure 2 shows the schlieren photos of the SWBLI flowfield on a
HAC model with air as test gas. Initially, Fig. 2a, in addition to the
main shock surrounding the HAC model, a small separation bubble
can be seen along with a reattachment shock on the flare region.
The next interval (Fig. 2b) shows the separation bubble to have sig-
nificantly grown in size along with a backward movement of the
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Fig. 2 Schlieren photographs of the HAC model at two time intervals
with air as test gas; flow is from left to right.
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Fig. 4a Experimental procedure for laser schlieren flowfield analysis.
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Fig. 4b Fluctuating density profiles normal to freestream direction as
a function of time; X/L = 0.80.

reattachment shock on the flare. The separation shock is difficult to
discern from the pictures. This seemingly random movement of the
bubble causes the separation shock to oscillate, and because there
exist large pressure gradients in the vicinity of the separation and
reattachmentlocations, as seen in Fig. 3, which shows the surface-
pressure distribution on the HAC model, such a motion will cause
high fluctuating pressure levels to be generated. As such, the phe-
nomena is of much concern and needs to be investigatedin greater
detail.

Evolution of Energy Content

Figure 4a shows the experimental procedure for laser schlieren
flowfield analysis, and Fig. 4b shows the fluctuating density gra-
dient profiles obtained from an array of 12 active photodiodes at
X /L =0.80 (cone-flare junction). Care was exercised to keep the
lowest photodiode 0.6 mm above the model surface. The voltage
signal V (millivolts) from each channel is nondimensionalized by
its initial value V; (millivolts) at the beginning of flow. Further, be-
cause the knife edge is placed in the flow direction a decrease in
voltage followed by an increase represents a shock. Away from the
model surface, a single strong inflection point can be seen, which
represents the main shock. Time-dependent profiles show an up-
and-down motion of main shock indicating the existence of fluc-
tuating separation bubble that displaces the main shock vertically
in accordance with the change in its size. This characteristic was
also observed in the schlieren pictures. The laser schlieren system,
therefore,is capable of capturing the time-dependentcharacteristics
during the interaction process.

Figure 5 presents the power spectra from the Py = 50 bar SWBLI
at axial locations ranging from the undisturbed boundary layer to
the end of the interaction process. The ordinate is the power spectral
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Fig. 5 Power spectra showing the evolution of energy content through the interaction; Py = 50 bar.
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density function G(f) in volts*/hertz, and the abscissa is the fre-
quency in kilohertz. The data are shown for the channels closest
to the model surface (0.6 mm). The ordinate of these figures is the
raw power spectral density plotted on logarithmic scale to more
clearly illustrate the evolution of energy content of different fre-
quency ranges through the interaction” As expected, the incoming
boundary-layerspectra are broadband with a very low energy con-
tent (Fig. 5a). As the separation point is approached (Fig. 5b), a
significant increase in energy over the complete frequency range
(especially in the low-frequency band) is observed. This change is
thought to be caused by the motion of the separation shock. Farther
downstream, (Fig. 5¢), the spectrum shows a slight relaxation back
toits original shape but with increasedenergy contentover the entire
range of frequency. At X /L = 0.80 the separation bubble has max-
imum thickness, and so the channel might be expected to be under-
neath the vortex core of the bubble. At this point (Fig. 5d) anincrease
in energy is observed in the frequency range of 0-1.0 kHz. This is
followed by a simultaneous increase in strength of high-frequency
fluctuations. As the reattachment point is approached X/L =0.86
(Fig. 5e), a significant increase in energy of both low- and high-
frequency fluctuationsis observed, which s seen to be the maximum
throughout the interaction process. This situation is likely because
of the random fluctuation of the instantaneous position of reattach-
ment shock and the reattaching of separated shear layer. Once this
reattachmentis accomplished, the spectrumat X /L =0.90 (Fig. 5f)
shows relaxation in energy of high-frequency fluctuations, but the
higher energy in the low-frequency range still persists. Here the
shape of the spectrum is more or less similar to that recorded near
separation (Fig. 5b).

Unsteady Separation

From the preceding analysis we can conclude that the flow near
separation is unsteady and that the increased energy levels near
separation are caused by a random fluctuation in the instantaneous
position of the separation shock. Past studies? reveal that the fluctu-

ating separation shock generates intermittent wall-pressure signals.
As aresult, there exists large density as well as large pressure gra-
dients in the vicinity of the separation point. A two-point analysis
similarto that of Garg and Settles® and Willmarth et al.!® was carried
out with the present fluctuating density signal data. The locations of
interestlabeled as A, B, and C are shown in Fig. 6a. In this figure the
ordinate is the flow density p in kilograms/meters®, and the abscissa
is the coordinate ¥ normal to freestream direction. Locations A
and B indicate the photodiodesbetween which the separation shock
oscillates while location C (neighboring B) lies away from the oscil-
lating shock. When the shock oscillates, it crosses photodiode B at
one time, and at the other, photodiode A. When the shock oscillates
between two channels, the one that experiences an increase in den-
sity gradient(shock) shows a decreasein voltage signal, whereas the
other shows an opposite behavior at that very instant. As such, the
movement of the separation shock can be detected from the voltage
signals of these two neighboring channels.

Figures 6b and 6¢ show the instantaneous time history of volt-
age signals at different axial locations near the separation point.
Data are shown from first two channels closest to the model sur-
face. It can be seen that voltage signals just upstream of separation
(Fig. 6b) change in concert with one another, whereas those at sepa-
ration (Fig. 6¢) follow opposite trends, almost to the extent of mirror
imaging. Figure 7 shows the simultaneous time history of voltage
signals for photodiode channels that encounter the movement of of
the main shock above the interaction,away from the model surface,
and near the reattachment location. The behavior of the signals is
similar to that observed near separation (Fig. 6¢) and reveals that
the motion of the separation and main shock are triggered by some
common mechanism within the interactionregime causing the entire
SWBLI flowfield to oscillate. A further observation from Figs. 6c¢,
7a, and 7b is that only relatively low-frequency fluctuations behave
in this manner; high-frequency changes in the pressure signals do
not necessarily follow the same trends. Thus, it can be inferred that
the separation is associated with low-frequency fluctuations.
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Fig. 7 Simultaneoustime traces of voltage signals near the main shock
region (above the bubble); Py = 50 bar.
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Fig. 8 Space-timecorrelation functions for photodiodelocations (close
to the surface) near the oscillating separation shock; Py = 50 bar.

Figure 8 shows the space-time correlation R, (0, y, 7) for chan-
nels separated in the Y direction, as a function of time delay 7 (mil-
liseconds) between the voltage signals from A and B and locations B
and C. The pointof interestis the value of the correlationat approxi-
mately zero time delay. Far upstream of separation (Fig. 8a) the plot
shows a positive value for locations A-B and B-C. For axial loca-
tions X/L =0.40,0.66, A is Y = 0.6 mm from the surface, whereas
BandCareY = 1.6 and2.6 mm, respectively,away from the surface.
For downstream locations A is ¥ = 1.6 mm from surface, whereas
B and C are Y =2.6 and 3.6 mm, respectively, away from model
surface. These distances were chosen wherever mirror imaging of
signals from neighboringchannels were observed and indicates that
all locations experience similar density flow with the absence of any
fluctuating density gradients. At separation (Fig. 8b) the space-time
correlation value between these locations show opposite trends. Lo-
cations A and B (which are in close proximity to one another) show a
largenegative value, whereas B and C show arelativelylarge positive
value indicating that, when photodiode A experiencesa rise in den-
sity (as across a shock), the photodiode B experiencesa fall and vice
versa.LocationsB and C experiencea similarrise and fall of density.

Conclusions

The unsteadinessassociated with the shock-waveboundary-layer
interaction (SWBLI) flowfield on a HALIS axisymmetric configu-
rationmodelis demonstratedin a Mach 9.68 flow with air as test gas.
The SWBLI flowfield investigated generates high-pressureloads in
the vicinity of separation and reattachment points. Near reattach-
ment the pressure on the flare approaches the stagnation point pres-
sure level. Off-surface flow study using the laser schlieren system
revealedincreasedenergylevelsnearthe separationpointsuggesting
random fluctuations in the instantaneous position of the separation
shock. Space-time correlation of voltage signals from neighboring
channels, exhibiting mirror-imaging effects, shows a negative value
at zero time delay. The observation is consistent with the view that
the separation shock translates back and forth, in response to the
expansion and contraction motion of the separation bubble, in the
vicinity of separation point on the HAC model, and henceis respon-
sible for high-pressureloads at these locations.
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Introduction

RTILLERY comprises an important wing of an army in pro-
viding firepower, during both war and cross-borderskirmishes
with the enemy. Artillery shells are a class of projectiles around
which much of aeroballistic theory was originally developed, and it
continuesto form a significant part of aeroballistician’ interest. The
performance of the artillery shell is governed by many factors, such
as muzzle velocity irregularity, jump and throw off; ambient mete-
orological conditions such as temperature, density, head/tailwind,
and crosswind; and manufacturing procedures resulting in differ-
ences in shape, size, mass, and yawing behavior. The conventional
approach hitherto used for predicting behavior and performance of
a projectile such as an artillery shell was via mathematical models.!
Beginning with the simplest, but relatively inaccurate, in-vacuo
trajectory mathematical model, more and more sophisticated mod-
els of increasing accuracy, such as the point mass model, the modi-
fied point mass model, and the six-degree-of-freedan model, have
been developed. However, even the best of these models have their
limitations because of 1) an inability to model all of the problem
variables (e.g., the initial conditions at the time of shell leaving the
barrel, the jump and throw off, the variable atmospheric conditions,
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