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Unsteadiness of the Separation Shock Wave Structure
in a Supersonic Compression Ramp Flowfield

D. S. Dolling* and M. T. Murphyt
Princeton University, Princeton, New Jersey

Wall pressure fluctuations have been measured in a two-dimensional separated compression ramp-induced
shock wave turbulent boundary-layer interaction. The tests were made at a nominal freestream Mach number of
3 and at Reynolds numbers based on boundary-layer thickness of 7.8 X 105 and 1.4 x 10%. The wall temperature
condition was approximately adiabatic. Large-amplitude pressure fluctuations exist throughout the interaction,
particularly near separation and reattachment. In the upstream region of the flowfield, the unsteadiness of the
separation shock wave structure generates an intermittent wall pressure signal. Mean wall pressures in this region
result from the superposition of the relatively low-frequency, large-amplitude, shock wave-induced fluctuations
on the pressure signal of the undisturbed boundary layer. This behavior is qualitatively similar to that observed
in three-dimensional blunt fin-induced flows. In these two flowfields, the length scale of the shock motion is a
significant fraction of the distance from the interaction start to separation.

Nomenclature

=blunt fin leading-edge diameter

=frequency, Hz

= streamwise length of intermittent region -
=time averaged Separated flow length
=upstream influence

=Mach number

= number of data points used in calculating P, etc.
=number of data records

= crossings per second of a given pressure level
= dynamic pressure

= instantaneous static pressure
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Subscripts

oo =based on incoming freestream conditions
0 =measured just upstream of interaction

w =measured at the wall

Introduction

N recent years, substantial progress has been made in

computational fluid dynamics. One of the most challenging
problems facing the field is the simulation of shock wave-
induced turbulent boundary-layer separation. Such flows
incorporate all of the difficulties of compressibility, tur-
bulence, and viscous-inviscid interaction and, in practice, are
usually three-dimensional. Despite the difficulties, codes have
been developed which, with differing degrees of quantitative
success, can capture many of the features of a range of two-
and three-dimensional (2-D, 3-D) interactive flows (e.g., Refs.
1-3).

To maintain progress, the capabilities and limitations of
such computer codes must be investigated, and the reasons for
their successes and failures identified. Doing this will require
a much better understanding of interactive flows than exists at
present. Currently, drawing meaningful conclusions from
comparisons of numerical predictions with experimental data
can be difficult, particularly in cases where the underlying
physics which generate the particular experimental result are
not well understood. In interpreting experimental data, a
critical element is flowfield unsteadiness. In this context,
unsteady flows are considered as being those in which there
are significant variations in either the structure or scale, or
both, of parts or all of the flowfield. Since the majority of
experimental data consists of time-averaged measurements,
such as wall pressures measured using surface orifices or
velocity profiles deduced from pitot-static surveys, there is
little quantitative information on the steadiness of many
interactive flows. »

A common feature in the available data set, which dates
back to the 1950s, is the relatively large-scale unsteadiness of
the separation process. In forward facing step flows, random
shock motion with a length scale of V3 to %2 of the boundary-
layer thickness 6, has been observed.* Kistler® has shown that
the wall pressure signal near separation in such flows can be
modeled as a step function, with the jump location (i.e., the
shock wave) moving over some range. Similar results have
been obtained in 3-D flows, notably in those induced by blunt
fins and cylindrical protuberances, at transonic and super-
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sonic speeds.®!! In these cases, high-speed photography and
wall pressure fluctuation measurements have shown that large
variations occur in the position and structure of the
separation shock wave system. At hypersonic speed (Mach 7)
in an interaction generated by a flare mounted concentrically
on a cone-ogive-cylinder model, large-scale unsteadiness of
the separation onset and reattachment regions has been
observed.!? From measured convection velocities and the
peak frequency, the scale was estimated to be of order the
length of the separated region. In other separated flows!!4 in
which wall pressure fluctuations were measured, distributions
of the standard deviation, o, , near separation are
qualitatively and quantitatively similar to those in Refs. 5 and
11, suggesting that the separation shock wave structure is
similarly unsteady. ‘

These results have prompted a re-examination of a 2-D,
separated compression, ramp-induced interaction, whose
flowfield and surface properties were obtained using time-
averaged techniques in earlier studies.!!6 In the new test
program, carried out in the same wind tunnel and at the same
freestream conditions, wall pressure fluctuations have been
measured along a streamwise cut through the interaction.
Results from the study are presented in this paper. The
primary focus is on the properties of the unsteady separation
shock wave structure.

Experimental Techniques

Wind Tunnel and Model

All tests were made in the Princeton University 20 X 20 cm
high Reynolds number blowdown tunnel. The model was
mounted on the tunnel floor at approximately 16 cm (station
1) and 107 cm (station 2) downstream of the nozzle exit plane.
At these stations, M, is uniform and equal to 2.95 and 2.90,
respectively. The stagnation pressure for all tests was
6.8 X 105 Nm ~2 + 1% and the stagnation temperature was 265
K +5% giving a nominal freestream Reynolds number of
6.5x 107 m~-!. The wall temperature was approximately
adiabatic.

In designing the model (Fig. 1), the main objective was to
obtain a 2-D flowfield. Two 24 deg solid brass, 15-cm-long
ramps were used. Both-were 15 cm wide, allowing a 2.5 cm
gap on either side for passage of the sidewall boundary layers.
To isolate the interaction further and prevent spillage out of
the separated flow region, side fences were used. They had the
same shape and size as used earlier,'¢ and had evolved out of a
parametric study of fence geometries and their effects on the
flowfield. With these fences, transverse pressure distributions
were uniform and end effects were small. Surface streak
patterns, which are extremely sensitive to spanwise
nonuniformities, show that the flow is essentially two-
dimensional. Minor 3-D perturbations occur in the separation
region, causing a slight waviness in the separation line, but
their influence is. small. The spanwise variation in the length
of the separated flow is only a few percent.

Measurements upstream of the corner were made using a

flush pressure transducer in a wall plug. The ramp was moved
relative to the transducer. Over the range of travel (~6 cm),
the change in §, of approximately 0.06 cm has a negligible
effect on the flowfield. At each position, the ramp was
clamped to the floor and sealed with rubber cement.
Measurements on the ramp face were made with a second
model which could be slid 1.25 em into or out of the tunnel
floor along the plane of the face. The transducer was installed
in one of five plugs in the face. They were centered 2.54 cm
apart and were flush with the surface to within 2:0.0001 cm.
Thus, measurements could be made anywhere in the range
0<X= +13 cm. Tests made using adjacent plugs, but at the
same X, showed no effect of ramp length changes.

Instrumentation

Wall pressures were measured using a Kulite differential
transducer (Model XCQ-062-25-D) referenced to vacuum. Tt
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Fig.2 Incoming mean velocity profiles.

has a 0.071-cm-diam silicon diaphragm in which a fully active
Wheatstone bridge has been bonded atomically. The natural
frequency is ~500 kHz. It was calibrated statically. Shock
tube tests have shown that transducers of this type have
dynamic calibrations only a few percent lower than those
obtained statically.!” The transducer signal was amplified,
filtered, and sampled digitally at 500 kHz. Data were taken in
files of N records, each consisting of 1024 pressure
measurements. The value of N necessary for convergence of
P, gp,,, and the higher order moments depends on the signal
characteristics and is therefore a function of position. Values
in the range 100=<N=900 ensured convergence at all
positions. '

Incoming Boundary Layers

Figure 2 shows the incoming mean velocity profiles plotted
in wall coordinates u* vs y+. At both stations the profiles
match the wall-wake law well. The skin-friction coefficients
agree well with values predicted by the Van Driest II theory,
and the values of the wake strength parameter (A) are in the
normal range for equilibrium turbulent boundary layers.
Trips were not used since at such high Reynolds numbers
transition occurs far upstream of the nozzle exit.

Wall pressure fluctuations under attached, zero-pressure
gradient, turbulent boundary layers have been studied by
many investigators over a wide range of conditions. At high
speeds, broadband quantities such as op, have been
reasonably well correlated by plotting ap,, /g, (or with less
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success, ap,,/7,,) against M, .18 Considerable scatter exists,
but the trend is that o, /g, decreases with increasing M.
The present tests give op,,/q,=2.6x10"3 (op,/7,=2.2),
which agree well with the correlated data in Refs. 14 and 18.
Normalized probability density distributions are essentially
Gaussian with a skewness coefficient o; =0.036+0.01 and
kurtosis coefficient o, =2.924+0.02. Theoretical values are 0
and 3, respectively. The normalized power spectrum falls in
the bands obtained by Lewis!® at M_ =2.5, and by Bies,?0
who - correlated data from many studies in the range
0.03=<M_ <3.96.

Results and Discussion

Mean Flowfield and Wall Pressure Distribution

The microsecond spark shadowgram in Fig. 3a shows the
characteristic wave pattern of ramp-induced separated flow.
In Ref. 16 several spark shadow and continuous light
photographs revealed only minor variations in this pattern.
Thuis, it was assumed that the flowfield was essentially steady.
However, unless the separation, shock wave motion was
uniform across the width of the interaction, it would not be
detectable from photographs. Since the technique averages
across the flowfield, random spanwise variations in position
(which flow visualization suggests is the case?!) would result
in essentially the same image from frame to frame.

‘Figure 3b shows the mean flowfield model deduced from
pitot and static pressure surveys.!¢ Mean wall pressures have
. been measured in many studies and the general features are
well known. The results obtained using the Kulite transducer
are shown in Fig. 4a. The separation and reattachment points
indicated by S and R were determined from kerosene-
lampblack surface flow patterns. In the following discussion
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Z o

' Fig. 3b Experimental mean flowfield model (from Ref. 15).
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it is these points that are implied when the terms separation
and reattachment are used. In Ref. 16, P, was measured
using surface orifices and a scanivalve. The data agree well
with Fig. 4a, although the latter have slightly higher levels
throughout, and match the theoretical downstream pressure
level more closely.

Distributions of the Wall Pressure Standard Deviation

Figure 4b shows the corresponding distributions of op,,
normalized by P,,. The data correlate well at the two stations.
Both distributions have two peaks, one upstream of
separation, the other at, or extremely close to, reattachment.
In the region where the upstream peak in op,, occurs, the wall
pressure signal and its statistical properties are qualitatively
similar to .those at the same relative position in blunt fin-
induced flows.!! Both have the features characteristic of an
unsteady shock wave structure. In the blunt fin flow, in-
dependent confirmation of the unsteadiness and the
streamwise scale of the motion were obtained from high-speed
photography. !0 In the present tests, only wall pressures were
measured, but these are sufficient to quantify the un-
steadiness. _

From separation to the corner, gp,, and P, both increase
but their ratio is approximately constant. In absolute terms,
ap,, is about 10 op,,, although normalizing by P,, halves this
factor. The higher-order moments, «; and «,, are plotted in
Fig. 5. They also correlate well showing that at the same
normalized station the details of the fluctuations are the same.
In the separated flow, the distribution is almost Gaussian,
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Fig. 4a Mean wall pressure distributions.
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becoming more skewed and peaked toward reattachment. The
ratio op,,/q, just downstream of separation is 0.022. In
larger scale separated flows generated by 2-D forward facing
steps and large-angle flares, gp,,/qg., has been found to be
approximately constant, increasing rapidly near reat-
tachment.13-14 In the step flows, values between 0.03 and 0.04
were measured over the range 1.7<M_ <3.5. The underlying
trend is that of incredsing intensity with increasing M. In the
flare tests, op,,/q,, varied from 0.016 at M_ =1.6 to 0.023 at
M, =2.5.

Downstream of the corner, 13W and op,, increase, with
op, /P, reaching a maximum near reattachment. The
maximum value of op,, is further downstream but within 1 6,
of reattachment. Assuming that the redeveloping boundary
layer is approaching an equilibrium state corresponding to the
new freestream conditions, then the attached boundary-layer
correlation of Ref. 18 would predict ap, /P, to be 0.007-
0.008, as indicated in the figure. An approximate linear ex-
trapolation of the data shows that this would occur at X786, of
about 20.

Flowfield Near Separation

The rapid rise of apw/[’w upstream of separation appears
to be a common feature of many 2-D and 3-D shock wave-
induced turbulent separated flows. The relative amplitude of
the fluctuations in this region is extremely large, with the
maximum value of op, being a significant fraction of PW.
However, this region differs from others not just because of

the relative amplitude of the fluctuations but on account of its-

physical character. It is dominated by the unsteady separation
shock wave and the flowfield physics must be interpreted
within this framework.

Near the upstream boundary of the flowfield, «; and o,
increase rapidly, reach large maxima, decrease, and then
return to approximate Gaussian values near separation. The
physical cause is the shock wave motion. This can be seen in
pressure-time plots. Two examples, at X/6,= —2.1and —2.3
are shown in Fig. 6. On each plot, P, is indicated. For
reference, the incoming boundary-layer wall pressure
signature is also shown. Similar to Kistler’s results the in-
stantaneous wall pressure is intermittent, jumping randomly
back and forth from the range characteristic of the un-
disturbed boundary layer to a higher level that varies with
shock strength. P, is generated by the superposition of very
large amplitude fluctuations on the undisturbed pressure
signal and increases in the downstream direction because the
fluctuations increase in amplitude and frequency.

Kistler’s sketches of the pressure signal, based on
oscilloscope traces, suggest an approximately constant
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Fig. 5 Skewness and kurtosis distributions.
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disturbance pressure level, while those of the present tests and
Ref. 11 show a wide range of values. The maximum value of
op,/op,, measured by Kistler was about 16, the same as in
the present test. In blunt fin flows, the maximum varied with
D and §,, and was in the range 15-35. In other studies, the
character of the pressure signal was not discussed. Only
distributions of op,, were presented. They all have the same
shape as seen in Fig. 4b.

These results suggest that many of the wall pressure
distributions reported in the literature are also time-averaged
values of a similar unsteady pressure field. If so, then the
dynamic character of many flows has been entirely obscured.
In this region, any quantity based on the entire pressure signal
is an average value of two distinct superposed signals, and
provides little information on the physical properties of
either. For example, at X/6,= —2.3, the wall pressure is
undisturbed for about 80% of the time, during which
P,=P,, and op, =ap,y. The large- amplitude disturbances
for the other 20% of the time make P,, for the entire signal
equal to 1.08 P,,. Thus, that fraction of the signal
representing the undisturbed boundary layer is all below the
mean value of the entire signal and it is this, combined with
the contribution from the fewer points far above the mean
value, that increases ap,, by a factor of 10.

Intermittent Region

At each position an ‘‘intermittency’’ factor, vy, can be
calculated. It defines the fraction of time that the flowfield is
disturbed. In this context, disturbed means that P,, is outside
the range of the undisturbed boundary layer, that is,

_time[P,, > (P, +30p,,)]
. total time

M)

Based on 100 data records, v for the incoming boundary layer
was 0.0016 compared to 0.0013 for a theoretical Gaussian
distribution. The region over which v increases from some
value slightly larger than this to 1 defines the streamwise
length scale of the shock structure motion. Figure 7 shows
that a-large fraction of the region upstream of separation is
intermittent. Both curves have the same shape and are
displaced from one another due to the change in interaction
scale with 6,. The shape is similar to the Gaussian probability
distribution function, but it not quite symmetric about
v=0.5. The measured curves have longer and shorter tails for
low and high +, respectively. The upstream tails decrease
gradually toward y=0.0016, such that the absolute length of
the intermittent region, L, is about 0.75-0.9 §,. Pressure-time
histories show disturbances at these upstream stations, but the

- combination of small y and low strength does not generate a

measurable increment in P,,. Since long sampling times are
needed to define v accurately when it is less than about 0.02 to
0.03, a more accurate comparision of the two cases can be
made by defining L, as the distance over which v increases
from about 0.04 to 0.99. This gives 0.6 &, in both cases and
represents the region over which P,/P,  increases from
about 1.03 to about 1.7.

No direct measurements could be made of the in-
stantaneous separation point motion. When surface streak
patterns were obtained starting with the kerosene-lampblack
mixture painted only along the corner line, a well-defined line
(the separation line) was formed upstream. Close examination
of the line shows that many variable length streaks project
forward of it and are records of instants when the reversed
flow extended -further upstream. This suggests that the
separation line indicated by this technique may represent the
downstream boundary of a band of separation. The existence
of such a band, and a ragged instantaneous’ spanwise
separation line, have been qualitatively confirmed by flow
visualization,2! but there are no quantitative data on its length
scale or properties.
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Intermittent Region Length Scale

Intermittency also occurs in semi-infinite blunt fin-induced
flows. In Ref. 11 tests were made using two different diameter
leading edges (D=1.27 and 2.54 cm) in two turbulent
boundary layers (6,=0.3 and 1.6 cm). The freestream and
wall temperature conditions were the same as in the current
tests. The intermittency curves had the same shape as those in
Fig. 7 and occupied the same relative region of the flowfield.
L; normalized by D fell in the narrow range 0.42
<L,/D=0.54, whereas in terms of §, it varied from 0.4 §, to
3.4 6. This contrasts with the compression ramp data which,
although limited to only two test conditions, suggest that §, is
the appropriate scaling parameter for L,. - '

A later test program, in which wall pressure fluctuations
were measured upstream of the corner for different ramp
angles has shown that the common feature with the blunt fin

flows is that L, occupies a significant fraction of the distance’

from the interaction start to separation. These results are
reported in Ref. 22.

Shock Motion Frequency

No periodicity was detectable in the wall pressure signal.
Energy spectra’ show that, compared to the undisturbed
boundary-layer signal, there is significant amplification at
frequencies less than about 10 kHz, but the distribution is
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Fig. 8 Shock motion frequency in intermittent region.

broadband. An alternative method of presenting [requency
information, which is useful for comparative purposes, is to

. determine the number of crossings per second, N, (P;), of a

given pressure level, P, . If P, is set equalto 1.1 P, , then it is
high enough to exclude the undisturbed boundary-layer
fluctuations but low enough to include those induced by
relatively weak shock waves. Thus, although N, (1.1) does not
represent the frequency of a given strength disturbance, it is a
measure of the maximum frequency at which the wall pressure
is increased above the undisturbed level. In processing the
data records, the counter registering N, was inactive after
each crossing until the wall pressure was again within the
undisturbed range [i.e., P, < (PWO+3apwo)]. This ensured
that the large-amplitude fluctuations occurring when the
shock wave is upstream of the transducer were not included in
N;,. o

Distributions of N, (1.1) vs X/6, are shown in Fig. 8. The
maximum values at stations 1 and 2 are in the range 1.8-1,9
kHz and 1.4-1.5 kHz, respectively. L /8, is about 2.1 in
both cases, although at station 2, 6, is larger. L, 1s,

" therefore, larger, and the maximum frequency is lower. A
-- similar result was observed in the blunt fin flows. Since L,

on centerline depends primarily on D, it can be held fixed
while ¢, is varied. With D=1.27 cm, the maximum value of
N, (1.1) was about 1.3-1.4 kHz for both boundary layers
(0,=0.3 and 1.6 cm). However, increasing D to 2.54 cm,
‘which increases the physical size of L, (although L,/D
remains the same) decreased N; to about 0.9-1 kHz.
Robertson found a similar dependence in tests using cylin-
drical protuberances. In the intermittent region, and in the
outer region of separated flow, spectra generated by different
cylinders at different flow conditions could be correlated if
the power and frequency axes were normalized by UmqﬁcLSep
and L,/ U,,, respectively. :

For the fin tests, values of N, L ,/U,, =0.06 and 0.09 were
obtained for D=1.27 and 2.54 cm, respectively. Values for
the ramp flows are 0.09 and 0.11 at stations 1 and 2,
respectively. These four values, at a single U_, exhibit as
much variation as the raw frequency data, so the result is
inconclusive. Although for both configurations the maximum
value of N, (1.1) decreases with increasing L, more data
over a wider range of L. and at different values of U, are
needed before use of N;L,/U,, as a frequency correlating
parameter can be properly evaluated.

Upstream Influence

Experimentally, upstream influence, L, is generally
estimated from mean wall pressure distributions using the
method sketched in Fig. 9a. In absolute terms, it will be
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slightly underestimated, but the method provides consistency
within a given test series, and for comparison with other
results. Values of 2.4 8, and 2.3 §, at stations 1 and 2 agree
well with the correlated data of Ref. 23.

In a steady laminar or turbulent flow, L, has a clear
physical interpretation, as shown in Figs. 9a and b. The wall
pressures sketched dre those which might be measured at any
instant. In turbulent flow, the fluctuation amplitude about the
mean increases, but as P,, increases with X the signal as a
whole moves up the pressure axis. In the intermittent case, a
sketch at an instant cannot represent the downstream increase
in P A time history is needed at several stations, say X,
through X,; and the mean values at each poirit connected
(Fig. 9¢). The point X, where P, first increases above P
not the mean upstream influence. At X,, v and the mean
shock wave strength are small, but sufficient to increase P,
above P . Typically at X,, P, <P, +30p,, for about 95%
of the time. Thus, X, is the furthest upstream station at which
the pressure fluctuations due to the unsteady shock structure
are large enough and frequent enough to cause a measurable
increase in P,,. Upstream influence is spread over the region
defined by L, w1th each point characterized by a value of .

Concluding Remarks

Wall pressure fluctuations have been measured in a
separated, two-dimensional, compression ramp-induced
shock wave turbulent boundary-layer interaction. The test
conditions were a nominal freestream Mach number of 3,
with Reynolds numbers based on boundary-layer thicknesses
of 7.8x 105 and 1.4 x 106, The wall temperature condition
was approximately adiabatic. The measurements show that:

1) Large-amplitude pressuré fluctuations exist throughout
the interaction, particularly near separation and reat-
tachment.

2) The separation shock wave structure is highly unsteady
-generating an intermittent wall pressure signal. Mean wall
pressures in this region result from the superposition of
relatively low-frequency, large-amplitude pressure fluc-
tuations on the pressure signal of the undisturbed turbulent
boundary layer. At each station in this region an intermittency
factor can be calculated, defining the fraction of time that the
flowfield is disturbed.

3) The characteristics of the unsteady separation shock
wave structure are similar to those in blunt fin-induced flows.
In both flows, the frequencies of the shock motion are of
similar magnitude and decrease as the length of the separated
flow region increases. The streamwise length scale of the
shock wave motion is in both cases a significant fraction of
the distance from the interaction start to separation.
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4) The unsteadiness causes upstream influence to vary
constantly with time. The instantaneous values fall in a band
whose length scale is that of the shock structure motion.
Conventionally, upstream influence is determined from time-
averaged measurements and is defined as the distance from
the ramp corner line to the point where the mean wall pressure
first exceeds the undisturbed level. This is actually the up-
stream boundary of the band and is where the shock-induced
pressure fluctuations are large enough and frequent enough to
cause a measurable increase in the mean wall pressure.
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