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Fluctuating Wall Pressures near Separation in Highly Swept
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Fluctuating wall pressures have been measured in Mach 5 interactions generated by sharp, unswept fins at
angles of attack of 16 to 28 deg. The results show that rms pressure distributions, like the mean, can be collapsed
in conical coordinates. The wall pressure signal near separation is intermittent and is qualitatively similar to that
measured in unswept interactions and other swept flows. However, the dominant separation shock frequencies in
the swept flows are up to an order of magnitude higher than those in unswept interactions under identical incom-
ing flow conditions. In light of the present observations, it appears that an earlier remark, by Gilson and Dolling,
that separation is characterized by a "shuddering compression system, in contrast to a translating separation
shock" is erroneous due to a combination of weak shock strength and inadequate spatial resolution. Further-
more, although the maximum rms pressure near separation increases with increasing interaction strength, as in
swept compression ramp flows, comparison of data from the two flow types indicates that the appropriate corre-
lating parameter is the interaction sweepback angle.

Introduction

WITH the increasing prominence of high-speed vehicles in
the national agenda, interest in shock-wave/turbulent

boundary-layer interactions remains strong. Such interactions can
generate large amplitude fluctuating pressure loads (up to 185 dB)
and high heating rates whose magnitudes are critical to the predic-
tion of aeroacoustic loads and structural fatigue. To optimize aero-
dynamic/structural design an improved understanding of the dy-
namics of the shock-wave/turbulent boundary-layer interaction is
essential. One of the most commonly studied swept interactions is
that caused by a sharp fin at angle of attack a mounted perpendic-
ular to a flat test surface. This interaction, simply called the sharp
fin or glancing shock interaction, is representative of the more
complex interactions found in engine inlets and at fin/body junc-
tions. Although much has been learned about the mean surface
properties and flow structure,1 questions remain regarding the un-
steadiness of the interaction.

The dominant inviscid feature of the interaction is the planar
shock wave attached to the fin leading edge. A standard measure
of the interaction strength is given by Mn, the Mach number nor-
mal to the inviscid shock. The evolution of the interaction
cross-plane flow structure as a function of Mn has been investi-
gated by Alvi and Settles2'3 using conical shadowgraphy and coni-
cal planar laser scattering. Results show that significant viscous ef-
fects are confined to the region near the fin leading edge and that
after a certain radial distance the interaction becomes quasiconical.
This region near the leading edge, called the inception region, has
length Li and is a result of the dimension introduced into the flow-
field by the incoming boundary layer thickness 8. Because of the
inception region, the origin of the surface and flowfield features in
the quasiconical far field is not coincident with the fin leading
edge. Instead, they emanate from a virtual conical origin (VCO)
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just upstream of the fin leading edge along the extended inviscid
shock trace (Figs. 1 and 2). As a result of the quasiconical symme-
try of the interaction far field, a spherical/polar coordinate system
with the origin located at the VCO (Fig. 1) is most appropriate for
studying the interaction. Features of interest are then given in
terms of angles relative to the freestream direction or test surface.

Pertinent features of the interaction footprint and the corre-
sponding nomenclature are shown in Fig. 2. The upstream influ-
ence line, at angle PMi, is the line along which the incoming surface
streaklines initially deviate from the freestream direction, and cor-
relates well with the line along which the mean surface pressure
first increases. The primary separation line, at angle (35l> appears as
a coalescence of streaklines. Beneath the separated boundary
layer, the flow forms a spiraling, helical vortex. Further details of
the flow structure, deduced from both experiment and computa-
tion, can be found in Refs. 1-4.

To the authors' knowledge, studies of the unsteadiness of sharp
fin interactions have been made in only three facilities. The first
was made at Mach 3 at Princeton University, the results of which
have been reported in Refs. 5-7. It was noted that the wall pressure
signal near separation was intermittent, indicative of a translating
separation shock wave. Since measurements were made at two

Fig. 1 Spherical/polar coordinate system.
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Fig. 2 Surface flow features.1

spanwise locations for only one fin angle of attack, questions con-
cerning the radial evolution of the fluctuating wall pressure field
could not be addressed. In later work at the University of Texas at
Austin, exploratory experiments at Mach 5 yielded wall pressure
signals near separation indicative of a quasisteady "shuddering"
compression system rather than a translating separation shock
wave.8'9 Measurements were made along rays from the VCO, but
the limited radial extent of the data and scatter prevented the au-
thors from drawing a definitive conclusion regarding quasiconical
symmetry of the fluctuating wall pressure field. The most recent
study, which was published following completion of the current
work, is that of Garg and Settles,10 who present results for fin an-
gles of attack of 10, 16, and 20 deg at Mach 3 and for 16 and 20
deg at Mach 4. In anticipation of quasiconical symmetry, transduc-
ers were installed along a circular arc centered at the fin leading
edge. Measurements were made at only one radial location, and
thus no proof of conical symmetry was provided. Also, the mea-
sured wall pressure signals near separation were not intermittent.
The main focus of their effort was to explain the features of the
mean and rms distributions using detailed flowfield maps devel-
oped in earlier work.2'3

The present study was an attempt to learn more about the un-
steadiness of sharp fin-induced interactions and, we hope, clarify
some issues arising from the earlier work of Tran et al.,6 and Gib-
son and Dolling.8'9 The following questions were addressed.

1) Does the rms of the wall pressure fluctuations, and hence the
fluctuating load distribution, exhibit quasiconical symmetry simi-
lar to the mean wall pressure?

2) Is the initial compression region near separation character-
ized by a translating separation shock generating an intermittent
pressure signal or by a quasisteady, shuddering compression wave
system? Can both phenomena exist and is there a range of interac-
tion sweep angles or shock strengths over which there is a transi-
tion from intermittent to quasisteady behavior?

3) In swept interactions, does the maximum rms in the vicinity
of separation correlate with the overall inviscid pressure rise or is
it dependent only on local conditions?

Experimental Program
A brief description of the experimental program is given next.

Further details are given in Refs. 11 and 12.

Test Facilities and Flow Conditions
The experiments were conducted under approximately adiabatic

wall temperature conditions in the Mach 5 blowdown tunnel of the
University of Texas at Austin. The tunnel has a constant area test

section that is 17.78 cm (7 in.) high by 15.24 cm (6 in.) wide and is
located about 90 cm (36 in.) downstream of the nozzle throat. The
nominal stagnation chamber pressure and temperature for the cur-
rent work were 2.27 MPa (330 psia) and 635°R (353 K), respec-
tively. The test section Mach number is 4.95. These conditions
generate a freestream Reynolds number of approximately 48 X
106 m-1 (14.6 X 106 fr1).

The incoming tunnel floor boundary layer was turbulent and de-
veloped naturally without the need for trips. Pitot pressure and
total temperature surveys in the undisturbed boundary layer show
that the mean velocity profile closely matches the law of the wall/
law of the wake. The properties of the boundary layer 9.5 cm (3.74
in.) downstream of the junction of the nozzle and test section are
listed in Table 1. This position is 3.3 cm (1.3 in.) downstream of
the fin leading edge.

Model
The shock generator was a stainless steel fin with an unswept,

sharp leading edge mounted normal to the floor of the wind tunnel
as shown in Fig. 3. The fin was 12.7 cm (5 in.) long, 7.62 cm (3
in.) high, and 1.25 cm (0.5 in.) thick, which was sufficiently small
to start the tunnel at any required angle of attack yet large enough
that the fin was effectively semi-infinite. The angle of attack
mechanism was calibrated with a machinist's protractor, and it is
estimated that the a is accurate to within ± 0.5 deg. At the maxi-
mum angle of attack, a = 28 deg, both the fin leading and trailing
edges were more than 3.6 cm (1.4 in.) from the tunnel sidewalls,
which was sufficient to avoid interference from the sidewall
boundary layers.

Instrumentation and Data Acquisition
Fluctuating wall pressure measurements were made using Ku-

lite Semiconductor Products, Inc., model XCQ-062-15A (0-15
psia, 0-1.03X105 Pa) and model XCQ-062-50A (0-50 psia,

Table 1 Undisturbed boundary-layer parameters

So
5*
e
n
H
Re*

1.51 cm
0.67 cm

6.6 X 10~2 cm

(0.59 in.)
(0.26 in.)

(2.6 X 10~2 in.)
0.78
10.2

3.17 X 10-4

7.74 X 10^

Fig. 3 Model arrangement.
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0-3.44 X 105 Pa) transducers. The transducers have a pressure-
sensitive area 0.71 mm (0.028 in.) in diameter and an outer case di-
ameter of approximately 1.63 mm (0.064 in.). Perforated screens
above the diaphragm protect it from damage due to any dust parti-
cles in the flow but limit the frequency response of both transducer
models to about 50 kHz. The transducers were calibrated statically
on a daily basis using a Heise model 710A digital pressure gauge
accurate to within 0.001 psia (7 Pa).

Transducer voltage output was amplified and low pass filtered
before being digitized. Two LeCroy analog-to-digital (A/D) con-
verters (model 6810 waveform recorders) with 12-bit resolution
were used. Each A/D converter output 0-4095 "counts" for an
input of 0^ V. Data were taken at sampling rates of either 50 or
200 kHz per channel, and for each run 256 records of 1024 points
were acquired. Typical noise on the data acquisition system varied
between ±5 to 15 counts peak to peak, with a typical signal-to-
noise ratio of about 100.

Data were acquired using six to eight transducers per run. The
transducers were flush mounted along two straight rows in a rotat-
able plug (Fig. 4). The rows, labeled A and B in Fig. 4, were 0.508
cm and 1.524 cm from the center of the plug and had 23 and 20
transducer ports, respectively. All ports were spaced 0.292 cm
(0.115 in.) apart. Symmetric mounting flanges allowed the plug to
be rotated such that the transducer rows were either "toward" (un-
filled circles) or "away" (filled circles) from the fin leading edge
(Fig. 4). Hence, measurements at several radial distances from the
fin leading edge were possible.

The geometric data defining the transducer locations and orien-
tation for all fin angles of attack are listed in Table 2. The radial
distance r from the fin leading edge to the middle transducer in
each row, normalized by the boundary-layer thickness, is tabulated
along with the angle between the freestream direction and the nor-
malized radius Q. The middle transducers are no. 12 in row A and
no. 10 in row B (see Fig. 4).

Measurements could be made with the transducer rows normal
to the inviscid shock when the plug was rotated such that the rows
were closest to the fin leading edge, r/5 < 3.28. When the plug was
installed with the rows farthest from the leading edge, r/8 > 4.59,
measurements could be made normal to the inviscid shock only for
cc < 22 deg.

Discussion of Results
Surface Flow Visualization

Kerosene-lampblack surface flow visualization patterns were
used to determine the angles of the separation and upstream influ-
ence lines. The method is described in Ref. 13. The angles were
obtained by measuring the angle between the surface features out-
side of the inception region and a reference line in the freestream

Fin
angle,
a, deg
16
18
20
20
22
24
24
26
28
28
28

Table 2 Orientation of transducer plug

Transducer row
Inviscid angle with respect

shock angle, to normal to
Po, deg freestream, deg

25.5
27.7
29.9
29.9
32.2
34.6
34.6
37.1
39.7
39.7
39.7

25.5
27.5
30
30
32

34.5
37
64

39.5
64
64

Normalized
radial distance
to transducer

row, r/8
4.97
5.02
3.16
5.07
5.12
3.22
5.18
5.22
3.28
4.59
5.26

Angle between
freestream and

normalized
radius, Q, deg

43.6
44.5
55.4
45.5
46.4
55.6
47.9
53.7
55.7
52.7
54.2

direction. The VCO was determined by finding the intersection
point of a line drawn asymptotically to the separation line in the
quasiconical far field and the inviscid shock trace extended ahead
of the fin leading edge.

The surface feature angles compare favorably with those ob-
served in previous studies. The upstream influence angle pM/ and
primary separation line angle p5l are plotted in Fig. 5, along with
the empirical upstream influence angle correlation of Lu et al.14

[Eq. (1)] and the upstream influence and separation angle correla-
tions of Zheltovodov et al.15 [Eqs. (2-4)]. Equations (3) and (4) are
for separation with turbulent and laminar reverse flow, respec-
tively:

ApMI- = 2.2Ap0 - 0.027A PJ where Ap = p - (1)

pM/ - p;. = 1.53(P0 - where

where

p5l - p,*! = i.94(p0 - p;) - o.oi54(p0 -
where p;, = pj

+ 3.4 (2)

(3)

(4)

Fig. 4 Transducer plug.

In Eqs. (1-4), M^ is the freestream Mach angle, p0 is the inviscid
shock wave angle, and the asterisk refers to surface feature angles
at incipient separation.15 For the current study the shock angle for
incipient separation PQ was determined to be 14 deg using the
methods of Ref. 15. The correlations predict reasonably well the
upstream influence and separation angles, with the exception of
the strongest interactions, for which the correlations tend to under-
predict the surface feature angles. This may be because the correla-
tions were developed using data at Mach numbers between 2 and 4
and fin angles less than 30 deg, which would produce generally
weaker interactions than those of the current study.

The experimentally determined VCO locations also followed
trends observed by earlier investigators. As the strength of the in-
teraction increased, the VCO approached the fin leading edge.
This phenomenon had been observed in the previous work of Lu
and Settles16 at lower Mach numbers. Overall, the agreement be-
tween the surface features of the present and earlier investigations
indicates that the experimental flowfield for the current study was
effectively semi-infinite and free of irregularities.

Mean and Rms Pressure Distributions
Normalized mean wall pressure distributions in conical coordi-

nates for a = 20, 24, and 28 deg are shown in Fig. 6. Note that the
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Fig. 5
tions.

Experimental surface feature angles and empirical correla-

distributiojis for a = 24 and 28 deg are offset vertically 2 and 4
units of (/VT.J above the data for a = 20 deg. The VCOs used
to obtain p, the conical coordinates, are those determined from sur-
face flow visualization. The locations of separation and the theo-
retical inviscid shock, S and p0, are labeled, as is the theoretical in-
viscid pressure ratio across the shock. The latter is indicated by a
horizontal bar on the pressure axis and takes into account the verti-
cal offset of the data. The fin surface is indicated by a vertical bar
to the left of each data set. Radial distances of the transducer rows,
in terms of r/8, are specified in the legend.

The quasiconical nature of the mean pressure field is quite evi-
dent despite the scatter in the data, which arises largely because
transducers with relatively wide ranges (0-15 or 0-50 psia) were
used to measure pressures that varied from about 0.6 to 5.5 psia
(4.1 X 103 to 3.8 X 104 Pa). This was because the focus was on the
fluctuating wall pressures, and high-frequency response transduc-
ers with stiff diaphragms are needed. Such transducers are not ide-
ally suited to measuring the relatively low mean pressures encoun-
tered in these interactions.

The wall pressure standard deviation, normalized by the
freestream static pressure and local mean wall pressure, is plotted
in conical coordinates in Figs. 7 and 8, respectively. The VCOs are
the same as those used in Fig. 6. It can be seen from Fig. 7 that
load levels throughout the flowfield increase substantially with in-
creasing angle of attack. From examination of both figures it can
be stated with confidence that, within engineering accuracy, the
rms pressure distributions, like the mean, are quasiconically sym-
metric. The skewness and flatness coefficient distributions are also
quasiconically symmetric.12 Note that the data for cc = 28 deg col-
lapse well on the two inner rows, r/8 = 3.28 and 4.59. On the outer
row, r/8 = 5.26, the rms levels are slightly higher than those on the
two inner rows, possibly due to the influence of the sidewall inter-
action as discussed in Ref. 11.

The mean and rms pressure distributions are qualitatively the
same as those measured by Gard and Settles10 at low Mach num-
bers, except near the fin surface. Near the fin surface, Garg and
Settles' distributions have maxima that are not visible at the higher
Mach number of the current experiment. The maxima are defined
by only one or two data points in the Mach 4 data but are well de-
fined at Mach 3. A possible explanation has been presented by
Alvi and Settles.3 As the interaction strength increased, Alvi and

Settles noticed that the flow structure became "compacted" into
the junction of the fin and the test surface. This compression of the
flowfield may cause features near the fin surface to become diffi-
cult to resolve in very strong interactions.

Intermittency
The fluctuating wall pressure signals near separation are inter-

mittent, similar to those measured by Tran et al.6 Samples of the
wall pressure signals (~1 record of 1024 points) between the up-
stream influence and separation line are shown in Fig. 9 for a = 16,
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Fig. 6 Normalized mean surface pressure distributions in conical
coordinates.

0.50

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

(Tp/Poo

a r/5
O 28 5.26
A 28 4.59
• 28 3.28
o 24 5.18
• 24 3.22
a 20 5.07
• 20 3.16

20 25 30 35 40 45 50 55 60 65 70 75

Fig. 7 Wall pressure standard deviation distribution in conical coor-
dinates.



SCHMISSEUR AND DOLLING: SEPARATION FLUCTUATING WALL PRESSURES 1155

20, 24, and 28 deg. The calculated intermittencies, using the tech-
nique described in Ref. 17, are shown above each signal. The cor-
responding probability density distributions, calculated from 256
records, are shown in Fig. 10. In both figures the undisturbed
boundary-layer data are shown for reference. Corroborating evi-
dence of intermittency comes from the power spectra shown in
Fig. 11, which show that the major contributor to the rms in the vi-
cinity of separation is the large-amplitude fluctuations generated
by the low-frequency motion of the separation shock wave. Calcu-

lations of separation shock zero-crossing frequency, again using
the method of Ref. 17, give maximum values of 3-4 kHz that cor-
relate well with the dominant frequencies in the spectrum. Because
of the small size of the intermittent region, only three or fewer
transducers could be placed within it; hence, detailed distributions
of zero-crossing frequency could not be obtained. Thus, for fin an-
gles between 16 and 28 deg, the upstream flowfield is character-
ized by a translating separation shock wave that generates an inter-
mittent wall pressure signal.
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Fig. 8 Normalized standard deviation distribution in conical coordi-
nates.

Fig. 10 Probability density distributions.
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Fig. 9 Sample wall pressure signals near separation. Fig. 11 Normalized power spectra.
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In light of the preceding findings, a pertinent question is why in-
termittent wall pressure signals were not detected in the earlier
work of Gibson and Dolling8'9 and the more recent work of Garg
and Settles.10 By comparing the flow conditions, flowfield scales
and transducer arrangements of the aforementioned studies with
those of Tran,5 Tran, et al.,6 Tan et al.,7 and the present study, it
appears that the measurements of Refs. 8-10 suffer from a combi-
nation of poor spatial resolution and comparatively weak separa-
tion shock strengths. For experiments with small intermittent re-
gions in which a significant part of the shock motion may occur
over a single transducer, the intermittent nature of the signal may
be masked. Only when the shock wave moves completely up-
stream or downstream of the transducer, which occurs rarely, will
the intermittent nature be evident and then only appear clearly if
the separation shock is relatively strong. If the separation shock is
weak such that the pressures upstream and downstream of it do not
differ significantly, then the masking effect is exacerbated further.
Thus, although poor spatial resolution or a weak shock alone will
not necessarily mask the intermittency of the pressure signal, their
combination may well do so. Although the sample signals in Fig. 9
are intermittent, it is still quite evident that the intermittency be-
comes more pronounced (and thus more readily detectable) with
increasing angle of attack (i.e., increased separation shock strength
and increased intermittent region length scale). The same observa-
tion was made by Tran et al.,6 who noted that at Mach 3 intermit-
tent characteristics were not apparent at a = 10 deg, then appeared
and increased in intensity as the fin angle was increased from 12 to
20 deg. Estimates of the VCO location were made using the data of
Ref. 16, and the radial distance to the transducers from the VCO,
/?vco, was determined for each study. The value of Rvco for Tran's5

experiment was estimated to be 27.5 cm, over twice that for the
other studies, which ranged from 11.4 to 12.8 cm. Thus, although
the separation shock strengths of Tran5 and Tran et al.6 were weak,
the intermittent characteristics of the wall pressure signal were ev-
ident because the intermittent region was large.

Since the work of Refs. 8 and 9 and the present study both orig-
inated within the same research group, the pressure signals of
Refs. 8 and 9 could be re-examined. Recall that the data of Refs. 8
and 9 were obtained in the relatively thin boundary layer generated

on a flat plate, whereas the measurements of the current study were
made in the thicker boundary layer generated on the floor of the
wind tunnel. Although the amplitude probability distributions of
signals near separation in Refs. 8 and 9 are not significantly
skewed, careful examination of the pressure signal itself indicates
that it is indeed intermittent. As a result, the earlier conclusion of
Refs. 8 and 9 that the signals in the initial compression region indi-
cate a "shuddering" compression system are incorrect.

Influence of Sweep on Maximum Rms in Intermittent Region
It can be seen from Fig. 7 that the maximum rms generated by

the separation shock o>pmax increases with fin angle of attack. Be-
cause the sweepback of the interaction decreases and the overall
strength of the interaction increases simultaneously as a is in-
creased, it is not readily apparent which parameter causes the
change in apmax. The effects of sweepback and inviscid pressure
rise can only be decoupled through comparisons of data for which
the sweepback of the interaction was constant but the inviscid
pressure rise was different and vice versa. The only data known to
the authors that can be used to explore this issue are the swept
compression ramp data of Erengil and Dolling.18 Both the current
fin and swept ramp studies were made in the same facility under
practically identical freestream and boundary-layer conditions;
hence, the only difference in the two is the geometry of the shock
generator. In the work of Erengil and Dolling all ramps had a con-
stant streamwise corner angle of 28 deg, whereas corner line
sweepback angles ranged from 0 to 50 deg.

The normalized maximum rms pressure (Opmax/Poo) near separa-
tion as a function of the overall inviscid pressure rise for both fin
and ramp interactions is shown in Fig. 12a. Each configuration
generates an approximately linear variation in Opmax/^oo wim invis-
cid pressure rise but with different slopes. Although the data sets
do not overlap, there is no physical reason to suppose that both
data sets would undergo a radical change in slope and merge at a
pressure ratio of about 11. The same data plotted as a function of
separation line sweepback angle are shown in Fig. 12b. The rela-
tively smooth decay of the data and their overlap strongly suggest
that, for fixed incoming flow conditions, apmax is primarily a func-
tion of the sweepback angle of (or Mach number normal to) the
separation line. This result infers that apmax is determined prima-
rily by local flowfield structure near separation and not overall in-
viscid pressure rise. This inference has been confirmed by Gon-
salez,19 who has shown that o>pmax in a wide variety of swept and
unswept interactions is essentially equal to one-half of the separa-
tion shock wave strength. Depending on flowfield type, the latter
may, or may not, be a function of overall inviscid pressure rise.

Conclusions
Fluctuating wall pressure measurements have been made in

Mach 5 shock-wave/turbulent boundary-layer interactions gener-
ated by sharp, unswept fins at angles of attack of 16-28 deg. The
experiment was conducted under approximately adiabatic wall
temperature conditions. An attempt has been made to answer sev-
eral questions regarding the radial evolution of the fluctuating
pressure field, the unsteadiness of the compression system near
separation, and how fluctuating pressure levels generated by the
unsteady separation shock wave are affected by interaction sweep-
back. The results may be summarized as follows.

1) Using the virtual conical origin determined from surface flow
visualization, it can be stated that within engineering accuracy
both the mean and rms pressure distributions collapse quasiconi-
cally.

2) Visual inspection, time-series analysis, and conditional sam-
pling of the fluctuating wall pressure signals between the upstream
influence and separation lines indicate that the separation shock
wave does generate an intermittent wall pressure signal, qualita-
tively similar to that seen in unswept interactions.

3) Although the maximum rms pressure near separation in-
creases with increasing inviscid shock strength, as in swept com-
pression ramp flows, comparison of data from the two types of
flows strongly suggests that the appropriate correlating parameter
is the interaction sweepback angle.
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