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--Experimental 'measurements of static pressures, fluctuating
wall pressu'res, and mean velocity profiles are presented
for subsonic turbulent separated flows. Separation was
induced by three-types of geometrical configurations, Back-
ward-facing steps 1/2, 1, and 1-1/2 inches high; forward-
facing steps 1/2 and 1 inch high; and fences 1/2 and 1 inch
high. Measurements were made for free stream velocities of
170, 280, and 370 ft/sec.

It was found that the base pressure was essentially ReynoLds
number independent. The separation length was independent
of speed and proportional to the height of the configuration
causing flow separatio'n.

The wall pressure fluctuations associated with the separated
flows were of higher magnitudes than those caused by attached
turbulent boundary layers and reached maximum values near
reattaciment.

.2
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EX DI aAL IMVSTIGATION OF THE WALL

PRESSUJRE FLUCTUATIONS IN SUB3SONIC SEPAR&TED FL•]C

1. INTRODUCTION

Flow separation 2':cuz s on the surfqces of airplanes for a
variety of reasons: a sudden change in contour, as in the
vicinity of the cabin w'ndshield, a deflected control surface,
or a discontinuity in the skin, as in the case of window cut-
outs. The fluctuating forcel associated with separated flows
are known to be of highe.: magnitudes than those which result
from attached turbulent boundary layers. These fluctuating
forces cause structural vibrations which radiate sound of
unacceptable levels in cabin interiors and may cause localized
sonic fatigue.

Future structural 'esign practice will require specification
of the forcing f'eld produced by separated flows. This will
involve the l.etermination of the 'mnitudes of the static
and fluct,'dting forces over the length of separation region
as well as the frequency spectral distribution of the energy
in the forcing field.

A Large number of experimental and theorstical investigations
h,,ve been undertaken to study the structure of separated
flows. Most of these investigations have emphasized phencmena
Euch as the effects of transition on selptration (References
I and 2), the flow conditions near reatt.ichment (Reference 3),
a.2d the base pressure problem (Reference .-4). Although these
-studies have helped in understanding ths dynamics of separated
flows, the problem of the fluctuating ''orces associated with
then is -yet to be adequately defined 2'or structural design
purp':-ses.

In the s,:nersonic regime, Kistlor (Reference 5) has measured
the wall pro-zeure fluctuaticas under a sepIratad flow up-
stream of a forwarz-Zacing step. Speaker and Ailman (Reference
6) have reported on the fluctuating pressures resulting from
separation for backward-facing and forward-facing stepo.
However, no meamurernents of the fluctuating pressures under
subsonic separated flows have been reported. In view of this
lack of information, and because of the above mentioned
necessity for describing the forcing field on airplane com-
ponents subjected to subsonic separated flows, the following
experimental study was carried.out.

Three geometrical configuratioas were selected as being most *

representative of those producing separated flows on airplanes:
backward-facing steps, forward-facing steps, and fences. Tae
heights of the geometries of this study were selected smaller

I!
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than the thickness of the incoming boundary layer for modeling
of practical cases. The objective of this investigation was

to measure for these configarttions (1) position and extent
of separation, (2) magnitudes of static and fluctuating forces,
and (3) frequency spectra of the fluctuating forcing field.
The boundary layer of the oncomin& attached flow vas turbulent
asi had an effective thickness of 2 inches. All measurements
were taken at the Boeing Subsonic Boundary Layer Facility.

2. RESULTS AND DISCUSSION

2.3 Velocity Profiles

A description of tiie apparatus and measuring procedures
used in these experiments is g-ven in the Appendix.

Separate traverses of the total and static pressures were
made in the oncoming attached flow and streanvise in the
regions of separation and reattacbment. All traverses
were confined to the vertical plane cantaiiing the center-
line of the test section. A soheaatic diagram of the
various regions of the flow ia shown in ig•.re 1. By
applying Bernoulli's equation in the form

to the preesure measurements, non-dimansiontl velocity
profiles for the various configurations and speeds of
this experiment were obtained. Because it was found that
the profiles, for any one configuration, did not-change
significantly with height or speed, only a typical profile
history per configuration is presented. In these profiles,
shown in Figures 3, 7, and 9, the location of the - = 0
line was deteimined experimenztally using the probe and
technique described in the Appendix. The line joining
the'inflectico points in the velocity profiles approximately
locates, in the free shear layer, the region of maximum
turbulent stress. It is to be noted that the magnitudes

of the velocities in the reversed 4low region are only
approximate because of the skewness of the'flow in this
region with respect to the measuring probes.

A summary of the separation lengths for three different
configurations is given in the following table.

"Separation Length
Cofigurationx/h

Backward-facing atep 5

Forward-facing atep 2

R•. 0 Fence 11

.EV SYM AWMI AP a 1,. 61704
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2.1.1 Oncoming Flow

Figure 2 shows the velocity profiles of the oneo ,ing
flow for air speeds of 170, 280, and 370 ft/sec. For
all speeds, the effective boundary layer was turbulent
and was 2 inches thick. The vertical distance, y,
was normalized by the boundary layer momentum thick-
ness, e , and the local longitudinal component of
the velocity, 'u, by the centerline velocity, U,,
measured upstream of the steps and fences. The pro-
files oboyed the 7th power law and were identical
in shape to flat plate turbulent boundary layers at
zero incidence.

2.1.2 Backward-Facing Step

Shown in Figure 3 is a spatial distribution of the
velocity profiles for a 1-inch backward-facing step
at an air speed of 370 ft/sec It is seen that, in
the region of flow reversal, the magnitudes of the
velocties are rather small compared to the free
stream velocity and the ratio u//U. does not exceed
one fourth. This is in close agreement with the
measurements of Reference 7 in which the ratio u/4
in the region of flow reversal behind a 1-inch back-
ward-facing step at an air speed of 150 ft/sec is
shown to be less than 0.2. The shape of the u = 0
line is indicative of expansion of the flow as
it passes over the step. The line fitted through the
inflection points of the velocity pr'files serves to
approximately locate the line of maximum turbulent
shear stress (-.as will be discussed in a later
section. The velocity profile near reattachment is
typical in shape to thae, of an attached boundary
layer advancing in an adverse pressure gradient. This
can be explained by the pressure rise which accompanies
reattachment. The flow pattern on the floor of the
test section was visually observed by means of the
lampolack tracer shown in Figures 4, 5, and 6 for
0.5, 1.0, and 1.5 inch high backward-facing steps,
respectively. These figures show that the flow is
three-dimensional except for the narrow region con-
taining the centerline of the test section. There
exists a line of small vortices along the travweerse
edge of the step with a large vortex occurring at
each end of the line. For this c6nfiguration, re-
attachient is shown to occur oetween 4 and 5 step
heights and was found to be independent of speed. This
length to reattachment is in good agreement with that
reported by Reference 8- in which reattachment down-
stream of backward-facing steps, at air speeds and

REV SYM APPZWM o. D6-170,



9. step heights similar to those of the present experiment,
was found to be five step heights.

2.1.3 Forward-facing Step

Figure 7 shows, the distribution of longitudinal vel-
ocity components for a forward-facing step at an air
speed of 370 ft/see. From the shape of. the u - 0
line, it is seen that the flow overshoots as it passes
the face of the step resulting in a region of flow re-
versal on top of the step. The maximum height of the
reversed flow region is small in comparison with the
step height and does not exceed two-tenths of the step
height. As in the case of the backward-facing step,
the shape of the velocity profile near reattachment
indicates the pressure rise which occurs at reattach-
ment. The length of the .separation region, as ob-
served by means of lampblack traces shown in Figuxe
8, was found to be between 2 and 2.5 step heights and
increased very slightly with air speed.

2.1.4 Fence

Mean velocity profiles pnd turbulence intensities for
a 1/2-inch fence at an air speed of 280 ft/sec are
shown in Figure 9. The shape of the u = 0 line indicates
that the flow overshoots as it passes over the fence to
a height slightly larger than that of the fence. This
overshoot results, behind the fence, ima region of
flow reversal which is longer for a fence than for a
backward-:facing step of the same height. The separation
length for 1/2- and 1-inch fences was visually observed,
see Figures 10 and 11, to be between 11 and 12 fence
heights, and was found to be independent of speed. Fig-
ures 10 and 11 &13o show that the flow is three-dimen-
sional and that a line of vortice3 exists behind the
fence. As in the cases of backward-facing and forward-
facing steps, the velocity profiles near reattachment
display the shape imposed on a profile by a positive
presrsure grad4 tnt.

The turbulent intensity measurements, presented in
figure 9, show that the line joining the maxima of the
turbulent shear. stress, (-p), , and the line fitted
through the inflection points in the velocity profiles
have the saew ordinates. Under the assumption that a
comerable relationship holds for backward- and forward-
facing seps, it was possible to locate for these con-
figurations the line (' ). , as shown in Figures 3
and 7. The magnitudef and shapes of the turbulence

• intsmaittes, JZ-z/V , downstream of the fence are in

good agreement with Ithose reported in Reference 9 rith
peak intensities of 25% occurring in the free shear

layer.
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j 2.2 Static Pressure Distribution

The static V-ressure distribution along the centerline of
the base of the test section was recorded for the speeds
and configurations tested. The results of these measure-
ments are shown in Figures 13 to 21. In .these resulta,
the distance, x, is normalized by the height, h, of the
geometry causing flow separation. The pressure coefficient,
C, is given by

'.

where A is a reference pressure measured upstream 1 inch
from the backward-facing steps mifd 14 inches from the for-
ward-facing steps and fences. A smary plot of the results
of this section is shown in Figure 12.

2.2.1 Backward-Facing Step

Shown in Figures 13, 14, and 15 are the pressure dis-
tributions downstream of backward-fating steps 0.5,
1.0, and 1.5 inch high for air speeds of 170, 280,
and 370 ft/sec. As seen from these figures,- immediately
behind the steps, the pressure coefficient is negative
and becomes slightly more negative with increase in
distance to about 3 step heights. Between x/h - 3 and4x =/h 5,. th# pressure rises very rapidly and becomes
positive. With further incre,-se in distance the pres-
sure reaches a maximium positive value and then drops
gradually and approaches ambient pre-sure.

It is interesting to note that the base pressure is
essentially insensitive to changes in step height or
speed, .whicb -is in agreement with observations made
in Reference 4. The rapid rise in pressure is indica-
tive of flow reattachment which, for backward-facing
steps, was visually observed to occur between 4 and 5
step heights (see Figures 4, 5, and 6).

2.2.2 Forward-Facing. Step

In the case of the forward-facing steps, shown in
Figures 16, 17, and 18," the pressure begins to rise
above ambient as the flow approaches the step face
where the pressure reaches a maxtaiu positive value.
On top of the step, where the flow is separated, the
pressure starts at a negative value nt x/h - 0 and
increases to aisbient at 8 to 9 step heights. Flow

I reattachment occurs between 2 tO 2.5 step heights but
is not accoepanied with a sudden rise in pressure. The
pressure distribution upstreau aid downstream of the
step is found to be independent of speed.

0
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-A*-* 2.2.3 Fence

The pressure distribution downstream of fences 0.5 and
1.0 inch high at airspeeds 170, 280, and 370 ft/sec
are presented in Figures 19, 20, and 21. The cavity
length for the fences is twice as long and har a
preswre coefficient 3 times as negative an the back-
ward-1'aeing steps. The region of rapid pressure
rise is longer for the fences than that for the back-
ward-fatcing steps, 8 fenae heights versus 2 step
heights. Reattachment for fences, as observed visually
in Figures 10 aid 11, occurs between 11 and 12 fence
heights and is independent of speed.

2.3 Wall Pressure Fluctuations

Presented in this section are power spectral density meas-
urements of wall pressure fluctuatics along the centerline
"of the test section in regions of undisturbed, separated,
and reattached flow. The root mean square of wall pressure
fluctuations, /A , were comrated from the relation

For this experiment, because of background noise from
extraneous sources, below a frequency of 200 cps, the
lower .limit of the above integral, flo was taken at 200 cps.
The upper limit, f 2 , of the integral was determined by the

0 dynamic range of the instrumentation. A summary plot
of fluctuating pressures for the various geometries of
this experiment is shown in Figure 22.

2.3.1 Backward-Facing Step

Shown in Figures 23, 24, and 25 are over-all rý.m.s.
values of wall fluctuating pressure levels normalized
by the free strea dynamic pressure, ., for three
backward-facing steps P.3# 1.0 and 1.5 inch high at
air speeds of 170, 280, and 370 ft/sec. The distance,
x, is normalised by the step height, h. These figures
show that a short distance behind the step, x/h = 1/2,
the fluctuating pressure levels are only slightly
higher than those-of the corresponding undisturbed
flow upstream of the~steps. The levels continue to
increase with distance and reach maximum values be-
tween x/h = 4 and 5, which coincides with the region
of flow reattachment for backward-facing stoep.

In Reference 6, it was found, for a backward-facing
step 0.74 inches high at Mach numbers of 1.4 and 3.5,
that •iaziird 'luctuating pressure levels occurred in

4 o the region of reattachment. Past reattachment, the
fluctuating pressure levels decrease gradually with

REV SYM AFVMIA 0.. D6-17094
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increase in distance but do not reach the undisturbed
flow levels within a distance x/h - 7.5, beyond which
no measurements were taken.

From these results, it is seen that the ratio
independent of step height and air speed.

Shown in Figure £S are typical spectra of the pressure
fluctuations in the regions of separation and reattach-
ment behind a 0.5 inch backwiL4-facing step. The
speetra shows that immediately behind the step, at
i/h = 0.5, most of the energy is contained in the low
frequency end of the specturm. As the region of
reattachment is approached, x/h = 3.0, the low fre-
quency level-of the spectrum increases slightly andmore energy is added in the mid-frequency range. ".i

the reattachment region, x/h = 11.5, it is important
to note that the shape of the spectrum is essentially
the same as that at x/h = 3.0 but is of higher level

.and is shifted. to a higher frequency range. Past
reattachment, x/h = 7.5, the level of the spectrum
decreases and most of the energy is concentrated in
the middle frequency range of the spectrum typical of
the shape of attached turbulent flow spectra.

2.3.2 Forward-Facing Step

Shown in Figures 27, 28, and 29 are ratios of
plotted against x/h upstream and downstream of forward-
facing *tops 0.5 and 1.0 inch high for air speeds 170,
280, and 370 ft/sec. As seen from these results, the
fluctuating pressure levels begin to increase above
the undisturbed flow 1 evels approximately 3 step heights
upstream of the face of the step and continue to iu'ý-
crease rapidly as th3 face of the step is approachei.
The lev*ls reach maximum values on top of the step
at x/h -ý 1.5 slightly before reattachment which, for
a forward-facing step, occurs between x/h = 2 and 2.5.

These results, show that for each air speed the fluc-
tuating pressure levels are independent of step
height and air speed.

Typical spectra upstream and downstream of a forward-
facing step are shown in Figure 30. From these
spectra, it is seen that upstream of the step, at
x/h = -3.0, most of the energy is contained in the

0 low frequency end of the spectrum. On top of the
step, in the separated flow region, at x/h - 1.5, more
energy is added in the mid-freancy range and the
spectrum is of much higher level and has a larger
band-width than at x/h =-3.0.

REV SYM 1"°'0. D6-31709.4
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Immediately behind reattachment, at x/h 3.0, the
low frequency energy begins to drop in magnitude and
more energy is added in the mid-frequency range. At

WKx/h = 3.75, the spectrum, although of higher level,
F, •-is similar in shape to that of turbuelnt boundary
"' Elayers with a large portion of the energy appearing

in the mid-frequency range.

2.3.3 Fence

Over-all r.m.s. values of fluctuating pressure levels
downstream of a 0.5-inch fence for air speeds 170,
280, and 370 ft/sec are presented in Figure 31.

The levels behind the fence x/h = 1.5, are higher
than the undisturbed flow levels and continue to
increase with increase in distance downstream of the
fence and reach maximum values around x/h = 8.5
s lightly before reattachment which, for fences
occus between x/h = 11 and l. Me ratio #'7S/f-
increases elightly %ýith increase in speed, 1but the
increase is larger between 170 ft/sec and 280 ft/sec
than between 280 ft/sec and 370 ft/sec.

Figure 32 shows the variation of shape and level of
the spectra with increase in distance downstream of

; the fence. Unlike the spectra for backward-facing
and forward-facing steps, the shape-of the spectra
Sfor the fence are essentially the sam with low fre-
quency energy added with increase in distance, to
the point of maximum fluctuating pressure level, then
low frequency energy is subtracted resulting in a
lower level. The rolling-off of the spectra is r~her
rapid and the spectra are contained in fairly narrow
band-widtb.

2.3.4 Interpretation of Fluctuating Pressure Distribution

A ossible explanation for the distribution of the
wall pressure fluctuations under separated flows, and
in partivular for the occurrsnce of maximum fluct-
uating pressures near reattachment can be made from
the flow model presented in Reference 4. In this
model, the oncoming attached boundary layer, past tie
point of separation, becomes a free mixing shear' ýayer.
The thickness of this layer increases with distance
to reattachment. The compression at reattachment
thickens the boundary layer beyond its rate of growth
as a free shear layer. Reference 11 shows that for
attached flows
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where L is a characteristic length. For attached
turbulent flow, the fluctuating pr-ss1ures ere also
proportional to the turbulent shear stress (.-7-')
References 9 and 10 show that the turbulent shear
stress in the free sht .r layer increases with in-
crease in distance from the point of. separation.
Reference 5 suggests that for separated flow, the
pressure fluctuations are probably proportional to
the shear in the free mixing layer.

From the above, it is therefore reasonable to assume

that the monotonic increase of fluctuating pressure
levels in the region of separation is due chiefly
to the increase with distance of ) In the

reatt'achment region, added to the shear stress is
the pronounced thickening of the boundary layer.
These comb•ned effects would account for the maximum
levels of the wall pressure fluctuation near reattach-
ment.

3. Conclusions

From the results of this experimental investigation, the
following conclusions can be made. The base pressure, in the
region of flow reversal, is essentially indppendent of increase
in step height and air speed. The length of the separation
region, however, is more dependent on the height of the con-
figuration causing flow separation than on increase in speed.

The increase of the turbulent shear stress in the free shear
layer with distance from the point of separation results from
the interaction between the ,*eversed flow and the main flow.
This increase in shear stress could account for the monotonic
increase in fluctuating pressure levels that werg',observed in
the region of flow reversal. At reattachment, the occurrence
of maximum fluctuating pressure could be the result of the com-
bined effects of the shear stress and the thickening cof the
shear layer. However, for this to become conclusive, further
experimental work is required to establish the relation between
Phear stress, shear layer thickness, and fluctuating pressure
levels.
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APPENDIX

Description of Apparatus

Air Supply

The air flow was supplied from the exit plane of the Boeing
Subsonic Boundary Layer Facility sketched in Figure Al. The
facility is an open circuit continuous flow air tunnel con-
sisting of 24 feet of rectangular duct having maximum mass flow
rate of 0.26 slugs/sec and maximum Mach number of 0.85. Prior
to the exit plane of the facility, the flow becomes fully turb-
ulent pipe flow with an effective boundary layer thickness
equal to 2.0 ihches.

Test iection

Details of the experimental arranaement used in the present
investigation are shc',n in Figures A2 and A3. The test section
consisted of two rect .ngular U-shaped aluminum open channels.
The upstream channel (7" wide, 6" high, and 18" long) was
fastened with its interior surfaces flush with those of the exit
plane of the duct facility. The downstream channel (7" wide,
8" high, and 32" long) was mounted on a hydraulic Jack so that
its floor could be lowered or raised, with respect to that of
the upstream channel, to generate backward- or forward-facing
steps respectively. Also, with the channel floors positioned
at the same level, fences could be inserted and fastened along
the line formed by the junction of the two channels. The U-shaped
rectangular test section was selected in order to obtain a region
of two-dimensional flow at the centerline of the test section.

Static Pressure Measurements

Static pressure ports, spaced 1" apart, were drilled along the
centerline of the test Pection and were spaced 1" apart starting
I" from the exit plane vf the air supply. The pressures from
the different ports were recorded inIvidually on water mano-
meters.

Total and Static Pressure in the Flow

The motor driven mechanism shown in Figure A4 was used to
traverse the flow in the vertical plane containit the centerline
of the test section. The total -nd static pressures in the
flow were measured separately b. fitting the appropriate probe
to the traverse mechanism. The output of the pcobe was fed to
a Statham gauge which was cornected to an r-y plotter. In the
region of flow reversal, two total pressure traverses were taken;
one full traverse with the total pressure probe facing upstream,

" 0 oand another traverse with the probe facing downstream to a height
3 slightly greater than that of the geometry causing flow separation.
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WalPe.ueFluctuatiohe
A separate downs~tream chanel, identical in dimensions to the
one used for the aerodynamic mua•-a-emant.", va-s made- for the

measurement of the wall pressure fluctuations. In that channel,
1/h4-inch diameter holes were spaced 3/8-inch a&part starting at
3/8-inch from the upstreeam edge of the channel. These holes
were used to insert flush 1/h-inch B & K microphones, the output
of which was fed through the circuit shown in Figures A5 to an
PI tape recorder. Spring .oaded plWs were used to plug the
holes in which no measurements were being taken.

Hot Wire Measurements

Measurements of the mean and fluctuatinC velocity components,
U and u', were made in the undisturbed flow upstream and in the
regions of separation and reattachment downstream of a fence
using standard hot wire technique's. The instrument used was a
Model 1956 Aeroresearch constant temperature hot wire anemometer.
The probe used for these measuwements, illuatrated in Figure A6,
was mounted on the manually operated traverse mechanism shown
in Figure A7. Tke probe carrying mechanism could be positioned
at any streamwlse location and retracted away from the bottom
surface of the test section.

Flow Visualization

Two visual techniques were employed to assist in the interpret-
ation and reduction of -. flow measurement data.

The first technique, used to study the flow pattern on the floor
of the test section, in the regions of flow reversal and reattach-
ment, counsited of spreading a thin layer of a solution oflampblack diasolyed in paint thinner. Photographs of the lamp-
black deposit, shown in this report were then taken.

The second technique was evolved for the purpose of locating
the zerotvelocity line. The probe illustrated in Figure A6 was
developed for this purpos*, an was used as a wind-vane in the
flow. The vane was made out of steel shim 0.01 inch thick
soldered to one end of a 1/32 inch diameter steel wire which
acted as a shaft inside the stainless steel sleeve. Brass weights
were used to increase the inertia of the vane with the larger
one -used when 'he flow fluctuations were too intense. The
conical tip of the brass weight pivoted on a piece of Teflon
placed inuide the body of ti-e probe. A few drops of oil were
added to lubr •te the moveent of the steel shaft and to dampen
the high amplitude fluctuations of the vane.

The traverse mechanism shown In Figure A7 was used to vary the
height of the zero-velocity probe above the floor of the duct.
As the probe traversed the zero-velocity region a ch)1nge in the
direction of the vane was" observed. An average of the change-over
heights for two opposite traversing directions was then taken as
a point on the zero-velocity line.
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