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NOTATION :
) Cf Wall-shear coefficient
5 Cp Local pressure coefficient, Equation (1)
;. ! (Cp)b Base pressure coefficient
d f Frequency = w/2m
i H Shape factor, 6%/6 L
g h Thickness of the strut upstream from the trailing edge :
mi : L Vortex formation length 5
- P Static pressure I
= Static pressure far from the strut -
)
p2 Broadband mean-square pressure level f
=5 [f
p (f) Mean-square pressure, filtered in a specified r
frequency band 1
R_ (r,T) Space-time cross-correlation between pressure and 1
PP velocity normalized on rms pressures at each ,}

measurement point, Equation (13)
R u(?,T) Space-time cross-correlation between pressure and
P velocity normalized on rms pressure and local
mean velocity Uo; see Equation (11)

?=(rs,rz,rn) Separation coordinates aligned with local strut surface /8

r=(rx,rz,ry) Separation coordinates

s Streamwise coordinate measured in the plane of the
surface of the strut

U Convection velocity determined from broadband, E
space-time correlations

U Convection velocity determined from cross spectral
density phase; for periodic processes Uc = Uc




p

T
w

¢uu(w)

w

Q. =1/200,

2

Local mean free-stream velocity

U_v1-C

Mean velocity incident on the strut

Local mean velocity

Broadband turbulence intensity, mean square

Filtered turbulence intensity

Distances measured from the leading edge in the plane
of the strut

Value of Yoo at vortex formation

Cross-wake separation between turbulence maxima, as
illustrated in Figures 17 and 24

Cross spectrum phase

Boundary-layer thickness

Displacement thickness defined by Equation (2)
Momentum thickness defined by Equation (4)
Kinematic viscosity of the fluid

Fluid density

Local wall shear coefficient

Autospectral density of velocity fluctuations

Frequency
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1. INTRODUCTION

Influences of trailing-edge shapes on vortex-induced vibrations of
turbine blades were the subjects of an early investigation by Heskestad
and Olberts (1960).1 In that series of measurements it was found that the
most severe hydroelastic vibrations of a flat plate were induced by
blunted trailing edges and edges symmetrically beveled or tapered with
large included angles at the apices. The lowest levels of vibration
occurred for edges which were unsymmetrically beveled with relatively
small included angles and a large curvature at the juncture of the
beveled edge with the main surface of the strut. Toebs and Eagleson
(1961)2 not only characterized some effects of trailing-edge geometry on
vibrations but also experimentally demonstrated some aspects of self-
excitation in the hydroelastic behavior of flat plates. Eagleson
et al. (1962)3 related those results to the development of periodic
disturbances in the wake, finding that the strengths of shed vortices
could be reduced by increasing the taper of the edge. They also found
that if the plate were allowed to vibrate, the amplitude of motion in-
duced by trailing-edge flow would decrease commensurately with the ob-

served reduction in the strength of shed vortices.

1Heskestad, G. and D.R. Olberts, "Influence of Trailing Edge Geometry
on Hydraulic-Turbine-Blade Vibration Resulting from Vortex Excitation,"
Transactions of the American Society of Mechanical Engineers, Journal of
Engineering For Power, Vol. 82, pp. 103-110 (Apr 1960). A complete listing
of references 1s given on page(s) 152.

2Toebs, G.H. and P.S. Eagleson, "Hydroelastic Vibrations of Flat Plates
Related to Trailing Edge Geometry,' Transactions of the American Society of
Mechanical Engineers, Journal of Basic Engineering, pp. 1-8 (1961).

3Eagleson, P.S. et al., "Turbulence In the Early Wake of a Fixed Flat
Plate," Massachusetts Institute of Technology Hydrodynamics Laboratory
Report 46 (Feb 1961).




More recently, Greenway and Wood (1973)4 performed a series of flow-
visualization experiments to establish the flow structures at the trailing
edges of stationary and oscillating flat struts. In those measurements
the edges were blunt and unsymmetrically beveled with various included
angles. The effect of beveling was found to destablize the vortex
structure in the wake but not to influence greatly the strengths of shed
vortices. Greenway and Wood calculated strengths of shed vortices from
particle trajectories in photogréphs. For included angles of less than
30 deg, regularity in the wake was found to be nearly absent for rigid
struts. These visualization results corroborated with the Heskestad and
Olberts hydroelastic data and led to speculation by Greenway and Wood
that a reduction in vibration amplitude arose because of randomization of
the periodic forces on the strut rather than from a reduction in the
mean-square amplitude of the forces.

The influence of splitter plates in altering the formation of
periodic vortex streets in the wakes of flat struts was examined by
Bearman (1965).5 Splitter plates interfered with interaction of separated
free-shear layers at bluff trailing edges. Measurements of velocity
fluctuations in the wakes for increasing splitter-~plate lengths demon-
strated that the disturbances reached maxima at increasing distances
downstream from the edge. Locations of maximal disturbances were found
by smoke visualization to coincide with points between the positions of
the first and second vortices. For long enough splitter plates,

Bearman5 found that discrete vortex formation could be eliminated.
The frequency of vortex formation in wakes formed by blunt trailing

edges was first examined by Gongwer (1952),6 who proposed a particularly

4Greenway, M.E. and C.J. Wood, "The Effect of a Beveled Trailing Edge
on Vortex Shedding and Vibration,'" Journal of Fluid Mechanics, Vol. 61,
pp. 323-335 (1973).

5Bearman, P.W., "Investigation of the Flow Behind a Two-Dimensional
Model with a Blunt Trailing Edge and Fitted with Splitter Plates,'" Journal
of Fluid Mechanics, Vol. 21, pp. 241-255 (1965).

6Gongwer, G.A., "A Study of Vanes Singing In Water,' Journal of Applied
Mechanics, Vol. 19 (1952).




simple form of dimensionless frequency or Strouhal number. He found by
experiment that the shedding frequency scaled well on the free-stream
velocity and a length that was the sum of the edge thickness and the
momentum thicknesses of the boundary layers forming the wake. Later,
Bearman5 found for a blunt edge with a given length of splitter-plate that
the Strouhal number formed with the trailing-edge thickness and free-
stream velocity was nearly constant over a wide speed range. He found,
however, that the Strouhal number varied considerably as the splitter-
plate length was increased. He also found that the static base-pressure
coefficient varied with splitter length but not with Reynolds number. A
relationship between shedding frequency and static base pressure was
shown by Bearman (1967).7 In that paper Bearman noted that earlier
definition of Strouhal number by Roshko (1954)8 did not fit his 1965
results without modification. The definition by Roshko8 was based on the
estimated distance between parallel, separated, free-shear layers in the
wake. This distance was analytically determined by the notched hodograph
method from the potential flow around bluff, two-dimensional cylinders.
The modification by Bearman7 replaced this distance with the estimated
cross wake separation between vortex centers in the fully developed far
wake. This vortex separation was determined by use of the Kronauer
(1964)9 hypothesis that a minimum vortex drag coefficient is exerted on
the wake-producing body and this coefficient uniquely determines the
spatial arrangement of vortices. From measured streamwise vortex sep-
arations, Bearman7 calculated the cross wake separations. His defined
Strouhal number appeared to be a universal function of the mean base-

pressure coefficient for data collected by a number of investigators on

7Bearman, P.W., "On Vortex Street Wakes," Journal of Fluid Mechanics,
Vol. 28, pp. 625-641 (1967).

8Roshko, A., "On the Drag and Shedding Frequency of Two-Dimensional
Bluff Bodies," National Advisory Committee for Aeronautics Technical
Note 3969 (1954).

9Kronauer, R.E., "Predicting Eddy Frequency in Separated Wakes," Paper
presented at the International Union of Theoretical and Applied Mathematics
Symposium on Concentrated Vortex Motions in Fluids, University of Michigan,
Ann Arbor, Mich. (6-11 Jul 1964); also, referred to by Bearman (1967).




various blunt bodies with and without splitter plates. In the definitions
made by both Roshko8 and Bearman,7 the characteristic velocity is that
existing just outside the boundary layers on the body at the point of
separation.

These investigations have shown how details of the wake structure
determine vortex shedding frequencies and how trailing-edge shape in-
fluences the interactions of separated shear layers. When the shear
layers are decoupled, vortex formation appears to become disordered; this
disorder modifies the frequency of formation of vortices as well as the
base pressure or the drag coefficient of the resultant vortex street.

What these investigations do not disclose, however, is the level and

time dependence of dynamic pressures which are exerted on a shedding

body for the various trailing-edge shapes. Many investigations of the
oscillatory lift coefficients on shedding cylinders have been made, but
very little information exists for streamlined aerofoils with vortex
shedding. Recently, however, Hanson (1970)10 measured the mean and
fluctuating base pressures as well as the near-wake characteristics behind
lifting airfoils. His results demonstrated that a relationship exists
among the mean base pressure coefficient, the distance of vortex formation
downstream of the edge £f, and the momentum thickness of the wake 6. The
mean base pressure coefficient was found to increase linearly with the
ratio G/Rf. Apparently, pressure recovery of the flow near the edge is
assoclated with an increase in the formation length. Hanson also

found that the vortex shedding frequency could be scaled on momentum
th:ckness of the wake more adequately than a geometric length, character-
istic of the trailing edge.

This report is a description of measurements of fluctuating pressures
on trailing edges of flat struts and of fluctuating velocities in wakes
that generate those pressures. The measurements were made on a family

of edge shapes, similar to those of Heskestad and Olbertsl and of

1OHanson, C.E., "An Investigation of the Near-Wake Properties Associated
with Periodic Vortex Shedding from Airfoils,'" Massachusetts Institute of
Technology Acoustics and Vibration Laboratory Report 76234-5 (1970).




Greenway and WOod.a The edges (Figure 1) were selected for the range of
random to periodic wakes that they produced. Cross spectral densities of
the pressures on the edges as well as cross correlations and cross
spectra of those pressures with velocity disturbances in the shear layers
near the edges will demonstrate the relationship of the pressures with the
near wake-formation regions of each edge. Chordwise distributions of
fluctuating pressure will be shown, and Strouhal number definitions will
be reviewed. For the trailing edges considered, interrelationsﬂips will
be drawn among those which generate periodic surface pressures and those

which do not.

2. FACILITY AND INSTRUMENT DESCRIPTIONS

All measurements were performed in the Anechoic Flow Facility (AFF)
of the David W. Taylor Naval Ship Research and Development Center (the
Center). This facility combines a low-turbulence wind tunnel with an
anechoic chamber. The broadband turbulence intensity level in the tunnel
at a centerline speed of 150 ft/sec has been shown by DeMetz and Casarella
(1973)11 to be about 0.08 percent. The test section is 21 feet and
1 inch in length and has a cross-section of 8 by 8 feet with corner fillets
to maintain one-dimensional flow throughout. Pressure gradients which
are caused by turbulent boundary-layer growth are reduced by tapering the
test section walls. Flow speeds may be controlled within +0.5 percent
with a maximum velocity of 200 feet per second. Measurements have been
made at the end of the test section where it is jointed by an anechoic
chamber designed for a 150-Hz lower acoustic cutoff frequency. A
description of the acoustic and aerodynamic characteristics of the

facility has been given by Bowers (1973).12

llbeMetz, F.C. and M.J. Casarella, "An Experimental Study of the
Intermittent Properties of the Boundary Layer Pressure Field During
Transition on a Flat Plate,' NSRDC Report 4140 (Nov 1973).

12Bowers, B.E., "The Anechoic Flow Facility-Aerodynamic Calibration and
Evaluation (U)," NSRDC Evaluation Report SAD-48E-1942 (May 1973).




2.1 STRUT AND TRAILING EDGES

The working strut (Figure 1) had a circular leading edge which, due
to laminar separation, tripped the turbulent boundary layer on the
downstream flat section. Excluding the removable trailing-edge sections,
the strut was 3 feet in chord with a uniforu thickness of 2 inches and a
span of 4 feet. Four trailing edges were used; one was squared off, and
three were unsymmetrically beveled. Of the beveled edges, two had an
included tip angle of 25 deg and a length of 6 1/4 inches; the other had
an included tip angle of 45 deg and a length of 4 inches. The 45-deg
edge and one of the 25-deg edges were faired with 5- and 10-inch radii,
respectively, to give a continuously increasing pressure gradient. The
other 25-deg edge had a knuckle, 2-inches from the strut attachment
point; see Figure 1. Both the strut and the trailing edges were con-
structed from pine and plywood and were painted to maintain a smooth
surface.

The strut was rigidly fastened in a vertical position to the floor
of the tunnel at the end of the upstream test section, adjacent to the
anechoic chamber. An end plate in the form of a plywood panel 8 feet
long and 5 feet wide was attached to the top of the strut and to the
walls -of the tunnel. The end plate and tunnel floor together with the
vertical strut resembled a sidewise H. The arrangement effectively
divided the tunnel in half. The measured values of fluctuating wall
pressures on the blunt trailing edge of the strut were uniform over an
8-inch spanwise section, showing that the flow was essentially two

dimensional across the span of the strut,

2.2 INSTRUMENTATION
Static Pressure Measurements

The static pressure variation along the chord was measured using
pressure taps at discrete points along both sides of the strut, including
the stagnation point. Depending on the trailing edge, there were up
to 22 tap locations. Each pressure tap consisted of 1l-inch long
and 1/8-inch-0D, 1/16-inch-ID, copper tubing, glued into position so that
its tip was sealed flush with the surface of the strut. Removable panels
on one side of the strut, permitted attachment of flexible plastic tubes
which ran down through the strut and under the tunnel floor to a bank of

manometers.




Surface Pressure Fluctuation Measurements

The flow-induced, surface-pressure fluctuations on the strut were
measured using a 1/8-inch condenser microphone (Bruel and Kjaer (B & K)
Model 4138) whose sensing area was reduced by placing a cap perforated
with a 1/32-inch-diameter hole in its center over the diaphragm of the
microphone. The 1/8-inch condenser microphone was connected to the
cathode follower (B & K Model 2619) through a 1/4-inch, right-angle
adaptor (B & K Model UA 0122) which was modified to accept the 1/8-inch
microphone. The pinhole perforating the center of this cap led to a
small cavity above the diaphragm. The frequency response of the pinhole
microphone was measured by comparing the response of the microphone with
and without pinhole caps to identical free-field sound fields. The
relative phase shift between the microphones was also measured in this
manner. The Helmholtz resonance frequency caused by the cavity was
measured at 17.5 kilohertz. Response of the pinhole microphone was from
flat to 1 dB from 65 Hz to 10 kHz, and the relative phase shift was from
zero to 5 kHz, 5 deg at 8 kHz, and 14 deg at 10 kilohertz.

The 1/8-inch condenser microphones with pinhole caps were flush
mounted to various positions aloag the strut and trailing edges at the
positions indicated in Figure 1. The autospectra as well as the longi-
tudinal (streamline) and lateral (spanwise) cross spectral densities of
pressures were measured at these locations. The dimensions of the
microphone positions will be described as the measurements are presented.

Besides the 1/8-inch microphone, a 1/2-inch microphone (B & K
Model 4133) with a probe-tube extension (B & K Model UA 0040) was used to
measure the pressure spectra at narrow thicknesses of the trailing edge
as well as the tip. The probe tube acts as a low-pass filter between
the microphone and the fluctuacingz pressure source. Three 3/64-inch-
diameter probe tubes were calibvated with lengths of 1 1/2, 3, and
4 7/16 inches; all obtained a fldt amplitude response to 2 kHz and
approximately a linear-phase response, Calibration of the probe tube

with proper damping was accomplished by using a B & K coupler that
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accepted a probe tube, a 1/2-inch microphone, and a small sound source.
The volume of the coupler is much smaller than the wavelength of sound,
thereby producing a uniform sound pressure level in the chamber over the
frequency range of interest. The source was driven by a frequency
analyzer (General Radio Model 1900) connected in the tracking mode. The
signals from both the 1/2-inch microphone and the probe tube were fed
back into the analyser for frequency analysis and were displayed on a
graphic level recorder (General Radio). The response of the tube was
adjusted by placing damping material (steel wool) into the probe tube

and comparing the amplitude and phase response of the probe tube with that

of the 1/2-inch microphone. Responses are shown in Figures 2 and 3.

Velocity Measurements

Turbulent velocity fluctuations were measured using a heat flux
system (Thermo-Systems Model 1010), constant :emperature anemometer, and
a linearizer (Thermo-Systems Model 1005B). The anemometer was calibrated
for wind speeds using a venturi meter. A 0.0005-inch, platinum-iridium
alloy wire with a 0.3-msec time constant was used for the sensing element
which was attached to an 18-inch probe support. The probe support was
positioned by an electromechanical linear actuator to within 0.01 inch,
+0.005 inch, by reading a dc voltage, fed back from a linear potentiometer.
Probe and probe supports were aerodynamically shaped to minimize vibration
from vortex shedding from the supports. Turbulence intensities were

measured using a B & K true rms meter.

Auto and Cross Spectrum and Correlation
Analyses

All of the wall pressure auto and cross spectral densities as well
as the pressure-velocity, cross spectral densities were obtained with a
real-time analyzer system (Time Data Type 1923/A). The spectral
densities were determined digitally, using a fast Fourier-transform

algorithm with a Hanning window. Sample sizes of at least 256 were used
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with effective analysis bands, ranging from 12.5 to 62.5 hertz. The |
bandwidths of analyses were constant over each complete frequency range,
which was either from O to 2 or from O to 20 kilohertz. Some velocity
spectral densities were obtained in 1/10-octave bands using a sound and
vibration analyzer (General Radio Model 1564).

Broadband correlations were made with a digital correlator (Hewle.t
Packard Model 3721A). This instrument displayed both auto and cross
correlation functions at 100 computed points with time delays from
100 psec to 100 sec possible. The digital equivalent of resistor-~

capacitor circuit (RC) averaging was used.

2.3 STATISTICAL PRECISION
Figure 4 shows measured and theoretical expressions for the standard

deviation of cross spectral density estimates of random signals. The

measurement was conducted by correlating two broadband signals, which were
known to be uncorrelated, using the real-time analyzer. The computed
values of the normalized cross spectrum, theoretically zero, were estimate
errors which decreased with increasing sample size N. For each sample
size a value of the computed cross-spectrum was selected. This value
exceeded 80 percent of the estimates of the spectrum, and it was in-
terpreted as an 80-percent confidence limit on the error of a cross
spectral density estimate. A theoretical estimate, whose derivation is

presented in Appendix A, is

1/2

2
lotey) -1 (1 +2 by (] 19, O] ) %
ha®) A b o (602

where ¢ _(f) = ¢ (f) is the true autospectral density of the input
XX yy

¢xy(f) is the true cross spectral density
0(¢x ) is the standard deviation of the cross spectrum
y estimate.
9




3. CHARACTERISTICS OF FLOW INCIDENT ON EDGES

i3 The measurements described in this section served to establish that
‘o the turbulent flow field, incident on the edges, was typical of that

i which exists in fully developed boundary layers on flat surfaces.

i Measurements of the correlations between fluctuating wall pressures at
different chordwise points as well as of turbulent velocity were made,

These compared favorably to the measured statistics of other investigators;

they, therefore, confirmed proper experimental technique, and standardized

i the incident flow.

. - Figure 5 shows the chordwise static pressure distribution and the
35’ ] cross-section shape of the strut, which was outfitted with the 25-deg--

rounded trailing edge. The static pressures are expressed as a

coefficient

3 2
: P -P U,
5 -6 = ——=x & 5" -1 (1)

1/2 p U,

which, in the absence of a local pressure gradient across the boundary
layer, can be interpreted in terms of the local free-stream velocity on
' the strut Uo' In Equation (1) P_ 1is the ambient pressure far from the
strut, P is the local static pressure on the strut, p is the fluid

density, and U_ is the mean velocity upstream of and incident on the
strut. Locations 1 through 6 in Figure 5 designate single microphone
locations for which the static pressure distribution was trivially

altered by modifying the edges. Measurements at all these locations were

made only once in the course of the experiment, and representative checks i
were made for each edge. The lettered locations near the trailing edge E
are those for which the static pressure was influenced to varying degrees i
by the different edges; measurements were performed at those locations for

N all edges. The edges were attached to the main strut 36 inches from the }

3
L leading edge. L
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The results in Figure 5 show a sharp static pressure minimum forward
of microphone position 1, followed by a steep adverse pressure gradient.
Flow visualization with oil streaks at 100 ft/sec disclosed a separation
region extending from approximately 1 inch to 3 inches downstream from
the leading edge. It is conjectured that laminar separation was caused
by the circular leading edge. Short separation bubbles on leading edges
of airfoils as discussed by Chang (1970)13 play the role of causing
transition for the downstream boundary layer. 1In this type of flow the
separated laminar shear layer becomes turbulent before reattachment.
Likely, the free-stream turbulence level of the wind tunnel (0.08 per-
cent) was low enough to permit laminar separation to occur. The flow
around the cylindrical leading edge in the present case is probably some-
what similar to that around the forward quadrant of a circular cylinder.
In that case (Chang)13 laminar separation occurs, 82 deg removed from the
forward stagnation point for Reynolds numbers, based-diameter, less than
2 x 105. Turbulent separation occurs further around for Reynolds numbers
greater than 7 x 105. In the present instance, for U_ = 100 ft/sec the
Reynolds number based on the diameter of the leading edge, h = 2 inches,
is 1.02 x 105. The conjecture of laminar separation, then, seems
reasonable.

Further downstream, the static pressure varies slightly, becoming
somewhat favorable forward of the trailing edge. Magnitudes of the
favorable and adverse pressure gradients at the trailing edge are
dependent on the shape of the trailing edge; each edge will be discussed
in detail later in the report. For all except the blunt trailing edge,
the favorable pressure gradient from x = 28 inches to x = 34 inches
shown in Figure 5 is typical. Therefore, the statistics of the boundary
layer for all positions 1 through B are expected to be unaltered by
changing the beveled trailing edges but, perhaps, slightly modified by
the blunt edge. This difference in local static pressure is thought to
be caused by the slight change in camber brought about by the use of

unsymmetrical versus symmetrical edges.

13Chang, P.K., "Separation of Flow,'" Permagon Press, Oxford, England
(1970).




The mean and turbulent velocity profiles for positions 4 and B are

shown in Figure 6. The mean velocity U(y) and root-mean-square turbulent

—1/2
velocity u are expressed as fractions of the local free-stream

velocity Uo' Distance normal to the plane of the strut y is normalized
on the boundary-layer thickness 6, which is defined by U(S) = 0.99 Uo'
The mean velocity profiles appear to be similar, indicating that an
equilibrium boundary layer has been formed on the strut. The Prandtl
(Schlichting (1960)14) 1/7-power law for the mean velocity distribution
is also shown, and it compares favorably with the results. This compari-
son further shows that the mean velocity in the boundary layer is similar
to that on a flat plate. Also, the Klebanoff (1955)15 longitudinal

. ! turbulence intensities are shown; levels in the outer region of the

boundary layer on the strut are higher than those of Klebanoff. That

they decrease fiom position 4 to position B suggests that these levels

are caused by large-scale disturbances associated with the leading-edge

separation. Close to the wall y/§ < 0.15, the measured intensities are
lower than those measured by Klebanoff.15 The discrepancy could be due
to a probe-wall interference or possibly (but less likely) to the effect
of upstream history determined by the leading-edge separation.

- Spectral densities of the turbulent velocities at selected locations

in the boundary layer at position B on the knuckle edge are shown in

Figure 7. The spectra are normalized on the local mean velocity U(y),

the boundary-layer-displacement thickness

$
o = I [1 ) U_l(JL)] d(y) (2)
0 o]

and the mean square velocity u2. They are two sided so that

i _ 1l‘Schlichting, H., "Boundary Layer Theory," McGraw-Hill Fourth Edition, )
New York (1960). 4

15Klebanoff, P.S., "Characteristics of Turbulence in & Boundary Layer
with Zero Pressure Gradient,'" National Advisory Committee for Aeronautics

Report 1247 (1955).
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where w is the radian frequency. Near the wall for y/§ = 0.028, the
normalized spectrum is deficient in low-frequency intensity, compared to
spectra further from the wall. Generally the spectra are comparable to
those measured elsewhere, e.g., Klebanoff,15 and Blake (1970).16

Tables 1 and 2 give mean boundary-layer properties, measured else-
where on the strut with 25-deg knuckle and round trailing edges. The

momentum thicknesses

0 - jv_f,xz[lu_lgzz] 2y @
0 o o
and the shape factors
H = §*/6 (5

are shown with 8 and 8* for each location. At position B for 100 feet/sec
the boundary layer on the 25-deg knuckle edge is slightly thicker than
that at the same location for the 25-deg round edge.

The mean velocity profiles at positions A and B forward of the 25-
deg round trailing edge are plotted logarithmically for 100 ft/sec in
Figure 8. Velocities are normalized on the friction velocity

u. =/ /p (6)
where Tw is the local wall shear. The value of UT was determined by curve

fitting to the law of the wall as described by Perry and Joubert (1963).17

16Blake, W.K., "Turbulent Boundary Layer Wall Pressure Fluctuations on

Smooth and Rough Walls,'" Massachusetts Institute of Technology Acoustics
and Vibration Laboratory Report 70208-1 (1969).

17Perry, A.E. and P.N. Joubert, Journal of Fluid Mechanics, Vol. 17,
p. 193 (1963).

13




TABLE 1 - MEAN BOUNDARY-LAYER PROPERTIES FOR 25-DEGREE KNUCKLE TRAILING -EDGE

50 Feet per Second

100 Feet per Second

E

Pos ] o ] H 8 &% ] H

A 0.65 0.09 0.073 1.23
B 0.67 0.103 0.074 1.4

C 0.62 0.0705 | 0.0564 1.245
D 0.90 0.084 0.0795 1.055 0.56 0.05 0.0475 1.06
E 0.5 0.07 0.0525 1.34
E-1 1.33 0.45 0.135 3.4 0.88 0.316 0.114 2.765
F 1.6 0.81 0.181 4.47 1.29 0.596 0.217 2.75

All dimensions are in inches, H = §*/8,

TABLE 2 - MEAN BOUNDARY-LAYER PROPERTIES FOR 25-DEGREE ROUND TRAILING EDGE

60 Feet per Second

100 Feet per Second

Pos 6 % 0 H 6 % ) H

4 0.575 0.0735 0.061 1.21 0.435 0.0603 0.048 1.26
B 0.8 0.093 0.08 1.17 0.63 0.073 0.059 1.23
B-1 0.615 0.0668 0.0565 1.16
C 0.5 0.045 0.04 1.14
DE 0.8 0.0915 0.059 1.56 0.62 0.093 0. 0495 1.88
E-1 0.95 0.157 0.082 1.93 0.65 0.118 0.0676 1.74
F 1.35 0.285 0.133 2.12 0.95 0.231 0.095 2.43
G 1.96 0.52 0.215 2.42 1.36 0.451 0.129 3.47

All dimensions are in inches, H = §#/0,
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The local wall-shear coefficient at x = 32 inches and U, = 100 ft/sec

2

C, = Tw/1/2 p U, (7)

f
was found to be Cf = 312 x 10-3, somewhat lower than that given by
Schlichting14 for a naturally developed boundary layer on a smooth wall
at this Reynolds number U_x/v.

The mean-square-wall-pressure fluctuations, measured in 62.5-Hz fre-

quency bands at positions 1 through 6, pz(f), are shown in Figure 9 as
fractions of free~stream dynamic head q and a function of frequency f for
U, = 50 feet per second. At position 1 the narrowband pressures at low
frequencies decrease from an undetermined maximum at f < 120 Hz and then
show a broad peak at 2700 hertz. The levels at position 2 are broadband;
at locations which are further removed from the leading edge, the levels
continue to decrease slightly. At 100 ft/sec the narrowband wall
pressures (Figure 10) at position 1 are more broadband than at 50 ft/sec;
however, they are substantially higher than at other locations on the
strut. There is a broad "hump" centered on 4500 Hz, followed by f.2 be-
havior. The oscilloscope trace of the unfiltered signal showed that be-
tween U = 75 and 100 ft/sec, as speed was increased slowly and continuously,
the pressure fluctuations '"jumped" markedly. This suggests that the
disturbances at position 1 which are associated with the leading-edge
separation changed in character as the speed was increased from 50 to
100 feet per second. Perhaps the separated shear-layer reattachment
occurred immediately above position 1 at 100 ft/sec and a little downstream
from position 1 at 50 feet per second. The presence of the peaks at
2700 and 4500 Hz indicates the occurrence of pulsation associated with
the laminar separation reattachment whose frequency increases nearly
linearly with U,. The pressure spectra at locations downstream from
position 1 are more uniformly behaved through position B.

To determine how the wall pressures behave in relation to earlier

work, the spectra at position B for 2 speeds have been normalized on the
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local wall shear coefficient, the displacement thickness, and inflow U_ in

Figure 11. Normalization has been made so that

— * d()U

2, 2 o W *

p /Tt~ = J‘ ———d (—) (8)
R T U»

s for a boundary

The results compare favorably to those of Blake (1970)
layer on a smooth, flat wall. For wé*/Um > 4 the results diverge because
of the spatial averaging of small-scale disturbances over the microphone
face as discussed by Corcos (1963).19 Those effects become most severe
when wd/Uc > 2, where d is the diameter of the microphone, and Uc = 0.6
U, is the convection velocity of disturbances across the microphone
considered in Section 6. For the current case, d = 0.3 6%, Uc ~ 0.6 u,
(Section 4), and wé*/U_ = 4 so that wd/Uc ~ 2, The spectra also diverge
slightly at low dimensionless frequencies. This divergence was not

16’18), and in this case it may be due to

observed in earlier work (Blake
the influence of the leading-edge separation. It could also be associated
with the fact that the current measurements were obtained at a lower
Reynolds number NR =U, 6/v than in the earlier work. Nonetheless
i

these dimensionless spectra are considered to be in good agreement with
the earlier ones.

The spatial cross spectral densities of wall pressures at position
B were measured with a pair of microphones separated in the streamline
direction by a variable distance r,. The magnitudes of the cross spectrum
|¢(rx,0,w)| are normalized on the autospectrum $®¢{w) and are plotted
against the phase a(rx,w) in Figure 12. For separations of r. = 36* and
L ie 68*%, the magnitude is a function of phase; this behavior is typical
of pressure fluctuations on smooth walls. The dotted curve in Figure 12

is from the data of Blake18 which were obtained on the smooth wall

18Blake, W.K., "Turbulent Boundary-Layer Wall Pressure Fluctuations on
Smooth and Rough Walls," Journal of Fluid Mechanics, Vol. 44, p. 1 (1970).

19Corcos, G.M., '"On the Resolution of Pressure in Turbulence,' Journal
of the Acoustical Society of America, Vol. 35, p. 192 (1963).
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beneath a boundary layer of substantially larger Reynolds number. The
phase of the cross spectrum has been interpreted by Corcos19 in terms of

a convection velocity Uc (note Eg® rs)

a(rx,w) = wrx/Uc (9a)

or in terms of a characteristic wavelength Ac

a(rx,w) = 21rrx/)\c (9b)

Using this interpretation, the data in Figure 12 suggest that in the
present case the coherence of disturbances diminishes to 0.1 within two
wavelengths, compared to three wavelengths beneath the boundary layer at
high Reynolds number. The convection velocities which were determined
from the phases will be discussed in Section 6. Cross spectral densities
for a lateral separation of P = 36* are shown in Figure 13. For

wrz/Uc > 1.5 they are similar to those measured on other smooth walls;
for wrz/Uc < 1.5 they are less than those measured by Blake;18 however,
the discrepancy may be related to an additional separation dependence as

noted by Bull (1967).20

4. PRESSURES AND VELOCITIES GENERATED BY PERIODIC VORTEX STREETS

Disturbances in the wakes of both the blunt trailing edge and the
rounded 45-deg trailing edge were characterized by the development of
periodic vortex streets. In this section we will consider first the
particular details of the flow off each edge separately and second the

general characteristics of the periodic disturbances.

4.1 WAKES OF BLUNT TRAILING EDGES
The wake structures behind blunt trailing edges have been determined

5
'" and Greenway and WOod.4 Current measurements on

in detail by Bearman
the blunt edge corroborate and extend those results, and they serve as a

basis for interpreting the other measurements to be described later.

20Bull, M.K., '"Wall Pressure Fluctuations Associated with Subsonic
Turbulent Boundary Layer Flow," Journal of Fluid Mechanics, Vol. 28, p. 719
(1967).
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The characteristics of the flow field of the blunt trailing edge are
shown in Figure 14. The descriptions begin 29 inches downstream from the
leading edge and extend 4 1/2 inches downstream from the trailing edge.
The stat.c pressure distribution, shown at the top of the figure, be-
comes favorable near the edge; the base pressure coefficient which was
measured at numerous locations on the base including the centerline of
the strut was

-C =0.51
Py
It was uniform across the thickness of the edge and the span. The
Reynolds number, based on chord U _w/v, where w is the chord, extended
to 2 x 106. For the experiments of BearmanS it extended to 2.85 x 105,
and in the case of Greenway and Wood4 it extended to 1.4 x 104 for their
flow visualizations and to 1.3 x 106 for their wind tunnel measurements.

The vortex shedding frequency for the current strut, measured both
with fluctuating pressures on the strut and with the velocity fluctuations
in the wake, was found to be linearly dependent on U_. To compare
shedding frequencies in this and earlier work, we note the Strouhal

number based on the strut thickness h, which is

N, = £.h/U, = 0.23 (10)

This number* is somewhat smaller than that of Greenway and WOod4 at a low
Reynolds number NSt = (0.286; however, it is in agreement with their value
of Nst = (.24 obtained at a high Reynolds number. This difference is
probably caused by laminar separation at the trailing edges at their low
Reynolds number; also, the shed boundary layers in this and the Greenway
and Wood cases are dissimilar. The current value compares favorably with
the BearmanS value, Nst = 0.24, for a blunt edge without a splitter plate.
All of the previously mentioned differences in dimensionless shedding

*
In this case the definition is practically equivalent to that of

Gongwer6 which replaces h by h plus the sum of the momentum thicknesses of
the boundary layers shed off the edge. Thus, h+206=2,1 inch and fs(h+26)/
U, = 0.25 which is somewhat greater than the value 0.19 obtained

by Gongwer.
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frequency are most likely due to variations in the wake thicknesses
occurring in the various experiments, and they reflect the observation
(Bearman)7 that Equation (10) is not a universal scaling number. One of
the purposes of this report is to review various frequency-scaling
hypotheses in light of the current measurements.

The mean velocity profiles of the flow on the strut and in the near
wake of the strut are shown at the center of Figure 14. At the bottom

of Figure 14 are shown the vertical profiles of root-mean-square filtered
- 1/2
fluctuating velocity u (fs); the turbulence velocities were filtered

in 1/10-octave bands centered on the shedding frequency fs. Within

0.5 inch of the strut the profiles display sharp maxima near the corners
of the edge and broader peaks closer to the centerline of the wake. The
sharp peaks in intensity are associated with the primary disturbances in
the shear layers, while the peaks near the centerline are probably
causid by a secondary vortex system. For x > 0.5 inch, the profiles of
— 1/2

u2 (fs) display two maxima which broaden in spatial extent as the dis-

turbances are convected away from the strut. The locus of the filtered
intensity maxima is sketched in the center of Figure 14; it is situated a
distance which we shall call y = yo/2 above the centerline of the wake.

The root-mean-square fluctuating pressure, filtered in a 12.5-Hz
— /2
band centered on the shedding frequency p (fs), was measured at

increasing distances from the trailing edge. The pressures, normalized
on the dynamic head of the inflow, are shown in the upper part of

Figure 14. The fluctuating pressures on one side of the strut were in
common phase, showing no convection as was expected. The frequency
spectra of fluctuating pressure on the surface of the strut (Figure 15)
displayed a single dominant peak at f = fs. (This figure will be more
fully described later.) An autospectrum of the fluctuating base pressure
displayed a single peak at f = 2fs. The narrowband, root-mean-square

base pressure, filtered at f = 2fs, is also shown in Figure 14.
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The growth of coherent disturbances in the near wake can be deduced

from correlations of fluctuating pressure on the edge with fluctuating

velocity at specific locations in the wake. The magnitudes of the
fluctuating pressures generated by the wake should depend on both the
strength of the vortices shed into the wake and the proximity of the
vortices to the edge. The frequency of the pressures is the same as the
rate of formation of vortices, and this is given by the ratio of the local
speed of convected vortices relative to the fixed edge to the streamwise
spaéing of adjacent vortices in a single row. The cross-wake spatial
variation of local fluctuating velocity in a vortex street has been related

to the geometry of the configuration of the vortices by Schaefer and
= 1./i2
Eskinazi (1959).21 They have shown that the maximum of u2 (fs), fizer ,

y = yo/2, coincides with the locus of the peripheries of the vortex cores

rather than the locus of centers of the vortices. The diameter of each

vortex core was shown to extend approximately from the position of

&‘ maximum filtered velocity to the centerline of the wake. The strength of
4 g the vortex 1s proportional to the product of the diameter of the vortex
ﬁ4‘§ ' core and the tangential velocity at the extremity of the core. Therefore,
measurements of the correlation between the fluctuating surface pressure
& and the fluctuating velocity along the y = yo/2 are expected to reflect
R . the structure of vorties in the wake.
\ This measurement was performed by moving an anemometer probe along
f; the locus of filtered turbulence maxima in the upper side of the wake
- ? that is shown in Figure 14. The space-time correlation of pressure and
?r;‘ velocity is written
W i p(rxl = =0.375, ©) u(r,& + 1)
Rpu (rx,T) = = 172 (11)
Pe Uo
f ‘;"; .
"ié 21Schaefer, J.W. and S. Eskinazi, "An Analysis of the Vortex Street

Generated in a Viscous Fluid," Journal of Fluid Mechanics, Vol. 6, p. 241
(1959).
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where pe(t) = p(fx = -0.375 in.,t) is the unfiltered fluctuating pressure
as close as possible to the tip

r = -0.375 inch
il

t is time
u(rx,t) is the local velocity along y = yo/2

L is measured downstream of the trailing edge.

The correlation has been normalized on the root-mean-square fluctuating

pressure at the tip and the local free-stream velocity Uo' By using Uo
— 1/2
rather than the local root-mean-square velocity u (fs) as a normalizing

factor, we can determine the influences of specific locations of the wake

on the fluctuating pressure. The measured correlations for U_ = 100 ft/sec
are shown in Figgre 16. The upper curve is the spatial correlaEion, which
reaches a value Rpu(rx,o) = =0.25 at B ® 0.5 inch and a value Rpu(rx,o) =

+0.25 at r. = 2.1 inch. Zero crossings occur at r_ = 1.1 inch and
— 1/2

r = 3.5 inch. The maximum values of u (£ )/U_, taken from Figure 14,
x s’" 7o —1/2

show an absolute maximum at r. = 1.3 inch; the intensities grow from u

= 0.16 Uo to a maximum O0.29 Uo' This, according to the Bearman5 criterion,
signifies the end of the vortex formation region. The coErelation
coefficient evaluated at constant phase is determined by Rpu(rx,rm), where
T_ increases from zero, and it essentially correlates the pressure with a
single vortex as it moves downstream. We shall call this the moving-eddy
correlation, and it shows that although the coherence is greatest at the

end of the formation region r, = Qf, its magnitude essentially follows
— 1/2 — 1/2
that of u (fs). The correlation coefficient based on u (fc),

therefore, is unity which simply means that the pressure is caused entirely
by a fully coherent vortex street. The values of the time delay Tm for

the moving-eddy correlation are shown at the location of Figure 17. The
varying slope in the curve of Tm versus r shows that when the vortex

begins to form from the free shear layer, the pressure is generated

instantaneously on the surface of the strut. As the vortex continues to




form, it begins to move downstream from the strut while its strength
increases. This acceleration continues until r. = 1.3 inch, at which
point the acceleration diminishes, and it begins to move with a slowly
varying speed of convection. The convection velocity, defined as ﬁc
= Arx/ATm at this point is Uc = 0.64 Uo. This convection velocity, based
on the moving-eddy correlation, was &lso obtained by using a pair of hot
wire anemometers and forming velocity space-time correlations. The
points obtained in the near wake have been included in part d of
Figure 16, and they fully corroborate the pressure-velocity correlation.
In the far wake, i.e., for Ty ¥ 9 inches or rx/h = 4.5, the velocity
correlations give ﬁc = 0.81 Uo. According to the Bearman7 measurements
of velocity correlations, the convection velocity of disturbances in the
wake became constant and equal to 0.88 U for rx/h >4,

To construct a geometric picture of the vortex structure we use the
convection velocities, determined from the data of Figure 16, and the

frequency of shedding fs to determine streamline vortex separations b

from the relationship

U

=fb
c s

Convection velocities are shown at the bottom of Figure 17. In the near
wake, the spatial correlation of Figure 16a 1s interpreted to show that
the first, growing vortex is formed at 2 g 0.5 inch duownstream from the
edge. At the same time, the vortex, shed one-half cycle earlier from the
opposite corner of the edge and grown to full strength, has moved to

r_ = 2.1 inches. The cross wake position of the vortex centers in the
near wake can be estimated by using the Schaefer and Eskinazi (1959)21
semiempirical result, which roughly locates the vortex cores between
y=0and y = yo/2. Using these guidelines, locations of vortices in the
near wake can be estimated and they are shown in Figure 15. 1In this
diagram the circles signify vortex core sizes, and the arrows show the

direction of circulation. The diagram shows the size of the first vortex,




= 0.5 inch, which could not be established using the

not fully grown at r,
previously described criteria so the size shown in the figure is the

largest that can be accommodated by the geometry. The dotted line is the
— 1/2
locus of the secondary maxima of u (fs), and it is interpreted as the

boundary of the region of secondary flow at the trailing edge.

Also shown in Figure 17 is the streamwise distribution of the root-

mean-square fluctuating pressure, which has been normalized on the

dynamic head of the free stream. It is shown that the wake-induced

pressure diminishes to one-third its value at the tip within only one

trailing-edge thickness. These levels were obtained from dimensionless

spectra such as those in Figure 15. In the latter figure the frequency

of shedding has been made dimensionless on the cross-wake distance be-

tween filtered turbulence maxima B = W evaluated at B E 2f and a

speed Us’ characteristic of the shear-layer at the point of separation.

This speed has been defined by Roshko8 through the theory of potential

flow to be related to the static base-pressure coefficient by

U =Uvl-c (12)

b Py

The dimensionless filtered-pressure levels show a maximum at a dimensionless
frequency wsyf/Us = 1. The bandwidth of the pressure levels appears

greater for a speed of 50 than for 100 ft/sec; however, at both speeds

the bandwidths of the measured pressures are controlled by the filter

for which the dimensionless bandwidths are Awyf/US = 0,09 and 0.18 for

100 and 50 ft/sec, respectively. Also apparent are the lower magnitude

harmonics of the fundamental pressure fluctuations. For wyf/Us < 3, the i

broadband-pressure levels at the tip are a factor of 6 to 10 in excess %

of those measured upstream at position 6, Eo) = =13 inches. At the latter

position, spectrum levels are typical of those measured in turbulent

boundary layers with vanishing streamline pressure gradient. @

Correlations of the periodic pressures along the span were determined

at a speed of U = 100 ft/sec for microphone separations to r, = 4 h.




>)
i These correlations have been normalized on the mean-square pressure, which
E was uniform along that portion of the span used for the measurement.

This correlation is written

3 <p(z,t) p(z+rz, t+1)>
Rip &™) ¢ 5 > 172
[p,"(z,t) p (t,z+r )]

(13)

{‘ and the measurements behave as A cos (wsT + o), where A and a are
separation-dependent amplitude and phase functions approaching unity and
zero, respectively, as ry + 0. The space-~time correlations indicated

E that A was a slowly varying function of time delay T. The correlations

at T = 0 produced the lateral coherence function A cos 0; at time delays

Ly a/ws, they produced the maximum correlation amplitude A. The angle

0 is related to the yaw angle ¢ made by the vortex filaments with the

trailing edge by the relationship a = (wS r, tan ¢)/Us. The data shown in

Figure 18 are for both of these correlation functions. The scatter for
Rpp(rz’ T = 0) was caused by the slow variation of this function with f
time, reflecting that ¢ was not constant. The phase of the correlation |
h o, in fact, varied between zero and the absolute value reflected by the

data given in Figure 18. This was determined by measuring the correlation 8
with short averaging times. The data indicate that the vortex filaments ;

= <
were shed at yaw angles to ¢ = 17 degrees. Since IRpp(rz,0)| < Rpp(rz,Tm),

the data of Figure 18 show that for r, > 4 h the lateral correlation will
have some negative values with an absolute value less than 0.2. A

correlation length defined as

o0

zz ) j IRPP(rZ’O)| drz (1) i

-00




b is indicated by the data to be on the order of lz ~ 4 h, Similarly
- defined correlation lengths have been found for vortex streets behind
cylinders to be as low as 3 and as large as 10 cylinder diameters, and

they depend on Reynolds number.

4.2 WAKE BEHIND 45-DEGREE--ROUNDED- i
1 BEVELED TRAILING EDGE

Our discussion of this edge will parallel that of the blunt edge. :
: When the trailing edge is unsymmetrically rounded, using the 45~deg angle ;
‘a and a 5-inch fairing radius of curvature as shown in Figure 1, the K
separation point for the boundary layer on the curved side becomes less

s distinct. This degree of disorder as well as the streamwise displace-

ment of the free-shear layer formation points detunes interaction. B

o Characteristics of the boundary layer and near-wake are shown in

A
]
Figure 19. The figure shows a favorable pressure gradient upstream ”

from tap 11, followed by an adverse gradient downstream from this point
and constant pressure downstream from tap 13. Observation of oil-streak
F 'y patterns disclosed concentrations of oil along spanwise-oriented lines 1
‘ at taps 13 and 17. The former is interpreted as an upper separation i
4 point; the latter, as the stagnation point for the trailing edge. The
constant static pressure and the oil-film patterns indicate that flow is
separated downstream from tap 13.
The center diagram of Figure 19 shows the mean velocity profiles in ‘
the trailing-edge region. The profile at position G is given in 3‘

dimensionless form in Appendix B. Speeds measured at various points

above the surface have been made dimensionless by using a local approxi-

mation of the free-stream speed U, which was determined at each measure-
ment station. The bulge in the profile at tap 11, showing a somewhat
higher speed near the wall than in the outer flow reflects the negative
pressure coefficient at this point. It is apparent that Equation (1) .
is not satisfied by the data because unity minus the square of the

measured UO/Um, where Uo is the local maximum speed just outside the




boundary layer, does not equal the minimum pressure coefficient at the
corresponding point. The discrepancy is probably due to an error in
measuring U, determined at this chordwise location about 1.5 inches above
the surface.

The velocity profiles show the flow reversal, which is characteristic
of regions of separated flow. Profiles of broadband, rort-mean-square
velocity fluctuations are also shown, and they display local maxima at
distances from the wall corresponding to maxima in the vertical gradient
of mean velocity dU/dy. The velocity spectral densities, measured at
U, = 100 ft/sec, disclosed a periodic contribution at w = ws, which is
interpreted as due to a vortex street. Profiles of narrowband fluctuating

velocity, filtered in 1/10-octave bands at the shedding frequency
—1/2
w=w,u (fs)/UO, are shown at the bottom of Figure 19. Above the

surface of the edge and in the wake at downstream distances r, > 1 inch,
there are maxima corresponding to maxima in dU/dy. Very near the edge,
there are secondary maxima which are proposed to be associated with a
secondary vortex system similar to that already proposed behind the blunt
edge. In contrast to the wake of the blunt edge, however, there is an
asymmetry in the wake which persists at least 5 inches downstream from
the trailing edge. In this case, local maxima in filtered intensities
occur at the upper and lower cross wake positions y = e and y = Yo»
respectively. The characteristic cross wake dimension is, then, Ve
= Ye T Y

A characteristic shedding velocity Us will again be defined in

terms of the pressure coefficient -C_ beneath the separated boundary
s
layer downstream from tap 13. Following the Roshko8 definition we write

U =UuA -cC (12)
s ® P

This is the same as the separation velocity of the blunt edge. Spectral

densities of the wake-velocity fluctuations ¢u(w) are nondimensionalized

on the wake variables y and US in Figure 20 (the spacing Y¢ will be

calculated later). The mean-square velocity is
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