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PART 1. TONAL PRESSURE AND VELOCITY FLUCTUATIONS

ABSTRACT

A comprehensive evaluation has been made of the vortex

structures in the near wakes which exist behind various shapes of

trailing edges as used on many lifting surfaces. This structure,

in the form of fluctuating velocities and correlation scales, has

been related both experimentally and analytically to the surface

pressure fluctuations which were measured on these same trailing

edges. It is shown herein how the wake structures and the

observed behavior of the surface pressures relate to the techniques

of theoretical modeling of flow-induced surface pressures and far

field sound. In this report which features measurements of wake

and pressure fluctuations that are characterized by strong tonal

content, the chordwise variation of the magnitudes of the tonal

pressures are shown to be determined, through a nearly unique

functional form, by the strengths and formation lengths of

vortices in the near wake. The frequency of vortex shedding has

not only been found to conform to Bearman's (1967) universal

Strou'al number based on the far wake, but also on parameters

characteristic of the near wake. This Strouhal number is defined

as wsyf/Us 1; w is the frequency of vortex shedding, yf is a

lateral sheir-layer dimension defined at formation, and U iss

Roshko's (1954) shedding velocity. Conditions for the occurrence

or non-occurrence of tones are given for the trailing edges

examined. A corresponding theory for tonal sound radiation is

given and confirmed using measurements by Brooks and Hodgeson

(1981).
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Flow past the trailing edge of a lifting surface. can be the source of both

ona an cotinousspectrum noises occurring either separately or simultaneous.

Ic b~i I t rice - i v u11g LtIue mo st a t ten it i on in p)rek.viO USW1 wr k, howe v er, has b e en t ra LI-

in . vrortex -hedd lug and, in part icular, a tonal phenomenon called singing. In

cicrl the f low-body coupl ing required for singing may be facil itated through a

vihration or an acoustic path, and the flow on the surface could be either laminar

or t iir al out, in tyvpicalI appl icat ions at a high enough Reynolds number that the

boundarv laYers on the surface are fully turbulent, the vortex s'-edd lug at the

trail lug, -dge nov become nonlinearly coupled to vibration of the edge and produce

en ions ~ed viiraon and sound . Tbhis probl em is; a common hyd roe last ic phenomenon

observed onl t, rb inus and propellers. in aeroacoust ics it may be the source of sm

high-freque.ncy hel icopIter noise measured by Leverton (1973) . At large enough

Reynolds numbers of pract ical significance, the boundary lavers on both surfaces of

the foil are turbulent, and, if the surface is also rigid with a sharp trailing

edge, thoun the trailinug edge flow appears to be hydrodynamically stable, as shown by

Clicvray and Kovasznay (1 969) . In such turbul ent surface flows a certain degree of

edebutesisrqie oprmt eua vortex shedding - Such bluntness ma%

al so be requ ired i-n a pract ical sense to preserve structural integrity of the lift-

ioit . It isl noted thlat when the boundary tlovers are laminar or transitional,

aTe> ma.' 'C 011erdted when the trail ing edge iL, sharp, but as Reynolds number is;

rlK' prodlensitv for tonal uxcitat. ion diminishes. This report will i

ritt-d to I ilin, u usrfaces wi.t h ftill v Jev<l oped turbulent boundary lo-vers anid

-i1 otf-dIit butns

wri oI Irk in this ;nraiarea aiddro ssed the frequeccies- of vortex

in 1:n dk-tcrmintit ion- of means to reiduce, turbine and prone1 
i1cr 1LIidt sie

1j -ir I of modification ()t traiil inzg udc,( c gotmetrv. Notable work in tis

I i i t'her ( 1 152), Heske'stod anld ()lh,..irt. ( (I bIdf))) , I bs andi l --ag -ion

"I I ) 11,1n I ileSo, (it AIi. (196), in1 wih i 1 varIi,,i (o- l mit i onls o)f StLrouhalI numbe r

cr xnI ie d.1 t wa " found t hat ticv most; se(v ere aoroll" dro ) Il a,;t ic one( ii loat ions!

i at to, i s w j i cei t he r 1),1 in t L ra iI inc ,,, si o r t ,I Ii' Ch i ri t. -vmLet r ic i I I

sl ed . '11 i -. t udjs- 1 pro)ducd 011nll, pI I i t . i Vo i d ta It ions 11 the O d riv ing t, Iors(os
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and the fluctuating velocity along the y = y /2 locus actually reflects the structure

of vortices in the wake.

This measurement was performed by moving an anemometer probe along the locus of

filtered turbulence maxima in the upper side of the wake that is shown in Figure 5.

The space-time correlation of pressure and vloc it.' is written as

p(x =-0.3 t) u(x, t+T)

R (r ~)(6)
P U

where P (t) = p(x = -0.3 in., t) is the unfiltered fluctuaLing pressure at a loca-e

tion is crl e as possible to the tip, i.e., at

x = -0.3 in.

t = time

u(x,t) = the local velocity along y = y /2, and x is measured from the trailing
edge.

The-orrelation has been normalized on the root-mean-square fluctuating pressure at

the tip and the local free-stream velocity U . By using U rather than the local

root-mean-square velocity, u2 2(fs), as a normalizing factor, we can determine the

relative influences of specific locations of the wake on the fluctuating pessure.

The measured correlations for U = 100 ft/s are shown in Figure 7. The upper curve

i, the spatial correlation, which reaches a value R (x , 0) = -0.25 at x = 0.5 in.pu

,Ialn a valle P (x,O) = +0.25 at x = 2.1 in. Zero-crossings occur at x = .1 in. andpu

x = 3.5 in. The correlation coefficient evaloat ed at constant phase is determoined

r Rp (x, , where I increases from zero, and it ssent ial lv correlates the.

pressuaiire with a developing vortical distturhan- as it moves downstream We shaIll

call this the, moving-eddy correlation, and it .i ,,,; that ilthotigh t he, cohicrec i

5 reate',;t at the end of the formeat ion reXi S .,, its magnitlde, sent tally fal lows

t !at oI u2"(f ) The correlation (o fi ic lent a-1d an )2N(f ), thinrel or, i- unit ,

. 0.0 simply means: that the pressure, i, , ,iik , nit ire]'V bv thL' 1 tiot I er-IenW 't V'I-te'x

street. The values of the time delay 0 r t Je nov i-eddy correlat ion are Lised toS n]

obta in approxiIa t c onvct li on v ,lof itO. ,I inc i ! ; ' C "x/ i . lerms- I nd ISIn m

are ;b)wei at the hottom of Figure 7. ]i varviig slop, in the ure ot versus x

shosS th at wh_,n the v)rtex hg ins to turm Ir,,m tI(, I ree s;htar lacer, the pre-sntr

ems generated t he vortex field which i i i it Lillv , s,-moving. As the vortex



characteristic of the shear-layer at the point of separation. Justification for

this variable is offered later in paragraph 4.1. This speed has been introduced by

Roshko (1954) through the theory of potential flow to be related to the static base-

pressure coefficient by

Us = U -0 C pb (5)

The dimensionless filtered-pressure levels show a maximum at a dimensionless fre-

quency sYf /Us = 1. The bandwidth of the pressure levels appear greater for a speed

of 50 than for 100 ft/s. However, at both speeds the bandwidths of the measured

pressure are controlled by: the filter for which the dimensionless bandwidths are

Awyf/Us < 3; and the broadband-pressure levels just upstream of the tip at x = 0.3

in. are a factor of 6 to 10 in excess of those measured upstream at Position 6, x =

13 in. Very close to the edge, it appears that both the tonal and continuous-

spectrum levels at low frequbncy are increased in the same proportions, while far

upstream at x = 13 in. the continuous-spectrum levels are typical of those measured

in fully-developed turbulent boundary layers with vanishing streamwise pressure

gradient.

3.2 VORTEX STRUCTURE RELATED TO SURFACE PRESSURE

The magnitudes of the fluctuating pressure generated by the wake 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 it is given by the ratio of the local speed of the convected vortices

(relative to the fixed edge) to the streamwise spacing of adjacent vortices in a

single row. The cross-wake spatial variation of local fluctuating velocity shown

in Figure 5 is typical of that in a street of fully-developed vortices. The varia-

tion has been related to the geometry of the configuration of the vortices by

Schaefer and Eskinazi (1959). They have shown that the maximum of U- (f ), i.e.,

y I 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 each vortex is proportional to the product of the

diameter of the vortex core and the tangential velocity at the periphery of the core.

Therefore, measurement of the correlation between the fluctuating surface pressure

16



maximum, according to the Bearman (1965) criterion, signifies the end of the vortex

formation region x = kf, where x denotes downstream distance from the edge.

The root-mean-square fluctuating surface pressures, which are set up by the

induction field of the vortex street wake, were filtered in a 12.5-Hz band centered

on the shedding frequency f , and measured at increasing distances upstream from

the trailing edge. As shown in the upper part of Figure 5, their pressures, non-

dimensionalized on the dynamic head of the inflow, diminish in level along a direc-

tion in line with the chord. They are also in common phase, showing an expected

lack of convection. The frequency spectra of these pressures, at two locations along

the chord, (shown in Figure 6) have a single dominant peak at f = f . An auto-
5

spectrum of the fluctuating base pressure displayed a single peak at f = 2f s . The

narrowband, root-mean-square base pressure, filtered at f = 2f has a value of
5

0.15 q,. The circular frequency of shedding !s = 2T f has been made dimensionless
5 S

on the cross-wake distance between filtered turbulence maxima yo = Yf, and evaluated

at x = f. These parameters are indicated in the inset to the figure. The Us is

0y
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FIgure 8 - Mean-Square Pressures Measured on the Blunt Edge in 12.5 Htz Bands at
the Tip
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to be linearly dependent on U . To compare shedding frequencies in this earlier

work, we note that the Strouhal number based on the strut thickness is

Nst = fsh/U = 0.23. (4)

This number* is somewhat smaller than that reported by Greenway and Wood at a lower

Reynolds number with laminar upstream flow Nst = 0.286; however it is in agreement

with their value of N = 0.24 obtained at a high Reynolds number with turbulent

upstream flow. The current value compares favorably with Bearman's value, Nst =

0.24, for a blunt edge and turbulent upstream flow without a splitter plate. All of

the previously mentioned differences in dimensionless shedding frequency are most

likely due to variations in the wake thickness occurring in the various experiments,

and they reflect the observation (Bearman 1965) that N is not a universal scalingst

number. One of the purposes of the next section will be 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 5. At the bottom of the figure are shown

the vertical profiles of root-mean-square filtered fluctuating velocity fluctuations
u2 (f ) in the wake which were found to be strongly tonal. These velocities were

filtered in 1/10-octave bands centered on the shedding frequency f , and are con-

trolled by the vortex street wake. Within 0.5 in. 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 nonlinearly growing

disturbances in the shear layers, while the peaks near the centerline are probably

caused by a secondary vortex system. For x > 5 in., the profiles of u2s(f ) display

maxima at each of the corners of the edge and broaden in spatial as the disturbances

are convected away from the strut. The locus of the filtered intensity maxima in the

upper wake is sketched in the upper part of Figure 5. The values of u 2 (fs )/U show

an absolute maximum at r = 1.3 in. and then diminish with distance downstream. This
x

*In this case, the definition is practically equivalent to that of Gongwer
(1952) which replaces h by h plus the sum of momentum thicknesses of the boundary
layers shed off the edge. Thus, h + 20 = 2.14 in. and f s(h + 20)/U = 0.25, which
is somewhat greater than the value of 0.19 obtained by Gongwer.

14
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and was found to be Cf = 3.2 x 10- 3 , slightly lower than that given by Schlichting

(1960) for a naturally developed boundary layer on a smooth wall at the Reynolds

number lt x/\,.

Spectral densities of the turbulent velocities are typically normalized on the

local mean velocity U(y), the boundary-layer-displacement thickness ',*, and the mean

square velocity u2 ; in this paper they are considered two-sided so that

u 2 (j) dw (3)

where (, is the radian frequency. Turbulence spectra measured in the attached
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different edges; measurements were performed at those locations for all edges. The

results in Figure 2 show the sharp static pressure minimum forward of microphone

Position I, followed by a steep adverse pressure gradient which caused a laminar

separation. This, as far as trailing-edge flow was concerned, merely served to trip

the boundary layer. Further downstream, the static pressure varied slightly, becom-

ing somewhat favorable forward of the trailing edge. Magnitudes of the favorable

and adverse pressure gradients at the trailing edges were dependent on the shape of

the edge. For all except the blunt trailing edge, the favorable pressure gradient

from x = 28 in. to x = 34 in. shown in Figure 2 is typical. Therefore, the statis-

tics of the boundary layer for all Positions 1 through B were unaltered by changing

the bevel-trailing edges, and only slightly modified at Position B by installing 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.

The mean and turbulent velocity profiles for Positions 4 and B are shown in

Figures 3 and 4 in each of two conventional representations. In Figure 3, the

mean velocity U(y) and root-mean-square turbulent velocity u2  are expressed as

fractions of the local free-system velocity U . Distance normal to the plane of theO

strut y is normalized on the boundary-layer thickness 6, which is defined by U(6) =

0.99 U . The mean velocity profiles appear to be similar, indicating that an equi-
0

librium boundary layer has been formed on the strut. Klebanoff's (1955) 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 from Position 4

to Position B suggests that the levels at Position 4 are influenced by large-scale

disturbances associated with the leading-edge separation that are diminished at

Position B. Close to the wall y/ K 0.15, the measured intensities are lower than

those measured by Klebanoff. In Figure 4, the friction velocity is given by

UU = lwl /o

where r is the local wall shear used to normalize the velocity. The value of Uw T

was determined by curve fitting to the law of the wall, as described by Perry and

Joubert (1963). The local wall-shear coefficient at x = 32 in. and U = 100 ft/s is

Cf U2) (2)

f w 00

9
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P - P

2 =(1)
1/2P U2

o

where P is the ambient pressure far from the strut, P is the local static pressure

on the strut, p0 is the fluid density, and U. is the mean velocity that was trivi-

ally altered by modifying the edges. The lettered locations near the trailing edge

are those for which the static pressure was influenced to varying degrees by the
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2.2 INSTRUMENTATION

The static pressure variation along the chord was measured in the standard

manner using pressure taps along both sides of the strut, including the stagnation

point, (see Blake (1975a)). The flow-induced, surface-pressure fluctuations on the

strut were measured using "pinhole" microphones with a 1/32-in.-diam as described

by Blake (1970). Probe-tube extensions were used to measure the pressure spectra at

narrow thicknesses of the trailing edge. The probe tube acts like a low-pass filter

between the microphone and the fluctuating pressure source. The amplitude response

was determined to be flat for frequencies less than 2 kHz, see Blake (1975). For

certain of the edges miniature Kulite strain gage microphones, of diameter 0.08 in.,

were used when space limitations did not permit the use of the condenser microphones.

rurbulent velocity fluctuations were measured using standard constant-temperature

anemometry with a linearizer. Probe and probe supports were aerodynamically shaped

to minimize vibration from vortex shedding from the supports.

All of the auto and cross-spectral densities of wall pressure as well as the

pressure-velocity, cross-spectral densities were obtained with a real-time analyzer

system. The spectral densities were determined digitally using a fast Fourier-

transform algorithm with a Hanning window. Sample sizes of at least 256 (occasion-

ally larger) were used with effective analyses bands, ranging from 12.5 to 62.5 Hz.

The bandwidths of analyses were constant over each complete frequency range, which

was either from 0 to 2 or 0 to 20 kHz.

Broadband correlations were made with a digital correlator instrument that dis-

played both auto and cross correlation functions at 100 computed points, with time

delays from 100 Ws to 100 s possible. The digital equivalent of resister-capacitor

circuit (RC) averaging was used.

2.3 CHARACTERISTICS OF FLOW UPSTREAM OF THE EDGES

The measurements of the boundary-layer velocity profiles on the body of the

strut served to establish that the turbulent flow field upstream of the edges was

typical of that which exists in fully developed boundary layers on flat surfaces.

Because of the flow separation at the leading-edge, the boundary layers incident on

the edge were extensively surveyed to establish that both turbulence streams of the

edges could be taken as typical. Figure 2 shows the chordwise static pressure

distribution and the cross-section shape of the strut, which was outfitted with the

250 rounded trailing edge. The static pressures are expressed as the coefficient.

Thus,

7



tunnel with an anechoic chamber. The broadband turbulence intensity level in the

tunnel at a centerline speed of 150 ft/s has been shown by DeMetz and Casarella

(1973) to be about 0.08%. A full account of the equipment and instrumentation for

the studies comprising this report is given in a report (Blake (1975a) and in sub-

sequent papers Blake (1975b) and (1977); therefore, only salient features will be

summarized here.

2.1 STRUT AND TRAILING EDGES

The working strut (Figure 1) on which most of the work in this paper was done,

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 ft in chord with a uniform thickness of 2 in. and a

span of 4 ft. Four trailing edges were used; one was squared off and three were

unsymmetrically beveled. Of the beveled edges, one had an included tip angle of 450

and a length of 4 in. The other had an included tip angle of 250 and a length of

6 1/4 in. The 45' edge and one of the 250 edges were faired with 5- and 10-in.

radii, respectively, to give a continuously increasing pressure gradient. The other

250 edge had a knuckle, 2 in. from the strut attachment point. Both the strut and

the trailing edges were constructed from pine and plywood and were painted to main-

tain a smooth surface. The characteristics of both of the trailing edges with 25'

bevel will be discussed in the sequel paper because throughout most of the Reynolds

number range of these experiments, the two edges with 250 bevels did not generate

wakes with tonal character. The edges have been categorized in Figure 1 as produc-

ing tonal or continuous-spectrum flow fields.

Discussions in Section 4 of this paper will draw on an additional strut utilized

for hydroelastic observations, Blake (1975b). 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 ft

long and 5 ft wide) was attached to the top of the strut and to the walls of the

tunnel in half. The measured values of fluctuating wall pressures on the blunt

trailing edge of the strut were uniform over an 8-in. spanwise section, showing that

the flow was essentially two-dimensional across the span of the strut.

6



The flow parameters selected for measurement in this work were selected on the

basis of their theoretical importance for vibration and aerodynamic sound genera-

tion. Thus, to answer the questions of whether or not tonal or nontonal sound or

vibration will be generated, and of what the magnitude of the disturbance will be,

in either case, requires knowledge of the correlation properties of the surface

pressure at the trailing edge. In the case of aerodynamic tone generation, for

example, available theoretical models give the radiated sound in terms of wake

vorticity and the convection velocity of that vorticity relative to the trailing

edge. The analytically-determined surface pressure generated is dependent on

whether or not a Kutta condition is imposed at the trailing edge. It is shown in

this paper by using an analytical model of the vortex-induced surface pressures at

the edge, that a full Kutta condition should not be applied in this case.

The discussions will, therefore, be divided into two parts. This Part I will

deal with the unsteady flow fields of the near wakes characterized by periodic

disturbances. Also, dimensionless representations of the wake-induced surface pres-

sures and their frequencies will be derived. Analytical expressions for the surface

and far-field acoustic pressure will be derived and compared with measurements of

Brooks and Hodgeson. In Part 2 the sequel part, the disturbance fields of the near

wakes behind other trailing edges that were observed to generate primarily

continuous-spectrum disturbances, will be discussed particularly with regard to

general features of the wake field, as compared to the case of tone generation.

Finally, the conditions for the establishment of periodic versus random near wakes

will also be discusse& in Part 2.

2. FACILITY AND INSTRUMENTATION DESCRIPTIONS

A principle objective of the work herein was the simultaneous measurement of

fluctuating velocity and surface pressure; thus, the experimental facility for this

work was selected for its low acoustic noise background. The experimental arrange-

ment made it impossible to use the more modern laser velocimetry techniques, so hot-

wire anemometry was used for wake traverses. The high speeds and high Reynolds

numbers made the use of flow visualization methods unacceptable so that flow struc-

tures had to be deduced from correlation measurements.

All measurements were performed in the Anechoic Flow Facility (AFF) of the

David W. laylor Naval Ship R&D Center. This facility combines a low-turbulence wind
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in Figure 1 were found to be least likely to produce tonal excitations. The

mechanics of vortex shedding and measurements of shed vortex strengths and frequen-

cies were the subject of later studies by Greenway and Wood (1973) and Bearman (1965

and 1967), respectively.

Disturbances at trailing edges become continuous spectrum when the edge is

sharpened or unsymmetrically beveled to included angles of 300 or less. In such

cases, intense tonal vibrations are not problematic, but continuous-spectrum aero-

dynamic sound often is. Analytical work by Chase (1975), Chandiramani (1974), and

Howe (1978) has in fact identified the prominent physical variables that affect

trailing edge noise for thin, sharp, rigid edges, Experiments by Brooks and Hodge-

,on (1980) have generally confirmed the theory. The problem with many practical

airfoils is that they are not necessarily sharp, and it remains to be established

what flows exist on edge shapes that are intermediate between blunt and sharp. This

report examines flows on the trailing edge shapes shown in Figure 1. These shapes

were selected to be representative of geometrics examined in the earlier work on

vortex shedding cited above.

SINGING NONSINGING

3 It 11 in.0

- - -- 0 --- 0- A 0_ _

/ 12 3 4 A B
/
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2 in450 25" 250
1 n RADIUSs 3. in .1 45 .6,, in.. 6 ' .

STRUT -,450

BLUNT ROUND 251 KNUCKLE 25' ROUND

-EDGES

Figure 1 - A View of the Strut Showing the Orientation of Trailing Edges and
Schematic Locations of Microphones
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continues to form, it begins to move downstream from the edge while its strength

increases. This acceleration continues until x = 1.3 in., at which point the accel-

eration diminishes, and it begins to move with a slowly varying speed of convection.

1',is convection behavior is indicated by either pressure-velocity or velocity-

velocity correlations. In the far wake, i.e., for x = 9 in. or x/h = 4.5, the

velocity-velocity correlations give U = 0.81 U . According to Bearman's (1965)

measurements of velocity correlations, the convection velocity of disturbances in

the far wake became constant and equal to 0.88 U. for x/h > 4.

3.3 THE WAKE-PRESSURE CONNECTION FOR THE ROUNDED

450 BEVEL TRAILING EDGE

When the trailing edge is unsymmetrically rounded, usin:g the 450 angle and a

5-in. fairing radius of curvature as shown in Figure 1, the separation point for the

boundary layer on the curved side becomes less distinct. This degree of disorder,

as well as the streamwise displacement of the free-shear layer formation points,

detunes interaction of the upper and lower shear layers. Characteristics of the

boundary layer and near-wake are shown in Figure 8. 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 patterns disclosed concentrations of oil along spanwise-oriented lines at

Taps 13 and 17. The former is interpreted as an upper separation 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 diagrams of Figure 8 show both the mean and broadband rms velocity

profiles in the trailing-edge region. Speeds measured at various points above the

surface hav been made dimensionless by using a local approximation of the free-

4-r,.atr speed, [I, which was determined at cach measurement station. The bulge in

the profile at Tap I, showing a somewhat higher speed near the wall than in the

outor flow, reflects the negative pressure coefficient at this point. The dimen-

c-. mean 'nd turb len t veloc ity prof iles at Posit ion G, between Taps 15 and 16,

hive behavior typical of separated boundary layers. In these flows, which form the

near wake, the velocity profiles show the flow reversal that is characteristic of

tug ,ian> of separated flow. The velocity fluctuations display local maxima at loca-

t i,,ns that cerre,,pond to maxima in thc vert ical gradient of mean velocity dU/dy.

The velocity spcctral densit ies, examp]l's of which are shown in Figure 9, and
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Figure 9 - Dimensionless Longitudinal Velocity Spectral Densities Measured in the

Formation Region of the Near-Wake from the 450 Rounded Bevel Edge

normalized on the wake variables described below, disclosed a periodic contribution

1.1 = 16 Swhich is interpreted as due to a vortex street. Profiles of narrowband

fluctuating velocity, filtered in 1/10-octave bands at the shedding frequency j =

"s, i.e., u2 (f s)/U °0 , are shown at the bottom of Figure 8. Above the surface of the

edge and in the wake at downstream distances x > I in., there are secondary maxima

which are probably associated with a secondary bound vortex system similar to that

already proposed behind the blunt edge. In contrast to the wake of the blunt edge,
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however, there is an asymmetry in the wake which persists at least 2.5 h downstream

frcm the trailing edge. In this case, local maxima in filtered intensities occur

at the upper- and lower-cross wake positions y = yu and y = y, as illustrated in

the center portion of Figure 8. A characteristic shedding velocity U5 is again de-

fined in terms of the pressure coefficient -Cps beneath the separated boundary layer

downstream from Tap 13. Following the Roshko (1954) definition we write

U = UooV/i - cps (7)

which is the same as the separation velocity of the blunt edge.

At a distance x = 1.25 in. downstream from the edge, and 2y/h = 1.10 above the

tip, the dimensionless frequency spectrum in Figure 9 shows the periodic contribution

at Sy f/Us = 1 for U. = 100 and 50 ft/s. The intensity of the contribution is sub-

stantially higher at 100 than at 50 ft/s. Velocity fluctuations at U. = 50 ft/s and

2y/h = 0 are entirely broadband. A similar nondimensionalization of fluctuating

surface pressures on the edge also shows a periodic contribution at wsyf /Us = 1.

Figure 10 shows the dimensionless spectral densities of pressure fluctuations at
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Figure 10 - Mean-Square Pressures Measured on the 45' Round Edge in 12.5-Hz Bands

at Position G and at Position 6 (Flagged Points) for U. = 50 ft/s

(Open Points, Awy /U = 0.09) and for 100 ft/s (Closed Points,
AwYo/U s = 0.045) 0 5
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Positions 6 and G. For U. = 100 ft/s, the periodic contribution is greatest at

Position G and substantially diminishes at Position 6. At 50 ft/s, however, the

spectrum at Position C shows a broadly peaked contribution that contrasts the weak

periodicitv indicated by the velocity spectrum of Figure 9. It appears that the

pressure fluctuations extant on the edge at 50 ft/s are determined more by local

separation than by the vorticity in the wake field. At 100 ft/s, the pressures are

generated by the system of vortices in the wake; these pressures, incidentally, were

not affected by the presence of the anomometer probe used in the correlation measure-
-I.

ments described below. Tonal root-mean-square filtered pressures p2 "(fs)/q,, on the

45 rounded edge are shown to have maximum at Position G(x = -1.1 in.) as shown by

the profile in Figure Ii. At the downstream Position H(x = -0.4 in.) the periodic

contributions at f = fs are missing; this position is nearly coincident with the

stagnation point x = -0.6 in. Further upstream, the pressures diminish monotonically

just as observed, that the periodic pressures on the blunt edge and the tonal pres-

sures at v /U I remain in phase..f 5
Space-time cross-correlation between the unfiltered trailing-edge pressure at

Position G and the wake-velocity fluctuations filtered in 1/10-octave bands at f =

f , shown in Figures 12 and 13 disclose a connection between the vortex structure

and surface pressure similar to that of the blunt edge. For U" = 50 ft/s, correla-

tions between the pressure fluctuations at Position G and the wake velocities along

, -0.02

0.01

Yf
.- 0

STAGNATION POINT -

(x XS)  - f

Figure It - Chordwise Profiles of Fluctuating Pressure at f = fs with
45' Rounded Trailing Edge at 11 = 100 ft/s
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both y = y and y = Y, are shown in Figure 12. Normalized as before (Equation (6)),

the spatial correlation along the locus (X,Yu) shows a minimum of R (O,x,y

-0.04 over the edge, and this value is never exceeded in the wake for x - 0, showing

that the pressure at Position G is dominated by local separation. The correlations

also indicate that the shear layers along yu and y interact to form a coherent wake

of paired vorticity concentrations; however, the level of coherence with the pres-

sure at Position G decreases as x increases. The spatial correlation indicates that

the formation of vortices from the upper and lower shear layer, although facilitated

by mutual interaction of the layers, does not involve a growing entrainment of one

laver by the other. The maxima in velocity fluctuations shown in the figure suggest

that tha upper layer forms a vortex first near x = I., while the lower layer forms a

vortex near x = 1.5 in. which is approximately one-eighth wavelength further down-

stream. Continuing downstream, the mutual interaction brings the vortices into a

more coherent alignment, but the intensity of the vortex street decays. These local

maxima are similar for both low and high speeds, as seen by comparing Figures 12 and

13, but the growth, streamwise coherence and tonal quality of the disturbances at

LI = 100 ft/s, shown in Figures 13a and 13b, compared to that at 50 ft/s, show how

dependent the development of the regular vortex structure is for edges such as this.

Of course, tonal pressures are not generated unless a periodic disturbance is

developed downstream of the edge.

The convection velocities determined with ,m' as above, show similar behavior

to those in the wake of the blunt edge. Here, the streamwise velocity disturbance

is approximately 180' out of phase with the fluctuating pressure at Position G, and

its phase slowly varies as the eddy moves downstream. Along the lower layer v = y_

an opposite behavior appears; the disturbance convection velocity decreases slightly,

i.O., ,X/ATu decreases. This contrasting behavior could be cau ,ed bY an uncertaintvm

in determining the peak in the space-time correlation and would be discounted alto-

gether, except that Hanson (1970) noted a similar observat ion in the wake behind a

notched, lifting airfoil in observing "convection velocitie!'" on the order of 1.7 U s

The current measurement indicates that the upper disturbance speeds up briefly,

while the lower disturbance is convected at a lower speed. As an extension of our

modeling of blunt-edged vortex streets, the formation length will be defined as the

ditance from the trailing-edge stagnation point on the foil to the value of x cor-

res;ponding to the maximum in the filtered velocity fluctuation in the wake. This

distance is approximately Zf = 2.3 in. and it nearly corresponds to the location of
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the minimum shear layer spacing yo = Y. (see Figure 8). In the more distant wake,

x , 2 in., the two convection velocities become equal and approach 0.8 to 0.9 of the

free-stream velocity.

3.4 SPANWISE STATISTICS OF THE TONAL SURFACE PRESSURES

The preceding discussion has shown that the wake generates a pressure field

with deterministic behavior along the chord. Along the span, these pressures are

stochastic, a behavior which is quite analogous to the unsteady lift fluctuations

induced on circular cylinders by vortex street wakes. Span-wise correlations for

the blunt and the 450 rounded edges were determined at chord points for which the

fluctuations were maximum; i.e., x = -0.3 in. on the blunt edge, Position G on the

450 rounded edge. These correlations, defined as

[p(z,t) p(z+rzt+1)]

Rpp(rZ ,T) = - (8)

[p 2(z,t) p 2(t,z+rz)]I

where r is spanwise separation, are shown in Figure 14 as a function of rz/Yf. As

is often typical in such measurements, the time delay for maximum correlation, rm,

is not always zero but slowly increases with rz . This is because the vortices shed

behind rigid bodies may take a preferred, yet small, yaw angle to the edge. In the

case of the blunt trailing edge (this angle was approximately 170) it is probably

not natural to the edge flow, but rather an artifact of some asymmetry iii the strut

fixture. Therefore since the correlation values at I = T represent the maximum

spanwise correlation, only those values are shown.

In the case of the 45' rounded edge, correlation functions obtained at a velo-

city of U = 200 ft/s anomolously approached unity through the entire range of rz.

This behavior has now been regarded as due largely to flow induced vibration. As

shown in work subsequent to Blake (1975a), see Blake et al. (1977), displacements of

only 0.005 yf are necessary to increase the spanwise correlation of the vortex street

wakes of airfoils.

Aside from the question of the effects of vibration, Figure 15 shows that the

length scale of the spanwise correlation of natural vortex shedding is apparently

set by yf. In fact, for both trailing edges a correlation length defined as
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A3 =f 0 Rpp(rz,Tm )Idrz (9)

can he easily deduced from the figure by fitting a correlation function of the form

R p(r 0) = exp[-,Fr z , 31 (10)
Rpp 7

to the measurements as shown. It appears that .', 3. 5 yf is a representat ive v;alue

for both trailing edges; similarly defined correlation lengths have been fuiind 1or

vortex ;treets behind rigid cylinders to be as low as 1.5 and as large as 5 cvlinder

diameters. This value gusted above holds over a considerable range of velocitie.s

for the blunt trailing edge; it Is unknown how it behaves on the 45° rounded edge.
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4. GENERALITIES REGARDING THE FREQUENCIES AND

AMPLITUDES OF TONAL TRAILING-EDGE PRESSURES

4.1 VORTEX-SHEDDING FREQUENCY

Treatment of the frequency spectral qualities of the surface pressures in this

paper has adopted the wake thickness dimension yf on which to base the nondimension-

alized frequency wyf/U s . Tones, or near-tones have been observed at wyf/U s  I on

the two edges discussed. Before proceeding with this point we wish to review brief-

ly some alternative methods of definition.

The previously-used definition of Strouhal number based on the base thickness,

Equation (4), does not yield a suitable comparison of frequencies for the two dis-

similar trailing edges discussed so far in this report. For the rounded trailing

edge, Nst is of the order 0.45 to 0.5 compared to the more generally accepted values

of 0.23 to 0.29 and observed for the blunt edge. Therefore, the use of the base

thickness is only appropriate when the surface is blunted symmetrically with distinct

corners. Gongwer (1952) has previously shown that some adjustment to the formula

for blunt edges to the use of h is necessary when the boundary layers at the edge

are thick. Aerodynamic fairing of the edges produces a thinner wake with higher

predominant frequencies. A nondimensionalization based on the momentum thickness in

the near wake was also found (Blake 1975) not to agree with the behavior shown by

Hanson (1970). According to Hanson, a definition based on the momentum thickness

seemed to account for the frequencies generated by trailing edges with aerodynamic

shaping, notching, and splitter plates. The applicable functional form is (also see

Roshko 1954, for application to circular cylinders)

S")1R = 0.0725 [R - 1038] (11)

where

S.' = fs /Us (12)

and ' is the momentum thickness of the wake at the end of the formation zone (X =f
If ) and Us  is given by Equation (7). While it satisfactorily predicts fs for te

45' rounded edge, Equation (11) over predicts the vortex shedding frequency for the

blunt trailing edge, by nearly a factor of 2.
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An iternativu dtel inition 01 Strouhal number that does setem to agros, wit!, tile

pi csent 1%, masured tone frequeccies for both edge geometries is Beai riai ' ( 1 '0) ).?

i man liis suggested an aite rnt ive seal in us, Lluig f ar-wake var- i at, I I III 1a

L i O-,ed onthe Kronatrer (196 7) stabili ty cr iterion wh icli st at c's t liar i t h Ot h1

vu; n. I L n 1)r tce %,., vs t 'il a e i ud i u v- I-t -1 41 A

io ar that aminimum drag is exerteti on the body. Bearnin' ainvrs

t aWnInumber, f b I/U s!, was determined from the far-wake data I 1),tl th

an ind 45' rounded edges us ing his Cal cu at ion proc edure. 1Ihe caltc sit' v

in Figure 15 as a function of shedding velocity tU /UL ; agreement with tO.< trendl o!

i etu 'IitI aContinues to support the applicahility of the Beairmiui det iii it ioii

I he non iensionali at ion of yf Used in Figures 6 , 9 , and 10 is ha scd tni thea

ivpit nes I that tile frequency of di St urbarices in the near wake ;as i put nit

cc taLt ice to thle trailing edge will be det erined by Lte locail ,elo it P -I il,

as1, I S and the c ross-wake separa tion of the(- s;IIenr 1 aVe rs; whuilt1 -!'at st i, 011!1

wake. In tire case of shear layers analytically modeled as a paiir 'a ; i It

hceet sAbernathy and Kronaucer ( 1962 ) comp)uted vort ic i t ' 11 era .t 1 :1

f from instabillities of the lavers. 111k str~rw ' i ti

vns suglge;t ive nearly proportional to the sep arit ia, ,tI a

. .eems that for tire blunt edge, which sheds a p'ii r- ''! I t

stliezr iavcrs, the use of yf in this, cont,,xt i: ;),11
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it an dttii li des--cript ion of .growth rac- L II' I-
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l 8ur t or the near wake of the trailing edge were all unstOPLe Furtherm-,ore

1)ti5 h t he cross-wake spacing between the inf lect ion poinrt s of the 1)ro! i lt. ,>

fwas thu-n found that the preferred frequencies were bounded by 0.85 v f/l 0 1.

Note that a prc~ise computat ion of wake dynamics must account for change in the

-.- n vuloc itV prof i le over dc-wns tream distances which are small compared with

[stur -ance wavelength (see Crighton and ;aster, 1976) .

T'he approximate generality Of this definition of Strouhial number is also sup-

>-tteUi by Table 1 which draws on additional measurements of vortex shedding fre-

(11ncv from two other Sources. Here, \f an(1 the charac teristic velocity U as

FABLE I - STROUTHAL NUMBERS BASED ON CROSS,-WAKE LENGTH SCALE

Edge Shape wy V/U Position Of
1 s-~sf S f_______

Blunt 0.97 1.0

Blunt with splitter plate*, 9Q/h~l 0.92 1.0

:1otched lifting"* (NR,,, 6900) 0.78 0. 3

.t t~ it ting,** (NR 4800) 0.8 .

Iitter** /h = (NRE 5930) 0.91 .

>1irFr~ /h= I (NRE 9800) 0.94

-,T round blunted, tapered 0.8 1- 1.0
1: t J f h1 utt b*35(j h. ~ -

<In ,,eirman ( 1965)

IInn(1970)

IIet al. (1977)

. . .. ....
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Thus the appropriate ratio of spectra is

Prad(X ,) 1 U c Ix - xL -

_px,__) = - -o f r2 1 sin ,1 sin /2 (26)
p(x~w r Co Yf r

where C is the speed of sound, and where (x - x ) must be selected close enough to0 5

the edge so that either Equation (20a) or Equation (20d) holds.

Experimental verification of Equation (26) can be determined from the results of

iliooks and Hodgeson (1981). In their measurement program, far-field sound and

trailing-edge surface pressures were measured for a NACA 0012 airfoil with a blunt

trailing edge at 0' angle of attack. The Reynolds number based on edge thickness

was quite low (hUO/v = 1.1 x 10 4) and the ratio of twice the boundar-]e rw inimentt-

thickness-to-base-thickness was nearly 2. A tone was not generated, rather the

pressure spectrum at the trailing edge was a broad bump, much 1 ike that shovn in Fig-

,re 10 for t' 50ft/s. The surface pressure was measured at x /1 x y .

Fiv ure -10 shows a comparison between the measured sound spectrum and the theoret ical

L iicite using, Equation (26), with the surface pressure measured near the trLiling

Lt. Fhe surface pressures on the edge are also given. The spanwisc col-reat ion

ngt hs for various frequencies were deduced from data supplied iv rooks priate

,riin icat ion) and evaluated by using a best fit of Equat ion ( 12) . IhesC AreL 5nov11 V

-i,,late 21. A value of '3 /yf = 1.5 is indicated at the vort cx siidding freqauac'; , ,',

we i' swr in line with measurements to be discussed in Part 2 of thi. rtport , ,o:w

toi; is cans;iderably less than 3 .= .5yf discussed in ;ecti 5. lIt> r(ii ct p C , I

o,,O lotiun length is undoubtedly the result of both lower R,-noI(s aunt r ad zie, t-

, r al turbulence since 2/h 2.

, APPARENT DEPENDENCE ON REYNOLDS NUMBER

The preceding sections have shown the relationship hetwt en wakt vortiit; :,T

Loir! ace pressure, and between surface and radiated sound press-lures4 ,,r npt , 1!,d

operating conditions. It remains to offer some indications o the dependence at

v irtvx strength on Reynolds number. To do this, we note that Equations (20a) and

(2ld) present unique relationships between mean-square surl;t1 pressure at a Ieati,,-

x and the mean-square vortex strength at a point near the t irinc edge. IIe an n,

this interchangabilitv between p 2 (x) and 7" to deduce the behaiior ol wake otrenth>,
s 0
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a random function of 3" Evaluating the integral over in Equation (23), we find

e r o k L12
Pa(X,w) = o sin P sin(0/2) c U (kw 3')d .

4TR Y'2 k o c L/2

Pa(X,w), is a random variable because of the stochastic nature of , (k , ) 3'

function of I- The spectral density of the radiated sound pressure IPd (, ) is

then related to the ensemble average

DPrad(XW) 6(W-W') = < Pa (X''')Pa M-),)

so that the mean square sound pressure in the far field is

- k L L;22- + 2 2 c c 5
Prad(X2= -) Isin ¢j sin (6/2)) o (25)

3272 o r"
W2

where Zc = 2A 3 is the spanwise correlation length of the vorticity (Equation (9))

and by Equation (14)

2= F2 k 2/4
0 0 W

is the mean-square vorticity at a point in the near-wake.

Now, Equations (20a) and (25) are fully consistent, the former giving the sur-

face pressure in the immediate vicinity of the trailing edge, the latter giving the

far field radiated sound pressure. Although the analysis of the radiated sound has

assumed a negligible formation length, the ratio of Equations (25) to (20a) will

give a relationship between the radiated sound and surface pressures near the edge

that is applicable, even if k W is not negligible. This is because Equation (20d),'w f

which applies to the case of kw f > 1, gives a pressure amplitude in the near field

,-,t the edge that is less than that of Equation (20a), but it has the identical

dependence on x. Accordingly, the acoustic dipole strength of the trailing edge is

simply reduced by 7yf/2 f when the formation zone is extended sufficiently far

downstream, while its spatial character remains fundamentally unchanged.
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4.3 RADIATED SOUND FROM VORTEX SHEDDING

The sound pressure radiated to the farfield of a thin rigid edge that generates

a vortex street wake, as described in the previous section, can now be determined.

At low Mach number, the reduced wave equation in the Powell (1959) and Howe (1978)

form for the edge-vortex geometry considered above is

V2 Pa (Y' ) + o Pa (y, ) - (,'- 3 ') (21)
<JY2

where P (y,(,) is a Fourier coefficient of the acoustic pressure and k is thea o

acoustic wave number. Since the surface pressure is maximum at the trailing edge,

we must use a theory which admits this maximum. Accordingly, the theory of Ffowce

Williams and Hall (1970) will be used. Thus, the reduced soun( pressure at X is

P (X, w) = . . dV(F) (22)a JJ o °3tc

'2

where the integral extends over the entire fluid region and G(X,. e) is the half-

plane Green function. When the region of vorticity is concentrated within an

acoustic wavelength close to the edge and kIX1 is much greater than unity, then the

acoustic part of the Green function takes a particularlv simple form. I hen Elquation

(12) becomes

e k 0r e-iJ7/ 4 L/

(X, ) - i (2k n .1 sin /2 0 (k wa 4Ar 2F -v" "L/2 o" w3")U"

ik k

e w 1 dr d(2
-1 "3

where the acoust ic field coordinates are X1  r sin : cos , = r sin sin ",

Y"3 = r cos :; is measured from the wake in the 1,2 plane and the edge coincides

with the N = (0,O,X 3 ) coordinate axis (see Figure 16). In deriving Equation (23) it

1eas been assumed that k - 0, and that, even though the plane o1 vorticitv iswf

aral lel to the edge, it has a spanwise depenlunce that is weak onough to consider

it constant over distances AP 3  2,T/k W , but possibly variable over distances -'3

I_ where 1, is the total length of the span. Therefore, o(kw, 3.) is regarded as
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Figure 19 - Profiles of Surface Pressure and Velocity Fluctuations at the Blunt
Trailing Edge of a Tapered Airfoil. Measurements Were Made at U=
100 ft/s

ma', bc of order (/,2) and a conservative limiting condition could be

V U
X/Y f > 0

yU
(f U_ y< J

> 0 (R/yf- )

Tf an unsteady Kutta condition had been applied, then the measured pressures would

not have been predicted. Instead, in the limit of jxf > 0 the pressure would de-

rrease to zero and the prediction of peak pressures at the edge would not have been

possible.
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for kw f >> 1, a smooth transition occurs for the asymptotic forms, Expressions

(20h) and (20d). In all the expressions for the pressure, it can be seen that both

the formation length and the wake thickness enter as pertinent length scales, depend-

ing on the domain of dependence. When k w f is much less than unity, Expressions

(JOa) and (20c) show that when k W f decreases toward zero, the pressure increases

all values of k wlx. To compare the measured pressures with Expression (20), the

vorticity amplitude y was related to the measured velocity maxima in the wake, J2,

and yf using Equations (14) and (15). Figure 17 gives the surface pressures of all

the trailing edges under consideration, and it shows the general significance of

Expression (20). Very close to the edge, it is seen that the appropriate length

parameter is Ix - Xs/yf and the pressure depends also on the relative values of ;f

and yf as seen in Expressions (20a) and (20d).

The quantity x represents the approximate distance from the stagnation point
s

oi the trailing edge. This distance is illustrated in Figure 11 for a rounded edge

together with the associated variation of the surface pressure tone. For the blunt,

squared-off edges, x = 0.

Figure 19 illustrates the rise of the vortex-induced pressure measured on a

tapered airfoil with a blunt trailing edge, together with the behavior p % 1//vT.
The data shown in this figure have been included in Figure 18 and are denoted as

Edge TI. Also included is a profile of the unsteady fluctuations generated in the

wake by the shed vorticity. The velocity profile allows a clear definition of both

and T7 for use in Equation (15a) in determining the circulation factor Co
0*

In a restricted parameter range, i.e., very near the edge and for kWZf > J,

Equation (20d) shows that kf rather than yf is the only dominant length scale, as

1cld in a previous discussion by Blake (1976). It is seen that the available experi-

,n Tt.,il data applies to k w f > 1; accordingly, Equations (20b) and (20d) are expected

Lo agree with measurements best. For parameters of the available measurements, it

i o;irlt p1- ;sible to apply Equation (20h) because when the conditions of validity for

x7ire reached, x also becomes comparable to the transverse correlation length 2A3,

, that the analysis in two dimensions no longer applies. At greater distances than

2," the surface pressure will fall off more sharply than i/VTxT.

Very close to the edges, or to the rear stagnation point, i.e., as !x - x s 0,' S

the h/ behavior is expected at least until x is on the order of an approximately

defined viscous length. In the case of a blunt edge with sharp corners, this length
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in which the only important length scales are x and yf;

p (x) I Yf YfUc for kwlXj >> kw f > I (20b)

ofo2 U2 /2lTyf 2 4 xi Zf
Os (F0 f

and finally

p -T U yf

PU /2Try ) 4 U for kwx >> I >> kf (20c)

o s 0 f s

to complete the set of limits that apply whenever lxi >> kf* Expression 20a applies

closer to the edge than a wake wavelength and it requires a very short formation

zone. Expression (20c) applies at distances which are far from the edge, but still

require a short formation zone. Expression (20b), on the other hand, applies at

distances far from the edge when the formation zone is large.

In the alternative limit of kf >> jxl the kn term in Equation (17) reduces to

2j -/C for the entire region of integration. The resulting integral is (1 -

Erf (-IF )) Accordingly, when k Z >> 1, the expression for the pressure be-
w f w f

comes

p (x) i yf y

IT / 2- for k k >> I > kwlXi (20d)
0 ,( f 4 s f (

11owever, when kw f << 1, the alternate limit for the error function leads to

.( I )- for I >> kwk kxi (20e)
,U'(,T'/2-ryf) 2 4 f) 1I w f

In all the above expressions, the k w f has been rewritten as (Us/Uc) (9f/yf). Both

Expressions (20a) and (20c) give similar values of p7, and, therefore, a smooth

transition of parametric behavior in the overlap region of k w f = k wxi. Similarly,
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in which k regarded as having a small positive imaginary component in the limit
w

The integral simplifies into alternate forms depending on the relative magni-

tudes of x and C In the case of jxj >> kf, the approximation

Zn 7 -2j I I/

V7X+ j \ f(I)

holds where x = -Ixl on the surface. The integrals reduce to a pair (Gradshteyn and

Xvzhlik (1965)) (for lxI > 9,f)

V f eikF w V XT " e+ik w F
: w-w -

f % ix+ 1 -ikw1k + x)

I f d J- e 1 - Erf (/-ikwlx)) -(-iTkwI x )1xI fo V -ik w

. Erf (- T 2f)>

he limiting expressions for the error functions are given by Abramowitz and Stegun

(i965) as

Erf (--ik x) I- (mk1xl) exp (+i(klx) + /4) kixi > 1

7klxl exp +i(klxl - 71/4) kixi < 1

A set of alternate first-order closed-form expressions for the mean-square

a;pLitude of the surface pressure may now be given for various cases which depend

On where k ix l and kw ,f stand with respect to unity:

p 2 T 2 (_ tc f
fi T for 1 > kwX > k9f, (20a)

j 2  22)o 16 x
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pressure. The vortex street generates a potential field Ih (x,y,t,)which causes a

Sr-.mre that is given by the unsteady Bernoulli equation,

-p(x, 0 +  t) )1, h(X, 0 +  t) . ,(X, 0 +  t)

h + U _ _ (16)
Ct'

0 x

+

where (X, 0 , t) is evaluated on the upper surface of the half plane, x 0 0, yh+
0 . Pressures on the opposite sides are out of phase, i.e., p(x, 0 , t) = -p(x, 0-,

t ), Fhe potential needed is a real part of the complex value. The vortex-induced

2re'-;,sre magnitudes on all edges diminish approximately as /(x-x ) Thus
s

h(xyo) = Rej hl'

Fl + E2' and where R . is the real part of :h(Zi,Z) with

'wer X + iYo zo 1=2 ej h Z0)wt

respect to the complex notation j. This potential at x, y due to localized vorti-

itv at xo, YO near a plane surface is given by Milne-Thompson (1960), mapped into

the lalf-plane of this problem (see Blake (1976)) and integrated using Equation (13).

ihe potential on the upper surface given by this process is

-J~~o vFY- J ek(/- t !
h(x:' 0+' t) = -- f___f2F ______ ik-U;d

+.n 2 1 j . e w 1 c t (17)

wicr, Equation (13) hac been used to model the continuous wavelike distribution of

vrrticitv which begins at . =) and continues downstream.
I f

Hv integrating by parts we find the potential induced by the entire periodic

+ ik:'(X, 0+ , t) _ °f l(1.8)

+ -k x n
27 ik + + F

w

+ -__ - 9,n ( v

2r [eik wf 9n I 7 j'
*This analysis supersedes that in Blake (1976).

37



10

0 0

. 1~21 d) r

-10 (210

00o EDGE
IN

TABLE 2 NReh kwy f  kwA 3  A 0 A
0 I 10 x 104  1.7 8 A

V. 1 5X 104  1.7 80-30 -- If 2.6 x 104 1.6

A III 10 x 104  3.1 5
III 21 x 104  3.1 5 0

kwY, Us/U, Uc/U, -0.7 0

0.1 10 10 20

X - X, /Y f

I I I I I I I I I I I
0.2 1.0 10 20 40

1.0 kwJx x,

(APPROXIMATE)

T'igure I1 - Vortex-Induced Surface Pressures on Trailing Edges of Airfoils.
Normalization is Based on Wake Variables: Circulations, Shear

Layer Thickness, and U
5

The surface pressure generated by the vortex street can be shown to be analy-

tically singular at the trailing edge as x- as long as a complete Kutta condition

is not applied. We now derive an explicit theoretical relationship for the surface
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2-
2 = Tu 2y2 (15a)

o 4 -f

EqluationS (14 and (15) relate the analytical wake model to the experimental evalu-

Stions since we assume, following Schaefer and Eskinazi (1959), that a constitutive

,oltey has a cote radius which is approximately yf/4.

lie, pressure:; actually generated by the physical vortex street are maximum near

thV. trailin e dge or just upstream of the trailing edge stagnation point, as

. d .,,e; the complete data set is collected in Figure 17. Additional data

dltiiied on :i third trailing edge (see Blake et al. 1977) is shovni in Figure 18.

,, cl ' d irbance levels and the trajectories y, and y Ufor tiis edge were

:,mmid described in Section 3.3. The length x - x in Figure 17 is the dis-

. ,:,t rmm the trail ing-edge stagnat ion point. For the hi ut edges x 0.
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Figure 16 -Idealizations of Vortex Wake Structures for Modeling of Surface
Pressures and Radiated Sound
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defined bv cither of EquaL ions (5) or (7) , yield dimensionless frequencies between

.'S out 0.97. Thus, it appears that either a cross-wake dimension, yf in the near

wake or a dimension ) in the far-wake, may both be used to defm. iit Al ir tt,

-umber tor vortex shedding for any shape trailing edge.

IAJiTIDE-S OF THE SURFACE PRESSURE; ANALYTI CA MODEL

he measured correlation functions between the surface pressure and the wake

velor! ties that are shown in Figures 7, 12, and 13 suggest the appropriateness of

'uiiLvtical modeling as a wavelike vorticity distribution in the wake. The surface

.,rs-irc generated on a rigid half-plane by a two-dimensional wavelike vortiit,

(isL ributioui, downstream of and in the same plane as the surface, has been modeled

by Mlake (1976). The surface lies on the x < 0 and y = 0 plane, as shown in Figure

P), wUiLe the wake, which extends to x > 0, has a vorticity distribution approxi-

,:hited Is

ik (7 -U t)
(0 ' t )  ) e d i = 0 (13)

3~4 't2 0 1 1 1f

where :is a dummy variable to express the wake coordinates separately froin coordi-

aites on the surface. The region 0 * i I ,I is tile vortex formation zone. he

,ircuiation in one-half of a wavelength is

x / /2k ikw ")) d: I

- i/2k
w

2, /k = 2 U . (1 4
o o w o=

t I v,. rte.: i1 rorc radius r and t i;n elLtia] velocitv 1u it the edge ot !til' Cire.

-: t ;], d s(', >is in : tion 3.2) another Wt'iSIlle ( )t te Cire'uLllt ion ol I L ' vorte x,

[it i t ;,-, 1he( 11 , l w ive i,

S = .} I" I )

wii, II iL. ro l tt, to the( wake thickliess and mutl squirt, intensity

I I



tor1 varijous trailing edge shajpes as aI ftunrt iol- (,f tlae 10 aah . t-1: sr

0nl to note the Behavior of 7x ) at a .spec fic vit ori 0 :1 I I c .: rt- it t
)

tle equival ent va orII of "- a1 , L it Lher Equati ( ,) , i (lm.

Figure 22 shows values of over a range of 0.26 Rov,,d,; iuniber o ,r the twy,

r! j ia;r I t r I i ain. ed e oI t i ;t! d' , Id ge I tld I t, t r,i il in,,d, edg d wwTl i

Flpure 17 (Edgeu 1I), the blunt edie oi rtoi I of Drooks mwd 1td', son tad thet .5'

rounded edge that is discussed in Part 2. 'Table -, stamrmirize s thc i mprt nt p;a.irm-

eters of each edge. For U yf / less than 2 x 104 for blunt edges, the vortex

strength increases systematical 1v with increasing NevnoIdo; numher. For the 25 '  and

1 0 F

BLUNT

20 @11I BLUNT Qr --
0 ivJ
0 V ' ROUNDED
- Itj BEVEL

-30 /ROUNDED
/, >20

30.3

C> 30

8 0-40_ 0 3

6 > 25 2

-501 - I I [ I 1 1 ] LIIII
to, 2 3 4 5 6 7 8 910' 10!' 2 , 105

U , y ,

Figure 22 - Mean-Squa re Vo r tex ' trength for \o'r ion> I I i ; I *g1) x, 1id \', rt. x
Shedd i ng. F I g ed P in M)bt ained with ,ikk, i itL , it taI e 'nt
an d Iq . ( 17;1), I 1 ];i ed 'o int! ()I t:i1n(' i t w t S/aI- o C 'r i [rrt,;1 ,.I ' a ai o-

meats and Eq. (]1d). Ntimb r; Dcno te 0i ilitv F, .i ( tr r I 1 t) F,,I
(. • 10. IDshed l. ia, keprruroit lr-lon; tfr Il lnt and R'amd d o've.'l
Edges. See! Tbl' 2 for Edge Notation.
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TABLE 2 - PARAMETERS FOR TRAILING EDGES WHICH PRODUCE TONES

Edge Type 28/h Wyf/U yfh f/f y/1/yf

I. + 0.06 1.0 0.8 0.94 3.5

II. h 0.26 0.85 1.0 0.9 --

II450 0.05 1.0 0.5 2.0 3.5

25h

IV. NACA 0012 h 2 1.0 1.5 -- 1.5

T (assumed) (estimate)

V. -' 250 -0.05 1.0 0.37 2 --

450 rounded trailing edges, the deduced vortex strengths are much less intense and

also increase with Reynolds number. It is anticipated that other trailing edite

shapes will have similar dependence.

As the Reynolds number increases in each case the tonal quality o, the vrut.-

induced pressures improves; the flagged points denote conditions f'1r which tin ur-

face or sound pressure has a continuous spectrum. The number h% tich point dts

the approximate quality factor, f /Af, at each Reynolds number. The It are m,1aIurd

at the "half-power" points of the pressure or velocity spectra.

Pressures on blunt edges for Reynolds numbers greater than 10 :irk tones, in

the case of the 450 rounded-edge tones occur for R1 " 10 '
. Thee limiting va I ti>

are dependent on the nature of the boundary layer upstream of the Udge. Tu mUaS1ure-

ment of Brooks and Hodgeson shows this with a f / = 3 and a tihick h)oundar la\-r

at the trailing edge (see Table 2). The vortex strength belhi d the, '5 riolidk~d

trailing edge was observed only at the highest Reynolds number ot the test, it had

a broad bandwidth, and represented a threshold of onset of vortex siidding.
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5. CONCLUSIONS

For two t ra i I ing edg c gesEt ries, differences in the structures of the near

wakes thait relate to the production of tonal disturbances have been elucidated. As

wAuld he expected, a disruption of the formation of regular disturbances reduces

tie i i:t o itv at the tonal pressure produced. In the present instance, this dis-

rupt ion [a brought about by the asymmetry in the upper and lower shear layers in the

wake, and made possible by asymmetrically beveling the trailing edge. The growth

phase of ordered wake structure occurs only alter both the upper and lower shear

1.o'ers p.s the apex of the edge and it occurs within a half wavelength of oscilla-

tL iuo. lIht , ompleted formation of a vortex in the wake thus occurs before the shed-

dine. )I the next vortex of opposite circulation. This process is dependent on

P,,valds number, the geometry of trailing edge, the relative thicknesses of the up-

.:tream boundarv layer, and the cross-wake separation of the shear layers that con-

stitat the ne-ar wake.

The important parameters affecting the level of vortex-induced surface and

slt.rauvnimic sound pressure are: the wake width, yf, measured between shear layers

,t ti, ad a: the formation zone, the length of the zone, the strength of the shed

vort etit', ind its spanwise correlation length. For the limited range of parameters

":', bh spaliwise correlation length c = 2 • . 3 appears to be of the order of

t . It i, to be emphasized that these values apply for rigid edges only.
I' rt- :,-i iued surface pressure were found to increase as the trailing edge is

F -,,.,. Hi clearly disposes of any question of application of a complete

a 1: 1 , ition that would null the fluctuating pressure at the trailing edge. It

S., o%'e, I vcr, in Part 2 that analyses which do apply a "Kutta" condition to

j ;, i tli ,:eneration of continuous-spectrum pressure by turbulence convected past

i', , ir to he val id.

li rvattian is made here that at low Reynolds number the 450 rounded trnil-

I,, tlcratts :1 coontinuous spectrum pressure centered on the same frequency

i -t vortex shedding would have occurred, i.e., (v f/U : 1. In this case,f ,

n,,, .vor, hc ",rrelation between the surface pressure and the velocities fluctuations

1:5 %,c'nralv high only in the immediate vicinity of the edge. These continuous

.1)-, trum prs. sures, are hasically generated in the immediate velocitv of the separa-

t 1 ' .n1,e at the edge rather than the induction field of the wake, as it would be

!0r tnal pressures; vet the primary frequency is still governed by the same :, and
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U as in the tonal case. We explore the generality of this observation to others

trailing edge geometries in Part 2.
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PART 2. RANDOM PRESSURE AND VELOCITY FLUCTUATIONS

ABSTRACT

An experimental determination of the turbulent field quantities

which exist at trailing edges has been made. The investigation was

carried out on a rigid strut with parallel sides and circular lead-

ing edge; the strut was not yawed to the flow. Discussions in Part I

cover cases of trailing edges that produce predominantly periodic

wakes; discussions in this part cover trailing edges that produce

predominantly random wake structures. In each case, the time-aver-

aged, boundary-layer characteristics, streamwise turbulence inten-

sities, and fluctuating surface pressures have been spatially mapped

in the region of each edge. Correspondence between surface pressures

and turbulent fields in both the immediate vicinity of and in the far

wake of each edge were determined by correlation analyses. Results

show some general features of both random and tonal pressure gener-

ation that are common to both ordered and disordered flows. The

random surface pressures on the edges discussed in this part are

generated by a large-scale eddy structure caused by turbulent flow

separation on one side of the airfoil rather than by the wake ex-

tending downstream. The large eddies are formed in the separation

process at the edge, and the frequency spectra of the random

pressures are expressed in a dimensionless form that has also been

found suitable for describing tonal surface pressures of periodic

wakes.
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1. INTRODUCTION

In Part I thlt. 'onrivcL ion between the periodic pressures generated

ln a trailing edge and the large, paired-vortex structure in the wake was quantified.

11 t Ii sar t * we shIall ISee that when vortex growth does not occuir, the surface pres-

tr illLtilat iOns are not per1iodic, but rather distrih-uted over a broad frequency

Iag centered on a characteristi, frequency that appears to scale on the same vani-

,ib'es as the tonal pressure of the frequency. There is a class of trailing edges,

-wh Ich1 shall be called "nonsinging," which does not generally produce tonal pressures,

i hehn d kit ich the f low pattern at the trailing edge is a hybrid of an attached

h~ouniaf\' layer with an adverse pressure gradient and a separated flow without reat-

tat hmentL. Figure 1 shows the schematic of the interchangeable geometries used on a

1 ii' ru: -tt as' wel I Ias rough c lassif icat ions denoted as "'singing'' or "non singing''

edg4es. Part 1 dealt with discussions of thle organized, vortex street wake flow be-

h ind til h,)bunt edge and the edge with a 450 rounded bevel . InI this part we discuss

fit, ; mid dyriamiics of the remaining two edges, each with a 25' bevel. These two

dlges are recommended bv Ileskested and Olberts (1960) as geometries useful for the

trx'ntonof 's;ingliig of lifting surfaces"; the 25' knuckle edge, which was not

//F

/~ / 1' M //// ,/' I /

~~~~I BLANK/ ~ *' '



rounded, has boundary laver separation over the wedge region with an exttinsivv zone

of ! argc-sc ile motion. The other edge has a more gradually induced eparation

afforded by the lb-in, radius of curvature that removes the knuckle and th La permit:,

an extensive region of boundary layer flow, with and adverse pressure gradient that

gives rise to a less intense separation zone. In the discussions to follow, we

desciibe the turbulence field near each trailing edge in considerable detail, the

surface pressures it induces, the statistical relationship extant between the pres-

sures and the eddy structure in the near wake, and the theoretically-based aerody-

namic sound-producing qualities of the flow. Further, we attempt to delineate be-

tween the meanings of generating "tonal" and "nontonal" disturbances, particularly

with regard to predictions.

The microphone measurement Locations A through G are illistrated in Fig,,ures 1,

2, and 3. All details of the experimental method and of the boundary-Iavcr charac-

teristics on the strut have been described in Part 1, and in Part 2, Tables I and

, and by Blake (1975).

1 34 35 36 37 38 39 40 41 42 431  J L 7
- I I i

0

30 32 33 34 35 36 37 38~ 39 40 41 42

Figure 2 -Flow Patterns and Static Pressure Distribut ions on the 250
Knuckle Beveled Edge. The Flow Pat terns are Shown for 11
100 ft/s; Static Pressures for the Speeds Shown
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Figure 3 - Flow Patterns a U = 100 ft/s Pressure Distribution Near the 250

Rounded Level

TABLE 1 - MEAN BOUNDARY-LAYER PROPERTIES FOR THE 250 KNUCKLE TRAILING EDGE

50 fps 100 fps

osition H 5 * ) H

A .... ..... 0.65 0.09 0.073 1 .2

B .... .... 0.67 0.103 0.074 1.4

C .... .... 0.62 0.070 ( ) 0 6 .24

1) 0.09 0.084 0.0795 1 .055 0. 0.0,) 0.0,73 1 ,(u

E .... .... (1.3 0 .17 0.0- 25 1. 1,

E-1 1.33 0.45 0.135 -- 0.88 0.316 0.114 2.761

F 1.6 0.81 0.181 4.47 1.29 0.596 0.217 2.75

All dimensions are in inches, H =

59



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

60 fps 100 fps

Posit ion H 8 6 H

4 0.575 0.0735 0.061 1.21 0.435 0.0603 0.048 1.26

A . .. .. .. .. .. .. .. .

B 0.8 0.093 0.08 1.17 0.63 0.073 0.059 1.23

B-i .. .... .. 0.615 0.0668 0.0565 1.16

-- . .... .. 0.5 0.045 0.04 1.14

F 0.8 0.0915 0.059 1.56 0.62 0.093 0.0495 1.88

I -I 0.95 0.157 0.082 1.93 0.65 0.118 0.0676 1.74

1.35 0.285 0.133 2.12 0.95 0.231 0.095 2.43

1.96 0.52 0.215 2.42 1.36 0.451 0.129 3.47

All dimenisions are in inches, H = 8*/6.

2. SEPARATED FLOW AT BEVELED TRAILING EDGES

In these cases, the boundary layers incident on the edges experience adverse

pressure gradients before being shed by the strut. For these nonsymmetrical edges,

t'ei flow on one side of the strut separates upstream from the apex, or tip, of the

trailing ede and periodic vortex streets do not appear to be formed. This section

lescribes the mean and unsteady velocities that occur on the two beveled trailing

edges with a 25'-included angle. Much effort was spent on a clear identification of

the separation points and large-scale vortex structures in the absence of sophisti-

ated flow-visualization techniques.

'.1 FURBULENT FIOW NEAR 250 KNUCKLE-BEVELED EDGE

As the boundary layer approaches the edge, it first experiences a favorable

pressure grad'ent, followed by an adverse gradient just downstream from the knuckle.

11his is shown in Figure 2 for the two tunnel speeds U = 50 and 100 ft/s. The pres-

,;ure cecovery appears to be more apparent at the higher speed since the pressure

,oefficients are less negative at 100 than at 50 ft/s. Boundary-layer characteris-

tics were obtained at the Positions A through F (see Figure 2) on the surface of

the edge as well as in the near wake downstream from the edge. Before discussing
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the quantitative measurements, it is appropriate to mention that an oil streak

experiment, identtcal to that described in Part 1, showed separat ion at le ion .

Oil accumulated in a streak approximately 0.1 in. in width at tile downstream I rom

Position F. This confirms that an expected steady separation occurs at the knu kit

followed bov a large-scale and intermittent separation -oit turther downstrtirs.

ReslltS of a survey of the boundary layer on the edge, performed at upstream

flow velocity U = 100 ft,'s, are shown in Figure 2. Flow profiles for 50 ft/s are,

similar. Table 1. gives thickness parameters for the boundary layer. At P )sitiion i,

which is 0.1 In. downstream from the knuckle, the flow reversal that accompanies

separation could not be observed with the hot-wire anemometer. The total vel.ocit v

sensed by the anemometer cannot discriminate between components parallel to and

vertical to tie surface when tile mean velocity is small. The "mean" and root-mean-

square velocities on the knuckle are of the same order as the mean velocity; and as

shown by Simpson et al. (1977), the standard interpretation of the anemometer output

gives anomalously high mean velocities when the mean and fluctuating quantities are

of comparable value. Furthermore, tile anemometer is indiscriminately sensitive to

all flow directions in these cases. What the velocity profiles do show is the

general structure of the separated flow field. 'File total root-mean-square turbulence

intensities of the boundary layers are shown as dotted lines Ior each locat ion and

they show important features. The first is a local maximum in turbulence inttn.Itv

that coincides -'ith a maximum in the vertical gradients of mean vel,. c itv' (d/j'.

lhese local maxima show an absolute maximum* In excess ol 2 = .3

the local mean flt.c -rim velu t wIN' lihich occu1r>; neil, ,, ,it

Position I comparable to that at Position H. The second ft tiLur I is that Ot a I

,."all, whe're dV/dv I 0, the grad ient Iiu- /, )/dy also vani . !.irt hcri-,orie ,  j

Pc -it ion F the rouot -mean-square turbulence intensity iridit ited in t hi, rc-:ion n,,ar

ti,, wall is approximately one-half the measured local mean e t,,, Inid, t cI't Ott

tnt ' :sai I flutuat ions of velocity pro)babi's exceted the mean Le- it,: near I, wal.

;.i'1, ; .)f conist-int speed, which describe streaml ines, h;iv, l ; t'l Irc,..i i: :rt

2. l"iodashed line which enc loses the regio, near t V-, wall o r hit 11 .1

coi,,aidred as also roughly enclosing the region of -i-paratted flow.

*Two normal ization velocities are used; 1' , tihe averae, l upst ream vc iit aInd

the local free-stream velocity at the position in tle t iloi.
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r.Lk ioii ot separat ion between Posit Lon F-i and tbe t ip sifiow- ini

'''i d, 1 ,% the 1ine (---) , is not a zone of constant f low reversal . RPa her, it

* 2O~ Of oscillatory motion with equal tendency of f low upsit am iii.1 i~<4

* tendency was indicated by space-time correlations of streamwise velocit,. flue-

;rlIake (1975)). For a pro'he pair separa ted in the steniodi roc t io"n

I ciouLt ide the separat ion zone, a convection veloc io (if het( samc ordJer

1'i vLoiv was measured. When the probe pair was situated in t he zone'

I kt.cd ',; the boundary line (---,there was no time delay between the probes and,

t nr,,ro mean streamwise convection. Furthermore when a pair of probes was

A(. joci thte stream normal to the surface, one inside and one, outs ide r ite

**.,ithn st;reamwise displacement of probes, the veloc itv fluc tuations- were

r)rr uI atLed . Thus, mot ions on either side of the bountlarY ( ) or

1, 1 ',(2 . To the extent that the unsteady motiorus in the -,: ii

te r iz ed by a vortex-like structure, these correlat ions thuln ix%' tw

i ti,%i, o a vortex whose center nearly coincides with the boundr ant

iil A r Ju-, Y by the surf ace of the strut and the streamline LU = 0. -6 U" ol~c i iS

* '~"to ocs f trblece axmain the shear flow. Thin cotton t,.ift I 1 e

irt id substant hated this interpretation. The tufts; were ion 1 ', eniOO' Lo!)

0l to: iren 1st on zone and they alternateiv twirled it, thle !I,*,;(,

1 o , ramand downstream along the surface. The alt ernat ions o!'t 1 0

it '.'r in occurrence. Thus, it appears the separat ion Z0o1t 1h1 ) l 'IIjL

[' ormeil at Position i, . 1..' i and translating lF thLt ;d'it t ",(lh-

'4-1 ".iVand behind which is, a temporarily, rtuittacd It' 1U tl, til

-~; it. 115 tar eiioiigti downstream, separa tion reoc-clt S it Poi it toni _ Tilt

r- 'i d dowist ream mot ions very near the surfac i t ,c '10 '"ivc "L

1 'c iii. luortulnatel v, both the high velo)Ci.it, i' e inI Li st d

t-r r (,t tred in theit fat:i I lit' (.iurface pressli;rt c esirntt V0I IC 'i

U i'tated fa' ii it'. Select ion) made it mpsiltto 11it <1 !1 t io

'pecttral contenTt of turbulenc1(e above Pos;ton F 1 nd U :5itiL

ldon the loca veloc ity and '*, the riondlmenoo 1011ized spi( ott s-

1tlio-;Ooln ' mleasuretd in at tached turbulIout b-oundary \ .or, a

'- 17 the trailiiiug odgo . flul; meNans, t hat tile Caeiii ' 'I. LIti 0I



The theoretical noise-producing qualities of this geometry depend on the con-

vection velocity of the separated vorticity past the trailing edge. Cross-spectral

densities between pressure at Position F, i.e., p(xF,t) and other positions, i.e.,

p(xF + rxvt), are shown in the center of Figure 13. The cross spectrum is defined

:s

p F(X ,t) p(x + r , t + t) - e d7 (3)

= P1(r, 0, 1)e i (rx' )

where xF represents the location of Position F. In Figure 13, the cross-spectral

density is normalized on the product of the individual autospectra denoted by

< (o) > [ (xF 0) : (xF  f rx , A - (4)p p F' p F ,

The phase of the cross spectrum, a, has a smoo,_h variation both with separation r

and frequency, as also shown in Figure 13. The near-linear dependence of this phase

is representable as

r X
L (r = (5)

U
c

' c 1! is an eddy convection velocity, LU = 0.55 U which appears to he constant'eeUC isa dvcneto eoiy c

rm Position E-1 to the apex and over the frequency range 0.7 - ,vyf/11 . 1.0. The

pijuad hias been extrapolated and referred to zero at the apex of the edge as if the

-t ernce a irroplione had been located thiere. * Interpreting this phase as due to a

rowan 'onvec tion, then, the phase in the form shown in Figure 13, i.e.,

.5

k x (6)0O C

U
c

,ir , k is interpreted as a convection wave numiber and x points upstream from the

.:1) )ex.

* In Figures 12 and 13, it is to be noted tiat measurement locat ions were extend-

Cd to within .a in. from the apex of the edge using thin strain cage microphones.
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Figure 12 - Spectral Densities of Surface Pressures at a Rounded-Bevel Trail-
ing Edge. The Double Arrow in the Inset Indicates the Zone of
Separation. Parameters: Edges 5 Tables NRe,, 105.

The surface pressure spectra on the 250 rounded edge. previously nondimension-

'I izcc on local 2* in Figure 6, are normalized on yf and Us in Figure 12. Now it

can be seen that, in the separation zone, the pressures stabilize to a common spec-

tral form which, as seen above, appears to be somewhat typical of separation-

induced pressure fluctuations. A comparison of Figures 1(0 through 12 permits

te .gencr, l statement that the spectral form of pressures beneath a separat ion

fone differs; considerably from that of presi;ures is an attached boundary layer and

dhow p reay enhanced values at frequen its less t Lll ' !

5.2 LARGE-EDDY STRUCTURE IN THE SEPARATION
ZONE OF THE BEVELED EDGE

It was shown in Sections 3 and 5.1 that the pressure fluctuations on the beveled

edges fall into distinctly different groupings, according to whether they occur on

the bevel or upstream on the base strut. Figute 13 further expresses this point,
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Figure 10 - Surface Pressure Spectra Beneath Flow Separation at Trailing Edges
W'ich Do Not Ordinarily Generate Periodic Vo-tex Street Wakes.
Open Points: Pos. F on Knuckle-Beveled Edge, yf = 0,7 h, Cp s

-0.3; Closed Points: Pos. G on Round-Edge, yf = 0.037 h, Cp

-0.1.

these pressures, now normalized on yf and on

U US = i-Cp (i)Us

where CPs is the static pressure coetticient beneath the separated flow. Dhe pr es-

sures on the knuckle edge appear to stabilize to a common dimensionless form at

velocities greater than 50 ft/s. No such obvious speed dependence was observed for

the nondimensionalized pressures on the 25' rounded edge. The shapes of all spectra

are all similar and ,)Yf/U s = I marks a limiting dimensionless trequencv below which

the spectrum is reasonably flat.
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correlation function is more representative of the boundary layer pressure than the

wake-induced pressure. It appears that, in both cases, one can generalize the

pressures and correlation functions as being "boundary-layer-like" and "wake-like"

in nature. The pressures generated beneath fully attached flows are generated by a

rather disordered field producing R of the "boundary-layer type." Conversely, thepu

pressures locally generated beneath a separated turbulent flow with large-scale

structure, or by an ordered wake are of the "wake-like" type.

In Figures 8 and 9, the length scale yf has been introduced, a consequence of

the apparent wake-like mechanics of pressure generation. This cross-wake dimension

is defined, as it was in Part 1, as the distance between intensity maxima, as these

indicate the shear-layer location. For these beveled edges, the absolute maxima in

u1rms occurs at or slightly downstream of Position H. Accordingly, for the knuckle

edge 0.7 < yf/h < 0.8, and for the 25' rounded edge 0.2 e yf/h < 0.3; the values

chosen were yf = 0.8 h and 0.37 h, respectively. A curious similarity between the

edges is that the streamwise extent of the separation appears to be of order 2 yf in

both cases.

A comparison of the general characteristics of all the trailing edges that are

discussed in this and the first part is given in Table 3. Although a full discussion

of all the columns in the table will unfold in the succeeding sections of this paper,

it will put the various flow types into perspective. Edges 1 through 5 generate

tonal or nearly tonal pressures, depending on the Reynolds number involved, while

Edges 3 through 6 generate fully random, or nearly periodic pressures, again, de-

pending on the Reynolds number. As we shall see in Section 5, both the vortex-

shedding pressures and the fully-random pressures fall into individual categories

for which general dimensionless formats may be used to describe them. Spanwise

integral length scales of the surface pressures, A3, (see Section 6.2) were only

measured on four of the six edges.

5. DETAILS OF THE PRESSURE SPECTRA IN REGIONS OF
SEPARATED TRAILING EDGE FLOW

5.1 GENERALIZATIONS REGARDING THE STATISTICAL PROPERTIES
OF THE SURFACE PRESSURE

Pressures at Position G on the 250 rounded edge and at Position F on the knuckle

edge are typical of pressures in the separation zone. As indicated on the knuckle

edge, the pressures through the separated zone are fairly constant. Figure 10 show,-
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the fully-developed flow, the correlations are typical of those measured elsewhere.

In the near wake over and downstream of the knuckle, along a trajectory which

?proximately follows the locus of maximum velocity fluctuations, the correlations

have a very different behavior. They have only one negative peak which occurs at

increasingly later time delays as the anemometer probe location is moved downstream.

As noted in Blake (1975), the maximum values of pu occur at the location of maximum

turbulence intensity. These correlations are normalized on U_ as they were in

Figures 7, 12, and 15 of Part 1. Comparison of < PF u > in Figure 8 with the cor-

relations in Figures 12 of Part 1 shows some qualitative similarities, but the mag-

nitudes of the correlations over the knuckle edge are about one-half those over the

450 rounded edge. Furthermore, the pressure is correlated with -u in the near wake,

but with u!ht in the boundary layer flow. This latter conclusion is supported by

the correlation function of Position B shown in Figure 8, which has a single maxi-

mum of 3R uh occurring at i = 0. In the case of discrete vortex shedding down-pu

stream of blunt edges, the pressure is also correlated with -u, but that correlation
-+

remains significant for values of r well downstream of the trailing edge.

Similar general behavior can be seen for the flow field of the 250 rounded edge

in Figure 9. In the flow Position F, which is near the point of separation, the

0 02

U, 01 - D 56

20 10 5
0 .... . U

0OW (0 05

0 23 68 34 68 135 20
I I _ l _ n I 

°  
I

00 r 8Y

Fr I yf 0.31,

10 Y,

yt h 0 37

Figure 9 - Pressure-Velocity Correlations in the Near Wake and Separation Zone

of the 250 Rounded Trailing Edge. r is Measured from Position C
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4. CONNECTION BETWEEN SURFACE PRESSURE AND LOCAL FLOW STRUCTURE

The regions of the shear flow which control the surface pressure are elucidated

by pressure-velocity correlations, much as done previously in Part 1 for the tone

generation at blunt trailing edges. Similar correlations have also been obtained

for boundary layer flows by Willmarth and Woolridge (1963) and by Burton (1971). In

the case of fully-developed turbulent boundary layers, correlation of the type

< p (y,t) u(y+r,t+T) > = Pu

where the brackets < > denote a time-averaged product, and where p(y,t) represents

the instantaneous pressure at the wall location y, suggest features of flow struc-

ture which control the pressure. Figure 8 shows the correlations obtained upstream

of the edge in the region of the knuckle-trailing edge. Upstream of the edge, in

.. .WILLMARiH ROOS (1963)
pfs~s0 1- N,,e,,8 . 103

U 11 -0 065 -BURTON 119711
10

40 20I IJ A - 11

20 40 60

0 -

0- 1 5 0 051

q 

0 01 2 4 6 8

2 3y,

Figure 8 - Pressure-Velocity Correlation in the Near Wake and Separation Zone of

the 250 Knuckle Trailing Edge
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rounded edge, the pressures (Figure 6) have increasingly more low-frequency content

as Position F is approached. From Positions E-1 to G, there is a systematic reduc-

tion in high frequency pressures; this reduction is highly significant especially

when it is recalled that the values of 6* used also increase as the edge is ap-

proached. From Positions DE to G, there is a 5-fold increase in 6* given in Table 2.

The autospectra of pressures on the knuckle edge, and given in Figure 7, show a

marked lack of 5*-similarity with pressures upstream in the fully developed layer.

The results do show clearly two distinctly different spectra, depending on location

upstream in the standard boundary layer or in the zone of separated flow. Pressures

at Position D are intermediate. It is notable, that throughout the separation zone,

,i.e. at Po!;itions E, E-1, and F) the dimensionless pressures are roughly the same,

especially at low frequencies. The pressures are also much less intense than those

on the edge with the rounded-off knuckle; however, pressure spectra at Positions E-1

;nd F on the knuckle edge are within the 6 dB and similarly shaped. This is a

feature which will be reexamined in Section 5.1. On the nonbeveled, flat, side of

the edge the spectrum levels were the same as those measured upstream, say at

Posit ion A.
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typical of attached boundary-layer tlow. 'Ihs i-iiiarity imp] ius that th, length

scales, or wave number spectrum, of the turbulence is dLcrmin i tL the o l slil,:!

layer. The turbulence dynamics for the ,uparat ion z )il t lo t, t rail i i ,i ,

seem qualitatively quite similar; the rounded trailing edge, hUoviver, gencrate. a rrtcri

smaller scale separation zone. As seen by comparing turbulence intensities of

Position H of both edges (Figures 2 and 3) the turbulence intensities of the shed

shear layers differ by roughly a factor of 2.

3. AUTOSPECTRA OF PRESSURE FLUCTUATIONS: GENERAL FEATURES

For both 250 trailing edges, the frequency distribution and the spatial corre-

lation characteristics of the surface pressure- have been measured. In this section

we compare these results to previously published wall pressure statistics in equili-

brium boundary layers and to earlier measurements in adverse pressure gradients.

In Part 1, it was shown that the mean velocity profile and the streamwise tur-

bulence intensities at a point were similar to those that are well known for equi-

librium boundary layers. The autospectra of the wall pressures at Position B are

shown in dimensionless form in Figure 5; normalization has been made so that

P2 f 1, ;(w) U. ,'

2 =  2
w w

The results compare favorably with those of Blake (1970) for a Loundarv laver on a

smooth, flat wall. For fj6*/Uo > 4 the results diverge because of the spatial aver-

aging of small-scale disturbances over the microphone as discussed by Corcos (1963),

an effect which becomes severe when (jd/U > 2, wrhere d is the diameter of the micro-c

phone and Uc  0.6 U . In this case, d 0.3 *.'i The spectra also diverge slightly

at lower frequencies. This divergence was not observed in the earlier work (Blake

1970); in this case it may be due to the influence of leading-edge sep:irat ion.

Nonetheless, these spectra are considered representative of the equilibrium turbulent

boundary layer and, therefore, they are a standard of comparison for spectra measured

at points on the trailing edges.

Autospectra of pressures at these two trailing edges show progressive effects

of flow separation. We first examine the gross trends of the pressures in the non-

dimensional form typically used for turbulent boundary-layer pressure. On the
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Figure 4 - Relationship Between Shape Factor and 6*/6 for Various Positions on

the Trailing Edges and for Sanborn and Kline's Experiment with
Intermittent Separation

velocity. This suggests that the flow separation on the knuckle edge should be more

intermittent as the wind speed is increased. As previously discussed, the mean tur-

bulent velocity measurements on this edge inLdicate more turbulent activity at

100 ft/s than at 50 ft/s. For the knuckle edge however, Position E in Figure 2 is

clearly the separation point.

The frequency spectra of the longitudinal velocity fluctuations near this trail-

ing edge Fhow the same property of local convection that has been shown for the

boundary layers with vanishing pressure gradients. Spectra, normalized on the local

velocity and boundary-layer displacement thickness are all similar to those that are
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dimension of the local shear layer. Therefore, the f requency spectra of velocit,,

fluctuations pro,,ressed toe lower and ] we r frequ enei , af-, the flow passed , t

bevel1.

2 TURBI 'LENT FILOW NEAR 250 ROUNDED-B}-FVEIED TEDG2

The surveys of the boundary layer and the static pressure distribution on th

250 rounded, beveled edge are shown in Figure 3. Downstream of Position F, the

static pressure was nearly constant for speeds U = 60 and 100 ft/s; however, the

tradient of pressure was adverse for points downstream of 37 in. from the leading

hIIIe inean velocity slows markedly with distance downstream from this point,

whil Ie the fluctuating velocities increase, reaching an apparent maximum in the

vicinitv of Positions H and I. The balance of mean momentum measured for the bound-

.ir; tayer on the edge (Blake (1975)) shows that separation occurs somewhere betweeni

hesitions F and G. Table 2 gives the mean properties of the boundary layer on ts

rounded trailing edge. The favorable pressure gradient upstream from Position C

tauses the boundary layer to contract so that its momentum and displacement thick-

oesses decrease and the shape factor decreases to 1.14. Although a rough measure-

,,ei c the mean momentum balance suggests 'ha this is accompanied Dv an increase

II, ' (compared to the values of local skin friction at Positions A and B, see al. ,

iire 2), the survey of the boundary layer was not made with close enoughl stream-

v;ise :eparations for the calculated momentum integrals to give local values of C f

precisely. Flow visualization by oil streaks demonstrated that flow separation

.... ,,rr17, j iust upstream i rom Position F. Distinct flow reversal was not clearly

iicoed because the very low velocities near the wall were insufficient to cause,

zi',.Iii;ant Mi vtm ev t of the oil. In drawing streamlines in Figure 3, Position F ia

ee':i ; , ied a s thtnc separation point.

.ht criterion for intermittent separotion of Sandborn and Kline (1961) relate.

l! lo,,il -aloe of sh ape factoi .*/, to / Their crite- rion for turbLentt fI ow

:o ; it cot i cOmt)ar9d to meanured valltien on the triilin edgeeq in FIIgure 4. At

Position (;, ilow separation appears to be assured for both speeds of 60 ft/s and

IO0 ft/s., whiIe, at Position F, separation is assured by this criterion only at

100 It/s. 'T hu.s, as speed increases beyond 100 ft/s, the tendencv for the exist oet

,)t steady-state separation appears to be more persistent. Sintilarly-obtained param-

eter,, tor the knuckle i A]ing edg e are also shown as squared letters. In this enee

by the Sandborn and Kline criterion, the values of Position 1h decrease with [vireas i
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complete cross spectrum can be approximated in the form

(r xw) = P(wyf/U.) O(wrx/Uc ) e iwr x/Uc (7)

where c(wyf/Us) is shown in Figure 10. As indicated in Figure 13, the eddy lifetime

of the most correlated turbulence in the bevel area appears to be of such duration

that eddies retain their identities over streamwise separation distances Arx up-

stream and downstream of the center of the bevel (Position F) of order Ar 2/kx c
This is confirmed by the peak of large correlation at wr x/Uc 

= 2 shown in Figure 14

for all free-stream speeds. For the characteristic frequency, wyf/U s = 1 and Uc =

0.46 Us, this means that Arx 
= 2 (0.46) yf and a measure of the total extent in a

Lagrangian reference frame of correlated existence of eddies responsible for this

frequency is roughly 2yf, or the entire length of both the bevel and zone of separa-

tion. Thus, the characteristic eddy field is formed just downstream of the knuckle

and convects at a speed U = 0.55 U (or 0.46 U in this case) past the apex of thecs
edge with little change in its statistical identity. As we saw earlier, the tra-

jectory of the eddy center roughly corresponds to the 0.35 U streamline in Figure 2,

i.e., near the zone marked (---) as discussed in Section 2.1. Noting that the

local free-stream velocity U is approximately the same as Us over the separated

flow = 0.46 Uo, the convection velocity of 0.55 U suggests that the vortex moves

slightly faster than the streamline, with average velocity 0.35 U . As suggested by

the pressure velocity correlations in Figure 8, the field continues its convection

downstream of the apex of the edge with a diminishing influence in creating the

surface pressures.

5.3 WALL PRESSURE STATISTICS ON ROUNDED-BEVEL
TRAILING EDGES

,Just upstream of separation region of the rounded edge (i.e., upstream of Posi-

tions F and G in Figure 3), the boundary layer is controlled by a strong adverse

pressure gradient. The longitudinal cross-spectral densities of surface pressures

in this region, defined by Equations (3) and (4) and shown in Figure 15, have a

rather erratic behavior. Convection velocities could be computed from the measure-

ments because the phase a(rxw) increased systematically with frequency and stream-

wise separation of the microphones. For locations nearest the separation point,

Figure 16 shows that the pressure convection velocity slows down to roughly 0.55 U-.
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-.. 4idcrahl e lack of spatial homogeneity of the flow in this region of this

trJiLing edge makes in-depth irterpretation of these data impossible. There is a

uiggestlion by the Positions L-I to F cross-spectra that, as the separation zone is

.iI)[proacht'u, (r ,0 ,,.) approaches the form shown in Figure 14. The most significant

:orre lation be_>tween these positions exists over the range of i -r Ix/Uc between 1

and 2. Since * 0.7 to 0.9 y for these locations, and since Uc/Us = U c/U. 0.55
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Toward the Edge, and 6* is the Average Value of 6* for the Two
Measurement Locations

the Lagrangian correlation distance r for disturbances of the characteristic fre-

quency Wyf/U s - 1 is between 0.55 yf and 1.1 yf, just as in the case of the knuckle

bevel. Thus, in comparison to the knuckle bevel, the rounded bevel appears to

generate a qualitatively similar flow but with a less intense pressure field in its

less extensive separation zone. The leading edge of this separation zone is not

as well defined for this edge as it is for the knuckle.

6. IMPLICATIONS FOR AERODYNAMIC SOUND GENERATION AND
SPANWISE PRESSURE CORRELATIONS

6.1 ELEMENTS OF THE THEORY OF AERODYNAMIC SURFACE
PRESSURES AT TRAILING EDGES

The separated flow over the trailing edges discussed in this paper has been

shown to be essentially dominated by locally generated, convected eddy fields with
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no new disturbances being generated as a result of near-wake shear-laver instabili-

t iL.s. The surface pressures on the knuckle bevel have been shown to( bt. earl'

constant throughout the separation zone, or perhaps slightly decreasing, is the

apex of tile trailing edge is approached from the upstream flow direction. Correla-

tions between the surface pressures on opposite sides of knuckle-bevel trailing

edges were unmeasurable within the available averaging time of the instrumentation

which, in work subsequent to Blake (1975), permitted measure..ent of correlation

coefficients of 0.03 between transducers on opposite sides of the foil and situ-

ated 1/4-in. upstream of the apex of the edge. Further, the pressure spectrum

tL'vls beneathl the attached boundary layer on the opposite side are essentially

_ro -lassically reported values. Ther fore, the separated flow may be regarded

is a one-sided turbulent field convected past the apex. Interaction between the

shear layers was, therefore, sufficient to maintain a tangential mean flow at the

apex and the interaction did not generate any growing disturbances in the down-

stream wake. This is in marked contrast to the shear-layer interactions respon-

sible for the generation of tones at the blunt trailing edges.

The noise theory of Howe (1978), which applies to the generation of continuous-

spectrum aerodynamic sound and surface pressures in cases such as those described

here, is summarized below. It is used to account for the observed differences in

oturfaLe pressure in terms of deduced vortex structure. Postulating that the source

region above and downstream of the edge constitutes a region of nonvanishing

T ), where and U are the aerodynamic vorticity and velocity fields, respec-

t Jw..iy; and where V is the divergence operator, Howe obtains an expression for the

surface pressures (on y = 0) and at a location (x,z) on the surface (illustrated in

Figur, 17) and time t which is

U, c; j. J J dy'dk l dk 3 df dy £1 + sgn(y) Erf(v ix(k

{! } i k 2 - 2

Uw Y i(kx - .t)
-j( X c e

i Is the average local convection velocity of the eddies at a distance y' from the

sur face, sgn(y) +1 for pressures on the same side of the surface as the flow v =

I) and sgn(v) -1 for pressures on the opposite side (y = 0). The error function.
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:rf () has the asymptotic values given by Equation (19) in Part 1. The complex

wavew numbers are 2- 2~= (kx, kk,),
X 0 Z

k = (kx,k Z)

K = (sgn k) /k,- k2  k > k
0 0 Z 0 Z

i /k 2 k 2 , k > k
z 0 z 0
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is the acoustic wave number, w/c 0 and 6 is the generalized Fourier transform of th,

source vorticity defined as

1 f - - -+

J (k,y',) 3 e-i"k x - t) v(x,t) dx dz dt (9)
(27) N

in the theory, the complete Kutta condition was evoked at the edge to remove any

possibility of a discontinuous pressure between the upper and lower surfaces. This

insures tangential flow at the apex, accounts for the error function, and for the

presence of Uw, which is a convection velocity of eddies in the wake. These eddies

ire generated in the wake in just sufficient quantity to insure parallel flow at the

edge. In writing down Equation (8), the general result has been specialized to a

"Low vector perpendicular to the edge, and an eddy convection Mach number less than

unity.

Pertinent assumptions made in the derivation of Equation (8) for our purposes

a re:

1. The eddy field is frozen during the time that it translates past the edge.

2. The eddy convection velocity Uc (y') is equal to the local mean velocity in

the boundary or shear layer.

3. The wake vorticity created in response to the eddy-edge interaction via thie

imposition of the Kutta condition is concentrated in a thin sheet, :'(y), and iL

,:onvected in frozen fashion at velocity Uw . The velocities U (v) and U are Dar;31

e hewa 11

4. The source team w x U is such that wx U (o x U. This requires that

dU 1
V( U) >> V - x u

dy z

,dw-ic k is the unit vector parallel to the edge and u is the fluctuating velociLYz

vector. If the above inequality does not hold, it will affect the results throuich

the form of the shed vorticity arising from imposition of the Kiitta conditi~m. \o

;hhown by Crighton and Leppington (1971) a half-plane 1. a suitable approximation to

a wedge as long as the included angle is small enough; by their theory a 25' includcd

,gle wedge yields less than 10% change in the theoretical dependence of radiotcd

sourd on Mach nuwber with the half-plane.

Equation (8) is too complicated for our purposes so it will be recast to give a

spectrum function for the surface pressures. The definition of the vorticitv
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spectrum of the type given by Equation (9) is approximately valid as far as the

trailin,-edge noise is concerned because of the limited range of kc rX over which the

pressures are shown to he correlated in Figure 13, compared to the extent (k cAX)

over which the vorticity field exists. The vorticity field, as indicated by the

behavior of the surface pressure, is, thus, approximately locally homogeneous.

Thus, in relation to the acoustical effect of edge scattering, any noise due to the

upstream vortex generation process is assumed negligible.

The cross spectrum of surface pressures, referred to a coordinate x with sepa-

ration r is p (x,r,w) and it may be regarded as having a spanwise wave number spec-

trum

1 fL 3 /2 -ik r
p(x,rx,kZ,.) e (r,) dr (9)

2 = , 3 /2

as long as the field is statistically homogeneous along the span, L3 . The span also

must exceed the spanwise correlation length 2A 3 , defined by Equation (9) of Part 1.

This assumption, therefore, also applies to the vorticity field. Accordingly,

Equation (8) yields a spectral density at Position x with zero streamwise separation

(i.e., rx = 0)

1 (x, k , W) = f dyj dy' p o [U, - xe (Y+Y')

P O 0 0-0

i + sgn(y) Erf (i (kx + kz)) 2 I (kx, k, y, y')dk (10)

3w3 x y 'd x (0

where 3 ,,)i s the spectrum of the vorticity field. The auto spectral density of

the pressure at Position x is given by an integral of p (x,kzw) over all spanwise

wave numbers, -- < k < -' The spanwise correlation length of the pressure isz

related to its wave number spectrum by

A3 = 1 lim [D (x, kz, w) / (x,w)] (11)
k -0 P P

z

Further simplifications of Equation (10) are possible. We have argued above

that the streamwise correlation of wall pressure follows approximately the behavici
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shown in Figure 14, and is thus confined to a limited range of kr this indiccrx

that the corresponding wave number spectrum of the vorticity will be con! ined to' ,

region ZAk centered on the convection wave number k c . if we model the vorticitv

spectrum using a vortex sheet of toe type introduced by Equations (M1) and (15:1) il:

Part 1, then the parameters of this spectrum may be collected in the groupings i',

by
2 2

3 W3  (kx k z ,w,y,y') - u m  (w,kxok z )  (G~yf/I c)  ,(v-y )  ,(y-y') (12

where u, is the local maximum value of streamwise velocity fluctuation and y is thsm 0

Lrajectory of the vorticity. The term (w,kx,k z ) is a spectrum function normalized

on -and peaked about k = k as described above
m x c

This function is roughly independent of k as long as k z i/3 ,d I,,tcv. t -
zz

;lly decreases as k > 1/ To the extent that / c >> 7r/. k h
z 3 c 3

of the error function in Equation (10) thus simplifies to k . The error functionc

also may now be dropped in accordance with its being small-valued for kCx > 1. The

surface pressure spectrum then behaves parametrically as (assuming Uc . Uw  U s )

2 2 U2 -2kcYo

4 (x, WYf/U ) pu 2 U e C (wy /UsA x) (113)
pp fs om MS f 5'

for positions far enough upstream from the apex that k x - 1. The term t (x,
c pp

.yf/U ) is a dimensionless spectrum function. Equation (13) accounts for part of

t')e observed level difference between the surface pressure at Position F on the

kntw'le edge and at Position G on the round edge that is shown in Figure 10. Since

S .f /fUs) - (Us/U c (y 0/y), and since at the respective positions yo/yf

*' and 0.6 for the knuckle (K) and round (R) edge, respectively, the ratio of

-u-trace pressures on the two edges is given in order of magnitude.

10 log 11, p(X, SYf/Us)]K / [p(x, Wyf/U]

22 { /lf[/s )  UQ )]

(u) K (U)K

0 log 2 2 exp t2() Ko)m K sR K 
1J yo,(u m R (U \ct) R

R5



1 L28 2 1.28 2 Wy [0- 010 log 1.7)L exp -2

U[12  
[.28] 054 0.46

=6 - log [ej.44 (wyf/Us]

= 8 at wyf/Us = 1

The factors in the exponential for the knuckle and round edge are determined by

U c/u 0.46 and 0.54 at yo/yf = 0.41 and 0.6, res -ctively. The distance yo from

the surface is the location of the turbulence maximum. Of the 12 dB difference in

spectra shown in Figure 10, therefore, 8 dB can be azcounted for by a reduced inten-

sity shear layer and a greater displacement of y relative to yf.

The presence of the error function in Equations (8) and (10) account for pres-

sure contributions due to local scattering at the trailing edge. Subject to the

conditions kc - / > ko, these effects are confined to the region well within an

aerodynamic wavelength such that kcY < i; a perception of how close this region is

to the apex can be deduced from the phase information in Figure 13 which shows =

kcx. For wyf/U s > 1, nearly all measurement locations were outside the region

affected by the error function. A similar restriction holds for the measurements

tiken on the rounded bevel edge. Thus, dropping that function in discussing present

data is justified. The work of Brooks and Hodgeson (1981) does examine this be-

I)avior at very thin edges without separation.

6.2 DEDUCTIONS REGARDING AERODYNAMIC SOUND

In Part 1, an expression was derived that related the radiated sound pressure

to the autospectrum and the spanwise correlation length of surface pressures in the

case of tonal sound generation. For continuous-spectrum sound, similar relation-

-;hips have been derived by Howe (1978), Chandiramani (1974), and Chase (1975).

Howe's (1978) result for the spectral density of the far-field radiated sound due to

aeroacoustic scattering from the rigid half plane is written

1 2 0 2LA3
a (X,w) sin - isin 1 () (14)

rad 2 2c 2
8i2  2 r
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where p(w) represents the integrated influence of the entire vortical source region,
..indM represents the average convection Mach number of turbulence past the edge,

C

.'/. The function p(w) is related to the spectral density of the surface pressare

by

(-- ; (x, k k cos , ,)
A P z 0
.3

when k x = ,)/U c > 1. Since, as proposed above, N/ > k Equation (15) reduces to

( x, ) .x/U 1 andMf% = k /k - (ib)p c c o c

u. ing Equation (il). For Equation (14), the half plane lies in the X 2 = 0 plane,

the edge lies along X1 = 0; X2 
= 0; as shown in Figure 17, coordinates of the acous-

tic field points are X r sin t cos 0; X9 = r sin p sin 0; X3 
= r cos ;. Equation

(14) with Equation (16) is analogous to Equation (27) of Part 1, and it has been

verified experimentally by Brooks and Hodgeson (1981).

The important parameters used to describe the sound pressure in each case are

the surface pressure spectra shown in Figure 10, the convection velocity of the

vorticity, and the spanwise correlation length to be described below for the beveled-

edge flows.

Spanwise cross-spectral densities at Position F-1 on the rounded edge are shown

in Figure 18, and are typical of those to be expected beneath attached flow in ad-

verse pressure gradients. The correlation length indicated by these measurements is

a function of frequency, since the length scale determining the cross spectrum is

U /. For this edge, according to the definition used in Equations (4) and (IC) of

A 3 _ 1.2 Uc/., 1.2/k (17)

FulLy developed boundary layers have a sligh; longer correlation length at a given

value of kc, as indicated in Figure 18.

More interesting behavior is shown by the spanwise functions beneath separated

Ilow for Position F of the knuckle edge as shown in Figure 19. Here the functions

have an envelope that is bounded closely by a shape such as that drawn in Figure 18;
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Figure 18 - Normalized Lateral Cross-Spectral Density Magnitudes of Fluctu-
ating Surface Pressure at Position El on 250 Rounded Bevel Edge.
Open Points, U = 100 ft/s; Closed Points Uc = 60 ft/s, Uc

0.55 U-.

for this envelope

3 = 2.2 U / (18a)

which is actually similar to that existing, in attached boundary-layer in zero pres-

sure gradient. At small values of rz/Uc, the cross spectrum flattens; for each

value of rz, the value of ,i/Uc, at which Ir , j departs from the relatively smooth
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The value of .3 for low frequency contrasts to the values of 3.5 yf for the blunt

trailing edges witb tones. These integral scales and the spectra of Figures 10 and

12 may be used to predict aerodynamic sound from airfoils fitted with these edges.

For nonseparated flow, values lying between that given in Equation (18) and about

ouhle that value (with U c= 0.6 U_) may be used. For separated flow values..3dobe ta au w t c ... 3

given by Equations (18b) and (18c) may be used.

7. CONCLUSIONS

7.1 GENERAL COMMENTS

A few general statements may now be made concerning the trailing edge flows of

lifting surfaces. The turbulent flows off thin airfoils with sharp trailing edges

are not expected to produce tones, as measurements of Chevray and Kovasznay (1969)

jiave show-n. Practicalities often dictate the necessity that some finite trailing

edge thickness may produce tones or enhanced continuous spectrum pressures. Such

behavior hqs been observed in the sounds radiated by helicopters such as presented

by Leverton (1973). Even when the edge is beveled at such a small angle as to pre-

vent the generation of an aerodynamically unstable vortex sheet, large-scale motions

that have many aerodynamic features qualitatively in common with discrete vortex

snedding will be generated. Trailing edge pressures, however,which develop fru;l thc

vortex street formation on the one hand, or from the less-ordered laree-scale sepa-

raition on the other, will generate pressure fields of very different magnitudes,

t ough the frequency spectrum of each type of pressure will be describable in terms

,- a y p yf is the cross-wake dimension at the end of t 'e .ctex

t ?rmat ion zone, or near the apex of the edge in the case of continuous-spectrum

,,m:-r.2s, and Cp is the tatic-pressure coefficient in the separation zone.

7. 1 NIMUM RFYNoLI.DS N7T\MBEF FOR PERIt(DLC WAKE GENERATION

Per ,d i c , rne : lv period ic, distur)ances were cenerated on the blunt od _te and

* , the 4 rourded edge above a certain onset speed, as described in Part 1 . A ],,w

aapl itude, nearly periodic, disturbance was also observed in the near wake of the

roundod c ge at the h.-ghest test velocity available. Althonu lii ied i,

;:s in in in tihis and previous work of ileukested and () be1th j' v 1i-

relativi:l, thin edge may generate a periodic d ist Jjaja e k b,. ,
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Reynolds number, as shown in Part 1, Figure 22. Using a definition of Reynolds

number based on the wake parameter yf, these limiting speeds corresponded to

U yf/v = 5.2 x 104 for the 250 edge, 3.3 x 104 for the 450 edge, and roughly 103

for the blunt edge. Length scales have been taken as yf = 0.37 h and 0.5 h for the

250 and 450 round edge, respectively, and 0.8 h for the blunt edge. Note the con-

sistent increase in onset Reynolds number as the apex angle of the edge is decreased.

Since the nearly periodic disturbance for the 25' rounded edge was observed in the

wake and in the surface pressures only at the maximum speed capability of the facil-

ity, it, therefore, could not be studied in any detail.

Although a universal Strouhal number based on a geometric length of the trail-

ilg edge has not been isolated in this study, an approximate dimensionless frequency

is W syf /u 1. The length yf for the blunt and rounded-beveled edges has been

given above. Other dimensionless forms have been proposed by other authors for

specific trailing-edge forms, and they may give frequencies more precisely in those

cases; however, none appear to have both a practical and a universal application.

When shedding does not occur, the random pressures are bounded by the upper limit in

frequency wyf/U s  1 1. Here, values of yf are the same as those given previously for

tones; for the 250 knuckle-beveled edge, yf is approximately 0.7 to 0.8 h and

U s/U. = 1.15

7.3 MAGNITUDES OF SURFACE PRESSURE

The levels of all continuous-spectrum pressures generated on the trailing edges

of this study appear to be reasonably well bounded by a 10 dB spread as noted by

examining Figures 10 and 11. In a rough sense, and for a given edge geometry, the

spectrum shapes are all similar functions of wyf/Us . For the 250 rounded bevel, the

pressures generated closest to the apex and in the upstream extremity of the separa-

tion at low frequencies were only slightly greater than or comparable to pressures

generated upstream in the attached boundary layer. At frequencies greater than

wyf/U s > 1, the pressures of fully attached turbulent boundary layers may actually

be much greater than the pressures generated in a trailing-edge separation zone if

it occurs. However, the pressures generated in this zone may have enhanced cross-

stream correlation. The flow separation thus generates a flow field of predominantly

large-scale convected vortical disturbances. On the basis of aerodynamic noise

theory, one would therefore expect a blunt edge with a limited separation zone such

as the 250 rounded edge to generate less high frequency sound (i.e., wyf/U s > 1)

than a thin airfoil with no separation whatsoever.
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Prediction of the magnitudes of unsteady pressures beyond the general guidelines

given here appears quite impossible with current knowledge. Not enough is known of

the effects of upstream history on separation and on the unsteady motions produced

in the near wake to make realistic magnitude estimates. For blunt edges which pro-

duce tones, however, even though there is some dependence of the strength of the

vortex street wake on the thickness of the upstream boundary layer relative to the

geometric thickness of the trailing edge, the pressures and vortex strengths of the

near-wake vorticity seem reasonably well bounded. The current results may therefore

be used in a predictive sense for cases involving airfoils of fairly uniform thick-

ness, small camber, small ratios of upstream boundary layer thickness to base thick-

ness, and moderately large curvature of the trailing edge to promote flows suffi-

ciently dominated by trailing edge geometry. In the case of tone generation, the

results shown in Part 1, Figure 22, and Equation (26), may be used for lifting

surfaces. This was demonstrated when the theory was compared with Brooks and Hodge-

son's (1981) measurement of aerodynamic sound from a blunt trailing edge.
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