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SECTION 1
INTRODUCTION

1.1 Effects of Surface Discontindities

It is well known in acoustics that radiation .of sound is
strongly influenced by boundary discontinuities. The effect
arises both in the sense that moving but non-pqopagating
(evanescent) fields, associated with non-radiating surface
motions, become radiative at points of: discontinuity, in the
same sense that an acoustic plane wave 1is scattered at points
of discontinuity. It is equally well=known that fluid flow
past a body of given compressibility is generally disturbed
where the compressibility.or shear stress changes. This effect
arises both in the sense that the flow may undergo a transition
from a laminar to turbulent state, and in the sense that the
.structure of an already-turbulent flow may change as a result
of the compressibility or shear discontinuity.

Given these well-established effects, it 1s not surprising
that the relative motion between a surface (wing, flap, plate,
ete.) and the surrounding fluid medium is likely to result in
acoustic radiation from the region around the trailing (and/or
leading) edge, as has been verified by many experimental measure-
ments. In fact, trailing edge noise can be, for many configura-
tions, the dominant source of received noise below an aircraft,
and at other receiver points. Since the prediction and control
of edge noise are important, it is important to understand its
character (spectral density and directivity) and its relation-
ship to the flow-field characteristics, surface geometry, edge
configuration, and surface impedance.

To obtain the relationship between flow field character-
istics and sound radiated from the edge region, it is necessary
to determine which mechanism is primarily responsible for the
radiation. Each postulated mechanism leads to a particular
characterization of the sound field and of its relationship to
the flow field characteristics. Empirical measurements and
similarity arguments can then be used to establish a posteriorti
verification of the choice of mechanism.
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1.2 Types of Radiation Mechanisms from Turbulent Flow Inter-
~action with Edges of Surfaces

A1l the mechanisms of acoustic radiation that have been
grouped and described as edge noise fall into two categories —
those which describe basically acoustic effects, taking the
turbulence above the edge as given, and those which attribute
the predominant radiation to hydrodynamic effects. In the
second category are included the theories which describe wake-
related tones (often called "vortex shedding" noise). which
acknowledge that the edge has a strong hydrodynamic effect in
terms of sound generation. However, in the "hydrodynamic"
theories, it 1s also acknowledged that there can be acoustic

diffraction of the edge~generated sound* by other edges of the
surface. :

In the acoustic theories (Ffowcs-Williams ‘and Hall, 1970;
Chase, 1972, 1975; Goldstein, 1974; and Chandiramani, 197&),
the existence of non-propagating (evanescent) waves — i.e., those
which have an exponential decay leaving the region of turbulence —
is assumed, and presence of the edge is shown to enable these

waves to propagate due to the combinatlon of phases (scattering)
as these waves encounter the edge.

, In the work of Curle (1955; 1968) and Goldstein (1974), who
take Lighthill's (1952) equation (but point out that his solu-
"tion only contains volume integrals) and add surface integrals,
the most developed form has three terms, which correspond to

the generation of sound by the volume quadrupole sources (T
(Lighthill's original solution), pressures exerted by these
volume sources on fixed boundarles (Psy) momentum imparted to

the fluild by moving boundaries (pv v % and volume displacement

B(pv )/ 3t
quadrupoles
2 T, N
by (p-p ) = —>— 2L ar(y)
o] BxiaxJ r
volume '
pressures on moving boundary volume
rigid \bl;undary » moment um ef‘feets_ displafement
3 f 1 7 PUyy ~ / 3 dr(y)
- < dt S _ 9 arti\y)
Bxi : r v S(y) at (pvn) r
surface _ surface



The strength of Goldstein's work 1s that he has shown how
the work of several authors actually correspond to different
limiting conditions of the general soluticn, whose applicability
to the edge noise problem is limited because it begins with
Lighthill's differential equation and includes boundary (and
.therefore edge) effects only insofar as they affect acoustic
radiation, but not the turbulence 1tself. Goldstein acknowledges
these limitations by stating: "The crucial step in Lighthill's
analysis is to regard the source term as known F priori."

Thus, the essence of the Lighthill approach is to regard
the turbulence terms as given. One cannot expect, from such an
analysis, anything else but an explanation of the acoustic
effect of an edge on the turbulent field. Since it is possible
to have momentum exchange across the plane of the surface down-
stream of the edge, it is clear that such a mechanism should
also give rise to dipole-like fields.

Ribner's fluid diliation theory of aerodynamic sound (1962)
presented the perspective that all sources of flow disturbances —
e.g., velocity, thermal, and mass fluctuations — can be replaced by
an equivalent source pressure. . This view has stimulated investiga-
tions — including this one — in which the readily-measured pres-
sure fluctuations are taken as the principal input to a source
formulation. (See also, for example, Chase [1975].)

The hydrodynamic mechanism of edge noise generation was
- first proposed by Powell (1959) who performed some similarity
analyses to identify the dependence of sound generation on gross
parameters of the flow.

The edge effect proposed by Hayden (1969) involves both -
hydrodynamic and acoustic effects. First, it postulates a
localized disturbance which occurs just behind the edge, cor-
responding to a sudden acceleration of the elements of turbu-
lence (flow disturbances) upstream of the edge. The source
region is assumed to be acoustically compact (at least in the
streamwise direction). The strictly acoustic effect of this:
model is that these compact dipole sources are diffracted
strongly because they are closer than an acoustic wavelength
to the surface. This model is extended in the present study
to include more detalled description of flow field parameters
and surface finiteness effects.



1.3 Genera] Features of the Dipole Theory of Edge Noise

The important features of the present descrlptlon of edge
noise source generation are:

(1) Compactness: The "generators" corresponding to a cer-
tain scale & are in a zone of length %y (turbulence
scale) within the edge. Even though these generators
may be related to the subsequent wake hydrodynamically,
the phenomenon responsible for the sound radiation is
a transient acceleration of the medium immediately be-
hind the edge, which is an acoustically-distinct
phenomenon from the spatially-extended radiation from
the free shear layer of the wake 1tself or from the
upstream surface. :

(2) The source is intrinsically dipole because it results
from an imbalance of hydrodynamic forces normal to the
plane of the surface. Since unsteady forces normal to
the surface exist elsewhere, the acoustically-important
feature is that the pertinent ones are localized in the
region of the edge, and are accompanied by an almost
discontinuous acceleration.

(3) Mach Number Effect: The interrelationship between

. turbulence parameters and the Mach number at which the
turbulence is convected past the edge has a definite
effect on radiation efficiency of the dipole edge noise
source. The implications of this effect are that the
often-examined velocity dependence of radiated sound
from a particular flow fleld/edge interaction varies
throughout the Mach number range, and as a function
of frequency (or Strouhal number).

1.4 Applicability to Trailing and Leading Edge Sources

The model developed in this study is equally applicable to
trailing edge or leading edge noise generation, where the surface
dimensions are on the order of, or larger than, an acoustic wave-
length. The differences between trailing edge noise radiation,
and leading edge relate to the source of the unsteady flow.
Broadband trailing edge nolse is to be expected whenever flow
over the surface is turbulent. Narrowband noise also originates
hydrodynamically at the trailing edge due to vortex shedding
caused by a laminar flow instability, and/or the hydrodynamic



1nstab111ty produced by a blunt trailing edge. A typlcal trail-
'ing edge sound field illustrating these effects is -shown in

Fig. 1, for the case of two identical turbulent wall jets flow-
ing over a thin rigid plate. The vortex shedding peak occurs

at about 2000 Hz, with lower sidebands resulting from low
-velocity regions away from the center line of the finite-width
Jet

The principal difference between trailing edge and leading
edge sources 1s that the flow field causing leading edge noise
is not intimately related to the surface, as with the trailing
edge, but rather a consequence of the partlcular env1ronment
in which the surface 1s placed ;

The remainder of this report 1ncludes flrst a section (2)
in which the analytical model of dipole edge noise is developed,
followed by a section (3) in which strictly-acoustic effects of
the surface are treated. ' The subsequent section (4) summarizes
experiments which provide a base of empirical data on both
tralling and leading edge noise parametric effects, followed by
a section in which the analytical model is tested on specified
trailing edge and leading edge experimental configurations, and
compared with measured data. Appendices supply additional de-
talls of the diffraction calculations, and experimental data.

< T I T ] T . —— —T T
3 20 Hz CONSTANT BANDWIDTH ANALYSIS :
4 .
S e ’
S 60 _— AN : AN
9] .
o
e
g
- 30
5 d _ \ /
g 8= 65cm{.255in)
w PLATE | . :
-
w 40
z WALL JET ON %mz \/\
? BOTH SIDES OF .
9 A FLAT PLATE t=.635cm(.25in)
T soH ) ‘
o 10:1 AR | vewocity A/
NOZZLE; L/h=12
z 25 mss PROFILE : =60m/s
(o]
MPYY l | ] S N I | ] ] :
80 150 300 500 1000 . 2000 4000

FREQUENCY (Hz)
~ ft/U=0.21

FIG. 1. TYPICAL SPECTRAL CHARACTERISTICS OF A TRAILING EDGE SOUND FIELD.



SECTION 2
FORMULATION OF THE SOURCE DESCRIPTION

It has already been pointed out in Sec. 1 that it is neces-
sary to distinguish among the various contributions to the sound
field, which are usually all described .as edge noise mechanisms.
In this section, we extend in detail the acoustically-compact
edge nolse model reported by Hayden (1969). Thislrequires a
description of the hydrodynamic generators  -of the sound at the
edge, and then an analysis of the edge (and the entire surface)
as diffractor of the sound generated in the immediate region
behind the trailing edge.

Some previous studies of trailing edge noise (Powell, 1959;
Hayden, 1969 and 1972; Hayden and Chanaud, 1970) have postulated
a dipole distribution at the trailing edge, and made assumptions
regarding the similarity behavior of the fluid mechanical para-
meters responsible for the sound generation, and thus predicted
trends in the radiated sound level and spectrum. One result
was a set of limited, although useful, semi-empirical noise pre—
diction "curves," as summarized by Hayden (1972) for wall jets.

It was contended that the data, which led to the normalized curves,
bore out the premise that the role of the trailing edge was to

act as a dipole source generator by virtue of 1ts pressure-release
effect on incoming flow disturbances, and its typical destabiliz-
ing effect of the sheared flow field encountering the edge. This
premise has been justifiably questioned by some who regard the
edge as strictly a "scatterer" of evanescent waves already pre-
sent in the flow; 1.e., the edge does not produce any additional
fluid dynamic sources of unsteady pressure (Ffowes-Williams and
Hall, 1970; Chase, 1971 and 1975; Chandiramani, 1974). Except

for highly idealized cases, in which the surface impedance dis-
continulty at the edge would not be accompanied by a surface '
shear discontinulty, it is the common experience that a sub-
stantial hydrodynamic instability exists at the trailing edge

due to the high curvature of the surface there. It is thus
contended that the edge generates new hydrodynamlc sources as

well as "scattering" those already present in the upstream flow.
Following Ribner's view, the fluid dynamic sources can arise

from any fundamental type of physical disturbance, and can be
represented by pressure fluctuations.

To provide more direct evidence as to the validity of the
dipole hydrodynamic theory of edge noise, the problem is now

.reformulated in terms of a more detailed specification of the



structure of the local flow field, i.e., in terms of actual
measurable unsteady flow parameters, rather than more ambiguous
mean flow parameters. An attempt will be made to retain the con-
nection between the final resultant sound field and mean flow
parameters, but we will attempt to derive spectral details from

a knowledge of the structural parameters of the flow.

2.1 The Generation Mechanism Near the Edge of a Rigid Surface

In the region immediately upstream from thé trailing edge,
there appear elements of turbulence (vortices) which retain
their identity as they convect to the trailing edge, (see Fig. 2).
Upstream of the edge, they experience no net motion normal to the
rigid surface, although they may fluctuate and thereby produce
a weak quadrupole field — "weak" because they constitute a non-
compact incoherent distribution resulting in no volume momentum
transfer, and "quadrupole! because the dipole corresponding to
normal fluctuation is reflected by the rigid boundary. The lack
of net normal motion is a result of the lack of a net force on
each element. On one side. of an eddy, the fluid exerts a
fluctuating force; on the other side 1s the rigid surface which-
exerts an equal and opposite reaction force. This, of course,
follows from the usual assumption of incompressibility. To the
extent that the elements of turbulence are compressible, there
would be a deformation leading also to weak radiation of an
octapole character (reflected quadrupoles).

As an element of turbulence of mean scale % leaves the sur-
face, 1t accelerates, since it no longer encounters the reaction
force of the rigid surface, and it encounters a change in the
shear stress which had been excited at the surface. This acceler-
ati?n, due to pressure release, may be written as (from Newton's
law »

a = —ELt = (Ué/zf) ip/qo) (2.1)

in which Pe is a measure of the fluid pressure above and p is the
fluid density. The equivalent expression (Ué/2z) (p/qo) expresses

the rms acceleration of this typical element of mean scale % in
terms of the commonly measured quantities Uc’ the convection

velocity,'and p/qo, the ratio of fluctuating pressure to mean

‘dynamic pressure (turbulent pressure intensity). Examples of
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measured values of scale dependence of p/q are illﬁstrated in
0

‘Fig. 3. The characteristics of p/q0 of particular importance

are (1) constancy for lengths larger than some characteristic
. —_ =3
dimension (~68, or UD); (2) its proportionality A(R) for

-lengths smaller than the characteristic value (~66, or 4D); and

(3) its rapid decrement for lengths larger than some maximum
(the last 1is not illustrated in the figure due to lack of data).

The acceleration, a, of the element of scale T occurs in
the region just behind the surface, and being directional (nor-
mal to the plane of the surface), corresponds to a dipole radia-
tor occupying a volume ~23 (3% = szygz). We now examine this
resulting fluld motion more éarefullyf The quantity "a" 1is a
mean measure (say, rms) of acceleration, associated with scale

%. Any given element of turbulence of scale % will accelerate
according to an unspecified detailled time history; but all ele-

ments of scalé 2 produce, on the average, the value a. Further-

more, the element of scale 2 passes into the compact edge-noise
zone in the time A/Uc — the time required for it to convect off

the edge — in which A is the mean streamwise distance between

elements of scale 2. Immediately following its passage, another
element 1s accelerated. In general, its scale is different and,
correspondingly, its acceleration history is different. The _
average measure of acceleration of all such scales will, however,
also follow Eq. (2.1). One can envision the typical normal ac-
celeration behind the edge which would be generated by this
process (Fig. U4).

If one were to measure the rms acceleration of all events
of duration A/U_ the value a(2) would be obtained. Furthermore,

such a random function can be represented by an infinite series

of infinitely dense periodic functions. The acceleration a(f)
would be the weight for the function of period A/UC in the series.

Since the radiation motion is of a dipole character, the acceler-

" ation measure a(&) is the weight to assign to a periodic function

of frequency f = UC/A, and the local acoustic source is effective-

ly an ensemble of dipole radiators of definite frequency and ran-
dom phase and amplitude. We now develop the functional relation-
ships for radiated sound in terms of a dipole model.
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2.2 Dipole Model for a Single Source Near an Edge

‘Morse and Ingard (1968) give the relationship for the radial
veloclity of point dipole source of frequency w as

. =k2%D . 1(kr-wt)
_ w 21 _ 2 -
Ur =~ TInr (1 + ke - ) e 31ne (2.2)

kr

and the total power at that frequency as

L . s : ’
n= P Dl ? - (2.3)
12n03 : : :

Note that these expressions are fori free field sources in
which the wavelength is much larger than the surface dimensions;
the presence of the surface upstream of the edge will modify
both the angular dependence of U and the total power radiated.

The derivation of the parametric dependence of total is now
developed for the finite surface in which the chordwise dimension
is not large with respect to a wavelength, and the observer is
well into the far field (kr >> 1).

The effects of a semi-infinite chordwise dimension will be
examined later, and the kC range between these two limits will
be discussed.

We wish to derive the dipole strength D in terms of the

acceleration, a, caused by turbulence encountering the edge as
expressed in Eq. (2.1)

Differentiating Eq. (2.2) gives

a, = —/—m— 1 +2i — -~ )(sine) (2.4)
d uTTI' (kr)z
The mean square acceleration adaé is thus
, wzk"Dw2 "
la]? = ——— (1 + (sin2%0) (2.5)
(4r)2%p? (xr)*

12
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From Eq. (2.1), the mean square acceleratlon of the medium caused

by an eddy of scale % is

Y !

U
|2 = —C (p/q )? (2.6)
(22)2 0 : .

lag

Equating (2.5) and (2.6) and solving'for,D; gives

e e (4m)%r% (L_p; S P
YD ekt e S (ke)t

-1
] (2.7)

0

Now, a simple set of substitutions isfmade to derive the dipole
strength Dw in terms of flow parameters. '

The wavenumber k is

kK = 2%2 , and since f = 7% , can be written
° .
e
= . 2mM
k = L - , or 'k = Ac (2.8a)
o

where A = le, the axial spacing between eddies of scale RX.
Thus, k could be finally written as

21mM

Kk = c ) (2.8b)

Yi

The final step before substitution is to let r = %, since we are

3

postulating that the important impulsive acceleration takes

place within one scale length. Note that L typically decreases
with increasing frequency.

13



We thus have

. U “(uﬂ)z(z)z —-——2 uY“Q y -1
2 - c P — % 1
lD‘”' 270 \2 [2wM \* (%) L —
(21‘)2 [¢] C (2T|'M 24)“
Y2 Y2 ¢
X x / (2.9)
Equation (2.9) reduces to _
!
e 2 y6g 6 — ; -
| |D Iz = O X (L)z 1 + M__ _ (2.10)
w M2 (emt A% CLON

where (EX/E) has been replaced by n in the right hand term. This

could be regarded as an axial anlsotropy. factor for the turbulence.
near the edge, which reflects the typical stretching of eddies in
the axial direction. The values of n vary substantially from one
type of flow field to another, ranging from 1 to 10 typically.

We now substitute Eq. (2.10) into Eq. (2.3), recalling that
w = 2nUc/le, and arrive at an expression for the radlated power.

2 3 _—. _
. DMC s g2y 2 (L)Z - by“n" 1
12w X q, (2m)" Mc“

(2.11)

This expression contains a number of interesting parametric de-'

pendences. First, we see that, in the Mé'[ 1=! terms, the hydro-

dynamic dipole model of edge noise allows for more than a single
unique velocity dependence of radlated power. Secondly, a strong
influence of both the scale of turbulence (lx) and non-isotropy

(n) of turbulence, is evident. Finally, the turbulent pressure

intensity factor (p/q ) ("gustiness") is present, as one would
expect. 0

14



Since a most intriguing result given in Eg. (2.11) is the
non-unique velocity dependence, let us examine some limits.
For M < 0.1, and yn 2 1, the right-hand bracketed term in
Eq. (2.11) reduces to :

1
L Mr(em)®
[ 17 = %—u
by*n '
; |
which gives the following parametrilic dependence:

oM® ¢c3? o2 §3 ) -
nm=_-S 0 X z(l) (2.122)
©3y%n® o\ : .
or : L .
pUS w2 22 -,
= S X (—&) (2.12b)
1,

2 .4 _3
3ynco

This shows a U® dependence and will be referred to as the low
Mach number limit. '

The Mach number dependence of the exponent of radiated
power is examined below for various values of yn. Figure 5(a)
shows that, as the turbulence becomes more isotropic, (n-=1),
and the axial separation between eddies is reduced (y-»1l), the
rate of power generation is reduced even at relatively low
convective Mach numbers. For yn products near 10, which are
more typical of boundary layer and wall jet flow fields, the
sound generation efficiency does not fall off until one reaches
high subsonic Mach numbers.

Another way to view these effects is to examine regimes

where deviations occur from the U® power law, which has been

shown to be the low Mach number limit for the hydrodynamic
dipole edge noise mechanism. Figure 5(b) plots the power law
as a function of Mach number for various combinations of yn.
The plot speaks for 1tself — a variation in velocity exponent
of radiated power from the edge source may occur over a range
of Mach numbers, depending on details of the turbulence structure.
The velocity dependence of sound generation from a particular

15
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flow field/surface configuration will vary as a function of Mach

number, even if the flow parameters M ,_Rx, zy, Y, n, and (p/qo)

. obey simllarity at all Mach. numbers (Wthh in general, cannot

be expected to be rigorously true). L1kew1se, it is suggested
that the power vs Mc law is likely to be different from one flow

field to another, and may vary with frequency for a given flow

field. - : ' ‘ '
]

2.3 Radiation from Incoherent Sources Along a-Span

The foregoing expressions have been developed for a single
source region of span Zy. It is desirable to extend the rela-

tionships to the more realistic case of a finite wetted span W
of an edge which is "excited" by turbulent flow with statisti-
cally homogeneous properties across the span. If the localized
sources are ‘incoherent along the span, then the sound power will
increase by a multiple m equal to the effective number of in-
coherent sources.¥* This can be represented by m = W/ER , where

€ is the relative spacing between eddies of spanwise scale '3

This multlple will be a function of frequency, typlcally in-
creasing monotonically with increasing frequency. However, it
will be shown later from examination of actual length scale

data that this function can be a complicated function of fre-
guency. We thus can now write the expression for total power
from turbulent flow interaction with a span of edge over which
mean flow and unsteady flow parameters are statistically similar

pM2c? 2 w_w |-
m=—==0 y?a? (_w ) (—"-) Doy (2.132)
127 X gzy q . (2")“M;
Which reduces to
oU%2? 2
M= g3 —CX W LY . forM < 0.3 (2.13b)
3v2n*c &Ly 9% ¢

¥The effects of partial coherence are treated in Sec. 2.5.

1
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2.4 Alternate Forms of the Source Equation

"Equation (2.13) may be manipulated into a free field for-
mulation, which may be useful in analyzing experimental data.

'~ Another manipulation would be to replace UZ by Ug (UC/UO)6

which allows one to simply use the relative convection speed
and maximum free stream veloclty separately.

4
- Another manipulation is to take the ratio of far field
sound pressure-to-surface pressure, thus forming an "edge trans-
form" or transfer function between these two othér measured
quantities. Such a transform is written below for the low Mach

number case, where n has been replaced<b§ lx/3 lxzylz

p2(r,0,y) UL —_VAYE | SN
a = (X T ¢ —C. in? 2.14
—y - (E.Q, ) 21,.2C2 Yzlz ) (leylz) (U sin®e (2.1 )
p y o X . © _

S

Equation (2.15) may be rewritten in terms of radian frequency
w as :

2 y . W 2 .
pi(r,6,y) (Y W (zxzyzz)a sin?e
- L = (2.15)
pé UO gRy 8ﬂrzc;

In the subsequent'sections, we willlcompute this transform .
for several edge noise experiments for which sufficient data
exlsts.

2.5 Radiation from Partially Coherent Sources

In Sec. 2.3, the model for radiation from a single source
- region of spanwise dimension £ was extended to a span W over

which the unsteady flow field characteristics (p/qo)z, n, Y were

statistically similar, and over which there was no phase coherence

18



between sources. In practice, there may be situations where

. hydrodynamic source regions are not completely incoherent.

These cases may involve trailing edge flow fields where the

- eddy scales are large, and only a small part of the span (com-
"pared to eddy scales, and a typical acoustic wavelength) is
immersed in flow, such as a low aspect ratio wall jet. 1In

such a case, the eddy structure of the free shear layer may be
partially coherent on each side of the core region, or the edge
sources associated with the large-scale eddy structure may be

in each others acoustic near field. Another case of fundamental
and practical importance is the case of similar (or dissimilar)
flow fields on opposite sides of a trailing edge. 'In this case,
there may be partial cancellation of the acceleration of an

eddy leaving say the upper surface by one of a similar scale
leaving the lower surface, thus reducing the unsteady accelera-
tion and the resultant total sound powér output of the edge
source. The effects of partial coherence, although hydrodynamic
in origin, can be examined:.on a strictly acoustic basis, omit-
ting the flow field detalls which were developed earlier in

this section.

To model the sound radiated from an entire edge, we will
form an array of dipoles, which for the moment will be assumed
to - be aligned either along the same axis, or along parallel
~axes along the edge. Equation (2.15) is rewritten as

2 « 2 2 ' Yo | W
P, (r,o,v) w® P (gxzyzz> (‘59“5,)

The terms p ( ) 3 can be replaced by a dipole force F?
X

Il%

X
(where F = p A pressure X area), and (W/Ey) replaced by m,

which was taken earlier to be the number of uncorrelated sources
along the span. Since it is now to be.assumed that the sources
are not necessarily uncorrelated along the span,-or from upper
to lower surface, the following analysis will essentially be
deriving an alternate term m' to replace m.

Thus, we are now dealing with a familiar relationship be-
tween radiated sound pressure pa, and dipole force F; 1i.e.,

2 m'wZFZ
&

r,2

jsb}
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Let us first consider two sourcés described by strength Fi

and~F2, separated by a distance h. We will then extend the model
" to a more general distribution.

The mathematical model chosen is that of two free field di-
poles acting in each others hydrodynamic field. Since we are
dealing here with an otherwise plane surface and since pressure
dipoles are the only important sources, the axes of the dipole
force are directed away from the surfaces. |

The potential field for a point dipole w1th a given force
spectral density F(w) 1is

_ , . ? © -ikr
¢D = _3ELQL_ ng:il; cosb e
Mnkpoco r? '

+

(2.16)

-To obtain the potential of two such sources, we simply adad
the potentlals: -

¢ = ¢ +
total 1 Qz

In summing the two potentials, we make the following approxi-
mations (all of which are physically and:practically realizable):

1. The observer is in the geoemtric far field.
2. The observer is in the acoustic far field.

3. The sources are in each other's acoustic near field.

This potential then simplifies to

30058 & T ikh cos® ~ikh cos®
uﬂpocor Fl(w) e - Fz(w) e (2.17)
so the sound pressure speqtral density is
2 2 i2kh cos® -12kh cos®B
Ip|2 = 9k“cos”8 FF*¥ +F F¥ - (F F¥ ¢ - + F¥F e )
1671'2]?2 1 1 2 2 1 2 1 2
(2.18a)

20



2ikh cose)

|F |2 + |F |2 - 2Re | F F¥* ¢ (2.18b)
1 2 12

" The first two terms represent the force spectral densities
of each source and the third (bracketed) term shows the effect
that phase relationships may have on the sources. . The third
term need not be small, for if the forces are highly positive
in correlation, the source degenerates into a qyadrupole. For
instance, if F1 = FZ, ' - '

9k2chosze

Ip|2 = sin2(kh cos®)

2m2r?

which, for dipoles separated by a smail fraction of an acoustic
wavelength (i.e., kh << 1) reduces to

9k“F?h2cos“8

omip?

The model thus indicates that the noise radiated from an
edge reglon by collinear but opposed dipole forces (F1 = —Fz)

would 1lncrease up to a factor of U4 (6 dB), while, for parallel
but not necessarily collinear forces of the same sense (e.g.,

F1 = Fz)’ a quadrupole field could be observed, with the dipole

field being comparatively reduced in strength.

The relative strength of these effects in practical cases
may be determined by correlation measurements near the edge
of a surface, both along the span, and from upper to lower
surfaces.

In general, the force (or surface pressure) cross-spectral
density will have a '"co" component and a "quadrature" component.
The "co" component may be represented by positive cross-covariances
which reduce the sound output. The "quad" component may be rep-
resented by negative cross-covariances which give increased sound
pressure and introduce some asymmetry into the sound field. A
limited set of cross-covariance measurements have been made near
a trailing edge, and the results strongly suggest the applica-
bility of this concept. These measurements are summarized in
Sec. 4. : :
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If the sources F and F are equal but completely uncor-

reiated then Eq. (2. 18) gives a simple addition of the two
strengths (+3 dB).

To look at a general distrlbutlon of dipole sources, we may
examine the effects of coherence between hydrodynamic source re-
gions by extending Eg. (2.18) to a more general distribution of
m sources. '

The radiation sound from such a source dlstrlbution is pro-
portional to: : ) ,

p? = w? |F F* + F F* - 2Re (2F F* e1X 4 prp o 3X
a 1 1 2 2 '1_12 : 1 2

$ o= + F F¥ &2 4 p opx o1X 4 ___ etc.)
} S moao

where x 1s khcos®b.

From two adjacent source regions, 1 and 2, the radiated in-
tenslty from the pailr then simplifies to

p2 & w? (FZ + F2 - 2F F )
a 1 2 1 2
The term Fle accounts for the coherence between source regions

and,'if positive, reduces the sound radiation below that which
would be suggested by a simple addition of the mean square values
of the independent sources. The term Fle may be written in

terms of an easily measured normalized weighting function, the
cross-—covariance coefficient, which will be called C12

FF =¢C . F? F?

1 2 12 1 2

For the case of sources F ande2 with similar character-

istics (i.e., F? (w) = F (w), the radiation is

p2 « w? 2F% (1 - C )
a 1 12

22



For m sources with similar characteristics |i.e., F2(w) =
1

F;(w)l , the radiated sound becomes

p? « muw?F? (l - C (w) -C (w) -—— =¢C. (w) etc)
1 12 : 13 im

‘Thus, in the formulation of the'dlpole edge noise radiation
from a generalized situation, we could redeflnelthe "source num-
ber" term, m (= W/El ), in Eq. (2.15) as .

m' = m (l - Clz(w) Q{Cla(w) 4;"’ - Cim(w)’etC-) (2.19)

To utilize this refinement, one must elther measure or estimate
the cross-covariances between various points along the span of
an edge, and between upper and lower surfaces.

It has thus been shown that viewing the trailing (or leading)
edge source with the physical perspective taken in this study —
i.e., that the hydrodynamic acceleration of turbulence near the
edge created localized dipole sources — gives rise to parametric
relationships which can account for strengthening or weakening
of the sound field from an array of such sources along or across
an edge, and the degeneration of the dipole behavior into quadru-
pole behavior, as well as the earlier-described reduction of
dipole radiation efficiency at high convectlive Mach numbers. - The
analysis thus far has beem limited to surfaces which have a dimen-
sion (say, chord) which is smaller (or at least not much larger)
than an acoustic wavelength. This case represents one "limit"
in the acoustic sense. In practice, surfaces which may generate
"edge nolse" are not always small with respect to an acoustic
wavelength. Thus, 1t is of interest to look at the other limit —
a semi-infinite chord surface.

2.6 Effect of Semi-Infinite Surface on Field Radiated by a Near-
Edge Dipole

The semi-infinite surface (or half-plane), although phys-
ically unrealizable, provides a means for analyzing the limit-
ing case of radiation of edge-generated sound by a surface very
long with respect to the wavelength of sound generated by flow

past the edge. It has already been postulated that turbulent

23



flow past an edge of a rigid surface will cause sound to be
generated within a turbulent length scale of the edge. Other
analyses of the rigid half-plane edge noise phenomenon (e.g.,
Ffowcs-Williams and Hall, 1970; Chase, 1972, 1975; Chandiramani,
1974), which have been based upon the premise that the edge
plays an acoustic role but not a hydrodynamic one, have shown
directiv1ty pattern of edge-generated sound which varies like
cos?¢/2 in the plane normal to the surface and as velocity to
the fifth power in intensity, regardless of the Mach number
range. Hayden (1969) attempted to adapt the generalized dipole
diffraction solution of Yildiz and Mawardi (1960) to the trail-
ing edge dipole perpendicular to and near (in terms of wave-
length) the edge of a semi-infinite thin rigid plate*and, in
doing so predicted the same direct1v1ty pattern: (cos?y/2) in the
plane normal to the surface pass1ng through the point dipole
axis as the above investigators, and a sin?6 directivity with
respect to the edge itself (see Hayden, 1972 1973 for details).
However, the model used did not predict a U® dependence but
rather a U® dependence. It has been suggested to the authors
that the Green's function developed by Yildiz and Mawardi (1960)
contains an error and thus the adaptation is incorrect in terms
of velocity effect. Therefore, an alternate, but straightforward,
analysis has been performed using well-accepted diffraction
solutions published by Bowman et al., (1969). The results are
summarized below.

The pressure from a point dipole of source strength D (= Qd,
where Q 1s the monopole strength of two antliphase monopoles
separated by a distance d, which is very small with respect to a
wavelength; (i.e., kd <<< 1) 1is:

wpDk
21mr

ikr

p F(r,w) = - sind e (2.20)

If the same dipole (or pair of anti-phase monopoles separated
by @ <<< A) is moved close to and perpendicular to the edge of a
semi-infinite rigid half-plane, at a distance r' which 1s << A
(i.e., kr' << 1), and the observer is well into the far field

(r >> V/(I")2 + (d?) ), then the pressure field becomes

. 1(kr + n/4)
- _ 1 pwD k cos(y/2) sinb e
Pyp(rsy,9) v e Y N
,/k [(r')2 + (d/u)"’] 2 + kr'
(2.21)
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We have already indicated that the appearance of d is a
result of the formation of the dipole field by two monopoles,
and is very small compared to A. We also assume now that it
1s small with respect to r'.

It is thus obvious that the proximity of the dipole to the
surface 1is important in determining the strength of the field,
and that there is a 1/v¥k difference between the half-plane
pressure and the free field pressure. The differences in radia-
ted mean square pressure (or intensity) can be found by forming
a ratio . ' ‘

. 2
Pyp _ 1 [ 1 ] cos?y/2 sin’# (2.22)
5 i 21{1’"; . Sjil’lzl‘() :
Ppp -
The difference in radiated power is:
1 ‘ ;
'I'[—Hi = 2klr, / , (2.23)
FF :

Using previously-developed concepts for relating source
parameters to flow field parameters, k can be rewritten as

.- fg ) 21rUC (j; .
e 3

o le Co
2x
= A
and r 5

Thus
1 _ Y
2kr'  2TM (2.24)
c

~We thus have the following expressions for a spanwise m
distribution of hydrodynamic dipoles near the edge of a rigid
semi-infinite half-plane (where m = W/Ely, as before)
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’ oM c? ' 2 ’ . -1
HHP = _¢ o y? 22 (_E_) (iL) [1 + 4y*n* (2.25)

24q? X ESz‘y 44 (2n)“Mg
which reduces to
m2pU®e2 | - 2 ' ' T
o T () () ween
6yn'c? y o ‘ o

The . corresponding free field mean square pressure

25592 ; ]
p ( D

. 2:
p; (r,e,p) = ——CX_ ——); sin?y ‘cos?6/2 { ]
HP 16r*c yn* U /- |

(2.27)

Thus, it is immediately obvious that the hydrodynamic dipole:
located immedliately downstream of the edge of, normal to, and
diffracted by, a semi-infinite rigid plane radiates as Mé, as a
low Mach number limit, not Ug as previously published. However,
for finite surfaces, the radiated sound power (or intensity)
will depend on a power of velocity greater than 5 — rapidly
approaching 6 due to diffraction contributions (re-radiation)
by the edges away from the hydrodynamic source. The "middle
ground" (i.e., chord lengths which are neither semi-infinite,
nor small with respect to a wavelength) involves very complex
diffraction solutions which are beyond the scope of the present
analysls. However, for an observer in the geometric far field
of a finite surface of chord C (i.e., r >> C), the radiated
intensity will always have a null in both the upstream and down-
stream directions in the plane of the surface and will always
radiate with an M, exponent >5, assuming flow field similarity
and that one is at an Mg below the value at which the previously-
described downward deviations from a simple -velocity-exponent
based power law begin. The Mach number and turbulent field
dependent modifications of the "radiation efficiency" of a hydro-
dynamic dipole source near the edge of a semi-infinite plane would
be expected to take place in precisely the same manner as for the
"small surface" case, since those deviatlons are source effects,
only the low Mach number asymptote would be Mé instead of Mg
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As a final note on the semi-infinite surface case, 1t is

- of interest to speculate on the M, at which the semi-infinite

surface radiates more (or less) power than the "small" surface
for the same source strength, distance from the edge, etc. Re-
turning to Eq. (2.23),

Typ v

Tpp  2™M,

¢

. o .
As shown by data in Sec. 5, y typically ranges from 2-6, de-
pending on the flow field. For an attached wall flow (e.g.,
wall jet), vy ® 3 1s a reasonable average value. Using that,

Tap 1

.. ° oM °

which means that for M_ < 0.5,
FF , ¢

Typ > Tpp

M>.H<H.
but for > 0.5, HP B
This simple dimensional argument merely points out a pos-
sible trend which can be verified by acquiring very detailled
flow field and simultaneous acoustic measurements.

In summary, it is seen for the first time that several
of the postulated source mechanisms. for trailing edge noise
can produce the same velocity dependence of radiated power
(US or M) for a semi-infinite plane if the convective Mach
number is below the value at which the radiation efficiency
changes (in the case of the hydrodynamic dipole source.

Extension of the two limiting cases to formulations for
"real" surfaces have not been made; however, it is clear that.
the radiated field will depend on Mach number to a power >5 and
that the directivity will have nulls in both the upstream and
downstream directions. The effects of finite surfaces are
examined in more detail in Sec. 3.

Convective amplification effects such as discussed by
Crighton (1975) have not been included in the current formula-
tions. His results show an ilncrease in free field pressures

convection factors of (1-M cos8)” 7, for edge diffraction of

propagatlng acoustic waves, and (1-M cos6) 72 for near field
scattering.

4
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SECTION 3
ACOUSTIC EFFECTS OF SURFACE GEOMETRY

The surface of a plate, airfoil, wing, etc., plays a role
in the generation of the turbulence which is radiated at the
traliling edge by acceleration of the eddies, in the manner
described in the preceding section. The surface is believed
to play a less significant role in modifying the filow field
tneident upon the leading edge of a plate, airfoil, wing, etc.,
although the flow is modified in those cases once the surface
has been encountered. However, in both the cases of leading
edge and trailing edge sound radiation, the surface may play a
significant acoustic role in determining: the structure of the
far field sound — both in the structure of the frequency
spectrum, and in the directivity pattern. These strictly
acoustic consequences of the surface geometry are usually inter-
locked (i.e., at a particular observation angle, the surface
geometry may add structure to the frequency spectrum; or, con-
versely, in a particular frequency band, the surface geometry
may modify the directivity pattern).

In the ehsuing discussion, two of the most significant
acoustic effects of surface geometry are treated.

3.1 Deviation from Point Dipole Directivity

3.1.1 Finiteness correction for coherent "whole body" dipole
radiation

When an airfoil-like surface of finite extent (chordwise)
is much smaller than an acoustic wavelength of the sound gener-
ated by unsteady flow interaction with its edges, the surface
may radiate like a point dipole, or a spanwise array of point
dipoles. 1In such a case, the radiation efficiency is «k?; i.e.,
sound power output increases with the square of the frequency
of the forces, and the directivity resulting from such forces
is a symmetric figure-of-8 pattern, with an intensity variation
following a sin?6 relationship, where 6 is measured from the
plane normal to the axis of the fluctuating forces.

When the dimensions of the surface increase (in the chord-
wise direction) to the point where the wavelength is no longer
much larger than the chord, acoustic cancellation effects re-
duce the radiation efficiency, and the surface no longer behaves
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like % point dipole. The radiatlon efficiency changes from
I « k® to

k2C?

I « —————
1 + k2C?

where C is the chord (see, for example, Hayden, 1972; 1973).

When kC >> 1, then the edge regions radiétetindependently,
and the contribution from the coherent whole body forces is
overwhelmed by the edge regions, which radiate in the manner
described in Sec. 2. o

3.1.2 Modified directivity of edge sources' by surfaces which-
are large with respect to an acoustic wavelength

A point source near a surface will experience a change in
radiation directivity due to the presence of the surface. A
dipole near the edge of, and oriented normal to, a large plane
surface experiences a directivity change and change in radiation
efficiency. Hayden (1969) modeled this as a semi-infinite sur-
face and showed that for near-edge dipoles, the intensity was
modified from a free-field dipole to.a cardiod-shaped baffled
dipole whose directivity can be described by sin?6 cos?y/2. The
directivity of such a source is shown in Fig. 6. If the surface
is semi-infinite, the directivity change 1s simply that shown
in Fig. 6 and given in Eq. 2.14 — namely, the radiation pattern
changes from the axisymmetric free field point dipole source
figure-8-shaped sin?6 directivity (6 measured from a plane normal
to the axis of the force in spherical coordinates) to sin?6
cos?y/2 cardioid-shaped directivity pattern with a maximum along
the plane of surface, instead of the.usual minima found. in a
free field dipole source (Fig. 7).

If the surface is of finite extent (chordwise or spanwise),
then an additional factor must be taken into account; namely
scattering (diffraction) from those edges not associated with
the source generation (e.g., a leading edge will diffract trail-
~ing edge-generated noise, etc.). As shown schematically in
Fig. 7, the diffracted fleld will add structure to the far field
directivity pattern (at a given frequency) and will cause fluctu-
ations in the frequency spectrum at a given point. The strength
of the diffracted field is a function of the distance of the
diffracting edge from the source edge, as well as of the span-
wise extent of the source. The diffraction problem is discussed
below.
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(a) In plane normal to (b) In plane normal to (c) In plane of surface
surface and to span . surface and parallel
to span

FIG. 6. DIRECTIVITY OF POINT DIPOLE SOURCE AT THE EDGE OF A SEMI-INFINITE
PLANE SURFACE. :
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_Whether or not diffraction from a non-source-generating
edge takes place, the presence of the surface will always modify
the directivity of an edge source, and the cardiold-shaped pat-
tern will always be observed near the source (i.e., well away
from the diffracting edge) as long as the surface is not small
with respect to an acoustic wavelength.

3.2 Diffraction by Edges of Finite Surfaces with Localized

Sources Along One Edge :

|

It has been shown that the source of edge noise radiation
can be represented by a distribution of dipoles at the edge or
much less than an acoustic wavelength downstream of an airfoil
or plate. The sound field, which has strong radiation intensity
along the surface of the foll, 'is diffracted at the non-source
edge. The strength of the far field diffraction depends upon
the phase of the diffraction source compared to the hydrodynamic
source, Fig. 8a shows schematically that. for a localized source
S, at the edge of an airfoll, the path lengths x;; to the dif-
fracting edge vary. Thus, unless the hydrodynamlg source is
highly coherent along the span, in which case the path lengths
to the diffracting edge would be similar, or the directivity
effects of the edge sources (which are strong toward the lead-
ing edge) reduce the importance of paths not aligned with the
chord, the diffraction contrlbutlon in the far field may be
relatively weak. ‘

To assess the relative strength of diffraction effects for
practical edge noise situations, and to provide further evidence
that the principal edge noise source is a localized dipole im-
mediately downstream of the trailing edge, a series of experi-
ments were conducted in which the source area was confined in
the spanwise direction to a small percentage of the surface
dimension; the surface geometry was then varied. Figure 8b
shows the various plate shapes tested. The flow field was a
wall jet provided by a pair of 10:1 aspect nozzles (1.27 cm
height x 12.7 cm span) on opposite sides of a rigid plate (thick-
ness 0.635 cm). The distance from the nozzle to the trailing
edge was held constant at 60 nozzle heights. Thus, the source
characteristics can be assumed to be identical regardless of
the geometry of the plate outside the flow field. Therefore,
the only differences in far field spectra would be caused by
diffraction effects of the different surfaces.

The plate shapes included two rectangular plates, over
which the phase and amplitude of the diffraction sources would
vary strongly, and a circular plate with center located 30
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PLAN VIEW OF AIRFOIL

(-o) DIFFRACTION GEOMETRY FOR LOCALIZED SOURCES AT THE
EDGE OF A CONSTANT CHORD AIRFOIL. _

TRAILING EDGE SOURCE LOCATION
(SOURCE IDENTICAL IN ALL CASES)

—ALL PATHS IDENTICAL

_SEMI-CIRCULAR PLATE
(RADIUS = .914m (36in.)

r CIRCULAR PLATE

|
' : /_<‘/(RAolus=.4s7m)
|
SEMI- o PLATE i

¥ TRAILING EDGE
(PATH LENGTHS VARY 30,48 cm RAILING EDGE
AS SHOWN ABOVE) WALE RN " -
NOZZLE =7
1 Pl
1 Qﬁ;ﬂ BASELINE RECTANGULAR
i T|—PLATE .787m (31in.)
! i .6Im(24in)
. S|

(b) PLATE GEOMETRY FOR SIMULATION OF FINITENESS EFFECTS
WITH WALL JET TRAILING EDGE SOURCE

FIG. 8. PRACTICAL AND IDEALIZED GEOMETRIES FOR STUDYING DIFFRACTION
' EFFECTS OF EDGE NOISE.
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‘nozzle heights upstream from the trailing edge which would also

cause substantial phase variations of a localized dipole located
immediately downstream of the trailing edge. Finally, a semi-
circular plate geometry was devised to intentionally create a
fully in-phase diffraction source along the edge of the plate,
thus maximizing the contribution of the edge scattering to the
total far field sound.

A survey of results of far field measurements is shown in
Fig. 9. The effect of surface geometry on the spectrum details
is quite dramatic. . The most notable geometry is the semi-
circular plate which produced strong interference effects in the
spectrum. This result indicates that the assumptilon of & local-
ized dipole source near the tralling edge is apparently valid,
and gives an indication of typlcal relatlve strength of dlffrac—
tion effects. :

To provide more concé¢lusive arguments on the question of a
localized dipole source, an analysis was made of the diffraction
effects from the particular semi-circular plate described above, .
and for the observation position measured. The details of the
analysis are presented 1n Appendix A.. The pertinent results
are presented below.

A dipole source of strength D, was assumed to be immediately
downstream (much less than an acoustlc wavelength) from the trail-
ing edge. The directivity of that source within the boundaries
of the plate was assumed to be sin?6 cos?y/2 (and alternately,
omni-directional along the plate, for comparison). The effective
size of the source region r, was taken to be half width of the
three dimensional wall jet at that trailing edge, and the dipole
strength was assumed to fall as of (rO/r)2 from that point. The
edge diffraction source was also assumed to be an edge dlpole
with the cardioid-shaped directivity of strength D, with the usual
phase reversal due to the impedance discontinuity.

To calculate the perturbations on the "undiffracted" sound
field, a baseline spectrum was derived bty a curve fit through
experimental data from the rectangular plate case (Fig. 10).
The measured total direct-plus-diffracted field for the semi-
plate 1s shown in Fig. 11.

The cbmparison of the predicted diffracted fields for the

~assumed conditions is made in Fig. 12. 'Two cases are shown,

one assuming omni-directionality of the source in the plane of
the plate, and the other assuming the theoretical directivity
of an edge dipole located at the origin of the circular arc
which forms the plate boundary.

)
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' The measured data are plotted on Fig. 12 (displaced in level
for clarity) and are seen to agree well with the prediction of

] the dipcle source model in terms of amplitude of fluctuation of

j : the spectrum and frequency of peaks and nulls in the oscillating
: ‘ spectrum. The disagreement in frequency of the measured peak at
1300 Hz with the prediction is presently unexplained, but may be
! due to errors in replotting experimental data.

S e

RS i R e

39




SECTION 4

! ' REVIEW OF SIGNIFICANT RESULTS OF EXPERIMENTS
: ON SOME ELEMENTARY CONFIGURATIONS

A number of experiments have been performed to isolate both
the trailing edge noise source and the leading edge noise source,
and to provide evidence of the parametric behavior of these sources,
as well as physical phenomena important in the generation and
radiation of edge sound. This section summarizes some of the
key results from a number of definitive experiments. -

VRS W gAY L R

i

4.1 Trailing Edge

The trailing edge experiments which! are described below were
conducted on a configuration first used by Hayden (1969), which
consisted of a rectangular wall jet blowing tangentially over a
flat plate which could be varied in length. The basic configura-
tion 1s shown in Fig. 13. This apparatus was later modified
to produce identical flow fields on both sides of the edge by
adding a second nozzle to the lower side of the plate (Chanaud
and Hayden, 1970). Also, the previously-discussed studies of
"diffraction effects were carried out on a two-sided configuration.

4.1.1 Effect of the edge on hydrodynamic pressure fluctuations

The model for edge sound radiation proposed in Sec. 2 1is
based upon the premise that hydrodynamic pressure fluctuations
cause unsteady acceleration of the medium immediately downstream
of the trailing edge. It also has been suggested that the hydro-
dynamic discontinuity (which is also an acoustic discontinuity)
at the tralling edge may enhance the hydrodynamic pressure
fluctuations.

An experiment on the wall jet apparatus was conducted to
assess the order of magnitude of this effect. First, surface
pressure transducers were located at a distance of 13 nozzle
heights downstream of the nozzle (x/H = 13), at various spanwise
positions relative to the flow centerline (y/H from 0 to 8). The
plate was extended to the wall of the anechoic room at least 300
nozzle heights away. The pressure spectra, shown in Fig. 14,
were similar in shape and level at all spanwise positions which
were in the high velocity flow field (y/H < 6), the highest levels

~

corresponding to positions under the intense side shear layers.
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The plate was then cut off at x/H = 12, and the sensors moved
'slightly upstream. The results showed a significant increase in
low frequency levels and the. appearance of a narrowband peak
associated with vortex shedding from the plate, as shown in

Fig. 15. Figure 16 compares the spectra at selected spanwise
locations, from which it is evident that a 5-10 dB increase in
hydrodynamic pressures 1s caused by the presence of a trailing
edge. -

From these experiments, it is concluded that the sheared
flow field encountering a trailing edge is significantly influ-
enced by the discontinuity, and new hydrodynamlc sources of edge
noise are generated at the edge ;

4.1.2 Dependence of trailing edge- rad1ated sound. on mean velocity
for large but f1n1te surfaces

_ The analysis of Sec. 2 (Egs. 2. 12 2.13) indicates that dipole-
" generated edge sound may vary with flow veloclity (Uo) from U6 at

low Mach numbers, to lower powers of velocity at high Mach numbers
The analysis also shows that the turbulence parameters -intensity,
length scales, and convection Mach numbers, affect the velocity
scaling relationship. Recently there has been some controversy

over the speed scaling laws for edge noise, and some of the con-
clusions presented by Hayden (1972) based on his original wall

jet data (1969) have. been challenged (e.g., Fink, 1975).

Figure 17(a) presents spectral data replotted from Hayden's
wall jet experiments (1969), the original plots of which are
reproduced in Appendix B for reference. The speed range covers
over a factor of 3, from 28.35 m/s (93 fps) to 90.22 m/s (296
fps). - The flow field regime is the so-called characteristic
decay region in which the trailing edge is located 16 nozzle
heights downstream of the nozzle. The spectra are seen to
increase in level with velocity and shift toward higher frequen-
cies, as would be expected from the usual similarity considera-
tions. However, some features of the spectra, particularly a
null in the 1000 Hz 1/3-octave band and a peak in the 1250 Hz
band, do not shift with frequency. These features are undoubtedly
due to diffraction of the trailing edge sound by the edges of the
plate side, or leading edge (the plate protruded .3m to either
side of the nozzle) at about .3m upstream of the nozzle. As
shown in Sec. 3, enhancement of lower frequencies should also
be expected due to diffraction effects.
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The raw spectra were scaled to a veloclty of 84.4 m/s (277

‘fps) by increasing the level according to a U® law, and shifting

frequency linearly with velocity. The results are shown in
Fig. 17(b), which indicates good collapse using the U® law,
and the scatter caused by the apparent diffraction effects.

.To attempt to clarify the issue further, the raw data was

smoothed to qualitatively remove the diffraction-related peaks
and nulls (Fig. 17(c)), and re-plotted after scaling according
to U®, as shown in Fig. 17(d). The scatter in Fig. 17(d) 1is
much reduced from that in Fig. l7(b) Both scaling exercises
support the low Mach number 1limit Mc scaling laws outlined in

- Sec. 2.

1

A similar scaling exercise for data from the so-called radilal
decay flow regime of the wall jet (x/h = 60) (Fig. 18a) shows the
same good collapse and U® ‘basis (Fig.'18b), although the velocity
range is more limited. However, in this regime, the plate is
larger with respect to a wavelength from the plate used in the
characteristic decay region experiments. Original data curves
are also provided 1n Appendix B for these data. :

These data support the edge dipole model presented in Sec. 2,
although, since Mach numbers were below 0.3 in all cases, the
higher Mach number effects (change in velocity dependence) pre-
dlicted by the model have not been tested. The above scaling ex-
ercise also reaffirms the conclusions:reached by Hayden (1972) as
to the appropriate velocity scaling for the low Mach number wall
jet data, although the leading edge diffraction effects in the
spectra were overlooked in the 1972 report. The transition re-
gime between finite surfaces which obey acoustically '"small"
scaling laws and those exhibiting quasi-semi- inflnlte behavior
thus, remains to be defined.

4.1.3 Directivity

In Sec. 2, the model for directivity from an edge dipole
near a large surface was gilven as sin?6 cos?y/2 factor when the
observer is not well into the geometric far field.

Experimental data supporting that model were presented by
Hayden (1969) for wall Jet flow over one side of a trailing
edge, and by Chanaud and Hayden (1970) for flow over both sides
of an edge of a large plate whose chordwise dimension was

- approximately 1.2m (4 ft). The data from the latter case are

presented in Fig. 19 for various frequency bands. Good agree-
ment with the predicted cardiod-shaped pattern is seen, thus
supporting such a model for the semi-infinite surface case,
although the surface was anything but large with respect to a
wavelength at low frequencies (e.g., at 200 Hz, kL = 6; at

100 Hz kL =~ 3).
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4.1.4 Effect of trailing edge thickness

Two measurements of the effect of edge thickness on edge
sound radiated from flow on one side of a surface have been
made, and are shown in Figs. 20 and 21. The first, from

~ Hayden (1969), shows reduction in free field sound pressure

level at a position normal to the trailing edge of the plate.
It was not established whether or not the directivity of the
sound field was changed by the thicker edge, thus no con-
clusion on the principal effect of the thickerjedge could be
drawn. However, the second experiment, conducted by Bender,
et al (1972) in a reverberant room, indicates' that 1ncreased
edge thickness reduces the power output of the edge source,
as shown in Fig. 21.

Although the explanation for this phenomenon is not clear,
and diagnostic measurements have not been carried out to date,
it 1s clear that the edge thickness controls the local flow
streamlines and may thus. influence the stability of the near-
edge flowfield.

4.1.5 Effect of flow on both sides of an edge

A very important practical case of interest is the effect
of flow on both sides of an edge. The analysis in Sec. 2.5
indicated that sound output could be either reduced or in-
creased, depending upon the correlation between the upper and
lower surfaces. The data in Sec. 4.1.4 also suggest that the
thickness of the edge might play a role in the correlation
between upper and lower surfaces.

An experiment has been conducted on the two-sided wall
jet configuration described above, for a plate length of 60
nozzle heights (L/h = 60). Pressure sensors were placed
simultaneously on the upper and lower surface near the edge
and the pressures were cross-correlated at zero time delay,
thus deriving a cross covariance coeffic1ent CAB between the
upper and lower surface
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The cross covariance, measured in frequency bands, 1s shown
in Fig. 22. Relatively high values of Cpp(0) are seen at low
frequencies, falling off toward higher frequenciles. The cross

‘covariance coefficient becomes strongly negative around 1000
"Hz, which corresponds to a suspected vortex shedding from the

0.25 inch thick plate. The positive values of Cpp at low
frequencies which decay toward higher frequencies is indicative
of the large eddy scale frequen01es which do not cancel one
another across the edge. : : ,
. ! , -
This data, combined with the considerations presented in

"Sec. 2.5, suggests that the far field sound spec¢tra should

reflect the variation in partial coherence of the independent
source regions. Figure 23 compares the sound radiated by a
trailing edge with flow over one side with the same edge having
‘the identical flow on both sides. At low frequencies the two-
sided flow actually generates less sound than the single sided
flow. Around 1 kHz, the vortex shedding and the negative cross
covariance of the two-sided flow is in ‘evidence, as the socund
radiated increases above the level of the one-sided flow. At
higher frequencies, the edges appear to radiate independently
(i.e., total SPL increases ~3 dB), as would be indicated by the
cross covariance. o

Thus, it 1s shown that the differential pressure across an
edge 1s the important parameter controlling the unsteady accelera--
tion of the medium near the edge. The data presented above tend
to provide further evidence in support of the applicability of
the model proposed in Sec. 2.

4.2 \Leading Edge Experiments

The leading edge sound source becomes important when one
airfoil or other surface is exposed to turbulent inflow. Some
experiments and numerous analyses have been conducted on air-
foils in turbulent inflow, but in these cases, it is difficult
to isolate leading-edge-generated sound from the 1lift response
of the entire airfoil, and possible trailing edge sources,

“although the previously described method of relating surface

flow field parameters to far field sound would enable such
isolation of sources.

To develop a data base on the leading edge source without
the complexities of using correlation methods to isolate the
source, an experimental configuration was devised which would
ensure that sound measured was generated by flow impingement
on a leading edge. This apparatus, shown in Fig. 24, utilized

i
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a free jet (diameter 1.27 cm) blowing on a "semi-infinite"

wedge (30° wedge angle). .The jet position relative to the wedge
could be varied using an x-y table. The tip of the wedge was
instrumented with surface pressure sensors, and could also be
replaced with tips of varylng leading edge radius, and of other
materials. All measurements were conducted in an anechoic

roonm. '

4.2.1 Velocity dependence of leading edge-radiated sound

The effect of mean veloclity on the spectrum level of leading
edge noise was examined. Typical spectra are shown in Fig. 25.
The velocity range extends to about My = 0.8, which could
produce some deviations from the low Mach number M® velocity
law derived in Sec. 2.

. The data are then scaled to the hlghest velocity (262 m/s)
using a U6 law, with frequencies shifted linearly with velocity.
The result is shown in Fig. 26. It is evident that below the
spectral peak, an M® law is applicable, but above the spectral
peak, some deviation toward a lower power occurs. In Sec. 5,
the effect of the Mach number correction will be computed, and
it will be shown that the velocity scaling laws predicted in
Sec. 2 account for the differences at high frequencies shown
in Fig. 26.

4.2.2 Directivity of leading edge source

Figure 27 presents spectra taken at various azimuths in

a plane normal to the jet centerline and the wedge-surface.

The spectra are seen to increase quite uniformly going toward
the surface until the microphone 1is just off the surface. The
increase beyond 6 = 90° provides support for the cardiod-shaped
directivity pattern expected for an edge dipole. At about 6 =
120° and above, the high frequency levels decrease below those
expected from a simple directivity pattern. This dropping off
is believed to be due to refraction of the high frequency -
originally directed along the surface - by the shear flow which
attached -.to the wedge. The low frequency peak at 150° in Fig.
27 1s believed to be due to flow impingement on the microphone.

The directivity can be visualized more clearly by replot-
ting selected bands on polar plots as is done in Fig. 28 (a-c).
The cardioid shape is evident in all bands. In the high fre-
gquency bands (fD/U = 1.5), a typical flow-refracted direc-
tivity shape is ev1dent near the wedge surface.
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Another set of directivity measurements was made on the
same apparatus using a flat plate instead of the wedge. The
urgose of these measurements was to verify the entire
sin®0 cos?y/2 pattern which is predicted by the edge dipole
model. The results shown in Fig. 29 (a-c) strongly support
the model, as can be.seen by comparing with Fig. 6.

The directivity measurements of the leading:edge source
thus provide evidence that the edge dipole is an, appropriate
model for turbulent flow impingement on a leading edge.

4.2.3 Effect of d1stance of edge from nozzle exit on radiated
noise .

The effect of distance between 'a jet exit and leading edge
of a flap, or other surface, is a cadse of practical interest.
The experimental setup discussed above readily allowed a sur-
vey of this effect. The results are shown in Fig. 30, and
indicate an 1ncrea51ng level and decreasing peak frequency
As the edge is moved away from the jet with the levels peaking
at x/D = 7.5, which is slightly downstream of the end of the
potential core. This trend reflects the essentially constant
maximum velocity over the range x/D = 0 to x/D =~ 6 and the
axially increasing wetted area of turbulence and the increas—
ing scale of turbulence with increased downstream distance.

The constant velocity and increasing length scales with dis-
tances up to x/D = 6 account for the decreasing peak frequency
while the increasing span exposed to turbulence, and the con-
stant peak velocity account for the increased levels.

Beyond x/D = 6, the peak velocity falls off with distance
while the length scales continue to increase, as does the
wildth of the jet. The scale effects and the reduced mean
velocity account for the lowering of the peak frequency, while
the reduced velocity effect apparently dominates the increasing
wetted span thus accounting for the reduced levels.

4.2.4 lLeading edge radius

The leading edge of the wedge was changed to allow exami-
nation of the effect of increasing radius on sound generation.
Radii up to 0.635 c¢m (.25 in) were examined. The results, shown
in Fig. 31, indicate a significant effect when the edge radius
becomes on the order of typical turbulence length scales. No
dlagnosis of the effect was made. However, in view of the di-
pole model, some effect on the rate of acceleration of the
‘turbulence encountering the edge, or in the cross covariance
from upper to lower surface would be predicted a posteriori.
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FIG. 29b. MEASURED DIRECTIVITY OF LEADING EDGE SOURCE IN PLANE
NORMAL TO EDGE AND JET AXIS.



FIG. 29c. MEASURED DIRECTIVITY IN PLANE OF SURFACE.
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SECTION 5

COMPARISON OF EXPERIMENTAL DATA WITH PREDICTION
OF EDGE DIPOLE MODEL

The theoretical model developed in Sec. 2 for edge dipole
radiation requires knowledge of a number of physical parameters
having to do with the unsteady flow field in order to arrive at
a detailed calculation of the radiated sound spectra.

These parameters (given, for example, in Egs. 2.1l4 and 2.15)
are the convection Mach number M., length scales &y, Ly, 15,
axial separation between eddies (Y), spanwise separation between
eddies (&), and the intensity of the unsteady flow as represented

by the surface pressure fluctuations (p7q ). All these para-
meters vary with frequency for a given flow speed, and all may
be influenced by Mach number' and Reynolds number.

In view of the recent development of the model which re-
quires all these parameters, it 1s not surprising that available
experimental data typically do not provide both these flow field
parameters and radiated sound spectra at the same time.  Fortu-
nately, there are at least two experiments in which sufficient
detailed specification of the flow field was made, which will be
used for comparison of predicted sound radiation with measured
sound from the same configuration. Neither case is an 1dealized
flow field or geometry, but both are of practical significance,
and both involve convective Mach numbers in the range where the-
deviation from the low Mach number 1limit might be expected.

5.1 Trailing Edge Noise

The ¢onfiguration chosen for a calculation of trailing edge
noise is a large scale upper surface blown flap which was tested
at NASA Lewis Research Center (Heidelberg, et al., 1975; Hayden,
Galaitsis and Alakel, 1975). The tests of Hayden, et al., were
designed to diagnose the noise sources on the flap and included
far field sound measurements, surface pressure spectrum measure-
ments (p/q,), surface-to-far fleld correlations, and limited
length scale measurements of the surface pressure field.

The geometry of the test apparatus is shown in Figs. 32 and

- 33. The flap was set at a nominal deflection angle of 60° and
had a constant radius of curvature of 1.94m (76.5 inches).
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Since no 2, measurements were made in the actual experiment,
it is assumed that %; = %y. The calculation of the far field
levels 1s made from Eq. 2.15, which is modified by the above
assumption to be ‘

= | ‘ |
pa(r.8,9) ( y )(H&) (&_)2 (2 22)**/3 nsin®8 (o 4y
— EQy Uo _ ylx jx y . 2.2

2 2r-c
ps : . O

neglecting the "large surface" effects on directiVity:for now.

Altérnatively,
pitmew = 61 e (A0) (L) (3 7\ [reme] (5.2)
pa 3 3 . s gg‘ ' U X y > s .
y o 2r s

where UC/YSLX has been replaced by frequency, f. The last term

is equal to 3.1 x 1071° for the particular case which is computed.

A position of ¢ = 60° relative to the trailing edge was chosen; and
6 = 90°, and r = 30.5m (100 ft). The far field measurements were
made on a rigid ground plane and were converted to an equivalent
free field condition. Figure 34 gives the flow field parameters
derived from the length scale measurements in various freqguency
bands. Note that £, and &, decrease with frequency, but not

in a simple monotonic fashion as is often assumed. It 1is also
surprising that for the USB flow field, the spanwise length

scale ly is actually larger than 2y in certain frequency bands —
a trend that may be related to the effects of the convex surface.
The relative convection speed was assumed to be 0.7 at all
frequencies, since only a single broadband measurement was taken.
Note in Fig. 34 that two flow field zones are identified on the
flap — Zone I which is under the outer shear layers, and Zone II
whlch is under the attached flow along the centerline of the flap.
The length scale data given in Fig. 34 is from measurements in
Zone II. However, some variations in turbulence parameters,
especilally the intensity spectrum (p/qd) and convection speed
Uc/Us would be expected in Zone I, due to the highly three-
dimensional nature of the flow field.
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Figure 35 shows measured surface pressure spectra in Zones
I and II, and the measured far field spectra, as well as pre-
dicted far field spectra using Egq. (5.2) and the parameters
given in Figs. 34 and 35. The spectra were predicted for each
zone and added incoherently to arrive at the total far field
spectrum. The curve labeled "Predicted SPL from Zone I" in
Fig. 35 is that predicted from one side shear layer increased
by 3 dB at all frequencies to account for the contribution from
the other shear layer.

The agreement between prediction and measurement is. good
at high frequencies. However, the low frequency peak is over-
predicted. A possible explanation for the over-prediction at
low frequencies may be that the actual convection velocity in
Zone II is lower than the assumed value of 0.7 Uy in the low
frequency bands. Also, the directivity effects of the large
surface are not taken into account in the analytical model.

5.2 Leading Edge

The previously-described leading edge noise apparatus
(Sec. 4) provided some surface pressure and far field noise
data, which was supplemented by flow parameter data measured
by investigators of free jet turbulence structure. The combina-
tion of these data allows a calculation of noilse from an isolated
leading edge noise source which uses the model developed in
Sec. 2, with no change 1n d1rectiv1ty or velocity exponent from
the point model.

~5.2.1 Leading edge of a wedge in a free jet at x/DO =5

The location of the leading edge at x/Dy = 5 was chosen
for a calculation since data was available from the literature
on length scales in the axial and radial direction in various
frequency (Strouhal number) bands, and convectlon speed data
was also taken in different bands, for a round subsonic get in
the same Reynolds number range (Scharton and White, 1972

The measured flow parameters at x/D. = 5 for an exit velocity
of 210 m/s are shown in Fig. 36. The ax?al length scale 1s seen
to decrease nearly monotonically with frequency, while the radial
length scale, %y, 1s a complicated function of frequency. The
convection velocity has an asymptote of Uyo/Uy = 0.6 at low
frequencies (Strouhal numbers <.1l) and increases slowly to an
upper bound of Uc/Uo ~ 1 at Strouhal numbers above 1.0. Referring
to the equations developed for predicting dipole edge noise (such
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as Egs. (2.14) (2.15), (5.1) and (5.2), it 1s evident that

this variation in convective Mach number will have a significant
effect on the spectrum level. It 1s also evident that the con-
vectlive Mach number 1s high enough in this particular case to
possibly cause a variation from the Mé law of sound pressure

~ level (or power level) generated from the edge source. The yn

product varies from about 50 at low Strouhal numbers to about 6
at high Strouhal numbers. Figure 36 shows the radiated SPL
spectrum from the leading edge of the wedge, and, the measured
surface pressure spectrum on the leading edge'of. the wedge when
x/D_ = 5, : - :

o]

The calculation procedure choseﬁ is thejcomputation of the
ratio between the spectrum of far‘fﬁeld sound pressure [p2(r,6)]

and surface pressure (Eg), which is ‘also given in ajlogarithmic

convention as "SPL - FPL." Equation (5.1) is used in this computa-
tion, and is, of course, fully equivalent to Egs. (5.2) and (2.11).

The measured parameters shown in Fig. 36 are used in Eq. (5.1)
in various frequency bands; the effective wetted span, W, was
taken to be Do, the nozzle exit diameter, and the normalized
spanwlise separation between eddies of scale Ry, £, was taken to
be 1.

The results are plotted in Fig. 37 for two cases: first,
using the low Mach number 1imit (which is indeed represented by
Egs. (5.1) and (5.2), and secondly using the deviations from the
low Mach number 1limit which are given by Eq. (2.11), and plotted
in Figs. 4 and 5. The effect of the high M, correction becomes
significant above about 15 kHz (fD,/U, > .9) for the particular
case computed. When compared with the measured SPL - FPL, the
shape of the predicted curve agrees well with that measured at
all frequencles when the high Mach number correction is applied.
The level of the predicted SPL - FPL is about 3 dB below the
measurements at all frequencies. This discrepancy would be re-
duced 1s the assumed W were W > Dy (e.g., if W were taken as 2D,
the curves would be essentially in agreement).

The results of this calculation are highly encouraging in
that the importance of using actual length scale parameters at
all frequenciles has been demonstrated, and the high M, effect
predicted by the dipole model of edge noise has been 8emonstrated
for actual &n values. The close agreement between prediction
and measurement strongly supports the applicability and detail
of the model developed in Sec. 2.
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5.2.2 Leading edge of a wedge in a free jet at x/D0 = 10

, As discussed in Sec. U, the experiments performed on the
leading edge of a semi-infinite wedge included a number of axial
separations between the nozzle and . leading edge. A calculation
of the radlated sound at x/Dy = 10 is now performed using measured
SPL and FPL spectra, but without the benefit of actual measured
values of lx’ Qy, Uc/Uo in frequency bands atisuch an x/D posi-

tion. These parameters were extrapolated from the detailed data
taken at x/Dy = 5 by Scharton and White (1972) by (1) assuming
that length scales increase linearly with distance from the end
of the potential core (i.e., Qx’ 2yiat x/DO = 10 -are twice the

values at x/Dy = 5 and v, n are the ‘'same for both x/D positions),
(2) using the maximum local velocity ULmaxéat x/DO = 10 as 0.75 Uo’

a commonly-measured value for round subsonic jets, (3) assuming
that UC/ULmax at X/DO = 10, is similar to that at x/DO = 5, and

(4) using W = 2D, as the effective wetted span at x/D, = 10 to
reflect the radial growth of the jet at that distance. o

_ The measured SPL and FPL spectra are shown in Fig. 38, along
with the results of the calculation of SPL - FPL. The computed
SPL - FPL agrees well with experiméental data at low frequencies
(up to the Strouhal peak), but is considerably lower than the
measured values for the next two octaves. The two values con-
verge at high Strouhal numbers, but perhaps artificially since
the high M, correctlon was not applied.

The discrepancy between prediction and measurement at high
Strouhal numbers probably indicates that the extrapolation of
turbulence and convection speed data as described above was too
crude. However, the fact that the spectrum shape is predicted
quite well 1s supportive of the model developed in Sec. 2.
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SECTION 6
SUMMARY AND. CONCLUSIONS

This study has dealt wilth identifying and characterizing
factors which influence sound generatlion by, and radiation
from, the edges of surfaces which are exposed to unsteady flow.
Edges of such surfaces have been shown to cause both strictly
acoustic effects (l.e., scattering of evanescent pressure fields
from turbulent flow, as shown by Ffowes-Williams and Hall (1970),
Chase (1972), Goldstein (1974), and Chandiramani (1974), and
diffraction of sound generated in the vicinity of the edge), and
hydrodynamic effects 1n the form of generation of new hydro-
dynamic sources (turbulent eddies released from an unstable shear
layer) 1n the immediate vicinity of the edge. The latter aspect
was treated in detail in the development of an analytical model
which describes the radiation of edge-generated sound 1in terms
of detailed descriptions of the turbulent and mean flow para-
meters.

The hydrodynamic dipole model of edge noise shows that the
predominant physical effect which takes place at an edge is an
almost discontinuous acceéleration of the medium, in a dilrection
normal to the plane of the surface, caused by the abrupt change
in boundary conditions encountered by turbulent eddles, and’
that this process takes place essentially within one scale
length of the edge, thus making the source acoustically compact
in the streamwise direction. ;

The model explicitly develops the role of the velocity and
Mach number of the eddy convection past the edge, and the impor-
tance of relative scale lengths of the turbulence, as well as
the relative intenslty of pressure fluctuations.

The Mach number (velocity) effects show that the important
parameter is the convection Mach number, M,, of the eddies; the
radiated power from the edge of an acoustlcally "small" surface
varies as M6 at low Ma, to lower powers of M. as M, approaches
unity — the departure from the familiar U law depending upon -
the isotropy of the turbulence (i.e., £,/%), and the axial (flow-
wise separation (y) between eddies of axial scale 2,. Thus, the
effects of turbulence scale lengths (%x,%y,%;), the ratio be-
tween axial scale and mean scale length (n), and spatial density
(separation) of scales (y and £) are shown to be very important
in determining the level and spectrum shape of edge sound radi-
ated. For semi-infinite surfaces, the low Mach number 1limit on
velocity exponent 1s predicted to be M5 for the edge dipole
mechanlism, the deviation to lower powers at M > 0.3-0.5 occur-
ring just as in the case of the acoustically-compact surface.
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Based on the contribution of diffraction from the non-source
edges of finite surfaces, it 1is expected that the velocity
exponent on radiated power will tend toward Mg (low Me limit)
when the observer is 1n the geometric far field, even though
the surface may be very large with respect to a wavelength.

Experimental data presented for large finite surfaces tend
to show a definite although not completely unambiguous trend
toward the Mg limit. Future analyses and experiments should be
made with an objective of determining at what ratio of surface
size (chord) to acoustic wavelength the behavior changes from
a compact-surface-type behavior to a semi-infinite surface-type
behavior. The experimental data reviewed herein suggest that
this transition occurs at a surface dlmen51on many times an
acoustic wavelength. :

The effects of coherence between independent source regions
was shown analytically (and experimentally) to be an important
effect, although, in practice, a weaker effect than relative
and absolute eddy scale lengths and Mach number. However, the
coherence between source regions is also related to eddy scale,
and Mach number, since it is a function of frequency, which is
in turn determined by the convection velocity and axial scale
separation of the turbulence. Coherence between source regions
across an edge can increase dipole sound power levels by up to
6 dB, or can decrease dipole sound and cause degeneration to
higher order sources (which will have velocity scaling laws
with exponents greater than 6, and directivity patterns different
than the edge dipole source). -

The directivity of dipole sources located near an edge has
been shown by analysis and experiment to deviate from a free
field dipole. For surfaces much larger than an acoustic wave-
length (approaching semi-infinite), the d1rect1v1ty of edge dipoles
approaches the half-plane limit of (sin?8cos?y/2), a cardioid
shape in a plane normal to the surface passing through the di-
pole axis. For surfaces which do not approach the semi-infinite
limit, the far field sound intensity pattern becomes modified
by diffraction at the edges of the surface (which are not involved
in the generation of the particular source), the exact effects
being a function of surface geometry.

Experimental data was presented which provides support for
the dipole edge noise model in terms of Mach number (velocity)
scaling, parametric dependence on flow field parameter, direc-
tivity, and edge diffraction effects. Additional empirical data
indicates that the source level of both leading and trailing
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edge/edge sources are affected by edge thickness and/or radius
of curvature. One limitation of the present study was the lack
of experimental data in which both the flow parameters needed
to calculate the radiated sound spectra, and the radiated sound
spectra themselves were measured.

_ The modelling approach developed in this study allows the
radiated field to be viewed as a ratio to the surface pressure
field, along the lines proposed by Chase (1972). The ratio

p;(r,e;w,w)

1

p;(w)

is set equal to a complicated function of flow parameters, and
physical parameters of distance, surface dimensions, and physical
properties of the medium. The right hand side may thus be viewed
as a "transform" or "transfer function" between surface pressure
spectrum and far field spectrum. This transform has been shown
to be non-unique, i.e., it will vary from one flow field to
another and, as a function of Mach number for a particular flow
field. Nevertheless, the concept has practical significance 1if
the base of experimental data can be expanded to include: ~

.(1) the distance, in axial length scales, from an edge at
which to measure Pg 2(w), and

(2) a catalog of length scale and convection speed data
for various flow fields as a function of Strouhal
number.

Given this addltional data, one could make surface pressure
spectrum measurements near the edges airfoils on flying air-
craft, wind tunnel models, rotors, etc., and make a reasonably
accurate estimate of the far field sound spectrum, glven the
knowledge of mean flow and geometric parameters, and resolution
of the aforementloned question of how many wavelengths long a
surface must be to begin exhibiting "semi-infinite" behavior.

Nevertheless, the apparent simplicity of the transform
concept does not mitigate the need and desirability of making
surface pressure field measurements with multiple sensor arrays,
with time-domain effects preserved to assess convection speed
and length scale parameters for each case of interest.

81



Finally, the model developed 1in this study does not éex-
plicitly account for diffraction effects, or moving medium
effects, both of which could readily be added as an effective
directivity term. '
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APPENDIX A

SIMPLIFIED MODEL OF DIFFRACTION OF TRAILING EDGE SOUND
BY A LEADING EDGE

The preceding sections have showh that the primary source
of trailing edge radiated sound 1s a distribution of dipoles
along the trailing edge. However, the total sound field con-
sists of, not only direct radiation from this 'distribution,
but also the scattered field from the leading edge of the plate
over which the flow passes. An experiment was designed to
emphasize this effect by replacing the large rectangular plates
used for studying the trailing edge nolse mechanism by a semi-
circular plate. The plate was large: enough so that :the source,
provided by a small wall jet, would be concentrated near the
geometric origin of the .semicircular plate. Thus, because of
the symmetry of the semicircular plate with respect to the
source (and observation point which was along the z-axis), the
diffraction sources are all equidistant from the observation
point and hence, are likely to produce a stronger in-phase dif-
fracted field than leading and side edge scattering from the
rectangular counter parts. The experiment data does indicate
peaks at discrete frequencies for a semicircular plate, and
hence constitute quantitative support for the assumption that
the sound source 1s localized at the trailing edge. In the
following sectlon, we have provided a simplified analysis of
the sound field produced by these sources.

Analysis of Diffracted Field from Leading Edge of a Rigid Semi-
circular Planform Plate with a Localized Trailing Edge Source
at the Origin

Consider a point dipole which is oriented in the z-direction
and locate at the origin of a spherical coordinate system. The
rigid plate is in the r-y plane, and the assumed directivity of
the dipole, which is cardioid in shape 1s shown in Fig. A.1l.

The acoustic veloclty 1s opposite in sign on the upper surface
with respect to the lower surface. The strength of the direct
radiated point dipole field falls off 1like 1/r? from the source.
Since there is a point of inflexion on the surface, it 1s out of
the near field that the scattered field from the surface cancels
out, when integrated over the entire surface. Hence, we are
1eft with the source dipole at the origln and a weaker "image"
dipole all along the boundary of the plate.
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The following analysis 1s restricted to the convenient
geometry of the semicircular plate and an observer along the
source dipole axis, which happens to correspond to a measured
.case. Let the observatlon point, O, be at a distance z, from
“the origin, along z-axis. Let distance from the image dipole
to the observation point by z,. Let D, and D, be the strengths
of the dipoles at unit distances, respectively. Then the total
field at O is given by: '

k?D, pc , U oy ' ikz (A1)
e - -l H '

where y, is the angle between the axis 'and the observation point
(Fig. A. 1) The field due to the image source over a sector Ld6

k%D, pc , Vs oy ikz, :
p2 = - V’ZZ COS —2' 1 + kZZ e L.de D(6)

where D(8) is the directivity of the source at the origin. Ignor-
ing the effect of directivity and integrating in the 6 plane
leads to

~k?(D,L)pc v [1 . 1 ] ei(kz2+n) (n.2)

P, = Oz cos . -
2 2

where (D,L) denotes the total strength of the image dipole.
Since the total strength of the dipole field varies as 1/r?
we have

D, eikL

(D,L) = —-—— a3
(L*)

and the total field, which is the sum of Egs. (A.1) and (A.2) is
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z cos? /2 i(kz~+kL+ ) 4
. mZ, wz e 2 i | (1,+ iz ) (A.14)
272 cos? y /2 :

The mean Square pressure 1s given by

. 4y 2 2 D2 w : ' ' .
(p « p*) = KL c - cos' — 1+ = +oc2f1 + 2
16,”2 le . : kzzzl 0 ' kzzz

sin k(z,+L) ~sin kz \
- 200 CcOS k(22+_L) + k22 coSs kzl - -]

cos kz, cos KZZ+L5
+ _—EE?— + sin %z, Tz '+ sin k(z,+L)

2

N ——

where . (A.5)

nz cos? 2
Co = ! wz/ (A'6)
L%z ‘

2 cos? wl/z

The fluctuating part of the field is glven by the terms in
square brackets, which has been computed for various frequencies.
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Ap(f).=(l+ 1 2+c:2(1+ 1
(kzI) 0 K22
sin kf{z,+L) . sin kz,
- 20y {cos Kz +L) + cos Kz, - —p —
.kzz %1
b
o8 kzl . coSs k(Zz+L) )
+ | —= +81n.kz1 = - +sin k.(z +L)
1 ,

,
' (A.7)

As we increase frequency, the’ asymptotic limit for the fluctuatilng
pressure will be, (as kz kz > )

Aap(f) = (1+C2) - 2C < cos k(z,-z +L)  (A.8)

Hence, the fluctuating part has a frequency of

c
0

f = — (A.9)
b 4 (zz+L—z1)

and amplitude C ~ 1/L% z /z )’ where c is local speed of sound

and essentlally is due to the finlteness of the scatterer. If
the scatterer dimension were to be infinite, the frequency as
well as the amplitude would tend to zero, hence, no measurable
fluctuations in the pressure are found.
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APPENDIX B
EXPERIMENTAL DATA FROM WALL JET/TRAILING EDGE NOISE TESTS

In thilis appendix, the raw laboratory data taken by Hayden
(1969) is presented. The configuration tested was a flat plate
of varying lengths and width of 24 inches in an anechoilc room,
with a single 0.5 in x 5.0 in rectangular wall jet blowlng on
one side of the plate as the flow field. The configuration is
shown in Fig. 13. (Section 4 of main part of text.) Exit
veloclties were varied up to about 300 fps. ‘ ‘ .

The data shown in Fig. B.1l is from the flow regime which
is Just beyond the end of the potential icore of a 10:1 AR wall
Jet; this regime is sometimes called the characteristic decay
regime. The microphone was positioned normal to the trailing
edge at a distance of 60 inches (5.0 ft) on the side opposite
that to which the nozzle was attached The ambient temperature
in the room was about 100°F '

Figure B.2 shows similar data for a larger plate (30 inches)
which has the trailing edge located in the so-called radial de-
cay region of the wall jet. The microphone was again positioned
normal to the trailling edge, on the side opposite that to which
the nozzle was attached, at a distance of 30 inches (2.5 ft). '

The purpose of these tests was to examine the effect of
mean veloclty on the spectrum and level of trailing edge radi-
ated sound. In both Figs. B.1l and B.2, data below the 63 Hz
band should be ignored due. to background noise in the room, and
due to the size of the anechoic room. In Fig. B.la, the levels
at frequencles below the 125 Hz band are thought to contain
background noise contributions.
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