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Abstract three semi-infinite plat€s Further extensions
include diffraction by a thick plafe a periodic
The shielding of noise radiation by interposing a array, a cylinde? and a torud The scatter-
flat plate between the observer and source is con-ing method i{) specifies reflection and transmis-
sidered, using Huyghens’ principle to replace the sion coefficient®, e.g. for tube junction&12,
real source by a virtual source distribution out- impedanc& and shedf*'® layers, including
side the plate. A shielding factor is introduced cases of multiple scatterib®!’. The Fourier
as the ratio of the acoustic pressure received by method {ji) uses the pressure distribution in a
the observer in the presence of an obstaicke ( Fourier radiation integra1®, e.g. to represent
the plate) and in its absendee( in free space).  the effects of turbulent shear lay&tsand ran-
The shielding factor is calculated for arbitrary ob- dom wall lining€! on acoustic field&23, The
server and source positions relative to the plate, Fresnel methodi\) uses a distribution of virtual
and is simplified for observer in the far-field and source$*2° to represent acoustic radiatfSrt’.
source in the near-field, and then for both in the Since it is the simplest, it may be used as starting
far-field. The shielding factor is plotted as a func- point for further elaboration.
tion of source position relative to the plate, for The geometry considered here is motivated
an observer in the far-field and a range of fre- by the problem of engine noise shielding by the
quencies in the audible spectrum. This simulates wing and fuselage of an airplane. Most cur-
the effect of engine position relative to the wing, rent airliners have engines mounted in under-
on fly-over noise, for an airliner with overwing wing nacelles, allowing direct sound radiation
mounted engines, over the noise spectrum of rel- to the ground, besides reflection from the un-
evance to airport noise. derside of the wing and fuselage. A pioneer-
ing aircraft design from the 70s was the VFW
614, which had the engines in overwing nacelles,
which is a configuration providing shielding of
The effect of interfaces, obstacles and slits on €ngine noise. Since this aeroplane reached only
the propagation of sound can be studied by sev- Prototype stage, and was not widely operated,
eral techniques, including)@iffraction, (i) scat-  there is little experience with such noise shield-
tering, (i) Fourier and i) Fresnel methods. NG configurations. The expansion of air trans-
The diffraction methodi} in exact form solves port, and tighter certification rules and airport

the acoustic wave equation with boundary con- limits on aircraft noise, lead to the reconsidera-
ditions, e.g. the Sommerfeltl edge problerfy tion of novel aircraft configurations, featuring en-

the Wiener-Hopf technigdeis used for similar gine noige shielding, whose effects it is important
diffraction probelms,e.g. a splitter platé or to quantify.

1 Introduction



The effectiveness of an engine noise shield-
ing configuration can be specified by a shielding
factor, defined as the ratio of the acoustic pres-

sure received by the observer in the presence of

shielding obstacle, and in its absence.(in free
space). The shielding factor is calculated using
the Huyghens’ principle, in a two-dimensional
configuration (figure 3), in which thei)(shield-
ing is due to the wing, represented as a flat plate
of chordc; (ii) the point sources represents an
overwing mounted engine, at arbitrary position
relative to the wing;i(i) the observeO is at an
arbitrary position below the wing. The shielding
factor for this configuration is calculated, using
the method of virtual sources; the plots of the
amplitude and phase of the shielding factor, for
a ‘fly-over’ observer position, show the effects of
overwing engine positioning relative to the wing.

2 Method of virtual sources

The method of virtual sources replaces the real
source of sound (figure 1a), by a distribution of
virtual sources around the obstacle (figure 1b) or
in a slit (figure 1c).

a) c)

Fig. 1 SourceS radiating to observe® in free
space ), with shielding by an obstacleb) or
with the obstacle replaced by a slit in a screen

(c).

2.1 Direct problem: shielding by an obstacle

Consider a point source of soufsdt positiony,
radiating to an observe at positionx, a spheri-
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cal wave, with acoustic pressure:

Po(%,t) = {So/[R—y|} XY=t (1)
whereS is the source strength per radidthe
wave number and the frequency. In what fol-
lows the factorSse ' is unchanged, and thus
can be suppressed from now on. If an obstérle

is inserted between the source and observer (fig-
ure 1b), then the acoustic pressure at the observer
is given by:

pL(Xt) =Fpo(Xt) = FIx—y| "XV (2)

where, by definitionF is the shielding factor.
Thus the shielding factofF = p;/po is defined

as the ratio of the acoustic pressure received at
the observer in the presenpgand absencpg of
obstacle.

In order to calculate the shielding factor ef-
fect, the method of virtual sources may be used:
(i) the real (figure 1a) sound sourSeat position
y is replaced (figure 1b) by a distribution of vir-
tual sources on the plaﬁeof the obstacl®, and
outside the obstaclp, whose strength is that of
a spherical wave radiated from the real to the vir-
tual sources:

q(g) = [g -y~ s (32)
(i) each virtual source re-radiates a spherical
wave to the observer at positighleading by su-
perposition to the acoustic field:

p1(X) = /5q<€>|z—2|—1ék'*—5d2€. (3b)

This method is less accurate than a Fourier
method, (.e) is an approximation since it uses
the same wavenumbkiin (3a) and (3b).

Substitution of (3a) in (3b) specifies the
acoustic field at the observer in the presence of
obstacle:

pX) = /Ij

Sk { &g %2/

x [E—y YR, (4)
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or by comparison with the direct sound field (1),
the shielding factor (2):

F(Y,y)=e_ikX_V||z_y‘|/~eik{3—Y|+|X—E|}
D
< E—y =& 1%, (5)

which depends on the positions of sougtand

this specifies the slit factoB, for the comple-
mentary problem of sound transmission through
a hole of shap® in an infinite rigid screen, lead-
ing to the acoustic pressure at the observer,

P2(%) (9)

Thus the slit factoiG = py/po is defined as the
observerX. The shielding factor is unity in free ~ ratio of the acoustic pressure received at the ob-
spaceF = 1 for p; = po, i.e. in the absence of  server through the slip,, to that in free spacpo

obstacle, and would be zero if the obstacle totally (i-e. without screen).
enclosed the sourde = 0 for p; = 0 # pg. In The sum of the acoustic fields transmitted

most cases the modulus of the shielding factor through the slitD coinciding with the obstacle
will be between zero and one "0 < | F | < 1", rep- P1 plus thatp, transmitted through the outside of
resen“ng par“a' no|se Sh|e|d|ng However the the ObStaC|® ShOUId be the aCOUSt'C f|e|d n fl’ee

shielding factor can be greater than unity, for ex- SPac€po, viz..

ample, if the source and observer lie on the same too L
Po-E=pitpe= [[ f(X¥:E)dE (10)

=Gpg = Gx—y| 1.

side of the obstacle, which acts as a reflector; in
this case the observer receives both dirdrafid
reflected (1, r) waves, and if they are in phase,
amplification |F| > 1 could result. If they are
out-of-phase, then attenuatitf| < 1 could oc-

apart from the absolute err@ of the method.
The latter is due to the possible difference be-
tween the acoustic field of the real soumggeand

cur. This example shows that the shielding factor
is affected by interference between the waves re-
radiated by the virtual sources and thus is gener-
ally complex, implying that the introduction of an
obstacle can change both the amplitugé = 1
and phasarg(F) # 0 of sound.

2.2 Complementary problem: transmission
through a slit

The calculation of the shielding factor (5), in-
volves the integration of the diffraction function:

f(%5:8) = {Ix=91/ (E-%IE-9I) ]
xexpfik ([E—%+E-91-[E-Y])},
over the exterioD of the obstacld®:
FRY) = [ 1(%3.8) ¢%;

which is an infinite domain.
If instead (figure 1c) the integration is per-
formed over the finite domaib of the obstacle:

G(Ry) = [ 1%3.8) %, ®)

(7)

that of an infinite distribution of virtual sources
over the whol€—plane. Using the definitions of
shieldingF (2) and slitG (9) factors in (10), it
follows that they are related by (11a):

F+G=1-¢, e=E/po, (11a,b)

wheree is the relative error of the method. If
the latter is zerog = 0, or known, or negligi-
ble,e << 1, then it is equivalent to calculate the
shieldingF or slit G factors,i.e. the direct slit
problem (figure 1b) and complementary slit prob-
lem (figure 1c) are equivalent. In this case, it is
easier to solve the complementary problem, be-
cause the slit factor (8) involves the same inte-
gration (8), but over a finite domald (instead of

an infinite domairD for (7) the shielding factor).

2.3 Two-dimensional approximation for a
flat plate

The noise shielding configuration to be consid-
ered is an idealized version of fly-over noise from
an aircraft with overwing mounted engines, fur-
ther simplified in a two-dimensional configura-
tion: (i) the wing is represented as a flat plate,
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c/2

VY

Fig. 2 Two—dimensional configuration corresponding to figurei, sourceS radiating to observe®
in free spaced), with shielding by a platel) or width (c), or through a slit¢) of width c.

of length equal to the chorc (ii) the engine is
represented by a point source of sodat arbi-
trary position(a, b) above the win@ > 0, usually

in the near fielda ~ ¢ ~ b; (iii) the observer is at
an arbitrary positiorix, y) belowy < 0, usually in
the far-field—y >> c. The direct spherical wave
(figure 2a) from source to observer specifies the
acoustic pressure in free space:

po=€X"/r, r=|(x—a)?+(y—b)?*?, (12a,b)

and also (figure 3) the virtual sources on M¥—
axis:

q(&) =X /ry, 11 =|(a—&)%+b?|Y2, (13a,b)

which are used in the direct shielding problem
(figure 2b) and complementary slit problem (fig-
ure 2c).

Multiplying (13a) by the spherical waves
from the virtual sources to the observer, specifies
the transmission function:

9(%) = q(8)e"'2/r,,
ry=|(x—&)2+y?2

which appears in: i) the direct problem (figure
2b) to calculate the sound field received by the
observer in the presence of an obstacle:

oL = /a|>c/29<5> dE;

(14a)
(14b)

(15a)

c/2

Fig. 3 Geometrical parameters for real sound
sourceSradiating to an observéd through a slit

of width ¢, with virtual sound sources &t dis-
tributed in the slit.

(ii) the complementary problem (figure 2c) to cal-
culate the sound field received by the observer
through the slit:

c/2
pe= [ o®) . (15b)
—c/2
In both cases the two-dimensional approximation
is used, by considering only virtual sources in the
XQOY-plane.

The slit factor is given, using (15a, 14a, 13a,
12a) by:

c/2
P2/po = | (@ d=C). ()
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Fig. 4 Modulus (top) and phase (bottom) of
shielding factor, for sound source at mid-chord
position, as a function of distance from the wing.

wheref is the diffraction function:

f(§) =reg(&) = € "2"r /roq(E)

= [r/(r1rp)] €tr2=0 - (17)
The shielding factor is given by:
= f(&)dE =
/o= [, TG
=F(c) = G(w) — G(c). (18)

The relative error of the method (11a) is

e=1-F(c)—G(c) =1—G(). (19)

Thus the method is exaet= 0, if G(«) =1, i.e.

a distribution of virtual sources over the whole
OX-axis is equivalent to the real source. In this
case:

(20)

the shielding factoF is one minus the slit factor
G. The latter is easier to calculate, because it in-
volves the integration (17) over the finite domain
(16).

3 Shielding and Slit factors

The shielding, or alternatively the slit, factor, is
calculated for arbitrary source and observer posi-
tions, then simplified for observer in the far-field
with source in the near field, and then further sim-
plified to observer and source both in the far field.

3.1 Arbitrary source and observer positions

The slit factor is specified by the finite integral
(16) over the shielding function (17), where the
distancerig and angleb;g of the source relative
to the origin (figure 3) are used in the distamge
from the real source to the virtual source (13b):

1= [(ra0c0s010) ~ £+ (r1osin(@10))?]

1/2
= [rZy— 2&r10c0g010) + &2 2

and likewise the distanae from virtual source to
observer (14b), is expressed in terms of distance
roo and anglédg of observer to the origin:

(21a)

r2= [(r20c05020) ~ £) + (raosin(@10))?]

2
= }I’go— 28r20c09 020) —f—EZ}l/ .

The constants:

(21b)

rio= a2+ b2[Y2 rp0= P +y?[Y2, (22a,b)

tan(610) = b/a, tan(B29) = y/X,

are specified by the sour¢a, b) and observer po-
sitions.
The slit factor (16, 17) is given by:

(23a,b)

. c/2 .
G(c) =re ekrtra) /ror, dg, (24)
—c/2
where the dependence of, r, on § are speci-
fied by (21a,b), for arbitrary observer and source
positions. The aircraft noise problem has usually



L. M. B. C. CAMPOS, F. J. P. LAU

two aspects:if for internal noise, the passenger then (21b) can be approximated:
may be in the near field, but is shielded by the 2
aircraft cabin; i) for external noise, measured r2 = rz0—&cogB20) + O(&/r20), (26a)
on the ground, the observer is in the far—field. On 1 1 2/,.3

' —=—1 rop) cog 0 O(&°/r5p).
the other hand, in order for noise shielding to be r2 fzo[ (&/r20) 0S(B20)] +O(2"/r20)
effective, the engine must be close to the wing. (26b)

Thuslfor the shle!dlng of externa! hoise, it s 4P~ Substitution of (26a,b) and (21a) specifies the slit
propriate to consider the source in the near—field factor (24) as:

and the observer in the farfield.
G(c) = [cr/rigrag €400 NH(c),  (27)

12

where the coefficient is the diffraction function
N (17) calculated at the origif(0), and multiplied

1.0 A A . . .

v VTR by the plate widthc to become dimensionless;

thus the dimensionless slit factor is specified by:

IFl

0.8

r2,r3,>>r2,:

H(c) = % /_ (;//22(1—|—(E/r20) cog(620))
% < [1-2(8/r10)c0sB10) + (€/110)%) "

0.2

x exp{—ik[rio+ & cog020)+]}
1 con{ |1y Bt -1 &
00 VAL oy (28)

and can be simplified further in the case of source
also in the far—field.

Arg(F)

-0.14
024

-0.34

3.3 Source and observer both in the farfield

a If the source is also in the farfield, then relations
similar to (26a,b) hold also faw, and the dimen-

_ _ _ _ sionless slit factor (28) simplifies to:
Fig. 5 As figure 4, with sound source at a dis-

i i 2 2 2 :
tance of one chord from the wing, as a function  ¢2 << 2, r2, riorao:

of distance from mid-position. +¢/2
H(o) == / {1+E (COS(GZO) + 008(610))1 x
CJ—¢c/2 20 ro

x exp{—ikg[cog610) + cog(B20)]} €, (29)
which involves the dimensionless parameters:

= (kc/2) [cogB10) + cogB20)], (30a)
B = c[cog010)/r10+cog620)/r20]. (30b)

Substitution of (30a) in (29) leads to:

3.2 Near—field source and far—field observer

If it is assumed that the distance of the observer
is much larger than the chord:

r~Cc<<ro,l, (25a) 1/2 .
81— 010~ 1>> 68, — 02, (25b) n=¢&c: H= / 1/2(1+ Bn)e #®dn, (31)
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which is a simple integration:
_ sin(a) +i£

H
a 2a

<cos(0() - sinéa)) . (32)

The dimensionless slit factor is complex, with
phases and modulus:

B B

tan{argH)} = > cot(a) — 2q (33a)

a®(H) = (B?/4)coS (a) — (B*/4a) sin(2a)
+ [14 (B/20)?] sirf(a), (33b)

involving:

B=c [Coqelo)C/rlo-i— Coqezo)C/rZO] < 1,

(34a)
a =(cogB10) + cogB20))kc/2
~kc/2 ~ TIC/A, (34b)
([ cog610) , cog620)
B/ZG - < rlok + rzok >
x (cogB10) +cogB20)) L. (34c)

Concerning the phase dfi in (33a): () the
second term (34c) is small if the distances
of observer and source from the origin are
large compared with the wavelendth o, krog =
(21/N)(r10, r20) > 1; (i) the first factor (34a)
is also small for observer and source in the far
field ¢ << r2,, r3,, and thusarg(H) is small un-
lesscot(a) is large; {ii) the latter would be the
case fora small in (34b),i.e. the wavelength is
large relative to the slit width. Thus the phase of
the slit/shielding factor differs significantly from
thatin (27)/(20) respectively, only for wavelength
large compared with the width of the slit/plate.

Concerning the amplitude (33b) in the same con-

ditions of (34a,c) small, it is given approximately
by the first term of (32 (35a):

Hic) ~ SN imH(c) =1,  (35a,)
a—
and thus it is unity in the casg’A — 0 of wave-

length much larger than the slit/plate width. The

interpretation is that in this case the slit factor
may be calculated by (27) as if the virtual sources
were at the origirH(c) = 1.
Using the approximation (35a) with given
by (30a) in the slit function (27):
2kr

~ krlokl’zo

sin[(kc/2)(cog610) + cog620))]

cog010) + cog620)

it is small for observer and source in the far—field,

and it simplifies in the limit of long wavelength
to:

G(c) glk(rao+ra0-T)

(36)

cr ik(r1o+r20—r
_ 7. gk(riotrao )7

l10r20

and is proportional to slit widtk. This result can

be explained as follows:i)(for a virtual source

at the origin the sound field received from the
real source is;3€*"0 and that re-radiated to the
observer is obtained multiplying byg€*'20; (ii)
since the wavelength is much larger than the slit
width ¢, the virtual sources are approximately
uniform, hence a further multiplication tay (iii )

the slit factor is obtained by dividing by the di-
rect waver —1&k" from real source to observer. In
applications the more interesting case is that of
source in the near fieldig ~ ¢ ~ A and wave-
length comparable to the chord, when (28) spec-
ifies the slit function and (20) the shielding func-
tion, if G() = 1. The latter condition cannot be
verified from (36), because the limit— o is ex-
cluded by the approximations in (29).

(37)

4 Amplitude and phase effects

The amplitude and phase of the shielding factor
are affected by the plate compactnkssr width

c on a wavelength scale (34b), and should be as-
sessed for observer in the far—field and source
in the near—field: ij first at various vertical and
transversal positionsiji§ then as carpet plots for
arbitrary source positions.

4.1 Plate compactness on acoustic scale
The compactness parameter

0 =kc=2mc/A = 2re/cot = 2ve/cp - (38)



compares the wavelength to the plate width, and

substitution in (27, 28) with, = nc and (20),

yields:
1_F=_"©
r2ori0

1/2
x/1/2{1+r](0/f20) cogB20)}

x [1—2n(c/ri0) cog010) +n%(c/r10)?]
« @ Ikrio[1+(c/ri0)n cog620)]

gk(rot+ra0—r)

1/2

" e—ikrlo[\/ler](c/rlo) 005(910)+(T1C/r10)2] den,

(39)

which shows that the shielding factor depends,

besides the compactness (38), only on the geom-

etry of the problemyiz. throughc/(r10, r20, ),
ie.
F =F(kc, a/c, b/c, x/c, y/c) (40)

the plate widthc divided by the: ) distance
from observer to source (ii) distance of source
rio and observeryg from origin. For the pur-
pose of illustration the plate width is identi-
fied with the wing chord, to which three val-
ues are giverc = 3,6,9m; three frequencies
v = 300Hz, 1 kHz, 3kHz are considered, with
the periodt = 1/v and wavelengtiA = cot cal-
culated for a sound speegl= 340m/s leading to
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fly-over noise:

Xx=0m,y=-15c=-90m. (42a,b)
For the first plot the sound source is placed at the
mid-position and its distance to the plate varied
between 0.05 and 2.5 chords:

a=0, 0.3m=005c<b<25c=15m;
(43a,b)
for the second plot the source is kept at a distance
of one chord from the plate, and moved parallel
to the plate up to 2.5 chord lengths:

b=c=3m,0m =0.0c<a<25c=15m.
(44a,b)
The shielding factoF is plotted respectively in
figure 4 and 5, with the modulug | at the top
and the phasarg(F) below.

4.2 \ertical and horizontal displacement of
the source

From the figure 4 top it is clear that some shield-
ing effect is present even with the source on the
centerline position two-and-a-half chords away,
since|F| ~ 0.9 for b= 2.5c. The shielding effect
does not go beyonidr | = 0.66when the source is
close to the platé ~ 0.1c. The amplitude of the
shielding factor is oscillatory, as a consequence

the range of values of the compactness parameterof wave interference. Thy§ | can vary between

shown in table 1.

V(kHz) | A(m) | c=3m|c=6m|c=9m
0.3 1.13 | 16.6 33.3 49.9
1 0.340| 55.4 111 166
3 0.113| 166 333 499

Table 1 Compactness parameters for several wave
frequencies and plate widths.

Thus the plots of the shielding factor are
given for:
c=6m,v=900Hz,6=99.792 (41a,b,c)

The observer is placed directly below the center-
line, at a distance af5 chords, corresponding to

0.66 < |F| < 0.78 over a small range of dis-
tances0.05c < b < 0.3c, depending on whether
wave interference is destructive or constructive,
and leads to maxima or minima. Thus small dis-
placements of the source near the obstacle can
lead to different values of the shielding factor.
The same applies to frequency changes, so that
a good shielding for one frequency can degrade
for another frequency. Farther from the obsta-
cle, the maxima and minima are more spaced;
thus the shielding factor is less sensitive to small
changes in the position and frequency of the
source. However, in this case the shielding effect
is also weaker. The phase of the shielding factor
(figure 4, bottom) does not change by more than
—0.3mtif the source is more than one chord away
from the plate. Significant phase changes occur
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only when the source is within one width of the
plate, and they increase rapidly when the source
approaches the plate. The phase has oscillations,

due to wave interference effects. These are more —

visible not too close to the plat@3c < b < c.
The maxima and minima become more spaced
farther from the obstacle, when the phase effect
is smaller.

If the sound source is displaced vertically, the
plate remains as an obstacle in the direction of
the observer, and thus some shielding effect is
observed in figure 4, even for distances larger
than a chord. If the sound source is displaced
horizontally, then it comes into direct radiation
line-of-sight to the observer beyond half-chord
a> c¢/2 > 3 m, and the shielding effect ceases
in figure 5. It can be confirmed in figure 5 that
when the sound source comes in line-of-sight of
the observer, the amplitude of the shielding fac-
tor (top) tends to unityF| = 1 at the top and
the phase to zerarg(F) = 0 at the bottom for
—a > ¢/2 =3 m, but there are oscillations, due
to the edge effect of the plate, as for Fresnel
diffraction?®. These oscillations die out slowly as
the line-of-sight from source to observer is fur-
ther displaced away from the edge of the plate.
It is more interesting to see that the modulus of
the shielding factor can be as low Bs= 0.6, if
the sound source lies behind the plate, somewhat
offset ata=2.2m = 0.73c. Moving the sound
source to the centerline degrades the shielding ef-
fecttoF = 0.75ata= 0.0 m = 0.0c. When the
source is behind the plabe< 3 m= c/2 both the
modulus (top) and phase (bottom) of the shield-
ing factor have oscillations due to wave interfer-
ence effects.

4.3 Carpet plots of modulus of shielding fac-
tor

In order to check in general the effect of source
position relative to the obstacle, it is necessary
to make a two—dimensional plot of the modu-
lus of the shielding factor (figure 6). The latter

shows that to maximize the noise shielding effect,
the sound sourcei)(should be less than half-a-

chord away from the wing, but need not be much

OF ENGINE NOISE BY AN AIRCRAFT WING
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Fig. 6 Plot showing the modulus of the shield-
ing factor, depending on source position relative
to the plate ife. engine position relative to the
wing).

closer; (i) should not be neither ahead or behind

the wing and the center is not the best position,
but rather the optimum position is offset at about

one-quarter or three-quarters chord. These two
results are compatible with other design require-
ments: () the nacelle diameter excludes an en-

gine too close to the wingjij the aerodynamics

of the air intake and exhaust may benefit from a
choice of a relatively forward quarter-chord en-

gine position.

For an observer at mid—position, a source at
mid—position is not the best shielding solution,
because the configuration (figure 7a) is ‘too sym-
metrical’:() the sound path& and2 around the
plate are longer than the direct sound paitith-
out the plate, and the spherical decay of am-
plitude, implies a noise reductionij ) since the
paths1 and 2 are symmetrical, the waves ar-
rive in phase, and reinforce each other. If the
source is shifted away (figure 7b) from the cen-
terline position, the ‘symmetry’ is broken, and
the pathsl and2 are of unequal length, so that
there can be phase interference in addition to am-
plitude decay, leading to a stronger shielding ef-
fect. The off-set of the source from centerline
position which gives the strongest shielding will
depend on the ratio of the wavelength of sound to
the wing chord.
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Fig. 7 Point—sourcé& at symmetrical (a) and un-
symmetrical (b) positions.

5 Discussion

The choice of parameters for the problene.
relative positions of sound source and wing is re-
viewed over the audible range, before discussing
again the carpet plots for the shielding factor for
several wavelengths larger than, comparable to or
smaller than the chord. The effect on the ampli- Aec=1

tude and phase of the shielding factor, of interfer- b
ence between two sources, is also considered. b4

5.1 Shielding factor over the audible fre-
qguency range

The ‘four frequencies’ considered in table 1 cor-
respond to the pa®.3 — 3 kHz of the audible
spectrum20 Hz — 20 kHz of most concern to
aircraft noise. In order to scan more fully the
range of values of the shielding factort) the A/c=0.6

observer pOSition is retained in the fly-Over di- F|g 8 Sh|e|d|ng factor for Wave|ength compara-
rection15 chords away = 0 andy/c= —15as  ple to or larger than the chord.

in (42a,b); {i) the source position relative to the
wing is varied in the same rangésx< a/c < 2.5

in (44b) horizontally an®.05 < b/c < 2.5 verti-
cally; (iii) the remaining dimensionless parame-
ter is the compactness (42) or ratio of wavelength
to chord, which is given the values

a

wing areaSto sparb, is given for the most widely

used current airlinef§ in table 3.

These aircraft have swept wings, whereas the

present model considers rectangular wings.
2m/8=\/c=6, 1, 0.6, 0.3, 0.1, 0.02. (45) The data serves as indication that it is suf-

ficient to consider a range of wing chords=

In order to justify this choice of values we start 3, 6, 9 min table 3 together with the wavelengths

with the same wavelength of sound over the au- A in table 2, to arrive at the ratio in table 4. The

dible range for a sound speegl= 340m/s in the ratio of wavelength of sound to wing chord lies

international standard atmosphere at sea level. in the range.002< A/c < 5.667, and is covered

The mean chord = S/b, which is the ratio of by the choices in (41).
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frequency {) | wavelengthX)
Hz m
20 17
500 0.68
10° 0.34
2x10° 0.17
104 0.034
2x10° 0.017

Table 2 Audible wavelength of sound.

Wing
Model AreaS | Spanb | Mean chord
m? m m

B737—700| 125.00| 34.31 3.64
B747-400| 541.16| 64.44 8.40 |
B757-200| 185.25| 38.05 4.87 -10 0 10
B767-300| 283.30| 47.57 5.96 8

B777-100| 427.80| 60.93 7.02

A300-600| 260.00| 44.84 5.80
A310-300| 219.00| 43.90 4.99
A320 122.60| 34.09 3.60
A340-200| 361.60| 60.30 6.00

Table 3Wing data of current Jet Airliners.

5.2 Effect of ratio of wavelength of sound to
wing chord A/c=0.02

The first set of three carpet plots in figure 8 Fig. 9 Shielding factor for wavelength much
correspond to the three long wavelengihs = smaller than the chord.

6, 1, 0.6 and are seen ‘from the back’ to improve

visibility. For the longest wavelength (figure 8,

top) the shielding factor is about unity, imply- length shorter than the chodd= 0.6¢ in figure
ing that the small plate cannot ‘shield’ the long 8c. The plots in figure 8 remind that the shield-
waves; however, the shielding factor becomes ing factor can be locally greater than unity, due to
large (up to|F| = 4) just behind the platb/c < positive interference; the table 4 shows that this
1, a/c ~ 0O, because of the positive interference case of wavelengths comparable to or larger than
of waves in a symmetrical source position (figure the chord, occurs only for smaller airliners and
7a); as|a/c| increases, and the source position frequencies close to the lower audible limit.
becomes unsymmetrical (figure 7b), this posi- The more typical situation for aircraft noise
tive interference reduces. In the case of wave- is that in figure 9, of wavelength smaller than
length equal to chord = c in figure 8b, there  the chord, for which the shielding factor is also
is a smaller positive interference pegk|max = close to unity outside the plate, and behind it, the
2.6, which reduces furthgfFmnay = 1.8 for wave- peaks abové-| = 1 for A = 0.3cin figure 9c, re-
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Sound Wing Chord
frequency c(m)

3 ] 6 | 9
20Hz | 5.667| 2.873| 1.889
500 Hz | 0.227| 0.113] 0.076
1kHz || 0.113| 0.057| 0.038
2 kHz 0.057| 0.011| 0.019
10kHz | 0.011| 0.006| 0.004
20 kHz | 0.006| 0.003| 0.002

Table 4 Wing data of current Jet Airliners.

cede to|F| < 1 at all points behind the plate for
A =0.1c. Even forA = 0.02c in figure 9c, which
corresponds to ray theory, the shielding factor
|F| < 1remains significantly different from zero,
in the symmetric source position and the phe-
nomenon of ‘edge diffraction’ becomes apparent:
the shielding factor exceeds unit in a narrow re-
gion near the edges of the plate, at the transition
between the ‘sound zone’ and ‘zone of silence’
(which corresponds to the transition light-shadow
in optics). A small shielding factdF| < 0.1 can

be obtained for an unsymmetrical position behind
the wing.
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