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ABSTBACT 

The theory of acoustic plane waves incident on an oblique clamped 

panel .in a rectansular duct is developed from basic theoretical concepts. 

The c~upling theory between the elastic vibrations of the panel (plate) 

and the oblique incident acoustic plane wave in infinite space is 

considered in detail, and is used for the oblique clamped panel in the 

rectangular duct. The partial differential equation which govems the 

vibrations of the clamped panel (plate) is modified by adding to it 

stiffness (spring) forces and damping forces. The Transmission Loss 

coefficient and the Noise Reduction coefficient for oblique incidence 

are defined and derived in detail. The resonance frequencies excited 

by the free vibrations of the oblique finite clamped panel (plate) 

are derived and calculated in detail for the present case. 

the detailed features and the oscillatory trends of the experi-

mental Noise Reduction coefficient curves for oblique aluminum panels 

of angles e • 15°, 300
, 400

, 60° in the square duct are explained in 

detail, based on the theory presented in this report. All the fre-

queney positions of the downward and upward resonance spikes in the 

experimental data are identified theoretically as resulting from four 

major resonance phenomena: The cavity resonance, the acoustic resonance, 

the wooden back panel resonance and the plate resonance. Detailed 

tables are given for the values of these resonance frequencies in 

each case. 
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CIIAl'TD I 

INTRODUCTION 

Th •• coultic r •••• rcb proj.ct Itarted on April lS, 1916, when 

tb. P1i.bt "I.arcb Laboratory of tb. University of Kanlal b.san 

work UDd.r a Irant from NASA, Lanal.y "search Cent.r, entitled, "A 

a.1 •• rcb Proar- to "duel Interior Noile in General Aviation Airplanel" 

~ GraBt No. 1301). Over the palt four y.ars a res.arcb facility 

bal b •• n .Itablisbed, in tb. form of a Beranek tube and additional 

.quipment, and a larle volume of experimental data bas been publisbed. 

In • previous raport by tbe present autbor, listed in tbe 

Biblioarapby, a tbeory bas been presented wbicb explains reasonably 

w.ll tbe detailed features of the experimental noise reduction curves 

for normal incidence of acoustic plane waves on 4 clamped panel in a 

rectansular duct (tbe Beranek tube). Sucb detailed features include 

tbe leneral bebavior of tbe noise reduction curve in all its parts. 

as well as tb. frequencies of the numerous resonance spikes, whicb 

are sup.rimposed oc the curve botb upward and downward. 

This tbeory has been based on the interaction between two seneral 

fields of study: the tbeory of acoustic wave propasation in infinite 

space and in ducts, and tbe dynamic theory of plates and the theory 

of elasticity. Since the vibrations in the panel (plate) and the 

acoustic waves in the air are coupled sl":ong1y alons the whole panel, 

and are affecting eacb other notic~ably. the interaction between these 

two systems playa major role in this theory. When one sends an 

incident acoustic wave in the direction of the panel, this wave will 

be reflected from the panel. At the same time it will set the panel 
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lnto motlon of vlbratloa., whlch will senerate tr.ft.m1ttad acou.tlc 

wave. on the other .ide of the panel. The'inc!dent, reflected and 

tranamttted acou.t1c wave. will be coupled .trOftlly to.etber oA1tb tbe 

.induced tranaveree di.pl4&cIMnt of tbe panel. 'ecau.e of tbe exper1lNntal 

.et up ln the Beranek tub~~ the acou~tic wave propag_ee. in a duct 

wltb a .quare croa.-.ection. Rilber order acou.t1c wave': mode. of 

propalation in tbe square duct, .. well a. tbe fundamental mode of 

plane acoustic wave, bave been taken into account, in order to 

explain the experimental result. of resonance at certain particular 

frequencie •• 

The previoUi report hal developed the tbeoretical derivations 

from the basic equations. The theory presented in the previous 

raport hss successfully explained the detailed feature. of the noise 

reduction curves for one particular aluminum panel, which bas been 

taken as a typical example. One of the moat challenging aspec~l_of 

that theory, which has been met succe •• fully, has been to avoid 

lenlthy numerical analYSiS, in order not to mask the main featurea 

of the interaction between the different pbysical phenomena. All 

the calculations in that report bave been done on a Simple hand 

calculator. 

The present report should be considered as a sequel to the previous 

report by the present author, but it is independent of the previous 

report in ita presentation. The theory of oblique acoustic wave 

incident of an infinite panel (plate) and a clamped panel will be 

developed from the basic equations. Some of the lenerel features of 

2 
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tba corre.pond1DI exper1meDtal notae reductlon curve., liveD at the end 

of tbi. report, will be di.cu •• ed by u.inl the pre.ent theory. A. in 

tbe prev1ou. report, all tbe calculation. in the pre.ant report have 

beer. dODe on a .imple hand calculator. 

The Mater, lilolram. Second eyete. of unite 1. ~einl ueed 

cbroulbout thi. report, except at .ome placee where the experimental 

data i. liven otherwt.e. -!wt Tbe factor e 1. ueed for harmonic time 

variation. 

In thi. report the follow1nl vector 1dent1t1 •• will be uled, where 

ax' ay • az are the unit vector. in rectanlUlar coordinate.: 

Vp • (a .l.. + a .l.. + a .1-) p •• .!2. +, !2. + a .!!. x ax y ay z az x ax y ay z az 

v • u • (a ..i.. + a ..!. + a ..!.) x ax y ay z az 

au au au au au au 
V"u- •• - (-!'_.J.) --A z -.J. x 

.. x ay az +a,(az - ax) +az(ax -ay-) 

v x Vp • 0 v • Vx ~ • 0 

~ ~ 2-
V x (V x u) • V(V • u) - V u 
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C1IAPTII It 

OILIQUI ACOUSTIC PWI WADS 

Th. acouatlc vave IIOtlon, when the wave ampl1tuele 18 .ull, CAll 

be d •• crlbeel by the follow1D1 verylna quantltle.: 

2 p • p(x, y, z, t) • acouatic or .ounel pre •• ure (N/m ) 

u • u(x, y, I, t) • veloclty vector of the alr (m/.ec) 

In order to relate the.e varylDI quantltle. for the acou.tlc wave motlon, 

ODe requlre. one .calar equation aDd one vector equatlon. 

From the equatlon of contlnulty one obtaina: 

-
• u (1) 

which .tate. that the velocity Iradlent produce. a compre •• ion of the 

alr, where thl only forcl' lnvolved are of compressivI elasticity, 

mea.ur.el by the compre.slbility c. SincI in the ca.e of thl acoustic 

wave motion thlre i. zero heat conduction in the air, one should utI 

the adiabatlc compre.sibllity ,iven a. follows for perfect diatomic 

,a., luch AI air: 

whIr' P is the equilibrlum pre.sure of thl air. 
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Prom tha aquatioQ of wave motion ODe obtain.: 

-~ l!! • -vp 
at 

(2) 

Which .taca. that a pra •• ura Iradiant produca. an acceleration of the 

air, wbara ~ 1. the aquilibrium denaity of tha air. 

Takinl tha dlvarleace on both .id •• of (2) and .ub.titutina 

(1) one obtalu: 

whera 

c • ...!.. • \ Ii! • acouaUc velocity of wave (m/.) 
;;; ~P 

(3) 

Takinl the Iradlent on both .1de. of (1) and .ub.tltutlna (2). ullna 

V xu· 0, ODe obtaln.: 

2-2- 1 ~-u 
V u -:z~. 0 

c at 
(4) 

-ll11t AI.U1Unl hLrmoolc t1M vartatlon e • where III 1. the clrcular 

wave frequency, ODe may write the baslc quantitles of the obllque 

acouatlc plane wave by ualna the phaeor conventlon al follows: 

p(X,y,I,t) • a- r'2 pe1(k • r - lilt) (Sa) 

-(x y t). Ie ~ u-.1(k • r - wt) u , ,I, v~ (Sb) 
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where P anel ii are complex constant quantities, anel one has: 

k • k s + k s + k Sz - propagation vector (constant) (6a) x x y y z 

r • x a + y a + z a - position vector x y z (6b) 

k-r-kx+ky+kz x y z (6c) 

Omitting the convention aeVl from (5), ene ma, find from (5) anel (6): 

l2. • -iwp at 
-au --. -iwu at 

Vp • (it a + ik a + ik a)p - ikp x x y y z z 

v • u • (ik u + ik u + ik u)· ik • u x x y y z z 

where the vperator V = ik when it operates on an oblique acoustic 

plane wave given in (5). 

Substituting (7) in (1) anel (2) one obtains: 

-iwICP • -ik • u 

-iwpu • -ikp 

Taking the dot product of both sides of (8b) with the propagation 

vector k and substituting (8a) one obtains: 

6 

(7a) 

(7b) 

(7c) 

(8a) 

(8b) 



\ 

where (9) lives the magaitude of the propagation vector k. The direction 

of the propagation vector k is given in (5) in the direction of the 

propagation of the oblique acou8~ic ~lane wave, and 1t is perpendicular 

to the p1&nes of constant phase of the oblique acoustic plane wave. 

From (8b) one finds that the velocity vector u of the oblique acoustic 

wave is in the direction of the propegation vector k and the direction 

of propagation of the wave; this direction is usu_lly called the 

longitudinal direction L, and the corresponding unit vector 1s denoted 

by ~: 

k • Ikl ~ • k~, I~I· 1 

where k 1s the propagation vector and k • 

(10) 

I-kl • _CII _ 2~/A is the wave c 

number, A being the wavelength. Using (10) in (8b) one obtains: 

- kn k - -u _ .... - P L - U.L 
ClIp ClIp 1. 1. 1. 

(11) 

From (9) and (11) one has: 

..e.. _ !!!eo _ .!.. • \ Ii.. "" • ..1. • pc - Z 
~'k WI( V~ ICC 

(12) 

where Z 1s the characteristic acou~tic wave impedance in infinite 

3 2 medium in (Nsec/m ) or (Kg/m sec). An identical result is obtained 
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by subst1tut1nl (10) and (11) in (8a). From the above discussion one 

may rewrite the oblique acoustic plane wave in (5) in the ,form: 

( ) • P ei(k • r - wt) p x,y,z,t (13a) 

P - i(k - ) it --
U-(x y z t) • -Z a. e • r - wt • ___ P- i(k • r - wt) (13b) 

, , 'L pck e 

where the convention terms Rel:2have been omitted, and (13) represents 

a lonlitudina1 wave. 

Let the boundary between two acoustic media, medium 1 and medium 2, 

be liven by z • 0, as in Filure 1. Let the incident oblique acoustic 

wave be propagating in medium 1 and be given from (13) by: 

-• r - wt) 

• PI -~ eiCkI • r - wt) ui(x,y,z,t) 
Zl I 

The reflected wave from the boundary z • 0 into medium 1 will be 

given by: 

PR i(~ • r - wt) 
ur(x,y,z,t) • -- a e -~ 

Zl LR 

The transmitted wave into medium 2 will be given by: 

8 

• 

(14a) 

(14b) 

(lSa) 

(lSb) 



f~ .•• - •• - •.•••. ~--- •• " ••• _ •. -- ~ .~~-~.-----•• ---.-.------- • 

- 'T - ei(~. r - wt) ut(x,y,z,t) • -- a. -~ 
Z2 l.oT 

For a given oblique incident acoustic wave PI and kx in (14), one 

would like to find the reflected wave PI and ~ in (15) and the 

transmitted wave 'T and ~ in (16). The general configuration is 

given in Figure 1. 

(16a) 

(16b) 

The first boundary condition will require that the pressure of 

the acoustic waves will be continuous across the boundary z • o. 
Applying this boundary condition at z • 0 one obtains from (14a), (15a) 

and (16a): 

The second boundary condition will require that the normal component 

to the boundary of the velocity vector of the acoustic waves will be 

continuous across the bcundary z - O. Applying this boundary condition 

at z • 0 one obtains from (14b), (lSb) and (16b): 

, 
- z~ &..T • a i (~xx + k.ry y

) -z 1.0 z e 
(18) 

Since (17) and (18) should apply to every point (x,y) on the 

boundary z • 0, one requires that all the exponential factors will 

have the same form, and one obtains: 
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Usina (9) oae obtains from (19): 

- - - V2 2 2-IL-ka+ka+ k-k-k a 
I: xx Y1 1 x Y z 

- - - V2 2 2-lL-ka+ka- k-k-k a 
It xx YY 1 x Y z 

- - - V2 2 2-IL-k a +k a + k2 -k -k az -, xx YY . x 1 

(l9a) 

(l9b) 

(20a) 

(20b) 

(20c) 

where kl - w/cl - 2"'/).1 and k2 - fJl/c2 - 2"'/).2. The angle of 

incidence 81 will be designated as the angle between kI and the 

positive z axis direction 8
Z

• The angle "of reflection Sa will be 

designated as the angle between ~ and the positive z direction &z. 
The angle of transmission aT will be desi~ted as the angle between 

kT and the positive z direction 8
Z

• Taking the cross product of 

(20a) , (20b) and (20c) with &z one obtains: 

kI x &z - ~ x: & - L x 8 - -k & + k 8 -~ z -, z xy yx 
(21) 

Prom (21) one finds that kI' ~ and ~ are all vectors in the same 

plane of incidence, defined by k! and 8z• Prom the definition of the 

cross product of vectors one obtains from (21): 

(22a) 
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Prom (22a) on. has, using (9): 

(22b) 

where (22b) represents the Snell's law of reflection and refraction. 

If"c2 > clone has from (22b) eT > eI • For the case 8T • 90· 

the refractive wave will be grazing the boundary, and one has the 

corresponding critical angle of incidence elc given by: 

If the angle of incidence is equal or greater than the critical 

anale eI ~ elc ' no acoustic wave energy is transmitted into the 

second medium. 

Using (19) and the angles 81, 8~ and 8T defined above, one 

obtains from (17) and (18): 

PI PR PT 
--Z coseI + -- cose • -- cos8 

1 Zl R Z2 T 

Substituting 8R • w - eI in (24b) one has: 

11 
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(24a) 

(24b) 

(25a) 

(25b) 



--_.-._ .. _ ... _------ -
~----- ... - ---- .-- ---

~' ..... 
I 
I 
I 
I 
I 
[ 

a 1 sa. WI 

• __ ,e:ooc __________ • _____________ . __ '_'_,._____ .' .-,,--

Equations (2Sa) and (2Sb) represent two equations of two unknowns 

PT and PI in tarms of PI' aDd their solution gives: 

where Zl - ~lcl' Z2 - ~2c2' I is the reflection coefficient and T 

is the transmission coefficient. For a given oblique incident 

(26a) 

(26b) 

acoustic wave (14a) on a plane boundary z • 0 between two media, one 

I 
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t 11 
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i n' . , 
i • ~ ,. 

~ 

[ 
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[ 
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[ 

I [ 

[ 
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will obtain the reflected and transmitted oblique acoustic 

waves by substituting (20) and (26) in (15) and (16). 

From (26a) one finds that there is no reflection under the 

follOWing condition: 

1-0 (27a) 

, 
Taking the square of both sides of (27a) and using (22b) one obtains: 

2 
c2 2 

- - sin e ) 2 I 
(27b) 

cl 

which will give by using trigonometric identities: 

(27c) 

l2 

.oil 



where the aDgle of incidence 'I in (27c) will give transmission 

only and no reflection a • O. The incidence angle (27c) exists for 

this case if P2/ P 1 > el /c2 > 1 or P2/Pl < cl /c2 < 1. This incidence 

augle is commonly referred to as the angle of intromission. In 

electromagnetic waves this angle of incidence, where there is no 

reflection, but only transmission, i8 known a8 the polarizing angle 

or Brewster angle. 

For the case cl > c2 if the angle of incidence 'I • 90 0 one 

finds c08'I • 0 and one has from (26b): 

(28) 

Consequently, as tbe angle of incidence approacbes 900 tbere is complete 

reflection of the incidence acoustic wave energy, and no transmission, 

irrespective of tbe relative characteristics of the impedances of tbe 

two media. 
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C1IAP4P III 

OBleIQVI ACOUSTIC WAn ON AN INFINITE PANIL 

In che pre.enc chapcer che ca.e of an oblique acouscic plane wave 

in an infinite fluid (air). obliquely incident on an 1nfinice panel 

(place) Will be d1.cu.sed. 

Aasumina harmonic time variation e-~t, che inhomogeneous partial 

differenc1al equation which governs che la~lrel d1.placemenc of che panel 

(place) .icuated ac z • 0 can be rewr1Cten a. follows: 

2 
OpbIM Pz 

- 'I • -D D 

Where 'I(x,y) • lateral disPlacement of the plate (m). 

pz(x,y) • external net force per unit a~ea in the positive 

z direcc10n (N/m2). 

Qp • mass density of the plate «(g/m3). 

h • th1ckDes-s of the plate (m). 

(29a) 

·IM • 2wf· Circular frequency of the wave (LIsee). 

!h3 
D • 2 • bending or flexural rigidity of the plate (Nm). 

12(1- v ) 2 
E • YOUDg's modulus of elasticity (N/m ). 

v • Poisson's ratio (v • .03 for steel and aluminum). 

Equation (29a) may be rewritten in the form: 

(29b) 

l4 

• 

A 
1 
I , 
l 
1 

1 
1 
1 



I , 

f 

where the plate wave number y i. defined by: 

(1/m4) (29c) 

Let aD infinite pa~el (plate) be .ituated at a • 0 in the x-y plane 

a. .hown in Pigure 1. Let an oblique acoustic plane wave propalatinl 

in the direction 'x be incident on the infinite plate. and be liven by 

(14) in the relion z ~ 0 in the form: 

( ) • Plei(kI • r - wt) Pi x,y,z.t (z ~ 0) (30a) 

P --I k- i(kI • r - wt) .- e pck I (z .i 0) (30b) 

where kx · k ~1' and the unit vector ~I has one component in the positive 

z-direction. This oblique incident acoustic plane wave will be reflected 

by the infinite plate in the form of an oblique reflected acoustic plane 

wave propalatinl in the direction ~, and be liven by (15) in the region 

a ~ 0 in the form: 

( • PI ei(~ • r - wt) Pr x,y.z, t) -""I. (z ~ 0) (3la) 

(z ~ 0) (3lb) 

where ~ • k ~. and the unit vector ~ has one component in the 

nelative a-direction. The oblique incident acoustic plane wave will 

cause the infinite plate to vibrate harmonically in the lateral positive 

z-direction in the form: 
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(I • 0) (32) 

Where n ls the lateral dlsplacement of the plate in the positlve 

.-dlrectlon; the veloclty of the plate In the pOSitive I-directlon may 

be found from (32) to 11ve: 

(. • 0) (33) 

No plete boundary condltlons are applled to (32) and (33) lince the 

plate ls of lnflnlte dlmenalons in both x and y directlons. 

The vlbratlons of the plate 11ven in (32) and (33) will senerate 

on the other side of the plate I ~ 0 an oblique acoustic transmitted plane 

wave in the dlrection ~, which will be liven by (16) in the reSion 

z ~ 0 in the form: 

iCC • r - Calt) Pt(x,y,z,t) • PT e ~ 

P --- T C iClL. r - Calt) ut,(x,y,z,t) • PCk ~ e --T 

(z !. 0) 

(z ~ 0) 

where ~ • k ~T' and the unit vector ~T ha. one component 1n the 

pOlitive z-direction. 

(34a) 

(34b) 

The total external force per unit area pz on the plate at I • 0 

In the positive z-direction by the incident oblique acoustic wave (30a) , 

the reflected oblique acoustic wave (3la) and the tran .. 1tted oblique 

acoustic wave (34a) is siven by: 
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(3.5) 

Where the incident and the reflected obllque acoustic waves at I < 0 

pre •• ure the plate In the po.itive I-dir.ctlon, and the tranem1tted 

oblique acou.tlc wave at I > 0 pressure the plate In the ne .. tive 

.-direction. Substitutinl (32) in (29b) one ·flnds: 

Substitutlnl (35) on the left hand slde of (36) one requlres the ldentity 

to be correct fo~ all (x.y) ln the plane of the plate z • O. and as a 

re.ult one has: 

(37a) 

(37b) 

Substltutlnl (3.5) In (36) and usinl (37) one obtalns: 

4 
r(k 2 + k 2) 2 _ 4] A • ...l.-.- [p + P _ P ] r x y y . bw2 I R T 

Pp 
(38) 

where for the partlcular ca.e of normal incldence of the acoustlc 

plano wave on the plate one will have kx • ky • O. 

17 
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The plate velocity upl ' and the fluid (air) velocity of the oblique 

acouatic wavea in the l-direction &. Oft either aide of the plate .hould 

be identical. On the poaitive aide of the plate. > 0 at the plate 

I • 0, denoted by • • 0+, the plate velocity up1 in the po.itive 

a-direction ahould be identical with the tranamitted acoustic weve 

velocity vector in the I-direcr.ion utz ' as follow.: 

Subatitutina (33) and (34b) 1n (39a) and usina (37) one obtain.: 

where for the particular ca.e of normal incidence on the plate one will 

have ~ • k a.. On the nesative lide of the plate z < 0 at the plate 

z • 0, denoted by I • 0 , the plate velocity U Ihould be identical with - pz 
the lum of the oblique incident acoustic wave velocity in the pOlitive 

I-direction uil' and the oblique reflected acoustic wave velocity 

in the pOlitive .-direction uri' aa follow.: 

Subltitutinl (3Ob), (31b) and (33) in (40a) and usina (37) one 

obtains: 

18 
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wher. for tb. particular ca.. of normal lncldanc. on tb. plat. on. 

vUl haft kz • k a. and ~ • -k a.o FrOil (39b) and (4Gb) on. obtaina: 

(41) 

w1\ar. for tb. particular cu. of normal incid.nc. on. ba. kx • k.r •. ~ • k a, 

From (6a), (9) and (37) on. baa: 

'1 • k ; + k ; + k • x x 1 Y I I 

k--k ; +k • +k ; 
.~ x x Y Y I I 

Ualaa (42c) in (39b) on. haa: 

Ua1na (42&) aDd (42b) 1n (40b) on. ba.: 

19 
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Tak1nS the ar,le of incidence e to be the ans1e between the incident 

wave propaaation vector kI and the positive z axis, as shown in Figure 1, 

one finds from (42a) and (42d): 

(44a) 

(44b) 

From (42b) and (42c) one finds, as shown in Figure 1, that the &ng1e of 

transmission is also at and the angle of reflection is w - a with 

the positive z-axis. Substituting (44) in (38), (43a) and (43b) one has: 

-1cdA. ~ P 
pc T 

-iwA • ~ (P - PR) pc I 

where for normal incidence one has a • 0 in (45). 

(45a) 

(45b) 

(45c) 

From a given oblique acoustic incident plane wave PIon the infinite 

plate, one obtains the unknown PR, PT and A by solving the three 

linear equations (45). From (45b) and (45c) one obtains: 

(46a) 

From (46a) one has: 

(46b) 
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Substituting (4Sb) and (46b) in (45a) one obtains: 

From (47a) one obtains: 

The coupling parameter ~ between the plate and the air is 

deftDed as follows: 

where: p. air density (Kg/m3). 

Pp • plate material density (Kg/m3). 

h • thickness of plate (m). 

By substituting the coupling parameter ~ • p2P
h and the acoustic 

p 
wave number k • ! . 2Aw one has: 

Substituting (48) in (47b) one obtains: 

Let us define: 

21 

(47a) 

(47b) 

(48) 

(49a) 



I 
I 
I 
I 
I 

n 
n 

c 
L 

E 

[ 

[ 
~----.-

[ 
k 4 4 ~ Q(e)· 1 - (y) sin 8J 

k . 
- cos8 
lJ 

Equation (49a) can be rewritten in the form: 

From (49c) one obtains: 

PT 1 
-.~--~-. PI 1 - iQ(a) 

Using (508) in (46a) one has: 

PI. -iQ(a) 
PI 1 - iQ(8) 

Using (50a) in (45b) one obtains: 

jl • i(1!pcw)cos8 
PI 1 - iQ(8) 

~,.--... ----...... -~. --.... ---,---~ 

(49b) 

(49c) 

(SOa) 

(SOb) 

(50c) 

where (50) are the solutions of (45). and Q(8) is defined in (49b). 

By rotating the x and y coordinates around the z-axis one can 

obtain k • 0, and the plane of incidence will be located in the x-z y 

plane, with no variation in the y"direction. Taking k • 0 and substituting y 

(44a) and (44b) in (30a), (31a). (32) and (34a) and using (37a) and (42). 

one obtains for the oblique acoustic waves: 

P ik(xsina + zcos8) -iwt 
Pi· I e e (51a) 
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• I >' • ~ f'.' ',' - ,~ ~ . ", 

ft 1k(xs1ne - Icose) -iwt 
Pr • ell e e (5lb) 

(5lc) 

(51d) 

where Pll, PT and A are given in (50) in terms of PI. For the particular 

case of normal incidence on the plate the corresponding results may 

be obtained by taking e • o. 
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CHAPTER IV 

NOISE REDUCTION FOR INFINITE PANEL 

The Transmission Loss coefficient is defined as the ratio of the 

incident acoustic wave pressure power to the transmitted acoustic wave 

pressure power. From (51) one obtains the Transmission Loss coefficient 

TLdb in decibels in the form: 

(52a) 

Substituting (50a) for the present case in (52a) one has: 

TLdb • 10 log 11 - iQI2 • 10 log[l + Q2] (52b) 

One has from (49b): 

(53a) 

where e is the angle of incidence, and e • 0 represents the case of normal 
p bw2 

to the plate incidence of the acoutic wave. Substituting y4 • ~t 

k 1& IJJ/c and i.l. 1.e.. in (53a) one obtains: 
p h 

P 

(53b) 

where (53b) gives the functional variation of Q with respect to the angle 

of incidence e and the wave frequency IJJ. 
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Usually the measurements are done by two microphones which measure 

the pressure power of the acoustic waves. One microphone is situated 

on the source aide of the panel at z • -d1 (the source microphone), and 

it measures the total acoustic wave pressur.e power at that point of 

both the incident and the reflected acoustic waves. The other microphone 

is situated on the other side of the panel at z • +d2 (t~e receiver 

microphone), and it measures the total acoustic wave pressure power at 

that point of the transmitted acoustic wave. The Noise Reduction 

coefficient in decibels is defined as the ratio of the total acoustic 

wave pressure power measured by the source microphone at z • -d1 , to 

the acoustic wave pressure power measured by the receiver microphone at 

z • +d2• From (51) one obtains the Noise Reduction coefficient NRdb 

in decibels in the form: 

• 10 log (54a) 

Substituting (50a) and (SOb) for the present case !n (54a) one obtains: 

NRdb • 10 log --L 
l-!Q 

• 10 10gl(1 _ !Q)e-!kd1COS8 

• 

1
-1kd1cos8 \2 • 10 log e - !Q2cos(kd1cos8) • 

• 10 log I cos (kd1cos8) -!s!n(kd1cos8) -!2Qcos(kd1cOS8) 12 (54b) 
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where (S4b) may be rewritten in the form: 

By usina the trigonometric identities: 

sin 2a • 2sinacosa 

2cos
2
a • 1 + cos2a 

Equation (S4c) can be rewritten in the form: 

where the Noise Reduction coefficient NRdb depends on the position of 

the source microphone z • -dl • One sees from (S4d) that the Noise 

Reduction coefficient curve NRdb consists of an average value superimposed 

by oscillating component of sine and cosine which are functions of the 

distance of the source z • -dl and the frequency w. since k • w/c. 

Denoting the average value of the Noise Reduction coefficient by NRdb 

one obtains from (S4d): 

- 2 NRdb • 10 log(l + 2Q ) (54e) 

where NRdb is the average Noise Reduction coefficient and the parameter Q 
d1 is given in (53a) and (53b). For the particualr case kdl • 2~~- « 1 

(54d) will reduce to: 

26 
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, (54f) 

For the case I kd11 «. 1 the Noise Reduction coefficient NRdb does not 

depend on the position of the source microphone z • -d
1

. From (52b) 

and (S4d) one finds that for Q »1 one has: 

• 10 101 4 • 20 log 2 • 20 x 0.3010 • 6db 

which may be rewritten in the form: 

NR.db • TLdb + 6db for Q » 1 and I led 1 I « 1 (55) 

For the case of k «p one finds from (53a) that ~ • 0, and from 

(52b) and (54d) one has both the TLdb and the NR.db coefficients approach 

the values zero; the obliquely incident acoustic plane wave for k « p 

will propagate through the infinite panel as if it is completely trans-

parent to it. For the case w • 0 one obtains from (53b) that Q • O. Thus 

for very low frequencies one finds, from (52b) and (54d) that both TLdb 

and NRdb coefficients approach the zero value; for very low frequencies 

the obliquely incident acoustic plane wave will propagate through the 

infinite panel as if it is completely transparent to it. A similar 

lI' result will be obtained for e • 2' where from (53b) one has Q • O. 

In this case the infinite plate is parallel to the direction of the 

acoustic wave propagation, a~d will not effect the acoustic wave propagation. 
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. The Transmi •• ion Loaa coefficient TLdb in (52b) and the Noise 

Reduction coefficient Nldb in (54d) both ar, functions of Q2(w) , which 

may be found from (S3b) in the form: 

where one haa: 

pphcoae 2 
F - (-2pc ) 

(56a) 

(56b) 

(56c) 

Takin, the first two derivatives of (56a) with respect to w one obtains: 

(57a) 

., 
+ lw[l - Gw~)[l - 6Gw] (57b) 

Equatins (57a) to zero 3g
2

(w) - 0 and solvins for w, one will obtain, 
3w 

usins (56c), (57b) and the numerical values in the present case: 
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"'1 • 0 (S8a) 

(S8b) 

(S8e) 

Subat1tut1Da (S8a), (S8b) and (S8e) in (56a) one finda: 

(59a) 

Q 2 • Q2 ('" ) • ! (1) 2 ! 
2 2 3 3 G (59b) 

Ua1ns (56b), (56e), (S8e) and ~ • 2P
h one may rewrite (S9b) in the 

Pp 
form: 

(5ge) 

Substitutins (59a), (S9b) and (5ge) in (52b) one obtains: 

(60a) 

(60b) 

Substitut1ns (59a), (59b) and (59c) in (54d) one obtains: 
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(61a) 

(61b) 

Thus OUA finds from (60a) and (6la) that for ~ • wl • 0, and for ~ • w3 

liven iu (S8c), the infinite plate (panel) behaves as if it is transparent 

to the oblique acoustic waves incident on it. 

For the case AbJ2» 1 or w» ~3 • l , where w3 is liven in 
Ii 

(S8c), one obtains from (56a): 

(62) 

where f • i; is the frequency of the oblique incident acoustic plane wave. 

For the present case the value of (62) is much larler than 1, and there-

fore,by substitutinl (62) in (S2b) oue obtains: 

1 6 2 6 
TLdb(w »W3 • ir) · 10 lOI[(2w) PG f ) • 

Similarly, by substitutinl (62) in (S4d) one obtains: 
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Fro. (63) and (64) OD8 obta1ns.ul1DI (55): 

tLdb • C + 60 10, f (65a) 

NRdb • C + 6db + 60 101 f (65b) 

whn ODe h .. : 

(66a) 

Fro. (56b) 6Dd (56c) o~e has: 

(66b) 

Subscicucinl (66b) in (66a) one has: 

c • 60 101 (2w) + 20 108 (Dcose) + 80 108 (Sine) (66c) 
2pc c 

O6e can see from (65a) and (6Sb) that by drawin8 TLdb and Nldb on a 108 

paper, where the z-axis expressed in terms of 108 f, one "Jill obtain a 

.craight line for W » w3 • JL, with the con.tant C liven in (66c). 
IE 

A doublinl of the frequency (. raisins the frequency by one octave) 

in chis ca.e will raise the Transmission Loss coeff1cint TLdb and 

the Noi.e Reduction coefficient Nlldb by 18 db. 
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For the particular ca.e of normal incidence e • 0 one ubta1nl from 

(sta). (SIb) and (SIc): 

(67) 

Tbua for the ca.e of nomal incidence the above phenome. of III&XimwI 

(at W • w2) aDd minimum Cat w • w3) in the TLdb and NRdb ~urve. 

do .. not exi.t. Of cour.e w2 and w3 in (67) will not be infinite, but 

will b. limited by the critical frequency fc to be d1.cu •• ed in the follo~ 

ina· 

Aa.um1na in (29b) that there is no exte~dal force den.ity Pz • 0, 

and there 1. a variation only in x-d1rect10n n • n(x), one will obtain: 

(68a) 

which will be solved to aive the followina free motion elastic plate 

waves of the lateral displacement of the plate propaaatina alona the 

plate: 

n- noetvX-iwt Attenuated plate elastic waves (68b) 

n- "oei(tyx-wt) propaaatina plate elastic waves (68c) 

where for the propaaatina plate elastic waves in (68c) , the plate wave 

number y can be aiven from (29c) in the form: 

(11m) (69.) 
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pc .$$ ,a. p:a • ps • • a $ 6 £ 

where: cp • wave velocity of the ela'tic plate weve. (1I/.ec) 

Ap • waveleoath of the ela.tic plate'wavel (II) 

III • 
2wf • circular frequency of the wa'·e (l/.ec) 

Prom (69a) one obtain.: 

~ 4 E I2,;hi (mI.ec) (69b) c • lIl.. h';;· 2 21th! 
p y Pp . 12(1-v )0 

p 

A • h • 2~ D .J... 'vj E V2Wh (III) (69c) 
p Y pph I; 12(I-})p f 

p 

where cp • fAp and cp • cp(f). with f beina the frequency of the ela.tic 

wave aloul the infinite plate. 

& d 

"sumina that an oblique acoustic plane wave i, incident on the infinite 

plate ln the x-z plane of lncidence ln an anile et With the normal to the 

plate a, .. Ihown ln Figure 1, the oblique acoultic plane wave propala-z . 

tion vector 11 liven by ~, found for the present caa. from (20a): 

- - \/2 2- - -
k- • k a +Vk - k a • ksineta + kco,eta --1 xx X z x z (70) 

where k • III/c, c beinl the velocity of the acoustic wave ln infinlte 

.pace. Denotlnl the phase velocity of the oblique acoultlc wave alonl 

the plate by cx.one hal kx • III/cx' and one obtalns from (70): 

(71) 

The crltical frequency of radiation f of the infinite plate is defined c 

by cp • e or by Y • k , and one obtains from (69b) for f • fc: 
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(72a) 

From (72a) one may obtain the critical frequency of radiation fc in 

the form: 

Substituting D • Eh3/12(1-~2) in (72b) one obtains from (72b): 

2 c 
f(! .-_ 2'l1'h 

(72b) 

(72c) 

Substituting the Poisson ratio v for aluminum, one may obtain from 

(72c): 

for v a 0.3 (72d) 

When the velocity c of the elastic waves along the infinite plate 
p 

is larg~' than the phase velocity c of the acoustic waves in the air 

cp > C , which implies y < k or f > f , the plate will radiate c 

acoustic wave energy into the air, and it can be shown that the acoustic 

radiation ratio a d' which is proportional to the acoustic power radiated ra 
. by the plate, is given by: 

34 
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In the case of f < f there is no acoustic wave power radiated feom the c 

inftaite plate. provided that the plate behaves perfectly in accordance 

with (68a). For actual plates. which are not perfect.chere is also 

80me acoustic wave radiation even when f < f • 
c 

Coqparin8 (S8b) aDd (58c) with (72b) one finds for f2 • w2/2~ and 

f3 • w3/2ff : 

(74a) 

From (74) one has f3 > fc ' while f2 > fc for e < 49° and f2 < fc for 

e > 49°. Thus the value of w3 in (S8c) will be always affected by 

the radiated acoustic wave energy from the plate. The value of w2 

in (58b) will be affected by the radiated acoustic wave energy from 

the plate only if 9 < 49°. 

In the experiments under discussion in the present report one 

has the numerical values: 

h • 0.025" • 0.635 mm - 0.635 x 10-3m 

p - 2.7 x 103 kg/m3 
p 

E - 7.0 x 1010 N/m2 

c - 343.8 m/sec 

Substituting the above numerical values in (72d) one obtains: 

f • 19,240 (l/sec) c 
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I where f is the critical frequency of radiation by the plate. Since e . 

I th~ experiments discus.ed in the present report are in the frequency 

ranle f < 5,000 llsec, one has f < f , and the effect of acoustic 
- c 

I wave radiation by the plate could be neglected. if one assumes a 

I 
perfect plate. 
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CHAPTER V 

OBLIqUE ACOUSTIC WAVE ON FINITE PANEL 

In the present chapter the case of 3 plane acoustic wave incident 

on an oblique finite clamped panel (plate) in a rigid duct will be 

discussed. 

It has been shown in a previous report that the fundamental mode of 

propagation of the acoustic waves propagating parallel to the axis of a 

rigid duct is identical with the plane acoustic wave propagating in the 

infinite fluid (air) limited by the walls of the rigid duct. The intro-

duction of the walls of the rigid duct parallt! 1 i. .. \~he direction of 

propagation does not affect the plane acoustic wave. since the boundary 

conditions of the walls of the rigid duct are obeyed; the fundamental 

mode of propagatian of the acoustic wave in the duct propagates parallel 

to the axis of the duct as a plane acoustic wave, as if the duct rigid 

walls were not there. Thus, the introduction of the duct rigid walls 

parallel to the dire~tion of propagation does not alter the behavior 

of the acoustic plane waves. 

When one introduces a finite rectangular clamped panel (plate) 

in an oblique direction to the axis of the duct, one should apply the 

boundary conditions for a clamped rectangular plate. One is not able to 

use the solution for the infinite panel (plate) discussed in the previOUS 

two chapters without any boundary conditions. Thus, the introduction of 

the duct rigid walls parallel to the direction of propagation does not 

affect the incident plane aocustic waves, but it does introduce the effect 

of the clamped boundary conditions of the panel (plate), which is in 
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.oblique direction to the axis of the duct. and is now clamped to the rigid 

walls of the duct. The solution given previously for the infinite panel 

(plate) for the lateral displacement n does not obey the boundary condi-

tiona for the clamped edges of the panel (plate). Therefore, the solution 

for the infinite panel (plate) given in the previous two chapters should 

be modified. 

In order to simplify the analysis and limit it only to the fundamental 

resonance frequency of the oblique panel (plate) in the present chapter. it 

is assumed that the effect of the four clamped edges of the oblique plate 

in the duct is equivalent to a spring, forcing the plate to return to its 

position of equilibrium when no acoustic plane wave is incident on it. 

Thus, the oblique plate in the duct has been id~alized by ~ntroducing the 

effect of the clamped edge~boundary conditions as an equivalent system 

of a single degree of freedom only. For small lateral displacements n of the 

oblique plate in the Q~~t, the spring-like force per unit area is propor-

tiona! to the lateral displacement of the plate, and can be expressed in 

the followi~g form, by using the stiffness constant of the plate; 

where: 

spring • ...fr_ 
Pz ""I 

spring . 2 
Pz - spring-like force density (N/m ) 

n • lateral displacement of the plate (m) 

3 K • stiffness constant of the plate (N/m ) 

(75) 

The formulation of the structural damping of the vibrating plate can 

be accomplished by expressing the damping force per unit area as a purely 

imaginary constant, being proportional to the small lateral displacement. 

£s follows, taking i • l-iL: 
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where: Pz damping • dampilll force density (N/m2) 

" • lateral displacement of the plate (m) 

K • stiffness constant of the plate (N/m3) 

a • the damping factor (non-dimensional) 

(76) 

Equation (76) bas been employed extensively in the dynamic analysis of 

aerospace structures. 

The inertial force density associated with the lateral translation 

~(x,y) of a plate element has been given as follows: 

where: 

i i 1 d2n' nert a • _p h __ 
Pz P dt2 

inertial 2 Pz • inertial force per unit area (N/m ) 

Pp • mass density of tqe plate material (kg/m3) 

h • thickness of the plate (m) 

pph • mass of plate per unit area (kg/m2) 

(77) 

The nataral fundamental circular resonance frequency Wo will be defined 

for a spring-like system of one degree of freedom of this type as follows. 

using (75) and (77): 

lib • ~ pKh • 
P 

lyT f .- --
o 2'11' P h 

P 
(llsec) (78) 

ReviSing the differential equation for static equilibrium for the plate 

A DV n • Pz' by adding the spring force in (75). the damping force in (76), 

and the inertial force in (77), one obtains: 
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DV4. + inertial + p spring + p damping • 
n Pz Pz z z 

which could be rewritten in the form: 

4 d
2 

DV "+ p h ~+ K{l + ia)"· Pz 
p dt 

(79a) 

(79b) 

2 -iwt Substituting K • pphwo from (78) and assuming harmonic time variation e 

in (7gb) one obtains: 

2 
4 2 1110 

DV "- pphw [1 - ~ (1 + ia)]" • pz(x,y) 
III 

which may be rewritten in the form: 

4 4 1 4 
V " - Yo " • -D Pz • --X-- P hw2 z 

Pp 

(80a) 

(80b) 

where y has been defined in (29c), and the plate wave number Yo for the 

present case is defined by: 

-. 

222 
4 P hili 1110 4 1110 4 

Yo • ~ [1 - ~(l + ia)] • y [1 - ---2 (1 + fa)] (11m )(80c) 
III III 

For the particular case of infinite unclamped plate 1110 • 0, Yo· y, 

and (80b) reduces to (29b). 

In the subsequent analysis the plate will be considered to be infinite. 

However, the effect of the plate being finite in extent, and clamped at the 
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ad.es, will be introduced by the resonance frequency Wo in (SOc). Further

more, instead of con.id.ri~. the plane acoustic wave (the fundamental 

mode) propagating along the axis of the duct and incident on an oblique 

panel (plate) in ~~cordance with t~e experimental set up, we will consider 

an oblique plane acoustic vave in infinite space incident on an infinite 

plate situated at z • 0, and subject to inertial force, spring-like force 

and damping force. 

Let an infinite panel (plate) be situated at z • 0 in the x-y plane. 

Let an oblique acoustic plane wave propagat~ng in the direction kI be 

incident on the infinite plate, and be given by (14) in the region z ~ 0 

in the form: 

( ) • P ei(kI • r - wt) Pi x,y,z,t I (z !. 0) (81a) 

PIkI i(k • r - wt) 
ui(x,y,z,t) • ---- e I (z !. 0) pc:k (81b) 

where kt • k~I' and the unit vector ~I has one component in the positive 

z-direction. This obU,que incident acoustic plane wave will be reflected 

by the infinite plate in the form of an oblique reflected acoustic plane 

wave propagating in the direction ~, and be given by (15) in the region 

z !. 0 in the form: 

i(~ • - - wt) Pr(x,y,z,t) • PRe 
r 

(z !. 0) (82a) 

• PR~ ei(~ • - wt) UreX,y,z,t) r - (z !. 0) (82b) pck 
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where ~ • ~l' aDd the unit vector ~l hal one component in the nela-

tiva I-direction. The oblique incident acoustic plaoe wave will cause 

the infinite plate to vibrate harmoni~ally in the lateral positive 

I-direction in the form: 

i(k x + k y - wt) 
n(x.y.t) • Ae px py (I • 0.) (83) 

where n is the lateral displacement of the plate in the positive I-direction; 

velocity of the plate in the positive I-direction may be found from (83) 

to live: 

dn iwA i(k x + k y - wt) 
U • ~ • - e px py pi dt (I • 0) (84) 

No plate boundary conditions are applied to (83) and (84) since the plate 

is assumed to be of infinite extent in both x- and y-direction. The effect 

of the clamped finite plate is introduced by the resonance frequency Wo 

in (80c). 

The v·1brations of the plate given in (83) and (84) will generate on 

the other side of the plate I ~ 0 an oblique acoustic transmitted plane 

wave in the direction ~, which will be given by (16) in the region I ! 0 

in the form: 

-• r - wt) (z ~ 0) (85a) 

(z !. 0) (8Sb) 
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where k.r • ~T' and the unit vector iLT ha. one component in the pos1tive 

a-direction. 

The total external force per unit area Pz on the plate at z - 0 

in the positive a-direction by the incident oblique acoustic wave (81a), 

the reflected oblique acoustic wave (e2a) and the transmitted oblique 

acoustic wave (85.) is livan by: 

(86) 

where the incident and the. reflected oblique acoustic waves at z < 0 

pressure the plate in the positive z-direction, and the transmitted 

oblique acoustic wave at z > 0 pressure the plate in the negative z-direc-

tion. Substituting (83) in (80b) one finds: 

4 
--l-- ( ) • [(k 2 + k 2)2 _ 4] Aei(k xX + k --Y - wt) (87) 2 pz x,y,t px py Yo P py-
ppl\c.) 

Substituting (86) on the left hand side of (87) one requires the identity 

to be correct for all (x,y) in the plane of the plate z - 0, and as a 

result one has: 

k - k - ~ - k- • k x Ix ax --Tx p~ 

k alL alL -lL -k y -ly -~ .~ py 

Substituting (86) in (87) and using (88) one obtains: 
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(89) 

where (89) reduces to (38) for the particular case of Wo • 0 and Yo • y. 

The plate velocity apz and the fluid (air) velocity of tho oblique 

acoustic waves in the I-direction a
l 

on either side of the plate should 

be identical. On the positive side of the plate I ~ 0 at the plate 

I • O. denoted by z • 0., the plate velocity upz in the positive 

I-direction should be identical with the transmitted acoustic wave 

velocity vector in the positive I-direction utz as follows: 

(90a) 

Substituting (84) and (8Sb) in (90a) and using (88) one obtains: 

(90b) 

On the negative side of the plate z ~ 0 at the plate z • 0, denoted by 

z • 0_, the plate velocity up~ should be identical with the sum of the 

oblique incident acoustic wave velocity in the positive z-direction uiz 

and the oblique reflected acoustic wave velocity in the positive z-direc-

tion Urz' as follows: 

(9la) 

Substituting (8lb), (82b) and (84) in (9la) and using (88) one obtains: 

1 (-k • - )P 1 (~ . - ) -twA • PCk I az I· Qck --R az PR 
(9lb) . 
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Prom (90b) aDd (9lb) ODe obtain.: 

(92) 

where for the particular ca.e of normal incidence one ha. kt - ~ - -~ • kiz• 

Prom (6a), (9) and (88) one haa: 

C -ka +ka -ka 
~ x x y y z z 

C -ki +ka +ka 
""T xx 11 zz 

k • Vk2 - k 2 _ k 2. V ~)2 _ k 2 _ k 2 
z x 1 c x 1 

Ulinl (93c) 1n (9Ob) one hal: 

kz 
-1wA • -- P Qck T 

Ulinl (93a) and (93b) in (9lb) one hal: 

(93a) 

(93b) 

(93c) 

(93d) 

(94a) 

(94b) 

Takinl the ans1e of incidence e to be the anile between the incident 

wave propalation vector kI and the positive z axil, one finds from (93a) 

and (93d): 

(95a) 
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Vk 2 + k 2 • Vk2 _ k 2 • kain8 -x Y I 
(95b) 

Prom (42b),'and (42c) ODe finds that the aft,le of transmis8ion i8 a180 

e, and the aD,le of reflection 11 w - e. Sub8titutina (95) in (89), 

(94a) and (94b) one obtains: 

4 4' 4 4 
(k 11n e - Y lA· ~ (P t + Pa - Pt ) 

o t) heal 
p 

-w. COle p 
QC t 

-w • COle (P _ P ) 
QC I a 

(96a) 

(96b) 

(96c) 

where (96a) will reduce to (45a) for Wo • 0 and Y • Yo' and (96b) and 

(96c) are identical with (45b) and (45c). From (96b) and (96c) one 

obtains: 

(97a) 

Prom (97a) one will obtain: 

(97b) 

Subltitutina (96b) and (97b) in (96a) one obtainS: 

(9Sa) 

From (9Sa) one obtains: 
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k 4 4 Y 4 p hw1coae 
(y) a1n e - (~)] P 2~c PT • PI - PT (98b) 

Where for the caae Wo • 0 and y • Yo (98b) reduce. to (47b). 

The coupl1nl parameter ~ between the plate and the air 1. defined 

.a followa: 

Tak1na the acouat1c wave number k • wI: and (99.) one obtain~: 

k ~; ~ _ • :JL.:. 
~ 2pc 

Subat1tutina (99b) 1n (98b) one obtain.: 

Let U8 deUne: 

where one baa from (80c): 

Yo 4 w0
2 

(-) • 1 - - (1 + 10) y 2 
w 

U.1ns definic10n (lOOb) 1n (100.) one obtains: 
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From (101) one obtains: 

(102a) 

Using (102a) in (97a) one has: 

PR -iQo (9) 

PT • 1 - iQo(9) 
(l02b) 

Using (102a) in (96b) one obtains: 

(102c) 

where (102) are the solutions of (96) and Q (e) is defined in (lOOb). a 

For the particular case of w • 0, one obtains from (lOOc) y - y, c a 

equation (lOOb) oecomes identical with (49b) for Q (e) • Q(e), and the 
" 

results (101) are identical with (50). 

Using the solutions (102) in (51) one obtains the corresponding 

oblique acoustic waves, where PR' PT and A are given in (102) in 

terms of PI of the incident oblique acoustic wave. For the particular 

case of normal incidence on the place, the corresponding results may 

be ob tained by taking e • O. 

48 

--------------------............ 



p . Q '4 ""fJr--~ 

CHAPTD VI 

NOISE REDUCTION FOR FINITE PANEL 

The Transmission Loss coefficient is ~efined as the ratio of the 

incident acoustic wave pressure power to the transmitted acoustic wave 

pressure power. From (81) and (85) one obtains the Transmission Loss 

coefficient TLdb in decibels in the lorm: 

2 

IPII-10 log P
T 

(103a) 

Substituting (102a) lor the present caSetone has: 

(103b) 

Substituting (lOOc) in (lOOb) one obtains: 

2 

Qo(S) - [1 - 1II~2 (1 + ia) - (~)4 sin
4
e) !. cose 

III y ~ 
(104a) 

Substituting (1048) in (103b), and separating into real and imaginary 

partstone obtains: 

III 2ak 
TLdb • 10 log 1[1 -~ cose] 

III ~ 

2 
1110 k 4 4 k 2 

- i[l - -2 - (-) sin e) - cosel 
1II"'f ~ 

From (104b) one has: 
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TLdb • 10 10 1{ [1 - --r cose] + 
)lW 

+ [1 

where one has from (80c) and (99b): 

k phw _ • ..IlL • :.e..:. 
u clJ 2pc 

Substituting (105) in (104c) one has: 

2 
awo 2 

TLdb - 10 log {[1 - ---- cose] + 
CUW 

2 
1.110 Ow2 4 2 1.11 2 + [1 - - - - sin e] [- cose] 

2 h 4 CIJ 
1.11 Pp c 

For the particular case of 1.11 - 0 (106) reduces to (52b). o 

(104c) 

(10Sa) 

(lOSb) 

(106) 

The Noise Reduction coefficient is defined as the ~atio of the total 

acoustic wave pressure power measured by the source microphone 

at z • -dp to the acoustic wave pressure measured by the receiver micro

phone at z • +d2" From (51) one obtains the Noise Reduction coefficient 

NRdb in decibels in the form: 

NRdb • 10 log 

• 10 log 

2 
Ipi + Prl 

z • -d , 1 _ 

2 
pte-ikdlcose + PRe+ikdlCOsel 

Preikd2cose I 
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Subst1tutinl (102a) and (102b) for the present case in (107a) one obtains: 

1 -ikd1cotje . 12 • 10 101 e - iQ02coS(kd1cose) 

Equation (104a) may be rewritten in the form: 

Q (e) • Q R _ iQ I 
o 0 0 

2 

Q R • [1 _ W; _ (!.)4 Sin4e] !. cose 
o W Y lJ 

2 
I Wo k 

Qo • a -:r~ cose 
W 

(107b) 

(108a) 

(lOSb) 

(lOSe) 

where!. and (!.)4 are liven in (lOsa) and (lOsb). Substituting (108a) 
lJ Y 

in (107b) one obtains: 

NRdb • 10 101 Icos(kd1cose) - i sin(kd1cuse) -

I • 10 log 1(1 - 2Qo )cos(kd1cose) - i[Sidkd1cose) + 

(109a) 

Equation (109a) can be rewritten in the form: 
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(109b) 

By opening the brackets (109b) may be rewritten as follows: 

By using the trigonometric identities 

sin2a • 2sinacosa 

equation (110a) may be rewritten in the form: 

NP'db • 10 log [1 + 2(Q R)2 + 2Q I(Q I - 1) + o 0 0 

+ 2Q I(Q I _ 1)cos(2k~lcose)j (llOb) 
o 0 

R I where Qo and Qo are given in (lOSb) and (108c). The Noise Reduction 

coefficient NRdb in (llOb) depen~s on th(! position of the source at z • -dl • 
dl For the ?articular case kdl • 2w ;r « 1 (llOb) will reduce to: 

S2 

.. 



Por Ikd11«1 the Noise Reduction coefficient NRdb does not depend on the 

positio~ of the source microphone z • -d1 .. 

For the case where the values of kdl are not small, the last three 

terms of (llOb), which include the trigonometric functions, will oscillate 

very much by a small change of frequency, especially at the high frequency 

region. The average non oscillating part of the Noise Reduction coeffi

cient iidb may be found from (llOb) by eliminating the oscillating terms: 

NRdb • 10 log [1 + 2(Q R)2 + 2Q I(Q I - 1)] o 0 0 
(112) 

Prom (105) and (108) one has: 

2 
R III ~2 4 

Q - [1 - -2..- - -- sin s1 o 2 4 
III P hc 

P 
2 

J.!!... cose 
c~ 

2 
I III P hili 

Q - a ~~ cose o 2 2pc 

III 
a 0 

- -- cos6 
ClJ 2 

III III 

Substituting (113) in (112) one has: 

NRdb - 10 log {1 + 2 

2 2 
a 1110 a 1110 

+ 2 r- - cosS][- - cosS - 1l} 
ClJ III c~ III 

(113a) 

(113b) 

4 ,2 III 2 sin S. (-- cosS) + 
c~ 

(114) 

For the case wher~ a • 0 and Q I • 0 (110b) yill become: o 
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(115) 

R where Qo is defined in (113a). Equation (115) has the same form as (S4d). 

The Noise Reduction coefficient NRdb in (115) depends on the posi-

tion of the source z • ~dl' The average non-oscillating part of the Noise 

Reduction coefficient NRdb may be found from (115) in the form: 

Equation (116a) has the same form as (54e). Substituting (l13a) in 

(1l6a) one has: 

NRdb • 10 log (1l6b) 

where NRdb is the average value of the Noise Reduction coefficient NRdb 

over the local oscillations of the curve due to a finite value of the source 

position z • -d1• For w • 0 (ll6b) becomes identical with (54e). For 
2 0 

the case where Deal 4 sin4e« 1 equation (1l6b) will have the form: 
pphc 

2 
w 2 Wo 2 

~db • 10 log {l + 2[C; cosel [1 - -;rl } 
w 

(117) 

where Jl. 2Ph" Equation (117) gives the local average of the Noise Reduc
Pp . 

tion coefficient NRdb for the case of an infinite plate, subject to 

stiffness,expressed in the form of a resonance frequency Woe For the 

S4 
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case ~ • ~ one finds from (117) that the local average Noise Reduction 
o 

coefficient iidb • O. Some additional discussion of the results in the pre-

sent chapter will be found in a later chapter on the experimental results. 
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CHAPTER VII 

FREE VIBRATIONS OF THE FINITE PANEL 

In tbe present cbaptp-r the characteristic resonance frequencies of the 

free vibrations of tbe clamped oblique finite panel (plate) in the riaid 

duct will be discussed. Other possible resonance effects will be also 

considered and a general formulation of the Noise Reduction coefficient 

will be aiven. 

Let the clamped rectangular plate of dimensions ltd" and "b" be situated 

obUquely in th. riaid rectanaular duct of cross-section di;:!ensions "a" and 

"b." The anale between the axis of the duct and the normal to the plate will 

be e. Thus. one dimension of the rectangular plate will be the same as 

one dimension of the rectangular duct, while the other dimension will be 

related as follows: 

a • d coaa b • b (118) 

For tbe plate normal to the axis of the duct one will have e • 0 and a-d. 

Let the coordinates (t,y,n) be associated with the oblique plate, 

where ~ .. 0, t .. d, y • 0, y .. b describe the clamped ~dges of the plate, 

with n being the coordinate normal to the plate. The boundary conditions 

of tbe clamped plate (panel) will be given by: 

n • 0 at e;- 0 and ~. 

h. o 3t at t .. 0 and ~ .. 

n • 0 at y • 0 and y .. 
l!l • 
cy 0 at y .. 0 and y .. 
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The motion of the free vi~ration. ot the clamped oblique finite panel (plate) 

in the riaid duct as a function of time could b. described in the fQrm: 

nCr y t) • A cos mwE cos nwY e-iwt 
... ' , m,n d b (120) 

The value of the lateral displacement n(~.y·,t) in (120) obeys the boundary 

conditions (119b) and (119d) of the clamped plate at the edges, but does 

not obey the boundary conditions (ll9a) and (119c). Equation (120) has 

been chosen in this form, since for normal plate (panel) in the rigid duct 

e • 0, d • a, and t • x, it has the same form as the acoustic wave mode 

(m,n) propagatins in the rigie duct. The boundary conditions requirement 

in (119a) and (119c) that n • 0 at the ed~es of the clamped plate will 

introduce interaction between the different vibration modes (m,n) of the 

clamped plate. The amplitude A in (120) of one vibrational mode of the m,n 

clamped plate (panel) will be related to the amplitudes of all the other 

vibrational modes (m,n) of the clamped plate (panel). However, in the 

present case we are interested in finding the values of the characteristic 

frequencies of the free vibrations of the plate and not their amplitudes. 

One is able to find these characteristic frequencies of the free vibrations 

of the plate by using (120) in the following. 

Taking Pz • 0 in (29a) one will have for the case of harmonic time 

variation: 

(121) 

4 a2 a2 .2 where V • (--y + --y) for the present case. Substituting (120) in (121) 
a~ ay 

one will obtain: 
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From (122) one obtain. the resonance frequencies of the oblique clamped 

plate in the form: 

(122) 

(123) 

where (123) lives the resonance frequencies of the oblique clamped panel 

(plate) in the duct. which will cause acoustic waves of the same frequency. 

Subet1tut1nl (118) in (123) one obtains: 

(124) 

where (124) lives the resonance frequencies of the oblique plate (panel) 

in terms of the dimensions of the cross-section of the duct. For a clamped 

plate perpendicular to the axis of the duct one takes in (124) e • o. 

Por a rigid duct with a square cross section a • b one could rewrite 

(124) in the form: 

a • b (12.5) 

The resonance frequency f of the oblique plate (panel) in the duct may be 

found from (125) in the form: 

w wWj 222 
f • - • - - [m cos e + n ] 2 '!I' 2 2 p h a p 

(126a) 

using the trigonometric identity sin2e + cos2a • 1 (126a) may be rewritten 

in the form: 
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(126b) 

Where (126b) ,ive. the re.onance frequencies of the oblique plate for mode 

(m,n) which will produce .coustic waves of the _.mefrequency. 

For the particular ca.e of a plate (panel) perpendicular to the axis 

of the duct e • 0, one has from (126b): 

for e • 0 (127) 

For each mode of vibration (m,n) or (n,m), one will have one resonance 

frequency of the normal plate siven 1ft (127), but two resonance frequencies 

of the oblique plate siven in (126). Thus, for the square risid duct the 

nWllb.ar of the plate resonance frequencies for the oblique plill'e 

will be doubl.d of that of the normal to the axis plate. 

Let a uniform plane wave of the fundamental mode 1n the rectansular 

duct be propasatins in the positive z-direction in the form: 

p • p ei(kz-tllt) 
i I 

PI i(kz-wt) u ·-e z1 I)C 

where k • w/c,and the lo •• e. in the 10s8Y duct have been neslected. 

(128a) 

(128b) 

Let 

the uniform plane wave be reflected by the back wooden panel of the rec-

tansular duct, and the reflected uniform plane wave will propaaate in the 

nesative z-direction in the form: 

(129.) 

PI -i(kz-kAlt) 
u • - - • zr I)C 

(129b) 
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Takin. the back wooden panel to be ri.id aDd .1tuated at I • L, one ha. the 

boundary condition un • 0, and from (128b) and (129b) one obtain.: 

Pll -i(kL+Cllt) 
--I pc (130a) 

From (130a) one ha.: 

(130b) 

If one ••• ume. that thl back wooden panel i. not rilid, but i. a purlly 

reactive .urfac., which will cauee pha.e .hift -2~ durin. the reflection, 

one will obtain (13Gb) in the form: 

(l30c) 

The total pr ••• ure field of the incident and reflected wave. may be found 

from (128a) , (129a) and (l30c) 1n the form: 

p • p + P • P .+1kz + p e12 (kL-.) -1kz 
i r 1 I e (131) 

The maan1tude of the total pre.sure at any point z • Zo may be found from 

(131) in the form: 

I i(kL-.) II 'i{kzo-(kL-~) 1 + -it kzo-(kL-,) J I • '1 A e e (132a) 
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r~oa (132&) Ofte obcain': 

(132b) 

If che acouacic impedance of che wall 1. a function Qt che frequency, one 

~ • • .(w). For che case Ip1z.z • 0 one require. in (132b): 
o 

kCL - 10 ) - • • (2n + 1) t Cn • 0, 1, 2, 3, • • .) (133) 

Tak1n1 k - w/c • 2wf/c one obtain. from (133) the characteristic f~.qu.nc1el 

for minimum masnicude of the pre •• ure at the receiver microphone 11tuated 

C 'If 
tn • ~2-w'P-!(L~--z~) (2n + 1) '2 + ~] -

o 

• c ( 2n + 1 +.L) 
L - z 4 2w o 

lor • - 0 (134) will become 

t- c 2n + 1 c (n. + 1) 
n L - Zo 4 • L - z 2 4 

0 

For • • - t (134) will become 

e n t • -n L - z 2 
0 
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11' For ~ • + 2" . (134) will become 

f. c 
n L - z o 

(!!. + 1) 
2 2 

Other pos~ible cases could be found f~om (134). 

(135c) 

When a plane acoustic wave propagating in the rigid duct parallel to 

its axis, is incident on the oblique plate (panel). th~re will be an oblique 

reflected acoustic wave. This reflected acoustic wave will be reflected 

obliquely back and forth from the duct walls and will travel back to the 

transmitter microphone. In additioD.the incident plane acoustic wave will 

cause the oblique plate to vibrate at the same frequency. These vibrations 

of the plate will produce a transmitted acoustic plane wave which will 

propagate parallel to the duct axis to the receiver microphone. This transmitted 

acoustic plane wave will also propagate as the fundamental mode in the rigid 

duct and will be reflected by the wooden back panel. The Noise Reduction 

coefficient NRdb may be found in the following form for the pre3ent case 

by using (54b): 

2 
NRdb • 10 log 1(1 - iQ) e-ikdlCOs6 -iQei~(f)1 (l36} 

In (136) it has been assumed that the phases and amplitudes of the incident 

and transmitted acoustic plane waves of the fundamental acoustic mode in the 

rigid duct are the same as in the infinite plate. However. since the reflected 

acoustic plane wave will be reflected obliquely back and forth among the 

duct walls until it.reaches the transmitter microphone, it has been assumed 

that its amplitude remains the same as before in the rigid duct. while 

62 

9 

... 



its phase ~(f) will be a function of the frequency £ of tbe wave. The 

phase delay ~(f) in the case of the reflected oblique acoustic wave will be 

caused by the additional length it transverses. as well as the phase difference 

caused by its oblique reflection each time from the duct walls. From (136) 

one obtains: 

NRdb • 10 logl(l - iQ)[cos(kdlcose) - i sin(kdlcose)] -

- iQ[cos~ + i sin~112 (137a) 

where the phase delay of the reflected wave from the oblique plate (panel) 

in the duct to the transmitter microphone is given by ~ • ~(f). From 

(137a) one obtains: 

NRdb • 10 10gj[cos(kd1cosS) - Q sin(kdlcose) + Q sin~]-

(l37b) 

From (137b) one has: 

NRdb • 10 log{[cos(kd1cose) - Q s1n(kd1cos6) + Q sin~J2 + 

(138a) 

Opening the brackets in (138a) and USing the trigonometric ~dentities: 

2 2 cos a + sin a • 1 

cos(S + y) • cosS cosy - sinS slny 

sineS + y) • sinS cosy + cosS siny 
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one obtains: 

2 
NRdb • 10 log (1 + 2Q + 2Qsin(kdlcos6 + 1/1) + 

2 . 
+ 2Q cos(kd1cose + w)] (138b) 

where 1/1 • I/I(f) is the phase delay of the oblique reflected wave. For 

the particular case of 1/1 • I/I(f) • kdlcosa Eqn. (138b) is identical with 

(54d). Denoting the average value of the Noise Reduction coefficient 

by NRdb one obtains from (138b): 

NRdb • 10 log [1 + 2Q2] (139) 

where (139) is identical with (54e). One sees from (138b) that the Noise 

Reduction coefficient NRdb , found as a function of the wave frequency f, 

will oscillate around the average value NRdb given in (139) • 
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CHAPTER VIII 

EXPERIMENTAL AND NUMERICAl. RESULTS 

In the present chapter the theory, which has been given in this 

report, will be applied in order to analyze and calculate some of the 

outstanding aspects of the experimental results. Figure 2 and Figure 3 

give the experimental set up for the oblique aluminum plates (panels) 

in the duct. Figure 4 gives for reference the experimental Noise 

Reduction curve NRdb when the panel is perpendicular to the axis of the 

duct, i.e. the angle between the normal to the panel and the axis of the 

duct is 9 • 00
• Figures S, 6, 7 and 8 give the experimental Noise 

Reduction curve NRdb when the angles between the normal to the panel 

o 0 0 and the axis of the duct are, respectively, 9 • lS , 9 • 30 , e • 40 

and e • 600
• The basic dimensions of the cross-section of the duct are: 

Length x Axis: a· 18" - 0.4572 m 

Width Y Axis: b - 18" - 0.4572 m 

In the Beranek tube the boundaries of the square duct are given by 

hardwood, which could be considered to be rigid for the present. As 

can be seen from Figure 2 and Figure 3, the dimensions of the special 

test section are larger than the rest of the duct, and the walls of the 

special test section are covered by absorbing material. However, the 

dimensions of the cross-section of the air part in the special section 

are the same as above. The main effect of the absorbing material as a 
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boundary of the special test section of the duct will be to csuse 

additional phase shift, and some attenuation, in the· reflected wave, as 

it is reflected back snd forth between the boundaries of the special 

test section of the duct. The aluminum panels, which give the Noise 

Reduction curves in Figures 4, S, 6, 7 and 8 have the following 

dimensions: 

. . Thickness: -3 
h • 0.025" • 0.635 mm • 0.635 x 10 m 

Length x Axis: d _ -lL- • ~ • 0.4572 m 
coss coss cose 

Width Y Axis: b • 18" • 0.4572 m 

o 0 0 0 0 where e • 0 , 15 , 30 , 40 , 60 for the different cases in the 

corresponding Figures 4, 5, 6, 7, and 8. 

The material and the mechanical properties of the aluminum panels 

are as follows: 

Material: Aldad 2024T3 Aluminum 

Density • Pp • 2.7 x 103 kg/m3 

Young Modulus of Elasticity - E - 7.0 x 1010 N/m2 

Poisson's Ratio - v • 0.3 1 - v2 • 0.91 

The experimea~s were done in Lawrence, Kansas at about 1,000 ft 

above sea level, under the following conditions of the air: 
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2 
Pressure • P • 0.97735 atmosphere • 97,735 N/m 

Density • P • 1.1575 Kg/m
3 

Velocity of Acoustic Waves • c • 343.8 mlsec 

;a 

The coupling parameter ~ between the aluminum panel and the air 

may be calculated from the above: 

~ _ ~. 2 x 1.1575 _ 1.350 11m 
pph 2.7 x 0.635 

The analysis of the experimental results will be divided into 

,a, 

several parts according to the particualr aspect of the physical phenomena 

::0 be discussed. 

A. The Average Noise Reduction Coefficient NRdb: The average Noise 

Reduction coefficient NRdb for the infinite plate is given in (54e) in 

the form: 

NRdb • 10 log [1 + 2Q2] (140) 

where one has from (53a) and (53b): 

Q (1 - (~)4 i 49] k e • y s n U cos 
D 2 4 k 

- (1 -~ sin 9]- cose (14la) 
p hc II 

P 

Eh3 
where D. ----=::::...-::2~. It should be pOinted out that the average Noise 

12(1- v) _ 
Reduction coefficient NRdb for the infinite panel given in (140) is 

identical with NRdb for the finite panel given in (116b) for the case 
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~o «~. This i8 the case for most of the frequency range under consi

deration in Figures 5, 6, 7 and 8, except in the l~est range of fre

quencies. It should be also pointed out that NRdb given in (140) is 

identical with (139), where the multiple oblique reflection of the 

reflected wave from the oblique plate has been taken into account. 

One may rewrite (14la) in the form: 

(14lb) 

wbere the frequency f4 is defined in the following form upon comparing 

(14lb) with (14la) and is evaluated by using the above numerical values: 

2 \f?h 2 V12P (l - v
2

) 
f • .£.. ~_ • ..E....- . P .. 19,227 llsec 
4 2w D 2wh E (14lc) 

Since for the experiments under consideration f « f4' one obtains from 

(14lb) for the present case: 

Q ~ ~ cose • ~ cose • (2~) f cose 
\l \lC \lC 

(142) 

Substituting the numerical values one obtains from (142): 

(143) 

From (143) one has the following numerical values for the different 

angles: 
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2 
2Q • 3.66S3 

f 2 
(100) for e • 00 (144a) 

2Q2. f 2 
3.4198 (100) for e • iso (144b) 

2Q2. 2.7490 f 2 
(100) for e • 300 (144c:) 

2Q2 • 2.1S09 f 2 
(100) for e • 400 (144d) 

2Q2 • 0.9163 f 2 
(100) for e • 600 (144e) 

Using the numeric:al results in equations (144) for the different 

angles in (140), one obtains the numeric:a1 values in Table A for the 

average Noise Reduc:tion c:oefficient NRdb • The numerical results in 

Table A are represented in Figures S, 6, 7 and 8 by the lower oblique 

straight line for high frequenc:ies. The upper oblique straight line 

for high frequencies in the same figures, which is 2-3 decibels higher, 

represents the theoretic:al result," when the impedance of tbeabsorbing 

material of the Beranek tube is taken into acceunt, as derived and 

c:alculated in a previous report by Grosveld, which is listed in the 

Bibliography. It should be pointed out that the results in (140) and 

Table A are 3 dec:ibels higher for the high frequency region (the oblique 

straight line region in Figures S, 6, 7 and 8) than the relationship 

given in (S2b) for the Transmission Loss coefficient TLdb , which is 

also given by Beranek in his book. The slope of all the straight lines 

in Figures 5, 6, 7 and 8 at the higher frequency region is the same, 

namely, increase of the average Noise Reduction coefficient NRdb by 

6 decibels for every octave (- doubling of the frequency). The same 

slope appears also in the straight lines in Figure 4, for the case of a 

panel perpendicular to the axis of the duct e • 00
• 
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TABLE A 

AVERAGE NOISE REDUCTION CO!!'PICIENT Nttdb (DECIBELS) 

f e • 150 e • 300 e • 400 e • 600 

20 0.557 0.418 0.358 0.157 

50 2.683 2.271 1.870 0.895 

100 6.454 5.739 4.984 2.825 

200 11.667 10.790 9.824 6.689 

500 19.370 18.433 17.386 13.786 

1000 25.353 24.409 23.346 19.668 

I 

2000 31.364 30.414 29.520 25.653 

I 

I I 
39.320 38.370 37.306 I 33.602 L 5000 : 

Theoretical values calculated from (140) and (144). 
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B. The Noiae Reduction Coefficient NRdb: When a plane acoustic 

wave in the rilid duct parallel to itl axis 1s incident on the cblique 

plate (panel), the transmitted acouatic wove will be in the same direction 

towards the receiver microphone. The ~flected acoustic wave will be 

reflected obliquely back and forth from the duct walls towards the 

transmitter microphone. Because of its everal oblique reflections, 

and its additional path lenlth, the phase of the reflected wave ~(f) 

when it reaches the cransm1tter microphone \Will be a function of the 
\ 

frequency. The corresponding Noise Reduct1~,n coefficient NRdb is 
\ 

given in (138b) in the form: 

NRdb • 10 log (1 + 2Q2 + 2Qsin(kd1cose + ~) + 

(145) 

where the phase of the reflected wave is a function of the frequency 

~ • ~(f). The values of the distance dl from the center of the oblique 

panel to the transmitter microphone are given as follows: 

e • 150 
ell • 1.42 m 

e • 300 
<il • 1.32 m 

e • 400 
d1 • 1.26 m 

9 • 600 
d1 • 0.94 m 

Comparing (145) with (140) one finds that, because the trigonometric 

functions in (145), the value of the Noise Reduction coefficient NRdb in (145) 
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will oscillate around the averal. Noise Reduction coefficient Nidb • 

Thes. oscillations of the curve will be a function of the frequency of 
t' 

the incident acoustic wave, since. • .(f) and k • ~/c • (2w/c)f in 

(145), and Q • Q(f) in (144). This trend of the Noi.e &eduction coefficient 

NRdb to oscillate around the averale Noise Reduction coefficient NRdb 

is s.en very clea~ly in Figure 5 (8 • 15°), Filure 6 (8 • 30°), Filura 7 

(8 • 40°) and Figure 8 (8 • 60°), and is marked in those filures by 

a heavy black line. 
• 

This trend of oscillation does not appear in Figure 4 (8 • 0°) for 

the panel perpendicular to the axis. The reason is that in this case 

,(f) • kdlcos8 in (145), the result beinl liven in (S4d) for 8 • o~~ 

and kd1 «1. The reflected wave for 8 • 00 propalates a10nl the duct 

axis and does not bounce from the walls of the duct, and the transmitter 
• 

microphone z • -dl is located very close to the panel. The oscillation 

trend of NRdb around NRdb will similarly disappear in the case of the 

different oblique panels in Figures 5, 6, 7, and 8 if the transmitter 

microphone was to be located very close to the center of the oblique 

panel. However, in the present experimental set up this has not been 

possible to do. 

From studying the oscillation trends, marked by heavy lines in 

Filures' 5, 6, 7 and 8, one finds that in Figure 5 (& • 15°) one bas only 

three peaks, in Figure 6 (8 • 30°) one has seven peaks, in Figure 7 (& • 40°) 

° one hat six peaks, and in Figure 8 (& • 60 ) one has only two peaks. 

These results can be explained in tbe following way. In Figure 5 (& • 15°) 

the panel is very close to being perpendicular to tbe axis (& • 0°), 

and the reflected wave bounce only once from the absorbing material in 
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the .pecial te.t •• ccion a. can be .een from Figure 9. As a re.ult 

,(f) doe. not vary with the frequency a. much as in other ca.e., and 

• one ~. only the peaks in Fiaure. 5 (8 • 15°). In Pigure 6 (8 • 30°) 

and Plgure 7 (8 • 40°) the reflected wave bounce. several time. from the 

abaorbina material in the special te.t .ection a. can be .een from Filure 9. 

Aa a reault ,(l) in (145) varies very much with the frequency, and one 

he. a1x or seven peatt. in 'iaure 6 (8 • 30°) and Filure 7 (& • 40°). 

Of perticular interest is Piaure 8je· 60°), where one has only two 

peaks. As can be .een from Piaure 9 for e • 60°, in this case the reflected 
• 

acou.tic wave returns alona the same ray as the incident acoustic wave, 

snd bounces o~y twice from the absorb ina material at the special test 

section, both times from the same place. This explains why the oscillation 

trend in Piaure 8 (e • 6Qo) has only two peaks, the number of peaks 
..• 

be1n1 closer to e • ISo (three peaks) than either to e • 300 (7 peaks) 
.Y 

. 0 
or to e • 40 (6 peaks). Thus the oscillation trends of the Noise 

aeduction coefficient for the different oblique panels have been explained 

qualitatively re~onably well by usinl acoustic ray theory. It has been 

fCUT4d experimentally that the above oscillation trends of the Noise 

aeduction coefficient is independent of the thickness h of the 'panel, 
• 

and panels with different thickness h exhibit essentially identical 

oscillation trends. 

-C. The Cavity ae.onance: From the experimental results for the 

Noise Reduction coefficient liven in Figures 5, 6, 7 and 8 one finds 

that at the lowest ranle of the frequencies there are several peaks, 

both upward and downward. The resonance frequencies fa < 100 Hz are 

listed 1n Table B. 
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TABLE B 

CAVITY IISONANCE FREQUENCIES (fcavity.< 100 Hz) a 
Experimental value. 

I 

e • 150 e • 300 e • 400 e • 600 

35 32 35,41 33,38 

42 45,48 45,48 45 

57,66 53 

80,86 79,85 86 72,85 

i 
I 

The re.onance effect of the .tandin, plane wave alon, the len,th 

of the Beranek tube will be called the cavity re.onance effect and will 

be di.cu •• ed in the pre.ent .ection. The cavity re.onance effect i. 

d8lcribed by (134) in the form: 

(l!....:t.!. + .i.] 
4 21f (s • 0,1,2,3) (146) 

where (L - 1
0

) represents the di.tance transversed by the reflected wave 

from the wooden back panel and , • ,(~) repr •• ents the rh .. e ~hift of the 

reflected wave at the wooden back panel and any other possible reflections. 

In our experimental set up the distance of the wooden b4ck panel 

from the receiver microphone il: 

L - 10 • 99.5" • 2.527 m 
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Tak1n. the acoustic wa.e .el041ty for T • 21°C. 70°, co be c • 343.8 m/lec 

on. obta1nl in (146): 

,ca.1ty • .!Li (I +! + 1 ] 
I T 2 11' 

lIlac (147) 

wher. T repre.enc. che additional di.cance factor tran.ver.ed by che 

reflecced acou.tic wa.e alter addicional reflection., to be dilcu"ed 

later. It one take. T • 1, .•• 0 and • • 0 in (147) one obtain.: 

ll.ec (148) 

where che theoretical re.ult (148) asree. well with the fir.t row of 

experimencal re.onance frequenciel liven in Table B. 

~ caD be .een from 'iaure 2, the retlected acou.tic wave from the 

back wooden panel will bave additional reflection from the oblique 

aluminus panel. a, well al the ab.orbinl lide valli of the 'pecial te.t 

.ection, Which vill cau'e it a phale .hift. It will al~o traneverse 

additional di.tance after oblique reflection from the aluminum panel 

before it reaches to the receiver microphone. Takins. for ex~mple, the 

additional distance tran.versed by the reflected wave to be 50% lonser. 

oae will be required to divide (147) by a factor t • 1.5 in accordance 
11' 

vith (146). Aa.uminl in addition that f • -! and takins I • 1. one 

will obtain fro. (147): 

fe.vity ; 45.0 .-1 
T-l.5 

l/aec (149) 
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where the result (149) ag=ees well with the second row of experimental 

resonance frequencies given in Table B. 

While the additional distance transversed by the reflected wave 

can' be calculated exactly for each case of reflection, there is not 

enough experimental d~ta available for the phase shift associated with 

each reflection. Bowever, within the order of magnitude, it is found 

that the resonance frequencies listed in Table B result from (147), 

and therefore are the result of the cavity resonanC9 phenomena, if one 

includes the possible additional multiple reflections by the reflected 

wave in the Beranek tube. 

D. The Acoustic Resonance: The acoustic resonance frequencies 

have been discussed in detail in a previous report by the present author 

listed in the Bibliography. It was fcund that for the case of normal 

incidence on the plate in the square duct, the acoustic resonance fre-

quencies are given by: 

(150) 

comparing (150) with (126b) one may find the ecoustic resonance frequencies 

for the oblique plate to be in the form: 

(151) 

In order to use the numerical results of the previous report one could 

take m· 0 in (151), and substituting the corresponding numerical values, 

one obtains: 
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TABLE C 

ACOUSTIC RESONANCE FREQUENCIES 

I 

Expel'1mental 
13-t1 Theoretical , 

e • 150 
e • 30° 

0-1 376.0 366 365 

0-2 752.0 x 740 

0-3 1,127.9 1,150 x 

0-4 1,503.9 1,520 1,500 

0-5 1,879.9 1,890 1,850 

0-6 2,255.9 2,250 2,250 

0-7 2,631.9 2,630 2,630 

0-8 3,007.8 2,980 3,000 

0-9 3,383.8 3,340 3,400 

0-10 3,759.8 3,760 x 

0-11 4,135.8 4,200 4,100 

0-12 4.511.8 4,560 4,480 

0-13 4,887.7 4,800 4,840 

Theoretical values calculated from (152). 
Experimental numerical values repres~nt spikes. 
x represents a break in the experimental curves. 
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e • 40° 

380 

x 

1,120 

1,490 

1,900 

2,220 

2,650 

2,970 

x 

3,820 

4,080 

4,580 

x 

4 

I e • 60° 
. t 

363 I 
I 

! 
x i 

! 
I 

x I 
I 

1,540 
I 
I 
I 
I 
I 

x I 
I 

2,260 I 
I 

x 

2,980 

3,700 

x 

x 

x 
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facoustic • 375.98 n • 376.0 n 
o,n 

(m • 0) (152) 

where for mode (O,D) the resulting acouseic resonance frequencies are 

independent of the angle 8. 

In Table C ODe finds the theoretical numerical values derived from 

(152), as well as the corresponding experimental results values found 

from Figures 5. 6, 7 and 8. The experimental numerical values in Table C 

represent a major or a minor spike, up~rd or downward, 107hile the x in 

Table C represents a break in the experimental curve • 

While the acoustic resonance frequencies may be calculated fOI' every 

mode (m,n) in (lSl), they are almost impossible to identify experimectally 

in Figures 5, 6, 7 and "8, because of the large number and the close 

proximity of the plate resonance spikes,to be discussed later. The 

acoustic resonance frequencies for every mode (m,n) have been identified 

separately for the case of normal incidence on the panel (plate) for 

8 • 00 given in Figure 4. and the results are given in a previous report 

by the present author listed in the bibliography • 
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E. The Wooden Back Panel Resonance: Although the wooden back 

panel is relatively massive, it can t.ct as a resonator under the influence 

of the plane acoustic wave incident upon it. Thus, the wooden back 

panel excites reflected plane acoustic waves at frequencies of its own 

wooden "plate" resonance. !t was found in a previo1ls report by the present 

author listed in the Bibliography that for the wooden back panel one bas: 

(lS3) 

Table D gives the theoretical numerical values for the different modes, 

together with the corresponding experimental resonance spikes in 

Figures S, 6, 7~ and 8. All the listed experimental numbers in Tab~e D 

are of large or small separate upward or downward spikes, while the x 

represents correaponding breaks in the curve or minor spikes. While 

the experimental and theoretical results in Table D indicate that the 

back wooden panel is a source of numerous spikes, both upward and down-

ward, it can be tested further if this is really the case. A repetition 

of the same experiments without the back wooden pane~and a comparison 

of the spike formation in the present experimental results given in 

Figures S, 6, 7 and 8 and the proposed experiments-will hopefully 

decide the issue. 
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TABLE D 

WOOD RESONANCE FREQUENCIES 

j Experimental 
I m-n m2+n2 Theoretical 

30° e • 15° e • ! 

I 

: 1-0 .. 155 159 150 "-

I-I 2 310 327 300 

2-0 4 620 625 610 

2-1 5 775. x 800 

2-2 8 1,240 1,210 x 

3-0 9 1,395 1,400 1,400 

3-1 10 1,550 1,540 1,600 

3-2 13 2,015 2,000 2,050 

1
4
-

0 16 2,480 2,440 2,540 

17 2,635 2,630 2,620 
1

4
-
1 

3-3 18 2,790 2,820 x 
1 

i 4-2 20 3,100 3,150 3,010 
I 

I 4-3 25 3,875 3,830 3,800 

5-0 25 3,875 3,830 3,800 

5-1 26 4,030 4,020 4,040 

5-2 29 4.495 4,410 4,450 

4-4 32 I 4,960 4,950 5,000 

Theoretical values calculated from (153). 
Experimental numerical values represent spikes. 

e • 40° 

151 

320 

620 

800 

1,220 

1,440 

1,570 

2,000 

2,520 

x 

2,750 

3,080 

I 3,860 

3,860 
, 

4,080 

:\ 

4,500 

5,000 , , 

x represents a break or a minor spike inthe experimental curves. 
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e • 60° 

144 

311 

640 

x 

1,280 

1,370 

1,540 

2,000 

2,480 

x 

2,800 

3.100 

3,910 

3,910 

4,090 

4,500 1 
5,000 



F. The Plate Resonance: It has been shown in the previous chapter 

that the free vibrations of the panel (plate) will establish plate acoustic 

wave resonance modes (m,n) of the clamped oblique plate in the rigid 

duct, as given by (126a) or (l26b). These acoustic wave plate resonance 

modes have a frequency which is much below the cut off frequency of the 

corresponding higher order modes of the acoustic waves in the duct, and 

therefore will not propagate at all in the duct. Their effect is prim-

ari1y a near zone effect near the plate and thus will effect the receiver 

microphone near the oblique panel. These panel resonance frequencies will 

also interact with the plane acoustic wave excited by the plate, and the 

plane acoustic wave of the fundamental mode of the acoustic wave:'in the 

duct will propagate in the duct at all frequencies, since its cut off 

frequency in the rigid duct is zero. By these two aspects the plate (panel) 

resonance modes will affect the microphones. The incident acoustic plane 

wave of the fundamental mode in the duct and the oblique reflected acoustic 

wave will be superimposed in the transmitter microphone. The phase of the 

oblique reflected acoustic wave will be determined by the length of its 

path, as given in Figure 9, and byth~phase change at the various 

oblique reflections from the oblique plate and the duct walls. The trans-

mitted acoustic plane wave of the fundamental mode in the duct and the 

plate acoustic resonance mode will be superimposed in the receiver micro-

phone, as well as the reflected acoustic wave from the wooden back panel. 

An upward spike (- large noise reduction) in the experimental curves 

of Figures 5, 6, 7 and 8 will mean that the waves are added in phase 

in the transmitter microphone, but out of phase in the receiver micro-

phone. A downward spike (- small noise reduction or even "amplification") 

in the experimental curvesof Figures 5, 6, 7 and 8 will mean that the 
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waves are added out of phase in the transmitter microphone. but in 

phase in the receiver microphone. 

Equation (l26b) gives the oblique plate resonance frequencies in 

the following for& for a square duct a • b: 

Eh3 
Su~stituting the value of D • --~~~2-

12(1 - v ) 
in (154a) one obtains: 

(154a) 

(154b) 

Using the numerical values for the present case from the beginning of 

this chapte~one -obtains for the plate resonance frequencies: 

(l54c) 

All the calculated theoretical plate resonance frequencies for the range 

of frequencies under consideration and for the angles 9 • 0°, 15°, 30°, 

40°, and 600 of the inclined panel are listed in Appendix A. 

For the case 9 • 0° the last term tn (154) will become zero. Thus 

for 9 • 0° the plate resonance frequency for mode (m,n) is the same 

as the plate resonance frequency for mode (n,m) for the square duct, and 

° the two plate resonance 'odes are degenerate for 9 • O. This is 

not the case for 9 ; 0°, where the two plate resonance frequencies 

for mode (m,n) and mode (n,m) are different. This explains why the 

number of the spikes in the experimental curves in Figure 5 (9 • 15°), 

Figure 6 (9 • 30°), Figure 7 (9 • 400
) and Figure 8 (9 • 60°) is so 
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much larger than the number of spikes in Figure 4 (8 • 0°) for 

the case of the plate perpendicular to the axis. 
.1 

For the case of a clamped plate perpendicular (8 • 00
) to the 

axis of a rectangular duct one has from (120): •• 

mn n'll'Y n(x,y,t) • A cos --- cos (155) m,n a b 

where the plate edges are given by x • 0, x • a, y • 0, y • b. One 

could transform the origin to the center of the plate by using a new 

. set of rectangular coordinates (x', y') as follows: 

a 
x' • x - 2' 

b 
'y' - Y - '2 (156) 

where the clamped plate edges ar~ given by x' • ±i and y' .~. Substi

tuting (156) into (155) one obtains: 

n(x' ,y', t) • A cos!!!. (x' + !.2) cos nb'll' (y' + ~2) m,n a (157a) 

which could be rewritten as follows: 

n(x!y',t) • A cos (m'II'X' + m'II') cos (n'll'Y' + n'll') 
m,n a 2 b 2 (157b) 

From trigonometric identities one has: 

nnx' m'll' m'll'x' m'll' m'll'x'. m'll' 
cos(-;- + T) • cos -a-co3 T - sin a- Sl.n T (158) 
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StDca the incident plane acoustic wave of the fundamental mode in the 

duct has an even symmetry around the axis of the duct, one allows only 

even functions in (158) for the plate displacement. This will require 

in (158) that the second term on the right hand side will disappear, 

i.e. the characteristic mode number m should be an even number. For 

the same reason, the characteristic mode number n should be also an 

even number. Taking both (m,n) to be even numbers, one will obtain from 

(158) and (157b): 

1Il1fX I n'll'Y' 
"(x',y',t) • ±A cos ---- cos " m,n a. b (159) 

This explains why only the even-even plate resonance modes, where both 

(m,n) are even numbers, should be considered for the plate perpendicu

lar to the axis e • 0°. 

When the plate is oblique in the x-z plane to the axis of the duct 

(8 ; 0°), the even symmetry consideration is not valid in the x-direction, 

and both even and odd numbers should be taken for m, while n should 

include even numbers only. This is another reason why the number of 

spikes in Figures 5, 6, 7 and 8 is so much larger than in Figure 4 for 

normal incidence (8 • 00
). Of course under the experimental set up 

the even symmetry is not perfect, and some odd symmetry is introduced 

in both directions. For completeness sake, both odd and even numbers 

will be considered for both (m,n) in all the following tables. 

In the following tables all the frequencies of the distinct 

experimental resonance spikes, both downward and upward. are listed from 

Figure 4 (a • 0°), Figure 5 (e • 15°). Figure 6 (6 • 30°), Figure 7 
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(8 • 40°) and Figure 8 (8 • 60°). Next to eacQ experimental resonance 

.pika frequency the theoretical plate resonance mode. (m.n), which have 

approx1mately the same frequency, are identified and are also listed. 

The.e theoretical re.ults are taken from Appendix A, there the theore-

tical plate re.onance frequency for each mode (m,n) has been calculated. 

TABLE £-1 

PLAT! RESONANCE FREQUENCIES (6 • 0°, DOWNWARD SPIKES) 

Spike Frequency 
Experimental 

62 

220 

380 

620 

920 

1280 

1650 

2400 

3000 

3300 

3800 

4300 

4600 

Theoretical Place aesonance Modes (m.n) 

85 

(2-2),(3-0),(0.3) 

(4-4),(5-2),(2-5) 

(6-4),(4-6),(7-2),(2-7) 

(9-2),(2-9),(7-6),(6-7) 

(8-8),(10-5),(5-10),(11-2),(2-11) 

(12-6),(6-12),(13-2),(2-13) 

(12-9),(9-12),(15-1),(1-15), 
(15-0), (0-15) 

(18-0),(0-18).(18-2),(2-18), 
(15-10), (10-15) 

(20-2),(2-20),(17-11),(11-17), 
(19-7),(7-19) 

(16-14),(14-16),(1S-l~),(21-3), 
(3-21) 

(18-14),(14-18),(22-6),(6-22), 
(17-1S) , (15-17) 

(22-10),(10-22),(19-15),(15-19) 

(22-12),(12-22),(25-1),(1-25) 

.. 
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TABLE E-2 

PLAn RESONANCE FUQUENCIES (8 • 00
, UPWARD SPIIC!S) 

Spike Frequency 
Experimental 

192 

370 

430 

590 

760 

1000 

1080 

1300 

1720 

2080 

2900 

3200 

3500 

4000 

4500 

• 

Theoretical Plate Resonance Mode. (m-n) 

(5-1) , (1-5) 

(6-4),(4-6),(7-1)~(1-7) 

(7-3),(3-7),(7-4),(4-7) 

(8-4),(4-8),(9-0),(0-9) 

(10-2),(2-10),(9-5),(5-9),(10-1) 
(1-10) 

(10-6),(6-10),(11-4),(4-11) 

(12-2),(2-12),(9-8),(8-9),(10-7), 
(7-10),(11-5),(5-11),(12-1),(1-12) 

(12-6),(6-12),(10-9),(9-10),(13-3), 
(3-13) 

(14-6),(6-14),(13-8),(8-13),(15-3), 
(3-15) 

(16-5), (5-16) 

(14-14),(15-13),(13-15) 

(20-6), (6-20) 

(16-15),(15-16),(19-11),(11-19) 

(20-12),(12-20),(23-5),(5-23) 

(24-6),(6-24),(21-13),(13-21),(23-9), 
(9-23) 
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TABLE P-1 

PLATE RESONANCE PREQUINCIES (8 • 15°, OOWWARD SPIlCIS) 

Spike Prequency Theoretical Plate Re.onance Mode. (m-n) Expedmental 

42 

86 

280 (6-2)~2-6),(S-4),(1-6) 

327 (3-6),(7-0) 

366 (6-4),(0-7),(1-7),(7-2) 

430 (8-0),(6-5),(5-6),(3-7) 

487 (2-8),(1-8) 

650 (5-8),(3-9) 

1080 (2-12),(7-10),(11-6),(1-12) 

1290 (6-12), (10-9),(9-10), (ll-8),(13-4) 

2000 (4-16),(16-6),(9-14),(7-15),(15-8), 
(17-1) 

2250 (18-2),(12-13),(14-11),(15-10),(7-16) 

2630 (6-18),(12-15),(16-11) 

2820 (8-18),(16-12), (13-15) , (5-19), (19-7) 

3150 

3600 (2-22),(10-20).(16-16),(22-6),(17-15), 
(7-21) , (21-9) 

4250 (0-24),(2-24),(21-13),(7-23),(23-9) 

4630 (8-24),(18-18),(20-16),(17-19),(21-15), 
(1-25),(3-25),(25-7),(7-25) 

4800 (15-21) 
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f TABLE 1'-2 

[ PLATE RESONANCE FREQUENCIES (e. 150
, UPWARD SPIUS) 

,-
f 

[ Spike PrequftCY Theoretical ,late Re.onance Mod.. (m-n) !xper:lmental 

C • • 35 (0-2),(2-1) 

r 80 

160 

r· 
t ~ 

137 (0-5) , (1-5) 

270 (0-6),(6-2),(1-6) 

I. 291 (2-6), (4-5) 

i 
356 (6-4),(5-5),(0-7) 

404 (7-3) 

! 475 (0-8).(4-7).(1-8) 
( . 

520 (6-6),(7-5) 
r . 
, 550 (8-4), (9-0) 
· . 

825 (9-6).(11-0).(11-1) 
r 
L 1040 (0-12),(12-2).(8-9).(10-7),(12-3) 

r 1150 (~-12),(10-8),(9-9),(6-11),(13-1),(13-0) 

· . 1210 (7-11).(5-12).(13-3) 

[ 1640 (9-12).(13-8),(0-15) I 
1810 (14-8),(9-13),(5-15),(15-6).(16-) I 

I 

r 2120 (6-16).(10-14),(15-9),(16-7).(1-17) 
j 

.o. 

2440 (12-14). (13-13), (15-11), (9-16), (7-17) 
j 
! 
~ 3070 (4-20).(10-18).(13-16),(19-9).(21-3) 

I 3480 (20-10). (11-19) 
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TABLE '-2 (Continued) 

Spike FrequeDcy Theoretical Plate Relonance Mode. ( '\) Experimental 

3920 (12-20),(21-11),(3-23) 

4130 (16-18),(17-17),(19-15) 

4410 (24-8),(13-21),(9-23) 

4800 (15-21) 
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I 
TABLE G-1 

I PLATE RESONANCE nEQU!NCIES (8 • 300
, DOUNWARD SPlICES) 

I Spike Frequency 
Th.oreti~al Plate Resonance Modes (m-n) Experimental 

n 32 (0-2)., (2-1), (1-2) 

48 (2-2),(3-0) 

n 66 (0-3) 

i1 
85 (4-0), (2-3) 

163 (3-4).(5-2) 

Ii II 
f n I 

. ~ 
k r 

t: 

193 (6-0), (1-5) 

258 (0-6),(5-4).(6-3) 

3~0 (4-6),(8-0) 

380 (8-2),(6-5),(2-7).(7-4) 

430 (4-7),(8-3),(9-0) 

i ~ 
L 

500 (2-8),(5-7),(9-3) 

610 (8-6),(5-8),(0-9),(1-9),(2-9),(10-3) 

. n 800 (10-6),(6-9),(9-7),(3-10),(12-1) 

1020 (10-8),(7-10),(5-11),(11-7) 

r 1440 (0-14),(16-2),(10-11),(6-13),(1-14), 
(14-7) , (15-5) 

r 1600 (10-12),(8-13),(15-7),(16-5),(17-1) 

2100 (6-%6),(11-14),(9-15) 
r-
L 2390 (0-18),(2-18),(13-14),(7-17) 

r .. 
3000 (4-20),(21-9),(23-3) 

3780 (6-22),(16-18),(26-2),(25-7) 
,. 

[ J 4450 (6-24),(15-21) 
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'rABLI G-2 

PLAtE RESONANCE ruQUlNCIIS (e • 300
, UPWARD SPlICES) 

Spike rraquenct 
!xper1meutal 

45 

57 

79 

150 

179 

300 

365 

412 

464 

643 

1400 

1500 

1850 

2190 

2530 

3500 

4040 

4700 

Theoretical Plate Resonance Modes (m-n) 

(3-0) 

(2-2) , (3-1) 

(4-0) , (3-2) 

(4-3) 

(0 .. 5) 

(6-4),(3-6),(7-2) 

(4-6),(8-0).(0-7).(1-7),(8-1) 

(5-6),(3-7).(8-3) 

(6-6),(8-4),(7-5),(1-8),(9-1) 

(10-4),(7-7),(3-9),(9-5) 

(8-12) , (16-0), (11-10) , (12- 9) , (5-13) , 
(13-8) , (16-1) 

(4-14),(12-10),(9-12),(7-13),(15-6) 

(12-12),(6-15),(15-9) 

(20-0),(13-13),(10-15),(17-9),(19-5) 

(14-14), (18-10) 

(10-20),(7-21),(23-9),(25-3) 

(14-20),(21-15),(5-23) 

(5-25) 
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I 
I . TABLE a-1 

I PLATE USORARC! FUQtmlCI!S (8 • .400
, DOWNWARD SPIDS) 

I 
I 
I 

Spike Frequency Theoretical Plate Resonance Modes (m-n) Experi_ntal 

35 (0-2),(1-2) 

45 (2-2),(3-1) 

( S3 

100 (3-3),(5-0) 

,1 
, f 

I H 
t n 
I' r 
~ 
-r • .. ,'. 
t 
~ 

E ~ 
i:' 
Ii 
~ 
f· 
~" 

E \ 
i t 
t~ 

[ ~ ,. 
\' 

163 (6-0),(3-4),(6-1) 

210 (2-5),(6-3),(7-0),(7-1) 

320 (4-6),(7-4) 

400 (8-4),(3-7),(7-5) 

575 (7-7),(5-S),(11-3) 

690 (10-6), (7~) , (12-3) 

SOO (4-10),(7-9),(10-7),(11-6),(12-5),(13-3) , 

900 (6-10), (10-S), (0-11), (1-11). (2-11),(13-5),: 
(14-3) I . 

! 
1100 (12-8),(14-6),(16-0),(9-10),(7-11),(3-12),; 

(13-7),(15-4),(16-1) 
I 

I 
1220 (6-12),(16-4),(9-11),(12-9),(14-7),(15-6) i 

1680 (1~-12),(1S-6).(10-13).(14-11),(2-15). I 
(16-9) j , , 

( 1900 (0-16).(2-16),(14-12),(1-16),(19-7),(21-1)~ 

E 2380 (0-18),(2-18),(13-15).(11-16) i 
! 

[ 
2500 (12-16),(24-2).(14-15).(17-13).(21-9) I 

I 
I , 

2750 (14-16).(24-6).(16-15).(5-19),(25-3) 

" 
\" r r 

3080 (6-20),(15-17),(25-7) ! 
1 
1 

, 

r I [ 92 
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TABLE B-1 (Continued) 

Spike Frequency Theoretical Plate Resonance Modes (m-D) I 8xper1menta1 

3400 (10-20),(17-17),(13-19) 
.-, 

3620 (4-22),(20-16),(15-19) i .. 
4080 (16-20),(7-23) 

4750 (7-25) 
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TAlLE 8-2 

PLAtE RESONANCE IUQUDCIES (8 • 400
, UPWARD SPIKES) 

Spike Frequeue, 
lxper1meD.tal 

41 

48 

86 

119 

151 

200 

279 

354 

382 

540 

620 

1030 

1120 

1490 

1600 

1870 

2150 

2590 

3200 

3770 

4380 

5000 

Theoret1ea1 Plate Re60nance MOdes (m-n) 

(3-0) 

(2-2),(3-1) 

(2-3) 

(0-4),(1-4),(5-1) 

(6-0),(3-4) 

(2-5), (7-0) 

(2-6),(6-4),(8-0),(7-3),(8-1) 

,(0-7), (1-7), (9-0) 

(5-6),(2-7),(9-2) 

(4-8), (8-6), (10-4), (9 -5) t (l1-t), (11-2) 

(6-8),(12-0),(2-9),(9-6),(10-5),(12-1) 

~10-9),(6-11),(15-3) 

(4-12),(14-6),(16-2),(11-9),(16-1) 

(10-12) t (3-14) 

(6-14),(14-10),(9-13),(17-7) 

(0-16),(10-14),(18-8),(7-15),(15-11), 
(1-16) 

(8-16),(16-12),(18-10),(13-14),(3-17), 
(17,,:11), (19-9) 

(24-4),(13-16) 

(8-20),(14-18),(11-19),(19-15),(23-11) 

(14-20),(18-18),(11-21) 

(6-24),(14-22),(11-23) 

(2-26) 
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TABLE 1-1 

PLATE RESONANCE FREQUENCIES (8. 60°, DOWNWARD SPIKES) .1 

Spike rrequeuc}' Theoretical Plate Resonance Modes (m-n) Experimental 

33 (0-2),(2-2),(4-0),(1-2),(4-1) 

45 (3-2),(5-0),(5-1) 

85 (3-3) , (7-0) 

119 (0-4),(2-4),(8-0),(1-4),(5-3),(7-2), 
(8-1) 

144 (4-4),(8-2),(9-0) 

180 (6-4),(10-0),(0-5),(1-5),(8-3),(9-2) 

225 (10-2),(5-5),(9-3) 

244 (10-3),(11-2) 

325 (6-6),(12-3),(13-1) 

350 (14-0),(0-7),(7-6),(11-4),(13-2) 

398 (14-2),(4-7),(5-7),(11-5) 

464 (0-8),(14-4),(16-0),(1-8) 

530 (6-8),(12-6),(15-4),(16-3),(17-1) 

640 (10-8),(14-6),(18-2),(5-9) 

1170 (8-12),(12-11),(21-7),(23-5),(25-1) 

1280 (26-2),(11-12),(4-13),(5-13) 

1460 (2-14),(4-14),(20-10),(11-13),(3-14) 

1900 (2-16),(4-16).(16-14).(3-16).(19-13) 

2180 (20-14),(13-16).(5-17).(17-15) 

2800 (9-19), (19-17)· 

3000 (6-20) • (18-18) 

3240 (1-21) 
I 
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.... ' 

Spike Frequenc y 
lxpeo:1mental 

3970 

4600 

4780 

4950 

tABLE I-l (Continued) 

Theoretical Plate Resonance Mode. (m-n) 

(7-23) 

(1-25) 

(0-26),(2-26) 
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TAIL! 1-2 

PLAn USOKANe! ftlQUENCIES (& • 60°; UPWAlU) SPIDS) 
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TABLE 1-2 (Continued) 

, n 
Spike lrequ8Ilc1 Theoretical Plate le.onaDce MOde. (m-n) bper1Mntal 

r 
i 

r U 
~ 

3700 (8-22) 

4300 (6-24) 

I 
IJ 

4600 (1-25), (3-25) 

1 ! 
, : 

I : 
\ . 

( 
( . 

I , 

f 

I ' I ; 
I. 

f 

I : 

I ~ 
I 

1 I t 
I 
r !. I 
~ 
i 
! 
I L 

l" 
r 
[. 
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In tbe p~e.ent report tbe tbeo~etic.l b.ckl~oUDd bas been liven 

and the tbeory b.. bean davalopad for acoustic plane wave. obliquely 

acid_t OIl • clamped panel in a rectanaular duct. Th. coupu'q tbeory 

between the el .. tie:: vibration. of tbe panel (plata) and t'be;.obl1que 

acou.tic wave. prop ••• t1ll1 in 1Rf1D1te .p.ce and 1n the duct hav. 

bean con.id.red 1n detail. The coupl1nl tbeory developed 1n tb1s report 

i. ba.ed on the tbeory of acoustic wave prop •• ation and tbe dynamic 

theory of ela.t1c1ty and tbe plate vibrations. Thil theory baa been 

applied for the experimental r.sults of the Noiae Reductlon curve • 

.... ur.d for oblique plate. of e • 15°, 30°, 40°, 60°, wbich are 

d1.cussed in deteil. 

In Chapt.r I tb. baslc leneral theo~etlcal consid.rations ar. 

introduced. 

In Chapt.r II tbe partial diff.r.ntial .quations which .overn the 

prope.ation of acoustic waves in three dimenslon. are liven. ana some 

ba.ic concepu of the tbeory of propa.ation of obl1q'le acou.tic wave. 

are introduced. 

In Chapt.r III the boundary value problem of an acoustic plane 

w.ve obliquely incident on an infinite plate 1s .olved riBorously, and 

the tranamisslon and r.flection coefficients of the corre.pond1nl 

oblique acoustic wave. are found. 
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1D ChQtft IV the Tra.edou Loll coeff1dat and the Ro1 .. . 
IedUCti01l coefUc1eac for obl1que 1Ilc1d·lftce oa the 1Df1aite place are 

defiDeei I1Ul eler1".eI ill eletaU. It il fouacl that the Nol.e lteeluccloa 

coeff1ciac ia th1l cale c01lIi.tI of n averilp value, .upedapo.eel by 

.. olcillat1a1 compouat. The avera .. loi.e belucc10b ~oetflc1 .. t 1. 

elefiDeei aad eler1ved. The theoretical behavior of the above coeff1clent. 

11 eli.cullecl. 

Ia Chapter V the bouadary value probl .. of an acoultlc pla .. 

vave obl1quel,. lDduat on a fiaite clamped panel 11 lolved. The par

tial differeatial equation whlch laveral the vlbrat1on. of the plate 

(panel) 1. modified by adellll1 to lt Itlff.el. (Iprilll) force. and damplDl 

force., and the fuadamental re.~ace frequeacy i. defined. The tra .. -

.te.iOll and the reflection coefflclent. of the corre.pond1nl obllque 

acoultic vave. are derlved. 

III Chapter VI the Transmis.ion Lo.. coefficient and the Nolae 

bcluct10n coefficient are evaluated for the flnlte clamped oblique panel, 

ue1ll1 the re.ultl of tb. previoUi chapter. The avera.e Noile Reductioa 

coefficient i. fouad for dlfferent c ..... 

III Chapter VII the re.onance frequenc1e. excited by the free 

vibrations of the oblique finlte clamped plate (pan.l) are derived. 

The reflection of the acouet1c wave frOll' the wooden back panel 18 dia-

cu •• ed and the corre.pondlnl re.onance frequencie. are fouad. The 

Iol.e bductloa coefficient and the avera.e Noia. Reductioa co.fficient 

are discu •• eel in leneral, when the reflect.d oblique acouatic wave ia 

reflected obliqu.ly back and forth from the duct walls. 
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lD Chapter VIII the exper1mefttal re.ult. are diacuaeed tn'detail .. . 
la .uw of the theory pre.nted ift thi. report, ud the corre.pondlq 

aumarical .aluee arG calculated fro. thll theory. The follow1n. aepect. 

of the axparmatal reaulca for the obUque plac.. of 8 • 150
, 300• 400, 600 

are di.cus.ed With referance to the theoriea previou.ly pre.need 

ill thia rapoft: 

A. The avera.e loi .. laductiOft coefficient. 

I. The 101le Reduction coaffic1at. 

c. The Cavity Re.ounce. 

D. The koutic lluonance. 

I. The Wooda lack Panal 1a,0Ullce. 

P. The Plate Re.onance. 

The detailed future. ud the trend, of the experiMDtal curve. in 

P1aure • .5, 6, 7, 8 fOr e • 15°. 30°, 400, 60° have bean explained, 

aad almo.t all the experimental re.oftlftce .pika. have been lelentifieel, 

by ua1na the above lilted theoretical con.lderation., aDd the theoretical 

nawts alree very wall with the exparimarta1 ruu1ta. 
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APPENDIX A 

PLATE IESONANCE FREQUENCIES 

The plate resonance frequencies are liven in (154c) in the 

fona: 

where one can define: 

222 'mea) • (m sine) • m sin a 

(160) 

(161) 

In the ~~esent appendix the calculated values of the plate resonance 

frequencies from (160) will be listed for the different plate modes 

(m-n) • 

Table J lives the calculated values of 'mea) from (161). Table K 

gives the calcuJ~~ed values of the plate resonance frequencies from 

(160) for all the modes (m-n). It is arranged by the order of the 

2 2 increasing parameter (m + n ). 
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TABL! J 

CALCULATED VALUIS roa EQUATION (161) 
222 Sm(e) • (m sina) • m sin e 

e • 15° a • 30° a • 40° 

0.0670 0.2500 0.4132 

0.2680 1.0000 1.6527 

0.6030 2.2500 3.7186 

1.0118 4.0000 6.6109 

1.6147 6.2500 10.3295 

2.4116 9.0000 14.8740 

3.2824 12.2500 20.2458 

4.2872 16.0000 26.4430 

5.4260 20.2500 33.4675 

6.6988 25.0000 41.3180 

8.1055 30.2500 49.9947 

9.6462 36.0000 59.4978 

11.3209 42.2500 60.8272 

13.1296 49.0000 80.9830 

15.0722 56.2500 92.9653 

17.1489 64.0000 105.7740 

19.3594 72.2500 119.4087 

21. 7040 81.0000 133.8700 

24.1826 90.2500 149.1576 

26.7951 100.0000 165.2720 

29.5416 110.2500 182.2119 

104 
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a • 60° 

0.7500 

3.0000 

6.7500 

12.0000 

18.7500 

27.0000 

36.7500 

48.0000 

60.7500 

75.0000 

90.7500 

108.0000 

126.7500 

147.0000 

168.7500 

192.0000 

I 216.7500 

243.0000 

270.7500 

300.0000 

330.7500 



10:;:;; Ai "IIS= , ...... nSLa!f{~ "i4i'::::»112;;:::::.1 !(A, € ... '-
1 as 4~',. 

~-.-.-.-~ ......... ----- --. 
i 

tABLE J (Continued) 

11 e • 150 e • 300 e • 400 e • 600 

22 32.4220 121.0000 199.9800 363.0000 

23 35.4365 132.2500 218.5717 396.7500 

24 38.5850 144.0000 237.9900 432.0000 

25 41.8674 156.2500 258.2369 468.7500 

26 45.2837 169.0000 279.3100 507.0000 

27 48.8341 182.2500 301.2075 546.7500 

• 
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TABUK 

tBEOUTlCAL PLAT! USONANCB ftEQUlNCIES 

n f plate _ 7.353 [.2 + n2 _ m2S1n2eJ 
m.n 

n 1P1l' m2+o.2 e_oo 8_150 8-300 8 _400 8 _600 

1-0 1 7.4 6.9 5.5 4.3 1.8 

H 0-1 1 7.4 7.4 7.4 7.4 1.4 

1-1 2 14.7 14.2 12.9 11.7 9.2 

n 2-0 4 29.4 27.4 22.1 17.3 7.4 

0-2 4 29.4 29.4 29.4 29.4 29.4 

n 2-1 5 36.8 34.8 29.4 24.6 14.7 

1-2 5 36.8 36.3 34.9 33.7 31.3 

2-2 8 58.8 56.9 51.5 46.7 36.8 

L 3-0 9 66.2 61.7 49.6 38.8 16.5 

0-3 9 66.2 66.2 66.2 66.2 66.2 

L 3-1 10 73.5 69.1 57.0 46.2 23.9 

1-3 10 73.5 73.0 71.7 70.5 68.0 

r 3-2 13 95.6 91.2 79.0 68.2 46.0 
, 

2-3 13 95.6 93.6 88.2 83.4 73.5 

L 
4-0 16 117.6 109.8 88.2 69.0 29.4 

0-4 16 117.6 117.6 117.6 117.6 117.6 

4-1 17 125.0 117.1 95.6 76.4 36.8 

r 1-4 17 125.0 124.5 123.2 122.0 119.5 

3-3 18 132.4 127.9 115-;8 105.0 82.7 

L 4-2 20 147.1 139.2 117.6 98.5 58.8 

2-4 20 147.1 145.1 139.7 134.9 125.0 

[ 
5-0 25 183.8 171.5 1J7.9 107.9 46.0 

4-3 25 183.8 175.9 154.4 135.2 95.6 

3-4 25 183.8 179.4 167.3 156.5 134.2 

[ 0-5 25 183.8 183.8 183.8 183.8 183.8 

5-1 26 191.2 178.9 145.2 115.2 53.3 

[ 1-5 26 191.2 190.7 189.3 188.1 185.7 
5-2 29 213.2 200.9 167.3 137.3 75.4 

- 2-5 29 213.2 211.3 205.9 201.1 191.2 

i-

f 
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TABLE Ie (CONTINUED) 

i . , 
II1-n .2+02 &.00 a.15° 9 _300 9_400 a_600 

4-4 32 235.3 227.4 205.9 186.7 147.1 
5-3 34 250.0 237.7 204.0 174.0 112.1 
3-5 34 250.0 245.6 233.5 222.7 200.4 
6-0 36 264.7 247.0 198.5 155.3 66.2 
0-6 36 264.7 264.7 264.7 264.7 264.7 
6-1 37 272.1 254.3 205.9 162.7 73.5 
1-6 37 272.1 271.6 270.2 269.0 266.5 
6-2 40 294.1 276.4 227.9 184.8 95.6 
2-6 40 294.1 292.1 286.8 282.0 272.1 
5-4 41 301.5 289.2 255.5 225.5 163.6 
4-5 41 301.5 293.6 272.1 252.9 213.2 
6-3 45 330.9 313.2 264.7 221.5 132.4 
3-6 45 330.9 326.5 314.3 303.5 281.3 
7-0 49 360.3 336.2 270.2 211.4 90.1 
0-7 49 360.3 360.3 360.3 360.3 360.3 
7-1 50 367.7 343.5 277 .6 218.8 97.4 
5-5 50 367.7 355.3 321.7 291.7 229.8 
1-7 50 367.7 367.2 365.8 364.6 362.1 
6-4 52 382.4 364.6 316.2 273.0 183.8 
4-6 52 ·3.82.4 374.5 352.9 333.8 294.1 
7-2 53 389.7 365.6 299.6 240.8 119.5 
2-7 53 389.7 387.7 382.4 377.~ 367.7 
7-3 58 426.5 402.3 336.4 277.6 156.3 
3-7 58 426.5 422.0 409.9 399.1 376.8 
6-5 61 448.5 430.8 382.4 339.2 250.0 
5-6 61 448.5 436.2 402.5 372.6 310.7 

8-0 64 470.6 439.1 352.9 276.2 117.6 

0-8 64 470.6 470.6 470.6 470.6 470.6 

8-1 65 477 .9 446.4 360.3 283.5 125.0 
7-4 65 477 .9 453.8 387.9 329.1 207.7 
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TABLE It (CONTINUID) 

I 
I 

11-0 m2+o.2 a_0° a-15° a-30° 9_40° 9_60° 

4-7 65 477 .9 470.1 448.5 429.3 389.7 

I 
1-8 65 477.9 477 .5 476.1 474.9 472.4 
8-2 68 500.0 468.5 382.4 305.6 147.1 
2-8 68 500.0 498.0 492.7 487.9 477 .9 

n 6-6 72 529.4 511.7 463.2 420.0 330.9 
8-3 73 536.8 505.2 419.1 342.3 183.8 

n 3-8 73 536.8 532.3 520.2 509.4 487.1 
7-5 74 544.1 520.0 454.0 395.3 273.9 

n 5-7 74 544.1 531.8 498.2 468.2 406.3 
8-4 80 588.2 556.7 470.6 393.8 235.3 
4-8 80 588.2 580.4 558.8 539.6 500.0 n 9-0 81 595.6 555.7 446.7 349.5 148.9 
0-9 81 595.6 595.6 595.6 595.6 595.6 

~ 
~ 

9-1 82 602.9 563.0 454.0 356.9 156.3 11 
i 1-9 82 602.9 602.5 601.1 ,599.9 597.4 
f 

n 9-2 85 625.0 585.1 476.1 378.9 178.3 , 

7-6 85 625.0 600.9 534.9 476.1 354.8 
~ . 

n 
6-7 85 625.0 607.3 558.8 515.6 426.5 , 
2-9 85 625.0 623.0 617.7 612.9 602.9 
8-5 89 654.4 622.9 536.8 460.0 301.5 r 5-8 89 654.4 642.1 608.5 578.5 516.5 . 
9-3 90 661.8 621.9 512.9 415.7 215.1 

[ 3-9 90 661.8 657.3 645.2 634.4 612.1 
9-4 97 713.2 673.3 564.3 467.2 266.5 

[ 4-9 97 713.2 705.4 683.8 664.6 625.0 

" 7-7 98 720.6 696.5 630.5 571.7 450.4 'r 

" 
183.8 

, 10-0 100 735.3 686.0 551.5 431.5 
" [ 8-6 100 735.3 703.8 617.7 540.9 382.4 
" " 6-8 100 735.3 717.6 669.1 625.9 536.8 " +, 

[ ~' 

0-10 100 735.3 735.3 735.3 735.3 735.3 f 

" . 
~, 

.' [ 108 .' " 
/ • 
1 

'f I 
.:.;,:..? ... -..., ......................... ..---. 
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TAiLB It (CONTINUED) 

.-11 .2+02 a_oo a_15° a-300 e-400 a_600 

10-1 101 742.7 693.4 558.8 438.8 191.2 

1-10 101 7.42.7 742.2 740.8 739.6 737.1 

10-2 104 764.7 715.4 580.9 460.9 213.2 

2-10 104 764.7 762.7 757.4 752.6 742.7 

9-5 106 779.4 739.5 630.5 533.3 332.7 

5-9 106 779.4 767.1 733.5 703.5 641.5 

10-3 109 801.5 752.2 617.7 497.7 250.0 

3-10 109 801.5 797.0 784.9 774.1 751.8 

8-7 113 830.9 799.4 713.2 636.5 477.9 

7-8 113 830.9 806.8 740.8 682.0 560.7 

10-4 116 852.9 803.7 669.1 549.1 301.5 

4-10 116 852.9 845.1 823.5 804.3 764.7 

9-6 117 860.3 820.4 711.4 614.2 413.6 

6-9 117 860.3 . 842.6 794.1 750.9 661.8 

11-0 121 889.7 830.1 667.3 522.1 222.4 

0-11 121 889.7 889.7 889.7 889.7 889.7 

11-1 122 897.1 837.5 674.6 529.4 229.8 

1-11 122 897.1 896.6 895.2 894.0 891.6 

11-2 125 919.1 859.5 696.7 551.5 251.8 

10-5 125 919.1 869.8 735.3 615.3 367.7 

5-10 125 919.1 906.8 873.2 843.2 781.3 

2-11 125 919.1 917.2 911.8 907.0 897.1 

8-8 128 941.2 909.7 823.5 746.7 588.2 

11-3 130 955.9 896.3 733.5 588.2 288.6 

9-7 130 955.9 916 •. 0 807.0 709.8 509.2 

7-9 130 955.9 931.8 865.8 807.0 685.7 

3-11 130 955.9 951.5 939.3 928.5 906.3 

10-6 136 1000.0 950.7 816.2 696.2 448.5 

6-10 136 1000.0 982.3 933.8 890.6 801.5 

11-4 137 1007.4 947.8 784.9 639.7 340.1 
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TABL! 1C (CONTINUED) 

I U .-a .2+02 a_oo a-15° a-300 911400 e-600 

. 919.1 I 

4-11 137 1007.4 999.5 977 .9 958.8 

Il 12-0 144 1058.8 987.9 794.1 621.3 264.7 
0-12 144 1058.8 1058.8 1058.8 1058.8 1058.8 

( 1 12-1 145 1066.2 
I I 

995.3 801.5 628.7 272.1 
t ~ 9-8 145 1066.2 1026.3 917.3 820.1 619.5 

t 8-9 145 :L066.2 1034.7 948.5 871.7 713.2 
I L 1-12 145 1066.2 1065.7 1064.3 1063.1 1060.7 , 

11-5 146 1073.5 1013.9 851.1 705.9 406.3 t 
I ; 5-11 146 1073.5 1061.2 1027.6 997.6 935.7 , 

I 12-2 148 1088.2 1017.3 823.5 650.7 294.1 
J 

i 2-12 148 1088.2 1086.3 1080.9 1076.1 1066.2 
10-7 149 1095.6 1046.3 911.8 791.8 544.1 
7-10 149 1095.6 1071.5 1005.5 946.7 825.4 
12-3 153 1125.0 1054.1 860.3 687.5 330.9 

I-

3-12 153 1125.0 1120.6 1108.5 1097.7 1075.4 

11-6 157 1154.4 1094.8 932.0 786.8 487.1 
6-11 157 1154.4 1136.7 1088.2 1045.1 955.9 

L 12-4 160 1176.5 1105.6 911.8 739.0 382.4 
4-12 160 1176.5 1168.6 1147.1 1127.9 1088.2 

L 9-9 162 1191.2 1151.3 1042.3 945.1 744.5 
10-8 164 1205.9 1156.6 1022.1 902.1 654.4 

r 8-10 164 1205.9 1174.4 1088.2 1011.5 852.9 
13-0 169 1242.7 1159.4 932.0 729.2 310.7 

L 
12-5 169 1242.7 1171.7 977 .9 805.2 448.5 

5-12 169 1242.7 1230.3 1196.7 1166.7 1104.8 

0-13 169 1242.7 1242.7 1242.7 1242.7 1242.7 

r -13-1 170 1250.0 1166.8 939.3 736.6 318.0 

ll-7 170 1250.0 1190.4 1027.6 882.4 582.7 

[ 7-11 170 1250.0 1225.9 1159.9 1101.1 979.8 

1-13 170 1250.0 1249.5 1248.2 1247.0 1244.5 

r 
110 ,. 

I i i [ 
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TABLE l( (CONTINUED) 

ID-Il m2+n2 a_oo a-15° 

13-2 173 1272.1 1188.8 

2-13 173 1272.1 1270.1 

13-3 178 1308.8 1225.6 

3-13 178 1308.8 1304.4 

12-6 180 1323.5 1252.6 

6-12 180 1323.5 1305.8 
10-9 181 1330.9 1281.6 

9-10 181 1330.9 1291.0 

13-4 185 1360.3 1277 .1 

11-8 185 1360.3 1300.7 

8-11 185 1360.3 1328.8 

4-13 185 1360.3 1352.4 

12-7 193 1419.1 1348.2 

7-12 193 1419.1 1395.0 

13-5 19, 1426.5 1343.2 

5-13 194 1426.5 1414.2 

14-0 196 1441.2 1344.6 

0-14 196 1441.2 1441.2 

14-1 197 1448.5 1352.0 

1-14 197 1448.5 1448.0 

14-2 200 1470.6 1374.1 

10-10 200 1470.6 1421.3 

2-14 200 1470.6 1468.6 

11-9 202 1485.3 1425.7 

9-11 202 1485.3 1445.4 

14-3 205 1507.4 1410.8 

13-6 205 1507.4 1424.1 

6-13 205 1507.4 1489.6 

3-14 205 1507.4 1502.9 

12-8 208 1529.4 1458.5 

8-12 208 1529.4 1497.9 

111 

a-300 a_400 

961.4 758.6 

1264.7 1259.9 

998.2 795.4 

1292.3 1281.5 

1058.8 886.0 

1257.4 1214.2 

1t'l7.1 1027.1 

1182.0 1084.8 

1049.6 846.8 

1137.9 992.7 

1242.7 1165.9 

1330.9 1311.7 

1154.4 981.6 

1329.1 1270.3 

1~15.8 913.0 

1380.5 1350.5 

1080.9 845.7 

1441.2 1441.2 

1088.2 853.1 

1446.7 1445.S 

1110.3 875.1 

1286.8 1166.8 

1463.2 1458.4 

1262.9 1117.7 

1336.4 1239.2 

1147.1 911.9 

1196.7 993.9 

1441.2 1398.0 

1490.8 1480.0 

1264.7 1091.9 

1411.8 1335.0 

e_600 

340.1 

1250.0 

376.8 

1259.2 

529.4 

1125.0 

779.4 

884.2 

428.3 

693.0 

1007.4 

1272.1 

625.0 

1148.9 

494.5 

1288.6 

360.3 

1441.2 

367.7 

1443.0 

389.7 

919.1 

1448.5 

818.0 

1038.6 

426.5 

575.4 

1308.8 

1457.7 

735.j 

1176.48 

, 
. i 
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TABL! It (CONTINUED) 

Il-ll .2+112 8-00 '_150 a-300 e_400 8-600 

14-4 212 1558.8 1462.3 1198.5 963.4 477.9 

4-14 212 1558.8 1551.0 1529.4 1510.2 1470.6 

13-7 218 1603.0 1519.7 1292.3 1089.5 671.0 

7-13 218 1603.0 1578.8 1512.9 1454.1 1332.7 

14-5 221 1625.0 1528.5 1264.7 1029.S 544.1 

11-10 221 1625.0 1565.4 1402.6 1257.4 957.7 

10-11 221 1625.0 1575.7 1441.2 1321.2 1073.5 

5-14 221 1625.0 1612.7 1579.1 1549.1 1487.1 

IS-0 225 1654.4 1543.6 1240.8 970.9 413.6 

12-9 225 1654.4 1583.5 1389.7 1216.9 860.3 

9-12 225 1654.4 1614.5 1505.5 1408.3 1207.7 

0-15 225 1654.4 1654.4 1654.4 1654.4 1654.4 

15-1 226 1661.8 1551.0 1248.2 978.2 421.0 

1-15 226 1661.8 1661.3 1659.9 1658.7 1656.3 

15-2 229 1683.8 1573.0 1270.2 1000.3 443.0 

2-15 229 1683.8 1681.9 1676.5 1671.7 1661.8 

14-6 232 1705.9 1609.4 1345.6 1110.4 625.0 

6-14 232 1705.9 1688.2 1639.7 1596.5 1507.4 

13-8 233 1713.2 1630.0 1402.6 1199.8 781.3 

8-13 233 1713.2 1681.7 1595.6 1518.8 1360.3 

15-3 234 1720.6 1609.8 1307.0 1037.0 479.8 

3-15 234 1720.6 1716.2 1704.1 1693.3 1671.0 

15-4 241 1772.1 1661.2 1358.5 1088.5 531.3 

4-15 241 1772.1 1764.2 1742.7 1723.5 1683.8 

11-11 242 1779.4 1719.8 1557.0 1411.8 1112.1 

12-10 244 1794.1 1723.2 1529.4 1356.6 1000.0 

10-12 244 1794.1 1744.9 1610.3 14~0.3 1242.7 

14-7 245 1801.5 . 1704.9 1441.2 1206.0 720.6 

7-14 245 1801.5 1777.3 1711.4 1652.6 1531.3 

15-5 250 1838.3 1727.4 1424.6 1154.7 597.4' 

13-9 250 1838.3 1755.0 1527.6 1324.8 906.3 
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TABLI It (COITINUIJ) 

\ 

1I-Il .2+ca2 '_00 '_150 '-300 '_400 81!'600 • i 

9-13 250 1838.3 1798.4 1689.4 1592.2 1391.6 

5-15 250 1838.3 1825.9 1792.3 1762.3 1700.4 

16-0 256 1882.4 1756.3 1411.8 1104.6 470.6 
0-16 256 1882.4 1882.4 1882.4 1882.4 1882.4 
16-1 25·7 1889.7 1763.6 1419.1 1112.0 477.9 

1-16 257 1889.7 1889.2 1887.9 1886.7 1884.2 
16-2 260 1911.8 1785.7 1441.2 1134.0 500.0 

14-8 260 1911.8 1815.2 1551.5 1316.3 830.9 

8-14 260 1911.8 1880.3 1794.1 1717.3 1558.8 

2-16 260 1911.8 1909.8 1904.4 1899.6 1889.7 

15-6 261 1919.1 1808.3 1505.5 1235.6 678.3 

6-15 261 1919.1 1901.4 1853.0 1809.8 1720.6 

16-3 265 1948.5 1822.4 1478.0 1170.8 536.8 

12-11 265 1948.5 1877.6 1683.8 1511.0 1154.4 

11-12 265 1948.5 1888.9 1726.1 1580.9 1281.3 

3-16 265 1948.5 1944.1 1932.0 1921.2 1898.9 

13-10 269 1978.0 1894.7 1667.3 1464.5 1046.0 

10-13 269 1978.0 1928.7 1794.1 1674.1 1426.5 

16-4 272 2000.0 1873.9 1529.4 1222.3 588.2 

4-16 272 2000.0 1992.1 1970.6 1951.4 1911.8 

15-7 274 2014.7 1903.9 1601.1 1331.2 773.9 

7-15 274 2014.7 1990.6 1924.6 1865.9 1744.5 

14-9 277 2036.8 1940.2 1676.5 1441.3 955.9 

9-14 277 2036.8 1996.9 1887.9 1790.7 1590.1 

16-5 281 2066.2 1940.1 1595.6 1288.5 654.4 

5-16 281 2066.2 2053.9 2020.2 1990.2 1928.3 

12-12 288 2117.7 2046.7 1853.0 1680.2 1323.5 

15-8 289 2125.0 2014.2 1711.4 1441.4 884.2 

8-15 289 2125.0 Z093.!! 2007.4 1930.6 1772.1 

17-1 290 2132.4 1990.0 1601.1 1254.3 538.6 

1)-11 290 2132.4 2049.1 1321.7 1618.9 1200.4 
-
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I 

TABU lit (COITllmD) 

I 
I 

a-D .2"tfl2 8_00 8_150 '_300 8_400 8_600 

11-13 290 2132.4 2072.8 1909.9 1764.7 I1t65.1 

I 
1-17 290 2132.4 2131.9 2130.5 2129.3 2126.9 
16-6 292 2147.1 2021.0 1676.5 1369.3 735.3 
6-16 292 2147.1 2U9.3 2080.9 2037.7 1948.5 

H 14-10 296 2176.5 2079.9 1816.2 1581.0 1905.6 
10-14 296 2176.5 2U7.2 1992.7 1872.7 1625.0 

fi 17-3 298 2191.2 2048.8 1659.9 1313.2 597.4 
3-17 298 2191.2 2186.8 2174.6 2163.8 2141.6 

n 
16-7 305 2242.7 2116.6 1772.1 1464.9 830.9 
7-16 305 2242.7 2218.5 2152.6 2093.8 1972.4 
15-9 306 2250.0 2139.2 1836.4 1566.4 1009.2 

n 9-15 306 2250.0 2210.1 2101.1 2003.9 1803.3 

13-12 313 2301.5 2218.2 1990.8 1788.1 1369.5 

L 12-13 313 2301.5 2230.6 2036.8 1864.0 1507.4 
17-5 314 2308.8 2166.5 1777 .6 1430.8 715.1 

, [ 5-17 314 2308.8 2296.5 2262.9 2232.9 2171.0 
14-11 317 2330.9 2234.4 1970.6 1735.1+ 1250.0 

r 11-14 317 2330.9 2271.3 2108.5 1963.3 1663.6 
16-8 320 2353.0 2226.9 1882.4 1575.2 941.2 

8-16 320 2353.0 2321.4 2235.3 2158.5 2000.0 

r. 18-0 324 2382.4 2222.8 1786.8 1398.0 595.6 
0-18 324 2382.4 2382.4 2382.4 2382.4 2382.4 

,-
I 

15-10 325 2389.7 2278.9 1976.1 1706.2 1148.9 
j, • 10-15 325 2389.7 2340.5 2205.9 2085.9 1838.3 

r 18-2 328 2411.8 2252.2 1816.2 1427.4 625.0 

2-18 328 2411.8 2409.15 2404.4 2399.6 2389.7 

16-9 337 2478.0 2351.9 2007.4 1700.2 1066.2 

r 9-16 337 2478.0 2438.1 2329.1 2231.9 2031.3 

17-7 338 2485.3 2343.0 1954.1 1607.3 891.6 

[ 13-13 338 2485.3 2402.1 2174.6 1971.9 1553.1 

, 
[ 

r 
i. 
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I I . 

I 
1 

I 
• i 

I 
I 

I 
I 

a-D 

7-17 
11-4 
14-12 
12-14 
4-18 

15-U 

11-15 
16-10 
10-16 
18-6 
6-18 

19-1 
1-19 
14-13 
~14 

15-12 
12-15 
19-3 
17-9 
9-17 
3-19 
16-11 

11-16 
19-5 

5-19 
18-8 
8-18 
14-14 

15-13 
13-15 

• 2 .. 2 

338 

340 
l~O 

340 
340 
346 

346 

356 
356 
360 
360 
362 
362 

365 
365 
369 

369 
370 
370 
370 
370 
377 
377 

386 
386 
388 
388 
392 
394 
394 

TAILI I (COI'l'DUBD) 

e-o° e-15° 8-30° 

2485.3 2461.2 2395.2 
2500.0 2340.5 1904.4 
2500.0 2403.5 2139.7 
2JOO.O 2429.1 2235.3 
2500.0 2492.1 2470.6 
2544.1 2433.3 2130.5 
2544.1 2484.5 2321.7 
2617.7 2491.6 2147.1 
2617.7 2568.4 2433.8 
2647.1 2487.5 2051.5 
2647.1 2629.3 2580.9 
2661.8 2484.0 1998.2 
2661.8 2661.3 2659.9 
2683.8 2587.3 2323.5 
2683.8 2600.6 2373.2 
2713.3 2602.4 2299.7 
2713.3 2642.3 2448.5 
2720.6 2542.8 2057.0 
2720.6 2578.3 2189.4 
2720.6 2680.7 2571.7 
2720.6 2716.2 2704.1 
2772.1 2646.0 2301.5 
2772.1 2712.5 2549.7 
2838.3 2660.5 2174.6 

2838.3 2825.9 2792.3 

2853.0 2693.4 2257.4 

2853.0 2821.4 2735.3 
2882.4 2785.8 2522.1 
2897.1 2786.3 2483.5 
2897.1 2813.8 2586.4 

115 

8_40° 

2336.4 
1515.7 
1904.6 
2062.5 
2451.4 

1860.6 
2176.5 
1839.9 
2313.9 
1662.7 

2537.7 
1565.0 

2658.7 
2088.4 
2170.4 
2029.7 
2275.8 
1623.8 
1842.6 
2474.5 
2693.3 
1994.4 
2404.4 
1741.5 
2762.3 

1868.6 
2658.5 
2286.9 

2213.5 
238J.6 

&-60° 

2215.1 
713.2 

1419.1 
1705.9 
2411.8 
1303.3 
1876.9 

1205.9 
2066.2 
860.3 

2448.5 
671.0 

2656.3 
1603.0 
1751.9 
1472.4 

1919.1 
729.8 

1126.8 
2273.9 
2671.0 
1360.3 
2104.8 
847.4 

2700.4 
1066.2 
2500.0 
1801.5 

1656.3 
1965.1 

, .. 

, .. 

.. 



"'.'I!I' 

I 
I 

TAlLI It (eotmIUID) 

I 
II-D .2+a2 e-00 '_150 '_300 '_400 8-600 

I 20-0 400 2941.2 2744.1 2205.9 1726.0 735.3 
16-12 400 2941.2 2815.1 2470.6 2163.4 1529.4 

I 12-16 400 2941.2 2870.3 2676.4 2503.7 2147.1 
0-20 400 2941.2 2941.2 2941.2 2941.2 2941.2 

E 
20-2 404 2970.6 2773.6 2235.3 1755.4 764.7 
2-20 404 2970.6 2968.6 2963.3 2958.5 2948.6 
19-7 410 3014.7 2836.9 2351.1 1918.0 1023.9 

n 17-11 410 3014.7 2872.4 1483.5 2136.7 1421.0 
U-17 410 3014.7 2955.1 2792.3 2647.1 2347.4 

E 7-19 410 3014.7 2990.6 2924.7 2865.9 2744.5 
20-4 416 3058.8 2861.8 2323.5 1843.6 852.9 

[ 4-20 416 3058.8 3051.0 3029.4 3010.1 2970.6 
15-14 421 3095.6 2984.8 2682.0 2412.0 1854.8 

Ii 
14-15 421 3095.6 2999.1 2735.3 2500.1 2014.7 

18-10 424 3117.7 2958.1 2522.1 2133.3 1330.9 

10-18 424 3117.7 3068.4 2933.8 2813.9 2566.2 

[ 16-13 425 3125.0 2998.9 2654.4 2347.3 1713.2 

13-16 42S 3125.0 3041.8 2814.4 2611.0 2193.0 

r 
j. 

20-6 436 3205.9 3008.8 2470.6 1990.7 1000.0 

6-20 436 3205.9 3188.3 3139.7 3096.5 3007.4 

[ 21-1 442 3250.0 3032.8 2439.4 1910.3 818.0 
19-9 442 3250.0 3072.2 2586.4 2153.3 1259.2 

9-19 442 3250.0 3210.1 3101.1 3003.9 2803.3 
r 
1. 1-21 442 3250.0 3249.5 3248.2 3247.0 3244.5 

21-3 450 3308.9 3091.6 2498.2 1969.1 876.8 

[ 15-15 450 3308.9 3198.0 2895.2 2625.3 2068.0 

3-21 450 3308.9 3304.4 3292.3 3281.5 3259.2 

c 

[ 16-14 452 3323.6 3197.5 285).0 2545.8 1911.8 

14-16 452 3323.6 3227.0 2963.3 2728.1 2242.7 , 

I 
17-13 458 3367.7 3225.3 2836.4 2489.7 1713.9 

13-17 458 3367.7 3284.4 3057.0 2854.2 2435.7 

[ 
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TABLE It (CONTINUED) 

1Il-II. .2+0.2 8-0° a-1'o 9-30° 9-40° 9-60° 

20-8 464 3411.8 3214.7 2676.4 2196.5 1205.9 

8-20 464 34ll.8 3380.3 3294.1 3217.4 3058.8 

21-' 466 3426.5 3209.3 2615.8 2086.8 994.5 

5-21 466 3426.' 3414.2 3380.5 3350.' 3288.6 

18-12 468 3441.2 3281.6 2845.6 2456.9 1654.4 

12-18 468 3441.2 3370.3 3176.' 3003.7 2647.1 .. 
16-1' 481 3536.8 3410.7 3066.2 2759.1 2125.0 

15-16 48l 3536.8 3426.0 3123.2 2853.2 2296.0 

19-11 482 3544.1 3366.4 2880.5 2447.4 1553.3 

ll-19 . 482 3544.1 3484.5 3321.7 3176.5 2876.9 

22-0 484 3558.9 3320.6 2669.1 2088.3 889.7 

0-22 484 3558.9 3558.9 3558.9 3558.9 3558.8 

22-2 488 3588.3 3350.0 2698.6 2117.7 919.1 

2-22 488 3588.3 3586.3 3580.9 3576.1 356£'.2 

21-7 490 3603.0 3385.8 2792.3 2263.3 1171.0 

7-21 490 3603.0 3578.8 3512.9 3454.1 3332.7 

22-4 500 3676.5 3438.3 2786.8 2205.9 1007.4 

20-10 500 3676.5 3479.4 2941.2 2461.3 1470.6 

10-20 500 3676.5 3627.2 3492.6 3372.7 3125.0 

4-22 500 3676.5 3668.6 3647.1 3627.9 3588.3 

16-16 512 3764.7 3638.6 3294.1 2987.0 2353.0 

17-15 514 3779.4 3637.1 3248.2 2901.4 2185.7 

15-17 514 3779.4 3668.6 3365.8 3095.9 2538.6 

22-6 520 3823.6 3585.3 2933.8 2353.0 1154.4 

18-14 520 3823.6 3664.0 3228.0 2839.2 2036.8 

14-18 520 3823.6 3727.0 3463.3 3228.1 2742.7 

6-22 520 3823.6 3805.9 3757.4 3714.2 3625.0 

21-9 522 3838.3 3621.0 3027.6 2498.5 1406.3 

9-21 522 3838.3 3798.4 3689.4 3592.2 3391.6 

23-1 530 3897.1 3636.5 2924.7 2289.9 979.8 
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TABLE K (CONTINtJl1) 

m-n .2+0.2 a_0° 8-15° a_30° 8-40° a_60° 

19-13 530 3897.1 3719.3 3233.5 2800.3 1906.3 

r I I r 

13-19 530 3897.1 3813.8 3586.4 3383.7 2965.1 

1-23 530 3897.1 3896.6 3895.3 3894.1 3891.6 

t 
I ~ 

~ 

r 
I 
~ 

! I I 
I 

23-3 538 3955.9 3695.3 2983.5 2348.8 1038.6 

3-23 538 3955.9 3951.5 3939.4 3928.6 3906.3 

20-12 544 4000.0 3803.0 3264.7 2784.8 1794.1 

12-20 544 4000.0 3929.1 3735.3 3562.5 3205.9 

22-8 548 4029.4 3791.2 3139.7 2558.8 1360.3 , 
f· I 8-22 548 4029.4 3997.9 3911.8 3835.0 3676.5 

23-5 554 4073.6 3813.0 3101.1 2466.4 1156.3 

'" h 
. 5-23 554 4073.6 4061.2 4027.6 3997.6 3935.7 

21-11 562 4132.4 3915.2 3321.7 2792.7 1700.4 

f fl 
11-21 562 4132.4 4072.8 3910.0 3764.7 3465.1 

24-0 576 4235.3 39S1.6 3176.5 2485.3 1058.8 

It 
i' 

0-24 576 4235.3 4235.3 4235.3 4235.3 4235.3 
1;'. n , . 

J .r 
~. 

23-7 578 4250.0 3989.5 3277 .6 2642.9 1332.7 

17-17 578 4250.0 4107.7 3718.8 3372 .0 2656.3 

fl I • 
7-23 578 4250.0 4225.9 4160.0 4101.2 3979.8 

24-2 580 4264.7 3981.0 3205.9 2514.7 1088.2 

f 
~: 

t I 

18-16 580 4264.7 4105.2 3669.1 3280.4 2478.0 

16-18 580 4264.7 4138.6 3794.1 3487.0 2853.0 

2-24 580 4264.7 4262.7 4257.4 4252.6 4242.7 

( 22-10 584 4294.2 4055.8 3404.4 2823.6 1625.0 

10-22 584 4294.2 4244.9 4110.3 3990.3 3742.7 

[ . 
19-15 586 4308.9 4131.1 3645.2 3212.1 2318.0 

15-19 586 4308.9 4198.0 3895.3 3625.3 3068.0 

[ 
24-4 592 4353.0 4069.3 3294.1 2603.0 1176.5-

4-24 592 4353.0 4345.1 4323.6 4304.4 4264.7 

20-14 596 4382.4 4185.3 3647.1 3167.1 2176.5 

[ 14-20 596 4382.4 4285.8 4022.1 3786.9 3301.5 

r 
4. 
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TABLE K (CONTINUED) 

m-u 
2 2· 

1Il+n a_0° 9_15° a_30° 6_40° 8_60° 

23-9 610 4485.3' 4224.8 3512.9 2878.2 1568.0 

21-13 610 4485.3 4268.1 3674.7 3145.6 ~053.3 

13-21 610 4485.3 4402.1 4174.7 3971.9 3553.3 

9-23 610 4485.3 4445.4 4336.4 4239.2 4038.6 

24-6 612 4500.0 4216.3 3441.2 2750.0 1323.5 

6-24 612 4500.0 4482.3 44:13.9 4390.7 4301.5 

25-1 626 4603.0 4295.1 3454.1 2704.1 1156.3 

1-25 626 4603.0 4602.5 4601.1 . 4599.9 4597.5 

22-12 628 4617.7 4379.3 3728.0 3147.1 1948.5 

12-22 628 4617.7 4546.8 4353.0 4180.2 3823.6 

25-3 634 4661.8 4354.0 3512.9 2763.0 1215.1 

3-25 634 4661.8 4657.4 4645.3 4634.4 4612.2 

24-8 640 4705.9 4422.2 3647.1 2955.9 1529.4 

8-24 640 4705.9 4674.4 4588.3 4511.5 4353.0 

18-18 648 4764.7 4605.2 4169.2 3780.4 2978.0 

25-5 650 4719.·5 4471.6 3630.5 2880.6 1332.7 

23-11 650 4719.5 4518.9 3807.0 3172.3 1862.1 

19-17 650 4719.5 4601.i 4115.8 3682.7 2788.6 

17-19 650 4719.5 4637.1 4248.2 3901.5 3185.7 

11-23 650 4719.5 4719.9 4557.0 4411.8 4112.2 
j 

5-25 650 4779.5 4767.1 4733.5 4703.5 4641.6 

20-16 656 4823.6 4626.5 4088.3 3608.3 2617.7 1 
16-20 656 4823.6 4697.5 4353.0 4045.8 3411.8 

21-15 666 4897.1 4679.9 4086.4 3557.4 2465.1 

15-21 666 4897.1 4786.3 4483.5 4213.5 3656.3 

25-7 674 4955.9 4648.1 3807.0 3057.1 1509.2 

7-25 674 4955.9 4931.8 4865.8 4807.1 4685.7 

I 
1 
j 

26-0 676 4970.6 4637.7 3728.0 2916.9 1242.7 

24-10 676 4970.6 4686.9 3911.8 3220.6 1794.1 
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10-24 

0-26 

26-2 

22-14 

14-22 

2-26 

TABtE K (CONCLUDED) 

m2+a.2 a_0° 6-15° a_30° 6-40° 6_60° 

676 4970.6 4921.4 4786.8 4666.8 4419.2 

676 4970.6 4970.6 4970.6 4970.6 4970.6 

680 SOOO.O 4667.1 3757.4 2946.3 1272.1 

680 5000.0 4761.6 4110.3 3529.4 2330.9 

680 SOOO.O 4903.5 4639.7 4404.6 3919.1 

680 5000.0 4998.1 4992.7 4987.9 4948.6 
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FIGURE 1 
Geometrical Configuration for Ohli~ue Incidence 
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