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ABSTRACT §-

The l6sed-form equations describing the acoustic radia-

'ti dh' pattern for•a source fJ1ush-r.ounted on a rig-d cyl-indri-

"cal baffime are -derived for three sonar transducer design,

configuratlonz; two rect-angular designs (Segment, and Patch)

and one circular configuration (Disk). The derivation in- ý{)

Al nd n e,;censonofdevelo* ments by
cludes both application' and an kxtension4 of

previzous theorists., A con:pu~e prigram based on the derived

clos-ed-for equator-sii is included to, permit design investi- .

"gatictn oI' the three "(0) onflgurations. Preliminary results

o0 the prcgrat.i agree *.with prvious[kv obtained patterns by

ot •,'•,,tat .,z fc tI gza 1.,, e,.e Chr p'rorain, ) owevezý,

lar.os- extention t,c rne, ,c'n4hgurationd.
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I. INTRODUCTION

Acoustic methods have for a long time proved useful for

determining the position of objects submerged in the ocean

and continue to be useful today, especially for monitoring

the realistic testrn;,, o advanced underwater weapons (such

as torpedoes), in the real ocean envirciiment.

One method ,:or.monly used requires installation, of a

sound source on the underwater vehicle to be tracked. The

sourcevehic2e is then tracked acoustically by hydrophones

arrayed in a fixed or-e'itior" on the ocean bctton. The basic

functicn is that of r.eCSuri:,,," the transit time of the sound

I-,C f:.te 4- Ac 't 4 , 4 v........ o t, prri

times er.atle " "dter: ... cn of distances c• directions of

arrival %.h~ch in turr. are trianrCulatce to determi-'e pos tsicn

a series cf which dcfhnes the vehicle's track.

As in nc• .ne.rirm; Irotlet..s, the O rcrnts placed

or an accustic source used for tracking are c'ten, conflicting

in hna' ure, e'wIth the end 1ezult betnf; an crIneeri-ng comýro-

r.IIse. Ycr examh]e, In order to achleve a broad pattern

fron: a single eler:nt, the lert' diren3cns must be

sn-all re2I-ative to the wave.enrtih of' the sound tran'srmmlt(d.

However, to cbtaLn the desired vct:nd ;;reosure level, the

eleri(cnt y have tn te Ir1rvcn so hnird that ca.'!taticn, (a1-

undccsIrtLe effect) revults. For many practical reasons,



therefore, it is essential that the odirectional charadter,-

istics .of a proposea transducer deasEgn be predicted prior

to construction rather than measured afterwards. That is, a

clear understanding of the relations Letween d•lrectivity and

design constants is esst.ntlal to properly design a transt-

ducer for a spc-uIfic purpose,

Study of the geometry involved in tracking an underwater

venicle "iith ocean-floor mounted hydrophcnes (assuming that

".he hydrophones are not located at excessive depths) reveals

that the slant range from the vehicle to the receivers is

normally several orders of magnitude greater than the dis-

tance from the vehicle to the ocean floor. It is clear,

the%, .hat most of the acoustic energy from a source mounted

on the underbody of a vehic~e shculd be directed obliquely,

with a relative rinir-Urn being transmitted directly down at

the occan flccr., C6nsideraticn of a large slant range

sltutA4_cr; dlctntes that the directionality pattern extend

altost to the horizontal., however, not to the dciLree that

will result In surface reflecti!'l).

A feelinF ,cr the d~fficulty involved in practically

adhlevin- the radiation rattern .r'v!ou.ly described can

be obtained by studying the P.1. Morse [Ref. 2] solution

' Por" 6, radi&ily vibrating sCtr'p. wh'Lch extendýd e.11•p 'y

a16o:'g a cylinder. For the -hsieal dphyoqnsi&- th41<1

bafTe (torpedo) and t'he 1frequcincs ,. inovoved in'our

caoe, df *nte•eiest, the Morse solut4on 'indicates the acoustic

et

I



will ensonify an area directly beneath the vehicle. That

I-s, the combined effect of the--cylindrical baflIe and rela-

tive-1ly hirh frequency focuses the acoustic radiation, in a

hi~ghly directional beam normal to the surface Of the radia-

tor. Obviously then, it can be anticipated that to achieve

the obliquely oriented pattern desired, some method of

countering this focusing must be incocporated in any pro-

posed transducer design.

-The intert of thib report then is to, describe procedures

fOi &orputinr one characteristic of a sound source used for

underw,*atcr :wcoustic t racknp: - its acoustic radiation pattern.

The an-roach wilb be natheraticol in scope resulting in the

develoor.enrt of a conlputer Frogr,.,. which wiul calculate and

plot 'he ran--t'cn csttcrn of a flush mounted radiator located

on the wall oP a cylindrical sha pe, such as that of a torpedo.

The stuCy %w172 enrccr, .z thres (•) proposed design configura-

tions, d'zcrited in the following section.

10
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III. THEORY

A. BACKGROUND

The subjec-t, of sound, radiation from Vibrating objects

is an old one and the Journal literature is replete with

papers on the theory, it appears that tVe particular problem'-

at hand, radiation from, a finite element on a rigid cylln-

drical bavffle has not received much attention.. Morse and

Ingard [Pef. 3] treat the problem of radiation from line

sources on a cylinder. Laird and Coher [Reef. 1] developed

a solution for the far field radiation from a rectangular

patch on a rigid cylinder, which ccmes closest to represen-

tlng the present prOtlc=. F'c: this reasen, it --Phm. t're

basis for the model 6P rectangular sources and the b-,..ri.g

point for the model of a circular source. For the convenience

of the reader, Ez,,Ie of the results of Laird and Cohen are

sum,.arized below.

In their study, Laird and Cohen extended the theory of

Morse (Ref. 2] to the case where the source is any separable

function of the azimuthal and axial dimensions. In this

thesis, their results will be applied to derive the equa-

tions for the "Patch" and "Segment" sources. In addition,

an extension of their work to the general case of a non-

separable source is included to descrIlbe the pattern of the

"Disk" configuration.



The general approach developed by Laird and Cohen uses

the cylindrical coordinate system shown in Figure 1. The

method assumes that the source, which is mounted on a rigid

cylinder,, vibrates radiall'7 in suc' a manner that its ve-

locity distributipon may t,', represented as a separable func-

tioa of the azimuth &nd axial dimensions. That is, the,

veloe-ity distribution has the same functional form in the

aziwuthal dirention independent of the axial dimension and

vice versa. This is2 shown diagrammatically in Figure 2.

The boundary condition at the surface of the cylinder/source

can then be given by the following expression:

0 0 ikz
u 'U r- J e Ueit (ý £ osm¢)f[ J F(kz)e zdkJ]

(1)

where the Fourier cosine series represents the azimuthal

dependence and the Fourier integral represents the axial

dependence. The cosine :series was arbitrarily chosen for

mathematical convenience.

Having established the boundary condititn, the general

expression for a combination of outgoihg cylindrical waves

of even azimuthal dependence, given by

~~ik •A(k H •) •z z
p(r,O,z) e E, cosmo x I Ai(k ) (l)(kr r)e dk z

(?)

12
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is matched to the boundary condition at r = a (the surface

of the cylinder). Introduction of the far field approxi-

mation for the Fankel function, conversion to spherical

coordinates, and the solution of a Fourier integral by the

method of stationary phase result in the following general

expression in spheric~al coordinates at a field point des--

,c:ribing the radiation from a source on a rigid'dcylinder.

(2  ei(kRF-t) F(ka) e a ep(R,e,¢) -- 2 0 R sno x M ,0l .sm M
m-O H'( ) (kasinO)

(3)

To consider a specific source usinr, this method, one

need, only to cl.,y its loocaticn on the cylinder, physical

dimenrions and velccity ,1'r-1rdtutlcn. Know..n[" the Aco,

the "c"ier Z.s " descritnir, the azimuthal dcren-

dence and the T":urller trrnsF-r k:., '( ) describing the axial

depen..vrce, can th'e fut L t 2ttut 1 oI" the -r, er

cceff'^,cntz and the i-: tra",fo•:• into Equation (3)

results in an ex~res.cn c n thc radlation fvr the

particular source ccnstideved. The frequerincy dependence is

incorfporated through the wave nuTter, "I".

The derivation for the "Patch" configuratlion parallels

the development for the case of the uniform rectangular

source calculated ',y Laird and Cohen and illustrates use

of Equatlon (3) for deterv-Aninf- the radiat ,-on from a spceifc

separable source.

15



B. PATCH CC,•FIGURATI0N

The "Patch" array ('see Figure 3) is Composed of nine

equal-dimensioned elements (each of angular width 2a and

height 2Zo) with the center element 1800 out of phase with

respect to the ether elements.

Consideration of; Figure 4 shows that the source motions

•f the patch cannot be described by separable, independent

functions of the cylindrical coordinates € and Z.

To avoid the complexities involved with a non-separable

source, the entire array will be viewed as a simple rectangu-

lar source with uni-fo'm disotribution (see Firure 5).

Likewise, the center element will be Considered as a

ur!1c;,~ xctdrca - In sn.cs w!t~ th e-1 ms inns

2a by 2Zo.

By subtracting twi.ce the pattern function 'of the center

elerment froM that of the entire nine-elem::ent array, the

desired rerult Is acihieved. This assu,-es the val',dity of

the linear superpositicn princfpoc.

The coefficients associated with the functionc descr-b.r.n
the source mt4ion in azimuth are calculated, using standard

Fourier Series relationships. This results in:

16
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For the cen'ter elemnent -6f dimnensions ý(2m,,2Z 0

a0  am 2sinm~a

1-31,2,s3,.

For the ernt*!re ar'Pny ofdreso.(ELZ)

a 3a a~ 2s in 3T-
0 M7TT

0

sink

z

2M



For the entire array of dirne.nsions (Cm,6Z 0)

s1.n~k., Z0
F (k ) w k~

zz

Substitution Into Equation (3) yields the following

expression for the far-fteld press),re due to the radiation:

p(.Re8,ý) 2p~ e3F7_r
z 0 (kasinO)

01

+2
F'co r CO

*0vn

+ cos .4 (4)

C, ;7'.

The":'-:--~t":. ~ofc2ci.ý:nts of thf, c'z-n:e

dir,:ýnc-1 cn! -.z, I c _c,.r.7c'.-encc of the

7-~~I~z:,. 1 ; 1 :c, r :f, cf not i~c n fc)r

TI±c f c 1 d IU o cf,,r Id

prcs-sirc In !I.. 1,t:r:t~ V~~ for' a Oinrle elortnt of



dimensions 2a by 2Z0:

W ~2pcU OZO i(kR-wt) C/1

0 ~1 (ka)

go r/rr(e 7)
m1 II (ka)'

In order to sur. the contrib,.:tions frr all other el~ements

which are diszv-ed at unrl~orn anE-ez, around the c~y!Lnder,,

it is rnec-ezzar:. to travi-rorm Ithe ar.-1e (4.) in E'quat-cn s).

so tYhat .tr 'cns .,the rel.at.*ve ar[*2e frotr the ith

-2c, t 'icr lel -clnt, wh~' the .' V ýI C"'t haz

hc~u.ct'..~:~.~ts ( ,2~fl~:c~uxd fz~,the ccrstcr of'

the .rc .

ir'~c C2 >z!::c.:tlh F-ecmctry of' this Tor the !ith

t2t T2: rt' 2 1, cr. 1c :c: d n'~t e 1 .,-c r S i~

h e~.:>: a; e~ c.! n.:~r~:n c,:~ v. )as ar

tm ly 1!0:w C. 1" CA~ a..: ý'I z;um~ cI t?,.

i .t L~ n. Q-! ' 7 e'*1 LŽ f C-. Z%,t~' c 'Ch C f le!. 1.

T)

4 ' 2 i - n ((k .I

[Co rg.
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-where A is the relative amplitude of' the- ith- elementý and-

Yiis its relative phase an,.d i (IU-1)3 + $1. r

In a similar manners. the following result is obtained

for pressure as a function of' the angl'e`;V6in a plane con-

taining the axis of the cylinder:

2pcU0 i(kR-.!wt) ~sin(kz cos$)

120 iy't ___ r 2sinmcL/mvr(e )i-
£Ae +

iN Hi (ksinO) mal WA' (kasine-),
0 K>

.,where [(iY.-l)3 iJ i"":the ith eiexnent n Vmbqr.

D. CIRCULAR PISTOTNSOURCE (DISk) ~

'The ttDisk.tt array 'is composed of' a central circular

piston sour--ce which is surrounded by a concentric annular.

piston,. with a l180 degree phase difffere'nce betweer, thel-,,

m~ot16hs.

Since the motions of' a circular piston \oapdD t 1

side of' a cylinder cannot be eVeseribed as zeparabl' functions

of' the cylinder coordinates,,,n extensicn of' the me'tý.ods

described' above mu.-t be tnade. Figure 7 shows (assundinC a

unif'orm velocity distribution) that although the f'unctional

f'ormn of' the velocIty dintr'bution rcpains the sarne acro~ss

the disk, the source is noin-j~eparable in that the axial

limits are depend-ent on the azimuth (limension and vice versa.
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Applying the boundary conditions for the circular

piston using Equations (1) and (2) and the basic relation

between particle velocity and pressure

U r (8)42

results in:

0o+ ikZ

__ - e-imt (cosm) kAk)H() (k a)e z dkUrl r=a P T of rm z m r Z

(9)

Equating Equations (1) and (9) pcrmits solution for A '(k1)

in terms of the Fourier coefficients, am. In the case of
the separable, source, roe I'ouric Cofficents.,, a. , are

functions of the azimuth dimension of the source, ,O. How-

ever, in the case of the non-separable source, they a• -calso

functions oaf the axial dimension (Z) and as such are expressible

themselves as Pourier integrals.

To complete the general solution; having solved !or
S0 a m ip•U a(1mF z)'

Am(kz), (in the separblr-c*,"d •,Ak). A- ( ••-ra ) we

substitute into Eý,uation (2), the general 'e&ation for

outgoing cylindrical waves of even azimuth dependence

which yields the folluwing:

S p(r,O,Z.) Wei ~t co oiw 0 a

Elr~: (k14ekz

re 0 (a0),

26



Introducine the far-field approximation for the Hankel

function

results in:

p~roZ *iWPU rj e' a mcosm~e-4(i )

+ccF'(k )e i(k r r+k z z) d

3)z.Z)(12:)
kc "W'(1) ak

r m r
Convedrting to spherical coordinates, results In:

p(,r,e,Z) =iwpV' 2i s-.nt

m0

i[1'2 -k27FiOkRoO1
+ao F(k )exp {Lk z z n~~RoOJ
x I3 dkv7

Evaluating the Fourier' Integral by the rethod of stationary

phase Cgtves as a final exprefl;cion for the radiation:

p(IR,Otý) =2PCU eiZ)~t "I co a,,
0= if bI, m (kazsine')

(14)

27



Returning to the non-separable disk, the boundary

condition Equation (1), is again expressed as:

S= UeWtit E cosm4 m(Z)Jf(z) (15)
Ur Ir= a U e o n aM0 m=O

where

a ikzz

f(z) = I F(k )e dkz

Since each term of the sum. over "Im" is multiplied by

f(z),,, we may include f(z) in the suin. Thus,

a

U -e-i E c osr.o a.,(z)f(z) (16)

Now, let gn(z) - an(z)f(z).

De fine

n -(, Z) - F W• (z)} Just as F(kd) = a;,f(z)}

Then E.quation (16) becomes:

=Uo-•t+0 ik z

ur~a = U cosr. i 011ý(kz )e dkz (17)Ur~r-- 0= _W

Let am 3 1, In Equation (]). Then Equation (17) is identical

to Equation (2), which is fron Laird and Cohcin's develo.rent

except that our Gm(k depends on "i" while the F(k ) in

M z

28



Equation (3) does not. However, th4s still permits using

Laird and Cohen's results; namely Ee4uation .(13) still applies

with a in (13) set equal to one (1) and G M(k ) replacing

F(k •).

The parallel to Equation (14) then is:

ei(kR-wt) G .(k,)ep(R)O),¢) = 2pcU°0 R sin 6 m=H(1)- cosiro 18
R i OH'I (kasine)

where we have set aI equal to one (1) in Equation (14) and

have replaced F(k ) by G (k ), but have included G (k )z in z in z
within the sumnation over "Im" because G m(k ), unlike F(k '),

depends on "n".

It remains, then, to evaluate %(k,,) for the case at

hand. The followin,- was accoorlished 'Cr. colabrati-on "ith

Steven R. Cohen [PoTL. n.

Noting that the equation of the disk et the cydtnder

is Eiven by z 2 + a29 2 o2 where zo atc, we solve for

"€" i-n terms of ".z"

Using th'is result, We can express the Fourier coefficients

directly in terr.s of (z), the axial dimension:

2/z 2;"(• 2''-•z2 za0  W12I

_______•, , 2 sin( J•z)

29
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Since T(z) 1 (a constant)

G V. )1Z F{a M(z~tz))

=F{a (z.)), F{2- sinM 2221

+00 a razo5: 2-ik z
2 f -. e Oz (20.)

To evaluate thi s rintepral, we first let kz= WS z a t and

dz = dt.. Therefore

1o tt aIo -iWt
G0 (k., z im_ (e s e F 7 ) e dt

ý21( Fr

1 =' t2)O)- (22)Tn e

To evaluate t-I-f Ptcve F'our~er t6-ranV c..s ":e w12.l use the

fo)1o%-.inr7 ',anr',,,r Lap2,,.cc tr'.,,.zforr' relatIonships:

(1) L 1IJ ,rvt "-b)) f or t >b

(2) L{C(t,a)) = C(-s,(,)



ApPlying relationship (3) to (1)

L{,Jo(aY4&-dda} =+ da (23)

"S,2+a2
- e

Letting t wh-ere "c" is chosen vice "a" to avoid
C

confusion, i.ei, c = a, and substituting into (23). yields

L{(J (0••)da1 -a) e (2h)

c

C

Let u - V -.. u'Therece du ,

C C

o-Jo(a:) du

00- - J

C

471--"

31L0



Therefore Equation (24) becomes

2 (1 J(+73 ( [-7 + J 5( )+ ...3)

c

C

aim~-
(26)

Substituting, s Jw to convert to the Fourier variable

F{-2 (j+ + j 3 ( 7 (a) -) + )}

fTT cC"

• -' e (27)
ci rA.

whi,ch is of the. rc:'. "'{f•t)}

U-..r- te... P ) - 2rCf(-w) with j'qur•,tI ."

(27) r'vc-s t~h- -. ut

- tF(- cq e

+l +7 : j( )+
C, - C"--7 (2. )j

C

1' 72+



=n a + =-- 7 ~ )+J
Ffe cC

= ai__m ,j r, 2J() W3( + T5 +"'

c 2-+n2 c c

(29)
Cý

which can be directly used to evaluate

F(-- e-"
MITi

where r, m, c a,. and P Z . Therefore,

i 7n . 72 2 •

'0

ci +

""+ +J 5( )+*.

3(30)

A rI'z • •Kc~.-t e':t,!.:, b - 1;ler,"t~S the to]Ic:f.~:In
CC.

o r,, (.,fK+L4) + ,3( ) + ) ...

71Y~
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Since

G (kz) = F{2 sin( o - )m z Miro / e-'S

=F(- • e o + F-{_.I-_ A o

Grnkz) az 1 a 3 o Z a

a

+)+ *

82 22T ~y ~3c~

a

+ + ... ](32)C= )

SC " (a) "n.to the renercl ex;rescirn for the

rad.latecn,, "juation. '(2), reeults in the follo-','nr equation

des:.-rlblnr the rt,!iation for, a ",disk" source on a cylindr"cad

baffle:

16pc" "~ 2 :(kP,-•t) cc cc Ji+1('1\/Y2*[•

21+ Vo' 7fl

"o -o e " . } _p Po,€)= a ln=O' 1=0

"or R

C cosmB11 (33)
S (1) J )

11mn (ksi~311



The pattern for the "Disk" design is achieved by Sub-

tractinw twice the pattern of the inner circular piston

source from that of a circular pistor source havinr a

diameter equal to that of the outer concentric annular piston.
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If I. COMPU177 !,!ODFTS'

A. GENERAL- ifEZCRIFT.ION,

Based on the closed-,-*orm. equations derived in the pre-

vious Section, a computer prorram was written to permit

rapid calculatlon and plottinr of~ the directivity patterns

for the desrnS of' interest. A :co.-plete listing of' the

prorran. developed I.s include'd as Appen~dix A.. A brief' des-

erlpt-icn -PI each cf' the rmajcr subroutivc-3z vhich corprise

the prcrrý.n Is included as tlrpendix B.

'tc~ he, u~c o'. t-he -cfrcr, the ýarar~et-ers whi~ch

ef''ec t.r aA~t~r. .tt~nof a araticular source can te

Tn thiV..... n ývf, ~ejr. r a rart-lci!ar ccif'iruratichn can.

be

T'e; ~ ~ f2~he z,7'.d! tlcn y attern are

charr~ hrcrh ~e uc o "dta 'nv ts" to the pror-rar-

The data 'n~ut ~cry," the fc2loowlnr: ()~ag~. h

phIy%,s iea I din~crnlt of each of the sources, (2) changinfg

the frequency at %hitch t~he source is operated. (3) chanfinr.

the rallius oil the cylindrical 'baffle on which the sour.1ce

is tmicur,'Ucc1, ýird Ct>$ioiWthe plane in which the diradc-

tivit~y plattczoli iz;. desired. in addition, for the use oP

thle "Serz.ent" iAgthe 1prorram inoputs permit specifyInc

the ampllitue-e anrd' phase shadinfg, ol' each of the individual
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elements of the array. However, in this case only the

r�tnr i-• .rn In the horizontal plane can be

plotted.

Another input which was added to increase the flexibility

of operation of- the prorifar. is the 41surr.ations limit". As

can be noted from the equations derived in the previous sec-

tion, all of the radiation pattern equations include an

infinite series surration. Althcugh this limit remains

an input variatle tc the prorram, JudiciOus use of this

input is recor.rended if correct results are to be obtained.

This ratter will be d~scuszed further in the "Results"

section of thls thcsis.

Prorrýr butrutl- are both tabular and i-raphical in

charaiter -r.d can be sunnar-zed as f',llows: (1.) The cor..-

puted vall:ik. of th" r-en! .n •r..rpn.r: parts of the con.plex

pressure fcr c,.e (1) d÷•-rec bearirni, increrents exzressed

in dy:.e- tsr -a ... c. ". (2) Tte :7rnrtudc of the ccr-

llex pre,',:,.'re for ore (1) dc'ree bma-'inr increments expressed

in dynes 1:er square 1-ter, (3) The r:rmrltude of the ccmpex

pressure for on- (1) der-rece benrin- .nocrer.ents expressed

In decibeo2. rcefvre..ced to one rnicrobt.r, (Li) A polar plot

of the r:rnituide cr the ccrriex resre

norr iirecd to the larrest va2ue cf the complex pressure,

(5) A polar plct of the soi:nd pres•o-.w', vel In decibels,

norr.-i"4: ,' 1. . o t•, leave] of tl,.e larfrest 1Obe, uslfnr- a scale

lenrth of O .10
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B. DESCRIPTION OF COMTPUTER PROGRAM OPERATING PROCEDURES

A sample input data deck is included as Appendix C to

illustrate these written instructions.

With the exception of the amplitude and phase shading

portion of the "Segment" design, the input data decks re-

quired to obtain directionality patterns for each of the

three (3) configurations are identical. The first data

card indicates the configuraticn for which P. beam pattern

is desired&. This is accomplished by typing the name of the

configuration (PATCH, DISK, OR SEGEt.NT) as shown on the
.itrst data card cor:enc•nF in column number one (1). The

second date card: indicates the number of summations desired

and the 1,hysi~al characti•st•tics of an element of the par-

ticular desirn for which the pattern is being calculated.

The nuitcr of ~ations desired is typed in columns one (2)

and twr '?), 1FcI;,:AT 121, one-half the height (zO) of a

sinlce vlement measured in meters is entered in columns

11-20 [FOPRMAT 10.r) (in the case of the DISK the touter

radius measured in meters), one-half the angular width of

a single element (a) measured in radiens is entered in

columns 21-30 [FOPMAT F10.5] (in the case of the DISK - the

inner radius measured in mcbers), the radius of the cylinder

measured in meters in colutmns 31-1•0, ard frequency in KHz (i. e.

for 75 K11z type "75.") in columns. Il1-53 [FORMAT F10.5J.

The third and final, data card indicates the plane in which
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a pattern is desired and the angle which is to be held

constant for the calculation. By reference to Figure 1,

one can see that by setting * equal to a constant and sum-

ming 0, a pattern in a plane containing the axis of the

cylinder is achieved. Likewise, by Setting 0 equal to a

constant an,! summing *, a pattern for a plane orthogonal

to the axis of the cylinder is obtained. In this manner,

various planes for a particular source and three (3) dimen-

sional aspects of the pattern can be perceived and investi-

geted. Indication of the angle which It is desired to vary

is indicated by typing a "1" (Theta varying) or a "2" (Phi

varying) in columns 1-2 FO!RT'AT I15). The angle held constant

is Indicated by typing the anrle (in degrees) in columns

11-20 [FORM:AT F10.5].

To obtain a pattern in the horizontal plane for ampli-

tude and phase shading for the "Segment" design, enter a

"l" or "2" in column "'2" [COR.'T 121 of the fourth card of

the Segment Data Deck. On the subsequent card (the fifth

card of the data deck) enter the total number of elements

to be shaded usin' columns 2-3 [FOR1'AT 13] (i.e. if 24

eleents are to be shaded', type "241" in columns 2 and 3).

Followinr this card, a separate card for each of the ele-

rents reulrtnr, shad~n4 is entcved. in columns 1-3 the

elerent nurter to be shaded is entered [PORM.-WAT I3], in

colurmns 11-20 the arplitude of the shading is entered,

[FO!"'A r13,1` in columns 21-6-O the deSired phase shading is

entered [T•VAT FI0.5] as an, anrle,

39
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IV. 'RESULTS

A. PATTERIN FOR UNIFORMLY EXCITED RECTANGULAR PATCH

Figure 8 shows the horizontal directivity pattern calcu-

lated for a single element (a = 3.7*, ka = 14) using the

"Segment" subroutine. The pattern was calculated and plotted

in rectangular coordinates to permit a direct dcmparison

to a similar pattern plotted by Laird and Cohen [Ref. 11

using the same input variables. Comparison of the two

patterns shows they are identical. This result verifies

that the basic coding of the program is correct.

'B, EFFECT OF VARYIN1G THE .NUMBER 0F SUMINATIO• S

As noted previously, judicious use of ýthe summing

limit is required if accurate results are to be obtained.

Rluns foP tho same configuration 11*,ere made with N = 5, 10,

p, 20$ 25, and 35. Little to no observable cha&g6 was

noted in patterns for the r]•ns with "ii" greater than twenty

(20). However, icr, runs w.,,ith "N" .less,,than twenty (20)>, the

pattern varied conslderably for each run. Experience with

the program indicatet that about 20-25 terms of the infinite

series (which appears in the pattern, function of all do-

signs c6ni,:,dere(j) must be calculated before the -divergence

of the Hankel deriva ••ons in the denominator cause the solu-

tion to converge. This conclusion cbndurs with that ar,,ived

at by Laird and Cohen In, their original development.
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As indicated by the comments in the BESJ SUBROUTINE

listing, a maximum of twenty summations should be calcu-

lated if the value of the entering argument is less. than

fifteen (15).

To meet both the previously mentioned requirements,

it is recorinendec that the summing limit always be set

equal to twenty (20) for any final computations of a pro-

posed design. The ability tc change the number of summa-

tions has been included to permit a rapid rough first-cut.

The execution time for the cc',.puter solution varies from

5-20 minutes derenideint on the number of summations and the

input parameters".

C. F RI,'"" I IF. I ,L E ;,C, F F "T i:E CSLUT

Figui-,ýs 9, 20, 11 aiid 12 are included as examples of

the manner in which the frequency dependence of the patterns

can be studied. All input variables were held const6,nt

and the frequency was varied to obtain these Patterns." The

important design capability provided by this feature is the

ability to Predict the effect of the frequency bandwidth

of a proposed design on the acoustic radiat'ion pattern.

112
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V. CONCLUSIONS AN'D PECOI-".-"DA' TIO'S

Computer models which permit the computation of the

sound radiation pattern for three (3) different source

configurations mounted on a rigid cylindrica" baffle have

been developed.

The cor.puter solutions agree favorably with rrevious

matheratical results obtained by earlier investigrators.

Although enpirfcal dLta are not availa•.e for confirmaticn

of the pat•e.n-, s, it Js considered that good agreer.cnt would

result due to the manner in w.ch the curvature of both

the sourcc and taff'e were tre-)ed.

Althnur,. ".ht ,:--r. ts it eyInts is a utefu] design

t l, e1 ,,r•.l ""tuc' rc 1c4o, cr.. wu enhance its ctal-

t , 1h•, •.c.cr...tIon c,'a....

and tph .- : ... in', . Y.I., t2ar.c.. fc7, . th.e "Scrmentt" der: ýn

and ir dc" a],3cttn!. packniire for

a1 ) "ev :g.• .~ ! "e,'e,.t £nvr'.red would be the

.f rc'.'r. 'w4 . ov': l .. ' -,rar:.eter crtr:f::ortacn

J)'f.•.::Z ..... .... :, r a'A• 7• u•,.g .... re:Tcz4 :turfce th.o~cc•"'.

tc ,.e' ' .... :e . r. j . :t.rr:t:.'. c'.. ... ,( ,r:'v for a de's.! •'d pFat t.cx'r..
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APPE::DIX B

VIAIN

Purpose: To control prorrar

Method: The prograr. inspects the first four (4) letters

of the ccded tit.es (DICK, PATCHT Note the

spell-nm of the "2e••ncnt" desigjrn) to transfer c6ntrol to

the prefer cu'routine. It also writes out the first line

of outkut• thcr.tiV.,''r- the desijrn ccnf-uvat!C being

calcul a t c.

C P 1: "1-4t input t Ccrý'

Cal In • r . .. "

_ . r *,.. •t2.,.. riven. the crO1er

1, n

2..:'~ ~ ~ t c' ! -:c1: T 1ccu2'r.rece cltc,
'z'] e... '" f " 1cn c

r-° > .. -. ,t .. crc•

C 'd " : ' , '" ] ) .:'f r, -,: b,,' ec". ning thc.

"4~~ ;"*.-.I ' "' : ' r , '-. r i-C~ .r

CallsJ To': Fl 11

?2



DISK

Purpose: To calculate the radiation pattern for the "Disk"

desirn.

Method: The "DO" loop endinit with statenent number nine

(9) calculates the pattern for the "DIk&j'' design. It con-

tains within it, a second "DO" loop ["DO loop ending with

staterent number eirht (8)] which calculates the infinite

series cc.rosed of thhe odd Bessel Functions. The entire

loop is executed two tires through the use of the indicator,

"Y..FLA." After the seccnd executicn of the loop, twice the

results of the f.rz;t executoion are subtracted frcm thcse of

the second executicn. The s attcrnt, r.FtKTLAG.EQ-l) GO

TO ILI' .t...r. t.. :esu't of the calculations to the

p:, I ,ot t =v .A !

C ~ Th~>

8 r.

r l d•. . i'. . ... 'r. dcri'ved for the "P}ateh" dc• f-n

(9). The 4 tttern is ,chiv.l y ex.,tm that "DO" ýc

twice.. In the firtst execution of the loop, the pattvrn for

tho oppositely phas•e •haded Center element is calcilated.

Subsequently, "KFLAG6" (an indlcator o6 how, many times the
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loop has been executed) is updated, and the dimensions of

the eleMent changed to those of the outer (larger) elem.ent.

After the second execution of the loop, two (2) times the

first pattern is subtracted from the pattern obtained during

the second executron of the loop. The "IF" statement,

IF(KFLAG.E,,.l) GO TO 10" transfers the calculations to the

plotting .ulroutires.

Cale! B-": !"AIN

Ca!2r Tc,-: t!,.., %

Fur;),- r T-%l cu .t c. the IrU.-. 1cn ~ at trrn cr the

,ethýcd: ... ." •.. cr thou+ ..... to consist o" two

' ,,,n ,tl altern for a zz I e

rthe ,_ rr* ... ... . ..

... . e. 0.I h . ... trt ..... x
e r.t.rz (r. ' , ... , ~ .. .. ... ... ... ... , . *... ..

terir :.'' " . ". r' , ,•'~ ....... * ': , (C) " e: iy .e .n-(

0o" ra',,] • •y, r:.,, (2 )e ,]f,. ~r, c',:'.:c:r'. ~z

The anite held &onstznt (Oeeoond entry on the third card

Ot the inaut data deck) in oonownce w.ith the ang-lO to be

11arJ (1, Wctated ',y the "jPL" code) specifies the plane in

wh4lch the pattorn ,is determined.
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In the second part of the subroutine (arrplitude and

phase shadinr), the "DO" loop ending with statement number

sixteen (16) is the coded version of the general expression

for the arplitude and phase shading derived earlier for

the horizontal plane.

Called Py: !,,AI*,

Calls To7: ,A, 1K
[ POLPRT

Purpore: To control the .!ottlný of the polar plot.

Itth d: Th.S Subrcutine tz the ý,,ain subroutine In the -roCr

plot 1r . f.cr calln?, the varicus

Sulrout !,,vL c, t}l.e

The sta2c f.'nacr, c7, must be chaned, accrdinr: to the

pr.-tr ". r CV !a-.- r . The scalc factcr 'In thia sub cut.e

Is soet f' 4-nq 10, c .hr-cter:: 1'er inch for the .tsclssa

a.... ..... , i, ... ... • i.ch fcr the ordinate a.xis.

Th "r( for., r- e

Af, .. and X, the inrut dat2,

Y$ i t, sacr'tor. fo d-'. T.'..r ,e t, aer" .d J thetozi, U f h ,

" . e .. th: n ].L.-?, an error Stnter-.,e:

:iS Trr'r.ted.,,i • -w2 the ', - ' ,'.".. • ' :Lchr'ed.

In the 1f` LOOI' eAing wAt. -tatemeet 8, each 1.1ne of

the poiar plot is prnltned ater a call As made to PTPLOT to

establlth the polar sýrid informration. The variable, DIM,
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is used as a scaling factor for the polar plot. The value

of 1.0 will cause all of input data to be plotted, however,

if only the values less than one-half of the normalizing

factor are of interest, then DIM can be set to .5. This

will eniarge the center of the polar plot.

Called Bv: SEG
PATCH
DISK

Calls To: PTPLOT
SAPT

PTPLOT

Purpose-: To establish the grid lnformatircn for the 'polar

plot.

iethod: In the DO iO"P ending .t st~er:ent i the a4pia-

nureric character- are transferred to ISYN in order to pass

via C0YU"'7 to other cu..broutinecs. In the rtaten'.ents fo!!cw.nr

stnte'ernt 2, the equaticrns for the plctted concentric circles
are est'b•.Led. Te•:: s*ttes4,nt 7 the rrid rarks on the

090-270 •x•- are irter'tod.

Ca ls •, o: T .!:'WrT
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NUt .

Purpose: To place derree numbers on the polar plot.

rMethod: The current lini which is being printed is passed

to the subroutine in the callinr argument. If this line

contains derree nurters, these numbers are placed in the

correct ro-itlon ty the IF statements.

Called, P-.: PTPLOT

Cal-is .c: .O

?u1 czc" C c !nzert r-rd chnrwcters cn the polar plot.

.. 'h..e.. ... ( 2)) is inserted in the

thr. s f Pnat C.7enl, the rrid r.urters latel.

-(n thc x' 7 s
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