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I. INTRCDUCTION

Acoustic methods have for a long time pr&ved useful for
deterrining the position of objects submerged in the oOcean
and continue to be useful today, especially for ronitoring
the realistic testing of advanced underwater weapons (such
as torpedces) in the rezl ocean -envirchrent.

One method rormonly used requlires installation of a

sound source on the undervater vehicle ¢o be tracked., The

source,’vehicle 1s then tracked acocustically ty hydrophones
arrayed irn a fixed resitiorn on the ocezn bcttom. The basic
functicn fs that of recsurlnge the trancit time of the sound
drorhones . Thase trargit
times eratle deterrirction of distances ¢ 1 directlons of
arrlval vhich in turn are trianpulated to determine rositicn,
a series c¢® which dcfines the vehicle's track.

As in rest enpineerine protlens, the réequirerents placed
cn an accustle source uscdé fer tracking ere oen conflicting
in na‘ure, with the end result teing an er-ineering cernrro-
rise, lYeor exarjle, in order to achleve @& brcad pattern
fror a single elerent, the eolerant's dimensions must be
sriall relative to the wavelenrth of the sound trancmitted.
Lowever, to cttain the desired scund pressure level, the
elerent vy have to te drlven so hord thot cavitaticn (an

undcsiretle effect) recults. For muny practical reasons,
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for & radially vibrating strdp wirich extend
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therefore, it is essential that theé .directional character-

istics of a proposea transcucer design be predicted prior

to construction rather thar measured afterwards. That is, a

clear understanding of the relatichs tetweeh directivity and

design constants 1s essentlal to properly désign a trans-

Jducer for a spccific purpose.

Study of the geometry involved in tracking an underwater
venicle vith ocean-floor mounted hydrophcrnes (assuming that
‘he hydrophones are not located at excessive depths) reveals
that the slant range from the Vvehicle to the receivers 1s
rorrally several orders of magnitude greater than the dis-
tence from the vehicle to the ocean floor., It 1s clear,
then, Lhat most of the acoustic enerpgy from a source mounted
on the undertody of a vehicle shculd bte directed obliquely,
with a relative rminirum belng transmitted directly down at
the ocean flcer. Consideraticn of a large slant range
situaticen dletates that the directionality pattern extend
almest to the horizontal, however, not to the deyree thrat
wlll result In surface reflecticns,

A feeling fecr the difficulty involved in practically
achieving the rudlaticn rpattern jrevicusly described can
he obtained ty studying the P.M. Morse [Ref. 2] solution

;—‘" - Ty
sZndedinitaly

(4 1 .
- o B iR e

&long a cylinder, For the bhysieal dimension

e

.

valive (Yorpedo) and the frequency (¥SkMz) involved in'cur

case of Interest, the Morse solution indicates thée acoustic
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will ensonify an area directly beneath the veuicle. That

1s, the combined effect of the cylindrical baffle and rela-

tively hirh frééuene#'focuses the acoustic radiation in a

highly directional beam normal to the surface 6f the radiz-
tor. Obvicusly then, it can be anticipated that to achieve
the obliquely oriented rattern desired, some methéd of
countering thls fccusing must be Inccrporated in any pro-
posed transducer desicgn.

The intent of this report then is to describe procedures

£

v

¢r computing one characterlstlice of a sound source used for

4.

urnderwatér zcoustlie traexing - its acoustlce racdlation pattern.
The ap-rocach will te rmatheratical In ccepe resvlting in the
develorrent ¢f a computer rrograr. which wilil calculate and
plot rhe raiinticn pettern of a fluch nounted radiator located
on the wall of a ecylindrical srazpe, such as that of a torpedo.
The stucy will enccryuic $hree (2) proposed design confirura-

tions, ¢érserited In the following section.

10



I1I. TﬁEORY

A. BACKGROUND

The subject;of sound radiation from vibrating objects
1s'an oid one Qnd the journal literature is replete with
papers on the theory., it appears that tle particular problem- ‘
at hand, radiation frcw a finite élement on a rigid cylin- ‘
drical baffle has not received much attention. Morse and
Ingard [Fef. 3] treat the problem of radiation from line
sources on a cylirder. Laird and Coher [Ref. 1] developed
a soluytion for the far field radiation from a rectangular
patch on a rigld cylinder, which ccmes closest to represen-
ting the present protlem. For this resnson, it“fhvmsnthﬁ
basis for the model of rectangular scurces and the b;:fﬂhiugv
point for the nodel of & cireular source. ror the convenience
of the reader, c<cie of the results of Lalrd and Cchen are
sumrarized below.

In their study, Laird and Cohen extended the theory of
Morse [Ref., 2] to the c¢ase where the source 15 any separable
function of the azimuthal and axial dimensions. In this
thesls, their results will be applied to derive the equa-
tions for the "Patch" and "Seprment" sources, In addition,
an extensicn of their work to the reneral case of a non-
separable source is included to describe the pattern of the

"Disk" configuration.

11




The general approach developed by Laird and Cohen uses
the cylindrical coordinate system shown in Figure 1. The
method assumes that the source, which 1s mounted on a rigid
cylinder, vibrates radiallv ia such a manner that its ve-
locity distribution may L« represented as a separable func-
tioa of the azimuth and axial dimensions. Thet 1s, the
veloclity disiribution has the same éunctional fofm in the
azimuthal direction independerit of the axial dimension and
vice versa. This is shown dlagrammatically in Figure 2.
The boundary condition at the surface of the cylinder/source
can then be given by the following expression:

) ik 2z

" - "i(dt o nEE fw < 2 ;
ﬁ|r=a U, e (mfoamcos m¢){“94 F(kz)e dkz]
(1)

where the Fourler coslne serles represents the azimuthal
dependence and the Fourler integral represents the axial
depéndence. The chine:Qeries was arbitrarily chosen for
mathematical convenilence.

Having established the boundary conditiitn, the genheral

expression for a combination of outgoing cylindrical waves

of even azimuthal dependence, given by

. . ik z
: . olut T oo "y e yp (1) 2% 5
plr,¢,z) = e I cosmo x-wf Am(kz)nm (k?r)e dk

m=0:; “
' (2)

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 Hankel! function, conversion to spherical
coordinates, and the sclution of a Fourler integral by the
method of staticrnary phase result in the following geneéeral
expression in spherical c¢oordinates at a field point des-

c¢ribing the radiation from a source on a rigid cylinder:

)
-1rn§-
( - 1(kR-ut) F(k,) = ae
p(R,8,4) = 2pcl : : ~ x I - £0Smb
Y °o k SI0Y Tneo 1! (kastno)
(3)

To consider» a specific source using this methed, one

needs only %o speclfy 1ts locaticn on the cylinder, physical

dimencions and velcelty distrituticn., FHnowing the atove,

the Fourler ccefflclents, &, deseribing the azimuthal deren-
1

dence ard the Feurier tronsfiorrn., F(k?), describing the ax

*3

Subctituticrn of the Yourle

Ve h

derer.cutce, can Lo caleulated,
ccefficients and “he Yourler transforn: into Faquation (3)
results In an exrressicrn ceceriblin; the racdlation for the

particular scurce ccnsldered., The fregucncy derendence is
Incorrorated through the wave nunter, "k",

The derivation for the "Fatch" configuratlon parallels
the developrent for the case of the uniform rectengular
source calculated "y Lalrd and Cchen and 1llustrutes use

of Equation (3) for deterwmining the radiation from a specific

separable source.,

1%
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B. PATCH CCHFIGURATION

The "Patch" array (see Figure 3) 1s composed of nine
equal-dimensioned eleménts (each of angular width 2a and
lieight zzo) with the center element 180° out of phase with
respect to»@he cther éelements.

Consideration of Filgure U4 shows that ‘the source motions
> the patch cannot be described by separatle, independent
funetions of the cylindrical ccordinates ¢ and 2.

To avold the complexlties involved with a non-scparable
source, the entire array will bte viewed as a simple rectangu-
lar cource with uniform distritution (see Figure €).

Likewise, the center element will bte consldercd as a
siple, uniformly cxcitcd rectungular sruree with d'merslons
2a by 220.

By subtracting twice the pattern function of the center
elenent frorm that of Lhe entire nine-elerment array, the
desired recult Zs achleved., This assurmes the validity c¢?f
the lincar superrositicn prineclrle.

The coefflclents csscelated with the functlions desceriting
the source mftion in azimuth are calculated using standard

Fourler Serlec relationships, This results in:

16
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For the center element of dimensions (2au22°)

. ¢sinma

a
= —
a " am mw

m = 1«,2,3,50@

For the entire arrzy of dine“sicns(én,ézo)

2sini3ra .

a = 34
n m mn

o]

me=1,2,3,...

deye€rnionoe are

Yoy othe conber elarenty of dltencicons (2n,cbo‘

sinv 7
P ) = _zlo
o n}:z

20

. «~ . lyee y v e, . 3 v d.
iy the Vourler Tranolorms descriting the axlal

e v S NI
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For the entire array of dirinsions (60,620)

sin3k,Z_
Flk,) = Wk,

Substitution into Zquatiocn (3) ylelds the following

expression for the far-field pressi'me due to the radiation:

1(kR=~wt) Si,n3k::zo 20/ T
e =t

R 2 Hé(lj (kasino)

p(R,8,4) = 2chC

esinzra/r (e
+ —7 T - cos rg)
n=l hn ‘ (kaszing)
pa 7
2sink “o, a/T
wa 1.'"Z""r (}’gﬂ"v‘»‘
. ..‘o N L= .’4}

& 20*7'\"‘/’ - \
¢ ¢ BRI T oog ng)) (%)
D)
r=l B0 (Rosing
I
C, SgarimnmT o~ oaeyTron

The "Uepqent™ wreny conslots of elarents 6f the sare
Yooy aeeg atoat the elveurfecence of the
cylinder i tre borireortal plune, that i, the pline reriol-
dicular vo fhe uzgfe ¢f ¢ve cvlinaer, %his rcdel poerrits
specifientior, of ¢he wrplivus nd rhofe of roticrn for

The followdn - eyeaticn [VPef, 1] dureribes the far-ield

precsure in fhe Lericrotal plore for a2 single elerent of

&)
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dimensions 2a by 2Zo

2chOZo ei(kR-wt)

Li _ “o0%0 e A a/m
P(R"2',°) = - —R X

(1)
HY (ka)

R
© -imé-
+ I 2sinra/mnle )

. cosm¢) (5)
ml 0 (ka)

In order to sur the contribirtions fror zll other elements
which z¥e dlcsycced at unifeorm angles sround the cylinder,
it is recessary to trancform the anprle (¢) in Eguaticn (%),
s¢ thut it repreoents ¢i, the relative angle from the 1th
elerent <o he £iclé roint, whede the f1éld point haos
stherical -ceridinntes (i,=,¢) measured fros, the center of

LI
the curlindor,

Filpure € 21Zuceruter the pecnmetry of this fer the 2vh

elersnt, Tho Lotal nuiter of elerents won artitrorily cheson
to te 120, Thue, the sreoinc between wdlicent elerunts is
throe () depre-s for the sorvutzilcons Do this desirn,

The onomlar jorilion of elerant rondter one 1) was artle
treyily eheres, o te JoAnted wt o= €. The sum ef Lhe
vedlutlon fror 211 elerands, the pattern of each ¢f whic!

fo plven by Binavion (0, resulir ind

Frotilly g(Kut) 320 dyy e

AL e 1§1 Fyle ;7( (ka)

" * s
o -irn

o0
. ¥ 2sinr/mne )

m=1 u'(” (o)

cos m¢i] (6)

a0

e s
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- o where Ai is the relative amplitude of the ith element and i ..
v, 1s 1ts relative phase and ¢, = [(1-1)3 + 8. v
i In a similar manner,Athe“folloﬁing result is obtained ‘f:
E - for pressure as a function of the angle “6° in a plane con- ’
- taining the axls of the cylinder:
: . 2pcU_  1(KR=ut).5in(KZ cos6) S
'P(Rg'a B) = - X ‘
o "9 ] R kcost sing
[N "-w-»« ’ -~ " - v
¢! ' . . = : .
y ~ "
, L ~ ey P R "’1m
, 120 g - o/ T S 2sinmo/mn(e z). s
/ B I Aje 7 1) - + L=y - cosne, .
: ) 1=1 H'™O (kasing)  m=l HY (kasing) =
/:?:i:'}'h' : ’ Yot S g
\ 3;‘;{}: R . ’ o e . 2 e ’ ( 7 ),7 5 .
“ ~shere ¢13= [(%ﬁl)g + 8], Mi" =ithe ith element ndmbar.ﬁ' T TN
u - B = - ; T 1’ £
- D. CIRCULAR PISTO%NSOURCEW(DISK) o e )

The "Disk" array 1is composed of a central circular
piston source which is surrounded by 2 conéentric annular

piston, with a 180 degreé phase difference betweer thels &
( v,

g y\

H

N
I

rmotidns.,
Since the motlons of a circular piston locatgqgan the

"

“w

side of a cylinder cannot be described as separablé funcéicns
of the cylinder coordinates,.an extensicn ﬁf the mévgods
desceribed above must be made. Flgure 7 shgws (assuming a

¥4
unifeorm velocity distribution) that although the functional
form of the ve;ocity distrihbution remains themsame across

the dlsk, the source is nou-separable in that the axlal

limits are dependsnt on the azimuth dimension and vice versa.

24
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Applying the boundary conditions for the circular
piston using Equations (1) and (2) and the btasic relation

between particle velocity and pressure

ur=--3-5°r (8)

results in:

+& ik Z
S RS Pl (1) 2
Uplp=g = “55 © mzo(cosm¢)- ;o kA (kJHD (kpa)e dk,
(9)

Equating Equations (1) end (9) permits solution for Am{kf)

in terms of the Fourler coefficlents, a . In the case of

the separable source, the Touricr cecofficlents, a_ , are

i
]
|
:
5
|

functions of the azimuth dimension of the source, ¢. Hov-

ey

AN

? ’ ever, in the case of the non-separable source, they uve aliso

: ) i <

i functions of the axial dimension (Z) and as such are expressible
}

themselves as :Jourier integrals,

- \ To complete the general solution; having solved for
W 1pwUdamF(kz)

" kgt (i)
substitute Into Egquation (2), the gencral'eq@ation.for
) . I

) we

Am(kz), (in the sengqpléwcaSé, Am(kz) =

outgoing cylinéfical waves of even azimuth gependence
vhich ylelds the follﬁﬁing: |
teo ipwlU a

i . ) o
f L plr,¢,2) = glut ¢ cosmé lf?l? —F (k)
s m=0 -0 kY (epad =

, 1k, 2 ‘ :
(n, Btk rve” # ax,) (10)

26



Introducing the far-field approximation for the Hankel
function
mr . %
5 1krr -1(-2— + 1")

Hﬁ(l)(krr) = ?E;F‘ e e (11)

results 1in:

1.7
-i(m+z)
7Y o ¢ N ’2 ~lut o 2’2
p(r,¢,2) 1wpU° 7 © mioamcosm¢e

1(krr+kiz)
4o F(kz)e dk

‘ 2) . (12)
200 (1) oy
kr H& (kra)
Converting to spherical coordinates, results in:
1
2 )5 e-iwt

p(r,8,2) = tuol,(irgine

© -1(m+%)%

x Lae cosm¢ (13)
m=0 -
3
2, 2 .
4+ F(kz)exp{i[(k -kz ) RSinO"'szCObe)]}
=% 2, 2 % (1) 2 . 2.3 ’
od .
(k"-%,) HY [(k -k, )cal

Evaluating the Fourler Integral by the method ¢f stationary

phase glves as a final expressicn for the radiation:

T
- j_mz.
( ) ei(kR-wt) F(kz) © a“e
p(R,0,¢) = 2pcU - — X P cosnméd
o ° R sin 0% yo Hé(l) (kasin®)
(14)
21



Returning to the non-separable disk, the boundary

condition Equation (1), 1s again expressed as:

‘ = 1 a~lut ” IRy
Up|peg U.e [mfocosm¢ a (2)1f(z) (15)
where
3 1kzz ‘
f(z) = _“J F(kz)e dk, .

Since each term of the sum over "m" 1s multiplied by

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

1wt

"~ 8

Uptpoe = Ul cosm¢ a, (z)f(z) (16)

v

u'io
v : « (o) = 2y ez
Now, let g (z) am(z) (z).
Define

Gm(kz) = F{gm(z)} Just as ?(kz) = 1{r(z)}

Then Lkguatien (16) becomes:

w +o ik z
= v e 9t 5 cosme S S, (ke 2 dk, (17)

U jo,
r|r=a o =0 w®

lLet a, = 1} in Equation (1). Then Equation (17) is identical

to Equation (1), which is fror Lalrd and Cohén's develormen

except that our Gm(kz) depends 2n "m" while the F(kz) in



= e

Equation (3) does not. However, th¥s still permits using

Laird and Cohen's results; narely Eijuation (13) still applies

with a_ in (13) set equal to one (1) and Gm(ki) replacing

Flk,).
The parallel to Equation (14) then isi
| ; -1ng
p(R,6,¢) = 2pcU ei(kawt) ; Gm(kﬁ)e ———— cosmé¢  (18)
© Rsing m=OH$(l)(kasine)

where we have set a_ equal to one (1) in Equation (14) ang
have replaced F(kz) by G (k,), but have included G_(k,)
within the sumration over "m" because Gm(kz),“un&ike F(k,),
depends on "n",

It remains, then, to evaluate Gm(kz) for the cace at
hand. The followingy was accorplished ir. collaberation with
Steven R, Cohen [Pel. C1, ’

Noting that the cquaticn of the disk en the eylinder
a? e . 2

¢ = = 7 where Z, = adi we solve for

"
is given by 2° + o

"a" in terms of "z"

Using thdis result, we can cxpress the Fourler coéfficlents

directly In terns of (z), the axial dimension:

Y
1
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Since f(z) = 1 (a constant)
Gkaz) = F{am(z)f(z)}

1
= Fla_(2)} = F{= sin[2(z -2%)))

ml 2 2 mf 2 .2
5 +~eiEVzo -2 e'iﬁvzo -z <1k, z
ﬁf;~f - e da

L

1 12 (20)

N

To evaluate thls intepral, we first let k= w, z = t and

24
dz = dt. Therelore

Y 2 .2 ] 2 .2
te i?}: . -ﬂﬂ,: -t ‘
G (%) = = s (e BV © -e NP° )e“mt dt

m-"e imr
(21)

mf o 2 n:f'?'lz‘
- w{”l ig %n -t . ] 1= Zo -t )
Gm(u) = rlETT € } - F{.—- e (22)

mirl

To evaluate the above Tourier transorms we wlll usce the

followinrs standerd Laplece trancform relationships:

_Q’s2_ 2

o R a
(1) 113 (Ve o)) = f———— fort>b
° W/s§+a’

(2) L{c(t,a)} = C(s,x)

(3) JsL{Cc(t,n)}da = [C{s,a) da



PP ‘MW

Applying relationship (3) to (1)

L{fJo(th‘—b da} = [= da (23)
52+a2
.U 4 e-bvsﬁ‘ta2
- 55 .

"l .
Letting t = ﬁ?, wrere "c¢" 1s chosen vice "a" to avoid

confusior, 1.e:, ¢ = a, and sutstituting into (23) ylelds

Noeam ) et
L{I (&= 45 dea) = - 5 ¢ . (2k)
¢ al=-

To evelunte the Intervel ;Jokayt te ) Gl
¢
2,r" 2,0t
Let u = Yo 4= . Thercefore du =\t = da,
¢ ¢
da = au
2, rf
t o+ -
¢
2,r° )
AV A, 8 et e [ 0
IJO( - "T J . JO( ) du
£24i
o
e L3, ()

,/,)I
n+~,

o}
= _.._.‘__.'-.- .Tl(u)h“.,’(uHJE(\u)+,,,]‘ 25



Therefore Equation (24) beccmes

3 :
L{—2— (Jl(Altzﬂ’? ) + J3(A/t2+ﬂ§ ) + 3¢ )+ ... 1)
(] c

=_S_o C . (26)

é 2
Plo—2— (3 (Me2+0 ) + T (At%+E- ) + ... ))

P 1 ¢ 3 ;?
~ 7
tc+‘.
T,

(o4 )
o '%?V az—u?
=- e (27)

vhier 1s of the forrm V{01e)) = 2{w),

Using the relaticnshiy T{r(e)} = 2nf(-w) with Equntlen
(27) fives ¢he results
R P
(o] ¢ ¥
F{- Et.ﬂ: e }
mons ry
hﬂ . o] r'( -~ "L.
= rslr» p(+_7) + J.¢ ;L+~:Q + 3, ¢ Y + ...
2 11 ¢ ) ¢ 7
A +'c—;' (? 0y

Taklir the cornntant (-—-3 cutetdn e tyoncférm and ddvidin

plves:
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DM T ———-py

Ly PO ,
Fle © }

2 2
aim Lk 2,.n e.n
5 nZ c c

w +-
2 (29)

Amy, T2
1 a o -
F{-me }

vhere m = m, ¢ = a, anc a = (P Therefore,

im 7 é
) Vs ==
F(""";T ¢ - ° }
iz 4
! o) lim . Z,.m
1S T . = . ,;’ E\:(? W +-7 + JB( ) + ...]
u?+x
7
&
11,'( 2 -;2 )
= - ~ae r-’.(? o b \ + J'a( ) + Jr( ) + oco]
=z dr 3 0
2 " ol
A w'+—7 (30)
A sirllap freutrent lectinue b o= %? Fermits the follewing:
1, - i
-.;_- ('.:_'A_.

<
D



Since

= s ,, 2 2 ‘
Gm(kz) = F{EF sin(; Zo =2 )}

!'_".l 72 ‘ez 1 --1—'9-“2 ‘2-2

= -—1—- O a ° - ——— - a' o
F(mui e } + P{ il e }
G_(k. ) = 2o, 1 rJ (z'yk 2,05y 4 2.2V 2
mz a 1Y% T2 ;? 3 o "z ;?
\Vx 240,
Z a
+ JS( ) + -fOJ
Al 2,.n° \/,. 2.r
8202 Jl(a k: +Z? J3(z kz +;§ )
- = [ == 9
z\/k “+ 2\ “+8
2t 2 g?
I ( )
+ -f————;— + o) (32)

Substitutine Gr(k") ‘nto the renerzl exprescicn for the
. 'Y

quation {19), results in the folloving equation

111

radlatiocn,

des>ribing the racdiéztion for a "dlsk" source cn a ceylincérical

baffle:
16pcuoao? JLPmet) @ @
p(k,0,¢) = : S T ),
»-o a heing n=0 1=0
-img-
e
cosme (33)

X - .
H&(l)(kasino)
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The pattern for the "Disk" desirn is achleved by sub-
tracting twice the pattern of the inner circular plcton
source frorm that of a circéular pistor source having a

diareter equal to that of the outer concentric arnular piston,



I |

I1I. COMPULZR MODELS

A. GENERAL DESCRIFTION

Based on the closed-form equations derived in the pre-
vious cecticn, a computer program was written to permit
rapld calculation and plotting of the directivity patterns
for the des!gns of interest. A corplete listing of the

program developed it included zs Aprendix A, A briefl des-

0
N
0
o

erirtion ¢f cf the nmajor subroutines which cormprise
the preprem 1s ircluded as Arpendlx B,

Throurh the use o ¢he pregrar, the parareters which
effect ¢te rasiaticr vetsern of a rar<licular source can te
varled anst tholy £ffcot on the radistiecn rattern noted,

In thies roxier, a desipn for a rparticuvler cenfliruraticn can
be achle-ed,

The pnrgreters nffescin~ the rodl-tlicen rettern are
charerd *hrcurt, *re ute of "data Inruts” to the prograr.,

The date Inputs joondt the fcllowing: (1) <¢hanging the
physieal dirensicns of each of the sources, (0) changing
the frequency at which the source 1s operated, (3) changing
the radius of the cylindrical baffle on which the source
15 mounted, and (MY zelecting the plane in which the direc-
tivity pa'tcﬁh is desired. In additlon, for the use of

the "Seprent” desipn, the progran inputs permit speclfylng

the amplitude and phase shading of each of the individual

36



elements of the array. However, in this case only the
r¥sulting boanr ratcarn in the herizontal plane can be
plotted.

Another 1input which was added to increase the flexibility
of operation of the prograr is the "summations limit". As
can be noted from the equations derived in the previous sec-
tion, all cf the radiaticn rattern equations include an
infinite serles sumration. Althcugh this linit remains
an input variatle tc the prorram, Judicious use of this
ihput 18 recorrended !f correct results are to be obtalned.
This ratter will be discussed further in the "Results"
secticn ¢f this thesis,

Profrar cutruts are toth tabular and graphical in
charzeter ond can be surrarized as folléws: (1) The cor-
puted valnuérs of the rerl 2nd Imnrinar: rarts ¢f the corplex
pressure Tcr cre (1) farrec rearing inererments expressed
in dynet per rquave :éter, (2) The rarnitude of the cor-
rley precsure for cre (1) derree bearing increments expressed
in dynes per square reter, (3) The rmasnitude of the complex
pressure for cns (1) derrec bearing increrments expressed
in decibels referernced to one microbar, (4) A polar plot
of tre rornitude ¢f the cerplex pressure
norralized ¢o the larrest value ¢l the complex pressure,

(%) A polar plet of Lhe sowmd prescure level in declbels,
norrnlirved to the lével of the larfest lobe, using a scale

length of 90 awn,




B. DESCRIPTION OF CCMPUTER PROGRAM OPERATING PROCEDURES
A sarple input data deck Is included as Appendix C to
11lustrate these written instructions.
With the exception of the amplitude and phase shading
portion of the "Segment"™ design, the input data decks re-

quired to ottain directionality patterns for each of the

[ .

three (3) configurations are identical. The first data
card indicates the configuraticn for which & beam pattern
i1s desired. This i1s accomplished by typing the name of the
configuration (PATCE, DISK, CR SEGEMENT) as shown on the
*irst data card correncing in ¢olumn number one (1). The

second da+ta card indicates the nurber of summations desired

ticular desirr. fcr which the pattern is teing calculated.
The nurter of surrations decired is tvped in eolumns one (1)
and twr 2}, [FCRNAT I21, onezhalf the helght (zo) of &
single viement measured in meters 1s entered in columns
11-20 [FORMAT F10.%) (in the case of the DISK the .outer
radius measuresd in meters), one-half the angular width of

a single elérment (o) measured in radians is entered in
columns 21-30 [FORMAT F10.5) (in the case of the DISK - the
inner radius reasured in méters), the radius of the ceylinder

measured inmetersc in columns 31-40, ard frequency in XHz (i.e.

for 75 KHz type "75.") in columns. 41-52 [FORNAT F10.5].

r ~ The third and final cdata card indicates the plane in which

38
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a pattern 1s 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 6, a pattérn in a plane containing the axis of the
cylinder is achleved. Likewise, by setting 6 equal to a
constant an. summing ¢, a pattern for a plane orthogonal

to the axis of the cylinder i1s obtained. In this manner,
various planes for a particular source and three (3) dimen-
sional aspects o the pattern can be perceived and investi-
gated., Indication of the angle which i1t 1s desired to vary
1s indicated by ¢yping a "1" (Theta varying) or a "2" (Phi

varying) in columns 1-2 [FORMAT I®). The angle held constant

is indicated by typing the angle (in degrees) in colurmns
11-20 [FORMAT F10.5].

To obtain a pattern in the horizontal plane for ampli-
tude and phase shading for the "Segrent" design, enter a
"1" or "2" in columrn M2" [TORNAT I2] of the fourth card of
the Segrent Data Deck. On the subsequent card (the fifth
card of the data deck) enter the total number of elements
to be shaded using columns 1-3 [FORMAT I3] (i.e. if 24
elerments are to be shaded, tyre "24" in columns 2 and 3).
Followins this card, a separate card for each of the ele-
rents requiring shading is entered. In columns 1-3 the
elerent nurter to be shaded is entered [I'ORMAT I3], in
colurns 11-2C the arplitude of the shading is entered,
[(FORMAT T13.5] in columns 21-20 the desired rhase shading 1is

entered [VORIAT F10.5] as an angle,
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‘ IV. 'RESULTS

A. PATTERN FOR UNIFORMLY EXCITED RECTANGULAR PATCH

Figure 8 shows the horizcntal directivity pattern calcu-
lated for 2 single element (o = 3,7°, ka = 1U) using the
"Segment” subroutine. The pattern was calculated and plotted
in rectangular coordinatés to permit a direct ¢cmparison
to a similar pattern plotted by Laird and Cohen [Ref. 1]
using the same input variadbles. CompariSon of the two
patterns shows they are identlcal. This result verifies

that the baslc coding of the program 1s correct.

2.

B, EFFECT OF VARYING THE. NUMBER QF SUMMATIONS

As noted pre¥iously, Judlcious Qse’ofﬁthe summing
limi§ i1s required ifléccuraée results are to be obtained.
Rgﬁs'foﬁ é%% same configuration Vere made with N = 5, 10,
1?, 20, 25,'§0, and 35, %ittle éo no observable change was
noted in patterns for'thébﬁpns with "H" greater than tventy
(20). However, 352 runs with "N" less, than twenty (20, thé
pattern varded considerably for each run, Experience with

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

‘series (which appéavs in the pattern function of all de-

signs condigered) must be calculated before the -divergence
of the Hanlkel derivations In the denomlnatop cause the solu-
tion to converge. This conclusion concdurs with that arrived

at by Laird and Cohen in thedr 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 recémmendéec that the summing limit always be set
equal to twenty (20) for any final computatiocns of a pro-
posed design. The ability tc change the nurber of summa-
tions has teen included to rermit a rapid rough first-cut.
The execution time for the ccmputer solutlon varles from
5-20 minutes denendent on the number of sumrmations and the

input parareterc,

C. FREQULNCY DLFENLELCE OF THE SGLUT.
Figurss 9, 1C, 11 and 12 are included as examples of
H 3

the manner in which the frequency dependence of the patterns

%

can be studied., All input variables were held{coﬁsté@t

end the freguency was varled to obtain these patterhs% The .
important deésign capability provided by this foature is g@e
abllity to predict the effect of the freguency bahdwidthﬁ.

of a proposed design on the acoustic radlation pattern.
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V. CONCLUSIONS Al D FECOVMENLDATIONS

.Computer rodels which permit the computation of the
sound racdiation pattern for three (3) different source
configurations mounted on a rigid cylindrica’ baffle have
been develcrped.

The corputer solutions agree favorably with rrevious
ratheratical results ottzined by earller investirators.
Althourh erplrical duta are not avallctle for confirraticn
of the patterns, 1¢ Is concldered that prcod agreement wculd
result due to the rmanner in wlich the curvature of toth

the source and taffle were treated,

T seteisire armT NI Yimen NPT, Tty AT v
Ac P CC St e ek . Fol ol WU 4 PO I::-v.-a.dx..,<-.

AMthourt, cre prosrar sg 1t exicts 1s a uceful design

tool, ceverel Miture mcediflcaticnes weould erhance i1ts cepa-

P{litier, Threre lters include: dneccerroration of wrplliiude
: - - - P . " - " Saed
and phure oldire In ¢he oxdnl tlane for the "Scprent" ded!

and Inecomcrition ¢f a2 S=dimconclional 1letting packape for
21) derlrne, Anotleor lrpryoverent envicured would be the
linknre ¢f ¢hie prover with cvallable paraneter cortimfoctd

proprase [Pef, O oard 77 ucln; recpence curface rethroldclogsy

Y

cn

to deter-tie sjeotflc fnput paruaietere for a desired patiern,
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APPELCIY B

MAIN

Purpose: To control profran

Vethod: The prograr inspects the first four (4) letters
g of the ccded titles (DICK, PATCH, SEAENENT - Note the

spelling of the "lerrment" desipn) to transfer control to

the prcrer cutroutine, It also writes out the first line

of output ihersifving the desipn confiruration being

calculateq,

T T MR + - ¢ T b
Called Bve Vives Input T=ea Cird

, e
Calln Ty TIOU
L
| O AP
t Piva o~y
‘[ [ PR
i
| v haye
. HANY
)
- ~ hal b t. . LTS s . <
Puryi ~oo pr oot Vanpel derivetive rlven the order

- S PR I ]
ene s o,

» Y ey L L et P S ke 2oy . R } KLY 2D
Vped - Ay AU oot e Tl D s Sunetter. cubrotitine which

R . \ v, AP T | ! e £ RN \ .
culevinter Y. Ul sevierelec Ty the reculrrence relatlon,

sz)(P) ¥os- ﬁ(u)(?: - K(VFwy(?)m The Ningel funetlen of

crdes 1Y A crder U1 e anleulaton by oeerbliing the

o

ry

- LA L) « - - ., . . - ¢
"IN g MY YL rrel Ty et el onror ocorp e rurter,

LI revre
Calles Lw:y TDICH
LI
SN VAR
H';:.(/::

s b4 EENE B4
SEGKRN
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Tletv.od:

DISK

Purpose: To calculate thé radiation pattern for the "Disk"
desipgn.

Method: The "DO" loor ending with statement number nine
(9) calculates the pattern for the "DISK" design. It con-
tains within it, a second "DO" loop ["DO loop ending with
staterent rurber eirht (8)] which calculates the infinite
series ccryosed of the odd Eessel Functicens. The entire
loop is exccuted two tires through the use of the indicator,
"YRLAG." After the seccnd executlcn of the loop, twice the
results of the flrct execution are subtracted from thcése of
the seccnd executicn., The s¢aterent, "IF(KFLAG.EQ.1) GO

TO 14" (rasfers the e

ults of tre calevlaticns €0 the

w

plottirge joovrnc,

Crllan Py NIATH
Calle T AN

pLTOY
Puricees e culaulite the raalsticon jastern for the "Voten
ey e ————
decti,rr.

R4

The Yuals eountlons dertved for the "Puteh" decion

are coded Snoahe "0V leor ending widh staterent nurber ninge
(9). The rettern s ochieved ty exeenting that "DO" lcey
twice, In the first exzecution of the loop, the pattern for
the oppositely phase shaded ecenter element is ca'l(:'xlated'.'~

Subsequently, "KFLAGY (an indicator -0f how many times the

13



—

i ey

loop has been executed) 1s updated, and the dimensions of
f the element changed to those of the ocuter (larger) elerent.
. Aftér the second executlon of the loop, two (2) times the
% first pattern Is subtracted from the pattern obtained during
: the second executicn of thke loor. The "IF" statement,
IF(KFLAC,EQ.1) GO TC 10" transfers the calculations to the

plotting subroutires,

Called Zw: MAIN

(@]

alls 7o HA
)

SEG

i Furbree: 7o caleulote the rodlnticn ratsern for the

[ ey ] - R ¢
Method: hic gutroutine eon e theurrht <o cousist of (wo
; Al . - - 1K >IN -
L rarts, A11 gtateronto rreviousn Lo Yhe staterent, "PEAD (F,17)

. 4. KA A - - & . » 4 e 4 - ¢ 4 4. . s ] R I
elevert, witle 021 Chntovin o ey Shnt shrterernt calcoulste

211 e
) . ! LI -9
the jatvrrn for v wpyry O nlivortel 1lone only, Ll.e.

= O - N ey 2oy .y .. LY ] ] 5 PP
¢ = G0 deoprenr ) with rmpYitde crnd pdteeoe chadinge Incoy ohaled,

1y

.
s

LI

Deyperdens ry b LiaY MTIY ccde ) the "DUM loor

. NI . e RN R B -
endlve vlen tfrgeriad yarter oly (£) vorles cidtler anple @

e T

(1) Adepyoe dyavomirntc,

or anple ¢ tr, e

The anple held eonstunt (cecond entry on the third card

Cof the inrut data deck) in consononce with the angle to te

varizd (dictated by the "NPL" code) specifies the plane in

which the pattern Js determined.

c{ “




In the second part of the subroutine (amplitude and
phase shadinc), the "DO" loop ending with statement number
sixteen (1f) 1s the coded versiocn of the general expression
for the arplitude and phase shading derived earlier for
the horl-ontal plane.

Called Py: INMAIlU

Czlls To: HANK
POLPRT

POLPFRT
Purpere: To control the rlotting of the polar plot.
Methed: This subrcutine it the maln subroutine in the reoler

plot pacrnce and is resyonsitle for czlling the varicus

The scale factcer, O, nmust te chanred acerrding to the

printer chvaruzctericstics, The scale facter in this subrcutire

is se! for tern, 1C, character: rer inch for the wbseissc

3 2 .- . L N
and eirtt, ¥, chorneters rer deh for the ordinate axis,

After Indelelivh« TIOAY, LATAY, and X, the Inrut datc,
Y, 15 scarred o ddterrine the reorraliving faector, If this
roreilicins froeter fe lece thin 1,Eh=32, an errer stateront
I's rrivied (nd the (779t ing 1o alerted,

In the L2 LOCH esding widl. staterent £, each line of
the polar prlot is printed after a call 1s made to PIPLOT to

establich the polar jirid information, The variable, DINM,



1s used as a scaling factor for the polar plot. The value
of 1.0 will cause all of input cdata to be plotted, however,
if only the values les§ than one-half of the normalizing
factor are of interest, then DIM can be set to .5. This
will enlarge the center of the polar plot,

DISK

Calls To:  PTPLOT
‘ SART

PTPLOT

Purposet To establish the grlid Inforraticn for the polar
plot.

Method: In ¢he DO L232F ending at staterent 1 the alipru-
nureric characters arc traznsferred to ISYI in order to rass
vig COMMCN to other cubroutines., In the ctaterents follewing
staterenrt 2, the eaquaticne for the rlctted concentric cirecles
are esteblliched, FPFelcu st-tersrt 7 the grid rarks on the
060-270 axiec wre incertad,

Called Tw: POLPET

Calls "o: LINKAY

)'VVIQ!}
RN v
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© e i T

NUMB '

Purpose: To place defree numbers on the polar plot.
Metho@: The current lire which 1s being printed is passed
to the subroutine in the calling argument. If this line

cortains derree nurters, these nurbers are placed in the

correct rosition ty the IF statements,

Calls Tc: HoNE

LINETK

Puricse:  To Incert prid charzcters cn the polar plot,
Tavtodn The period otaractor (IS1H(2)) is inserted in the
prever reefelon In the stateronte ohove stoterent M. In

17
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