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ABSTRACT

The complexities of nonlinear radiation theory tend to make the
design of parametric transmitters a cute-and-try procedure. Thus far
we have only Westervelt's end-fire radiator solution to serve as a
gulde, However, his model assumes weak intermctions that are limited
to the near field by primary wave absorption. For Sonar design, we
propose a strong interaction modification where primary wave patura-
tion governs the near field limit, Approximate scaling laws for
source level and directivity are presented along with supporting
experimental measurements,.
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In spite of the complexitieas of nonlinear wave theory it might
be expected that satisfactory approximate solutions to parametric
Sonar radiation problems could be achieved. However, with pertur-
bation methods, the results are often less than sdequate. The
reason is that we are interested in the highest attainable source
levels and then higher order perturbations become as important as
the first. It 1s therefore not surprising that plane and spherical
wave mydels are so attractive since the maturated field problem ba-
comes tractable if not too reslistie,

Figure 1 shows the usual "one dimensionsl” model of a circular
Piston radiator where the field i collimated to a distance R, and
diverges spherieally thereafter. The three waveforms illustrate
oscilloscope pressure ve. time traces measured at the corresponding
polnts in the field. The waveform, which is initially sinuscidal at
A , becomes sawtooth at B due to the finite amplitude overtaking
effect, and then diminishes in amplitude ({) as the wave diverges
(phase effects are neglected),

A measure of the nonlinearity of the radiation fleld ig given
by the saturation index x : . ' ’

X= W, T= € By Ro & ,/fo Co3

which defines the wertakins time T of a sine wave of peak pressure
P, ani sngular frequency @ , , measured at collimation distance
R, (see Appendix 1). Expressed in terms of R.M.8. source level L
we have:

I-s-eoms(Pono)'-3-1ao-zomro(kﬁ=)+2omsxu//1m
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Yf, for a particulsr 58t of experimental conditlons (in this case a
10 co diameter piston at 720 kHz), the actual source level measured
at & large distance fram the source is plotted against the aquiva-
lent input source level, a curve similar to Fig. 2 is obtalned. By
adding 20 log f, to the scales we obtain a "gensralized™ input-
output curve referred to 1 kHz, As the scaled input exceeds 180 dB
{x @ 1) it is seen that the harmonica N « 2,3 grow at the expense
of the fundaments)l (N = 1) which then temis to deviate from linear
a3 the wave becomes saturated. - \
For parametric end«fire radiation {Ref., 1=7) two high frequencies
are fed to the piston radiator as shown in Fig. 3. The difference
frequency field 18 plotted aid a function of range as shown in Fig. L,
(The mean primery frecquency in this example is elso 720 kHz.) Pigure
5 ghows the difference frequency beam patterns. HNote that in the far
field, the difference frequsncy pressure tends to decrease aa the
square of the frequency downshift xatfo whlle the directivity goes
as the first power. This behavior i1z predicted by Westervelt ?;2!.
(1)) formula (see Appendix 2). However, in our casé (Ref. (2}) the
. rediator length is determined by primary wave ssturution rather than!
by absorption.. . I Iz ALLLD ASAS . '
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Plgure 6 shows the 50 kHz field plots for wvarlous primary levdls.
The assoclated directivity petterns are shown ia Fig. 7. Fote that -
in the far field the difference frequency level begins to fall -
linearly with the input and then tepds to square law below saturation.
The directivity however tends to increase, apparently approaching the
primary directivity as an upper limit. The 50 kHz rasults are ]
summarized in Flg. 8 which shows the input-output source level curve
and the directivity index curve. (Input source level here is based
on the sum of the povers of the two primary components.) The results
can be "generalized™ to 1 kAz by adding 4O log fo/f to the secondary
seale and 20 log f to both scales ns shown in Fig. 9. The direcs -
tivity 15 sealed by mdding 10 log foff to the secomdary index and
then subtracting the result from the primary directivity index (see
Appendix 2).

The empirical scaling curves of Fig. 9 bave proved to give
reasonably good predicticna for s varlety of conditions. Tables -3
give o summary of results obtained in recent experiments for the
three different piston tranaducers described. The pertinent experi-
mental conditions are listed together with a compllatlon of the source
levels and directivity indices for varicus input levels., The data
are repeated with the scaling correctiona applied and are also plotted
in Pig. 10, Considering the spparent magnitude of the experimental
error, the data show reasonably good consistency and agreemant with
the earlier results except for generally higher valuas of directivity
index.

Summarizing the problem of parametric tranemitter design: below
saturation there is a tradeoff between secondary source level and
directivity where the secondary source level varies as the square of
the primary and the directivity beging to decrease as saturation 1s
approached; above saturntion the secondary source level tenda to
incresse linearly with the primary, while the directivity decreases
as the -1/2 power. As saturation further increases, secondary wveve
distortion mast eventually become an important consideration when
harmonica of the difference frequency grow to spprecisble magnitwde.
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TABLE 1

NUSC/720 PISTON 10 cm. dia.
fo= 720 kHz
NDI =43 dB
LSO =136 de // ) ubm
RO =4 M R=11M
100 kHz 50 kHz 25 kHz 12.5 kHz
INPUT d8 Ls NDI 1.S NDI Ls NDI L5 NDl
0 100 33 1] 3 77 28 68 26
-3 e as 83 32 74 29 &6 28
-9 93 38 79 36 &8 35 &0 a2
=15 87 40 72 38 60 36 53 38
=21 756 40 42 40 53 kI 43 38
193 193 =1 192 [ 193 i 194 |
190 (k4! 1 189 1 190 1 199 3
184 185 4 183 5 g9 7 188 7
178 179 [} 176 7 176 B 181 hl
172 168 [ 166 9 169 1o 171 13




TABLE 2

EDO/101 PISTOM 25 em. dia.
fo = 250 kHx
Ny =428
LSO = 140 dB// 1 b
Ry =8 M R=42M
12 kHz & kHz
INPUT B L M L Nt
o 89 35 78 32
-4 8 3¢ 70 35
-12 72 38 &0 3s
-18 40 39 &0 37
188 189 & 190 6
a2 181 7 17} ]
174 172 ? 172 ¢
170 180 10 182 i1
TABLE 2
NUSCAYS PISTON 40 x 40 em.
fo ® 175 kHz
Np, = 4548
LSO =145d8 // 1 ubm
Rga16M R 4ZM
12 kHz 3 kHz
INPUT dB L Ng, L Np,
0 9% 4 78 28
-6 92 k] 71 M
-1z 84 39 & 38
-18 73 41 52 -
190 189 1 193 1
184 183 5 185 7
178 175 & 178 n
17 Tod 8 167 -

19-2
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APPEDIX 1 '
Far-plans waves, the nonlinear wave equation 1s taken-say

gp _ e 9Pt -
ot Ipet T - w

P iatheinstanunemmsm' ’ |

€ =} uthnmnmaritymtarrormtar

T 13 the dietance

4 -‘t_.;.r/%.'lhue- t is tine

fo 1s the pormal density

to  1s o gormal S5 apeed, .

The edlitdon of Be. (1) ds:. . ‘
¥ e Tpo — ePl'/f.e:

- Cpyr ro

let PuPyeoadl,t at T =0 andlet x= &, 2,

(r=r, 1.‘:" } where B, 1s the eollimation distsnce of
the wave. hd .

Thea X= e?.R. ”./f. C:

In terma of RMJ source level Lg =

Ly = 20 1sg(R k) -3 = /2o - 2010y £, Wloy

An// 4, 4m
vhere P, is in ubars amd B, iz in meters,

The frequency f is in kiloharts,
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APFERDIX 2

H’entemlt's(lj-equation can be written:
¢ Pox*S b
“
Y pedr [“;@m. su.o) ]

P=

where P 1s the difference frequency peak pressure at r, ©
P, 1is the peak pressure of each primary component
5 iz the plston area = e {a = redius)
X is the difference frequency wave mmber
L = 1/2 A is the ebsorption length
r 15 the distance {r »»L}
@ is the half besm angle

If w: lat the saturation index be:

X= € Pa "on-/ﬁco‘. = R°/"‘

where k, 1s the mean primary frequency wave number and Ry is
the primary wave collimation distance, Substituting Re = k, S/29

we have:
rPe ?'R (K/r°)

[l-bf’"mn.g)] ~
Teking for the primary source level:
J_" = 206 h, PoRo

wheye P, 1is the peak pressure ub  per component and Ry 1s the
col.l:l.mtion distance in meters, then we have finally for the FEM3
secondary source level Lgg :

Ly =20 lag(Pr)-3 = L, - Yot Pof) -9
AB/ 1,0m

representing the saturated comdition (x » 1).

The secondary directivity index 1s given by:
J
N,,, = 20 lo(TT/28,) = 161y (kR f16 x)
where 20, 1s the -3 4B beamwidth. The primary d.irecti.yity is

glven byz
N"’ é /d ,.’('zk.ng)
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‘therefore:
Nojg & Narp = 10 1o3(%eff) - 101X

In the 'ﬂmm'nrwﬁmtimnmummm
msmmaemmmrormmm-
f£ron the plane wave golntion of Apperdix 1. To anecount for

rdintimlnhanoftheumndmmbwalsamtroﬂma
smmmlintimdhtm:

Re Ra(%/%)

. Then we_fipd for P axial:
Pa € P" Kv o4&r< R

P= e xRy 1+ L oevrl L*
TR ( %)

* L
P iRt () r>>

¥Whore L is the primmry wave digcontinuity distance.

Mhen the directivity function ie .ma.nna:.: 1
& R Pe (K /K) X

[r+ @F T [ omn T

yrP =




