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ABSTRACT

This investigation was undertaken with the objective cof developing
techniques for solving the problem of sound transmission from a
harmonic monopole source through a finite, corrugated boundary between
fluid media and to corroborate these techniques by means of laboratory
data obtained for the important case of air-to-water sound transmission.

Using a form of the Kirchoff radiation integral, expressions were
derived describing both tke refected and transmitted accusric
potentials due to the scattering of monopcle sound at a corrugated
boundary between fluids. For the case of sound transmission through
the boundary the integral expression was reduced to an approximate
closed-form soluticn which is valid in the limit of gecmetrical optics
and for extended interface geometries for which the tangent plane
approximation is applicable.

Empirical data was obtained using four different laboratcry mcdels
of corrugated (sinusoidal) surface sections designed to float on the
surface of an anechoic tank so as to simulate different ccrrugated air-
water boundaries. Numerous comparisons of theoretical results with
experimental data obtained by loudspeaker insonification of these
model surfaces demonstrated the suitability of the theory and illu-
strated the inaccuracies which arise in cases for which the tangent

plane approximation is unsuitable.
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CHAPTER I

INTRODUCTION

General Introduction to the Problem Area

In recent years, a considerable amount of interest has evolved
regarding changes which occur in the characteristics of acoustic
signals which are transmitted within or between two media of different
characteristic impedances which share a common boundary. Of
particular interest is the problem of predicting the influence of
various rough boundary surface éonfigurations on the characteristics
of these signals. Until very recently, such studies have been almost
entirely devoted to the problem of sound scattering (reflection) from
such boundaries by various classes of rough surfaces, Evidently,
this interest in acoustic signal scattering was motivated principally
by the need to understand the effects of rough surfaces such as that
of the sea surface or ocean bottom on various echo-ranging signals
transmitted in the ocean. However, with the development of more
sophisticated underwater acoustics equipment, it has become obvious
that recepticn of acoustic signals passing between air and water is
practicable, Hence, in order to more fully exploit this capability,
renewed interest has been shown in studies related to the problem
of sound transmission through various classes of rough surfaces
separating fluid media. Morecver, in addition to problems involving

sound transmission between different fluids separated by rough




boundaries, various related problems abound involving the transmission
of vibrational waves between fluid-solid and sclid-solid interfaces

in such fields as oceanography and seismology. Hence, basic studies
which enhance our knowledge of vibrational wave transmission between
media separated by arbitrary boundary geometries can be expected to
contribute significantly to the advancement of technology even in
diciplines not directly involved with the transmission of sound waves,

per se.

Need’for the Study

Present theoretical literature contains but scant reference to
the problem of sound transmission through a rough interface separating
two media of different characteristic impedances. That which does
exist deals in various approximate ways with the transmission of a
perfectly planar incident wave at the surface of an infinite boundary
described as a general periodic uneven surface or a boundary- comprised
of a corrugated surface extending to infinity in two directions. No
reference whatever has been found which relates to the point-source
rough interface transmission problem. Evidently, one of the reasons
that this latter problem has been virtually neglected to date is that
the mathematical difficulties encountered in the development of a
rigorous theoretical treatment have proven to be intractable. In fact,
Lysanov (1958) points out that it is impossible to use the method of
separation of variables to obtain a solution of the wave equation

::: which satisfies the boundary conditions specified on the uneven
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surface. Denied the use of this powerful method for solving the
relevant system of equations, it is not difficult to appreciate the
mathematical complexities which result.

For the specific case of a simple (monopole) source in one medium, |
both (wave) integral equations and geometrical optics-type (ray theory)
solutions exist which can be used to compute the sound field developed
in the adjacent medium, but only for the case of a smooth (flat)

boundary geometry. Much stil®! remains to be done to extend these

techniques, or develop new ones, which will permit one to compute the

sound field in the adjacent media for rough boundary geometries. ;
Finally, no empirical data of any consequence appears to be

available for the case of sound transmitted between fluid media

separated by rough boundaries.

Specific Statement of the Problem

The objective of this study is to advance our understanding of
the processes involved in acoustic transmissicn between fluid media
which are separated by an uneven boundary surface. In this context,
the specific problem herein chosen for study concerns the description

of the steady-state sound field which arises in a fluid medium due to

the transmission of acoustic energy from a point (monopole) harmonic
source located in a second (adjacent) fluid medium sharing a common,

limited time-invariant corrugated boundary with the first,




Scope and Limitations of the Study

In order to advance our understanding of acoustic transmission
between media separated by rough boundary surfaces this study was
initiated to:

(1) Develop a mathematical model and computational procedure to
predict the acoustic field in a fluid medium due to the operation of
a point (monopole) harmonic source in a second fluid medium of
different acoustic impedance. Each of the two homogenecus isotropic
media are assumed to occupy its own infinite half-space. Tramnsmission
of acoustic energy is assumed to take place only through a finite
portion of the common boundary between the two media. Further, the
cross-section of the acoustically transparent interface between the
media is assumed to be composed of regular corrugations (sinusoidal
undulations).

(2) Obtain empirical data on the transmission of sound from air
to water through a finite corrugated boundary surface with excitation
frequency and source anzle as parameters.

(3) Establish the suitability of the mathematical model by
comparing predicted results with the empirical data obtained during
the laboratory tests,

(4) 1Investigate various relationships between the physical
parameters of the surface and source with the objective of defining
the conditions under which the accuracy of the'theoretical procedures

will be maintained.
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To facilitate the manipulation and evaluation of the expreasions
to be developed herein, it was necessary to introduce certain specific
assumptions in the course of the mathematical analysis., Actually,
these restrictions have become familiar in studies of this type and
most, if not all of them, have been used, either implicitly or
explicity, in all of the studies on scattering and refraction reported
to date. These limitations include the following suppositions:

1. Multiple reflections in either medium can be ignored.

2. The source and receiver are restricted to positions not

in the immediate vicinity of the interface in the sense
that RIRO and kZR2 are large.

3. Masking (shadowing) of one portion of the surface by

adjacent ones need not L: considered.

4, Transient effects are not included.

5. The tangent plane approximation is valid.

6. The spatial rate of change of the phase of the incident

wave changes much more rapidly than that of the transmission
or reflection coefficients in the region cf the interface.

Note that no specific restriction on the height of the surface

is made, providing the above assumptions remain valid.

Previous Related Studies

Apparently, the earliest and certainly the best known approximate
approach to solving the problem of reflection and transmission of

harmonic waves at & vough interface is that described by kayleigh in
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his "Theory of Sound” published in 1877 (See Reference 8). For a
normally incident plane harmonic wave and an infinite sinusoidal
surface, Rayleigh formulated a solution to the problem in terms of
an equivalent problem in which the solution of an infinite set of
linear equations must be found. Inverting this system, he obtained
a solution to the transmitted wave in the form of an infinite series
made up of individual terms representing distinct planar waves (the
spectra) which are scattered in various directions. In order to
evaluate the coefficients in the series, it is necessary to assume
that the acoustic wavelength is much smaller than the wavelength of
the surface undulations, observer and source are in the far field of
the surface and the slope of the uneven surface is small.

A noteworthy extension of Rayleigh's basic treatment has been
reported by Asano (1966). He assumes that a general periodic surface
can be decomposed into a Fourier series composed of elementary
corrugations and then proceeds to fit boundary conditions at a
representative corrugated interface, much in the same way as Rayleigh.
However, in addition to considering purely longitudinal vibrations,
he includes transverse vibrations (shear waves) in his formulation for
several cases of interest in seismology. Although his work is, for
the most part, restricted to the case of plane normally incident
elastic waves, he does include the subject of oblique incidenge when
the incident wave is of the plane longitudinal (P) type. Again, to
facilitate application of the boundary conditions, becth the amplitude

and slope of the corrugations were assumed to be small,
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By numerically evaluating the first two coefficients of the
resulting series solution, Asano reached several important conclusions
regarding the effects of corrugation amplitude and wavelength on the
strengths of the lower order spectral components. The most striking
observalion noted was the presence of large, rapid fluctuations in
the values of the series coefficients as the ratio of the corrugation
wavelength to the wavelength of the incident P-wave (xs/xl) was varied

in the range of about one-half to two. Especially rapid changes were

frequently encountered. for values of (Xslkl) just slightly less than

one. On the other hand, for values of (xs4x1) in excess of two, the

amplitude coefficients tended to remain reasonably constant. Although

'his numerical evaluation was limited to velocity contrasts less than

two to one, Asano noted a tendancy toward greater fluctuation in thé
amplitudes of all low order coefficients as the velocity contrast was
increased. He also noted a tendency for the regularly refracted
P-wave to gain energy at the expense of the regularly reflected P-wave
as the corrugation amplitude was increased., For the case of an
obliquely directed incident P-wave, the angle of incidence appeared to
have little effect on the regularly reflected and refracted P-waves
but a somewhat more significant (although still moderate) influence
on the irregularly reflected and refracted P-waves.

A particularly illuminating study of a related problem in the
field of eleciricity and magnetism is that of Park and Erteza (1969).
Undertaking to sclve the problem of radiation from an arbitrarily

oriented electromagnetic dipole source in the presence of a rough,




iy s 1 2

imperfectly conducting earth, they present a form of the vector
Helmholtz integral which is suited for their application. By means of
this formulation, they proceed to express the reflected and transmitted
3:} Hertz potentials in terms of the dyadic reflecticn and transmission
coefficients of the boundary. Applying themselves to a mathematical
model of a slightly.fough surface described by a random process with
a stationary Géussian hgight distribugion, they ob;ain solutions of
the geometrical opCics-typ§ for the expected Hertz potentials and
expected power arisiné'from steady state excitation of an elementary
dipole. In addition to béing;a worthwhile exposition of an application
of the mathematics of geometgicaildptics to transmission in the

presence of a rough boundary, this recent contribution is apparently

the first significant work to be reported on the problem cf scattered
electromagnetic transmission through a rough interface.

Mashashvili and Urusovskii (1969) report an exten;ion of work
previously reported by Urusovskii (1965) in which they consider the
problem of plane wave diffraction by an extended periodically uneven
interface between two homogeneous media. Using the Green's formula,
together with the Hankel function representation of the incident wave
field, they make use of the periodicity of the integral kéfnels te -

develop a solution for the reflected and transmitted pressure fields

in terms of a set of algebraic equationms.

R




CHAPTER I:

THEORETICAL DEVELOPMENT

Kirchoff Radiation Integral

Due to the similarity in the development of the integral
equations for scattering (reflection) and transmission (refraction)
arising from point source insonification of a corrugated boundary, it
is useful to carry ti:rough the general theoretical development for
both cases. However, methods for evaluating the resulting integral
expressions as well as application of corroborative experimental work
will be restricted to the case of transmission through the boundary. as
indicated previously. However, it is important to emphasize that only
minor modifications are required to adapt the computational procedures
developed for sound transmission to the case of sound scattering
(reflection).

An integral equation for the portion of the incident sound field
scattered back into the original medium by the corrugations, as well
as an expression for the field transmitted into the adjacent medium,
may be found with the aid of the Kirchoff integral. In order to
develop a form of the Kirchoff integral suited for use in the present
study, we begin by consideration of Green's Theorem in the form

(Reference &4, Page 15):

ﬁ} (a2 = yPo0)dv =fs (o %E -y %ﬁ)ds, (2.1)
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where ¢ and y are arbitrary scalar fields, dv is the differential
element of volume, and ds the differential element of surface area.
The partial derivative %; denotes differentiation with respect to the
unit normal directed outward from the volume under consideration.

For the solution of the Hyperbolic (wave) equation relevant to
the present case, we require spccification of Cauchy boundary
conditions (the potential and its normal derivative) on an "open”
surface (Reference 4, Page 17). Here, the open surface is the three-
dimensional half-space at a fixed-time. We can manipulate Equation
(2.1) to obtain an integral expression for the vklocity potential at
any point within the particular medium to be used in Equation (2.1)
and for any time, t, greater than the fixed initial instant chosen.
However, it is expedient to restrict ourselves to the steady-state
time periodic case from the outset and, with this understanding, we
can develop the pertinent form of the Kirchoff equation with minimal
effort. Refer to the geometry depicted by Figure 1. Then using the
subscript, i, to denote the numerals 1 or 2 (which refer to medium 1
or 2) and the subscript, j, to indicate the letters r or t for

reflection or transmission, we let

-i(wt-k,R,)
=2 Tt , (2.2)
i

Separating the time variation from the potential, we can write

_ - -igpt
i = ¢j e . (2.3)
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Now, the physics of the problem requires that the scattered

potentials satisfy a homogeneous wave equation, i.e.,

Vo, - L g <o, (2.4)

or, using Equation (2.3),

- 2 - 2
4>j+ki oj-o ,ki cz . (2.5)

Further, since ¥ in Equation (2.2) is Green's function for the medium

containing the observation point, it satisfies the equation

2
y - L é-z v = -bm B(R,) e " (2.6)
ci ot
or
ik R ik,R
PG R ETY - oy, @1
i i

Using Equations (2.2), (2.3), (2.5) and (2.7), it is easy to show
that Equation (2.1) becomes:
ik 0,
DNCARAE R i—ﬂfs & 1“1[%;;1 + ik, (1 + i—i?;)zj]ds. (2.8)
Since we need consider only the space variation of the potential,
we will henceforth dispense with the bar over the symbol for the
potential. 1In addition, for observation points in the far field of

the surface Equation (2.8) simplifies to:

I~

eikiRi a_ai
f; = [Bn + ikiaj]ds . (2.9)

®j (xi! yi! zi) = i

£

b1
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GCeometrical Optics Result for the Surface Potential

To determine the value of the potential required by Equation
(2.9); it is convenient to express the monopole source at (0, h, 0) in
a double Fourier series in much the same fashion as for instance,
Brekhovskikh (1960). For y<h, the unity amplitude velocity potential

due to the source is:

-}
ik.R dk. dk
e 10 1 - . ix 1z
— = 2ﬂ“[exp <1[k1xx + klzz kly(y h)]> — >
0 2o ly
(2.10)
where
_ 2 2 2,1/2
kly K )
and
R, = [x2 e (y-h)‘?]”2 ] (2.11)

0
Since the phase of the potential does not change upon transmission
into the second medium, use of the tangent plane approximation permits
us to write the potential for the transmitted wave, evaluated at the

point P on the interface, as

o«
i ) dk,_dk
¢t(x,y0,g) = Z“u[7} exp <i[k1xx + klzz kly(yo-h)]> ix 1z ,
- 00 ly
(2.12)

where

. 2p1c2 cos 91

(2.13)
PyC,COS 91 + p ¢ c08 92
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is the (plane wave) transmission coefficient evaluated at point P on
the interface. Of course, we relate 62 to 91 by means of Snell's
law; i.e.,

k, $in 6, = k, Sin 6, . (2.14)

To evaluate the potential at the interface, using Equation (2.12),
apply the geometricsl optics approximation and restrict the location

of the source point such that the quantity k R1 remains large. In

1
this instance, the integral may be evaluated by the method of
stationary phase in much the same way as that employed by Park and
Erteza (1969). To illustrate the use of this method, we seek to find
the points at which the phase term in Equation (2.12) takes on

stationary values. That is, defining the phase functicn as

Vo=kox+k z+ kly(h'yo) ; (2.15)
we seek values for k, , k, and k., at which
1x’ 1y 1z
.g.k\"_ - %kL =0 . (2.16)
1x 1z

Using Equations (2.11) and (2.15), and the condition (2.16), the

points of stationary phase are found as

’

X
K = k, =—
1x 1 RO
S kl
k = == (h-y,)
ly RO 0
L %’ (2.17)
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In the vicinity of the stationary phase points, the phase function may
be expanded in a power series; 1i.e.,

2 2
_ lovw - W2, 1w . y2
v=[vly + 2%k1x2]0 Gy ~ ki) *3 ‘klzzlo (kg = iz )

2
oy ‘ .
* [ak klz ]0 (klx - klx ) (klz - klz )+' ceey (2. 18)

where the symbol [ ]O is used to denote that the enclosed expression
is to be evaluated at the stationary phase points.

Inasmuch as the method of stationary phase rests on the
supposition that the principal contributions to the value ¢¢ the
integral arise from regions in the complex plane ir the immediate
vicinity of the stationary phase points, Equatiorn (2.12) may be

approximated by the relation

i) ,rr o a2 )
i 0 i)ro . 2
¢t(x’y0’z) = ;*‘-—7 [T]O e j?pexp[i— [gim—z]o (‘lx - klx )
k14 k]. s 1x
y -
azy "2 321[ ] -
5 2l iz - Fp ) 25 e lo (g 7 Ky
1z 1x7 1z
k- kg ) e ] dklxdklz . (2.19)

For the geometrical optics approximation, there is no need to retain
terms in Equation (2.19) above the second order. It is shown in
Appendix A that, under these conditions, Equation (2.19) may be

directly integrated with the result that:
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-1/2
1{y] 2 2 2 2
0 (xiyge2) Z =g e O (g ) - e )
ly aklx aklz 1x 1z
(2.20)
Using Equations (2.15) and (2.17), it follows immediately that
2 2)
ETIRE. L
okyx 5 Gp - W
2 2
2 R. (R, - x))
[é_!_i]o . = (2.21)
ok, k, (v5 - D)
and
[52 1 = - R
T A kl(yo-h)2
with which Equation (2.20) may be evaluated, obtaining:
r eiklko
0, (%,54,2) T IT1, R (2.22)

In an exactly analogous manner, the scattered potential at the portion

of the interface adjacent to medium 1 can be found to be given as
ik.R
e 1O

Ro

o (%,¥4,2) ° {SJO (2.23)

where

pzczcos 81 S 92

chzcos 91 + °1c1°°S 62

S (2.24)
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is the reflection coefficient in which 6, is again related to 0, by

2 1

means of Sneli's law.

Geometrical Optics Result for the Normal Derivative

To compute an expression for the normal derivative of the
potential at the surface suitable for the geometrical optics
approximation, we proceed in a somewhat heur!stic manner. We suppose
that the potential at a point on the transmitted ray, only slightly
removed from the interface, is of the form

N dkl dklz
0, (x,54:2) = /ff exp i(k,Ry + k,R)) —=—— , (2.25)

ly

where the symbol °t+ denotes the transmitted potential evaluated very
close to the point x, Yor 2 Now, for surfaces of comparatively gentle
slope, the space rate of change of the transmission coefficiecnt may be
expected to be small compared to that of the exponential and

o

dk) dk,
(x,yo,z) = —- fr Vexp i(kRy + k,R,) —k-’-‘-——z . (2.26)

-0 ly

Moreover, since the maximum space rate of change of the phase must

occur along the rays,

V exp i(k R + k R ) =1 k exp i(k + k R ) R (2.27)

-»
where kt is the transmitted ray which is related to the incident ray
by Snell's law. Thus, the gradient of the potential evaluated at the

surface becomes;




17

Comk
th(x,yo,z)~ P [}T EI— exp(iklRo)dl'.lxdklz (2.28)
- y
( Noting the similarity of Equation (2,28) with Equation (2.12), the

geometrical optics solution tc Equation (2.28) follows immediately as:
eiklko
= (2.29)

0 R0

-
- 1
Vht(x,yo,z) = i[ktT‘

Using a coordinate system centered at the point P, ana new unit vectors

- -
a and a, aligned with the normal and tangent to the surface, it is

not dirficult to show that

ik

) o 10 hey -xoh sin(agk-7)

= o (x,y.,2) =1k, [T] ( )

on t 0 2 0 2 2.2
Ro [1+msH

sin (ge-n)12

(2.30)
where the positive sense of the normal derivative is that directed

from medium 2 into medium 1,

Integral Equations for Reflection and Transmission

Substituting the expressions previously obtained for the potential

and its normal derivative into the Kirchoff integral, we obtain:
ik, 1(k1R0 + szz?

0 (X9:¥9:2)) = Z?j[R R [t],

S 02

h-H cos(wsx-'r)-xa, H 31n(<nsx-7)

S
- 2.2 D 1/2
1 -
RO[ *og i sin” (agx 7)]

+1]ds ,

—

(2.31)
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2plc2cos 91

0 p,C,CO8 91 + py€,co8 95

]

c, 2 c, 2
cos 6 [1 - (Eg) + (Ego Esa 91]1/2
1 1

h-HcOS(wsx-r) -x(nsH sin(wsx-7)

2.2 . 2 172
RO[I *ag'H" sin (wsx-n]

i

cos 6

o
"

o = gy (yo-h)"']”2

and

I

R, = [(x2->:)2 + (z2-~2)2 + (yz-yo)zll/2 . (2.32)

In an exactly analogous manner, the reflected potential turns out to

bé:
ik, n 1(Ry+kiR))
o (x,y ,2,) = —L 4 & [s]
o1 %) T i PRR 0
01
Heos(w X-7)-h+xq H 8in(y X=7)
2 g 2 1] d
2.2 .2 1172 * 5
Ro[lm,s H® sid (wsx-7)
(2.33)
where
s - P,C,Cos 61 - pyC cO0s 62
0 PyC,CO8 91 T p ¢ c0s8 62
and

R1 = [(xl-x)2 + (zl-z)2 + (yl-yo)zlll2 3 (2.34)
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An expression which will be uscful in subsequent sections is that

expressing the ratio of the transmitted pressure at (x 2) to the

¥ 2%

source pressure at unit reference distance and is given by:

EI = ;I ¢t(x2,y2,zz) . (2.35)

Equation (2.35) may be readily evaluated numerically, and the FORTRAN
IV listing of a digital program written to carry out the computations
is facluded as Appendix B. The only nonzero contributions from the
integral arise from the region of the corrugations and the surface

integral becomes a definite double integral with

ds = [1 + wsz #2 sin? (wsx-7)]1/2 dxdz . (2.36)

Special-Case Solutions for the Transmission Integral

A closed-form solution for Equation (2.31) is extremely difficult,
if not impossible, to obtain in the general case. Even ror an extended
interface, the determination of the stationary phase points, which
enables one to calculate a solution valid in the geometrical optics
sense, leads to transcendental equations which can only be solved
numerically. Nevertheless, it is worthwhile to outline the development
of such a solution in general terms and to evaluate it for special
cases in which application of suitable parametric constraints renders
the mathematics tractable.

To compute the stationary phase points, we first define the phase

function from Equation (2.31) as:

JRHORSR" g

O A g8 bkt anll i Ly
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then the stationary phase points, X and z follow as the real

solutions to the relation
éﬂJ:%\lL:o , (2.38)
cZ

Using Equation (2.37) in Equation (2.38), the equations for the

stationary phase points may be written as

R R
20 Lty ey am Dby 3] - x. =
x (1 +n = ) + yom[y2 7 (h yom)} X, = 0 .  (2.39)
om om
and
R2m
zﬁ(l-n E——) - z2 =0 , (2.40)
om
where:
.2, .2 129172
R, = [xm tz +(y0mh)] 3
o . 2 2 2.1/2
R2m B [(xz xm) * (22 zm) * (yz yom) ] ’
Yom = H cos (X -7)
ayom
yom = 5;_-'= wSH Sin(("‘Sxm.y) ’
and
n= cz/c1 .
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Using the stationary phase points obtained as the sclutions to
the above equations, the evaluation of the transmitted potential
corresponding to each stationary phase point can be carried out in the
limit of geometrical optics in a manner completely analogous to that

developed in previous sections of this chapter, with the result that

ily]
0 (X.,Y.»2,) = it ol [éii] [éfi]
tm " 2°72°72 RomRZm (p2c2+plcle) 3 2°m 3 2°m
2 -1/2
e
[bxbz ]m . (2.41)

where, in addition to the special variables defined previously, we

have:
[w]m = k1Rom * k2R2m
~ 2.1/2  Pa*om
k = 1+ (y )71 R
om
2 2
R “[1+(y’ )"]
B = (1_n2) om o? + n2
m o .
lhm xmyom]
hm - h-yom
and
C 2
c 2. (x +h y' )
207 _n_ 2 32 _ 2 m mom
[ ZJm "R [1+ hm W Yom T (yom) 2
ax om R
om
(X -x,+y, y~ )2
1 2 .\ 2 m_ 2 " 2m om
* R [1+y2ﬁws yom+(yom) - 2 ]
{ 2m R

2m
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2 2 (2,2 )°
2@y .2 -2, . 2.
® Ty 2’m R 2
z om R 2m R
om 2m
nz_ (z -z )
A [-B-x_%z] =- =2 G thy )+—3——<x-x Wod)
om 2m
with
Yom = Y2 " Yom © -(d+yom) *

As an example of the use of Equation (2.41), we proceed to solve the
comparatively simple problem of sound transmission from a mcnopole
source to a receiver directly below it when the boundary separating

the source medium from the receiver medium is that of an extended plane
(H=0). This probiem provides a valuable end-point check on the theory
since a solution to this problem using other techniques has already
been reported by Weinstein (1965) and Hudimac (1957). For a receiver

at depth, d, the solution to Equation (2.39) and (2.40) is:

x =z =0 , (2.42)

so that Equation (2.41) becomes:
i(k h+k, d)
2p,c.€ 12
P1™2
(0202+0101)(h+nd)

0,(0,d,0) = (2.43)

for the case of a plane boundary and, of course, a unit amplitude
source. The expression for the potential can be readily transformed to

an expression for the pressure amplitude at depth, d, in a water medium
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due to the operation of a one erg per second point source in the air
medium above it and the result is

6.d.0 |- (2p1c1)1/2 1 -
pt(!!)" 1 (h+nd) 0 (")

This last expression is precisely that obtained by Weinstein (1965) and
Hudimac (1957) using other methods.
It is interesting to note that the expression describing the ratio

transuitted pressure to the source pressure (at unit distance), i.e.,

& i 2p2c2
Py (pzc2+plc1) (h+nd)

(2.45)

indicates that the transmitted pressure level is directly proportional
to the ratio formed by the characteristic impedances of the two media.
This proportionality constant is analogous tc the transfer function of
a resistive voltage divider in elementary electric network theory.
Another feature of Equation (2.45) which is noteworthy is the
effect of the velocity contrast factor, n, as a multiplier on the
water depth parameter. The presence of this term indicates that
changes in the pressure ratio brought about by changes in receiver
depth are n times more effective than changes in this ratic brought
about by adjusting the source height. In fact, at sufficiently high
depth-to-height ratios for the air to water transmission case, only
very small changes in the received pressure level will be observed for
comparatively large changes in source height. It must be kept in mind,

however, that Weinstein (1965) showed that the veloccity contrast
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multiplier is correct only fur the geometrical optics case for which
it applies; it does not appear in the limiting case of low frequencies.
To {llustrate how the simplified geometrical optics solution may
be evaluated for the more complex case of a corrugated boundary, a
digital program was written to carry out the analysis required to
locate the stationary phase points and to subsequently compute the
transmitted pressure ratic by means of the relation (2.35) applied to
the potential given by Equation (2.41). The FORTRAN IV listing for
this program is included in Appendix C and some examples of its use

will be presented in Chapter IV. Note that when more than one

 stationary phase point is involved, the total solution is the complex

sum of the potentials obtained for each stationary point.

To simplify the process of finding th: stationary phase points,
the particular embodiment of the solution (2.41) just described assumes
that 22=0’ so that zm=0 from Equation (2.40). The rcots, x » are then
computed using Equation (2,39) under the constraint that the receiver
lies in the x-y plane containing the source. Note that solution (2.41)
is particularly useful when the characteristics ~€ sound transmitted
through a corrugated interface of large extent .re to be found. 1In
such a case, the numerical evaluation of the transmissicn integral can
consume considerable computer time, whereas substantially identical
results can be obtained using the simpler solution. On tiie other hand,
numerical solution of the integral equation is preferred over that of

the simpler solution represented by Equation (2.41) when tte corrugated
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section of the interface is of only limited extent. In these cases,
one often finds that only a very few, perhaps only one, stationary
phase point may exist. When this happens, the approximate sclution
tends to produce results that ave-age out the interference effects
arising from the combination of various rays at the receiver and thus,
some of the finer sound field pattern detail contained in the integral
solution may be lost. Exemples of this effect will be illustrated in

Chapter 1V.




CHAPTER III

EXPERIMENTAL PROCEDURE

Description of Laboratory Apparatus

To provide experimental corroboration of the theory developed in
Chapter 11, a complementary experimental program was carried out using
the anechoic tank facility at the Ordnance Research Laboratory of The
Pennsylvania State University. To simulate the monopole source, a
high quality enclosed back loudspeaker (tweeter) was used in an
unbaffled configuration. To implement the finite, corrugated boundary,
several model corrugated surface sections were constructed of one-
eighth-inch ABS (acrylonitrile-butadiene-styrene) sheet material
manufactured by Marbon Chemical Division of Borg-Warner Corp. Before
corrugated models were constructed, however, the suitability of ABS
for acoustically simulating an uneven water boundary was examined by
comparing data obtained on sound transmitted through a flat water
boundary to that obtained when ABS sheet was used on the water surface,
Although these preliminary tests did show some minor discrepancies,
the general ccnclusion was that ABS could be used to faithfully
simulate the acoustic properties of the water surface when insonified
from the air medium, providing intimate contact is maintained between

the lower portion of the sheet and tke main body of water.
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For the purposes of this study, four model corrugated surfaces
were constructed and photographs of these are included as Figure 2
through 5, inclusive. The principal characteristics of these surface
models are summarized in Table I.

While in use, each surface model is stabilized by lead ballast
connected to each of the four corners. The ballast permits each
corrugated surface to float at a level attitude and with the
corrugations completely submerged. Before placing the surface model
on the water, the corrugated ABS sheet is treated with a wetting agent
to exclude air bubbles and ensure intimate contact between the water
and the underside of the corrugated material. From the air medium,
this section of the surface constitutes a stationary, corrugated
air/water boundary. As an additional precaution against reflectionms,
all inside vertical surfaces of the model-surface frames are covered
with about an inch of acoustic damping material. Finally, before tests
were made, all other portions of the tank surface were covered with
acoustic damping material to substantially attenuate the stray
acoustic paths between the air and water.

To facilitate collection of the laboratory data, an automatic
hydrophone pcsitioning and recording system was designed, constructed
and installed in the anechoic ténk. By means cf this system, the
hydrophone used to record the underwater scund field could be
zutomatically swept over the entire length of the accustic tank and at
any predetermined depth. An electrical output derived from the drive

system was used tc accurately position the pen of an X-Y recorder in
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accordance with the horizontal position of the hydrophone.

Since acoustic damping material was used over all of the tank
surface except that portion covered by the model interface section,
direct observation of the hydrophone could not be maintained during
the tests. Consequently, an electro-optical system was provided to
automatically shut down the sweep and produce a spatial calibration
marker to the recorder upon reaching a fixed position at either end of
the tank.

Figure 6 shows the major mechanical portion of the sweep system.
The large drumlike assembly behind the tank was used to adjust the
sweep to a given depth. The small probe hydrophone was mounted to the
center of a horizontal L frame constructed of ABS sheet. (The acoustic
impedance of ABS material is very close to that of the water in which
it is immersed.) Also visible in the photograph are the lights used
for the optical position sensors. These sensors, located on the
traverse, fore and aft of the wheel assembly, provide the sense signal
required for automatic shut down of the sweep when the leading light
aligns itself with a photocell mounted on the end of the frame,

In Figure 7, a block diagram of the experimental apparatus, the
configuration depicted is one that utilizes narrow-band random-noise
(NBRN) excitation of the loudspeaker source. It was found during the
course of these tests that NBRN is the most satisfactory means for
obtaining laboratory data, particularly when the complex patterns

produced by corrugated interfaces are to be studied. The CW or
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warble-tone (FM) signals usually fail to provide satisfactory pattern
definition because of the existence of residual reflections in air
(such as those that exist between the speaker and the surface) and
underwater (as between the bottom and the surface). Supplying wide-
band noise to the loudspeaker (and filtering the received signal only)

is also unsatisfactory because of the power limitations of the source.

Calibration

The form of the transmission equations which relate received
pressure to incident pressure (or source level) is particularly
convenient for making comparisons with experimental data. Using these
equations, the theoretical data was computed as sound pressure in
decibels relative to the source level. It could then be readily
related to received sound pressure level by adjusting the relative

level by the figure obtained for the loudspeaker source level (LSL)

given by:

LSL =G, _ + 20 log E, - 29.4
in

o : (3.1)

where

LSL = Loudspeaker Source Level

(dB re 1 pbar at 1 ft.)

Gsp = Loudspeaker (EIA) Rating

(dB re 0.0002 pbar and lmy at 30 ft.)

3
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AR

and

Ein = Loudspeaker Input Level

( (rms volts) o
In all the experimental work to be reported herein, the loudspeaker

input level was maintained at +8dBv(rms). This figure represented the

Lo ol o

maximum input voltage which could safely be accommodated by the
loudspeaker without leading to excessive distorticn or mechanical
failure of the voice-coil.

Calibration of the receiving system was accomplished simply by
recording the deflections produced at the recorder for known inpu:
signals and adjusting these figures to account for the receiving
sensitivity of the hydrophone. Pertinent calibration data obtained for

the loudspeaker and hydrophone are summarized in Table II.

Practical Considerations in the Design of the Experiment

The choice of the various parameters of the corrugated surface

1 models, as well as the selection of the excitation frequencies used in
the tests, were heavily influenced by the performance characteristics
of the acustic source and the anechoic tank. In order to develop
sufficiently high source levels when using; NBRN, it was necessary to
restrict the source center frequency to values not in excess of about
20 kFz. However, even if this limitation did not exist, it would be
dif.icult to employ source frequencies much higher than this due to

{ the accuracy requirements which the use of such short acoustic




Table II

SOURCE AND RECEIVER CALIBRATION DATA

Frequency gggi
(kHz) (dB re 0,002 pbar
and 1 my at 30 ft.)

8 50.0
9 47.8

10 46.5

11 46.5

12 46.5

14 47.5

16 53.0

18 51.5

20 46.0

a d X
University Sphericon Tweeter

bAtlantic Research LC10 hydrophone.

108.
106.
105.
104.
103.
102.
105.
105.

105.

2

5
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Sensitivigzg
(dB re 1 volt

and 1 pbar)
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wavelengths would impose on the fabrication of the surface model.
Instead of the comparatively simple heat forming process used in the
construction of the models used here, it would be necessary to utfiize
much more precise construction techniques, as well as to provide much
more sophisticated apparatus to measure and maintain the various
physical parameters used in describing the experiment.

The lower frequency limita.ion of the experimental procedure arcse
as a result of two considerations., First, the acoustic absorption of
the tank liner was highest in the frequency range near 20 kHz and
diminished drastically for frequencies below 10 kHz. Consequently,
any data obtained for frequencies below 10 kHz was questionable due to
the reduction in received signal-to-noise ratio caused by the increased
reverberation in the tank. Secondly, for the longer wave lengths, it
became increasingly more difficvwlt to acoustically mask the unused
surface of the tank, and the existence of stray acoustic paths which
bypassed the region of the corrugated model began to seriously degrade
the quality of the data. Thus, it was concluded that meaningful data
could not be obtained for frequencies less than about 10 kHz.

With excitation center frequencies limited to the 10 to 20 kHz
rance. the design of the corrugated models was undertaken as a
compromise between requirements which tend to favor the use of models
of large physical size and those which favor the use of smaller ones.
Whereas larger overall size permits a greater amount of the incident

energy to be transmitted into *the water and also allows a larger number
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of undulations to be used, larger models suffer from the disadvantage
that the receiver must be located at a greater distance from the
interface in order to be in the far field of the extended radiator at
the surface (the corrugated model). With the depth of the receiving
hydrophone limited to nine feet with the sweep system installed, it
appears that the use of surface models larger than about one foot on a
side could lead to difficulty, especially at the lower frequencies.

In practice however, it was found that somewhat larger corrugated
models could be used and useful results obtained even in the near-field

of the corrugated model.




CHAPTER 1V

DISCUSSION OF RESULTS

Comparison of Theory with Experiment

In this section, the th=oretical data obtained by numerical
evaluation of the Transmission Equation [Eq. (2.31)] are compared to
experimental data obtained for the case of air-to-water sound
transmission using the experimental program described in the previous
chapter., Of particular interest is the examination of the accuracy of
the theoretical predictions for sound transmiss:on through a number of
surface model corrugations designed with various waveheights, slopes,
corrugation wavelengths and radii of curvature.

The results of the data comparison are presented below for each
surface model in turn. beginning with model No. 1. For each model,
test results are presented for various excitation frequencies beginning
with the lowest one. This order of presentation is then continued for
each successively larger loudspeaker tilt angle used for that particular
surface model. For lovdspeaker inclinations different from zero, the
actual location of the loudspeaker is to the left of an imaginary
vertical line passing through the center of the surface model. With
respect to the curves given, these positions then correspond to

positions to the left (negative side) of zero.
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Figure 8 is a comparison of thecry and experiment for surface
model fo. 1, the largest of the models. The data was taken at a test
frequency of 10 kHz with the axis of the loudspeaker aligned with the
vertical line passing through the center of the surface.

Figures 9 through 11, inclusive, also represent data taken with
zero loudspeaker tilt angle, although at higher frequencies. For this
model surface, normal loudspeaker incidence (zero tilt angle) produced
the least ;ccurate match between theory and experiment. Even so, the
data can be seen to agree well with respect to average transmitted
pressure level, and the differences which do exist tend to be confined
to the finer details of the pattern shapes. However, for the highest
frequency used, 20 kHz, Figure 1l shows that even the finer details of
the pattern are in close agreement with theory.

The somewhat irregular appearance of the exprerimental data is
attributed to two factors: the fluctuation in the excitation signal
which arises out of the requirement to use very narrow bandwidths at
the loudspeaker input to produce adequate radiated power levels with
NBRN excitation; and the spatial irregularities caused by partially
coherent reflections. 1In fact, some rather pronounced excursicns are
often associated with the edge of the plots (the ends of the acoustic
tank) and particularly for cases in which a null should appear in the
data. This is due to the fact that equipment installed at the corners
of the tank to support the hydrophone pesitioning apparatus leads to a

higher incidence of reflections as the receiving hydrophone approaches
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the limits of its sweep. For example, irregularities in the data which
appear to arise in this way are seen in Figure 8 in the region to the
left of the figure and in Figure 11 at horizontal sweep positions
between 25 and 45 inches on the right side of the figure.

Figures 12 through 16, inclusive, are for a loudspeaker tilt angle
of three degrees and frequencies in the 10 kHz to 20 kHz ranmge. 1In all
cases, agreement between average transmitted levels and fine pattern
detail is well within expected experimental limits for a large region
containing the principal lobes of the transmitted scund field. Again,
the agreement between theory and experiment tends to improve with an
increase in frequency and for the highest frequency 20 kHz (Fig. 16),
it is exceptionally good throughout the entire sweep range. Figures 17
through 22, inclusive, represent data for a speaker tilt angle of six
degrees. Agreement between theory and experiment is again very good
for all frequencies in the 10 kHz to 20 kHz range.

Figures 23, 24 and 25 show data taken for the model 1 surface at
eight degree speaker tilt angle. These curves, and especially that of
Figure 23, indicate a tendency for stronger lobes to concertrate in the
region beneath the actual location of the source which, in this case,
is located in the air mediuvm at about the 13-inch horizontal position.
This is obviously not a general property of the transmitted sound field
patterns, however. At least for small changes in the loudspeaker
angle, some tendency for the sound field pattern to retain its shape

but shift its relative position in response to changes in louspeaker
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angle (position) was also noted. Usually, the amount of the pattern
gshift can be estimated ueing Snell's law. This is to be expected
since the portion of the loudspeaker pattern which insonifies the
surface model is essentially omnidirectional. Hence, if the surface
section was very large, one could expect the basic underwater sound
patterns to be spaciaily repetitive or periodic (with respect to a
vertical reference line through the source) as the source is moved in
a given horizontal direction.

Figures 26 through 31, inclusive, are examples of underwater sound
field data compiled for surface model No. 2. This corrugated section
actually consists of just a single large wave, but has the highest
value for the waveheight (H) and wave steepness figure (ZH/lS) of any
of the model corrugations used. The slope of a tangent drawn at the
point of inflection of this wave has an inclination of about 32
degrees. Even so, it is seen that satisfactory agreement between
theory and experiment is again obtained for all frequencies an. angles
of loudspeaker inclinations used. The tendency for the pattern details
to agree more closeiy as the frequency is iacreased is again noted in
the data,

The satisfactory agreement between theory and experiment for the
transmitted sound fields of models No. 1 and Nu, 2 at frequencies
between 10 and 20 kHz indicates that the theory is prooably acceptable
when used for frequencies somewhat below 10 kHz. Unfortunately, this

could not be substantiated with the acoustic tank used because data
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below 10 kHz was not considered valid for the reasons previously
discussed.

Figure 32 is an example of a comparison between theory and
experiment for surface model No. 3 at zero degree loudspeaker
inclination and at a moderately high (16 kHz) value of excitation
frequency. The agreement between the two curves is satisfactory
although sufficient definition of the three center lobes which should
be present on the experimental curve is lacking.

Generally, it was found to be difficult to obtain experimental
transmission patterns that were well defined and symmetrical for this
surface model and for the vertical loudspeaker position. Although all
the tests carried out at 12 kHz and above compared very well with
respect to the transmitted pressure levels, Figure 32 represents the
best pattern shape agreement obtained during the zero degree loud-
speaker tests. It is felt that mechanical inaccuracies in the
construction of the model surface were largely responsible for the lack
of pattern symmetry observed.

Figures 33 through 36, inclusive, were obtained for a loudspeaker
tilt angle of three degrees. Comparison of the data obtained at 10 kHz
(Fig. 33) with that obtained at 12 kHz (Fig. 34) illustrates that
satisfactory agreement between theory and experiment is lost in the
vicinity of 10 kHz (and probably for frequencies below this value).

At these low frequencies, the experimental data is at variance with the

theory, particularly with regard to the existence of a broad null just
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to the right of positions directly below the center of the surface
model. Although an experimental null in the region of about +17 inches
is almost non-existent at 10 kHz, a broad null at about -30 inches does
appear at a frequency of 12 kHz and is illustrated by Figure 34, Thus,
it is at frequencies of 12 kHz and above that the experimental data
begin to display increasingly better agreement with theory. For
example at 16 kHz (Fig. 35) and at 20 kHz (Fig. 36), both pattern
shapes and overall levels are in good agreement.

Figures 37 through 41, inclusive, represent model No. 3 trans-
mitted presiure data at a loudspeaker inclination of six degrees. As
in the case of three degree inclination described previously, the data
taken at 10 kHz disagree with respect to the existence of a dip in
transmitted pressure in the region to the right of zero inches.
However, in this case, the discrepancy is rather small because the
pressure dip is not pronounced. For the data at 12 kHz (Fig. 38), there
is a broad null in the region of +50 to +70 inches and, again, the
experimental data also displays a null in this region at this higher
frequency. At still higher frequencies, such as 16 kHz (Fig. 39),

18 kHz (Fig. 40) and 20 kHz (Fig. 41), agreement between theory and
experiment once again is very good.

The final collection of experimental data to be examined is that
which illustrates the transmitted sound field data for surface model
No. 4. Referring to Table 1, it can be seen that this surface model is
designed with a value of slope factor (2H/ks) smaller than that of

either models No. 1 or No. 2, but twice that of model No. 3. However,
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the wavelength of model No. 4 is identical to that of model No. 3, so
that the effects of increased slope and curvature on the accuracy of
the theory may he examined.

As had been expected, the pronounced curvature of model No. 4 is
sufficient to produce a situation in which the geometrical optics
solution proves to be deficient for predicting the experimental data.
In fact, for this surface, agreement between the data is generally poor
thrcughout the 10 to 20 kHz frequency range and for small speaker tilt
angles. For example, Figure 42 illustrates such a comparison of data
at 12 kHz and 3 degree tilt angle. Although the average predicted
pressure levels in this case tend to agree within a few decibels, the
patiern shapes display little similarity. The same cecuclusion is
reached for data taken at higher frequencies such as that fer 14 kHz
(Fig. 43), 16 kHz (Fig. 44), 18 kHz (Fig. 45) and 20 kHz (Fig. 46).
Furthermore, from these lata, it does not appear that any trend yet
exists toward increased agreement between the curves for higher
frequencies although such a trend is to be expected. 1In fact, the data
at 20 kHz is in particularly poor agreement. It is likely that
frequencies much higher than those available for these tests would need
to be used before such a trend becomes discernible.

Model No. 4 transmitted sound field data for six degree loudspeaker
tilt angle is included as Figures 47 through 51. Althcugh the curves
still do not agree as closely as they do under similar circumstances

using the other model surfaces, the agreement is much improved over




that obtained at three degrees. For the frequency range 12 to 18 kHz,
average predicted pressure levels are very close tc experimental data
and the pattern shape details are generally acceptable. However, the
data at 20 kHz (Fig. 51) once again must be considered one of the
poorest cases.

In additicn to demonstrating the accuracy of a mathematical model
for the transmission problem based on a solution of the geometrical
optics type, the above comparisons between theory and experiment
provide useful insight into the limitaticns imposed by the use of such
a theory. One of the limiting conditions on the theory which is
illustrated by the above work is that imposed by the use of acoustic
wavelengths which are approximately equal to or greater than the
corrugation wavelength. At such frequencies, it appears that detailed
transmitted pattern information cannot be predicted accurately by the
theory. Although the actual conditions under which the theory begins
to break down are rather vague due tc the subjective nature of the
processes involved in matching pattern shapes, it appears that gradual
loss of the ability to predict pattern shape prcvides tre first
indication of theory deficiency. Substantial discrepancies in
predicting average pressure levels tend to cccur only when tre acoustic
wavelengths are increased still more. This is an expected result,
since it is the phase relationships between the transmitted rays
reaching the receiver which largely establish the characteristics of

the transmitted sound field pattern. Thus, substantial variations in
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the pattern shape details arise from only relatively small discrep-
ancies in predicting these phase relationships.

As an example of this limit on the theory, consider the data
obtained for mcdel No. 3 at 10 kHz (Fig. 33 and Fig. 37). For either
loudspeaker angle, noticeable differences in pattern shape are observed
between theory and experiment at 10 kHz, but these disappear when the
frequency is raised to 12 kHz (Fig. 34, three degree speaker angle) or
to 11 kHz (Fig. 38, six degree speaker angle). There also appears to
be some tendency for the data to agree somewhat more closely at a
given frequency as the speaker inclination is increased, but inasmuch
as the loudspeaker pattern in the region of the interface is
essentially omnidirectional, the improvement noted is probably due to
the spatial relationship of the loudspeaker tc the undulations below
it rather than on its inclination, per se.

It is important to note that these apparent deficiencies in the
theory occur for this model surface (Nc. 3) at the frequency for which
the acoustic wavelength in one of the media equals the corrugation
wavelength. Specifically, Table 1 shows that the wavelength in water
(the high velocity medium) is equal tc the corrugation wavelength at
10 kHz. Finally, we remark that the tendency for the geometrical
optics solution to be deficient when the acoustic wavelength in either
medium is comparable to or greater tran the corrugation wavelength also
appears to be indicated by the work or Asano (1966) which was cited

previously. His theoretical data for plane wave incidence on an
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extended corrugated surface shows that the low-order coefficients of
his series solution for the transmitted potential tend to vary very
rapidly with frequency in the type of situation described above, and
that the range over which these coefficients vary increases with the
velocity contrast between the two media. Evidently, the observed
"ingtability" of the series coefficients relates to the convergence of
the series solution and to the tendency of the geometrical optics
solution to be deficient at lower frequencies. The limitation on the
theory described above may be referred to 2s a lower bound on the
applicability of the geometrical optics-type solution to the trans-
mission problem. The method can also fail at frequencies above those
dictated by corrugation wavelength considerations alone, however, and
these attendant limitations arise as a consequence of other assumptions
made in the development of the theory.

Comparing the data obtained for mcdel No. 4 with the results
obtained with the other model surfaces provides an appreciation cf the
effects of other parameters on the applicability of the thecry. For
this model corrugation, the predictability of pattern detail., in
particular, was generally poor even up to 20 kHz, with the excepticn
of data taken at six degree loudspeaker angle and frequencies of 14
and 16 kHz. Obviously, corrugation wavelength considerations alone do
not explain these observations since the wavelength of model No. &4 1is
identical to that of model No. 3 for which accurate results were

obtained above 10 kHz. Neither does the influence of large waveheight
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nor large slope account for the difference since both model surfaces

" No. 1 and No. 2 have substantially higher waveheights and steeper slope
figures than model No. 4. One.feature which does stand out, however,
is the fact that model No. 4 has a minimum radius of curvature

(rc‘ = 1Amszﬂ) of about one-half of that of the other models. Thus, it

r is likely that the poor agreemeﬁt between theory and experiment for !
this model can be attributed to the inapplicability of the tangent i
plane approximation for the frequencies used.

To test this supposition, we note that Park and Erteza (1969) give

brekhovskikh's criterion for the validity of the tangent plane

approximation as:

4nrc cos >\ |, (4.1)

where r is the radius of curvature and @ is the local angle of

incidence. Evidently, the wavelength (A) refers to that in the high

velocity medium.

The influence of the local angle of incidence is difficult %o

; consider in the present case, since it takes on many different values
along the surface (as does rc). However, if we assume that this term i
is equal to unity, we may still obtain estimates on the limits of tte :
tangent plane approximation as follows. Rewriting Equation (4.1) in

terms of the excitation frequency, f, we obtain the inequality

C

2
Aﬂrc c (4.2)

f >
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Using the fact that the trausmitted sound field pattern of surface model
No. 3 can be accurately predicted by the theory at frequencizs as low
as 10 kHz, inequality (4.2) indicates that the limiting frequency for
the tangent plane approximation for this surface is at least of the
order of 15 times the characteristic frequency factors, czldnrc. Note
that, for model No. 3, the tangent plane approximation is valid for
frequencies down to the region where %w = XS, but at these frequencies,
the tangent plane approximation must surely fail unless the waveheight
is oriy a small fraction of the acoustic wavelength. Extrapolating
our results for model No. 3 to the case of model No. 4, then,
inequality (4.2) indicates that the tangent plane approximation is

invalid unla2ss the frequency used with model No. 4 exceeds 20 kHz and

this conclusion substantiates our previous observations.

Discussion of Experimentsal Discrepancies

During this investigation, supplementary work was carried out in
an attempt to estimate expected discrepancies between theory and
experiment and thus provide a reasonable basis for evaluating the
accuracy of the solution techniques. As already indicated, comparisons
of computed results with experiment indicated that generally good
agreement in both pattern shape and acoustic levels was cobtained for
those cases in which very low frequencies or very severe corrugation
properties (small rc) were not encountered. It was also discovered,

however, that there were cases for which optimum agreement between
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theoretical and experimental curves required some minor adjustment of
the X-axis spatial-reference position between the two curves. Proper
adjustment of the zero reference then resulted in coincidence of the
two patterns. Since there was strong correlatior between the amcunt
of adjustment required and the date on which various experiments were
carried out, it was clear that these adjustments were required due to
the presence of various mechanical crrors in the expeirimental setup.

Some of the poscible errors that were considered to be contrib-’
uting to the existence of this pattern dislocation effect include, in
order of importance:

1. Errors in the measurement of and uncertainty in the
position, orientation, and alignment of the loudspeaker
source, the model surface section, and the underwater
receiver,

2. Physical errors in the slope, size, and construction
of the model corrugations.

3. Flexing and bending of the model due to stresses
applied by ballast weight and hydrostatic pressure.

The type of laboratory or theoratical checks that were made to
assess the independent effects of position, orientation, and alignment
errors included:

1. Rotation of the surface model by turning it end-for-end

to check for pattern variation when the direction of

corrugations are reversed; this evaluates the physical
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symmetry of the corrugated model and provides a check
on how accurately the surface level can be established.
Rotation of thie speaker Qbout its axiz to check for
alignment of the mechanical and apoustic axes.
Movement of the surface model to different locations
in the tank to establish repeatability of established
test conditions and check uniformity of the underwater
acoustic environment,

Introduction of small angular errors into speaker and
surface model orientation to observe the effect on the
pattern.

Introduction of a small positioning error into the

location of the speaker relative to the surface model.

As a result of tests of the type described above, the following

conclugions were reached regarding the relative importance of various

parameters on the horizontal positioning accuracy of the experimental

underwater sound field:

1.

Rotation of the surface model affects the structure

of the main lobes somewhat and can result in uncertainty
in the positioning pf'the'nuils in the data by as much
as 12 inches. This effect is complicated by its
dependence on speaker angle, hydrcphone depth, frequency,
and corrugation characteristics. This, of course, is

true of most of the errors that were examined.



2. No minalignment of mechanical and acoustic axes could
be discerned for the loudspeaker.

3. Reestablishing experimental conditions demonstrated that
repeatability of patterns is uncertain wit.. regard to
null positions by distances of the order of 2 inches.

4. CLrrors in measuring the speaker ard surface model
inclinations are very important. A surface inclination
uncertainty of about 2 degrees was observed to affect
the resulting underwater sound pattern by zbout 10 to
15 inches (horizontally) at a 9 ft. depth. Changes in
speaker tilt angle of about 1 degree, for nominal
inclinations near normal, can result in pattern ahifts of
the order of 10 to 12 inches at a 9 ft. depth.

5. Small variations (of the order of 1 inch) ir the
loudspeaker height have no appreciable effect on
the pattern. However, inaccuracies in the horizontal
displacement of the speaker relative to the center of
the interface are significant. Here, measurement errors
cf as little as ! inch can cause pattern position errors
of the order of 5 to 10 inches.

There are other sources of error but these were considered to

ingignificant and no evaluation of these were therefore attempted.

These include discrepancies introduced by:

49
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1. Approximation errors arising frow the use of a

plecewise planar approxiﬁntian to the surface geometry.

2. Neglecting multiple scattering of sound at the

interface (in air and in water).

3. Truncation and round-off noise produced by the

computer program during the execution of the
arithmetic operations.

As a result ¢f the above work, it was concluded that the
uncertainties experienced in the substantiation of the computat:onal
procedure were within reasonable tolerances, and that experimental
results were generally in good agreement with theorv except in those

cases for which the geometrical optics sclution does not apply.

Examples of the Use of the Approximate Ciosed-Form Solution

In this section, several examples are provided to illustrate the
use of the approxir .te closed-form solution derived previously and to
entablish the usefulness of this method as an alternative to direct
numerical integration of Equation (2.31).

A comparison of the results of the approximate solution with a
representative set of experimental data is presented as Figure 52.
Here, the experimental data, previously presented in Figure 36 (model
No. 3 at 3 degree loudspeaker angle and 20 kHz), is compared with the
results of the approximate solution., It can be seen that very gcod
agreement between theory and experiment has been obtained. Further,

comparison of the approximate theoretical solution of Figure 52 with
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the theoretical data presented in Figure 36 shows that the two methods
lead to very similar results.

For the theoretical data of Figure 52, the number of stationary
phase points found within the interface boundaries averaged about eight
and was evidently sufficient to produce adequate definition of the
shape of the transmitted sound field pattern. There are casec,
however, when tte location of the source and receiver, as wéil as the
interface size and geometry, lead to only a very few stationary phase
points. For example, Figure 53 is a comparison of theoretical data
obtained for a corrugated surface with a waveheight equal to that of
model No. 4, but with a larger wavelength specification. Note that
these data are computed for zero source angle and a symmetrical
interface; thus, the patterns are symmetrical about the zero-inch
reference point.

For eight foot source height and nine foot receiver depth
specifications used in Figure 53, only one stationary phase point was
found with the receiver in the regions of zero to 47 inches and 77 to
110 inches. For this reason, the approximate solution tends to predict
values closer to the average pressure levels in these regions an& fails
to account for the large variations in the received pressure level
caused by interference effects. For the region between 50 inches and
75 inches, three stationary phase pcints exist and it can be seen that

this leads to much better prediction of the transmitted pattern shape.

ottt pora oot e s s b < 0
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Figure 54 is another comparison between the two theoretical
methods, assuming the same corrugation properties previously used in
Figure 53, but at 40 kHz excitation frequency. Only the region between
50 inches and 75 inches leads to more than one stationary phase point
and one again notes the tendency for the approximate solution to
predict average levels rather than the pattern detail when only one
statonary phase point exists.

To illustrate the substantial improvement in the approximate
solution in cases for vhich a larger number of stationary phase points
exists, refer to Figure 55. Here, the transmitted sound field is
again computed for an interface with the same corrugation prppérties
used in Figures 53 and 54, but with the source height increased to 20
feet. 1In this case, a larger portion of the interface irs insonified
by the source and the stationary phase points become more numerous.
The data is once again sy:metrical about the zero-inch horizental
reference point and the generally good agreement between the two
methods is clearly evident. Although the number of stationary phase
points is about three, on the average, only one stationary phase point
was found for data in the regions from zero to 10 inches and again for
the region from 50 to 62 inches.

This particular case (Figure 55) provides an excellent example of
the utility of the approximate closed-form solution for predicting the
transmitted sound field for an extensive interface. It wus possible to
obtain data for this case with only about two percent of the

expenditure of computer time required by the numerical integration of

Equation (2.31).
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CHAPTER V

SUMMARY AND CONCLUSIONS

Statemen of the Problem

With the development of increasiﬁgly more sophisticated equipment
to measure, record and analyze underwater acoustic signals, it has
become evident that the usefulness of underwater acoustic sensors can
be enhanced by extending their range of application to the reception
and detailed analysis of underwater acoustic signals produced by
airborne sources. However, in order to fully exploit any capability of
processing or otherwise utilizing acoustic energy transmitted between
fluids in general, more detailed knowledge is required of the
processes involved in the transmission of acoustic energy between fluid
media separated by arbitrary boundary geometries. To advance our
understanding of these processes, this investigation was undertaken
with the intention of developing practical techniques for solving the
important basic problem of sound transmission from a monopole source
through a finite, corrugated boundary between fluid media and to
corroborate these techniques by means of laboratory data obtained for

the important case of air-to-water sound transmission.

Procedure of the Investigation

The subject matter of this investigation is divided into two major

sections. The first of these deals with the theoretical aspects of the
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study aud includes:

1.

The derivation of mathematical models, based on &
particular form of the Kirchoff radiation integral,
which may be used to compute the properties of the
reflected and transmitted sound fields of a monopole
source after its modification by a finite, uneven,
fluid-fluid boundary composed of regular corrugations
(sinusoidal undulations).

The development of approximate closed-form solutions
to the transmission integral described in (1) above
which are useful in the study cof sound transmission
through certain extended interfaces which are
insonified by high frequency sources.

The reduction of the equations involved in both the
integral solution and the approximate closed-form
solution (for sound trausmission) to digital computer
programs in order to facilitate their numerical
evaluation.

Examples of the practical application of the
mathematical models by computing the transmitted
sound rield in nuﬁerous cases for which independent

evaluation of the quality of the solutions can be

_carried out.
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The second major section of this study concerns the experimental !
corroboration of the transmission integral, and the related
computationsl model, v means of experimental data obtained for the
case of air-to-water sound transmission through several finite,

corrugated interface sections.

Discussion of Result:

The most significant resclts obtzined during this study were the
development and experimental corroboration of practical techniques for
predicting sound transmission through a finite, fluid-fluid interface
of sinusoidal cross section. These tests of the theory were carried
out by utilizing four laboratory models of corrugated surface sections.
These model corrugations were designed tc simulate different
corrugation properties of the interface and were fabricated
specifically for use in obtaining data on the problem of sound trans-
rission from air to water. Thus, by varying both the orien* -tion and
frequency of the loudspeaker soirce used to inscnify each model surface
cection, underwater sound field data for transmission through
corrugated boundary surfaces was obtained over a comparatively wide

range of test parameters and for two fluids of widely different

acoustic impedance. For the first three of the four model surfaces,
i.e,, those designed with parameters within the presumed range of
validity of the theory, very good comparison between theory and
experiment was generally noted for all frequencies used, thereby

corroborating the theory.
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Model No. 4, which was designed with more severe corruge:ion
properties, was employed to obtain infcrmation on the limitation of the
theory when it is applied to a surface geometry containing regions with
small radius of curvature. As expected, use of this corrugated model
interface produced marginal results when the experimental data was
compared to the predictions of the theory, particularly with regard to
the lack of agreement which was displayed by the spacial details of the
transmitted sound field patterns. From these data, it was shown that
the principal !imitation of the theory arose at low frequencies as a
result of the inapplicability of the tangent plane approximation used
in fitting the boundary conditions at the uneven interface. Using a
form of Brekhovskikh's criterion (4.2) for the applicability of the
tangent-plane approximation, arn order-of-magnitude relation was
proposed to predict the lower frequency limit for the theory in terms
of the velocity of propogation in the water (the high velocity medium)
and the minimum radius of curvature of the corrugated boundary. It was
shown that the least lower bound on the theory occurred when tte
acoustic wavelength in one of the media was equal to the corrugation
wavelengtl:.

To demonstrate the use of the approximate clcsed-form sclution to
the transmission integral, several exemplary solutions obtained with
this technigue were compared with correspcnding ones obtained by direct
(numerical) evaluation of the integral. It was shown that, even when

only a very few stationary phase points exist, the appreximate
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solution predicted the average transmitted pressure level reasonably
well, However, the best results were obtained when the interface was
large and moder;tely rough and the source and receiver were not too
close to the interface. In such a case, the stationary phase points
are sufficiently numerous to permit a good approximation to be made to
the shape of the transmitted sound field pattern as well as to the
average pressure level. Noteworthy is the fact that the approximate
closed-form solution works well in situations involving comparatively
large interfaces--situations in which numerical evaluation of the

transmission integral requires a lerge amount of computational effort.

Conclusions and Specific Contributions of This Study

As a result of this investigation, theoretical solutions have been
obtained for the problem of transmission of sound from a mcnopole
source through a finite corrugated boundary separating two fluid media.
These solutions have been shown to be valid in the limit of geometrical
optics for interface geometries which do not contain undulations with
a minimum radius cf curvature of the order of o wavelength of sound
(or less) in the high velocity medium.

The specific contributions of this study can be briefly outlined
as follows:

1. Integral expressions were derived to predict the

transmitted and reflected potentials due to the
impingement of sound from a monopole source on a

corrugated interface separating two fluid media.
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For the case of sound transmission thrcugh a corrugated
interface, the integral expression for the transmitted
potential was reduced to an approximate closed:form
solution valid in the limit of geometrical optics.
Empirical data was obtained on the transmission of
sound through several finite corrugated air-water
boundary sections for various excitation frequencies
and source orientations., It is believed that this

is the first time that experimental data has been
reported on transmission of vibrationzi waves through

a rough boundary between fluids.

Computational techniques wer: developed tc 2valuate

the trunsmission integral described in (]) above and
the approximate closed-form solution described in (2).
Extensive comparisons were made between the theoretical
results obtained by evaluating the transmission integral
and the experinmental data described in (4) above. These
comparisons were used to corroborate the theory and to
illustrate the conditions under which the accuracy of
the theoretical procedures will be maintained.
Practical examples were provided to demonstrate the

use of the approximate closed-form solution and
comparisons were made with other data to illustrate

its suitability as an alternative tc numerical

integration of Equation (2.31).
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Figure 1. Geometry for Transmission and Reflection
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1

Surface Model No.

Figure 2,
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Surface Model No. 2

Figure 3
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Figure 4. Surface Model No. 3
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Figure 5. Surface Model No. 4
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APPENDIX A

EVALUATION OF AN INTEGRAL BY THE STATIONARY PHASE METHOD

Consider the integral

y 2 2
[l i . of WRY
L= i;ﬁ”‘" 3 [ak 2l - ki) {ak 200 - ki)
-0 1x 1z
2
O Fl o
+2 [aklxaklz]o (ke = ki) ey - k) 1k dk),

Making the substitutions

and

aklxaklz 9

it can be rewritten as

o]

I
-0

L flep 22 o) + 2 o)

1x

B =k,
X = k2x
y = kZZ
+ 2 § (x-a) (y-B) ] Ixdy

v et s v et h
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Completing the square within the braces and rearranging the result

gives:
00 2 [ ]
I= fexp 3 (-»)? ®- £ ¢y /;xp 2 x-0) + £ -1 ax

In the rightmost integrsl, make the substitution:

u = (x-Q) +§ (y-B)

and the integral may be rewritten as

£ iauz L3

n
je 2 du=2ﬁcos%u2+isin%uz]du
«® .0

- ]
a 2
2 (1+i)fcos 3 u- du
0

() G2

L]

Substituting into the original equation, we have:

-]

. 2
1= ) G2 fe Liom? 6- 20 o

-0

In this equation, let

1 c2
3 (b- ;—) =7

and introduce the change of variables

u=y-B

-




T —"

then

I =

L]

2
ira
aw @V [T a

«

vhich is

I=2ni (2a7)"Y/2

or, in terms of the original variables,

2 2 2
AV oV oV
I =2ni | 1. [ ], - [S——]
20 ' 2 Yo T Sk 5%
8k1x °k1z 1x" 1z

2
0

-1/2
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APPENDIX B

COMPUTER PROGRAM FOR NUMERICAL INTEGRATION
OF THE TRANSMISSION INTEGRAL

The digital program included in this Appendix was written to
provide a means for numerically integrating the transmission integral
(2.31). The method employed is that of carrying out the d.uhle
sumnation suggested by the integral, using small x and y intsrvals
whose size 1s set by specification of the parameter DELTA. The
successive contributions to the final result are summed within the
double DO loop using double precision arithmetic. Within the inner DO
loop, the sign of the quantity in the Snell's law radical is checked
and solutions representing negative values of this quantity are cast
out since they represent cases in which incident rays make an angle
with the normal to the surface which exceeds the critical angle.

One difficulty which can be foreseen with the use of this version
of the program is the loss of accuracy which can occur when the "ray
path lengths" (k1R0+k2R2) become very large. In such cases, it is
well to restructure the compufations'méde to account for relative
phase delays at the receiver iﬁ ofder to_avéid loss of precision in
summing the various contributions to the maénitude of the total

transmitted potential (or pressure).
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NUMERICA, EVALHATION OF IRANSﬂlSSIQN INTFGRAL

CALCULATION OF QATIN OF TRANSMITTED PRESSURE TN INCINFNT PRESSURE
FOR THF SOLUTION NF THE URNBLEM OF SOUND TRANSMITTFD FROM A
MAONNPOLE SHURCE THROUGH & CHORRUGATED FLUID ANUNGARY

JaMACALIISO DR 10717769 VERSION 3

INPUT UNITS ARF T QE SUPPLIFND IN FT,LRSFT/SFC.LAS/FT*%2 ,KHZ §
DFGRFES, APPROPRIATE UmIT CHNVFRSINNS ARE MANF AY THF PRINGRAM,

LEST (3F SYMHILS FilR PRINCIPAL YARTARLFS

symMary NESCRIPTINN Ik FOUATINN
ANS RFCFIVFI) PRESSURF AMP RF SNIRCF AMP
ANSY 2081, 1G§ ANS)
() VELOCITY NOF PROPHIGATIAN=MENTIIM ]
c? VELOGITY OF PROPIICATIUN-MERTIIM
NFLTA X AN Y INTERVAL SI7E
FREQ FREOIENCY DOF SOURCF
GAMMA CORRUGATINN PHASF ANGLE
“ CORRUIGATINN AMPLITUDE
NX NUMRFR OF GRIN POINTS IN X DIRFCTINN
N7 NUMRFER NF GRID BNIMTS IN 2 BIRFCTINON
PHASF SOHIRCF TN RECFIVER PHASFE CHAMGE
RHNY NDENSITY OF MENIHM |
RHO? NENSTITY OF MENTUM D
RO NISTANCE FRNM SIHIRCF TO INTFRFACF
R? NISTANCF FROM IMTERFACF TN RFCFIVFR
SRCHT SOURCE HEIGHT
T PERIND OF CORRUGATION
WS = TWPI/T
X1,21 VARJARLFS OF INTFGRATIIN
XSTRY INTTIAL VALUF OF X
YZ7ERN = HECOS(WIAXT =GANMA)
X24¥?2472 RFCEIVER CANRNINATES
ISTRY INITEAL VALUF OF 7
RFLL Kl.X?2

RFAL*R TMAGY, TMAR?

NAMFLIST/DATIN/RHNT gC1 ¢RHN2 4 C2e Hy ToGAMMA o SRCHT (NFLTAWXSTRT(Z2STRT,
1FRENNX N7 /REVRPT /X2, Y2472 X2INGY2INGZ2IN/IMIT/ANSANS] ,TMAGY ,TMAG2
7« EPHSF

READ{S¢2) RHNYHCLoRHN2 ¢C79Ho ToGAMMA, SRCHT ,DFLTAXSTRT 4 ZSTRT 4FRFND,
INX NZ
FARMAT(12F5,1,2156)
WRITF(6,0ATIN)
VLG Ao 2Rl0 DO TR
FREO=FRFOX1NNN,
W= TWNRT/T
GAMMA= GAMMAX{ TWOPT /360, )
CRATIN= (2/C)
REAN{G6,46)X%X2,Y2,72
FORMAT(3F1IN,3)
X2 IN=X?2%12,
Y?2INzY2%1?7,
72IN=72%12,




)

WRITF({6,RCVRPT)
5 1F{Y2.,EQ0.,N,) STNP
Kiz (THOPIRFRIFQ)/CY
K2z (TWNPI*FREQ)/C?
A TMAGL=D,
TMAG2=0,
7T DO R T=1,NX
XTz XSTRY + [%xNFL.TA=-DFLTA/2,
YZIER( = HCNS(WSRX [~GAMMA)
NYZRMN= WSEHXSIN(KSEX[-GAMMA)
FCTR1= (SROHT=Y7FRN=-X]%NYZRN)
FCTRIP = FLTR) %%
PN R jJ=1,N7
712 ZSTRT + U=%DELTA-DFILTA/2,
RN2= (XI%%R2471%%24(YIFRN=SREKHT ) %%2)
R2 = SORT((X2=X1)%%x24(72=71)%%24(Y2-YIFR(O)%%D)
RO=SORT(RM?)
FCTR2= ROD%E(] ,+NV7R(O%%2)
RANDICL=z (1.~=CRATIO#%2)%(FCTR2/FCTRIP)+ CRATI1I%%?
IF(RADICL.LT.N, IGN T 8
FCTR3= RHNI%(C2+ RHNIRCI%SORT(RADICL)
FCTR4= (*CTRI/Z{ROXSQRT(L.+NYZRO%%2)} )+ 140
DELMG= ((FCTRAX(NFLTAXX2))/(ROXR2%XFCTR3) JRSQRT(1,+NYZRO%%?)
PHASE = K|%RN+ K2%R?
PHASE= AMNN{PHASE, TWo )
TMAGYI= TMAGL+ DFLM;ECOS (PHASE)
TMAG2= TMAG? + DELMGESTIM(PHASE)
R CONTINUE
FPHSE= TMAG?/TMAG)
FPHSE= ATAN(EFHSF)
FPHSE= AMNN(FPHSE, TWOPT)
FPHSFE=EPHSE®(360,/TWOPY)
ANS=  RHN?%FRFOXNSNRT( TMAGT#% 24+ TMAG2%% )
ANSY= (ALNGIN{ANS)) %20,
WRITE(&,MIT)
60 TN 3
FND

120
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APPENDIX C

COMPUTER PROGRAM FOR EVALUATION OF
APPROXIMATE CLOSED~FORM SOLUTION OF

TRANSMISSION INTEGRAL

The digital program included in this Appendix was written to
facilitate evaluation of the roots of the stationary phase relations,

Equation (2.39) and (2,40), for the specific case z,=0 and thereby

2
to compute the transmitted pressure. This particular program obtains
the stationary phase points in two stages or steps. First, an
estimate of the locations of the roots is found by checking the sign
of the result for Equation (2.39) as X is varied from a starting
value, XSTRT, to its final value, XSTOP, at intervals of DELTAX.
Possible real roots are indicated, and their values stored in vector
ROOTS(1), when particular successive values of X cause the left-hand
side of Equation (2.39) to vanish or to alternate in sign. After all
the possible approximate roots are catalogued in this way, these roots
are more closely approximated by the use of subroutine RIWI as the
second step in their evaluation. After locating all the points of
stationary phase, the program evaluates the total potential at the
observation point (xz,yz,O) by summing the individual contributions

using Equation (2.41), Finally, the total transmitted pressure is

calculated in decibels and presented as output.
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EVALUATION NF POINT-SOURCE CORRUGATED INTERFACF SOLUTION BY
GEOMETRICAL OPTICS APPROXIMATION OF TRANSM]SSION INTEGRAL
SURFACE FOUATION IS Y0aH*COS{WS*X-GAMMA)

SOURCE POSITIONED NIRECTLY OVER (IRIGIN

RECEIVER IN X-Y PLANE

JoMACALUSO ORL 11/20/69 VERSIUN 3 MOD 1 11/22/69%

LIST OF SYMBRNLS FOR PRINCIPAL VARIARLES

SYMRNY, NFSCRIPTION DR EQUATION
Ct VELOCITY OF MEDIUM )
c2 VELOCITY OF MEDIUM 2

n RECEIVER NEPTH
DFLTAX INCREMENT OF X FRR ROOT SEARCH

F FREQUFNCY
GAM CORRHGATION PHASF ANGLFE{NEG)
GAMMA CORRUGATION PHASE ANGLF(RAD)
H HEIGHT NF CORRUGATINN

1TER NUMRER OF ITERATIONS IN RTW]

K1 WAVENUIMRER IN MEDNTIM 1
K2 WAVENUMBER IN MENIUM 2
NN c2/C1

PHASF SOURCE TO REC PHSE ANGLE FOR XM
PHITNT TOTAL (REL) PRESSURF AT RECEIVFR
PHIRE INTERMENIATE VALUE OF POTENTIAL(RE PT)
PHYT iM INTERMENTATE VALUE OF POTENTIALIIM PT)
RHO1 NENSITY OF MEDIUM )
RHD2 NENSTITY OF MEDJUM 2
ROM NISTANCE FROM SDURCE TO STAT PHSE PT
ROOT( 1) 1'TH APPROXIMATE ROQT
R2M NISTANCE FROM RECEIVER TO STAT PHSE PT
SRCHT SOURGCE HEIGHT
T PERINND NF CORRUGATION
WS 2%P1/T

XMP TRIAL VALUE OF X IN ROOT SFARCH
XM MOST ACCURATE VALHE FOR I'TH ROUT
XSTRT STARTING VALUE OF X FOR RODOT SFARCH
XSTOP FINAL VALUE OF X FOR RDOT.SEARCH
YZERN 4 VALUE DF Y AT CCORNINATE XM

NDIMENSIAN RONTS(50)

REAL K1 4K?24NN,NN2

COMMNN NN, WS, HyGAMMA,SRCHT 4 Ny X2

EXTERNAL FCT

NAMELIST/DATIN/RHD14C14RHN24C2, ToeHySRCHT,N,Fy, GAM ,iTER (XSTRT,
1XSTNP,DELTAX,X2
REAN{S542IRHNL,CLloRHN2,C2 4 ToHySRCHTyFyGAM L ITFR
FORMAT(9FG,1,215)

IF{RHO1 .EQ0,0,)STOP

PI=3,141%974

GAMMA=GAM®(P]/180,)

REAN(S5,300) Dy XSTRT(XSTNP,NELTAX, X2
FORMAT(5€10,3)

WRITF(64NATIN)

IF(N,ENLN,) GN TO 1

TWOPI= 2,.%P1

WS=TWOPI /T

B (WSk%2)2H

Ki=z (TWOPI*F%21000,.)/C1
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K2u (TWOP I*F%=1000.)/C2
NN2C2/C1
NNZaNN#2
PHIRE=D,
PHIIM=0,
I0Xs0
NX=2(XSTOP=-XSTRT)/DELTAX +1,
AMPaXSTRT-NELTAX
NO 100 1=1,NX
XMP=XMP+NF TAX
XMPP 1 =XMP+NEL TAX
Y1sFCT(XMP)
¥Y2sFCT(XMPP])
TF{ (XMP=Y])®(XMPP]1=-Y2)}101,101,100
101 INXsINX+1
RNOTS( INX)=XMP+NEL FaX /2.
IF(IDX.ENL11GN TO 100
IF(ROOTS(INX)=ROOTS(IDX~-1)oGTo1.5%DFLTAX)IGD TO 100
INX=1DX=1
ROOTS(IOX)=ROOTS(INX)+NELTAX/ 2,
100 CONTINUE
DO 105 KK=1,10X
105 WRITE(6,10A) KK,RONTS(KK)
106 FORMAT({1H ,13,'APPROXIMATE ROOT FOUND AT XM=',£10.3)
N0 B J=1, 1NX
XMP=ROOTS( )
CALL RTWI(XMyVAL,FCT,XMP,1,F~06, ITER, IER)
1ERs1ER+1
GO TO(501,502,503),1ER
502 WRITE(64512)%XMyXMP
S12 FORMAT(1HO, 'ND CONVFRGENCE, XM31,F10,3,'XMPa!,F10.3)
60 TO 410
503 WRITE(6,513)
513 FORMAT{1H0, 'NENOMINATOR=0.,1.E. FNCN DERIVATIVE=1,CANNOT CDNTINUE
160 TQ NEXT RECEIVER POINT!)
60 TO 301
501 WRITE(69511) VAL,XM, XMP
511 FORMAT(1H o'VAL OF X-F({X) AFTER CONVERGENCE=',E10. 3.'xns'.51o 3.
1'XMP=1,E1N,.3)
HT=SRCHT=H®CNS{WS® XM nG MMA )
411 XM2=XM%%) )
NN=D+HECNS (WSHXM=G AMMA )
RNM2= XM2+HT%%2
R2M2=( X2 =XM)xB24ND*%2
ROM=SORT(RIIM2)
R2M=SORT(R2M2) :
YZERO=H®CNS (WSHXM=GAMMA )
YPsWSEHESIN(WS®XM=GAMMA)
YP2aYP®x) , ‘
RADICL=  ({(1,=NN2)4ROM2%(1.4YP2))/((  HT=-XMRYP)%x%x2))+NN2
IF(RADICLLGF,0,) GO TO 11 -
410 PHITOM=0,
GO 10 12
11 RADICL= SORT(RADICL)
FCTR1= RHN?*(24RHO1*C1*RANICL : '
FCTR2= (1.4( HT=- xntvpxl(nnntsoart1.4v92))1tsoa1(1.+v92)
FCTR33(NN/ROM) & {1, +HTAYZERN® (WSH52 )4YP2=( (XM+HI #YP ) %%2 ) /ROM2)
FCTR&G3 (1 o=NN# (WS*%2 )% YZERN4YP2=( ( XM=X2=ND&YP ) %%2) /R2M2) /R2M
N2BDXs FCTR34FCTRG
N2BDZ = NN/ROM + 1 ,./R2M
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FCTRS = N2RNX*N28BNZ
FCTRS= ABS(FCTRS)
FCTRS= SORT(FCTRS) .
PHITOM = (RHOL*C2%FCTR2) /{FCTR1*FCTRS5*ROMER2M)
9 PHASE = K1%RNM+K2%R2M
PHASE = AMNND(PHASE »TWOPIT)
PHIRE= PHITOM®COS(PHASE) + PHIRE
PHIIM= PHITOM®SIN(PHASE) + PHIIM
12 PHITOT= SORT(PHIRE*%24PH] IM%%2)
1F(PHITOT.NE.N,)GO TO 10
PHITOT=2=9,99E+09
GO TO 401
10 PHITOT = 20.%ALOGL0( (RHNZ2*PHITOT ) /RHOL)
401 WRITE(6406) JGPHITOT
& FORMAT({1HO, 'REL PRESS LVL WITH?', I5,'0RNDER CORRECTIUN TERM [SY,
1E10,3,'DR?///)
IF(H.EQ.N,) GO TO 301
8 CONTINUE
GO TO 301
END
REAL FUNCTIDN FCY(X)
REAL K1yK2¢NNyNN2
COMMON NNoWSoHyGAMMA 4 SRCHTY 4Ny X2
HPRME= SRCHT=H*COS (WSkX~GAMMA )
NPRME==D=H*(NS (WSkX~GAMMA )
ROMP=SORT ( X*%2+HPRMF%%2)
R2MP=SORT{ (X2~X) k%2 +DPRMEY®D )
YPRME=WS *HE S IN(WS* X=GAMMA )
FCTR]1 == (NNEHPRMEXYPRMEXRZMP ) / (NNSR2MP+ROMP)
FCTR2= (DPRMF®YPRME*ROMP ) / (NN*R2MP+ROMP)
FCTR3=({ X2%RNMP )} / {NNER2MP+ROMP )
FCT=FCTR1=FCTR2 +FCTR3
RETURN
END

I
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