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1, INTRODUCTION -

Fhe presence of entrained air bubbles in the sea has long been raecognised as
irnportant in modifying the acoustic propertias of sea water and in providing a new
reflecting and scattaring medium, Consequently a lot of the literature has
cancentrated on bubble resonance, the effects of a spread in size of obubbles,
scattaring cross section and attenuation 'Ll].

In practica there ‘are nearly always uncertainties in the bubble density and the
hubhle size, and the propertles of the madium arez nore easily deduced directly fron
acoustic mneasurements *7] than from measurements of other physical properties,
such as photographs [3'. There is alsa a substantial problem in the large scale
shape of the medium. The foam may forin a nebulous, blobby medium with irregular
edges and possibly a gradual change of properties from watar to foam.

There are a number of effects that this rough boundary can have an an active sonar
situated in the water. The foam/water interface can act as a curved reflector or a
diffuse scattering surface with a reflection coefficient depending on the impedance
mismatch. A perfect, plane reflector (e.q. a plate or the sea surface) seen through
a slab of foam gives an echo which is modified by the transmission coefficient at
the interface, attenuation through the foam, refraction and possibly scattaring at the
interface on the way in and the way out.

The problemn addressed by this paper is to assess the relative importance af the
various contributions fram (a) a foam/water boundary and (b) a raflector behind a
slab of foam, Of particular interest will be rough or smooth norizontal cylinders
camposad aof foam or in faawm near the sea surface and the comparison between
volume and rough surface scattering.
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2, ACOUSTIC PROPZRTIES OF FOAM

If wve assume that we can treat the foam as a continuum [&,5] we can derive all
its acoustic properties including such effects as multiple scattering from ths
air-volume-fraction /4 and the distribution of bubble sizes n, and we now briafly
run through this treatment. The fractional change ¥ in an element of volume of
the continuum arising from the change in volume of the bubbles alone is d v’/dt‘, and
this is related to acoustic pressure P by

d*V . I

r Y L on, (1)
dt* 9P
wherz @ is the density of t‘\e foam (p=(i-S)e¢w) and n.g is shorthand for
1 40%0) Al o, ~i.e. bubble response or source strength integrated over all

resonance frequencies {- (or alternatively bubble sizes b since },:(‘5 a’f‘/rw)*’*/zwh).

The response 4 at aperating frequency }
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where % is the da.nping constant.

(2)

Acoustic behaviour of the mixture now depends on the wave equation with the
nags-source term from equation 1 )
" ey 1 _ \ a‘- \ " Y a- )
(V- wps eV )
which for a plane wave 'P = a p(ikz) gives
. Sy

k- Kk, - n.g

(4)

IQ:= lﬁ;/cw

From this equation we can derive {complex) values of the wave number in foamn k,
and then we can calculate attenuation, scattering cross section, and reflection and
trans:nission coefficients, ‘W2 take a simple bubble size. distribution

n{f): 393 4.8 (5

spread over a ane octave band around a central frequency 4, i.e. 0.5
{.<4.=<i.5¥ 4 . The factor 3.88 comes frown the relation between
air-volume-fraction A and the integral over all bubbdle volumes., Condining this
with equations 2 and 4 enables us to evaluate k* nurerically,

2.1 '¥avzslength in Foam

Figure 1 shows the variation of the real part of wavelength (norinatised oy that of
-water) against normalised. central resonanc2 frequency (= },/}) (Note that the
central resonance frequency increases to the right while the operating frequency
increases to the left.) CTurves for two values of air-volume-fraction are snown in
the graphs A4 = 0.05 and 0.0005, Zalculations have also been made for a complately
different bubhble size distribution (a function of the farm (f.*/f.)Bexp{-f7/2(2) ,
hut interestingly there is very little difference between these and the plots shown
here. The variation in wavelength is quite striking. Small bubbles {large ) produce
a small wavelength; large bubbles (small F) produce a sound speed close to that of
water;- and in the middle there is a band of frequencies (F~i) where the bubbles
are just larger than resonance size giving a high sound speed.

2.2 Scattering Tross Section

The scattering cross-section o is given by the usual formula

7o on. gl /aw . - (6)
in which we integrate over all bubble sizes. Figure 2 shows variation of o: against
F . Zross-section is simply proportional to /A, but again there is a peak for "~ |
dropping off rapidly for large or small F. The Rayleigh scattering law §* b
corresponds to large I© (in this terminalogy F=6 %)

2.3 Attenuation in Faam

The attenuation coefficient (dB per unit length) can be derived directly from the
imaginary part of the wavenumbar k. since
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with ¥ in d3/en and § in kez.

Nt
~
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Plots of attenuation versus ¥ are shown in Fig 3. [he 'nost striking feature is tne
severe attenuations (9 d3/cinfk<z and 0.3 Jdd/cnfkiHz) at resonance for sach of tie
vatues f &,

3. RZFLECTION AND TRANSHISSION FROMA A PLANG SOUNDIARY

3.1 Reflection Coefficient

‘N2 assume that neglect of I'.he back surface of the foam is justified oy use nf
pulsed transmission,

Treating the foam/water interface 3s a simplz impedance mismatch across a smoath
dlane ‘boundary we can calculats tne Rayleigh reflection coefficient,
i-2 N Pw b 3
R : e 2 where T= P {3
and % i5 complex. fFigure 4 shows R against F. for small = (large bubhles) the
agymptate is slightly larger than zero because although the wavenumnber tends to
that in watar the densities still differ and z=(i-31" . For /& =0.05 we have
R=0.03, for large ¥ the asymptotic wavelength sesn in Fig'l clearly lgads to an
asymptote jn R, In fact, the values are R=0.93 and 0.5 for A =0.J5 and 0.0005
respectively. Tlearly variations in reflection coefficient may approach tihe limits of
zzro or nan2, and they may occur in a relatwaly snall range of frequency (or bubolas
size).

3.2 Transmission Coefficient

The transmission coefficient T is also of interest since a perfect reflectar beinind a
slab of foan is szen through the foan/water 1nterfac= thce. Zlearly T varies in
an inverse relation with R through ' : ‘

T - %l—' (-R% @)

It is t=mpting to assum= that the perfect reflection is sinply reduced by the two
way transmnission coefficient at the foain/water boundary, but this can lead to
anomalous results if care-is not takan over the effects of theé complex wavenumber.
Essentially, in the region where R is changing over fron 0 to 1 its phase is
non-zero (even for normal incidence), and there is strong attenuation in the medium.
This m=zans that the effects of the simple transmnission. coefficient are always
swamped by either attenuation in the medium or nultlple reflections in the foan
slab (which are capable of reducing the transmission even at normal incidence),

In summary, when the reflection coefficient is low (small F) the transmission
coefficient tends to one; as the reflection coefficient changes over near resonance
there is strong attenuation and poor penetratlon, when the reflection coefficient
Yecomnes large (large F) the attenuatian ‘in the mbdnu—n drups but the transmlsswn
coefficient then reduces penetration. '
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3.3 fGradual T"hanges in Velocity

It is conceivable that the transition from water to foan could be slow so that
reflections are weak or negligible. Srekhovskikh [6] has. given sone formulae for
various cases including this one, and provided

L ‘;{_‘.:. <<£ (__.;!'G ]

¢ dz

we have

L de A

C dz . & AN LTS
As an example assume the sound speed to change from 1500mn/s to 750m/s in 3
wavelengths, *Ne then have a reflection coefficient at norinal incidence of -22d43.

Treating the same velocity difference as a step change (neglecting density
differences) we havz a reflection coefficient of -4.7d8. '

by = (1)

An alternative way of looking at this is to calculate the small step change .in
velocity that would give the same reflection coefficient R=-~Acf2¢.

Substituting we find
: de A o
s —— e . 11
AL dz 4w ! (11)

A¢ is the change in velocity along the gradient in a fraction of a wavalengti,

4. THE CFFECT OF ROUGH 30UNDARIES

In reality the reflecting or transmitting boundary between water and foam :nay not
only be diffuse but completely irregular in ghape and time varying. The
irreqgularitizs can be viewed in .nany ways according to the relative size of -the
acoustic wavelength to the roughness height and length scales and the shape of the
irreqularities (which may be very poorly known)., Exact scattering theories can be
very difficult especially when the boundary has steep slopes. Here, we give a very
much simnplified approach where it is assumed that the height of the rougnnsss is
greater than a wavzlength so that one can add the powers fron the incoherent
scatterers.

4,1 Rippled Boundary

Treating the boundary as a rippled surface the angqular spread @, aftar scattering is
of order twice the slopes of the surface @;. If the normal rang=s to the surface is
z and the pulse length is 2p then the area of the first return disc is rpz, The
power originally fallmg on this area is now spread over an area FGi=4w€lzd |
If the latter area is the larger, the power will be reduced by the factor pz/4 @f2* .
Thus the intensity { (relative to the intensity at unit distance [, ) is

f2rer

If,. on the other hand, the new area is smaller than the old _"\C:sl‘: F’M 2-) the
intensity remains at the value for specular reflection (a glinting surface).

-1, R )

Far later delay tim=s similar arguments can be used. The area of the annulus is
s ]n-r which means the intensity will be of the same order as the first return as
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long as there are steep enough facets, except that the forinula depends on oblxqup
range r rather than normal range,

- 1 . ’
L= I“ 3(_-)* R | ' _ (14)

4.2 Hemispherical Sosses

If ‘we ‘imagine the scattering ‘surface to be blobs of foam in water a oetter :nodal
might be hemispherical bosses of radius a and spacing L superinposed on a plane.
For 2ach hemisphere (much larger than a wavelength or a bubble) wa have

T-

The number of hemispheres in the first return disc as r\"zl'f-*/’L;“ so that thz total
power is ‘ '

2

{(15)

I_ ]- W Ll I'j - &
1. R
4 * 2
There is an interesting case whare the hemispherss touch (L=2a), and we have

P Tk Rt (17
v] iL 21 .
~which is independent of the hemisphere radius. This is what one would obtain from
"a comnpletely incoherent scattering surface if it were realisable.

(15)

F—]

At the same delay times there may be a specular contribution fra.n the part Jf the
plane surface in between the hemispheres. Because this cones fron the first
Fresnzl zone where, by definition the scattering is coherent, the iatensity is
proportional to area squared. Therefore the remaining specular return is '

5 Tr ql . L ' . ‘ ‘ !
L= I (I_(-L‘)) oL S8
When the spheras touch (L=2a) the specular reflection vanishes althougn strictly. the
packing of the hemispheres in this model requires a spacing |.=Jir & for zero
intensity. The specular reflection rapidly returns as L is increased; it is with 3d3
of maximum when the spacing is anly 1.1B times the zero intensity spacing,

For later returns the intensity is given by

- . T oott -~ : : . 1.
I= I. ___1_f’ R L N
VAN
Dependence on p and + is as before, -but interpretting a/L as slope, the slope

dependence for bosses is exactly opposite to that for ripples.

[

4.3 Rough Cylinder

One could model a long rough cylinder of foam in-a similar inanner by imagining the
many clouds of bubbles as he; msphencal bosses of radius a superimposed on a much
larger cylmder of radius h. Following the earlier inethod we still have intensity for
ane sp‘\ere given by equation 15, but the first return disc is now an ellipse of area
TPz ApPr  so the number of spheres (assumed touching) is wpabz fwad
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Therefore the intensity is

S B
r-1, £ [
42 V2
Note that the factor Jfp~ limits at the radius of ths eylmder b, and so for small b
we should replace pli by blp in equation 20.

. ‘ ) (20)

5

Interestingly, the intensity only depends on the diameter of the cylinder and not the
_spheres of which it is composed. The range dependence is only marginally worse
than a "flat rough" surface. .

Alternatively, one can regard the return in terms of a scattering strengti  per uait
length for a cylinder [1!

. S L
[ = Iu 24, - (21)
Zquating tnis to equation 20 and putting |_= 4% we have _
Apb A2 o
PR i (22)
S = K |

Nith 17 close to 0d3 this formula Jives close agreenent with experimental values
quoted in Urick [l]

ﬁl.& Transmissian Through a Plane Rough Boundary

Thare "arec 3 number of interesting cases where a plane reflector or an isglated
scatterer are viewed through a slab of foam with a rough boundary. :ost 3f these
-beecome difficult to treat exactly even as a phase screen because of the dJdouble
transit of the rough boundary.

Here, we deal only with a perfect plane reflector behind a thin slab of foam. The
two-way path length in the foam must be short enough so that refracticn or
diffraction at either boundary never shifts rays too far along the slab, The phasz
change on crossing the two boundaries is just twice the value for a single boundary
and depsnds on the difference in wavenumbers between water and foam. From the
ray point of view two phase screens spread the ensrgy into twice the angle.
~ollowing an angle spreading argument similar to that in Section 4,1 we find

0. 20, |(eul) -1

- . o - .
and B Ry S | (23)

L IU 4—256 (( CwILQ |) A
where T, reprezsents the attenuation in transnttmg the interface and the :nediun.
Tha transition from rough to coherent (the equivalent of specular) transmission is at

a roughness height a, where

- . ; i e Tt
a= [ 2 ](k-k)lces0] . (24)
and this is usually larger than the equivalent reflection transition h#lght (sa:ne
formula without K;). For example, a change in wavelength of 10% gives a

transmission transition height 10 timnes the reflection transition height.' However,
large nor, particularly, small sound speeds .in foam may result in a very s:nall
. transition height (see intermediate and large F in Fig 1) so that it is quite possiole
that specular reflactions from a plate can be reduced to co nplete incoherence by a
thin rougn layar of foam., The returned pulse shape would be similar to that of the
rough reflecting surfaces alrzady considered. .
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5. COMPARISON OF SURFACE AND VOLUME SCATTERING

5.1 Volume Scattering rornulae

Consider a plane bounded semi-infinite slab of foarn insonified from' the water side.
At the instant when the centre of the pulse has just reached the boundary the
illuminated area is a disc of area wpz . There are three possible scattering
volumes of interest., One is the low attenuation, thick slab case where it is a
sector of a sphere of volume 'wipp;z/4 .- The effective slab thickness is nore-
or less the pulse length in foam - b; = pAy/ AL Another is the case where the layer
thickness H ‘provides the limit on depth of the volume: Lastly there is the nigh
attenuation case where the volume is a flat disc of area wpi: and tnickness tie
decay length i/4k; . ' Co - o

Thus we can write for the low attenuation, thick slab case

o TPPET o |
CT=1. _._f_.t_° P - : (25)
4 2% S ‘
whereas for a thin slah '
' I Tk Hoy o~ ‘ . o .
l=1, 2 la ‘ _ . {24)

ror high attenuation we have-

TR s

I=1i. 72 L (27)

5.2 Comparison af Surface and Voluine Formulae

Clearly one cannot simply add all the contributions, and there are some cases where
it is physically impossible for two "mechanismé to be important at the same tine.
For exanple, energy may bhe scattered from the front' face and the volune
simultansously, but obtaining the maximum reflection from the front prohibits
volune scattering, and similarly, obtaining the maximum scattering from the volumne
prohibits reflection. - : a S - CT -

Comparing the last three formulae for volume scatter with equation 12 for ripples,
16 and 17 for bosses, and 23 for transmission through a slab we see that there is a
good deal of similarity. Range dependence in all cases is z~® , and pulse length
dependence is p' in all cases except equation 25. The reduction ' factor fromn
specular reflection (equation 13) is of order brz for surface scattering, hut
(pj2)o; «(effective slab thickness) for volume scattering. : :

The magnitude of the factor may be quite small and one can easily imagine the
ratio being 1000 i.e. -30dB3, so that the effect of a roujh surface cannot be
neglected. -

The reason for this similarity is that behind each element of area there is a column
of volume which will scatter in just the same way as the elementary area does. In
fact, because of the possibility of volume absorption it is safe to say that the
volume scattered intensity (near the first return) can never exceed the maximu.n
possible surface scattered intensity i.e. that given by a perfect incoherent scattering
surface, Smoother scattering surfaces (equation 12) will of course give a stronger
signal still.
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CONCLIJSIONS

6-

The acoustic returns from clouds of foam and from reflectors enveloped by foam are
‘We have presented some siwmple formulae whicn ars

difficult to compute exactly.
intended to give some insight into the importance of the various reflecting and

seattering mechanisms.

From numerical plots of the variation of wavelength with central resonance
frequency and operating frequency (whose ratio is [ ) we have derived the raflection
coefficient at a water/foam boundary and the attenuation and- scattering cross
in the foam., MNazar bubble resonancz tihere is strong attenuation in the
mediun and the reflection coefficient changes from a low value to a high value

section

(being high at large central resonancs frequencies or low operating frequencies).

The effect of surface roughness can be important in reducing the strength of echoes
fro:n the foam/watar boundary and particularly in turning a perfect plane reflector
within the foarn into an apparently rough one.
purposes range and delay time dependence is identical for surface and volune
scatter although pulse length dependence may differ and frequency dependence will
. At low opersting frequencies {(compared with central resonance
- frequency) interface reflection will doninate, and the.boundary will tend to appear
Conversely, a parfect, plane reflector will be secen tirough foan best at
Volune scatter will be strongest in a band

certainly differ.

smooth,
high fraquenciss but inay appear rough.

nzar the central resonance frequency.
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