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3. Underwater propagation

3.1 Basic principles of acoustics

3.1.1 Introduction

Sound is awave phenomenon. A wavein itsturn is adisturbance of the equilibrium
that spreads, or propagates, with time through space.

Waves appear in many contexts besides sound, and some examples of other contexts
are:

» Light or electromagnetic wavesin general;
* Waves on the water surface.

If, for example, we disturb the water surface at a certain point by throwing in a stone,
the resulting disturbance will propagate in al directions aong the surface. Here, the
disturbance consists of the elevation of a point relative to the horizontal, flat, water
surface. In the case of sound, the disturbance consists of a pressure disturbance.

Note that when considering propagating waves it is not the material of the medium
through which the wave propagates that is transported. It is, however, the disturbance
that is transported.

There are two types of elastic waves. (Elastic waves are called so because they deform
the medium elastically - the medium returns to its original shape and position after the
wave has passed through. An example of anon-elastic wave is a shock wave. This
type of wave fundamentally changes the medium through which it propagates.):

» Longitudinal waves or compressional waves: the medium particles oscillate in the
direction of the propagation
(examples: sound waves in gasses and liquids)

» Transverse waves: the medium particles oscillate in adirection perpendicular to the
direction of the propagation
(examples: vibrating violin string, waves on the water surface)

Remark:
Earthquake waves are an example of both types.

For sound and light, the propagation speed of the wave is independent of the
wavelength. Thisis, however, not the case for al wave phenomena (e.g. propagating
waves on the water surface).

Aswewill seelater in this chapter, sound can be understood by means of Newton’s
laws (classic mechanics).
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The mathematical expression &(x,t) = f (x—ct) describes aphysica situation that
propagates (without deforming) along the positive x-axis.
The expression &(x,t) = f (x + ct) describes propagation along the negative x-axis.

The quantity &(x,t) can be:
* Thepressureinagasor liquid (sound);
* Anéelectromagnetic field (light).

If we now consider the figure plotted below, showing &(x,t) as afunction of position

(x) for two moments in time with the two times differing by atime 4t, it is clear that
the following has to be valid:

f(x—ct) = f(x+Ax—c(t + At))

/[ -

\ A
Y,

cAt

Thisisindeed valid if Ax = cAt . It can be concluded that c is the velocity (phase
velocity) with which the disturbance f(x) ‘ spreads’ (propagates).

3.1.2 Plane harmonic waves

A plane wave can be written as p(x,t), i.e., the pressure does not depend on y and z
it only depends on x.

The expression for a plane harmonic waveis:

p(x,t) = p, cos(kx — at + @)

Often an alternative expression is used (using complex numbers):
p(x,t) = p,&® ) withi?= -1

Po is the amplitude, wthe radia frequency (in rad/s) and k the wavenumber;
kx —at + ¢ isdenoted by the phase angle.

f :Zi is the frequency (unit: Hz or ™).
T
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Remark:

The phase angle of the above wave isindependent of y and z: at every moment in time
the phase (angle) of the waveis equal at al pointsin aplane perpendicular to the x-
axis. This property is the reason why these waves are denoted by plane waves: The
wave front is a plane.

At afixed position in space X, this function repeats itself in timeintervals T (=period),
see the figure below. Thefollowingisvalid: «T =27. Thefrequency fis f =1/T

(in Hz).

Wave Ohserved at Fixed Location

Amplitade (A)

et
=
B
-
L
-
e
$

Period (T)

At afixed moment in timet, the function repeats itself over the distance A (seefigure
below). This distance is called the wavelength, with kA = 27.

Wave Observed at Fixed Time

Amplitode (A)

Wave Height

Wavelength (L)

Distance

The phase angle at moment t = t; and position X = x; is kx, —at, + @ . Time 4t |ater
the value of x, for which the phase angleis equal to the original phase angle, is
x1+4x. Thefollowingisvalid:

(X, +AX) =ty +At) + ¢ = kx, —ady + ¢
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Thisimplies that the original phase (angle) moves at avelocity c:

c is the phase speed (sound speed).

Some typical values:

In air the frequencies of audible sound are in the range between 20 Hz and 20 kHz.
The phase speed is about 343 m/s.

In water the phase speed of sound is about 1500 m/s. The frequencies typically used
for sonar liein between ‘0" Hz and a few hundreds kHz (see the table below).

Frequency-range | Sonar

‘0" - 1000 Hz Passive (military)

5kHz - 10kHz | hull-mounted (military)

10 —-200 kHz echo-sounder

= 100 kHz mine detection
= 400 kHz mine classification
=10 MHz medical imaging

3.1.3 Sound pressure level, the decibel and the effective value

The variationsin pressure relative to the equilibrium pressure due to a sound wave are
extremely small.

In air, the hearing threshold is 2x10°° Pa (1 Pa= 1 N/m?) and the pain threshold is 100
Pascal (Pa).

This corresponds to 2x10™° atm and 107 atm, respectively.

The sound pressure level is defined as

L =20°log—P-  decibel (dB)

ref

Inair pr = 2x10° Pa, i.e., the hearing threshold.

Therefore the hearing threshold corresponds to 0 dB and the pain threshold to 134 dB.
In (sea) water the reference pressure pr¢ is taken different from that in air, namely 10
Pa

For the pressure p in the expression for L the effective value prms (rms = root-mean-
square) needs to be taken. For a plane harmonic wave with amplitude po, prms 1S

2

Pl =< P > = < p>7= [ pf cos? ok~ at)ct = 22
TO
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with < > denoting the mean; 7 isthe time of integration (should be large relative to
the period T).

3.1.4 The wave equation for plane waves

Let us consider the propagation of sound in one dimension, for example due to the
movement of an object (e.g. piston in tube) at afixed position: the disturbance, viz.
the change in pressure, propagates.

Which physical quantities are required?
» The particle displacement 7

* Thedensity p
* Thepressure P

 The particle speed V=%
2
+ The particle acceleration a = 7 27
a

All above quantities depend on x and t.

Note: In the mean sense the particles remain at the same position; the disturbance
propagates.

Further: the behaviour of the medium through which the sound propagates is not
described in terms of individual molecules, i.e., the particles mentioned above are not
individual molecules, but are packages of the medium; classic mechanics is sufficient.

X x+Ax No sound
\ \ With sound

x+1 (x,1) x+AXH] (x+A X, 1)

The following notation will be used (0 = equilibrium = undisturbed medium, i.e., no
sound):

c P=R+p
* PELP TP
+ P=P(p)
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A. Movement of the medium gives rise to a change in the density

Consider a certain amount of the medium (air, water) per unit area:
Undisturbed thisis p,AX.

Due to the passing of a pressure wave this amount of the medium is displaced and the
amount of medium becomes:

0 (X +Ax+(x+Axt) - x—1(x,t))
However, mass should remain equal and therefore both the undisturbed and disturbed
amount of medium have to be equal .

Employing the Taylor serieson 77(x + Ax,t) (using only the first order terms),
conservation of mass gives:

PolX = (p, + :01)|:AX + Axoj_'z:|

or

=N _ M, 0
PL= Do TP =P

where again a second order term is neglected
This last expression shows: if the displacement varies with x, the density will change.

B. Changein density givesrise to a changein pressure

Employing Taylor:

. dP
Po+p="1(0, +p)=1(0,)+ 0. (0,) =P, +p1(%]
0

The sound pressure is therefore given by

p=p,c® with ¢ = (?] amedium constant.
P o

C. Inequalitiesin the pressure result in a movement of the medium

Consider the following situation:
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P(x, 1)
— 5 ————
P(x + Ax, 1)
_’ 4—
X X + AX

Employing Newton’'sthird law (and using Taylor again):

P(x1)

d/](xt)
AX——=2 = P(X,t) = P(X+ Ax,t) = -Ax—————~
Po 2 (x,t) = P( )= Y

Elimination of P by employing subsequently C, B and A:

o’n_ d__ .4 2 dn
_——_—C__C -
Pogz = X Po 3% o

or (wave equation for 7):

o°n _ ,9°n
0~t2 =C 2

Elimination of 77 (second derivative with respect to t of B; employing A and then C):

Wave equation for the sound pressure:

2°p_ ,9%p
a  C ae

Each plane wave f(x — vt) (not necessarily harmonic) is asolution to this equation if
V=cC.

The wave equation islinear, i.e., if f; and f, are solutions to the wave equation, then
also f;+f, isasolution (principle of superposition).

3.1.5 The harmonic solution to the wave equation

Consider a harmonic plane wave (for the quantity 7):
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i (kx—at)

n(xt) =n,€
According to (A) + (B) of the previous paragraph the following is valid:

a1

=—c?
p Po EY

(73
or(usec=—):
(use c=)

p = —ip,can
Also:
on _ . N .
V=—="-l and a=—=-lwv
a w7 a

Important result:

For the harmonic plane wave it appears that the following is valid: P p,c foral x
\

andt, i.e, aconstant (p and v are in phase; thisis not the case for p and 7).

Example:
Consider a harmonic plane wave in air with afrequency of 1000 Hz and a sound

pressure level of 100 dB.

0o =1.21 kg/m®
c=343m/s

Prms = 10° X pret = 2 Pa. Then 77, = Pm ~10°m<<a1=034 m
PoCw

V.. =arn, . =5x107°m/s << c. However, do not forget that /7;ms is very small.

3.1.6 The sound speed

Sound is an adiabatic process, for which, according to the thermodynamics of gasses,
the following holds:

PV = constant
or
P = constant p”
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with yagas constant (1.4 for air) and V the volume.

¢’ = [E] = constant yp’ ™" = Yp
40 ) P

According to the gas law for ideal gasses (for 1 mol of gas):

PV =RT

with R the gas constant (8.31 Joule/Kelvin) and T the absol ute temperature.

The mass of 1 mol of gasis pV = M = mN. misthe mass of 1 moleculeand N isthe

Avogadro number (6x10% moleculesin 1 mol).
The sound speed then becomes:

o= /yRT
M

For air (80 % nitrogen and 20 % oxygen, M = 28.8x107 kg) at 0°C (273 K) the sound
speed becomes 332 m/s.

The influence of temperature on the sound speed in air is given by

¢ =¢(0°C)4/1+0.0037 T(°C)
Using the Taylor approximation (only 1% order term) this becomes
c=332+0.6T(°C)

The sound speed in gasses and liquids can aso be written as

c= pﬁ with K =1 the compressibility (bulk) modulus (c = 343 ms at 20°C),
K
0

For pure water K = 2x10° N/m? and o = 1000 kg/m?®, so ¢ = 1414 m/s.

An empirical formulafor the sound speed in seawater is

€ =1449.2 + 4.6T —0.055T * + 0.00029T * + (1.34 - 0.01T )(S—35) + 0.017z
with

T thetemperaturein °C

z thedepthinm

S the salinity (salt content) in ppt
¢ the sound speed in m/s
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The propagation speed of longitudinal waves in solid media (also transversal waves
are possible) is given by

c= E with E Y oung's elasticity modul us.
\ 2
For steel E = 2x10™ N/m?and o = 7800 kg/m? , so ¢ = 5100 m/s.

3.1.7 Acoustic intensity and acoustic impedance

Theintensity | isthe mean rate of flow of energy through a unit area normal to the
direction of the propagation:

I_<Fﬂ/7
T\ A&

>:< pv >

with A the surface and F the force (<> denotes the mean).
For aharmonic plane wave this becomes (p and v in phase):

R S
PoC PoC

The reference-intensity in air (hearing threshold) is I,¢ = 102 Watt/m?.

The characteristic acoustic impedance is defined as

/=

<|'c;

For a harmonic plane wave thisisrea and equals ooC.

In general, the characteristic acoustic impedance is complex (see later: due to
absorption, for spherical waves, for standing waves).

Example:
Consider a plane harmonic wave with afrequency of 1000 Hz in both air and water,

with identical intensities. The sound pressure level of thewavein air is 100 dB.
The following holds:

p; p2
[ﬂj ) ( ' ] thus prms,vvater =60 prrrs,air =120Pa.
PoC air P.C e

This corresponds to 162 dB in water.

In water 7ms = 10 m and vims=10"° m/s (very small!).
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(Compare with the example in paragraph 3.1.5).

3.1.8 Spherical waves and cylindrical waves

In acoustics, spherical waves are at |east as important as, but probably even more
important than, plane waves. They are described, just as plane waves, in terms of one
gpatia variable.

The surface of a pulsating spherical object that expels and contracts radially around a
mean value results in a disturbance that spreadsin all directions through a spherical
wave. Its wave fronts are spheres.

Examples: loudspeaker (at low enough frequencies) and a stone in the water (causes
actualy circular waves).

The expression for the wave equation in three dimensions (for p(x,y,zt)) is:

o"2p+o"2p+o"2p_ 12%p

d(Z WZ aZZ C2 dZ

(Compare with the 1-dimensional expression, as derived in paragraph 3.1.4).

The 3-dimensional wave equation in spherical coordinates, (r,6,¢ ), isat first sight
rather complex (r isthe radial distance towards the source):

1 9°? L1 _(S ap) 1 2%°p_173%
ro? r’siné 0o r’sin’@ dp> c* a&?

However, p isindependent of &and ¢ (uniform disturbance). Consequently, the
second and third termsin the |eft hand side of the expression are zero:
1 dz 10°p . 0° 1 2%(rp)

_2 dZ ) OT 2 C_Z 0‘t2

The general solution of this latter equation (see the equation for the plane wave) is
rp(r,t) = f(r —ct) + g(r +ct), with f and g arbitrary functions.

The second function g represents wave propagation towards the mid point. Thisis not
possible and the solution therefore becomes:

p(r,t) = A f (r —ct), with A being a constant.
r
The harmonic solution is:

p(r 1) = Deite-ed
r
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For the spherical harmonic wave we are interested in the relation between pressure
and particle speed. In the derivation for the plane wave equation:

’n__&
Poar T
For the spherical wave thisbecomes. o, % = —%
Nowthefollowingisvalidﬂ:—iaﬂ SO V=- @
a lap, o

Resulting in: v(r,t) = p(r. 1) [I? + k}

The spherical wave impedance therefore becomes:

_p(r,t) _ Kr® . kr
Z= = P 2.2 | 2.2
v(r,t) 1+ker 1+Kker

This expression shows that for the spherical wave the particle velocity is, in general,
not in phase with the pressure: the impedance is complex and not even constant. (This
isin contrast to the plane wave impedance!)

. . 2 . N
An important parameter is kr = —H. Let’s consider two limiting cases:

o kr>>1(r>>A): Z=p,C,i.e. no phase difference between p and v: to agood

approximation the spherical wave is a plane wave;
o kr<<1(r<<A): Z=-ip,ckr,i.e the phase difference between p and vis90°.

Now about the intensity of a spherical wave:
At alarge distance from the source this intensity is given by

2
Izprn‘s

PoC

2 2
&:i thus | ~i
2 2r

with p2_ . =

The mean power P passing through a sphere with radius r with the source in the mid
pointis:

2
P=47m?l - A

s and thisisindependent on the distance r towards the source. This
0
should indeed be the case according to the conservation of energy.
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We will end this paragraph by considering cylindrical waves. For this type of waves
the wave fronts are cylindrical surfaces.
Again the following is valid for the intensity (with large enough r):

2

Po
| =Y
O=52

The mean power P passing the cylindrical surface with radiusr and height H is:
p2

P= 2nH2—° and according to the conservation of energy law this should be
PoC

constant, i.e., be independent of r. Consequently p, -1

N3

The harmonic cylindrical wave is then given by

pr 1) =gt

\/F

3.1.9 Sound absorption and propagation loss

Absorption of sound, i.e., sound energy is transformed into heat, can be accounted for,
e.g. for the plane wave, as follows

p(x,t) =e'®“-> \with g the absorption coefficient (unit: m™)

It is common practice to express the absorption coefficient in dB per unit distance:
Thelossin intensity in dB due to absorption is

- 20"loge™™ = ax(20™loge) = 8.686 ax

Take x = 1 km = 1000 m, then a (in dB/km) = 8686 a (m™)

For seawater several empirical expression for a as afunction of the frequency f exist.
Despite the dependence of a on temperature, salinity, pH and depth, the following

expression, denoted by Thorpe's expression, is often sufficiently accurate for practical
use:

0.11f 2 4412
a= +
1+ f2 4100+ f?

+0.0003f?> withfinkHz and ain dB/km.

In principle, this expression isonly valid for the North Atlantic Ocean. Due to the
smaller mean pH in the North Pacific (7.7 instead of 8.0 for the North Atlantic ocean),
there the absorption (below 1 kHz) is about two times smaller. Due to the lower
sdlinity of, for example, the Baltic Sea (8 ppt instead of 35 ppt for the Atlantic ocean),
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there the absorption (above 1 kHz) isless than half of that of the open oceans. Also
this expression isvalid only for frequencies below 50 kHz.

Better attenuation formulas are available, having awider applicability and accounting
for effects of salinity and pH as mentioned above. An example of such aformulais
the expression by Francois and Garrison (valid for the frequency range 0.2 - 1000
kHz). This expression is afunction of temperature (T), sainity (S), depth (D) and pH
(pH)

a=a,+a,+a,

2
CAROTY
(F2 +1)
— 8.86 0.78pH-5 [ ~_
A=|==|m (c=1412 + 3.21T + 1.19S + 0.0167D )
C
P1:1

f,=2.8 /3—1 [10"% with &=273+T

a,=BR 0D
L(FP+1))

A =21.44> (1+0.025T)
C
P,=1- 1.3700*D + 6.2010° D*

1990

_ 81700 ¢
?1+0.0018 (S-35)

a,=AR,[F? with

if T>20:A=4.937010" -25910° T +9.11110" T? - 1.50010° T®
if T<20:A=396410"-1.146[10° T +1.45010" T -6.5010"° T°
P,=1-3.83[10° D +4.9110™ D?

A comparison between the two here fore mentioned expressions is depicted
graphically in the figure below.
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T=4 degr., D=1000 m, S=8 ppt, pH=8

10° :
100 | = / P
: —— Thorpe D
: — — Francois and Garrison| * *:*
107t |
10" 10° 10! 10° 10°

T=4 degr., D=1000 m, S=35 ppt, pH=8

=
(@)
N
T

=
o
T

0
N

=
o

absorption coefficient (dB/km)

10° 10 10" 10° 10

T=4 degr., D=1000 m, S=35 ppt, pH=7.7

10 10 10 10 10
frequency (kHz)

Remarks;

In order to get agood feeling for the absorption of sound in seawater, we calcul ate for
a set of frequencies the distance over which (for a plane wave) the sound intensity has

decreased by afactor of 10 (10 dB loss):

Frequency a (dB/km) (Thorpe) | rioas (km)
(kH2)

0.1 0.0012 8333

1 0.07 143

10 12 8.3
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This shows that the absorption is very small; no other form of radiation can compete
with sound for long-distance propagation in the sea.

It isillustrative to compare the absorption coefficient of sound in seawater with the
absorption coefficient in air (at 20 °C and 50 % humidity). For 2 kHz thisis 0.02 m™,
which is over afactor 1000 larger than in seawater at the same frequency (Thorpe:
1.4x10° m').

We now come to the very important concept of propagation lossthat is related to the
loss in intensity with the sound moving away from the source.
The propagation loss PL is defined as

2 2
PL =10°log Y = 10°I0g Prme® = 1g1010g Pold)
1(r) Prrs (1) Po (1)

where I(1) and I(r) arethe intensitiesat 1 m and at r m distance from the source.
Thelossin intensity is due to geometrical spreading loss and absorption.

A simple 'propagation-model’ is obtained by considering spherical spreading:

—ar
© then:

Po ~ r

PL = 20"log(re™) = 20™log(r) + ar 20°log(e)
or:
PL(dB) = 20°log[r (m)] + a(dB/ m)r (m) = 60 + 20°log[r (km)] + ar(dB / km)r (km)

Example: calculation of the propagation loss as afunction of distance for a hull-
mounted sonar (f = 6 kHz, a = 0.5 dB/km (Thorpe)).

r (km) | PL (dB)

0.1 60-20+0.05 = 40.05

1 60+ 0+0.5 =60.5

10 60+20+5 =85

100 60+40+50 =150

Remarks:

» More complex propagation is dealt with in alater chapter. However, the above
simple 'modédl’ is still very useful as afirst guess for the loss. In general, the
calculated loss is somewhat pessimistic, except for very short distances;

» The propagation loss for cylindrical spreading becomes

PL(dB) = 30+10%log]r (km)] + a(dB/ km)r (km)
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3.1.10 Reflection, refraction and transmission

We will consider the situation of a plane harmonic wave propagating through a
medium and impinging on the interface of a second medium. Part of the energy of the
wave will be reflected back into medium 1, part will be transmitted into medium 2.
We will derivethe (relative) intensities of the reflected and transmitted wave, and find
that these depend on the impedance of the two media and the angle of the incoming
wave.

At the same time we will derive the important Snell’s law of refraction.

An important application of the situation considered in underwater acousticsis the
interaction of the sound with the sea bottom.

The figure below shows the situation.

medium 1
P €4
0 0
N i
0 X
medium 2
zZ
Y Py €y

The expression for the 3D harmonic plane wave:
p(x,y,z,t) = p(F,t) =€ with kF =kx+k,y+k,z

so the inner product of the two vectors. The wavenumber k is the absolute value of the
wavevector K : HRH =K.

Theincident (i), reflected (r) and transmitted (t) wave can be written as
. . Cb —
pi — elkl(xc0391+zsm91) kj_ = = kj_
£ =)

p = Reikl(xcosel—zsin a)
r
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Here & isthe grazing angle of incidence (and angle of reflection) and & isthe grazing
angle of transmission (angle of refraction). The t-dependence of all expressions for the
plane harmonic waves is omitted. Rand T are the amplitude reflection coefficient and
the amplitude transmission coefficient, respectively.

The following two boundary conditions are valid for z= 0:
(1) continuity of pressure p, + p, = p,
(I1) continuity of the normal component of the particle velocity (i.e. in the z-direction):

1 d(pi+pr)_ 1 ﬁ

lap, oz iap, Jz

Boundary condition (I) gives (use z = 0):

(1+ R) = T/t o0 koo

This expression only holdsif the right side is independent on X, so if
k, cosé, —k, cosg, =0

Thisisthe famous Snell’ s law of refraction that gives the relation between angles of
incidence and transmission. Snell’ s law of refraction is often written as

cosd, _ cosf,
CZ Cl

Alsowefind: (1+R)=T
Boundary condition (I1) gives (use z= 0 and Snell’ s law):

1_ R:T plcls..nBZ
pzczsnel

We now have derived two equations for Rand T. The solution is:

and T= 22,
ZZ + Zl ZZ + Zl

where
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Z = & and Z,= & (‘generalized’ impedances).
sing, sing,

The incoming, reflected and transmitted intensities are, respectively:

12 RZ T 2
y Iy = ) I, =
2p.c, 2pc,’ " 2p,c,

Now, for simplicity, let’ s consider =90° (the wave comes in perpendicular). Then
according to Snell’slaw 6=90°.
The 'reflectivity' is given by

R? = (,0202 B :0101)2
(0:C, + picy)’

L.
Ii

and

I_t:TZ PG - 40,C,P.C,
¥ P:C,  (P.C, + piCy)’

sothat I, =1, +1, (notethat according to the law expressing conservation of energy
this should indeed be the case).

The critical angle (total reflection)

When ¢, > ¢ then an angle &, exists, the critical angle, for which |R/ =1 for
0<8<4, (total reflection) and R< 1for >6,.
& isgiven by (use Snell’slaw)

6. = arccos[&J
CZ

If 0<8 <8, then (Snell’slaw) cosé, >1,i.e, & ispurely imaginary. Using the
expressions sinig =isinhé and cosi 6 = coshd it can be shown that |R/ =1. Note,
however, that Ris complex, so ashift of phase occurs. For 8 >6,, R< 1 and redl.

The angle of intromission

Situations exist for which R = 0. The corresponding incident angle is denoted as the
angle of intromission &.

R=0 if &:&and together with Snell’ s law of refraction this gives
sng, sng,
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G exists, i.e., isred, in the following two cases:

* p,C,>pC enc,<c. Thisoccursin muddy ocean bottoms,
* p,C, <pcC enc,>c,. Thisnever occurs,i.e., isnot aphysical situation.

Typical numerical valuesfor ocean bottoms

In table below indicative values for geo-acoustic parameters corresponding to afew
different bottom types are given.

Bottomtype | p(g/em®) | c (m/s)
clay 1.2 1470
very finesand | 1.9 1680
coarse sand 2.0 1800
basalt 2.5 4800
Remark:

For ocean bottom materials a good approximation is that the absorption coefficient
linearly increases with frequency. In this caseit is useful to express the absorption
coefficient in dB/A. For most bottom types the absorption coefficient hasavauein
between 0.1 and 1 dB/A.

The following holds: a(dB/A) =8.686A(m) a(m™)

Examples

The figure below shows the absolute value of the amplitude reflection coefficient as a
function of the incident angle for anumber of situations.

Assuming alossless (i.e. without absorption) sandy bottom (thick solid line) with

0, =19g/cm’, ¢, =1650 m/s (p, =1.0 g/cm®, ¢, =1500 m/s)

It shows the effect of a changein c,, ©», and absorption in the bottom (i.e. medium 2).
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The figure below shows the occurrence of the ‘angle of intromission’
(p, =15g/cm’, c, =1450 m/s)
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3.1.11 Diffraction and scattering

Here we consider shortly a set of concepts that relate to sound as a wave phenomenon
in general.

Diffraction or bending of sound happensif the sound waves impact on an obstacle
with asizethat is similar (same order) to the sound wave length. The sound wave
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passes around the obstacle and there is a bending (change of direction) due to the
obstacle.

Reflection of sound at an object results when the object islarge compared to the
wavelength of the sound (at least afactor of ten).

Scattering of sound happensif the sound waves impact on an object that has a size,
which issmall relative to the wavelength. In principle, scattering occursin al
directions.

Finally: Refraction of sound occurs when there is a sudden change in sound speed in
the medium through which the sound wave propagates (Snell’ s law of refraction).
Refraction of sound also occurs when the sound speed varies smoothly.

3.1.12 The Doppler effect

Let’s consider a sound source and an observer with speeds v, and v, (both in the
direction of the line connecting the source and the receiver), respectively.
Vp > 0 and v, > 0 implies that the movement is towards each other (thisis achoice).

The frequency of the stationary sourceis f, = Ai :
0

(A) The effect of a moving observer

Let T be the time between observing two subsequent pressure maxima. The
expression for Tis

/10
C+vV,

T =

since ¢ + Vv, is the propagation speed of the pressure maxima.
The observed frequency f now becomes

(B) The effect of a moving source

A pressure maximum transmitted by the source will be at a distance cTy after atime
To. At that moment the source transmits another pressure maximum. However, in the
mean time the source has moved a distance vy To.

The (observed) wavelength A, i.e. the distance between the two pressure maxima, is
then

A=cT, -V T,
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The observed frequency f now becomes

(C) Both the source and the observer move

If both the source and the observer move, the observed frequency becomes

1+
f=f, \Z
1_7
C
Remark:

« If the source and the observer do not move aong the line connecting the source and
observer, the velocities of the source and the observer (vectors) have to be
projected on this connecting line.

* Inpractice oftenv,,,v,<< c. For this case agood approximation is (using Taylor)

et
c c C

The frequency shift is then (passive sonar)

vV, TV,
C

Af = 1,

 For active sonar the frequency shift is

Vy TV,

Af =21, with vq and Ve the target velocity and the own ship speed,

respectively.

Example: hull-mounted sonar fo = 6 kHz, vq = Ve = 5 knots, then A4f = 40 Hz. This
can be measured very well and is therefore used for measuring the target speed.
(1 knot =0.5144 m/s).
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