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5.1

Sound propagation from point and line sources

There are dif ferent ways to derive formulations describing the pressure field
from point sources and line sources. One way would be to set up the wave
equation for two and three dimensions and find the solution for the pressure
fulfilling these wave equations. | nstead of this rather abstract way based on
mat hemat ics, we will use an approach based on the distrib ution of power from a
source.

Sound propagation from a point source (medium wit hout losses)

| magine a very small source (i.e. small in comparison to the wavelength or to the
distance to the observer) radiating into the
free space. Around the source, a control

/’ \ surf ace, S, is placed. The emitted sound
/ h power has to pass this surf ace. | s the source
[ \\ omni-dir ectional (i.e. radiating in all direction
’_fj:' A.-) with the same strength) each part of the
‘ '0'\0 " I :
\p ' r surf ace is passed by the same power .
AN
\ \ . _ w
\ \y / , _S_
~ 9
~— S(I")
(index r indicates that it is the intensity in
radial dire ction).
Wit h increasing radius, the surf ace of the sphere ’\\
will also increase and the intensity will decrease. — \ \
Since the surf ace of a sphere is S(r) =4/r?, the ‘\\ \ \
intensity is proportional to one over the radius —\\\ - \ \
|
squared. SN L
] O‘—‘)’;L"l——_/ 'r 4 !
R L A Y A /
- . PS4 / ,
In order to express the intensity by the pressure, e Y, p plane ,
we have to know the ratio between pressure and -7 ,'/ , y //
7 Vi
velocity. The most simple relation was found for a -7 / /
L
/
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plane wave where pressure and velocity were related by the impedance ! c.

It is clear, that the field from the sphere does not corre spond to a plane wave
field. However, for large distance (i.e. large in comparison with the source
dimensions and/ or the wave length) the field becomes more and more similar to
a plane wave field. Therefore, as an approximation, the plane wave impedance
can be used.

I :iRe[pu*} = Per (3)

The pressure far from a point source (measured in wavelengt hs) is approximate

w w
as|ps; =lcl, =lc—=lc
S 4"r?
over the distance from the source. Doubling t he distance will half the pressure.

This we also have to writ e as sound pressure level. Bef ore, one has to divide

. The far field pressure is proport ional to one

both sides by the squared reference pressure p,. Additionally a reference

surf ace S, is introduced which is chosen as 1 m2.

2 n
L, = 10logPeft = 10log 20 "W
2 41pr2 S p?
Po Fr SoPo
: _SoP5
Using the reference value for the sound power levels W, = —==*
I'c
n 2
L, =10Iogm+10Iog So o L,=L,! 10Iog4 !
2
W, 4lr So

where L, is the sound power level.

When describ ing the acoustic propert ies of sources L, should be preferre d! It
is independent of the environment of the source.

| f the sound pressure is given instead, the distance from the acoustic centre of
the source and the direction have to be added. (The acoustic centre is the
posit ion where one assumes the origin of the point source).
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To consider sources like vehicles as point sources, the distance bet ween source
an receiver has to be sufficiently big (see above).

For a car, for instance, the acoustic centre of the source could be defined as
0.5 m above ground in the middle of the car. This has changed over the years
due to the increasing dominance of tyre noise. Today one should place the
acoustic centre substantially lower or even have several sources.

Result s show that doubling the distance will lead to a reduction of -6 dB. This
means that changing the distance from 10 to 20 m will lead to the same
reduction of the sound pressure level as for instance increasing the distance
from1lto2 km.

We only talked about the magnit ude of the pressure field. What happens wit h
t he phase?

The same as for the plane wave: We have a delay given as !t = r/c and the
phase is therefore —kr

! jk "t
J re!

The pressure can be writ tenas p(r,t) =p_ e
Summary for the spherical wave
The pressure magnit ude is decreasing with J/d/'s tance, phase is given by
distance and speed of sound.
The wave impedance can be approximated by Z = pc for far distance (measured
in wavelengt hs). For areas close to the source we will later have a discussion.

4"r?

So

The sound pressure levelis L, =L, ! 10log

Sound radiation from a line source

The derivation of the sound radiation from a line source works exactly the same
way as for the points source. We just have to
see how t he sound power is distrib uted!

The power for a line source is distrib uted over /
a cylinder surf ace. Also we have to introduce fine source -
an infinite long line source. Gives and infinite
power! Very unpracticallll -
Therefore we divide by the length of the -
cylinder which means that we have a sound
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power per unit length indicat ed by a small prime
The only dif ference is the dependency on the distance. The sound power is not
distrib uted on a sphere but on a cylinder

L,=L}" 10IogZﬂ

ly

where L} is the sound power level per unit length and /, is the ref erence value

with 1 m.
A doubling of the distance corre sponds to a decrease of - 3 dB in sound
pressure level. One could use this equation for calculating the sound pressure
levels forma road. But there is a small problem. The derivation assumes that
along the line source everywhere the same happens. The sources are coherent!
This is cert ainly not true for road with cars. Each car emit its own sound
independently from the ot hers cars.
One should consider aroad as line of small sources.
We have to add many equa but incoherent point sources located on a straight
line with the same distance between
adjacent sources. Since t he sources are
° incoherent one can just calculate the
sum of the squared effective values of
the pressure from each individual
r source
w" 5 1
[ et =1C— & —
47 p=gos!
W lis the power per unit length. If the

dist ance bet ween each car is d, the power per unit lengthis W’ =W _, /d
Wcar

4dr,
This is by afactor ! /2 bigger thanthe result for coherent sources.

This sumgives for r, ! d/” the equation pf,ta, e =1C

I's only a part of the road QisibleO (the rest is for instance screened by

l n
buildings) the sound pressure is pZ, (r,W") # $c£ Y-

4r, &
L =L +10lo +10Io
P v 4r& ggg
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Sound propagation in beams plates and solids

In the previous section, the propagation of air-borne sound in dif ferent
dimensions has been investigated. The analogy in structure-borne sound is
obvious. | ndependent on the wave type one will have the same influence on the
geomet ric al damping on the wave field. I n a solid, which is very big in comparis on
wit h the wavelength, the vibration power will be distributed on a sphere.
Therefore, the velocity will decrease with one over distance. For the two-
dimensional propagation in a plate, the velocity will decrease wit h one over the
square root of the distance, while in a beam the velocity will be independent of
the distance from the source.

These considerations, however, assume that we have no damping in the
structures. | ncluding damping, we will find a stronger decrease of the velocity
wit h dist ance.

Sound field from a point source
The previous discussion has shown that the pressure from a point source is
proport ionally 1/r and a spheric al wave is radiated into the free space. At a
distance from the source the phase relation
bet ween source and re ceiving point is given by the
travel time ! t, which is the distance divided by
the speed of sound. Therefore in equivalence to
Z=p/u the consideration made for a plane wave one can
writ e the pressure for a harmonic source signal as
p(r,t):p—A(! )e"/’”ef”

r

u

and the part icle velocity as

u (r t) =Ua (a))e‘fk’ej“"
r ]
p

The relation between pressure and velocity is given by Newton's second law (see
plane waves)
8p(r,t) au, (r,t)
_ =p
or ot
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We have now again to calculate the derivations (lucky that we use complex

not at ion) _E_jk p_A(w)e—/kr :jwpu_A(w)e—jkr or
r r r
n 1 0/0

1§ = pa(() =10 ui((]

r &

From t his we can calculat e t he wave impedance f or spheric al waves, i.e. the ratio
bet ween pre ssure and velocity

Pa ((U) T0)
Z(a)) = __Jop
ACNEN
r
First of all, observe that the impedance is not identical for plane waves as we

assumed before. It is even not real.
TASK: discuss the interpretation of a complex/real impedance

This means that there is a cert ain phase dif ference between pressure and
velocity. We will see that this phase difference is frequency and distance
dependent . Bef ore we modif y the equation somewhat to ease its interpretation.
We multiply nominator and denominator by r. As next step we multiply both by
the conjugat e form of the denominat or

2(1)- e et k) e ke

(1 ¥ jkl”) (1 " jkr)(]# jkr') 1+k2p?

We can now discuss two dif ferent cases, close to the source and far from the
source. The product of wave number and distance kr can be interpreted as ratio
bet ween dist ance and wavelengt h.

Case 1 far from the source, kr >>1, Gar-fieldO
I n this case the distance is substantially greater than the wavelength. The
impedance is
z(!)" JI#r+1 #kr? _jrar kr? _ji# i
k?r? k?r?  k?r? k’r k  K%r
The impedance consists of two part s; an imaginary part decreasing wit h distance

and frequency, and a real and constant part, which is the wave impedance of a
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plane wave. Wit h increasing distance or for higher frequencies the field
impedance for spheric al waves becomes mainly real and corre sponds the field
impedance for a plane wave. Our approximation was not too bad ©.

Case 2 close to the source, kr << 1, Qnhear- fieldO
| nthis case the impedance is

= # :j!”r+!2"r2/c
1+k%r? 1

The first part is again imaginary and has the character of a mass impedance
(TASK derive the impedance of a mass) where the mass is the density of air
multiplied by the distance and has the units kg/m2. This mass impedance
indicates that air in front of the source is only moved fort h and back. This is
called a near-field. No energy is lost by this motion as long as there is no
damping included for the motion of air. This is also indicated by the fact that
this part of the impedance is purely imaginary .

Beside this, a propagating wave is excited (second part) where energy is
transport ed fromthe source into the far-field.

Z(!)_j!” r+!"kr? _jl"r+I" kr?

| magine the source is an exhaust system with
given velocity at the opening. The pressure in ~

\\
front of the opening is describ ed by the wave ‘ ///:j} \
impedance / PO \\ '

f \
L Vol
‘ 2

|
p(r,! ) = uexhaustz(! ) :uexhaust (j!” r +! ? "I’Z/C) "—ﬂ/l /’/I }

This shows that the pressure field consists of AN ) _ -

these two part s as well. It also shows that the

near field part is stronger than the propagating part as long as we consider
short distances or low frequencies.

Power radiated from a point source (exact description)
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5.8
The complex impedance can be writ ten dif ferently as
2 2
() (e ar?)
z@): el
2
(1+k2r2) tan(x) 2‘
11
The phase angle ! can be calculated as /2 /2
—t T
14
2L
# &
! =tan "l%m{z}( =tan "1§) " f‘— tan "1?1 E
= 0 = =
g&&d e{Z} E é? *kr 2 r

For very small kK and/ or very small r, the angle becomes 90 degrees, for large k
and/ or large r the angle becomes 0 degree. This means that at low frequencies

and/ or short

distances pressure and velocity are out of phase. Since the

intensity is the product between pressure and velocity, a phase dif f erence of 90
degrees between both quantities leads to zero intensity. This can be easily
checked by taking the time average over the product of a cosine and a sine

function wit h t he same f re quency.

Lets check the intensity from a point source /[, :iRe{p*u,} where the
2

velocity can be expressed by the impedance u, = —

y 130 1+ jkr %
I, = Pay Re'_gf:pgff Re' — J &= poy
§z g$i()r#

Reactive field

p
Z

o
80 r
/V

which gives

1%
) c#

™

Resistive field

This shows that the intensity is only determined by the part of the impedance,
which represents the far field (i.e. the plane wave part ). The "mass impedance”

does not contribute tothe intensity.
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Common expressions used are: reactive field (imaginary impedance, near field)
and resistive field. The latter is used to express the property of the field
concerning the transport of power fromthe source.

Far-field, near-field, reactive field and resistive field are import ant topics
whenever you deal with sound radiation form structures (e.g. from ceilings,
windows, meachines, ect ).
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Sound power from typical sources
To give an impression of typical sources, in the list below the values for the
sound power of some sources are given as part s of the mechanical power and as
absolute values
Source Acoustic power W expressed Example for
as fraction of the mechanical Acoustic power [W]
power Wy [W]

Sire n wit h horn W*" 0.5 Wn 1000

jet turbine M <0.3 W " 8 M310-6 W,- 80 M310-6 10-20
Wm

car W " 5107 Wn 0.01

human voice W" 5104 Wp 110-6

These values show clearly that in the most cases sound is a small by-product of
mechanical processes. The efficiency is not very high. However, since it is such a
small by-product it is often quite difficult to reduce noise generated by
mechanical processes.
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Coherence

(Addition to Chapter 1)

Wit h a coherent source one understands sources wit h a cert ain phase relation.
| magine two loudspeaker driven by the same electric al signal or two part s of a
structure (e.g. side walls and roof of a vehicle) driven by the same mechanical
source.

Wit h incoherent sources one understands two sources independent in phase.
| magine two cars, machines, etc.

Adding the contrib ution of two sources, their propert ies concerning cohere nce
has to be considered. Two source producing the pressure signals p,(t) and p,(z).
The total pressure is the sumof both

ptotal(t) = pl(t) + pz(t) (27)
In order to calculate the squared effective value pfmal‘eﬁ of the total pressure

one has to square the total pressure and take the time average

1 T
ptzotal,eff = ?I [pl(t) + pz(t)]zdt (28)
0
which is
17 17 17
Pl =71 PL(0ct + 1Y)k + 1 2p,(Dp,(D)c (29)
0 0 0
or
1 T
ptzotal,eﬁ = plz,eff + p;,eff +? I 2pl(t)p2(t)dt (30)
0

The last integral is only dif ferent from zero when bot h signals are coherent, i.e.
when there is a fixed relation between both time signals. Otherwise the
eff ective value of the total pressure is an addition of the effective values of
bot h individual pre ssure signals only.

Example : assume two harmonic signals

p(t) = Re{ Ae” '}
p (t) = Re{Be """}
wit h the same frequency but a phase shift, ! , between both. Calculate the

ef f ective value in accord ance to Eq. 30.
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Problems to section 5.

5.1

5.2

5.3

54

5.5

The sound pre ssure level from a point source radiating into afree field at
adistance of 3 mis 53 dBre 20 pPa.

a) What is the sound pressure level 24 mfrom the source?

b) What is the acoustic power of the point source?

A small sound source radiat es spheric al waves in air at normal pressure and
temperature. The time average sound power is 1 W and the frequency is
1000 Hz. C=343 m/s, /o =121 kg/ m®. Calculat e at the distance 1 m:

a) The time averaged sound intensity

b) The peak sound pre ssure

c) The peak part icle velocity

d) The real and imaginary part of the sound field impedance.

You want to calculat e the sound pressure level at the distance 50 mfroma
road wit h the speed limit 50 km/h. The road is loaded wit h 100 000
vehicles/ day which are evenly distrib uted during the 24 hours. You
measure the maximum sound level from one passing car at 10 m and speed
50 km/ h as 68 dB.

a) Calculat e the radiat ed sound power from one single car.

b) Calculat e the sound pressure level 50 mfromthe road using 100 000
car/ day travelling at 50 km/ h.

The road in problem 5.3 is rebuild so that some part s of the road goes into
tunnels (see figure). Calculat e t he sound pressure level in a list ening
position 50 mfrom the road when 100 000 cars/day drives at 50 km/ h on
the road.

r=50 m

o
The amplit ude of the pressure pert urbations at a distance of 1mfroma
source in air is 1 N/ m? and the frequency of the wave is 100 Hz. Calculate
the amplitude of the part icle velocity at 0.01 mfrom the source if
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5.6

5.7

5.8

59

5.10

5.11

512

5.13

a) the waves are plane

b) the waves are spheric ally symmetric .

A spheric al harmonic wave is propagating from a point source. The
frequency is 1000 Hz. At the distance 1 m from the source, the sound
pressure amplit ude is 0.1 Pa. Calculat e t he amplit ude of the pressure and
the part icle velocity at 0.1, 1 and 10 m distance from t he source.

Addit ionally, calculat e t he phase angle bet ween pre ssure and velocit y at
these distances. Use /¢ =1.20 kg/m® and ¢ =343 m/s.

A spheric al loudspeaker of radius 30 cm vibrates wit h simple harmonic
motion of amplit ude 1 mm. Det ermine an expression for the acoustic power
radiat ed by the loudspeaker as a function of frequency. How much power is
radiated at frequencies of 10, 100, 1000 Hz?

A boundary vibrates in air at a frequency of 100 Hz wit h a displacement
amplitude of 103 m. Determine the sound pressure level generated by the
vibration at a distance of 10 m from the boundary when

a) the boundary is a plane surf ace wit h unif orm normal displacement

b) the boundary is a sphere of radius 5 cm wit h symmetric radial
displacement

What is are the corre sponding SPL if the vibration occurs at 10 kHz?

A point source radiat es sound energy wit h the power W =0.01W. The
source radiates intoafree field.

What are the radial and tangential intensit ies respectively at 10 m and 20
m from t he source?

Calculat e the radiat ed sound power tothe far field from a sphere with 5
cm radius vibrating wit h t he amplitude 5 mm at 100 Hz.

Two spheres wit h radius 5 cm are placed 20 cm from each ot her and the
surf aces of the spheres are vibrating out of phase wit h a velocity
amplitude of 1 mm/s. What is the total sound power level radiated from

t he two sources. (dipole source)

A propeller aircraft has two propellers, one on each wing. Each time a
propeller blade passes the wing, a pressure pulse is created. The Sound
pressures fromthe propellers can be seen as corre lated since the two
engines are worki ng in phase. The propellers have t hree blades each and
rotates at 3000 rpm. The distance between the both propellers is 10 m.
Measurement s show t hat the sound pressure level from one of the
propeller-wing systems is 100 dB re 20 pPaat 5 m distance and 3000 rpm.
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5.13

5.14

The measurement s were done in an an-echoic chamber simulating afree
field condition. Assume that the aircraft body does not disturb the sound
filed:

a) Calculat e the frequency which is produced by the propeller and t he wing
at 3000 rpm.

b) Calculat e t he sound pressure and t he sound pressure level at a posit ion
exactly midway bet ween t he engines.

c) Calculat e the sound pressure in 5 position in front of one of the engines,
start ing at a distance of 5 mand then wit h a spacing of 1 m.

d) What will the sound pressure level be midway bet ween t he engines
(compare with b) for ajet aircraft in stead of the propeller air craft? The
jet engines can be considered as uncorr elat ed wit h t he same sound power
as the propeller engines. The calculation is in this case perf ormed in the
oct ave band having the centre frequency accordingto a).

You which to reduce a 250 Hz tonal noise emerging from an access whole
where wood is fed into a planer machine by introducing a speaker arra nged
such that it produces the same noise level (but 180 out of phase).
Assuming that the centre of the speaker is 0.2 m above the centre of the
access hole and in t he same plane, calculat e t he maximum noise reduction
which can be achieved 5 m at an azimut h angle of 30j fromthe normal to
the hole.
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