ENGINEERING ACOUSTICS EE 363N

(p,g.,r) modes........cccceueen. 28
2qyp half-power beamwidth
......................................... 16
A absorption...........ccc..... 27
a absorption coefficient....21
absorption........ccccceeveeinnnee. 27
E= /< 1= 10 (<R 27
MEASUNNG....ceevernrreeenns 27
absorption coefficient..21, 28
MEASUNNG....ceeveerreeenns 21
acoustic analogies................ 8
acoustic impedance........ 3,10
acoustic intensity ............... 10
acoustic POWer ..........c........ 10
spherical waves............ 11
acoustic pressure.............. 59
effective.....oooeeinnenne 5
adiabatiC ....c.coevevrvenrenne 7,36
adiabatic bulk modulus........ 6
ambient density................ 2,6
AMP . 3
amplitude........ccceeveeveeinnnnnn 4
ANAlOgIES.. ..o 8
anechoic room................... 36
arbitrary direction plane
WEVE ..o 9
architectural absorption
coefficient........ccceeveeeennn 28

binomial expansion............ 34
binomial theorem............... 34
bulk modulus..........c.oeunee. 6
C compliance........ccccoeurnnne. 8
¢ speed of sound.................. 3
calCUlUS.....cceveeererieieie 34
CapaCitanCe .......ccceeeeeruerennn 8
center frequency ................ 12
characteristic impedance....10
circular source..........co..... 15
cocktail party effect........... 30
coincidence effect.............. 22
complex conjugate............. 33
complex numbers............... 33
complianCe ......ccccceeeeeruerenne 8
condensation................ 2,6,7
conjugate

COMPIEX e 33
contiguous bands............... 12
coulomb...cveicieee 3
C, dispersion........ccoeuuue. 22
Cramer'srule.......ccoeuenee. 23
critical gradient.................. 32

INDEX
cross product ...........cceeeee 35 gradient
CUM et 36 thermoacoustic............. 32
D(r) directivity function...16 gradient ratio............cocueee. 32
D(qg) directivity function..14, graphing terminology ........ 36
15, 16 H enthalpy......cccoeovrieienene 36
dB decibels............. 2,12,13 h specific enthalpy............ 36
ABA ..o 13 half-power beamwidth ...... 16
decibel ......ccceuvneen. 2,12,13 harmonic wave.................. 36
del e 35 heat fluX .....ooveeeriies 11
denSity ..ooevrererereereeeenes 6 Helmholtz resonator .......... 25
equilibrium........c.cco..ee. 6 ReNry ..o 3
dependent variable............. 36 Hooke'sLaw........ccccevrvrirennas 4
diffuse field horsepower ........ccccceeveernenne. 3
diffuse field mass law humidity .......oooeveeiiiiennns 28
dipale............... hyperbolic functions.......... 34
direct field ....oceuveveenene | acoustic intensity 10, 11, 12
directivity function 14, 15, 16 l¢ spectral frequency density
dispersion..........ccoeeveneenne 22 e 13
displacement IL intensity level............... 12
particle....ccoceeeeeiririnnn 10 impedance............c........ 3,10
divergence........ccoevervenenns 35 air 10
dot product ..........cceeernenne 35 duetoair......coceevrirunnns 18
doublewalls.........ccoeurnennne 23 mechanical ................... 17
& energy density............... 26 planewave........c.c.o..... 10
&(t) room energy density..26 radiation........ccccoeevneee. 18
effective acoustic pressure...5 spherical wave............. 11
electrica analogies.............. 8 incident power ................... 27
electrical impedance.......... 18 independent variable......... 36
electrostatic transduce ......19 inductance..........cccoeeennnenne 8
energy density .........co...... 26 inertance
direct field.......coeveeee.. 29 instantaneous intensity ...... 10
reverberant field........... 30 instantaneous pressure......... 5
eNthalPY ....cveveeereerees 36 INEENSItY..coooois 10,11
[ 1110) oV 36 intensity (dB) .............. 12,13
equation of dtate.............. 6,7 intensity spectrum level.....13
equation overview ............... 6 intervals
equilibrium density.............. 6 MUSICA ..o 12
Euler'sequation................. 34 I referenceintensity....... 12
even function.........ceveeeeens 5 1SENtrOPIC....veveeeeeeceeeee 36
expansion chamber ......24, 25 ISL intensity spectrum level
Eyring-Norris.....ccovvveneee. 28 e 13
far fiddd. e, 16 isothermal.........ccccuuevnneee. 36
farad ...ocvvooceeeeseesi, 3 ISOtrOPIC. ..o 28
f. center frequency............ 12 JoUle e 3
f, lower frequency............. 12 k wave number .................. 2
flexural wavelength........... 22 K wave VECLOr .........cccevuenene 9
flow effects.......ccovveeerennne 25 KEIVIN (o 3
focal plane.......cccevevevevenee. 16 L inertance......ccccecvvveinennen. 8
focused source........u........ 16 Laplacian.......cccoceeeeeerennns 35
Fourier SerieS......ooveeveeveenn. 5 line source........cccceeeeennnne. 14
Fourier's law for heat linearizing an equation....... 34
CONAUCEION v 11 Lm mean free path............. 28
frequency m architectural absorption
CONEN ..veeereeeeereeereens 12 COEfficient.......cccoveenernenns 28
frequency band.................. 12 magnitude..........c.ccoveeenne. 33
frequency band intensity mass
[OVE ..o 13 radiation..........cooeeiennns 18
f, upper frequency ............ 12 mass conservation............ 6,7
gas constant ..........c.eeecueeene. 7 material properties............. 20
general math........cooooee..... 33 mean free path............c...... 28
GlOSSANY ..o 36 mechanica impedance....... 17
grad operator ........ceeeveneee 35

mechanical radiation

modulus of elagticity ........... 9
momentum conservation. 6, 8
MONOPOIE .....overreieerieenns 13
moving coil speaker .......... 17
m, radiation mass............. 18
MUfflers......ooovvvceeene 24,25
musicd intervals............... 12
N fractiona octave........... 12
n number of reflections.... 28
N(f) modal density............ 28
nabla operator .........ccccce... 35
natural angular frequency....4
natural frequency ................ 4
NEWEON....ceeeviiie e 3
Newton'sLaw .........c.cceeennee 4
NOISE...cviuiereeenieereeiesieaees 36
noise reduction.................. 30
NR noisereduction .......... 30
number of reflections........ 28
octave bands............cccceeeee 12
odd function............cccceeeeeeee 5
p acoustic pressure......... 56
Pa...coiiie e 3
particle displacement... 10, 22
partition.........cceeevvvieniennnns 21
PaSCal ..o 3
Paxia aXia pressure.......... 19
P, effective acoustic
Pressure.......ccooeveeveeneeneenee 5
perfect adiabatic gas............ 7
PhaSe....ccoeveeieieeii e 33
phaseangle........cccocvvenenene 4
phasespeed.......ccccoeevveenene 9
phasor notation.................. 33
piezoelectric transducer..... 19
PINK NOISE.....covireeie e 36
plane wave
impedance.................... 10
AV [0 w1 1Y 9
plane waves..........ccocceveruenene 9
polar form ......cccovevvveiernenene 4
POWES ..o 10,11
SPL .o 29
power absorbed................. 27
P« reference pressure......13
Pressure.........oeceeveereenene 6,9
progressive plane wave....... 9
progressive spherical wavell
propagation .............cceeruenene 9
propagation constant ........... 2
Q quadity factor ................ 29
quality factor........ccceeeenee 29
r gasconstant ...........coceeeeee 7
R room constant ............... 29
radiation impedance.......... 18
radiation mass..........c.e..... 18
radiation reactance............ 18
rayleigh number ................ 16

Tom Penick

tom@tomzap.com www.teicontrols.com/notes

EngineeringAcoustics.pdf 12/20/00 Page 1 of 36



reflection.........ccceeveeeeenene 20
reflection coefficient.......... 20
resonance
modal........ccceeveeeinenenn 28
reverberant field ................ 30
reverberation radius........... 29
reverberation room............ 36
reverberation time.............. 28
10T 5 34
r00M ACOUSLICS.....ccvvevverrenns 26
room constant .................... 29
room energy density .......... 26
room modes.......c.ccvevvernens 28
root mean square................ 34
s condensation................. 2,6
Sabin formula.................... 28
SADINS.....ooecveeceeeeeeeee, 27
SENES vt 34
sidebranch resonator.......... 26
simple harmonic motion......4
(01014 o IS 3
sound decay .......c.cceeeueenne 26
sound growth..........ccc.... 26
sound power level.............. 29
sound pressure level (dB) ..13
SOUMCE ....veeeveeveeeveeienann 13,14
space derivative................. 35
space-time......cccceeveeierennn 33
SPERKEN ..o 17

specific acoustic impedance

......................................... 10
specific enthalpy................ 36
specific gas constant............ 7
spectral frequency density .13
speed amplitude................... 4
speed of sound...........c........ 3
SPhere....ccoceeeereeeeee 36
spherical wave................... 11

impedance..........c.ccc..... 11
VEIOCILY oo 11

spherical wave impedance.11
SPL sound power level .....29
SPL sound pressure level .. 13

spring constant .................... 4
standing waves.................. 10
Struve function.................. 18
surface density..........ccce..... 21
Teo reverberationtime....... 28
TDS oo 36
temperature.........c.ccovevveennne 3
temperature effects............ 25
teda. i 3
thermoacoustic cycle......... 31

thermoacoustic engine.......31
thermoacoustic gradient ....32

thinrod.......ccccoevvvieeieieen, 9
time constant .........cccccueeee. 26
time delay spectrometry ....36
time-average..........cceceunee 33
time-averaged power ......... 33

TL transmission loss...21, 22

DECIBELS [dB]

A log based unit of energy that makes it easier to
describe exponential losses, etc. The decibel means
10 bels, a unit named after Bell Laboratories.

energy

L =10log

reference energy

[dB]

One decibel is approximately the minimum discernable
amplitude difference that can be detected by the human ear
over the full range of amplitude.
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WAVE VECTOR p9.

k WAVE NUMBER [rad/m]

The wave number of propagation constant
is a component of a wave function
representing the wave density or wave
spacing relative to distance. Sometimes
represented by the letter b. See also

temperature in Kelvin.

| WAVELENGTH [m]

Wavelength is the distance that a
wave advances during one cycle.

At high temperatures, the speed of
sound increases so | changes. Tyis | =

| :E:@
f Kk
343 | T
f V293

typically be close to zero.

S CONDENSATION [no units]

The ratio of the change in density to the ambient
density, i.e. the degree to which the medium has
condensed (or expanded) due to sound waves. For
example, s= 0 means no condensation or expansion
of the medium. s=-%means the density is at one
half the ambient value. s=+1 means the density is at
twice the ambient value. Of course these examples
are unrealistic for most sounds; the condensation will

r = instantaneous density [kg/m’]
r o = equilibrium (ambient) density [kg/m’]
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2 2
F(farad)= & -C - C _J _As
v

H (henry) = Y'S  (note that H-F = s?)
A

2
J (joule) = Nom=V-C=W-s= AV.s= FV?2 :%

N (newton) = ©~ =>" "> _"J°°
m m m

Pa(pascal)= N - kK9 _J _Ws
m ms® m m

T(tesla)zV\_’tz)zv_'zS:Hf‘

Voly=W_J_J Ws_Nm_C

J_Nm_C¥V FV? _ 1

W(Watt)z_:—:—:V.A: =—HP

Wb (weber) = H .A:V.S:i
A

Acoustic impedance: [raylsor (Pa- s)/m]

Temperature: [°C or K] 0°C =273.15K

c SPEED OF SOUND [m/g]

Sound travels faster in stiffer (i.e. higher.%, less
compressible) materials. Sound travels faster at
higher temperatures.

, | w
Frequency/wavelength relation: ¢=|f = —

2p
In a perfect gas: C= % =JaT
V To

In liquids: €= 9% where % = 0%
Mo

g = ratio of specific heats (1.4 for a diatomic gas) [no units]
o = ambient (atmospheric) pressure (p <« ). Atsea

level, % »101kPa [Pa]
r o = equilibrium (ambient) density [kg/m’]
r = specific gas constant [J(kg- K)]
Tk = temperature in Kelvin [K]

Z = roeaﬁg adiabatic bulk modulus [Pe]
&1 a,
%1 = isothermal bulk modulus, easier to measure than the
adiabatic bulk modulus [Pa]

Two values are given for the speed of sound in solids, Bar
and Bulk. The Bar value provides for the ability of sound to
distort the dimensions of solids having a small-cross-
sectional area. Sound moves more slowly in Bar material.
The Bulk value is used below where applicable.

Speed of Sound in Selected Materials [m/s]

Air @ 20°C 343 | Copper 5000 | Steel 6100
Aluminum 6300 | Glass (pyrex) 5600 | Water, fresh20°C 1481
Brass 4700 | Ice 3200 | Water, sea13°C 1500
Concrete 3100 | Steam @ 100°C 404.8 | Wood, osk 4000
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SIMPLE HARMONIC MOTION

Restoring force on a spring
(Hooke's Law):

fo=-sx
and Newton's Law:
F=ma
_ d?x d’x s
yield: - SX=M—— and —+—X=0
dt dt® m
S .
Let W, =-—, so thatthe system is described by the
m
d2X 2

equation e +w, x=0|

w, = /3 is the natural angular frequency in rad/s.
m

Wo . .
fo = 2— is the natural frequency in Hz.

The general solution takes the form
x(t) = A coswt + A, sinwgt
Initial conditions:

displacement: X(O) =%,,s0 A = xO

velocity X( ) Uy.s0 A, =—2
Wo

Uy
Solution: |X(t) = X, coswgt +—sinwt
WO

S = spring constant [no units]
= the displacement [m]

m=mass [kg]

u = velocity of the mass [m/s]

t=time [9

SIMPLE HARMONIC MOTION,
POLAR FORM

The solution above can be written
x(t) = Acos(w,t +f)],

where we have the new constants:

al, 0

amplitude: A= XO2 +o—2
eWo g

&e-u, 0

initial phase angle: f =tan 19 0 -
eWoX g

Note that zero phase angle occurs at maximum positive
displacement.

By differentiation, it can be found that the speed of the mass
isu=-U sin(wot +f ) , where U =W, A is the speed

amplitude. The acceleration is @ = - W,U COS(WO'[ +f ) .

Using the initial conditions, the equation can be written

Xo = the initial position [m]
Up = the initial speed [M/s]

w, = /3 is the natural angular frequency in rad/s.
m
It is seen that displacement lags 90° behind the speed and

that the acceleration is 180° out of phase with the
displacement.

SIMPLE HARMONIC MOTION,
displacement — acceleration - speed

Displacement, A Acceleration
Speed, a
Acceleration \

Displacement
X

/

2p Wyt
Phase
Angle

|

Initial phase angle f=0°

The speed of a simple oscillator leads the displacement by
90°. Acceleration and displacement are 180° out of phase
with each other.
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FOURIER SERIES

The Fourier Series is a method of describing a
complex periodic function in terms of the frequencies
and amplitudes of its fundamental and harmonic
frequencies.

Let f (t) =f (t +T) = any periodic signal

where T = the period.

f ()

N
0 \/n \/ZT

¥
Then f(t):%Aﬁé_ (A, cosnwt + B, sinrwt )

n=1

2p

where |w=—-|=the fundamental frequency

T

Ay = the DC component and will be zero provided the
function is symmetric about the t-axis. This is almost
always the case in acoustics.

2 T A, is zero when f(t) is an

An= 70 f (t)cosnwt dt  o4q function, i.e. f(O=-f(-0),
the right-hand plane is a
mirror image of the left-
hand plane provided one of
them is first flipped about
the horizontal axis, e.g.
sine function.

_ +T . B, is zero when f(t) is an
Bo=— Q f(t)sinnwtdt  cyen function, i.e. f()=F(-0),
the right-hand plane is a
mirror image of the left-
hand plane, e.g. cosine
function.

where t;, = an arbitrary time

p ACOUSTIC PRESSURE [Pd]

Sound waves produce proportional changes in
pressure, density, and temperature. Sound is usually
measured as a change in pressure. See Plane
Waves p9.

p=7- %

For a simple harmonic plane wave traveling in the x
direction, p is a function of x and t:

p(xt) = pel ™

2 = instantaneous pressure [Pa]

P = ambient (atmospheric) pressure (p « % ). Atsea

level, % »101kPa [Pal
P = peak acoustic pressure [Pa]
X = position along the x-axis [M]
t =time [9]

P. EFFECTIVE ACOUSTIC PRESSURE
[Pel

The effective acoustic pressure is the rms value of the
sound pressure, or the rms sum (see page 34) of the
values of multiple acoustic sources.

Fzzi &2:<P2>:¢p2dt

V2
= (B + (B + (R -
P = peak acoustic pressure [Pa]
p= - gacoustic pressure [Pa]
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ro EQUILIBRIUM DENSITY [kg/m’]

The ambient density.

L _9%
o= — =3 for ideal gases
C Cc
r,= for liquids
0 2

The equilibrium density is the inverse of the specific volume.
From the ideal gas equation:

Pn=RT® P=r,RT
F=T1, (“ﬂ—f’) adiabatic bulk modulus, approximately equal
To
to the isothermal bulk modulus, 2.18x10° for water [Pa]
¢ =the phase speed (speed of sound) [m/s]
g= ratio of specific heats (1.4 for a diatomic gas) [no units]
P = ambient (atmospheric) pressure (p « % ). Atsea

level, % »101kPa [Pé]
P = pressure [Pq]
n = V/m specific volume [m/kg]
V = volume [m’]
m=mass [kg]
R = gas constant (287 for air) [J(kg- K)]
T = absolute temperature [K] (°C + 273.15)

EQUATION OVERVIEW

Equation of State (pressure)

Mass Conservation (density)
3-dimensional 1-dimensional

TS fisa=0 —+—=0
fit it x

Momentum Conservation (velocity)
3-dimensional 1-dimensional

Np+r0;:0 m+r E:O

ix °ft

From the above 3 equations and 3 unknowns (p, s, u)
we can derive the Wave Equation

- 1 T%p
N?p=——+
P c? qt?

I'o Equilibrium Density of Selected Materials [kg/m’]

Air @ 20°C 1.21 | Copper 8900 | Steel 7700
Aluminum 2700 | Glass(pyrex) 2300 | Water, fresh 20°C 998
Brass 8500 | Ice 920 | Water, sea13°C 1026
Concrete 2600 | Steam@100°C 0.6 | Wood, oak 720

% ADIABATIC BULK MODULUS [Pq]

% is a stiffness parameter. A larger.% means the
material is not as compressible and sound travels
faster within the material.

Sl
élr g

H =Ty =1 " =9%

r = instantaneous density [kg/m”]

r o = equilibrium (ambient) density [kg/m’]

¢ =the phase speed (speed of sound, 343 m/sin air) [m/g]
% = instantaneous (total) pressure [Paor N/m?

P = ambient (atmospheric) pressure (p « % ). Atsea

level, % »101kPa [Pa]
g= ratio of specific heats (1.4 for a diatomic gas) [no units)]

% Bulk Modulus of Selected Materials [Pa]

EQUATION OF STATE - GAS

An equation of state relates the physical properties
describing the thermodynamic behavior of the fluid. In
acoustics, the temperature property can be ignored.

In a perfect adiabatic gas, the thermal conductivity of
the gas and temperature gradients due to sound
waves are so small that no appreciable thermal
energy transfer occurs between adjacent elements of
the gas.

Perfect adiabatic gas:

P=9%s

Linearized:

2 = instantaneous (total) pressure [Pa]
P = ambient (atmospheric) pressure (p « % ). Atsea

level, %2 »101kPa [Pa]
r = instantaneous density [kg/m”]
r o = equilibrium (ambient) density [kg/m’]
g = ratio of specific heats (1.4 for a diatomic gas) [no units]
p =2 -2, acoustic pressure [Pa]
s="-To . qcondensation [no units]
r 0

Aluminum 75x10° | Iron (cast) 86x10° | Rubber (hard)  5x10°
Brass 136x10° | Lead 42x10° | Rubber (soft) 1x10°
Copper 160x10° | Quartz 33x10° | Water *2.18x10°
Glass (pyrex) 39x10° | Sted 170x10° | Water (sea) *2.28x10°

*% 1, isothermal bulk modulus
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EQUATION OF STATE - LIQUID

An equation of state relates the physical properties
describing the thermodynamic behavior of the fluid. In
acoustics, the temperature property can be ignored.

Adiabatic liquid:

p =2 -2, acoustic pressure [Pa]

F =1, (%) adiabatic bulk modulus, approximately equal
fo
to the isothermal bulk modulus, 2.18x10° for water [Pa]

s="-To . qcondensation [no units]
r 0

r SPECIFIC GAS CONSTANT [J(kg- K)]

The specific gas constant r depends on the universal
gas constant.%# and the molecular weight M of the

particular gas. For air r » 287 J/ (kg ).

% = universal gas constant
M = molecular weight

MASS CONSERVATION — one dimension

For the one-dimensional problem, consider sound
waves traveling through a tube. Individual particles of
the medium move back and forth in the x-direction.

X X +dx
} A = tube area

(ruA) is called the mass flux [ka/d]

(rua) , is what's coming out the other side (a different

x+d
value due to compression) [kg/s]

The difference between the rate of mass entering the center
volume (A dx) and the rate at which it leaves the center
volume is the rate at which the mass is changing in the
center volume.

r uA

(run),- (rua),,, =- 1)
X X+ax T[X

r dv is the mass in the center volume, so the rate at which

the mass is changing can be written as

f 1

dx

—r dv=—rAdx
it it
Equating the two expressions gives
1r Adx =- de, which can be simplified
it T
Al r+ 1(r u)=0
it X

u = particle velocity (due to oscillation, not flow) [m/g]
r = instantaneous density [kg/m’]

p =2 -2, acoustic pressure [Pa]

A = area of the tube [m?]

MASS CONSERVATION —
three dimensions

T g .

—r +N =0
ﬂtr +Nxra)

where = s 14, yl+r al

Tx Ty 1z
and let r =l’0(1+ s)

L s+N g = 0| (linearized)
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MOMENTUM CONSERVATION - one
dimension (5.4)
For the one-dimensional problem, consider sound

waves traveling through a tube. Individual particles of
the medium move back and forth in the x-direction.

X X +dx

\ \
\ 1

PPy — ( | ( (PP } A= tubearea
/ |

/ /

(97JA) is the force due to sound pressure at location x in
X

the tube [N]
(,@A)x+dx is the force due to sound pressure at location

X+ dx in the tube (taken to be in the positive or
right-hand direction) [N]

The sum of the forces in the center volume is:

o .
a F=(2A), - (FA) e =~ Ay &

Force in the tube can be written in this form, noting that this

is not a partial derivative:

F :ma:(rAdx)%

For some reason, this can be written as follows:

(rAdx)% =(rAdx)aé£+uE2

dt &Mt xo

with the term UE often discarded in acoustics.
X

% = instantaneous (total) pressure [Paor N/m?

A = area of the tube [m?]

r = instantaneous density [kg/m”]

p =2 -2, acoustic pressure [Pa]

u = particle velocity (due to oscillation, not flow) [m/g]

ACOUSTIC ANALOGIES
to electrical systems

ACOUSTIC ELECTRIC

\Y

Impedance: Z, =P Z=—
U I

Voltage: Dp V=IR

\Y
Current: U =—

R

p =2-%, acoustic pressure [Pa]
U = volume velocity (not a vector) [m3/s]
Zx = acoustic impedance [Pa- ¥m’]

L INERTANCE [kg/m®]

Describes the inertial properties of gas in a channel.
Analogous to electrical inductance.

_ DX
A
r o = ambient density [kg/m’]

Dx = incremental distance [m]
A = cross-sectional area [mz]

L

C COMPLIANCE [m°kg]

The springiness of the system; a higher value means
softer. Analogous to electrical capacitance.
C= L
d,
V = volume [m?]
g = ratio of specific heats (1.4 for a diatomic gas) [no units]
r o = ambient density [kg/m’]

MOMENTUM CONSERVATION —
three dimensions

1P+r aE+uﬂ9:0
it &t Txz

. a ~ 0

and Np+r —+0XN0:=0
gt g

Note that g>Ng is a quadratic term and that r@

It

is

quadratic after multiplication

Rp+r T _g (linearized)
ptr, it

U VOLUME VELOCITY [m%s]
Although termed a velocity, volume velocity is not a
vector. Volume velocity in a (uniform flow) duct is the
product of the cross-sectional area and the velocity.

IV _dXg_ s

1t dt

V = volume [m’]

S=area [m?

u = velocity [m/g]

X = particle displacement, the displacement of a fluid
element from its equilibrium position [m]
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PLANE WAVES

PLANE WAVES (2.4,5.7)
A disturbance a great distance from the source is
approximated as a plane wave. Each acoustic
variable has constant amplitude and phase on any
plane perpendicular to the direction of propagation.
The wave equation is the same as that for a
disturbance on a string under tension.

There is no y or zdependence, so Al = Al =0

Ty 1z

2 2
One-dimensional wave equation: [1 P - 1 1P
1> ¢ qt?

u VELOCITY, PLANE WAVE [m/g]

The acoustic pressure divided by the impedance, also
from the momentum equation:

P
roC

M+rOM:O® u=

x qt

N |

p =2 -2, acoustic pressure [Pa]
z=wave impedance [raylsor (Pa: s)/m]
r o = equilibrium (ambient) density [kg/m’]

c= % is the phase speed (speed of sound) [m/s]

k = wave number or propagation constant [rad./m]
r = radial distance from the center of the sphere [m]

General Solution - Ty
for the acoustic p(X, t) = AR 4 gellwtt)

\__v.—/
pressure of a propagating in propagating in
pI ane wave: the+x direction  the -x direction

p =2 -2, acoustic pressure [Pa]

A = magnitude of the positive-traveling wave [Pa]
B = magnitude of the negative-traveling wave [Pa]
w = frequency [rad/g]

t=time [9]

k = wave number or propagation constant [rad./m]
X = position along the x-axis [M]

PROGRESSIVE PLANE WAVE (2.8)
A progressive plane wave is a unidirectional plane
wave—no reverse-propagating component.

p(x.t)= Ae ™

PROPAGATION (2.5)
A

a disturbance

F(x-cDt) /\/\

x F—
Dx=cDt

><V

C:%@ %, Dt® 0
Dt at
dx

€= -y Isthe phase speed (speed of sound) at which F is
translated in the +x direction. [m/s]

ARBITRARY DIRECTION PLANE WAVE
The expression for an arbitrary direction plane wave
contains wave numbers for the x, y, and z
components.

p(x t) = Ae

(wt— kex-Kkyy- kzz)

.2
2 _adVO

where k? +k? +k? =%
X y z 8 :
Cg

K WAVE VECTOR [rad/m or m™]

The phase constant k is converted to a vector. For

plane waves, the vector K is in the direction of
propagation.

k= kxf(+ky§/+ K,Z where

.2
kf+ky2+kf=§%\/g

THIN ROD PROPAGATION
A thin rod is defined as | > a.

C

a = rod radius

c= % is the phase speed (speed of sound) [m/s]

i =Young's modulus, or modulus of elasticity, a
characteristic property of the material [Pa]
r o = equilibrium (ambient) density [kg/m’]
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STANDING WAVES X PARTICLE DISPLACEMENT [m]

Two waves with identical frequency and phase The displacement of a fluid element from its
characteristics traveling in opposite directions will equilibrium position.
cause constructive and destructive interference: ﬂd p
o i(wt k) j(wt+k) ua=— X =
p(xt)=pe™ ™ +pe qt Wr ,C
moving right moving left

for p=p,=10, k=1, t=0: U = particle velocity [m/s]

20

. N /\ /\ P ACOUSTIC POWER [W]
1; \ / \ / \ / \ / \ Acoustic power is usually small compared to the
=10 \ / \ / \ / \ / \ / power required to produce it.

) P=Qlds

% V 5 V 10 V V 15 . Q

Distance x S=surface surrounding the sound source, or at least the

for p;=5, p=10, k=1, t=0: surface area through which all of the sound passes [m?]

2 | = acoustic intensity [W/m?]

| ACOUSTIC INTENSITY [W/m?]

The time-averaged rate of energy transmission

through a unit area normal to the direction of

% 5 S 10 s propagation; power per unit area. Note that | = ufi
is a nonlinear equation (It's the product of two

Magnitude
5 o
T

functions of space and time.) so you can't simply use
z SPECIFIC ACOUSTIC IMPEDANCE jwt or take the real parts and multiply, see Time-

[raylsor (Pa: s)/m] (5.10) Average p33.
Specific acoustic impedance or characteristic
impedance zis a property of the medium and of the | =<| (t)>T = < pU>T =
type of wave being propagated. It is useful in
calculations involving transmission from one medium For a single frequency:
to another. In the case of a plane wave, zis real and 1
is independent of frequency. For spherical waves the = —%{ pu*}
opposite is true. In general, zis complex. 2

.
(‘9 pu dt

|

p For a plane harmonic wave traveling in the +z direction:
Z=—=1,C| (applies to progressive plane waves 2
g o (app prog p ) |—1E—1Eﬂ—cﬂ'§ |—|p| P
Acoustic impedance is analogous to electrical A Tt Afx Tt v Z
impedance: T = period [g]
pressure . volts I(t) = instantaneous intensity [W/m?]
——— =impedance=—— p=2-2, acoustic pressure [Pa]
velocity amps
[p] = peak acoustic pressure [Pa]
Z=r+ J X u = particle velocity (due to oscillation, not flow) [m/g]
P, = effective or rms acoustic pressure [Pa]
Inasensethisisresistive, Inasensethisis reactive, I o = equilibrium (ambient) density [kg/m’]
i.e. aloss since the wave in that this value represents _odx
departs from the source. an impediment to propagation. c= 4 isthe phase speed (speed of sound) [m/s]

I oC Characteristic Impedance, Selected Materials (bulk) [rayls]

Air@20°C 415 | Copper 44.5x10° | Sted 47x10°

Aluminum 17x10° | Glass (pyrex) 12.9x10° | Water, fresh 20°C 1.48x10°

Brass 40x10° | Ice 2.95x10° | Water, sea13°C  1.54x10°

Concrete  8x10° | Steam @ 100°C 242 | Wood, oak 2.9x10°
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FOURIER'S LAW FOR HEAT
CONDUCTION, HEAT FLUX

Sound waves produce proportional changes in
pressure, density, and temperature. Since the
periodic change in temperature is spread over the
length of a wavelength, the change in temperature per
unit distance is very small.

q=-K——
X
g = heat flux [°C/m]
T = temperature [°C]
K = a constant
X = distance [m]

IMPEDANCE [raylsor (Pa: s)/m]
Spherical wave impedance is frequency dependent:

p =2-%, acoustic pressure [Pa]
u = particle velocity (due to oscillation, not flow) [m/g]
r o = equilibrium (ambient) density [kg/m’]

c= % is the phase speed (speed of sound) [m/s]

k = wave number or propagation constant [rad./m]
r = radial distance from the center of the sphere [m]

SPHERICAL WAVES

SPHERICAL WAVES (5.11)
General solution for a symmetric spherical wave:

A jwt-kr) B itk
p(r,t) ==& + Z o)

r r

divirging from converging on

the source the source

A jw-
Progressive spherical wave: p(r ) t) = —e'(Wt o
r

p =2 -2, acoustic pressure [Pa]

r = radial distance from the center of the sphere [m]

A = magnitude of the positive-traveling r
wave [Pa]

B = magnitude of the negative-
traveling wave [Pa]

w = frequency [rad/g]

t=time [9]

k = wave number or propagation
constant [rad./m]

u VELOCITY, SPHERICAL WAVE [m/g]

y=P-P% I8
z rocg kr g

p =2-%, acoustic pressure [Pa]
z=wave impedance [raylsor (Pa: s)/m]
r o = equilibrium (ambient) density [kg/m’]

c= % is the phase speed (speed of sound) [m/s]

k = wave number or propagation constant [rad./m]
r = radial distance from the center of the sphere [m]

SPHERICAL WAVE BEHAVIOR

Spherical wave behavior changes markedly for very
small or very large radii. Since this is also a function
of the wavelength, we base this on the kr product

where krpr/l .

For kr >1,i.e. r > 1| (far from the source):
In this case, the spherical wave is much like a plane
wave with the impedance Z=T ,C and with pand uin
phase.

For kr <1,i.e. r < | (close to the source):
In this case, the impedance is almost purely reactive
Z= jWI’ of and pand uare 90° out of phase. The

source is not radiating power; particles are just sloshing
back and forth near the source.

P ACOUSTIC POWER, SPHERICAL
WAVES [W]

For a constant acoustic power, intensity increases
proportional to a reduction in dispersion area.

P= Q I-dS general definition

P = 4pr2 | for spherical dispersion
—
areaof a
spherical
surface
P = 2pr2 | for hemispherical dispersion
—
hemi-
spherical
surface
S=surface surrounding the sound source, or at least the
surface area through which all of the sound passes [m?]
| = acoustic intensity [W/m?]
r = radial distance from the center of the sphere [m]
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FREQUENCY BANDS

fu i FREQUENCY BANDS

The human ear perceives different frequencies at
different levels. Frequencies around 3000 Hz appear
loudest with a rolloff for higher and lower frequencies.
Therefore in the analysis of sound levels, it is
necessary to divide the frequency spectrum into
segments or bands.

f,=2""f,| a L -octave band

N

f, = the upper frequency in the band [HZ]

f, = the lowest frequency in the band [HZ]

N = the bandwidth in terms of the (inverse) fractional portion
of an octave, e.g. N=2 describes a ¥2-octave band

fc CENTER FREQUENCY [HZz]

The center frequency is the geometric mean of a
frequency band.

CONTIGUOUS BANDS

The upper frequency of one band is the lower
frequency of the next.

fln fcn fun
1 | | | \| Ll l | | | | | | Logf
300 Kk | 10k
f| n+lan+lfun+1
n+l
f. _oh
f.

Octave bands are the most common contiguous bands:

A f f
c =2 fi=—ft f,=f~2 w=—
fcn | \/E \/E

e.g. for f, = 1000 Hz, f, = 707 Hz, f, = 1414 Hz

STANDARD CENTER FREQUENCIES [HZ]

Octave bands:
16, 31.5, 63, 125, 250, 500, 1000, 2000, 4000, 8000

1/3-Octave bands:
10, 12.5, 16, 20, 25, 31.5, 40, 50, 63, 80, 100, 125, 160, 200,
250, 315, 400, 500, 630, 800, 1000, 1250, 1600, 2000, 2500,
3150, 4000, 5000, 6300, 8000

fI fc fu
1 | | | \| Ll l I | I | Logf
300 1k 10k
fc = fu fI
f, = the upper frequency in the band [HZ]
f = the lowest frequency in the band [HZ]
w BANDWIDTH [HZ]
The width of a frequency band.
fl fu
’e w log f
300 1k 10k

w=f, - f :(ﬁ- 2‘ﬁ)fc

MUSICAL INTERVALS [HZ]
Each half-step is 2"*? times higher than the previous

note.
Harmonious frequency ratios:
2:1 octave 211222000 2/1=2.000

3:2 perfect fifth 272=1489  3/2=1.500
4:3 perfect fourth 2¥6=1335  4/3=1.333
5:4 major third 2¥12-1260  5/4=1.200

IL INTENSITY LEVEL [dB]

Acoustic intensity in decibels. Note that IL = SPL
when IL is referenced to 102 and SPL is referenced to
20x10°.

el o
Intensity Level: |IL =10|Ogg—+
elref (%)

| = acoustic intensity [W/m?]
I, = the reference intensity 1x102 in air [W/m?]
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I SPECTRAL FREQUENCY DENSITY
[W/m?]
The distribution of acoustic intensity over the
frequency spectrum; the intensity at frequency f over a

bandwidth of Df. The bandwidth Df is normally taken
to be 1 Hz and may be suppressed.

(1) =5

PSL PRESSURE SPECTRUM LEVEL
[dB]
Same as intensity spectrum level.
PSL(f)=19.(f)=SPLinalHzband

SPL = sound pressure level [dB]

ISL INTENSITY SPECTRUM LEVEL [dB]

The spectral frequency density expressed in decibels.
This is what you see on a spectrum analyzer.

I (f)1Hz
1SL(f) =10|ogf(—)
ref

I, = the reference intensity 102 [Pq]

|Lgano FREQUENCY BAND INTENSITY
LEVEL [dB]

The sound intensity within a frequency band.

ILgano = ISL +10logw

ISL = intensity spectrum level [dB]
w = bandwidth [HZ]

dBA WEIGHTED SOUND LEVELS (13.2)

Since the ear doesn't perceive sound pressure levels
uniformly across the frequency spectrum, several
correction schemes have been devised to produce a
more realistic scale. The most common is the A-
weighted scale with units of dBA. From a reference
point of 1000 Hz, this scale rolls off strongly for lower
frequencies, has a modest gain in the 2-4 kHz region
and rolls off slightly at very high frequencies. Other
scales are dBB and dBC. Most standards, regulations
and inexpensive sound level meters employ the A-
weighted scale.

ACOUSTICAL SOURCES

SPL SOUND PRESSURE LEVEL [dB]

Acoustic pressure in decibels. Note that IL = SPL
when IL is referenced to 10™* and SPL is referenced to
20x10°. An increase of 6 dB is equivalent to doubling
the amplitude. A spherical source against a planar
surface has a 3 dB advantage over a source in free
space, 6 dB if it's in a corner, 9 dB in a 3-wall corner.

&P 0
Sound Pressure Level: SPL=20|099 € .
ePref (%]
for Multiple Sources:
ey &P 5U N 5
SPL=10l0g 6] o222 4=10logeq 1052
§i=le ref @ H 8i=1 (%]

for Multiple Identical Sources:
SPL =SPL, +10log N

P, = effective or rms acoustic pressure [Pa]

P, = the reference pressure 20x10° in air, 1x10° in water
[Pe]

N = the number of sources

MONOPOLE (7.1)

The monopole source is a basic theoretical acoustic
source consisting of a small (small ka) pulsating
sphere.

p(r.t) = 2

. jwt
where A= jka’r ,cu, e

p =2 -2, acoustic pressure [Pa]

r = radial distance from the center of the source [m]
w = frequency [rad/s]

k = wave number or propagation constant [rad./m]
r o = equilibrium (ambient) density [kg/m’]

c= % is the phase speed (speed of sound) [m/s]

u = particle velocity (due to oscillation, not flow) [m/g]
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DIPOLE

The dipole source is a basic theoretical acoustic
source consisting of two adjacent monopoles 180° out
of phase. Mathematically this approximates a single
source in translational vibration, which is what we
really want to model.

O G = “OF

q=0 p(r,q) asr®¥
A
g r, r r
r r1
/ 7 sing q
N |
> S~ |
; o T d |
<« d— ! 2 1

where A= jka’r ,cu,
Far from the source, the wave looks spherical:

p(r,q)= jzée"(m'k’)sin(%kdsinq)

directivity function

spherical wave

p =2 -2, acoustic pressure [Pa]

r = radial distance from the center of the source [m]
w = frequency [rad/s|

k = wave number or propagation constant [rad./m]
r o = equilibrium (ambient) density [kg/m’]

c= % is the phase speed (speed of sound) [m/s]

u = particle velocity (due to oscillation, not flow) [m/g]

LINE SOURCE (7.3)
A line source of length L is calculated as follows.

X4
- R p(r.q)
adx F
L 9 >
o
Let P, ( R, q't) = d_l_xgei(wt_ kR)

where P, is the pressure at a remote point due to
one tiny segment of the line source,

- 2
and A= jkar ,cu, .

forr>L, R»r- xsing,
p(r,q) = QR,X (r,q,t)dx (abbreviated form)

de (r ) q,t) » d—LXée](Wt' kr+kxsing)
r

1A i) L2 sn
p(r.q,t)the](Wt kr)OL/zeij 9dx

p(r.at)= ?Aej(M_kr)D(q) where

_sin(4kLsing)
~ 1lkLsing

D(a)

see also Half Power Beamwidth p16.

Directivity Function
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DIRECTIVITY FUNCTION

The directivity function is responsible for the lobes of
the dispersion pattern. The function is normalized to
have a maximum value of 1 at q = 0. Different
directivity functions are used for different elements;
the following is the directivity function for the line
source.

_sin(4kLsing)
~ 1kLsing

y=sin(50*sin(x))/(50*sin(x))

D(a)

/\fA PaN —
[V

0% 01 0z 03 04 05 06 07 08 08 1 11 12 13 14 15
x

The following is the directivity function for a focused
_J,(2Gr/a)

source.
D
(r) Gr/a

D(r)=BESSELJ(1,2r10)/(r"10)

o\
z 0.
o
01 \
\ s —

-0,

0 01 02 03 04 05 06 07 08 08 1 11 12 13 14 15
t [meters]

Ji(X) = first order Bessel J function
see also Half Power Beamwidth p16.

CIRCULAR SOURCE (7.4, 7.5a)
A speaker in an enclosure may be modeled as a
circular source of radius ain a rigid infinite baffle

vibrating with velocity me™. For the far field pressure
(r > ¥skad).

2

p(r,qt)= jl(zirrocrrbD(q)ej(v“'k’)

_2J,(kasing)

where D(q) kasing

Directivity function

D(8)=|2"BESSELJ(1,v))|
T T T T

1 4
095

3 \\
085

0.8 + \
0.75 H H

[L ] S e B . o]

0.65 - ]
05 \

0551
D ‘
S os5p— \

0.45 \

0.4
0.35

] S SR o s \ S N S O SR RO 1
025} ; :

\
02
015 \

0.1 ; \ TN

0.05- \- oo

I f . i
c0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10 105

v =kasin(®)
1808.830

»SIN ~ — = First null

Qruir 1 Ka 5
Ji(X) = first order Bessel J function
r = radial distance from the source [mM]
g = angle with the normal from the circular source [radians]
t=time [9]
r o = impedance of the medium [rayls] (415 for air)
k = wave number or propagation constant [rad./m]
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2Qup HALF-POWER BEAMWIDTH

The angular width of the main lobe to the points where
power drops off by 1/2; this is the point at which the

directivity function equals 1/ J2.

For a circular source:

1 _2J,(kasing)
E kasing
L 54.616345

&€ ka o

from the Directivity function: D(qHP) =

kasing,, =1.61634 b 2q,,=2sin

20, »&k?:?radians or &kazz degrees, forka>1

Ji(X) = first order Bessel J function

For aline source:

T
from the Directivity function: D(qu) = % = M
2 skLsing

: 6
1KLsing,, =1.391558 b 2, :zgn»lga 3?&‘55{
e 2 a

FOCUSED SOURCE

The dispersion pattern of a focused source is
measured at the focal plane, a plane passing through
the focal point and perpendicular to the central axis.

FOCUSED SOURCE

z=0 z=d
N r N
‘ \\\j: :ﬁi//
me d Focal Plane

Focal Plane pressure ‘ p(r)‘ =Gr OC‘ D (I’ )‘

2
where G = ki
2d
J,(2Gr/a
and D (r) = M (Directivity function)
Gr/a

Ji(X) = first order Bessel J function

r = radial distance from the central axis [M]

G = constant [radiang]

a = radius of the source [mM]

d = focal length [m]

r o = impedance of the medium [rayls] (415 for air)
k = wave number or propagation constant [rad./m]

Zy RAYLEIGH NUMBER [rad.-m]

The Rayleigh number or Rayleigh length is the
distance along the central axis from a circular piston
element to the beginning of the far field. Beyond this
point, complicated pressure patterns of the near field
can be ignored.

2
Z, :pli:%kaz

a = radius of the source [mM]

d = focal length [m]

r o = impedance of the medium [rayls] (415 for air)
k = wave number or propagation constant [rad./m]
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MOVING COIL SPEAKER (14.3b, 14.5)

magnet

Model for the moving coil
loudspeaker.

V =fu Faraday's law
F =fl Lorentz force +

V.
z
f—/% ZM
R L,
o—WW— 1
V( | égRM LM +CM ZA )fu

u = velocity of the voice coil [m/s]

| = electrical current [A]

Ry = electrical resistance of the voice coil [WW

Lo = electrical inductance of the voice coil [H]

S = spring stiffness due to flexible cone suspension material
[N/m]

R, = mechanical resistance, a small frictional force [(N- s)/m
or kg/g]

Ry = effective electrical resistance due to the mechanical
resistance of the system [W]

Cy = effective electrical capacitance due to the mechanical
stiffness [F]

Ly = effective electrical inductance due to the mechanical
inertia [H]

V = voltage applied to the voice coil [V]

Zg = electrical impedance due to electrical components [W]

Z, = effective electrical impedance due to mechanical air
loading [W]

Zy = effective electrical impedance due to the mechanical
effects of spring stiffness, mass, and (mechanical)
resistance [W]

F = force on the voice coil [V]

f =Bl coupling coefficient [N/A]

B = magnetic field [Teda (an Sl unit)]

| = length of wire in the voice coil [m]

Z.» MECHANICAL IMPEDANCE [(N-s)/m]
a.7)

The mechanical impedance is analogous to electrical
impedance but does not have the same units. Where
electrical impedance is voltage divided by current,
mechanical impedance is force divided by speed,
sometimes called mechanical ohms.

X,
F S
/ =— F
m — M
u —
Rm
F -sx - RmMx = nmX
—— — —
Return Forcedueto  Mass x
force of mechanical acceleration

thespring  resistance

F = mX+R X+ SX

and X = F
-wWm+ jwR, +s
so the velocity U :%:jw)z = JV\_/F
-wWm+ jwR, +s
finally
7 =E= F =-vv2m+ijﬂ+s
™ U jwlf/(—vvzm+ijn+s) jw

. . S

Z = R, +jwm- |
—— — W
damping inettia ——
dueto  spring
mass effect

m = mass of the speaker cone and voice coil [kg]

X = distance in the direction of motion [M]

S = spring stiffness due to flexible cone suspension material
[N/m]

R, = mechanical resistance, a small frictional force [(N - S)/m
or kg/s]

F = force on the speaker mass [N]

w = frequency in radians
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Zy ELECTRICAL IMPEDANCE DUE TO
MECHANICAL FORCES [W

Converting mechanical impedance to electrical inverts
each element.
_f? -m _f?
=5— Cy T2 Ly =—
R, f s
f 2
Zy =Z—=Rw G Il Ly

mo

f2

Z,p =R, Fjwm- = ® Z, = -
W R, + jwm- j -

Ry = effective electrical resistance due to the mechanical
resistance of the system [W]

Cw = effective electrical capacitance due to the mechanical
stiffness [F]

Ly = effective electrical inductance due to the mechanical
inertia [H]

R, = mechanical resistance, a small frictional force [(N - S)/m
or kg/g]

m = mass of the speaker cone and voice coil [kg]

S = spring stiffness due to flexible cone suspension material
[N/m]

f =Bl coupling coefficient [N/A]

Zmo = mechanical impedance, open-circuit condition
[(N-s)/mor kg/s]

Z. RADIATION IMPEDANCE [(N-s)/m]
(7.5)

This is the mechanical impedance due to air
resistance. For a circular piston:

Z, =1 cSER (2ka) +jX, (2ka)g

5 ijérpa’w, ka<l
» |
" oipar,.c, ka1

The functions R; and X; are defined as:

23,(x) x* x* ¢ g
R(x)=1- 22 X < X  x
X 8 192 9216 737280
‘I 3 5 7 9 A
.I.fgei_i XX X0 x£432
X(X)_ZHl(x) {p&3 45 1600 10° 10’ 4
1 - =1
x . .
.I.i+ issin%(- %9, X>4.32
fox Vo7 & 4

r o = impedance of the medium [rayls] (415 for air)
S= surface area of the piston [m?]

Jq = first order Bessel J function

R; = a function describing the real part of Z,

X1 = a function describing the imaginary part of Z,

X = just a placeholder here for 2ka

k = wave number or propagation constant [rad./m]
a = radius of the source [mM]

H, = first order Struve function

w = frequency in radians

Z,» ELECTRICAL IMPEDANCE DUE TO
AR W

The factor of two in the denominator is due to loading

on both sides of the speaker cone.
f 2
Z AT
ZZr

m, RADIATION MASS [kg] (7.5)

The effective increase in mass due to the loading of
the fluid (radiation impedance).

m = al
W
The effect of radiation mass is small for light fluids
such as air but in a more dense fluid such as water, it
can significantly decrease the resonant frequency.

Woz\/E ® L
m \jm+m

The functions R; and X, are defined as:

X; = radiation reactance, the imaginary part of the radiation
impedance [(N - )/m]

w = frequency in radians

S = spring stiffness due to flexible cone suspension material
[N/m]

m = mass of the speaker cone and voice coil [kg]
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Paxia AXIAL PRESSURE [Pa] (7.4a)

_ka® _wr ,a° »
T j—Tr cu= u, r>zka
Paxia J2r 0 J or 2
_ L \i
ZyatZc f

Zya jwr oa2
ZyatZ 2r
Zya = Zy || Za = effective electrical impedance due to the

mechanical components and the effect of air [W]
Zg = electrical impedance due to the voice coil [W]

Paxia =

v, e

BASS REFLEX ENCLOSURE (14.6c)

The bass response of a speaker/cabinet system can
be improved bat the expense of an increase in low
frequency rolloff by adding a port to the enclosure.

eaker |
a) \ +

{
Port —— -

I

Choose w, somewhat less than +/S/ M to add a response

peak just below the existing damping-controlled peak.
Rolloff below that point will increase from 12 dB/octave to 18
dB/octave.

2
w=—1_ =" ¢c="1
L.C. S f
Z Z.
— ZM —
R Ly R,

v

L
Ly, ch fu % c
1 T%
L = effective electrical inductance due to the cabinet [H]
S = cabinet stiffness [N/m]
C. = effective electrical capacitance due to the cabinet [F]

m, = mass of the air inside the port or vent [kg]
f =Bl coupling coefficient [N/A]

AAAANL
v

>
=
=
=

PIEZOELECTRIC TRANSDUCER (14.12b)

Uses a crystal (usually quartz) or a ceramic; voltage is
proportional to strain. High efficiency (30% is high for
acoustics.) Highly resonant. Used for microphones
and speakers.

ELECTROSTATIC TRANSDUCER
(14.3a, 14.9)

A moving diaphragm of area A is separated from a
stationary plate by a dielectric material (air). A bias
voltage is applied between the diaphragm and plate.
Modern devices use a PVDF film for the diaphragm
which has a permanent charge, so no bias voltage is
required. Bias, in this case and in general, is an
attempt to linearize the output by shifting its operating
range to a less non-linear operating region. The DC
bias voltage is much greater in magnitude than the
time-variant signal voltage but is easily filtered out in
signal processing.

oscillation
area A diaphragm
o A X,
V< dielectric €
T NN 0
2
[ fu Znlf
o——= - AAAA

Acoustic voltage: [V =——(1 +fu)|,

1 Z

_ F
Mechanical voltage: — = - | +—=>fu,
f jwC, f
For this circuit model, there is no
inverting of mechanical impedances
as in the loudspeaker circuit.

CV,
Coupling coefficient: f = =22
Xo
- : eA
Equilibrium capacitance: C; = —
Xo

Vo = bias voltage [V]

Cop = equilibrium capacitance due to diaphragm, back plate,
and dielectric [F]

F = force on the diaphragm [N]

| = electrical current [A]

f u = electrical current due to mechanical force [A]

f = coupling coefficient [N/V]

U = acoustic velocity [m/s]

Zqs = short-circuit mechanical impedance [(N- s)/m]

Xo = equilibrium position of the diaphragm [m]

A = area of the diaphragm [m?]
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REFLECTION AND TRANSMISSION AT
NORMAL INCIDENCE (6.2)

Incident: p = Rej(M-klx)
Reflected: p,=P eJ(wt+k1><)
wt- kyx)

Transmitted: [, = Rej(

Ki=w/Cy, 1=rpCy | Ke=W/Cy, 1,=T102C;

p; —HH-1>
—HD> P

Pr <HH—
x=0 X

Boundary Conditions:
1) Pressure is equal across the boundary at x=0.
p+p=p ® R+R =R
2) Continuity of the normal component of velocity.
u +u =u

R, T,R, T, REFLECTION AND
TRANSMISSION COEFFICIENTS (6.2)

The ratio of reflected and transmitted magnitudes to
incident magnitudes. The stiffness of the medium has
the most effect on reflection and transmission.

i) r,>>r; Medium 2 is very hard compared to medium 1
and we have total reflection. R»1, T » 2

Note that T=2 means that the amplitude doubles, but
there is practically no energy transmitted due to high
impedance.

i) r,=ry; The mediums are similar and we have total
transmission. R=0, T =1

iii) r,<<r; Medium 2 is very soft and we have total
reflection with the waveform inverted. R» -1, T » 0

.2
R:E:rz-rl R':?z-rlg
R rL+n ehthg
T:B:ZG T = ar,r,
I 2
I:i) r.2-'-rl (r2+r]_)

Pi, P;, P, = peak acoustic pressure (or magnitude) of
incident, reflected, and transmitted waves [Pa]

Iy, r, = characteristic acoustic impedances of the materials
(r o©)1, (r o0)2 [Fayls or (Pa- s)/m]

r o = equilibrium (ambient) density [kg/m’]

¢ =the phase speed (speed of sound, 343 m/sin air) [m/g]

R = reflection intensity coefficient [no units)

T, = transmission intensity coefficient [no units]

USING REFLECTION TO DETERMINE
MATERIAL PROPERTIES (6.1)

The impedance of a material (and thereby its density)
can be determined by bouncing a plane wave off of
the material at normal incidence and measuring the
relative sound pressure levels. However, there are
two possible results since we don't know the phase of
the reflected wave, i.e. P, can be positive or negative.

rn=(ro9: | 1,=(re0:
P, > || test material
Pr <]_|'H_

SPL

’ + -
= 20log—1- and St=R=2"5
P P r,+r

r |

difference

P; = peak acoustic pressure, incident [Pa]

P, = peak acoustic pressure, reflected [Pa]

r, = characteristic acoustic impedances of the known
material (r oC); [rayls or (Pa- s)/m]

I, = characteristic acoustic impedance of the unknown
material (r oc), [rayls or (Pa- s)/m]

r o = equilibrium (ambient) density [kg/m’]

¢ =the phase speed (speed of sound, 343 m/sin air) [m/s]
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a ABSORPTION COEFFICIENT

The absorption coefficient can be measured in an
impedance tube by placing a sample at the end of the
tube, directing an acoustic wave onto it and measuring
the standing wave ratio.

Wa

W,_, SWR-1
\/\/i

=1- —— —
SAMR+1

a=

An alternative method is to place a sample in a reverberation
room and measuring the effect on the reverberation time for
the room. Difficulties with this method include variations
encountered due to the location of the sample in the room
and the presence of standing waves at various frequencies.

__ ,0leval 19
N ALY

S

W, = power incident on a surface [W]

W, = power absorbed by ? [W]

W, =W - W, = power in the reflected sound [W]

as = absorption coefficient of the sample [no units]

ay = absorption coefficient of the empty room [no units]
V = volume of the room [m?]

S = surface area of the sample [no units]

Ts = reverberation time with the same in place [9]

To = reverberation time in the empty room [g]

TRANSMISSION THROUGH PARTITIONS

a Absorption Coefficient, Selected Materials [no units]

TL TRANSMISSION LOSS THROUGH A
THIN PARTITION [dB] (13.15a)
For a planar, nonporous, homogeneous, flexible wall,

the transmission loss is dependent on the density of
the partition and the frequency of the noise.

.. .2

. 0 0
Fi’+Pr:8.eL+JwrS+FI _l_lzg@roc+
e ICg eW's g

TL = 20|og:—i = 20log( fr)- 20log
p

t

This is the Normal Incidence Mass Law. Low
frequency roll off of the transmitted wave will be 6
dB/octave. Doubling the mass of the wall will give an
additional 6 dB loss.

Loss through a thin partition in air (r .c = 415):

TL, = 20Iog:—i =20log( fr,)- 42

t

Transmission loss as a function of power:

W
TL, =10log—-
Lo th

r ¢ = surface density of the partition material [kg/m?]

I o = impedance of the medium [rayls or (Pa- s)/m] (415 for
air)

f = frequency [HZ]

P; = peak acoustic pressure, incident [Pa]

P, = peak acoustic pressure, reflected [Pa]

P, = peak acoustic pressure, transmitted [Pa]

I; = intensity of the incident wave [W/m?]

|, = intensity of the transmitted wave [W/m?]

W, = power of the incident wave [W/m?]

W, = power of the transmitted wave [W/m?]

250 Hz 1 kHz 4 kHz
acoustic tile suspended ceiling 0.50 0.75 0.60
brick 0.03 0.04 0.07
carpet 0.06 0.35 0.65
concrete 0.01 0.02 0.02
concrete block, painted 0.05 0.07 0.08
fiberglass, 1" on rigid backing 0.25 0.75 0.65
glass, heavy plate 0.06 0.03 0.02
glass, windowpane 0.25 0.12 0.04
gypsum, ¥2 on studs 0.10 0.04 0.09
floor, wooden 0.11 0.07 0.07
floor, linoleum on concrete 0.03 0.03 0.02
floor, terrazzo 0.01 0.02 0.02
upholstered seats 0.35 0.65 0.60
wood paneling, 3/8-1/2" 0.25 0.17 0.10

r< SURFACE DENSITY [kg/m?

The surface density affects the transmission loss
through a material and is related to the material
density.

re=reh

r o = density of the material [kg/m’]
h = thickness of the material [m]
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TL TRANSMISSION LOSS IN
COMPOSITE WALLS AT NORMAL
INCIDENCE [dB]

For walls constructed of multiple materials, e.g. a brick
wall having windows, the transmission loss is the sum
of the transmission losses in the different materials.

1
TL, =10log—=, where T _le o ,
0 gT, T Sai-T.S

for a wall in air: T =c -

S = area of the i element [m?]

T; = T, for of the i element (transmission intensity
coefficient [no units]

r s = surface density [kg/m?]

TRANSMISSION AT OBLIQUE
INCIDENCE [dB]

Waves striking a wall at an angle see less impedance
than waves at normal incidence.

N

Pt

38BN ¢ 0
1+ cosq =

82rC g
T, = transmission intensity coefficient [no units)
g = angle of incidence [radiang]|
r o = impedance of the medium [rayls or (Pa- s)/m] (415 for

air)

r ¢ = surface density [kg/m?]

DIFFUSE FIELD MASS LAW [dB]

In a diffuse field, sound is incident by definition at all
angles with equal probability. Averaging yields an
increase in sound transmission of 5 dB over waves of
normal incidence.

Tljme =T - 5

Loss through a thin partition in air (r .c = 415):

Tl = 20l0g( frg)- 47

diffuse

COINCIDENCE EFFECT (13.15a)

When a plane wave strikes a thin partition at an angle,
there are alternating high and low pressure zones
along the partition that cause it to flex sinusoidally.
This flexural wave propagates along the surface of
the wall. At some frequency, there is a kind of
resonance and the wall becomes transparent to the
wave. This causes a marked decrease in the
transmission loss over what is expected from the
mass law; it can be 10-15 dB.

Coincidence occurs y
whenly=1,. Tl J

The wave equation i
for a thin plate: e Tir

4 2
™, 12 9% o
ﬂy4 hZCsar ﬂtz

\Jr i

jw(t- y/C
Particle displacement: X(y,t):elw(t y/C)

. . _ | P
Dispersion: Cp(f)— Thcbarf [m/s]
3

Trace wavelength: | , =—— [m]
sing
C,
Flexural wavelength: | | :T [m
2
Coincidence frequency: fc:— [HZ]
1.8hc,,

TL Mass law
(dB) 6 dB/octave

10-15dB

f. log f

Design considerations: If f < f;, use the diffuse field mass
law to find the transmission loss. If f > f, redesign to avoid.
Note that f. is proportional to the inverse of the thickness.

X = transverse particle displacement [m]

h = panel thickness [m]

Cpar = bar speed for the panel material [m/s]
t =time [S]

g = angle of incidence [radiang]

Tom Penick tom@tomzap.com www.teicontrols.com/notes EngineeringAcoustics.pdf 12/20/00 Page 22 of 36



DOUBLE WALLS

Masses in series look like series electrical
connections. We want to determine the motion of the
second wall due to sound incident on the first.
Assume that d << | and let:

M =T g mass per unit area of i"" wall

£ oC

—— stiffness per unit area of air

d d

f,=p +p, force per unit area on wall 1

r
s sl |

f | fo

Lo L
X1 X

From Newton's Law F=ma:
Mass 1: f; - S()(1 - X2) =mX,
Mass 2: S(X - X,) =M%,

Let f, =Fe™, x =X (w)e™

X b
-mw  -S X,
- s-mW(eX,

(e ey«
D:D> (D~
CE\ C‘
1
D> O~
o
[ ey enl?

|.©

Apply Cramer's rule, X, =

where D=det A and
D, =det A, with b inthei™ column

The wall impedance is

r Slr SZd
roC°

® Zvv:]%(r 31+rsz)W

Resonance occurs at Zy=0:

¢ 1 |rcfeel 16
°2p d§r31 p

DOUBLE WALL result

At low frequencies f<fg

Both walls move together (in phase) like one wall of twice
the mass. So the mass law is recovered.

Zw: jW(r51+r52)

ryf
TL = 20l OQM = 6dB/octave

2rc

At high frequencies f>fg
Double walls are most effective.

z'JVVS sl szd
rc

W (r r
TL = 20l og¥ 18dB/octave
2r 3¢’
At very high frequencies f<<f,

The walls decouple. The transmission loss is the sum of
the losses of the two walls; there is no interaction.

TL=TL,+TL, =12dB/octave
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MUFFLERS

EXPANSION CHAMBER

When sound traveling through a pipe encounters a
section with a different cross-sectional area, it sees a
new impedance and some sound is reflected. The
dimensions can be chosen to optimize the
transmission loss through the exit at particular
frequencies. We assume d<|.

ehamber | s,
R—/F—= Py = —
R 47—';—'—'— d p <—— —R

pipe
0 i X
et p =Pl u ="
r 0
P = F)rej(M+kX) u =- &
roC
p+ = I:)+ej(Wt ) u, = p+
roC
p. =Pl u=-P
r.c
= pellie ) =P
P =k U, rc

R:E T:E a:E b=E
R R R R

p; = acoustic pressure, incident wave [Pa]

pr = acoustic pressure, reflected wave [Pa]

p: = pressure, expan. chamber forward-traveling wave [Pa]

p. = pressure, expan. chamber reverse-traveling wave [Pa]

p; = acoustic pressure, transmitted wave [Pa]

P, = peak acoustic pressure, incident [Pa]

P, = peak acoustic pressure, reflected [Pa]

P, = peak acoustic pressure, expansion chamber forward-
traveling wave [Pa]

P. = peak acoustic pressure, expansion chamber reverse-
traveling wave [Pa]

P, = peak acoustic pressure, transmitted [Pa]

r o = impedance of the medium [rayls or (Pa- s)/m] (415 for
air)

R = reflection coefficient [no units]

T = transmission coefficient [No units]

a = expansion exit transmission coefficient [no units]

b = expansion exit reflection coefficient [no units]

S = cross-sectional area of the pipe [m?]

S = cross-sectional area of the expansion chamber [m2]

Next, apply the boundary conditions:

EXPANSION CHAMBER BOUNDARY
CONDITIONS
Boundary condition 1: atx=0,
p+p =p.+tp. ® R+R=P+P ®
P P_P P

L+ L="*+ - ® 1+R=a+b ()
R R

Boundary condition 2: atx=0,

Conservation of mass
by equating volume
velocities. The volume
velocity is the cross- Area
sectional area times the ’ S
net velocity. See p8.

|
|

Volume velocity is equal
across the boundary.

Area §,
Sp(ui +u,)=SC(u++u_)® SP(R- Pr)=SC(P+' P—)
@R B3 PO% 1 R=m(a-b) @

P P S& Py

(i) + (i) |(1+m)a+(1- mb=2 [Eqn. 1]
Boundary condition 3: atx=1,
p+p=p ® Pe"+Pe'=Re" ®

ae™ +pe™ =Te' M [Eqn. 2]
Boundary condition 4: atx=1,
S
S(u+u)=su ® (R+P)=TR
ag - pe =11 [Eqn. 3]

m = the ratio of the cross-sectional area of the expansion
chamber to the cross-sectional area of the pipe.

Next, solve the three equations:
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EXPANSION CHAMBER, FINAL STEPS

Solve the three equations:

g1+m) (I-m) 0 uwéau &
€ ik +jkI ik UG U_8é,0
< ° Kl ° jki y klu%u gou
ge’™ - -5eHETH €0d

DT e

Cramer'sRule: T =—— = . -

D cosk +ji(m+1)sink

TLleIogizlologi2
T 7]

Transmission loss in an expansion chamber:

TL =10Ioggl+%(m- 1)*sin? klg

TL Design point

0 p 2p ki

HELMHOLTZ RESONATOR (10.8)

A Helmholtz resonator is a vessel having a large
volume with a relatively small neck. The gas in the
neck looks like a lumped mass and the gas in the
volume looks like a spring at low frequency.

I CO°A
V
Mass of the gas in neck: M=T1 0| A [ka]

Stiffness due to a gas volume: |S

[N/m]

Some gas spills out of the neck, so the
mass plug is actually slightly longer than
the neck. In practice, the effective length

IS:
1¢» | +0.8/A

_\F _1[s_c [A
Resonance: W, =,|—, f,=—,|—=— |—
m 2pVm 2p\lev

FLOW EFFECTS

Muffler performance is affected by flow rate, but the
preceding calculations are valid for flows up to 35 m/s.

TEMPERATURE EFFECTS

The effect of having high temperature gases in a
muffler causes the speed of sound to increase, so |
becomes larger.

343 [T+273

f 293

| =wavelength [m]
f = frequency [HZ]
T = temperature [°C]
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SIDEBRANCH RESONATOR
Refer to the Helmholtz resonator above.

Helmholtz V =Volume
resonator
pipe m\_/A =Area f?g\‘;v
S ————
R —+++—=R

The effect here is similar to the effect of blowing across the

top of a coke bottle. The air across the bottle creates noise
at many frequencies but the coke bottle responds only to its
resonant frequency.

é 20
oy
TL »10log gL+g%+ B
= o ¥
g gfo f 54

For a duct of impedance r ¢ with a Helmholtz resonator
having stiffness sand neck mass m, the arrangement can be
modeled as follows.

(o
% Ty
jwm d
+ roC
P +p N §0 n
AL
(o
> W® 0, Z® rqC
(s-wzm)roc
> W® ¥, Z® rqC Z= v :
- +
> w® Jsim, z® 0 S- WM™ JWI o€

TL = transmission loss [dB]

f = frequency [HZ]

fo = resonant frequency of Helmholtz resonator [HZ]
V = resonator volume [m’]

s = stiffness [m3]

&(t) ROOM ENERGY DENSITY [J/m3]
(12.2)
Sound growth: The following expression describes

the effect of sound energy filling a room as a source is
turned on at t=0.

#(1)="2 (1 e)

The following is the differential equation that describes
the growth of sound energy in a live room.

d& Ac
vE 4+ DB =,
dt 4 oo
therateat which  therateat which of the
energy increases  Snergy isabsorbed input
in the volume by the surfaces source

This can be rewritten to include the time constant.

t dg+g=4\N0’ where t =ﬂ
dt Ac Ac

Sound decay: The following expression describes
the effect of sound dissipation as a source is turned
off at t=0.

é0(,[) =zg!l

W = power of the sound source [W]

A = sound absorption, in units of metric sabin or English
sabin [m? or ft7]

t =time [9]

t =time constant [

%, = initial energy density [Jm’]

¢ = the speed of sound (343 m/sin air) [M/s]

ROOM ACOUSTICS

& ENERGY DENSITY [Jm’ (5.8)

The amount of sound energy (potential and kinetic)
per unit volume. In a perfectly diffuse field, & does not
depend on location.

p2 P2

roc 2r,c

Prms = acoustic pressure, rms [Pa]

P = peak acoustic pressure or pressure magnitude [Pa]

r o¢ = impedance of the medium [rayls or (Pa- s)/m] (415 for
air)

& AVERAGE ENERGY DENSITY [¥m]]
(12.2)

~_1
£ == adv
vO

& = energy density [J/m”]
V = room volume [m?® or ft7]
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A ABSORPTION [m?orft?] (12.1)

The absorption or absorption area may have units of
metric sabins or English sabins, named for Wallace
Sabine (1868-1919). The absorption area can be
thought of as the equivalent area to be cut out of a
wall in order to produce the same effect as an object
of absorption A. See also ABSORPTION
COEFFICIENT p21.

[o]

A=aS=3 A

where a:éé aS. A=aSs

a = average absorption coefficient [no units]

S= total surface area [m? or ft?]

A; = sound absorption of a particular material in the room
[m? or ft?]

a, = absorption coefficient of a particular material [no units]

S = area represented by a particular material [no units]

W, POWER ABSORBED [W] (12.2)

Wabs = _Vvincident where g = é é_ 313

Wi cigent = power incident on the surface [W]

a = average absorption coefficient [no units]

S= total surface area [m? or ft?]

A; = sound absorption of a particular material in the room
[m? or ft?]

a, = absorption coefficient of a particular material [no units]

S = area represented by a particular material [no units]

d AVERAGE ABSORPTION [m?or ft]]

(12.3)

The average sound absorption over an area.
_ 1o _ W. A
a=caas, a==e-=g

Vvincident S

A = total absorption area [m? or ft?]

S= total surface area [m? or ft?]

a, = absorption coefficient of a particular material [no units]
S = area represented by a particular material [no units]
W,,s = power absorbed by the surfaces [W]

Wincigent = power incident on the surfaces [W]

Wincident INCIDENT POWER [W] (12.2)
The total power incident on the walls of a room.

W =13cg_
4

incident

S= total surface area [m? or ft?]
¢ = the speed of sound (343 m/s in air) [M/9)]

& = average energy density [Jm’]

MEASURING ABSORPTION [m? or ft?]

The absorption of a sample can be measured by

placing the sample in a reverberation chamber and

measuring the effect it has on reverberation time. The

absorption value for a person @ 1kHz is about

0.95 m?, for a piece of furniture about 0.08 m*. See

also ABSORPTION COEFFICIENT p21.

A=016N - 27
eT To (4]

S

A = sound absorption of the sample [m? or ft?]

V = volume of the room [m’]

Ts = reverberation time with the sample in place [9]
To = reverberation time in the empty room [g]
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Teo REVERBERATION TIME [§ (12.3)

The time required for a sound to decay by 60 dB, i.e.
to one millionth of its previous value. Sound decay is
linear when viewed on a log scale.

SPL
[dB]

-60=110|0ge P T =13.816t, t=ﬂ
t ac

Sabin formula:

0.161Vv , 0.049Vv _
T =——— (metric), = T =———— (English)
A A

Including air absorption (for @ £ 0.2):
T= 0.161Vv

T A+4AMV

(metric)

More accurate, Eyring-Norris reverberation formula:

_ 0161V
4mV - Sin(1- a)

t = time constant [

V = room volume [m?® or ft7]

A = sound absorption, in units of metric sabin or English
sabin [m? or ft7]

a = average absorption coefficient [no units]

m = air absorption coefficient [no units)

S= total surface area [m? or ft?]

(metric)

N(f) MODAL DENSITY [HzY] 9.2)

The number of modes (resonant frequencies) per unit
hertz. The modal density increases with frequency
until it becomes a diffuse field. In a diffuse field, the
modal structure is obscured and the sound field
seems isotropic, i.e. the SPL is equal everywhere.
4
Rectangular room: N ( f ) » —EVf 2
C
f = frequency [HZ]
V = room volume [m’]
¢ = the speed of sound (343 m/sin air) [M/s]

m AIR ABSORPTION COEFFICIENT,
ARCHITECTURAL [no units] (12.3)

l=1,e™=1,e™ m=2a

For most architectural applications, the air absorption
coefficient can be approximated as:

m=5.5"10"*(50/h)( f /2000)"’

| = acoustic intensity [W/m?]

lo = initial acoustic intensity [W/m?]

h = relative humidity (limited to the range 20 to 70%) [%0]

f = frequency (limited to the range 1.5 to 10 kHz) [HZ]

¢ = the speed of sound (343 m/s in air) [M/9)]

a = air absorption coefficient due to combined factors [no
units]

(p,,ry) MODES, rectangular cavity (9.1)

The modes of a volume are the frequencies at which
resonances occur, and are a function of the room
dimensions. For example, the lowest mode will be the
frequency for which the longest dimension equals

% -wavelength and is represented by (1,0,0).

.2 .2 .2

((pgr)=S (220,290 2 8

2\&Ly &Wg &Hp
p, g, and r form the mode numbers. They are integers
representing the number of half-wavelengths in the length,
width, and height respectively. To avoid having more than
one mode at the same frequency, the ratio of any two room
dimensions should not be a whole number. Some
recommended room dimension ratios are 1.6:1.25:1.0 for
small rooms and 2.4:1.5:1.0 or 3.2:1.3:1.0 for large rooms.

f = frequency [HZ]
C = the speed of sound (343 m/sin air) [M/s]
L, W, H = room length, width, and height respectively [m]

Lm MEAN FREE PATH [m]

The average distance between reflections in a
rectangular room. This works out to 2L/3 for a cubic
room and 2d/3 for a sphere.

V = room volume [m?® or ft7]
S= total surface area [m? or ft?]

N NUMBER OF REFLECTIONS [no unitS]
The number of acoustic reflections in a room in time t.

ct _ctS
L, 4
¢ = the speed of sound (343 m/s in air) [M/9)]

t =time [9]

Ly = mean free path [m]

V = room volume [m?® or ft7]

S= total surface area [m? or ft?]
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R ROOM CONSTANT [m?]
Note that R= A when @ is very small.

A = sound absorption, in units of metric sabin or English
sabin [m? or ft7]

a = average absorption coefficient [no units]

S= total surface area [m? or ft7]

SPL SOUND POWER LEVEL [dB]
Source: SPL =L, =10|ogﬂ
Wes

) 5
ig +1OIogQ "CW‘E‘ -

SPL=L, +1OIog
8 ref ﬂ

In mks units, thisis 10 log 1.04,
which is small enough to be ignored.

40
Rg

SPL=L, +1OIog§e4Q2
Pr

L., = sound power level of the source [dB]

W = sound power level of the source [W]

Wi = reference power level, 10" [W]

Q = quality factor [no units]

r = distance from the source to the observation point [M]

R = room constant [m?]

P, = the reference pressure 20x10° in air, 1x10°® in water
[Pa]

DIRECT FIELD

The direct field is that part of a room in which the
dominant sound comes directly (unreflected) from the
source.

SPL Elzsecitsfgzlgper

[dB] \\\doubling of distance)

Reverberant

SPL o,

i~ logr

I_Q

Energy density (direct): &, =—=—
c c4pr

> [Ym?]

| = acoustic intensity [W/m?]

¢ = the speed of sound (343 m/s in air) [M/9)]

Q = quality factor (Q=1 when source is remote from all
surfaces) [no units]

W = sound power level of the source [W]

r = distance from the source to the observation point [m)]

rq REVERBERATION RADIUS [m]

The distance from the source at which the SPL due to
the source falls to the level of the reverberant field.

QR
16p

Q = quality factor (Q=1 when source is remote from all
surfaces) [no units]
R = room constant [m?]

g =

Q QUALITY FACTOR [no units]

A factor that is dependent on the location of a source
relative to reflective surfaces. The source strength or
amplitude of volume velocity.

Q=1 The source is located away from surfaces.
Q=2 The source is located on a hard surface.
Q=4 The source is located in a 2-way corner.

r = distance from the source to the observation point [M]
R = room constant [m?]
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REVERBERANT FIELD

The area in a room that is remote enough from the
sound source that movement within the field does not
cause appreciable change in sound level. The area of
the room not in the direct field.

N Direct field

SPL \\\ (slope is 6 dB per
[dB] \\\\doubllng of distance)
™ N Reverberant
field
SPL e, AN
S
fa ~.  logr

Sound power level: SPL , =L, +6- 10log R [dB]

Energy density (reverberant): &, = % = ﬂ [Ym?]

Re
SPL e, = sound power level in the reverberant field [m]
r = distance from the source to the observation point [M]
rq4 = distance from the source to the reverberant field
boundary [m]
L., = sound power level of the source [dB]
R = room constant [m?]
W,e, = reverberant sound power level of the room [W]
W = sound power level of the source [W]

NR NOISE REDUCTION [dB] (13.13)

The noise reduction from one room to an adjoining room is
the difference between the sound power levels in the two
rooms. The value is used in the measurement of
transmission loss for various partition materials and
construction.

NR=SPL, - SPL,

For measuring transmission loss:

TL =NR +10Iog%, provided R, = A,

Sy = surface area of the wall [m?]

R, = room constant of the receiving room [m?]

A, = sound absorption or absorption area of the receiving
room [m?]

COCKTAIL PARTY EFFECT

Consider a room of a given volume V and reverberation time
T, and assume a fixed distance d among speakers and
listeners in M small conversational groups. In each group,
only one person is speaking at a time. There is a theoretical
maximum number of groups that can exist before the onset
of instability and loss of intelligibility. That is, as more
conversations are added, one must speak louder in order to
be heard. But with everyone speaking louder, the
background noise increases, hence the instability.

Oo o0©

Oo B (@]
ot 0o
o%d o

A—CF ©

Energy density at B due to speaker A:
Weae 1 49
% = C iz t=+
C 84pd Rg

Reverberant energy density due to other M-1
conversations:

4N

=M

Rc

Signal to noise ratio:
& 1 R 0
SNR=—L=—— & =419
&, M-1&6pd’ g
Notice that the power W drops out of the equation.

Now if we require that this signal to noise ratio be some
minimum required in order for the listener to be able to
understand the speaker, the expression can be written:

M<1+_ &R +19
SNR_. &16pd®> g

Assume R= A sothat T =0.161V/A=0.161V /R, then

we can rewrite the expression in terms of the room volume V
and the reverberation constant T.

M <1+ 1 & V
SNR . &312d°T

If we further assume that to the listener, the speaker must
be as loud as the background noise, then the maximum
number of speakers (conversations) in the room is

\%
312d°T
W = power output of a speaker [W]

M = the number of speakers (or groups)
R = room constant [m?]

d = distance between speakers in the same group [m]
& = energy density [Jm’]

+ 12 [mks units]
(%]

min

|vlmax =2+
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THERMOACOUSTIC CYCLE

Consider a small volume of air in acoustic oscillation
at to and ambient pressure p,. As it moves toward the
source, pressure and temperature increase while
volume decreases. The volume of air slows and
reverses direction at t; and transfers heat to the metal
plate. As the volume of air moves away from the
source, pressure and temperature decrease. At the
volume reaches t5, it slows and again reverses
direction. The cooler volume absorbs heat from the
metal place. This action takes place all along the
length of the metal plate, forming a bucket brigade of
heat transfer.

Displacement A

X A

Pressure

time t

LA R PR

t, ;

- 4
Metal plate [ : 1

b ~Xo
>> Source

Metal plate [ 1

t,
- 4

Metal plate L 1

t -

Metal plate L 1

THERMOACOUSTIC ENGINE

A transducer in one end of a half-wavelength chamber
creates a high power standing wave. Thin metal
plates are positioned % of the way from one end so
that velocity, displacement and pressure amplitudes
will all be high.

Thermoacoustic Engine

- 7 R —
Transducer\ —
|
Hot } Cold
\
Velocity A }
[
Displacement }
|X| 1‘ I ; —>
\
Pressure |
pl ————»
O 1L 1 3 1 Ilengt
8 4 8 2
. Cc
p = Acoskxsinwt, k:L, w=LPE
| /2 I/
A .
= - —sinkxcoswt
r.C
X=- sinkxcoswt
wr ,C

Tom Penick tom@tomzap.com www.teicontrols.com/notes EngineeringAcoustics.pdf 12/20/00 Page 31 of 36




THERMOACOUSTIC GRADIENT

Also called critical gradient. The oscillatory motion
and oscillatory temperature of gas particles along the
metal plates establishes a temperature gradient along
the plates. The parallel stacking of plates increases
the power of the engine but does not affect the
gradient.

X
Maximum temperature gradient:
dT
re (g- 1)KT,
X critical

g = ratio of specific heats (1.4 for a diatomic gas) [no units]
To = ambient temperature [K]
k = wave number or propagation constant [rad./m]

G GRADIENT RATIO

The ratio of the operating temperature gradient to the
critical gradient.

_ |dT/dx
~|dT/dx

critical

G> 1. Thermoacoustic heat engine
Heat flow generates sound (does work)

Qx

=
+

N

QO <

C

G< 1. Thermoacoustic refrigerator

Acoustic energy pumps heat from cold end to hot
end of stack

O

+

v

*
ol
9]
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GENERAL MATHEMATICAL

X+jy COMPLEX NUMBERS
7%

YT A

0 X B
X+ jy = A€ = Acosq+ jAsing
F{ x+ jy} = x= Acosq

o x+ ]y} =y=Asing
Magnitude{ x+ jy} = A=/x* +y?

Phase{ x + jy} =q = tan'tY
X
P
. s
j=e?
The magnitude of a complex number may be written as the
absolute value.

Magnitude{ x + jy} =|x + jy|

The square of the magnitude of a complex number is the

product of the complex number and its complex conjugate.

The complex conjugate is the expression formed by
reversing the signs of the imaginary terms.

I+ iy = (x+ jy) (x+ iy)* = (x+ jy) (x- y)

PHASOR NOTATION

When the excitation is sinusoidal and under steady-
state conditions, we can express a partial derivative in

phasor notation, by replacing 1 with jw. For

it
example, the Telegrapher's equation 7 _. LE
9z It
becomes ™ =-Ljwl - Note that W(Z,t) and

1z
f(z, t) are functions of position and time (space-time

functions) and v (z) and | (z) are functions of position

only.

Sine and cosine functions are converted to
exponentials in the phasor domain.

Example:
& (r,t) =2cos(wt +3z) X+4sin(wt +32) §
= %{ 26" %+ (- j) 4e¥ ™ 9}

E(r) = 2675~ jae™y

TIME-AVERAGE

When two functions are multiplied, they cannot be
converted to the phasor domain and multiplied.
Instead, we convert each function to the phasor
domain and multiply one by the complex conjugate of
the other and divide the result by two. The complex
conjugate is the expression formed by reversing the
signs of the imaginary terms.

For example, the function for power is:
P(t) =v(t)i(t) wats

Time-averaged power is:

(P(1)) =%(§ V()i (t) dt wats
For a single frequency:
(P(t))= %%{v 1"} wats

T = period [9]

V = voltage in the phasor domain [9]
I* = complex conjugate of the phasor domain current [A]
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RMS SERIES

rms stands for root mean square. \/m ~1+ 1 X |X| <1
2 )

root mean square >
f(t) =,(f(t) 1 x 3 5x°  35x
——, rms — =1 -t — - —+——- .., -3i<x<i
apzn Ji+x 2 8 16 128
The plot below shows a sine wave and its rms value, along 1 _ 2 4 6, ...
with the intermediate steps of squaring the sine function and 1- X2 =1 AT XA 3<X<3
taking the mean value of the square. Notice that for this 1
type of function, the mean value of the square is ¥z the peak _ 2 3. ... . .
value of the square. —(1_ x)2 =1+2X+3X"+4X" +---, - l<x<d
Taking the rms Value of a Sine Wave
08t (O 1+ X 2 2
4 N\ =1+ x+ X+ X+, - 1<x<]
g 02 \ } 1_ X 2 2
§-02
0.4 \
7 S S S — \ ................. BINOMIAL THEOREM
08 N Also called binomial expansion. When mis a positive
! integer, this is a finite series of m+1 terms. When mis
0 1 2 S ¢ 5 6 7 not a positive integer, the series converges for -1<x<1.
(L+%)" =1+ mx+ m(ml- 1) o m(m- 1)(m- 2)---(m- n+1) .

EULER'S EQUATION ; n!

e'" =cosf + jsinf

BESSEL FUNCTION EXPANSION

z 27 ] 37
2 28 2426

TRIGONOMETRIC IDENTITIES I +o, Zx1

+

e +¢e 19 =2c0sq

el- e =j2sinq HYPERBOLIC FUNCTIONS

e = cosqz jsing jsing=sinh(jq)

j cosq=cosh( jq)
CALCULUS

j tang = tanh( j
(sinudu=1u- isin2u+C jtandg (ja)

(‘poszu du :%u +%Sin2u+C LINEARIZING AN EQUATION
Small nonlinear terms are removed. Nonlinear terms

include:

- variables raised to a power
- variables multiplied by other variables

D values are considered variables, e.g. Dt.

Tom Penick tom@tomzap.com www.teicontrols.com/notes EngineeringAcoustics.pdf 12/20/00 Page 34 of 36




DOT PRODUCT

The dot product is a scalar value.
A+B=(RA +JA, +2A)+(xB, +JB, +2B,)= AB, + AB, +AB,

A +B =|A||B|cosy g B
%9 =0, Rex=1 y | A
By =(%B, +9B, +28B,)+9 =B, | ‘

Projection of B
along &

(B-a)a

B B

.AB
|
|
|
|
|
|

y

|
le
The dot product of 90° vectors is zero.

The dot product is commutative and distributive:

A+<B=B+A A+(B+C)=A+B+A-C

Yo

CROSS PRODUCT
A" B=(xA+9A +2A) (%8, +9B, +28B,)
= 5\((Asz - Asz)+9(Asz - A<Bz)+ 2('A\ABy - A\/Bx)

A" B =AA||B|siny ,g AxB
where N is the unit vector normal to both A A
and B (thumb of right-hand rule). A
B"A=-A"B y

X'y=z y x=-z x x=0
f z=r f'r=-z

The cross product is distributive:

A" (B+C)=A"B+A'C

Also, we have:

A" (B" C)=(A>C)B- (AB)C

N NABLA, DEL OR GRAD OPERATOR

Compare the N operation to taking the time derivative.
Where 1/t means to take the derivative with respect
to time and introduces a s* component to the units of
the result, the N operation means to take the
derivative with respect to distance (in 3 dimensions)
and introduces a m™ component to the units of the
result. N terms may be called space derivatives and
an equation which contains the N operator may be
called a vector differential equation. In other words
NA is how fast A changes as you move through
space.

in rectangular fa=gTA, A TA

coordinates: X yﬂy 1z

in cylindrical < JA ~17A _TA
coordinates: NA = rﬁ” ?.ﬂ_f+ ZE

in spherical - A ~19A -~ 1 A
cooFr)dinates: NA = r“[l]T_r-{_ ?%H rsinq‘l%_f

N? THE LAPLACIAN
The divergence of a gradient

Laplacian of a scalar in RZA = ﬂ2A+ ﬂ2A+ 1?A
rectangular coordinates: %2 ﬂyz 1z

Laplacian of a 2 2 2

vector in rectan- NZAzf(ﬂ A; +§/ﬂ A +2ﬂ A
gular coordinates: Tx
In spherical and N2A° N(N-A)- R K- A

cylindrical )
coordinates: = grad(d|v A)- Curl(curl A)

Nx DIVERGENCE

The del operator followed by the dot product operator
is read as "the divergence of" and is an operation
performed on a vector. In rectangular coordinates, Nx
means the sum of the partial derivatives of the
magnitudes in the x, y, and z directions with respect to
the x, y, and z variables. The result is a scalar, and a
factor of m™ is contributed to the units of the result.

For example, in this form of Gauss' law, where D is a
density per unit area, N>D becomes a density per unit
volume.

ﬂDx +ﬂDy +ﬂDz -
Ix Ty 1z

D = electric flux density vector D = eE [C/m?]
r = source charge density [C/m’]

divD=N>xD = r
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CURL culB=N"B

The circulation around an enclosed area. The curl of
vector B is

in rectangular coordinates:
curl B=N"B=

AaaTB 18,6, B, ﬂBoAadTB 18,6
Ty ﬂZ;a S ™o Iy g

in cylindrical coordinates:
cul B=N"B=

g By e ala) o
& el & wd T g

in spherical coordinates:

é sin u
cul B=N"B=r 1 é‘"(Bf q)-ﬂ—qu
rsngg a9 g
;1 g1 1(B)Y 1en(rB) 18U
r ésmq'ﬂf qr g reé i ‘HqH
The divergence of a curl is always zero:
N(N"H)=0
SPHERE
Area = pd® =4pr? Volume=1pd®=4pr®

GRAPHING TERMINOLOGY

With x being the horizontal axis and y the vertical, we have
a graph of y versus x ory as a function of x. The x-axis
represents the independent variable and the y-axis
represents the dependent variable, so that when a graph
is used to illustrate data, the data of regular interval (often
this is time) is plotted on the x-axis and the corresponding
data is dependent on those values and is plotted on the y-
axis.

GLOSSARY

adiabatic Occurring without loss or gain or heat.
anechoic room Highly absorptive room. a» 1.

enthalpy (H) A thermodynamic property. The sum of the
internal energy U and the volume-pressure product PV. If a
body is heated without changing its volume or pressure, then
the change in enthalpy will equal the heat transfer. Units of
kJ. Enthalpy also refers to the more commonly used specific
enthalpy or enthalpy per unit mass h, which has units of
kJkg.

entropy A measure of the unavailable energy in a closed

thermodynamic system, varies in direct proportion to
temperature change of the system. The thermal charge.

harmonic wave A waveform that is sinusoidal in time.

isentropic Having constant entropy, no change in thermal
charge. However there could be heat flow in and out,
analogous to current flow.

isothermal Having constant temperature, no heat flow to/from
the surroundings. Analogous to voltage.

pink noise Noise composed of all audible frequencies with a
3 dB per octave attenuation with frequency increase. The
attenuation is based on a per Hz value; the SPLs for each
octave are equal.

reverberation room Characterized by long decay time.
ay << 1, large T,..

TDS time delay spectrometry. A sophisticated method for
obtaining anechoic results in echoic spaces.

white noise Noise composed of all audible frequencies at
equal amplitude per Hz.

For a more comprehensive glossary, see the file
DictionaryOfAcousticTerms.PDF.
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