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I) Some logarithmic rules:

y=logx < 10’ =x log(x-y)=logx+logy
10g(107) = x Iog[szlogx—logy
10Iogx =X y
10*Y =10* -10* log(x") =n-log(x)

x 10° =1
10 _10" 3
107 logl=0

II) Fundamental acoustic definitions

Sound pressure

- One-dimensional plane sound field:  p(xt) = ﬁCOS(a)t —% X+ (Dj = pe'(te)

to+At
- Effective value (RMS, Root Mean Square) for sound pressure in a point: P = Ait I p?(x,t)dt
f

NOTE: For a harmonic wave: p=

Sl

Sound pressure level SPL

=2

p
2
ref

- Sound pressure level: L, :10|Og( J , where pnr=2-107 Pa

(pr: approximately the quietest sound a young undamaged human hearing can detect at 1000 Hz)


https://en.wikipedia.org/wiki/Hertz
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.
- Equivalent sound level: L, ; =10|Og[%j > dt] 10Iog( leL »® /wdtj
0

to+At

- o~ 2
pt%t = p12 + p22 +E {[ p1(t) p, (t)dt

- Summing of two sound sources
(if uncorrelated the last term vanishes):

SPL difference (dB) between 2 sources 0 1 2 3 4 5 6 7 8
Added dB to the highest SPL 3 2,54 | 2,12 | 1,76 | 1,46 | 1,19 | 0,97 | 0,79 | 0,64 | 0,51 | 0,41

N

- Summing of N uncorrelated sources: L, =10 Iog[zloLp,n/lo)
n=1

- Phon curves:
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Figure 1 — Phon curves

Sound intensity

TI(t) = F (1) -v(t)

- The sound energy I1 and sound intensity / is H(t) = 1(t) = p(t)-v(t)
I(t) =

- In analogy to the sound pressure level, the sound power level and sound intensity level are calculated (in
decibels) from the respective time mean value according to

ref

=10Iog[ 1 J and =10|Og[|—_]’ where I1,;=10"W and Z.,=10" W/m?
T1 H | .

re

T T
The time mean values are: [T = %J' p(t)-v(t)dt and |= TEJ‘ p(t) - v(t)dt
0 0
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- For a wave (free-field) propagating in the positive x-direction, the previous integral yields: I =p?/pc,
with ¢ being the speed of sound in m/s and 7 = p¢ the specific acoustic impedance.
The speed of sound in air varies with temperature and density according to:

ey = |—0 [ Tul €1 337 4.1, Tl €
P T =0\ " 2:273 2273

II.1) Frequency bandwidths, weighted sound pressure level

IL.1.a)  Octave bands and third octave bands: Lweighes :10|09(210(L”+Weighmg)/10)

. Tersfilter  Oktavfilter . Tersfilter Oktavfilter

Mitttrekvens f,, (Hz) f— £, (H2)  fo—f, (H2) Mittfrekvens f,, (Hz) £~ £, (Hz) f.— £, (7)
50 44,7 -56,2 800 708 — 891
63 56,2-70,8 44.7-89.1 1000 891-1120 708 — 1410
80 70,8 — 89,1 1250 1120 - 1410
100 89,1-112 1600 1410 - 1780
125 112-141 89,1178 2000 1780 -2240  1410-2820
160 141 -178 2500 2240 - 2820
200 178 —224 3150 2820 —3550
250 224 -282 178 — 355 4000 3550-4470  2820- 5620
315 282 355 5000 4470 - 5620
400 355447 6300 5620 — 7080
500 447 - 562 355-1708 8000 7080 - 8910 5620 —11200
630 562 — 708 10000 8910 — 11200

II1.b)  Weighed sound level:

Frekvens A-filter B-filter C-filter
[Hz] [dB] [dB] [dB]

+20 10 704 382 -143

125 -634 332 112

16 567  -285 -85

20 505 242 62

+10 25 447 204 44

315 -394 -17.1 3.0

40 346 -142 20

50 302 -116 -13

0 63 2622 93 08

30 22, 74 0.5

(C) 100 -19.1 5.6 03

125 16.1 42 02

@ -10 . 160 -134 30 01
s - 200 109 20 0
' % 250 8.6 13 0
) 20 (D) . 315 6.6 0.8 0
- % 400 48 05 0
L 500 3.2 03 0
. 630 19 01 0
-30 . 5 200 0.8 0 0
(A) (not defined) % 1000 0 0 0
(B) B 1250 0.6 0 0

b 1600 1.0 0 0.1

_ ] 2000 12 0.1 02

40 b 2500 13 0.2 03

. 3150 12 0.4 0.5

£l 4000 1.0 07 038

-50 : 5000 0.5 12 13
6300 0.1 1.9 2.

10 100 1000 10k 100k 8000  -1.1 29 30

10000  -2. 43 44

weiahti weiahti 12500  -43 6.1 62

A-weighting (blue), B (yellow), C (red), and D-weighting (blk) L6000 66 o1 s

20000 9.3 111 -11.2

Figure 2 - A-, B-, C- and D-weightings (10 Hz — 20 kHz).
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11.2) One dimensional wave propagation

The equation of motion in fluids and solid media is

» = —p@ ; p: pressure, p: specific mass, v: fluid velocity

OX ot

For fluids, the relation between pressure and particle velocity is

P _

i —P, % ; 7 = adiabatic index () air =1.4)

For solid media we have the corresponding relation between force and displacement

F =—ES Z_u ; E: modulus of elasticity, S: surface
X

I1.2.a)  Waves in fluid media

- For a longitudinal wave propagating in air (one dimensional propagation in positive x-direction) expressed
with sound pressure and particle velocity, respectively, as the field variables are:

where ¢ =,/)P,/p is the propagation speed for the pressure wave in the air, with P being the atmospheric

pressure. The general solution to the wave equation is
p(x,t)=p, (t—x/c)+p_(t+x/c)

The harmonic solution to the wave equation in complex form is

p(X,t) = p, e/ 4 p_gilctroo

For physical interpretation, take the real part of the result, where p, and p_ are the pressure amplitudes for
the waves propagating in positive and in negative direction, respectively. w is the angular frequency and
k =27/A = w/c is the wave number. This yields the equality ¢ = fA

- Specific acoustic impedance is defined as 7 = P
Vv

- For a wave propagating in air (1-D propagation in positive x-direction) the acoustic impedance is
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I1.2.b)  Waves in solid media

-For longitudinal and waves (infinite medium) and quasi-longitudinal waves (finite medium), their wave
equations read, respectively:

2 2 2 2

oV, .avX:O E,@vx OV,

w2 P o P O

The propagation speed for longitudinal waves is ¢ =,/E/p, whereas for quasi-longitudinal waves it is,

E' E . . 5 . . . .
Cqt = ’ - = /m, V being the Poisson’s ratio of the material where the wave is propagating through.

Particle displacement, particle velocity, strain or force can be used instead of pressure as a field variable in the
wave equation.

- For shear waves the wave equation can be expressed using the transversal displacement w as:

2 2
ow_p oW_ 0 where ¢, = G | g-_EFE being the shear modulus of the material.
x* G oat? ° 2(1+v)

- For bending waves in beams and plates the wave equation in one dimension is

4 2 3
ow oW _ 0 where B= E% for a rectangular cross section.

B +
ox* PS ot?

The propagation speed depends on the frequency (dispersive waves), i.e. ¢, (@)= % =Jo -1 B
S

11I) Room acoustics

I1I1.1)  Inside a room: reflection and transmission

III.1.a)  Standing waves, cigenfrequencies

At normal incidence on a hard surface the pressure function is
p(x,t) =2p, cos(kx)-e'*

and the particle velocity function

V(X’ t) = 2\7+ Sin(kx) . ei(lf)t*ﬂ/Z)

2
The Helmholtz equation: GLSX) +k?p(x)=0 has, in the one dimensional case with two hard boundary
OX

surfaces at x = 0 and x = L the solution

p(x,t)=B cos[nlir x) it
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where f, are the resonance frequencies f=—"=-—
2L

n

For the three dimensional case with six hard boundary surfaces the eigenfrequencies are

c I(nY (n,Y (n,Y
1:nnn =5 =]+ — +| =+
v =2\ L B) \H

1y 1y and 7, being indexes indicating the order mode in each direction of the room (Z, B and H).

In transmission from one medium with wave impedance Z; = p;¢; to another medium with wave impedance

Z, = p 2> the transmission factor # and reflection factor 7 are given, respectively, as:

P _2pC, 27, r= P, _ PG — 6 Z,-Z,

t= P -
P PG +pC 2,47, P, p.C+pC Z,+Z,

while the transmission coefficient 7 and reflection coefficient p is

L 4pcpe 42,2, sl ot -pcl” _|2,-2.f
l; (chz +p101)2 (Zz +Zl)2 l; (pzcz +p1C1)2 (Zz + Zl)z

II1.1.b)  Eigenfrequencies types:

| 4 v

Axial modes 1D Tangential modes 2D Oblique modes 3D
Figure 3 — Related geometry of eigenfrequencies
Source: Sengpielaudio

IIl.1.c)  Reverberation time

Reverberation time can be estimated by using Sabine’s formula. Sabine based his empirical formula on the
sound decay of 60 dB (1/1000 SPL) after the abruptly end of a test tone (shot, shooting, etc.).

T(f)—016L
A

with: V: volume of the room in square meters
A: effective absorption area of the room in square meter:  A(f) = XiL; %;(5). S;

with §; : surface of every absorption element

@ absorption coefficient of each element
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II1.2)  Between two rooms: sound isolation and absorption

II1.2.a)  Airborne sound insulation

IT. 1
- Sound reduction index R: R =10 |Og(n'j =10 |0g(j
T

t

- Measurement of sound reduction index R~ R(f)=L,(f)-L,(f)+10 |Og(izve%")J

- Combined reduction index: R=-10 Iog(i (Sllolello +S,107 /0 +)j

total

- Slot leakage: R =-10- Iog(lo‘m10 + ij

total

7zfm n
- The mass law for a single leaf wall: R,(f)~20log 20

7zfmﬂ

- The mass law for a double leaf wall: R,(f)=~40log

» ¢ [m" K _ 3k
- Coincidence frequency (critical frequency): f.=— . —=—=—-"3"—
272— BI t 7c LongWavJ

1 1
-1* resonance frequency (eigenfrequency) of a wall (dimensions # x 6):  f, = &CLongWavJ(az + bz)

I11.2.6)  Impact sound insulation

A
- Measurement of step sound level L: L,(f)=L(f)+10 |09[10)



LUND UNIVERSITY Ljud i byggnad och sambhiille
ENGINEERING ACOUSTICS, ITH VIAF0I / VT2 (2017/2018)

II1.2.c) ISO-REFERENCE CURVES

Airborne sound isolation

Measurement of sound reduction index: R(f)=L,(f)—-L,(f)+10 |Og(SJ

A(f)
Frekvens, Hz Ref.varde, dB
60 100 33
L 125 36
50 T 160 39
@ P 200 42
o 40 P 250 45
= - 315 48
> 30
@ 400 51
o 500 52
g 20 630 53
2
10 800 54
1000 55
0 1250 56
o o o o o o o o 1600 56
(e} (o] Te] o o o o (=]
— — ol ~ © = © qu 2000 56
Frekvens (Hz) 2500 o6
3150 56

Figure 4 — Reference curve for air borne sound insulation (ISO 717-1)

Impact sound isolation

A
Measurement of step sound level L: L, (f)=1L (f)+10 |09(Ej

Frekvens, Hz Ref.varde, dB
70 100 62
125 62
— 60 "“—-—\\ 160 62
S 50 - 200 62
o N 250 62
5 40 315 62
% 30 400 61
s 500 60
;u:‘a 20 630 59
10 800 58
1000 57
0 1250 54
S @ § 3 § § § § 1600 51
T = e 2 & 2000 48
Frekvens (Hz) 2500 45
3150 42

Figure 5 — Reference curve for step sound insulation (ISO 717-2)



