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Foreword

1998(E)

ISO (the International Organization for Standardization) is-a\vorldwide
federation of national standards bodies (ISO member bodies).“The work of

preparing International Standards is normally carried_.out™ thrd
technical committees. Each member body interested in a-subject

ugh 1SO
for which

a technical committee has been established has theight to be represented
on that committee. International organisations, ‘\governmental and non-

governmental, in liaison with 1SO, also take “part in the w
collaborates closely with the International”Electrotechnical Co
(IEC) on all matters of electrotechnical standardization.

The main task of technical committees is to prepare Int
Standards, but in exceptional circumstances a technical comm
propose the publication of a Technical Report of one of the followi

— type 1, when the_tequired support cannot be obtaineg
publication of an International Standard, despite repeated eff

— type 2, whengthie subject is still under technical development
for any other-reason there is the future but not immediate
of an agreement on an International Standard,;

— type)3, when a technical committee has collected data of &
kind from that which is normally published as an Int
Standard ("state of the art", for example)

Technical Reports of types 1 and 2 are subject to review within th
of publication, to decide whether they can be transformed into Int
Standards. Technical Reports of type 3 do not necessarily h3g
reviewed until the data they provide are considered to be no longg
useful.

ISO/TR 11688-2, which is a Technical Report of type 3, was prg
Technical Committee ISO/TC 43, Acoustics, Subcommittee SC 1,

ISO 11688 consists of the following parts, under the general title
— Recommended practice for the design of low-noise mach
equipment.

ork. ISO
mmission

brnational
ttee may

ng types:

for the
orts;

or where
hossibility

| different
ernational

ree years
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ve to be
er valid or
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—  Part 1: Planning

—  Part 2: Introduction to the physics of low-noise design
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Introduction

The objeftive of this part of ISO/TR 11688 is noise reduction in existing
machinery and noise control at the design stage of new machinery.

It is impgrtant that non-acoustic engineers are engaged in noise control
practice. [It is of great importance for these engineers to have a basic
knowledde of noise generation and propagation characteristics and to
understand the principles of noise control measures.
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Acoustics — Recommended practice for the design of low-noise
madhinery and equipment —

Part 2:
Intrqduction to the physics of low-noise design

1 Scoppe

This part of ISO/TR 11688 provides the physical background for the low-naise design rules and example$ given in
ISO/TR 11688-11) and supports the use of extensive special literature,

It is infended for use by designers of machinery and equipment.as well as users and/or buyers of machines and
authorities in the field of legislation, supervision or inspection.

Equatipns given in this Technical Report will improve theXgeneral understanding of noise control. In mgny cases
they allow a comparison of different versions of design;but they are not useful for the prediction of absolute noise
emissipn values.
Information on internal sound sources, transmission paths and sound radiating parts of a machine is the| basis for

noise gontrol in machines. Therefore measurement methods and computational methods suitable to optain this
information are described in clauses 7 and'8'and annex A.

2 References

See ISO/TR 11688-1 and the-bibliography.

3 Definitions

See ISO/TR 1168841 and annex A.

4 Acopustical modelling

In order to facilitate the understanding of complex sound generation and propagation mechanisms in machinery and
equipment or vehicles (the latter are also called "machines" in this part of ISO/TR 11688), it is necessary to create
simple acoustical models. The models provide a basis for noise control measures at the design stage.

1) 1ISO/TR 11688-1:1995, Acoustics — Recommended practice for the design of low-noise machinery and equipment — Part 1:
Planning.
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A universal approach is to distinguish between

internal sources;

0 trans

mission paths inside the machine;

0 radiation from its boundaries.

©1SO

The internal sources and the transmission paths can each be assigned to three categories according to the media

used:

O airbd
O  liquig
O  strug

Radiation

Figures 1
consisting of an electric motor and a housing with an opening in it.

The motd
There arg
O throd
O throd

O throd

Radiation
Figure 2
The total
A sys.te.m
examinin

(see alsg
ISO/TR 1

5 Cont

The basi

TNE;
-borne;

ture-borne.

is considered for air only.

and 2 serve to illustrate the principle of acoustical modelling. Figure 1.shows a simplified nj

r is the only internal source. It generates airborne and structure-borne 'sound.
three internal transmission paths:

gh the air inside the housing to the opening;

gh the air inside the housing to the walls of the housing;

gh the fastenings to the walls of the housing.

occurs from the opening and from the walls,of the housing.

llustrates this in a block diagram.

sound power emitted from the machine is the sum of the three contributions.

atic approach starts with an.assessment of the relative importance of these contributions. The next
j the blocks in Figure 2 leoking for possibilities to reduce source strength, transmission and/or ra

following clauses).This should be done in relation to the various aspects of the design proceg
1688-1:1995, Figure 1).

ol of-airborne and liquid-borne noise

C principles of generation, transmission and radiation of sound in air (or other gases) and liqu

achine

step is
diation
s (see

ds are

basically identical and are therefore considered together in this clause. There is only one important exception:
cavitation. Occurring in liquids only, this phenomenon is considered separately in 5.1.3.

5.1 Generation of fluid-dynamic noise

Important noise-generating phenomena in gases and liquids are turbulence, pulsation and shock. Fluid-dynamic
processes generate noise if flow rate and pressure vary over time in a limited volume of a liquid or a gas, for
example in a turbulent flow. This leads to the transmission of sound from the disturbed volume of the fluid to the

surroundi

ng medium. A classic example of this is the escape of compressed air from a nozzle.
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Radiation of airborne sound from the housing

B ——

Radiation of airborne f/
soung-fromtihe nporﬂmﬂ

/ sound to the housing

\S

Motor

Airborne transmisgion to the housing
«F

[ Motor

N\_

Fasfeéning

Airborne sound

Figure 1 — Simplified machine for the illustration of acoustical-modelling

—{ Radiafioh from opening |

Rddiation from housing

Structure-borne sound H Radiation from housing |

Figlire 2 — Block diagram for the illustration of generation, transmission and radiation of sound in the
"machine™of Figure 1

Mecha
known

U m
O di
O qu
5.1.1

A mon

characteristics:
bnopoles;
poles;

adrupoles.

Flementary model-setrces

nisms of fluid-dynamic sound generation(can be related to properties of elementary sound sou

bpole sourcedis-an in-phase volume change, such as a pulsating volume of any shape or a piston

Transmission of structure-borne

rces with

n a large

rigid slirface. In the far field, monopoles have a spherical radiation pattern. The sound radiated from a onopole

source

EXAMH

compre

ssafs_flares

can be reduced by reducing the temporal variation in the volume flow rate.

LE Is Outlets of internal combustion engines, rotary piston fans, multi-cell compressors, piston pum

ps, piston

A dipole source arises as a result of external time-variable forces acting on a fluid without volume change, such as
in an oscillating rigid body of any shape. The dipole source can be replaced by two monopole sources of equal
strength and opposite phase situated very closely together. The far-field directivity pattern of a dipole is shown in
Table 1. Radiation from a dipole can be reduced by reducing the temporal variation of the forces acting on the fluid.

EXAMPLE 2: Vibrating rigid parts of machinery, parts of machinery running out of balance, ducts, propellers and fans.

A guadrupole source can be represented by a time-variable deformation of a body without change of its volume or
position. It can be replaced by two dipole sources of equal strength and opposite phase situated very closely
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together. The far-field directivity pattern is shown in Table 1. Radiation from a quadrupole is reduced when the time-
variable deformation is reduced.

EXAMPLE 3: Free turbulent flow as in safety valves, compressed-air nozzles, pipe fittings.
Most sound sources encountered in machinery contain aspects of more than one elementary source.

NOTE Because of the stochastic nature of turbulence the sound spectrum is broad-band. An example is the turbulent flow in
the mixing zone of a free jet, particularly for Mach numbers Ma > 0,8. The definition of the Mach number is:

Ma 1)
C

where
u is the flow velocity;
c s the gpeed of sound.

Table 1 summarizes and illustrates the information on the properties of the elementary; sQurces.

Table 1 — Properties of elementary model sources

Type of source Schematic illustration Example(s) Far-field directivity
Monopole Siren, piston compressor
p o< const.
B -, or pump, exhaust of
Breathing| P, . | Busti
sphere < )\\ internal combustion 9
P / O \ engine, cavitation
\ A phenoména,
\ - .
e compressed air engine,
gas:burner
Dipole Slow machines (axial p o cok 8
S and centrifugal fans),
Oscillating -
obstacles in the flow
sphere .
(flow separation),
ventilating or air-
conditioning systems,
ducts with flow ‘
Quadrupole Turbulent flow (mixing

. p occos P siné
zone of a free jet),

compressed-air nozzles,
steam jet equipment,
safety valves

Two oscillgting

spheres with an
opposite
phaseshift|(two
dipole soufces)

5.1.2 Influence of main parameters

The sound power radiated by aerodynamic sound sources (e.g. the elementary source models monopole, dipole,
quadrupole) can be approximated by (see reference [17]):

W:pDzug%g = pD2u® (Ma)¥ )
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where

p is the density of the liquid,

D is the characteristic dimension of the elementary source,

u is the flow velocity,

k the exponent of the Mach number, which depends on the type of elementary source.

NOTE

| The following is typical:

ISO/TR 11688-2:1998(E)

NOTE 2

propag

k

where
n isth
e isth

Table

1 for a monopole source;
3 for a dipole source;

5 for a quadrupole source.

=(n-3)+(2e-1)

P shows a summary of the influence of flow velocity and flow field dimension on sound power emissi

e dimension of the flow field and

e parameter of elementary sources (monopole: e = 1, dipole: e =2, quadrupole: e = 3).

Stiber and Heckl [18] have shown that for a three-dimensional sound field anhd“-three-dimensio
htion the following relationship applies:

hal sound

©)

Table P — Summary of functional relationship between the sound power, W, flow velocity, u, and dimension
of flow, field, n (see reference [18])
Dimension n of flow field
n=1 n=2 n=3
Mass flow fluctuation W pauz W~ pu3 w-P @
(monopole) o
Force fluctuation (dipale
(dipee) w-2 w~-Lp w~-L2p
o o? o
Turbulence (quadrupole)
w~Lo 8 w~-Lo W~ P
o o o

Since the sound power of a fluid-dynamic noise source (in a three-dimensional flow field) increases in proportion to
the fourth power for a monopole source, the sixth power for a dipole source and the eighth power for a quadrupole
source, a reduction in flow velocity leads to a considerable reduction of the sound energy emitted. For machines
with rotors, the demand for lower flow velocities also means that lower rotational speeds, i.e. lower peripheral

velociti

es, are required.

Figure 3 shows how the sound power level of a source varies along with a variation of the flow rate. If a
characteristic fluid-mechanical value (e.g. mass flow rate, volume flow rate, mechanical power consumption) is to be
conserved, a reduction of flow velocity must be compensated by an increase of the characteristic dimension D.
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Examples of the characteristic dimension are

duct

smal

O 0O o O

diameter for duct flow,

impeller diameter in flow machines,

lest dimension of obstacles in flow,

diameter of inlet or outlet nozzle.

25

Quadrupole

©1SO

For a sin
acoustic

’n:_

where W

An empir

Lw
where W]
Examples

Theoretic
of fluid-bg

/
20 /
7

Dipole

pd
m ///f/
|

1 0.8 0.6 05
U,/ Uy

-AL,, dB

u; = given flow rate; u, = reduced flow rate
Figure 3 — Reduction of sound emission by reduction of flow rate
(for three-dimensional sound propagation)

nple prediction or estimation of the sound power W of an aeroacoustic sound source mechanig
pfficiency is an important value:

W
Mnech

is the mechanical or aerodynamie’power of the flow.

lech

cal estimation for the soundpower level is

L 120 dB +10 Ign Mméch * g
Wo
=1W.
b of acousticefficiencies in aeroacoustics are summarized in Table 3.

al methaods of high accuracy for predicting or estimating the sound power level or the sound power §
rnesound are not generally available. Equation (2) can be written in a logarithmic form:

m, the

“4)

®)

spectra

Lw = Lyep +20 |gDidB+ k[10Ig MadB
0

(6)

If the specific sound power level Ly, is known, acoustical data measured for certain configurations can be scaled
using similarity laws, to apply to other configurations with different geometry, dimensions, flow velocities, static

pressure

levels or flowing media.

For the conversion of spectra, a distinction must be made between broad band and tonal components. The
frequency of tonal noise is to be normalized with the Strouhal number St

St=

D
u

()
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Table 3 — Typical values of the acoustic efficiency

ISO/TR 11688-2:1998(E)

Aeroacoustic sound source

Type of elementary source

Acoustic efficiency n

Piston compressor (radiation in long duct monopole o
system) n= A_p K
Siren monopole 1x10™
Trumpet dipole 1x107
Propellgr aircraft dipole 1x10°
Outlet flow (subsonic flow Ma < 1) mixed 1 x 101°mMa®
Diesel ¢ngine (outlet flow noise) mixed 1x10™
Gas turpine mixed 1x10°
Flow mpchine (at design point) dipole 1x10°
Free tufbulent jet quadrupole 1x10™" Ma®
Propellger of a ship with cavitation monopole 1x107

*) p is the maximum value of variable pressure, Ap is the pressure difference.

5.1.3 [avitation

Cavitation is a special effect occurring exclusively in liquids. Where local pressure drops below the vapour
cavitatjon will occur in flowing liquids. Bubbles’are generated, which will collapse in a region of higher pres

is illustrated in Figure 4. In a flowing liquid.the pressure is determined by the Bernoulli equation

D

ub

-1+ Py gz=const
4

where

u | is the flow 'velocity

p | isthe-static pressure

p 1°tha dancitv af thao licnnd
S5t ae ty—Ott =

pressure,
sure. This

(8)

Fal
T e TToTty —trreTg ot

g 981m/s’

z s the height of liquid on top of the region of interest

NOTE p=pgz

Equation (8) will allow the determination of low pressure regions where cavitation can occur. When entering a

region where the pressure exceeds the vapour pressure, the bubbles implode.
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080808020)4—

Figure 4 — Generation and implosion of cavitation bubbles

Cavitation is avoided by maintaining low flow velocities in the suction line of the system. In low-pressure

bubbles
transport

can continue to exist if no pressure increase takes place after the~generation. These bubbl
bd to the reservoir and will enter the pump which results in sound generation. Separation of the b

can be effected by placing a mesh in the reservoir between the inlet and outlet. To avoid cavitation, increas

pressure
cavitatiory

5.2 Noi

Some ng
important

Obstacle

and keep pressure differences low. Cavitation is a monopetessource. For further measures td
, see ISO/TR 11688-1.

be control measures

ise control measures and mechanisms for the' generation of sound are described hereafter by
fluid-borne industrial sound sources as examples.

5 in the flow

The obstacle is characterized in terms of fluid mechanics by the dimensionless drag coefficient {,, the drag fg

which is ¢

Cw 3

where, in

An analys

aused by the flow acting on the body,

Fw
Py2a
2

general, A is‘the main cross-sectional area of the body.
is of dimersion shows that ¢, is a function of the Reynolds number Re

utD

Re=

tubes,
s are
ubbles
b static

avoid

using

rce F,,

)

(10)

1%

and the length ratio L/D where L is the length and D is the characteristic dimension of the obstacle. v is the
kinematic viscosity.

For Reynolds humbers Re> 100 the relation between sound power level and drag coefficient for a dipole source is

Lw = Lugp +101g—dB +301g¢ ,dB + 601g—-dB
Ao U

with A, =

1m?and u,=1m/s.

(11)
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The specific sound power level Ly, of ventilation grids, for example, is 10 dB.

The above equations show that noise reduction is achieved by

O 0o o o

Duct ahd pipe flow

reduction of flow speed (u),
downscaling of the bodies in the flow (A),
disturbance of vortex street (A, {,),

streamlining of the outer shape of the body (A constant, reduce ).

At duc

O sgparation which causes secondary flow regions;

g tu

Separated flow regions and pulsating secondary flows have a dipole source charactév.

Flow

Ther
radial
fans t
freque
import

Generglly a flow machine with high aerodynamic efficiency*has a low noise emission.

The fah installation has an important influence on sgund generation, because disturbed inlet flow profilg
high ptessure fluctuations in addition to the sound ofthe rotating pressure field.

For M4

Measu

lo
la

sn

O o o o

ng
pr

Free jq
The nd

s and pipes with installations (bends, diffusers, changes of cross-sectional area) sound sources’are

bulence due to shear layers of different speed (or density).

achines

ating pressure field of the impeller is one important sound sourcecin flow machines. In centrifuga

fans the

ap between the impeller and the casing is the most important{value for (discrete) noise emission. In axial

e number of impeller and vane blades have a large influence en the sound power level of the blad
cy. The tip clearance ratio (the gap between impeller and casing wall) in axial turbo-maching
nt for noise emission.

ch numbers Ma < 0,3 the predominant-seund generation mechanisms have dipole character.

res for noise control are:

v tip speed of impeller;
ge casing (centrifugal fans);

nall tip clearance (axial fans);

bpagate).
ts

ise.of a free jet originates in the turbulent mixing region approximately four to five diameters down

P passing
s is also

S causes

blade and varie humbers which are multiples or submultiples (spinning modes generated by the fan cannot

stream of

the ou

lat"Nnazzla That maanc that tha catnd ic mainhy ananaratad in tha mivina lavar theanianh diffaranca
et RO e —HatHeaRStHattHe—SoHRa Sy geherate a—H—HehbdhRgay e Hougri—aereRce

in Mach

numbers.

Noise control is possible by

d
g
O
g

reducing flow speed (increasing outlet dimensions);
avoiding obstacles in the flow;
reducing differences of Mach numbers between outlet flow and surrounding ambient flow field,;

frequency shift by replacing large openings by smaller ones.
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6 Control of structure-borne sound

6.1 Model of sound generation

Structure-borne sound is generated when a structure (e.g. a machine housing) is excited by a time-variable force or
velocity.

The causal chain of the structure-borne sound generation can be described by the model displayed in Figure 5.
According to this model the radiated sound power of a machine can be determined from an excitation function (the
force or velocity spectrum) together with quantities representing the vibrational transmission (h,s, h,, ) and radiation
efficiency| (o) of an excited structure

" w

Faq Vq—l hie hry

V2

F,, v,: excitation force and velocity
h,,, h,,: transmission quantities

v, velocity of the radiating surface

o: radiation efficiency
W: radiated sound power

Figure 5 — Mechanical sound generation

The excifational quantities not only include all quantities arisiig from mechanical processes such as impacts or
unbalancgs, but all physical processes which can excite vibrations in mechanical structures, such as magnatic flux
(electric motors) or non-stationary forces of fluid flow (pumps, internal combustion engines). Excitation by ajrborne
sound is pot considered.

Machine ptructures include housings, frames and!eladdings as well as moving parts insofar as these transmit|and/or
radiate sgund when the machine is in operation.

For problems of low-noise design, it is convenient to use a simplified model with the following features:

The gxcitational quantity is described by the frequency spectrum corresponding to its time function.
The point of force excitation-is characterized by its mechanical impedance or admittance (mobility).

The |passive machine”structure is characterized by a frequency-dependent overall transfer functlon for
freqyency-bands.

7
~

Complex machiné components are simplified by reduction to basic structural elements (plates, beams et¢.).
The ptructure-borne sound transmission is described by approximations.

The radiation behaviour of vibrating structures is described by approximations.

Furthermore the following assumptions are made:

O linearity of the transmission characteristics of the structure; noisy "loose connections" (for example, the rattling
of cladding sheets etc.) in the passive structure have to be treated as new sources;

point-like and unidirectional excitation;

incoherence of excitations, i.e. the effect of each excitation can be examined separately and the overall effect
calculated by energetic addition.

On the basis of these assumptions two special cases of structure-borne sound excitation can be distinguished:

10
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Active noise Passive noise
element [ —L =1 element

F,, v,: excitation force or velocity
h.: internal source admittance
h,: load admittance

Figure 6 — Source-receiver model

Cover

Cylinder head

Engine block
/[Lut(h housing

Oil pan

O Velocity excitation of thin coverSheets by vibration of stiff engine block

. Force excitation of stiff engihe block by dynamic piston pressure

Figure 7 — Schematic cross-section of diesel engine

Force excitation:

The eXcitation can be described approximately by force alone, i.e. without the complex values of the flequency-
depenrent admittances h, and.h;"(see Figure 6). This is allowed if the source admittance is much greatef than the
admittance of the excited_system (passive noise element). Thus h, > h for high admittance sources (force
sources). For mass controlled structures with h = 1/jo m, it follows that m, > m,. Example: Piston pressufe excites
engine structure (see Figure 7).

Velocity excitation:

The vglocitytatthe connection between source and load does not depend upon the respective admittance|if h, < h

(for m3ss_centrolled systems m, > m). This is often true at the periphery of machines. Example: Thick-wplled cast
iron h ||Qing excites thin sheet metal (t:m:\ I:igllrn 7)

The decision "force or velocity excitation" is of great practical importance for the choice of effective noise control
measures for machines.

A mathematical description of the model in Figure 5 relies upon the definition of the radiation efficiency o which is
defined indirectly through the radiated sound power:

W(f)=par®(f) So( § (12)

where

11
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pc is the characteristic impedance;

p is the density of air;

c is the speed of sound;

vz(f) is the spatially averaged mean square value of the velocity of the radiating surface;

o
S

For the d

velocity t
exciting f

For velog

of other

FE(

with Zy( f

is the radiation efficiency for a typical frequency characteristic, see Figure 29;

is the radiating surface area of the structure.

©1SO

brce.

)

_R(f)
)_vl(f)

ase of force excitation an energetic model (Figure 8) can be described by h%F(f)z

VI

hdiated sound power due to force excitation reads

).~ petine?(1)o( )= p < 2( )—po(1) 5

Z(1)

2
72

2
Fl

<

, the's

=2
ity excitation refer to Figure 9 with h%v = ‘?—2 the squared velocity transmission. By applying the dg

the driving point impedance, i.e. the impedance at'the point of force excitation. Thus a re

of the sodind power radiated by a force-excited structure can be@chieved by

O incre

O redu

O lowe

asing the driving point impedance;
Cing the radiating surface S;

[ing the radiation efficiency o or the velecity transmission h,,

Ff(f)—| hre2(F) | ocSo (f) |—W(f]
v,2(f)

Figure 8 — Energetic model of force excitation

vf(f)—l ht,2(F) | pcSo(f) |—W(f)

v,2(f)

guared

Fansmission mobility, which is the squared ratio of the mean velocity of the radiating (surface gnd the

finition

(13)

Huction

In level notation

Figure 9 — Energetic model of velocity excitation

W( f) = pcOR?( f) Thre? ( f) ()OS

results in

12

(14)
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S hre’(f)
Lw(f)=Lg(f)+101g— 5~ +101g o(f) (15)
S hg
where pc = (pc), and
S =1m2, h? =25x10-15m2s-2 N2 (16)
and:
Force level
F(f
LF(f):20|g¥dB Fo=1N (17)
0
Sound|power level
w( f
Ly (f)=10 Ig#dB Wy =1072w (18)
0

Introdycing the sound power level per unit force L, to characterize the passive-machine structure, this dan be re-
written|as

Liv =Lg(f)+ Lwe(f) (19)

Becauge of the frequency-dependent shape of the sound power level per unit force the excitation spectrum is
subjected to a frequency weighting. Figure 10 shows a typicalvariation in shape of an excitation spectfum of an
interngl source by the function Ly, of the passive machinestructure. The result is the spectrum of thg radiated
sound jpower level L. Typical measured spectra of L, are Shown in Figure 11.

Fo="N
-10 80 50
. 70 ™ /\
20 o - ~ 40
~—\ R
30 ~ 60 30 f
iy >0 ~ 20 — |
- 125 250 500 1k Lk \
f,Hz N ¢
-50 \ 10 \\
~60 \ 0
125 256, )500 1k Lk 125 250 500 1k Lk
f,Hz f,Hz

A: measured equivalent exciting force level of the compressor
B: Ly determined( for o = 1) from measurements at the mounting points of the compressor feet
C: Ly calculated from L-and L=
D: L, measured directly
Figure 10 — Spectra of refrigerator compressor

13
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—_—
<7
-
N

>U —_
H . -
/ N
NN ~
\
\
40

30 L
63 125 250 500 1k 2k 4k 16Kk
f,Hz

1 Hermefically sealed compressor capsule, 1,5 mm steel sheet, approximately 0,2 m x 0,2 m% 0,2 m
2 Housirjg made of cast iron with a thickness between 20 mm and 40 mm, approximately'0,5 mx 0,5 m x 0,5 m

Figure 11 — L, for different compressor housings

In the cage of velocity excitation

W~ et 2(1) o (1) (20)

Vlz(f)
Thus, a reduction of the sound power of velocity-excited structures is achieved by
O minimizing the velocity transmission h, (f);

O redufing the radiation efficiency o(f);

O reduging the radiating surface S

In level nptation and for pc = (pg),the equation reads:
_ g5 . 5,0
Lw(f) = Ly, (f) +101g Bs—)mrv (f)EdB+10Igo(f) dB (21)

where L, |is the velocity level:

2
Ly ( ):1ﬂ|gvlv—(:)dp.
0

where (v, =5 x 10° m/s) and by introducing the sound power level per unit velocity L,,, a quantity describing the
passive machine structure, finally:

Lw(f) = Lya(f) + L (f) (22)

On the basis of these equations, it is obvious that an easy estimation of the radiated sound power is only possible if
it is clear which kind of excitation, force or velocity, is involved.

14
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Internal sources

6.2.1 Classification of excitation

ISO/TR 11688-2:1998(E)

The classification described here reduces the multitude of excitation systems for mechanical sound generation to
five basic ones, which can be clearly distinguished. These are shown in Table 4.

Table 4 — Classification of structure-borne sound excitation

Type 0 aveitation “nhgrnnpclnvamplne Méasures of inflnnnhing avcitation
1. Free|mass force Undesired mass forces: Lowering rotational speed, improvemé¢nt of
balance, mass balance to _the~ hjghest
Line spectrum Rotors (turbines, electric motors) possible order
Desired mass forces: Change of technology, e:girigid body rpotion
of the compressing, container by in phase
Vibration technology such as excitation
conveying, sieving, cleaning,
compressing
2. Imp4ct Impact technologies: Change ©ftechnology; or improvement of
time function such as time dilation of the
Contingous spectrum for Drop forging, percussion riveting, impadct

individdal impacts typing, mould sand compacting,
transport of rigid objects Using an elastic impact surface (application
of resistant rubber), reduction of moved
Impact due to design: masses and impact speeds, avoidance pf
play
Positioning stops, play
3. Irregplar force curves Interaction between maehine Increasing the accuracy of manufacturing and

0O Psg
Sp)

g Tr
COj

riodic process: line
ectrum

hAnsient process:
ntinuous spectrum

components:

Gear boxes, ralling processes
(bearings);elettric motors

Interaction between machine and work

plece.

Separation, cutting and forming
processes

Excitation of machine structure by
internal pulsation:

Piston machines, internal combustion
engines and pumps

the uniformity, e.g. by skewing (helical
gearing)

Influencing of the spatial distribution of
excitation forces (distance between opp
equal forces small compared to the ben
wavelength of the structure)

bsing
ling

(co

tinued)

15
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Table 4 (concluded)

©1SO

4. Forces due to non-stationary

flow

Flow machines in closed pipe
systems:

Optimized flow design

Broad band continuous spectrum | compressors,

for stochastic processes:

cavitation turbines,

Single tone components: Vortex pumps

formation

Pressure impulses at rotating

grids with k elements

f = kn/60 *

5. Self-exgitation Stick-slip processes: Meeting the stability requirement of feed-back
system; stiffening; stiffening and damping o¢f

Pure tone] sudden start or end of | Squeaking friction brakes; chisel the chisel and/orwark piece lubrication

high sound level with small

change of

parameter

squeaking of a lathe during cutting,
forming, sliding; curving of track
vehicles

*) n: rotat]

onal speed

6.2.2 EX
Many exd

0 aco

O aling

It is suffid
values of
gradients

citation by various force-time functions

p-spectrum for a periodic process (e.g. foran unbalance).

itation processes are force-time functions with a_Fourier transform which produces

ntinuous spectrum over the frequency range for a single event (e.g. for an impact)

ient for an approximate description-to determine the enveloping curve for these spectra with charag
the time function. Presented ‘in log-log form (L. against Ig f) this will form straight sections of
as shown in Figure 12 andFjgure 13.

teristic
arying

16

F(F) Lr
Fﬂ,max
Fo -20 dB/decade
-40 dB/decade
'EZ,max
Folt) lg F» lg F4
T Tlong t lgf, lgf, lg r

[Rdt= [F @t
T

Tiong

Figure 12 — Schematic spectrum of short impact
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F(t) Le

>

-20 dB/decade

LFO —\

-40 dB/decade

Jo A\ N

Tk T-Tr t lg £, lg 7, lgF

Figure 13 — Schematic spectrum of force-time function with continuous first derivative

The cIaracteristic guantities of the spectrum presented in Figure 12 are obtaingd. according to the

equations:

T

:I|F(t)|dt:Fo

0

—

|
- =20Ilg—| dB
© g‘le‘

Fim
f] =_"Tar
2m

1

__ 1 |dF
2T Fpax

dt

max

So for short impacts (with a duration of less than 0,5 ms) of any form (Figure 12) occurring from impact te
play between moving components,-pasitioning stops etc. the enveloping curve of the excitation spectrum is
over afwide frequency range (e.g.\0’Hz to 5 kHz for impact durations 7= 0,1 ms). For such impacts influe
sense pf a less exciting process is possible by reducing the masses minvolved, the impact speed v, the pl

and th¢ rotational speed n.

O 0
Al = 301G ™4501g %02 + 2019 V2 4+ 2019 2 Sp

0
5 M Vo1 Js Mg

where

mlL_is the reduced mass

following
(23)
(24)
(25)
(26)
chnology,
constant
ce in the
y width S
(27)

v, is the reduced impact speed

S, is the reduced play width

n, isthe reduced rotational speed

2

(Subscript 1 denotes the original parameters.)

Another way to reduce excitation is to prolong the impact duration t by the use or introduction of elastic materials.
For example: Assuming a half-sinus impulse in Figure 12, a doubling of the impulse duration while maintaining the

17
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impulse | results in a reduced excitation of higher frequencies. It should be noted, however, that for impacts which
are necessary for technological reasons (compacting, jolt-ramming, impact printers) the necessary peak force is
given and it is not allowed to decrease it as it happens when prolonging the impact duration while maintaining I.

For non-continuous force-time-functions, like slow processes (1= 2,5 ms, Figure 13) with steep edges, as is typical
for piston machines, for cutting processes or pressure curves of pumps, the characteristic gradient of the amplitude
envelope of the force spectrum in the acoustically relevant frequency range is —20 dB per decade. A lower
excitation of the structure can be achieved by avoiding quick force time changes thus reducing the edge steepness
of the force-time curve by for example:

applying damping slits in pumps:

avoidling sudden pressure changes in pipes or valves by making area changes smooth and gradual;

0
0
O using bevel grinded cutting tools;
0

separating or cutting instead of chopping.

The chargcteristic quantities of the spectrum in Figure 13 are calculated from:

T

F(t)
Le. £201g| (— dt|dB (28)
Fo ! R
F =[1 Ns (29)

1
f1 = 30
1 T[(T_TF) ( )
1

fo d—— 31
2 2k (31)

Continuous force-time functions, like slow processes” (7 = 2,5 ms) which occur with cam drive mechanisms of radial
cams shqw an amplitude spectrum in the acoustically relevant frequency range, which depends on the contifuity of
the force|time function and of its derivatives; respectively. Thus, for a continuous force-time function the amplitude
spectrum|decreases with —40 dB per decade:

Consequently, measures to reduce the excitation include enhancing the continuity for cam drives and their precise
balancing.

Furthermpre rolling and sliding-surfaces should be very smooth and well lubricated.

To reduce the maximumdamplitude of the force spectrum, rotational speeds should be as low as possible, bécause
their influence on the radiated sound power is considerable. For example, a doubling of the rotational spe¢d of a
hydraulic|pump results in a 15 dB higher sound power level. Therefore, instead of increasing rotational spegd, the
alternative option>of parallel arrays or multi-line operation should be considered for higher performance of a
machine.

6.3 Transmission of structure-borne sound
6.3.1 Introduction
The sound radiated by the point or area where the structure is excited is usually negligible as compared to the

sound radiation of the boundary surfaces of the machine. The transmission of structure-borne sound from the
internal sources to these surfaces must thus be prevented or reduced by suitable measures.

18
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Driving point impedance

The driving point impedance Z characterizes the resistance of a mechanical structure against the excitation by an
oscillating force acting at the excitation point.

NOTE 1 The impedance is called point impedance if the dimension of the area where the force is exciting the structure is
smaller than one sixth of the relevant wavelength (bending wavelength, shear wavelength).

Assuming a harmonic force excitation where F is the force and v is the velocity at the excitation point, the
mechanical power Winput into the structure is

Wt ReFA (32)
2
(The apterisk (*) denotes the complex conjugate.)
1.2 1.2 1
W== ReY)== R 33
S ORPRAY) =S O Re L (39
where
14
Y[FZ1== 34
= (34)

Y is the admittance (see note 2).

Thus 4

excitat

Assuming a harmonic velocity excitation, the equation for the mechanical W power input reads

W :% 1°Rd2)

Thus f

NOTE 2

on of the structure and finally to reduced sound radiation.

n increase of the driving point impedance Z or a lowering of the) driving point admittance Y leads t¢ reduced

(35)

Dr velocity excited structures the mechanical driving point impedance must be reduced. This can bg done by
applying springs or other soft isolators.

The driving point impedance Z as well as the driving point admittance Y are actually matrices becayise of the

multitude of vibrational degrees of freedom-of a structure submitted to an exciting force. For practical reasons (meagurements)
the driving point impedance is normally.défined as the ratio of the exciting force to the resulting velocity of the strudture in the

directio

the adnpittance is called the driving(point impedance Z. For theoretical investigations Y is the more convenient quantity.

The m
14) ca

7

7

where

h of the force. Thus the admittance Y = v/F of the structure at the driving point is indeed measured, and the reg

bchanical driving pointimpedance is a complex quantity. So, for a freely vibrating rigid mass, Z (s
h be written as

= Re(Z) + jIn{(Z)

=gem

<i||m

ciprocal of

be Figure

(36)

(37)

mis the mass;
w= 21T,

Figure 14 — Force acting on a mass
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For an idealized spring (see Figure 15) (no damping, no mass) Z reads

Z:&

jw

where C_ is the stiffness of the spring.

©1SO

(38)

NOTE Steel plate, 480 mm x 340 mm x 5 mm, supported at the edges, excited at a point close to the centre.

Figure 15 — Force acting on a spring

Many stryictural elements of a machine can be approximated by beams or plates. Thus, knowing the impedan
plate or g beam can be helpful when estimating whether alterations to impedances are effective.

Althoughi|the driving point impedance of a plate with defined dimensions and suppert\as seen in Figurel6 flu
erratically due to the different eigenfrequencies in the relevant frequency range,-an averaging over the fre
bands shpws a mean dependency which can be described by a simplified equation, if the thickness of the p
is less than one sixth of the bending wavelength A;:

A8
Zpjiafe =0 pd 5

whele p is the density.

For a begm the simplified equation reads

Zpedm = 2,67pAc CHOf(1+ )

where
A'is the cfoss-sectional area;

c_is the lpngitudinal wave velocity;
dis the thickness of the beam.

ce of a

ctuates
juency
late, d,

(39)

(40)

L AN
TN R TAT /1
SRTARE AN

100 500 1000

Figure 16 — Characteristic behaviour of a plate supported at the edges
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It is assumed that in the case of the plate as well as that of the beam the exciting force is applied perpendicular to
the surface of the structural element.

Figure 17 gives an indication of the behaviour of the driving point impedance of the above-mentioned elements.

The ed

The cy

Thus f

leading
beam

freque
structu

beam

with

~

where

g\’a%% geam,/-
P
/ L
—
.~
-/
-/
— Plate
N
L
), ®
Op o
g S
10 100 1000
f, Hz

Figure 17 — Characteristic behaviour of idealized structural elements

siest way to effect changes in the driving point impedance-of a structure is by adding mass to the dn

rve in Figure 18 gives an impression of the driving‘\point impedance of a real structure.

br the lower frequency range the impedance)is characterized by a mass (Z, O f) or spring (Z, O 1/f)

to a straight line with a slope of +1 or=1. In the mid-frequency range the structure can be consid
(zg O4[f) or plate (Z, # F(f)), the-respective slopes for the straight lines being 1/2 and 0. For

ncy range of usual structures the impedance can be approximated by equation (39). For very heav
res the impedance is equal.to:*Z = 21ifm, where m, is the associated mass of a sphere cut from th

vith the radius of one-quarter’of the transverse wavelength A,

G-is the shear modulus; this means that in the eigenfrequency range the impedance is mainly dete

ven part.

behaviour

pred as a
the high

and stiff
b plate or

(41)

mined by

local ¢

haracteristics.The mqnlfing eraighr line for the high frpnlupnr‘y range has a anlnp of =2 _and the imp

edance is

proportional to 1/f %,

In the lower frequency range (Figure 18, range 1) where the machine structure behaves like a mass or spring an
additional damping is useless, doubling of the mass or stiffness, however, leads to an increase of 6 dB of the
impedance.
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Frequenc

Free suspension
N
o

lgf. lgr

Il 1l

\ Rigid fastening
N
s

lg
______ Weakly damped
______ Strongly damped

ranges

I: effect

(top: p
Il: resong
II: multi-r

Figure

A locally
lower eig
may have

f a small component
ire mass, bottom: pure spring)

Nt response range, f; is the first eigenfrequency
bsonant response range, effect of a large.component

18 — Driving point impedance* 1Zl of a real structure (schematic) (Note the response ranges ang
effect of damping)

applied additional mass and/or stiffness results in a shift of one or more relevant eigenfrequencies
enfrequency range leading to a possible weakening of specific sound sources. Use of additional dg
a similar effect but will mainly lead to a reduction of resonance peaks.

the

in the
imping

In the mu

ting of

additional masses on the surface of the structure leads to a hifting of the first eigenfrequency of the structure to
lower frequencies and thus to a reduction of the velocity level on the surface in the resonant response range.

In cases where the mass is attached directly in the line of force, for instance an additional mass at the excitation
point on a plate-like structure, the driving point impedance tends to behave mass-like with increasing frequency.
Therefore radiation is reduced.

In Figurel9 the influence of an additional mass in the line of force is shown for the case of a low-noise design of a
thrust bearing.
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Excitation

Thrust bearing

Excitation

100
Thrust bearing B\

Sound-nfadiating

structu

surfacefarea of 0,70 m?

The afhievable insertion loss D for an additional -mass on a plate-like structure for f>f (f, is

eigenfi

where
The in
excitat
howey|

Due to

)

70

e with a

Lr dB

Excitation

80
\Addiﬁomat mass of 70 - N N
approx. 3 kg ~

as an addifional mass

60
Thrust bearing designed /

of approx. 3 kg

Figure 19 — Reduction of radiation by application of an.additional mass to a thrust bearing

equency of the structure) can be described by:

O O
Owm O
=10lgd + %Z_E DB
0 plate LI
Im is the additional mass.
Crease of local structufal stiffness in the multi-resonant response range is only effective in the cas
on. For velocity excitation this will have no effect. For the frequency range below the first eigenfre

br, stiffening of the-structure (e.g. by ribbing the plate surface) reduces sound radiation.

additional stiffening, for f < 0,5 f, reads:

Cag
=10l +=ad 5 dB
g@ C. o

S

10k

the first

(42)

e of force
juency f,,

(43)

where

C_, is the additional stiffness;

CS

is the initial stiffness of the structure at the driving point.

Introducing a spring and adding mass to the excited structure will convert velocity excitation to force excitation.

Table 5 presents a synopsis of noise control measures for the three response ranges based on changing the driving
point impedance.
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Table 5 — Noise reduction based on changing point impedance

Type of excitation Ruasi-static Rlesonant Multi-resonant
Force excitation Add mass, Add mass, Add mass,
add stiffness add stiffness, add stiffness,
add damping add damping
Velocity excitation Insert a spring and add mass | Insert a spring and add mass | Insert a spring and add mass
or add stiffness to the or add stiffness to the or add stiffness to the
structure structure structure

6.3.3 Ggneral aspects of structure-borne sound transmission

Shape arjd material of passive noise components in machines determine their behaviour concerning structurg-borne
sound transmission. For the understanding of general physical laws of structure-borne seund transmissijon the
different $hapes of passive components can be substituted, at least partially, by plates or beams, e.g. the wdlls of a
box-like Housing by plates. The bending wavelength of a plate is

where

d is the thickness of the plate;
c_is the longitudinal speed of sound, about 5 100 m/s in steel.

Example$ can be seen Figure 20.

/

777
/
/
/
Y

05

/57
/7
/

0.2 )

; /77/77 J] \\
/7)/7) \\ ~
0.1 5

2 A

/L
e

0,02
0,01
0,05 01 02 0,5 1 2 5 20
f. kHz
Key
——  steel
——— greycastiron
————— air

Figure 20 — Variation of bending wavelengths for plates and the wavelength of sound in air
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If the bending wavelength is small compared to the length and width of the plate (or similarly shaped structure),
structure-borne sound energy transmission takes place by wave propagation with all the typical wave effects

(reflect

ion, damping etc.). This happens in the multi-resonant response range.

If the bending wavelength is greater than the length and width of the plate, there are no wave effects but in-phase
vibrations of the structure, the response of which is then mass-controlled or stiffness-controlled, depending on the

kind of

excitation and suspension. This is typical for the quasi-static response range.

The transition between both ranges of transmission behaviour is given by the first bending wave eigenfrequency f,.

NOTE
an imp

angle (¢.g. floor and wall or two walls).

6.3.4 [Control of structure-borne sound transmission by isolation

6.3.4.1

One w
structu
locally

O im
O aq

O sy

Conce
O th
0O fo
O it

st

In the
structu

The ef
the me

Itis im
the po

6.3.4.2

If an e
this isd

rtant part because bending waves can be generated by conversion of longitudinal waves where two plates|

General

ay of reducing the transmission of structure-borne sound is to change thé mechanical paramets
ral elements considerably so that a relevant reflection of structure-borne seund occurs. This can bé
increasing or generating an impedance mismatch or mobility mismatch®y,for example:
plementation of soft or elastic elements between relatively stiff structural components;

plication of additional masses in the path of structure-borne s@und transmission;

dden changes of cross-sectional areas or application of deflections.

ning the implementation of elastic elements between-structural components remember that

b stiffness of the elastic element should be muchrless than that of the structural component;
higher frequencies the insulation will not always increase,

s recommended to apply an additional_mass close to the elastic element (e.g. decoupling of a
ucture from its outer surface plates by-a mass-spring system).

case of additional masses consider-that the added mass must be greater than the local mass of th
re component.

ect of sudden changes of the cross-sectional area depends on the type of structural wave travellin
chanical structure.

portant, however,-t0 consider that any reflection of structure-borne sound increases the vibrations
Nt of local changes. Thus damping must be increased on that side.

Isolation by use of elastic elements

Although the radiation of airborne sound is dominated by transmitted bending waves, longitudinal waves can also play

join at an

brs of the
e done by

machine

e original

j through

n front of

effect of

D

astic element is inserted between an active element and a radiating structure (see Figure 21), the
lation is characterized by the insertion loss D:
I+ hy + I
=10Ig|=——2"=2| dB
hy +h3
1 2 3
Active element Elastic element Sfructure fo be decoupled

Figure 21 — Block diagram illustrating isolation by elastic elements

(44)
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The isolation will be effective if the mobility h, of the elastic element is considerably greater than that of the source
or the structure to be decoupled, i.e. h,> h , h..

It is possible to distinguish two distinct cases:
a) decoupling of the source (Figure 22 a);

b) decoupling of the radiating structure (Figure 22 b).

The source is decoupled when the radiating structure has a very small mobility, i.e. k , is very small, the driving

point imppdance-Z-thus-vertarge—Fhe-hsertionloss-B-willther+ead:

|

D=10Ig 1+E dB (45)

Example$ can be seen in motors, gear boxes, pumps, fans which, as sources of structure-borne sound, |are all
mounted [using elastic elements.

For a maghine mounted resiliently on a rigid foundation the insertion loss can be calculated using

2 2
[l
D=10lgl1- Df—D dB (46)
Ofo
where
fo :i 2 (47)
2\ m

with the gpring constant C, in newtons per metre, N/m, and m, the mass of the source in kilograms, kg.

For rubbgr springs use the dynamic spring constant C, instead of the static spring constant C
Cyn = KCJl, with 1 <k< 3.

for C,. As|a rule,

stat

A radiatiryg structure is decatpled when its mobility h is large in comparison to the small mobility h, of the active
element. [The insertion loss-is then calculated according to the equation:

2
1+ﬁ
h

3

D=10lg dB (48)

or

7
]

dB (49)

o0,

g
af
D =10l -
9g-t,

with the mass m, of the radiating structure to determine f,.
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Examples: Decoupling of an enclosure from the machine inside, or decoupling of a driver's cabin from the vibrating body of a
vehicle.

Figure 22 — Decoupling of source and radiating¢structure

Low-frequency vibrations must also be considered to ensure safe operation and long service life of isolatprs. If the
relevamt excitation frequency of the machine is f_, f, should be f_/3 or less. An effective isolation can be expected for
the rarjge

C
07 foy < f <025 |1 (50)
Mg

where |m, is the mass of the spring.
The firgt eigenfrequeney.of a rubber spring depends on its length. Typical values lie
O bdtween 250 Hz'and 500 Hz for 100-mm-long rubber springs, and

0 bgtween,1-300 Hz and 1 600 Hz for 15-mm-long rubber springs, and

0O batween 100 Hz and 500 Hz for steel springs.

Figure 23 shows the frequency characteristic of the insertion loss D of an elastically mounted mass upon a rigid
foundation.
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Figure[23 — Insertion loss D of an elastically mounted mass upon a rigid foundation (f,, is‘the first spring
eigenfrequency)
6.4 Corntrol of structure-borne sound transmission by damping
In the acgustical frequency range metals like steel, grey cast, aluminium, etc. show @a.poor internal damping| Thus,
plate-like|constructions can easily be excited to perform flexural vibrations.
Increasing the damping of the structure is therefore a widely applied method te_reduce the velocity transfer function
h,, and thie radiation efficiency.
Damping|is characterized by the loss factor n, which is defined as
_ [Wyiss _ energy dissipation per vibration period
n=fobiss - , , (51)
2We, 2n xreversible mechanical energy

For somg materials like metal or concrete n does not.dépend on the frequency, temperature or the type of wave
propagation. For plastics, however, it can vary considerably with temperature and to some degree algo with
frequency. Table 6 shows loss factors for different materials (temperature = 20°C, mid-frequency range).

Table 6 — Loss factors,for. different materials of freely vibrating plane plates

Material n

Steel, aluminitdm, brass =10
Castiron =10
Special copper-manganese alloys =3x10~
Plastic (construction material) =107to 10™
Glass fibre reinforced polyester =10~
Plexiglass =2x107
Concrete =10
Glass =10 to 10

The increase of n can only be effective in the resonant response range. It leads to a shorter decay time after impact
excitation and to a reduction of resonance vibrations for steady state excitation. For large and complex structures
not only the increase of n is important, but also the location where the damping treatment is applied.
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As a rule of thumb one may state that damping treatments are most effective on plates close to the source resulting
in a reduced transmission and on plates that radiate sound to the environment owing to a reduction of radiation.

There are, in principle, two options to increase the damping:

O using material with a high internal damping;

O adding special damping treatment to the structure.

Although cast iron or polymeric materials have a much greater loss factor than metals like steel or aluminium their
application does not always result in structures radiating less sound. This owes to the much larger loss factor of
complgxX SIUCTUTES a5 _compared 10 the 1055 1actor of the materals from which they are made (See [Table 7),
becauge of the losses through friction as in connections or added components.

Table 7 — Typical loss factors of structures

Types [of structure n

Metal ptructures composed of a small number of thick- 3 x107 for f< 500 Hz
walled|parts (e.g. ship hull) 10° 65 P> 1 000 Hz

Metal $tructures composed of many thick and a few thin- 107
walled|parts (e.g. engine, car)

Metal $tructures composed of many thin-walled 5x107 for f < 500 Hz
components (small and complex machiner
P ( piex inery) 107 for f > 1 000 Hz

///////// il

L

«////////

s =(hy+hy)/2

Figure 24 — Geometry of a single-layer damping system

In ord¢r to exceed>the usual loss factors of "undamped" structures significantly special damping treatrments are
necesgary. For.plates there are (see Figure 24)

O dgmping by single layers;

O damping by constrained layers;
O damping by a plate-to-plate system.

The single-layer damping system consists of a carrier plate to which on one side a visco-elastic layer is attached,
which has a loss factor much higher (up to 1 000 times) than that of the metal carrier plate. The damping relies on
the fact that part of the vibrational energy in the carrier is needed to bend the visco-elastic layer. From this part of
the mechanical energy a large fraction is converted into heat during each vibration period. Therefore, an efficient
layer should be stiff to increase the energy needed for bending and have a great loss factor n to increase
conversion into heat.
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The damping effect of a single-layer system does not only depend on the loss factor n of the layer but also on the
ratio d,/d, (layer thickness/plate thickness, see Figure 24) and the ratio of the ratio E,/E, where E, and E, are Young's
moduli for layer and plate, respectively.

The total loss factor n, of a single layer damping system can be approximated by

E, [ty [s2
N =1y B-2—2 (52)
Bt
where
S:_(1+d2 (53)

2

and the tgtal bending stiffness

Er d?

u

Bt +Eydp & (54)

Summariging the basic ideas from the equations and from Figure 25, one can-say:

O the gffect of damping increases with the square of the ratio d,/d, ofthe thicknesses;
O E, (Young's modulus of the layer) and n, (total loss factor of the\layer) must be high.

O the thickness of the layer should be twice or three times, the thickness of the metal plate

In cases Where the visco-elastic layer is lying between the carrier plate and a top plate one speaks of damping by a
constraingd layer (Figure 26).

A distinctjon is made between symmetrical and-unsymmetrical designs, the latter, however, being more important
for practi¢al use.

The prindiple of this damping system.is:the conversion into heat of a large fraction of the vibrational energy|that is
needed for shear deformation of the‘visco-elastic layer. In contrast to the single layer system the total loss factor n,
of the cpnstrained-layer system ‘varies significantly with temperature and also much more with frequency
(Figure 2}). Its calculation is rather complicated.

The majgr advantage of‘a constrained layer is that it adds less weight to the machine than a single-layer damping
system.

The platerto-plate.damping system consists of two flat plates which are attached to one another by spot welds, bolts
or other point:like connections. The damping is based on frictional losses in the residual air layer betwgen the
plates. Inyestigations have shown that damping is increased when plates of different thicknesses are used (a ratio
of 3: 1 is appropriate) and when connection points are more than half a bending wavelength apart. An advantage of
this damping method is its applicability even at high temperatures. Corrosion between the two plates may be a
problem.

6.5 Radiation
The sound radiation from the surface of a structure is a result of the conversion of vibration of the excited structure

into a pulsating compression of the surrounding air. Thus small, compact, vibrating bodies do not radiate sound as
efficiently as large vibrating bodies, particularly not in the lower frequency range.
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The radiation efficiency o is the principal quantity for the characterization of the capability of a structure which is
excited by structure-borne sound to radiate sound.

W

Jole w2

o=

0,6

0,4

0,2

0.1

Ntotal/ N2

0,06

0,04

0,02

0,01

0,005

0,1 0.2 0t 06 1 2 L 6 10
ho/h,

Figure 25 — Loss factors.of homogeneous flat plates with single-layer damping

Figure 26 — Geometry of a constrained layer
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Figure 27 — Effect of temperature on loss factor of a constrained layer

Dependirlg on the kind of radiator and the frequency range of interest/the/values of o range between approx|mately
zero (e.gl perforated plates p=10"°) and unity (e.g. in the higher.frequency range for oscillating compagt rigid
bodies like hydraulic pumps). (In level notation, this corresponds to.=co dB and 0 dB, respectively).
Figure 28 shows measured radiation efficiencies for a number of structures. It is apparent that large diffgrences
occur. THey owe to the different distribution of vibrations with regard to their amplitude and phase on the surface of
the struciure. Basically, o is greatest in the higher frequency range and decreases for lower frequencigs. The
transition|from o< 1 to o =1 is usually denoted by a-critical frequency f, which, together with g, can be derived from
theory fo some elementary sources.
For a pulsating sphere, for example,

fc =lc/ 2ma (56)

¢ = 310 m/s, the speed-of.sound in air;
ais the radius of the-Sphere.

For a piston vibrating in-phase in a baffle

fo ={07ct VTS (57)

where Sis the surface area of the piston.
For an oscillating sphere

fo =141c/ 2ma (58)
where a is the diameter of the sphere.

Figure 29 shows the resulting radiation efficiency as a function of the frequency normalized to the relevant f, for both
elementary sources.
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The pulsating sphere is a good approximation for all compact sources with in-phase surface vibrations. Compact
machinery components oscillating as rigid bodies can be described by the oscillating sphere.

Many vibrating surfaces of machinery components that are excited by structure-borne sound are plate-like
structures which normally do not vibrate as rigid bodies but have complicated distributions of the surface velocity
(both amplitude and phase). Plate-like components of machinery will mainly be excited to bending waves above the
fundamental eigenfrequency. The critical frequency is therefore determined by the frequency for which the bending
wavelength A, equals the wavelength of the radiated sound in air.

So for supported plates f, reads

f _Car m_”=64OOO:64OOOE\/E (58)
1 2n VB ¢ ™ d E
where
¢, |s the longitudinal wave speed;

d is the thickness of the plate;
m{is the mass per unit area;

B'lis the bending stiffness of the plate.

Approximating o for f < /2

(,:LZJC_a" Al (60)
mesof. | fe

forf=1.:
JUfe
o= 045 3 —5 (61)
Cair
for f > Pf:
ol=1 (62)
where

U |s the perimeter;

Sisdthe surface area.

Although the ratio U/S has a weak influence on the stiffening of plates, ribs increase the length of the boundaries
and therefore the ratio U/S (where U is the length of the perimeter plus twice the total length of the ribs). Stiffening
thus increases o except when the force excites the panel via a rib. In this case the driving point impedance of the
plate is increased by the stiffening.

Figure 30 shows the influence of the thickness of a plate on its radiation efficiency.

To summarize, a reduction of radiation is related to the reduction of the product of Sv2 and of the radiation
efficiency o of the structure.
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b) Steel plpe, diameter 0,7 m, wall thickness 1,3 mm
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Figure 28 — Measured;radiation efficiencies

Pulsating sphere

T0g o /0B

surface area: S = 47a?

Oscillating sphere

1 f/f[, pulsation

1 f/f[’ oscillation

Figure 29 — Radiation efficiences of ideal model sources
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Main measures are:

compact design;
application of perforated plates;

use of flexible plates (heavy, if possible) to raise the critical frequency f, if high-frequency sound
reduced.
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Figure 30 — Effect of plate thickness on radiation efficiency

7 Analysis by measurement metheds
7.1 Purpose of the analysis
The arjalysis of existing machinery is important at various stages of the design:

Stage |1: Clarification of.task: measurements on existing competitor's machines or on own machines
design|may be very useftlto define a realistic design task.

Stage [2: Conceptional design: measurements on existing machines may be very useful to compare
principles.

Stage [3: Design and detail: at this stage, measurements can help in the choice of dimensions, mate
components.

of earlier

different

rials and

Stage 4: Prototyping: the analysis of prototype(s) is a central element of every design process. The results can be

used to improve details of the design (back to stage 3).
The analysis should be focused on the basic elements mentioned in clause 1, i.e:

O internal sources;
O transmission paths in the machine;

O radiation from the boundaries.
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A cost-effective strategy for the reduction of noise can only be developed when a certain amount of information on
all three aspects has been made available. The minimum information that should be obtained is the following:

O the most important internal sound sources;

O the most important transmission paths for these sources;

O the most important sound-radiating parts of the machine.
Answers to these questions may differ for different frequency ranges.

In the simple case of one dominating internal source, and a small number of transmission paths and radiating parts,
qualitative_information may be sufficient to decide which measures are to be taken. In many cases, howeve

r, it will

be neces
"transfer
connecte
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For more

sary to obtain quantitative information as well (i.e. the "strength" of the internal sources, the valug
unctions" of the transmission paths, and the magnitude of the radiation of various machinery parts’i
0 receiving systems (air, structures, etc.).

'nal sources

plysis of the internal sources can be done on the basis of the spectrum of the radiated sound (on

umbers of blades, poles, gear-wheel teeth, etc.). The source of important peaks in the spectrum c
ed in that way. Additional information can be obtained from the analysis (of)the time history of the r
pssure. In both approaches variation of the operational parameters (especially speed) may be very
rpretation of the signals. The same is true concerning listening to the signal.

rmation obtained from the spectrum and from time history is nat sufficient, the next steps may be

pssive switching off of internal sources (if possible);

pssive blocking of the transmission of sound from the,internal sources to the boundaries of the m
bolation of airborne, liquid-borne or structure-borne sound transmission).

bns where more detailed quantitative information is required there are many possible apprag
can be seen in Table 8 and the references [8] and [9].

ssibility for the analysis of sources is the_combination of computed or measured data on transmissi
with the measured sound pressure;sresulting in quantitative information on internal sources (S

nsmission paths

straightforward method-/to obtain information on the relative importance of sound paths is to succe

ve information can be obtained experimentally, using theoretical models as an aid, or with a
. For examples of such techniques see Table 9.

information on these and other methods, see references [8], [10], [11] and [12].

narrow band), combined with the knowledge of the machine structure (potential internal sources,;totation

of the
nto the

p-third-

often
diated
helpful

achine

aches.

on and
ee 7.3

ssively

the isolation in these paths, for example by the introduction of more efficient shielding, isolators or

mixed

7.4 Radiation

The analysis may concern the radiation into air, into a gas in a pipe, into a liquid in a pipe, a structure or a
combination of these. For the analysis of the radiation into the air surrounding a machine the methods of table 10

may be a|

pplied.

For the analysis of the "radiation" into gas or liquid filled piping systems, or structures, or into combined systems,

some of t

For more

36

he methods of Table 10 may also be applicable.

information see references [8] through [14].
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