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ABSTRACT
A complete characterisation for structure borne sound source contains many elements
(or parameters) and is not convenient for practical use. Thus, in this thesis the
problem of providing a simplified characterisation for structure-borne sound source
has been addressed. The starting point is that the purpose of the characterisation is to
predict the vibrational power transmitted from the source into its support (the
receiver) when installed. A ‘single figure’ characterisation has been proposed. i.e. the
many elements needed for a full characterisation are contracted into two frequency
dependent parameters, one representing the ‘active’ properties of the source (called
‘s;’) and the other representing its dynamic properties (called ‘s,’.). The average point
mobility magnitude was chosen as dynamic property parameter, while three
alternative forms for the active property parameter have been investigated. The power
cannot be predicted exactly from these simplified characterisations, so whether the
chosen pair ‘s;’and ‘s;” is good or not good, depends on the range of uncertainty in

the predicted power.

A major part of the work is concerned with calculating % confidence limits for the
three chosen parameters. Real structures cannot provide sufficient data to construct
these bands, so one of the main novelties is to introduce the idea of ‘generic’
structures. Here different types of structural behaviour (for example rigid mass,
strongly resonant behaviour etc.) are characterised by certain ‘rules’. The elements of
the source characterisation are then varied randomly, but in accordance with these
rules so as to produce data representing a large number of abstract, but plausible

sources. When combined with similar ‘generic’ receiver structures the statistical




variance in the predicted power is found. These probability bands will provide insight

into the global behaviour of the source after knowing the two parameters (s; and s5).

Using the probability bands the active power emission from practical machines into
various plate receiver structures was then calculated. The results show that the ‘single
figure’ characterisations give better accuracy than some other methods which use
more data. For low mobility receivers, the active parameter based on blocked force
gives the best results, and can even be used on its own as a ‘source strength’
parameter to rank sources. This has practical application for example for machines
installed on concrete floors. For matched cases (sources and receiver mobility of
comparable magnitude), the active parameters based on the Characteristic Power of

the source are most successful.

It was also found that, except for the case of rigid mass sources on stiffness receivers,
the Characteristic Power of the source provides practical upper bound to the emission.

This has potential application in many practical cases.
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CHAPTER 1

INTRODUCTION



Introduction

All machines generate vibration when run to achieve a specified task. The types of
machines considered here are generally a combination of components which can
perform the specified function, e.g. a fan used in building services includes the fan
impeller, motor, fan belt, and frame etc., a washing machine includes motor, drum,
and frame, and an engine on a ship could similarly be broken down into components.
However, the components themselves are not usually of interest to the purchaser who
buys the machine as a single unit. Rather it is the net effect of the machine that is
important, and an increasingly important (usually unwanted) effect of machines is the
noise they transmit to their surroundings. Vibrational energy from machines is
transmitted into the media surrounding the machine, into the air, and into supporting
structures, which are hence called ‘receiver structures’, e.g. the structure of a ship or a
concrete floor supporting a fan. The vibrational energy subsequently propagates
through the medium, from one medium into another (especially from solid structures
into the air), and finally arrives in a human environment, e.g. a place of work or study,
in the form of noise. Since it is almost always people who receive the noise, the main
frequencies of interest are those defining the audible range for humans, i.e.

20Hz~20kHz.

The noise emitted can be classified broadly as airborne, structure—borne, or fluid-
borne. The concepts of airborne and structure-borne sound sources will now be
clarified. Referring to figure (1-a): we assume that A is a machine that connects with
nothing except air. If the noise at point B is due only to machine A then we can call
the noise at point B ‘airborne’ noise. Correspondingly, machine A is defined as an

‘airborne sound source’.



Referring to fig(1-b): here machine A contacts with a solid structure C as well as the
air. If the noise at point B is due to only machine A there is now not only airborne
noise but also structure borne noise at point B. Machine A is not only an airborne

sound source, but also a ‘structure-borne' sound source.

The definitions ‘airborne’ and ‘structure-borne’ therefore correspond to the medium

into which vibration energy is transmitted from the machine at the point of origin.

This thesis is concerned with structure-borne sound.

Having defined noise at an arbitrary receiver point as airborne or structure-borne
noise, the concept of ‘source’ must also be clarified. In figure (1-2), A is a motor, and
C is a connected solid medium. If A is determined as a 'source', then the noise at B is
called the sum of airborne and structure-borne noise. However, if A and C are
considered as a whole, and this larger structure is considered to be the “source’, then it
is an airborne noise source only. Hence, whether the sound is considered to be
airborne or structure-borne in origin depends on how the source is “separated’ from its

surroundings.

The acoustic consultant or noise control Engineer often needs to address noise
problems at the design stage and make a prediction of sound levels in noise sensitive
spaces, so ‘noise sources’ are naturally of interest. When considering the noise source
the questions arises of which parameters of the source influence the resulting noise
levels, in other words what kind of parameters ‘characterise’ the machine as a source

of sound.



In the case of air-borne sound, the influence of the source on the ‘noise level’ can be
represented by one parameter, i. e the sound power. Hence, in the case of the air -
borne noise, the sound power is a suitable physical parameter to characterise the noise
source. However, since the paper ‘Urgent need for structure-borne sound source data’
[1] was published twenty five years ago, the problem of characterisation for structure
—borne sound sources still remains. There are several national and international
working groups ( e.g. In 1980 the International Organisation for Standardisation (ISO)
established the working group (ISO TC 43 SC 1/WG 22) concerned with the
formation for standards for characterisation of structure-borne sound sources.

Various approaches have been tried as now described.

Free velocity has been developed to an ISO standard [2]. Velocity is measured at the
contact points of the yet to be installed machine while it is resiliently suspended and
while it is operating normally. It is clear that two sources with the same free velocity
at any contact point could give very different noise levels when installed, because the
noise level is not only dependent on the 'active' properties (free velocity) but also on
the dynamic properties (e.g. mobility) of the source. Even when two sources look the
same or similar they may have very different dynamic properties as shown for
example by Bernhard [3,4]. Another problem is that too much data is required for

practical use when the source has many contact points.

The blocked force theoretically offers similar advantages in terms of simplicity, but
has the same problems as above, i.e. two sources with the same blocked force could

potentially give very different noise levels when installed. Both the free velocity and



blocked force methods could be described as 'activity' methods, in that the parameter
measured describes just the vibrational 'activity' of the source but not the dynamic
properties. (In this context ‘dynamic’ properties are those of the inactive source, for
example mechanical mobility, as distinct from ‘active’ properties which relate to the
source in operation). An equivalent force was proposed [5-7], and can be understood

as another activity method, but there are still the same problems as above.

The reception plate method [8] is to attach the vibrational source under test, through
the proposed contacts and supports, to a passive structure such as a thin plate, the
average response of which is then measured. However, even if the average response
of the plate can be accepted as directly related to the radiated noise level, the average
response itself is dependent strongly on the dynamic properties of both source and

receiver, which could vary considerably in the general case [9].

Ohlrich proposed an equivalent power [10], i.e. surface source power. Based on his
investigation this power value is insensitive to the receiver structure. However, this
finding by itself does not prove that the surface source power is a good
characterisation of the structure-borne sound source, for example the consumption of
electric power of a source is insensitive to the installed environment, but is at best

only weakly related to structure-borne sound.

In theory, the source mobility matrix and free velocity vector (or blocked force) at the
contact points can be given as a complete characterisation. We can describe
approaches based on this data set under the general heading of 'mobility methods'.

Mobility methods can be seen as an extension of the free velocity (or blocked force)



methods in that the free velocity (or blocked force) vector is supplemented by a
dynamic description of the source through (usually) the mobility matrix. When these
parameters are determined, the properties of the structure-borne sound source are
determined. For example when a source is installed on the floor, the force at the
connection points applied to the floor can be determined after knowing the floor
mobility matrix, and finally, the sound pressure magnitude |p| can be determined
(1]

However, there is a practical problem in that the source mobility matrix and free
velocity (or blocked force) vector for characterising structure-borne sound sources
contain too many elements (each of which represents a physical parameter that must
be determined). It is not convenient for practical use. Therefore, there is a need for a
simplified characterisation of structure—borne sound sources. According to the above
logical steps (source characterisation — interface force — sound pressure) it looks
difficult to simplify the characterisation, because the ‘interface parameter’ is a
complex force vector. However, there is one phenomenon that helps us to simplify:
this is that the vibrational power transmitted from the machine into the supporting
structure is a good indication of the seriousness of the structure-borne sound problem.
Mathematically we can say that the structure-borne sound pressure magnitude can be
expressed as:

|p| = f(R,P) (1-1)
where P is the active power from the source into the supporting structure, while R is

a set of parameters which depend on the surroundings of the installed source, and 1

is a monotonically increasing function with P.



Even though equation (1-1) is not always strictly correct, it is still accepted in most
studies [12-15]. Therefore, in this thesis, the problem of simplified characterisation of
structure—borne sound sources is based on the principle that the active power emission
is considered the ‘target quantity’. Consequently, a source characterisation is defined
as a set of data that allows the emission to be predicted when combined with

appropriate data to describe the receiver.

The mobility methods described above fulfil the requirement for a source
characterisation and so will be the basic approach adopted. However, the search is not
over, because the active power is still a function of the mobility matrix and free

velocity vector, and the problem of how to contract so many elements still remains.

If the active power from the source into the receiver is insensitive to the receiver (as is
usually the case for airborne sound sources), then the many elements can be
contracted into one parameter for characterisation of the source. i.e. the active power
emission from the source into a reference receiver (in the airborne case the 'reference
receiver' is air at standard temperature and pressure, and the power is the sound
power). However, unfortunately, it is generally found that for structure-borne sound
sources the active power into the receiver is strongly dependent on both source and

receiver.

Therefore, there is a theoretical problem in using one physical parameter to
characterise the source. As discussed in chapter 2 even for idealised cases with one
contact point and one dimension, we can still not characterise a structure-borne sound

source by a single physical parameter. For example the free velocity strongly



influences the active power emission, but it cannot be the only parameter to
characterise the source, since two sources with the same free velocity could give
completely different power emission when installed, if they have different dynamic
properties at the contact point. If we construct a new physical parameter by using free

velocity and mobility, for example using the parameter S = fi (f’_,_.,,}{‘.) =|f{g- e

Y,|, again

two sources with the same S will in general give different active power emission
when installed, because their dynamic properties differ. So, if free velocity is not
adequate as a single parameter to characterise a source then by the same logic neither
is ‘5. It seems that it is necessary to keep the dynamic property parameters. For the
case of single point and one dimension, it may be practical to keep all active and
dynamic property parameters. However, for multiple-point cases (practical cases) the
active and dynamic property parameters are too numerous for practical use. The work
to contract or reduce these elements (characterisation data) is therefore important for

practical cases.

It is obvious that reducing the characterisation data implies a ‘cost’ in terms of
uncertainty in the predicted emission. One might think that the greater the reduction in
the characterisation data the greater the ‘cost’ in accuracy. However, this is not
necessarily the case: some ‘small’ data sets may be less ‘costly’ than other larger sets.
Hence, it has practical meaning to find a set of characterisation parameters containing
less data, while the ‘cost’ in terms of uncertainty is kept to a minimum. This thesis is
therefore concerned with simplified characterisation of structure—borne sound sources
with multiple contact points. The objective is to investigate the cost (in terms of
uncertainty) of simplified source characterisations, in particular those consisting of a

single ‘active’ and a single "passive’ parameter.



Chapter 2 reviews some basic concepts and gives a broad definition of source
characterisation and source strength. Based on the definition, three alternative
possible forms of source characterisation data are proposed. In Chapter 3, the case of
multiple point contact is considered. The ‘single figure’ method for characterising the
source is proposed, i.e. the many elements needed to fully characterise a source are
collapsed into two parameters, one ‘active’ property (containing ‘strength’
information about the source) and one ‘dynamic’ property. This simplification
inevitably implies a range of uncertainty in the predicted power, and the following
chapters are dedicated to investigating this range. In Chapter 4, the concept of
‘generic’ structures is proposed as a tool to investigate the range of uncertainty. Here,
the properties of the mobility matrices and free velocity vectors for four types of
source are derived together with the mobility matrices for four types of receiver. In
Chapter 5, these ‘generic’ sources and receivers are combined and probability bands
for the predicted power are evaluated. Three sets of results are produced,
corresponding to the three alternative forms of source descriptor proposed. Chapter 6
studies the prediction of active power from typical practical machines into various
receiver types in order to validate this approach. Overall conclusions are given in

Chapter 7.
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2.1 Introduction

The first objective of this chapter is to review some basic concepts. Secondly, since
there is some confusion generally about characterising structure-borne sources, the
concepts of ‘source strength’ and ‘source characterisation’ are presented and

compared.

The starting point for this chapter is that the vibration power emission from a source
into a receiver is the quantity that best describes structure-borne excitation. This
premise has been justified in Chapter 1, and has formed the basis for enough studies

that it does not need further justification here.

2.2 The vibration power emission

The instantaneous vibrational power at a point and the ith direction is defined as the
product of the instantaneous force and velocity vectors at that point (and direction)

P =F@)V (1) (2-1a)

The average over time can be written in the form of an integration over time:

1
P= _[r F@W(@0dt  (2-1b)

If the force and velocity are assumed to have a harmonic time dependence

F([) — FD COS(&H +¢F) = R.C{FUENFBJ{“' }

P (2-2)
V(t)=V, cos(at+¢,) = Re{Vﬂe*""* e/ }

then the average power over a period can be written in two basic forms using either

the cosine of the relative phase or the real part of the product:

P= % FyV, cos(d, —9,)= % Re(FV')=Re(FV") (2-3)

13



where F = F,e/* =+[2F and V7 =V,e’* =+/2V are complex force and velocity, and
* denotes complex conjugate. The magnitude of F is the rms value of force F (1),
and the magnitude of V the rms value of velocity V(). The product of the complex

force (ﬁ' ) and complex conjugate of the velocity( I}‘) is called the complex power
emission. The real part of the complex power is the average active power over a
period. Physically the real part represents power which propagates away from a point
whilst the reactive power represents power which oscillates at the point with no time

averaged net flow.

2.2.1 Single point drive

If the passive structure is driven only at one point and in one direction then the
velocity can be expressed as:

K=FY=Fi/Z

where Y is the mobility and Z the impedance of the structure, which are dynamic
properties of the structure and independent of the driving force. After introducing the

mobility or impedance, equation (2-3) can be rewritten as (2-4)
P %\F\z Re(Y) (2-4a)

or

P= %\V "Re(z) (2-4b)

Since mobility and impedance are structural descriptors these equations highlight that
the vibrational power is dependent on both the exciting structure as well as the

‘activity’ of the source.

14



2.2.2 Multiple point drive
Consider a passive structure driven at N points and in J directions. The velocity can be

expressed as:

I/_:n . Z Y;;rm ij (2_5)

nJ

where [Y"] is defined as follows

iy
Y/"==—=— s#jl#n (2-6)
B be
F, =0
If the two vectors coincide in both point and direction the above is termed a point
mobility, whilst if the two vectors coincide in point only the mobility is termed a cross
mobility. If the vectors are of different points but of the same direction it is called a

transfer mobility and if both point and direction are different the mobility is termed a

cross-transfer mobility

In general a mobility is complex and frequency dependent and is a function of the
structure’s material properties as well as its geometry and boundary conditions.
Analytical expressions for mobilities exist only for simple structures such as plates,
beams and cylinders with classically described boundary conditions ie. free, simply-
supported, clamped, guided [16-17]. For more complicated structures mobility must

be obtained either experimentally [18] or using ‘numerical methods’[19].

The total power into the structure can be given by (2-7)

P%Re[ﬁl”‘m:’"‘]“"[?] &)

where [F]is a column vector with NxJ element, [¥,;"] is a matrix with NxJ rows and

NxJ columns. 7 is the transverse.



Analogous to mobility functions are impedance functions. In general they are defined

as the ratio of a resulting force to an applied velocity.

nm F}n =
Zl}- == S;"—']I;“n (2"8)
7l
V=0

It should be noted that the dynamic condition prescribed for a mobility measurement

is that the other points are free (see equation 2-6) whilst for an impedance it is that the

other points are blocked (see equation 2-8). So Z;” is not the inverse of ¥ but the

mobility matrix is the inverse of the impedance matrix i.e. [Y};""]" = [Z;"]. Therefore,

the total power can be rewritten as the following:

P= Rl71"1Z]1I7] (29)

For experimental studies the mobility functions are therefore more convenient. Hence,
to facilitate the use of experimental data the concept of mobility rather than

impedance is used.

2.3 Single point unidirectional source-receiver system

When a machine source is put onto the supporting receiver, vibrational power flows
through the contact points into the receiver structure. The power can be estimated by
using Equation (2-3) or (2-4), but the force and the velocity are dependent on both
source and receiver structures. For prediction of the power, enough information about
the source and receiver is therefore needed. Machines generate vibration when in
operation due to internal unbalance and other mechanisms which are complicated and
generally unknown. Even if they were known, knowledge of the structure of the
machine is still required. So in most practical cases, the whole source is considered as

a ‘black box’ (this is widely accepted, see for example[8]), the inside details of which

16



are not of interest, while the activity and dynamics of the feet (proposed contact

point(s)) only are considered.

The measure proposed for the source activity is the free velocity. It is defined as the
velocity measured at the point of interest whilst the source is run under normal
operating conditions but suspended in free space. In some practical cases a good and

convenient approximation to free space can be used [20-21].

2.3.1 Vibrational power into the receiver

It is known that the power at the source-receiver interface is obtained from the
velocity and force at that point. From the point of view of the source, the velocity at
the interface of the source and receiver, vs  can be written as the sum of the free
velocity due to internal vibration of the source vg and the velocity due to the force

from receiver applied to the source F;

V.=V, +Y,F, (2-10)

3
and from the point of view of the receiver

V.=Y.F 2-11)

r r= n

where Y, is the point mobility of the source at the contact point, Y, is the point

mobility of the receiver, and F, is the force from the source applied to the receiver.

From continuity, ¥, =V, , and according to Newton’s principle F, = —F, .

From equation (2-10) and (2-11), expressions for the force applied to the receiver

7
F = (2-12)
bty

and for the velocity,

17



Vom—=r¥ (2-13)
Y +Y

r 5
are obtained.

The complex power at the interface is obtained by substituting into Equation 2-3:

The active power emission is the real part of the above:

r

1
2IY+Y|

(2-14a)

> Re(Y,)

P=Re(Q) =]/, (2-14b)

Therefore the power transmission can be predicted from the velocity of the free

source and the mobilities of the source and receiver.

From equation (2.14) the maximum power is imparted when the source and receiver
mobilities have equal magnitude and are out of phase ie.;

Y,=-Y, (2-15)

In this case the power will be theoretically infinite, but in practice the real part of the
mobility is always positive so expression (2-15) is not satisfied. For a given source the
maximum active power transmission from source to receiver can be imparted when

the receiver mobility is just the complex conjugate of the source mobility ie.;

) 47 9 A

This can be proved as follows.

Let Y,=x,+jy, Ys=x;+jys; where x,, y, are the real and imaginary parts of the receiver
mobility, and x;y; are real and imaginary parts of the source mobility. Equation (2-

14b) can be rewritten as

2
¥

1
2(x,+x,) +(y, +,)°

X —
7

Re(Q) = (2-15)



ORe(Q) _ 117 p (%, +x,)" +(, +2,)" —2(x, +x,)x, :
&, 2" & ity i30T (2-16a)
aRe(Q)_lH_ 2 xr(y.':+yr)2 v
ay, ) 2 -\f’ ((x,- +x’)2 +(,V5 +y,- )2)2 (2 léb)

when x,-x; and y,=-y, the right hand side of equation (2-16) equals zero, so the active
power transmission has reached a turning point, and from equation 2-14 this clearly

corresponds to a maximum value.

2.3.2 Source characterisation and source strength

To be clear, first we will give a broad definition for source characterisation and source
strength (here not limited to structure-borne sound source). If the physical parameter
L is considered (L is called a ‘target quantity’), and it can be expressed as the
following function.

L= f(R,S)= f(r)slys 208, 85,85 .08,) (2-17)

where r,,r,,..r, are physical parameters dependent on the surroundings of the

m

installed source, s,,s,,...s, are physical parameters independent of the surroundings

of the installed source that can be determined before the receiver is known. We can

call the physical parameters s,,s,,...s, a ‘full source characterisation’ in relation to

the target quantity L. For example, to calculate the cost of running an electrical
appliance the electrical energy used per day is of interest. It can be expressed as:
L=1W (2-18)

where L is the electric energy, W is the electric power of the source, and t is the time
for which it is used. The physical parameter W is called a full source characterisation
with reference to the electric energy used. In this example the target parameter and

source characterisation are different kinds of physical parameter: they have different



units, even though the electric power of the source is related to the electric energy

consumption.

If equation (2-17) can be written in the following form;

L= f(r;srs-r,,S,) (2-19)

where S, is a physical property of the source, and if the function is monotonically
increasing with S, then the physical parameter S. is a quantity describing the

‘strength’ of the source.

In airborne sound a parameter of frequent interest is the power radiated from the

surface of a source into the air. The power radiated can be written as;

P, = J(F 15503 81 855008, +058,) (2-20)
wherer ,r,,...r, are physical parameters dependent on the environment surrounding

the installed source, such as the density of air, the temperature of air and so on. In

practice, the sound power radiated is insensitive to r,,7,,...r,,, or in another words, the

“m?
physical parameters r,,r,,...r, can be considered as constant. Therefore, in practical

cases, expression (2-20) can be rewritten as;

BB f(.5.€.. 8187 4::45) +:85) (2-21a)

The right side of expression (2-21) is a function of the source. The value of the
function is denoted W, which can be measured without reference to any particular
installation (this kind of data is called ‘available data’). So W, can be considered as a
strength characteristic. In this case equation (2-21a) can be rewritten as:

P ~W, (2-21b)
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Equation (2-21b) is a special case of equation (2-19). Now, if we consider as a target
quantity the noise level at some position inside a room rather than the sound power
inside the room, this problem will be more complex. However, it can be still written
in the following form:

L, = f(rirydpsB) » f(ri1yr W) (2-22)

where r,,r,,...r, are parameters which are strongly dependent on the surroundings of

the installed source. So, the sound pressure at the position of interest is not only
dependent on the source but also strongly dependent on ‘receiver’ parameters, such as
the thickness of walls, the position of source, the distance between the source and
‘receiver’, and absorption factor of the walls, and so on. Nevertheless W, is still a
‘source strength’ parameter with respect to the noise level at any position. It is also a
quantity suitable for comparison of sources from an acoustic point of view, the best
one having the lowest ., since by comparing sources it is assumed that they will
work in the same surroundings. From the above example, it is shown that a quantity
for describing a source by means of a ‘source strength’ can have different units to the
target quantity. Whether a physical property of the source can be considered as the
source strength is not a question of whether it has the same units as the target
quantity, rather it depends on whether the relationship between the target quantity and

the physical parameter of the source satisfies expression (2-19).

Now we return to the case of structure-borne sound. Here, the active power
transmission from source to receiver is taken as the target quantity. Equation (2-14)
illustrates that the target quantity is not dependent only on the source but is sensitive
to the receiver. It cannot therefore be written in the form of equation (2-21) in general.

This sensitivity to the receiver is an inevitable consequence of accepting the active

21



power as the target quantity. It is completely futile to try to seek a physical parameter
which is independent of the receiver in order to reduce this ‘sensitivity’. For example,
consider a machine source ‘A’ on two different receivers where the active power from

source ‘A’ into receiver ‘R1° is P,, , while the active power from source ‘A’ into
receiver ‘R2’ is P,,, . Let the power P,,, be X’ times the power P,,,. This factor ‘x’

is not changed no matter how we chose the physical parameters (independent of the

receiver) characterising the source.

Mondot [ 22] rearranges the expression (2-14) into the following form;
P=Re(Q)=Re(SC,)  (2-23)

where S depends only on source data, and has the following form:

VA’.\(}' 2
o e (2-24)

¥,

C, describes the dynamic properties of the contact point between the source and

receiver and is a function of the source and receiver mobility at the interface,

¥

_LY (2-25)

SN

or in another form:

a

e e

where

o= ; =lofe™.  (@27)

¥

S is called the ‘source descriptor’ and C, the ‘coupling function’.
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