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Abstract

In this paper, the vibro-acoustical properties of the EMFi-actuator are studied.
The examination is carried out by modelling the operation of the actuator and by
comparing the modelling results to the corresponding measured values in case
they are available. The modelling is based on an analytical approach. The
equations used are derived in the Appendices. Consideration on the properties of
the vibration is divided into three parts. the basic vibration of the film, vibration
of the film in the time domain and vibration of the functional elements of the
actuator. The sound production properties of the actuator have been examined in
the free acoustic field and in cases with boundaries near the source. The effect of
the different vibration distributions of the actuator film and impedance loading
on the emitted sound has been studied. Also the radiation pattern of the actuator
is modelled and compared to the measured results.

The general vibro-acoustical functioning of the EMFi-actuator is stated in the
impedance-oriented form by evaluating the loading impedance of the vibrating
film based on its boundary conditions. The basic vibration functioning of the
actuator film in the frequency domain is predicted by using a linear second-order
ordinary differential equation with constant coefficients. In the time domain the
non-linear effects of the spring force and electric forces acting on the actuator
film are considered. The recoil effect of the actuator is studied with a normal-
mode method of dynamic analysis. It isfound that the response of the supporting
structure may decrease about a decade without influencing the response of the
actuator film.

The use of the arithmetic average value of the vibration deflection of the EMFi-
actuator in the prediction of sound power or sound pressure in the acoustic far
field at low frequencies is compared to the frequency or spatially dependent



vibration of the actuator film. The value of the arithmetic average of vibration is
valid even when the outward impedance of the film is not taken into
consideration. The large dipole type actuators are more effective sound radiators
than monopole sources. The effect of the thickness of the absorbent material
under the dipole actuator, the radiation pattern and the effect of the boundary
conditions of the vibrating cell on the radiating sound power are considered. The
measured and predicted values of radiation patterns are very similar in every
angle. The rigidly supported boundary of the actuator cell enables the actuator
panel to radiate much more sound power with al the different even modes than
it is possible with a simply supported boundary condition. The basic problems
concerning the operation of an EMFi-actuator are related to its ineffective low
frequency sound production and the distortion caused by non-linear vibration. It
is possible to increase the sound power radiation properties of the monopole or
dipole type functiona modes of the actuator by making the deflection of the
membrane larger (using smaller tension), by using larger membrane areas or by
using two interacting actuators. The dimensions of the actuator element cell
affect the power the single vibration mode is able to radiate into the acoustic far
field. When the film cells of the actuator panels are simply supported, the larger
dimensions compared to those of the present actuator type produce more sound
power at odd and even modes.

The confidence intervals of a normal distribution used in the evaluation of the
reliability of the sound power measurements have been obtained by calculating
combined standard deviation values from standard deviation values of single
frequency bands given in the standards. It is shown that it is possible to find an
upper limit for the confidence interval.

The main results of thiswork are the means to increase the radiated sound power
of the actuator element without increasing concurrently the distortion of the
radiator. These resources are based on the functioning mode of the actuator
(monopole, dipole), boundary conditions of the actuator element or cells of the
actuator element, the larger actuator areas, interaction of actuators and the
dimensions of the actuator element cells. Another result of this study is the
potentiality to evaluate the A-weighted standard deviation of the sound power of
the eguipment to be measured from the measurement results without specifying
the type of emitted sound radiated by the equipment.
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1. Introduction

This study deals with the vibro-acoustical operation of the EMFi-actuator [1, 2].
An application area where the EMFi-actuator appears very promising is active
noise control (ANC) [3, 4, 5, 6, 7]. In ANC applications the sound radiation
properties of the sound sources are very important; especialy the ability to
produce enough undistorted sound a low frequencies which is the most
important frequency range in ANC. The functioning of the sound source and its
interaction with surrounding fluid influence the created acoustical impact.

ElectroMechanical Film (EMFi) is an acoustic actuator and sensor material
made of polypropylene[1, 8, 9]. It isthin, cellular, biaxially oriented and coated
with electrically conductive layers, exploiting the capability to store a permanent
charge to form an electret material. It exhibits electro-mechanical properties
generating an electric charge on the electrodes when distorted by mechanical or
acoustical energy or converting electrical energy into mechanical or acoustic
energy. The film is very thin (typically < 100 um) and elastic which makes it
possible to manufacture actuators of almost any shape and size.

EMFi-transducers (combined detectors and actuators) are used as anti-noise
sources in ANC-applications. Transducers with small thickness are desired, for
example as active wall linings, which will alow the reverberation time of rooms
to be adjusted by coherent electroacoustic means [10]. In this application, the
wall surface is covered by a planar array of actuators with detectors in front; the
detectors pick up the incident sound and feed the actuators in order to realize
prescribed acoustic impedance. Electret transmitters can be built very flat. The
commercia types are, however, amost exclusively tweeters (high frequency
radiators) because of their limited vibration amplitudes. Active acoustic systems
mainly apply to low frequency sound. It may be problematic to operate the
el ectret loudspeakers with sufficient high amplitudes to produce enough sound at
low freguencies. Assuming, for example, the minimum frequency of 50 Hz and a
sound pressure level of 80 dB at this frequency, the amplitude of vibration in air
should be 2 pm.

The active cancellation of the sound field by appropriately driven secondary

sources has been proposed long ago [3]. The practical redization, with a
reasonable amount of electroacoustic and electronic equipment, is, however,
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possible only under certain simplifying conditions such as quasiperiodic or
amost stationary noise, one-dimensional wave propagation, noise sources
concentrated in a small volume of space, or a small volume to be protected
against noise from a known source. The perfect cancellation of real sound fields
in aroom produced by exterior and interior noise sources would require spatialy
distributed secondary sources of at least as equal complexity as the origina
sources, a corresponding detector network, and highly sophisticated electronic
control units [11]. ANC noise is suppressed by adding a sound wave which has
the same shape but opposite phase. The phase reversa is not dways simple in
practise because the sound field varies both in time and space. A sound
reduction of 10 dB requires a phase deviation smaller than 18 degrees or an
amplitude deviation smaller than 32%. Correspondingly, a reduction of 40 dB
requires values of 0.6 degrees and 1%, respectively [12]. Typically, ANC works
better at low freguencies. Passive noise control shows correspondingly poor
performance at low frequencies. To be effective, the passive devices have to be
large and heavy, and they require dimensions comparable to the wavelength of a
controllable acoustic wave. Commercia applications of ANC are found in the
one-dimensional noise problem of ventilation ducts and exhausts, in the three-
dimensiona noise problems of cabin noise (cars, aircraft) and in small devices
like headsets.

Sound waves are generated by the vibration of any solid body in contact with the
fluid medium (there are aso other emergence mechanisms). Energy originally
not acoustic is being changed into acoustic energy at the source, to be radiated
outward and causing losses at the source. To get a vibrating surface to radiate
sound effectively, it must, not only be capable of compressing or changing the
density of the fluid with which it isin contact, but it must do so in such a manner
that it produces significant density changes in fluid remote from the surface. If
locdl disturbances of particle position due to surface vibration occur sufficiently
slowly, the adjacent region of the fluid may be able to accommodate to the
changes by virtualy incompressible motion. The ability to adjust incom-
pressibility depends upon the spatia distribution of the disturbance. The
acceleration normal to the surface, and the spatia distribution of that
acceleration, influence the effectiveness of fluid compression significantly and,
hence, sound radiation.

18



To give an exact description of the physica phenomenon concerning sound
production of the actuator element, it is necessary to solve the complete vibro-
acoustical problem: one differential equation for the structure displacement, one
for the acoustic pressure and a condition to ensure the continuity of both the
normal velocities of the structure and the field near it. The characteristics of the
source determine the frequency and directional properties of the generated sound
field. Decreasing the dimensions of the transducer for the reproduction of lower
frequencies is physically limited. For good sound reproduction at low
frequencies large diaphragm excursions are needed, resulting often in distortion.
The pressure field radiated by areal acoustic source may be rather complicated.

Theoreticaly, it is quite impossible to evaluate the detailed form of a radiation
field in terms of amplitude and phase, although computer-based numerical
techniques is beginning to expand the possibilities [13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26]. In many cases, it is only required to estimate the total
sound power radiated by the radiator, together with some indication of its
frequency distribution. Then analytical methods of the evaluation are more
conveniently applied.

The following study is based on the experience achieved by comparing the
modelling results to the measurement results of the EMFi-actuator. The study
includes both vibrationa and acoustical aspects. The main objective is to
consider the parameters which afford the most effective radiation properties for
the actuator. This means increased sound power with as low distortion levels as
possible. Both baffled and unbaffled actuator elements are dealed with, and the
functional modes of the EMFi-actuator are then monopole and dipole operation.
Also some aspects related to the measurements of sound power of actuators are
discussed.

The consideration is based on analytical techniques, and thusit istried to keep as
simple as possible describing the physical phenomena yet as accurately as
possible. The equations used are derived in the Appendices. Starting points for
the derivations are well known equations in the literature. The examination is
mainly restricted to low frequency sound because this frequency range is the
most important one for ANC applications and also the most problematic one
concerning the EMFi-actuator. In the vibration consideration, the study is
restricted to the main factors which influence the dynamic behaviour of the
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actuator element or the impact the actuator has on its supporting structure. The
non-linearities of the actuator are considered only slightly; no proceedings to
decrease the distortion are examined. The study of the sound emission is
restricted to the far field so that the comparison with the measurement results
would be possible. The distortion of the emitted sound is not taken into
consideration in this context. Basicaly, it is possible to calculate that quantity by
using the information of the deflection of the film in time domain at certain
frequency, and the relation between the deflection and the delivered sound
pressure. The distortion components are achieved from the Fourier-transform of
thetime signal.

20



2. The general vibro-acoustical functioning

EMFi film is foil-like flexible plastic material with a permanent electric charge
[1]. In an EMF-actuator the film is tensioned between and completely
surrounded by metallized plastic panels which form both the stator and el ectrical
and mechanical shield. When fed by an electric signal, the membrane vibrates
and produces sound. A schematic picture of the EMFi cavity actuator (plastic
panel actuator) is presented in Figure 1.

Metallized surfaces

Stator
Cavity

e N (G
~ LN~

1 1

Driving voltage

Negatively charged film Positively charged film  Stator

Figure 1. EMFi plagtic pand actuator.

A unique cell of the actuator element consists of the filmstrip of mass m,, with
suitable boundary conditions, cavities and stators (Figures 2 and 3). The
quantities of interest are assumed to be independent of the x direction and the
system is symmetrical in the y direction. Because the film materia is very
eadtic, its bending stiffness is minor and it offers thus no resistance to shear.
The supporting forces of the stretched membrane are mainly based on its initial
tension. If the transverse displacement w from equilibrium position is small, this
tenson o is assumed to be distributed uniformly (constant) throughout the
membrane strip when the material on opposite sides of a line segment of length
dx will tend to be pulled apart with a force adx. The forces exerting the
infinitesimal fragment of the actuator cell and its geometry are illustrated in
Figure 2.
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Figure 2. Infinitesimal fragment of the actuator cell.

The eguation of motion of the vibrator cell by utilizing Taylor seriesis

X F =mvi(y,t)
o m_w(y,t)dydx=(p. - dydx + o thdxsin& —-ohdxsné@
m', Wy, )dydx = (p, = p,)dy y+dy y
:dedx+d(aElhdxsm9)dy
ay

Because the transverse displacement is assumed to be small

w(y,t) <<1-8nd=tang = MY
Iy
«y
= 92w(y,) _ -P , m, wyt) = =P M ey
dy? oh  oh P
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where

Po, Pi are the forces per unit area exerting to the vibrator cell from the
opposite directions,

W is the acceleration of the film cell,

h is the thickness,

m', isthe density of the film,

M isthe surface density of the film, and

0 is the angle between the tangent to the membrane strip and the y-axis.

The tota force P per unit area exerted to the membrane strip can be presented
with the aid of the acoustic (pi,) and electric (Fg) contributions of the force p;,
the free field and the background layer side acoustic impedances Z; and Z,
respectively, and the vibration velocity Wof the cell

P: pi - po = pin +Fe| _po :WZb _sz +Fe|

The following presumptions have been made when deriving the equation of
motion:

. the film is thin and homogeneous

. the gtiffness of the film is negligible (totally elastic)

. the film material is free of losses (internal friction is negligible)
. the amplitudes of the vibration are small.

The impedances Z, and Z; are possible to be evaluated by considering the
boundary conditions of the system. The impedance boundaries of the actuator
cell when it is located on a porous lossy material and the background boundary
layer isacoustically rigid areillustrated in Figure 3.
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Figure 3. Impedance boundaries.

The impedances Z; and Zs from the location of the actuator film and from the
outer boundary layer of the cavity to the direction of the free acoustic field are

1+ PoCoKo Jeirayds + (1_ PoCoKo Je_ irayd3

k ZSI_ay ZSFay
Z, = poco—0 2
Tor pOcOl<0}a|rayo|3 [, PoSoko | 7Tyt
ZSFay ZSI_ay

; -ir d
1+ Zala e”_ayd‘1 +1- Zala e ¥ )
eray Zr

) . ©)
2N NI S A )
Z, Fay ya

The impedances Z, and Z, from the location of the actuator film and from the

outer boundary layer of the cavity to the direction of the background structure
are
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Z, = PoCy r . . (4)
ay (1+ pocokoje' Maydy (1 B pocokoje‘ iy d,

a T ) ) ©)
ay (“ Zara]en'aydl _(1_ Zaraje_lraydl

z,=-iz,cot(M,d,)  T,2=T2-kZ? ad Kk =k,sng  (6)

The quantities

Ko, Mo My are the wavenumbers in air and in the relevant bulk porous
materia respectively,

Po isthe density of the air,

Co isthe velocity of the sound,

Z, is the characteristic acoustic impedance of the relevant porous

material (stator material or porous material above the
background layer),

Z is the radiation impedance, and
dp, ds, di, dg, dp  a@re the depths of the cavity, stator material and the background
material respectively.

The genera equations for the propagation constant and characteristic impedance
are[27, 28, 29]
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M, =kl E- +i(1+a"E-®")| and

Z, = Zo|Ll+bEP ~ib"EF] @)

where

a’,a”,b,,b”,a’,a”,B,,B”

are the regression parameters of the relevant
porous material (based on the measurements),
is the normalized frequency parameter (dimen-

isthe flow resistivity of the relevant porous bulk

is the characteristic impedance of the air, and

E=(pof)/ 11
sionless),
r
material,
Zy = PoCo
f is frequency.

When the propagsation direction ¢ =0, then ky=0and 'y, =, and

-1z cot(kod,) + 2,

Z TR, g cot(kods) e
~ -z, cot(rad4) +Z,
B8 cot(r ,d,) ©
-1z, cot(kyd,) + Z,
Z, =72 and

° 7, -iz, cot{k,d,)

-iZ; cot(radl) +Z,

by -iz, cot(r,d,)
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3. Vibration

3.1 The basic vibration

The elemental approach to consider the mechanical operation of the actuator cell
is based on a lumped model and time harmonic vibration. The vibrator is
assumed to be located on a rigid boundary layer (Figure 4) where the dynamic
properties of the actuator affect upon the vibration of the membrane. This
influence is included to the character of the mechanical impedance of the
actuator. The dynamic force which exerts to the actuator cell is caused by the
electric interaction between the stator and the actuator film. The spring force
resisting the mation is assumed to be proportional to the deflection, the damping
force to the velocity (viscous damping), and the mass of the film is taken to be
time-wise invariant.

(\chw“"/,/”
QU T -7
- ,dbac\«%",x
™

Figure 4. A lumped model of the actuator cell.

Consequently, the equation of motion is a linear, second-order ordinary
differential equation with constant coefficients
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mr, S r )+, it = p 0 - 0 (1)

where

M, Km, I'm are the mass of the actuator film, the spring constant of the film
caused by the initial tension and damping factor (flow resistivity),
all per unit area, respectively,

P is the applied force per unit area which causes the vibration of the
film,

Po is the pressure the fluid adjacent to the film exerts on the actuator
cell,

W isthe velocity of the film, and

dy is the distance between the film and arigid boundary layer.

In the region adjacent to the film, the fluid can be considered incompressible and
the compliance term associated with radiation impedance Z, can be assumed to
equal zero. Therefore, Z, has only inertance and resistance terms associated with
it. The variable p, can be expressed

()
dt
(11)

D, (1) = WH)Z, = WO)[R o + X o] = WO[R s + jarm, | = R 1) +m,

where

Ra, Xag ae the real and imaginary parts of the radiation impedance Z,
respectively, and

m' is the mass of the fluid per unit area.

Inserting this expression in equation (10) and rearranging the termsyield

[m'm+m'f]
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When the actuator cell is immersed in a fluid, there is an effective mass my
added to the mass of the film due to the fluid loading. There is also an added
damping term R, which represents the energy that is taken out of the vibrator
and radiated from the vibrator as sound. Both of these phenomena are well
known in sound radiation considerations. If the applied force to the actuator cell
p: is time harmonic and depends only on the supplied electric force Fq, the
velocity of the film is also time harmonic and the equation gets the form

. k' . , F
{[rlm+Rrad]+ J{[m'm+m'f]a)—gm:|}wz Fel or W= Z ‘;B (13)

v

|Zv|:{[r'm+Rrad]2+[[m,m+mlf]w_%}z}uz

[m‘m+m'f]a)—k—m
B=tan™ w (14)
r'm-I_Rrad

Four types of eectric forces act on the EMFi-actuator film [30]. Those are

_ QVeg (2d')*

R (d'h/srjz
o g d'\d?-w?

_ QVy, 2d'h(d2+w?)
ST o0 g (dP-w?)? S

(15)

_2d'eVgw

g, -1

2d'=2d - h
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where

d is the static distance between the stator and the surface of the conductor
between the films (see Figure 1),

q is the surface charge density of the film,

Vg isthesignal voltage,

€  ispermittivity of vacuum, and

& isthe dielectric constant of the film material.

Some of the single electric forces are non-linear. In small deflections the non-

linear effects are, however, minor. The vibration velocity and impedance terms
dominating the vibration according to equation (13) and (14) are

Wk :_O\J[l:el Wm = Fel \j\/r = —_— Fd
K, (i +m;) @ Mm*Rrad (16)
k' 1 1 1

Zk:Tm Zm:(mm+mf)m Zr :rm+Rrad

where the subscripts k, m and r mark stiffness, mass and resistance controlled
variables. Figure 5 illustrates the measured vibration velocities of the stator and
film of the EMFi-actuator located above the floor on a 20 mm thick mineral
wool layer [31, 32]. The excitation of the film is a broad band (20 Hz - 20 kHz)
white noise of 23 Volt (rms) signal voltage. The vibration of the film is
measured through a hole approximately in the middle of the single cell element.
Table 1 consigts of the deflection and velocity data in tabular form. The average
deflection and velocity of the film are 0.33 um and 1.33 mn/s, respectively. The
deflection of the filmis very small in the reference frequency range compared to
the distance 160 um between the symmetric plane of the film and the stator. The
vibration velocity of the lumped model vibrator, based on the equations (13) -
(16), consigting of equal mechanical parameters such as the measured actuator
(see Appendix A), is presented in Figure 6.
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Figure 5. The surface velocity of EMFi film and stator [31].

Table 1. The deflections and vel ocities of the actuator film.

Frequency/Hz 100 | 125 | 160 | 200 | 250 | 315 | 400 | 500 | 630

Deflection/um 041|024 | 022 | 080 | 064 | 043 | 032 | 0.32 | 0.32

Velocity/mm/s 026 | 017 | 0.26 | 1.0 1.0 12 0.8 10 | 1.26

Fregquency/Hz 800 | 1000 | 1250 | 1600 | 2000 | 2500 | 3150 | 4000

Deflection/um 0321032 | 030|027 | 024 | 0.20 | 0.15 | 0.08

Velocity/mm/s 16 2.0 2.0 2.0 20 20 20 20
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Figure 6. The vibration velocity of a simple lumped vibrator.

The basic behaviours of the measured and modelled vibrations are similar,
except in the frequency range where the masses of the actuator film and fluid as
well as radiation resistance influence the vibration (from 2 kHz to higher
frequencies). If these effects are less insignificant than it is supposed in the
lumped model, the vibration velocity of the film starts to decrease from higher
frequencies than presented in Figure 6. This situation is presented in Figure 7.
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Figure 7. The vibration velocity of a simple lumped vibrator.
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The operations of the measured and modelled vibrators are now very similar
except a low and high frequencies where the resonances appear in the
measurement results. The gtiffness force caused mainly by the initia tension of
the film restricts the vibration velocity of the film at low frequencies. At middle
frequencies, where the natural frequency of the film exists (the natural
frequencies for actuator film and stator calculated according to linear model are
1750 and 195 Hz, respectively), the response of the film is restricted by the
resistance controlled variables (radiation resistance and flow resigtivity). At high
frequencies, the masses of the film and fluid restrict the velocity of the actuator
film, and the displacement falls towards zero. The terms of equation (16)
describe the vibration velocity characteristics of the film quite satisfactorily. For
example, according to the measurements, the doubled vibration velocity between
frequency range 500 Hz to 1 kHz (Table 1) is directly related to radian
frequency according to the termW, of equation (16) which gives the same result
when the electric force and stiffness are constant. The force which is needed to
generate a certain vibration velocity or the mechanical impedance of the film is
illustrated in Figure 8.

95.493 10
n
>
> 1
Q
_§_ Z1(fH2) 10 /
E
6534 4 .
100 116° 110
.10Q f 9.9810°,

Frequency/Hz

Figure 8. The impedance of a simple vibrator.

The deficiencies of the one-degree of freedom lumped element model are:

» the spring (wooal layer) is assumed to be massless and operate totally linearly

« the background structure is not necessarily inflexible.

33



3.2 Ac

ting forces

Figure 9 illustrates the electric forces (see equation 15) related to the deflection

of the film at 23 V signal voltage. In

small deflections (compare to Table 1) the

effective total force is basicaly linearly related to the deflection even if some of
the single eectric forces are non-linear. In small deflections the non-linear

effects are minor.
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Figure 10 illustrates a linear vertical force (dotted line, see Appendix B) caused
by initial tension of the film (30 MPa) and the eectric force as function of
deflection when the signal voltage is O Volt. The influence of the spring force
dominates the electric force, and the film is located on its position of
equilibrium. At 23 Volt excitation signal (dashed line), the electric force
dominates until the deflection of the film reaches 1.2 um according to Figure 11.
The dashed curve is the spring force, and the lowest solid curve is the electric
force at excitation signal of 0 Volt. The spring force restricts the deflection of
the film and the operation range depends on the excitation voltage.
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Figure 10. The spring force and electric force as a function of deflection.
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Figure 11. The spring force and dectric force as a function of deflection (mind
the scale).
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3.3 Vibration in time domain

As the deflection amplitude of the vibrating film increases, the elastic properties
of the film material change so that the strain achieves its limit and the material
becomes spastic. Spring coefficient cannot remain constant when film
displacements approach the original dimensions of the system. In practise, the
spring force caused by theinitial tension of the film is, after some limit, no more
alinear function of deflection, but the spring stiffens approximately according to
Figure 12.

16

F(x)

Spring force/N

05T

0 50 100 150
0, X 160
Deflection/um

Figure 12. Non-linear spring force.

The spring force acting on the film is also a function of frequency. When the
frequency is high enough, the force related to the strain of the film material is
not in the same phase, and the spring stiffens. If the vibration amplitudes or the
frequency are relatively high, the spring force caused by initial tension of the
film has to be modelled non-linear. Because of non-linear electric forces acting
on the actuator film, the motion of the membrane is not linear either. Therefore,
the actuator does not reproduce, for example, time harmonic signa voltage
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idedlly, but in the frequency domain there are also other frequency components,
so called distortion components, with the excitation frequency. When the
deflection amplitude of the film increases, the distortion increases usudly as
well. For such a system, the whole behaviour quite crucially depends upon the
various non-linearities present in the coefficients and in the function of the
electric force F4 (see equation 15). Mathematically, this property is reflected in
the requirement that the differential equation describing the behaviour of the
system is no more linear but at least one of the coefficients r'y, or K',, depends on
the dependent deflection variable w. The system may have more than one
equilibrium point which may be stable or unstable. It is also possible that the
force producing a given strain does not depend only on that strain itself but aso
on the previous strains.

In the direct time integration, the equation of motion is solved by integration
without any transformation [33, 34]. The properties of the system can vary, or
they can aso be considered non-linear cases. The method is based on the
dynamical balance of the acting forces at each time step of integration. The
values of displacement and velocity are used as initia values for the next time
step. The basic hypotheses are that the acceleration changes linearly during the
time step and the properties of the system (mass, dynamic stiffness and
damping) are constant through that time. The incremental equation of motion is
[33, 34] (compare to equation 12)

m', Aw(t) + ' (D)AW() + K, (H)Aw(t) = AR, (t) (17)

The velocity and deflection are obtained from the linearly changing acceleration
(during time step) by integration

M) = V() At + AVil(t) %

X ) (18)
AW(t) = W(t)At + V() % + () %

and by solving from equations above
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AVi(t) = A—szw(t) —%wa) — 3it)
(19

M) = A%Aw(t) —3W(t) —%W(t)

By inserting these equations in the equation (17), the basic form of the
incremental equation of motion is achieved

k, (DAW(t) = AF, ()

6 3,
—r

where Kk (t) =k',, (1) +—m'_+ t
l() m() Atz m At m()

and AF, (t) = AF, (t) +m', [A% W(t) + 3\7\'/(t)J +r' (t)(SW(t) + %W(t)j

(20)
where
Mm is the damping factor,
K'm is dynamic stiffness,
mm is mass,
At istime step,

Aw(t)  isdisplacement step,

AF(t)  ischangein resultant force,
W(t)  isvelocity, and

W(t)  isacceleration,

Figure 13 presents the deflection of the actuator film in the time domain at 500
Hz and 23 V excitation signal. The response of the actuator film for time
harmonic excitation signa is non-linear. If the dynamic stiffness and damping
factor are constant, the following depictions, Figures 14 and 15, for the
maximum deflection and velocity of the actuator film in the time domain for 23
V harmonic excitation at different frequencies are achieved [Appendix C]. The
dotted lines in the figures are the measured quantities for comparison reasons. If
the damping factor is assumed to be constant, the dynamic stiffness seems to
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depend on frequency so that at high frequencies it is constant and at lower
frequencies it decreases as the frequency decreases.
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Figure 13. Deflection of the filmin time domain.
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Figure 14. Deflection of the film.
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Figure 15. Velocity of the film.

3.4 Non-recoiling actuator element

The electric forces cause vibration, not only of the actuator film, but also of the
stator structure of the EMFi-actuator (Figure 5). This recoil effect may be large
enough to endanger the supporting structure of the actuator element vibrating
which may generate sound. The element operates optimally when the linear film
displacements are large enough (much sound power) while the stator
displacements still remain small (non-recoil).

The approach applied to this consideration is based on a normal-mode method of
dynamic analysis [34]. The equations of undamped motion of the different mass
elements become uncoupled if the principa modes of vibration for a system are
used as generalized co-ordinates. In these co-ordinates each equation may be
solved as if it pertained to a system with only one-degree of freedom. The
displacements of the masses are calculated at their characteristic frequencies in
the time domain to get the maximum deflections. The input forces are assumed
to be constant compulsion forces, and they stay thus unchangeable when the
constructional parameters change.
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3.4.1 Spatial model

Figure 16 presents a mechanical (spatial) model for the actuator element. The
model is composed of a non-suspended actuator, the background structure of
which includes damping material and film. The system is encapsulated airtightly
on its boundaries. The masses of the stators are combined with a single mass
element (they have the same direction of displacement at every instant in a
dynamic process). It is assumed that the masses move as rigid bodies so that
their masses can be considered to concentrate at single points. The el ectric forces
acting on the actuator film and stators have equal magnitudes but opposite
directions.

Stator
o O - — = _——
Ko m, Air cavity
kK, __ m< _ =
C, © _ = —

= Stator

‘ . ks
: Porous biackground material
\ m, Background film |

Tr.
m, | ‘%Wl

‘ m, ‘%WZ

Figure 16. The spatial model of the actuator element.
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The quantities

my, My, M are the masses of the actuator film, the combined background film
and background material (including 1/3 part of the mass of the
porous spring material) and the stator respectively,

ko1, k1, ks  are the spring constants caused by initial tension of the actuator
film, the elasticity of the air (air cavity) and the dynamical stiffness
of the porous background material (k, is the combined effect of ko,

and ki),

C1 is the common damping coefficient (related to flow resistance) of
the stator and background material,

C2 is the damping coefficient, and

O the thickness of the porous background material.

Because air flows through the stator material, the air spring has no effect. The
stators and background film are supposed to be totally rigid. In reality, both
elements have some elagticity.

3.4.2 Modal model

The operation of the system is described as a set of vibration modes (natural
frequencies with corresponding vibration mode shapes and moda damping
factors). The solution describes the various ways in which the actuator element
is capable of vibrating naturally or without external forcing or stimulus. Mass
(M) -, dtiffness (K) -, damping (C) - and force matrices (F) for the system
illustrated in Figure 16 are the following (the damping coefficients ¢ are
assumed to be equal):

m O O K, -k, -k, c 0 -c
O m 0] K=|-k, k,+k; -k;| C={ 0 ¢ -c| F=F
0 0 m 0 -k, Ky -C -C 2

(21)

The characteristic values of the system, natural frequencies and characteristic
vector matrices are calculated by solving the characteristic equation H(f) =
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K — w?(f)[M [34]. Table 2 includes the calculated values of natural frequencies
of various different modifications compared to the basic situation (case 0) and
the changes performed to the initial values (if no changes are made, the values
are the same as in case 0). Because the system is non-suspended, the first mode
is characterized by transfer and its natura frequency isin every case 0 Hz and
thus not included in the table. The natural frequencies are very sensitive to the
dlightest changes in the parameters of the system which is very usual with
mechanical constructions.

Table 2. Natural frequencies and modified mechanical parameters.

Case Natural Depth M asses Spring constants
frequencies (mm) (kg m?) (kg m?s?0°
(Hz)

fa fa dw my m; mg Ko kz ks
0 302 914 50 0.042 101 3.96 33 13 30
1 47 947 - - 0.34 - - - 0.03
2 896 2110 - - 3,01 - - - 300
3 237 716 100 - 201 - - 0.83 -
4 35 729 100 - 0.68 - - 0.83 0.03
5 709 1785 100 - 6.01 - - 0.83 300
6 210 608 150 - 3,01 - - 0.60 -
7 30 616 150 - - - - 0.60 0.03
8 605 1663 150 - 9,01 - - 0.60 300
9 394 1117 25 - 0.51 - - 19 -
10 61 1188 25 - 0,18 - - 19 0.03
11 1070 2642 25 - 151 - - 19 300
12 235 513 100 0.084 201 3.92 - 0.83 -
13 238 1006 100 0.021 201 3.98 - 0.83 -
14 237 716 100 - 2.005 - - 0.83 -
15 237 715 100 - 2.02 - - 0.83 -
16 274 716 100 - 201 1.98 - 0.83 -
17 216 716 100 - 201 7.92 - 0.83 -
18 141 3453 125 - 0,76 - 0.033 0.033 300
19 141 412 25 - 0,51 - 0.033 0.033 -
20 59 159 25 - 0,18 - 0.033 0.033 0,03
21 141 2637 25 - 151 - 0.033 0.033 300
22 366 484 25 - 0,51 - 0.33 0.31 -
23 140 309 - - - - 0.033 0.033 -
24 139 1785 100 - 6.01 - 0.033 0.032 300




The directions and amplitudes of the mass elements vary in different cases.
Figure 17 illustrates the main modal forms of some cases. The basic case (first
mode, solid line), for example, illustrates the transfer of the structure. At the
second mode (dotted line), all mass elements move to the same direction with
different relative amplitudes. At the third mode, the actuator film and stators
move upwards and the background film downwards.
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Figure 17. The main modal forms of the basic case and case 23, respectively.

3.4.3 Response model

Figure 18 presents the steady state responses (2™ mode, 2™ natural frequency) of
the actuator and background films in time domain (vibration of the mass
elements under condition of time harmonic excitation). Table 3 shows the
maximum responses of the actuator and background films and the stator for



various natural frequencies of 2™ and 3 modes. The maximum responses of the
mass el ements are bolded in the table.
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Figure 18. The steady state responses of the actuator and background films
respectively.

The deflections in the Table 3 are not directly comparable to the measured
deflections (Figure 5, Table 1) because of different initia conditions. The
deflections of the background film can be made smaller according to Tables 2
and 3 by increasing the thickness or the dynamic stiffness of the background
material and by increasing the damping ratio of the natura mode. It is possible
to increase the response of the actuator film by decreasing the spring constant
caused by the initial tension of the film. This, however, increases the deflection
of the background film. The response of the background film may decrease
about a decade without influencing the response of the actuator film. The most
useful construction alternatives are cases 2, 5 and 8. In general, the responses of
the actuator system (actuator and background films and stator) are dependent on
each other. The changes in the geometrical and material parameters have a
straight influence on the natural frequencies of the system. Parameters are
connected to each other and they influence the responses of the different system
elements in complex ways. Basically, the situation is an optimization problem of
amulti parameter case [35].

45



Table 3. The maximum responses of the actuator elements.

2" mode 3% mode
2" natural freg. | 3% natural freq. | 2™ natural freg. | 3% natural freq.
Actuator film 1,910° 3,810° 1,000° 3,700
Basiccase Background film 1,7000° 3,4010° 4,7007 1,7110°®
Stator 4,500° 9,0110° 1,1M10% 4,007
Actuator film 2,500 1,8010° 45107 3,300*
Casel Background film 2,5M10° 1,810° 5,6010°® 4,110°
Stator 2,50007 1,810 1,200 8,7110°
Actuator film 3,010* 1,400° 3,610° 1,20107
Case?2 Background film 1,7000° 5,8010° 1,700% 5,40107
Stator 2,900° 1,0010% 1,310% 4,1007
Actuator film 1,110° 1,5010°% 1,4010° 3,500*
Case3 Background film 9,4M0° 1,3010°% 3,2107 7,910°
Stator 4,8M10° 7,0010° 1,3010° 3,107
Actuator film 1,2010° 9,110% 4,4107 1,6000°
Case4 Background film 1,200 9,010 2,810° 1,0010°
Stator 2,10007 1,60107%° 1,000 3,710
Actuator film 3,500* 1,3010° 7,9010% 1,6010°
Case5 Background film 1,300° 4,710° 4,310° 8,610°
Stator 1,700° 6,4010° 6,5010° 1,310%
Actuator film 7,8010° 9,0110° 1,8M10° 3,2000*
Case 6 Background film 6,9010° 7,910° 2,607 4,910°
Stator 5,300° 5,610° 1,400° 2,60107
Actuator film 7,5007 5,1110% 4,607 3,200
Case7 Background film 7,5007 5,110 1,910°® 1,300°
Stator 2,0007 1,400%° 9,6[10%2 6,7(10°
Actuator film 3,300* 1,5010° 2,510% 1,6010°
Case8 Background film 1,0000° 4,5110° 1,7110° 1,107
Stator 1,2000° 5,6010° 3,8110° 2,407
Actuator film 2,600° 3,6010° 6,2[10° 8,2110°
Case9 Background film 2,300° 3,110% 5,80107 7,7007
Stator 3,2010° 4,3010° 9,110° 1,2010°
Actuator film 5,300° 1,2010° 4,80107 5,0010°
Case10  Background film 5,4000° 1,2010° 1,20107 1,20107
Stator 3,00007 6,010 1,600 1,610°
Actuator film 1,7000* 8,81107 3,2010° 1,70107
Casell  Background film 6,4107 3,310° 1,6010° 8,90107
Stator 1,6000° 8,110° 6,2010° 3,4007
Actuator film 2,700° 8,4010° 1,6M10° 3,500*
Case12  Background film 2,100° 6,5010° 7,60107 1,810°
Stator 1,1000° 3,5010° 6,1010° 1,4000°
Actuator film 4,8010° 1,6010° 5,3010° 3,900°
Case13  Background film 4,5M10° 1,5010° 5,6107 4,20107
Stator 2,400° 7,6010° 1,1M10% 8,0010°
Actuator film 1,1110° 150108 1,4010° 3,500*
Case14  Background film 9,9M10° 1,3010° 3,21107 7,9110°
Stator 5,110° 7,0010° 1,3010° 3,107
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continues

Actuator film 1,100° 1,500% 1,400° 3,500
Case15  Background film 9,7000°° 1,310% 3,20107 7,9010°
Stator 5,1010° 6,9110° 1,310% 3,1107
Actuator film 1,000° 1,700% 1,700° 3,500
Case16  Background film 8,6[10° 1,500% 3,8107 7,9000°
Stator 8,9010° 1,5M10% 3,110° 6,40107
Actuator film 1,2010° 1,4010°% 1,310° 3,500*
Case17  Background film 1,100° 1,310% 2,907 7,9010°
Stator 2,7000° 3,310° 5,510° 1,50107
Actuator film 7,800° 3,7110° 2,110 1,400%
Case18  Background film 6,9010° 3,2010° 1,110% 8,710
Stator 7,000° 3,310° 2,4010° 1,7010°
Actuator film 8,003 750007 2,710 2,110°
Case 19 Background film 6,1000° 6,0110° 9,3M10° 7,5007
Stator 6,20010° 5,810° 3,6010° 2,907
Actuator film 6,510° 7,0010° 2,910° 7,300°
Case20  Background film 5,4010° 5,7010° 6,8010° 6,800°
Stator 3,5107 3,30107 6,2010° 1,6000°
Actuator film 7,900° 4,2110° 2,3107 2,110°
Case2l  Background film 2,410° 1,3010° 1,810° 1,6010*
Stator 8,5M10° 45107 2,20107 2,0010°
Actuator film 9,3010* 1,5M10° 4,8M10° 6,310
Case22  Background film 2,6010* 4,2110° 1,310° 1,710
Stator 4,310° 7,00107 1,1010° 1,5010°
Actuator film 8,8M10° 1,000* 45107 4,410°
Case23  Background film 1,8010° 2,310°® 1,810° 1,700*
Stator 8,5M10° 1,1010° 4,4107 4,2010°
Actuator film 8,110° 1,110° 1,700™ 9,2(10™°
Case24  Background film 3,400° 4,6110° 2,810° 1,5107
Stator 3,400° 4,6M10° 4,2110° 2,30107
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4. Sound production

The sound field radiated by a vibrator embedded in a fluid can be calculated if
the normal velocity of its external boundary is known. When the ambient fluid is
gas, such as air, the source response can be, more or less, approximated by itsin
vacuo one [36]. The loading can be described quite easily, however, by an added
mass or by radiation impedance. Thus, in the presence of fluid loading, the
applied force encounters the sum of the mechanica impedance of the source and
the radiation impedance.

A plane, the linear dimensions of which are very large compared to the
wavelength and vibrating with the same amplitude and phase over its entire
surface, produces a plane wave propagating perpendicularly to its surface [37].
The distribution of the acoustic field around a vibrating surface with bounded
dimensions is more complicated. The radiation properties of this type of an
acoustic source will depend on the shape and dimensions of the surface, the
disgtribution of the vibration velocity over its surface, and the interaction between
the two sides of the plane. If the dimensions of a sound source are much smaller
than the wavelength of the sound being radiated, then the details of the surface
motion are not important, and it will radiate exactly the same sound as any other
simple source with the same source strength [38].

If the vibrating surface is arigid body (at a given instant vibration, velocity is
constant over the entire surface), the source is caled a piston-membrane.
Usually, the mode of vibration is more complicated than that of a piston, and it
depends on the manner of fixing the membrane, its elastic properties and the
frequency of vibrations. If the membrane is located in a free acoustic space, the
fields on both sides interfere with each other, producing a certain resultant field.
If the membrane is located in free space, but the radiation of one of its sides is
entirely attenuated by means of an insulating box, then only one side of the
membrane radiates, but the radiation may propagate over the entire space.

In the present chapter, the above mentioned consideration is applied to the
operation of the EMFi-actuator. The examination of the sound emission is
restricted to the far field and the medium is supposed to be homogenous,
isotropic and a rest. The medium is aso assumed to be thermally non-
conductive fluid and to obey the linear stress-strain laws (Hooke's laws). The
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acoustic pressure generated outside the source is assumed to be small enough so
that the first-order equations of sound are valid in the region outside the source
[39]. A Sommerfield condition (or any equivalent condition) is assumed for the
sound pressure field. This means that the boundary condition at infinity enables
no reflection so that only the outgoing waves exist.

4.1 Actuator in free acoustic field

The radiation resistances of the plane monopole and dipole sources at low
frequencies, respectively, are [Appendixes D and E]

T, wra’ 2mp, w'a®
Rm =79 @ Re=703 (22
where
Po isthe density of the air,
w isthe angular frequency, and
Co isthe velocity of the sound.

The rectangular radiator element is accounted as a circular membrane of radius
a. Theradiusis approximated from the area of the element a = (DL/m)” where D
and L are the dimensions of the rectangular membrane. Radiation resistances are
dependent on the frequency of excitation, the properties of the actuator structure
and the medium into which the sound is radiated. The sound power, radiated by
an actuator panel vibrating with a spatial mean square value of velocity Uy, is by
the definition related to the radiation resistance Ry [40]. The radiated sound
powers of the monopole and dipole sources at low frequencies, respectively, are

1, 1,
rn, :EUO R My :EUO R (23)

The monopole source is assumed to be functioning as an encapsulated disk, and
the dipole source as a free vibrating disk. Sound pressure amplitudes at low
frequencies and on axis one meter from the source are correspondingly

1 1
Pom = Zpocouoka2 Pad = Epocouokza3 (24)
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4.1.1 Constant velocity distribution

The velocity amplitude of vibration Uy, normal to the radiator surface, is related
to the deflection of the membrane, Uy = w&., Where &g is an average deflection
of the membrane. At 23 Volt signal voltage the average deflection is calculated
from the values in Table 1. The emitted sound power levels of monopole and
dipole sources into the far field at low frequencies, when the velocity
digtribution of the actuator film is assumed to be constant (piston source) [see
Appendix A], are presented in Figure 19.
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Figure 19. Sound power levels of monopole and dipole sources at low
frequencies.

The frequency when the sources radiate sound equally effectively is 680 Hz. At
higher frequencies the dipole source (dotted line) emits more sound power than
the monopole source. In frequencies less than 300 Hz, the radiated sound powers
of both sources diminish intensively. The decrement in the radiated power is
more significant for the dipole source. The sound pressure levels of monopole
and dipole sources at low frequencies at the distance of one meter from the
sources on their axis are presented in Figure 20.
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Figure 20. Sound pressure levels of monopole and dipol e sources.

At high frequencies the dipole source produces more sound pressure into the far
field than the monopole source. This occurs when the frequency exceeds 800
Hz. The frequency change is related to the area of the dipole actuator so that
when the area increases, the frequency decreases. Thisis natural because, in the
case of a dipole source, the effect of an acoustical short circuit also decreases
when the area increases. The large dipole actuators emit thus more sound power
(and produce higher pressure levels) into the far field than the monopol e sources.

4.1.2 Frequency dependent velocity distribution

In reality the vibration velocity of the actuator film is dependent on the
frequency according to Figure 5 and Table 1. By using this data and the
assumptions made in chapter 4.1.1 concerning the spatial vibration distribution
on the membrane, the sound power levels of monopole and dipole sources are as
presented in Figure 21. The solid lines in the figure present the curves of Figure
19, respectively, for comparison reasons. It is evident, according to Figure 21,
that the arithmetic average of the vibration deflection can replace the frequency
dependent vibration of the actuator film satisfactorily in the frequency domain
most of the time when evaluating the radiated sound power of the monopole and
dipole actuators.
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Figure 21. Sound power levels of monopole and dipole sources.

4.1.3 Sinusoidal spatial velocity distribution

The axial sound pressure of actuator membrane at low frequencies at adistance r
with aspatial (sihusoidal) acceleration distribution is[41]

_ 2p U, LD(-)™me
p(r) = ©r(n+3)(m+2)

,m=n=0,1,... (25)

where

Uo isthe average vibration velacity amplitude,
is the width of the actuator €l ement,

D isthe length of the actuator element, and

m,n  areintegers.
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The sound pressure levels on the axis of the sound source at one meter from the
radiating surface with sinusoidal acceleration distribution are illustrated in
Figure 22. The first seven addended terms are taken into the calculation. The
values are compared to the sound pressure levels emitted by a constant velocity
actuator and an actuator whose vibration vel ocity depends on the frequency.
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Figure 22. Sound pressure levels of different actuator sources.

The solid line in the figure presents the curve of Figure 19, and the dotted line
that of Figure 21 for monopole sources, respectively, for comparison reasons.
The arithmetic average of the vibration deflection is satisfactorily comparable to
the gspatially dependent vibration of the actuator film in the frequency domain
when evaluating the produced sound pressure levels. This is what it should be
because when the dimensions of a sound source are much smaller than the
wavelength of the sound being radiated, the details of the surface motion are not
important anymore.

4.1.4 Effect of impedance loading
The vibration velocity of the actuator film is also influenced by its external

impedance in reality, especially by the flow resistance of the stator material
according to equation (8) (see Figure 3). The effect of outward impedance on the
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produced sound power of monopole source, compared to the situation when
there is no resistive load caused by the flow resistance of the stator or the
radiation resistance of the ambient fluid, is illustrated in Figure 23. The
influence of impedances is minor, and they affect mainly at higher frequencies.
Similar results are pertinent also to dipole source and produced sound pressure
levels of both sources.

100
100

20

80

70

60

40

Sound power level/dB
w
o

30

20

10

0 100 200 300 400 500 600 700 800 900 1000

50, f L1-1o3,
Frequency/Hz

Figure 23. Sound power levels of monopole sources.

4.2 Dipole actuator near the boundary layer

The radiation of sound by a source can be strongly affected by the impedance of
the surrounding space. This stands for the acoustic properties of the ambient
medium, the geometry of the space occupied by this medium, and the type of
boundary conditions that are imposed at the boundaries of the surrounding
space. When the dipole actuator isinstalled on or very close to a plane boundary,
its acoustical properties change. If the dimensions of the boundary are far larger
than a wavelength of the radiated sound, then the boundary can be considered a
plane of infinite extent [42]. If the boundary is perfectly rigid, the acoustic
waves generated by the source will reflect from this plane so that G =0
where U isthe particle velocity and fi is the normal to the plane. The pressure
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of the reflected wave and that of the incident wave are in phase and identical at
the boundary. Sound power of a dipole source which isinstalled on an absorbent
material (whichissited on an acoustically rigid boundary layer) in the half-space
occupied by the source is [Appendixes F and G]

_3 104 r2)- 2 cos 2cos(kb) , 1 _ 2 gnlko) |+
nddhs_zmd{g(l F) 2r C[—(kb)z kb(l (kb)zJ (kb)J

(26)
where
r is the reflection factor of the absorbent material,
q is the phase between the incident and reflecting wave,
b/2 is the thickness of the absorbent layer,
k is the wave number, and
My is the sound power of the single dipole source in the freefield.

It is assumed here that the radiator is acoustically transparent for the reflecting
waves from the plane surface. This assumption is justified at low frequencies
where the wavelength is much longer than the dimensions of the actuator. When
the value of T is one and ¢ is zero (acousticaly rigid boundary layer), the
eguation can be reduced to a case of two oppositely phased dipole sources
separated at a distance b from each other. The sound power levels of the dipole
source on the boundary layer in function of thickness of the absorbent layer and
frequency as a parameter are illustrated in Figure 24. The lossy material used in
the calculations is rock wool (60 kg/m®). When the thickness of the absorbent
material is under 5 cm, the radiated sound power decreases strongly. When the
absorbent layer is thicker than that, the power level increases dowly. The
difference between the emitted sound power levels of 5 cm and 10 cm absorbent
layers at 250 Hz is 7 dB. The main reason for the decrement in the radiated
sound power when the thickness of the absorbent layer decreases is the
destructive interference of the oppositely phased incident and reflected waves.
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Figure 24. Sound power level of the dipole source.

Figure 25 illustrates the radiated sound power levels of the dipole source which
isinstalled on a 10 cm thick rock wool layer and that of two oppositely phased
dipole sources (upper curve, Appendix E) the distance between which is 20 cm.
The power loss caused by the absorbent material is 5 dB at 50 Hz. The
differences in the radiated power levels increase at higher frequencies. The
change in the increased power loss is 0.3 dB in the frequency range of 50 - 250
Hz.
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Figure 25. Sound power levels of the dipole sources.
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The radiated sound power level of the dipole source at 100 Hz when the flow
resistance of the lossy material increases (the thickness of the absorbent layer is
10 cm) is illustrated in Figure 26. The flow resistances (10 - 200)10° Ns/m’
correspond cotton or rock wool materia the thickness of which varies in the
density range of 20 - 100 kg/m® and 100 - 200 kg/m®, respectively. The change
in the radiated sound power level in the above mentioned flow resistance range
is3.5dB.
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Figure 26. The increment in the sound power level of a dipole source.

The radiated sound power of the dipole source increases because the waves on
the boundary are not totally in an opposite phase as a consequence of the
increased flow resistance, and thus the influence of the acoustic short circuit is
smaller.

4.3 Radiation pattern of the actuator
The EMFi-actuator actually consists of several membrane strips (N sections)
which are located next to each other on the same plane (see Figure 1). The

separate strips operate, in principle, as single line sources combined of several
unit piston sources locating side by side (see Figures H1 and H2 in Appendix H).
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The produced sound pressure of the actuator located in infinite baffle at a certain
far field point is (Appendix H)

p(r,@,t) = [P, H (O)H (@™ (27)
_ PoCoUokL dy, sinv
Py(r)=———--"1, 0 and
ax (1) i He(6) =
sin(N kd,, sin
H(¢) =— (f T D here v =1KkLsin®
sin(; kd, sing)
where
Py isthe axia pressure amplitude,
Uo is the average vibration velocity amplitude,
is the width of the actuator €l ement,
dm is the width of the actuator cell,
r is the distance to the observation point, and
N is the number of film strips on the actuator element.

The directional properties of the EMFi-actuator at 100 Hz, 1000 Hz and 5000 Hz
are presented qualitatively in Figures 27 - 29.
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Figure 27. Radiation pattern of the actuator at 100 Hz.
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Figure 28. Radiation pattern of the actuator at 1000 Hz.

Figure 29. Radiation pattern of the actuator at 5000 Hz.

The major lobe in the radiation pattern narrows when the frequency increases.
The amplitudes of the other lobes are minor compared to the mgjor one. The
major |obe corresponds to that portion of the radiation pattern with which the
source elements are essentialy in phase.

59



4.4 The effect of boundary condition on the sound
radiation

The boundary conditions of a vibrating element influence its sound power
radiation. The EMFi film is glued to the stator element so that the actuator
element is composed of several single sound radiation cells (see Figure 1). The
connection type of those cell strips to the boundaries of the stator is not purely
rigidly neither simply supported. The consideration of the radiation properties of
natural modes of simply and rigidly supported panels basically applies to plate
structures. The vibration distributions of ssimply supported plate and membrane
are, however, equal [34]. On the other hand, because the EMFi material is not
totally free of bending stiffness (it does not behave like ideal membrane), the
radiation properties of rigidly supported plate are studied for reference purposes.
The following assumptions are made in the consideration:

» the cell strip is supposed to vibrate time harmonicaly in one of its eigen
modes

» thecdl strip islocated in infinite baffle
» theload of ambient fluid is neglected

* theconsiderationis madein far field.

The radiated sound powers of simply and rigidly supported panels are,
respectively (see Appendixes | and J)

(28)

($inB6dBde
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(29)

where

Mep, M,  are the radiated sound powers of simply and rigidly supported cell
strips,

Um isthe velacity amplitude of the vibrating cell strip,
Kan, Kyn - a@rethe structural wavenumbersto the x-, y- co-ordinate directions,
ab are the dimensions of the cell strip, and

m, n are integers.

In the case of simply supported cell strip (equation 28), the odd modes are
related to the cosine terms, and the even modes, correspondingly, to the sinus
terms. The radiated sound power levels of some odd modes (m,n) of simply
(dotted lines) and rigidly (solid lines) supported cell strips are illustrated in
Figure 30.
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Figure 30. The radiated sound power levels of odd modes (m,n).

Both supporting types of the cell strips enable almost equal sound power
radiation so that the vibration modes (1,1) are clearly the most efficient single
radiators. The reason for the similarity of the sound radiation of the separate
modes is the vibration velocity distributions of the cell strip of both boundary
types. The velocity distributions of simply and rigidly supported cell strips are
presented in equations 30 and 31 and for some modes in Figures 31 - 34,
respectively [38, 40].

=y g ) g VY
uw—umsm( a )sm( b) (30)

(31)

()

~ [ cosh(k ., X) ) COS(kme)J COSh(kan) B Cos(kan)
to =t cosh(l/zkxma) cos(l/zkxma) Cosh(]/zkynb) COS(l/zkynb)
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Figure 31. Vibration velocity distribution of a rigidly supported cell
mode (1,1).
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Figure 32. Vibration velocity distribution of a simply supported cell
mode (1,1).
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Figure 33. Vibration velocity distribution of a rigidly supported cell strip of
mode (7,7).
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Figure 34. Vibration velocity distribution of a simply supported cell strip of
mode (7,7).

The vibration velocity distributions of ssimply and rigidly supported cell strips of
odd modes are practically equal, and thus also the radiated sound powers of the
cell strips are equal. The radiated sound power levels of some even modes (m,n)
of simply and rigidly supported cell strips are illustrated in Figures 35 and 36.
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Figure 35. The radiated sound power levels of even modes (m,n). Smple support.
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Figure 36. The radiated sound power levels of even modes (m,n). Rigid support.
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The rigidly supported boundaries of the cell strip enable it to radiate more
effectively sound power with the separate even modes compared to the simply
supported boundary condition. The reason for this distinction is the vibration
velocity distributions of the differently supported cell strips. The vibration
velocity distributions of simply and rigidly supported cell strips of even modes
(2,2) and (4,4) are presented in Figures 37 - 40.
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Figure 37. Vibration velocity distribution of a rigidly supported cell strip of

mode (2,2).
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Figure 39. Vibration velocity distribution of a rigidly supported cell strip of
mode (4,4).
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Figure 40. Vibration velocity distribution of a simply supported cell strip of
mode (4,4).
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The odd modes are more effective sound radiators compared to the even modes.
Because the adjacent subsections of the cell strip are separated by much less than
awavelength in the surrounding air, the air displaced outward by one subsection
moves to occupy the space left by the motion of the adjacent subsections,
without being compressed, and very little sound power is radiated. For even
modes the number of the vibrating subsections of the cell strip, which arein the
opposite vibration phase, is equal, and thus the radiated net sound power
decreases. On the contrary, for odd modes there always exist subsections which
are out of opposite vibration phases and thus also radiate sound power. The
radiation resistances and sound radiation of plates with different boundary
conditions are presented in the references [43, 44, 45, 46, 47, 48].

4.5 The measurement vs. modelling results

Acoustical testing for a plastic panel actuator, sized 320 mm 0420 mm (see
Figure 1), has been carried out in a semianechoic room by using a PC-installed
MLSSA 10 measuring system [31]. The measurements cover both free and half-
free acoustic fields. In half-free field measurements, the measured actuator was
placed on the floor of the chamber so that either 20 mm mineral wool or only
spacers were used between the floor and the panel under measurement. The sides
of the actuator panel were left open and no enclosures or baffles were used in the
measurements on the floor. In the free field measurements, the panel was hung
from the ceiling and only anechoic part of the impulse response of the time
signal (direct sound) was used in the results. The distance between the actuator
and detector was 1 meter.

The constant average deflection of the film predicts quite satisfactorily the sound
production properties of the actuator (see chapters 4.1.1 - 4.1.4). Thus frequency
or spatial dependence of the velocity distribution of the actuator film are not
taken into consideration when comparing the modelling and measurement
results. Also the external impedance loading of the actuator is ignored in the
examination.

68



45.1 The free acoustic field

Figure 41 presents the delivered sound pressure levels of the actuator element at
1 meter from the vibrating plane in the free acoustic field. The solid line with the
rectangle symbols is based on the measurement results. The dashed (cross
symbols) and dotted (diamond symbols) lines are based on the modelling results
of the monopole and dipole type of radiation, respectively. The analytical results
are calculated according to equation (24).
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Figure 41. Sound pressure levelsin a free acoustic field.

The calculated sound pressure level values of a monopole source are almost
equal to the measured values up to 240 Hz. The shape of the sound pressure
level curve of the dipole type actuator is similar compared to the measured
values up to 600 Hz so that a constant 8 dB amplitude difference exists. The
measured sound pressure levels are, however, normalized in such a way that the
total sound pressure level is 94 dB and the amplitude values are thus not directly
comparable. The monopole source type of modelling describes the delivered
sound pressure output of the EMFi-actuator at low frequencies. The dipole type
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of modelling describes the sound pressure production properties of the actuator
in a larger frequency range when the amplitude difference, based on the
normalization of the measurement results, istaken into consideration.

4.5.2 The half-free acoustic field

Figure 42 presents the sound pressure level values in a haf-free sound field,
based on the actuator element measurements, and the respective analytical
results. As earlier, the analytical values are specified for a monopole and dipole
type of radiation. The modelling results are cal culated according to equation (24)
by taking the results of Appendix G into consideration. The solid line with the
rectangle symbols is based on the measurement results. The dashed (cross
symbols) and dotted (diamond symbols) lines are based on the calculation results
of monopole and dipole type of radiation, respectively.
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Figure 42. Sound pressure level in a half-free acoustic field.
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The monopole source type of modelling predicts the delivered sound pressure
levels of the measured actuator very accurately up to 600 Hz. The shape of the
sound pressure level curve of the dipole type actuator is similar compared to the
measured values up to 240 Hz. The amplitude difference between the values of
the measured and dipole type modelled curves is 12 dB. The monopole type of
source modelling is more realistic in half-free acoustic fields because basically
in dipole type of radiation, the destructive interference of the oppositely phased
incident and reflected waves do not decrease very effectively the radiated sound
at low frequencies because of the absorption material under the actuator. At high
frequencies, the discrepancies between the modelling and measurement results
in free and half-free acoustic fields arise from the fact that the external
impedance loading of the actuator has been ignored in the examination.

4.5.3 The directivity of the actuator

The directivity of the actuator element has been measured at 15 degree intervals
in a half-free acoudtic field. In measurements, a mineral wool the thickness of
which is 20 mm has been inserted between the EMFi panel and the floor. The
calculated (see Appendix H) and measured sound pressure levels of the EMFi-
actuator at angles of 0°, 30°, 60° and 90° degrees at low frequencies are
presented in Figures 43 and 44. The ca culated results are based on equation (27).
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Figure 43. Calculated sound pressure levels at different angles in a half-free
acoustic field.
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Figure 44. Measured sound pressure levels at different angles in a half-free
acoustic field.

When the actuator panel is located near the boundary surface, radiation up to
400 Hz is very uniformin all directions. The sound pressure level curves of the
measured and predicted values are very similar in every angle. The calculated
and measured polarn patterns of the EMFi-actuator panel at 120 Hz, 240 Hz and
500 Hz at different angles are presented in Figures 45 and 46.
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The radiation patterns of the actuator element are relatively round and resemble
the radiation patterns of the monopole source. The measured and predicted
values are very similar in every angle. The radiation patterns produced by a
piston-type actuator differ from the idealized patterns to some extent. One
reason for this discrepancy is that the area of the baffle in which the actuator is
mounted is necessarily finite. At high frequencies, even a baffle of small linear
dimensions corresponds quite closely to an ided infinite baffle, but at low
frequencies each element of the piston will not radiate with hemispherical
divergence. In addition, radiation from the back of the actuator may propagate
into the region in front of the actuator so that the resulting radiation pattern
approximates that of a dipole source rather than that of a piston in an infinite
baffle. Another reason for discrepancy is that the materia of an EMFi-actuator
membrane is not perfectly rigid. Driving the actuator at its centre establishes a
higher velocity amplitude in the inner parts of the film than near its rim, and at
high frequencies, the film may even vibrate in normal modes. Under these
circumstances, Uy in equation (H3) may become a complex function of the radia
distance and angle, and hence, must be considered a variable in the integration.

4.6 Methods to influence the sound production of the
actuator

4.6.1 Change in the deflection of the film

The emitted sound power to the far field depends on the velocity (or the
deflection) amplitude of the film according to the eguations (23 and 26). The
change in the deflection of the membrane depends on the membrane tension and
the applied signal voltage. The sound power levels of monopole and dipole
sources, related to normalized deflection and at parameter frequencies 50 Hz
(solid line), 100 Hz (dotted line) and 150 Hz (dot-dashed), are illustrated in
Figures 47 and 48.
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Figure 48. Sound power levels of a dipole source as a function of film deflection.

The radiated sound power levels of the monopole and dipole type actuators
increase 6 dB when the magnitude of the deflection is doubled, and 20 dB when
the magnitude of the deflection is ten times the origina one. The increment does
not depend on the frequency, and it is equal for both source types.
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4.6.2 The change in the area of the radiator element

The delivered sound pressure levels of monopole and dipole type actuators
related to the normalized area at frequencies 50 Hz (solid ling), 100 Hz (dotted
line) and 150 Hz (dot-dashed) are illustrated in Figures 49 and 50. Sound
pressure levels of a monopole source increase 6 dB when the area of the actuator
element is doubled. For the dipole source, the increment in the sound pressure
levelsis 9 dB, correspondingly. The increment does not depend on the frequency
and it is not equal for the source types. When the increment of the actuator area
is tenfold compared to the original area, the sound pressure levels of a monopole
type source increase 20 dB and a dipole type source 30 dB, correspondingly.

It is possible to increase the delivered sound pressure of the actuator element to
the acoustic far field and to lower the frequency where the source types are equal
radiators by increasing the area of the actuator. Figure 51 presents the delivered
sound pressure levels of monopole and dipole sources when the areas of the
actuator panels are 4 m?. In this case, the dipole type actuator is a more effective
radiator almost in the entire examined frequency range.

80 80

70

60 1
SPL a(AL,50) P o I IRRPPEER

pressure level/dB

SPL pg(AL100) of -

Soun

20
20
1

A Al 10,

A
Normalized area

Figure 49. Sound pressure levels of a monopole source as a function of actuator
area.
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Increment in the emitted sound power/pressure, based on the larger actuator
area, is related to the change in the radiation resistance value of the actuator
element. The radiated acoustic energy is counted as losses for the vibrating
element itself. Those losses increase when the larger actuator area adds to its
radiation resistance. At low frequencies, the acoustic short circuit decreases the
radiation efficiency of the dipole type actuator. When the area of the dipole
source enlarges, the effect of the acoustic short circuit diminishes, and the
actuator radiates sound more effectively.

4.6.3 The interaction of the sources

The sound field radiated by an actuator is often affected by neighbouring
surfaces or sound sources considerably. Two sound sources interact with each
other when they are close or when low frequencies are considered [38]. For a
source with a characteristic dimension a, vibrating at an angular frequency w=
ck and located at a nominal distance b from another source, the far field pressure
and the net acoustic power output depend on kb and a/b. The state of vibration of
the vibrator element is assumed to be independent of b, and the single monopole
or dipole type actuators to function like the ones discussed before. The radiated
sound powers of two interacting monopole and dipole sources are, respectively
([39], Appendix F)

_ sin(kb)
I'Imm—ZEI]'Im[ﬁ1+ 0 } (32)
1 1 2 ) 2
n, =6, [ﬁé +E(l_—k2b2jsn(kb) +—kzbz COS(kb)} (33)

In the limit a/b<<l, that is, when the distance between the sources is large
compared to the dimensions of a single vibrator, the total acoustic field is well
approximated by the superposition of those fields resulting from separate
consideration of the two sources. The sound power levels of interacting
monopole and dipole sources are illustrated in Figures 52 and 53. The
parameters of the curves are the distance 0.1 m (thin solid line), 0.5 m (dotted
line) and 1 m (dot-dashed line). The thick dashed lines present the radiated
sound power levels of single monopole or dipole sources, respectively.
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Figure 53. Sound power levels of two interacting dipole sources at low
frequencies.

At low freguencies, or when the two actuators are located close to each other,

the sound power level increases 6 dB compared to that of a single source. At
high frequencies, the increment is, correspondingly, 3 dB. In the latter case, the
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increment in the total sound power level equals that of two single sources
without any interaction. The interaction effect of the dipole sources disappears at
lower frequencies than that of the monopole sources. At low frequencies, the
increment of the sound power levels of two interacting sources equals in
magnitude the situation when the deflection increment of the single actuator
membrane is doubled. Figure 54 illustrates the normalized sound powers of
interacting monopole (solid line) and dipole (dotted line) sources. The sound
power of the two interacting sources is four times as large as that of the single
source at low frequencies or when the sources are located close to each other.
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Figure 54. The normalized sound powers of interacting monopole and dipole
actuators.

4.6.4 The change in the dimensions of the cell strip

The dimensions of the actuator cell affect the power the single vibration mode
radiates to the acoustic far field. The radiated sound power levels of the modes
(1,1) and (2,2) of the rigidly supported cell strips are illustrated in Figures 55 -
58. The actuator cell width and length are the parameters of the curves. The
lengths or widths of the actuator cell are changed from 1/4 part to a fourfold of
the original dimensions. The present actuator dimensions (thick dashed lines in
the figures stand for the reference dimensions presented in Appendix A) seem to
be acceptable. When the dimensions of the actuator cell are smaller than in the
reference case, the emitted sound power decreases. When the dimensions of the
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actuator cell are, correspondingly, larger, the radiated sound power does not
significaly increase. The sound power level values, concerning the small
element lengths in Figure 56, are not pertinent at high frequencies. The same
statement concerns also the radiated sound power levels of the mode (2,2) of a
rigidly supported cell strip presented in Figure 58.
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Figure 55. The radiated sound power of mode (1,1) of a rigidly supported
actuator cell having the cell width as a parameter.
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Figure 56. The radiated sound power of mode (1,1) of a rigidly supported
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Figure 57. The radiated sound power of mode (2,2) of a rigidly supported
actuator cell having the cell width as a parameter.
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The simply supported actuator cells enable more effective sound power radiation
a odd and even modes when the dimensions are larger than the original
dimensions of the actuator cell (see Appendix A). The radiated sound power
levels of the modes (1,1) and (2,2) of smply supported actuator cells are
illustrated in Figures 59 - 62. The actuator cell width and length are the curve
parameters. The even modes are very poor sound radiators. In that case, changes
in the dimensions of the actuator cell have minor influence on the emitted total
sound power. Doubling the element width or length increases, however, the
emitted sound power of odd modes by 6 dB. Correspondingly, the fourfold
increment of the width or length of the actuator cell increases the radiated sound
power of odd modes by 12 dB.
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Figure 60. The radiated sound power of mode (1,1) of a simply supported
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5. Sound power measurement of the
actuator element

The measurement standard is applied to describe the installation, operation and
environmental conditions under which the measured object must operate during
the measurements. The measured value may be the average of measurements of
several equipment, or a caculated value of measurements under severa
operating conditions of equipment, or both. The essential feature is that the
measured value is the most probable sound emission value obtained when
applying the given measurement standard [49]. If the manufacturer wishes the
given sound emission value to have some predescribed certainty of acceptancein
the possible verification, he must regard the measurements and measured values
statistically. It is possible to calculate the confidence interval of the mean, using
any desired probability, from the mean of the measured values and from the
standard deviation of the reproducibility of the measurement method. The basic
sound emission quantity used is the A-weighted sound power level.

One problem in using the basic sound power measurement standards (1SO 3740
series) for comparison and evaluation purposes of sound power production of
equipment is the condition for the employment of the A-weighted standard
deviation. This problem concerns a so the evaluation of the declaration values of
the machinery and equipment [50]. For example ISO 3743-2 states in chapter
1.3, Measurement uncertainty: “For a source which emits noise with a relatively
‘flat’ spectrum in the 100 to 10 000 Hz frequency range, the A-weighted sound
power level is determined with a standard deviation of a mean value of
approximately 2 dB” [51]. In present sound power measurement standards there
is, however, no definition for the “relatively flat spectrum”. Thusit isimpossible
to know exactly in which situations one can consider equipment to emit sound
“with a relatively flat spectrum” and in which situations the spectrum of the
emitted sound has properties that cannot be considered to be in compliance with
the standard. There are at least three reasons to avoid the use of such a concept
asa“flat” spectrum:

* The uncertainties of the measurement standards in each one-third octave or

octave bands in engineering methods prohibit the estimation of “flatness’ of
the sound spectrum of equipment because of the quite large standard
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deviations. In practice, the manufacturer should use the 1SO precision
methods to evaluate the flatness of the spectrum before carrying out any
uncertainty measurements.

* International standards already specify the character of sound allowable for
the method (steady, broad band, narrow band, etc.) [52]. There should be no
other determinations for the character of sound.

» The character of the sound spectrum of the equipment should not influence
the manner of proceeding in general.

The A-weighted standard deviation of reproducibility for sound power
measurements is currently given in standards 1SO 3741 (0.5 dB), 1SO 3743-1
(1.5dB), ISO 3743-2 (2 dB), 1SO 3744 (1.5 dB), SO 3746 (3-5 dB) ), SO 3747
(1.5 dB), 1SO 9614-1 (4 dB) and ISO 9614-2 (1.5 or 4 dB) [52]. A method for
determination of the A-weighted standard deviation of reproducibility for sound
power measurements of equipment in a more unambiguous manner is presented
in the following text.

5.1 Confidence interval

The confidence interval value K is chosen to account for the random
measurement errors occurring under reproducibility conditions. For the
probability of acceptance of at least 95% in a possible subsequent verification
another measurer, K isequal to [53]

K =164500, (34)

where o is the standard deviation of the reproducibility of the measurement
method. The factor K is aso the confidence interval of a normal distribution
having the probability of 95% in a one-sided test for checking the upper limit.
When considering a batch of equipment, the differences in sound emission
properties of different equipment have to be taken into account. In this case,
instead of using the standard deviation of the reproducibility of the measurement
method, the total standard deviation is used, which is the combination of the
standard deviation of the reproducibility of the measurement method and the
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standard deviation of production. The latter indicates the distribution of sound
emission values of different equipment in abatch. The total standard deviationis

01 =4/0°rR +0%p (35)

where o is the standard deviation of reproducibility and op is the standard
deviation of production. K isnow equal to

K =1.514 6, +0.564 [{0,, - Or) (36)

where oy, is the reference standard deviation and K is the confidence interval of
anormal distribution with a probability of 93.5% in a one-sided case [53].

5.2 Determination of the combined standard deviation

The A-weighted standard deviation values given in the measurement standards
are based on the “flatness’ of the spectrum emitted by the equipment. Because it
is inconvenient to estimate whether or not the emitted sound is “flat”, it is better
to evaluate the A-weighted standard deviation of the reproducibility value from
the single frequency band standard deviations given in the measurement
standards and from the measured sound emission values.

The following examination is based on the assumption that the results of
repeated measurements with the same equipment are normally distributed. For
an arbitrary function Y = f(X1,X,,...,Xn), the combined standard uncertainty of the
estimate y (where y is the estimate of the measurand Y and thus the result of the
measurement) may be found from the accumulation law of probabilities.
Because it is not possible to know exactly how the sound emission values of
different frequency bands depend on each other, one must examine extreme
cases in which al frequency band values are independent or totally dependent,
and thus determine the upper limit for the confidence interval value K.
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5.2.1 Uncorrelated vs. totally correlated data in frequency bands

The combined standard uncertainty uc(y), when al input quantities are

independent of each other, is the positive square root of the combined variance
uc(y) which is given by [54]

U (y) = 2[3_;] () @

)= |y Bl ) e

f isthe given function,

u(x) isastandard uncertainty determined in equation (38),

Xi is the measured value, and

X is the arithmetic mean value of N observations.

For a sum of A-weighted noise emission levels

X +g;
N
f =1000g 10 * (39)
i=1
where
g isthe A-weighting factor, and
X is the sound emission value of the single frequency band.
The partial derivative of f with respect to x, is
of 10 0
LU (40)
aXi N X+

Z]‘O 10
i=1
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Corresponding expressions can be found for the partial derivative of f with
respect to x,, etc. When these partial derivatives of function f are inserted into
equation (37) the combined standard deviation is

Mz

\/i l(u (x; )00 (xi+ai)/10 )2 )

ZN: 10 (xi+a;)/10
i=1

Uc(y) =

For the special case in which all the input estimates are completely correlated,
the combined standard uncertainty uc(y) is the positive square root of the
combined variance uZ(y) which is given by [54]

U, (y) = {i(%} [(x )} (42)

i=1

Proceeding as before, the combined standard deviation based on the sum of the
A-weighted sound emission levelsis

ZN (lo(x,+a.)/10 [U(Xi )) (43)

=1

uc2(y) = - N
Z lo(X‘+a‘)/10

i=1

It is now possible to consider the characteristics of equations (41) and (43) in the
following different situations:

1) The single standard deviations of reproducibility are u(x) = 0. The combined
standard deviations are

ucl(y) = Ucz(Y) =0 (44)

as they should be.
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2) The single standard deviations of reproducibility are smilar while the sound
emission levels for one-third octave or octave bands are not equal. The
combined standard deviations are

|

Uy (y) =uld i

(]_o(xi +a, )/10)2

Mz

(45)
10( X; +a&,)/10

'Mz X

1
iy

uc2(y) =u (46)
where u = u(x) is constant (£ 0).
3) The single standard deviations of reproducibility are similar, as well as the

sound emission levels for one-third octave or octave bands. The combined
standard deviations are

ZN:(loa' /10)2

Uy(y) =u BZ— (47)
1oai /10
uc2 ( y) =u (48)

where u = u(x) is constant (£ 0).
4) Sound emission levels for one-third octave or octave bands are similar, and

the single standard deviations of the reproducibility are not equal. The
combined standard deviations are

U (Y) = cq/gh w(x)° (49)
u.(y)=c EiE:(b w(x)) (50)

where ¢ =Y (10°"°) ™ and Iy = 10°" are constants,

i=1
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Considering the different ISO standards for standard deviations of
reproducibility of one-third octave bands, and supposing that the spectrum is
flat, the combined standard deviations caculated from equations (49) and (50)
are listed in Table 4. Also interlaboratory measurement results for a source
which emits sound with a relatively “flat” spectrum in the 100 to 10 000 Hz
frequency range are listed in the same table [52].

Table 4. Sandard deviations of reproducibility for a“ flat” spectrum.

1SO Combined standard | A-weighted | Classification of method
Standard deviation standard
deviation
Uct Uc2
3741 0.46 1.76 <05 Precision
3742 0.46 1.76 <05 Precision
3743-1 0.75 1.68 <15 Engineering
3743-2 0.98 2.20 <20 Engineering
3744 0.44 173 <15 Engineering
3745 0.29 114 <10 Precision/Semi-anechoic
3745 0.16 0.64 - Precision/Anechoic
3746 - - <3or<4 Survey
3747 0.80 1.78 15 Engineering
9614-1 0.32 1.23 - Precision
0.44 173 - Engineering
- - 4 Survey
9614-2 0.44 1.68 15 Engineering
- - 4 Survey

In al cases u(y) < ux(y) (see Appendix K). The case where the input estimates
are completely correlated seems to give an upper limit for the combined standard
deviation. The calculated combined standard deviation values for the flat
spectrum (50) are also quite congruent with the interlaboratory measurement
results (A-weighted standard deviation) when the single deviation values are
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large. When the single deviation values are small, the combined standard
deviation value based on completely correlated input estimates seems to be more
congruent with the interlaboratory measurement result. In redlity, the sound
emission levels of different frequency bands are not totaly correlated or
uncorrelated. The “true’ dependenceis evidently between the two.

5.2.2 Confidence interval values based on the combined standard
deviation

The confidence interval value K for single equipment based on uncorrelated or
completely correlated input estimates is now equal to

K =1645[,(y) or K =16450,(y) (51)

The confidence interval values for a batch of equipment can be calculated from
eguations (36) where

o; =yJul(y) + % or o, = Ju,?(y) + 0% (52)

5.3 Calculation examples

In order to compare the values estimated from the different combined standard
deviations stated above, some calculation examples are studied. The examples
are based on the spectrum of real measurements carried out according to the ISO
standards.

The one-third octave band sound power levels L,, of a fan (powered roof
ventilator) are shown in Figure 63. Laboratory measurements were performed in
compliance with 1SO 3741. The sound power levels are based on measurements
at 1466, 1454 and 1451 rpm speed of rotation.
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Figure 63. One-third octave band sound power levels of a fan.

The confidence interval values of a normal distribution K are given in Table 5.
The confidence intervals were calculated from equations (51), (41) and (43), and
from a given A-weighted standard deviation value of reproducibility (1ISO 3741)

and equation (34).

Table 5. Confidence interval values of the normal distribution.

Uncorrelated Correlated Based on “flat”
Equation (41) Equation (43) spectrum
U,/dB U./dB SO 3741/dB
K (1466 rpm) 0.80 2.92 0.82
K (1454 rpm) 0.79 2.74 0.82
K (1451 rpm) 0.77 2.62 0.82
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The confidence interval values of a normal distribution K obtained from the
combined standard deviations u.; (column 2 of Table 5) are quite near the
measured “flat” spectrum values (column 4) obtained from the measurement
standard, even when the examined spectra are not “flat” (see Figure 63).

The one-third octave band sound power levels of ventilation terminal equipment
are shown in Figure 64. Laboratory measurements were performed in
compliance with SO 3741. The sound power levels are based on measurements
at 1.7, 2.4 and 3.4 m/s flow velocities.

50

—@— Flow velocity 1.7 m/s
: ---m-- Flow velocity 2.4 m/s
a A : === Flow velocity 3.4 m/s

Sound power level (dB)

0 . ] ]
102 2 3 4 5678 403 2 3 4 5678 404 2

Frequency (Hz)

Figure 64. One-third octave band sound power levels of ventilation terminal
eguipment.

As above, the confidence interval values of the normal distribution K are now
givenin Table 6.
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Table 6. Confidence interval values of the normal distribution.

Uncorrelated Correlated Based on “flat”
Equation (41) Equation (43) spectrum
U,/dB U/dB SO 3741/dB
K (1.7 m/s) 0.78 2.67 0.82
K (2.4 m/s) 0.88 2.72 0.82
K (3.4 m/s) 0.72 2.64 0.82

Asin Table5, the confidence interval values of anormal distribution K obtained
from the combined standard deviations u.; (column 1) are again quite near the
measured “flat” spectrum values (column 4), even when the examined spectra
have small discrete frequency band components (see Figure 64). The equations
of a combined standard deviation, based on the totally correlated input values,
seem to give an upper limit for the confidence interval value K.

The one-third octave band sound power levels of two electric motors are shown
in Figures 65 and 66. The power levels are based on intensity measurements.
The engineering grade standard deviation values of reproducibility used in the
calculations are from standard 1SO 9614-1. The confidence interval values of a
normal distribution K are given in Tables 7 and 8, respectively.
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Figure 65. One-third octave band power levels of an e ectric motor.

Table 7. Confidence interval values of the normal distribution.

Uncorrelated Correlated Based on “flat”
Equation (41) Equation (43) spectrum
Ux/dB Ue/dB SO 3744/dB
K (unload) 0.79 2.93 3.29
K (load) 1.11 2.92 3.29

The low frequency content of the spectra in Figure 65 is different from that in
Figures 63 and 64. The spectra are quite “flat”. The “flat” spectrum values in
Table 7 were calculated using an engineering grade A-weighted standard
deviation taken from standard 1SO 3744. The correlated values are quite
congruent with values obtained with the A-weighted standard deviation value of
reproducibility (1ISO 3744) and equation (34).
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Figure 66. One-third octave band power levels of an e ectric motor.

Table 8. Confidence interval values of the normal distribution.

Uncorrelated Correlated Based on “flat”
Equation (41) Equation (43) spectrum
Ux/dB Ue/dB SO 3744/dB
K (load) 0.80 2.74 3.29
K (unload) 1.55 2.94 3.29

The low frequency content of the spectra in Figure 66 now has some discrete
frequency band components. The “flat” spectrum values in Table 8 were
calculated using an engineering grade A-weighted standard deviation value
taken from standard 1SO 3744 because, as earlier, the engineering grade value of
the relevant standard (ISO 9614-1) was missing (the single frequency band
deviation values are, however, amost similar to 1SO 3744 and 1SO 9614-1). The
correlated values are again quite congruent with values obtained from the A-
weighted standard deviation value of reproducibility (ISO 3744) and equation
(34).
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6. Conclusions

The genera vibro-acoustical functioning of the EMFi-actuator is possible to
state in the impedance oriented form by evaluating the loading impedances of
the vibrating actuator film from its boundary conditions. The linear second-order
ordinary differential equation with constant coefficients predicts the vibration
functioning of the actuator film quite satisfactorily in the frequency domain. At
low frequencies the initial tension of the film is the main factor, which affects
the vibration levels. At middle and high frequencies those factors are the
resistance and mass of the film, respectively. The influence of the spring force
dominates the electric forces when no excitation signal exists. When the
excitation voltage exists, the electric force dominates the spring force until the
deflection of the film reaches a certain limiting value. The operation range of the
actuator depends on the excitation voltage.

The elagtic properties of the film materia change when the deflection of the
vibrating actuator film increases. The spring force is after some limit no more a
linear function of deflection. Because of non-linear electric forces acting on the
actuator film, the motion of the membrane is neither linear.

The electric forces cause vibration of, not only the actuator film, but aso the
stator structure of the EMFi-actuator. This recoil effect may be large enough to
endanger the supporting structure of the actuator element vibrating, which may
generate sound. It is possible to make the deflections of the supporting structure
smaller by increasing the thickness or the dynamic stiffness of the background
material of the actuator element and by increasing the damping ratios of the
natural modes. It is possible to increase the response of the actuator film by
decreasing the spring constant caused by the initial tension of the film. This,
however, increases the deflection of the supporting structure. The response of
the supporting structure may decrease about a decade without influencing the
response of the actuator film. In general, the responses of the actuator system
(actuator film, supporting structure and stator) are dependent on each other. The
changes in the geometrical and material parameters influence straight the natural
frequencies of the system. Parameters are connected to each other, and they
influence the responses of the different system elements in complex ways.
Basically, the situation is an optimization problem of amulti parameter case.
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The use of the arithmetic average value of the vibration deflection of an EMFi-
actuator in the prediction of sound power or pressure in the acoustic far field at
low frequencies is satisfactorily comparable to the frequency or spatialy
dependent vibration of the actuator film in frequency domain most of the time.
The value of the arithmetic average of vibration is valid even when the external
impedance of the filmis not taken into consideration.

At low frequencies, the radiated sound power of monopole and dipole type
actuators diminish intensively because of small deflection of the actuator film.
The decrement of the radiated power is more significant to the dipole source. At
high freguencies, the dipole source produces more sound pressure into the far
field than the monopole source. The change in the limiting frequency, when the
dipole source is the more effective radiator, is related to the area of the actuator
so that when the area increases, the limiting frequency decreases. Thisis natural
because in the case of a dipole source, the effect of acoustical short circuit
decreases also when the area increases. Large dipole actuators emit thus more
sound power as well as deliver more pressure to the acoustic far field than the
monopole sources. When the dipole actuator is installed on or very close to a
plane boundary, its acoustical properties change. When the thickness of the
absorbent material under the actuator located on a rigid structure is 5 cm, the
radiated sound power decreases strongly. When the absorbent layer is thicker
than that, the power level increases slowly. The main reason for the decrement
of the radiated sound power when the thickness of the absorbent layer decreases
isthe destructive interference of the oppositely phased waves.

Comparison between the modelling and measured results is carried out by
discarding the frequency or spatial dependence of the velocity distribution of the
actuator film in the modelling. Also the impedance loading of the actuator was
ignored in the examination. The calculated sound pressure levels of a monopole
source up to 240 Hz in a free acoustic field are amost equal to measured values.
The shape of the sound pressure level curve of the dipole source is similar to the
measured values up to 600 Hz so that there is a constant 8 dB amplitude
difference. The monopole source type of modelling describes the sound pressure
output of the EMFi-actuator at low frequencies. Dipole analysis describes the
behaviour of the actuator in a larger frequency range when the amplitude
difference based on the normalization of the measurement results is taken into
consideration. In a half-free acoustic field, the monopole source predicts the
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delivered sound pressure levels very accurately up to 600 Hz. The shape of the
sound pressure level curve of the dipole source is similar to the measured values
up to 240 Hz. The amplitude difference between the measured and modelled
curves of the dipole actuatorsis 12 dB.

An EMFi-actuator basically consists of severa membrane strips which are
located next to each other on the same plane. The different strips of the actuator
element operate in principle as single line sources composed of several unit
piston sources located side by side. The magjor lobe in the radiation pattern of the
actuator narrows when the frequency increases. The amplitudes of the other
lobes are minor compared to the major one. The major lobe corresponds to that
portion of the radiation pattern to which the source elements are essentially in
phase. The directivity measurements of the actuator element have been carried
out in a half-free acoustic field. When the pandl is located near the wall surface,
radiation up to 400 Hz is very uniformin all directions. The sound pressure level
curves of the measured and predicted results are very similar in every angle. The
radiation patterns are relatively round and similar to the radiation patterns of the
monopole source. The measured and predicted values of radiation patterns are
very similar in every angle. The radiation patterns produced by a piston-type
actuator differ from the idealized pattern to some extent. One reason for this
discrepancy is that the area of the baffle in which the actuator is mounted is
necessarily finite. At high frequencies, even a baffle of small linear dimensions
corresponds to an ideal infinite baffle quite closely, but at low frequencies, each
eement of the piston does not radiate with hemispherical divergence. In
addition, radiation from the back of the actuator may propagate into the region in
front of the actuator so that the resulting radiation pattern approximates that of a
dipole source rather than that of a piston in an infinite baffle. Another reason for
discrepancy is that the material of an EMFi-actuator membrane is not perfectly
rigid. Driving the actuator at its centre establishes a higher velocity amplitude in
the inner parts of the film than near its rim, and at high frequencies, the film may
even vibrate in normal modes. Under these circumstances, average vibration
velocity amplitude of the actuator film may result in a complex function of the
radial distance and angle and, hence, must be considered as a variable in the
integration.

The basic problems concerning an EMFi-actuator are related to its ineffective
low frequency sound production and the distortion caused by the non-linear
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operation. It is possible to increase the sound power radiation properties of the
monopole or dipole type sources by making the deflection of the membrane
larger (using smaller tension), by using a membrane the area of which is larger,
or by using two interacting actuators. The radiated sound power levelsincrease 6
dB when the magnitude of the deflection is doubled, and 20 dB when the
magnitude of the deflection is tenfold compared to the original one. The
increment does not depend on the frequency and is equal for monopole and
dipole type sources. The delivered sound pressure levels of the monopole source
increase 6 dB when the area of the element is doubled. The increment of the
dipole source is 9 dB, correspondingly. The increment does not depend on the
frequency and is not equal for source types. When the increment of the areais
tenfold compared to the origina area, the increment of the delivered sound
pressure levelsis 20 dB for a monopole source and 30 dB for a dipole source. At
low frequencies or when the two sources are located close to each other, the
increment of the sound power level is 6 dB compared to that of a single source.
The reason for the increment is that each source has to work against its own
sound pressure as well as against the sound pressure that is generated by the
source near it. For the two equal sources, the work performed by each against its
own pressure is equal to the work performed against the pressure at its surface
that is generated by the second source. At high frequencies, the increment is 3
dB, respectively. In the latter case, the increment in the total level equals that of
two single sources without any interaction. The interaction effect of the dipole
sources disappears at lower frequencies than that of the monopole sources. At
low frequencies, the increment in the sound power levels of two interacting
sources equals in magnitude the doubled deflection increment of the single
actuator membrane. The sound power of two interacting sources is four times as
large as that of a single source at low frequencies or when the sources are
located close to each other.

The EMF film is glued to the stator element so that the actuator is composed of
several single cell elements. The connection type of those elements to the stator
boundaries is neither purely rigidly nor simply supported. In the case of odd
modes, both ways to support the edges of the actuator cell produce amost equal
sound power levels so that the vibration modes (1,1) are clearly the most
efficient single radiators. Velocity distributions of the odd modes of differently
supported film strips are practically equal, and thus, also the radiated sounds of
the elements are equal. In the even mode case, the rigidly supported boundary
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enables the element to radiate sound power with al the different even modes
much more effectively than it is possible under a smply supported boundary
condition. Odd modes are more effective sound radiators than even modes. With
even modes, the number of vibrating partia surfaces of the element cell which
are in the opposite vibration phase is equal, and thus the net radiated sound
power decreases. Contrary to odd modes, partial surfaces which are out of
opposite vibration phases aways exist, and thus aso sound radiation. The
dimensions of the actuator cell affect the power the single vibration mode
radiates to the acoustic far field. The present actuator dimensions seem to be
acceptable when the film cell is rigidly supported. When the cells of the actuator
panels are ssmply supported, larger dimensions than those of the present actuator
type emit more sound power at odd and even modes. The even modes are very
poor sound radiators so that changes in the dimensions of the actuator cells have
minor influence on the emitted total sound power. Doubling the element width
or length increases the emitted sound power of odd modes 6 dB, however.
Correspondingly, the fourfold increment of the width or length of the actuator
cell increases the radiated sound power 12 dB.

The confidence interval values of the normal distribution of equipment based on
combined standard deviation and presented in this study are aimost equa to the
values based on the A-weighted standard deviation of reproducibility of the
common 1SO method. When the standard deviations of the single frequency
bands are low, the combined standard deviation ug(y) is practically identical to
the A-weighted standard deviation value and, correspondingly, so is u.(y) when
the deviations are high. For these reasons, the combined standard deviations
Ua(Y) and uc(y) seem to give as exact expressions for the calculation of the
confidence interval as the A-weighted standard deviation of reproducibility
when information on the frequency bands is available. It has been shown,
however, that the solution for determining sound emission requires neither the
definition of a “flat” spectrum nor the definition of any other spectrum shape. A
case where input estimates are completely correlated gives an upper limit for the
combined standard deviation value. The true sound emission value when the
spectrum of the sound source is not “flat” lies probably between the ones found
by using combined standard deviation values u.(y) and ue(y).

The main results of thiswork are the means to increase the radiated sound power
of the actuator element without increasing concurrently the distortion of the
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radiator. These resources are based on the functioning mode of the actuator
(monopole, dipole), boundary conditions of the actuator element or cells of the
actuator element, the larger actuator areas, interaction of actuators, and the
dimensions of the actuator element cells. Ancther result of this study is the
potentiality to evaluate the A-weighted standard deviation of the equipment on
the ground of the measurement results without specifying the type of emitted
sound radiated by the equipment.
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Appendix A: Calculation constants

Material constants

The density of the actuator film material m"y, = 550 kg/m®
Y oung's constant E, = 4.6[10° N/m?

Poisson constant v = 0.4

Surface density of the actuator element m', = 4.0 kg/m’
Surface density of the actuator film miy, = 0.042 kg/m?
Dissipation constant of the actuator film € = 110
Surface density of the stator m's = 3.96 kg/m?

Dynamic stiffness of typical rock wool material (density 60 kg/m®) k, = 0.3(10’
N/m®

Density of stator material m's = 700 kg/m®

Mechanical constants

Thickness of the film h = 30010° m

Thickness of the stator hy = 610° m

Length of the actuator element D = 420(10° m or 500010 m
Width of the actuator element L = 320010 m or 600010° m
Area of the actuator element A = 0.134 m?

Average deflection of the actuator film &, = 0.33010° m
Width of the film strip dy, = 30010° m

Number of film strips on the element N = 14

Radius of the air channel for the typical wool material a, = 0.90° m



Acoustical constants

Density of the air p, = 1.2 kg/m®

Ve ocity of sound in normal conditions ¢, = 343 m/s
Characteristic impedance of the air Z, = 412 kg/m’s
Viscosity of the air in normal conditions n = 1.8010° kg/ms
Initial tension of the actuator film o = 25[10° N/m?

Flow resistance of the stator material = = 1.8010* kg/ms

The spring constant influenced by the initial tension of the film k|, = 3.3010°
N/m?

Electrical constants

Permittivity of the vacuum g, = 8.85410 2 N™'m?C?
Dielectric constant of the film material €, = 1.6

Surface charge density of the film q = 1.6[10* Cm?
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Appendix B: Spring force of the film strip

The geometry of the film strip and its deflection along the symmetric line is
illustrated in Figure B1. T is the force caused by the initial tension o of the film,
Ty and T+ are the corresponding forces in z- and x-directions, respectively, & is
the deflection of the film, | is the width of the film cell, k is the spring constant,
and Fy isthe spring force.

Figure B1. Deflection of the film fromits state of equilibrium.

According to Figure B1 the normal force caused by initial tension and the spring
constant are, respectively

T, =T Do =T, G (®1)
2T
TW=FR =k = k=—= (B2)

Theinitial tension is evaluated per edge area of the film according to Figure B2
where h is the thickness and L, the length of the film. The spring coefficient is,
finaly,



/

Th
T
Figure B2. Measured spring force.
20hL,,
T, =ohl, = k= (83)
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Appendix C: Deflection and velocity
of the actuator membrane in time domain

deflection(steps ) := [ f g O-newton
f g O-newton
X 0-m

Xte—0-msec

Xtte— 0-m-sec” 2

dxe—0-m
for 10 1..steps
te(i— 1)-deg
kek g
f g f g+ kedx
fg—cxt
" Re(F(x.V gg.fit]) S—fg-fg
Mt
kl<—k+ﬂ+£
deg? deg
dt— |Re(F(x.V gg.f.ideg)) S if i=1

Re(F(x,vg-g,f,i-deg>> S— Re[F[x,Vsig,f,(i— 1) -deg]]-S otherwise

di1led g+ mp| 60 4 3xtt| + ¢-| 3xt+ deg 2
deg 2
dX(—ﬂ
kg
dxte— S-E — 3:xt—deg X
deg 2
Xe— X+ dX

Xte— Xt+4 dxt

xt




Accuracy of the solution in the time domain is dependent on the length of the
time step. The calculation is convergent if the length of the time step is shorter
than one tenth of the vibration time period of the system.
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Appendix D: Sound power of the monopole

source

The velocity potentia of the encapsulated disk is[1]

o = Qo ej(wt—kr)
™ 4mr
where the source strength
Q, =ma’*u,
and
r is the distance between the source and observation points,

w is the angular frequency,

t istime,

k is the wave number,

a isthe radius of the disk, and

Uy istheaverage vibration velocity amplitude of the disk

Sound pressure (harmonic dependence of time is assumed)

aq:)m P QO j(t—
= PN —0 el (ot—kr)
ot : po4:nr

Pm =Po

Radia component of the particle velocity for irrotational motion

m
r

L= P e"‘“‘(—jke'“"r—e"'kr
m o 0 4m

(D)

(D2)

(D3)

2 ):4%2(1+jw)ej(“‘”’ (D4)



Normal component of intensity
Qe @ L i
- ol - N0 Lj(et-k) X0 g _ j(wt-kr)
| = Re{ P,UL} Re{mpo € 2 (1 ke
()L Q
=Re{1wpo(4—ﬁ() (1= jkr) = keopy| ;-

Sound power (integration of normal component of intensity over a sphere of
radiusr)

(DS)

-j2nr sin@,d6= Zmzka(Qj jsnede-ikwpoQo

a2 (D6)
I (T[aZU )2 np, wfa‘ls _1,
- 4T[ pO 0, 4Co 0 er
The radiation resistance of the monopole sourceis
mp,efat 1 i s
=—/—— =—p,Cma(ka D7
er 2C0 2p0 0 ( ) ( )

The pressure amplitude is inversely proportional to the distance r from the centre
of the disk to the observation point, and the pressure disturbances at a certain
point in the acoustic field are related to the amount of fluid being added or
removed by the actuator. The particle velocity is entirely radial, being in phase
with the pressure at distances that are large compared to the wavelength. The
time-averaged intensity is also radial. The radiated sound power is proportional
to the square of the frequency.
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Appendix E: Sound power of the dipole
source

The velocity potential of the free vibrating disk is[1] *

_ F, e™[2J,(kasin®) cos (E1)
4 PG, 4Tr | kasin®
where the net force exerted by the disk on adjacent fluid?
F, =2ma’p,cU, ka >>1
(E2)

1
:E’ﬂazpoco(jZKa+k“a“)UO ka <<1

The factor in brackets of equation (E1) is the same as the one entering the
expression for the far field from a piston in a plane. In this case, however, there
is an extra directionality factor cos® which ensures antisymmetry about the
symmetry plane. In low frequencies (for long wavelengths) the Bessel function
Ji(X) = x/2 and the vel ocity potential becomes|[2]

d 0., 47T cosO (E3)
and [see adso 3]
. 2 3
szjgna pO(*:UO (E4)

Sound pressure (harmonic dependence of time is assumed)

ke — jkr

0P,  jwp,F, e’
£ 19PoTy cosO = ijw
4nr

0t p,c, Amr

Ps = Po cos@ (E5)

! The symbol j is used hereinstead of i. They are related so that i = -j and (i)?= (j)*
% The equation isincorrectly derived in reference [1] from equation 7.1.12.



Radia component of the particle velocity for irrotational motion

o) F cosB( - jke My —e’i¥ F, e
Uy === =2 ( : 2 J= s (1+jkr)cose
or 41p,C, r 4TIQRC, T
(E6)
Intensity
I -Re{ D} Rl ‘Fw‘cose 21—jkr ~ ‘Fw‘cose i Kk
d — PaUaf = JOR ATp,C, e =P, ATIR,C, (2
(E7)

Sound power (integration of normal component of intensity over a sphere of
radiusr)

I S _wpok[[R) 7 -
n, = !2m29n9,d 9_8—1‘_)[[@} !cosz fsin6do (E8)

By substitution x = cosB, dx = -sinBd6, x(0) = 1 and x(17) = -1

2 2
ndzw(ﬂJ ]dex- wp"k(‘F‘”‘J =K A s e

8\ pG) o 12mlpc,) 12TRc, 9
np,da’ul 1
= % 3 v = _Uger

27¢, 2

(E9)

where the radiation resistance of the dipole sourceis
2nip,da® 2
= TREE -2 pem(ka)’ (E10)

¢7 276 27
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The pressure amplitude is inversely proportional to the distance r from the centre
of the disk to the observation point having its maximum aong the dipole axis.
The particle velocity is entirely radial, being in phase with the pressure at
distances large compared to the wavelength. The time-averaged intensity is also
radial. The radiated sound power is more strongly dependent on the frequency
than the sound power of the monopole source.
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Appendix F: The interaction of two dipole
sources

When two dipole sources of the same phase are close to each other, according to
Figure F1, the velocity potential is

bcosl]

Hpat

Figure F1. Two closely situated dipole sources.

O
b

_F, Cose[e‘”‘r N e'jk(”b“’se)j _ Fy 0SB - ifraiocoss)[ izoemse i 2Host
“@ 4mpc, \ r r+bcosB) 41wpg,
_ Fw coso CO#% kb Cose)e—jk(r+%bcose)
2T P,C,
(F1)

The corresponding sound pressure and the norma component of the particle
velocity are, respectively



oPp . F kcos6
Pas = P05 = ] =2, cog s kbcose)e”

(r+ bcose)

(F2)

u = _athd _ F,cos6
W@ ar 21w pyG,

cog% kb cose)( jk +?1) e B )

The intensity is the product of the sound pressure and the complex conjugate of
particle velocity

‘F ‘ k cos” 8

1 Cik el
(2nr) PCo sz(gkbcose)( Jk+r)

= Re[ Paa U rdd] R
(F4)

B \Fw‘zkzcosze

s’ (3 kbcosb
2 o, cos’ (4 kbcosh)

Integrating the normal component of the intensity over a sphere of radius r
results in the sound power the two dipole sources emits

m [ANS
My = _[anzsin(e) | ,d0=21°—5—— jcos2 6cos? (% kbcosh) sin6d 6
5 (2m1)° p,cy 5
(F5)
By substitution x = cosB and dx = -sinBdB, x(0) = 1 and x(1) = —1 then
2 ‘Zkz <* (£ kbx) dx
“ = ompc I X2 cO x)d (F6)
Making use of theintegral table[2]
X (x2 1), x coq 2ax)
IX COS2 )dX = E (4— —Qj SII’I(Z ) 5 (F7)
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1 1(. 2 2
ndd:ndmﬁEJ’E( kaJS'”(kb) k?b?

——cog kb)} (F8)

If the two dipole sources are in opposite phases, the emitted sound power is
accordingly

1 1 2
My =M, [6[%———[1 2—)sin(kb)

S ——cog kb)} (F9)

2
k*b?

F3






Appendix G: Dipole actuator locating on an
absorbent layer

The situation where the dipole source is located on an absorbent materia is
illustrated graphically in Figures G1 and G2. The absorbent materia is located
on an acoustically rigid layer. A mirror dipole source the phase of which is
opposite compared to the real sourceis created on the other side of the layer.

Dipole source

Absorbent

- _
Acoustically rigid layer

Figure G1. Dipole source on an absorbent layer.

v

beosl]

Acoustically rigid layer

O

ls

Figure G2. Dipole source and its mirror dipole source.



By applying the image source principle, the velocity potential of the two dipole
sourcesis

_F, cos@(e™ T (a,w) e—jkr‘e—j((a,w)J
ddhs ATip.C, r r'

_F,cosB(e™  T(a,w)
T ATpc, \ T r +bcoso

e—jk(r +b0059)e—jc(o(,w)j

(G1)
_ F,, cosB e I (a w)e-jk(mboose)e—ic(a,w)]
411 P,C, '
—jkr
@ cosB(1- e *=e) = @, (1~ e =)

PoCo

where
T(a,w) isthe reflection coefficient related to the absorbent surface
¢(a,w) describes the phase between the incident and reflecting wave, and

a is the angle between the reflected wave and the normal to the plane
where the sources are | ocated.

The corresponding sound pressure and the normal component of the particle
velocity are, respectively

aqjddhs . F e_jkr . .
s = = jwp,—> cos6(1 - e eI
Pachs = Po ™5 100P, PoCo 4T ( ) (G2)

= p, (1-reiwmsemic)

0D s F, R e jke My —g I
Uy = — a‘;dh = pr—y cosB(1 -Fe o= ")( 2
F ek . . . .
=9 > (1+jkr)cose(l—l'e""bwsee'“) =u, (1 —I'e"kb"osee'“)
anp,c, r
(G3)

The intensity is the product of sound pressure and complex conjugate of particle
velocity
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_ 0
'rdns = Rel_pddhsurddhsj

2
_ R{jwpo(Fw cosej L (1_ re—jkbcosﬁe—jC)ejkr (L- jkr)(l— rejkbcoseejc)

4mpge ) r8

2
F,cos0)| 1 _ _ _ . B
<o o0 Ly - ropsserc —re- o2

_ ku)po|Fw|2 cos? 8

1+ 2 —2I cos(kbcosB+¢
ropnd " 3 )

=1, (1+ 2 -2r cos(kbcosB + c))
(G4)

Integrating the norma component of the intensity over half sphere of radius r
results in the sound power the dipole sources emits

/2
I ddhs = J.ZT[T 25in9| rddhsde
0

2
kapg|Fy,|” ™
=2mr? M ﬁ1+ 2 - 2I cos(kbcosB + c))coszesinede (G5)
(amrzy)® o
2
kap,|F,|” ™
= M f2(1+ 2 - 2r cos(kbcos® + ¢))cos? BsinB.dd

By substitution x = cosB and dx = -sinBdB, x(0) = 1 and x(1v2) = 0 then

k0p0|Fw|2

— E(1+ 2 — 2 cos(kbx + ¢))x2 dx

M gons =
_KW®Po[Tw| a5 242 2

= X4 + T “x% = 2I'x4 cos(kbx + ¢))dx
8 02 L( ( ))

Making use of the integral table [2]

Ixz coqax)dx = 2xc§§(ax) L2 );3_ 2 sin(ax) (G7)
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Ixz sin(ax)dx = ?sin(ax) T coq ax) (G8)
k(*po“: |2 1
M gans = - > J;)(x2 +T2x2 - 2rx2 cos(kbx)cos(c) + 2rx2 sin(kbx)sin(c)) dx
T
21 22 _
= —kupo|F;)| IE X3 +1r2ys - 2r cos(c) ZXCOS(lz(bX) + (ko) x2 -2 sin(kbx)
8rz,2 |03 3 (kb) (kb)?
; 22 _
+2r sin(c) ZXSH(EbX) _()*x2 -2 cos(kbx)
(kb) (ko)?
kaopo|Fyl? 2 _
_ keopy| ;,I Ly lre _orcos(o) Zcos(I2<b) , (ko) : 2 gin(k)
gnz, |3 3 (kb) (kb)

2T sin 2sin(kb) _ (kb)* -2 cos _ 4rsin(g)
o) ol - (ol ot }

:gmd E%(h I‘2)—2I‘cos(c)[zcos(kb)+i 1-—2 jsin(kb)}

(ko)* kol (kb)?
.\ 2sn(kb) 1(, 2 _4rsin(g)
+2Fsm(c){ o) E(l w}cos(kb)j o }
(G9)
If the reflecting surface isacoustically hard > T=1and ¢=0
312 Zcos(kb)i(_Zj. j
Mg = Zuﬂd%s 2( (10)° ol Tk sin(kb)
(G10)

1 1 2 : 2
= 3|]ﬂd [%5 _E(l_Wj sm(kb) —WCOS(kb)}

The result equals half of the sound power of two oppositely phased dipole
sources which are located at a distance b from each other (Appendix E). If the
distance b between the sources approaches infinity, the radiated sound power is
the same as the radiated power of asingle dipole source.
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Appendix H: Radiation pattern of the
actuator element

An EMFi actuator element is combined of several membrane strips which are
located next to each other on the same plane. The different cells of the actuator
element can be considered to operate as single line sources. The elementary
source is a part of aline source of length dx (see Figure H1)

Figure H1. Elementary source on the line source.

The source strength of an elementary source segment is

dQ =U,d, dx (HY)



where d,, is the width of the line source and Uy is the radial vibration velocity.
Each of the elementary source segments generates a pressure increment to the
half spacein the far field point (r, 8) (see Appendix D, equation D3)

Poo

dp=j——=U,d e “ " dx (H2)

The distance from the source point to the field pointisr” =r - xsinB, r >> L (see
Figure H1). The resultant sound pressureis

L/2
p(r,6,t) = PoCol okd, i (@-k) J’ejkxsinedx
T[r -L/2
_ PoCUGKL diy | SIN(ZKLSING)
T o ® TkLsing (H3)

= JPu (N H (@)™
where

PoCoUoKL dy
O

nv
T‘ where v =3kLsin®

P (1) = and H,(6) =

(H4)
The function Hg(0) is the zeroth order spherical Bessel function of the first kind,
Jjo(V). An EMFi actuator is built of N adjacent strip elements which are separated

by a distance d,, from each other. They have the same source strength and they
radiate with the same phase according to Figure H2.
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p(r,00)

v

Figure H2. The line source elements.

In the acoustic far field al the rays from the array of line sources to the field
point can be considered parallel (see Figure H2). Source i produces sound
pressure

UokL d I
P, @,1) = | PSS g)e ) (H5)

The resultant pressure at the field point is the summation

c,U kLd N gilwt=ki)
pO 0~ 0 m H(e) '
am ER

Pror (1, @,1) = | (H6)

The distance between the element source and the field point isr;’ =ry - (i-1)Ar
where Ar = d,, sing. The distance to the centre of the array of line sourcesisr =
ri - ¥2 Pldy, Ar where the length of the array isP = (N-1) dn,.
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c.U kLd NESE NG
Pror (1, ®,t) = j—p0 04T0[r TH()e 2y el gl (7)

i=1

N-1

ZN:e“"l)kA’ =Y el = E[co&(ikAr) +j sin(ikAr)]

i=1 i=0
sin(% kar)co "2 kar)  sin(4 kar) sin(*5 kar)
= . * ] :
sin(*%) sin(*%)
_ sin(% kar) SIS _ sin(% kar) ei%%km
sin('%) sin*%)

PoCUokLd, sin(% kA
ro,t) = |y gy =2
Pror ( )= 4 (8) g kAr)

= P H O H(@e ™

sin(%kdmsin(p)

where H(®P) =— 0 :
sn(ikdmsm(p)
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Appendix I: Sound power of natural mode
of a simply supported plate

Surface velocity distribution of a(m,n) mode of asimply supported plate with an
infinite baffleis[4]

—y sp VX (MY
uw—umsm( " jsm( b) (11)

where 0< x<a ; 0<sy<b

P(r,000

v

Figure 1. Smply supported plate with infinite baffle.



Sound pressure in the acoustic far field according to Rayleigh integral is[3]

. e M w2 @2 o, B
P = koot o [, [, a0 el ey

e ) 12
= 1Ko 5 21r fb/z fa/Z msm(—)Sln( b ) el dxdy

where a = kasinBcos¢ and [3 =kbsinBsing

By integration

P E( 1)"e - ]]
()

Sound pressure in the acoustic far field is

. e ab [(-1)"e -1| (-1"e® -
pu) = Jumkpoco 2T[r mnT[Z [n(-]“-)Z ( [il)

The average sound power on the one side of the plate radiates to the acoustic far

(13)

field
, o cos( o) cos( B i
n&“’:”E (u l:?nbj ” Hnﬁ(_)ﬂ éjj—l} [Sin6dede
(14)

The odd modes of the equation (14) are related to the cosine terms and the even
modes correspondingly to the sinusterms.
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Appendix J: Sound power of natural mode
of arigidly supported plate

Surface velocity distribution of mode (m,n) of arigidly supported plate with an
infinite baffleis[5]

[ cosh(k,,x)  cos(k,x) J COSh(kyn Y) COS(kyn Y)

u, = U, - - (J1)
cosh(l/zkxma) cos(l/zkxma) Cosh(l/zkynb) cos(l/zkynb)

where

—al2sx<al2 ; -bl2<sy<b/2 ;k, =mn/a ;k, =nT/b

\/

X

Figure J1. Rigidly supported plate with infinite baffle.



Sound pressure in the acoustic far field according to Rayleigh integral is[3]

_ e [’ iex A0 yd d
Py = 1kPoCo 5 — m 2 " u,(x,y)e' Ve’

gl cosh K, x) cos(kxmx)
Jflb/Z /2( B j (JZ)

= JkpoColly 210 cosh(¥ek,,a)  cog¥ek,,,a)

[E cosh(kyny) _ Cos(kyny) ]elixe‘ﬁydxdy

cosh(k,,b)  cogsk, )

where a =kasinBcos¢ and [ =kbsinBsing

By integration

/2 o . Ko —ia _ Kk, +jo
falzcom(kme)eJa dx_wsnh[l/z(kxma+ JC()] W

2a) Sin(ozl)

where  sinh[¥(k,,a+ ja)] =s nh(k;"a) cos@) +] cosh( K

smh[ /z(k

Thustheintegral aboveis

al2
Ken 15| . (Kp@ a) . kK.a) . (a
k2, +(e)? {Smh( 2 jco{z) _JCOSh( 2 )S'n(ﬂ

2
k k
ir— {kxm s nh( Xma) co{a) 2 cosh[xma) s n(aﬂ
k2, +(2) 2 2) a 2 2
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Correspondingly, the other integrals are

® cost(k,, y)ej%ydy = kjnf(ﬁ)z {kyn s nh(kyzan cos(g) ¥ E cosh[ kyz"b] sm(gﬂ

2ol 7))
ak? 2 2

Xm

flz cos(kxmx)ej%ydxz 5
al2 1_( a j

[ sl ) 2
o)

The sound pressureis

2)2 (kw ] 2 cod 8] + ﬁsn@j

' (3)
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The average sound power radiating on one side of the plate to the acoustic far
fiddis

m
217

2 22m
o kel 3 it el el

00 pOCO

+%sin(g)j+ 1 ]Z[bfyznsm@)] sin6dedo

(J4)
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Appendix K: Inequality condition for a
combined standard deviation

From equations (45) and (46) the inequality condition ux(y) < Ue(y) reduces to
eguation

\/2(10x a /10) < Z ol +a )0 (K1)

Because

\/Z (10(x +a /10) \/(210 X +a )/10) ilo(x' +3;)/10 (K2)

i=1

the condition is valid. In a similar way it is possible to show for equations (47),
(48) and (49), (50) that Uci(y) < Uc(y).
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