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Abstract

The deflection of a non-porous (aluminium) plate has been theoretically and
numerically studied for clamped and simply supported boundary conditions.
Measurements of the deflection of poroelastic plates subject to mechanical vibration
have been made and the results compared with predictions based on previously
published theory. The agreement between measurements and predictions is fairly good.
The radiation impedance matrix has been defined, and computed including direct terms
and cross-coupling terms. Three vibroacoustic indicators of porous and non-porous
plates have been calculated. To extend previous work, the effects of fluid loading on the
vibration of rectangular, clamped, porous, elastic plates and on their radiated sound
power are considered. This requires an extra term in the equations of the plate vibration,
corresponding to the additional external force acting on the plate. For vibrating
rectangular plates, fluid-structure coupling is a very complex phenomenon since the
plate modes are coupled by the fluid.

Two contributions have been made to studies of the usefulness of poroelastic plates for
noise control in ducts containing mean flow. Measurements of the acoustic insertion
loss of poroelastic plates with different perforations, mounted transversely across a flow
duct, are presented. The insertion losses of two such poroelastic plates are compared to
those of a similar but non-porous plate. It is demonstrated that the insertion losses of the
porous and non-porous plates are very similar without mean airflow but slightly
different in the presence of air flow. The sound transmission loss of a porous plate
mounted in the flow duct and separated from the walls by an air cavity is calculated
from sound pressure measurements in flow duct. The results show that introduction of
air flow increases the transmission loss and shifts the maximum in the TL to lower
frequency. Introducing the air flow in the flow duct has been found to increase the plate

deflection.
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Finally, a porous plate has been tested in a large impedance tube to investigate the
effects of structural vibration and sound radiation from a porous plate on its acoustic
surface impedance. The resonant frequencies observed in the surface acoustic
impedance are close to those predicted by the theory of the deflection of poroelastic

plates which in turn are close to those observed in the measured deflection spectrum.
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Table of Notation

a dimension of the plate in direction x
Ad area of the test section in the duct rig
Amn unknown coefficient of plates

frequency parameter

b dimension of the plate in direction y
B2 Prandtl number

K frequency parameter

C .shape factor

c0 speed of sound in air

complex sound speed in the porous plate

D flexural rigidity

d i/iameter of the hole

E Young’s modulus

e velocity transfer coefficient
F(x, y, 1) excitation force

/, cut-off frequency

Fmn expansion coefficients
(/o) vector of excitation force

G(x,y,0;x",y\0) Green function

8 gravitational acceleration, 9.81 m/s

h thickness of the plate

an) I'lankel function of the first kind of order zero

H measured transfer function of the two microphone signals

corrected for microphone response mismatch
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Ah,,

H(w)

Lpu

m(co)
m<y
™9
n/»; J
n11

Pa

P(x,y,0,/)

Po

difference of head measured in terms of the fluid flowing

Hamilton’s operator

insertion loss of the plate

stiffness matrix

complex wave number of the porous plate

hulk modulus for the air in the porous material

spatial average sound pressure level in the frequency band in the
test duct, when the test silencer is installed

spatial average sound pressure level in the frequency band in the

test duct, when the silencer out
Biot’s elastic coefficients
frequency dependent mass parameter

dry mass
wet mass
mass matrix

number of measurements

atmospheric pressure

surface acoustic pressure

stagnation pressure

reflected sound pressure

pressure difference between two surfaces in the fluid
pressure difference in the fluid between two surfaces
sound pressure on the source side

static pressure
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©

W,

excitation

Wiiiia

k A

KJ

transmitted sound pressure

external force applied on the plate

volume How rate in the duct

distance between vectors

reflection coefficient of the receiver side of the plate
complex reflection coefficient for plane waves

surface area of the plate
kinetic energy of the plate

arbitrary times

strain energy

Poisson’s ratio

spatially averaged velocity of the hole on the plate
velocity of the flow in the duct

mean particle velocity

velocity of a perforated plate

fluid solid relative displacement in the pores

second order derivatives of the fluid solid relative displacement
in the pores

angular frequency of the plate

work done by the excitation force

work due to fluid loading
correction factor

magnitude of solid lateral displacement

magnitude of the fluid-solid relative displacement
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ws plate lateral displacement

second order derivatives of the plate lateral displacement,

Xr(x) beam function

7\ specific acoustic admittance of the source side of the plate surface

) specific acoustic admittance of the receiver side of the plate
surface

yAy) beam function

acoustic impedance of the fluid half-space
front specific acoustic impedance of the plate

radiation impedance matrix

characteristic impedance of the porous plate

Zs normalized acoustic impedance at the front surface of the
porous medium
impedance of the hole on the plate

a Biot’s elastic coefficients

absorption coefficient of the plate

tortuosity
r fluid specific heat ratio
v vector operator
X ratio of perforation
70 air viscosity
p density of the solid-fluid mixture
Po air density
pi density of the fluid
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Pp

Ps

¢0
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density of water, 103kg/m3

effective density of the iluid in porous plate

mass density

porosity

characteristic dimension for viscous forces
characteristic dimension for thermal forces

wave length
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INTRODUCTION

Porous plates can be used in applications such as silencers, fuselage structures in the
aeronautical industry or double-wall building structures. Clamped porous plates can be
used also as sound absorbers in air conditioning ducts. Vibration of porous plates is
important in the study of fluid-solid interactions where porous plates are used as sound
absorbers.

A brief description of the classical theory of the vibrating plate is given in Chapter 1
The responses of the clamped and simply supported porous and non-porous plates have
been calculated at different locations. The deflections of clamped poroelastic plates
have been measured and compared to predictions for poroelastic plates and to
predictions for a rectangular clamped aluminium plate.

Calculations of the radiation efficiency, the mean square velocity, and the radiated
sound power from rectangular, clamped, porous plates and from a rectangular, simply
supported, aluminium plate are reported in Chapter 2. In addition, the radiation
impedance matrix has been calculated by using the basic equation without interpolation,
convergence and without reducing the quadruple integral to a double integral. The
results presented here are similar to those obtained by others but have been obtained
with less computational demands.

The effects of fluid loading on the vibration of the rectangular, clamped, porous plate
and on the radiated sound power are investigated in Chapter 3. The fluid-structure
coupling is very complex in the case of the rectangular plates where the plate modes arc
coupled by the fluid. The effect of fluid loading can be incorporated by inserting an
extra term in the equations of plate, corresponding to an additional external force acting
on the plate. This leads to the calculation of radiation impedance matrices with non-
negligible cross terms. A Gaussian quadrature scheme with 20 terms of the Legendre

polynomial has been used to compute the fluid loaded plate deflection. To the author’s
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knowledge this Thesis presents the first theoretical investigation of the effects of the
fluid loading on the vibration of porous elastic plates.

The effects of inserting a perforated porous plate on the uniformity of flow and sound
absorption in a duct containing mean flow are studied in Chapter 4. To the author’s
knowledge, this is the first such investigation to have been made. These effects have
been assessed by measurements at different locations in the duct. The plate is assumed
to be governed by the clamped rectangular porous plate theory. The measured insertion
loss of porous plate in the absence of mean air flow has been compared to predictions.
The normal incidence absorption coefficient of a perforated poroelastic plate has been
calculated.

Measurements of the sound transmission loss of a porous plate mounted on a wall of a
flow duct are presented in Chapter 5. The aim is to investigate the effectiveness of
introducing a porous plate into the flow duct for attenuating noise. The plate was
separated from the walls by an air cavity to allow bending vibration. It was excited by
lateral components of the air flow and by an acoustic plane waves. The sound
transmission loss has been calculated from sound pressure measurements made at
several locations in a flow duct. The results show that the introduction of air flow
increases the transmission loss and shifts the maximum in the TL to lower frequency.
Introducing the air flow in the flow duct has been found to increase the plate deflection.
To the author’s knowledge this is the first such investigation.

A large impedance tube has been built to study the effects of frame vibration on the
acoustic properties of poroelastic plates. Calibrations have been carried out for three
different configurations of the empty impedance tube with a rigid backing and are
reported in Chapter 6. The aim of these calibrations was to determine the variation of
the relative pressure with distance (in the x direction) at the plane wave frequency and

at the standing wave frequency, and also, to confirm plane waves in the duct.
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Measurements of the absorption coefficient and the acoustic surface impedance have
been carried out in the large impedance tube and are reported in Chapter 7. These have
allowed exploration of the effects of structural vibration and sound radiation from a
porous panel on its surface impedance. The data for the absorption coefficient and the
surface impedance of poroelastic plates exhibit obvious resonances. The resonance
frequencies observed in the surface acoustic impedance are close to the theoretical and
experimental values for the deflection of poroelastic plates. However the results
reported here are different from those obtained by others. These differences might be
because the result of different clamping conditions, or the use of a different length air

gap or the use of an impedance tube made of different material.
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Chapter 1

VIBRATION OF POROUS AND NON-POROUS PLATES

11 INRODUCTION

A number of works on the vibrating plates have been carried out. Most of these works
are based on the investigation of behaviours of non-porous plates. The vibration of
elastic porous structures has become an important subject in the study of noise control,
in the aeronautical industry and in the study of fluid-solid interactions.
Theodorakopoulos and Beskos [1] and Leclair [2, 3, 4] have studied vibrations of
porous plates rigorously. Theodorakopoulos and Beskos have described the vibration of
porous plates by two coupled equations which are based on Biot’s stress-strain relations
[5, 6] and which introduce two types of compressional waves (“fast’ and ‘slow’) and a
shear wave. They assumed that the thickness of plate is smaller than the wavelength and
that interaction can take place between the slow waves and the bending waves in the
plate. They also ignored the amplitude of the fast wave. Leclaire has applied Galerkin’s
variational methods to porous plates where a classical set of trial functions obtained
from the linear combination of trigonometric and hyperbolic functions is chosen. This
method can be applied for any boundary condition such as clamped, simply supported
and free. An overview of the classical theory of plates can be found in Szilard’s book
[7]. Leissa |8| has presented comprehensive and accurate analytical results for the free
vibration of rectangular plates. D. Young [9] has solved the equations for non-porous
plates by the Ritz method.

In the present chapter a brief description of the classical theory of the vibrating plate is
given. The responses of the clamped and simply supported porous and non-porous

plates have been calculated at different locations. The deflection of clamped poroelastic
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plates has been measured and compared to predictions, and the deflection of rectangular

clamped aluminium plate.

12 VIBRATION OF NON-POROUS PLATES

A thin, baffled rectangular plate of dimension ax b and uniform thickness h, excited by
a force density F(x,y, t) is considered. The geometry of the plate is shown in Figure 1.1.

The equation of dynamic equilibrium for non-porous plates is deduced from Leclaire [2]
and Rayleigh [10];

0, free vibration

Z)VAwy + pshws =- (1.1, b)

F (x,y), forced vibration

Wherews is the plate deflection, ws is the second order derivative of the plate
deflection, D=EF /12(1—2) is the flexural rigidity, V4=V 2(V2) and
V2=d2dx2+d2dy2 in the system of coordinates (x, y) with x andy parallel to the plate
sides of length a and h respectively, p vis the mass density, E is Young’s modulus, and

v is Poisson ratio. wv[7] is given by:

@ co

W,(x,y)= X X Am X m(x)Yn(y) (1.2

m=0 n=0
Where Amm is the unknown coefficients to be determined, m, n =0, I, 2 3 .... and
Ynand Yh are the beam functions inx andy direction respectively.
An appropriate trigonometric function for vibrating beams will be used for Ynand Yh.
For simply supported plates, the beam functions are Ymn(x)=sin(m/r*/a), and

Y,,(y)=s\n(nny/b) which must satisfy the equations of equilibrium. The boundary

conditions for simply supported edges of the plate are w - 0, %ZW =0,for*=0andjc=a
X
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be determined from Equation (1.2) by knowing the relative values of Anm and the values
of Xmand Fnfunctions. In the static and dynamic analysis, Function F(x,y) is expanded

into sine series of variables X, by using the equation below [7];

00 co

F{x,y) = sin(mm! a) sin(nnylb). (1.3)

where Frm are the expansion coefficients. By inserting (1.2) and (1.3) into (1.1), we can
obtain that:
(1.4)

where (O is the angular frequency of the plate.

Figurel.l: The geometry of a baffled plate.

1.3 NUMERICAL RESULTS FOR NON-POROUS PLATES

1.3.1 Simply supported non-porous plate

Definitions, boundary conditions, frequency equations and eigenfunctions of simply

supported, clamped and free edges of the plate can be found in [7]. A simply supported,

6
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baffled, rectangular aluminium plate is excited by a point force applied at x0= 0.08 m,
andy0=0.07 m from a comer of the plate. The responses are calculated at the locations
given byx =0.24 mandy =0.21 m,x=0.15 mandy =0.15 m, x =0.30 m and” = 0.30
m, respectively. The magnitude of the force is 1 N. The properties of the plate are given

in the Tablel1l.1. The vibration response of the plate is measured in the 0-1000 Hz

frequency range.

Tablet.1: Properties of the aluminium plate

Length Width Thickness Density Young’s Loss Poisson
(m) (m) (m) (kg/m3) Modulus (Pa) Factor Ratio
0.48 0.42 0.00322 2680 6.6x1010 0.005 0.33

Figurel.2a: Deflection of a simply supported aluminium plate at X =0.24m andjt =0.21m.
The curves in Figurel.2 are calculated for values of (m, n) up to 30. The vibration
responses of a simply supported, aluminium plate plotted against frequency are shown
in Figuresl.2a, b, c. There are five resonant frequencies in Figurel.2a, and fifteen
resonant frequencies in Figurel.2b, c. The first resonance frequency is at about 76.92

Hz for the responses at three different locations. The second resonant frequency is at
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about 342.65 Hz for the response at the centre of the plate. The second resonant
frequency for the response at the locations given by x = 0.15 m and j; = 0.15m, x = 0.30

m andy = 0.30 m respectively is shifted to a lower frequency, and is at about 176.82Hz.

Figurel.2b: Deflection of a simply supported aluminium plate atx = 0.15m andy = 0.15m

Figurel.2c: Deflection of a simply supported aluminium plate at x = 0.3m and.V = 0.3m
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1.3.2 Clamped non-porous plate
Figuresl.3a, b, c. show the vibration response of a rectangular aluminium plate clamped
along all edges. Trigonometric functions have been used to expand the plate deflection.

These functions are called beam functions and are given by;

Xmx)=BmcosKanx/a) +Bn2 cos(anx/a) + Bmsinh(anx/a) + BrnAsin(anx/a)

Yn(y)=Cn cosh(bny/b)+Cr2 cos(bry/b)+Cr2smh$ry 1b)+CrAsin(bry/b)
(1.5-a, b)
where amand brare the frequency parameters corresponding to the mth and nth
characteristic equation. Young [9] has published numerical values of amandbn. The
constants C,,,,Cn2,Cn3,Cn4 ,Bm], Bml, Bmi,BnA [7] are determined from the boundary

conditions at the edges of the plate, and allow any condition involving simply

supported, clamped or free edges.

Figurel.3a: Deflection of a clamped rectangular aluminium plate at jc= 0.24m andy = 0.21m
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Deflections of a clamped rectangular aluminium plate at the different locations of the
plate are shown in Figurel.3 (a, b, ¢). A clamped aluminium plate is excited by a point
force, IN, applied at Xn = 0.08 m, and yO= 0.07 m from a comer of the plate. The
responses are calculated at the locations given by x = 0.24m andy = 0.21m, x = 0.15m
andy =0.15m, x = 0.30m andy = 0.30m, respectively. The curves in Figurel.3 (a, b, ¢)
are calculated for values of (m, n) up to 30. The first resonant frequencies at the
locations given above for the clamped plate are at 140.86 Hz. The second resonant
frequency at the middle of the clamped plate is at 460.54 Hz. The second and third
resonant frequencies at the locations closer to the edges of the clamped plate are at
264.73 Hz and 310.69 Hz. The number of resonant frequencies obtained at the middle

of the plate is less than obtained at the locations closer to the edges of the plate.

Figurel.3b: Deflection of a clamped rectangular aluminium plate x = 0.15m and.v=0.15m

10
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Figurel.3c: Deflection of a clamped rectangular aluminium plate x = 0.30m andy - 0.30m

14 DEFLECTION OF POROUS PLATES

Leclaire et al [2] have described two equations for the dynamic equilibrium of thin
porous plates of dimension ax b and uniform thickness h excited by a load g and with a

pressure difference of AP =P (-h/2)~ P(+h/2) in the fluid between the two surfaces.

These equations are given by;

D- M\ v+h[pws + pfv)=q
12
aAfhvaws -h[pj-ws + m(a>)w)= AP (1.6-a, b)

wherea and M are Biot’s elastic coefficients [11] that can be related to known or
measurable elastic constants, w is the fluid solid relative displacement in the pores, W is

the second order derivatives of the fluid solid relative displacement in the pores, p is

the density of the solid-fluid mixture, pf is the density of the fluid and ps is the

1
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density of the solid. The coefficient m(@>) is a frequency dependent mass [12]
introduced to account for the viscous friction between the fluid and the solid. This
coefficient depends on the porosity, the permeability and the tortuosity.

The first equation corresponds to the instantaneous elastic response of the plate and the
second equation describes the relative motion between the solid and the fluid, including
energy losses by viscous friction [13]. The two equations involve elastic coupling factor

through the terms containinga , and inertial coupling through the terms containing the

accelerations wsand .

15 SOLUTION OF THE EQUATIONS OF A VIBRATED POROUS PLATE

In this part we are going to use the variational method of solution developed by Leclaire
et al [3]. The eigenfunctions and their derivatives satisfy the orthogonality requirement.

After insertion into equation (1.6-a, b), the solutions can be written as:

= m

(1.7-a, b)
+Wrhm(@>)0)21216) =£ x AP J2/6
Where (1j)-(1") are the definite integrals:
[, = Ex<ly)(x)Xr(x)dx, 16 = (xX)Xr(x)dx, /3= (x)dx  (1.8.a,b,c)
Is = Jyn(’\/)(y)Yn(y)dy! h = (y)YrT(y)4y, h = ow 0-8- d!e’f)
12
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whereX r(x) and W(y) are the beam funetions which are given by equation (1.5.a,b).
The exponents (1V) and (Il) denote the fourth and second order derivatives, respectively.

By solving equation (1.7.a, b) for r, n modes, the coefficients W(hand Wm can easily be
found. Once we find the coefficients W(nand \Vm, the deflection of porous plates can be

calculated by;

o ©
r=1 n-1

W (x>y) = X X WX r(x).Vn(y) (l.io.a,b)
r=1 «=1

For a simply supported plate, the integrals take a simple form and a solution similar to
Navier’s algebraic solution |7| for a porous plate [1] is obtained.

The coefficients Qmand Pm [3] correspond to the external exciting forces. For a load FO
concentrated at one point (xo, yo) of the solid surface (obtained with the help of a shaker
for example), the forces Qmhh and Prnhh appearing in equation (1.7.a, b) are

respectively equal to FOX r(x0).Yn(y0)and 0. Detailed derivations for Qmand Prncm be

found in reference [14].

1.6  NUMERICAL RESULTS FOR POROUS PLATES

The deflections of three rectangular, clamped, porous plates (G foam, YB10 foam and
Coustone) [3] have been computed by using the Gaussian quadrature scheme with 20
terms in the Legendre polynomial. G foam and YB10 foam are fabricated from particles
of plastic foam obtained from recycled car dashboard. The Coustone plate contains flint
particles with a mean grain size of about 1 mm and an epoxy rubber binder. These
clamped porous plates are considered to be excited by a point force, IN, applied atx0=

13
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0.08 m, and y0=0.07 m from a corner of the plate. The responses are calculated at the
centre of the plates. The curves in Figuresl.4, 15 and 1.6 are calculated for values of (r,
n) up to 16.

The characteristics of the plates taken from [3] are given in Table1.2. The computed
shapes of the plate deflection are given in Figures 1.4, 15 and 1.6 for G foam, YB10
foam and Coustone, respectively, as a function of the frequency. The resonant
frequencies are much affected by the Poisson ratio, the Young’s modulus, and the
porosity of the porous plates than the other characteristics of porous plates. The first and
second resonant frequencies of G foam, YB10 foam, and Coustone arc at 10 Hz, and 34

Hz, 20 Hz, and 74 Hz, 46 Hz, and 166 Hz, respectively.

Tablel.2: Characteristics of porous plates

G foam YB10 Coustone Y foam
Lx (m) in X
direction 0.5 0.5 0.9 0.5
Ly (m) in vy
direction 05 0.5 0.5 0.5
Thickness (m)  0.011 0.0107 0.0115 0.01
Density,
p(kg/m") 348 353 1295 960
Young’s
modulus, (Pa)  4x106 2.1x107 3.4x10" 29x106
Loss factor 0.15 0.1 0.15 0.07
The Poisson
ratio, v 0.35 0.35 0.35 0.4
Porosity, " 0.74 0.69 0.36 0.57
Tortuosity, rm 1.2 12 18 14
Permeability,
K-(m2) 7.0x 10"D 27x 10"0 43 x HLD 1.2x 106
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Plate Deflection, (m)

Figurel.4: Predicted deflection of G foam plate

Plate Deflection, (m)

Figurel.5: Predicted deflection of the YB10 foam plate
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Plate Deflection, (m)

Figurel.6: Predicted deflection of the Coustone plate

Plate Deflection,(m)

Figurcl.7: A comparison of predicted deflections of YB10 plate and an aluminium plate.
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A comparison of the predicted deflections of YB10 plate and an aluminium plate is
shown in Figurel.7. The clamped porous plate and the non-porous plate are assumed to
be excited by a point force, 1N, applied at xo =0.08 m, and yo= 0.07 m from a corner of
the plate. The responses are calculated at the centre of the plates. The first resonant
frequencies have been observed at 140.86 Hz and 40 Hz for an aluminium plate and
YB10 plate, respectively i.e. the predicted first resonance of the porous elastic plate is at

a significantly lower frequency than that for a non-porous plate.

I. 7 EXPERIMENTAL SET-UP AND RESULTS FOR POROUS PLATES

/. 7.1 Experimental set-up

The experimental set-up has been built and is shown in Figurel.8. This arrangement
has been used to measure the responses of a 10.7 mm thick porous plate, made of the
YB10 foam, and 11 mm thick porous plate, made of G foam, with dimensions of 50 cm
x 50 cm. The poroelastic plates were clamped at the four edges by using two heavy steel
frames of about 25 kg each. Photographs of the Y foam plate and G foam plate are
shown in Figure 1.9. Two steel frames were supported by two wooden holders. The
YB10 foam plate and G foam plate were vibrated by a point force (located at x0= 0.09
m, and y0- 0.07 m, and at xo = 0.096 m, and yo = 0.24 m from a corner of the plate,
respectively) produced by a force transducer, model 2312, connected to a shaker. The
plate deflections were measured by using a B&K accelerometer, type 4374, located at
the centre of the plate. The shaker and accelerometer were connected to two B&K
charge amplifiers, type 2635. The output of the amplifiers was fed to a two channel FFT

analyzer, type CF350Z, connected to a computer.
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Wooden holders

Figurel.8: Arrangement for measurements on porous plate

Figurel.9: Pictures of the YB10 foam plate, and G foam plate

1.7.2 Experimental results
The deflections of YB10 foam plate and G foam plate were measured as a function of
frequency, and compared to the predictions. A comparison of experimental and

predicted results of YB10 foam plate is shown in Figure 1.10.
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Frequency (Hz)

Figurel.10: Predicted and measured deflection of the YB10 foam plate.

Figurcl.il: Predicted (solid line) and measured (dotted line) deflections of the G foam plate |3J.
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There is reasonable agreement between the shapes of the predicted and the experimental
data of Y BIO foam. The discrepancies between the predicted and experimental curves
might be due to the imprecision in the calculation of the Poisson ratio, the porosity, and
Young’s modulus used in the code or due to the boundary conditions at the edges of the
plate. The predicted and experimental resonance frequencies of the plate agree well. The
predicted and experimental results for G foam plate are shown in Figurel.il. The
agreement between the shapes of the prediction and data is fairly good. Experimental
results below 10 Hz are not good due to the limited sensitivity of the accelerometer.

Therefore results below 10 Hz cannot be trusted.

1.8 CONCLUSION

The deflection of a non-porous (aluminium) plate has been studied theoretically and
numerically for clamped and simply supported boundary conditions. The responses of
the clamped and simply supported plate have been calculated at different locations. The
deflection of a non-porous aluminium plate and porous plate has been compared, and a
big difference has been observed between them. Furthermore the deflection of clamped
poroelastic plates made from recycled automobile dashboards (of two types YB10 foam
and G foam) has been measured and predicted. There is a fairly good agreement
between the general shapes of the predictions and data as a function of frequency for

both plates.
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Chapter 2

ACOUSTIC RADIATION FROM A BAFFLED, NON-POROUS AND POROUS

PLATE, AND RADIATION IMPEDANCE MATRIX

21 INTRODUCTION

Chapter 1 was concerned with measured and predicted deflections of clamped poro-
elastic plates. Here the emphasis is on calculations of the vibro-acoustic indicators for
poroelastic plates such as radiation efficiency. Important progress in predicting acoustic
radiation from baffled structures including plates and beams has been made in the last
two decades. Many previous studies have focused on the calculation of the radiation
efficiency of these structures.

Initial studies of the radiation impedance of a plane structure in the form of a simply
supported rectangular plate were made by Davies [1]. Pope and Leibowitz [2] have
proposed a set of formulas corresponding to corner, edge and surface radiation regimes
of the plates by developing the solution of Davies. These two studies use a wave
number transformation of the fluid and structure governing equations. Davies, and Pope
and Leibowitz have also calculated the radiation impedance matrix in the case of a
simply supported plate.

Sound radiation from plates carrying one-dimensional or two-dimensional vibration
patterns with general boundary conditions has been studied by Gomperts [3, 4}. More
recently Berry [5, 6] has analyzed the radiation of sound from a baffled, rectangular
plate with edges elastically restrained against deflection and rotation. Atalla and Nicolas
[7] have presented a comparison of several models used to evaluate the radiation
efficiency of plate-like radiators. They compared models ranged from very simple ones

based on modal average expressions to refined calculations of the radiation impedance
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matrix with cross-modal coupling. Then they developed a new approach based on
Taylor’s expansion of the Green’s function.

Foin [81has proposed a variational model solved by the Rayleigh-Ritz method for a
baffled, rectangular, simply supported multilayered plate immersed either in a light fluid
or in a heavy fluid. Foin has calculated the radiation of sound from the plate with the
method of Sandman [9] and Nelisse [10] which makes high frequencies attainable
without convergence problems.

The radiation impedance matrix has calculated by Foin, Sandman and Nelisse. Sandman
and Nelisse reduced the quadruple integral into a double integral using a specific change
of variable. They integrated the double integral with a numerical method using Gaussian
quadrature formulae.

Mere, vibroacoustic indicators including the radiation efficiency, the mean square
velocity, and the radiated sound power, are calculated for rectangular, clamped, porous
plates, and for a rectangular, simply supported, aluminium plate. The vibroacoustic
indicators of the clamped porous plates are calculated, and compared to each other.
Furthermore, the radiation impedance matrix is calculated by using basic equation
without interpolation, convergence and without reducing the quadruple integral into a
double integral. The direct and cross coupling terms of the radiation impedance matrix
are divided by characteristic impedance. The real part of the radiation impedance matrix
is the radiation resistance and expresses the radiation damping of the structure. The
imaginary part of the radiation impedance matrix is the radiation reactance and

expresses the added mass of fluid on the structure.
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2.2 MEAN SQUARE VELOCITY
Mean square velocity gives the global behaviour of the vibration of the plate. Mean
square velocity is defined as a time-space average of the square vibrational velocity of

plate, and is given by [8];

dw(x,y,t) 2 4sdt -
dt '
where T-— |, aand bare the coordinates of plates in x and y direction, respectively. S

00]

is the surface area of the plate and is the angular frequency of the plate.

If the plate deflection given by Equation (1.2) is solved, mean square velocity of the
plate can easily be computed. Three clamped, rectangular porous plates and a simply
supported, rectangular aluminium plate are considered herein. The properties of the

aluminium plate and of porous plates are given in Tablel.l, and in Tablel.2,

respectively.

Figure2.1: The mean square velocity of a simply supported, rectangular, aluminium plate
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A Gaussian quadrature scheme with 20 terms of the Legendre polynomial is used to
expand the deflection of the plate and mean square velocity of the plate with 14
elements in each direction (m, n,). The plate is excited by a point force applied at xo =
0.08 m, yo = 0.07m from a comer of the plate. The response for all of the plates is
calculated at the centre of the plate. The reference velocity is taken to be equal to 1 m/s
in this work.

Figure 2.1 shows predicted result of the mean square velocity of an aluminium plate
plotted against frequency. A comparison of the mean square velocities of the clamped
porous plates are shown in Figure 2.2. The predicted mean square velocity of the G
foam plate is higher than Y foam plate or the Coustone plate. As shown in Figure 2.2
the predicted mean square velocity of a Coustone plate is lowest. The reason for this is
that the density of the Coustone plate is higher than others. Also the Tortuosity,
Young’s modulus and density of the Coustone plate are higher than those of the others

whereas the porosity is lower.

Figure2.2: A comparison of the mean square velocities of the clamped porous plates
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2.3 RADIATED SOUND POWER

The radiated sound power expresses the sound energy radiated by the plate. It is
obtained from the integration of the intensity over the plate surface. The radiated sound

power [81 is given by
- dw (x, y,t)
W= y\ JJP(x,y,O,/) dt dSdt (2.2)
0 S

where P(x,y,Q,t) is the surface acoustic pressure which is often called Rayleigh

integral, and is given by the equation (2.3) [11],

P(x,y,z) =-pa)2fjw(x'y")G(x,y,z;x",y",0) dS\

(2.3)
where G(x,y,Q;x",y',0) isthe Green function given by Equation (2.4);
.= XP(-IKR)
G(x,y,z ,0)= 2.4
x,y.z; y.0) R (2.4)
where R is the distance between points, and is given by Equation (2.5);
R=J(x-y)2+(*'-/)2, (2.5)

and k is the wave number.

The predicted real part of the radiated sound power of an aluminium plate is shown in
Figure 2.3. The reference radiated sound power is taken to be equal to 10'12 Pa in this
work. A comparison of the predicted results of the radiated sound power for clamped
porous plates is shown in Figure 2.4. The numerical result of G foam is higher than
other porous plates due to G foam plate is not stiff. Generally speaking, the radiated
sound power of a clamped poroelastic plate is higher than that predicted for a simply

supported non-porous plate as shown by comparing Figures 2.3 and 2.4.
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Figure2.3: The real part of radiated sound power of an aluminium plate

le-12)

Radiated Sound Power, (dB), (Pref

Figure2.4: A comparison of the real parts of radiated sound powers of the porous plates
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2.4 RADIATION EFFICIENCY

The radiation efficiency expresses the ratio of the vibration energy (mean square
velocity) transformed into acoustic energy (sound power). The radiation efficiency of
the plate is given [8] by;

W

7= P OcOabV (2.6)

where p 0 is the density of air and Qis the sound speed of air.

The radiation efficiency is calculated by using the radiated sound power and the mean
square velocity of the plate. The radiation efficiency of a rectangular, simply supported
aluminium plate is shown in Figure 2.5. Figure 2.6 compares predictions of the
radiation efficiency of three porous plates. Generally speaking the radiation efficiency

of Coustone plate is predicted to be higher than those of the G foam and Y foam plate.

5F
35 It-----mmmm--- - - « - 1 i m mm e
101 102 10~

Frequency,f(Hz)

Figure2.5: Radiation efficiency of a rectangular aluminium plate
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Figure2.6: A comparison of radiation efficiency of rectangular, clamped porous plates

2.5 RADIATION IMPEDANCE MATRIX

2.5.1 Expressions for Radiation Impedance Matrix

The coefficients of the acoustic radiation impedance of a baffled plate are given by [8]:

Zmu=JP@J] G (x,y,z;x",y",0) y/pg(x\y)dsSdsS'\ (2.7
S S
where Z is known as the acoustic radiation impedance between the normal modes

(m, n) and (p, 9), G(x,y,z;x",y",<0) is the Green function defined in the section2.3, p is
the fluid density, and y/m (*',y") is the eigenfunctions in the case of the simply
supported boundary condition given by Equation (2.8);

[t t\ e pitx . . (qTty .
w Pg(x >y ) = (~b~ (2-8)
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The acoustic radiation impedance shows the intlucnces of the sound pressure in the (m,
n) mode on the plate system vibrating in the (p, q) mode. A Gaussian quadrature scheme
with 13 terms of functions in each direction (X, y) is used to compute the radiation
impedance matrix. The plate is excited by a point force applied at x0= 0.1 m,y0=0.1m
from a comer of the plate. When the variablesx =x' and>>=/, for which
G(x,y,z\x",y',0) go to infinity, care should be taken to avoid singularity. The

singularity at the origin can be avoided by taking G (0, 0) = Q.

2.5.2 Numerical results

In this work the radiation impedance matrix is calculated by using direct numerical
integration of Equation (2.7) without interpolation, convergence and reducing the
quadruple integral into a double integral. The direct and cross coupling terms of the

radiation impedance matrix are normalized by the characteristic impedance (p 0c0),
where p (Jis the air density and cOis the sound speed in the air.

The direct terms (Z nmm / p Oc0) of the impedance matrix are shown in Figures 2.7 (a,

b, ¢). When higher values of (m, n) are used in the calculations, the radiation impedance
matrix is equal to zero at low frequency as seen in Figure 2.7c. The cross coupling terms
(Z / p 0c0) are shown in Figures2.8 (a, b, ¢). If the values of (m +p) or (n +q) is
odd the radiation impedance matrix is equal to zero. The values of m, n, p, and g vary

between 0 and N. These figures show that the predicted radiation impedance matrix

exhibits a smooth variation in tenns of frequency.

31
Design of Noise Attenuating Devices Incorporating Elastic Porous Structures. 1T Aygun



Radiation Impedance, Zmnpq

@

Radiation Impedance, Zmnpq

Design of Noise Attenuating Devices Incorporating Elastic Porous Structures. H. Aygun



Radiatiin ,mpedancei Zmnpq

©

O ire2.7 (a, b, c): Direct terms of the real part of the radiation impedance matrix

Radiation Impedance. Zmnpq

(@)

Design of Noise Attenuating Devices Incorporating Elastic Porous Structures. H. Aygun



Radiation Impedance, Zmnpq

(b)

o
Qo
c
S
N
@
(&)
c
[15]
o
(5]
Q.
E
c
§=)
I
=]
[¢]
o
(©
Figure2.8a, b and c: Cross coupling terms of the real part of the radiation impedance matrix
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2.6 CONCLUSION

The vibroacoustic indicators of a simply supported and clamped poroelastic plates have
been predicted. The mean square velocity and the radiated sound power of the plate
with a higher density or with a higher elastic modulus are predicted to be lower than
those of the other plates. But the radiation efficiency of stiff plates is predicted to be
higher than those of non-stiff plates. The predicted radiation impedance matrix is found
to exhibit a smooth variation in terms of frequency. The acoustic radiation impedance
calculated in this chapter will be used to predict the deflection, and vibroacoustic

indicators of fluid loaded poroelastic plates.
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Chapter 3

EFFECTS OF FLUID LOADING ON POROUS ELASTIC PLATE VIBRATION

3.1 INTRODUCTION

The vibrational response of fluid loaded, infinite plates has been studied by numerous
authors [1-5]. Sandman [5] has described the fluid loaded, simply supported plate
carrying a concentrated mass by the solution of the governing equations of motion in
terms of the normal modes of free vibration. Sandman has presented extensive examples
to illustrate in the basic characteristics of fluid-loaded vibration and radiation of a plate
with a discrete mass discontinuity. In order to calculate the vibrational response of a
plate and sound radiation the magnitude and location of mass loading should be chosen
carefully for centre-point excitation.

Recently, A. Berry [6] has studied the vibrations and sound radiation of fluid-loaded
plates with elastic boundary conditions. Berry has suggested a new approach for the
acoustic radiation of baffled rectangular plates coupled to a dense fluid medium. His
approach is based on a variational formulation of the fluid-loaded plate motion and a
Rayleigh-Ritz method using polynomial displacement functions. The selection of such
polynomial functions leads to a new method of solution of the plate’s radiation
impedance.

The formulation for a porous plate was firstly rigorously studied by Theodorakopoulos
and Beskos [7] in the case of a simply supported rectangular plate. The solutions of
Theodorakopoulos and Beskos were developed by P. Leclaire (8, 9, 10], who described
a set of equations corresponding to any type of plate.

Foin [11] has evaluated the acoustic pressure exerted by fluid on the baffled plate by

using the Rayleigh integral.
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An overview of the most common theoretical and numerical methods of plates can be
found in the book by Szilard |12|. Freedman [13| has studied the associated phase
velocity or wave-number spectra for free plates for positive Poisson ratios.

The effects of the fluid loading on the vibration of the rectangular, clamped, porous
plate and on the radiated sound power are considered in here. The fluid-structure
coupling is very complex in the case of rectangular plates where the plate modes are
coupled through the fluid. The effect of fluid loading can be incorporated by inserting
an extra term in the equations of plate, corresponding to an additional external force
acting on the plate, This will lead to the calculation of radiation impedance matrices

with non-negligiblc cross terms.

3.2 VARIATIONAL EQUATIONS OF THE FLUID-LOADED POROUS PLATE
MOTION

The geometry of a baffled plate is shown in Figure3.1. For baffled plate the upper half-
space above the plate, z>(), is filled with a fluid, while lower half-space, z<O0, is

assumed to be a vacuum. The work done by excitation force is given by [11];

ah
Wedlam = jiF(x,yAt)Mx,y,t)tixcly (3.1
00

where F(x,y,0,t) is the excitation force.

The work done by fluid loading is given by (11];

ab
(3.2)
00
where P(x,y,0,t) is the acoustic pressure exerted by the fluid on the plate.
By using the Ilamilton’s variation method 1111
H(w)= i'S(T-V +Wgdatp)dl+ j’SW ~dt (3.3)
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Where H(w) is the Hamilton’s operator, T is the kinetic energy of the plate, V is the

strain energy, w is the displacement of the plate, and tOarid/, are arbitrary times.

z> 0, fluid

Figure3.1: The geometry of a baffled plate

The formulation for the porous plate motion can be written in terms of the Lagrange’s
equations by using the stationary condition for the Hamilton’s method, and is given by;
d 8T f  8V| dwjM
dtdAm 8Am, 8A,, 8Am ’ (3'4)
The equations for the porous plate motion are described in section 1.5. Details of their
derivation can be found in the references [7, 8, 9, 10].

The vibrational response of the fluid-loaded porous plate can be obtained by inserting
an additional external force (- j<o[zmmfV‘n+Wmmj) acting on the plate in

Equations1.7(a, b). At a given angular frequencyco, in the frequency domain (i.e.
Fourier transform of the equation (3.4)), the equation of porous plate motion can be
written in matrix form. The matrix form of the equation of fluid loaded porous plate
motion is given by;
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(.a)zllvllmnpq Wr§1 + Ia”r;]npq\]\vn% + LKr]npq}VrmD-

(/,»)-7® .7 rmpq!lfvrrsn 4'-Wmn.

(-0 zLM r%qu\V\A§+
(ap™>-y®|[z,,,

(3.5-a, b)
where \m nmm)\ is the mass matrix, [Knm@j is the stiffness matrix, [IV'nj is the magnitude
of the solid lateral displacement, [Wmm] is the magnitude of the fluid-solid relative
displacement, (/,,,,,) is the vector of excitation force, Aorm is the pressure difference in

the fluid between two surfaces, and [Zmmdlj is the radiation impedance matrix (see

section 2.5).

The coefficients of the mass matrix arc defined by:

kC\]‘mZQ.ZEZn D+ azll\z/lh?’A(/,/2+2/3/4+/5/6)

% I YaMh (M , + M s)] (3.6-a.b)

tall-2 2 2 zZ N v

w=1n=l [)=| <

Q o 00 00

(3.7-a.b.c.d)

m=l nd p=I <4

Where (li)-(1a) are the simple definite integrals described in section 1.5.
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3.3 NUMERICAL RESULTS
The effects of the fluid loading have been obtained by successive recalculations of the
solutions and of the fluid loading term. The effects of the fluid loading have been

calculated for three different plates. By solving equation (1.7. a, b) for r, n modes, the

coefficients fvig,andWm can easily be found. Once we find the -coefficients

W* and Wrn, the deflection of porous plates can be calculated by the Equation (1.10. a.

b). The modes (r, n) are taken to be equal to 16 in each direction. The characteristics of
the plates are given in the Table 1.2.

A Gaussian quadrature scheme with 20 terms of the Legendre polynomial is used to
expand and calculate the mean square velocity and fluid loaded plate deflection. The
plates are excited by a point force applied at xo= 0.1 m,y0~ 0.09 m from a comer of the
plates. The plate responses are calculated at locations given by x=0.24 mandy - 0.24
m,Xx=015mandy =0.15 m, x =0.35 mandy = 0.35 m. The fluids assumed in these
calculations are water and air.

Figures 3.2, (a, b, ¢) show the predicted deflections of a clamped YB10 foam plate at
the different locations of the plate as a function of the frequency. The responses of
YB10 foam are calculated in-vacuo, in-air, and in-water. There is only a very small
difference between the predicted response in-air and in-vaeuo response throughout
frequency range. The predicted deflection of the plate in water is less than those
predicted in-vacuo and in air. The resonant frequencies are shifted to a lower frequency
by about 40 Hz. The shape of the curves is not affected very much by the fluid loading

but the values of the curves are changed by the fluid loading.
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Plate Deflection, Ws(m)

a-) at the centre of the plate

b-) at x=0.35m and y=0.35m
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c-) at x=0.15m and y=0.15m

Figure3.2. Predicted deflections of fluids loaded YB10 foam and in-vacuo YB10 foam
In Figure 3.3a compares the predicted deflections of a clamped G foam plate for in-
vacuo, in air, and in water at the centre of the plate as a function of frequency. There is
negligible difference between the predicted responses in air and in vacuo below 80 Hz
but the discrepancy between both curves increases above 80 Hz. The deflection of the
plate is decreased significantly for in-water response. In addition the curve for in water
response is slightly changed. Figures 3.3 b and ¢ show the predicted deflections of the G
foam plate as a function of frequency at the locations closer to the edges of the plate in-
vacuo and in water. The response of the plate in air is not calculated here due to the long
computing time. The resonant frequencies of the predicted response of G foam in water
are shifted to lower frequencies and the deflection of the plate is decreased by fluid
loading by about 0.1 to Imm. It seems that G foam plate is predicted to be much more

affected plate by fluid (water) loading.

44
Design of Noise Attenuating Devices Incorporating Elastic Porous Structures. H. Aygun




"

Plate Deflection, Ws (m)

a-) at the centre of the plate

Plate Deflection, Ws(m)

b-)atx=0.35mandy=0.35m
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c-)atx=0.15 mandy =0.15 m

Figure33 (a, b, c¢): Predicted deflections of fluid loaded G foam and in-vacuo G foam

A comparison of the predicted deflections of Coustone plate in water and in vacuo are
shown as a function of frequency in Figures3.4-a, b and c. The responses of the plate are
calculated at the different locations. The differences between the curves obtained at the
centre of the plate are very small and the shapes of the curves are very similar. The
resonant frequencies are lowered a little by fluid (water) loading. The differences
between the predicted responses at the edges of the plate are a little higher than between
those predicted at the centre of the plate.

Furthermore the quantities of resonant frequencies calculated at the edges of the plate
are more than ones calculated at the centre of the plate. The Coustone plate is predicted
to be much less affected by fluid loading than YB10 foam and G foam plate. This is

because Coustone plate is stiff and heavy, and its porosity is very low.
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Plate Deflection, Ws(m)

a-) at the centre of the plate

Plate Deflection. Ws (m)

b-) at x=0.35m and y=0.35m
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c-)atx=0.15mandy=0.15m

Figure3.4: Predicted deflections of the fluid loaded Coustone plate and in-vacuo Coustone plate

Vibroacoustic indicators have been calculated at the centre of plate. Figure 3.5
compares the predicted frequency dependence of the mean square velocity of the YB10
foam plate in water, in air, and in vacuo. There is no difference between the predicted
deflections of air-loaded and in-vacuo YB10 plates. But air loading is predicted to
decrease the mean square velocity. The effects of fluid loading may be explained by
different patterns of vibration. Although fluid (air) loading does not change the shape of
curve, it decreases the mean square velocity by about 15 dB. With water loading the
shape of the velocity curve is changed, and also the velocity is decreased by about 20
dB. The differences between the predicted responses in water and in air are very small.
So it can be said that fluid loading decreases the mean square velocity of poroelastic
materials. The frequency dependence of the radiated sound power of the YB10 foam

plate predicted in air and in water is shown in Figure 3.6. The radiated sound power
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predicted in-vacuo is zero since the sound speed and density in vacuum is zero. Air
loading decreases the radiated sound power by about 30 dB in comparison with water

loading response.

Figure3.5: Comparison of the mean square velocities of fluids loaded YB10 plate and in-vacuo

YB10 plate.

Figure3.6: A comparison of the radiated sound powers of fluids loaded YB10 plate.
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Figure3.7: A comparison of the predicted radiation efficiency of fluids loaded YB10 plate.

A comparison of the predicted radiation efficiencies of the fluid-loaded YB10 plate is
shown in Figure 3.7. The predicted radiation efficiency of the plate in air is higher than
that predicted in water. With water loading the radiation efficiency of the porous plate is
decreased by between 10 dB and 20 dB. The predicted radiation efficiency of the plate

in-vacuo response is zero because the radiated sound power in-vacuo is zero.

3.4 CONCLUSION

The fluid-loaded vibration of a clamped porous plate has been investigated through the
solution of the governing equations of flexural vibrations. The fluid-loaded deflections
of porous elastic plates have been calculated and compared to the predicted in-vacuo
deflections. The effect of fluid loading looks more important in porous plates because
the porous plates are fairly light and relatively flexible in comparison with an
aluminium plate. The predicted frequency responses of the fluid-loaded plate vibration
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and radiation have been investigated. Generally speaking, with air and water loading the
radiation efficiency, the mean square velocity, and the radiated sound power of porous
plates are decreased. The location and magnitude of the force during point excitation
have been predicted to be very important. Different responses have been observed at the
different locations on the plate surface. Micro-structural parameters, such as porosity,

loss factor, tortuosity, permeability and flow resistivity, are expected to be important.
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Chapter 4

INSERTION LOSS OF PERFORATED POROELASTIC PLATES IN THE

DUCT

41 INTRODUCTION

As Rayleigh [1| has explained, ‘the fundamental characteristie of porous materials
treated to reduce noise is that the produced fluid flow through poroelastic material is
opposed because of the frictional force produced by the fibres or the cell walls on the
fluid. This mechanism allows the energy to be absorbed from the acoustic wave and to
be converted into heat.’

Horoshenkov [2] has used the Helmholtz integral equation formulation to produce the
solution for the acoustic field reflected from a finite, thin, poroelastic plate in a rigid
baffle with simply supported edges. He has predicted the acoustic properties of the
porous material by using the effective fluid assumption.

Takahashi, Sakagami and Morimoto [3] have presented an analytical model of sound
absorption in and sound transmission through a single permeable membrane. They
carried out a theoretical investigation of the sound absorption of structures composed of
air layers, absorptive layers and permeable membrane facings and compared predictions
with the experimental data measured by using the reverberation-room method.
Takahashi and Tanaka [4] have presented a new method for analyzing acoustic coupling
due to flexural vibration of perforated plates and plates of poroelastie materials. The
analytical model they presented is developed by introducing flow continuity at the plate
surface in a spatially mean sense and air-solid interaction within the plate material. They

have analyzed some acoustic problems based on a classical thin-plate theory in relation
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to the interactive effect of flexural vibration and plate permeability to demonstrate the
method of application.

Cummings [5-8] has carried out a series of investigations into the transmission of an
internally propagated sound wave through single-layer ventilation ducts. Cummings and
Astley [9] described a FE formulation for sound attenuation in “bar-silencers”,
consisting of rectangular prisms of sound-absorbing material placed in a rectangular
lattice arrangement within a rigid-walled duct. They took a uniform mean gas flow in
the “airway” of the silencer into account. Cummings [10] has analyzed the transmission
of complex periodic and transient acoustic signals through orifice plates at high
amplitude, and in the absence of mean fluid flow. He numerically solved the equation of
motion for the air in the orifice numerically in the time domain.

Ingard [11] has studied the absorption and scattering from resonators in a free field as
well as in walls.

Morfey [12] has extended the theory of sound transmission and generation in hard-
walled ducts to include axial and swirling mean flow. The theory presented is based on
the idea of a single-frequency mode response function rather than a Green function.
Wendoloski [13] has examined the acoustic behaviour of a constricted duct when a
mean flow is presented. The constriction considered in his work is in the form of a
concentrically placed orifice (or aperture) plate.

The purpose of the present chapter is to study the effects of inserting a perforated
porous plate on the uniformity of flow and sound absorption in the duct. These effects
are assessed by measuring insertion loss at different locations in the duct. A parallel
impedance model is used for the effects of perforation. The role of perforation is to
increase the permeability and to decrease the pressure drop associated with the insertion
of the layer. The plate is assumed to be governed by the clamped rectangular porous

plate theory developed by Leclaire [14]. The measured insertion loss of porous plate in
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the absence of mean air flow is compared to predicted data. The absorption coefficient

of a perforated poroelastic plate is calculated for normal incidence.

42 THEORETICAL ANALYSIS

4.2.1 Acoustical couplingfor perforated porous plate

A conceptual model of a perforated poroelastic plate is given in Fig.4.1. In present work

we assume that perforated porous plate and the baffle separate two fluid half-spaces.

fx

X0

Rigid baffle

Air Air
» - p Vf

Pi Pt

Pr

Perforated porous plate

Rigid baffle

Figurc4.1l: Analytical model of a perforated porous plate in rigid baffle

The pressure difference VP on both sides of the plate causes plate vibration in a
flexural mode with velocity vp. The mean particle velocity vmis given by [4];
vm=vp +{vf -vp)X 4.2)
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where v, is the spatially averaged velocity of the hole and X is the ratio of perforation.

Let Z0 be the impedance of the hole which is given by

Z,=2,,+Z2,,,=VI>Ivl. 4.2)
The real part of the impedance ZO is related to air-solid interaction in the hole. The
relative velocity between the hole and the porous plate is given by |4];

VP Zrea,
W - vp =-f —-- T-W (4.3)

by inserting Eq. (4.3) into Eq. (4.1), the mean particle velocity becomes

(Z,,,v,+V/>)X
\VAERY; (4.4)

m ~ Vp

The acoustic impedance of the hole is defined by an expression developed by Maa [15],

which is given by

- f
2r/0j L x2 dx . \Id
_ M+ =" +e ipOo)h 1+ - 4.5
0= 2 Taron PP X2 20h (43)
9+
where X =— , d is the diameter of the hole, h is the thickness of the plate, /, is
2Vah

the air viscosity which is equal to 1.839x10 5Pa.s in the normal condition, p4{ is the air

density and o is the angular frequency. Equation 4.5 is an approximation for the
analytical solution of the wave propagation in a tube having a circular cross section, and
a given end correction.

The boundary conditions for the acoustic velocities at the source side of the perforated

porous plate are given by

4.6
i<»Po (46)
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where Zm is the front specific acoustic impedance of the plate, Ps is the sound pressure
on the source side, and £ =1- (Zreed / Z0)X.

The boundary conditions for the acoustic pressures and velocities at the receiver side of

the plate are given by

(4.7)

icopQ (4.8)

where/”is the transmitted sound pressure, Yh —kph andkpis the complex wave

number of the porous medium.
When the plate is loaded by a fluid half-space, the front surface acoustic impedance is

given by [16];

=z Zg-jZp cotg(kph)
pZp-jZacotg(kph) (4.9)
where Zp- ppcp is the characteristic impedance of the porous medium, cp is the

complex sound speed in the porous medium and pp is the effective density of the fluid

in porous medium. Za- pQcO is the acoustic impedance of the fluid half-space.

4.2.2 Formulationfor the effective density and the hulk modulus

Several methods have been developed to calculate the effective density and the bulk
modulus in rigid-porous materials by Attenborough [17], Allard [16], and Horoshenkov

etal [18]. The effective density in the porous material with rigid frame is given by [16];

Gif) .
Pp= 0Po T Gj(co) (4.10)
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where is the tortuosity, ™ s the porosity, and G”co) is given by

1/2
Njaltjp Oo)?

GjM = 1+ <> 4,
(-I—ZAZ (DZ (
where A is the characteristic dimension for viscous forces and given by
M2
A=— (4.12)
c (o
where c is the shape factor.
The bulk modulus for the air in the porous material is given [16];
= ’ 172 4.13
_ 8/ coird " (4.13)
-(r-o '+ ., +JPo
y-(r-o jA '2B 20p0 164

where y is the fluid specific heat ratio, B~ is the Prandtl number, PO is the ambient

atmospheric pressure, and A' is the characteristic thermal dimension and given by

J_ 8ajl
' (4.14)
~c'i (>o
where ¢ is a coefficient that should be equal to or smaller then c, because of A" being

equal to or larger then A.

4.2.3 Reflected sound pressurefor aperforated porous plate
A plate as shown in Figure 4.1 is vibrating under a plane wave with the sound pressure

P, which is given bye**0. According to the Helmholtz integral formulation for a two-
dimensional problem, the sound pressure Ps(x) on the surface of the source side of the
plate can be expressed as follows [19]:

P(x)=2[/»w L -2jk(x0) dxo (4.15)
\ dn dn /=

59
Design of Noise Attenuating Devices Incorporating Elastic Porous Structures. H. Aygun



where 6°(x|x0) is the two-dimensional free-space Green’s function, which is given by

G(x |x0) = (i14)Hj>1)(k0 Ix - x 0 1). is the Hankel function of the first kind of order
«*”(*_*)

zero, which is given by Ho ol-*- *) )- J ~7 0. n is the normal taken
0 mo

outward, perpendicular to the surface of the plate.

. . dG(x Ix0) i i
In the case of a plane surface, the term involving ) vanishes. Then equation
on
(4.15) becomes
P.(X) = )1, +2jfC (1 1x0) dXn (4.16)
0

The normal gradient of the pressure at the boundary is DI\ (x0)/dn =ip0Ofov(x0) .

Then equation (4.16) becomes

Ps(X) =21) (x) + + JpofitviXo)//™ (kQIx - x0 3dx0 (4.17)
Using the boundary condition (4.6) the acoustic pressure on the surface of the source

side of the plate can be expressed as

ea

Ps(X) = 2Pi(x) +- JK A )Ew+IikOX)Ps(x0) K (k 0|x-x03dx0 (4.19
~0

where X\ is the specific acoustic admittance of the source side of the plate surface which
is given by (pQc(Pe/ Zm), and w is the displacement of the plate.

The solution of the equation of a poroelastie plate is given by Equation (I.10.a, b).
Equation (4.18) can be solved analytically by using the Fourier transform technique.
The detailed procedures are given in Horoshenkov’s work [2] and in Takahashi’s works
[3-20]. Finally, the solution for the acoustic pressure can be expressed as

P_ IASANA0+2(1 + /1)

1+ 2Xi (4.19)
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The reflected sound pressure Pr can be calculated by using the Helmholtz integral
equation for a two-dimensional problem at a certain point (X, z) and by substituting the

boundary value Ps. Then Pr becomes

. -ikre
ip,,wC/k,,+e
PX2) e 2 (4.20)

[he absorption coefficient of the plate can be calculated from
«*=1 ~ Pr/P, (4.21)

4.2.4 Sound transmission through aperforated porous plate

In an analogous manner, by using the boundary condition (4.8) and the Helmholtz
integral formulation the surface acoustic pressure P, on the receiver side can be

expressed as follows [2];

Pl(x) =-~$ p 06)2Zw+ik0z 2£Pb(x0)]pDQ)(kO\X - X 0 3dx0 (4.22)
20

where Xi s specific acoustic admittance of the receiver side of the plate surface,
which is given by (p@0%/ Zin), and e is the velocity transfer coefficient, which is
given by

ein - rbe~in

€- or (4.23)

where rh is the reflection coefficient of the receiver side of the plate, which is given by

7 -7
rh = (4.24)

By substituting the sound pressure and its normal derivative on the boundary surface

into a Helmholtz integral formula, the transmitted sound pressure can be obtained as [4];
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2x2se Kz-ip ()co2C w/k{

1t 2Xis (4.25)
The insertion loss 1L is given by
It = 1010g10(/ //>]2 (4.26)

4.3 NUMERICAL RESULTS

The absorption coefficient and the insertion loss have been predicted for two poroelastic
plates with two different perforation ratios in the case of rigid bal'fie separating two air

half-spaces as shown in Figure 4.1. The measured characteristics of the plates are given

in Table 4.1. The acoustic impedance of the plate Zp, the complex wave number A , the
complex sound speed in the porous platee”, and the effective density of the fluid in

porous plate pr are calculated by using the method of Allard el al [16].

Tahie4.1. The assumed Characteristics ofthe porous plates

Plow
U Ly h P Loss Porosity Poission resistivity,
(m) (m) (m) (kghn) E(Pa) factor ratio y Ns/m4
YB10 05 0.5 001 353 21XI07 o1 0.69 0.35 68111 12
Black
plate 1 1 A 223 2.46x106  0.35  0.75 0.3 46933 185

There is no particular reason for the numerical value chosen for the low perforation
ratio. But the higher perforation ratio was chosen such that, in the measurements
reported later, the perforations could be made without damaging the plate. Figure 4.2
shows the predicted effects of the perforation on the sound absorption coefficient of the
YB10 plate. When the perforation ratio is increased, the absorption coefficient is

changed slightly in the low frequency. But as frequency is increased the absorption
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coefficient of the more highly perforated plate is predicted to increase up to 0.4

compared with values of less than 0.1 for the less perforated plate.

Figure.4.2: Predicted effect of the perforation ratio on the absorption coefficient of the YB10 plate.

The difference between absorption coefficients for the two perforation ratios is at
maximum around 4000 Hz. The predicted influence of changing perforation ratios on
the absorption coefficient of a black plate is shown in Figure 4.3. The results are similar
to those obtained for the YB10 plate. The difference between two curves for the black
plate is very small at low frequency. But the difference increases up to 0.35 at high

frequency, and is at its maximum between 1000 Hz and 2000 Hz.
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Figure.4.3: Predicted effect of the perforation ratio on the absorption coefficient of the Black plate

The predicted effect of changing the degree of perforation on the sound insertion loss of
the YB10 plate is shown in Figure 4.4. The effect is negligible at low frequencies but
increased with higher frequencies. At 2 kHz increasing perforation ratio is predicted to
decrease the insertion loss of the YB10 plate by about 6dB. The predicted effect of
changing perforation ratio on the insertion loss for the black plate is shown in the Figure
4.5. Again it seems that the perforation ratio is predicted to affect the insertion loss
significantly at high frequencies, but only slightly affects the insertion loss at low
frequencies. The gap between two curves increases above 200 Hz to a maximum near
3000 Hz. As shown in the Figure 4.5, increasing perforation ratio is predicted to
decrease the insertion loss by about 7 dB at high frequency. The vibration has the
greatest effect at low frequency while the visco-thermal effect has significant effect at

higher frequencies.
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Figure.4.4: Predicted effect of the perforation ratio on the sound insertion loss of the YB10 plate.

Frequency (Hz)

Figurc.4.5: Predicted effect of the perforation ratio on the sound insertion loss of the Black plate.
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In summary it seems that increasing perforation ratio is predicted to increase the sound
absorption coefficient, and decrease the sound insertion loss at high frequency without

significantly changing the low frequency performance.

4.4 MEASUREMENTS

4.4.] Experimental procedure

Sound insertion loss measurements on perforated porous plates have been carried out in
the flow duct designed by Cummings [9] at the University of Hull. A diagram showing
the flow duct test arrangement is given in Fig.4.6. This flow duct has an internal cross
section of 1.2 m x 0.8 m and is 27.7 m long. The walls are made of 24 mm thick
plywood of and an outer cladding of 1.3 mm lead. The surface density of the wall is
about 32 kg/m2. The air-flow rate can be changed by varying of the fan blade pitch
angle between -2° and +24°.

Four speakers of 600 Watt are mounted in the sound source section in the llow duct
walls as shown in Figure.4.5. A noise generator, type 1405, and a 1.6 kW power
amplifier, type SR707, are used to feed the speakers. The sound in the test section is
measured by a 'Ain B&K microphone, type 4133, fitted in a B&K turbulence cancelling
tube, type UA0436. A turbulence screen is fixed on a longitudinal rail that is fitted
diagonally across and along the duct as shown in Figure 4.11b. The output of the
microphone was connected to a B&K amplifier, type 2609. The output of the amplifier
was fed to an Ono Sokki two-channel FFT analyzer, type CF350Z. Two porous plates
and a plywood plate were used in the insertion loss measurements. The plates were
transversely mounted between two heavy steel frames in the test section of the flow
duct. All of the gaps between the walls of the duet and the edges of the frame were

sealed by putty.
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Figure.4.5: A diagram of the flow duct test arrangement.
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4.4.2 Aerodynamic test ofthe duct

Flow calibration test has been carried out in the duct by using four Pitot static tubes that
were vertically fixed in the top of the duct. The Pitot static tube is used to measure the

stream velocity and consists of L-shape tube facing into the oncoming flow.

Pitot Static tubes Top

A B C D
1 Al Bl Cl D1
2 A2 B2 C2 D2
3 A3 B3 C3 D3

4 A4 B4 C4 D4

Bottom

Figurc.4.7: A diagram of the Pitot static tube locations in the duct.

For each pressure the difference of head at the downstream of the fan outlet in the test
section was measured at the four points for each Pitot static tube across duct section i.e.
sixteen points for four tubes. Figure 4.7 shows a diagram of the Pitot static tubes test
arrangement in the flow duct. A diagram of the Pitot static tube is given in Figure 4.8.
The measured pressures at each point were averaged and corrected for the effects of the

boundary layer by using equation (4.27).

1/2
®,(AV (4.27)

where o)t] is the correction factor, Alz{ is the difference of head measured in terms of

the fluid flowing (mmll20), n and m arc 4. The correction factor taken from [23] is 0.97

for positions A2, A3, D2, and D3. It is 0.96 for locations BI, Cl, B4, and C4. Itis 0.94
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for locations Al. A4, DI, and D4. Itis 1for locations B2, B3, C2, and C3. The standard
errors in measured pressures for Figure4.9-4.10, from lower corrected pressure to higher
corrected pressure, are 0.0787, 0.151, 0.359, 0.528, and 0.686, respectively. The unit of
the standard errors is given in mmIfO, The estimated error in static pressure differential
is 0.25 mmFBO. The pressure difference AP can be found by using equation (4.28)
[22];

A J=Po-Psl=PnS "ij (4.28)
where Po s the stagnation pressure, Pg is the static pressure, pmis the density of water

(103kg/m3), and g is the gravitational acceleration (9.81 m/s2).

Figure.4.8: A diagram of the Pitot static tube.

Figure4.9: The variation ofthe pressure in the duct to static pressure across fan inlet
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The velocity of the flow in the duct is given by [22];

(4.29)

The measured variation of the pressure difference in the duct according to static
pressure across fan inlet upstream is shown in Figure 4.9. Once the velocity of the flow
is calculated, the volume flow rate in the duct can easily be predicted by

_ (4.30)

m A

where Ap is the area of the test section in the duct. During the flow calibration test, the
temperature, and the density of the air were equal to 18°C and 1.19 kg/m3 at 1 bar
pressure, respectively. The measured variation of the volume flow rate with the static
pressure across fan inlet upstream is shown in Figure 4.10. The curve is parabolic

indicating that the volume flow rate is proportional to the square root of the static

pressure.

20 40 60 80 100
Static pressure differential across fan inlet. (mmH20)

Figure4.10: The measured variation of the volume flow rate with the static pressure across the fan
inlet
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4.4.3 Insertion loss measurements in a porous plate due to the presence ofairflow

The insertion loss can be determined from (4.31) [21]:
IL=Lpn- Lpr (4.31)
where L is the spatial average sound pressure level in the frequency band in the test

duct, when the test silencer is installed, and LpJ is the spatial average sound pressure

level in the frequency band in the test duct, when the silencer is out.

X - Key positions

O -Additional positions
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©
Figure4.11: a-) Microphone positions, b-) Turbulence screen with a microphone fitted on a

longitudinal rail, and c-) A picture of perforated porous plate transversely mounted in the flow

duct

The spatial averaged sound pressure level, Lp, should be calculated by measuring the

local sound pressure levels at least at three key positions equally spaced on the diagonal
line shown in Figure 4.11a. The local sound pressure levels are measured by a 72 in

B&K microphone which is fitted in a B&K turbulence cancelling tube as shown in

Figure4.1 Ib.

The length of this line should be at least equal to a quarter of wavelength or bigger than

a quarter of wavelength. The spatial average sound pressure level,L , in dB, can be

determined from the local sound pressure levels, Lpi, using (4.32) [21] :

Lp=10log 2 > 1 (4.32)
«
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where n, is the number of measurements.

The background noise produced by the air flow at each measurement position should be
at least 10 dB below the test signal. This can be controlled by measuring the sound
pressure levels with the loudspeaker unit turned on and off. The air flow rate in the test
series with the test silencer installed and without the test silencer should be same. The
microphone signal should be analyzed in one-third octave bands. The perforated Black
plate was transversely mounted in the flow duct as shown in Figure4.1 Ic. The edges of
the plate were clamped by using two steel frames. The area of the plate affected by the
sound was reduced to 0.9m x 0.7m because of the steel frame. The 1.8% and 14.4%
perforations of the plate were provided by 10 holes of 44mm diameter, and 25 holes of

84 mm diameter, respectively.

Figure.4.12: The measured insertion loss of the perforated Black plate without air flow

Figure 4.12 shows the measured insertion loss data for the perforated Black plate
without air flow. For 1.8% perforation the insertion loss is higher throughout the

frequency range due to the narrower air ways, and has maximum values between 1000
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Hz and 5000 Hz. For 14.4% perforation, the insertion loss at 50 Hz is not plotted, being
negative due to the undulations in the measured insertion loss or measurements error at
low frequency. Figure 4.12 shows that increasing the perforation ratio decrease the
measured insertion loss by about 6 dB. The results of measuring the insertion loss of the
Black plate in presence of air flow are shown in Figure 4.13. The air flow speed in front
ofthe hole at the receiver side of the plate is 52.37 m/s for 1.8% perforation ratio, and is
30.24 m/s for 14.4% perforation ratio, corresponding to Mach numbers of 0.153 and
0.088, respectively. The air flow speed on source side of the plate is 5.39 m/s. For 1.8%
perforation the presence of air flow increases the measured insertion loss throughout the
frequency range by about 3 dB. But the measured IL of the black plate for 14.4%
perforation ratio is not affected by air flow except for a very small change between 200
Hz and 700 Hz. According to Figures 4.12 and 4.13 it seems that air flow does not
affect the insertion loss of the Black plate for higher perforation ratios. The insertion
loss at 125 Hz for 14.4% perforation ratio and 15Hz for 1.8% perforation ratio is not

recorded because it was negative at these frequencies.

Figure.4.13: The measured insertion loss of the perforated Black plates with air flow
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Fiuure.4.14: The measured insertion loss of the perforated YBIO plates without air flow

The results from measuring the insertion loss of two perforated YBIO plates with
different perforation ratios in the absence of air flow are shown in Figure 4.14. For both
perforation ratios, the IL curves exhibit peaks between 31511/ and 1000Hz. The IT for
1.8% and 10.39% perforation ratios perforated pcroelastic (YBIO) plate is not plotted at
31.5Hz and 50Hz, respectively. The measured IT of the YBIO is decreased by about 4
dB by increasing the perforation ratio.

The results from measuring insertion loss of the YBIO plate with air flow are shown in
Figure 4.15. It seems that air flow increases the IT by between 2 and 5 dB at low
frequency for 1.8% perforation ratio, and decreases the IT of the plate by between 1and
2 dB throughout the frequency range for 10.39% perforation ratio in comparison with
no air flow case. The air flow speed in front of the hole at the receiver side of the YBIO
plate was 57.7m/s for 1.8% perforation ratio, and is 37.7Im/s for 10.39% perforation
ratio, corresponding to Mach numbers of 0.168 and 0.110, respectively. The air flow

speed on source side of the plate is 5.69 m/s
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Figurc4.15: The measured insertion loss of the perforated YB10 plates with air flow

4.4.4 The measured IL ofthe porous plates at different locations in the duct

To assess the affects of inserting perforated plates on the uniformity of the How in the
duct, the insertion loss has been measured with different plate locations. The plates
which were previously mounted at a distance of 4.5 m from the microphone were
brought to the distance of 2.5 m to microphone. The perforated poroelastic plate was
excited by the acoustic sound field without air (low.

The measured insertion loss of the Black plate mounted at different locations in the
duct, in the absence of air flow, is compared in Figure 4.16. It seems that mounting the
plate at different locations does not affect the measured IL very much in the absence of
air flow. In the case of 1.8% perforation ratio the IL of the Black plate (when distance
between Microphone and plate was 2.5 m) is not recorded at 50 Hz, since it was
negative at this frequency. This IL only changes between 100 Hz and 300 Hz with
different plate positions. For 14.4% perforation the measured IL data at both locations

shows about same effects, even though there is a small difference at 50 Hz.
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Figure4.16: The measured insertion loss of the Black plates with the plate at different locations in

the duct without air flow.

Figure 4.17 shows comparisons between the measured IL of the YB10 plate at different
locations in the duct without mean air flow. For 1.8% perforation ratio the IL data are
not completely similar, and are changed between 0.5 and 2 dB throughout frequency
range. The peak IL is decreased by about 2 dB when mounting the plate closer to
microphone.

For the higher perforation, the IL results are similar at low frequency, and are changed
little between 1000 Hz and 2500 Hz. The peak insertion loss is definitely similar at both
locations. The IL data are not plotted at below 100 Hz. They were negative due to the

undulations in the measured insertion loss or measurements error at low frequency.
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Frequency (Hz)

Figured.I7: The measured insertion loss of the YB10 plates with the plates at different locations in

the duct without air flow.

Figure4.18: The measured insertion loss of the YB10 plates at different locations in the duct with

air flow.
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Figure 4.18 compares the measured IL of YB10 plates for different perforations and
different locations in the duet in the presence of mean air flow. In the ease of higher
perforation, the IL is increased along frequency range by mounting the plate closer to
microphone. For 1.8% perforation the results differ from each other, slightly in the

frequencies between 40Hz and 70Hz, between 800Hz and 1250Hz, and between

4000Hz and 5000Hz.

45 COMPARISONS BETWEEN NUMERICAL AND MEASURED IL

In this section, we compare numerical predictions of insertion loss of perforated infinite
plates to the measured insertion loss of two finite perforated poroelastie plates for
different perforation ratios without mean air llow. Equation4.26 was used to calculate
the insertion loss of clamped rectangular perforated plates. The insertion loss of the
plate changes with the perforation ratio. In the present work the numerical calculation of
the sound field in the duct is limited to the equations of a vibrated poroelastie plate and
the sound equations in porous media without mean air flow. In the case of air (low, the
insertion loss of the plates has not been calculated because of difficulties with the
governing acoustic equations in porous structures in the presence of a mean air flow.
The plate was excited by an airborne sound. Figure 4.19 shows the measured and
predicted insertion loss data for perforated YB10 plates. In the case of 1.8% perforation
ratio, the agreement between measured and predicted IL is reasonably good at low
frequency but there is a discrepancy of between 1 dB and 2 dB at high frequency
between measurements and predictions. For the higher perforation ratio, the measured
insertion loss, agrees reasonably well with the predicted insertion loss except for a
discrepancy of about 4 dB at frequencies between 3000 llz and 5000 Hz. Figure 4.19

shows that the perforation has a little effect on the IL at very low frequency.
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Figure.4.19: Predicted and measured insertion loss of perforated YB10 plates without air flow.

Figure.4.20: Predicted and measured insertion loss of perforated Black plates without air flow.
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A comparison of the measured and predicted insertion loss of the Black plate in the
absence of air flow is shown in Figure 4.20. For 1.8% perforation the measured and
predicted IL agree well apart from the discrepancies observed at higher frequencies. In
the case of higher perforation ratio, the agreement between the predicted and measured
IL is satisfactory although there are discrepancies at very low and high frequencies. The
maximum error observed in the measured insertion loss presented in Figure4.20 is 1.43
dB at 500 Hz. Measurements have also been carried out to determine the insertion loss

of a perforated plywood plate. The characteristics of the plywood plate are given in

Table 4.2.
Tahlc.4.2 Characteristics of a plywood plate
Lx(m) Ly (in) h(m) P (kg/m?")
Plywood 05 0.5 0.01 737

The measured insertion loss of a plywood plate is compared to that of the YBL10 plate in
Figure 4.21. If the plate is relatively rigid the insertion loss can be measured at very low
frequency for both small and high perforation ratio. However the insertion loss of
porous plate can not be recorded at very low frequency due to the undulations in the
measured insertion loss or measurements error at low frequency, especially for the
higher perforation ratio. For 1.8% perforation ratio, the measured IL of porous plate is
less than that of plywood throughout the frequency range but particularly at high
frequency. For the higher perforation ratio, the measured insertion loss of porous plate
decreases in comparison to that of the plywood plate except in the frequency range
between 3000 Hz and 4500 Hz. In this frequency range, the measured IL of the porous
plate is higher than that of plywood plate. Figure4.21 indicates that the porosity of the
plates plays a major role in decreasing the insertion loss in the absence of air llow.
Figure 4.22 compares the measured insertion loss of plywood and YB10 plates in the

presence of air flow. In the presence of air flow the insertion loss of the plywood plate is

_ 8
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not recorded below 31.5 Hz and above 2000 Hz as shown in Figure4.22. The IL of the
plywood plate is higher than that measured for theYBIO plate with air flow at low
frequency. The maximum error observed in the measured insertion loss presented in
Figure4.21 is 1.43 dB at 500 Hz for the YB10 plate, and is 1.85 dB at 400 Hz for the

plywood plate.

Figure.4.22: The measured insertion loss of a plywood and YB10 plate with air flow.
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4.6 CONCLUSION

An analytical model that takes into account the effect of perforations in plates and the
effect of the flexural vibrations of plates has been presented and used to calculate the
insertion loss and absorption coefficient of plates. The insertion losses of two different
types of perforated porous plates have been measured for different perforation ratios in
two different configurations in a llow duct with and without air (low. The insertion loss
of the perforated porous plates has been predicted only in the absence of air llow. The
agreement between measured and predicted insertion loss of perforated porous plates is
satisfactory. For the higher perforation ratio, the measured insertion loss of porous
plates decreases. Mounting the plates at different locations in the duct did not affect the
measured insertion loss significantly in the absence of air llow. But in presence of air
flow, the measured insertion loss of YB10 plate with the higher perforation ratio

increases when the plate is mounted closer to the microphone.
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Chapter 5

MEASUREMENTS OF ACOUSTIC INSERTION LOSS DUE TO A POROUS

PLATE SILENCER IN THE FLOW DUCT

51 INTRODUCTION

The aim was to investigate the effectiveness of introducing structures based on a
poroelastic plate into the flow duct for attenuating noise. Measurements were made of
the acoustic insertion loss along a How duct due to a porous plate ‘silencer’. A
poroelastic plate was mounted in the flow duct and separated from the walls by an air
cavity in order to allow bending vibration. The plate was excited by lateral components
of the air How and by the acoustic plane wave. The acoustic insertion loss was
calculated from sound pressure measurements in How duct.

Huang [1,2] has carried out theoretical and experimental work on structural sound noise
control devices. Ramamoorthy et al [3] used experimental and theoretical methods to
investigate the use of a passive device, a structural acoustic silencer, to calculate
transmission loss. He has taken the effect of external fluid into account, and also
presented a practical relationship between the transmission loss and plate dispersion,
fang and Lin [4] have studied the resonant mass-spring behaviour of a stiff light
composite panel absorber, and investigated its applicability as an alternative means of
noise reduction.

Panneton and Atalla [5] have presented a three dimensional finite element formulation
to predict the vibro-acoustic behaviour of multilayer structures. Their approach is based
on a coupled finite element formulation. Astley et al [6] has examined some of the
effects of wall flexibility on sound propagation and attenuation in a duct with a bulk
liner and negligible mean flow.
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5.2 GEOMETRY FOR ACOUSTIC SILENCER

The design of the mounting for the porous plate in the flow duct is shown in the Figure
5.1. A 20mm thick poroelastic plate with dimensions of Im x 0.8m is mounted on one
side of the flow duct, and separated from the wall by an air cavity. The plate is parallel
to the direction of the air flow. The length and width of the cavity are the same as those
of the porous plate, and the cavity height is 60 mm. A steel frame having 0.7 m x 0.9 m
internal dimension with 3 mm thickness is used to hold the plate. The plate dimensions
are reduced to 0.9 m x 0.7 m as a result of using a steel frame. Two steel fairings are
attached to edges of the plate in order to ease the aerodynamic loading of the plate.

There are two fluid/plate interfaces.

Figure5.1: Porous plate mounted along the duct wall with air cavity.

The excitation forces are provided by the incoming acoustic plane wave and the lateral
components of the air flow. Plane waves propagate only in the region ofx <0 and x>a,
which is the length of the plate as shown in Figure5.2. A picture of the porous plate

attached to the duct, and separated from the wall by a cavity is shown in Figure5.2.
/
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Figure5.2: Picture of the porous plate mounted on side of the duct wall.

5.3 EXPERIMENTAL SETUP

The experimental arrangement is shown in Figure 5.3. The internal cross-section of the
duct is 1.2 m x 0.8 m. The acoustic sound field is created by four 600 W bass
loudspeakers that are fed with random noise filtered in 1/3 octave frequency bands from
a noise generator, type 1405, and a 1.6 kW power amplifier, type SR707. A ¥an B&K
microphone, type 4133, fitted in a B&K turbulence cancelling tube, type UA0436, is
used to sample the acoustic sound field. The distance between the microphone and the

nearest side of the plate is 4.5 m.
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Figurc5.3: Experimental setup; dimensions in the figure arc not to scale.
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The microphone is attached to a preamplifier that is connected to a B&K measuring
amplifier, type 2609. The output of the measuring amplifier is fed to a two channel FFT
analyzer, type CF350Z. The signal to noise ratio for the measurements made in the
presence of the silencer is between 12 dB and 17 dB. The signal to noise ratio for the
measurements made without the silencer is between 12.5 dB and 16.5 dB.

The plate made of recycled car dashboard is clamped between a steel frame and a
wooden supporter. The properties of this Black plate are given in Table 4.1. The
insertion loss results given here is for a plate mounted on one vertical wall of the duct. If
the plate were to be mounted at the top or bottom of the duct, the plate would bend due
to gravity. Because of bending, the aerodynamic movements will not be parallel to the
plate. This effects the insertion loss measurements. The results for the plate mounted at
the top and bottom of the llow duct are not shown in here, because the insertion loss

was not recorded throughout the frequency range.

5.4 EXPERIMENTAL RESULTS
5.4.1 Insertion loss results

The procedure used in Chapter 4 and the recommendations in ISO standard 7235 [7]
have been followed during measurements. The insertion loss due to porous plate
‘silencer’ is calculated from sound pressure measurements in the duct by the following

formula [7J:

—Lm - Ld (5.1)
where L is the spatial average sound pressure level in the frequency band in the test
duct, when the test silencer is installed, and Lp, is the spatial average sound pressure

level in the frequency band in the test duct, when the silencer is not present.
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The sound pressure level, Lp, is calculated by measuring the local sound pressure levels

at least at three key positions equally spaced on the longitudinal span of the line shown

in Figured 1la. The spatial average sound pressure level,Lp, in dB, is determined from
the local sound pressure levels, Lpi, using the equation (4.32).

The insertion loss (IL) of the black porous plate in the absence of the air flow is given in
Figure 5.4. The IL is not recorded at 125 Hz, and is maximum at 800 Hz. The IL is by
about 1 dB for low frequency, but it is increasing up to 3.7 dB for high frequency.
Separating the plate from the wall by an air cavity causes an increase in the resonance

frequency of the plate because stiffness of the system is increased by an air cavity.

Figure5.4: The measured insertion loss of the Black plate, zero mean flow.

The insertion loss measurements have been carried out for the porous plate in the
presence of air flow with an average air flow speed of 5.5 m/s in the duct, corresponding

to a Mach number of 0.016. The result is shown in Figure 5.5. The presence of air flow
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results in an increase in the maximum IL and a shift in the frequency of the peak from
800 Hz to 400 Hz. The maximum IL shown in Figure 5.4 is increased by about 3.3 dB

in the case of air flow as shown on Figure 5.5.

Figure5.5: The measured insertion loss of the Black plate, V = 5.5 m/s.

5.4.2 Results for the displacement of the plate

Measurements have been performed of the deflection of the porous plate separated from
wall by an air cavity in the duct. A B&K accelerometer, type 4374, is used to monitor
the acceleration of the plate. The accelerometer is fixed on the plate by using double
sided tape. The output of the accelerometer is connected to a B&K measuring amplifier,
type 2609, as shown in Figure 5.3. The measured plate displacements are plotted versus
frequency in Figures 5.6 to 5.8 for three different cases. The Figure 5.6 and Figure 5.7
show that the displacements of the porous plate with and without noise, in the presence

of air flow, are not similar to each other. This means that in the presence of air flow for
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a plate mounted on a duct wall inside the duct piinillei to the direction of the flow, and
separated from the wall by an air cavity, turning on and off the noise generator will
increase the displacement of the plate. The resonant peak observed at 50 Hz in
Figure5.6 is shifted to 72 Hz in Figure5.7, and is increased. The velocity of the air flow

in these measurements was 5.5 m/s.

The displacement of the porous plate with noise in the absence of the air flow is shown
in Figure 5.8. The plate displacement shown in Figure 5.8 is lower than those shown in

Figures 5.6 and 5.7 up to 110 Hz then it becomes higher between 110 and 143 Hz.

Frequency (Hz)

Figure5.6: The displacement of the porous plate in presence of the air flow without noise.
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Figure5.7: The displacement of the porous plate with noise in the presence of air flow

Frequency (Hz)

Figure5.8: The displacement of the porous plate with noise in the absence of the air flow.
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55 CONCLUSION

The insertion loss of the porous plate with and without air How has been deduced from
sound pressure measurements versus frequency. The results show that introduction of
air flow increases the insertion loss and shifts the maximum in the TL to lower
frequency. Furthermore the plate displacement has been measured. Introducing the air

How in the flow duct has been found to increase the plate deflection.
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Chapter 6

QUALIFICATION TEST OF THE IMPEDANCE TUBE

6.1 INTRODUCTION

A large impedance tube has been built to study the effects of vibration on the acoustic
properties of the poroelastic plates in the Acoustic Research Centre at the University of
Hull. Calibrations have been carried out for three different configurations of the empty
impedance tube with a rigid backing. The aim of doing these calibrations is to determine
relative pressure against distance (in the x direction) at the plane wave frequency [1-2]
and at the standing wave frequency [3], and also, to make sure we get plane waves in
the duct.

Chung [4] has presented a theory to measure acoustical properties at normal incidence
in the impedance tube. He has decomposed a broadband stationary random acoustic
wave into its incident and reflected components by using a simple transfer-function
relation between the acoustic pressures at two locations on the tube wall. Chung [5] has
presented experimental results to demonstrate the accuracy and the general usefulness
of the theory.

Pyett [6] has calculated the specific normal impedance of a layer of anisotropic porous
material for a plane wave in terms of two propagation parameters of the material, the
characteristic impedance and the propagation constant. Swift [7] has presented an
experimental study on the effect of bending vibration on the acoustic properties of thin
porous plates. He has also studied a coupling between the solid motion and the fluid
motion. Allard [8] has presented methods for impedance measurements in a Kundt’s
tube and in the free field and obtained the real and imaginary parts of the measured

impedance.
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6.2 CONSTRUCTION OF THE IMPEDANCE TUBE

A large impedance tube of 6m long with a rectangular internal cross section of 50 cm x
50 cm and a rectangular external cross section of 65 cm x 65 c¢cm (i.e. the thickness of
the tube walls is 75mm) has been constructed from concrete to increase the rigidity and
mass. The impedance tube is straight with a uniform cross-section and with smooth,
non-porous, rigid walls in the test section. Inside of the tube is painted by a high solids
epoxy coating (resin component).

The walls of the tube are sufficiently thick and heavy that they are assumed not to
vibrate during acoustic measurements. 30 holes of 20mm diameter and of 75mm depth
have been made in the top wall of the impedance tube to enable measurements of sound
pressure at several places in the tube and hence to evaluate the sound absorption
coefficient and acoustical surface impedance of sound absorbing materials. The holes
can be closed by aluminium tabs. The design of the impedance tube is shown in Figure
6.1. A rigid steel door of 40 mm thickness is mounted at the one end of the impedance
tube. The door is sealed with an adhesive. A loudspeaker is located at the opposite end

ofthe tube from the rigid door.

75mm thick

Holes
L ker concrete walls
oudspeake on 1t A

i rkm i—"rr—r

6.0m

Figure6.1: Design of the impedance tube: dimensions in the figure arc not to scale.
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6.3 TEST PROCEDURE

6.3.1 Determination ofthe sound speed

The temperature in the impedanee tube is measured by a thermometer. lienee the speed

of sound is calculated from the tube air temperature using Eq.(6.1) 11]

(6.1)
where T is the temperature, in Kelvin.
For a measured temperature, 19°C, the sound speed is 342.7 m/s.
6.3.2 Determination ofthe cut-offfrequency
The cut-off frequency of a rectangular tube is given by [1]
62>

where d is the maximum side length of the tube.

For the rectangular impedance tube and a temperature of 19°C, the -cut-off

frequency, /., is below 342.711.

6.3.3 Determination ofthe wavelength

The wavelength is given by f1];

where / is the operating frequency between the cut-off frequency and the lower

working frequency of the tube.

6.3.4 Determination ofthe density ofthe air and characteristic impedance

The density of the air is calculated from 11]

P j
p=Po-jrj (6.4)
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where Pais the atmospheric pressure in kPa, To= 293K, To = 101,325kPa and p0=1,186

kg/m3
The atmospheric pressure of the tube is measured by a barometer. The characteristic

impedance of the air is the product of the density of the air and the velocity of sound.

6.4 TESTS FOR PLANE WAVES

Measurements have been carried out in the impedance tube to calculate the relative
pressure against distance in the tube for a single input frequency. The end of large
impedance tube is closed by a rigid backing. Calibration was carried out for rigid-
backing. The relative pressure has been calculated along the x-direction (normal to the
tube axis). The reason for these measurements was to make sure that plane waves are
produced in the tube. For plane waves the relative pressure along the jc-direction should

be constant. The experimental arrangement used for the measurement is shown in

Figure 6.2.
Computer 4  FFT analyzer 4~ Amplifier
Loudspeaker icrophone
[0 Plane wave

<

Power amplifier Noise generator

Figure6.2: Experimental set-up of (lie impedance tube

The acoustic sound field was created by a loudspeaker that is fed with a noise generator,

type 1405, and a 600 W power amplifier. A Min B&K microphone, type 4133, was
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mounted with its diaphragm flush with the end of the tube. The microphone grid was
sealed tight to the microphone housing. The microphone was supported by a
preamplifier which was connected to a B&K measuring amplifier, type 2609. The
output of the measuring amplifier was fed to a two channel FFT analyzer, type CF350Z,
which was connected to a computer.

Measurements have been carried out also using a probe tube parallel to the axis of the
impedance tube. The aim of performing this measurement was to make sure we get
constant peak levels. The impedance tube with a probe tube is shown in Figure 6.3. The
probe tube has 2mm internal diameter, 4mm external diameter and is 1700mm long.
The probe tube was connected to a coupling chamber. A '/zin B&K microphone with
50mV/Pa sensitivity, type 4190, was fixed to the coupling chamber, and the
circumference of the microphone was sealed by adhesive tape. The arrangement and

procedure were similar to that shown in Figure 6.2 except for the probe tube.

Figurc6.3: Experimental set-up of the impedance tube with a probe tube

6.5 RESULTS

The concrete and steel impedance tube has been calibrated according to the
recommendation in EN I1SO 10534-2:2001 [1], The pressure standing wave pattern

measured in the impedance tube by means of a probe tube is shown in Figure 6.4. The
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measurements have been carried out at forty six points on probe tube spaced at 25 mm
intervals. 16 averages were carried out on the spectra measured at each microphone
positions in order to cancel out interfering noise. The sound pressure was calculated at
each position. The half-wavelength, frequency, and the speed of sound that were used
are 0.77 m, 2225 Hz, and 342.7 m/s respectively. The resulting data are shown in
Figure 6.4. The dashed line in Figure 6.4 shows the approximation by the 6th degree
polynomial trend-line for the results. The two relative pressure peaks in the plot against
distance parallel to the tube axis seem to have more or less the same values i.e. although
the relative sound pressure standing wave pattern shown in Figure 6.4 is not perfect, it is

good enough to support the use of the impedance tube for subsequent measurements.

7.00E-03
a, 6.00E-03
1 5.00E-03
2 4.00E-03
N 3.00E-03
S 2.00E-03
ot 1.00E-03

O.00E+00

0 50 100 150
Distance from the rigid termination, (cm)

Figurc6.4: Pressure standing wave pattern, distance is from the rigid termination.

The results of measurements made along a normal to the axis of the impedance tube
using the arrangement shown in Figure 6.2 arc shown in Figure 6.5. During the
measurements the signal amplitude was chosen to be at least 10 dB higher than the
background noise at all frequencies below cut-off frequency. The microphone was
inserted through the top surface of the impedance tube at a distance of 50 cm from the

rigid termination. Figure 6.5 shows the sound measured pressure plotted against
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distance in the x-direction at 138.75 Hz. The relative pressure is more or less constant

with distance normal to the tube axis which indicates that plane waves are produced in

the impedance tube.

Figure6.5: Relative pressure plane wave pattern.

The standard deviation of the data in Figure 6.5 has been calculated from equation(6.5)

[9]:

where n is the number of measurements, Pnil is the measured relative pressure, and Pm

is the averaged relative pressure by using equation (6.6):

(6.6)

The calculated standard deviation is 2.41e-5 dB, i.e. a negligible value.
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6.6 CONCLUSION
Qualification tests have been performed on a large rectangular impedance tube using
two different configurations. The results obtained from these tests support the

assumption that below the cut-off frequency, plane waves are produced in the tube.
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Chapter 7

THE INFLUENCE OF VIBRATION ON THE ACOUSTIC IMPEDANCE

7.1 INTRODUCTION

Measurements in a large impedance tube have been carried out to calculate the
absorption coefficient and the acoustic surface impedance, and in order to obtain better
understanding of the effects of structural vibration and sound radiation from a clamped
poroelastic panel on its surface impedance.

Leissa [11 has carried out an investigation on the vibration of nonporous plates. A
widely detailed study of behaviours of plates can be found in 111

Swift et al [2] has presented an experimental study on the effect of bending vibration on
the acoustic properties of thin porous plates. The experimental result shows that the
surface acoustic impedance is more affected in porous plates with higher values of the
How resistivity as a result from a better coupling between airborne sound and bending
vibration in the elastic frame.

Horoshenkov et al [3, 4] has studied acoustic response of porous plates and the effect of
plate vibration. He has introduced a simple boundary condition as a coupling condition
between the plate and surrounding air at the plate surface.

Bies and Hansen [5] have presented a systematic review of the use of flow resistance
information and demonstrated the utility of its use for the solution of a wide range of
acoustical problems.Takahashi and Tanaka |6] have developed an analytical model by
introducing flow continuity at the plate surface in a spatially mean sense and air-solid
interaction within the plate material. A detailed work about sound propagation in porous

materials can be found in [7].

106
Design of Noise Attenuating Devices Incorporating Elastic Porous Structures. H. Aygun



Chung [8] has presented a theory to measure acoustical properties at normal incidence
in the impedance tube. He has decomposed a broadband stationary random acoustic
wave into its incident and reflected components by using a simple transfer-function
relation between the acoustic pressures at two locations on the tube wall. Chung [9] has

presented experimental results to demonstrate the accuracy and the general utility of the

theory.

7.2 EXPERIMENTAL SETUP

Experimental measurements have been carried out in the large impedance tube detailed
in the previous chapter. General information about the construction of the impedance
tube is given in chapter 6. A porous plate (YB10) was used for this measurement. The
edges of the plate are clamped in the impedance tube by using a steel frame. All the
gaps between the plate and steel frame were sealed by using double sided tape and
frame sealant. Porous plate is separated from rigid steel door by an air gap of 60 mm in

order to allow bending vibration. Experimental setup is shown in Figure7.1.

Computer FFT Analyzer

Noise generator
Amplifier Amplifier

*  microphones *

Rigid
steel
door

Loudspeaker

Figure7.1: Experimental setup.
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The acoustic sound field was created by a loudspeaker that was fed with a noise
generator via a 600 W power amplifier. Two 'Am B&K microphones were mounted into
microphone grid at positions along the length of the impedance tube. The microphone
grid was sealed tight to the microphone housing. The microphones were supported by
two preamplifiers which were connected to two B&K measuring amplifiers. The outputs
of the measuring amplifiers were connected to a two-channel FFT analyzer which was

connected to a computer.

7.3 EXPERIMENTAL RESULTS

7.3.1 Absorption coefficient
Normal incidence sound absorption coefficient of YB10 plate was calculated by;

a =1-\Rc\\ (7.1)

where Rc is the complex reflection coefficient which was given by [10]:

H-e' cji+
e~ks - H

R (7.2)

C

where / is the distance from the test sample to the centre of the nearest microphone, and
s is the centre-to-centre spacing between microphones, and // is the measured transfer
function between the two microphone signals corrected for microphone response
mismatch.

The absorption coefficients of YB10 plate measured at 507 mm, 707 mm, 1307 mm and
2307 mm are shown in Figure7.2-5, respectively. There is a very small, 0.03,
diserepancy between absorption coefficients of the plate measured at four different
locations. Varying the space between the nearest microphone and the plate docs not
affect the absorption coefficient too much. Three resonance frequencies in the

impedance spectrum are observed as shown in Figure7.2-5.
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Figure7.2: The absorption coefficient of a 10.7 mm thick rectangular YB10 plate, distance between
plate and nearest microphone = 507 mm.

o °
o ©

o
oy

>
X
&
<X
—

o
w

ofp8 oprao@ dimeP o Qo
Noer,
wF

50 100 150 200 250
Frequency, Hz

Figure7.3: The absorption coefficient of a 10.7 mm thick rectangular YB10 plate, distance between
plate and nearest microphone = 707 mm.
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Figure7.4: The absorption coefficient of a 10.7 mm thick rectangular YB10 plate, distance between
plate and nearest microphone = 1307 mm.
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Figure7.5: The absorption coefficient of a 10.7 mm thick rectangular YBIO plate, distance between
plate and nearest microphone = 2307 mm.
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7.3.2 Surface acoustic impedance

The surface acoustic impedance is an important parameter in calculating the reflection
coefficient and in determining the effectiveness of a porous medium for the purpose of
sound absorption. The surface acoustic impedance depends on thickness and physical
properties of porous material. It also depends on the acoustic impedance of the backing
medium. Sound propagation in the impedance tube is normal to the surface of the plate.
Normal incidence surface acoustic impedance at the front surface of the porous medium
is calculated by;

Zs = (I+R¢)/(1-Rc) (7.3)
The real and imaginary parts of the normalized surface acoustic impedance which are
calculated at different location in the large impedance tube are shown in Figures7.6-9.
There is big difference between results at low frequency below 100 Hz. As shown in
Figures7.6-9 increasing the distance between the nearest microphone and the plate
causes changes in the required signal to noise ratio, is increasing added absorption due
to impedance tube.
Therefore the distance should be minimized to maintain the required signal to noise
ratio and to decrease added absorption due to the presence of the impedance tube. This
distance should be at least one length of the larger cross section of rectangular
impedance tube. So we can say that the best results arc calculated at the distance of 507
mm far from the plate. Two resonance frequencies are observed in the acoustic surface
impedance at the 88.75 Hz and 155 Hz. These resonance frequencies observed in the
surface acoustic impedance are fairly close to the theoretical values given by the theory
of poroelastic plate in Chapter 2. The resonant frequencies corresponding to the minima

in the absorption coefficient are observed at 75 Hz and 155 Hz.
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Figure7.6: The real and imaginary parts of the normalized surface impedance of a 10.7 mm thick
rectangular YB10 plate, distance between plate and nearest microphone = 507 mm.

Figurc7.7: The real and imaginary parts of the normalized surface impedance of a 10.7 mm thick
rectangular YB10 plate, distance between plate and nearest microphone = 707 mm.
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Figure7.8: The real and imaginary parts of the normalized surface impedance of a 10.7 mm thick
rectangular YB10 plate, distance between plate and nearest microphone = 1307 mm.
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Figure7.9: The real and imaginary parts of the normalized surface impedance of a 10.7 mm thick
rectangular YB10 plate, distance between plate and nearest microphone = 2307 mm.
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7.4 COMPARISON OF THE ACOUSTICAL PROPERTIES OF PVDF AND
YB10 FOAM PLATES

Measurements of the absorption coefficient and the surface impedance of PVDF
(polyvinylidene fluoride) and YB10 Foam have been carried out in a large impedance
tube. A comparison of the absorption coefficients of PVDF and YB10 Foam is shown in
Figure7.10. PVDF Foam has a lower absorption coefficient than YB10 Foam below 190
Hz, and a higher absorption coefficient than YB10 Foam above 190 Hz. The measured
absorption coefficient spectrum for YB10 Foam has maxima at 58.75 Hz, 130 Hz and
170 Hz and minima at 70 Hz and 155 Hz. A maximum in the measured absorption
coefficient spectrum for PVDF Foam has been observed at 232.5 Hz and there are

minima at 150 Hz and 280 Hz.

Figure 7.10: The measured absorption coefficients of PVDF and YB10 Foam.

A comparison of the real and imaginary part of the surface acoustic impedance of PVDF
Foam and YB10 Foam are shown in Figure 7.11 and Figure 7.12.
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Figure 7.11: The real part of the normalized surface impedance of PVDF and YB10 Foam.

Frequency, Hz

Figure 7.12: The imaginary part of the normalized surface impedance of PVDF and YB10 Foam.
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The real part of PVDF Foam is very high below 82 Hz and is very low above 82 Hz in
comparison with YB10 Foam. There are resonances in the impedance spectrum
corresponding to modes which are seen at 58.75 Hz and 133.5 Hz in the case of PVDF
Foam, and at 88.5 Hz and 155 Hz in the case of YB10 Foam. The imaginary part of
surface acoustic impedance of PVDF Foam is lower than those of YB10 Foam
throughout frequency range. The relevant properties of the YB10 and PVDF Foam

plates are given in Table7.1.

Table7.1: Characteristics of porous plates

PVDF foam
Lx (m) in x direction 0.5
Ly (m) in y direction 0.5
Thickness (m) 0.025
Density, /?(kg///™,) 25.15
Young’s modulus, (Pa) 254600
Loss factor 0.15
The Poisson ratio, v 0.35
Porosity, € 0.2
Tortuosity, tx 1
Permeability, K{m}) 3.24 x 10"

The porosity of the PVDF Foam has been roughly calculated by;

(7.4)

Where mve is the wet mass, and mdy is the dry mass.
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The loss factor and tortuosity have been assumed to be equal to 0.15 and 1 respectively.
The permeability has been calculated from the measured value of flow resistivity
(567700 mks rayls/m). The modulus of elasticity has been deduced from data [11].

The values in Table7.1 have been used to predict the spectra of dynamic deflection
response of the PVDF Foam and YB10 Foam plates subject to a harmonic point force
excitation (the magnitude of the force is 1 N) applied at x0= 0.1 m and y0=0.09 m from

a comer of the foam plate. The results are shown in Figure7.13.

Figure 7.13: A comparison of the predicted deflections of PVDF Foam and YB10 Foam.

By comparing Figures 7.10 and 7.13, it can be seen that the low frequency maxima in
the measured normal incidence absorption coefficient spectra are related to deflection
minima. The resonance frequencies observed in the surface acoustic impedance are

close to the predicted minima in the deflections of the PVDF foam and Y B10 foam.
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7.5 COMPARISON WITH PREDICTIONS FOR A RIGID-POROUS PLATE

To emphasize the importance of the elasticity of the clamped porous plate calculations
have been made of the surface impedance and normal incidence absorption coefficient
of a rigid-porous plate with the same pore-related properties as the YB10 plate.
Equation4.9 has been used to calculate the surface impedance of the rigid-porous
version of the YB10 plate. Allard’s methods [7] have been used to calculate the
parameters of the rigid-porous plate. Characteristics of the rigid-porous plates are given
in Tablel.2. Figure7.14 shows the predicted real and imaginary part of the normalized
surface impedance of a rigid-porous plate with an air gap. The real part of the
normalized surface impedance is predicted to be approximately constant at 1 Pa.s/m,
while the imaginary part is predicted to have the shape of a parabola between -14 Pa.s/m
and -2 Pa.s/m. There is no resonance observed in these predictions. The predicted
normalized surface impedance presented in here is clearly different from that measured

for the YB10 plate (Figures7.11and 7.12) which show low frequency resonances.

Figure7.14: Real and imaginary part of the predicted surface impedance of a rigid-porous plate

with an air gap
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The predicted real and imaginary part of the predicted normalized surface impedance of
a rigid-porous plate without an air gap is shown in Figure7.15. The real part of the
surface impedance is predicted to be constant at about 0.9 Pa.s/m, while the imaginary
part of the surface impedance is predicted to have the shape of a parabola between -70
Pa.s/m and -12 Pa.s/m. The predicted normal incidence absorption coefficients of a
rigid-porous plate with the same pore-related properties as the YB10 plate with and
without an air gap are shown in Figure7.16. The predicted absorption coefficient of a
rigid-porous plate with an air gap is increases uniformly up to 0.44, whereas the
absorption coefficient of a rigid-porous plate without an air gap is predicted to vary
between 0 and 0.023.

According to the results shown in Figures7.10-7.12 and 7.14-7.16 it can be said that the

low frequency absorption is determined by the elasticity of the plate.

Figurc7.15: Real and imaginary part of the predicted surface impedance ofa rigid-porous plate

without an air gap.
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Figure7.16: The predicted normal incidence absorption coefficients of a rigid-porous plate with and

without an air gap

7.6 CONCLUSION

Measurements of the absorption coefficient and the surface acoustic impedance of a
clamped, porous plate have been made. The measured spectra of absorption coefficient
and the surface impedance of porous plate obviously exhibit resonances. The resonance
frequencies observed in the surface acoustic impedance are fairly close to the predicted
and measured values of the frequency-dependent of the deflection of the poroelastic
plate. The results presented here are different those obtained by Swift. The differences
might be the result of different clamping conditions, different length of air gap, or the
fact that the impedance tubes are made of different materials. Furthermore a comparison
of the acoustical properties of PVDF foam and YB10 foam has been presented. The

results of the acoustical properties of PVDF foam and YB10 foam are significantly

120
Design of Noise Attenuating Devices Incorporating Elastic Porous Structures. H. Aygun



different because of the effects of different elasticity and porosity of the foams. These
results together with predictions of the surface impedance and absorption coefficient of
a rigid-porous equivalent of the YB10 plate with air gap suggest that the low frequency

resonances observed are primarily the result of the poroelastic plate elasticity.
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Chapter 8

81 CONCLUSION

The deflection of a non-porous (aluminium) plate has been studied theoretically and
numerically for clamped and simply supported boundary conditions. The responses of
the clamped and simply supported plate have been calculated at different locations.
Furthermore the deflection of clamped poroelastic plates made from recycled
automobile dashboards (of two types YB10 foam and G foam) has been measured and
predicted. There is a fairly good agreement between the general shapes of the
predictions and data as a function of frequency for both plates. The quantitative
agreement is best for the YB10 foam plate. The vibroacoustic indicators of a simply
supported plate and of clamped porous plates have been predicted. The mean square
velocity and the radiated sound power of stiff plates are predicted to be lower than those
of the other plates. But the radiation efficiency of stiff plates is predicted to be higher
than those of non-stiff plates. The predicted radiation impedance matrix is found to
exhibit a smooth variation in terms of frequency.

The fluid-loaded vibration of a clamped porous plate has been investigated through the
solution of the governing equations of flexural vibrations. The fluid-loaded deflections
of porous elastic plates have been calculated and compared to the predicted in-vacuo
deflections. The effect of fluid loading looks more important in porous plates because
the porous plates are fairly light and relatively flexible by comparison with an
aluminium plate. The predicted frequency responses of the fluid-loaded plate vibration
and radiation have been investigated. The location and magnitude of the force during
point excitation have been predicted to be very important.

An analytical model that takes into account the effect of perforations in plates and the

effect of the flexural vibrations of plates has been presented and used to calculate the
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insertion loss and absorption coefficient of plates. The insertion losses of two different
types of perforated porous plates have been measured for different perforation ratios in
two different configurations in a How duct with and without air flow. The insertion loss
of the perforated porous plates has been predicted only in the absence of air llow. The
agreement between measured and predicted insertion loss of perforated porous plates
has been found to be tolerably good. For the higher perforation ratio, the measured
insertion loss of porous plates was found to be generally decreased. Mounting the plates
at different locations in the duct did not affect the measured insertion loss very much in
the absence of air flow. But in presence of an air flow, the measured insertion loss of
YB10 plates with the higher perforation ratio is increased by mounting the plate closer
to microphone.

The transmission loss of the porous plate mounted in the flow duct and separated from
the walls by an air cavity with and without air llow has been deduced from sound
pressure measurements versus frequency. The results show that introduction oi‘air How
increases the transmission loss and shifts the maximum in the TL to lower frequency.
Furthermore the plate displacement is calculated. Introducing the air tlow in the (low
duct has been found to increase the plate deflection.

Qualification tests have been performed on a large rectangular impedance tube using
two different configurations. The results obtained from these tests support the
assumption that below the cut-off frequency, plane waves are produced in the tube.
Measurements of the absorption coefficient and the surface acoustic impedance of a
clamped, porous plate have been made. The measured spectra of absorption coefficient
and the surface impedance of porous plate obviously exhibit resonances. The resonance
frequencies observed in the surface acoustic impedance are fairly close to the predicted
and measured values for the frequency-dependence of the deflection of the poroelastic

plate.
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8.2 SUGGESTIONS FOR FURTHER WORK

There are still many things to be done in order to understand the acoustical behaviour of
poroelastic plates and their potential noise control applications. The effects of fluid
loading on the vibration of porous plate have been studied theoretically and
numerically. However the effects of fluid loading on the vibration of porous plate
should be investigated experimentally also and compared with the predictions.
Moreover the tluid-loaded deflections and vibroacoustic indicators of porous elastic
plates should be measured and compared with predictions presented in Chapter 3.
Furthermore a sensitivity analysis should be done for the effects of lluid loading on
vibroacoustic indicators.

A theoretical and numerical study of the acoustical response of a poroelastic plate
mounted in a How duct and separated from wall by an air cavity should be investigated.
The radiation and vibration should have the greatest effect at low frequencies while the
visco-thermal effect should be significant at higher frequencies. The triple combination
of the bending vibration, the presence of the air gap and the higher frequency visco-
thermal sound attenuation in porous media is should enable useful acoustic performance
over a wide frequency range. Fully numerical methods should be used in the prediction
scheme for the acoustic attenuation of the porous plate. Also the use of approximate
analytical methods and variational techniques such as Rayleigh-Ritz formulations
should be investigated. The results should be compared with the experimental results
presented in Chapter 5.

Theory for the acoustical surface impedance, and the absorption coefficient of a porous
plate separated from a rigid surface by an air gap and clamped in a large impedance tube
should be performed in order to increase the domain of validity of the existing model,
and to allow comparisons with the experimental results presented in Chapter 7.
Furthermore measurements of absorption coefficient in large impedance tube should be
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carried out with 80 mm air gap on the yellow plate for comparison with those obtained
by Swift in order to give a more precise understanding of the effects of structural

vibration and radiation from a porous plate on its acoustic surface impedance.
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