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SUMMARY

High damping of machinery panels can be achieved uaing a sandwich
construction consisting of an attached plate sandwiching a layer of f£luiq
filled porous material, The vibration of the plate pumps tha £fluid
laterally at high velocities, resulting in energy loss due to the f£fluid
viascosity. Losa factors greater than 0.1 can be achieved with this layered
confiquration, Howaver, if the gap is filled with the high viscoaity fluid
alone, the lospes are very low. The ratio of the fluid dynamic viscosity
and its density is the controlling parametar on the level of the losses,
High loas factors are possible only if the fluid viscosity can ba increased
by many ordsrs of magnitude for liquids.

The @amping over the whole freaquency range above and below the excited
plate critical frequency is measured and compared with prediction, The
agreement in rasulta is good, The layered configurations are so strongly
coupled that the loss factor measured on both the excited and the attached

platen ara the same,
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NOMENCLATURE

vy

C, Cy, C, C3, Cy

radius of holes in the perforated plate
a constant (= 12p/42 + iuwp)

length of each slot

flexural rigidity of a plate

congtants

constants in element 1

conatanta in element 2

gap between two plates

frequency in Hertz

porosity of the porous material

ghear modulus of the porous material

attached plate thickness

gap betwsen the plate and the wall at position x
complex value ( = y ~1)

flexural rigidity of the excited plate including the
loading from the £1luid and the attacheq plate

free flexural wavenumber of the excited plate

distance between the centre of holes or slota

total mass per unit area of the system

mass par unit area of the excited and attached plate
regpectively

mobility

Nth element under consideration

pressure of fluid in the gap

fluid pressure in pores

pressure force in the gap with solid material alone
frame pressure in the gap

the total force applied to the frame par unit
cross-sectional area of the bulk material

the total force acting on the £luid component

fluid mass discharge rate

radius of the element irn the hole



¥1,.4.¥s

2y, Z3

In

2t

Zy, 23, Z3

Ip

©

A2

Na
T
¢
]
€

a, ay, az, B

congtants

time in seconds

filuid velocity in x and z direction respectively

fluld mean flow velocity in x and =z direction
rospectively

fluid mean flow velocity in the pores

velcoity of the excited plate (at position x)

mean frame wvelocity in x~direction corresponding to the
£luid velocity Vo

mean f£luld velocity in x-direction in the pores

mean flow velocity in the gap with solid material alone
fluid velocity and meah flow wvelocity in y direction
respectively -
maximum velocity at the centre axis of the hole
constants

impedance per unit area at y=0

average blocked impedance per unit area

impedance per unit area of a hole at y=0

treatment impedance per unit area

dimengion of the peraspex tube for flow resistance
measurement

the flow resistance coefficient

£1uid dynamic viscosity

fluid density

material density of the frame

bulk adensity of the frame

bulk dehsity of the fluid

frequency in radians

loss factor

shear loss factor of the porous material

shear strees

distance along the pore axis

angle of the pore to x-axis

gtructure factor of the porous material

constants

vi
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1,0 INTRCDUCTION

It is well known that increasing the damping of machinery componenta
can reduce the noise radiation due to the ringing wvibrations. various
damping treatments such as viacoelastic materials, frictional damping etc
are available. However, the choice of a particular damping treatment for a
particular machinery component depends on many factors guch as its
effectiveness, the cost and the hospitality of the surrounding environment,
For industrial machinery such as gear boxes, pipes or tanks which contain
high visceosity f£luid, it is possible to increase the logs factor by
utilizing the damping capacity of these fluids. This report examines the
feaplbility of this kind of dqamping mechanism both theoretically and

experimentally.

Trochinia (1] developed a theoretical medel to predict the loss factor
of double plates separated by a fluid gap. The model assumes the f£luid to
be incompressible and the plates are infinitely long., He carried out an
experiment on a 1 mm thick aluminium plate which was paralle) to a rigiad
wall, ‘ImMe gap between the wall and thia excited plate was filled with
water and the loss factor was measured. Good agreement between the
measured and the estimated values iz claimed to be obtained, No other
raferences of publighed work have been found in this area.

Industrial machinery 1is made of plates, shells and beams attached
together either by walding or by bolting, it is therefore sensible to carry
out the investigation on one of these ashapes, The presant investigation
will be concentrated on the plate-like structures,

In thig study, the damping on plates due to the sgqueeZe-film motion on
the £fluld is predicted using an impedance approach, in which the responae
of infinite coupled layers may be predicted by assigning an impedance per
unit area to each layer. The excited plate, however, is assumed to have a
bending stiffness higher than that of the attached plate. Such an approach
has proved to be successaful in predicting the loss factor when air is

trapped between two vibrating plates f[2].

The theoretical model allows the attached plate to be perforated or a
plate with slots of equally spaced by a distance £, The investigation is



concantrated on heavy fluids with high dynamic viscosity which is modelled
ag an incompressible fluid with a parabolic velocity flow profile., The
modal alse agssumes the attached plate to satisfy kR << 1, the condition
wvhich 18 normally observed for a closely spaced holes practical perforated
plate. kK is the bending wavelength of the coupled systems,

From the theoratical model it is found that the ratio of the fluid
dynamic viscosity and its density controls the level of the leas factor,
Various expariments are carried out to verify the theory and the above
verlict. 'The relationship between this ratio and the loea factor cannot be

simply expressed.

The viascosity of the fluid 18 increased artifically by inserting porous
materials into the £luid (oll) gap, Theoretical modelling of damping with
porous material in layared confiqurations using the impedance approach is
presented, The effecta of the material proparties, the mass of the plates
and the size of the gap on the lesa factor are also discussed., Various

expariments are carried out to verify the theory.



2.0 OIL LAYER DAMPING MODELLING AND ESTIMATION

This chapter describes the theorilee to obtain the blocked impedance of
the attachead plate, which is either a perforated plate with circular holes
or a plate with slots equally spaced by a distance {§, or just another
flexible plate. Based on the estimated blocked impedance wvalues, the
actual medelling of the aystem ig prepented., For the blocked impedance
estimation and the subsequent experiments, the fluid used to £ill the gap
batween the plates is FEssolube hdxplus 20W/50 diesel engine lubricating
oil., It has fluid density B9l kg/m® and dynamic viscosity 0.423 Ns/m? at
20°C (data supplied by the manufacturer),

2,1 The Calculation of the Blocked Impedance for a Piate with Fqually
Spaced Slots

considar the two plates which are assumed to ha of infinite extent anc
ara geparated by an oil layer. For simplicity, the analysis is carried out
for the two dimensional case, {diagram 2.l) It is assumed that the
flexural stiffnasa of the attached plate is much smaller than that of the
thick excited plate. This meansa that the impedance per unit area of the
attached plate is mass controlled when it is being excited, (2]

h

bl 5 >
_J L __JI 1] i SR O O |

1 1 Lt 1

J’.h
\ r-x T

S S

N —

diagram 2.1 diagram 2.2




To calculate the blocked impedance, wa consider a plate which has many
equally spaced slots of lendth 2 and size b, is infinitely long and is
placed a distance 4 above a rigid wall. (diagram 2,2). Assuma the alots
each of Aize b 18 very small compared with £, therafore the velocity of
each small element in 2 can be assumed ta have 2 constant wvelocity
gradient. The coordinate of the aystem is chosen such that at the
beqginning of each emall element Rf, x 18 zero (diagram 2,3a), The
gubscripta, 1, 2 and 3 correspond to element 1, 2, 3 respectively and the

preasure in x; = 0 to ¢t is p;, in % = @ to # ia pp, and 80 on, The

velocity in y-direction at the Nth element (xy = 0) can be written as

i
v = [w|e"”“"'1" + —

—1ik(N-1)14 —ike _ iwt
N ; e . (e l)xﬂle

{2.1)

This equation is obtained from the finite element approach in which tha
varisbles of each element between slots Are a velocity with a constant

valocity gradient.

d xl=0 x1=1 x2=2 x3=2

x2=0 x3=0 x4=0

S S S S S S

diagram 2.3a

¥ {x) e

X

ulx) o (x+dx)
¥ H (%)

| ,
TS

dx

H (x+dx)

diagram 2.3b



congider a small element of the oscillating plate betwean two alota
(diagram 2.3b), to satisfy the equation of continuity, we have [2]

du(x) _  AaH(x)
+ u(x)
ax ax

Vi(x) = #(x) (2.2)

where H(x) 18 the gap between the plate and the wall at position x, U(x) 18
tha average horizontal flow velocity at positionh x. Assuming the velocity
profile of the gap is of parabolic shape together with the equation of

motion

a®u o au

“——-2- & =- P“'
dy dx dt

it c¢an be shown that

dap 12u -
— - (-—5 + iwp) u (2,3)
ax ad

where u and p are the fluld aynamic viscosity and 1its density. Using
equations (2.1), (2.2) and (2,3), it can be shown that

z 2
A X X
B, =~ - (VI 24, -t4c, X +¢ ) eVt (2.4
d 2 1l 6 b4 X
1 1
2 3
A% X, iwt
B,m--(V,=24C -2+c, x,+C, le (2.5)
g 2 2 6 %x x
2 2
whare C, . C . C are the constanta in element 1,
x,' C2 3
v Px x



c ,C . C are the constants in element 2,

12p _
A= (_5 + iwpyand Vv_= |V| e
a

- I+

1% ] 21 ]
d 1 Uy M3 Uiy
A

VA A A A A AN

ik?

X 3

—

diagram 2.4

Since the elemsnts are symmetrical and periodic, therefore

-1k1
Paer = P ® (2.6)
= = —1kg
Uner = Un ® {2.7)

pb  -p.(x=1) -p(x,=0) -p(x=)
adz= =22 - 22 - 22 (2.8)
W (Ut 5 (MpmUp 0 (UY5)E

whara Z is the impedance per unit area of the slot at y=0 (gee dilacram
2.4), the conatants can be found, The constants are

—1(N-1)k4
C =C ]
N O
c, =¢c, o L(N-1)ke
Y Xy



3 3
N X
Ivi
g, =— (o' - 1)
1
2
1 z %—eg 1kt
c, = —57T ¢ 1 W[+ e
X Ate b (e ki,
1 |z, ~ixe
ple 1y = —moigET
ace X2,
3
zg® AR k2
' 0 g b e
%3 [ 2p ey
1 ? e
\ C, = mmmrmemen [IV] —4C_—-+C 2 (2.9)
B 3“1 (e im-l) 2 xl 6 le

Substituting the conetants in equation (2.9) back to equation (2.4) and

) rearranging gives

. 2 [x o ] zt, AgZe Kt ]

: A *y ' 1 ey [ b 2ae™*! a1y

ok EE-al STt ' “ike

2 2(e ) z, -iki Ate

S T T

i ace io1y

L [ ‘ “ztz ae ikt

-1k 2 3 3 VI R, | Y

: vige ¥y | o2 2 NPT | i
’ * = A T “ikk

. [ ] 6 6&(8 -1) ik R Afe

- (¢, - Me

i b age ¥l )
, et (2.10)



Assuming k<<l it can be ghown that the average blocked impedance per unit

araa is

-} L: p,ax, a1 za
go=tde t 1 T, (2.11)
i [n vax, d |12 Am

This averaga blocked impedance is the same everywhere in each small element
and it is independent of the bending wavenumber kX of the coupled system,
Detalled derivation of this equation is shown in Appendix I. The unknown
that remaine to be found in this equation is the impedance per unit area 2

at the slot.,

2.2 The calculation of the impedance at the slots

The same method to calculate the mean flow velocity 1 in x-direction
can be used to calculate the mean flow velocity W in y—direction, Assuming
the flow through the slot is algo of parabolic velocity profile and from,

a’w ap aw
Boe=pg=—+p—
ax’ day  at

it can be shown that as with sguation (2.3)

ap _ l2p
—= e W (= + lup) {2,12)
hz

ay

12p

and p=-w (—3 + lwp)y + € (2.13)
b

where Cy is a constant.



If the fluld 18 filled to the top level of the glots, that ims to y =
=h, then dﬁ/dy =0and p =0 at y = ~h. Equation (2,13) with y=0 is

. l2p
p(y=0) = ~ w (——5 + iwp)h (2.14)
b

Therefore the impedance per unit area at each slot is

12y
Z = (- + lup)h (2.15)
b

The negative sign in equation (2,15) disappear because pressure and the

flow direction oppose each other.

2,3 The calculation of the blocked impedance for a perforated plate with

egually spaced circular holes.

A similar approach to that ¢for the alotted bean can be used in
calculating the blocked impedance for a plate with slots. However, Asveral
equations have to be modified and the analysis 1ia extended to
three-dimensional case. The fundamental chande is in equation (2.8). (see
diagram 2.5). Again the holes with radiua a are assumed to be sBmall
compared with £, the distance between the hole centres,

r— > Y
a ull 3 #112

Y

diagram 2.5
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It is assumed that the plate waves travel perpendicular to a line of

holea. By continuity

wral 40, taeq,_ra

1 11 12
_ - 1a
W, o= (u ~-0o ) —
1l 1z "1 m‘z
P, (x =1) ~P_(%.=0)
tharafore 2 = _1 f ia = - 2 _2 13 {2.16)
(u,,~u, . — (u_ -u. )3
12 11 waz 1z 1) "az
This changes the constants Cz hence c3 . The constant \'.':2 becomes
X X %
1 1 1
1 zt? arle ikt
c = - . IVI [ =5 4 ====cpee—=- 1
% 78, _~ik2 age K2 ma®  2a(e R
LI oy L e Bal=r 7
a a(e -1)
wige gy [ 20® aede™*?
+ + - (2,17}
t 2na’ 6d{e i“-l)
and equation (2.10) becomes
1k#
ZR M
2 2 X, 4
_ A ¥ ! [ = 1)][ 2a(e” -1)]
PErta 'Yt Lt ikt
2 2(e =13 zZR —-ixe Age
eI =T
na (e -1}
ke 3 3 [x . 4 {213, aple ikt ]
vice e 2 2 (e_im—l) 2na® 6ace” ) iwt
+ = “Tk1 e
[ 6 6(e -1) 2R Ale
2 (e by - AL =TT
ma d(e -1)
{2.18)
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The average blocked impedance per unit area can be shown as

2
PY)

2, =-— [ 33 +-2-1 (2.193
a fia A

2.4 The calculation of the impedance for a circular hole and the impedance

in the z-direction

To calculate the impedance per unit area Z for a perforated plate with
circular holea, we have to extend the analysig to three dimensions. FPirst
the impedance per unit area of a circular hole ‘18 calculated, then this
impedance i3 used to Jdetermine the impedance in 2z-Qirection, rox
simplicity, the movement of the plate is assumed to have a constant
velocity in z-direction,

a

T‘li*l‘-r

f p
T d
phyy dy

diagram 2.6

The impedance per uhit area of a hole Zn at y=0 can be shown equal to
(alagram 2.6)

11



au
Z, = ( -3 + iwp)n (2.20)
a

where a is the radius of the hole and h is the depth of the hole, Full
derivation of this equation is given in Appendix II,

A 7
- _ au a
d.u, T d. (a, +—z) ' 2e0
1
S N Sy 7 VAV A S S A A
‘ dz |
diagram 2,7 diagram 2,8

The average impedance per unit area in z-direction (diagrams 2.7 ang
2.8) can be equated as

%- J'; p(zydz 12 t? 1 24
2=2 A0 o (- 4 fwp) |- 4 mmmmmeemm - (2.21)
v a? 124 (-]-'Eg+1mp) ma “n
4

Substituting equation (2.21) into egquation (2,19), the blocked impedanca
per unit area for a perforated plate with circular holeg can be estimated.
The dexivation of the equation (2.21) can be seen in Appendix III.

12
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2,5 The estimated blocked impedance of a perforated plate with circular

holesg

Figures 2.l{a) to 2,1(c) show the real and imaginary part of the
eptimated blocked impedance for a perforated plate with circular holes of
varying distance away from a rigid wall. In the computation, the diameter
of each hole in the perforated plate of 3,25 mm thickness i assumed equal
to 2.28 mm (= 90/1000 in.)}. The distance between the holes centre is 7.0
mm., Thia i{s the dimensions of one of the perforated plate (PVC perforated
plate) used later in the experiment. The gap between the perforated plate
and the wall ia filled with the Espsolube hdxplus 20W/50 lubricating oil
{ 20°C).

The real part is constant with frequency as for a simple dashpot
whereas the imagintary part is positive and increases proportional to
{ frequency)l/2 indicating mass like behaviocur dependent on the wavalength
in the plates for squeeze f£ilm damping (2]. Both the real and imaglnary
parts decrease with increasing gap again as with unperforated plates {2].
The real part of the blocked impedance decreases sharply with increasing
gap, however, as the gap continues to increase this decrement slowa down,
The lmaginary part also decreases with increasing gap but the decrement is
small compared with that of the real part,

2.6 The actual modelling of the system

Since the estimated blocked impedance showsa that the oil in the gap has
the inertia anhd viscosity controlled behaviour, therefore a model with the
appropriate behaviour is shown in the diagram 2.9.

VE I ‘-_‘.D 22 T

T 3 {=Zp)
” A
P |
P — I |\
- _’
v [er— T V3 .'2&
11
diagram 2.9

13



The oil is modelled as a mass-dashpot system, ‘The mass and dashpot
account for the inertia and viscosity of the oil for incompressible flow
model with uniform pressure across the gap.

The loss factor of the system ia

Energy dissipated/radian

fl =
Energy stored in (excited plate + oil + attached plate)
(2.22)
The powar absorbed in the system
1 2 1 2 1 2
=~ |P| Ra{%‘ = - |P| Re[Mal = - IV31 Re[zal (2.23)
2 2 2
where M ie the mobility of the element of concern (M = %)_
1 2, 1 . LI (Z } 2
The energy stored = - m |V, |~ + = (M, +pd) IV 1" & = ——2= |V | (2.24)Y
1'1 2 2 3
2 2 2 u
P 232
Since —~ = ———— = Zt (2.25)
Vl Z:‘l+z2
where zt is the treatment impedance par unit area,
p
v_ = Zz (2.26)
2
B
and —_—=Z (2.27}
3
v3

14



in terms of VJ.‘ v = 2. V. or —= = -t (2.28)
3z Y v oz
3% 1 %
z v. z

and v, = 3 v, or 2ot (2.29)
2,42, v, z,

Therefore the loss factor can be equated as

R {2}
— e t -
n= 7.2 Z 12 (2.30)
&l!ll + w(mz-b-pd) E; + Im[ZB] E;

whera my, mp are the mass per unit area of the excited and the attached

plate respectively.

Figures 2.2a to 2.2c show the estimated treatment impedance when a
photographlc glass plate (500x500x6.35 mm) iz coupled to a PVC parforated
plate with an oil layer of differant gaps, The PVC perforated plate has
equally spaced holes of 7.0 mm and Aiameter 2.28 mm, The size of this
perforated plate is 495x495x3,25 mm and its material density is 1400 kg/m3.
At low frequencies the real part of the estimated treatment impedance
increases with increasing gap whereas at high frequencies it decreases with
increasing gap. The imaginary part, however, remains constant with
increaging gap. This imaginary impedance increagses with fregquency at 10
Aap/decade.
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3.0 EXPERIMENTAL VERIFICATION OF THE THEORY

The experiments were carried out using a thick photographic glass plate
(500X500%6.35mn) as the excited plate, The attached plate was either a BVC
perforated plate (495x495x3.256mm) or a perspex perforated plate
(490x490x3.0 mm) or a photographic glass plate (492x492x3.175mm). The
gurfaces of these experimental plates were f£lat and therefore the gap
betwean the plates can be constant all over the surface, By putting shima
or washars of different thickness in between the two plates, the gap
thickness can be controlled.

The diameter of the holes in both the perforated plates was 2.28 mm,
The distance between the holes centre, however, was 7.0 mmt and 4,67 mm for
the PVC and the perspex perforated plate respectively. The edges of the
excited glass plate was gealed with perspex satrips using Araldite. This
glass plate was suspended horizontally with four wires from the four plate
corners and the glass was excited via a ¢oil and magnet aystem undarneath
the plate (see figures 3,1a and 3.1b).

The less factor was measured using the time decay method. The tested
structure was excited via an electromagnetic coil to which a third octave
bandpass white noise was applied. The vibrational signal was monitored by
an accaeleromater (BSK 4344) attached onto the excited plate. Wwhen the
applied powsar was cut off, the energy time decay in each third octave bhand
was measured and analysed using the Hewlett Packard 5420A digital signal
analyser. The leoss factor was calculated using the following formula

n = = (3.1)

vhere Tgg i8 the raverbaration time, the duration while the signal decays
by 60 dB, £ is the centre frequency of the band under consideration.
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3.1 comparison of the measured and predicted loss factor on the glass—PVC

plateso

Figure 3.2 shows the measured losa factor when the plates are separated
with different oil gaps, fThe losa factor at low frequencies is of the
order of 10~3 and 1t reaches 10°2 at high frequenciles. The measured
results also indicate that at low frequencleg, the logs factor is higher
for larger gaps whereas at high frequenciesa it is amaller for larger gaps,

Pigure 3.3 displays the estimated lose factor calculated using equation
{2.30). The loss factor increases until a maximum 1s reached and then
decreases. The level of this maximum increases with increasing gap.
However, the frequency at which this maximum occurs decreases with
increasing gap. This gives an overall picture that the lose factor for
larger gaps is higher at low frequencies and lower at high frequencies.
This trend agrees with the measured result as shown in figure 3.2.

The predicted value, however, ia much smaller than the measured loss
factor. Figure 3.4a showa the measured losa factor of the excited plate
with four perspex strips glued cnto the plate edges using Araldite. Figure
3.4b gives the estimated total loas factor when this measured loasses of the
excited plate (due to radiation, material logses and the loases from the
edges) are included. Fiqures 3,.5a to 3.5c compare the measured and the
estimated total loss factor with varying gaps. The agreement is good. The
losses f£rom the squeezing of oil is small and the measured loas factor is
mainly from the lossea of the exelited plate,

2.2 The effect of the dimensions of perforated plate on the predicted loss

factor

Figure 3,6a displays the predicted loas factor wversus frequency by
varying the diptance between the holes centre # and Keeping the other
parameters constant, The result shows that the smaller the hole spacing 2,
the higher is the loss factor. The result 2lsgo indicates that the loss
factor decreasesg hy more than 10 AB for doubling the distance £. FPigure
3.6b shows the prodicted total loss factor, and again, the change of the

loss factor with @ can be seen very clearly,
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Pigures 3.7a and 3.7b show the predicted loss factor by varying the
attached plate thickenss h (i.e, mama) and keeping the other parameters
constant. This indicates that the heavier the attached plate, the higher
is the loss factor. However, the increment of the loas factor per doubling
the mass is much legs than that of doubling 2.

Pigures 3.,8a and 3,.6b give the predicted 1088 factor hy varying the
hole diamater in the perforated plate. The result shows that the larger
the holes, the higher is the loss factor, The result also indicates that
there is an optimum ejize of the holea for a constant £, h and 4 to give the
highest losses, The incremant of the losg factor, howaver, is much less
than 1¢ @8 for doubling the holes diamester,

Since the impedance per unit area of the attached perforated plate is
mass controlled, the larger the slze of the holes for a constant plate
thickness means a lighter mass. On the one hand, the light attached mass
regults in a low loss factor; on the other hand, the larger holes aize
gives higher loases. Tharefore there is an optimum size of the holee for
constant 2, h and 4 to glve the highest loss factor., However, if the mass
of the attached plate can be kept constant by varying the plate thickness,
the largar the hecles size results higher losa factor.

The variation of the predicted loss factor with the gap A are already
shown in figures 3.3 and 3.4b, The influence of logs factor by varying the
gap is very significant. <Therefore the above rasults suggest that among
the four paramaters discussed, the distance between the holes centre and
the oll gap are the more important paramaters in affecting the loss factor,
The resulta algso suggest to use a perforated plate with large holes and
small 8 for high lossmes,

3.3 Comparison of the measured and predicted loss factor on  the

glaga-parapex plates,

Figure 3,9 gives the measured loss factor when the attached plate is a
perspex perforated plate (650gm)., The measured result again indicates that
for larger gap, the losa factor is higher at low frequencies and lowar at
higher fredquencies. However, the measured loss factor isp again very small,
Figure 3,10 shows the predicted loss factor whereas figures 3.ila and 3,11b
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display the compariscn of the measured and the predicted total loas factor
of Qifferent qgapa, The agreement £or 0.25 mm gap 1s goed while the
difference between the measured and the predicted value becomes larger for
the 1.34 mn gap. Thia is probably due to the 8light bending of the perspex
plate, which is the consequence of the drilling of holes on the plate,
which in effect alter the gap, The agreement, however, is atill within 3

dB,

3.4 Comparimson of the measured and predicted loss factor on  the
glass-glass piates

Pigure 3.12 gives the measured loass factor when the two glasg plates
(non-perforated) are geparated by an oil layer, Thie loas factor is
significantly lower than that when the gap 18 filled with air (2]. In
order to £ind out the reasons behind thepe low losses, it is necessary to
axamine the terms in equation (2.30) properly.

The Dblocked impedance per unit area of 2 plate a diastance A from a
rigid wall is [2]

1 lap
= =z~ (=== 4+ 1luwp) {3.2)
W=

The £low in the gap is assumed incompressible and of parabolic profile, If
the £luid is airx, the wavenumber k in this equation can be agsumed equal to
the free flexural wavenumber of the eXcited plate, Howevar, if the €£luid
18 oil (heavy f£luid) the mams effect of the oil and tha attached plate
should be included in evaluating kX, This k can be approximately calculated

as

2
o (m +m +p0d)
x4=_ 1l 72 (3.3)
B

where my, mp are the mass per unit area of the excited and the attached
plate, p is the £luid density and B is the flexural rigidity of the excited
plate, The validity of this equation was justified in chapter 5.
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Subgtituting equationa {3.2) and (3.3) into (2.20) and aimplifying

given
1
1" =
F__— 22.2 a 2 3
(ml+m2+pd) _Jff . wpd . wpd (2m1+m2+pd) . ) mld ﬁl-&mz-i-pd
u2{m2+pd ya | @2 12p 125 (mytpd) 12uy 8

(3.4)

The onhly parameters changed to predict the loss factor when oil is used
instead of air are the fluid density and its dynamic wviscosity., AS can be
seen from thie equation, the relation between these two paramaters and the
losa factor is very complicated.

Figure 3.13a shows the predlcted loss factor versus the gap calculated
using equation (3.4). By keeping the frequency (800 Hz) and the fluid
dynamic viscoaity (air viscoslity) conatant, the fluid density increases
from 1,21 kg/m3 (air density) to S50 and 100 timea of thia value. The
resultg indicate that as the fluid density increases, the loss factor drops
sharply. A eimilar trend is observed in figure 3,13b, In this figure, the
frequency (800 Hz) and the f£fluid dynamic wviscosity is again kept constant
(011 wiscoaity). ‘The fluid denasity (oil density), however, decreasea from
891 kg/m? by 50 and 100 times of ita value.

Fiqure 3.14a again gives the predicted logs factor veraus the f£fluid
gap. In thie case, tha fredquency (600 Hz) and the fluid density are XKept
conatant (air density). The dynamic viscosity increasea from 1.01x1075 N
a/me (air viecosity) to 5 and 20 times of this value. The resultsa show
that the loss factor rises significantly as the fluld dynamic viscosity
increases, A similar trend is observed in figure 3.14b. In this figure,
the loss factor im computed at constant frequency (800 Hz) and fluid
dengity {(oil density). The dynamic wviscosity, however, increases f£rom
0.423 No/m?2 (oil viscosity at 209¢C) to 5 and 20 times of this value, The
predicted results indicate that for a particular gap, f£luid density and its
dynamic viscosity, a maximum losas factor can be obtained at a particular
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frequency. The value of the gap for maximum losses increases with
increasing viscosity. Above this peak, the trend ia similar to that shown
in figqure 3.14a; that is, the loss factor increases with the increasing

viscogity.

The above computation results {(figures 3.13 and 3,14) demongtrate a
vary important point. It is the ratio of the fluid dynamic viscosity and
ite density which is the dominant factor in controlling the value of the
loes factor. If the fluid density is high, high loas factor can still be
poeajhle provided that the fluid dynamic viscoaity can also be increased
significantly. However, as can be geen from equation {3.4), the dependence
of the loas factor on this ratio is not a eimple and straightforward one.

Pigures 3.15a to 3,15c display the comparigson between the measured and
the predicted total loss factor using glass plates, The agreement is good.
e cause for the low loas factor iB now very clearly understood.

3,5 The effact on the loss factor due to the drastic increase of the fluid

viacosity

Some experiments were carried out to verify the verdict that as the
fluid density increases, high loss factors are still possible provided that
the fluid dynamic wiscosity can be increased significantly too. The
initial experiment was carried out on the glaas-PVC plates with a 1.34 mm
oll gap., 'The oll was then filled up to 7.0 mm above the top surface of the
PVC perforated plate., Figure 3.16 givea the measured loss factor for these
two conditions, By £illing in mere oil, the total mass was increased. The
result shows that the loss factor increment at low frequenciea is
infinitely small, however, the increment Dbecomes obvious at high

fraquencies,

Figure 3.17 displays the measured loss factor for which the perspex
perforated plate i inserted between the two glass plates and the gaps
between the plates are filled with oil, The total mass is increased which
results an increase in the value k. Therafore it is expected to see that
the larger the oil gap, the higher the loss factor. The viscosity 1s also
increagsed as a result of the insertion of the perspex perforated plate and
therefore the measured loss factor is increased, Thia can be clearly
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demonptrated when the measured loss factor in this figure, at which the
sandwich plates with gaps 1.34 mm, giving the total gap of 5.68 mm between
the two glams plates, is compared to that in figure 3,15¢ (6 mm oil gap).
The losa factor has increased significantly.

To further increase the viscosity, a 490x490x7 mm DCMEAD polyester foam
waz inserted into the oll layer, Four washers of the same thickness were
put at the four plate corners to support the attached plate. Figure 3,18
gives the measured losa factor and as can be aseen, the loss factor
increases to nearly 0.1, The ingertion of the foam has increased thes total
mass and the fluid density slightly., However, the viacosity is increased
by many times, Fiftaen Nylon scouring pads (150x90x7mm) were also used to
inmert into the oll layer. Again, as shown in figure 3,18, high loss

factor was obtained,

Tha ahove experiments confirm that it is the ratio of the £fluid
dynami¢ vigcopity and its density which controls the loss factor, In the
lignht of the high loas factor being achieved by inserting materials like
foam and scourinhg pads, efforts ware put into developing modal to predict
tha losa factor of this kind, The following chapters will show the
devaloped theory and its experimental verification.
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4.0 THEORETICAL. MODELLING OF DAMPING WITH POROUS MATERIALS IN LAYERED
CONPIGURATIONS USING IMPEDANCE APPROACH

There are many available theories desacribing scund propagation in
porous materiale. The classic work in this field is that of 2Zwikker and
Koaten, described at length in reference [3]. In this book they have tried
to give the deaign of ahscrbing materials & more scientific basis, The
principles underlying the wave propagation through porous or non-porous
media are described. The theory developed is essentially phenomenological
in that 1its parametere ara related to macroscopically measurable
properties: e.g, flow resistance, porosity, bulk stiffness etc. It has
since been pointed ocut that the 2Zwikker and Kosten frame continuity
equation is non-physical and under some conditions leads to paradoxical

rasuits [4].

Referance [5)] gives a more comprehensive review on the main features of
work in this area. Several recapt theories are also asgessed in some
datails, 1In the theoretical analysis that follows, the Rosin's approach is
adopted f4]. It is a phenomenological model in which the minimum number of
aspumptiona are made regarding microstructure. No limitation is placed on
tha structure factor and only two-dimensional motion is considered.

4,1 "he_ eguations of motion of the fiuid and the frame exciuding the

frame shear gtiffness

- A
y . \
i \
= 4
) \

diagram 4.1
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It is assumed that the material structure considered is similar to the
Rayleigh model [6] in which parallel poree are embedded in a solid material
(diagram 4.1). The pores are cylindrical with radius a, the pressure Arop
along the pores with mean flow velocity 'ﬁp is

U =o_0 (4.1)

whera x 18 the distance along the pore axis, P is the fluild preasure, u is
the fluid dynamic viscosity and op is the flow resistance coefficient. The
derivatioﬁ of thip equation iz described in Appendix II. At any surface of
conatant X within the material, the total force per unit area acting on the
fluid component is Pz, which is equal to P,g with g the material porosity.
The abave equation can be written as

— =g q Up (4.2)

diagram 4.2

If a pore whoge axis 1s inclined at an angle © to the x-axis (diagram
4.2), equation (4.2) should be written as
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—ap

where ¢ is the distance along the pore axis, Denoting Vz the f£fluiq
velpeity in x-direction, ie, Vg = EP cos B, the above equation can be
rewritten as

~ap cg _
_2=_E_z_v2 (4.3)
dx cos @O

The 1/cosZe accounts for the pore orientation and is called the structure
factor «. By defining ¢ = eap/g, the macroscopic flow resiatance,
equation (4,3) can be rewritten purely in terms of the macroscopically
measurable properties, ie,

220 g*¥ (4.4)

This relation will be used to deacribe the viscous force develcped per unit
volume between the fluid and the material solid frame when thay are in
relative motion. That is, Vz will be replaced by the difference between
fluid and frame velocity.

[ dx
X * 1
I 6
Y g { T -9
d - \
]
diagram 4.3



Thea total inertia forces assoclated with the motion of a unit cube of
fluid and @golid frame remain unchanged i1f the pores at a given
crogs-agection are combined into a large pore. Therefore the Rayleigh model
can be replaced by a pgimple atructura as shown 3ih diagram 4.3 for
developing the inertia terms., Assume the pressure Py 1is constant across
the whole gap d at any x, the total force applied to the frame per unit
crogs-pectional area of the bulk material is p; = ppm(l-g). As defined
abave, the total force acting on the £luid componsnt i8 Pz = Dag. Let V)
be the frame wvelocity in the x-direction corresponding to the f£luid
velocity 72. The bulk density of the frame is py = pm(l-g), where pp is
the frame material density. Similarly, pz = pg, where p is the f£fluid

density.

dx

T . p,
g, - f ix
Cosd V27V 2 9,

diagram 4.4

Considering the f€luld elemant alone (dAdiagram 4.4), the f£luid
experiences two simultaneous motiong with a translational motlonh in the
w-direction with frame veloclity '\.71 and a relative motion along the pore
with velocity Ep = (Vz—ﬁ )/cos 8. With all forces projected onto the pore
axis, the force balance for the fluid element can ba written as



~8P av P, a(frz—i'rl) oq
-—— Ccog 8 = p,_ co8 6 —= ¢ 4 -E (Vz-vl)

or 2 at cos 8 at cos 9

Dividing this eguationh by com © and in terms of the structure Factor and
macroscopic flow resistance, the equation can be rewritten as

—-ap av a( Vz-Vl)

2 2 - =~
—2=p, -2 4 P, (e-1) + o (V0 ) (4.5)
ax at at
dx
x i
A |
d ;
pl ;
P e D 4
y 2 R PR :
d "'\ 3P2
P 4+ — ax !
P
l""" e 2 O
y
diagram 4.5

The equation of motion of the whole element (diagram 4.5) is

-ap op av av
1 2 1 2
——— e —=—T p —_—— pz s ( 4 N3 )
ax  ax at ot

Therefors the eguation of motion of the frame can be ohtained by

subtracting equation (4.5) from (4.6), that is
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The edquations (4.5) and {(4.7) are the same with those presented by Zwikker
and Kosten [3]. This approach and results are also the same 23 Rosin's
{4]. These equations are coupled by an inertia term (which qoes to zero
when the structure factor is unity) and a viscous term (which becomes zero

when the flow resistance is zero).

Since Py is assumed constant acrovsg the gap 4 at any %, the £luid
pressure P muat also equal to Pp, which gives

(l1-g) ap, ap
__E =-..'3'. (4_3)

[+ ax ax

The mean flow velocity U across the gap can be calculated from

U= Vl (1-g) + Vzg (4.9)

Combining equations (4.5), (4.7) and (4.3},

_ tup(€-g )V,
v, = (4.10)

1
Ope - Lwla(1-g) + p(e-1)]

Grouping equations (4.5), (4.9) and {4.10) gives

—ap ( 9,8 )z-mzpme( 1-g )-wzng( €1 )+iuupe [petp(g-L)tp (1-9)]

-2 U
ax crpe-f-iu( J.-g)(pm—p)
1 —
= . U {4.11)
s

Utilizing the equation of continuity for the whole system [2], the blockeq
impedance per unit area can be calculated as
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1 1

2, - (4.12)
% x’a s

Referring back to equation (4.10), if Vp >> V3, the frame can be assumed
rigid, i,e. V3 = 0, The equations (4.5) and (4.9) can be combined to give
a very simple eguation as

- Aap (o _dwp)
2. B ____ .G (2.13)
ax g

This in turn gives the blocked impedance per unit area as

1 el{oc +iwp)
P (4.14)

x4 g

%

4.2 The equations of motion of the fluid and the frame including the

frame ghear stiffness

If the parous material is glued onto the plates, 1t 13 necessary to
include the shearing motion of the frame, By assuming the motion of the
frame acrosf the gap haa a parabolic flow profile, it can be 8hown that the
ralation between the pressure P¢ and the mean flow velocity Vf is

- ap 126 7 126
—E e |2 By g - 2y § (4.15)
wd

where Gy and ng are the shear medulus and the shear loss factor of the
frame respectively, The derivation of this equation is shown in Appendix
v,
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The fact that the velocity of a linearly viscoelagtic frame material
takesa up a parapolic profile when the upper boundary ig moved towards the
lower boundary i1is well documentea (7). When a gmall oscillatory
compresgion is applied to the upper gurface of the frame, it is deformed in
compression and the fluid is forced to flow in the lateral x-direction.
Howover, as the frame (polymer foams) will exhibit non-linear behaviour in
compression, this deformed shape is valid only for small oscillatory force.
In addition when wpy ? 1260/mdz in equation (4.15) the flow becomes inertia
dominated and the flow profile departs from a parabolic to a flatter form.
However it is thought that this makes 1little difference to the overall

behaviour.

As the frequency of the excltation le increased the energy loss due to
the viscous f£low increases. However, at high frequencies the wviacous
interaction between the flowing fluid and the frame is 8o largs that the
frame ism forced to move with the £fluild resulting zerc net flow giving no
flow losses. ‘Therefore, it 18 expected that the loas facter to increase
with increaming fredquency, pass through a maximum and then decrease as the

frequency is increased further,

dx

/
BPl
 PP— Pl + —= dx
2

— dx
J 2 ax
g eem
1.'2#:;(:,1'1s 126
{l-g) { -1 ) V.
2 wd2 1
diagram 4.6



The equation of motion for the whole element including the frame shear
atiffneas is (diagram 4.6)

8p, @p v av 126 7 126
1 2 1 2 o' g of =
[P, == pl ——— pz — (l.—g) o ——sn - -EI Vl
ax  ox at at wd wa
(4.16)

The equation of motion of the fluid element alone (egquation {4.5)) remains
the same. Using these two equations and equations (4.8), (4.9) gives

[crpe + dwp( r.=.--g)]\.'2

v, # 176 7, 26 (417}
[crpe + (1-g) —===37] + 1[up,(1-g) + wp(e-1) - (1-9) -—3]
w wd
and
- ar Y, + iY
~2-2 .2 (4.18)
L A
whera
126 126,n,
¥, = ~wplup (1-g) + wp(e-1) - (1-g) ———3] + a_&(1-g) 3=
wd P wa
126,
= wple=1)(1-g)(wp ~wp= —==7)
wa
126 n 126_1n
Qs 08
Y, = wplo_& + (1-9) ——=3=] + wp{e-1)(1-g} -
2 p waZ a?
126
+ o _e(1-gNup -wp~ —=3)
P m mz
126 n,
Y, = (1-g) e + glg e + (1-g} —=—5-~]
3 P P wa?
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and Y“i = wp(l-g)e-g) g[wpm(l-g) + wp(e=1}) = {1-g) ___g]
wd

4,3 Tha calculation of the logs factor

If the porosity of the structural material is high, equation (2,30) is
atill valid for calculating the loas factor of the ayatem., If the material
is not glued onto the plates and if the frame displacement is much smaller
than the fluid displacement, the frame can be assumed to be rigid and Gem,
The loss factor of the system can then be shown equal to (combining

equations (2.30) and (4.14)}).

aluzc m2+pd )zlczd
ﬂ =
2 2 2 2, 2 2, 2 2
unl{u1+[u2+k dm(m2+pd)] )+ u(mz+pd)(u1+u2) + azk Aw (m2+pd)
eu (4.19)
6(;5) cwp
whare :xl = anda u2 = ———
g g

The above equation is very complicated. It is naceasary to simplify
this equaticn in order to gain some physical insight how the paramaters
affect the loss factor. At very low frequenciles, the loes factor can be
appoximated as

o mz-l-pd )zkzd
N o ———e {4.20)

a, (m +m,+pa)

The k ia the bending wavelength of the coupled syatem and is defined in
equation (3.3). This is proved to be correct experimentally ln chapter 5.

At vary high frequencies, equation (4.19) 18 approximated as

1 (8.21)
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Equating equations (4,20) and (4.21) roughly givesa the frequency at which
maximum loas factor will occur, This is equal to

a.
"’:mx 2 —— (4.22)
d(m2+pd)
Subsatituting this equation back to equation (4.21) gives
2
(m2+pd)
n = (4.23)
ml(ml+m2+pu)
In non-dimensional form, it can be written as
. (4.24)
Y147
m, oA
whwere T = a+f, a=--and p = --,
my mn

The abave equation indicates that by increasing the attached plate
mass, the loss factor will increasa, However, if the gap is large (ie,
Br2a), the increment of a will be insignificant and the logs factor will
remain the sama, The equation also indicates that by increasing the gap 4
(ie, increase ), the loss factor will increase., The frequency at which the
maximum loss occurs, howsver, depends on many parametars (equation (4.22)),
If the gap is small, this peak will occur at higher fredquency. Similarly,
by increasing the material macroscopic flow resistance, this peak will also

occur at highar frequency.

Plgure 4.1 givea the estimated values of the maximum loss factor varsus
o {a =mp/my)., Increasing the « increases the maximum losses, However, if
@ is large (O>»a), the maximum losses become a conatant. figure 4.2 shows
the estimated maximum loss factor versus 8 (fS=pd/m;) and a similar trend ia
observed, Although equation (4.24) is an oversimplified expression, it
thus indicates the genaral trend how the maximum loases depends on various
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parameters, which is otherwise impossible to identify from the complicated
equation {(4.19).
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5.0 EXPERIMENTAL VERIFICATION Of THE THEORY WITH POROUS MATERIALS IN
LAYERED CONFIGURATIONS

The experiments were again carried out using the photographic glassa
plates, The porous materials used in the experimenta were; 7mm thick
DCMEAD polyester foam, &mm and 18mm thick reticulated (Retic 20 PPI FR3)
polyurethane foam and a 9 mm thick f£felt (wool). The size of these
materials are 0.495 x 0.495m, Esgolube hdxplua 20W/S50 diesel engine
lubricating oil (temperature of 209C) was used as the fluid and also water

wae uged.

5.1 The point inertance measurement

The excitation method was described in section 3,0, Pigure 5.1 ghowa
the measured point inertance curve when 7 mm thick DCMEAD polysater foam,
which ig filled with the lubricating oil, ie immersed in the gap of the
game thickness, The average lhertance for an infinite plate can ba found

ag [B].

w
(5.1)

4 = ———
infinite = oo

where m, B are the mass per unit area and the flexural rigidity of the
plate, In this case, this m is the total mass per unit area of the whole
system, The mean rasponge curve is drawn on the same graph and it roughly
agrees with the measured inertance curve, This demonatrates that the
approximation of the flexural wavenumber X of the excited plate with fluid
loading (equation (3.3)) is correct,

5.2 The porous materials macroscopic flow resistance measurement

Although the theoretical modelling of damping with porous materiala in
layered configurations using impedance approach is described in the
previous chapter, it is not possible to estimate the loss factor of the
system without knowing the properties of the porous material used in the
experiment. The unknown parameters of each porous material are the
structure factor and the pore size, However, it is possible to measure the
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macroscopic flow resistance which in turn enables the parameter as/a2 to be

caiculated,

T

diagram 5.1

Coneidering the fluid which passes through a porous material of length
23 with cross sectional area z3z; (diagram 5.,1), the mass of the fluia
discharged per unit time can bhe equated as

Q=p0 23z, - (5.2)

where U is the mean flow velocity at any X and p is the fluid density.
This mean flow velocity is related to the pressure Py at any x as (the real
part of eguation (4.13)),

8

E-

-dpa ecrp - [az -
B A g S (5.3)
ax g q

Subatituting equation (5.3) into (5.2) gives
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By measuring the discharge rate Q, the e/a.2 can be calculated.

Pigure 5.2 displays the apparatus used for this £flow resistance
measurement. A 12%12x325 nmm perspex tube is made to accomnodate the porous
material for testing. Perspex is chosen so that if any air bubbles remain
in the porous material when fluid has filled the tube, they can be clearly
seen, They were removed by suction on top of the tube . A valve was
attached immediately below the tube to control the flow. The level of the
fluid on top of the tube was Xept consatant (height = 290 mm) Quring the
experiment to give a constant pressure level, The temperature cof the fluid

waa monitored.

For the Easolube hdxplus 20W/50 lubricating oil, the average measured

e/az for different porous materials were:

POROUS MATERTAL eral

DCMEAD polyester £oam 7.62x108
DCMCC polyether foam g.93%106
20BPI reticulated polyurethana foam 7.61%105

The experiments were repeated using Olive oil giving measured e/az
values close to the above. However, there was a marked difference in the
measured s/a2 whan water was used. It is later found that because of the
viscoaity of water is ccmparatively small and hence the flow was very fast,
the limited size of the valve restricted the flow. By removing the valve,
the measured e/a.z were cloger to the above values, The apparatus used for
the experimenta was therefore only suitable for use with high wviscoaity

fluias.
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5.3 Comparison of the measured and the estimated total loss €actor with

foam 1&!&!

Sinca the foam was not glued onto the plates, the shearing motion of
the frame was not conhsidered, Substituting the measured s/a? valuea into
the equation (4,10), it is found that '\72 » ;1 which means that the frame
can be assumed rigid. Therefore equation (4.19) can be used to estimate

the loss factor of the system,

However, in the actual experiments, as the foam is filled with fluid,
the frame will deform slightly. The frams is certainly not abaolutely
rigid, It is therefore difficult to justify ignoring the shearing effect
af the frame, However, the experimental and theoretical results, which
will be discussed in the following secticns, which agree with each other
demonstrate that the errcr for assuming the frame to be rigid is small,

As can be seen from equation {(4,.14), although the measured e/az enables
the real part of this blocked impedance to be estimated, the value of the
gtructure factor in the imaginary part remains to Dbe assigned. The
imaginary component of the structure factor controls the f£luid inertia
effect; an increase causes the loss factor to decrease. This effect is

asignificant. at high freguencies,

Figure 5.3 shows the measured loss factor when the gap is filled with
the lubricating oil together with the 7mm thick DCMEAD polyester foam,
Even by varying the structure factor, the agreement betwaen the sstimated
total losa factor (including the excited plate radiation and material
logses) and the measured value is not very satisfactorily. There is moxe
than 3 4B difference between 800 Hz and 2000 Hz frequency range. Figure
5.4 gives the estimated total loss factor by varying the :s/a2 value and
keeping the structure factor unity. The estimated values indicate that the
higher the s/a?, the smaller the loss factor at low frequenciea and higher

at high frequenciles,

Fiqure 5.5 gives the best fit of the estimated values to the measured
loss factor. The &/a? for this best fit curve is about half the measured
value, One of the causes for the discrepancies is probably due to the fact
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that this polyester foam has irregular pores, and the portion of the £oam
for the wvipcosity tesgting may not represent the average nrs/a.2 value of the
big foam used for the losa factor measurement, Secondly, the cutting of
the porous material (for this £low reaistance testing) to the exact
dimensions as the perspex tube is difficult. Any discrepancies in the
dimensions will certainly change the fluild discharge rate.

Pigure 5,6 displays the comparison between the measured and the
estimated total loss factor (using structure factor = 1,8) with the 6 mm
thick DCMCC polyether foam in the gap. The agreement iz very good. FPigure
5.7 gives the estimated result using the 18 mm thick polyether foam., By
increasing the structure factor, the fluid inertia increases and the loas
factor decreases, Figure 5.8 shows the comparison between the measured and
this estimated total loss factor. BAgain, the structure factor of 1.8 gives
the best £it result. The result also indicates that with a thicker foam,
the lops factoy dincreases, This agrees with the trend cobserved f£from

equation (4.24).

Pigurea 5.9 and 5.10 show the comparison of the measured and the
estimated total loss factor (using structure factor = 1.8) with the 6 mm
and 18 mm thick 20PPI reticulated polyurethane foam in the gap
respectively, The agreement ia again very good, However, the pores of
this foam arxe much larger than those in the polyester and polyether foama
and as expected, the loas factor 1s smaller, Figure 5.11 gives the
measured loss factor both at the excited and the attached plates. ™e
results indicate that the plates are strongly coupled and therafore the

measured loas factors are the same,

5,4 The influence of the attached mass and the gap on the loss factor

Figure 5.12 displays the measured loss factor with and without the
attached glass plate on top of the 7 mm thick DCMEAD polyester foam, The
ragults show that with the attached plate, the loss factor is higher. This
ia expected as the aqueezing effect in the gap will decrease if it im
without the attached plate. Pigure 5.13 gilves the estimated total loss
factor versus the gap hy varying the attached plate thickness (at a
consatant frequency). Ihcreasing the attached mass increasea the loss
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factor for amall gap, however, if the gap is large the increase in mp will
not affect the loas factor. This agrees with the trend suggested in

equation (4.24).

Figqures 5.14 and 5.15 show the estimated loss factor (excluding excited
plate radiation and material lossges) using steel plates., The Dlate maas
ratio o (equation (4.24)) remains unchanged, however, the individual plate
mass increases. The loss factar increases at low frequencies. X£ the gap
is large, this increment 18 insignifiecant, At high frequencies, the loss

factor decreases with increasing mass.

6.5 Comparigon of the measured and the estimated total loss factor with
the felt layer

In order to demopstrate that the above theory can be applied to other
materials other than foam, a 9 mm thick felt with 1314 )cg/m3 material
deneity and porosity 0,827 was choden for experiment, The structure factor
of the felt was unity due to the nature of the felt. The measured average
e/a? is 2,123 x 107 m~2, Figure 5.16 shows the comparizon of the measured
and the estimated total loss factor. The agreement is encouraging.
fHowever, a very cloae fit result can be obtained by varying the e/a? in the
estimation of the lass factor., Figure 5.17 gives this estimated values and
figure 5.18 displays the best fit curve. BAs mentionea in section &.3, the
cutting of the material to the exact dimensions as the perspex tube for
flow resigtance testing is difficult and this will give an inaccurate e/a2
value, However, the estimated and the measured logs factor display a
aimilar trend suggesting that the simple theory developed in chapter 4 is

generally correct.

To complete this series of tests, the 9 mm thick felt was also immersed
in water and the loss factor measured, As expected, the loss factor is
small because the water has a very low dynamic viscosity. Fiqure 5,19
gives the measured and the estimated loss factor and the agreement is good.
However, the result clearly demonstrates that it is necessary to uge a high
viscoalty fluid in conjunction with the material to achieve the high loas

factor,
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6.0 CONCLUSIONS

(a) 0il) layar damping with perforated or non-perforated attached plate

(1)

(i)

(iii)

{0

The blocked impedance of the incompressible f£luid model with the
parabolic velocity flow profile indicates an inertia and viscosity
controlled behaviour, For the perforated plate with Xx#<<l, the
blocked impedance is independent of X (the flexural wavenumber of
the excited plate including the loading of £luid and the attached
massg), The perforations behave as independent dashpots.

The computed results suggest that for a high loss factor, the size
of the holes in the perforated plate should be large, However,
the distance between the holes centres should be small. For a
perforated plate with constant thickness, there is an optimum
combination of these parameters to give the highest losses,

The loss factor obtained with oil layer is generally low. It was
found that the loss factor is controlled by the ratioc of the f£luid
aynamic vigcosity and its density. A high loss factor can still
be possible provided that the fluiad aynamic wviscosity can be
increased by many folds ag its density increases. This ratio was
favourable with air. This ratio is pot favourable with oil, But
if viscosity is increased by an infill, high loss factors can be

achieved,

Logs factor of plates with porous material and oil layer

(1)

(i1)

(iit)

The losa factor can be increased to above 0.1 if a material of
high porosity is immersed into the high viscosity oil layer.

The eyxcited apd the attached plates are atrongly coupled and the
measured logs factor on both the excited and the attached plates

are the same.

The atructure factor (g « 1/32) of the porous material should be
chosen to be as small as possible to give a high loss factor.



(iv)

(v)

(vi)

The fluld inertla is important at high frequencies. High inertia
reduces the flow speed thus giving smaller viscous losses,
Therefora the porous material with a small structure factor
(e=1/con®p) is preferred for high losgses.

Increasing both the excited and the attached plate masses and
keeping their mass ratio constant increases the loss factor at low
fraquencies. Howaver, i1f the gap i1s already very larde (ie A»»«),
the loss factor will not be affected by the changing o, At high
frequenciesg, fluid inertia is the controlling parameter, and the

loss factor decreases with increasing gap,

The £requency at which the maximum loss factor otcurs depends on
the properties of the porous material, the gap and the mass of the
plates, For larger gaps or heavier attached plate, this frequency
occurs at lower values, For heavier excited plate or larger
porous material structure factor, this frequency will occur at

higher values,
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APPENDIX I The Calculation of the Avarage Blocked Impedance of a Plate
with Slots

Congider a plate, which has many equally spaced slots f, and is assuned
to be infinitely long and is placed a distance d above a rigid wall,
Aysuma the slots each of length b ise small compared with 2, Asaume each
small elemant 1s excited with a constant velocity gradient and for

A A A A Y V4

diagram I.l

} simplicity, the anpalysils ig carried out in the twoe dimensions. ™e
coordinate of the aystem is chosan such that at the beginning of sach small
‘ slemant, the x value is zero (see diagram I,2), The subscripts 1, 2, 3
correspond to element 1, 2, 3 regpectively and the pressure in x3 = 0 to #
ig Py, in %2 = 0 to 2 is Pz and s0 on.

[ ] [ ll—‘?"p‘/’l I,]I PII J
v 1 2 3
=f ® =4
2 ‘

x1=0 xl

x2—0 X3-

VARV YA A A A Y A A V4

diagram I.2
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The wvalocity at the Nth alement in y=-diraction can be written as

Vi

vy = 0 via SR, ___e—ik(u—l)1.(3-1)“_1”%]&1:»:
t (1.1)
That ia vy = (vijelst at x; =0
vz = vie~iklglut at x; = for x = 0
vy = |viemik2fglut at x = £ or %3 = 0 and 8o on,

This is obtained from the finite element approach at which the velocity in
a amall slot is assumed to have a velocity with a constant velocity

gradiant,

Congider a small element of the ocscillatory plate, for which the
aimplified equation of continuity is {2].

du( %) - aH(x}
V(x) = H(X) ===—— 4 u(x) ==—— (I.2)
dx ax

where H(x) is the gap between the plate and the wall at position x, U(x)} is
the average horizontal flow velocity at position x.

Amguming the velocity profile of the gap is of parabolic shape, it can
be shown that

dap
-— =— AU (I.3)
ax

whers A = (124/d2 + 1up) with i and p the dynamic viscoaity and the density
of the fluiad in the gap.

Substituting equations (I.1) and (I.3) into (I.2), the expressions for
the pressure gradient and its pressure for elemant 1 say can be obtained,

Thay are



2
ar A f& lut
2

R (IVIx, + €, +c, )a (I.4)
dx, a 1, %,
3
A x: cxlxl it
Py =~ (IVl -2+ ~——4C, X +C, )o (1.5)
a 2 1 xl xl
3
A xzz' c"zxz tut
similarly, B, = - (V, =+ -=—+C, x, +C, )e (I.6)
a4 2 ] Kz xz

and Bo on with V, = Ivie ",

™e C:x ' c2 ' c3 are the constants for alement 1.
1 x x
1 1
c,,C s C ara the constanta for elemant 2.
By e
2 2
- ~1K8
condition 1 PN+1 = PNe
-~ a ikl
That is P (x,=0) = P, (x,=0)e
n ik
and P,(x,=0) = P,(x,=0)e
Therefore a general c3 can be written as
ca = ca e—-i(N-l))c! (1.7)
*N X
- _ - _—ik#
Ccondition 2 uuu = u“e
- P _an—ike
That is uz{xz—o) = ul(xl--c)e

Tharafore a general Cz can be written as

*n
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c =C (1.8)
2 2
*N *y
- oy _ iy —ik2
Algo uz(xz-!) = ul(xl—!)e
thaerefore a gensral C_ can be written as
N
C, =6, o L(N-1)kt (1.9)
*q 1
vl —ik g
rrom equation (I.1), cx = ——— (e -1}, (r.10}
1 2
Algo as P (X =0) = P,(X,=0)
the r:3 can be found. It is
x
. 1
1 #? 2
C, =———g—— (V] —+C —+C, 1) (1.11)
%, (e ke 3y 2z %16 2"1

To find c2 we have to equate the impedance at the 8lots, 2, (diagram

1
i I.3)an
" b
z
L L I x L
4 '
ol I Y
| VA 777
diagram I.3
-P_(x,=2) =P, {%_=0) ~P, (X =)
P - .22 =22 (1.12)

- - a4 - - a4 = = a
(Ut ) (MU dp (U7hsls
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Prom % U,y )S = PZ(RZ-O) it can he shown that

2

1 ZR 1—".!—- a-ix!
czx = - _I\_I_e—ikl! . IVI "; + -;ém-:;,
1 ey, A
b ( e-—-:i.k!__l)
3
ze2 AL ~ikt
+c, |-—+ L E—
*lon (el
(I.13)
Substituting all these constants into equation (I.5) given
s 2 ’x o = 28, pglei%! ]
_ A ® [ 1 g~k B Ay
L% v { =+ IR b " :
a 2 2{e -1} 2, =iki AR
gle 1) - =t
Aa(e -1)
vice ¥ty | 3 'y ["1*‘ “'—'1'1%'5“" [mz + 'ﬂae:uic:i’]
+ Wiee Din + pL_te”" -1)llen  ed(e "77-1)
~ik g
[ 6 s(e iy, [g(e"""_l) - ..E!g__._.._J
d(e =1}
Lt (I.l4)

The average blocked impedance per unit area isg

)
1
AN
T 1T
'ilo v, ox,
2 ~ix8
2 2 . 4,28 , BRe
-l 2 ( Sk + B sz""




el g [z+s] [zﬁ,,esfa'”“] .
2 [~ 2b

b= = — _m‘:dc V —
ZC Ala c
t| 24 ec 5 e ] (14)
where C = (e"”"—n (1.15)

By grouping the terms in equation (I.15) and simplifying and asauming
ki <¢ 1, it can be shown that the block impedance per unit area can be

aimplified as

a? [1 za]
A M (1.16)
% (2 A

This avarage blocked impedance is the same overywhere in each small alement
and it is independent of tha wavenumber k. $ince the real and imaginary
part of A ara positiva, this is alao true for Z (the impedance Der unit
area at the alot at y=0), ‘The real and imaginary part of this blocked
impedance per unit area should be poaitiva.
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APPENDTX II The Calculation of the Impedance for a Circular Hele

To calculate the impedance per unit area 2 for a perforated plate with
circular holes, we hava to extend the analysias to 3-dimensions. Pirst of
all we have to calculate the impedance per unit area of a circular hole,
than wa have to use this Iimpedance to calculate tha impedanca in
z-direction. For simplicity, the movement of the plate is assumed to have
a conatant velocity in z-direction.

‘],[‘

op

P+Wdy

diagram II,1

To calculate the impedance par unit area of a circular hole, we have to
consider a fluid element in the hole. (diagram II.l). This fluid ie
neither gaining nor losing momentum, therefore the forces on it must
balance. That is,

2 ap
(- dy)y + T . 2rrdy = 0

dy
aw
where T = = =
ar
aw r ar
then —-— = =
dr  2u Ay



1P
ps [0 aw=— - [2

rdr
Wo 20 dy [s]

a® ap
therefore W = - — ——,
4u Ay

This is the maximum velocity at the centre axis,

8ince w = 0 at r = a, this gives

1 ap

2 = — (£2 - a%)
4, Ay
a a r dp 2 2
The total volume flow = JD 2mWar = 27 Jo I T
au dy
ma® ap
8u Ay
- mie
The maan velocity W = { ~ —— —=)/ma
Bu dy
2
= = oa-.-— f = ':E
By dy 2
1 4ap 2w
OF == == = = o=
. ay n2
aw ap 2 aw 2
Now -2rrdy(- p —=) - — aynmr” = -- gr dyp
ar dy at
2 aw ap aw
aimplifying gives = U == = == = p —
r dar day at

Substituting equation {XI.3)

_ e
P=—H’(-5+iup
a

(Ir.1)

(II.2)

¢I1.3)

(I1.4)

into (Ir.4) and in terms of W gives

)y+cz
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whore <:2 i8 a conatant. If the fluid is filled to the top leval of the
hole, then P = 0 at ¥ = -h which given

e
P=-W( 4+ lup)y+h)
a

. 8
or F(y=0) = ~ # (-3 + iup)h
a

The impedance per unit area of a hole ?Tl at y=0 isa

8p
Z = ( =3 + up (I1.5)
a

The negative sign disappears bocause pressure and the flow diraction oppose
each othar,



APPENDIX II! The Calculation of the Impedance in the z-direction

L
v &
%
l ] Ly d [ I
1 z
W,
v 1
| _ d
. du
d.u, =T “Td.i + —=az) ze0
, X
7 A P
dz I
diagram III.1l diagram III,2

For simplicity, it is assumed that the plate has a conetant vealcolity Vv
in z-direction. cConsidering a fluid element dz at any poaition z (diagram

111.1),
aﬁz
a, ~2az=vdz
az
or i =Y¥za4c (I11.1)
z d 3 ) *

whare c:3 is a conatant. If the flow in the gap in z-directicn is also

of parabolic ahapa, then

1 ap
— (III.2)

(22 + 1upy 9%
a

Substituting equation (III.1l) into (IXI.2) gives



ap 12y v

—m - |4 dup)(— +C.)
az a? a
12 vz?
OT B = = (== + Wp)(-~— 4 C,z +C,) (1X1,3)
a 24

A3 P{z) = D(1-2) by syimetry, this gives

2

vz v )
— +CZ+C, == — (b-2) +C(2-2)+C
P S S 3 a
vt
. or C. ==
: 3 2
. v W
O therefore G, = -z - — (11.4)
a 20
= Since P(z=0) = - W,. % (vea diagram (II1.2) (III.52)
% and  2li,(2=0) . 2a8 = Wi . ma ? (111,85b)
1t can ba shown that
_ 4 a 4T,
H’ls-—-—- ' p(z:D):---.._-zn ,
na ma
' 1 zvi
C = - — zh
(lgg 4 j_up) na
3
a
12p vz?  we 1 2va
and B(z) = - (- + up) |~ = ~= 2 - — (I11.6)
a 24 24 ma

(!:—lg + dup)

Tharefora the avarage impadanca per unit area in z-direction is
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Yioczez 2 ’? o
z =4 = (=~ + lwp)| — +

_— (111.7)
v a? 120 (*2iwp) m
a

(ERROR S
Sl




APPINDIX XV The Relationship between the Pressurs and the Msan Plow
Velocity with a Rubber Layer

4
art
T+ﬁ
,} Y
S P h—p+§§dx
1\ T I yI

diagram Iv.1

Conaider the force balance of the small element in tha layer with only
x-flirection motion, it in aqual to

oy ar o, de,
‘. __+c--—2.=pm—- (IV.1)
ax ay dat

Where G is the complex shear modulus of the layer, ¢; is the displacament
in x-direction and pgp i0 the layer material density. Assume the pressure
18 constant across the gap and the displacement in tha gap is of parabolic

shape, that is

- _ 42
GxXy) = & + A (¥ - 3)

= =~ -
At y=0, ¢,=0 which gives A, = & 7z



This gives :1(::.?) = &0 -; -—3) (IV.2)
a
. . ay  ay?

and tl(xd') = g ( —d - -;5 (1IV.3)

The mean f£low velocity across the gap 4 is

q 2
Ba-[e ar=3e¢ (1v.4)

Combining equations (IV.1) to (IV.4) gives

ap 126 _
___=(_1_—+1up)u (N.s)
ax mz m

o If G = Go(l + 1 ng) where Go and ns are the shear modulus and shear loss
factor of the material in the layar, equation (IV.S) becomes

P 1261 126, _
=224 1 (up, - —2N T (1v.6)
ax wa wd




10 E gap between plate and rigid wall 0.25mm.
] diameter of holes in PVC perforated plate 2.28mm.
4 distance between center of holes 7.0mm.
. blocked impedance estimated values
I e et SR VSR U+ SUR v S N0 Y VU VS SO v SO I V3
10 7 -
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) ¥%%  Ae (2b)
" coo Im(Zb)
of
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100 1000 10000

Freguency Hz.

JRE 2.1a Estimated blocked impedance for a perforated plate with circular holes,

W et
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1 ] gap between plate and rigid wall 0.67mm.
] diameter of holes in PVC perforated plate 2.28mm.
- distance between center of holes 7.0mm.
] blocked impedance estimated values
107
e
10°%
. %% Ae (Zb)
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100 1000 40000

Frequency Hz,

E 2.1b  Estimated blocked impedance for a perforated plate with circular holes



10 3 gap between plate and rigid wall 1.34mm.
] diameter of holes in PVC perforated plate 2.28mm.
4 distasnce between center of holes 7.0mm.
1 blocked impedance estimated values
' #x%x Re (Zb)
coo Im(Zb)
107-_'
105-;
10° : R — : S ——
100 1000 10000

Frequency Hz.

IRE 2.1lc Estimated blocked impedance for a perforated plate with cirecular holes.




excited glass plate thickness 6.35mm.
attached PVC perforated plate thickness 3.25mm.

gap between plates 0.25mm.
105 treatment impedance estimated values

E
S
£
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o
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S
-
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o
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Frequency Hz.
FIGURE 2.2a Estimated blocked impedance for glass-PVC plates.




excited glass plate thickness E.35mm.
attached PVC perforated plate thickness 3.25mm.
gap between plates 0.67mm.
treatment impedance estimated values

#¥x% Pe (Zt)
ooo ImiZt)
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100 1000 10000
Freguency Hz.

RE 2.2b Estimated blocked@ impedance for glass-PVC plates.




JRE 2.,2¢

167t

excited glass plate thickness 6.35mm.
attached PVC perforested plate thickness 3.25mm.
gap between plates 1.34mm.
treatment impedance estimated values

B e A
#%% Re (Zt)
opoa  Imi(Zt)
1 T v 1
100 1000 10000

Frequency Hz,

Estimated blocked impedance for glass-PVC plates.
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excited glass plate thickness 6.35mm.

attached PVC perforated plate thickness 3.25mm.
gap filled with diesel engine oil

diameter of holes in perforated plate 2.28mm.
distance between holes center 7.0mm.

measured values

gap between plates
¥%% 0.25mm.
ooo 0.67mm.
+++ 1.34mm.

100

™7 T T ¥ — T T

1000 10000

Freguency Hz.

URE 3,2 The measured loss factor on glass-PVC plates.
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excited glass plate thickness 6.3%mm.

E attached PVC perforated plate thicknessz 3.25mm.
’ gap filled with diesel engine oil
. predicted values (excluding radiation and material
" losses)
] nap between plates
. *%x% 0.25mm.
iy cog  0.B7mm.
T +++ 1.34mm.
] " , y —————
100 1000 10000

The estimated loss factor on glass-PVC plates.

Frequency Hz.
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excited glass plate thickness G6.35mm.
with four 3 mm. thick perspex strips glued with Araldite

measured values
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Frequency Hz.

GURE 3.4a The measured excited glaas plate loss factor,
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101 axcited glass plate thickness 6&.35mm.

3 attached PVC perforated plate thickness 3.25mm.
1 gap filled with diesel engine oil
i diameter of holes in perforated plate 2.28mm.
i distance between holes center 7.0mm.
predicted values (including radiation and
. material losses)
10—2-:
.
1072
: gap hetween plates
; **%% 0.25mm.
] coo 0.67mm.
. +++ 1.34mm.
10 T T ——r— Ty v y y ]
100 1000 10000

Frequency Hz.

IE 3.4b The estimated total loss factor on glass-PVC plates.
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1¢'? excited glass plate thickness 6.35mm.

; attached PVC perforated plate thickness 3.25mm.

. gap between plates 0.25mm.

| gap filled with diesel engine oil

| holes diameter in perforated plate 2.28mm,

distance between holes center 7.0mm.

167 -

- '”
1672 -

] ##% measured values

i ooo predicted values
1674 — S — — ey

100 1000 10000

Frequency Hz.

Z 3.5a Comparison of the measured and predicted total loss factor on the glass-PVC plates.
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107 - excited glass plate thickness 6.35mm.
] attached PVC perforated plate thickness 3.25mm.
] gap between plates 0.67mm.
- gap filled with diesel engine oil
. holes diameter in perforated plate 2.28mm.
distance between holes center 7.0mm.
1072 -
1672 -
] ¥¥¥ measured values
i 0oo predicted values
164 ’ e —— : e U —
100 1000 10000

Freguency Hz.

JRE 3.5b  Comparison of the measured and predicted total loss factor on the glass-BVC plates,



107" excited glass plate thickness 6.35mm.
] attached PVC perforated plate thickness 3.25mm.
] gap between plates 1.34mm.
J gap filled with diesel engine oil
i holes diameter in perforated plate 2.28mnm.
distance between holes center 7.0mm.
107 -
1673 5
4 X%% measured values
¥ oao predicted values
1674 :
100 1000 10000
Fregquency Hz,
JRE 3.5c Comparisen of the measured and predicted total loss factor on the glass-PVC plates.
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] distance between center af holes
. %% 4.0mm.
. cao 7.0mm.
- +++ 14.0mm.
1672 3
167

1 _I_LIIII'

excited glass plate thickness 6.35mm,

=5
107 o attached PVC perforated plate thickness 3.25mm.
] gap filled with diesel engine oil
] holes diameter in perforated plate 2.28mm.
. gap between plates 0.25mm.
4 predicted values (excluding radiation and
material losses)
16 r - r—————— . - —
100 1000 10000

Frequency Hz,

JRE 3.6a The estimated loss factor on glass~-PVC plates by varying the distance between centre of heles on the
perforated plate.




107 7 excited glass plate thickness 6.35mm.
] attached PVC perforated plate thickness 3,25mm.
] gap filled with diesel engine oil
- gap between plates 0,25mm,
J holes diameter in perforated plate 2.28mm.
predicted values (including radiaticn and
1 material losses)
10-2 -
162 - _
. distance between center of holes
. ¥%%  4,.0mm.
. ooo  7.0mm.
- +++ 14,0mm,
164 ' S . S —
100 1000 10000

Frequency Hz,

RE 3.6b The estimated total loss factor on glass-PVC plates by varying the distance between centre of holes on
the perforated plate.



10°° 5 excited glass plate thickness 6.35mm.
] gap filled with diesel engine oil
] gap between plates 0.25mm.
- holes dlameter in perforated
J plate 2.28mm.
1672 E
16 -
1078 distance between center of holes 7.0mm,
E predicted values (excluding radiation and material losses)
] attached PYC perforated plate thickness
4 ®%x 3.29mm.
1 ogo 6.50mm,
A +++  8,75mm.
16® . U — : S ——
100 , 1000 10000

Frequency Hz.
RE 3,7a The estimated loss factor on glass-PVC plates by varying the thickness of the attached plate.




excited glass plate thickness 6.35mm.

gap filled with diesel engine o0il

gap between plates 0.25mm.

holes diameter in perforated plate 2.28mm.

distance between center of heles 7.0mm.

predicted values (including radiation and material losses)
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attached PYC perforated plate thickness
¥¥¥% 3,.25mm.
geco 6.50mm.
+++  &.75mm.

164 , S —— : S —
100 1000 10000

Frequency Hz.
JRE 3.7b The estimated total loss factor on glass-PVC plates by varying the thickness of the attached plate.




1078 excited glass plate thickness &.35mm.

attached PVC perforated plate thickness 3.25mm.
gap filled with diesel engine oil

gap between plates 0.25mm.

distance between center of holes 7.0mm.
predicted values (excluding radiation
and material losses)

L |llllll

s aal :

holes diameter in perforated plate
165 4 *¥% 2,28mm.
oogc 4.00mm.
+++ B6.00mm,

1 L !lll]l

io— ¥ v T ¥ r T v T 1 T v T v T T T T l
100 1000 10000

Frequency Hz.
RE 3.8a The estimated loss factor on glass-PVC plates by varying the perforated plate holes diameter,




excited glass plate thickness 6.35mm.

attached PVC perforated plate thickness 3.25mm.
gap filled with diesel engine oil

gap between plates ¢.25mm.

distance between center of holes 7.0mm.
predicted values (including radiation and

] material losses)

11 1 a1l

holes diameter in perforated plate
*xx  2,28mm.
ooo 4.00mm.
+++  5,00mm.

it 194

1

10- ¥ T T ey T T LI S s s s s |
100 1000 10000

Frequency Hz,
RE 3.8b The estimated total loss factor on glass-PVC plates by varying the perforated plate holes diameter.
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3 excited glass plate thickness 6.35Smm.
] attached perspex perforated plate thickness 3.0mm.
y gap filled with diesel engine pil
] diameter of holes in perforated plate 2.28mm.
N distance between center of holes 4.657mm,
. measured values
1(TE -~
1
J
1(5'3 '3 .
] gap between plates
4 x%x 0.25mm.
§ ooo 1.34mm.
10—4 T — T T T L] LARRE S | T — T ¥ Pt ™1
100 1000 10000

Frequency Hz.
‘E 3.9 The measured leoss factor on glass-perspex plates.



excited glass plate thickness &,35mm,

attached perspex perforated plate thickness 3.0mm.
gap filled with diesel engine oil

holes diameter in perforated plate 2.28mm.
distance hetween holes center 4.57mm.

predicted values [(excluding radiation and

102 4 material losses)
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gap between plates
¥%x% 0.25mm.
pop  1.34mm.

'] Illllll

10 ’ . P— - e e —

100 1000 10000

Freguency Hz.

RE 3,10 The estimated loss factor of glass-perspex plates.



10t excited glass plate thickness 6.35mm.

] attached perspex perforated plate thickness 3.0mm.
1 gap between plates 0.25mm.
A gap filled with diesel engine o0il
| diameter of holes in perforated plate 2.28mm.
distance between center of holes 4.687mm.

1672 -

1673 -
J *x%x measured values
- poo predicted values

10-"; T 4 T 4 T T L | T T T T T T L |
100 1000 10000

Frequency Hz.
JRE 3.1la Comparison of the measured and predicted total loss factor on the glass-perspex plates.
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102 excited glass plate thickness 6.35mm.

] attached perspex perforated plate thickness 3.0mm.
“ gap between plates 1.34mm.
] gap filled with diesel engine oil
diameter of holes in perforated plate 2.28mm.
i distance between center of holes 4.67mm.
1521
T
10-'3 -
: *%#% measured values
o ooo predicted values
164 - T - e
100 1000 10000

Frequency Hz.

RE 3.11b Comparison of the measured and predicted total loss factor on the glass-perspex plates,
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excited glass plate thickness 6.35mm.
attached glass plate thickness 3.175mm.
gap filled with diesel engine o0il
measured values

gap between plates
¥%% 0.25mm.
oao 1.34mm,
+++ 6.00mm.

T T T T T T LA e A e |

1000 10000

Frequency Hz.

IRE 3.12 The measured loss factor on glass-glass plates.
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10
16t
10°2
1673
—a excited glass plate thickness 6.35mm.
10 attached glass plate thickness 3.175mm.
fluid dynamic viscosity = 0.423225 Ns/m2
caomputation frequency = 800 Hz.
165 predicted values excluding radiation and material losses
fluid density used
-G #¥% 8,91 kg/m3
10 ooo 17.82 kg/m3
+++ B894.0 ky/m3
167 . —

1 2 3 4 5 & 7 B a

gap in mm.

RE 3,13b The estimated loss factor on glass-glass plates by varying the fluid density.
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excited glass plate thickness &.35mm.

attached glass plate thickness 3.175mm.

fluid density = 1.2% kg/m3

computation fregquency = 800 Hz.

nredicted values excluding radiation and material losses

fluid dynamic viscosity used
¥%® 1.81e-5 Ns/m2

ooo  9.05e2~5 Ns/m2
+++ 3.B2e~4 Ns/m2

JRE 3.l4a

L it i R 8 i e 3 e 8 £r s

1 2 3 4 5 6 7 8 9 10
gap in mm.

The estimated loss factor on glass-glass plates by varying the fluid dynamic viscosity.
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excited glass plate thickness §.35mm.
pttached plass plate £nickness 3, 475mM.
fluid density use¢ = ags kg/m3
computatien trequency © a00 Hz.
predicted values gxcluding radiation and material los5es

fluid dynamic viscosity used
sxx 0.423225 Ns/m2
ana a,4116485 Ns/m2
p+y B,464800 Ng/m2

0 i 2 3 4 7 B =] 10

gap in mm.

RE 3.14b The estimated 1088 fagtor on glass-—gla.ss plates by varying the fluid dynamic viscosity.
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E excited glass plate thickness 6.35mm.
] attached glass plate thickness 3.175mm.
- gap between plates 0.25mm.
4 gap filled with diesel engine oil
16° -
162 4
] ¥%% measured values
. coo predicted values
164 ' y y T y y )

100 1000 10000

Frequency Hz.

JRE 3.15a Comparison of the measured and predicted total loss factor on glass-glass plates.




10 B gxcited glass plate thickness 6.3%5mm.
. attached glass plate thickness 3.4175mm.
] gap between plates 1.34mm.
o gap filled with diesel engine oil
168
1(T3 ~
i ¥%% measured values
. oon predicted values
1674 . e e — : S
100 1000 10000

Frequency Hz.
JRE 3.15b Comparison of the measured and predicted total loss factor on glass-glass plates.
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excited glass plate thickness 6.35mm.
attached glass plate thickness 3.175mm.
gap between plates 6.0mm.

gap filled with diesel engine oil

X%X% measured values
ocoo predicted values

100

L | T L — LA S L S e |

1000 10000
Frequency Hz.

RE 3.15¢ Comparison of the measured and predicted total loss factor on glass-glass plates.
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excited glass plate thickness 6.35mm.

attached PVC perforated plate thickness 3.25mm.
gap between plates 1.34mm.

gap filled with diesel engine 0il

diameter of holes in perfarated plate 2.28mm.
distance between center of holes 7.0mm.
measured values

'R |

¥%%X 01l filled the gap and holes
coo oil filled up to 7.0mm. above perforated plate surface

10_4 A v T v T L ol 1 T v T T Ll Y T T ]
100 1000 10000

Frequency Hz.

% 3.16 Comparison of the measured loss factor with and without the oil above the PVC perforated plate.
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gaps between plates
#¥¥¥  0,25mm.
oooc  1.34mm.
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excited glass plate thickness 6.35mm.

middle perspex perforated plate thickness 3.0mm,
top attached glass plate thickness 3.175mm.
holes diameter in perforated plate 2.28mm.
distance between holes center 4.67mm.

gaps filled with diesel engine oil

Llllllll

1

107 . ' ———— . . ———
100 1000 10000

Frequency Hz.

RE 3.17 The measured loss factor on glass-perspex-glass plates.
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1672 -~
4
1 excited glass plate thickness 6.3%mm.

3 attached glass plate thickness 3.475mm.

10™ = gap and materials in gap filled with diesel engine oil
] %% 6.0mm. gap
. oooc 7.0mm. thick polyester foam
- +++ 7.0mm. thick Nylon scouring pads

1074 . , S —. ' . .
100 1000 10000

Frequency Hz,

'E 3.18 The measured loss factor on glass-glass plates with different materials in the oil layer.
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estimated values

X%% glpha = 0.3
opo alpha = 0.6
+++ alpha = 1.0

102
0.0

T T T T T ¥ T T T 1

1.

0 2.0 3.0 4.0 5.0 6.0 7.0 B.0 8.0 10.0
beta

L 4.1 The estimated maximum loss factor versus O by varying B.



estimated values
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| ®x# beta = 0.3
opo beta = 1.0
] +++ beta = 10.0
1672 , . : , : , . . . —
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.

alpha

RE 4,2 The estimated maximum loss factor versus B by varying d.
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RE 5.1

excited glass plate thickness 6.35mm.
attached glass plate thickness 3.175mm.
gap filled with diesel engine oil and
a 7mm. thick DCMEAD polyester foam

point inertance
mean response curve

10 100
Frequency Hz.

The point inertance measurement on plates with foam layer.

1000

10000
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FIGURE 5.2 The apparatus for the flow resistance
measurement.



10 E excited glass plate thickness 6.35mm.
] attached glass plate thickness 3.175mm.
“ gap filled with diesel engine oil and
7 a 7 mm. thick DCMEAD polyester foam
“ measured values
10—1-_'
]
10-.2-:
16> . . I — . S

100 1000 1¢000
Frequency Hz.

E 5.3 The measured loss factor on the glam -polyester foam and oil-glass plates configuration.
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JRE 5.4

excited glass plate thickness 6.35mm.
attached glass plate thickness 3.175mm.

gap filled with diesel &angine oil and

a 7 mm. thick DCMEAD polyester foam

7 estimated values using structure factor = 1,0
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100 icoo 10000
Frequency Hz.

The estimatsd total leoss factor on the glass-polyester foam and oil-glass plates configuration with
varying /a”. .
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] excited glass plate thickness 6&.35mm.
. attached glass plate thickness 3.475mm.
’ gap filled with diesel engine oil and
a8 7 mm. thick DCMEAD polyester foam
10_1-3
1521
] measured values
i noo estimated values using
4 structure factor = 1.0 and
e/a = 3eb
1572 : O — : S —
100 1000 10000

Frequency Hz.

JURE 5.5 The best fit curve on the glass-polyester foam and oil-glass paltes configuration.



3- excited glass plate thickness 6.35mm.
: attached glass plate thickness 3.4175mm.
] gap filled with diesel engine oil and
. a 6 mm. thick DCMCC polyether foam

10-21
] *%% measured values
i 0oooc estimated values using
4 € =1.8

167 . S — : —
100 1000 10000

Frequency Hz.
URE 5.6 Comparison of the measured and estimated total loss factor on the glass-polyether foam and oil-glass

plates.



107 o gxcited glass plate thickness 6.35mm.
] attached glass plate thickness 3, 4175mm.
] gap filled with diesel engine oil and
i a 18 mm. thick OCMCC polyether foam
§ estimated values
4
10—1-:
]
10-2':
] ¥%% structure factor = 1,0
] ooo  structure factor = 2.0
J +++ stpructure factor = 3,0
163 y 1 e v — T e SR
1¢0 1000 10000

Frequency Hz.

E 5.7 The estimated total loss factor on glass-polyether foam and oll~glass plates configuration with
varying structure factor.



10 E excited glass plate thickness 6.35mm.
. attached glass plate thickness 3.175mm.
J gap filled with diesel engine oil and
. 8 18 mm, thick DOCMCC polyether foam
1511
10-21
] ®%¥¥ measured values
. ooo estimated values using
i e = 1.8
1672 . . SO — " , ———rry
100 1000 10000

Frequency Hz,

RE 5.8 Comparison of the measured and estimated total loss factor on the glass-polyether foam and oll-glass plates.
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E excited glass plate thickness 6.35mm.
J attached glass plate thickness 3.4175mm.
i gap filled with diesel engine oil and
. a 6 mm. thick 20 PPI reticulated pelyurethane foam
10-'2-_'
167 -
] *%% measured values
& coo estimated values using
J e = 1.8
1674 . . ————ry . — 1
100 1600 10000

Freguency Hz.

IRE, 5.9 Comparison of the measured and estimated total loss factor on the glass-polyurethane foam and oil-glass
plates.



107t excited glass plate thickness 6.35mm.

attached glass plate thickness 3.175mm.

gap filled with diesel engine 0il and a 1B mm. thick
20 PPI reticulated polyurethane foam

l_lllIL]

2 AN |

10—3': :
] ¥x%x measured values
4 oop estimated values using
4 e = 1.8

)

10 ' 1 1 e A m e v T r 1]

100 1000 ' 10000
Frequency Hz.
URE 5.10 Compariscn of the measured and estimated total loss factor on the glass-polyurethane foam and oil-glass

plates.



excited glass plate thickness 6.35mm.

1 attached glass plate thickness 3,175mm.
. gap filled with diesel engine o0il and
’ a 6 mm. thick 20 PPI reticulated polyurethane foam
i measured values
162 -
15'31
y wx% measured at excited plate
) ooo measured at attachad plate
i
1674 ' S —— ,
100 1000 10000

Frequency Hz,

URE 5.11 The measured loss factor on both the excited and attached plates with polyurethane foam and oil layer.

S



L Il!jll

10-2':
i
excited glass plate thickness 6.35mm.
~3 attached glass plate thickness 3.175mm,
10 gap filled with diesel engine o0il and

i . a 7.0mm. thick polyester foam.
) measured values

¥xux wWith attached plate on top of the foam
. ooo without attached plate on top af the foam

10- LA v v ¥ v T ¥ b 1 L Ld r b ¥ LA s J 1
100 1000 10000

Frequency Hz.

URE 5.12 Comparison of themeasured loss factor with andwithout the attached plate on top of the polyester foam.



excited glass plate thickness 6.35mm.

E gap filled with diesel engine oil and
- a DCMEAD polyester foam
’ estimated values [using computation frequency=S000 Hz.
| and structure factors=1)
16'1':
1d.a-_
3 attached glass plate thicknhess
1 - W 1,000 mm.
. oco 3.175 mm.
y +++ 5,000 mm.
1073 , S— ’ ' . . ' ’ , . ' v .
0 5 16 15 20 25 30 35 40 45 S0 55 60 65 70
gap in mm.

JURE 5.13 The estimated total loss factor on glass-polyester foam and oll-glass plates with varying attached
plate thickness. .
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164 excited plate thickness 6.35mm.
attached plate thickness 3.4175mm.

gep filled with diesel engine oil and
a 6mm. thick DCMCC polyather foam
eatimated values {using structure

factor 1.8)
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103

auM  glass plates
ooo stesl plates

164

100 1000 10000
fFrequency Hz.

RE 5.14 Comparison of the estimated steel and glass plates total loss factor with a polyether foam and oil layer.
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g' axcited plata thickness 6.35mm.
4 attached plete thickness 3.4175mm.
1 gap filled with disesel engine 0il and
’ a i8mm. thick OCMCC polyether foam
y pstimated values (using structure factor 1.8)
10 1 -
]
q
16’?
]
4 ¥x% glass plates
4 oap stegl plates
1073 v S —— - U ———
100 1000 410000

Frequancy Hz.
JRE 5.15 Comparison of the estimated steel and glass plates total loss factor with a polyether foam and oil layer.



10 E excited plate thickness 6.35mm.
1 attachen plate thickness 3, 175mm.
J gap filled with diesel engine o0il and
. a 9 mmn. thick felt
151:
102 4
] *%% measured values
| poo estimated values
102 , — e ————— . — ——y

100 , 1000 10000

Frequency Hz.
XF, 5,16 Comparison of the measured and estimated total loss factor on the glass-felt and oil-glass plates.



107 -~
. excited glass plate thickness 6.35mm.
Y attached glass plate thickness 3.4175mm.
j gap filled with diesel engine oil and
i a 9 mm. thick felt
estimated values
10-1':
10—2-_
1072 ’ S — . S —
100 1000 10000

Freguency Hz.

2
JURE 5.17 The estimated total loss factor on the glass—felt and oil-glass plates with varying e/a’.
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10
? excited glass plate thickness 6.35mm.
: attached glass plate thickness 3,175mm.
7 gap filled with diesel engine oil and
T a 9 mm. thick felt
10-1-:
10—2-_
] A%% measured values
> ooo estimated values using
- 3 /a2 = BeB
163 ¥ ¥ ¥ v v ¥ ¥ LA | ¥ T T L T L T L |
100 1000 10000

Frequency Hz.

RE 5.18 The best fit curve on the glass~-felt and oil-glass plates configuration.
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10 B excited glass plate thickness 6.35mm.
1 attached glass plate thickness 3.175mm.
J gap filled with water and a 9 mm. thick felt
16-2 -
167 =
; *¥¥x measured values
] ooo estimated values using
| e /a = 2.12e7
1074 ’ N — , ey

100 1000 10000
Freguency Hz.

URE 5.19 Comparison of the measured and estimated total loss factor on the glass-felt and water-glass plates.



