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Abstract

People knows that a loudspeaker radiates sound by vibration of
the diaphragms of the speaker units. However the cabinet also radia
sound, which is not well studied.

In this project, a nite element model is used to simulate the cab-
inet of B&O loudspeaker Beolab 9 and illustrate the mechanical and
structural acoustic properties. The e ect of each components, the
mode shapes of the cabinet, the mass-spring system, and the trans
mitting of vibrations are investigated in the simulations. Experimental
results are also presented.
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Introduction

The purpose of this project is to develop a mathematical/nunrecal model

that can simulate the mechanical and structural acoustic mperties of the
B&O loudspeaker Beolab 9.

The Beolab9 is an active loudspeaker (that is a loudspeaker Wit built-in
ampli er) with a special geometry, see gure 1. Its bottom hasa elliptical
shape, and its body side is curved, which is illustrated in thaght part of
gure 1. A middle plate is used to split the cabinet into two ctambers. A
woofer, a midrange speaker driver, and an acoustic lens (the tweeter) are
mounted in the cabinet. The electronics and a large aluminumeat sink
(cooling n) are attached on the back of the cabinet.

Front view curve cabinet - radius

Figure 1: Beolab 9. [1]

The rst prototype of Beolab 9 had an audible problem caused bghe vibra-
tion of the cabinet when reproducing sound. The audible probiewas a peak
around 140 Hz in the frequency response. The cabinet is made of foamed
polystyrene with an average thickness dd mm. When the loudspeaker re-
produces sound at low frequencies, the reaction force frohetcabinet to the
woofer acts on the cabinet, and therefore the cabinet is dem by the woofer.

In order to increase the sti ness of the cabinet, the second g@iotype used
sti ening ribs on the inside surface of the cabinet wall. It wa expected that
the peak would be moved to a much higher frequency, say, hightan 1
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kHz. Because at frequencies higher thah kHz, the signal to the woofer
would be attenuated by a low pass lIter, the driving force fran the woofer
would then be very small. Thereby, the audible problem wouldétoo weak
to be audible. Unfortunately, it was only increased to aboul0 Hz, which is
still in the woofer frequency range.

Next, an sti ening anchor was built in the cabinet from the lef side to the
right side of the cabinet. The peak disappeared from the frequcy response.
The reason will be discussed later.

To investigate the behavior of the prototypes of the Beolab,9%some sim-
ulations have been made, and the natural frequencies and neodhapes of
the cabinet structure have been determined by the Finite Eleemt program,

ANSYS. The simulations take their starting point in a simple nodel, then

the geometry is modi ed, and the components are built in oneybone. An

equivalent (smeared) shell/plate is used to simplify the nael and to save
calculation time.

The driving force from the woofer is simulated using sinusaadl pressure act-
ing on woofer frame edge, which is attached on the cabinet. Theceleration
of certain points on the cabinet are studied.

The loudspeaker prototypes are then driven by random noiseofn O Hz to
800Hz and the acceleration of a number of positions on the cabiseare mea-
sured by B&K PULSE. Some important mode shapes are found in MATLAB
by comparing the accelerations of each position at the natalr frequencies.

The mode shape obtained from the measurement and from the silations
are compared and discussed.
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1 Equivalent plate of the sti ened plate

The walls of the Beolab 9 cabinet are sti ened by ribs. Figure 2h®ws an
inside view of the front part of the cabinet. Crossed-sti enes are attached
on the cabinet shell. The plastic moulded cabinet shell is Hity sti ened by

integrated cross-sti eners.

Figure 2: Inside view of the front cabinet.[1]

In order to simulate the sti ened shell/plate in ANSYS without requiring
too much calculation time of the computer, equivalent propgies will be in-
troduced in this chapter.

1.1 Theories of the equivalent plate

The analysis of stiened cabinet shell may be simplied by reg@cing the
shell-sti ener combination by an equivalent homogeneous thiotropic shell
of constant thickness. For simplicity the properties of a & sti ened plate
will be considered in the following, where the bending sti nessorsional
rigidity and density of the equivalent plate will be introduced.
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A simple sti ened plate is shown in the upper part of gure 3. The 8 eners
are set to be the same in two perpendicular directions. The lew gure
indicates the dimensions of a "repeated section"” of the stireed plate, where
the dimensionsh,, and w are the height and width of the sti ener, h is
the thickness of the plate,a;, is the distance between sti eners, andl is
the distance from the plate bottom to the neutral axis (NA) ofa "repeated
section". The distanced can be determined from the following expression [2]
(page 371),

_ (ap  w)h?+ w(hyp + h)?

d 1)

2@ wh+ w(hy + D)

Figure 3: Cross sti ened plate and repeated section.

The bending sti ness per unit width in the x-direction, B?, can be found

X

by taking into account the sti eners in the x-direction only, as the sti eners
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in the y-direction have nearly no e ect on the bending sti nessin the x-
direction. Therefore, it can be computed by the product of theroung's
modulus, E, of the material and the area moment of inertia per unit width
in the x-direction, 12.

B=E 1 2
where

|)(() = |O + (d h:2)2 h+ Irci)b + ( hrib +h d hrib :2)2(W h,ib)za: (3)

plate
In equation (3),
| Ot = L
plate 12 (1 2)
is the local area moment of inertia per unit width of the platewhere is
the Poisson's ratio of the plate; the second term of the rightand side is the

shifting of the moment of inertia of the plate, as the NA has meed to the
upper position after the sti ener attached on the plate;

(4)

0o _ W hi,

rib 12 Aib
is the local area moment of inertia per unit width of the sti enes, and the
last term is the shifting of the moment of inertia of the sti erers.

()

Since the sti eners are the same in two directions, the equilent plate might
be an isotropic plate. The bending sti ness per unit width of ths sti ened
plate is thereforeB®= B = B, whereB} has been found from equations
(2) and (3).

An approximate empirical formula of the torsional rigidity per unit width of
the cross-sti ened plate had been found by Szilard [2] (pag&)as

E hd hrib we

H%= a5+ G — g ©)
where
_E
©72av) @

is the shear modulus of the plate, and is a numerical factor depending on
the ratio h,, =w, which can be found in table 1.
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hipb=w | 1.0 1.2 15 2.0 2.5 3.0 4.0 6.0 1
0.140| 0.166| 0.196| 0.229| 0.249| 0.263| 0.281| 0.299| 0.333

Table 1: Numerical factors for calculation of torsional rigidities.[2]

The equivalent plate has a constant thicknes$ie,. As long as the considered
wavelengths are larger than six times the thickness, the eigalent plate can
be studied as a thin plate. [5] (page 53) Therefore, the naturérequencies
can be calculated from the upper parameters. The equation dfié natural
frequencies of the simply supported orthotropic plate is [4page809)

r

1
fmn = ﬂ WO BQ(mb=6)4+2H°h2(mb:a)2+ B)(/Jn4; (8)

where HC is the torsional rigidity of the orthotropic plate, a and b are the
lengths of the plate edges in perpendicular directions. Fte sti ened plate,
HCis calculated form equation (6): Note that the e ect of the rotational
inertia forces are neglected in the study.

In order to get the same mass as the sti ened plate, an equivakedensity is
calculated as

M*" _ o(V"pIate + V" ribs) — o(h +2 hp W:arib)_

A plate;eq v plate;eq heq ’
where , is the density of the material,M " is the mass per unit areayV" pjae
is the volume per unit area of the plate without ribs V" iys is the volume per
unit area of ribs in two perpendicular directions\V" pjaeeq IS the volume per
unit area of the equivalent plate, andhe, is the thickness of the equivalent
plate.

(11)

The natural frequencies of an isotropic plate simply suppored along all edges is [6]
(page 44)
r

_1.m 5, on L, B
fon = 2*[(?) +(F) ] oo ©)
wherem; n are taken as1;2;3; , BYis the bending sti ness per unit width of the plate,
and
m%®= h (10)

is the mass per unit area.
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The smeared equivalent plate is applicable at low and mid fregncies. As
the frequency becomes higher, the wavelength in the platedmmes shorter.
When a signi cant fraction (one quarter) of the wavelength lecomes com-
parable with the distance between rib sti eners, the equivalg model is no
longer applicable.

The upper frequency limit of the equivalent plate is introdued,

S __
c= E; (12)

cC_ cC
Aaip
wherec is the wave propagation speed in the materiak is the Young's Mod-

ulus of the material, is the density of the material, is the wave length,
and &, is the distance between ribs.

f= (13)

The plate/shell in the following simulations has the materiabf Polystyrene,
which has the Young's modulus o2:1 10° N/m?, and the density of1030
kg/m?3. The distance between sti ening ribs iS50 mm. The upper frequency
limit is then obtained as6:5 kHz by substituting the values into equation (12)
and (13). The upper limit frequency,6:5 kHz, is a relatively high frequency,
as the frequency range of interest in the later simulationsra mainly based
on the frequency range of the woofer, which is less thdrkHz.

1.2 Simulation in ANSYS

In this chapter, the behavior of a simply supported sti ened fate will be
simulated in the Finite Element program, ANSYS, using the equalent prop-
erties.

1.2.1 Parameters input in ANSYS

A simply supported square plate with sti ening ribs in the x-drection and y-
direction has the following parameters. The Young's modulud the material
is 2:1 10'° N/m 2, Poisson's ratio is0:38 and dimensions of the sti ened plate
are shown in table 2, whera is the length of the plate edge in the x-direction,
b is the length of the plate edge in y-directiona, is the distance between
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sti ening ribs, w is the width of the ribs, h is the constant thickness of the
plate, and h;j, is the height of the ribs. The dimensions are similar with the
cabinet wall of the Beolab 9, if the conical shape were openadd spread
into a at surface. Since the parameters are the same in thedirection and
y-direction, it is an isotropic plate.

Dimensions| a b |aip | W | h]| hi
[mm] 400| 400| 50 | 3.5| 6| 18.5

Table 2: Dimensions of the cross-sti ened plate. The ribs are the samén the x-direction
and y-direction.

The Finite Element program, ANSYS, does not provide any funabins for

modeling the equivalent properties. In order to use the equlent proper-

ties, the material parameters have to be recalculated for ABIY'S. In other

words, since ANSYS uses the standard formulas, the parameteobtained

from chapter 1.1 must be calculated backwards to nd the retad basic pa-
rameters of the materials. In this way, ANSYS might be able taget the

correct bending sti ness, torsional rigidity, and so on. The Bsic parame-
ters are shown in gures 4 and 5. In the orthotropic propertieslialog for

a material in ANSYS, gure 4, EX and EY are the Young's modulus in
the x-direction and y-direction; PRXY , PRY Z, AND PRXZ are Poisson's
ratios of x-y plane, y-z plane, and x-z planeGXY , GY Z, and GXZ are the

Shear modulus in x-y plane, y-z plane, and x-z plane, sepagit Note that

the equivalent plate is in the x-y plane, and therefore the Sar modulus
in y-z plane and x-z plane are not needed. The column of them shd be

empty. Similarly, the Young's modulus in the z-direction idor thick plate or

solid structures. It should also be left empty. The density ofhe equivalent

plate is di erent to the sti ened plate, because the sti eners ae smeared
into the plate with a thickness ofhey, and the mass of the sti eners is added
by changing the density of the plate. The density of the equilant plate

is calculated from equation (11), and it will be inputted in he Density for

material dialog in ANSYS, see gure 5.

The procedure in the following is to calculate the material pameters of the
stiened plate rst, and then substitute the parameters into the standard
equations and nd out the basic parameters.

The bending sti ness per unit width of the sti ened plate can be olained
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mLinear Orthotropic Properties for Haterial... §|

Chooze Poizson = Ratio

T1
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E

Add Temperature Delete Temperaturel

DK |

Linear Orthotropic Material Froperties for Material Humber 1
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Figure 4: Linear orthotropic properties dialog in ANSYS.

mDensitjr for Haterial Number 1

Den=zity for Material Humber 1

T1

s [

#dd Temperature |Delete Temperature|

] | Cancel |

X

Graph

Help |

Figure 5: Density for material dialog in ANSYS.

in equations (2) and (3) asB? = BJ = 457 Nm; while the torsional rigidity
per unit width is calculated in equation (6) asH®= 48 Nm. Since the equiv-
alent plate used in this chapter is an isotropic plateB? will be used in the
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following instead ofBY and BY).

The parameters of the sti ened plate should be used for the eqailent plate.
It looks like that the sti ened plate is smeared into a at plate while keeping
its mechanical behavior. In ANSYS, the standard formulas d7 and I J,

are indicated in equations (14) and (15)2
BY=E Ijue: (14)

0 h3

IpIate = 12 (1 2_): (15)
The thickness of the equivalent plate is denoted d%, Thereforeh in equa-
tion (15) should be replaced byheq in the following calculation. It is set to

6 mm. 3 The related Young's modulus are obtained as

E, = B)?:|S|ate; (16)
E, = B%=10,
y y~ 'plate

With the given values, E, and E, are obtained to be2:17 10 N/m?2. The
Poisson's ratio is the same as the original value, 0.38, fdt tree directions.
The Shear modulus in the x-y planeG,y, is calculated as*

G= E,+(1+ JE, for orthotropicplate;
3 E . . _ (17)
G= 20+ ) for isotropicplate:

It is obtained that Gy, = 7:9 10° N/m2. The standard formula of the
torsional rigidity is given as [4] (page 510),

HO:} B+ B+4 G h—3

( y X X y Xy )

2 12 (18)
— 0 h3.5
- BX +2 ny 1_2.

2They are used in the calculations of FE-element SHELL93 [3]. Tk SHELL93 will
be introduced in chapter 2.2. It is the element type used for the cabinet wall (shell) and
bottom plate in Beolab 9 simulations.

3In chapter 1.2.3, di erent values of heq Will be discussed.

4E can be also denoted a&, for the isotropic plate.
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The formula is simpli ed for an isotropic plate, and h equalshey, as the

equivalent plate is been studing. However, this formula gig a higher value
of H® 457Nm, while the H °value of the sti ened plate is48 Nm. It is almost

ten times higher than the value that it is expected.H° cannot be changed
directly in ANSYS, it is a hidden value, and is calculated frm other param-

eters,B?, G, and h.

In order to adjust the value ofH? either B?, G, or h has to be changed.

It is possible to adjust the value ofH° by changingB?, howeverB? is also
used in the calculation of natural frequencies in equatior8j. If the value
of HCis corrected in this way, the value oB? is lost. Therefore, the result
would be wrong.

G can also be changed by adjusting the value #1% It is written in [3]
that the actual values ofG,, should be input; if not input, Gy, defaults to
equation (17). That might be a chance to adjust theH ° values by changing
the Gy, value, while keepingB? and heq. In this way, the Shear modulus
is not obtained from equation (17) but calculated to adjust he value ofH®.
From equation (18), the related Shear modulus,y is

6
Gyy = m(H0 BY): (19)
If HO%value of the sti ened plate obtained in equation (6) is substuted into
equation (19), G,y will be obtained. Unfortunately, in this case the obtained
Gy Is negative, which cannot be accepted by ANSYS. That means, the
calculated Gy, cannot be used in ANSYS, and then the expected torsional
rigidity would not show up. If a smaller G value is taken in the calculation,
it is possible to get a more accurate value dfi®. However, ANSYS has an
error checking function, which forces the material to be reaANSYS would
stop the simulation before solving the model, if a fake mated were detected.

Therefore, the only choice is to use the standard formula of 8ar modulusG.

The only chance left is to adjust the thickness of the equivaté plate. Since
the thickness dominates the value of many parameters, sucls By, and
Gy, We cannot just change the value offieq to adjust the value of H® The
relation betweenH °and hq is found by substituting equations (17), (15) and



1 EQUIVALENT PLATE OF THE STIFFENED PLATE 12

(16) into equation (18) as

H°=BY +2 G n
X y 12
E h3
=BY +2 _
X 21+ ) 12
0 3
=BY +2 n (20)
lpae 2(1+ ) 12
2 0 B3
= BO +2 12 (1 ) BX h_
X h3 2(1+ ) 12
= B

Therefore, H? follows B? in the calculation. No matter what the value of
h is, H® would not change. Note that it happens only because the rekd
Young's modulus obtained from equation (16) is used to get ¢hactual value
of the bending sti ness. It never exists in the real case thathe Young's of
the material changes with the dimensions of the plate.

In conclusion, the e ective torsional rigidity per unit width of the sti ened

plate cannot be used in the equivalent plate in ANSYS simulain. The fact

has to be noted that the simulation will be done with a high valueof the

torsional rigidity. How serious this a ects the results will ke discussed in
chapter 1.2.2.

1.2.2 Comparison of the analysis results and the results sim ulated
in ANSYS

In order to understand how ANSYS works on the plate, some sifaiions of
the isotropic plate, orthotropic plate, and sti ened plateshave been done in
this chapter.

First, the natural frequencies of an isotropic plate are siolated in ANSYS
and compared with the analysis results. This is to investigateshether the
simulations in ANSYS can be used for the equivalent plate lat by substi-
tuting the equivalent properties.

The plate in this simulation is a square plate, which has the szof 40 mm

40mm 6 mm (a= b=40 mm is the length of the edge, andh =6 mm
is the thickness). The plate is simply supported along all edg. It is made
by Polystyrene, which has the Young's modulus d:1 10° N/m?2, Poisson's
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ratio of 0:38, and a density 0f1030kg/m3.

The natural frequencies of the simply supported plate are callated in MAT-
LAB from equation (9).

The same model has been simulated in ANSYS as an isotropic @atThe
meshing resolution is set tal of the Smart-mesh in ANSYS. The ratio of
the natural frequencies of the analytical to simulated sotions are shown in
gure 6. A good agreement between the analytical and simulatl solutions is
found below2 kHz. The results can be improved at higher frequencies if ner
meshing is taken in ANSYS. However, as mentioned before, tivgeresting
frequency range of the later simulations are mainly the fregncy range of
the woofer, which is from20 Hz to 1 kHz. Therefore, the upper limit2 kHz
is adequate.

The ratio of the natural frequencies of the simply surpported isotropic plate
simulated in ANSYS divided by the natural frequencies calculated in MATLAB.
11 T T T T T

1.08 B

Ratio

1500 2000 2500 3000

Frequency[Hz]

a00 1000

Figure 6: The ratio of natural frequencies of the simply supported squae isotropic plate
obtained from analysis in MATLAB to that from simulation in AN SYS.

Similarly, in gure 51 in Appendix A.1, the ratio of the natural frequencies
of analysis result to that of ANSYS model is made for an orthobpic plate,
which has the edgesa and b, to 40 mm for both, and the thicknessh to
6 mm. Its material is taken the same as the isotropic plate. Theatural
frequencies can be calculated from equation (8). It looksnsilar to gure 6,
since the same geometry and material are used in the calcudsts.
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Parameters Ex Ey Gy Neq
Value 2:17 10° | 217 10 | 0.38| 7.6 10° | 1475 | 6
N/m 2 N/m 2 N/m? | kg/m3 | mm

Table 3: Parameters used in ANSYS simulation for the equivalent (smared) plate of the
sti ened plate.

In gures 6 and Appendix A.1, gure 51, it can be further seenfat the ratio
has a slightly downward slope. It indicates that the density fonatural fre-
guencies obtained from ANSYS simulation is larger than thenalysis results
in MATLAB. The natural frequencies obtained in MATLAB are calculated
in equations (8) and (9), where the e ect of the rotational inetia forces are
neglected. If the rotational inertia forces are included,hie plate becomes
sti er, and therefore, the density of natural frequencies ioreases. It seems
that ANSYS takes the e ect of the rotational inertia forces ino account,
and a larger density of natural frequencies is found in ANSYShe ANSYS
simulation might be more accurate.

All in all, a good agreement below2 kHz is found in gure 6 and also in
gure 51 in Appendix A.1, proving that ANSYS works ne for nding the
natural frequencies of the at plate at low frequencies.

Next, the equivalent (smeared) plate of the sti ened plate issimulated in
ANSYS.

The thickness of the equivalent plate is taken as the same thitess of the
sti ened plate (without sti eners). The parameters of the equialent plate
have been calculated from chapter 1.2.1, and shown in table 3.

In MATLAB, the natural frequencies of the equivalent plate is alculated
from equation (8); while in ANSYS, a simulation is made to nd he natural
frequencies.

Comparing the natural frequencies obtained from MATLAB and fran AN-
SYS, an obvious di erence is shown in Appendix A.1, gure 50. Thdata in
the gure are the ratios of the natural frequencies obtainedrom MATLAB

to that from ANSYS. The reason for the frequency deviation ishat the ef-
fective torsional rigidity per unit width of the sti ened plat e, H®, is used for
the equivalent plate in the MATLAB calculation; while it is not t aken into
account in ANSYS simulation. Instead, the value ofH°in ANSYS follows
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Natural frequencies [Hz]
and the corresponding mode numbers

Analysis 105 | 300 | 300 | 422 | 650 | 650 | 726 | 726
Mode (m,n) | (1,1) | (1,2) | @) | 2,2) | (1,3) | 3.1 | 2,3) | (3,2)
ANSYS 140 | 351 | 351 | 559 | 701 | 701 | 908 | 908

Mode (m,n) | (1,1) | (1,2) | (2,1) | (2,2) | (1,3) | (3,1) | (2,3) | (3,2)
Analysis 949 | 1145| 1145| 1199 1199| 1360| 1360 | 1688
Mode (m,n) | (3,3) | (1,4) | (4,1) | (2,4) | (42) | (3,4) | (43) | (4,4)
ANSYS 1190 | 1190| 1254 | 1395| 1395| 1738| 1738 | 1815
Mode (m,n) | (1,4) | (4,1) | (3,3) | (2,4) | (4,2) | (3,4) | (43) | (1,5

Table 4: The rst 16 natural frequencies and the corresponding mode nmbers of the
analysis results and the ANSYS simulations of the equivalenplate.

the bending sti ness per unit width. It is mentioned in chapter1.2.1 that
the value ofH°used in ANSYS is almost 10 times higher than the real value.
It is clearly seen in equation (8) that the natural frequend@s relate to the
square root of theH ®value. In other words, since the higheH °value is used
in ANSYS, the natural frequencies obtained in ANSYS is highahan the
analysis results obtained from MATLAB.

The natural frequencies are compared one by one from low fremgeies to
high frequencies. The rst 16 natural frequencies are shown mable 4. It

might be a problem if the frequency pair does not belong to theame mode
number, as they are shown highlighted in the table. We have toompare
the natural frequencies pair by pair of the same mode numbeand then get
gure 7. The ratios, which are close to one, correspond to modeimbers
(1;x) and (x; 1) whenx is greater than2. Note that (1; x) overlaps(x; 1), as
the plate is an isotropic plate. They are marked in gure 7 ag1; 3), (1;4),

and (1;5). It can be noticed that the factor multiplied with H®in equation

(8) is m?n?. There are three terms in the square root. Whem?n? is much
smaller than eitherm* or n4, the e ect on the natural frequencies from the
di erence of HCis decreased. With the di erent values ofm and n, the de-
viations of the natural frequencies are spread froi2% to 35% below 3 kHz.

Actually, only the frequency range belowl kHz is of interest. ©

In order to prove the reality of the upper comparison, a caldation is made

6In Beolab 9 simulations, the cabinet wall has a conical shapeand the mode is indicated
with cylindrical patterns (m,n,s,r) instead of (m,n). The cyl indrical patterns is introduced
in chapter 2.1.
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The ratio of the natural frequencies of the equivalent plate obtained from ANSYS
simulation divided by the natural frequencies calculated in MATLAB. The data
are sorted pair by pair corresponding to the mode numbers.

Ratio
"
1

(13"
14

(150

1 1 1 1 1
0 500 1000 1500 2000 2500 3000
Fraguency[Hz]

Figure 7: The ratios of the natural frequencies obtained from ANSYS sinalation to that
from MATLAB. The natural frequencies are sorted pair by pair of the same mode number.

in MATLAB using the same Hvalue as used in ANSYS to nd the natural
frequencies. It means that in equation (8), the value dafi®is now 457 Nm
instead of48 Nm. The new natural frequencies are compared with the AN-
SYS results, and a good agreement is shown in Appendix A.1, gu52. It
proves that the di erent values of H® used in the simulation in ANSYS are
the problems of the natural frequency deviations.

1.2.3 Change the thickness of the equivalent model in ANSYS

The thickness of the equivalent plate was taken t® mm in the previous
studies. It might be possible to use di erent thickness of thequivalent plate.

First, the density of the material is kept as what it is, and therelative

thickness of the equivalent plate is calculated to get the s®e mass of the
stiened plate. If is replaced by the material density, o, in equation (11),

the thickness of the equivalent plate is then

heg=h+2 hiy, wW=ap: (21)

Substituting the dimensions from table 2 in chapter 1.2.1 to equation (21),
the thickness is obtained a€3:59 mm. Moreover, three more thickness are
studied and shown together6 mm is the thickness studied in chapter 1.2.2;
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Parameters E, Ey Gyy

Units N/m ? N/m ? N/m? | kg/m3
h=6 mm 2:17 10 | 2127 109 | 0.38| 7:6 10° | 1475
h=8:59mm | 7:42 10° | 7:42 10° | 0.38| 2:68 10° | 1030
h=12:25mm | 255 10° | 255 10° | 0.38| 9:26 1C° | 722
h=245mm | 3:19 1¢° | 3:19 1¢° | 0.38] 1:16 1¢° | 361

Table 5: Parameters used in ANSYS simulations for the equivalent plée of the sti ened
plate with four di erent thicknesses.

1225mm is the middle thickness of the sti ened plate24:5 mm is the whole
thickness of the sti ened plate. The related material parameirs are calcu-
lated and shown in table 5.

Similar to gure 50 in Appendix A.1, the ratio of the natural frequencies of
the equivalent plate obtained from ANSYS simulation to thatfrom MAT-
LAB is shown in gure 8. It is seen that the larger the thicknesghe smaller
the ratio. At the frequency range belowl kHz, the one with h = 24:5 mm
shows the closest ratio to one, although, it goes downward veiast at higher
frequencies. Because it is thicker, the e ect of the rotatical inertia forces
are larger than others (the slope is steeper), as mentionaddhapter 1.2.2.

To make sure the plate is not too thick to be a "thin" plate. 7, the upper

frequency limit is calculated as

where

f =

c_ ¢

6 heg

(22)

is the considered wavelength andis the wave propagation speed in

the plate, which can be obtained from equation (12). A value dhe upper
frequency limit is obtained as6:4 kHz. Since the interesting frequency range
is below1 kHz, the limit is adequate.

All in all, it can be concluded that the larger the thickness bthe equiv-
alent plate the lower the natural frequencies. The better tlikness of the
equivalent plate is the sum of the thickness of the plate anché height of
the rib. In the following simulations of Beolab9, both6 mm and 245 mm
will be used. Moreover, the thicknesses in between will be taketio account.

"When the considered wavelengths are larger than six times # thickness, the equiva-
lent plate can be regarded as a thin plate [5] (page 53)
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The ratio of the natural frequencies of the equivalent plates {with four
different thickness, h) simulated in ANSYS divided by the calculated
natural frequencies in MATLAB.

1.4 . . . .
13} .
I &
AN aNiY. ‘
11t T | \1 \J\M |
! P / 1 J
1F i - B
/ \
2 §
= 09F i .
o 14 \:l\
oaf \\)\ J
™
o7k b x\ J
ekl 7 h=8mm \’J\b
By h =859 mm ey
o5k h=12.25 mm 1 i
———h=245mm
D‘i 1 1 1 1
0 500 1000 1500 2000 2500

Frequency[Hz]

Figure 8: The ratios of the natural frequencies of the equivalent plateobtained from
ANSYS simulation to that from MATLAB. Four di erent thicknes ses of the equivalent
plate are studied.
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2 FEM simulations of the Beolabh9 cabinet

Simulations of the Beolab 9 loudspeaker cabinet are made inFnite Ele-
ment program, ANSYS.

2.1 Introduction of cylindrical modes

In order to discuss the mode shapes of the cabinet, a charactation of mode
shape pattern of cylindrical shell and at plate is introdued in gure 9. For
a cylinder m identi es the number of half-wavelengths in the axial diretton
and n is half of the number of nodal lines in the circumferential dection [7]
(page 47); for a circular plates is the number of nodal circles and is the
number of nodal diameters.

Cylinder:

s
g= 5=1

Figure 9: Characterization of mode shape pattern of cylindrical shelland at plate [8].

Although the Beolab 9 cabinet has a conical shape, it is stilimilar to a
cylinder. Therefore, the characterization of cylinder is we for the cabinet
wall in the later discussion.

The characterization of the circular plate might be used fortte Beolab 9 cab-
inet bottom, although the shape of the bottom is elliptic. Themode shape
pattern of an elliptical plate is di erent from that of a circular plate because
of the di erent length of the long axis and the short axis of theellipse. How-
ever, it is easy to describe when we look into the mode shape iretfollowing
study.

2.2 FE-elements used in the simulations

Four FE-elements are used in the following simulations, SHELB9 SOLID92,
COMBIN14, and MASS21.
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2.2.1 FE-element SHELL93

The FE-element SHELL93 is used to simulate the Beolab 9 cabinetivand
plates.

SHELL93 is particularly well suited to model curved shells. Té element has
six degrees of freedom at each node: translations in the nbday, and z
directions and rotations about the nodal X, y, and z-axes. Thdeformation
shapes are quadratic in both in-plane directions. The elemtemas plasticity,
stress sti ening, large de ection, and large strain capabhilies. [3] Figure 10
shows the geometry of SHELL93.

A Z;.}
2k

KL

f 4
[
Trianguiar Oplion

Figure 10: SHELL93 geometry. [3]

2.2.2 FE-element SOLID92

In order to simulate the woofer and midrange units frame edgewhich are
attached on the cabinet, a FE-element SOLID92 is chosen.

SOLID92 has a quadratic displacement behavior and is welliged to model
irregular meshes. The element is de ned by ten nodes havingréde degrees
of freedom at each node: translations in the nodal x, y, and ardctions. The
element also has plasticity, creep, swelling, stress stneng, large de ection,
and large strain capabilities. The geometry, node locationand the coordi-
nate system for this element are shown in gure 11 [3].
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Figure 11: SOLID92 geometry. [3]

2.2.3 FE-element COMBIN14

In order to suspend the Beolab 9 loudspeaker system, four sgs are built
on the bottom of the cabinet. The FE-element COMBIN14 is used to 1siu-
late the springs.

Figure 12: COMBIN14 geometry. [3]

COMBIN14 has longitudinal or torsional capability in 1-D, 2-D or 3-D
applications. The longitudinal spring-damper option is a uiaxial tension-
compression element with up to three degrees of freedom atleaode: trans-
lations in the nodal x, y, and z directions. No bending or toien is considered.
The torsional spring-damper option is a purely rotational ément with three
degrees of freedom at each node: rotations about the nodalyxand z axes.
No bending or axial loads are considered. The spring-dampdement has
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no mass. The geometry, node locations, and the coordinate ®ym for this
element are shown in gure 12 [3].

The damping coe cient is set to O in following simulations, and therefore
Beolab9 with springs is a purely spring-mass system. The spgirconstant
is set to a very small value, and the natural frequencies of é¢hspring-mass
system is less tharl Hz to avoid any e ects on the cabinet in the interesting
frequency range.

2.2.4 FE-element MASS21

The acoustic lens is mounted on top of the cabinet, and is sinatéd using a
FE-element, MASS21, as a point mass.

MASS?21 is a point element having up to six degrees of freedomanslations
in the nodal x, y, and z directions and rotations about the noa x, y, and z
axes. A di erent mass and rotary inertia may be assigned to ehcoordinate
direction. The coordinate system for this element is shown ingure 13 [3].

Z o Wy My Mg
7 t B ey gz
¥ “\‘ ¥
Y Element coordinate system
A shown for KEYOPT( 2y = 1

Figure 13: MASS21 geometry. [3]
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2.3 Simulations for nding modes of the Beolab9 cabi-
net

Figure 14 shows the components of the B&O loudspeaker BeolabPom left
to right, they are the heat sink (with electronics), the rear abinet, the acous-
tic lens, the sti ening anchor, the foot ring, the front cabiret, the midrange
unit, and the woofer unit. A horizontal plate between midraige and woofer
divides the cabinet into two chambers. The material of the cabet parts
is foamed polystyrene, which has a density df030kg/m?3, and a Young's
modulus of 221 1° N/m?2. The cabinet's overall general wall thickness is
6 mm, but locally this can be both larger and smaller. The cabirievall is
sti ened with ribs. Rib height inside cabinet is variable with gproximate
16:7 mm in the middle of a cabinet part changing to approximate20 mm
at each side of the cabinet part - width varies from approxim&3 mm to 4
mm, due to draft and various directions [1]. It is a complex stem. In order
to study how the components a ect the behavior of the loudsp&ar, some
simulations are made in this section.

™
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Figure 14: The components of the B&O loudspeaker Beolab 9. [1]

Simulations of the B&O loudspeaker Beolab 9 is done step byegt in AN-
SYS to nd the modes of the cabinet. The simulations start with Bnple
model of the cabinet; the equivalent properties are taken tm account; two
holes are made in the cabinet to simulate the woofer and midrge unit's
mounting hole; the anges of those holes are sti ened by attéing the steel
rings, which simulate the woofer and midrange units' frame e@s; the cab-



2 FEM SIMULATIONS OF THE BEOLABY9 CABINET 24

inet is split into two pieces, front cabinet and rear cabinetand the joint is
simulated; the screws and pins connecting the front and reaslginets are
simulated; the mass of the acoustic lens, midrange unit, arvdbofer unit are
added; the aluminum heat sink is attached on the rear cabinethe mass of
the electric part is added; in the end the sti ening anchor is munted into
the cabinet.

The procedure is carried out step by step, so that the e ect on th cabinet
from each modi cation or each component can be clearly iddred.

2.3.1 A simple model of the cabinet

The starting model is a simple conical cabinet. The bottom andop of the
model are ellipses, which have the same dimensions of Beolala®shown in
gure 15. The circle in the lower middle shows the position of ta acoustic
lens. A middle plate is used to split the cabinet into two chaiwers.

e o ST e R WOLD
Top curve cabinet - elliptical i
-~ i
oy |
e i

R Bottom curve cabinet - elliptical
s ool o]

Figure 15: Beolab 9 bottom and top dimensions. [1]

The geometry of the model is drawn in SOLIDWORKS, as the curvedde
of the cabinet is very dicult to be drawn in ANSYS.® An IGS le of the
geometry is exported from SOLIDWORKS and imported into ANSYSThe
left part of gure 16 shows the geometry made in SOLIDWORKS.

The model uses the same material of Beolab 9 cabinet; its oviéraall thick-
ness is6 mm. The parameters used for the simulation are listed in tablé.
The FE-element SHELL93 is used for the cabinet.

8The curved side is mentioned in gure 1
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Figure 16: The geometry of the simple conical cabinet drew in SOLIDWORKS (eft);
the meshing and bound conditions of the simple conical cabigt in ANSYS (right).

Parameters| Density | Young's modulus| Poisson's ratio| Thickness
Values | 1030kg/m? | 2:1 10° N/m? 0.38 6 mm

Table 6: Parameters of the rst simulation of Beolab 9.

In order to suspend the whole cabinet, four pairs of masslegsrings are at-
tached on the bottom of the cabinet using FE-element, COMBIN14.The
positions of the spring are shown in the right part of gure 16.Each spring
pair consists of a vertical spring and a horizontal spring. @ end of the
vertical spring is xed in x, y and z directions, the other endis connected
to the bottom of the cabinet. The horizontal springs are conraed in the
same way, but perpendicular to the surface of the cabinet walt the spring
positions.

The mass-spring system has a fundamental frequency,
1 k
fo= — —; (23)
° 2
wherek is the spring constant andm is the mass.

The fundamental frequency of the mass-spring system in thensilation is
pretty low. The mass of the cabinet is abou# kg. The spring constant is
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set as200 N/m for each spring. Four vertical springs are in parallel, ad
therefore the sum of spring constant of vertical springs i800 N/m. The
fundamental frequency of the mass-spring system from eqiat (23) is less
than 10 Hz. It is outside the interesting frequency range20 Hz to 1 kHz.
The horizontal spring systems are more soft, since two sprm@re in series
in each direction. That results in an even lower fundamentalréquency.

When more and more components are added in the simulation$)et mass
becomes larger and larger. The fundamental frequency of theass-spring
system accordingly becomes smaller and smaller. Therefattee springs can
be used for all following simulations.

The rst fty modes of the model are found in ANSYS. The analysistype in
ANSYS is chosen to be Modal, which means nding the natural fregncies
of the simulated model. The results are the natural frequeres. However,
some of the mode shapes are not clear, since their neighbord®e® dominate
the shape. It is better to call the shape as operational de &#og shape.

The rst operational de ecting shape of the cabinet appearstal40Hz, which
is mode(s = 1;r = 0) on the bottom. ° It is a pure mode without any
dominating from other modes. The second one appearing 867 Hz has
operational de ecting shapes on the bottom and also on the beet wall.
See gure 17. The upper left gure is a front view; the upper righ gure
is a right view; the lower left is an oblique view; while the loweright is a
top view. 10 It is at the natural frequency of mode(m = 1;n = 3) of the
cabinet wall!* The shape on the bottom is dominated by the bottom mode
(s=1;r=1) at 263Hz (see Appendix A.1, gure 53).

Table 7 shows a list of the natural frequencies of modés; n) of the cabinet
wall when m equalsl and n is taken from 1 to 5. They are plotted in gure
18. It is seen that a few higher mode show up at lower frequeesithan the
mode (1;1). Itis in line with the theory of a cylindrical shell ([7], Chapter
2). The mode shape gures can be found in Appendix A.1, from gue 54 to
63.

In table 7, all modes appear twice. Comparing appendix guresdsand 55,
we can see that the shapes look similar, however the shapeates of an

9t is characterized as the mode shape patten ofs;r) shown in gure 9
10The model faces to the right in ANSYS
11t is characterized as the mode shape patten ofm;n) shown in gure 9
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Figure 17: Operational de ecting shape of the cabinet at257 Hz.
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Mode numbern

3

3

2
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4

1

5
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Table 7: Natural frequencies of modegm;n) when m equals1 and n is taken from 1 to

5.
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Figure 18: Comparison of natural frequencies of modes afn = 1. n is taken from 1 to

5.

angle, . The value of the angle can be concluded from the gures that




2 FEM SIMULATIONS OF THE BEOLABY9 CABINET 28

_ 360 1
~2n 2
where2n indicates the number of the nodal lines. The geometry is not are

cular conical cylinder, but an elliptical one. The di erence letween the long
axis and the short axis of the elliptical shape makes the fragncy di erent.

(24)

Note that previous mentioned modes relates only to the woafeabinet, which
is the lower part of the cabinet between the bottom and the midle plate,
and it is the wall of the woofer chamber. The middle plate, whiclleparts
the cabinet into two chambers, has strong e ect on the cabinewall. It gen-
erates a boundary condition of the cabinet wall between simypsupported
and clamped. Therefore, the cabinet wall does not behave as acdmodel.
The woofer cabinet and the midrange cabiné&t should be studied separately.
Looking at gure 19, it is clearly seen that the lower part hasa mode shape
of (2;5) and the upper part is(1; 4).
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Figure 19: Operational de ecting shape of the cabinet at529 Hz.

12The cabinet of the midrange chamber is the upper part of the cainet higher than the
middle plate.
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At some condition, a mode shape does not behaves like the ogier mode
shape, because the shape of the cabinet is actually conicahe upper di-
mension is smaller than the lower dimension. Seen in gure 2id the woofer
cabinet, the mode shape is neithdR; 4) nor (2; 3). The lower circumferential
mode pattern isn = 4 while the upper coincident ton = 3. Some patterns
are not clear because of coinciding mode shapes.
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Figure 20: Operational de ecting shape of the cabinet at520 Hz.

The mode shapes on the bottom can be seen from the top view, where th
cabinet wall is set to be transparent. The rst six mode shapesn the bottom
are shown in gure 21. Top left part of the gure is the mode(1;0) at 144
Hz; the top right is mode (1; 1) at 256 Hz; the middle left is mode(1;1) at
313 Hz perpendicular to the previous modél;1); the middle right is mode
(1;2) at 429 Hz; the bottom left is mode (2;2) at 464 Hz; and the bottom
right is mode (1; 2) at 578 Hz perpendicular to the one a429Hz.

2.3.2 The equivalent properties

The Beolab 9 has a sti ened cabinet wall. The equivalent propers of the
sti ened plate is used to simulate the sti ened wall. Therefore the model
from last simulation can be reused by substituting the new pameters of the
material. The parameters have been found in chapter 1.2.2 ke 3.
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Figure 21: The mode shape on the bottom of the cabinet simulation.
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The sti ening ribs are only attached in the x-direction on thebottom and the
middle plate. The sti ening ribs in x-direction do not sti en th e plate in the
y-direction. Therefore, Ey uses the same Young's modulus of the material;
while E4 for the bottom and middle plate is taken from 1.2.2, table 3.

2.3.3 A simple conical cabinet with two holes

In the cabinet of Beolab 9, the woofer unit and the midrange unare mounted
in the cabinet. Two holes should be made for the speaker unitds shown in
the left part of gure 22, the modi ed geometry is implementel in SOLID-
WORKS. After importing the geometry into ANSYS, a new simulaion is
done. The meshing and boundary conditions are shown in the rigpart of
gure 22.

In the rst simulation, the mode pattern order of the woofer @binet was:
(1;3);(1;3);(1,2);(1;2); (1, 4); (1, 4); (15 1);(1;5); (1, 5); (1; 1),and so on. Af-
ter the holes are drilled in the cabinet wall, the mode patter order becomes:
(1;2);(1;2);(1;1);(1;2);(2;3);(1;3);(1;4); (1;4), and so on. In the follow-
ing, the order keeps the same for the coming simulations uhthe heat sink
IS mounted on the cabinet.

2.3.4 Two steel rings are attached to the hole anges

Frame edges of the woofer unit and the midrange unit is veryistnot only
because they are made by steel, but also because of the geoynaftthe frame.
When the frame edges of the speaker units are mounted on thenges of the
cabinet hole, the cabinet wall is also sti ened. Therefore, its necessary to
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Figure 22: The cabinet with two holes for the mounting of the woofer unit and midrange
unit. Left part is the geometry made in SOLIDWORKS; right part is the simulation in
ANSYS.
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Figure 23: The cabinet with two holes for the mounting of the woofer unit and midrange
unit. The frame edges are attached on the hole anges as thin dinders (steel rings).

simulate the frame edges.

The holes anges are extruded into thin cylinders with height®f 1 mm. See
gure 23. FE-element SOLID92 are used for the cylinders to siate the
frame edges. The material is set to steel, and the Young's mdds is set to
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2 102 N/m?2. The material is assumed to be ten times sti er than a steel
material to simulate the geometry sti ness of the frame.

2.3.5 Joint

In the new simulation, the cabinet is split into two parts, front cabinet and
rear cabinet. The joint between the two parts isL mm thick, and the mate-
rial of the joint is guessed to bel000times softer than the cabinet, since the
joint of the Beolab 9 is made by an elastic glue. In chapter 4.8 method to
nd the real parameters of the joint material will be introduced.

2.3.6 Screws and pins

Thirteen screws and four pins are used through the joint glue tmount the
front cabinet and the rear cabinet. The pins are built on the rar cabinet
and plug in the front cabinet.

Pink signs in gure 24 indicate the position of the screws. Theyra made
by rigid region between node pairs in ANSYS. The displacemeat the rigid
regions in the x, y and z directions is xed, but the rotationsare free.

e AN

MEY 9 E00T
CE 22:12:20

Figure 24: Positions of the screws connecting front cabinet and rear cabet. It is
simulated in ANSYS.
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Four pins are also made by rigid regions, but with a displacemefreedom in
the x-direction. In the left gure of gure 25, red circles stow the positions
of the pins; the middle gure indicates the left corner where &crew and a
pin are sitting; the right gure is a closer view of the screw @ad pin, and it
shows that the upper one is the rigid region of the screw, while eénower is
of the pin. The rigid region of the screw is connected betweewd nodes,
one is sit on the front cabinet and the other on the rear cabineBoth node
are xed in the x, y, and z directions. The rigid region of the pn is also
connected between two node. The node on the rear cabinet isalged in
the x, y, and z directions, but the one on the front cabinet ismy xed iny
and z directions. It is free in the x-direction to simulate tle moving of the
pin in the front cabinet.

Figure 25: Pins are simulated using rigid regions.

The e ect areas of the screws and pins can be spotted when we look®i
the deformed shape. An example is shown in gure 26. The right @e
shows only the lines of the left gure. Red arrows point at the psition of
the screw. Around that area the front and rear part of the cabiat are well
connected. However, at the position a little further away mm the screw, the
connection is not as good any more. It is clearly seen in theht gure.

2.3.7 Mass of the acoustic lens, midrange unit and woofer uni t

The mass of the woofer unit and midrange unit is added by incrsimg the
density of the frame edges. The new density of the woofer franeelge is
1:03 1 kg/m?3; while of the midrange is1:58 1 kg/m?3.
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Figure 26: The e ect areas of the screw.

The acoustic lens is simulated as a node element with a mass00f99 kg.
The position is shown in gure 27 on top of the cabinet. The FE-eleent
MASS21 is used for the simulation.

Figure 27: The node mass element of the acoustic lens.

2.3.8 Heat sink

The heat sink is attached to the rear cabinet. Twelve screws aresed to
mount the heat sink. They are simulated by rigid regions as te¢ded for the
screws between front and rear cabinets (see gure 28).

The heat sink is made of aluminum. It is very heavy and sti. The lage
mass decreases the natural frequencies, and the sti nessregases some modal
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Figure 28: The heat sink is made in ANSYS.

frequencies. Moreover, the large mass and the elastic calbi(especially the
joint) are a kind of mass-spring system. Figure 29 shows the deting shape
of the mass-spring system. The dimensions of the de ection V& been en-
larged for clearly view.

In the previous simulations, the mode pattern order was fouhto be: (1;2);
(1;2);(1;2);(2;1);(1;3);(1;3); (1;4);(1;4), and so on. After the heat sink
is mounted on the cabinet, only one mode dflL; 3) appears, and the mode
shapes become very complicated.

2.3.9 Electronic part

The electronic part in Beolab 9 is attached on the heat sink, loause the
heat sink is used to cool the inside ampli er. In the simulabn, only the

mass of the electronic part is taken into account. The mass isl@ded into the

density of the heat sink. The related density of the heat sinkhien becomes
3564kg/m?.

After the mass of the electronic part is added on the heat sinkhe mode
(1; 3) moved down to lower frequencies than the modé€s; 1). Therefore, the
new order of the mode patterns is(1; 2); (1;2); (1; 3);(1;1); (1;1). The rest
of the modes are too complicated to be gured out.
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Figure 29: The heat sink and the elastic cabinet consists a mass-springystem.

2.3.10 Sti ening anchor

The sti ening anchor is mounted inside the cabinet. The materiaof the
anchor is steel. It is simulated using rigid regions, sinceéis very sti. The
position of the sti ening anchor is shown in gure 30. The e ect ofthe an-
chor will be illustrated in chapter 2.3.11.

After the anchor is mounted in the cabinet, one of the modeél;2) dis-
appears. The reason will be illustrated in chapter 2.3.11. Theew mode
pattern order is: (1;2); (1;3); (1;1); (1; 1).

2.3.11 Natural frequencies comparison

The natural frequencies obtained from previous simulatiorare quite di er-
ent, because of the adding steps of the components. They carlyobe com-
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Figure 30: The position of sti ening anchor (red line) in the simulation of the Beolab 9.

pared with the same mode numbers. Table 8 shows the natural frezncies
of mode(m = 1;n = 3) on the cabinet wall obtained from each simulation?

Simple cabinet 257Hz
Simple cabinet with equivalent properties 672Hz
Holes made on the cabinet 608 Hz

Woofer and midrange frame edges attached on the cabinet | 680Hz

Cabinet is split into two parts and joint is made in between 477Hz

Screws and pins are added between front cabinet and rear cadtin 509 Hz

Masses of woofer, midrange, and acoustic lens is added | 465Hz

Heat sink attached on the rear cabinet 367 Hz
Mass of electronic part added 345Hz
Sti ening anchor is mounted 345Hz

Table 8: Natural frequencies of mode(m = 1;n = 3) on the cabinet wall obtained from
each simulations.

The natural frequency of the mode(m = 1;n = 3) on the cabinet wall
obtained from the rst simulation, a simple cabinet, is257 Hz; when the

3There are two natural frequencies of modgm = 1;n = 3) in simulations before the
heat sink is taken into account. Only one of them, which has thesame mode shape to the
later simulations, is shown in table 8.
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sti ening ribs are taken into account using the equivalent poperties, the
natural frequencies are moved to higher frequency, becauke cabinet wall

becomes sti er; after two large holes are drilled in the cabet, the natural

frequency decreases, since the holes make the cabinet waltes; the frame
edges are very sti, which increases the natural frequency; ¢hsoft joint de-
creases the natural frequency; Screws and pins increase thenass of the

cabinet joint, and therefore push the natural frequency to &igher frequency;
added mass of the speaker units reduces the natural frequgnthe heat sink
is sti, which might increase the natural frequency. Howeverthe large mass
is a dominant factor that decreases the natural frequenciethe mass of the
electronic part decreases the natural frequency more; thé ening anchor

does not have much in uence on the natural frequency of this ode.

It is seen that previous simulations shows the e ect of the congments to the
cabinet.

The anchor does not change the natural frequency of the mo@l@m = 1;n =
3). Figure 31 shows the mode shape of modm = 1;n = 3) in the last
simulation. It can be found that the circumferential mode p#ern is n = 3.
There must be six nodal lines, but one of them is missing at theosfer
position. One end of the sti ening anchor is placed on the lefside of the
cabinet; while the other end is on the right side. An indicatio gure 32
is made to show the top view clearly. The left side and right sed moves
in unti-phase, * and the distance between them are constant. Whenever
the left and right sides of the cabinet move in unti-phase, # anchor does
not have any e ect on the mode. Actually, they are modes, whichave odd
number ofn.

When n is even, the sti ening anchor works in a di erent condition. Fgure
33 shows the circumferential nodal pattern of modém = 1;n = 2) from the
simulation without anchor. The left part of the gure shows the node shape
at 248Hz while the right part of the gure indicates the same mode buhalf
period later. The left side of the cabinet moves in phase with éright side.
When the left side moves in, the right side moves in, and viceersa. It it
known from the mode pattern of modgm = 1;n = 2) that when the left
and right sides move in, the front and rear sides move out. Atfter mode of
the same mode number can be found &59Hz. The nodal lines shift about
45 degrees. It also agrees with the calculation in equation (2dyhenn is 2.
It can be noticed that the distance from the left side to the ght side does

140ne side moves out and the other side moves in.
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Figure 31: Operational de ecting shape of the cabinet at 345 Hz in the simulation of
the Beolab 9 with all components attached.

Figure 32: The circumferential nodal pattern of the cabinet (top view). Plus and minus
symbols indicate the phase of the deformed shape. Plus meamsoving out and minus is
moving in. The blue line in the middle shows the position of the $i ening anchor. Six
short lines show the position of nodal lines.

not change in this mode shape.

In the simulation when the sti ening anchor is taken into accout, only one
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Figure 33: The circumferential nodal pattern of mode (m = 1;n = 2) from the simulation
without anchor, and the same mode half period later.

mode is found at265Hz for mode number{m = 1;n = 2). Itis similar to the
latter mode in the previous paragraph. The mode that was showm igure
33 does not appear in the simulation with the anchor. It couldhave been
canceled by the anchor. More speci cally, the mode shape cdube shifted
by the anchor with an angle, so that the anchor is sitting on th@odal lines.
That angle, calculated from equation (24), i45 degrees. Then the mode
shape is coincident with another mode, which has the same modember.

Therefore, the sti ening anchor annihilates a half of the evegircumferential

modes. More speci cally, the anchor annihilates modes thatave distance
changing between two ends of the anchor. However, since thechor changes
the boundary conditions of the cabinet wall, new modes mighappear at

other frequencies. This will be proved in chapter 4.3.

2.3.12 A simulation for the rst prototype

The parameters of the cabinet wall and the bottom are adjustetb simulate
the rst prototype. The rst prototype of the Beolab 9 does not have the
sti ening anchor and its cabinet wall is made without sti ening ribs.

To simulate the prototype, the cabinet wall is set to a shell wih a constant
thickness of6 mm.

The parameters of the bottom are recalculated, since the stireng ribs on
the bottom are di erent of that on the cabinet wall. The bottom has sti en-
ing ribs only in the x-direction. The thickness of the bottom jate (excluding
ribs) is 6 mm; the thickness of the rib is7 mm; the distance between ribs
is 40 mm; the width of the rib is 3:5 mm. As mentioned in chapter 1.2.3, if
the thickness of the equivalent plate is the sum of the platend the rib, the
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Parameters| Ey Ey Gy Neq
Value 46 10° | 21 10° | 0.38| 1.1 10° | 524 | 13
N/m 2 N/m 2 N/m? | kg/m3 | mm

Table 9: Parameters used in ANSYS simulation of the equivalent plateof the bottom.

result will be the the best. Therefore, the thickness of the eqa@lent plate
is set to the sum of the thickness of the bottom plate and thebs, 13 mm.
The parameters of the equivalent plate of bottom in table 9.

The natural frequencies and mode shape pattens are obtaineéome of the
mode pattens are not clear, because at some frequencies whewimmaber of
modes coincide in a narrow frequency range, the mode shapeal@ninated
by neighboring modes, and therefore it is not easy to gure ethe mode
pattern. The modes will be discussed in chapter 4.1, after th@sulation has
been adjusted with the measurement data, and then more simtilans will

be made for the other prototypes.
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3 Measurements on the Beolab 9 cabinet

Three prototypes of Beolab 9 are examined experimentally itné laboratory.
The prototype | is the rst prototype, which has a cabinet wall without sti -
ening ribs; the prototype Il has sti ening ribs that are used b stien the
cabinet wall; the prototype Il has an sti ening anchor mountd on proto-
type Il. The bottom of all three prototypes are the same.

3.1 Equipment settings

Figure 34: The equipment settings of measuring accelerations of Beolab cabinet.

The equipment setting is shown in gure 34. B&K PULSE is used to ge

erate random noise in the frequency range 6fHz to 800Hz. The PULSE

output signal voltage level is100mV. The generator output drives the loud-
speaker and is also used as a reference signal. The acceleiemie attached

on the surface of the Beolab 9 cabinet. To avoid noise from tleavironment

the frequency response between the acceleration and theerehce signal is
measured.

The accelerometer is calibrated by a standard calibrator.

3.1.1 Measure positions on the cabinets

Some positions are indicated on the cabinet wall and bottormi gure 35:
twenty three positions spread on a horizontal circumfereecabove the woofer
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on the cabinet wall}® seven positions on the left side vertical line and another
seven on the right side; ve positions on the front verticalihe; and sixteen

position of the bottom.

All three Beolab 9 prototypes have the same measurement psns.

Figure 35: Measure positions on the Beolab cabinet wall and bottom.

In the following, when operational de ecting shapes of the wder cabinet are
plotted, only the lower part (between the bottom and the midde plate) of
the vertical lines are taken into account, since the upper piaof the cabinet
(above the middle plate) belongs to the midrange cabinet.

3.2 Measurement data

Accelerations are measured at each position for all three &ab 9 prototypes.

3.2.1 Measurement data of prototype I, Il and Il

The normalized accelerations of the measurement data of thee@ab 9 pro-
totype | are plotted in gure 36; while the data of prototype Il and Ill are
plotted in Appendix A.1, gure 66, and gure 67. The upper part of the

15The position of the sti ening anchor is 5 cm lower than the circumforerence.
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gure is the overlay of the accelerations measured on the dabkt wall; while
the lower part is on the bottom. At some frequencies, the adeeations are
very high and clearly higher than the neighboring frequenes. They must be
natural frequencies. However, at many frequencies the peiaknot very clean.
The operational de ecting shape is dominated by the neighbimmg modes or
the vibrations on the bottom are dominated by the vibrationson the wall at
some frequencies, and vice versa. Some of them are even nthskestrong
neighboring modes.

Figure 36: Overlay of the measured accelerations of the Beolab 9 protgpe | .
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In order to compare the accelerations, the largest value dfi¢ measured ac-
celerations is found, and then all the data is normalized byhe largest one.

3.2.2 A study of the experimental data

Some factors should be taken into account when we study the nse@aement
data. As mentioned in chapter 2.3, the lower part of the cabat (woofer
cabinet) behaves separately from the upper part of the cakeh (midrange
cabinet); the heat sink and the elastic cabinet constitute aass-spring sys-
tem; the operational de ecting shape might be dominated by @ighboring
modes; the conical shape of the cabinet results in di erent ndes between
the lower and higher parts of the woofer cabinet, and so on.

In order to nd modes of the cabinet, the measured data are ptied in a
3D gure. The x-axis is the frequency; the y-axis is the posibin of the mea-
surement points; the z axis is the normalized acceleratiorthe position of
the measurement points is separated into the circumfereatiposition in the
middle of the cabinet, the left side, the front, the right si&, the middle line
in the x-direction on the bottom, and the middle line in the ydirection on
the bottom. The circumferential position is stretched into astraight line,
shown in gure 37.

Figure 37: The circumferential position is stretched into a straight line.

In the 3D gure, the in uence from neighboring modes can be ebrly seen.
Appendix A.1, gure 68 is a 3D gure of the prototype Il in the frequency
range of0 to 400 Hz. The frequency band is very wide. If we zoom in to
a narrow frequency band225to 240Hz in gure 38, operational de ecting
shapes are clearly seen. A solid green line indicates the @i®nal de ecting
shape at2285 Hz, and a dashed blue line is that a315 Hz. It seems that
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the solid green line has two peaks, one is arou@ cm in the circumferential
positions and the other one is around@0cm. However, the one aroun@0cm
is actually on the slope of the mode shape at a higher frequgnd herefore,
the solid green line has only one peak, and it looks like the m® shape of
mode (m = 1;n = 1). The dashed blue line is a little more complicated,
because it lies on more slopes. But it could be noticed that ¢hdashed blue
line indicate a shape like modédm = 1;n = 1), and this one is dierent
from the previous one, because the peak shifts to another gas. In other
words, the shape rotates of an angle.

Figure 38: Normalized acceleration along the circumferential positons in the middle of
the cabinet of prototype Il in a frequency range of 225Hz to 240 Hz.

Some shapes are really confusing if we look at the circumfetial positions
only. As shown in Appendix A.1, gure 69, the shape looks like pure mode
shape of modgm = x;n =1). ® The lower part of of gure 39 shows the
phase of the normalized accelerations. When the accelecais are positive,
the phase is close to zero, and when the accelerations are iegathe phase
is approximately . The operational de ecting shape is plotted in gure 40.
However, if we look at the normalized accelerations plottealong axial lines
on the left side, front, and right side, the mode is di erent. A seen in gure
41, the scale of the normalized acceleration of the posit®wn the front line
of the cabinet is approximate ten times larger than that of tle left and right
side. Moreover, the front moves as a rigid, since a straighn& is shown in
the gure. It seems that the sides do not move much. More inforation is

16x can be set asl; 2;:::.
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obtained in gure 42, the normalized accelerations of the itions on the
bottom. The middle line of the bottom from the left side to the ight side
of the cabinet is in the x-direction; while that from the frontto the back of
the cabinet is in the y-direction. As shown in the lower part othe gure,
the front of the cabinet is moving up and the rear part is movig down. All
in all, the cabinet is rotating back and forth as a rigid body. It shows the
behavior of a mass-spring system. The mass is the cabinet arne tspring is
the rubber foot ring.

Figure 39: Normalized accelerations and phase of the circumferentigbositions of pro-
totype Il at 57.5 Hz.

The bottoms of the three prototypes are almost the same. Wherhné¢ sti -
ening ribs are added on the cabinet walls of prototype Il andll the edges
of two ribs are molded on the bottom, shown in gure 43. That chages the
boundary conditions of the bottoms (along the edge of the btmm). In other
words, the boundary conditions of the bottoms of prototypelland Ill are
sti er than that of prototype I. As mentioned before, the bourdary condi-
tion is between simply supported and damped. The one of the gotype |
is closer to the simply supported; while that of the prototypdl and Ill is
closer to the damped. Therefore, the natural frequencies did bottom of
prototype Il and Il are higher than prototype |. The natural frequencies of
mode (s = 1;r = 0) are found to bel51 Hz, 1565 Hz, and 1665 Hz for
prototype I, Il and Ill, separately. The di erence between thesecond one
and the third one might be caused by the mass of the sti ening ahor and
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Figure 40: Operational de ecting shape of the circumferential positions of prototype II
at 57.5 Hz.

Figure 41: Normalized accelerations plotted along axial positions ofleft side (upper),
front (middle), and right side (lower) of prototype Il cabin et at 57.5 Hz.

perhaps production tolerances.

At the natural frequency of the bottom mode(s = 1;r = 0) of prototype
I, an operational de ecting shapes of the woofer cabinet Waare noticed
in gure 44 (green line). The shape looks similar to modém = x;n = 2).
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Figure 42: Normalized accelerations plotted along the x and y axis of tke bottom of
cabinet at 57.5 Hz.

Figure 43: This is a inside view of the lower part of the front cabinet. The edges of two
sti ening ribs (green) are molded on the bottom.

However, it is not likely that a mode is there. Two peaks can belearly
seen, because they are sitting on the slope of the neighbgrimodes; a dip
appears in the middle, since it is on the slope of the neighbog dip. The
real shape might be only one peak in the middle if the neighbog mode is
not there. However, the shape would be hardly seen without theighboring
mode. The mass of the bottom is very small comparing with the ma®f the
cabinet wall and the components mounted on the cabinet wallTherefore
the e ect the bottom to the cabinet wall is very weak. The shape Wlibe
illustrated later using ANSYS simulation in chapter 4.4.

Appendix A.1, gure 70 illustrates the operational de ecting shape of the
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Figure 44: The operational de ecting shape (green line) of the simulaton of Beolab 9
prototype Il at 1565 Hz.

left side (left) and right side (right) of the prototype Il cabinet at 1565 Hz.
The green line shows the shape d@565 Hz. It is clear that the shape is
not dominated by neighboring shapes, and the peaks are nottine middle
of the sides but closer to the bottom.’ It means that it is not an axial
mode m = 1, but a mode driven by a force. Therefore, the operational
de ection shape of the cabinet wall at the natural frequencyf the bottom
mode (s = 1;r = 0) might be dominated by the mode of the bottom. The
discussion will be continued in chapter 4.4 when ANSYS simulah is used
to nd the shape.

From the previous mentioned method, some modes of prototypeare found
and listed in Appendix A.2, table 13.%8

The scale, Left side [cm], shows the height of the positions fra the bottom to the
middle plate of the prototype.

18The natural frequencies of modeg(m = 1;n = 1) are highlighted, since the operational
de ecting shapes are dominated by neighboring modes very mth, and therefore they are
di cult to be gured out.
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4 Comparison and discussion

4.1 Improve the simulation of the bottom

Comparing with the measurement data, the simulations can be agted to
get better results. The bottoms of three prototypes are almbshe same. °
The natural frequency of the modeg(s = 1;r = 0) of the bottom of proto-
type | was 130 Hz in the simulation, but it is measured to151 Hz. It was
expected that the simulation result would be higher than theneasurement
data. Looking at the bottom of Beolab 9 prototype | in left pat of gure
45, four ribs (colored to red in the gure) connect the bottomto the woofer
hole ange in the front cabinet. They provide a strong conndmn between
the bottom and the front cabinet. Therefore, four rigid regias are added in
the simulation to simulate the connections, shown in the righpart of gure
45. The natural frequency of the modd€s = 1;r = 0) of the bottom of the
new simulation is171Hz. It looks like the expected value now. Moreover,
the natural frequency of the modg(s = 1;r = 1) is 274 Hz, and the one of
the measurement i2485 Hz. This is acceptable.

Figure 45: Ribs between the bottom and the front cabinet, and the simulaion in ANSYS.

4.2 Comparison of the simulation results and the mea-
surement data of prototype |

Natural frequencies and the corresponding mode patterns thfe simulation
of prototype | are listed in Appendix A.2, table 12. Only mods below450

19sShown in chapter 3.2.2, gure 43, the only di erence is that the edges of two sti ening
ribs of the cabinet wall are molded on the bottoms of prototype Il and IIl.
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Comparison of modes of the prototype |
Mode pattern Natural frequency [Hz] | Dierence
Simulation | Measurement
(s=0;r=0) 171 151 13%
(s=0;r=1) 274 2485 10%
(m=1;n=1) 257 2695 5%
(m=1;n=1) 276 278 1%
(m=1;n=2) 122 1295 6%
(m=1;n=2) 126 139 9%
(m=1;n=23) 197 1475 34%

Table 10: Comparison of natural frequencies and mode patterns of the mitotype |
obtained from the simulation and the measurement.

Hz are listed. Some of the modes are "Complicated”, which meatisat the
operational de ecting shape is dominated by many factorspsthat it is too
complicated to be gured out. The obtained natural frequenas of the sim-
ulation are compared with the measurement data of prototype &nd listed
in table 10. The mode pattern order is the same in the simulatiand in
the measurement, but the natural frequencies are not veryade to each other.

The simulation model is very much simpli ed. The cabinet's ovall general
wall thickness of Beolab 9 prototype | i5 mm, but at the area close to the
joint between the front and rear cabinet, the thickness beooes8 mm; while
a constant thickness6 mm is used for the cabinet wall in the simulation of
prototype I. The material parameters of the joint is unknown, ad is assumed
to be 1000times softer than the cabinet wall. The sti ness of the wooferred
midrange frame edge is assumed to be ten times sti er than a stematerial
to simulate the geometry sti ness. The details of the geometyespecially of
the midrange cabinet and acoustic lens are not included.

Many factors can a ect the simulated result. Therefore the simation can
not be expected to give very accurate natural frequencies.ottever, it can
be used to show the behavior of the cabinet, such as mode shapeode
orders, the in uence of each components, and so on.
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Parameters E. Gyy Neq
Value 1:3 10 | 0.38| 46 10° | 1301 | 82
N/m 2 N/m? | kg/m3 | mm

Table 11: Parameters of the new equivalent plate with the thickness of8:2 mm.

4.3 Comparison of the simulation results and the mea-
surement data of prototype |

The cabinet wall of prototype Il and Il has sti ening ribs. The distance
between ribs has been adjusted and a better thickness of thguévalent plate
is found.

The distance between the ribs waS0 mm. This was a coarse guess. Check-
ing with the real cabinet wall, the value of the distance has lem changed to
40 mm.

The thickness of the equivalent plate must be changed. Disaesl in chapter
1.2.3, the thicker the equivalent plate the lower the naturafrequencies, and
a better value of the thickness of the equivalent plate was ¢hsum of the
thickness of the plate and the height of the rib24:5 mm. However, it was for
the at plate. When used it in the simulations of prototype Il and Ill, the
obtained natural frequencies were very low comparing with .hhmeasurement
data. In the simulations of prototype Il and Ill, the stiened cabinet wall
has a curved shape. It is unknown how the curvature a ects the etalent
plate. Therefore, di erent thicknesses of the equivalent pta have been tried
in order to determine an experimentally better value of theguivalent plate.
20 A petter value is found to be one third of the sum of the thickngs of the
plate and the height of the rib,8:2 mm. The corresponding parameters are
listed in table 11.

The results of the simulations shows the behavior of the protgbes. The
obtained natural frequencies of simulations of the protope Il and Il below
500Hz are listed in Appendix A.2, table 14. The natural frequeneis of the
same modes obtained from the two simulations are very closeithin 5 Hz,
except for four modes.

20This is done by comparing the natural frequencies;149 Hz, of mode(m = 1;n = 2),
since this mode can be clearly seen in the measurement data. #sk exists here. In case,
the mode at 149 Hz is not a mode(m = 1;n = 2), the natural frequencies of simulations
of prototype Il and 11l would be wrong, although the mode shapes are still usable and the
comparison between simulations is valuable.
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One of the four modes idm = 1;n = 2). Shown in Appendix A.1, gure
71, the mode(m = 1;n = 2) appears twice in the simulation of prototype
Il and only once in the simulation of prototype Ill. As illustrated in chap-
ter 2.3.11, the sti ening anchor annihilates half of the eve circumferential
modes. It rotates the mode shapes, so that the anchor is sitfj on the nodal
lines, and the rotated mode shape would be coincident with thether mode
shape that has the same mode number. Therefore, the one B9 Hz in
the simulation of prototype Il did not appear in the simulation of prototype
I1l. The same thing happens in the measurement data. Shown in uge 46,
the normalized accelerations of the circumferential posiins of prototype I
and Il are plotted. A green line in the upper part of the gure shows the
mode (m = 1;n = 2) of the prototype Il at 149 Hz; while a green line in
the lower part of the gure shows the operational de ecting shpe at 149
Hz of the prototype Ill. It is almost a straight line. Therefore, the mode
(m =1;n=2) disappears in prototype IlI.

Another one of the four is a new mode. Since the anchor chandles bound-
ary conditions of the cabinet wall, a new mode appears at a Imgr frequency
of 185Hz. Shown in gure 47, the mode atl85Hz has a nodal line at the
anchor position, and the same mode cannot be found in the sitation of
prototype II. A similar mode is found in the measurement dataf prototype
[l at 168 Hz in Appendix A.1, gure 72. The left part of the gure shows
the normalized acceleration on the circumferential posiis. 2> A green line
show the operational de ecting shape atl68 Hz. The shape looks like the
mode shape of modém = x;n = 2). The right part of the gure shows the
data of the left side positions.?? It can be seen that the acceleration is close
to zero at the anchor positions27 mm, and there is no neighboring modes
dominating the mode shape. Therefore, it agrees with the sinaiéd result.

The vibration of the cabinet at the natural frequency of the n& mode is
attenuated by the anchor, since the anchor divides the modsto two parts.
It can be clearly seen in Appendix A.1, gure 72, that the uppe part of
the mode shape is very small; the lower part of the mode lookeraparable
with the canceled mode shown in gure 46, however, it is smati¢han the
canceled mode, since the length is smaller.

21The height of the circumferential positions are’5 cm higher than the anchor.
22The data on the right side positions looks exactly the same ashe left side, and
therefore it is not shown to save space.
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Figure 46: Mode is annihilated by the anchor.

The other two of the four are modes of a mass-spring system cistesd by
the heat sink and the cabinet. The heat sink is the mass and theabinet
(especially the joint between the front cabinet and the reacabinet) is the
spring. Shown in Appendix A.1, gures 74 and 75, the heat sinkibrates
up and down, and the joint is stretched. The operational de edhg shape
of the woofer cabinet looks like a modém = 1;n = 2) in the simulation of
prototype Il at 229 Hz. The distance between the two ends of the anchor
position is changing, since the anchor is not mount there. #&fr the anchor
is taken into account in the simulation of prototype Ill, the shape changes,
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Figure 47: A new mode appears in the simulation of prototype I, since the anchor
changes the boundary condition of the cabinet wall. The dashe red line shows the anchor.

and it looks like a shape of modém = 2;n = 2), but the upper is much
smaller than the lower. The axial nodal line is at the positiorof the anchor.
The natural frequency shifts slightly to234 Hz.

The natural frequency of the mass-spring system is not acctea since the
material of the joint was guessed in chapter 2.3.5 to b&#000times softer
than polystyrene. If enough measurement positions are takethe mode can
be found in the measurement. Therefore, the real natural fragncy can be
used to adjust the Young's modulus of the joint. A simple wayd do that

is to try di erent values of the Young's modulus of the joint m&erial, and

obtain the natural frequencies, then pick up the closest orte the real nat-

ural frequency; meanwhile, the real value of Young's modulus obtained.
If this is done for one prototype, the obtained Young's moduk of the joint

material can be used in the simulations of other prototypes.
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4.4 Using ANSYS simulation as a tool

The simulations in ANSYS can be used as a tool to study behavsof the
cabinet.

At the end of chapter 3.2.2, it was found that the modds = 1;r = 0) of the
bottom might dominate the operational de ecting shape on tk cabinet wall.
It is too tiny to be seen in the simulation, because the mass tie bottom
is very light comparing with the mass of the cabinet (includig the compo-
nents). In order to investigate the vibration transmitting, the thickness of
the bottom is increased tal6 mm instead of6 mm. 22 A clear shape appears
immediately. Seen in gure 48, the bottom moves down, the lowast of the
woofer edge follows the bottom, and therefore moves in. The wep edge
is supported by the cabinet wall. The middle horizontal line bthe woofer
edge works as an axis. When the lower part of the woofer edgeves in, the
upper part moves out. Moreover, the vibration of the woofer ege in uence
the vibration of the cabinet wall.

Figure 48: Vibration transmits from the bottom to the cabinet wall.

23The natural frequency will follow the changing of the thickness. However, the pur-
pose is to show the operational de ecting shape. Therefore,hite changing of the natural
frequency does not matter.
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Also, the vibration of the cabinet wall can be transmitted tothe bottom.

Since the mass of the cabinet wall and the components are muenger than

the mass of the bottom, the operational de ection shapes ohé bottom are
really dominated by the modes on the cabinet wall. Seen frongure 49, it is
really di cult to nd the mode shape of the bottom because of the dominat-
ing of the mode on the cabinet wall, except modgs = 1;r = 0), the deepest
dip.

Figure 49: Operational de ections shapes of the bottom of prototype | from 0 Hz to 800
Hz.

At some frequencies, when modes on the midrange cabinet appdhe vi-
bration might also be transmitted to the woofer cabinet. Shon in Appendix
A.l, gure 73, the mode(m = 1;n = 2) of the midrange cabinet in the simu-
lation of the prototype | appears at157Hz. The upper part of the heat sink
vibrating in this mode, and therefore the vibration is transnitted into the
lower part of the heat sink. Then the lower part of the heat sinldrives the
woofer cabinet. Unfortunately, there are not many measureent position on
the midrange cabinet, so that modes of the midrange cabineagnot been
seen from the measurement data.

4.5 The audible problem

As mentioned in the introduction chapter, the prototype | ha an audible
problem around140Hz. It can be seen from the measurement data of pro-
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totype | that the highest peak of the normalized accelerativappears at139
Hz. Itis a mode(m = 1;n = 2). From the simulation of prototype I, a mode
(m=1;n = 2) appears at126 Hz, which has the same mode shape of the
measurement data.

When the sti ening ribs are attached on the cabinet wall in theprototype

Il, the natural frequency of mode(m = 1;n = 2) increases to149 Hz, and
that of the simulation is at 149Hz as well. Since the mode shape is the same
and the natural frequency does not change very much, the abtg problem

is still there.

After the sti ening anchor is mounted in the cabinet in prototype lll, the

mentioned mode is annihilated by the anchor. Although the ahor changes
the boundary condition of the cabinet and a new mode appearthe new
mode does not radiate much sound comparing with the canceledde. As
mentioned in chapter 4.3, the vibration of the cabinet at thenatural fre-

guency of the new mode is attenuated by the anchor. Thereforkd audible
problem has been solved.
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Conclusions

The ANSYS model works ne on simulating the mechanical and gictural
acoustic properties of the B&O loudspeaker Beolab 9.

The simulations take their starting point in a simple model, ad then the
components are added one by one. This procedure helps us to erstand
how the components a ect the cabinet and how the modes appean t¢he
cabinet. Moreover, we can easily notice when an error happer@srewhere
and correct the model. If we did not do that, the result could g extremely
wrong without showing anything, since the Beolab 9 is so compdited a sys-
tem.

The simulations of the three prototype showed the mode shapetthe cabi-
net, mass-spring system, and the transmitting of the vibrabns. The audible
problem has been illustrated by showing the mode shapes. The etef the
sti ening anchor has been investigated.

ANSYS simulation can be used as a tool to investigate intertasg phenom-
ena. The vibration transmitted between the bottom and the caimet wall has
been illustrated using the simulations.

In future study, simulations can be improved in many ways. Mdioned in

chapter 4.3, the parameters of material of the joint can be @asted. Four

ribs, which connects the bottom and the front cabinet, are sinlated by rigid

regions. Actually, they can be drawn in the geometry. The sti emg anchor
is simulated by rigid region. It can also be made to a beam elemt in the

simulation. The mass of the woofer unit is added on the edge dig frame. A
large part of the mass is a magnet system of the unit. It is appximately 15
cm away from the frame edge. The moment of the mass should be gured

by a product of the mass and thel5 mm. The simulation can be improved
by adding a mass element at the right position. The midrange utns similar

to the woofer unit but smaller. The foot ring can also be simutad if it is

drawn in the geometry.
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A Appendix

A.1 Figures

Figure 50: The ratios the natural frequencies of a equivalent plate obténed from ANSYS
simulation divided by the natural frequencies from MATLAB.

Figure 51: The ratio of natural frequencies of the simply supported squae orthotropic
plate obtained from analysis in MATLAB divided by natural fre quencies obtained from
simulation in ANSYS.
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Figure 52: The ratios of the natural frequencies obtained from MATLAB div ided by the
natural frequencies from ANSYS.H %= 457 Nm is taken the same as the one in ANSYS.

Figure 53: Operational de ecting shape of the cabinet at 263 Hz.
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Figure 54: Operational de ecting shape of the cabinet at 257 Hz.

Figure 55: Operational de ecting shape of the cabinet at264 Hz.
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Figure 56: Operational de ecting shape of the cabinet at 289 Hz.

Figure 57: Operational de ecting shape of the cabinet at310 Hz.
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Figure 58: Operational de ecting shape of the cabinet at 348 Hz.

Figure 59: Operational de ecting shape of the cabinet at 351 Hz.
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Figure 60: Operational de ecting shape of the cabinet at473 Hz.

Figure 61: Operational de ecting shape of the cabinet at491 Hz.
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Figure 62: Operational de ecting shape of the cabinet at 496 Hz.

Figure 63: Operational de ecting shape of the cabinet at546 Hz.
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Figure 64: The operational de ecting shape of the simulation of Beolab 9prototype |
at 221 Hz.

Figure 65: The operational de ecting shape of the simulation of Beolab 9prototype |
at 246 Hz.
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Figure 66: Overlay of the measured accelerations of the Beolab 9 protgpe 11 .
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Figure 67: Overlay of the measured accelerations of the Beolab 9 protgpe I1I .
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Figure 68: Normalized acceleration along the circumferential positons in the middle of
the cabinet of prototype Il in a frequency range of 0 Hz to 400 Hz.

Figure 69: The operational de ecting shape plotted along the circumfeential positions
of the prototype Il at 57.5 Hz.
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Figure 70: Operational de ecting shape of the left side (left) and right side (right) of
the prototype Il cabinet at 1565 Hz.
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Figure 71: Modes(m = 1;n = 2). The upper and middle parts show mode{m =1;n =
2) in the simulation of prototype Il while the lower part shows mode (m =1;n =2) in
the simulation of prototype IlI.
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Figure 72: New mode appears in the measurement of prototype IlI, since tb anchor
changes the boundary condition of the cabinet wall.
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Figure 73: A mode (m = 1;n = 2) of the midrange cabinet in a simulation of prototype
I



A APPENDIX 77

Figure 74: A mode of a mass-spring system consisted by the heat sink andé cabinet
in a simulation of prototype II.
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Figure 75: Mode of a mass-spring system consisted by the heat sink and ¢hcabinet in
a simulation of prototype IlI.
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A.2 Tables
Modes of a simulation of the Beolab 9 prototype |

Natural frequency [Hz] Mode pattern

122 (m=1;n=2)

126 (m=1;n=2)

157 Mode of the midrange cabinet
164 Mode of the midrange cabinet
171 (s=1;r=0)

187 Complicated

197 (m=1;n=23)

204 Mass - spring (Heat sink - cabinet)
210 Mode of the midrange cabinet
257 (m=1;n=1)

274 (s=1;r=1)

276 (m=1;n=1)

283 Complicated

292 Complicated

297 Mode of the midrange cabinet
311 Complicated

342 Mode of the midrange cabinet
352 Complicated

375 Mode of the midrange cabinet
380 Complicated

413 Complicated

425 Complicated

430 (s=1;r=2)

445 Complicated

Table 12: Natural frequencies and mode patterns in a simulation of theBeolab 9 proto-
type I.
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Measurement data of the prototype |
Mode pattern Natural frequency [Hz]
(s=1:r =0) 151
(s=1;r=1) 2485
(m=1;n=1) 2695
(m=1;n=1) 278
(m=1;n=2) 1295
(m=1;n=2) 139
(m=1;n=23) 1475

Table 13: Natural frequencies and mode patterns obtained in the measement data of
prototype 1.
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Simulations of the Beolab 9 prototype Il and Il
Mode pattern Natural frequency [Hz]
Simulation Il | Simulation Il

(m=1;n=2) 139 139
(m=1;n=2) 149

(s=1;r=0) 173 173
(m=1;n=1) 180 180
Forced by anchor 185
(m=1;n=1) 192 194
Complicated 208 213
(m=1;n=23) 220 221
Mass - spring (Heat sink - cabinet) 229

Forced by anchor 234
Mode of the midrange cabinet 239 244
(s=1;r=1) 286 286
Complicated 301 302
Mode of the middle plate 335 335
Complicated 344 345
Complicated 357 359
Complicated 372 375
(m=2;n=3) 402 403
Complicated 412 413
(s=1;r=2) 437 437
Complicated 450 451
Mode of the middle plate 454 459
(s=1;r=1) 491 492

Table 14: Natural frequencies and mode patterns in simulations of theBeolab 9 prototype
Il'and 111.



