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This work concerns the method of the plate parameter selection and thee afahe
stiffening set, assuming the minimization or maximization of the energy stureddiated
by a stiffened plate as a criterion. The energy balance equations bashd S8EA method
were used in order to quickly evaluate the energy flow as a function sfechconstructional
parameters. Calculations of mechano-acoustic energy flow wererped in AutoSEA and
Matlab environment.
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1. Introduction

Among a large number of machines and industrial devices, plate elementsnare d
inating sources of sound radiation and vibrations. One of the methods dfyingd
the acoustical energy radiated by a vibrating plate is a change in its strustirie a
modification can be carried out by varying the rigidity of the structure — fetaimce
by introducing additional rigidity generated by a set of stiffeners. The@piate ad-
justment of rigidity in the plate-set of stiffeners system may result in reductidhe
acoustic energy radiated in a certain frequency band.

For the purposes of analysing the acoustical field around a flexuralytivig plate,
complex systems of differential equations are usually used. In ordettaindhe solu-
tion of such a system of equations by the use of numerical methods, comglasade
time-consuming computations have to be carried out [6, 7, 10, 11]. Theriglhe
considered frequency, the more complicated and time-consuming are thatedions.
Very often the decrease in the accuracy of the obtained numerical rssalés noticed.
On the contrary, the SEA method is an effective tool for prediction ofggnef vibra-
tions and acoustical power radiated in the middle and high-frequencgsamyere the
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modal densities of modelled subsystems are relatively high [8, 10, 11]aMisasity,
damping loss factor and the coupling loss factor are the main parametersehat a
quired for modelling the SEA subsystem. Conservation of energy rule isayelied
to each subsystem resulting in formulation of a system of power balanegi@ugi[7].
Therefore the predictive SEA method is the process of computing syssgonse due
to a known power input on the basis of the power balance equations@j. &mplex
mechanical systems consisting of many various subsystems can be easilyateby
energy equations.

In the SEA method, complex systems are modelled by dividing them into simple
subsystems, such as a rods, beams, plates, acoustical cavities et¢charadsumption
that these subsystems are weakly coupled [1, 7, 11] and their rediprtmactions as
well as vibroacoustical energy flow are well described by the Couplivgs LFactors
(CLFs).

The aim of the following paper is to present the method for the matching plate
parameters with the stiffeners set when the minimization or maximization of theyenerg
stored or radiated by a stiffened plate is considered as a criterion of optimniza

The SEA method supply mathematical approach that enables to quickly evakiate
energy flow as a function of many constructional parameters. The obtdata basis
is searched for the optimal set of parameters. Calculations of the acbesticgy flow
were carried out in the AutoSEA and Maltab environment.

2. The model of a stiffened plate in the SEA system

Assembly of the stiffeners of the plate results in a change in the plate locaessff
which, in consequence, complicates the analysis and implies additional agmsnip
order to facilitate the problem solution. Introduction of an equivalent feaxugidity
is one of the methods of simplifying the differential equations describing tis of
a stiffened plate. Equation describing the flexural plate vibrations carridemin the
form [9]:
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whereD, — average plate flexural rigidity in thedirection, D, — average plate flexural
rigidity in the y direction.
Equation (1) can be written in the modified form [9]:
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Natural frequencies of a stiffened plate with simply supported edgesneltas a so-
lution of the Eq. (2), are given by [9]:

2 D b\? b\?
= g[Sy mt e (2 ) 4t (22 ®)
b ph a a

It is convenient to show the influence of the stiffeners distribution on tlerala
frequencies by considering the relation between the frequency and shage index
in the m-n system of coordinates. In such a case the frequency zone is divitbed in
regions.

The first region corresponds to low frequencies. The influence déstifs on the
plate rigidity in the first region of natural frequencies can be assesgkat the assump-
tion that additional stiffness introduced by the set of stiffeners is unifodigiributed
on the plate surface. In this region, a stiffened plate can be treated asagéoeous
plate of equivalent mass and stiffness, taking into account influence stiffeners.

In the second region the effect of homogenous stiffening conceipstenstiffeners
spacing in ther: direction. Half-wave length in this direction is smaller than the distance
between stiffeners. In the second region, only the mode shapes theawaflength of
which is an integer multiple of the subpanel length in thdirection, are observed.

Similarly, in the third region the influence of the stiffeners in thelirection is
considered. Half-wavelength in this direction is smaller than the distance éestié-
eners. Only the mode shapes, the half-wave-length of which is an intedtplenof
the subpanel length measuredyidirection, are observed.

The fourth region is the region of the highest frequencies. Half-waveoth di-
rections is shorter than the distance between stiffeners. For instancey. ifh there
are presented the frequency zones of the plate divided by stifferieré5nsubpanels
A
Y Y Y X, ° °
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Fig. 1. Numbers of mode shapes excited in the individual frequenogszo
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(2 stiffeners along thg-axis divide the plate into 3 panels and 4 stiffeners along the
z-axis divide each panel into 5 subpanels).

It is easy to assign individual mode shapes to frequency regions in thaid®f
natural numbers corresponding to numbers of mode shapes (m, n).cBuatilral fre-
guencies ordered increasingly belong to different frequency regiainich complicated
analytical formulation of the optimization problem.

3. Vibroacoustical energy balance

The model of the investigated system (Fig. 2) is built on the basis of the SEAtheth
and consists of two subsystems: the stiffened plate and a three-dimerestonatical
cavity. The plate is driven to vibrations by the concentrated force. Thigfie the only
source of the input power supplied to the system.

Input power Stiffened plate Acoustical cavity

1 / i N2

\Y

Fig. 2. Model of a stiffened plate-acoustical cavity system.

The energy flow is described by the equation which is classical for therS&hAod [8]:

Mitot —T12 Ep B I/Vin/w (4)
—n21 T12tot Ea 0
Time-averaged input powé¥;, is given by the following formula:
1 1
in — 7F2 : 5
Wi = g Re |5 ©

In practice, it is difficult to evaluate impedangg for a plate of finite dimensions.
FunctionZ; is a rapidly varying function of frequency and its practical evaluations is a
very difficult task. Cremer has shown that impedance averaged ovieethency bands
can be approximated by the corresponding function for an infinite plag [1]:

TR

Am,’

wherex — modal density angh, — equivalent mass, calculated for each frequency zone.

(6)
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Under such an assumption, the input power supplied to the plate is given by

s

Iy =
2Am,

K- FUQ. (7)

Making use of the vibroacoustical energy balance (4) in the considgstdm, en-
ergy of the flexural vibrations of a stiffened plate is expressed by tlenfimg equation:

IT;, (n2 + m2)

E,= ,
! w (1 +m2)(n2 + n21) — N21m12

(8)

In the same way, the acoustical energy stored in the three-dimensioneitiaab
cavity can be determined as follows:

HA
E, == = . (©)
w (m 4+ ma2)(n2 + n21) — 2112

Coupling loss factom, between the stiffened plates and 3D acoustic cavity is
given by
C
N2 = Pata Orad- (10)

illle

Radiation efficiency,.,q was investigated by many authors, but for our purposes it can
be expressed by the simplified formula:

: (11)

where.J — connection acceptance, — sound velocity in the plate material.
Energy transfer from the acoustical cavity to the stiffened plate cantineadsd by
introducing into Eq. (4) the modal density-dependent reciprocity equation

Nima1 = Namia. (12)

The physical quantities and coefficients mentioned above are calculatbd basis of
dynamical parameters determined separately for each frequencyNaneal frequen-
cies of free vibrations ordered increasingly (from the lowest to the Biglaues) with
respect to the magnitude belong to different frequency zones, whsciitsen the dif-
ficulties with analytical formulation of the modal density, rigidity, equivalent srets.
It is difficult to provide a simple form of analytical relations describing theuierfice
of constructional parameters on the energy stored and radiated by teeestiplate in
a simple form. For the purposes of practical applications it may be helpfidrfonm
numerical calculations for the interesting range of parameters, and to neagettmum
choice of the plate and stiffeners set structure on the basis of theedaesults stored
in the database.
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4. An example of analysis of the stiffened plate sound radiation

An example of analysis was carried out for a model of a stiffened plate sisoply
ported at four edges, located in a 3D acoustical cavity. The local eharfigpmogenous
plate stiffness was obtained by assembling various sets of steel stiftédmecdangular
cross-sections. In the considered examples, the symmetrical structstiferiing set
was assumed — in both directions from 1 to 8 stiffeners were equally speuvedtiffen-
ers width varied from 0 t6 - 10~3 [m] with 2- 10~ [m] step while the stiffeners height
was increased from 0 25 - 1072 [m] with 5 - 1073 [m] step. It resulted in 214 ways
of changing the plate local stiffness by introducing different sets oesiiffs. The com-
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Fig. 3. The level of sound power radiated by the stifig. 4. The level of sound power radiated by the stiff-
ened plate in the 125-250 [Hz] frequency band (stéfred plate in the 125-250 [Hz] frequency band (stiff-
eners of 2 [mm] thickness). eners of 4 [mm] thickness).

Radiated Power [dB]

Radiated Power [dB]
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Fig. 5. The level of sound power radiated by the stifiig. 6. The level of sound power radiated by the stiff-
ened plate in the 125-250 [Hz] frequency band (stéied plate in the 250-500 [Hz] frequency band (stiff-
eners of 6 [mm] thickness). eners of 2 [mm] thickness).
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puter simulations were carried out in octave bands of the frequency I&jHz] to

3000 [Hz]. The results were linearly averaged and analyzed in the \irielguency
bands: 125 Hz-250 [Hz], 250 [Hz]-500 Hz, 500 [Hz]-1000 HA)A (Hz]-2000 [Hz],

2000 [Hz]-3000 [Hz]. These bands were chosen subjectively pigdiminary analysis
of the results obtained for 1/3 octave bands. Extending the band rargé/8voctave
band makes it possible to reduce the number of required diagrams andute ribwe
range of detailed analysis down to the wider frequency bands in whichnéicamt

influence of the stiffening effect was observed.

The computations aimed at assessing the influence of parameters of thet#et o
eners on plate dynamic parameters and energy flow in the system consisdistft
ened plate and a three-dimensional acoustical cavity. In the figuresnpeesbelow
there are presented differences in the levels of acoustical powetatdiia a stiffened
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Fig. 7. The level of sound power radiated by the stifig. 8. The level of sound power radiated by the stiff-
ened plate in the 250-500 [Hz] frequency band (stéfred plate in the 250-500 [Hz] frequency band (stiff-
eners of 4 [mm] thickness). eners of 6 [mm] thickness).
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Fig. 9. The level of sound power radiated by tiég. 10. The level of sound power radiated by the
stiffened plate in the 500—1000 [Hz] frequency baatiffened plate in the 500—-1000 [Hz] frequency band
(stiffeners of 2 [mm] thickness). (stiffeners of 4 [mm] thickness).
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and homogenous plate as a function of the number of stiffeners, thicandszlative
thicknessh /h,, (Whereh, — stiffener heightj, — plate thickness). In the Figs. 3-14
are presented some results of the radiated acoustical power obtairzegrtarp of 214
plates.
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Fig. 11. The level of sound power radiated by tRég. 12. The level of sound power radiated by the
stiffened plate in the 500—1000 [Hz] frequency bastiffened plate in the 1000-2000 [Hz] frequency
(stiffeners of 6 [mm] thickness). band (stiffeners of 2 [mm] thickness).

Radiated Power [dB]
Radiated Power [dB]
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Number ofA
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Fig. 13. The level of sound power radiated by theig. 14. The level of sound power radiated by the
stiffened plate in the 1000-2000 [Hz] frequencstiffened plate in the 1000-2000 [Hz] frequency
band (stiffeners of 4 [mm] thickness). band (stiffeners of 6 [mm] thickness).

5. Discussion of the results

In the Figs. 3—14 there are presented the results of prediction of aciystieer
radiation in the wide frequency bands. In the first frequency bamin(ft25 [Hz] to
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250 [Hz]), the most significant reduction of acoustical emission wasrebddor stiff-
eners of 4 [mm] and 6 [mm] thickness. In order to obtain the most noticeahletred
of sound power it is advantageous to use the set of stiffeners consigtingre than 4
stiffeners of 30—40 [mm] height.

In the 250-500 [HZz] frequency band, the increase in the thickneg#fehers re-
sults in the decrease in the sound power. In the considered rangeariatiiparameters
the most significant reduction of the sound power was observed foreadldts of stiff-
eners consisting of more than 4-5 stiffeners of height over 15 [mm]. ostifieners
of 2 [mm] thickness the maximal reduction in the sound power amounted to abi@jt 5
while for the stiffeners of 4 [mm] thickness the power reduction amounted tB.8 d
For the stiffeners of the 6 [mm] thickness the observed maximal reduction sotirel
power was the highest and amounted to 11 dB. Moreover, for the stiffef& [mm]
thickness, in the considered range of stiffeners parameters, two sli@rpums were
observed: for a system consisting of 3 stiffeners of 35 [mm] thickneda agstem con-
sisting of 6 stiffeners of 15 [mm] thickness. In the 500 [Hz]-1000 [Hepfrency band,
the power radiated by a stiffened plate can by reduced even by 15 dBdB.ZBuch a
significant reduction is possible for a system of stiffeners consistingpofitore stiffen-
ers. The decrease in the acoustical emission resulted from the increhsestiffeners
height. The influence of the stiffeners height is particularly noticeablstffieners of
4 and 6 [mm] height.

In the 1000-2000 [Hz] frequency band the decrease in the soundrpswot so
significant as in lower frequencies. They appear for all the congidiieknesses of
stiffeners. In this frequency range the system is particularly sensitiretselection of
stiffeners parameters. It should be stressed that the reduction dozsigern only the
individual mode shapes, since the results are averaged over the wdeplericy band.

In the 2000-3000 [Hz] frequency band, the reduction of sound pmsgelting from
introduction of the set of stiffeners is insignificant, but even in this fraqueange, for
same numbers of stiffeners and their height, it is possible to obtain redudtite o
sound power by 5-6 dB.

On the basis of the analysis of the results obtained for various stiffegisrit san be
stated that the best effect of stiffening of the considered plate wasvellsa the 125—
1000 [Hz] frequency band. The most significant reduction of the tadiacoustical
power level (even by 20 dB) was observed for the set of 6-8 stiffeoie25—40 [mm]
height and 4—6 [mm] thickness.

6. Experimental verification

Since the analysis was carried out for a large number of plates, the detqied-
mental verification of all the obtained results is impossible, taking into accoledst
the economical aspects. The possible detailed and extended verificatiwnalitained
results could be only viewed as another voice in the possible discussioaroong the
field of applications and the accuracy of computations performed by méams SEA
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Table 1. Comparison of the sound power reduction estimated and determinednegptally [9].

Area of stiffener Experiment SEA method
cross-section | 125500 [Hz] | 500-1000 [Hz]| 125-500 [Hz]| 5001000 [Hz]
[mmxmm] [dB] [dB] [dB] [dB]
3.6 1
2% 10 4.4 —-0.7
4.9 1.3
Average 4.3 0.5 3.8 0.1
Standard deviatior] 0.6 1.1
6.8 4.7
7.4 5.8
2%25 45 15
4.8 5.2
4.6 4.2
Average 5.62 4.28 4.75 3.90
Standard deviatior| 1.37 1.66
3.6 -0.1
2 40 35 0.6
3 1.9
3 1
Average 3.28 0.85 3.9 —0.70
Standard deviatior| 0.88 0.83
7.4 4.6
4% 30 6.4 5.3
5.7 4.3
6.1 4
Average 6.4 4.55 5.65 3.50
Standard deviatior] 0.73 0.56
53 0.7
4% 40 3.7 -0.2
5.4 -0.5
7.7 1.3
Average 5.53 0.33 5.98 0.59
Standard deviatior] 1.65 0.83
7.5 -1.3
4% 50 11.2 54
12.1 6.5
55 2.2
Average 9.075 2.1 8.1 3.55
Standard deviatior] 3.11 4.48
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Table 1. [cont.]

Area of stiffener Experiment SEA method
cross-section | 125-500 [Hz] | 500-1000 [Hz]| 125-500 [Hz]| 500-1000 [Hz]
[mmxmm] [dB] [dB] [dB] [dB]
6.6 7.9
7.3 8.2
6 % 20 6.4 4.7
6.8 8.1
7.8 10.1
5.6 9.4
Average 6.75 8.07 5.32 5.70
Standard deviatior] 0.76 1.86
9 9.2
6.9 10.7
6 % 30 10.9 12.6
7.1 10.7
4.6 9.6
5.4 9.8
Average 7.32 10.43 6.1 6.69
Standard deviatior| 2.32 1.22

method. The presented algorithm and software do not provide any additmmstraints
on the method. Above there is presented only a simple comparison of the wshks
predicted reduction of the sound power level with the experimental reSlijpsiblished
by other authors.

7. Conclusions

The analysis of the stiffened plate acoustical power radiation was canieds-
ing the energy balance equations. Numerical calculations, taking into evasah the
influence of the changes in rigidity caused by various configurationsffefiners sets,
were carried out for a wide range of constructional parameters.

The reduction of the energy radiated by the tested plates may reach ew#h 20
However, such a great reduction is only possible for the exactly spbgfieameters
and the number of stiffeners. The increase in the stiffeners heighlyusesults in the
reduction of acoustical radiation, especially in low frequency bands. iffluence is
particularly visible for stiffeners of 4 and 6 [mm] thickness. In higher freocy range
the influence of the parameters of stiffeners on reduction of the plats@caluadiation
is not so significant. Increase in the number of stiffeners had no partiefitct in
the high frequency range since the surfaces between the stiffedéterbke separate
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plates. In the high frequency range the radiation of the stiffeners damenmeglected.
Nevertheless, even in the frequency range from 2000 [Hz] to 30@] fbir carefully

adjusted parameters of the stiffeners, it is possible to achieve reductiba cddiated
power (up to 56 dB).

On the basis of the analysis of the obtained results, the general trendeivextbs
that the increase in the number and height of the stiffeners results intiedot the
averaged level of the sound power radiated by the plate. Such ahweffeobserved for
all the examined frequency bands. However, the functions descritermptlier radiated
and stored in the stiffened plate are not monotonically decreasing. Ldoaes of the
radiated energy may differ from the general trend even by several dight change in
the parameters of the stiffeners may result in a considerable decreiasecaise in the
sound power. It provides a practical opportunity to reduce the radéstedyy without a
harmful increase in the plate mass or in the cost of additional stiffeneus, Sharching
for such a minimum may have practical significance in the sound and vibratidrot
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