ARCHIVES OF ACOUSTICS
30, 4, 451-463 (2005)

UNCERTAINTY IN VIBRATION ENERGY FLOW ANALYSIS

W. BOCHNIAK, J. CIESLIK

AGH University of Science and Technology
Department of Robotics and Machine Dynamics

Al. Mickiewicza 30, 30-059 Krakdw, Poland
e-mail: bochniak@agh.edu.pl, cieslik@agh.edu.pl

(received April 30, 2005; accepted October 23, 2005

Introducing uncertainty considerations into simulation will facilitate exactitsdessment
and help to boost the designer’s confidence in simulation. The sourcesertainty marked
as the sensitivity parameters have an impact on the vibrational enevgwifitulation and
must be factored into the solution process. One of these parameteggcitation frequency,
has been identified and analyzed. The techniques for quantifying eteff uncertainties
are presented. The transmission of vibrational energy flow in platesigzau by the struc-
tural intensity method. A typical case for vehicle structures has beectselas an example:
a simply supported plate under tangential force excitation. The relatiane®e the struc-
tural intensity distribution and structural mode shapes and the effecisitdition frequency
on the changes of energy flow in plate are discussed. Finally, the potempidation of the
structural intensity technique towards for the design of vehicle strucisitkscussed.
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1. Introduction

Vehicles are always subjected to external dynamic loading with varioutagen
frequencies, from slowly varying wave loads to relatively high freqyesngines and
interaction of road and suspension induced forces. Generally sgeaken the fre-
guencies of the external forces are close to one of the natural freigseof the struc-
tural components, the permissible vibration levels may be exceeded, whictesaly
in fatigue failure of the structure, destruction of electronic and mechae@mapment
or very high noise level. Since plates are most commonly used built-up stletar
ments in vehicles, the damage of the plates will result in the collapse of ovwstdhs
structures. An increasingly popular approach to undertake a vehicle tdtstr@ngth
analysis is to consider the failure of the individual plates and combine thatetdo
mine the failure load of the entire element cross-section.

Structural intensity is the power flow due to structural vibration per unissro
sectional area in elastic medium and it is analogous to acoustic intensity in a fluid
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medium. The interest in the investigation of structural intensity arises froatipaa
reasons, because structural intensity field indicates the magnitude aciibdi@ vi-

brational energy flow at any point of a structure, and energy flowilbligion offers
information on energy transmission paths and positions of sources asc$imechan-
ical energy. Dissipative elements, mechanical modification and activetivibi@ontrol

can be used for an alteration of the energy flow paths within the structdréoamn

alternation of the amount of mechanical energy injected into the structupeir@drily

practical concerns are complex built-up structures, which can be ssfatg treated
only by measurements or by numerical computation when a prediction of stbica4
havior in various operating conditions is needed. For these reasomsyéiségation of
the energy flow paths in stiffened plates is very important to the respouisgaamage
detection for overall vehicle structures.

The present paper is concerned with energy transmission in plate-lik@usas,
which undergo different frequency point force excitation. Using thecsural intensity
techniques, a detailed description of the transmission pattern of vibratioeiajyeflow
from the source of excitation to the sink through structures as simply siggpplates
can be obtained. The computational method for structural intensity is illustasted
formulas of structural intensity for beams and plates and their relationa# #ord strain
are given in previous works [1, 3, 5, 7]. The presented in thesesdorknulas were used
in the post-processing algorithm for structural intensity calculations. alrilations
were done with use of the FEM for obtaining harmonic response solutionn#ar of
numerical examples which are linked to vehicle structures are preseiitedelBtion
between structural intensity and structural mode shapes as well as tigestad energy
flow in a plate for the excitation frequency change are discussed. Fitialyotential
application of the structural intensity technique in thin-walled structures eagng is
presented.

2. Methods of uncertainty assessment

The most widely used traditional methods for assessing uncertainty apteddo
from sensitivity analysis [11, 12]. The sensitivity analysis is used tosagbe relation
between variations in input parameters to variations in output (predictedinpéers.
The parameters which have the greatest influence are termed as sqas#iveters in
the model. For an uncertainty analysis a distinction must be introduced beaxssmn
sitive parameter and an important parameter. It may happen that a sepasitiveeter is
known to within a close tolerance, in which case uncertainty in this parametenawill
lead to significant uncertainty in the predictions. It is therefore necgssaonsider the
realistic levels of uncertainty in the input parameters in detail.

The sensitivity analysis techniques can be used to address the followileg [42]:

e Model realism — how well and to what resolution the model represents reality

e Input parameters — what values should be used in the absence of ds$aitae

e Stochastic processes — to what extent the assumptions regarding oy rfaioe

tors affect the predictions,
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e Simulation program capabilities — what uncertainties are associated with a partic

ular choice of algorithms for the various vibration energy transfer [@seEs

e Design variations — what will be the effect of changing one aspect alesgn.

These issues are related to the categories of uncertainty sourcesselbéan as-
sessment technique can range from a simple analysis, e.g. variationopar@meters
which are deemed to be important for the predictions through to a compiedansl-
ysis. Due to the difficulties of implementation and managing the analysis of thigstesu
comprehensive analyses have remained in the research domain. iFfiordess no in-
tegrated techniques are available, sensitivity studies are generally usedaith hoc
manner, with specific scripts being written to perform individual studiegrdls a
need for better simulation support to allow the user to assess uncertairty prasent
predictions and their associated uncertainties as a matter of routine. Toeabiter
simulation support several issues have to be addressed. The solire®rtainty af-
fecting a model have to be identified and quantified. Then suitable techriigueso be
identified before the structure assessment. These techniques can be intptewi¢hin
a simulation package.

Statistical uncertainty analysis techniques can be categorized as striuartdraon-
structured methods. Structured methods are adopted from experimeraigtess,
where by a series of experiments would be designed to analyze the sespbpre-
determined models. Non-structured methods are stochastic in nature. émriter tat-
egory is Differential Sensitivity Analysis (DSA), which is the most populathod for
application in building thermal simulation. In the latter category Monte Carlo Aiglys
(MCA) has been used.

Deterministic solution techniques are possible to carry the uncertainty informatio
through the calculation procedure. These techniques rely on alteringnttexlying
arithmetical functions as all operations are carried out on general mambe

3. Structural intensity in thin-walled elements

For a steady state of vibration the surface structural intensity can bexs@las the
complex quantity [2]:

Sortvl(w) = I (w) + jJr(w), 1)

wherew = 27 f —angular frequency,, — frequency of vibrations$,; ., (w) is the cross
spectrum function of complex components of stress and particle velocity.

In practical cases only the real part of structural intensity which isoresiple for the
energy transfer is analyzed. The imaginary part is connected with théirsiawaves
and represents the energy conservation in the system. Instantanaorsfvthe real
part of structural intensityy (¢) is time dependent vector quantity equal to the change
of energy density in the infinitively small volume [6]. lksth component is given by the
equation:

Zk(t) = _Ukl(t)vl(t)a 1=1,2,3, 2)
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wherev;(t) is thel-th component of velocity vector ang,(¢) is thekl-th component
of stress tensor.

Averaged in time value of real part of structural intensity (2) repredbetset en-
ergy flow in mechanical structure [6]

I = (ir(t)) (3

in the direction ofk-th coordinate of rectangular frame of reference corresponding to
the analyzed constructional element.

In the numerical calculations by means of the finite element method the struntural
tensity is related to the neutral undeformed middle plane of the plate. Theassanmed
small deformations which enable the superposition of independent dispate for
flat finite element of the plate or shell type. The two components of struchiealsity
are derived [9]:

w N7~k N A ok AT pn* A7 o*
I, ==%im [Nx U+ Nuy T + Qu @ + M6, — szex} , “
w NT o N A ok AT p* A5 p*
I, = —5im | Ny + Ny i+ Qy W — M0 + M0y
whereN,, N, —tension forces in platéy,, = N, — internal forces in plate,,Q, —
shear forces),, M,, — bending moments/,, = M,, — twisting moments.

The procedure of structural intensity calculation is based on a compleanss of
the structure with the modal representation of the structure without the diesifpd).
The damping is considered in two forms. The structural internal damping stithicture
is taken into consideration traditionally as modal damping. The known dampaggd
in a known location is treated as external loading.

4. Analysed model of plate

For the purpose of sensitivity analysis of structural intensity with excitatien f
quency as the parameter a numerical experiment was performed. Thé choden
for the calculations was a homogeneous rectangular flat plate, simplyrseghjab the
edges. The plate had mechanical properties of construction steel andsdimese of
1.5 m in width and 2.5 m in length with thickness of 0m. The FEM model was ar-
ranged using the NASTRAN software. The plate was divided into 3840 elsmEhe
model consisted of the same square shell element of the QUAD4 type. Ciatiex
force and damping force were introduced to the model at the special Ipoattons.
The harmonic excitation force was attached to the plate in the place indicateplioesfi
by a star. The amplitude of the excitation was set td MO The frequency of excita-
tion was changed in the range from 25 to 1000 Hz. The damping forceiapal to
the velocity of vibration was attached to the plate in the place indicated on figures
a triangle. The magnitude of the damping force was set toNLOThe direction of its
action was chosen perpendicularly to the plane of the plate. Locationsrfidg and
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excitation forces were the same for all models. The only feasible motion oflale p
was the rotation around the edges of the plate. Such model was in aco®ndiin the
most technical cases of plate-like element mounting in practice.

5. Results of calculations

The main target of the analysis of the rectangular plate was testing the distributio
of structural intensity vectors for different frequency of forceiaton. In the analysis
an elaborated program specially developed for the calculations of complgal model
was applied. The program allowed the consideration of additionally locadigegbing
in the system.

The results obtained from the calculations are presented in a graphioabdfio=ig. 1
to 8. The structural intensity vectors distribution over the plate is shownilistins of
intensity vectors in places near to the places of excitation and damping are soméatr
cases of load frequency. The positions of excitation and damping fatzehments are
clearly shown. The distribution of vectors has distinctly shown the directi@mergy
flow from the excitation to the damper. However, in all cases the distributionerisity
vectors in the middle part of the plates has shown different shapes.diherexcitation
frequency change at a uniform rate from 25 Hz to 100 Hz with the increofenHz a
uniform change of structural intensity vectors distribution was obsdrvetst cases.

Table 1. Frequencies of the first 10 mode shapes, Hz.

Mode no 1 2 3 4 5 6 7 8 9 10
Frequency, Hz 14.82| 26.58 | 46.19| 47.55| 59.23| 73.65| 78.72| 102.08| 106.04| 108.94

For some frequencies there were observed abrupt changes ofsvdigtribution
and, what is more significant, of the maximum value of vectors magnitude.drge
in value of vectors magnitude was of 5 orders varying from 0.3 till 8900 ¥V/m

The vortices of vectors field in the plates region were observed far é&attation
and damping. This effect means the circulation and conservation of vibretiergy in
the mechanical system take place.

Analyzing the results of calculations obtained for the plates presented barebe
noticed that the distribution of structural intensity vectors is not similar to thelalistr
tion of displacements for each mode shape. This conclusion results frofacthiaat
the mode shapes are connected to the standing waves formed in the plagesyiatém
with small internal damping the energy flow is not observed or at least itydew. The
effect of energy flow between the structure elements is observed argystems with
high internal damping caused e.g. by local abrupt changes of praperteelocalized
damping force.
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27 Hz

Fig. 1. Structural intensity distribution on plate. Excitation frequency 27 Hz.
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Fig. 2. Structural intensity distribution on plate. Excitation frequency 38 Hz.
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Fig. 3. Structural intensity distribution on plate. Excitation frequency 43 Hz.
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Fig. 4. Structural intensity distribution on plate. Excitation frequency 47 Hz.
Fig. 5. Structural intensity distribution on plate. Excitation frequency 48 Hz.

Fig. 6. Structural intensity distribution on plate. Excitation frequency 49 Hz.
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Fig. 9. Structural intensity distribution on plate. Excitation frequency 54 Hz.
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Fig. 10. Structural intensity distribution on plate. Excitation frequency 56 Hz
Fig. 11. Structural intensity distribution on plate. Excitation frequency 60 Hz

Fig. 12. Structural intensity distribution on plate. Excitation frequency 7.3 Hz
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Fig. 13. Structural intensity distribution on plate. Excitation frequency 75 Hz
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Fig. 14. Structural intensity distribution on plate. Excitation frequency 76 Hz

90 Hz

Fig. 15. Structural intensity distribution on plate. Excitation frequency 90 Hz
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Fig. 16. Structural intensity distribution on plate. Excitation frequency 120 H
6. Conclusions

The structural intensity pattern, which presents a vectorial nature ctiobal en-
ergy flow in structures, can be used to determine how energy is injecteddhameal
excitations and to identify power transfer paths. The presented methdduofusal
intensity vectors calculation enables the evaluation of structural intensitgreefor
chosen frequency range and mode shapes [6]. The calculationsragendith the ap-
plication of complex modal parameters calculated by the use of the numerical mod
analysis based on the finite element method.

From the results of the calculations we can find that despite the changesxcites
tion force frequency acting on the plate, the structural intensity fieldslearigindicate
the source, the sink and the transmission of energy flow from the sotimeitation
to the sink through the plate. The patterns of structural intensity in the plagndep
on many factors, such as loading characteristics, mode shapes of ¢atipletures,
number and geometry shape of stiffeners attached to the plate, and marsy Athef
them have the influence upon the filed distribution and magnitude of strutttensity
vectors. This also means that the nature of structural intensity is fregdependent.
The numerical experiment presented here has proved that the strudiemaity is very
sensitive in the range close to the mode frequency in which abrupt chahgector
field distribution can be observed though this distribution is not similar in shajeto
suitable mode shape. When the excitation frequency is close to the struttuedl
frequencies, the magnitude (or pattern) of the structural intensity mainigndispon
the relation between the structural mode shape and external loadingtehnistis. The
calculation results show that, despite the different excitation force frexyuscting on
the plate, the structural intensity fields can still clearly indicate the sourcsirtk@nd
the direction of energy flow from the source to the sink. Also, it has besarged that
the change of the excitation force frequency changes the amount mgfydiav in the
plate.
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The nature of the structural intensity is frequency dependent: theyeflevg in
plates will depend on the mode shapes that are dominant for a giverefregrange.
It has been shown that the structural intensity analysis can act as amagd more
reliable) criterion for a vehicle structural design. It can also be ar@féetool of vibra-
tion control for vehicle structures provided the power flow pattern amugsndensity
in plates can be controlled by, for example, proper arranging of stiffene

The main disadvantage of the applied method of structural intensity calculation is
its poor convergence. In the case of the analyzed plates the number efshages
taken into consideration should be greater than 60. The obtained resegtsiawvn
good convergence. The distribution of structural intensity vectors shiogvqualitative
characteristic of vibration energy flow in mechanical systems. The inttioauof an
additional measure in the form of an integral of magnitude structural intevsatpr
component perpendicular to a certain closed surface enables the giaraisaessment
of energy transfer paths and energy balance in the structure.

The method of analysis of structural intensity distribution enables the invéstiga
in the regions of high concentration of vibration energy flow which coneetly is
exposed to the risk of damage or is propagating the sound waves to thenemeimt. It
can be also considered as the identification of the regions for applicatisddional
damping in purpose of lowering of vibration level and resulting noise radiatio
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