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Abstract

This paper describes an application of Experimental Wave Intensity Analysis technique
(EWIA) to predict the vibration energy of a simple plate system and a car dash-floor model.
EWIA uses coupling loss factors (CLF) and internal loss factors (ILF) obtained experimentally
through the power injection method. The directional dependency of the energy transmission,
required in WIA, is introduced by deriving a transmission coefficientT (©) for each
subsystem at each frequency. WIA and EWIA energy distributions are compared using the
L-shape plate system results. Then energy predictions are compared with measured energies
and Experimental SEA (ESEA) predictions for the car dash-floor system. The results show that
EWIA can be applied to complex systems without additional measuring or modeling effort
compared to WIA or ESEA.

INTRODUCTION

Vibration analysis is of great interest in many engineering applications since it can help
to reduce noise levels, improve systems safety or accuracy of high precision machinery
for example. But low and high frequency vibration analysis present a number of
restrictions that limit their applications. The most popular method for low frequency
analysis is the Finite Element Method (FEM) [7]. The computational time required by
an FEM calculation is in great part determined by the size of the finite elements. As
frequency increases the wavelength decreases and smaller elements are necessary,
consequently increasing their numbers and the calculation time making the simulation
more and more expensive.

In the high frequencies the most popular method is Statistical Energy Analysis
(SEA) or its experimental application called Experimental SEA (ESEA). Statistical
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methods greatly improve the computational efficiency but these methods are based on
a number of assumptions needed to ensure accurate predictions. As frequency becomes
lower it is more difficult for the SEA subsystems to satisfy those assumptions and as a
result the prediction may become inaccurate.

It is therefore important to improve the restrictions of these methods in order to
extend their applicability. This study aims to extend the WIA method, which is an
improvement of the SEA method in high frequency ranges, by farther researching an
experimental application EWIA proposed in ref. [3]. In this paper the method is applied
to more complex systems while avoiding the tedious experiments involved in the
determination of the required energy intensity vectors. In this way EWIA keeps the
simplicity characteristic of SEA, ESEA and WIA.

OUTLINE OF WAVE INTENSITY ANALYSIS

WIA method

In contrast to SEA, WIA takes into account the direction of the energy transmitted at
subsystem’s boundaries relaxing the assumption of highly diffuse field [9,10]. The
formulation is based on the SEA power balance equation but it describes the problem
from a fully wave point of view while SEA is based on a time domain view.

In WIA the power terms of the power balance equation are described as energy
carried by waves that travel in different directions. Thus, the angle of propagation of
the energy is also introduced as a variable. To express the coupling terms in the power
balance equation WIA uses directionally dependent transmission coefficientsT(O).
The WIA power balance equation for a wave type j is [9,10]

P"(6,0)=P"™ (6,0)+P"(6,0)-P (6,0) 1)

Where P'” is the power input, Pd'SS is the power dissipated, P°° and P°' represent
output and mput power at boundarles wis the mean frequency and®is the direction of
propagation of wave j. j corresponds to the type of wave considered (flexural, etc).

The power terms of Eq. (1) are expanded in the space domain and powers are
written in terms of energies and coupling terms [9,10] then, for multiple subsystems the
following matrix equation is obtained where coupling terms and energies are separated

in the C and E matrices respectively.

CE=P 2)

P, = J P (6.@)N,(6)dg (3)
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Where E represents the E i» | v;coefficientsN ! (9) and N/ (6)are the Fourier terms
®,,and ®, are the angular ranges of input and output boundaries.

EXPERIMENTAL WAVE INTENSITY ANALYSIS (EWIA)

A simplified EWIA application is derived in this section considering only flexural
waves for simplicity. The term *simplified” indicates that the intention is also to avoid
the tedious experiments involved in the determination of energy intensity vectors so
that the simplicity characteristic of SEA, ESEA and WIA is also preserved for EWIA.

This paper investigates the possibility of using ESEA experimental data; then
adjust the coupling terms with scaling constants derived from the relationship between
the experimental CLFs and the theoreticalT(©). Thus, assuming that the averaged
energy in the subsystems corresponds to the measured energy and its distribution at the
boundaries follows a theoretical model. This is justified by considering that the
transmission of energy at regular boundaries is similar to its theoretical model at least
at a short distance from the boundary. These types of boundaries tend to promote a
more diffuse field while more irregular boundaries, more difficult to compare with
theoretical models, contribute to more non-diffuse fields and therefore a non-diffuse
model of these may suffice for an enough accurate prediction.

The advantage of this EWIA application is the possibility of improving the
accuracy of ESEA results without increasing the complexity of the procedures.

Estimation of transmission coefficients from ESEA data

In this sectionT(O) is estimated from typical SEA experimental data based on the
relationship between the CLFs at a boundary and its theoretical T(O).

7 = (Ll oAm) () (5)
<r}?>:% [ cos(0)(0)do (6)

Where L, is the length of the connecting boundary, c;is the group velocity, A, is
the area of subsystem o (77 > is the angular averaged transmlssmn coefficient from j to
i at boundary m for the correspondlng wave type and @ _the angular range of boundary
m.
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The actual averaged energy transmitted between subsystems often differs from
its theoretical model due to connection or material irregularities; by using a constant
value the theoretical model is scaled so that its averaged energy matches the averaged
energy measured in the experiments while its angular distribution will follow the
corresponding theoretical pattern given by (©), assuming that the irregularities near
the connection do not greatly affect the angular distribution of energy.

The energies exchanged in SEA can be compared with the angular averaged
energies exchanged in WIA what is done considering only the first Fourier term in each
Fourier series [9,10]. Thus the ratio between the transmitted energies in SEA and
angular averaged of transmitted energies in WIA is

5 - wnirl}n'e <E' >e _ wnir;]‘t <Eiwfa >t (7)
By omp*(Ey), oni(E),

Where E; and E; are the energies exchanged between subsystems, and.
<EW'a>are respectively the energy of subsystem j measured experlmentally and |ts
energy calculated theoretically by WIA using a single Fourier term. The terms  7;
and 75" are respectively the CLFs of boundary m estimated experimentally (ESEA
CLFs) and the ones estimated theoretically from material properties. In Eq.(7) the
ratios of transmitted energy of ESEA and diffuse-field WIA should be same; in practice
this can be ensured by using a constant scale factor, Cnst, to adjust the coupling
coefficients

— =Cnstﬁ ; Cnst =t— (8), (9)

Relationship between transmission coefficient and scaling constants

CLFs are estimated from experiments using for example the power injection method
and an ‘experimental” angular average of T (0), < > is estimated using Eqg.(5) and
Eq.(6). The theoretical average of T(O), ,i2 ,can be calculated using material data
[4]. Therefore combining Eq.(5), (6), (8) and (9) results on

Cnst; —< J,> /<ro>t (10)

If this constant is applied to the theoreticalT(©) at each angle of transmission,
the result is a distribution of energy which follows the theoretical model but which
average matches the average of actual measured energy in the experiments.
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APPLICATION OF EWIA AND COMPARISON WITH ESEA

Application to simple plate structure

This system consists of a L-shaped steel panel with Young’s modulus E=1.9995x10"
N/m?, Poison’s ratio=0.35 and density=7834.6 Kg/m®. The lengths are: Plate 1 =
0.5m and Plate_2 = 0.4m. The widths are 0.35m. Power is input in subsystem #1.
Experimental data (ILFs and CLFs) are obtained using the power injection method.
The top sub-plots of Fig.(1) show that the shape of energy distribution ina EWIA
model is same as WIA but takes different values at each angle of transmission. These
sub-plots correspond to the Fourier series of the energy at each subsystem for WIA and
EWIA estimations. The bottom sub-plot of Fig.(1) shows the influence that this scaling
has in the energy predictions and distributions inside the subsystems. Again the
distribution have same pattern for both methods but with different values at each angle.
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Figure 1 Top: Fourier series for WIA and EWIA models
Figure 1 Bottom: Subsystems energy distribution for same number of Fourier terms

It is also found that the accuracy of EWIA predictions depends on the number of
Fourier terms in the same way as in WIA and for simple plate systems the minimum
number of terms to obtain enough accurate energy predictions is 3 or 5. Fig.(2) shows
the difference on the EWIA prediction of energy levels using different number of
Fourier terms. The difference between the Fourier series, Fig(2) top subplots, is not
important when comparing the 3-terms and 15-terms distributions although increases
as the transmission angle approaches pi/2rad. The difference of the energy-prediction
ratio between these cases is about 0.08dB. When comparing the energy distributions on
the subsystems, Fig(2) bottom subplots, both distributions are very close to each other
with the larger discrepancy at pi/2rad in second subsystem. Therefore, in this case only
3 terms may suffice for a good prediction as in WIA. Fig.2 also compares the Fourier
series and energy distributions when using 30 Fourier terms. The curves corresponding
to this case are very close to the 15-terms curves and cannot be distinguished. The
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difference between the 15-terms and 30-terms predictions is about 2E'dB what
indicates a quick convergence of the results. Fig.(3) illustrates a comparison of energy
predictions between SEA, ESEA, WIA and EWIA.
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Figure 2 Top: Fourier series for EWIA model for different number of Fourier terms
Figure 2 Bottom: EWIA subsystems energy distribution for different number of Fourier terms
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Figure 3: Comparison between measured data, SEA(experimental ILF), ESEA, WIA
(experimental ILF) and EWIA

Application to car dash-floor system

This system, as shown in Fig.(4), was divided into eight subsystems all of them
considered rectangular. Fig.5 shows a comparison between the ESEA, EWIA energy
predictions and measured data for this model. Since energy is input in subsystem #1 the
energy field in this component can be considered diffuse and therefore ESEA and
EWIA estimations should be very similar. This behaviour is observed in the first
subsystem results, which correspond to the top plot on the left column. Also the
directly connected subsystems, #2, #3 and #4 could be expected to be still quite diffuse
since there is just a single boundary between these and subsystem #1 and therefore
energy filtering may not have great influence. The following plots on the left column of
Fig.5 confirm this; the EWIA and ESEA results are very close for all the frequency
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range. Increasing the number of boundaries between subsystems increases the energy
filtering and therefore the influence on the prediction becomes more important and the
WIA estimation should improve respect to SEA. This point is highlighted in the four
plots on the right column of Fig.5, which correspond to the last four subsystems of the
model. This plots show that EWIA can improve the ESEA results at most frequencies
as the distance from the power source subsystem, #1, is increased. This is confirmed by
observing that the better predictions correspond to the last subsystem, #8, which is ‘one
boundary farther’ than subsystems #5, #6 and #7 where the trend of the prediction is
already good. Accuracy also increases with frequency as expected from SEA or WIA
basic formulation due mainly to higher modal overlap.
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Figure 4: 8-subsystems SEA model of car Dash-floor cut model
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Figure 5: Comparison between measured data, ESEA and EWIA for Dash-floor model
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CONCLUSIONS

This paper presents a simplified experimental application of the WIA method, EWIA,
proposed in ref.[3] which assumes theoretical distribution of the wave energy at
boundaries between subsystems. It shows a comparison between the SEA, ESEA, WIA
and EWIA methods based on their formulations and an application to a simple L-shape
plate system. The results show that theoretical energy distribution at boundaries can be
assumed for such systems and consequently EWIA can obtain good results using
typical SEA experimental data obtained with the power injection method.

The method is then applied to a more complex system, which consists on a car
dash-floor model. In this case SEA experimental data was also obtained through the
power injection method and the results are compared with ESEA. These confirm that
EWIA can improve ESEA results in the same way that WIA improves SEA results.
Therefore, when subsystems present highly diffuse energy fields the results of ESEA
and EWIA can be expected to be very close. On the other hand, as the distance between
the subsystems and the energy input source increases the accuracy of the EWIA
predictions also increases in comparison to ESEA. The reason is that increasing the
number of boundaries between subsystems greatly affects the distribution of the energy
field due to wave filtering and thus assuming non-diffuse energy field is more precise.
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