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Introduction

Statistical Energy Analysis (SEA) is an approximate method to study noise and
vibration transmission in complex systems. In SEA, a complex system is modeled as
an assemblage of coupled subsystems. The fundamental postulate of SEA is that power
flow between two coupled subsystems is proportional to the modal power difference
of the two subsystems. While this is true for two linear resonators coupled by spring,
mass and gyroscopic elements [1], extension to complex systems requires assumptions
such as modal incoherence, equipartition of energy, etc. As a result, verification of
SEA models in practical applications is essential.

This paper considers the SEA application in automebile high frequency noise and
vibration analysis. A vehicle parametric SEA mode! was created. Its response
predictions correlated well with measured results at selected locations [2]. Great care
was taken in selecting measurement locations to insure that when the desired response
was correctly predicted, the energy transfer path was also correct. However, due to the
complexity of the model and the precision of measurements, it is impossible to design
a test that will uniquely determine all the parameters in the model. Therefore, questions
regarding the validity of the “correlated” SEA model still exist. Fortunately, no matter
how complex the problem is, the main objective of any predictive tools is to be able to
predict design changes. To assess the vehicle SEA model predictive capability, one-
factor-at-a-time (OFAAT) experimental measurements of vehicle design changes were
made. However, for the airbome noise transmission case considered, the vaniability of
the measurements was on the same order of magnitude as the effect of the design
changes. It was then concluded that the OFAAT experimental method could not be
usedl. As an alternative, factorial designed experiments (DEX) were performed using
hardware as well as the SEA model. The variance of the estimated effects of the design
changes was calculated from the hardware experimental data, and served as a reference
when comparing the measured results with the SEA predictions. The results of the
hardware experiment agreed well with that of the SEA model while at the same time
revealing areas of further model improvement.

Vehicle SEA Model

A vehicle SEA model consists of air space outside the vehicle which contributes to
airborne noise transmission, vehicle interior space, structural components and sound
package (i.e. non-structural components that attenuate interior sound level such as
carpet, seats etc.).
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The SEA modeling of a vehicle system begins with the subdivision of the system
into sub-structures. Each sub-structure is idealized into one or more SEA subsystems,
The SEA subsystems are connected with point, line and area junctions [1]. Each sub-
systern is assigned with appropriate material properties. Excitation to the system is
identified either from vehicle operating conditions, or from laboratory test conditions.

A D-class vehicle trimmed body SEA model, validated using the modal power
thermogram approach [2], was exercised to predict design modifications to reduce
airborne sound transmission to rear seat passengers.

SEA Model Verification Using Designed Experiments

The Brainstorming Session. A group of experienced noise and vibration engineers
* had a brainstorming session and came up with an exhaustive list of 15 design changes
which they thought would significantly affect the airborne sound transmission to the
rear seat passengers. The 15 design changes were: (A). increased door gasket
thickness, (B). added carpet under the rear seat, (C). covered rear shock tower caps,
(D). increased floor carpet barrier thickness and density, (E). increased floor carpet
fiber pad thickness, (F). increased trunk absorption, (G). increased headliner thickness,
(H). sealed package tray openings, (I). added 1 1b/ft2 carpet to trunk, (J). added sound
insulation in rear wheel housing, (K). increased thickness and damping of back
window, (L). increased thickness and damping of rear door windows and quarter
windows, (M). added barrier between rear seat and trunk, (N). increased thickness and
damping of wheel housing, (O). increased thickness and damping of floor panel.

The Screening SEA DEX. First, a 2(15-11) fractional factorial experiment [3] was
performed using the SEA model to rank order the effects of the |5 design variables.
The five most important design variables determined from the SEA meodel are
summarized in Table 1.

Table |: Rank Order of Significant Effects

1/30ct. Band Cir. Freq. [A|B|C|D|EJF|G[H|T |I |K|L|M|N[O
500 Hz 5 3 21113
1000 Hz 315 21114
2000 Hz 51314 2]1

Hardware Verification of the Most Important Effect {OFAAT). Second, since the
design variable (L) was the most significant design change, a hardware OFAAT
experiment was preformed to verify its effect. The rear door windows and quarter
windows were covered with 2 Ib/ft2 lead backed foam and the SPL difference (effect)
at rear seat passenger ears was recorded. In fact, Figure | shows the effect of covering
all of the door windows and quarter windows with 2 Ib/ft2 Jead backed foam as
compared to the baseline condition. The test data in Fig. 1 suggests that the effect of
the side windows is not evident and is weil within the historical measurement variance
of approximate 2 dB.

Hardware DEX of Multiple Effects. Third, since the OFAAT experiment was not
able to measure the effect of the most significant design change, a 2(6-3) hardware
DEX was performed for the following six design changes: (i). increased trunk
absorpiion, (2). taped door seams with lead tape, (3). covered rear door windows and
quarter windows with 2 Ib/ft2 lead backed foam, (4). increased headliner absorption by
adding 2 inches of foam, (5). covered back window with 2 Ib/ft2 lead backed foam, (6).
covered rear door panel with 1 1b/ft2 loaded-vinyl backed foam.

The six design changes were chosen because design variables 3, 4, 5 were important
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factors as determined by the screening SEA DEX, we had questions about model
capabitity of the door seals, design variable 1 was easy to implement, and we wanted
to verify if design variable 6 was truly unimportant. Table 2 shows the experimental
design matrix for the six design variables 1 to 6.

Table 2: 2(6-3) Experimental Design Matrix (*+" indicates the design variable was

medified, “-" indicates the design variable was set to baseline condition)
Run ID 1 2 3 4 5 6
1 + + + + + +
2 - + + - - +
3 + - + - + -
4 - - + + - -
S + + - + - -
6 - + - - + -
7 + - - - - +
8 - - - + + +

SEA Simulation of the Hardware DEX. The SEA model was used to simulate the
hardware DEX so that direct comparisons could be made for all six design changes in
order to assess the performance of the SEA model. The six design changes
implemented in the SEA mode! were: (1). doubled the acoustic absorption in trunk,
{2). removed the junction from outside air to door seal to passenger compartment, (3).
removed the junction from outside air to rear door window and guarter window to
passenger compartment, (4). increased headliner thickness by 2 inches and double its
damping, (5). removed the junction from outside air to back window to passenger
compartment, (6). removed the junction from outside air to door panel to passenger
compartment.

It is important to note that changes in the SEA model do not exactly represent
hardware test. The effect of removing a junction in the SEA model is to assume that
there is infinite transmission loss through this junction. Therefore, the SEA DEX
results served as upper bounds for design variables 2, 3, 5 and 6.

Comparison of Hardware DEX and SEA DEX. The SEA model correlated well
with measurements for the case which had all six design changes. However, the
model over estimated the coincidence effect of the rear door windows, quarter
windows and back window (Fig. 2). Fig. 3 shows the effect of individual design
change as compared with the experimental “noise” envelope. The “noise” envelope
(shaded area) was calculated using Lenth’s method [4]. A design change is significant
if its effect lies outside the shaded area. Both the SEA model and hardware tests show
that the headliner is important and the rear door panel is not important. The SEA
model over estimated the trunk absorption effect, and the door seal model needs
further improvement.

Conchisions

The validity of the SEA method in vehicle high frequency noise and vibration
analysis has been verified. High frequency neise inside a vehicle is sometimes
controlled by multiple noise transmission paths. A single design change will usually
result in 1-2 dB improvement. Traditional OFAAT experiments are not able to
cvaluate the effect due to measurement variability. Factorial designed experiments
accompanied with an experimental noise estimate help evaluate the “real” effect of
practical design modifications.

Proceedings of Internolse 96 3061




Pan, Mosller & Thomas

Acknowledgments

The authors would like to thank Mr. Kazl Karlson for his assistance performing
some of the SEA DEX, Dr. James Moore for performing the hardware DEX and Mr.
Dave Flanigan of Ford Motor Company for his overall management suppott.

SPL Diff. st Bexr Beat Ear {dB}
HPL DAfFf. at Baar Esat Ear (dB)

10" 1"' u
Praguency [Ha} Frequency (Ha)

Fig. 1 Effect of Covering Side Windows  Fig. 2 Effect of All 6 Design Changes

R [] 2

£, ety e g 84

Eg /_ EE rcatabty o Eé i
BT ¥ I:
ciR§488048 SiA9E5440F FIATEEiEd

Friawy Frecuuery Frwuetey

< H g

i i I

i i ¥

i P s

STT9080308 FR9808343 CPEREiiI14E
Fraquency Frequency Freoueray

Fig. 3 Comparison of Design Change Effects: @ Hardware DEX, © SEA DEX

References

[11R.H.Lyon and R.G. Delong, Theory and Application of Statistical Energy Analysis

(Butterworth-Heinemann, 2nd Edition, 1995).

[2] M.J. Moeller, J. Pan, and R.G. DeJong, A Novel Approach to Statistical Energy

Analysis Model Validation, SAE Paper 951328 (1995).

[3] T.J. Dyer, T.W. Nolan, W.R. Shapton and R.S. Thomas, The Analysis of Frequency

Domain Data from Designed Experiments, SAE Paper 951274 (1995).

[4] R.V. Lenth, Quick and Easy Analysis of Unreplicated Factorials, Technometrics,

Vol. 31, No. 4, Pages 469-473 (Nov. 1989).

3062 Proceedings of Intemnaise 98

1o ra" w



