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Abstract. Aircraft equipment cabin noise will not only affect the comfort of passengers, but also
affect the normal operations of the internal equipments of the aircraft, or even result in fatigue and
damage to the aircraft structure itself. In the design, only to add ribs onto the panel or conduct
structural-acoustic optimization on the ribs will dramatically increase the structural weight. In this
paper, frequency response analysis was carried out on the structural-acoustic coupling system of
the cavity panel. The cabin door panel was divided into six regions by ribs. Then, the lightweight
optimization model of the cabin door panel was eventually established, with the cabin door panel
thicknesses of each region and the cross-sectional areas of the ribs as the design variables, and the
average sound pressure of the structural-acoustic coupling system as the constraint condition. And
subsequently, the cabin door panel structure with the minimum mass and satisfying the sound
pressure constraint condition was eventually obtained through genetic algorithm (GA). Moreover,
so as to lighten the optimization burden, the finite element simulation model of the cabin door
panel was substituted by the Kriging meta-model during the optimization process to evaluate the
sound pressure response of the structural-acoustic coupling system. Furthermore, in order to
narrow the difference between the meta-model and the physical one, the optimization idea of the
variable-complexity model (VCM) was employed. As a result, the analysis result of the highly
accurate simulation model was utilized to modify that of the Kriging meta-model. Overall, the
work in this paper has an important engineering guidance value for the weight and noise reduction
design of panel structure with ribs.

Keywords: lightweight design, structural-acoustic coupling, cavity, genetic algorithm, noise,
variable-complexity model.

1. Introduction

The noise level is considered as an important index in the enclosed cavity design of aircraft.
Noise will not only affect the comfort of passengers, but also affect the normal operations of
internal equipments. Even worse, too loud noise will bring about fatigue and damage to the aircraft
structure itself, which will finally influence the flight life and safety. For the design of the cabin
door panel, on one hand, designers want to reduce the structural vibration and the radiation noise,
and on the other hand, they also hope to decrease weight as much as possible under meeting the
function requirements. As a result, both weight and noise reduction requirements ought to be taken
into consideration in the vibration structure design [1], which could be realized through
structural-acoustic optimization on the system.

There exists an obvious interdisciplinary characteristic in the structural-acoustic optimization,
wherein the structural parameter variations will involve both the structure and the interaction
between the structure and the acoustic field. In the optimization process, the acoustic vibration
response is necessary to be analyzed. In recent years, there have been numerous researches on the
structural-acoustic optimization [2], with certain achievements acquired. Luo [3] analyzed the
internal acoustic field optimization of the structural-acoustic coupling system, wherein the
distribution of the ribs was converted into material distribution by the topology optimization
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method. Lamancusa [4] utilized ANSY'S to conduct numerical simulation on the acoustic response
of the cubic structure, which was then modified and verified through model test. And based on
this, structural-acoustic optimization was performed on the ribs of the front panel, and results were
consistent with the test one. However, neither the panel thickness was optimized during the
process, nor the structural mass was taken into consideration. Zhang [5-6] conducted optimization
design research on the panel weight with considering the structural-acoustic coupling under the
sound pressure constraint. Then, the thickness distribution of the upper panel satisfying the sound
pressure constraint within the concerned frequency range was finally obtained by optimization,
and a favorable reduction weight effect was achieved. Also, there were many scholars had done
corresponding work on the parameter modification of the calculation model and the test
verification of the optimization result [7-8]. Totally, most researches of the mentioned employed
the cubic structural-acoustic coupling system with simple geometrical model in the analysis and
optimization, and few were researched on structures with complicated shapes. Meanwhile, the
optimization parameter was either the cross-sectional parameter of the ribs or panel thickness
distribution, or else, structural mass was not taken into consideration. And there were rarely cases
taking various structural parameters into account in the same time. Moreover, to better analyze
the influence of material distribution on the vibration and acoustic radiation, we can divide the
panel structure into many sub-regions and then perform optimization to obtain the thickness
distributions of each sub-region. However, it is difficult to realize in the perspectives of
technology and maintainability.

Aimed at the mentioned problems, the finite element model of the simplified equipment cabin
was established. And the sound pressure response was calculated out. So as to reduce the weight
under the noise constraint, the minimum structure weight was set as the objective function, and
the average sound pressure inside the acoustic cavity as the constraint condition. After the
optimization, the structural mass was dramatically decreased, and the noise in the cabin was
restrained to a certain degree. In order to reduce the optimization burden, the finite element
simulation model of the cabin door panel was substituted by the Kriging meta-model during the
optimization process to evaluate the sound pressure response of the structural-acoustic coupling
system. Furthermore, in order to narrow the difference between the meta-model and the physical
one, the optimization idea of the variable-complexity model (VCM) was employed. As a result,
the analysis result of the highly accurate simulation model was utilized to modify that of the
Kriging meta-model. Overall, the work in this paper has an important engineering guidance value
for the weight and noise reduction design of panel structure with ribs.

2. Sound pressure response analysis

For typical equipment cabin of the aircraft, when the cabin door closes, the radiated acoustic
field resulted from vibration of the cabin door panel is mostly low-frequency noise below 500 Hz
[9]. In this paper, the acoustic field inside the cabin was analyzed by the finite element method
(FEM). The sound pressure coupling on the boundaries of the structure and the acoustic field were
taken into account. And the finite element discretization was conducted on both the structure and
the acoustic field. Meanwhile, the equation system about the structural vibration displacement and
the sound pressure in the acoustic field was established, both of which could be solved once.

The wave equation of acoustic wave with small amplitude in perfect medium is as follows:

o+ peo »

wherein p, w, c are the sound pressure, the circular frequency and the sound velocity,
respectively. The corresponding boundary condition was substituted into Eq. (1), which was then
could be written in the integral form as:
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wherein v is the acoustic cavity domain, A,, A, and A, are the coupling boundaries of the
sound-absorbing, the rigid and the elastic, respectively. p, is the density of the fluid medium. Z,
is the acoustic impedance of the absorbing surface. Eq. (2) could be adjusted into the following
form:

r [P B o, (Pa, B " _
f(Lp) S(Lp)'dv J- oz Spdv ép on ds Z popds P Ubpds = 0, 3)
v v Ay a Ae
wherein LT = [;—x % %]. Through shape function interpolation, the parameters were dispersed, and

let p = Nigyipi» U = N(gyiUi, Bayi = LN(qy;, wherein (a) and (s) represent the acoustic field
term and the structural one, respectively. And then Eq. (3) could be converted into:
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The equation about coupling between acoustic field and structure is as follows:
M(a)ﬁ + C(a)?j + K@p = —pgAii, (5)

where:

Moo= [ENTon ave = [PanT N sk = [ BT, B dvA
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S3

are mass matrix, damping matrix, rigidity matrix and coupling items of the structure, respectively.
They are respectively obtained through assembly of relevant element matrixes. It is shown that
the coupling items are only related to shape functions of acoustic field and structure.

In the discussion above, the acoustic field equation coupled with the structure was considered.
Likewise, when it comes to the coupling issue between the elastomer structure vibration and the
acoustic field, according to the virtual displacement, the balance equation and the force boundary
condition were denoted in the equivalent integral form. And through the variational principle, the
structural dynamic equation coupled with the acoustic field could be obtained:

M(S)il + C(S)u + K(S)u = F(S) + A(S)p(s)' (6)

wherein M), C5), K(s), F5) and A are the mass matrix, the damping matrix, the stiffness
matrix, the load array and the coupled matrix with the acoustic field, respectively. Note that
AT = _A(s)-

For the vibro-acoustic coupling, there is structural displacementuin the acoustic space
boundary condition, and sound pressurepin the structural dynamic equation. As a consequence,
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Eq. (5) and Eq. (6) could not be solely solved. Through combination of them, the finite element
equation of the acoustic-structural coupling system could be obtained:

(o S+ o ] Bl+[ e 10<] B =1zl )

Through the equation above, the vibration response of the elastic structure and the sound
pressure in the acoustic field could be eventually obtained. When solving Eq. (7) by the numerical
method, both the direct method and the modal superposition method could be employed. Due to
the asymmetry and broader bandwidth of the mass matrix and the stiffness matrix, and the
coupling system is equipped with more freedoms, the direct method exhibits low efficiency.
Consequently, the modal superposition method was utilized for calculation in this paper.

3. Structural-acoustic optimization model based on GA and VCM and the solving flow
3.1. Structural-acoustic optimization model

With higher demands for mobility, equipment, serious requirements are put forward about
vibration and noise environment of an aircraft equipment cabin. It is shown in research that
radiation noise caused by vibration of plate and shell is one of the major noise sources. Noise will
not only affect the comfort of passengers, but also affect the normal operations of internal
equipments. Even worse, too loud noise will bring about fatigue and damage to the aircraft
structure itself, which will finally influence the flight life and safety. Hence, it is very necessary
to conduct optimization design to reduce vibration and noise for the plate and shell structure of
equipment cabin. In this paper, the objective function of the reduction noise optimization was the
minimum structural mass of the equipment cabin, and the constraint was the average sound
pressure in the acoustic cavity [10]. On the basis of frequency response and sensitivity analysis of
the structural-acoustic coupling system, the cabin door panel structure with the minimum mass
and satisfying the sound pressure constraint was eventually designed through the optimization
algorithm.

In this paper, the objective function of the optimization was that the equipment cabin had the
minimum structural mass when the sound pressure met the constraint condition. Namely, we
hoped to obtain a low-noise and lightweight equipment cabin. The specific mathematical model
is as follows:

find: X = [xq, %5, ... x,]7,
n

min G = inAip, i=12,..,n
i=1

pk(X) < pu, k = 1, 2, ...,l,

Xy <xi <Xy 1=1,2,..,nm,

®)

wherein X is the design variable, A; is the area, length or thickness corresponding to x;. p is
density. py, is the sound pressure of node k. p,, is the upper limit of the sound pressure constraint.
X, and x;; are the upper and lower limits of the design variable, respectively.

3.2. Solving flow of structural-acoustic optimization based on GA and VCM

In this paper, the best value search method based on GA was employed to obtain the cabin
door panel structure with the minimum mass and satisfying the sound pressure constraint. The
genetic operation is constituted of three basic genetic operators: selection, crossover and mutation,
and refer to reference [11] for details description.

During the optimization process, so as to reduce the optimization burden, the sound pressure
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response variable-complexity model of the structural-acoustic coupling system was established.
Firstly, the Kriging meta-model was built to substitute the finite element simulation model of the
cabin door panel to evaluate the sound pressure response of the structural-acoustic coupling
system. Kriging meta-model is one with unbiased estimation and the minimum variance, which is
characterized by local estimation through the effect of the correlation function, and refer to
references [12, 13] for its mathematical description.

So as to narrow the difference between the meta-model and the physical one, the optimization
idea of VCM was utilized, and the analysis result of highly accurate simulation model was
employed to modify that of the Kriging meta-model. The solving flow of VCM is: (1) calculate
the sound pressure responses of the coupling system at the initial point X, utilizing the
high-accuracy and low-accuracy models, respectively. (2) Solve the scaling function, and here,
the multiplication scaling function was employed, which could be calculated through Eq. (9):

fhigh(XO)

flow (XO) ’ (9)

ﬁ(Xo) =

Start

Frequency response and sensitivity analyss for
structural acoustic coupling systemof hatch door panel

!

Partition the hatch door panel, define the optimization objective
fimction the constraint condition and the design vanables

!

Arrange K initial sample points according to
the orthogonal experimental design method

!

Establish the Kriging surrogate models ofthe
objective fimction and the constraint condition

.

Set the test design points as the initial population scheme

!

Conduct the optimization process and
search forthe optimal design scheme

!

Establish the high-accuracy finite element
model and solve the scaling fimction

!

Modify the Kriging surrogate models of the
objective fimction and the constraint condition

Generate new design scheme

through selection, mutation
i copy crossover and, etc.

Conduct the optimization process and
search for the optimal design scheme

No

orvergence condition

Fig. 1. Solution flow chart of acoustic optimization

In the optimization cycle, the approximation analysis model is f(X) = B(Xy) fiow (X).
Obviously, in f(X), the information about high-accuracy model is included, also, low-accuracy
model is utilized to simplify the calculation process. (3) Conduct optimization search with the
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modified low-accuracy model. (4) Evaluate the optimization result with the high-accuracy model.
(5) If the convergence condition is satisfied, then the calculation can terminate, otherwise, update
the scaling function and re-calculate from Step 2.

The solution flow chart of the whole structural-acoustic optimization was shown in Fig. 1.

4. Optimization process and result
4.1. Geometrical model

Damping exists in all the actual structures. Due to influences from multiple factors such as
technologies and boundary conditions, it is very difficult to ensure that damping of a structure
applied in calculation is consistent with the actual value. As a result, the calculated results are not
accurate. Hence, in this paper, damping and geometric details of structure was modified in
calculation according to experimental values in order to make that the calculated values were
consistent with experimental results as much as possible. It was shown in reference [13] that,
through applying a modified model, the relevant responses in subsequent optimization were also
be reliable.

In this paper, the ACTRAN software was utilized to calculate the sound pressure response of
the structural-acoustic coupling system. And the actual equipment cabin was simplified and its
finite element model was built up, with the simplified geometrical model shown in Fig. 2.

G
el 1
////7"}‘“‘&% 24 r i
gh b e F . Experiment result
- - ¥ = - . .
- 5 — c0r e Simulation result
e et 4 k] L
T - G047 315,180 ™ 21 ]
e (241,510, i [ |
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. =i E g I ) .
(1693226, 0) ,.f"ﬁj s 8 A
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"E_,.,.a-"‘_#- = = 4r aa =-' .-1[)
":__H_,-'-“" 0 1 E Via ot N N N
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Fig. 2. Simplified geometrical model Fig. 3. Comparison between simulation and

experiment results

All the surfaces of the equipment cabin were simplified into elastic panels with uniform
thickness. The panel material was LY 12. The elastic modulus was 68 GPa. The damping was 0.01.
the Poisson ratio was 0.33 and the density was 0.77 g/cm?. Moreover, the elastic shell element
was employed for all the surfaces to build the finite element model, and the simply-supported
boundary condition was applied on 4 edges of the cabin door panel, i.e. the displacement of the
edges of AD, DH, HE and EA was 0. In Fig. 2, the panel ADHE was the cabin door panel of the
equipment cabin, with the thickness of 2.0 mm, while those of other panels were all 15 mm.
Additionally, Point A was the origin, AE, AD and AB were Ax is x, y and z, respectively.

Additionally, the acoustic medium inside the cabin was the air, whose attributes at 20°C were
selected as the calculation parameters, i.e. the density and the sound velocity were 1.225 g/cm?
and 340 m/s, respectively. In subsequent optimization analysis, loading points and observation
points were shown in Fig. 2. Loads of the optimization design were time-domain loads. Then they
were converted into values in the frequency domain through integral transformation. And then
applied on loading points in the form of frequency domain load spectrum.

In order to verify feasibility of numerical algorithm and relevant simplifications, experiment
was conducted for the equipment cabin. Fig. 3 showed comparison between experimental values
and calculation results which were modified by parameter modification. It is shown in the figure
that calculation results coincided with experimental values well. Hence, relevant simplifications
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and calculation method used in the paper are relatively rational. Through experimental
modification, the paper obtained a finite element calculation model and relevant parameters which
were consistent with the actual structure well.

4.2. Establishment of optimization mathematical model and approximation model

The face ADHE in Fig. 2 is cabin door panel of the equipment cabin with the thickness of
2.0 mm. Thickness of all the other panels for the equipment cabin is 15 mm. Hence, it is very
necessary to conduct optimization to reduce vibration and noise for cabin door panel. In this paper,
the cabin door panel was divided into 6 sub-regions with the ribs as the boundaries, with the
corresponding thickness of t;~ts, respectively. The cross-section shapes of the ribs were
quadrates and the cross-sectional area of the three ribs were A4, A,, A3, respectively, as shown in
Fig. 4.

———

Fig. 4. Distribution diagram of cabin door panel

Take the thicknesses of sub-regions and the cross-sectional areas of each rib as the design
variables, the average sound pressure inside the acoustic cavity as the constraint condition. The
minimum mass of the whole cabin door panel structure as the objective function, and then the
structural parameters of the cabin door panel were optimized, with the concrete mathematical
model shown below:

find: X = [xq, x5, X3, X4, X5, X6]7,

min m,

st. By(D) <P, (10)
D, <t; <Dy i=1,2,..6

A <A <A, i=1,23,

wherein 2.1 Pa is the upper limit of the average sound pressure inside the acoustic cavity within
the concerned frequency band (here, 50 Hz~250 Hz). D,, = 3.000 mm and D; = 1.000 mm are the
upper and lower thickness limits of each panel, respectively. A, = 200 mm? and 4; = 80 mm? are
the upper and lower limits of the cross-sectional area of the ribs, respectively.

So as to establish the Kriging meta-model with high accuracy, the orthogonal test scheme of
t, ~t¢ was arranged, and refer to reference [14] for the orthogonal table of the six factors.

4.3. Result and discussion

The optimization was conducted in accordance with the flow shown in Fig. 1. The population
size of GA was set as 40. The maximum generation number was set as 200. The crossover
probability was set as 0.7, and the mutation probability was 0.01. Additionally, each structural
parameters before and after optimization were shown in Table 1.

In Section 4.2, the detailed description of each parameter in Table 1 has been made. At first,
the cabin door panel was divided and arranged according to the initial values in Table 1.
Afterwards, these parameters were optimized to obtain optimal values. It was shown in Table 1
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that each parameter obviously decreased after the optimization, which indicated that the objective
of light weight was realized. With the variables after optimization as the structural parameters, the
finite element model was built to solve the sound pressure response, through which the average
sound pressures inside the enclosed acoustic cavity before and after optimization could be
eventually obtained, as shown in Fig. 5, wherein the frequency and the average sound pressure
amplitude inside the acoustic cavity were adopted as the horizontal and vertical coordinates,
respectively.

Table 1. Parameters before and after optimization

Structural parameter | Initial value | Optimal value
t; (mm) 2.000 1.131
t, (mm) 2.000 1.152
t; (mm) 2.000 1.006
t, (mm) 2.000 1.101
ts (mm) 2.000 1.102
te (mm) 2.000 1.089
A; (mm?) 190 95
A, (mm?) 190 100
Az (mm?) 190 94
T5r 125 » ——— Belore aplimize
—— Before optimize 115 e
601 ==mm=s Afler optimize =105
z T o3
Z 4.5 _. 5
£ Sk
£1s -
e s 45T
2 = F
0.0 A % e
0 100 200 300 400 500 o 100 200 300 400 500
Frequency(Hz) Frequency(Hz)
Fig. 5. Average sound pressure amplitude Fig. 6. Average sound pressure level
comparison in the acoustic cavity before comparison in the acoustic cavity before
and after optimizing ribs and after optimizing ribs

In Fig. 5, the solid line represented the average sound pressure in the enclosed acoustic cavity
of the cabin door panel with ribs before optimization, while the dashed line represented that after
optimization. It can be seen from Fig. 5 that the maximum average sound pressure inside the
acoustic cavity was dramatically reduced through optimization, whose amplitude was decreased
from 5.3 Pa to 2.3 Pa. Overall, the sound pressure responses at the frequencies where amplitudes
emerged before optimization all exhibited different degrees of reduction. Although there emerged
several new amplitudes in the sound pressure response after optimization, these amplitudes were
close to each other and far smaller than the maximum one before optimization. As a consequence,
the reduction noise effect was favorably obvious. And the sound pressure level comparison before
and after optimization was shown in Fig. 6.

It was easy to discover from Fig. 6 that through taking the logarithm, the sound pressure level
exhibited a relatively low sensitivity to the variation. However, there emerged a more apparent
comparison before and after optimization. As could be seen, the maximum amplitude of the
average sound pressure level was reduced from 111.4 dB to 101.2 dB after optimization.

In Fig. 7, the average sound pressure amplitude comparison inside the acoustic cavities of the
original structure (the cabin door panel was elastic panel with uniform thickness, no ribs added)
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and the optimized rib-added structure was shown.

It was easy to obtain from Fig. 7 that the average sound pressure inside the enclosed acoustic
cavity was dramatically reduced after optimization relative to that of the original structure.

In order to make a clearer comparison between the acoustic responses of the optimized
structure and the original one, the sound pressures were taken logarithm with respect to the
standard reference sound pressure, and the sound pressure level responses were obtained, as shown
in Fig. 8.

s original
i‘?f === A\fler optimize

- % 115
T — S 105
Tk original £
B - After optimize o X5
=16 Z 85
£12 £
S s T
= E ==
g 4 F 45
b
:: 0 35 L M i L J

0 100 200 300 400 500 [ W0 00 300 400 500

Frequency(Hz) Frequencv(Hz)

Fig. 7. Sound pressure amplitude comparison Fig. 8. Comparison between sound pressure levels

between the optimized structure and the original one  of the optimized structure and the original one

As could be seen from Fig. 8, compared with those of the original structure, the sound pressure
levels at most frequencies were decreased to different degrees after optimization, especially in the
low-frequency band. Additionally, the maximum sound pressure level was reduced by 19.1 dB,
from 120.3 dB of the original structure to 101.2 dB of the optimized one. Overall, the reduction
noise effect of the optimization in this paper met the requirements.

The optimization iteration history diagram of the design objective (the mass) was shown in
Fig. 9.

48 r
41 Ry
3.6
or
4T
18

12

Total mass(lar)

0.6 I
0.0

1 16 3 46

Iteration steps

Fig. 9. Optimization iteration diagram for the mass of cabin door panel

In Fig. 9, the mass variation of the whole cabin door panel (with the ribs included) during the
optimization was shown. The original cabin door panel had a uniform thickness and no ribs added,
whose mass was 3.221 kg, and it became 4.183 kg after the ribs added. It could be seen from Fig. 5
and Fig. 7 that through adding ribs, the average sound pressure inside the cabin was remarkably
decreased, but the structural mass was dramatically increased in the meanwhile. Fortunately, this
problem could be better resolved through the combination optimization on both the panel
thickness and the cross-sectional area of the ribs, and the mass of whole rib-added cabin door
panel was 2.531 kg after optimization, which was obviously reduced relative to the original panel,
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and meanwhile, the sound pressure constraint was also satisfied. Apparently, through optimization
on the relative parameters, the structural mass distribution tended to be more reasonable, so did
the structural dynamic stiffness distribution, thus the energy of the vibration and acoustic radiation
got much lower.

Moreover, the variations of the structural parameters changed the natural vibration
characteristics of the structure, thus the natural frequency of the structure got far from that of the
acoustic cavity, or the modal energy close to the natural frequency of the acoustic cavity got lower,
and then the coupling of the structure and the acoustic cavity was lowered, thus the noise condition
was remarkably improved and the structural weight was obviously decreased in the meantime.
Also, it was demonstrated that for the noise control only, the design redundancy of the original
structure was relatively large and not reasonable.

5. Conclusions

In this paper, based on the structural-acoustic coupling finite element model of the enclosed
equipment cabin of the aircraft, the acoustic response inside the cabin under the simplified load
condition was analyzed. And subsequently, under the noise constraint, optimization design
research was performed on the cabin door panel structure, wherein the cross-sectional areas of the
ribs and the panel thicknesses were selected as the design variables, the minimum structural weight
as the objective function, and the average sound pressure inside the acoustic cavity as the
constraint. After optimization, the whole mass of the cabin door panel was decreased by 39.5 %
relative to that before optimization, and the noise condition of the whole acoustic cavity was also
dramatically improved, further, the maximum sound pressure amplitude was reduced from 5.3 Pa
to 2.3 Pa, with the corresponding sound pressure level decreased by 9.2 %, which satisfied the
noise restriction requirement. Moreover, so as to reduce the optimization burden, the variable-
complexity model for the sound pressure response of the structural-acoustic coupling system was
eventually established, and during the optimization process, the finite element simulation model
of the cabin door panel was substituted by the Kriging meta-model to evaluate the sound pressure
response of the structural-acoustic coupling system. Furthermore, in order to narrow the difference
between the meta-model and the physical one, the optimization idea of the variable-complexity
method (VCM) was utilized, and the analysis result of the Kriging meta-model was modified by
that of the highly accurate simulation model.
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