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Abstract

Many structures are designed to operate in hot temperature and stringent aero-acoustic fatigue environment, e.g.
the engine inlet and the heat shield of aircraft are subject to high temperature and sonic pressure level. It is
important to evaluate the dynamic response of the structures exposed to both vibration and acoustic sources of
excitations.

A new feature of structural analysis with vibro-acoustic loads has been implemented in LS-DYNA®. This feature is
based on N-FEARA? finite element analysis tool developed by The Boeing Company. This new capability in LS-
DYNA treats the structural response by finite element method coupled with acoustic field based on a known acoustic
source behavior by spatial correlation function. The added capabilities enable the users to evaluate the response of
structure to both base-excitation, or vibration and acoustic source in the frequency domain.

Various acoustic environments and sources of excitations can be considered, including base excitation defining
random vibration, in addition to plane wave, progressive wave, reverberant wave, turbulent boundary layer, shock
wave, representing various fields for acoustic sources of excitation. Modal acceleration method as well as modal
superposition method is used to evaluate the dynamic behavior of structuresin the frequency domain. The
acceleration power spectral density (PSD) is defined in term of g?/Hz used for vibration analysis. The input
spectrum for the acoustic excitations can be either pressure PSD in psi’/Hz or sound pressure level (SPL) in dB. For
the latter, sound pressure level isfirst converted into pressure PSD. The coupling between the structures
(represented by the modal shapes) and the acoustic excitations is expressed through the concept of joint acceptance.
The results are presented in terms of PSD of the nodal displacements, velocities, accelerations, and el ement
stresses, and the RMS (Root Mean Sguare) of those variables for a frequency range of interest.

Several efficient numerical techniques have been implemented to accelerate the solution phase, including the
partition of the panel and subdivision of the range of frequencies. A restart option is provided in case users need to
change the input acoustic spectrum or change the range of frequency in the output.

Furthermore, this novel feature of LS-DYNA provides users a method to replace an acoustic test environment by a
shaker table test as a virtual qualification for testing method. This method is based on a conversion factor between
the maximum of root mean square of displacement response due to acoustic pressure load and due to base
acceleration load.

Several keywords have been introduced in LS DYNA to facilitate this new feature. Numerical examples are given to
demonstrate the new vibro-acoustic analysis capability which will be available in the next release of LSDYNA.

1. Introduction

Many structures are designed to operate in hot temperature and stringent aero-acoustic fatigue
environment, e.g. the engine inlet and the heat shield of aircraft are subject to high temperature
and sonic pressure level. Overal sound levels of 150-170 dB are often encountered near turbojet
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engines[1]. Sound levels over 185 dB have been estimated for the scram jet engines on
advanced hypersonic aircraft [2]. It isimportant to evaluate the dynamic response of the
structures exposed to both vibration and acoustic sources of excitations.

To model the behavior of structure under such high frequency sonic environment, Boeing
Phantom Works has devel oped afinite element package N-FEARA, based on the mathematical
formulation presented in section 3. The solution sequence was based on the implicit nonlinear
finite element code — NIKE3D [3], which was developed in Lawrence Livermore National
Laboratory. Thistool has been successfully applied to evaluate hot aircraft structures to noise
and vibration in addition to high cycle fatigue analysis of circuit board assemblies[4, 5]. Cross-
validation between N-FEARA and Boeing's software SRA® (Sonic Response Analysis, which is
based on MSC Nastran® and Patran®) was performed in [4].

The vibro-acoustic feature of the N-FEARA package has been implemented to LS-DY NA.. It has
provided LS-DY NA the new and unique capability of performing dynamic structural analysis
with vibro-acoustic loads, including base-excitation, vibration and acoustic source in frequency
domain.

This paper briefly documents the theory and the analysis procedure as relate to structural
acoustic response for this new feature of LS-DY NA. Some examples are also given to
demonstrate the reliability and capability of this new feature.

2. Description of the problem

The method considers a panel structure subjected to high frequency acoustic pressure, nodal
force, base acceleration or random pressure excitation. The excitation environment is given in
terms of PSD (power spectral density) values for arange of frequencies. The acoustic pressure
can also be given in terms of SPL (sound pressure level) which can be transformed to PSD
spectrum. In engineering practice, the input is given in the form of 1/3 octave band SPL in the
field test. The output of the analysisis given in terms of PSD of displacement, acceleration,
velocity for specified nodes, in addition to PSD of stress components for specified elements. The
RMS (root mean square) of these valuesis also given, for a specified range of frequencies. The
output helps to identify the location(s) with peak stress or strain for determining failure of the
structure.

The analysis method is based on the coupling between the structures and the sonic excitation
environment through the concept of joint acceptance function, where the structural dynamic
behavior is characterized by its normal vibration modes.

3. Mathematical formulation

The acoustic pressure near surface of the structure is assumed to be known from the
measurements taken in the field. Source of excitation includes base vibration and acoustic
pressure. Response spectra computations are then carried out using the expressions developed for
displacement, acceleration and stress PSD (power spectral density) response and RM S (root-
mean-square) presented below. The detailed derivation can be found in [3].
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PSD and RM Sfor displacement
Assuming linear beam theory, the general equation of motion is given by

7, + 25 071, + D(11,) = 5 [ 6, (%) p(x. t)dx (1)
where 7, isthe modal deflection response at the ith degrees of freedom; M, isthe generalized
mass; ¢ (x) isthe mode shape; p(x,t) isthe pressure distribution at position x and time t, and
D()=c? (82 [ Ox? )2 with ¢ being a constant. This equation represents a balance between
inertial, elastic, damping and applied forces.
The complete solution for deflection response is then given by modal superposition method

y =60 1) 2
which must satisfy the boundary conditions.

Taking Fourier transform on equation (1), the solution for the deflection responseis obtained in
frequency domain as

S,(x,@) =2 4(xS, (@) ©)
The power spectrum isareal quantity defined by
2 .
W, (X, w) :?Sy(x, ®)S, (X, ®) 4)

Where the asterisk indicates the complex conjugate and T isatime interval to be taken to the
limit. Using the concept of Cross-correlation for pressure field, extending the equation (1) from a
beam to a plate by replacing the points x and X' with position vectorsr and r’ respectively, and
taking some necessary manipulation, one can write the displacement power spectral density
response as

_ A’G(w) 9, (19, (r)J (@)
= L2 @) ©
Where
w0
H; (o) = (-1+ 2, _a; |+_w]2) ©

MM, isthe jth, and mth elements of generalized mass matrix.
¢,(r) isthejth normal mode shape

| -| isthe amplitude of complex variable

G(w) isthereference PSD of sound pressure

J (@) isthejoint acceptance which describes the coupling between an excitation
pressure field and a structure represented by its normal vibration modes. J, (@) isdefined by

31n(@) = [ [ O, 00, (10, (r ekl ™

da,da” areinfinitesimal areavectorsand C(r,r’,w) is cross-power spectral density
coefficient of the sound pressure level which is defined as
W, (r,r, @)

C(r,r’,w) = o)

(8)
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G(w) isPSD of areference sound pressure. For homogeneous pressure fields,

C(r,r’,w)=C(r —r’,w) 9)
For partially correlated and uncorrel ated acoustic wave (plane wave, progressive wave, turbulent
boundary layer), the cross-power spectral density coefficient can be expressed as

C(&.7, ) = G(w) exp{— - |f|w) - /1|7(7|a)) _i Uﬁ— | Uﬂ} (10)
¢ n ¢ n

g=0=r),n=0-r),
A, A, iscorrelation scale along Sand 77

U,,U, iscorrelation scale dong & and 7
For reverberant wave, coherence function can be re-written as

C(r,w) = G(w)sin(kr) /(kr) (1)
Wherer =£i+7j and kiswave number =alc.

For fully correlated acoustic wave, the cross-correlation function C is unity.
The input spectrum can be either pressure in psi?/Hz or sound pressure level in dB. For the latter,
sound pressure level isfirst converted into pressure following the formula

G(f) =8.41x 101918 | Af (12)
Where Af = (2"° —27Y®) f_ for /3 octave band and Af = (2" —27%?)f_ for 1 octave band.
The RMS displacement is given by

u(r) = ( [ w, e a))cla)jﬂ2 (13)

PSD and RM Sfor acceleration
The PSD acceleration can be shown to follow the equation:

W, (1, @) = o'W, (r,0) = AG(@) Y T — 2 () ()

14
74 MM H (@) H () 9

The RMS acceleration is defined by:
o 1/2
a(r) = ( [ w(r, a))dw) (15)
@

PSD and RM Sfor stress
The stress response spectral density is determined by:

2 (r r)J. (

W, (1.0 = ME@ 550 11 O7(0310(@) 9
o' TEMMH (0)H, ()

Where y,(r) isstress coefficient at r due to unit deflection of the jth mode stored in the jth

column of the acceleration |oad transformation matrix.
The RMS stress is calculated by:

o(r) = ( Jw,, a))dw)m (17)

Other quantities such as velocity, acceleration, and strain were derived within the modal
superposition framework for finite element method.
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4. Sometechniquesto acceler ate solution

Equation (7) involves double integration over surface. To reduce computational time, instead of
performing the integration element by element, the area of integration is divided into a small
number of sub-domains. Theintegration is then performed based on the few sub-partitions. LS-
DY NA can perform the sub-partitioning based on the user provided number of sub-partitionsin
stream-wise and span-wise directions to achieve high accuracy. The partitioning scheme is based
on the projection of the panel geometry onto a plane from which the partitioning algorithm
subdivides the panel. This scheme works best when the structureisaflat (or nearly flat) panel
and the plane (defined by three points on the panel) coincides with the plane of the structure. The
partitioning method has been generalized for general curvilinear coordinate systems. For more
details about the panel partitioning scheme, please refer to [3].

For broadband frequency analysis, sometimesit isimpractical to cover the entire range in one
run due to the limitation from the computer memory. To overcome this limitation, the frequency
range of interest can be divided into subdivisions that numerical calculation can perform well in
each sub-division. In principle each mode has effect for the whole range of frequency. In redlity
the response reaches the peak at its natural frequency and decay rapidly below and above the
natural frequency. To accurately cal culate the response, the frequency range should include an
overlap for those dightly higher and lower than the range of each sub-division [3].

A restart feature is also implemented. This feature allows user to change the range of output
frequency, or change the input acoustic or acceleration spectrum, after the first run, without re-
performing the modal analysis for the structure.

5. Analysis process

This feature starts with modal analysis of the structures, which provides frequency, mode shape
and mass matrix. If apreload from static pressure or temperature change is presumed,
intermittent modal analysis is performed to incorporate the consideration of these preload effects
on structural response. In case the results for stress components are requested, modal stress
calculation is also performed, using the normalized modal shape deflection as the boundary
conditions. Joint acceptance is computed based on the type of application (plane wave,
reverberant wave, turbulent boundary layer, etc.) and the mode shapes. After that, the mode
shape, joint acceptance and the given acoustic or acceleration spectrum are assembled to provide
the final solution of PSD, RM S at nodes and elements and zero-cross frequency.

This feature also provides a method to convert an acoustic pressure PSD to a base acceleration
PSD for a shaker-table test simulation [6]. The procedure can be illustrated as follows.
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[ 1 psi uniform pressure |oad ] [ 1 g base acceleration load ]

a a

[ (RMS disphoe | [ (RMS disppe |
a a

[ o= max{RMS_disp} pres/ Max{ RMS_diSp} pres ]
a

. Convert to PSD Convert to acceleration Generate shaker
[ Define SPL ]‘ [ P(f) [psiZ/HZ] } = [PSD oP(f) [gYHZ] } ‘[ table input 1

Figure 1. Conversion of acoustic input to shaker table input

With this method, one can easily replace the costly acoustic test with arather inexpensive shaker
table test.

6. Keywords

Several new keywords have been added to LS-DY NA to facilitate the vibro-acoustic analysis[7].
They are briefly introduced here.

*CONTROL_VIBRO_ACOUSTIC sets vibro-acoustic analysis control flags (e.g. the flag for
stress analysis and restart) and defines the type of excitations; *LOAD_VIBRO-ACOUSTIC
defines the acoustic spectrum load via a set of load curves and defines the area subjected to
acoustic pressure; * DATABASE POWER_SPECTRAL_DENSITY defines the location for
PSD output; *DATABASE_POWER_SPECTRAL_DENSITY_FREQUENCY defines the range
of frequencies for PSD output.

For amore detailed introduction of these keywords, please refer to the LS-DYNA Keyword
User’s Manual [7].

7. Examples

Severa examples are included to illustrate the application of the new feature. For the purpose of
validation, comparison to available results from other sourcesisincluded. Example 1 provides
the structural response of a“L” shaped plate subjected to turbulent boundary layer, and compares
the results with those given by N-FEARA; Example 2 discusses the effect of preload on the
structural response with a plane wave environment, and a comparison of the results with SRA
resultsis also given; Example 3 solves areal application of a Boeing engine inlet subjected to
reverberant wave, and compares the results with those given by N-FEARA and SRA.

1) A “L” shaped plate subjected to turbulent boundary layer

The model analyzed isa 10" x10" L-Shape flat plate model consisting of 300 shell elements that
is clamped along three edges (see Figure 3). The node 341 at the free-edge was selected as the
evaluation point where the maximum acceleration (z) response occurs. A turbulent boundary
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layer acoustic spectrum in the range of 31.5 Hz to 2000 Hz is used as input (the acoustic pressure
is nearly constant with the value of 7E-03 psi’/Hz, the detailed loading datais in Appendix 1).
The first 10 frequencies in modal analysis are employed. Solution was expanded to 10 modes or
2500Hz, whichever occurred first.

. wﬁfﬂt& AT NG

i

may gy gy gy g

Node 341

Element 210

g

TBL Wave direction
Figure 2. aL-Shape flat plate subjected to TBL wave

The z-velocity and z-acceleration results given by LS-DY NA and by N-FEARA are compared in
Table 1. The results are given at node 341. Table 1 shows the PSD values of the velocity and
acceleration for the first 10 output frequencies.

PSD of z-velocity (in°/s’/Hz) PSD of z-acceleration (g°/Hz)
Freq (Hz) LS-DYNA N-FEARA LS-DYNA N-FEARA
31 1.8809E-01 1.8784E-01 4.7893E-02 4.7829E-02
32 2.0067E-01 2.0040E-01 5.4446E-02 5.4373E-02
33 2.1368E-01 2.1340E-01 6.1657E-02 6.1574E-02
34 2.2713E-01 2.2683E-01 6.9570E-02 6.9477E-02
35 2.4102E-01 2.4070E-01 7.8231E-02 7.8126E-02
36 2.5536E-01 2.5501E-01 8.7687E-02 8.7570E-02
37 2.7014E-01 2.6977E-01 9.7988E-02 9.7856E-02
38 2.8537E-01 2.8498E-01 1.0918E-01 1.0904 E-01
39 3.0105E-01 3.0065E-01 1.2133E-01 1.2116 E-O1
40 3.1720 E-01 3.1677E-01 1.3447E-01 1.3429E-01

Table 1: PSD of z-velocity and z-accel eration at node 341

The distribution of RM S displacement and Von mises stress can be found in Figure 3 and Figure
4. In Figure 4, the Von mises stress employs the maximum value at the three integration points
through thickness.
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Turbulent B lary Layer (z-displ
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4.131e-02 |

2.066e-02

0.000e+00

LX
Figure 3. RM S of z-displacement for the L-shape plate (unit: inch)

One can see that the maximum value of the RM S z-displacement happens at node 341.

Turbulent Boundary Layer (Von Mises stress) 1.365e+04

1.230e+04

1.096e+09

9.611e+03 _

8.2662+03 _

6.921e+03 ||

5.576e+03 _|

4.731e+03 _|

2.8866+03 _|

1.541e+03

1.959e+02

..

Figure 4. RMS of Von mises stress for the L-shape plate (unit: psi)

The maximum RMS of Von mises stress happens at the lower-right corner (element 210) where
the free edge joins the clamped edge.

2) Effect of preload on the vibro-acoustic response

There are many applications where one has to account for thermal or pressure preload coupled
with sonic environment [8]. The thermal preload comes from temperature difference from its
neutral temperature. Typically the most severe acoustic or vibration environment occurs when
the structure is under static preload. Changes in geometry, stress, material, and contact
conditions will affect the eigenvalues and mode shape. In LS-DY NA, there are several waysto
account for preload effect. For example, one can use the keyword *INITIAL_STRESS SHELL,
*INITIAL_STRESS SECTION, etc. Here we use a method based on the intermittent eigenvalue
analysis. For this purpose, one needsto use NEIG=-LCID in the keyword
*CONTROL_IMPLICIT_EIGENVALUE where LCID isthe curve ID, which indicates when to
extract eigenvalues, and how many to extract [7].
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The same problem in example 1) isre-considered here, for case (1) no preload; and case (2) with
8psi pressure preload applied on the panel surface. Due to the nature of boundary condition and
load, the panel undergoes both out-of-plane as well as in-plane deformations in case (2).

Table 2 compares the frequencies given by LS-DYNA and SRA (based on MSC Nastran), for
case (1) and case (2) for the first seven modes. A plane wave acoustic environment is assumed
for this example (the loading spectrum isin Appendix 2).

case (1) no preload case (2) with 8psi preload
Mode No. LS-DYNA SRA LS-DYNA SRA
1 3.0960E+02 3.0661E+02 4,2213E+02 4,1809E+02
2 5.8821E+02 5.8016E+02 8.0691E+02 8.0090E+02
3 1.0822E+03 1.0690E+03 1.2563E+03 1.2435E+03
4 1.2697E+03 1.2534E+03 1.3974E+03 1.3819E+03
5 1.5282E+03 1.5066E+03 1.6006E+03 1.5789E+03
6 1.9244E+03 1.8940E+03 2.0494E+03 2.0191E+03
7 2.0749E+03 2.0365E+03 2.2705E+03 2.2325E+03

Table 2. Frequencies without preload and with 8psi preload (unit: Hz)

One can see that the differential stiffness effects cause the panel to appear “stiffer” than case (1)
no preload. For example, the first mode frequency increased from 310 Hz to 422 Hz, the second
mode increased from 588 Hz to 807 Hz. A similar trend also exists at the higher modes.

z-displacement: no preload z-displacement: with 8psi preload

2.867e-01 _
2.580e-01
2.294e-01
2.007e-01 _

1720801 _
1434e-01_

1.147e-01
8.601e-02
5.734e-02

2.867e-02

1.615e-01 _
1.454e-01
1.292e-01
1.131e-01 _
9.690e-02 _
8075002 |
6.960e-02
4845602

3.230e-02
1.615e-02
0.000e+00

0.000e+00

Figure 5. RM S of z-displacement for plane wave for cases (1) and (2) (unit: inch)

Figure 5 shows the RM S z-displacement plots for the panel for case (1) without preload and case
(2) with 8psi preload; similar plots for RMS z-acceleration can be found in Figure 6.
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z-acceleration: no preload z-acceleration: with 8psi preload
3.293e+03 _ 3.423e+03 _
2.964e+03 3.081e+03
2.634e+03 2.738e+03
2.305e403 _ 2.396e+03 _
1.976e+03 _ 2.054e+03 _
1.646e+03 1.712e+03
1.317e+03 1.369e+03
9.879e+02 1.027e+03
6.586e+02 6.846e+02
3.293e+02 3.423e+02
0.000e+00 0.000e+00

Figure 6. RM S of z-acceleration for plane wave for cases (1) and (2) (unit: g)

Figures 7 and 8 show the RM'S VVon mises stress plots for the two cases at the upper and lower
surfaces respectively.

Von mises stress at upper surface: no preload Von mises stress at upper surface: with 8psi preload

2.253e+04 _ 2.096e+04 _
2.029e+04 1.888e+04
1.806e+04 1.679+04
1.582e404 _ 1.471e+04
1.358e+04 _ 1.262e+04
1.13de+04 1.054e+04
9.108e+03 8.454e+03
A8H1 03 6.370e+03
4.639e+03

4.286e+03
2.398e+03 =

2.201e+03
1.607e+02

1.173e+02

[T
@ (b)

Figure 7. RM S of Von mises stress at upper surface for plane wave for cases (1) and (2) (unit: psi)
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Von mises stress at lower surface: no preload

2.253e+04
2.029e+04
1.806e+04
1.582e+09
1.358e+04
1.134e+04
9.108e+03
6.871e+03
4.634e+03

2.398e+03

1.607e+02

@)

Von mises stress at lower surface: with 8psi preload

1.3642404 _
1.229e+04

1.085e+04 _|
9.597e+03
8.249e+03
6.900e+03
3.552e+03
4.204¢+03

2.856e+03

1.507e+03

1.589e+02

Figure 8. RM S of Von mises stress at |ower surface for plane wave for cases (1) and (2) (unit: psi)

It can be seen that the displacement and stress with preload is much smaller compared with the

displacement and stress response without preload. The maximum of RMS of z-displacement
decreases from 0.2867 inch for the case of no preload to 0.1615 inch for the case of 8psi preload.
At the upper surface, the maximum of RM S of VVon mises stress decreases from 22530 psi for the
case of no preload to 20960 psi for the case of 8psi preload. At the lower surface, the maximum
of RMS of Von mises stress decreases from 22530 psi for the case of no preload to 13640 psi for
the case of 8psi preload. Acceleration behaves differently in that there is no significant difference
between the cases with and without preload. Thisfinding isin agreement with Rassaian and Lee
using N-FEARA [3, 8]. The distributions of displacement and acceleration for the panel with

8psi preload are very similar to those without preload. For example, the maximum of RMS of z-
displacement and z-accel eration appear at node 341, for both cases of without preload and with
8psi preload. Thisis due to the same boundary condition used in the two cases.

We also noticed that the distributions of the RM'S of VVon mises stress at the upper and lower
surface are same for case (1) (see Figure 7 (a) and Figure 8 (a)). On the other hand, Figure 7 (b)
and Figure 8 (b) demonstrates the influence of preload by inducing in-plane stress accompanied
by bending stress leading to two quite different stress distributions on the upper and lower
surfaces. For example, a 20960 psi maximum Von mises stress at the upper surface is compared
to 13640 psi at the lower surface due to the static preload. In both cases, the maximum of RMS
of Von mises stress appear at the lower-right corner (element 210).

Theresults given by LS-DY NA match well with those by SRA. A list of corresponding
maximum values by LS-DY NA and SRA isgivenin Table 3.

case (1) no preload case (2) 8psi preload
RMS values LSDYNA SRA LSDYNA SRA

2-displacement (inch) 2.867E-1 2.87E-1 1.615E-1 1.63E-1
2- acceleration (q) 3.293E+3 3.288E+3 3.423E+3 3.418E+3
Von mises stress at 2.253E+4 2.23E+4 2.096E+4 1.97E+4
upper surface (psi)

Von mises stress at 2.253E+4 2.23E+4 1.364E+4 1.39E+4
lower surface (psi)

Table 3. Maximum RMS values by LS-DYNA and SRA
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Figures 9 and 10 show the VVon mises stress at the upper surface for case (1) and case (2) by
SRA. Comparing the two figures with Figure 7, one can find that the distributions of the stress
arevery similar to those given by LS-DYNA.

MSC Patran 2006 r3 23-Apr-08 09:41:.06 2.23+004)

Fringe: RMS, Ishape-yuns-nopreld-str, Shell Stresses, Von-Mises, . At 21 2.09+004]
"

1.94+004]
1.79+004)
1.64+004]
1.49+004)
1.35+004]
1.20+004)
1.05+004]
9.03+003|
7.55+003
6.08+003|
4.60+003
3.12+008|
he 1.64+003)

1.66+002]
default_Fringe

Max 2.23+004 @Nd 320
Min1.66+002 @Nd 131

Figure 9: RMS of Von mises stress at upper surface for cases (1) by SRA (unit: psi)

MSC Patran 2006 r3 23-Apr-08 09:43:24 97+004)

Fringe: RMS. Ishape-preldsg-sir. Shell Stresses, Von-Mises, . At Z1 84+004]

1

1

1.71+004
1.58+004
1.45+004)
1.32+004
1.19+004
1.06+004)
9.26+003
7.95+003
6.65+003
5.36+003]
4.06+003
2.75+003

v

L.

1.45+003]
1.46+002]
default_Fringe
Max 1.97+004 @Nd 331
Min 1.46+002 @Nd 1

Figure 10: RMS of Von mises stress at upper surface for cases (2) by SRA (unit: psi)

3) Boeing engineinlet problem

The finite element model of a Boeing engine inlet design study isgiven in Figure 11. This
exampleisthe lap-joint model of a highly-curved inlet consisted of the leading edge ‘lip’ region
which transitions to a composite section viaajoint just aft of the forward bulkhead. The problem
is more complicated than the previous two due to awider range of geometric, material and
loading conditions unique to this problem, e.g., structures with tightly curved vs. near flat load
bearing surfaces. SPF titanium technology was considered for the engineinlet for savingsin
manufacturing and life cycle costs. The key question to address is the durability of the forward
bulkhead — in particular at its juncture with the inner and outer barrel segments under the vibro-
acoustic loading of the ambient noise environment.

To take advantage of the symmetry condition under symmetric loading, only a quarter of the full
model is considered. The quarter model is composed with 11 material models; 4600 nodes; 1440
solid elements and 4434 shell elements. The structural behavior of this complex structureis
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studied under areverberant wave acoustic environment. The PSD and RM S of displacement,
acceleration and stress level and the consequent threat to structural life based on the high cycle
fatigue considerations is assessed. The reverberant wave input |oad were derived from the 1/3
octave band data, see Appendix 3.

The analysis was solved for the first 100 modes, using 3% critical damping.

Leading Edge Inlet Lip
Outer Barrel (Top)

Fwd Bulkhead

Node 2488

Inner Barrel
(Bottom)

TBL wave applied to the two
panels

Shell element 4154

Figure 11. Boeing inlet finite element model

This problem was solved by LS-DY NA, N-FEARA and SRA separately.

Table 4 showsthe first 10 natural frequencies obtained with LS-DYNA, N-FEARA and SRA.
Note that SRA used afull model since it was used for a plane wave analysis and this type of
analysisis not computationally intensive.

LSDYNA (quarter N-FEARA (quarter

Mode No. i def;‘ N def;* SRA (full model)
1 2 BAGIE+01 2.8671E+01 3.3888E+01
2 0.0344E+01 9.0013E+01 7.2637E+01
3 9.2587E+01 9.3230E+01 7. 26A0E+01
4 9.3438E+01 9.4150E+01 8.4190E+01
5 9.5000E+01 9.6577E+01 8.4298E+01
6 9.9380E+01 9.9982E+01 1.1820E+02
7 1.0383E+02 1.0434E+02 1.1003E+02
8 1.0708E+02 1.0076E+02 1.2420E+02
9 1.0036E+02 1.1601E+02 1.0580E+02
10 1.1617E+02 1.1644E+02 1.2707E+02

Table 4. Thefirst 10 Natural frequencies (unit: Hz)

The PSD value of velocity and stress at two observation locations (node 2488 and shell element
4154) is compared in Figure 12 and Figure 13.
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PSD of velocity vicx
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_A NFEARA
_B LS-DYNA

PSD of sigma_zz
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B LS-DYNA

|
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|
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| /i
N\j .
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Figure 12. PSD of v, at node 2488 (unit: in%/s?/Hz)

Velocity PSD (in"2/s"2iHz)
Stress PSD (p

100
Frequency (Hz)

Figure 13. PSD of o, at element 4154 (unit: psi?/Hz)

Figure 14 shows the RM S of Von mises stress (maximum of the value at three integration points
through thickness) for the quarter model.

RMS of Von mises strass

7.107e+02 _
6.397e+02
5.686e+02
4.976e+02 _
4.265e+02 _
3555402 |
2.849e+02 _|
2.134e+02 _|
1.423e+02 _|
7.129e+01

2.455e-01

l::;z

Figure 14. RM S of Von mises stress of the quarter model

The results are generally in reasonabl e agreement. Table 4 shows that the natural frequencies
obtained with LS-DY NA are very close to those obtained with N-FEARA, and are also close to
the results given by SRA (based on MSC Nastran). The distribution and magnitude of the RMS
of Von mises stress is also in agreement with N-FEARA and SRA [4]. For example, in the
results given by each of the three tools, the maximum RMS of Von mises stress happens on the
edge of the forward bulkhead section. The maximum RMS of Von mises stress at integration
points provided by LS-DYNA is 710.7 psi which comparesto 832 psi by N-FEARA. The
maximum RMS of Von mises stress at average over an element is599.8 psi by LS-DYNA which
compares to 585 psi by N-FEARA. The stress imposed by the reverberant loading is below the
allowable and poses no threat to the structure in this area. The minor discrepancy between the
results may come from the different element formulations employed in the three different
softwares. For example, N-FEARA used B-bar solid element and Hughes-Liu shell el ement,
while LS-DY NA used constant stress solid element and fully integrated shell element;
Meanwhile SRA used anisotropic composite materia properties for shell elements whilein N-
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FEARA and LS-DY NA the averaged (or ‘smeared’) isotropic properties were used [4]. This may
be another reason for the discrepancy between the results by SRA and by the other two software.

8. Conclusion

A vibro-acoustic analysis feature has been implemented to LS-DY NA, based on Boeing software
N-FEARA, a NIKE3D-based finite element tool for structural analysis of vibro-acoustic loads.
N-FEARA is computationally efficient and powerful but intended for use by analysts
familiarized with NIKE3D [5]. With the implementation of N-FEARA moduleinto LS-DYNA,
the vibro-acoustic structural analysis feature can be accessed by the masses. Several new
keywords have been introduced in LS-DY NA to facilitate the use of this feature. Several case
studies were performed to validate the implementation and demonstrate the new capability. The
results obtained with LS-DY NA are in reasonable agreement with those given by N-FEARA and
SRA.

The future development of this feature includes: M PP implementation; visualization through

LS-PREPOST ®; validation for more complicated applications and direct comparison with
experimental data.
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Appendix

Appendix 1. Turbulent Boundary Layer Load Spectrum for Example 1.

Fr Acoustic pressure , Exponential Decay in Exponential Decay in
(HE;C)] (psi 2/IF1| Z) Phase velocity Fl gw-wi seDi rectiyon Spgn-wise Di rectiyon
315 7.049E-03 3.497E+03 2.613 3.885E-01
40 7.049E-03 3.668E+03 2.616 3.888E-01
50 7.049E-03 3.836E+03 2.619 3.892E-01
63 7.049E-03 4.017E+03 2.625 3.899E-01
80 7.049E-03 4.214E+03 2.634 3.910E-01
100 7.048E-03 4.406E+03 2.648 3.926E-01
125 7.047E-03 4.607E+03 2.670 3.951E-01
160 7.046E-03 4.840E+03 2.708 3.995E-01
200 7.044E-03 5.061E+03 2.762 4.058E-01
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250 7.041E-03 5.292E+03 2.843 4.155E-01
315 7.036E-03 5.542E+03 2971 4.306E-01
400 7.029E-03 5.814E+03 3.168 4.540E-01
500 7.017E-03 6.079E+03 3.430 4.855E-01
630 6.998E-03 6.366E+03 3.799 5.300E-01
800 6.967E-03 6.676E+03 4.283 5.884E-01
1000 6.922E-03 6.976E+03 4.788 6.486E-01
1250 6.855E-03 7.283E+03 5.232 6.998E-01
1600 6.741E-03 7.617E+03 5.448 7.199E-01
2000 6.590E-03 7.887E+03 5.254 6.887E-01

Appendix 2. Plane Wave Load Spectrum for Example 2.

Freq
(H2) SPL (dB)
50 155.7
63 156.7
80 157.7
100 158.7
125 159.7
160 160.7
200 161.7
250 162.7
315 162.7
400 162.7
500 162.7
630 162.7
800 162.7
1000 162.7
1250 161.6
1600 160.5
2000 159.3

Appendix 3. Reverberant Wave Load Spectrum for Example 3.

Fr . Exponential Decay in Exponential Decay in
(Hez(; SPL (dB) Phase velocity Fl gw-wi se Di rect?/on Sp%n—wise Di rectiyon
25 126 4.330E+03 3.242 0.666
315 126 4,330E+03 3.242 0.666
40 126 4.330E+03 3.242 0.666
50 126 4.330E+03 3.242 0.666
63 129.7 4,535 E+03 3.251 0.666
80 132.9 4,757 E+03 3.266 0.667
100 135.9 4974 E+03 3.287 0.669
125 138.2 5.201 E+03 3.321 0.671
160 140.2 5.464 E+03 3.380 0.676
200 142.2 5.713 E+03 3.462 0.682
250 143.9 5.974 E+03 3.587 0.691
315 144.8 6.257 E+03 3.779 0.706
400 145.6 6.563 E+03 4,070 0.729
500 145.9 6.862 E+03 4,451 0.760
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