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This paper describes the details of a novel numerical finite-element-based analysis procedure and a resulting code

for the simulation of the acoustics phenomenon arising from aeroelastic interactions. Both computational fluid

dynamics and structural simulations are based on finite element discretization employing unstructured grids. The

sound pressure level on structural surfaces is calculated from the rootmean square of the unsteady pressure, and the

acoustic-wave frequencies are computed from a fast Fourier transform of the unsteady pressure distribution as a

function of time. The newly developed tool proves to be unique, as it is designed to analyze complex practical

problems involving computations in a routine fashion.

I. Introduction

M ANY practical flight vehicles are often characterized by
complex interactions among a number of primary disciplines

such as structures, fluids, controls, and propulsion, among others. In
some critical flight regimes, such as transonic flow, the dynamic
behavior offluids tends to be highly complex, needing computational
fluid dynamics (CFD)-based modeling, rather than linear aerody-
namic methods, for accurate prediction of unsteady flow. Such
unsteady pressure values, generated by the interaction of fluids and
elastic structures, could then be conveniently used to compute
acoustic-wave frequencies and sound pressure levels (in decibels).

For accurate simulation of complex engineering problems
pertaining to advanced aircraft, it is necessary to employ unstructured
grids to model the fluids discipline, as in the case for structures
modeling. Effective CFD-based aeroelastic (AE) modeling using
finite element (FE) discretization of both fluids and structures and
employing unstructured grids has been effectively used for
simulation of Hyper-X [1,2] and F-18 [3,4] aircraft. In connection
with a current ongoing project, Stratospheric Observatory for
Infrared Astronomy (SOFIA) [5], evaluation of acoustic activities in
the large open cavity of the modified Boeing 747SP aircraft housing
the 2.7m infrared telescope became a crucial issue.Observationswill
be made at a nominal cruise condition of Mach 0.84 at altitudes
between 39,000 and 45,000 ft. Acoustic analyses [6,7] have shown
the potential for resonances within the cavity during flight. These
partial-open-door analyses concluded that flight-test data are needed
to reduce uncertainties. It is essential then that the cavity acoustics are
monitored during the cavity-door-openflight-test phase to detect and
avoid encountering acoustic resonances of the cavity.

There are uncertainties associated with the acoustic analyses
performed so far, as they do not consider the effect of interactionwith
the flexible structure. Thus, in support of the SOFIA project, the
multidisciplinary analysis code STARS [8] was recently extended to
include the acoustic effects and takes into account the effect of

structuralflexibility. Such an aeroelastic-acoustics analysis involving
structures, CFD steady and unsteady flows, fluid–structural inter-
actions, and resulting evaluation of acoustic activities is described
herein in somedetail. The current simulationmethodology effects the
simultaneous time integration of the structural equations of motion
with the governing flow equations for the computation of unsteady
aerodynamic forces. In these time-marching unsteady flow and
aeroelastic calculations, the aerodynamicmeshneeds to beupdated at
every time level, particularly for large structural deformations, so that
it follows the deformed structural configuration. However, consid-
ering the time required to generate a single domain mesh for a flow
solution, rediscretization of the computational domain at each time
step appears to be rather impractical.

The number of calculations can be substantially reduced if the
surface deformation can be simulated without having to update the
aerodynamicmesh. Thismay be achievedby applying a transpiration
boundary condition [9–11] at the surface nodal points. In this
process, the body normals are rotated in the same directions as they
would be in the actual deflected shape, thus leaving the original
aerodynamic mesh unaffected throughout the aeroelastic stability
investigation. This procedure works rather well, particularly for
small deformation problems [11].

In this paper, the commonfinite element idealization is effected for
both fluids and structures continua. Adoption of the transpiration
method enables the original aerodynamicmesh to remain unchanged
during the entire analysis process. ACFD-based aeroelastic analysis
is effected first, and the resulting unsteady pressure solutions are next
used to compute the acoustic effects. This is followed first by a set of
numerical results of aeroelastic simulation for a 2-D airfoil, and such
results are verified with known analytical solutions. Aeroelastic-
acoustic simulation results are next presented for a 3-D cantilever
wing [8] with a NACA 0012 airfoil, which involves calculation of
sound pressure levels as well as acoustic-wave frequencies.

The resulting code proves to be unique, as it enables effective
solution of complex practical problems in an efficient fashion using
modest computing resources. Employment of the common FE
technique for both fluids and structures also ensures accurate inter-
action of the two disciplines, which is not available in other existing
similar codes.

II. Numerical Formulation: Time-Marched
Aeroelastic-Acoustics Simulation

For the nonlinear aeroelastic analyses [2,4], both the fluids and
structures domains are idealized by the finite element method using
unstructured grids. This process yields the unsteady pressure
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distributions that are in turn used for calculation of acoustic field
parameters such as wave frequencies and structural-surface sound
pressure levels. This analysis procedure starts with an FE structural
modeling, followed by a free-vibration analysis that computes the
natural frequencies ! and modes ’ by solving the matrix equation:

M �u�Ku� 0 (1)

whereM andK are, respectively, the inertia and stiffness matrices of
order N, and u is the displacement vector. A steady-state fluid flow
solution is next derived using a two-step solution [12] procedure and

local time-stepping; this is accomplished by solving the Navier–
Stokes equation in conservation form as shown next:

@�

@t
�
@f j
@xj
�
@gj
@xj
� fb j� 1; 2; 3 (2)

where f i and gi are flow vector convection and diffusion terms,
respectively; fb is the body force vector; and the conservation
variables are defined as

� � �� �ui �E �T i� 1; 2; 3

Fig. 1 Aeroelastic-servo–acoustic analysis flowchart. (B.C. denotes the boundary condition.)
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where �, u, and E are the density, velocity, and total energy, respec-
tively. Once the aerodynamic parameters are calculated, the vehicle
equation of motion is then cast in the frequency domain, using NR
number of modes as shown next:

M̂ �q�Ĉ _q�K̂q� fa�t� � f I�t� � 0 (3)

where q is the generalized displacement vector (�Tu), M̂ is the
associated generalized inertial matrix (�TM�) of order (NR � NR)
and similar transformation is adopted for the stiffness K̂ and damping

Ĉ matrices, fa�t� is the aerodynamic load vector (�T
apA), p is the

fluid pressure at a fluid node (where A is the effective surface area
around the node and�a is the modal vector at fluid grid points on the
vehicle structural surface), and fI�t� is the generalized structural
impulse force vector.

Equation (3) may then be cast in a state-space matrix form as

I 0

0 I

" #
_q

�q

" #
�

0 I

�M̂�1K̂ �M̂�1Ĉ

" #
q

_q

" #

�
0

�M̂�1fa�t�

" #
�

0

�M̂�1f l�t�

" #
� 0 (4)

or

_x s�t� �Astxs�t� �Bstf�t� (5)

where

A st �
0 I

�M̂�1K̂ �M̂�1Ĉ

� �
; Bst �

0
�M̂�1

� �

f�t� � fa�t� � f I�t�; xs �
q
_q

� �
(6)

and

y s�t� � Cstxs�t� �Dstf�t� (7)

where Cst � I, Dst � 0, matrix Ast is of order NR2 � NR2
(NR2� 2 � NR), and Bst is a NR2 � NR matrix.

In the presence of sensors, their motions can be expressed relative
to the generalized terms as8>>>>>>>><
>>>>>>>>:

q�t�
_q�t�

usn�t�
_usn�t�
�usn�t�

9>>>>>>>>=
>>>>>>>>;
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9>>>>>>>>=
>>>>>>>>;
f�t� (8)

or

y ss�t� � Cssxs�t� �Dssf�t� (9)

where usn denote the real physical displacements of the sensors in the
continuous-time domain. Further, the interpolation matrix Tsn,
having sensor location information, is of dimensions (2 � NS, N),
whereNS is the number of sensors. Equation (9) is the sensor output
relationship signifying motion at the sensors resulting from the body
motion Css and control motion Dss. Converting the equations from
inertial to body-axis frame results in

x s�t� � ~T�12 �Ast
~T1 � ~T3�xs�t� � ~T�12 Bstf�t� (10)

y s�t� � Css ~T1xs�t� �Dssf�t� (11)

which can be written as

x s�t� �Asxs�t� �Bsf�t� (12)

y s�t� � Csxs�t� �Dsf�t� (13)

where ~T1, ~T2, and ~T3 are coordinate transformation matrices of
dimension (NR2 � NR2). These equations, representing the most
general aeroservoelastic (ASE) case, are converted [12] to the zero-
order hold discrete-time equivalent at the kth step:

x s�k� 1� �Gsxs�k� �Hsf�k� (14)

y s�k� 1� � Csxs�k� �Dsf�k� (15)

where

f �k� � fa�k� � f I�k� (16)

G s � eAs�t; Hs � �eAs�t � I��A�1s Bs� (17)

�t� tk�1 � tk, and Cs and Ds remain unaltered.
Sound is defined as any disturbance that travels through an elastic

media such as air, ground, or water at a speed of 340 m=s in air at sea
level, and it is considered to be oscillations that flow transversely or
outwardly in straight lines in the form of pressurewaves. These flows
that travel at the speed of sound define acoustic waves.

Figure 1 depicts the analysis flowchart for the general AE/ASE
analysis with acoustic simulation. Once the unsteady pressures are
computed, the sound pressure level (SPL) for a specified node is
calculated by first fixing a time band (t� tj) and then computing the
root mean square (rms) of unsteady pressure. The standard
calculations using n number of sampling points are as follows:

1) Compute average pressure:

Pavg �

�P
n
i�1 Pi

�
n

(18)

2) Compute the root mean square of pressure:

Prms �

������������������������������������P
n
i�1�Pi � Pavg�2

n

s
(19)

Fig. 2 Cp distribution on the airfoil. (S-H denotes Smith–Hess.)
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3) Compute the sound pressure level:

SPL �dB� � 20log10
Prms

Pref

(20)

The reference pressure Pref � 20 � 10�6 Pa for air. Further, nodal
temperature T distribution on the wing structure is calculated from
enthalpy H as

T � H
cp

(21)

where cp is specific heat capacity at constant pressure. As depicted in
Fig. 1, thermal effects may need to be taken into consideration if they
modify the modal solution significantly, which will in turn affect the
unsteady pressure and, hence, the acoustic calculations.

Similarly, the acoustic-wave frequencies are derived by perform-
ing fast Fourier transform (FFT) on the unsteady pressure data:

FFT �Punstd; t��F�!� PSD�F�!� �F�!�
	

2�f
� jF�!�j

2

2�f

�f� 1

tj
(22)

PSD is the power spectral density. Acoustic-wave frequencies and
amplitudes are obtained from the peaks of the plotted curves.

III. Numerical Examples

In an effort to verify the solution accuracy for the STARS CFD
module and for subsequent aeroelastic-acoustics simulation, a
simple NACA 0012 airfoil was chosen for steady and unsteady flow
analyses with known theoretical solutions. Subsequently, a 3-D
cantilever wing with a NACA 0012 airfoil was analyzed for compu-
tation of acoustic outputs, which are presented herein in some

Fig. 5 Unsteady analysis of Cp and velocity distribution.

Fig. 3 Cp distribution over the solution domain.

Fig. 4 Unsteady Cl history.
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detail, depicting such a simulation capability with large-scale finite
element software that is suitable for analysis of complex practical
problems. The analysis process (Fig. 1) starts with a steady-state
CFD solution, followed by a structural modal analysis. The re-
sulting aerodynamic and structural dynamic data are then used for
the state-space aeroelastic formulation. Next, for each specified
flight density, the aeroelastic solutions are effected, yielding the
displacement and velocity values. If the displacement values q are
moderate, a transpiration boundary condition is applied to the
velocity vectors at the solid boundary, which is followed by an
unsteady solution, and the process is repeated until solution conver-
gence is achieved. The unsteady aerodynamic pressure values of the

converged solution are next used to compute SPLs and acoustic-
wave frequencies and amplitudes.

All major computations were performed using a single-processor
Intel Xeon E3110 at 3.0 GHz and 3.25 GB memory on a Dell
desktop.

A. Two-Dimensional Subsonic NACA 0012 Airfoil

A theoretical flow solution of the airfoil for an airspeed of
Mach 0.3 and a 5 deg angle of attack was derived earlier using a
Smith–Hess panel method [13] employing 195 panels. The solution
yields the velocity in each panel, which may then be used to derive

Fig. 7 Structural and aerodynamic surface grids of the wing and solution domain.

Fig. 8 Structural modes of the cantilever wing.

Fig. 6 Cantilever wing with aeroelastic solution domain.
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the pressure distribution on the top and bottom surfaces of the airfoil.
These pressures can then be converted to coefficient of pressure Cp
for comparison purposes and then corrected for compressibility
using the standard Prandtl–Glauert subsonic correction formulation.
Steady pressure distribution was also computed using the CFDSOL
modules of the STARS code, which are then compared in Fig. 2,
depicting Cp distribution on the airfoil. Figure 3 shows such a com-
parison for Cp values through the solution domain; c is the chord
length.

The NACA 0012 airfoil was further used to model unsteady flow
in the shape of Wagner’s suddenly-accelerated-airfoil problem [14].

Fig. 9 Cantilever-wing surface steady-state pressure coefficient and Mach number distribution.

Fig. 10 Layout of the acoustic computation points.

Fig. 12 Unsteady aerodynamic pressure plot at node C-25.

Fig. 11 Typical aeroelastic response plot.

Fig. 13 Aeroelastic-acoustic response.
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Fig. 14 SPL for a line along the chord length at the control tip.

Fig. 15 SOFIA aircraft and a CAD model.
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Unsteady solution results from theCFDSOL are shown in Figs. 4 and
5. Such analysis results were also performed for an airspeed of
Mach 0.3 and a 5 deg angle of attack.

The correlation of results between computed values and the test
cases for both steady and unsteady flows is remarkably good.
Further results depicted in Fig. 5 are obviously related to that shown
in Fig. 2. These results have further been correlated with the
independent computer code Euler3D, developed by Oklahoma State
University [15].

B. Three-Dimensional Cantilever Wing

The cantilever wing [8] with a NACA 0012 symmetric airfoil
chosen for the acoustic analysis is more representative of a practical
problem and is shown in Fig. 6; all dimensions are in SI units. The
structural and aerodynamic grids are shown in Fig. 7. The structural
model consists of shell, primarily aluminum, and line elements
consisting of ribs and spars. The first few structural modes are shown
in Fig. 8; this analysis was performed with a well-established
progressive simultaneous iteration algorithm [12]. For the subse-
quent analyses, modes 1, 2, and 7were taken into consideration; such
modes were originally chosen to induce eventual aeroelastic
instability [8]. A typical steady-state CFD solution for Mach 0.6 is
depicted in Fig. 9; the solution pertains to either the top or bottom

surface as a symmetric airfoil. A layout of the acoustic computation
points is shown in Fig. 10. Typical aeroelastic responses such as the
generalized displacements q1 and q2 are shown in Fig. 11 for
Mach 0.3 and 0.6, respectively. Similarly, an unsteady pressure
distribution at a typical node is shown in Fig. 12. FFT is performed on
the unsteady pressure data using a derived sampling rate of around
2200 samples/second to yield an aeroelastic-acoustic response, and
associated modes are depicted in Fig. 13; the three modes recorded
are around 4.4, 13.1, and 59.7 Hz, respectively. Figure 14 shows the
details of data (in decibels) for a line along the chord length.

Major solution CPU times were 3.4 s for structural free-vibration
analysis and 20.8 min for the steady-state CFD solution with 1:0E �
8 residuals; corresponding unsteady solution time was 35.4 h for
4000 iterations for the Mach 0.3 case.

C. SOFIA Flight-Test Acoustics Evaluation

Kunz [5] provides details of the SOFIA aircraft and design
specification(Fig.15).Duringtheimpendingflight test, theaircraft [5]
and, particularly, its cavity are being heavily instrumented with
pressure gauges, accelerometers, and strain gauges, all at a 500-
sample/second minimum for real-time measurements. The tests will
involve a combination of Mach numbers and altitudes known as the
flight-envelopeexpansion.Theprimary frequencydomainof concern

Fig. 16 Simulated pressure data with associated calculation results (SI units).

Fig. 17 Typical FFT result showing acoustic-wave frequencies and amplitudes.
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is 100 Hz, and the instrumentation is expected to be accurate up to
200 Hz. Real-time data monitoring is of critical importance to detect
the advent of any coupling of cavity acoustics and Rossiter modes,
which may cause very-high-amplitude acoustic response with
debilitating effect on the telescope assembly and the fuselage. Real-
time sampling of the unsteady aerodynamic data read by the pressure
sensors will enable continued monitoring of acoustic SPLs to be
calculated by adapting the analysis procedure described in the paper,
with a moving timewindow for the processing of pressure data. This
procedure has been hard-wired at the control-room computers, and if
the SPL is found to exceed a certain specified value, this will cause a
termination of the flight test, ensuring the safety of the aircraft. In an
effort to verify the process, a simulated aerodynamic pressure
distribution is shown in Fig. 16, alongwith the average, rms, and SPL
distribution. An FFT applied to an unsteady pressure distribution
yields the acoustic-wave frequencies and amplitudes, and Fig. 17
shows such a set of results. A typical set of pressure data recorded in a
sensor located outside the cavity door of SOFIA aircraft flying at
323 kt at an altitude of 33,000 ft is shown in Fig. 18. Figure 19 depicts
the sound pressure level for the data point.

IV. Conclusions

An integrated aeroelastic-acoustics simulation procedure forflight
vehicles, among others, is presented in this paper. This novel
methodology employs the common finite element techniques for
fluids and structures disciplines, using unstructured grids for model
idealization. Once the unsteady pressures generated by the
interactions of the two disciplines are computed, the acoustics
parameters such as wave frequencies and sound pressure levels are
calculated by using FFT and the pressure rms values, respectively.

A representative example problem is solved and such results are
compared with available theoretical solution data. Numerical
accuracy of the current analysis procedure is amply demonstrated in
Figs. 2–5. depicting a comparison of present and available solution
results. Some detailed analysis results are also presented for a 3-D-

wing problem to demonstrate the efficacy of the newly developed
analysis process and the associated code. The developed capability is
unique in the sense that it enables routine solution of complex
practical problems in an accurate fashion. Future effort that includes
the effect of temperature on material properties, thereby altering
simulation results, will be of much use and importance.
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