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Abstract. The paper presents results which constitute part of an onggoesearch work aimed at more efficient aeroe-
lastic analyses in the transonic regime based on numerieeddynamic data. The methodology here proposed is based
on the construction of the aerodynamic operators for aersiit analyses from reduced-order models obtained from a
relatively small number of nonlinear, unsteady and expen€iFD runs. The CFD tool employed in the present work
is based on the Euler formulation. The governing equatiaesiregrated by a cell-centered, finite-volume, centered
space discretization and a five-stage, hybrid, explicithgsKutta time-marching scheme. This CFD tool solves flows
around two-dimensional lifting surfaces performing hamwand impulsive movements in both plunging and pitching
modes. The computational domain is discretized using ucistred grids and the movement is modeled with a dynamic
mesh algorithm. The results presented in the paper concarticplarly the NACA 0012 airfoil subjected to impulsive
motions in both modes. CFD tools are only capable to offee tiflmmain data. Neverthless, it is well known that impulsive
excitations contain information of the complete frequesygctrum. Therefore, with a Fourier analysis of such CFDagat
the authors obtained frequency domain results. It meanswith this procedure, one can replace many CFD runs, one
for each frequency of interest, by a single run of the impelsnotion.
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1. Introduction

Aeroelasticity can be defined as the science which studemtitual interaction between aerodynamic and dynamic
forces. However, a broader definition is possible when igleidrces are also focused. The analysis of dynamic charac-
teristics of either complex or simple structures is quiteali@ped nowadays as far as numerical and experimental ohetho
are concerned. Hence, it is correct to state that relighiliberoelastic calculations is strongly dependent on dneect
evaluation of the aerodynamic operator.

Traditionally, the methods developed for determining tmdynamic operator for subsonic and supersonic regimes
are based on linearized formulations which do not presensdime satisfactory results in the transonic range. Aaocgrdi
to Tijdeman (1977), this occurs due to the nonlinearity ahsonic flows characterizing a significant change of the
flow behavior, even when a profile is subjected to small patiohs. Ashley (1980) reported the use of semi-empirical
corrections to the linearized theory results as a means pfowing flutter predicitons. Nevertheless, Ashley (1980)
himself believed that really satisfactory aeroelasticriative predicitons of the transonic regime should besjine
only when accurate, three-dimensional, unsteady Compo#dtFluid Dynamics (CFD) codes were developed. Hence,
the methodology here presented, which is based on the iddgausch, Batina and Yang (1990) and Oliveira (1993),
intends to obtain the aerodynamic operator for two-dinmmrdilifting surfaces employing modern CFD techniques.

CFD is a subject that has played an extremely important rokecent studies of aerodynamics. The possibility of
numerically treating a broad range of phenomena which occilows over bodies of practically any geometry has inu-
merous advantages over experimental determinations,asugteater flexibility together with time and financial reseu
savings. However, obtaining more reliable numerical tssok a growing number of situations has been one of the major
recent challenges in many science fields. Fletcher (198&8hH&rsch (1994) show that, particulary in aerodynamics, th
general phenomena are governed by the Navier-Stokes eqsiatvhich constitute a system of coupled nonlinear partial
differential equations that has no general analyticaltsmiuand that is of difficult algebraic manipulation. Hirs994)
coments, among other issues concerning CFD techniquesgweridhsimplify the mathematical models conveniently in
order to ease the numerical treatment of each case. A surnvthisosubject is also presented by Azevedo (1990). Space
and time discretization schemes, as well as convergen&teaation techniques, boundary condition settings androth
numerical integration tools are available and largely usextder to solve such models.

After selection of the theoretical model, it is indisperisab define the physical domain where the flows take place,
determining the boundary conditions. This flow solution raagh demands the discrete representation of the physical
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domain to make the problems numerically coherent definingnapeitational mesh of points or regions where the calcula-
tions are performed. The mesh generation, as it is vastlyrdeated in the literature, e.g., Fletcher (1988b), andiedri

by the CTA/IAE work group’s own experience, is extremely oniant and decisive in the accuracy and convergence of
the solution. The mesh type is also an essential factor o€ Ei2tool behavior. Structured meshes have the advantages
of being well-behaved, the existence of an intrinsic cquoeslence between adjacent nodes and a very good control over
grid refinement through stretching functions. Howevers gort of mesh does not adpat readily to complicated geome-
tries, requiring the adoption of more sophisticated mldtik mesh techniques. On the other hand, unstructures meshe
are extremely flexible when it comes to geometric forms aegt #ilow the use of interesting techniques such as solution
adaptative refinement.

As stated by Marques (2004), together with the evolutiomeftork and projects performed by CTA/IAE, the demand
for aerodynamic parameters has swelled, mainly those coimcgthe vehicles developed in this center. Neverthetess,
application of CFD tools in these parameter analyses hasyallaeen limited by the need of adequated code development
and the lack of computational resources compatible wittwitudk to be performed. Therefore, a progressive approach has
been adopted in the development of CFD tools in CTA/IAE and#q as presented by Azevedo (1990), Oliveira (1993),
Fico and Azevedo (1994), Azevedo, Fico and Ortega (1995¢védo, Strauss and Ferrari (1997), Bigarelli, Mello and
Azevedo (1999), Simbes and Azevedo (1999) and Bigarellitaaedo (2002).

The present work is based on the finite-volume formulatiohere a CFD tool is applied with unstructured two-
dimensional meshes around lifting surfaces to acquireeadstresponses to harmonic and exponentially-shaped pulse
motions. These time domain responses supply the genetae@dynamic forces necessary as input to the aeroelastic
model. The methodology here presented intends to obtaguérecy domain responses from the solutions to impulsive
motion and, with that information, determine the aero@astability margin with a single expensive CFD run for each
structural mode. However, the authors have not reached ik diability margin results yet and only the frequency
domain responses are presented. Nevertheless, the aatearenfident that the succesfull validation of the preskente
methodology can be a contribution in the area of reducedrarbdels for aeroelastic applications.

2. Aerodynamic theoretical formulation

The CFD tool applied in this work is based on the 2-D Euler &#qua. Due to the use of unstructured meshes and the
adoption of the finite volume approach, these equations attewin the Cartesian form. Furthermore, as usual in CFD
applications, flux vectors are employed and the equatiane@ndimensionalized. Hence, they can be written as

% / /V Qdxdy + /S (Edy + Fdz) = 0. 1)

In Eq. (1),V represents the volume of the control volume or, more prgitg area in the two-dimensional caseis its
surface, or its side edges in 2-0.is the vector of conserved properties, given by

Q={p pu pv e}’. @)

E and I are the inviscid flux vectors in theandy directions, respectively, defined as

pU pV
- puU +p o puV
E= polU  B= poV +p (3)
(e+p)U+ap (e+p)V +up

The nomenclature adopted here is the usual in G#i3:the density, andv are the Cartesian velocity components
ande is the total energy per unity of volume. The presspreis given by the perfect gas equation, written as

p=(H-1) e—%p(u%rv?) : 4

Once again, as usual, represents the ratio of specific heats. The contravaridotitse components{/ andV , are
determined by

U=u—2z and V =v—y,, %)

wherez, andy; are the Cartesian components of the mesh velocity in theeadgtcase. For further details on the
theoretical formulation, such as boundary and initial ¢bouds, the interested reader should refer to the work ofddas
(2004).
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3. Numerical formulation

The algorithm here presented is based on a cell-centeréd;¥mlume scheme in which the stored information is ac-
tually the average value of the conserved properties thauithe entire control volume. Spatial discretizationsiders
a centered scheme, and apropriate artificial dissipationst¢Mavriplis, 1990) are explicitly added in order to cahtr
nonlinear instabilities. The numerical solution is adwethin time using a second-order accurate, 5-stage, expiiditid
scheme which evolved from the consideration of Runge-HKirtta stepping schemes presented by Jameson, Schmidt and
Turkel (1981) and Mavriplis (1990).

Moreover, steady-state solutions for the mean flight camdif interest must be obtained before the unsteady calcula
tion can be started. Therefore, it is also important to guaean acceptable efficiency for the code in steady-statie mo
In the present work, both local time stepping and implicilideal smoothing are employed to accelerate convergence to
steady-state. More details on convergence acceleratibmigpues are found in the work of Jameson and Baker (1983),
Jameson and Mauvriplis (1986), Jameson and Baker (1987%)ei€i(1993) and Marques (2004). Further details on the
numerical formulation are presented by Oliveira (1993) kliadques (2004).

4. Mesh generation and movement

The meshes used in the present work were generated with thmewial grid generator ICEM CRD), a very
powerfull tool capable of creating sophisticated mesheh wéry good refinement and grid quality control. Figure 1

shows samples of the meshes around a NACA 0012 profile andmetatwhich were employed to obtain the results here
discussed.
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Figure 1. Mesh around (left) NACA0012 profile with 292 wallipis and (right) flat plate with 236 wall points.

Unsteady calculations involve body motion and, thereftiie,computational mesh should be somehow adjusted to
take this motion into account. The approach adopted heoekisdp the far field boundary fixed and to move the interior
grid points in order to accomodate the prescribed body motibhis is done following the ideas presented by Batina
(1989) and Rausch, Batina and Yang (1990), which assumesé#wdt side of the triangle is modeled as a spring with
stiffness constant inversely proportional to the lengthhef side. Hence, once points on the body surface have been
moved and assuming that the far field boundary is fixed, a sgat€ equilibrium equations can be solved for the position
of the interior nodes (Oliveira, 1993). Control volume aréar the new grid can, then, be computed. The mesh velocity

components can also be evaluated considering the new ambinidpositions and the time step. For further details, the
interested reader should refer to the work of Marques (2004)

5. Aeroelastic analysis methodology

As no aeroelastic results have yet been obtained and due tadk of space, the aeroelastic formulation of the case of
interest has been omitted. However the interested readdinchit in the work of Oliveira (1993) and Bisplinghoff, Asht
and Halfman (1955). The unsteady movements related to tloelastic phenomena, mainly flutter, can be represented
by a series of harmonic motions. Therefore, a large comiputtcost reduction comes from the use of the indicial
method. According to this approach, the aerodynamic resptma harmonic excitation of any frequency can be obtained
from Duhamel’s integral of the response of the flow to an iralimotion. Following this same idea, and noticing that
the transient flow due to an impulsive excitation takes atshgeriod of time to die out than those that results from an
indicial motion, Oliveira (1993) proposed a similar metbtm)y where the aerodynamic response are evaluated in the
frequency domain from the responses to an impulsive eiaitat the time domain.

Therefore, the aerodynamic calculations for a determirightftondition are reduced to a single computational run
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for each structural mode. Moreover, the only hypothesiptatbis that the aerodynamic generalized forces are lingar w
regard to the displacement modes and amplitudes, whictagtess that this methodology captures the flow nonlineariti
and dynamics, except for those related to viscous effecishwdre not included in an Euler formulation.

However, the theoretical impulsive motion is a singulagtyd the indicial one leads to the appearance of infinite
velocities, which makes both numerically untreatable. ¢#¢erother smoother excitation functions are employed, as
shown by Davies and Salmond (1980) and Mohr, Batina and Ya®89). The motion suggested by Bakhle et al. (1991)
is defined as

i 1 -
fp (z) == 4 (anam) erp <2 1—= t ) ’ O S 3 S tmawy (6)

0, t > tmax,

where the overline indicates the dimensionless timetangd is the excitation duration. As can be seen in Fig. 2, the
function defined in Eq. (6) guarantees a smooth motion.
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Figure 2. Impulsive excitation in angle of attack.

0

The methodology consists, then, in obtaining a transfectfan in the frequency domain applicable to any desirable
input. This transfer function is the frequency domain reseao the impulsive excitation. Therefore, this is accashgeld
using the following steps:

e Obtaining the steady aerodynamic solution for a given Maghlwer and angle of attack;

e Performing unsteady aerodynamic response evaluatiorertitgp from the steady solution given in the previous
item. This stage leads to time responses in terms of aeradgrefficients as a result to an exponentially-shaped
pulse excitation of each of the modes;

e Obtaining the Fourier transform of the time responses apgls Fast Fourier Transform (FFT) algorithm. This is
done in the present work employing the FFT capability at#dlan the commercial program Matl&y

e Aproximating the obtained data with an interpolating palgmal;

e Formulation of the corresponding eigenvalue problem,dvedir a determined range of dimensionless velocities,
and, finally, flutter speed prediction through a root locuslgsis.

As shown by Oliveira (1993), the corresponding frequenayaio points resulting from the FFT procedure are given
by

1 4 Uoo @ .
- =T = 0.1,2, ., Noas !
F=8N~ aen (T0L2 "
[ Ny2, if Viseven
Nmax = { (N —1)/2, otherwise, ©

wherec is the chord lentgh and., the freestream speed of sound. Equation (7), rewrittenringeof the reduced
frequency based on the half-chord lengdt)) étands as

wb 27 fb
ko= 22T 9
U Ux 9)
T 1 .
ko= MOOAEN’ 1—071727'"7Nma,m| (10)

whereM , is the Mach number referring to the undisturbed conditions.
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As the input is not exactly an impulsive excitation, the iegdulse response is evaluated using a well-known property
of the convolution integral, as given by Brigham (1988),

g(t) = fp(t) xi(t) = G(f) = Fp(S)I([), (11)
I(f) = g((‘?), (12)

wherei(t) represents the time response to a impulsive movemeny@nds the response to the exponentially-shaped
excitation given in Eq. (6). The functions in capital let@re Fourier transforms of the corresponding functionswref
case letters. Therefore, after obtaining the FFT of the tiesponse, it has to be divided by the FFT of the input function
Although the input is not the exact impulsive excitationisicapable of exciting the reduced frequencies of interest i
aeroelastic studies.

The frequency domain responses obtained by these stefisténrasset of numerical values, which are not convenient
for the solution of the aeroelastic equation given by Ota¢ll993). Therefore, it is convenient to approximate ttizge
using interpolating polynomials, as previously stated pAsposed by Abel (1979) and Oliveira (1993), this polyndmia
already in the Laplace domain, is given by

b b 2 n [A ]

A(s)] =[A Al — Ao | — 2 —_— 13
A = [l 140 (o) o 1 () 4 D2 (13)
whereg,, introduce the aerodynamic lags and are arbitrarily sateitten the range of reduced frequencies of interest.
Moreover,[A,,] are the approximating coefficient matrices given by a leqisases optimization method, whete= ik.

The method to be applied is to be chosen after criteriousiatiah among those available in the literature such as Abel

(1979), Eversman and Tewari (1991) and Oliveira (1993). déredynamic influence coeficient matri®), is given by

4] = [ /2 e, } - (14)

Cm,,  2Cm,
6. Results and discussion

Before attempting applications of the proposed methodokgme validation simulations are performed with the CFD
tool. This has been done throughout the entire developnfehtsocode as can be seen in the work of Azevedo (1992),
Oliveira (1993), Simbes and Azevedo (1999) and Marques4AR@nce the CFD tool is tested and proves to be a reliable
one, the next step is to proceed in obtaining the unsteagpnses of interest. The approach selected is to reprodace th
results presented by Rausch, Batina and Yang (1990). Tdrerehitially, the response of a flat plate to the excitation
presented in Fig. 2 a/,, = 0.5 is determined. This response in terms of the generalizemtlgeamic force coefficients
is obtained for pitching about the quarter-chord point amdpiunging. Due to the lack of space, these time domain
responses are omitted and only frequency domain resporsgsesented here. The corresponding Fourier transforms,
together with the frequency domain results given by RauBatina and Yang (1990), are shown in Figs. 3 and 4. These
results show a very good agreement between calculatioferped by the present authors and the literature data.
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Figure 3. Cl and Cm frequency responses for pitching impelskcitation for a flat plate at/,, = 0.5.
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Figure 4. Cl and Cm frequency responses for plunging impelekcitation for a flat plate &/, = 0.5.

However, these results are purely subsonic and this is eaktl subject of interest for the present study. Therefore,
the authors considered the same sort of analysis for a NACGR @@foil at M, = 0.8, for which case results are also
found in Rausch, Batina and Yang (1990). The Fourier transaf the time domain results are shown in Figs. 5 and
6 together with the results presented by Rausch, Batina and {1990). In this case, the results obtained in the present
study do not perfectly match the ones found in the literatbee the overall behavior is very close. These differences
are currently being investigated. Other results obtaireethsindicate that they are not caused by the excitationeshap
nor other numerical characteristics of the CFD solutiorthsas the time step. Grid refinement may be one possible
explanation, which is currently being numerically evaficht Despite the differences observed in the transonictegsul
which the authors believe can be overcome, this work shoaigtie first three items which compose the methodology for
aeroelastic analysis have been successfully implemented.
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Figure 5. Cl and Cm frequency responses for pitching impelekcitation for a NACA 0012 airfoil at/,, = 0.8.
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7. Concluding remarks

As one can see in the present results, this is an ongoing vick 80 aeroelastic problem has been really studied.
Nevertheless, the preliminary results obtained so farxeelkent and encourage the authors to move forward to sseces
fully achieve the complete verification of the methodologggosed. The small differences found in some frequency
domain results are being studied and the authors belieyeciresoon be overcome. All indications obtained so far tend
to point to grid refinement as the source of differences irtifu@sonic results. It is important to notice that the CFO too
developed by the CTA/IAE group has been widely tested angt@aged to be a reliable source of the aerodynamic data
for the several aerodynamic applications considered ifrtstéute.

Once validated, this methodology will provide the requiceghabilities to study aeroelastic stability problems gsin
modern CFD tools. During this development, the authorsd@ésire to address many theoretical questions concerregng th
use of indicial or impulsive excitation on discrete modelsah can be very important to many areas, in particular fer th
development of reduced-order models for aeroservoelegtitrol laws. Therefore, this work represents a fundanenta
research for the evolution of numerical aeroelastic saidieCTA/IAE.
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