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Transonic-Aerodynamic-Influence-Coefficient Approach
for Aeroelastic and MDO Applications
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A developed transonic-aerodynamic-influence-coefficient (TAIC) method is proposed as an efficient tool for
applications to flutter, aeroservoelasticity, and multidisciplinary design/analysis optimization. Several plausible
procedures for AIC generation are described. The modal-based AIC procedure is formally established as a general
AIC scheme applicable to all classes of computational fluid dynamics (CFD) methods. The present TAIC method
integrates the previous transonic equivalent strip (TES) method with the modal AIC approach; its computer code
ZTAIC has a similar input format to that of doublet lattice method (DLM) except with the additional steady
pressure input. The versatility of ZTAIC is shown by two sets of cases studied: those cases with pressure input
from measured data and those from CFD computation. Computed results of unsteady pressures and flutter points
are presented for six wing planforms. In contrast to the usual CFD practice, the effective use of the modal AIC
in ZTAIC is clearly demonstrated by the flutter calculations of the weakened and solid 445.6 wings, where the
CPU time of a transonic flutter point using warm-started AIC is less than 1 min on a SUN SPARC20 workstation.
Moreover, the AIC capability allows ZTAIC to be readily integrated with structural finite element method (FEM).
Hence, it is most suitable to be adopted in a multidisciplinary design (MDO) environment such as ASTROS.

Introduction

APID progress in aeroservoelasticity and multidisciplinary

design/analysis optimization (MDO/MAO) in recent years
has demanded further improvement of computational aerodynamic
methods in their capability to generate s-domain aerodynamics,
their compatibility with structural finite element method (FEM),
and their expediency for design optimization. The linearization of
the unsteady subsonic/isupersonic flow leads to the aerodynamic in-
fluence coefficient (AIC) formulation,' = a procedure that is fully
compatible with the structural FEM. With Roger’s approximationor
Karpel’s Minimum-State Technique?” the s-domain aerodynamics
can be readily generated from the k-domain solution yielded by the
AIC approach.

In the transonic and hypersonic flow regimes the shock wave
from wing (body) thickness renders the problem nonlinear and the
mean flow nonuniform (for an unsteady problem). Thus, the current
treatment in the unsteady transonics/hypersonics mostly adopts the
computational fluid dynamics (CFD) methodology. Currently there
existanumber of well-practiced CFD unsteady transonic methods®*
ready for aeroelasticapplications. However, their acceptance by the
aerospace industry for rapid analysis and design is hampered by
problemsin grid generation, CFD/computational structural dynam-
icsinterfacing,and affordablecomputingtime. Their furtherintegra-
tion into an MDO environment such as ASTROS'*!! is somewhat
discouraged by their incompatibility with the structural FEM.

Although current CFD efforts'? are directed toward meeting the
FEM compatibility,questions of affordablecomputing time for each
MDO cycle remain outstanding. Toward this end, we have reexam-
ined the unsteady transonic/hypersonic aerodynamic methodology
criticallyfrom the viewpointofits FEM compatibilityandits expedi-
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ency in an MDO environment. The resultof this reexaminationeffort
is the developmentof a unified AIC (UAIC) approach!? for unsteady
aerodynamicscoveringall Mach-numberranges. The unified super-
sonic/ypersonic AIC approach has been reported elsewhere !+1
This paper attempts to address mainly the transonic AIC approach
out of this UAIC approach.

Modal-Based AIC

A formal AIC matrix should contain purely aerodynamic infor-
mation relevant to the governing equation. However, to generate
this type of AIC from CFD methods remains a major undertaking.
On the other hand, the modal perturbation concept suggests that
an expedientmodal-based AIC procedure can be developed accord-
ingly. Unlike the formal AICs, the modal-based AICs contain modal
information in addition to the aerodynamics.

Consider a typical CFD computation procedure, in which the
unsteady pressure is related to structural modes by

ACP,-, =N(¢ij) M

where NV is a nonlinear CFD operatorand ¢;; = ¢,(x;) are the base-
line normal modes. The index i denotes the mode number and x;
the position vector. Once again, the amplitude linearization princi-
ple must be reiterated, that is, the linearization of the aerodynamics
for an aeroelastic system in any flow regime can be assured if the
modal amplitude is kept sufficiently small at all times. In particular,
Dowell et al.'® have established such a principle for transonic flow.
With this principle imposed the operator N can be approximated
by a linear operator £. The pressure computation can be carried
out more expediently by a linearized procedure such as the indicial
method; thus,

ACP,-, =£(¢ij) )

Next, let the given structural deformation, or the given k£ number of
modes be represented by the baseline modes, i.e.,

hkj = ¢ijq1ci 3)

where ¢y, are the best-fit coefficients to be determined by the fol-
lowing least-squares procedure

i = [(856) " 9! Jes @)



86 CHEN, SARHADDI, AND LIU

J _
‘§ T
90
Air flow Location of orifices
% chor
1394 Wing Root
854 onhges or;féces
|=314 i
\ . 10 125
\ 100+ |- 100" |}— 20 17225
1 ¥ 30 325
N\ ) sl L slo ofle 401425
N Oni;nces(;rfx :poer ° °1° e ofle 50 525
Q surfoce of wing . R 'I-— ole Sl €0 g..S
~— 375 70 25
\Q o ofo o|o ol! . 80 825
375—-—{ = S0 825
% \ ole ole ofe o L]
E 2
?%__ - - I3 . 1800
¢ odlle
2 N\ Orifices on lower. ole ole ole
N surfoce of wing \ ! i °li|*®
\ ® |0 L] ! o ejo P
\ ° i . Root orifices ore.50 from
\Q ole ole ols olile surfoce of wing
\ .0 el0 A 0 ol e
\ ——
\ 2ri4 /

i Alt dimensions in inches

Alf orifices are O3 dia.

Section @ @ @

n= 0.5 0.7 0.9

Fig. 1 Lessing wing. Configuration shows the following dimensions: AR = 3.0, 5% parabolic arc airfoil section (taken from NASA TND-344 by
H. C. Lessing and J. L. Troutman).
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Fig. 2 Lessing wing. Unsteady pressures in terms of a) magnitude of the first bending and b) phase angle (in degrees) of the first bending (M = 0.9
and k = 0.13).
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The computed pressures are related to this given set of modes by Symbolically, Eqs. (5) and (6) amount to

the same linear operator AC (A 1(h o
{ACp} =1A,1{h} 7
ACp,; = L(hy; 5
P (1) ©) Notice here that the ACp is related to the mode shape & rather
than the downwash w in a formal AIC formulation. The modal-
where the linear operator reads based matrix [A,,] contains intrinsically all of the necessary aero-
dynamic information as provided by the baseline pressure-mode
-1 lation Eq. (2). The present AIC procedureis not confined to a par-

L) =|ACp (T ¢ r 6 re q p p p
© [ ry (959 ) ¢”] © ticular set of CFD methods. Furthermore, in a structuraldesign loop
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Fig. 3 LANN wing. Configuration shows the following dimensions: AR = 7.92, A = 25 deg, 12 %-thick supercritical airfoil (taken from AFWAL-TR-
83-3006 by J. B. Malone and S. Y. Ruo).

n=32.5%

Lower Surface

I
Upper Surface :

— ZTAIC

—— XTRAN3

.30 4+

" Experiment

Cp’

16 t + + +

x/c

2.5 +

20 t : t t 5 ; : ¢ t
Y 0.2 04 06 0.8 1 o 02 04 06 08 1
a) xle xlc

Fig. 4 LANN wing. In-phase and out-of-phase pressures in pitching oscillation about 62% root chord at three spanwise locations (M = 0.82 and
k =0.205).
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Fig. 4 LANN wing. In-phase and out-of-phase pressures in pitching oscillation about 62% root chord at three spanwise locations (M = 0.82 and

k =0.205) (continued).
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Fig. 5 AGARD standard 445.6 wing. Configuration shows the follow-
ing dimensions: AR = 4.0, A = 45 deg, A = 0.6, NACA 65A004 airfoil
section (taken from AGARD Report 765 by Carson Yates).

the applicationof the modal-AIC procedurecan be generalized. The
baseline modes ¢;; in Eq. (5) can represent the vibration modes of
a baseline structure, whereas h,; are now the updated modes at a
certain stage of a design cycle.

Transonic Equivalent Strip Method and Transonic AIC

To implement the preceding modal-based AIC approach, it is
essential to select an unsteady transonic method that is compu-
tationally efficient. Among all existing methods that employ the
transonic small disturbance equation (TSDE), the transonic equiv-
alent strip (TES) method appears to be a viable candidate.!” The
simplicity of the TES input format and program structure allows a
straightforward integration of the TES method with the modal AIC
formulation.

The TES approach consists of two consecutive correction steps
to a given nonlinear transonic small disturbance code such as
ZTRAN,7-1819 namely, the chordwise mean flow correction and
the spanwise phase correction. The computation procedurerequires
directsteady mean pressureinputsuppliedby measureddataor other
CFD computation. It does not otherwise require the actual shape of
each airfoil section or grid generation of a given planform. There-
fore, except for the additional steady pressure input, the input data
required by TES are very similar to that of a linear panel method
such as DLM or ZONAG.?

Based on the same scheme formulated in Ref. 20, the TES ap-
proach can be recast into a new expression. Here, the transonic
unsteady pressures can be expressed in terms of the linear unsteady
pressures and a correction function fn, i.e.,

ACY =ACy, + fn(8, 1) @®)
where 6 = 5(AC,’§’2, ACf;) is the chordwise-correction function
and g =u(AC%,, aAC¥) is the spanwise phase-correction func-
tion. )
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Fig. 6 Flutter speeds and flutter frequencies of 445.6 weakened wing (M = 0.678, 0.90, and 0.95).
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Fig. 7 Flutter speeds and flutter frequencies of 445.6 solid wing (M = 0.90 and 0.95).
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Note that AC% and ACfi1 are chordwise and three-dimensional
linear unsteady pressures computed by DLM or ZONAG6, where
A C;ﬁ is the transonic unsteady pressure as provided by the ZTRAN
code. The chordwise correction function involves an inverse airfoil
design procedurebuilt into the ZTRAN, with which the local shock
structure can be properly recovered according to the input pressure
data. Clearly, the mean shock waves cannot be created or destroyed
by this correction process. Thus, the modal AIC matrix of Eq. (7)
canbe generatedby applyingEq. (8) to five basicmodes, namely, the

Fig. 8 Modeled F-16 wing. Struc-
tural model: AR = 2.8, 4% para-
bolic arc airfoil section.
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plunge, pitch, leading-edge flap, trailing-edge flap, and chordwise
bending modes. Again, we note that the choice of a five basic-mode
combinationhereis only a special practice of the generalmodal AIC
formulations, Egs. (4-6). For a typical wing structure such a choice
should be sufficient to represent a given set of modes according to
Eq. (6). The AIC method employsthe combined procedure of modal
AIC with the TES approachand is termed the TES/AIC or the TAIC
method. Accordingly, a computer program called ZTAIC has been
developed.

Unsteady Pressures: Measured Data Input

Lessing Wing

Figure 1 shows the Lessing wing?! with a rectangular planform
of aspect ratio 3.0 and with a 5%-thick parabolic arc airfoil sec-
tion. Unsteady pressure magnitudes and phase angles are presented
in Figs. 2a and 2b for spanwise locations at n=0.5, 0.7, and 0.9
(n=2y/b). The ZTAIC results correlate reasonably well with two
sets of experimental data (first and second runs).
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Fig. 10 Modeled F-16 wing. Unsteady pressures of the first bending and first torsion modes (M = 0.925 and k = 1.0).
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Table1 445.6 weakened wing flutter results

Test cases Wind-tunnel data ZONAG6 ——— (linear) ZTAIC A (nonlinear) CAPTSD < (nonlinear)

P, oy, Vf, oy, Vf, oy, Vf, oy, Vf,

M slug/fe Hz ft/s Hz ft/s Hz ft/s Hz ft/s
0.678 0.000404 17.98 759.1 19.81 766.0 19.30 761.0 19.2 768
0.900 0.000193 16.09 973.4 16.31 984.0 16.38 965.2 15.8 952

0.950 0.000123 14.50 1008.4 16.18

1192.0 13.46 944.0 12.8 956

Table2 445.6 solid wing flutter results

Test cases Wind-tunnel data® ZONAG (linear) ZTAICP (nonlinear) CAPTSD? (nonlinear)

P, oy, Vf, oy, Vf, oy, Vf, oy, Vf,

M slug/fe Hz ft/s Hz ft/s Hz ft/s Hz ft/s
0.90 0.00357 27.00 452.0 26.75 439.0 25.71 418.0 25.8 435.0
0.95 0.00320 2691 479.0 26.89 462.0 25.46 450.0 26.2 472.1

“Interpolated between Mach 0.87,0.92, and 0.96. °Restart run using AICs of weakened wing (1 min CPU/case).
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Fig. 11 Steady and unsteady pressure distribution for the Doggett wing with a 4%-thick parabolic arc section at M = 0.95, k = 0.14, and

2y/b = 0.45.

LANN Wing

Figure 3 shows the dimensions of the LANN wing plan-
form of aspect ratio 7.93 and a 12%-thick airfoil section. Figure 4
presents the in-phase and out-of-phasepressures of the LANN wing
with pitching axis at 62% root chord. Throughout three spanwise
locations considered (=32.5, 65, and 95%), the present results
for the upper surface compare more favorably with NLR measured
data than do the XTRAN3 results. Because subcritical flows are
predicted for lower surfaces, the unsteady pressures do not contain
the shock jump, as expected.

22-24

New Flutter Results: Computational Input

AGARD Standard 445.6 Wing

The 445.6 wing planform,”® shown in Fig. 5, has an aspectratio of
4 and a NACA 65A004 airfoil section. It has two structural models:
the solid wing and the weakened wing. This is an ideal case to
demonstrate ZTAIC’s AIC capability. The aerodynamic shapes of
these two models remain the same, but structurally they should
have two different sets of baseline modes. However, these two sets
of modes are subject to the same structural boundary conditions.
For this reason the same modal AIC can be shared by both models.

Hence, the modal AIC computed for the weakened wing can be
saved allowing for a warm start for the solid wing. Figures 6 and
7 and Tables 1 and 2 present the flutter results of the weakened
wing and solid wings, respectively. At a subsonic Mach number
M, =0.678 the ZTAIC result is in good agreement with that of
ZONAG, as expected. At other supercritical Mach numbers where
M, =0.9 and 0.95, ZTAIC predicts a pronounced transonicdip that
is comparable to that predicted by the CAP-TSD code.?*%

Modeled F-16 Wing

Figure 8 shows the structural model of the F-16 wing.*” The
wing planform has an aspect ratio of 2.8, with 4%-thick parabolic
arc airfoil sections. Figure 9 presents the flutter speeds and frequen-
cies at six Mach numbers: M, =0.7, 0.75, 0.8, 0.85, 0.9, and 0.95.
The flutter results of ZTAIC are in good agreement with those of
XTRAN3S and CAP-TSD, especiallyat M,, =0.95. Notice that the
flutter (modal) mechanism changes from M, =0.9 to 0.95, as indi-
cated by the jump in the flutter frequency (from 6.8 to 19 Hz). ZTAIC
concurs with the other two codes in the prediction of this mecha-
nism. Steady and unsteady pressures at M,, =0.925 are presented
in Figs. 10a-10c at three spanwise locations (=35, 55, and 95%).
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Fig. 12 Flutter dynamic pressures and frequencies of the Doggett wing at five mach numbers: M« = 0.75,0.8, 0.85,0.9, and 0.95.

While the steady pressure input data are computed by CAP-TSD,
the unsteady pressures are presented for two modes (mode 1 be-
ing the first bending and mode 2 the first torsion) at a reduced
frequency k =1.0. Unlike the 445.6 wing aerodynamics, strong
shocks are present at the first two inboard span stations. The shock
strength is somewhat weakened at the tip, where, as expected, the
ZTAIC resultsapproachthose of ZONAG6, exceptat the shock and its
vicinity.

Doggett Wing

The Doggett wing®® underinvestigationis a rectangularplanform
with aspectratio of 5.0 and a 4%-thick parabolic arc airfoil section.
The structural modes of the Doggett wing are obtained from the
NASTRAN/FEM modeling. The steady pressure inputs used are
the computed pressures by CAP-TSD? and ENSAERO,?® whereas
the unsteady pressures are computed by ZTAIC.

Figure 11 presents the steady and unsteady pressure distributions
ofthe Doggettwing at Mo, =0.95,k =0.14,andat a 45% semispan-
wise location. ENSAERO predicts a shock location slightly ahead
of the one predictedby CAP-TSD near the airfoil trailing edge. The
viscous effect (introduced by the N-S option of ENSAERO) and
hence the transonic shock behavior has much to do with changes in
the flutter boundary of the wing (see Fig. 12).

Figure 12 presents the flutter dynamic pressures and flutter fre-
quencies at five Mach numbers: M, =0.75,0.8, 0.85,0.9, and
0.95.ZTAIC usingboth pressureinputs predicts similar flutter trends
to that of the measured data. Linear theory (ZONAG), by contrast,
predicts a conservative but meaningless flutter trend at higher tran-
sonic Mach numbers. At a subsonic Mach number, M, =0.75, the
flutter point predicted by ZONAG6 is found to depart largely from
the measured data.

Conclusions

A TAIC method has been developed as an efficient tool for flut-
ter, aeroservoelastic,and MDO applications. The generated com-
puter code ZTAIC has been validated with measured and computed
results in unsteady pressures and flutter analysis for various wing
planforms. In contrastto the current transonic CFD practice, ZTAIC
appears to have the following salient features:

1) Grid generation is not required.

2) It is essentially a unified transonic/subsonic lifting surface
methodin that the input formatis the same as thatof DLM exceptthe
additional pressure input. The thickness effect in the unsteady flow
is introduced by an inverse design procedure according to the given

pressure input. When the pressure input is removed, the method
reduces to a subsonic lifting surface method (ZONAG6).

3) The steady pressureinputis an option (in the program) that can
be supplied by measured data or by CFD computation. In this way
the proper unsteady shock location and strength can be ensured.

4) The advantageof the built-in AIC capability in ZTAIC is three-
fold. First, it allows ZTAIC to perform a rapid aeroelastic analysis
where the saved AIC can be easily retrieved for repeated applica-
tions. This procedure is most desirable in the preliminary design
stage where the aerodynamic configuration has been determined.
Second, the modal-AIC formulation renders ZTAIC readily inte-
grable with the structural FEM in an MDO environment such as
ASTROS. Third, the s-domain aerodynamicsnecessary for aeroser-
voelasticity can be easily generated from the k-domain solution
yielded by the AIC approach.
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