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A uni� ed aerodynamic in� uence coef� cient (UAIC) method has been developed for aeroservoelastic (ASE)
analysis as well as multidisciplinary optimization (MDO) applications. The UAIC method is applicable to all
Mach numbers from subsonic, to transonic, to supersonic, to hypersonic � ight regimes. It is fully compatible with
the structural � nite element method and, hence, with an MDO system such as ASTROS. Based on this UAIC
approach, a uni� ed aerodynamic module ZAERO and an ASE module can be developed; the former performs in
the k domain and the latter in the s domain. A minimum-state technique is found most effective in converting the
k-domain solution to the s domain for all Mach numbers. Flutter results computed by the root-locus method are
found to agree well with those of the V –g method and measured data.

Introduction

I N recent years, rapid progress in aeroservoelasticity(ASE) and
multidisciplinaryoptimization(MDO) hasdemandedfurther im-

provement of computational aerodynamic methods in their capa-
bility to generate s-domain aerodynamics, their compatibility with
structural � nite element methods (FEM), and their expediency for
design optimization. Additionally, design variables such as wing
thickness, body–wing con� gurations, and the full Mach number
range to cover transonicand hypersonic� ow regimesare considered
important parameters to be included in a generalaerodynamicmod-
ule, ready to be integratedwith an MDO system such as ASTROS.1

Although current computational � uid dynamics (CFD) methods
are gradually reaching a rather mature stage for steady aerody-
namic design/analysis, their acceptance by industry for aeroelastic
applications is still hampered by the problems in grid generation,
CFD/computational structural dynamics (CSD) interfacing, and af-
fordable computing time. For example, without a major modi� ca-
tion, the program structure of ASTROS does not allow its interfac-
ing with a time-accurate CFD method.2,3 On the other hand, panel
methods imbedded in the Aero module of ASTROS such as the
doublet-lattice method (DLM) and the constant pressure method
(CPM), albeit fully compatible with the structural FEM, require
further improvement in their robustness, their con� nement to lifting
surfaces (rather than wing–body systems), and their applicabilityto
transonic and hypersonic Mach numbers.

Toward this end, during the last few years we have critically re-
examined the cited lifting surface methods from the viewpoint of
program robustness and range of applicability. The result of this
reexamination is an effort to develop a uni� ed aerodynamic in� u-
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ence coef� cient (UAIC) approachextendingthe applicabilityof our
current wing–body AIC methods from the linear � ow regime4 ¡ 6 to
the transonic and hypersonic regimes.7 ¡ 9

On the other hand, ASE mandates the s-domain aerodynamicsas
a base, which can be obtained from the k-domain aerodynamicsby
meansofseveralrationalapproximationmethods.10 ¡ 14 Among these
methods, the minimum-state technique (MIST)13,14 is selected for
its effectiveness and its readiness for MDO applications.Although
much success has been claimed for MIST in dealing with the linear
aerodynamics in the subsonic and supersonic regimes, its applica-
bility to the unsteady aerodynamics in the transonic and hypersonic
regimes remains to be established.

Our objective,therefore,is to presentthe developmentof a uni� ed
aerodynamicmodule(ZAERO)andan ASE module, both supported
by the UAIC approach. The integration of both modules into an
MDO environment such as ASTROS15 will be described.

Aeroservoelastics in State-Space Form
Consider the following standardstate-spaceequationsfor an ASE

module:
Çx = Ax + Bu + C ´, y = Cx + Du + W ´ (1)

where x = (q, Çq, qa , q d , qg )T is the state vector and y is the response
vector.

The generalized-coordinate displacements q(t ) associated with
the subscripts a, d , and g refer to the states due to aerodynamic
lag, actuator dynamics, and gust � lter dynamics, respectively. The
vector u is the actuator commanded input, and B is the feedback
control law relating the commanded control surface to the aircraft
response. The parameter A is the characteristicmatrix of the aeroe-
lastic system, C is the sensor dynamics, C are the aerodynamic
forces generated in response to a sinusoidalgust � eld, ´ is the white
noise that yields the continuous gust spectrum, and D and W can
arise due to aerodynamic lags.

Typically, Eq. (1) could result from the equation of motion that
combines the � nite element structure (e.g., ASTROS Structural
Module) with linearized potential aerodynamics (e.g., ASTROS
Aero Module), that is,

M̄q̈ + C̄ Çq + K̄q = Q̄(t) = * * U T D p(t ) dS (2)
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where U is the structural modal matrix and M̄, C̄, and K̄ are the
generalized mass, damping, and stiffness matrices of the system,
respectively.

The actuator transfer function dynamics14 read

Çqd = A d q d + B d u, ± = C d qd (3)

where ± are the control surface commandedde� ections.A d , B d , and
C d are the dynamic matrix, the control distribution matrix, and the
output matrix of the actuators, respectively.

The total generalized aerodynamic forces Q̄(t ) consist of three
parts:

Q̄(t) = Qq + Q d ± + Qgwg (4)

where wg is the gust velocity vector, Q is the generalized force
matrix due to the aerodynamic forces resulting from the structural
motion, Q d is the generalized force matrix resulting from control
surface de� ections, and Qg is the generalized force matrix due to
the gust pressure distribution. In the present ASE module, Q, Q d ,
and Qg will be recast from the k-domain aerodynamics into rational
functions of s (i.e., the Laplace variable). The open loop of Eq. (1)
can be closed via a gain matrix G that relates u to y and that results
in the closed-loop equation

Çx = Āx + C ´ (5)

where Ā =A + B ¢ G ¢ C.
State-spaceASE models havebeenused in variousapplicationsof

optimal (full-state feedback) and reduced-order control techniques
such as those of Abel et al.16 and Mukhopadhyay et al.17 Clearly,
recasting the equations of motion of the ASE system into the � rst-
order, state-space form will allow the user of an MDO system such
as ASTROS to apply various modern control techniques for control
law design.

s-Domain Aerodynamics
Before the present effort,15 the earlier practice using ASTROS

was to perform aeroelastic analysis for structural optimization in
the frequencydomain based on the linear subsonic/supersonicaero-
dynamics. For ASE practice, ASTROS is required to be supported
by the s-domain aerodynamics. A uni� ed s-domain aerodynamics
(USDA) approach can be formulated using the uni� ed unsteady
(k-domain) aerodynamics of the ZAERO module in conjunction
with the MIST method, as will be described. Thus, USDA will
serve as the base of the ASE module. In this way, the capability
of the developed ASTROS is enhanced to include the control and
guidance discipline for a realistic aircraft, throughout its complete
� ight regime.

In a root-locus plot, the generalized aerodynamic forces Q are
normally available on the imaginary axis at a � nite number of
frequencies. Rather than using the cumbersome Laplace-trans-
form technique, converting the frequency-dependent Q̄(i x ) to
the time domain or complex s domain requires an approximation
technique.10 ¡ 14 Among existing methods MIST13 is selected here
because it offers signi� cant savings in the number of added states
with little or no penalty in the accuracy of modeling the aerody-
namic forces. The minimum-state approach converts Q̄(i x ) to
Q̄(s) in the following form:

Q̄(s) = Ā0 + Ā1(sb/ V ) + Ā2(sb/ V )2 + D̄F̄(s) ¡ 1Ē(sb/ V ) (6)

where F̄(s) = (sb / V )I ¡ R and Āi are the real-value approxima-
tion matrices, R is a diagonal matrix with distinct negative terms
representing the aerodynamic lags, and D̄ and Ē are aerodynamic
coupling matrices between the modal and aerodynamicstates. With
Q̄(s) in hand, Eq. (2) along with Eq. (3) can be recast into a � rst-
order, time-invariant, state-space form such as Eq. (1).

UAIC: ZAERO Module
The frequency-dependentgeneralizedaerodynamicforces (GAF)

Q̄(i x ) are obtained mainly from an aerodynamic in� uence
coef� cient- (AIC-) based aerodynamic method:

[Q, Q d , Qg ] =

q 1 U T [AIC]¢ {@ U
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(7)

where U d is the control surface displacement and the last expo-
nential term is the downwash due to a sinusoidal gust � eld. The
AIC matrix ordinarily relates the downwash to the aerodynamic
forces on lifting surfaces. Earlier versions of the ASTROS aerody-
namic moduleprovidethe [AIC] for liftingsurfacesin subsonic� ow
(DLM18 ) and in supersonic � ow (CPM19). No AICs in transonic or
hypersonic � ows nor any such AIC for wing–body con� gurations
were available. Although recent advances in CFD methods have
demonstrated their capability in computing unsteady aerodynam-
ics for aeroelastic applications, they do not provide such AICs (for
example, Refs. 20–23).

However, ASTROS and the present ASE module are formulated
consistently with FEM and are normally solved by matrix-oriented
methods. Without a major reformulation of the infrastructure of
ASTROS, it would be dif� cult for ASTROS to adopt typical CFD
solutions for aeroelastic applications.

Our effort in the past has been directed toward the construc-
tion of a uni� ed approach in unsteady aerodynamic methods for
all Mach numbers. This effort included the further development
and validation of an unsteady transonic method (ZTAIC)7,24,25 and
the generalizationof the unsteadysupersoniclifting surface method
(ZONA51)4,26 ¡ 28 to cover the uni� ed hypersonic–supersonicranges
(ZONA51U).8,9

The present UAIC approach is not con� ned to lifting surfaces; it
also includesthe wing–bodyunsteadysubsonic/supersonicmethods
(ZONA6 and ZONA7).5,6,27

Results and Discussion
National Aerospace Plane (NASP) Demonstrator Wing29

The NASP demonstrator wing is a cropped delta planform with
a hexagon pro� le wing cross section (Fig. 1).

a) M = 5.0

b) M = 10.0

c) M = 15.0

Fig. 1 NASP demonstrator wing: a) aerodynamic model, b) cross sec-
tion, and c) dimensions.
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Table 1 Comparison of � utter dynamic pressures and frequencies of NASP
demonstrator model at M = 5.0, 10.0, and 15.0

Mach number

5 10 15Aerodynamic
method q f , psi x f , r/s h ,a kft q f , psi x f , r/s h,a kft q f , psi x f , r/s h,a kft

Piston theory 129 78 18 184 78 42 250 72 51
QSCFD, two dimensional 169 80 11 331 81 28 982 224 22
QSCFD, three dimensional —— —— —— 330 82 28 981 224 22
ZONA51U

V –g method 129 82 18 175 73 42 206 70 55
s-domain 130 82 18 184 71 41 213 68 54

aApproximate matchpoint altitude.

8 modes, q ff = 130 psi, ! ff = 82 r/s on mode 4 8 modes, q ff = 184 psi, ! ff = 71 r/s on mode 4 8 modes, q ff = 213 psi, ! ff = 68 r/s on mode 4

Fig. 2 Root-locus plots of NASP demonstrator model at M = 5.0, 10.0, and 15.0 (Q = dynamic pressure).

Figure 2 presents the root-locusplot at threeMach numbersbased
on eight modes. For cases at M 1 = 5.0, 10.0, and 15.0, mode 4 is
found to � utter at dynamic pressures q f at 130, 184, and 213 psi,
respectively.

Extensive comparison of various computed results has been car-
ried out in the present NASP wing case. In Table 1, the � utter re-
sults of ZONA51U using the V –g method and using the root-locus
method are compared with those of Piston theory and the NASA
CFD codes (QSCFD2d and 3d).30 Several observationscan be made
with respect to the collected data.

1) Good agreement is found between the � utter q of the V –g
method and the root-locus method based on ZONA51U. Flutter
frequencies are also found to agree well.

2) Piston theory results follow the general trend predicted by
ZONA51U, except that the former results tend to be overestimated
at high Mach numbers.

3) Substantial discrepancies are found between the NASA/CFD
results and the ZONA51U results: ZONA51U predicts more con-
servative � utter speeds at higher altitudes, whereas the NASA/CFD
codes predict less conservative speeds at lower altitudes. In fact,
ZONA51U gives the most conservativeanswers for all cases in this
study.

Modeled F-16 Wing31

Figure 3 shows the aerodynamic/structural model and the � utter
boundaryof a modeledF-16 wing. The wing planformhas an aspect
ratio of 2.8, with 4% thick parabolic arc airfoil sections. The � ut-
ter speeds and frequencies are computed by the V –g method at six
Mach numbers M 1 =0.7, 0.75, 0.8, 0.85, 0.9, and 0.95. It is seen
that the � utter results of ZTAIC are in good agreement with those
of XTRAN3S21 and CAP-TSD,22 especially at M 1 =0.95. Notice
that the � utter (modal) mechanismchanges from M 1 = 0.9 to 0.95,
as indicatedby the jump in the � utter frequency(from 6.8 to 19 Hz).
ZTAIC concurs with the other two codes in the prediction of this
mechanism.

Figure 4 presents the s-domain results by MIST for four GAFs.
For this case, MIST achievesa better � t than that for the case of the
445.6 wing (Fig. 5). Notice that the dotted lines in the background
are the � tted subsonic GAFs using ZONA6. Substantialdifferences
can be seen between the results of ZTAIC and ZONA6, showing
strong transonic characteristicsof this wing at M 1 =0.95.

AGARD Standard 445.6 Wing32

The 445.6 wing is a swept tapered planform with an aspect ra-
tio of 4 and a NACA 65A004 airfoil section. It has two structural
models: the solid wing and the weakenedwing. 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 mod-
els. Hence, the modal AIC computed for the weakened wing can be
saved allowing for a warm-start for the solid wing. Table 2 presents
the � utter results of the weakened and solid wings. At a subsonic
Mach number M 1 =0.678, the ZTAIC result is in good agreement
with that of ZONA6, as expected.At other supercriticalMach num-
bers, where M 1 = 0.9 and 0.95, ZTAIC predicts a pronouncedtran-
sonic dip that is comparable to that predicted by the CAP-TSD
code.22,23

Figure 5 presents the s-domain results by MIST for the GAFs
of the 445.6 weakened wing at M 1 =0.95. Unlike the preceding
cases for the F-16 wing, some slight discrepancy is found in the
GAF (1, 2), which might be caused by the stringent feature of the
supercriticalmean � ow at this Mach number.

Figure 6 presents the root-locus plot of the same case using
the preceding MIST results. The � utter speed predicted here
(V f = 1015 fps) is in reasonable agreement with the one predicted
by the V –g method (V f =944 fps, see Table 2). The discrepancy is
perhaps caused by the slight inaccuracy from the MIST approxima-
tion in the transonic range.
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Table 2 Weakened and solid model 445.6 wing � utter results

Test cases Wind-tunnel data ZONA6 – – – (linear) ZTAIC 4 ¢ (nonlinear) CAPTSD (nonlinear)

M q , slug/ft3 x f , Hz V f , ft/s x f , Hz V f , ft/s x f , Hz V f , ft/s x f , Hz V f , ft/s

Weakened Wing Model
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

Solid Wing Model
0.90 0.00357 27.00a 452.0a 26.75 439.0 25.71b 418.0b 25.8a 435.0a

0.95 0.00320 26.91a 479.0a 26.89 462.0 25.46b 450.0b 26.2a 472.1a

a Interpolated between Mach 0.87, 0.92, and 0.96. bRestart run using AIC’s of weakened wing (1 min CPU/case).

Fig. 3 Flutter speeds and frequencies of modeled F-16 wing computed by ZTAIC, CAPTSD, and XTRAN3.

Fig. 4 Minimum-state approximation of GAF of modeled F-16 wing at M = 0.95 computed by ZTAIC and ZONA6.
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Fig. 5 Minimum-state approximation of GAF of 445.6 weakened wing at M = 0.95 computed by ZTAIC.

Fig. 6 Root-locus plots of 445.6 weakened wing at M = 0.95 using s-domain aerodynamics computed by ZTAIC and ZONA6.

Conclusions
The development of a uni� ed aerodynamics module ZAERO

and the ASE module and our current effort in their integration to
ASTROS are presented. A uni� ed AIC approach has been � rmly
establishedthat is fully compatiblewith structuralFEM and, hence,
with ASTROS. Based on this uni� ed AIC approach, both mod-
ules can be used for aeroelastic/ASE analysis and MDO applica-
tions. The UAIC approach extends our current wing–body AIC

method from the linear � ow regimes to the transonic and uni� ed
hypersonic–supersonicregimes.Hence, it rendersthe ZAERO mod-
ule applicable to all Mach numbers and in the full range of the k
domain.

By means of the MIST method, the k-domain aerodynamics of
ZAERO can be effectivelyconverted into the s-domain aerodynam-
ics, which is readily adaptableby the ASE module and other control
practice.
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Cases studied of three different wing planforms show that
MIST is an effective and accurate method for s-domain solutions
in all � ight regimes, includingthe transonicand hypersonicregimes.
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