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Aeroelastic Loads and Sensitivity Analysis for Structural
Loads Optimization

R. D'Vari* and M. Bakert
The Boeing Company, Long Beach, California 90807

An aeroelastic integrated loads subsystem (AILS) is being developed and verified for the calculation
of aeroelastic loads for analysis and design. AILS will fit within the aeroelastic design optimization pro-
gram. The purpose of AILS is to integrate the maneuver and gust loads calculation process with structural
analysis and optimization. AILS' active control capabilities and analytical sensitivity analysis will allow
a simultaneous optimization of loads, structures, and active load alleviation system with flutter and other
aeroelastic constraints. This first version of AILS includes a linear analysis for steady maneuver and
unsteady aeroserv oelastic gust loads and their sensitivities to structural design variables and control
parameters. AILS static aeroelastic analysis offers 1) full aircraft aeroelastic trim using aircraft angles
of attack and sideslip, control-surface deflections, and/or motion rates and accelerations; 2) balanced
distributed aeroelastic loads; 3) stress-based critical loads selection; 4) wing jig shape calculations for a
specified nominal cruise wing shape and loading; 5) static aeroelastic stability and control derivatives
and control effectiveness; and 6) static aeroelastic load sensitivities to structural design variables with
constrained or variable nominal cruise shape to be used in optimization. The aeroservoelastic gust load
capabilities in AILS include 1) random frequency response analysis for displacement, velocity, accelera-
tion, element force, and stress; 2) flight control and active load alleviation system; 3) calculation of rms
and zero-crossing frequency; and 4) analytical derivative of random gust response to control gains. These
analyses are compared with MSC/NASTRAN and a proprietary dynamic analysis program (C4EZ). The
results of comparisons for the static aeroelastic and gust response analyses of AILS are shown for two
commercial transport aircraft: one is a wide-body subsonic transport and the other is a high-speed civil
transport configuration at subsonic conditions. The static loads and stability derivatives for two models
are compared with MSC/NASTRAN for both aircraft, and gust loads are compared with a production
gust-load analysis for the subsonic transport case. In all cases excellent agreement is obtained. Validation
of AILS' load sensitivity calculations was done through comparison with the finite difference approach.
Excellent agreement was obtained between analytical and numerical derivatives.

Nomenclature
[AICC] = theoretical aerodynamic influence coefficient

matrix (e.g., doublet-lattice, doublet-point,
or harmonic gradient), corrected to match ex-
perimental or computational fluid dynamics
data

[Bij] = feedback control laws relating the commanded
control surface motion {ux} to the aircraft re-
sponse in the frequency domain

{F8} - generalized gust column in a doublet aerody-
namic analysis, which is the vector of rigid
aerodynamic forces generated in response to a
unit traveling sinusoidal gust at a given
wavelength for a unit dynamic pressure

[Kxx] - control actuator stiffness
k = reduced frequency, o>c/2Voc
[Mir} = generalized rigid-body mass matrix with respect

to elastic modes (a zero matrix for orthogonal
elastic modes)

[Mrr] = generalized mass matrix for the rigid-body de-
grees of freedom

{PaACQ.g} - vector of aerodynamic twist and camber forces
for the jig shape (0-g) wing shape at zero a. per
unit dynamic pressure

[PPM,*] = panel-pointing matrix for aerodynamic forces
[SPM^J = matrix that splines the displacements in the

structural coordinate system to the aerodynamic
coordinate system

{u°} = aeroelastic deflections in the aerodynamic coor-
dinate system

{ux} = aerodynamic trim variables, includes angles of
attack and sideslip, control-surface deflections,
and/or motion rates

{r)c} = frequency response of rigid control-surface
modes

{r//} = modal elastic degrees of freedom
{ri r] — frequency response of the generalized rigid air-

craft modes
{Tjr} = aircraft steady rigid-body translational and rota-

tional accelerations
[$*] = matrix of structural modes in the aerodynamic

coordinate system
[$] = matrix of structural modes in the structural

coordinate system
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Introduction

E FFICIENT and reliable design of modern aircraft requires
accurate and timely predictions of aeroelastic maneuver

and gust loads for numerous conditions. The trend in aircraft
design has been to use simultaneous strength/flutter optimiza-
tion along with detailed finite element models (FEMs), and so
it is required that an industrial loads system work with FEM
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structural models and fit into a larger optimization framework.
Most formal optimization or fully stressed designs are per-
formed under fixed loading conditions and neglect all or part
of the change of aeroelastic loads caused by design variable
changes. This approach neglects a potential reduction of loads
through passive load alleviation. The introduction of load sen-
sitivities to structural design variables and the sensitivities of
stresses to load changes in the optimization process can lead
to true aeroelastic tailoring and, hence, lighter structures.

One important step in the accurate calculation of loads and
their sensitivities is in the calculation of the jig shape. In gen-
eral, the wing shape at a nominal cruise condition is specified
by the aerodynamic considerations, viz., lift-to-drag ratio,
CLmax, pitch up, etc. Generally, the wing jig shape (0-g shape
in vacuum) is devised in such a way to achieve the proper
shape during the cruise condition, and it depends on the wing
structural stiffness. In calculating load sensitivities, both air-
craft trim and jig shape changes must be accounted for.

Further load reductions and weight savings can be achieved
through control surfaces such as spoilers and ailerons, and fu-
ture fuel-efficient large-transport aircraft will utilize such con-
trol surfaces as load-alleviation devices. In the design of active
wing load alleviation systems, it is necessary compute loads
and their sensitivities, including the effects of control-system
parameters.

In this study, the first release of an aeroelastic integrated
loads subsystem (AILS1) has been developed, based on a finite
element representation of the free-flying aircraft and an aero-
dynamic influence coefficient (AIC) representation of the
steady and unsteady aerodynamics. The results presented here
are limited to doublet-lattice subsonic aerodynamics.2'3 AILS
is being implemented and verified within a large-scale aero-
elastic design optimization program (ADOP).4'5 ADOP has two
separate sizing procedures: 1) fully stressed design for strength
and 2) numerical multidisciplinary optimization for static
strength and displacement, flutter, and modal frequency. ADOP
allows multiple load cases, automatic buckling and damage
tolerance allowable stress calculations, and manufacturing con-
straints on the design variables. Simultaneous strength and flut-
ter optimization can be performed using multiple load cases
and flight envelope data. For the numerical multidisciplinary
optimization sizing approach, ADOP uses the method of mod-
ified feasible directions in the DOT optimization code.6 Recent
full aircraft optimization studies involving ADOP include the
strength optimization of high-speed civil transport (HSCT)7

shown in Fig. 1, and a simultaneous strength/flutter optimi-
zation of a wide-body subsonic transport.8 Figure 2 shows the
role of AILS within ADOP. AILS has both static and dynamic
analysis functions, and provides 1) trimmed distributed static
aeroelastic loads, 2) design gust loads including aeroservo-
elastic effects, 3) maneuver and gust load alleviation, and 4)

AILS ADOP

Optimizer Constraints &
Sensitivities

Final Loads Fatigue, D&DT,
Allowables

Fig. 2 AILS in ADOP.

aeroservoelastic load sensitivities to structural and control de-
sign variables.

Static Aeroelasticity
The AILS formulation for aeroelastic trim is based on a

modal approach, using FEM-based normal modes for the free-
flying aircraft. It is assumed that the structure behaves linearly,
and that the aerodynamics are quasisteady, i.e., zero reduced
frequency, and linearized such that the aerodynamic forces can
be represented as an AIC matrix plus a basic pressure distri-
bution vector. Currently, AILS uses subsonic doublet-lattice
aerodynamics, and some candidate supersonic methods are
ZONA,9'10 Woodward,11 and the doublet-point method.12 A pro-
cedure for correcting linear aerodynamics based on experi-
mental or computational fluid dynamics (CFD) data is avail-
able,13'14 in which the linear aerodynamic influence coefficient
matrix is updated based on equivalent values of a local aero-
dynamic coefficient. The aeroelastic equilibrium equations,
balance equations, and trim variable constraint equations are
solved simultaneously for the elastic displacements, aircraft
attitude, and control-surface deflections, and other trim varia-
bles such as rigid-body motion rates.

Aerodynamic Loads
The experimentally corrected aerodynamic forces caused by

elastic deflections (expressed in the aerodynamic coordinate
system), aerodynamic trim variables, and the aircraft camber
and twist at zero angle of attack (a), are given by

[F'A] =<?dyn[PPM,j{[AICc]{{Wn {Pa
Aco.g}}

(1)

The aerodynamic displacement vector as a result of the elas-
tic deflections can be further expanded into

= [SP1VU{W/} = (2)

Fig. 1 HSCT test case structural CAD model.

An important feature in an aeroelastic solution method is the
coupling between aerodynamic and structural models. In AILS,
this is accomplished through the splining matrix [SPMflJ,
which converts structural deflections in the FEM coordinate
system to deflections of the aerodynamic model in an aero-
dynamic coordinate system, and the panel-pointing matrix
[PPMSfl], which converts pressures on the aerodynamic model
into equivalent FEM nodal forces. The MSC/NASTRAN
aeroelastic solutions and, currently, AILS use a fairly abstract
virtual work principle that leads [PPM^] to be the same as the
transpose of the displacement spline matrix. However, this can
sometimes lead to unreasonable patterns of distributed loads
in the structural system, and a robust method of converting
loads from aerodynamic degrees of freedom to the structural
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degrees of freedom is being developed in AILS that is based
on a rtiore physical concept. However, all of the results pre-
sented in this paper are based on the virtual work principle.
[SPMflJ] is computed using the available spline options in
ADOP, i.e., Harder and Desmarais,15 motion axis, and motion
point spline procedures. The Harder and Desmarais spline is
used for flexible surfaces, motion axis is used for beam-type
structures, and motion point is used for rigid bodies attached
to aircraft such as a nacelle.

Equation (1) can be rewritten in a symbolic form as

- [Ka
lx\{ux] (3)

where the aerodynamic stiffness matrices and jig loads in the
direct degrees of freedom are

[AT,] = -^yn[PPM,J[AICc][SPM0J (4)

(5)

(6)

The aerodynamic loads in the modal form can be expressed
as

(FA) = [<t>s}T(F*A]

The elastic and rigid generalized forces are

(7)

T- (8)

{F } = ~[9£fl 1 {TJ } ~~ PC" 1 {w.} + {^A }

where the various modal aerodynamic stiffnesses are given by

PC?,] = -^[<K]r[PPM..][AICc][SPM,,,][<«] (9)

(12)

and the generalized jig loads are given by

Static Aeroelastic Equations
With the definitions of the previous section, the equilibrium

equations for the generalized elastic and rigid-body degrees of
freedom can be written as

- pcat«*
(14)

{0} =

{9%.} (15)

Equation (14) represents the elastic equilibrium equations of
the flexible aircraft, and Eq. (15) represents the balance (rigid-

body equilibrium) equations for the total aircraft. This is an
underdetermined set of equations and must be augmented with
additional equations to define the maneuver condition. AILS
uses a single matrix equation to serve several purposes in con-
nection to the specification of any general trim conditions,
relations, or active control laws. This common form is given
by

(16)

The [Bxl]9 [Bxr]9 [Bxx]9 and [Cx] matrices can be specified by
the user'to enforce any combination of 1) specification of fixed
settings for the control surfaces, trim variables, or aircraft load
factors; 2) specification of a set of control relations for the
steady maneuver load alleviation; and 3) a set of prepro-
grammed linear relationships among various control-surface
deflections. Equation (16) is flexible enough to accommodate
any form of linear control laws for quasisteady maneuvers.
This form also makes the formulation and implementation of
the balanced aeroelastic loads sensitivities that include active
control laws very tractable and procedurally simple. Equations
(14-16) can conveniently handle, in the future, any nonlinear
aerodynamic representation or control relationship through an
iterative quasilinearization procedure. These equations can be
collected to express the overall steady maneuver equations of
motion for a free-free aircraft:

Mlr 3Ci [TJ,]
Mr, 3C;J \iir\ =

M,r 2ft«J UJ

(17)

Two comments on Eq. (17) are in order. First, if the mode
shapes used in the solution are free—free orthogonal modes,
then the trim equations are implicitly expressed in terms of a
mean axis. Second, the number of aerodynamic trim variable,
nX9 can be larger than the number of the free rigid degrees of
freedom to be balanced, nr, but must come after the following
relationship:

nx = nr + nc (18)

i.e., the total number of aerodynamic trim variables, nx, must
be equal to the sum of the number of rigid-body equilibrium
equations, nr, and the number of enforced control relations, nc.
Note that nc includes all fixed values of control-surface de-
flections and load factors, control schedules, and control laws.
To solve the trim [Eq. (17)], aerodynamic loads for the jig
shape are required, i.e., SP°~* and SP$~*. The solution for the jig
loads are discussed next.

Solution of Jig Loads
Typically, the nominal cruise shape (twist and camber) of

an aircraft is dictated by aerodynamic performance consider-
ations. This cruise shape is, by definition, an elastically de-
formed shape resulting from the 1-g cruise loads. The aero-
elastic equilibrium equations, on the other hand, require a
definition of the aerodynamic loads on the undeformed, i.e.,
as-built or jig, airplane. To solve the quasisteady maneuver
[Eq. (17)], the jig shape and corresponding loads must be first
calculated from the nominal cruise condition.

The jig shape calculation procedure is considerably simpli-
fied by the fact that the cruise shape is known a priori. The
problem is determining a combination of elastic deflection and
undeformed shapes that results in the correct cruise shape. Be-
cause the aerodynamic loads (which are a function of the
cruise shape), are also known a priori, the elastic deflection
can be easily computed, and the jig shape inferred from the
cruise shape and elastic deflection. The aerodynamic loads in
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the structural degrees of freedom for a nominal cruise condi-
tion are given by

S
AJ = qdyni_g[PPMsa][AlCc][cl>a

x]{uxJ

where

(19)

(20)

is the aerodynamic force (in structural degrees of freedom) on
the airplane of nominal cruise shape at zero incidence (trim)
variables, i.e., zero angle of attack and control-surface deflec-
tion. Note that the cruise airloads are not functions of the elas-
tic deflection, because this is implicitly taken into account in
the cruise shape. The generalized l-g camber and twist loads
are given by

(21)

(22)

Through a derivation similar to that used for the quasi-
steady maneuver case, it can be shown that the jig shape anal-
ysis problem can be cast into a single matrix equation:

(23)

where the coefficients of the last row of equations are chosen
to reflect the definition of the nominal cruise condition. Note
that Eq. (23) is very similar to Eq. (17), but that the terms
accounting for aerodynamic loads induced by elastic deflection
are not present. To compute the jig loads for subsequent ma-
neuver analysis, this equation must be solved for the gener-
alized elastic deflections at the cruise condition [rj^ } . Once
this piece of information is available, the jig loads for an ar-
bitrary maneuver condition can be computed as

(24)

Note that the corrected AIC matrix and the basic airload
distribution {Fs

Acig(M)} on the l-g cruise shape in Eq. (24)
are for the Mach number at which the maneuver analysis is
being conducted, not at the cruise condition. The explicit de-
pendence of these quantities is included for clarity. Equation
(24) can be substituted into Eq. (13) to compute the appropri-
ate terms in Eq. (17) for maneuver solution.

Direct Internal Loads
While the free-vibration modes of an airplane are suffi-

ciently accurate to compute aeroelastic deflections and the cor-
responding external load distribution, the modal solution is not
accurate enough to calculate internal loads and stresses. A sum-
mation of force methods is used to calculate a refined estimate
of deflections and accurate internal loads and stresses. In this
approach, the modal aeroelastic deflections are first used to
calculate the external inertial and aerodynamic loads in the
direct FEM degrees of freedom. These aeroelastic loads are
fully balanced and are then used in a direct static analysis
(rather than a modal solution). Once the aeroelastic equations
of motion are solved [Eq. (17)], the direct aerodynamic forces
are calculated from Eq. (1). The inertia forces are needed for
the direct solution, which are given by

The direct displacements are solved for by ADOP using

[K]{u] = {FS
A} + {F,} (26)

In the preceding equations, [K] and [M] are the direct mass
and stiffness matrices. The stiffness matrix [K] is singular for
a free-free aircraft. However, because the applied loads are
balanced, and the main goal of the direct solution step is to
recover accurate FEM deflections and stresses, the direct so-
lution need not be computed on a free—free aircraft. In prac-
tice, a suitable boundary condition is specified such that [K]
is nonsingular.

Stability Derivatives
To avoid control power deficiency, reversal, and divergence,

the stability derivatives are generally constrained in a multi-
disciplinary optimization design process. The solution for the
stability derivatives are given in this section.

Taking the derivative of Eq. (14) with respect to the trim
variables, {ux} results in

(27)d{ux}

Denote

(28)

Taking the derivative of Eq. (15) and substituting from Eq.
(28) yields

c,, + ftsr'pczj - PCD (29)

Ci, + wsr'pca - PC,])

The individual derivative terms are defined by

- , -qdynAXi dux.

The matrix of stability derivatives [SC] is given by

(31)

=^- 1 j- 1
tfdyn lAJ

, +
(32)

The [SC] matrix has the dimensions of nr by nx. The inertia
derivatives can also be derived in a similar fashion. Static
aeroelastic derivatives and control effectiveness are calculated
for both restrained and unrestrained conditions, depending on
the types of modes used (free-free or cantilevered). To avoid
calculating restrained modes (in addition to the free-free
modes required for the loads analysis), a procedure has been
developed and verified in AILS to compute the restrained de-
rivatives using free-free modes.

Static Aeroelastic Load Sensitivities
The load sensitivities to design variables are required for

strength optimization. The loads change with design variables
in three ways: 1) stiffness and mass changes, 2) trim variable
changes, and 3) jig shape changes. A change in stiffness and
mass causes both trim variable and jig shape changes. AILS
uses an analytical derivative approach that properly accounts
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for all three effects. ADOP uses the load sensitivities in deter-
mining the displacement and stress constraint sensitivities.

The sensitivity of the aeroelastic solution for a given ma-
neuver is calculated by differentiating the trim equation [Eq.
(17)] to get

sign variables, e.g., pretwist. This means that the sensitivity of
the RHS should be included in the sensitivity of loads. The
first step in computing the jig sensitivity is to compute the
sensitivity of the cruise trim state. These sensitivities are given
by

JLll + dC H

JCa
rl

°if All °ifa
Jl-ll JVLif «7tx ix

0 Mrr

KX __

1

—

\

" d3Cn

dD

0

aa,,
L dD

dMlr

dD
dMrr

dD

dD

0

0

a»«
dD J

(33)

This equation is solved for the sensitivity of the elastic de-
flection at the nominal cruise condition, and the sensitivities
of the aerodynamic loads in the direct structural coordinates
are calculated from

dD dD dD

dD dD - (K,x] dD
(34)

The inertia load sensitivities are given by

x -

1

\

" d^n
dD

0

dD

dMlr

dD
dMrr

dD
r\(T]s l-g
OiJaxr

dD

0

0

dD
(36)

The sensitivities of the jig-shape aerodynamic loads are cal-
culated from

dD dD

- 9dyn[PPMso][AICn
dD

dD (37)

The sensitivities of the generalized jig aerodynamic loads
are given by

d(*U faM]——— - L—— J (35)

To avoid expensive eigensolutions, the mode shapes [4>s
r] are

kept constant and are treated as shape functions. Note that if
significant design variables are made, the trim variables are no
longer defined in terms of a mean axis. While this by itself
will not change the external loads in most cases, it can have
an effect on the computed stability derivatives, and the modes
must be periodically recalculated to minimize the error.

Sensitivities of Jig Airloads
To compute Eqs. (34) and (35), the sensitivities of the aero-

dynamic jig shape and the corresponding forces are required,
which, in turn, are functions of the nominal cruise loading. For
aircraft with high aspect ratio wings, the planform shape and
twist that are beneficial for the aerodynamic performance at a
given nominal cruise condition tend to have more outboard
center of pressure. This feature is undesirable for the maneuver
design conditions and leads to heavier structures. Therefore,
there appears to be an opportunity for a tradeoff between the
1-g performance and structural loads and weights. To our
knowledge, this tradeoff has not yet been fully investigated.

For conditions where the 1-g loading is being optimized, the
right-hand side (RHS) of Eq. (23) should be considered to be
variable and a function of the structural and aerodynamic de-

3D

dD

The preceding relationships for the sensitivities of jig load-
ing assume the structural modes are used as the shape function
for the aeroelastic analysis, and are kept constant for a partic-
ular sensitivity analysis. In the optimization process, the shape
functions may be updated to be the current mode shapes of
the modified structure at various intervals.

Gust Analysis
AILS aeroservoelastic gust load capabilities include 1) ran-

dom frequency response analysis for displacement, velocity,
acceleration, loads, and stress; 2) rms and covariance (phased
random response) calculations for all of the preceding items;
3) flight control and active load alleviation system; and 4)
analytical sensitivities of gust response to structural design var-
iables and control gains. The gust response analysis is also
formulated in modal coordinates and a linear frequency do-
main approach is used. In the solution of random gust loads,
first the frequency-response function of the aircraft traveling
through a sinusoidal gust of unit amplitude is calculated. The
general equation of motion for the aircraft response to a si-
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nusoidal gust and pilot input of the same frequency is given
as

otra
JL ri

3^-c/

0

+ (/c

J~L rr Jt rc U

(T o" o

Mrl Mrr Mrc 0
Mcl Mcr Mcc 0
0 0 0 0

(39)

where the implicit dependence of the aerodynamic terms on
frequency is omitted for brevity. Equation (39) can be rewritten
in a symbolic form as

where

co2Mrl
to Mcl

(40)

t°r — O) Mir

Ca
rr - a>2Mrr

Note that different points on the aircraft experience the same
sinusoidal velocity profile with time delays proportional to the
longitudinal distance from a reference point (Xo/Vy. The nor-
malized elastic modes, [<£/], used in the aeroservoelastic anal-
ysis, are with the control-surf ace actuators assumed in the
locked position. The elastic modes are augmented with the
rigid modes of the control surface, [<£c].

The displacement frequency response is obtained from

(42)

In calculating the frequency response function to the sinus-
oidal gust, the pilot input is set to zero, and Ug is unity. The
direct acceleration, aerodynamic, and inertia loads in the fre-
quency domain are calculated from the modal response. The
expressions for aerodynamic and inertia loads are

(43)

(44)

where

161

= -4dyn[PPM5J[AICc(/£)][SPM«J (45)

In general, the frequency domain solution for all response
quantities can be cast in the following general form:

{X/«)} = [ff,(i«)]tff(i«) + [B((w)]Fpilo,(/w) (46)
For example, the response matrix for the aerodynamic loads

in the direct structural coordinates can be derived from Eqs.
(42) and (43):

<K <K (47)

The power spectral density (PSD) of the /th element of {y}
is related to the PSD of the gust velocity by

>,(«) = \H8l(u)\24>g(ia>) (48)

The gust PSD is computed using the von Karman and Dry-
den PSD functions. The variance and covariance of the re-
sponse quantities are determined from

cov(y,, y7) = -

[Hgl(a>)H*(a>) da>

(49)

a)2Mlc
<o2Mrc

0
0 (41)

The correlated loads as well as their rms values are deter-
mined using the square foot of Eq. (49). The number of pos-
itive-slope zero crossings, N09 is given by

(50)
dw

The sensitivity of the frequency-domain modal displacement
vector with respect to the structural and control design varia-
bles are calculated from

The sensitivity of the frequency-domain loads is predicted
in a similar fashion, and the sensitivity of the covariance be-
tween different response quantities is determined from

3D
dH*(a)) dHgi(a))

dD dD
(52)
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Results
The static and dynamic results for AILS are compared with

a proprietary program (C4EZ)16 and MSC/NASTRAN.17 AILS
capabilities are demonstrated for two types of aircraft: one is
a wide-body subsonic transport and the other is an early HSCT
configuration. A subset of the results are presented next for the
subsonic flight regime of both aircraft.

Static Maneuver Loads — Subsonic Transport
Figure 3 shows the structural model of a wide-body transport

aircraft. The structural model consists of beam representations

Fig. 3 Structural FEM for a wide-body subsonic transport air-
craft test case.

Wing

Fig. 4 Aerodynamic lifting surface model for a wide-body sub-
sonic transport. (Fuselage is not modeled to compare with MSC/
NASTRAN.)

of the wing, fuselage, horizontal, and vertical tails. This air-
craft was modeled in ADOP/AILS, MSC/NASTRAN, and
C4EZ. Comparisons of frequencies and mode shapes among
the NASTRAN, ADOP/AILS, and D7QB (an in-house modal
analysis program) have been made, and the modes and fre-
quencies calculated by the three programs (not presented here)
were in very close agreement.

The lifting surface model of this aircraft (doublet lattice) is
shown in Fig. 4. MSC/NASTRAN uses an earlier version of
the doublet-lattice code, which is somewhat different in the
treatment of fuselage than the currently used proprietary ver-
sion. For this reason, the fuselage aerodynamic was not mod-

0.6

! 0.4

b°-2

i 0

-0.8

-+- NASTRAN CL-delta
-^-AILS CL-delta
-^ NASTRAN CM-delta
^-AILSCM-delta

3 4
Dynamic Pressure (psi)

Fig. 6 Comparison between AILS and NASTRAN full aircraft
aileron E/R for subsonic transport case at Mach 0.8.

0.6

0.5

a)
3 4

Dynamic Pressure (psi)

-+- NASTRAN CL-alpha
-^AILS CL-alpha
-+- NASTRAN CM-alpha
-K-AILS CM-alpha

0 1 2 3 4 5 6 7
Dynamic Pressure (psi)

Fig. 5 Comparison between AILS and NASTRAN lift and mo-
ment coefficients EfR for subsonic transport test case at Mach 0.8.

Dynamic Pressure (psi)

Fig. 7 Comparison between AILS and NASTRAN a) lift and b)
moment coefficient caused by horizontal tail EjR for subsonic
transport case (full aircraft, Mach 0.8).
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eled in both representations (ADOP/AILS and MSC/NAS-
TRAN).

Figure 5 shows the comparison of NASTRAN and AILS
elastic-to-rigid ratios (E/R) for the full aircraft lift and moment
coefficient derivatives with respect to the angle of attack at
Mach 0.8. The results demonstrate a very good agreement be-
tween AILS and NASTRAN. It should be emphasized that
MSC/NASTRAN uses a direct approach and AILS uses a mo-
dal approach.

The comparison for the symmetric aileron derivative E/R
for lift and pitch moment coefficients (Fig. 6) indicates a good
agreement between the two methodologies. Note that the E/R
of incremental lift caused by symmetric aileron becomes neg-
ative for dynamic pressure above 2.0 psi.

In Fig. 7a, horizontal tail lift derivative E/R from AILS is
compared with MSC/NASTRAN results. The comparison is
marginal because of the small number of aft fuselage modes
to satisfactorily represent the aft fuselage bending. While a
methodology has been devised to reduce this difference sig-
nificantly, it is beyond the scope of this paper. The AILS results
for the E/R of the aircraft pitching moment derivative to the
horizontal tail angle is compared with MSC/NASTRAN re-
sults in Fig. 7b. The comparison is better than lift derivative.

The verification of AILS' static aeroelastic loads procedure
will be discussed next. Figure 8 shows results of distributed
shear loads along the span for the subsonic transport test case
at Mach 0.8 and 30,000 ft performing a positive 2.5-g pull-up
maneuver. The airplane is fully trimmed using angle of attack
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and horizontal tail deflection as trim variables. The AILS loads
results compare very well with MSC/NASTRAN.

Figure 9 shows the integrated wing bending moment (com-
bined aerodynamic and inertia) across the span of the wing for
a condition in which the angle of attack is specified to be 5.73
deg, and the vertical acceleration and horizontal tail deflection
are treated as trim variables. The results between AILS and
NASTRAN are virtually indistinguishable.

Figure 10 shows the results of the modal convergence for
the tip deflection, root bending moment, E/R of CLa, and
CMa, and their difference with MSC/NASTRAN. The root
bending moment calculated from the AILS modal approach
when compared with the NASTRAN direct method is within
2% with 20 modes, within less than 1% with 30 modes, and
indistinguishable with 40 modes. As the number of modes in-
creases, all of the response quantities tend to converge to
within less than 3% of the direct approach.

Figure 11 shows the lift on individual aerodynamic bays
caused by only the elastic deflections for 10, 30, and 50 modes.
These results are for the subsonic transport test case perform-
ing a 2.5-g pull-up flying at 30,000 ft and Mach 0.8. While
the results for 10 modes are poor, they seem to have converged
at 30 modes, and using 50 modes causes insignificant changes
in the results.

Figure 12 shows the displacement differences between the
modal and direct solutions at the same flight condition dis-
cussed in the preceding text. The maximum errors in displace-
ment and rotation are 6.68 in. at the fuselage nose, and 0.011
rad at the horizontal tail. The maximum deflection at the wing

Fig. 8 Integrated vertical shear (combined aerodynamic and in-
ertia) for the subsonic transport test case (2.5-g pull-up at Mach
0.8, <?dyn = 1.959 psi).

30 40
Number of Modes

Fig. 10 Convergence of AILS solutions with increasing number
of modes (a = 5.73 deg, Mach 0.8, qdya = 6.583 psi).

1.80E+08

1 .60E+08

~ 1.40E+08
1
r 1-20E+08

| 1.00E+08

c 8.00E+07
T3

m 6.00E+07

4.00E+07

2.00E+07

O.OOE+00
(

A.

\
\ -.-AILS

\, -*- NASTRAN
"̂

\

\

X
^^-^

^-^^
) 2 4 6 8 10 12 14 16

Wing Station

Fig. 9 Integrated out-of-plane bending moment (combined aero-
dynamic and inertia) for the subsonic transport test case (a = 5.73
deg at Mach 0.8, qdyn = 6.583 psi).
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Fig. 11 Lift distribution caused by elastic deflection for varying
numbers of modes. Subsonic transport in a 2.5-g pull-up at Mach
0.8, ?dyn = 1.959 psi.
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Relatively Poor Fuselage/Tail
Agreement

Wingtip Deflection = 116.28 inches
Maximum Error = 6.68 inches

Fig. 12 Differences in deflections calculated with the modal and direct solutions for the wide-body subsonic transport test case (Mach
0.8, sea level, 5.73 deg a).

Fig. 13 FEM of the HSCT aircraft test case.

Fig. 14 Lifting surface model for HSCT aircraft test case.

tip is 116.28 in. Note that wing displacements are very accu-
rately captured using the modal approach.

Static Maneuver Loads —HSCT
AILS static aeroelastic analysis was also applied to an earlier

version of an HSCT configuration designed for a supersonic
cruise of Mach 2.2. This model is used as a test case only.
Figures 13 and 14 show the structural finite element and aero-
dynamic doublet-lattice models used in this study.

The aeroelastic restrained and unrestrained lift and moment
curve slopes for the full aircraft are shown in Figs. 15a and
15b, respectively. The comparison of AILS derivatives with
MSC/NASTRAN results reveals moderate discrepancies in the
restrained derivatives at high dynamic pressures. This discrep-
ancy is attributed to the support methodology in the direct
solution method. Although both solutions are for free-flying
aircraft, the direct method of aeroelastic solution requires sup-
porting the aircraft at some FEM node point. Although the
direct aeroelastic loads are balanced, any small numerically
unbalance loads will cause significant local deformation at the
support point if it is relatively flexible. This issue is not rele-
vant to the modal aeroelastic analysis such as AILS.

NASTRAN Restrained

NASTRAN Unrestrained

AILS Restrained

AILS Unrestrained

0.2

-0.4

2 3 4 5
Dynamic Pressure (psi)

-»- NASTRAN CL-delta
-^AILS CL-delta
-*- NASTRAN CM-delta
-^AILS CM-delta

2 3 4 5
Dynamic Pressure (psi)b)

Fig. 15 AILS vs NASTRAN elastic a) CLot and b) CMot comparison
for an HSCT aircraft at Mach 0.8.

Figure 16 compares the elastic wing-tip deflections for
HSCT in a 2.5-g pull-up maneuver at Mach 0.8 between AILS
and MSC/NASTRAN as a function of dynamic pressure. The
correlation is excellent between the two sets of results at all
dynamic pressure values.

A comparison between AILS and MSC/NASTRAN distrib-
uted pressure results (not presented here) was also made, and
the results are indistinguishable.



D'VARI AND BAKER 165

Static Maneuver Load Sensitivities
AILS analytical sensitivities of free-flying aircraft loads are

verified against numerical (finite difference) sensitivities. Fig-
ure 17 shows the analytical sensitivity of the wing out-of-plane
bending-moments (balanced, free-flying full aircraft) to the
out-of-plane bending moment of inertia of the root of the wing.
A comparison with a finite difference estimate of the derivative
shows good agreement.

Random Gust Loads
Figure 18 shows the frequency response caused by a 99-ft/s

random gust with von Karman spectrum. In this figure, the
wing-tip acceleration PSD calculated by AILS and C4EZ are
shown on a linear scale. These results agree well up to 3.5 Hz.
The difference in higher-frequency responses are a result of
the differences in the higher eigenvalues and modes caused by
the more accurate eigensolution in ADOP. The rms values for
the tip vertical acceleration per unit gust are 56.125 (in./s2)/
(ft/s) for the AILS solution, and 56.045 (in./s2)/(ft/s) for the
C4EZ solution. The discrepancies in higher modes amount to
a difference of 0.14% in the rms values, which is negligible.

Figure 19 shows the validation of an AILS gust system for
a system with automatic flight control. The results in this figure
include an active feedback system that ties the symmetric ai-
leron deflection to the wing-tip-measured accelerations. Again,
the results of the AILS for the subsonic aircraft are very close
to C4EZ.

Figure 20 shows that the wing root vertical shear power
spectrum, as calculated by the AILS, correlates well with the
C4EZ's results for the subsonic transport aircraft test case.

PSD Gust Load Sensitivities
The validation of the sensitivity to the control gain variables

is done through comparison with a numerical finite difference
approach. The sensitivity of the wing-tip vertical displacement
frequency response to the gain of an active control system
linking the wing-tip acceleration to the symmetric aileron mo-
tion are shown in Fig. 21. Figure 21 shows that the numerical
and analytical sensitivities are indistinguishable.

Frequency (Hz)

Fig. 18 Verification of AILS gust response calculation for sub-
sonic transport: wing-tip plunge acceleration power spectrum
(Mach 0.4, qdyn = 1.64 psi, gust velocity = 99 ft/s).
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Fig. 16 Comparison of AILS and NASTRAN wing-tip deflection
for the HSCT test case (2.5-g pull-up at Mach 0.8).
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Fig. 19 Verification of AILS gust response calculation with au-
tomatic flight control system: wing-tip plunge acceleration power
spectrum.
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Fig. 17 Sensitivity of wing bending moments to bending stiffness
of the root element of the subsonic transport test case.
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Fig. 20 Verification of AILS gust response calculation for sub-
sonic transport: wing root shear power spectrum (Mach 0.4, qdyn
= 1.64 psi, gust velocity = 99 ft/s).
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Frequency (Hz)

Fig. 21 Verification of AILS analytical gust response senstivities
to control-system parameters (Mach 0.4, qdyn = 1.64, psi, gust ve-
locity = 99 ft/s).

Conclusions
A first release of an AILS has been developed as part of

a large-scale ADOP. This allows the optimization process to
include the effects of load sensitivities and to take full ad-
vantage of passive and active load alleviation. AILS capabili-
ties include linear steady maneuver and PSD gust analysis.
AILS load analyses have been verified against |C4EZ and
MSC/NASTRAN using two advanced-design transport aircraft
models. AILS analytical load sensitivities for steady maneuver
and gust are verified using a numerical finite difference ap-
proach. ADOP/AILS will provide a useful tool for the design
of modern aircraft with advanced materials and active control
systems.
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