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This paper presents a recently developed computational tool for aeroelastic analysis of aircraft perfor-
mance. The computational tool couples a vortex-lattice code, Vorview, with an aeroelastic model that com-
putes wing structural deflections under a combined coupled bending-torsion motion. The aeroelastic model of
the wing structure is based on a one-dimensional structural dynamic theory using steady state aerodynamics
assumption. An automated aircraft geometry modeler is developed to generate a deformed aircraft geometry
based on the structural deflection aeroelastic analysis. The computation is iterated until the solution converges
within a specified error tolerance. This computational tool is capable to predict both steady state aerodynamics
as well as aeroelastically induced unsteady aerodynamics. Simulations are conducted for a generic transport
aircraft to demonstrate the capability of the computational tool.

I. Introduction

Light weight aircraft design has received a considerable attention in recent years as a means for improving cruise
efficiency. Reducing aircraft weight results in lower lift requirement which directly translates into lower induced drag,
hence reduced engine thrust requirement during cruise. The use of light-weight materials such as advanced composite
materials has been adopted by airframe manufacturers in a number of current and future aircraft. Modern light-
weight materials can provide less structural rigidity while maintaining sufficient load-carrying capacity. As structural
flexibility increases, aeroelastic interactions with aerodynamic forces and moments become an increasingly important
consideration in aircraft design. Understanding aeroelastic effects can improve the prediction of aircraft aerodynamic
performance and provide an insight into how to design an aerodynamically efficient airframe that exhibits a high
degree of flexibility. Moreover, there exist potential adverse interactions between airframe flexibility and dynamics of
highly flexible aircraft that can compromise vehicle stability and control.

This paper describes a recent development of a computational capability that couples a static and dynamic aeroelas-
tic model of aircraft wing structures with a vortex-lattice aerodynamic code for aerodynamic performance prediction.
The aeroelastic model is based on one-dimensional structural dynamic theory that models a wing structure as a beam
in a combined coupled bending-torsion motion. Aeroelastic analysis is performed based on the quasi-steady state
aerodynamic assumption. The coupling between the aeroelastic model and the vortex-lattice code is made possible by
a computational geometry model that updates the aircraft deformed geometry at each iteration.
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II. Computational Tools

A. Vorview Vortex-Lattice Code

Vorview is a computational aerodynamic tool that is used for the development of the aeroelastic computational ca-
pability.! Vorview provides a rapid method for estimating aerodynamic force and moment coefficients as well as
aerodynamic stability and control derivatives for a given aircraft configuration. It is based on the vortex-lattice lifting
line aerodynamic theory. The vehicle configuration is constructed within Vorview by a series of panels that are formed
by spanwise and chordwise locations of bound vortices. Vorview computes the vehicle aerodynamics in both the longi-
tudinal and lateral directions independently. The longitudinal and lateral aerodynamics are then combined to produce
overall aerodynamic characteristics of the vehicle at any arbitrary angle of attack and angle of sideslip. Due to the in-
viscid nature of any vortex-lattice method, the drag prediction by Vorview is most reliable for induced drag prediction.
For viscous drag due to boundary layer separation or wave drag due to shock-induced boundary layer separation, the
prediction may be less reliable. Vorview can provide a rapid estimation of aerodynamic derivatives including dynamic
derivatives due to angular rates. Owing to the computationally efficient vortex-lattice method, aerodynamic derivatives
can be estimated in Vorview fairly quickly. A flight dynamic model for a given vehicle configuration can be easily
developed with Vorview that supplies the model with all necessary aerodynamic information for the vehicle.

Figure 1 - Vorview Aircraft Model

Vorview has been validated by both wind tunnel data” as well as NASA Cart3D tool® which is a high-fidelity invis-
cid (Euler) CFD analysis code targeted at analyzing aircraft performance in conceptual and preliminary aerodynamic
design. In general, both of these aerodynamic codes seem to have similar predictive capabilities when compressibility
is not a factor. Figures 2 and 3 illustrate the comparison of lift and drag prediction of Vorview and Cart3D as compared
to wind tunnel data for a Generic Transport Model (GTM) taken in NASA Langley’s 14-By 22-Foot Wind Tunnel. In
compressible simulations, Cart3D is expected to be substantially more accurate since the vortex panel method used by
Vorview cannot account for compressibility effects (e.g. shock formation and wave-drag) within the flow.
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B. Automated Vehicle Geometry Modeling Tool

To enable a coupled aeroelastic solution, the aircraft deformed geometry must be generated at each iteration. An au-
tomated vehicle geometry modeling tool has been developed in MATLAB to update the aircraft deformed geometry.
The vehicle geometry modeler directly outputs a geometry input file that can be read by Vorview during a solution
cycle. The vehicle geometry modeler has access to the outer mold line of the jig-shape (undeformed) aircraft geom-
etry. The coordinate reference frame (xy,yy,zy) defines the coordinate system used in the vehicle geometry model.
Wing chordwise and flapwise bending deflection shapes and a twist distribution are superimposed on top of the wing
geometry as shown in Figure 4. A deformed wing geometry is generated by a coordinate transformation as follows:

1. A coordinate rotation to account for twist is performed first by rotating a jig-shape wing section about its area
center by a specified twist angle at a given yy-coordinate. The transformed coordinates due to twist are computed
as

x’v:x+(xv—f)cos®(yv)—(zv—Z)Sin®(YV) 1)
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2y =2+ (w —D)sin® () + (zv —2) cos @ () @)
where O is the twist angle, positive nose-down and negative nose-up.

2. A coordinate translation in the xy-direction to account for chordwise bending is performed next by translating
the previously transformed xy,-coordinate by a specified chordwise bending deflection at a given yy-coordinate.
The transformed coordinates due to chordwise bending are computed as

Xy =xy +V () 3)

"

=21y 4)

where V is the chordwise bending deflection, positive swept back and negative swept forward.

3. Finally, a coordinate translation in the zy-direction to account for flapwise bending is performed by translat-
. . " . . . . . .
ing the previously transformed z;, by a specified flapwise bending deflection at a given yy-coordinate. The
transformed coordinates due to flapwise bending are computed as

n "

Xy =Xy (5)

zy =2y +W () ©6)

where W is the flapwise bending deflection, positive up and negative down.

Twist

Figure 4 - Wing Bending Deflections and Twist

III. Aeroelastic Modeling

Aeroelasticity theory is used to develop a structural deflection model of an aircraft wing structure undergoing a
combined coupled bending-torsion motion. The model uses the aerodynamic information generated from Vorview to
compute the aeroelastic deflections of the wing structure in bending and torsion. The aeroelastic deflections are then
used by the automated vehicle geometry modeler to update the aircraft geometry in Vorview with the deformed wing
shape. The deformed aircraft model is then iterated between Vorview and the aeroelastic model until the static solution
of the aeroelastic deflections converge.
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A. Reference Frames

Figure 5 - Aircraft Reference Frames

Figure 5 illustrates three orthogonal views of a typical aircraft. Several reference frames are introduced to facilitate
the rigid-body dynamic and structural dynamic analysis of the lifting surfaces. For example, the aircraft inertial
reference frame A is defined by unit vectors a;, ap, and a3 fixed to the non-rotating earth. The aircraft body-fixed
reference frame B is defined by unit vectors by, by, and bs. The reference frames A and B are related by three
successive rotations: 1) the first rotation about az by the heading angle y that results in an intermediate reference
frame A’ defined by unit vectors a/l, a/z, and a/3 (not shown), 2) the second rotation about a/2 by the pitch angle 0
that results in an intermediate reference frame B defined by unit vectors b,w b/z, and b/3 (not shown), and 3) the third
rotation about b,1 by the bank angle ¢ that results in the reference frame B. This relationship can be expressed as

aj cosy —siny O cos@ 0 sin6 1 0 0 b;
a [ =| siny cosy O 0 1 0 0 cos¢ —sing b,
a3 | 0 0 1 —sinf® 0 cos6 0 sing cos¢ bs
[ cos YycosO —sinycos@+cosysinOsing  sinysin@ 4 cos ysin O cos ¢ b,
= | sinycos® cosycos +sinysin@sing  —cos ysing + sin ysin 6 cos ¢ b, (7)
| —sin6 cos Osin@ cos O cos ¢ bs

The left wing elastic reference frame D is defined by unit vectors d;, dy, and d3. The reference frames B and
D are related by three successive rotations: 1) the first rotation about bz by the elastic axis sweep angle 37” — A that
results in an intermediate reference frame B defined by unit vectors b’l’, b;, and b; (not shown), 2) the second rotation
about negative b; by the elastic axis dihedral angle I" that results in an intermediate reference frame D’ defined by unit
vectors dll, d’z, and d,3 (not shown), and 3) the third rotation about d’l by an angle 7 that results in the reference frame
D. This relationship can be expressed as

b, [ —sinA cosA 0 | [cosT 0 —sinT' | [1 0 0 d
b, | =| —cosA —sinA 0 0 1 0 0O -1 O d,
b3 i 0 0 1 sinC 0 cosT” 0O 0 -1 d;
[ _sinAcosT’ —cosA —sinAsinT" d;
= | —cosAcosI' sinA  cosAsinI’ d, ®)
i sin” 0 —cosT” ds

Generally, the effect of the dihedral angle can be significant. A full analysis with the dihedral angle can be
performed but can also result in a very complex analytical formulation. Thus, to simplify the analysis, the dihedral
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effect is assumed to be negligible in this study. The right wing reference frame C can be established in a similar
manner. In the analysis, the aeroelastic effects on the fuselage, horizontal stabilizers, and vertical stabilizer are not
considered, but the analytical method can be formulated for analyzing these lifting surfaces if necessary. In general, a
whole aircraft analysis approach should be conducted to provide a comprehensive assessment of the effect of structural
flexibility on aircraft performance and stability. However, the scope of this study pertains to only the wing structures.

B. Elastic Analysis

In the subsequent analysis, the combined motion of the left wing is considered. The motion of the right wing is a
mirror image of that of the left wing for symmetric flight. The wing has a varying pre-twist angle ¥ (x) commonly
designed in many aircraft. Typically, the wing pre-twist angle varies from being nose-up at the wing root to nose-down
at the wing tip. The nose-down pre-twist at the wing tip is designed to delay stall onsets. This is called a wash-out
twist distribution. Under aerodynamic forces and moments, the aeroelastic deflections of a wing introduce stresses
and strains into the wing structure. The internal structure of a wing typically comprises a complex arrangement of load
carrying spars and wing boxes. Nonetheless, the elastic behavior of a wing can be captured by the use of equivalent
stiffness properties. These properties can be derived from structural certification testing that yields information about
wing deflections as a function of loading. For high aspect ratio wings, an equivalent beam approach can be used to
analyze aeroelastic deflections with good accuracy. The equivalent beam approach is a typical formulation in many
aeroelasticity studies.* It is assumed that the effect of wing curvature is ignored and the straight beam theory is used
to model the wing deflection.
Consider an airfoil section on the left wing as shown in Figure 6 undergoing bending and torsional deflections.

Figure 6 - Left Wing Reference Frame

Let (x,y,z) be the coordinates of a point Q on the airfoil. Then the undeformed local airfoil coordinates of point Q

are
cosy —sin
z siny  cosy I3
where 1 and & are local airfoil coordinates, and ¥ is the wing section pre-twist angle, positive nose-down.’

Then differentiating with respect to x gives

/| —siny —cos —zy
Zx cosy —siny & vy
The axial or extensional deflection of a wing is generally very small and therefore can usually be neglected. Let

O be a torsional twist angle about the x-axis, positive nose-down, and let W and V' be flapwise and chordwise bending
deflections of point Q, respectively.. Then, the rotation angle due to the elastic deformation can be expressed as

¢ (x,1) = Od; — Wds + Vid3 (11)

where the subscripts x and ¢ denote the partial derivatives of ®, W, and V.
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Let (x1,y1,21) be the coordinates of point Q on the airfoil in the reference frame D. Then the coordinates (x1,y1,21)
are computed using the small angle approximation as

x1 (x,1) x ¢ x (ydp +zd3) .d; x—yVi— W,
yvixt) | = y+V |+ | ox(yda+zd3)dy | =] y+V—2z0 (12)
21 (x,1) +W ¢ x (yd +2zd3) .d3 z+W+y®

Differentiating x1, y1, and z; with respect to x yields

X1,x 1 —yVix +Z)/Vx — Wi 7y’y/Wx
Yix | — =27 + Vi =20, —yy © (13)
2l x VY +Wi+y0y—zy ®

Neglecting the transverse shear effect, the longitudinal strain is computed as®

dsi—ds  six
E =

=—=— 14
ds Sy (14
where
sx:,/1+y§+z§:\/1+(y2+z2)(}/)2 (15)
N2 /
o = V102 42) ()~ 2Vee — 20We £207 +2) 70, (16)
For a small wing twist angle 7, the longitudinal strain is obtained as
£=—Wa— Wt (P +22) 70, (7
The moments acting on the wing are then obtained as
M, [ Gie, (> +2%) (y’ +®x)
M, | = 0 +//E8 —z dydz (18)
M, | 0 —y
i ! 2 /! !
GJ+EB, (y) —EB,Y —EBsy o,
= —EByy Ely,  —El, W (19)
—EB3y —El,  EL, Ve

where E is the Young’s modulus; G is the shear modulus; y/ is the derivative of the wing pre-twist angle; Iy, I,,, and
I, are the section area moments of inertia about the flapwise axis; J is the torsional constant; and By, B;, and B3 are
the bending-torsion coupling constants which are defined as

By 2422
B, | = // (y*+2%) z | dydz (20)
Bj y

The strain analysis shows that, for a pre-twisted wing, the bending deflections are coupled to the torsional deflection
via the slope of the wing pre-twist angle. This coupling can be significant if the wash-out slope }/ is dominant as in
highly twisted wings such as turbomachinery blades. For an aircraft wing structure, a simplification can be made by
neglecting the chordwise bending deflection. Thus, the resulting moments are now given as

O

21
W, 2L

I 2 i
l M, ] _ | G/+EB (y) _EB»Y
M, —EByy EI,
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C. Aeroelastic Angle of Attack

The relative velocity of the air approaching a wing section includes the contribution from the wing elastic deflection
that results in changes in the local angle of attack. Since aerodynamic forces and moments are dependent on the local
angle of attack, the wing aeroelastic deflections will generate additional elastic forces and moments. The local angle
of attack depends on the relative approaching air velocity as well as the rotation angle ¢ from Eq. (11). The relative
air velocity in turn also depends on the deflection-induced velocity. The local velocity components at point Q in the
reference frame D are given by’

Vy —usinA+xi; —usinA — zWy;
v | = | —ucosA+yi; | = —ucosA—z0, (22)
vz —W—qxXa+21s —W—qxa+ W, +y0,

where u ~ V.., w = Vo @, q is the aircraft pitch rate, x, is the position of point Q with respect to the aircraft C.G. (positive
aft of C.G.) measured in the aircraft reference frame B, and y and z are coordinates of point Q in the reference frame
D.

In order to compute the aeroelastic forces and moments, the velocity must be transformed from the reference frame
D to the airfoil local coordinate reference frame defined by (u,m,&) (see Figure 9). Then the transformation can be
performed using two successive rotation matrix multiplication operations as

Vi [ 1 0 0 cosW, O sinW, Vy
vp | =10 cos(®+7) sin(@+7y) 0 1 0 vy
Ve | 0 —sin(@+7y) cos(@+7) —sinW, 0 cosW, v,
[ vycos Wy + v, sinW,
= | —vysinW,sin(®+y)+vycos (@ +7) +v;cos W, sin (@ +y) (23)
| —VxsinWycos (@ +7) —vysin (©+ y) +v;cos W, cos (O + )

For small deflections, the local velocity components can be simplified as

Vu v+ v, Wy
vy | = vy 4+ v (@+7) (24)
Ve v, —viWe—v, (@+7)

Referring to Figure 7, the local aeroelastic angle of attack on the airfoil section due to the velocity components vy
and vg in the reference frame D is computed as

v Ve +Av,
Go=—=— % 25)
vn  VptAvy
where
Ve = —W—gxq (26)
Vp = —ucosA 27
Avg =W +y0; —v;Wy — v, (@ +7) (28)
Avy = =20, +v. (0 +7) (29)
Then the local aeroelastic angle of attack can be evaluated as
wo e Vg Avy _ W gt Wi y0 —vWe — vy ©+7) (—w—qx)[-20: +v: (0 +7)] (30)
<y vy —ucosA u?cos? A
Ignoring the nonlinear terms, the expression for the local aeroelastic angle of attack is obtained as’
o W, +y0® ® G}
o (x,,2) = 4 —7(x) —WitanA — O — (30, (Wt ) 20+ (Wt gxa) (O +)] 31

cosA  V.cosA Ve cOS A u?cos? A

The terms W; and ©; contribute to aerodynamic damping forces which can be significant for aeroelastic stability.
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Figure 7 - Aeroelastic Angle of Attack

For aeroelastic analysis, the steady state aerodynamic method assumes that the steady state lift circulation oc-
curs at the aerodynamic center of the oscillating airfoil, which may be taken to be the quarter-point. On the other
hand, the unsteady aerodynamic method assumes that the unsteady circulation acts at the 3/4-chord point.> Both
the Theodorsen’s method for simple harmonic airfoil motion’ and Peters’ finite-state method can be used to analyze
unsteady aerodynamics.* Based on the steady state aerodynamic assumption, the local angle of attack of an airfoil
section at the elastic axis is evaluated at y = —e and z = 0. Neglecting the last term, the expression for o, is

W, — e0;
Ve.cosA

_ o qXac
cosA  V.cosA

o (x)

—y(x) —WitanA— @ — (32)

where x,, is the distance from aircraft C.G. to the quarter-chord point measured in aircraft reference frame B (positive
aft of C.G.) e is the distance between the quarter-chord point and the elastic axis.
For unsteady aerodynamics, the local angle of attack is evaluated at y = b (% — a)

VVI +b (% —a) ®z
V. cosA

I
T cosA | VicosA

o (x) Y (x) — WytanA — © — (33)
where b is the half-chord length and —1 < a < 1 is a parameter such that the elastic axis is located at a distance —ab
from the mid-chord and a < 0 when the elastic axis is forward of the mid-chord.

In the present computational approach, the steady state aerodynamic method is used in the aeroelastic analysis. It
is also noted that the three-dimensional lifting line effect that gives rise to the induced angle of attack is neglected in

the analysis.

D. Wing Aeroelasticity

The wing deformation is comprised of two components: bending deflection W (x) and torsional deflection ® (x), where
x is the wing local elastic axis. Furthermore, these deflections include both the static and dynamic contributions. Thus

O (x,1) = O (x) +AB (x,7) (34)

W (x,t) =W (x) + AW (x,1) (35)

where W (x) and @ (x) are the static bending and torsional deflections, and AW (x,7) and A® (x,?) are the dynamic
bending and torsional deflections.
The equilibrium conditions for bending and torsion are expressed as

oM,

PP GO
9*M, am,
S = @7

where m, is the pitching moment per unit span about the elastic axis, f; is the lift force per unit span, and m, is the
bending moment per unit span about the flapwise axis of the wing which is assumed to be zero.
The local pitching moment and lift coefficients are given by

e ’” e
e (¥) = e+ [ezy 1,0 (0] + X (emg, + Sery, ) & (38)
k=1
cr(x) = cry +cr, 0 (x) +crs0 (39)
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where ¢, is the section pitching moment coefficient about the section at the quarter-chord point at trim which is
usually small and thus may be assumed to be zero, cy,, is the section lift coefficient at zero angle of attack, ¢, is the
section lift vs. angle of attack curve slope, c is the section chord, & is the surface deflection of the k-th flap, and CLs,
and ¢, 5 are the section lift and pitching moment control derivative at the quarter-chord point due to the k-th flap.

Figure 8 - Airfoil Forces and Moment

Using the sign convention as shown in Figure 8, the pitching moment per unit span can now be expressed as

a qXac W, — €0, o [ C
—y—WetanA—@— " ( )é
o T Lo (cosA T VocosA YT Mtan VwcosA> +,§1 ¢ Mt CLy ) Ok

+pgAecg — pLuOy +pAecW,  (40)

my = —

€qo cos® Ac

where ¢.. is the dynamic pressure, p is the wing material density including fuel density, A is the cross sectional area
of a wing section, e, is the eccentricity between the center of mass and the elastic axis (positive corresponding to the
center of mass located forward of the elastic axis), I, is the section polar area moment of inertia, and the term cosZA
accounts for the wing sweep angle A as measured from the elastic axis.

The lift force per unit span is given by

a 4Xac W; — e®, o 2
—t———y-—WitanA—- O — — O | goo A
o Lo (COSA—’_VMCOSA ¥kt VwcosA>+l;ch5k k| 9= COSAAC

— pgA — pAVVn + pAecg(att (41)

fe=

where A is the cross sectional area of a wing section.
The bending and torsion aeroelastic equations then become

% { {GJ+EBI (}/)1 0, — EBzy'Wxx} -

W, — e®, 2osc
—Y=WitanA =0 = VwcosA) +/§1 (Ecm‘sﬁcl‘ék) O

a qxac
cosA  V.cosA

crytci, ( (718 cos® Ac

— pgAecg + plx)c@tt - pAecgtht (42)

9? /
ﬁ <—EBZ'}/ ®X+E1ynyx) ==
o GXac W, — e®; - »
——Ft——— 7 WitanA-0O - —— Ok | Goo A
Lo L (cosA + Voo COSA vt Vmcos/\) +I§10L5k k| 4 COSTAC

— pgA — pAVVn + pAech)tt (43)

subject to fixed-end symmetric-mode boundary conditions ® (0,1) = @, (L,#) =0and W (0,1) = W, (0,) = EIW,, (L,t) =
% (EIWyy (L,t)) = 0, whereupon the x-coordinate of the wing elastic axis is translated such that the wing root section
is at x = 0 and wing tip section is at x = L.

These equations describe the wing bending and torsional deflections due to aerodynamic forces and moments.
Using the Galerkin’s method,® the static and dynamic bending and torsional deflections can be approximated as

O (x) = 6% (x) (44)
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W (x) = wd; (x) (45)

AO(it) = ¥ 0 (1), (x) (46)
=0
AW (x,t) = Zn: w; (1) ®; (x) 47)

where w and 8 are the generalized coordinates for static bending and torsion, 6; () and w; () are the generalized co-
ordinates, and ¥, (x) and ®; (x) are the assumed normalized eigenfunctions of the j-th bending and torsion aeroelastic
modes, respectively, j =1,2,...,n.

The normalized eigenfunctions are given by

¥ (x) = V2sin W (48)
®; (x) = cosh (Bx) —cos (Bx) — 2‘1’32 Eg;g i:ﬁf ((lf] _’f)) [sinh (B;x) — sin (Bx)] (49)

where B;L = 1.87510, 4.69409, ... is the eigenvalue of the j-th bending mode of a uniform cantilever beam, and the
eigenfunctions ¥; (x) and @; (x) satisfy the orthogonal condition

L L L i=j
/ W, ()W) (x)dx — / ®, (x) D (x) dx = (50)
0 0 0 i#j
1. Static Analysis
The unsteady motion of the wing results in a time-varying angle of attack as
o (t) = 6+ A (1) (51)

where @ is a trim angle of attack and A¢ is a time-varying incremental angle of attack.
The flap deflection is generally time-varying resulting from flight control actions, and therefore can be decomposed
into a steady state component and time-varying component as follows:

8 (1) = S + A (1) (52)

where &y is the trim flap deflection and AJ; is a time-varying incremental flap deflection.
For steady state motion, both the time-varying incremental angle of attack and the pitch rate are zero. Therefore,
the static bending and torsion aeroelastic equations are expressed as

% { [GHEBI (}/)2] @ —EBzy’W”} -

o _ _ m c _
cLy +cr, <cosA —yY—W tanA — ®> +/§1 (;CmskJrcLsk) Sk] eqwcoszAc—pgAng (53)
d? / iy _ n _ 5
2 (*EBz)/ @x+E1ynyx) = |cry L, (cosA e a4 tanA®> +k; CLs, Ok | goo cOS”“ Ac — pgA (54)

The weak-form integral expressions of the aeroelastic equations are obtained by multiplying the bending and
torsion aeroelastic equations by @; (x) and ¥ (x), respectively, and then integrating over the wing span. This yields

L d ! 2 - ! ! n
/ ‘Pl{[Gl+EB1 (y) }G‘I’I—EBgwabl}dx:
0 dx

L
[
0

CcosA

m _ L
cry tcr, ( —yY—w®, tanA — é‘P|> + Z (gcm5k+cL5k) 5/(] €qo CoszAcdx—/o YipgAecgdx (55)
k=1
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L 2
d I~ o
/0 12 (~EBoy 0%, + ELw) ) dx =

L
ffo
0

The expressions of the left hand sides can be integrated by parts as

CLy T CLy (COSA — ’)/—WCID/l tan A — élpl) +

m L
CLy, 5;{] oo cOS” Acdx —/0 O pgAdx (56)
k=1

L d ! 2 - ! i n I 2 - ! I " L
/ ‘Pl{[GJJrEBl (y) }B‘I’I—EBzva@l}dx:‘Pl{[GJ—!—EBl (y) }G‘PI—EBzyv‘wbl}
0 dx 0

L ! ! 2 - ! ! "
—/ ‘Pl{[GJJrEBl () ]G‘Pl—EBzywcbl}dx (57)
0

L 2 g
d /. " d ! A !
/ o, (—EBz}/ 6%, +E1ywal>1) dx= & — (—EBz}’ oY, +E1yywq’1>
0 dx2 dx 0

i ! = ! " L L " ! = ! "
s (—EBzy oY, +E1yywc1>,) ‘0 +/ @] (—EBZQ/ o, +E1yywc1>l) dx (58
0

Then, by enforcing the zero boundary conditions at the two end points, the weak-form static aeroelastic equations
are obtained as

L ! ! 2 - / ! "
/ ¥ { [GJ—%EBl (y) ] 0w, —EBz}/v‘vtbl}dx
0

n L ~ m L
! - C = 2
+,Zl/0 Wi |cry + L, (cosA —y—w@ltanA—G‘Pl) +1§1 (;c"15k+CL5k) 5;(1 € COS Acdx—/0 Y pgAe odx
(59)
1 L " ! = ! n
/ @] (fEBzy 0w, +E1yywc1>1) dx
j=170
n L 5 , B m _ 1 L
— Z/ D, cLO—l—cLa( —y—w@ltanA—O‘I’l) + Yy b qoocoszAcdx—i-/ ®pgAdx  (60)
=o cosA = ] 0
These equations are expressed in a matrix form as
- - - - - m r _ _
Koo Kow || O\ 1 hoa || o |y | 8ok |5 61)
kwo  kyw w hya fw k=1 | 8wk
where
_ L A2 N2 L ) 5
k99=/ [GJ—i—EBl (}/) ] (‘I’1> dx—qoo/ crpeccos” A (W) dx (62)
0 0
- L ! ! " L !
kgW:—/ EBzylPlfbldx—qm/ cLaectanAcoszA‘Plledx (63)
0 0
- L I " / L
ko = —/ EBzy@I\Pldx—quo/ CLaCCOSZACI)]lpldX (64)
0 0
- L " 2 L !
kWW:/ El,, (@1) dx+qm/ cLactanAcoszAdhCDldx (65)
0 0
B L
hog, :qw/ cr eccos AW dx (66)
0
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L
hya = —qm/ cr,ccos AP dx ©67)
0

L L
fo= —qm/ cLOeccoszA‘Pldx—i—g/ pAec¥1dx (68)

0 0

- L L

Fuw :qw/ cloccoszA@ldx—g/ PAD dx (69)

0 0

L
Zok = —qw/ (C'nakc+CL5ke) ccos® AW dx (70)
0
L
8wk qu/ cLskccoszAdhdx (71)
0

Note that the bending-torsion divergence speed occurs when the stiffness matrix

koo kow | _ | ki1 —g=Ai1 ki2—gudi 72)
kwo  kww ka1 +qelar koo + Gl
is singular. Therefore the divergence speed is obtained from the solution of the following equation
(A2t — A11A») g% + (k1A — koAt +ka1A — k12A21) Geo + (ki1koz — ki2kat) =0 (73)

2. Dynamic Analysis

The weak-form integral expressions of the dynamic aeroelastic equations are obtained by multiplying the bending and
torsion aeroelastic equations by ®; (x) and ¥; (x), and then integrating over the wing span. This yields

1 L d ! 2 ! ! "
j; i widx{[GJJrEBl (v) }Bj‘I‘j—EBzyijDj}dx:

n L : A m
Ac qXac / wjéj—eej‘l’j c 2
P, — ;@ tan A — 0, — LT ( ) A | egucos® Acd
121/0 ' cha (COSA+ Voo COSA Wi I Vo cos A +k§'1 ¢ Mt L, ke | €4e= COSACAX

n L n L
+Y | ¥ipl.6¥dx—) / WipAeoo;@dx  (74)
j=170 j=170

n L d2 ! ! "
o (—EBzy 9<‘I’4+E1,,W<<I>-)dx:
211/0 ldxz J ] RARAG Al |

n L
q).
Ll

Ao GXac ’ Wj¢j—eéj‘Pj i
CL(X < —+ 7W)¢JtanA791lP17W +1;1CL5kA5k

2
o Acd
cosA  V.cosA g CcOs” Acdx

n L n L
-y / Dip AW Djdx+ Y / D;pAec,6,¥;dx (75)
Jj=1/0 j=170

Upon enforcing the zero boundary conditions at the two end points, the weak-form dynamic aeroelastic equations
are obtained as

n L
Z/O v, { [GJ—i—EBl (y/ﬂ ejw;—Equ/w,»q>;f}dx

n L ; s m
Aa 4Xac / WP —e0;¥; c
+ Z/ Y, [cLa (cosA + VocosA w;®;tanA — 0;¥; — AT +k§1 (EcmaﬁcLak) A8,

€qoo cos® Acdx

n L n L
+) / Yiple ;¥ dx— Y / WipAeqv;®@jdx =0 (76)
i=170 j=1 0
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n L
Z/ ] (~EB2Y 0,9+ Elyw; @] ) dx
0

j=1
n L
_Z/ ®d,
i 0

J=1

cosA  V.cosA Ve COSA

At , , DD — 0\
cLa< 4 T —WjCIDjtanA—Bj‘I’j—wj/ejj)—|—ZCL5kA5k‘| gooc0s? Acdx
k=1

n L n L
+) / DipAWjDjdx— Y / ®ipAecs6;¥;dx =0 (77)
j=170 =170

These equations can be expressed as

M=
(ngE

(mo6,ij0; +mowijWj +c0.ij0; + Conijw; +koo.ij0; + kowijwj +hoa A&+ hogiq) =
J

g60.ikA8  (78)

1k

~.
Il
-

n

n
Z (My0.i10; 4 My ijWj + C100.ij0; + Comi W + ko i85 + Kwi W) + Prwa iAO + g iq) = Z
=1

(ngE

gwikAS  (79)

j=lk=1
where .
m397l~j:/ plm\{’i‘}’jdx (80)
0
L
mey,ij = */ pAe ¥ Pidx 81)
0
L
Mygij = —/ pAe DY jdx (82)
0
L
My ij :/ PAD;D;dx (83)
0
1 L
C0,ij = EpwVw/O cLaezccosA‘Pi‘dex (84)
1 L
Cow,ij = _EP“’V“/ cLyeccos AP ;dx (85)
0
1 L
Cwo,ij = —Epme/o cryeccos AP dx (86)
1 L
Cyw,ij = 5pme/O CLy COSACD;P jdx (87)
L ! 2 / / L
koo ij :/o [GJ—i—EBl (Y) ]‘Pi‘{‘jdx—qm/o cLaeccoszA‘I’,-‘dex (88)
L I L ,
koy,ij = —/ EBg}/‘PidDjdx—qw/ cLaectanAcoszA‘I’,-CDjdx (89)
0 0
L ! " / L
kwe ij = —/ EByy ®; lI’jdx—i—qm/ cLaccoszACIDi‘dex (90)
0 0
L no_n L /
kww,ij:/o EIyyCIJ,»ijdx—i-qw/O cLactanAcoszAQDiCDjdx 91)
L
hgmizqw/ cro eccos A¥dx 92)
0
1 L
hegi = 5pme/ €Ly €CXqc COS AW dx (93)
0
L
hwai = —qeo / €L, € COS AD;dx (94)
0
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1 L
Nywg,i = —Epoon/ CLy CXac COS AD;dx 95)
0
L
g0k = —qw/ (cmskc+cL§k e) ccos? AW;dx (96)
0
L
Swik = qm/ chkccoszACID,-dx )
0
The resultant matrix equation is obtained as
Mi, + Cx, + Kx, + Hx, = GAd (98)
T
where x, = [ 0 6 - 0, wi wy - W, ] is an elastic state vector of the generalized coordinates, x, =
T T
[ Ao g } is an aerodynamic state vector of the angle of attack and pitch rate, A§ = [ AS; AS - AS, }

is a control vector of the incremental flap deflections, M is the generalized mass matrix, C is the generalized damping
matrix, K is the generalized stiffness, H is the generalized aerodynamic coupling matrix, and G is the generalized
force derivative vector due to the flap and slat deflections.

The generalized damping matrix is comprised of both the structural damping and the aerodynamic damping. The
structural damping matrix can be obtained from a modal analysis that transforms the generalized coordinates into the
modal coordinates via the eigenvalue analysis.

Consider the zero-speed structural dynamic equations

H+M 'Coto+M 'Kx, =M~'F (99)

where C; is the structural damping matrix, K is the structural stiffness matrix corresponding to the stiffness matrix K
at zero speed, and F is the force vector.

Assuming that the eigenvalues of the matrix M~ K| are positive real and distinct, then by the similarity transfor-
mation, the matrix M ’IKS can be decomposed as

MK, =x0°x ! (100)

where X is the eigenvector matrix and Q = diag (®;, ®;,...,®,) is the diagonal matrix whose elements are the fre-
quencies of the structural modes.
Let g = X ~'x, be the modal coordinates, then the transformed structural dynamics equation can be obtained as

G+XMICXg+Q%q=X""F (101)
which can be expressed in the modal coordinates as
Gi+ 2804 + 07 q; = f; (102)

where {; is the damping ratio of the i-th mode.
Let § =diag (&1, &y, ..., ) be the damping ratio diagonal matrix, then the structural damping matrix is computed
as
Cy =2MXEQX ! (103)

The total damping matrix includes both the structural damping matrix and the aerodynamic damping matrix ac-
cording to
C=C+C, (104)

where C, is the aerodynamic damping matrix whose elements are defined by cgg ij, Cow,ij> Cwo,ij» and Cyuyij.
The aeroelastic modes of the aeroelastic equations are then obtained by the eigenvalue analysis of the following

system:
X 0 1 X 0
e _ € + 105
[f"e ] [ -M~'k —-M~'C ] e ] [ M~ (GAS — Hx,) ] (105)

The flutter boundary is defined to be an airspeed at which the real parts of the eigenvalues of the systems become
Zero.
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IV. Coupled Aeroelastic Computation

To perform the coupled aeroelastic computation, the static aeroelastic model is coupled with Vorview through the
automated vehicle geometry modeler. Aerodynamic force and moment coefficients as computed from Vorview are used
as inputs to the static aeroelastic model. The computed aeroelastic deflections are then used to generate the aircraft
deformed geometry by the automated vehicle geometry modeler. The aerodynamic solution is then recomputed with
the aircraft deformed geometry in Vorview. This process is iterated until the solution is converged when errors in the
computed aeroelastic deflections are within a specified tolerance. A flow chart for the coupled aeroelastic computation
is shown in Fig. 9.

Create
Undefarmed
Aircraft Geometry

Y Y

Automated Aerodynamic
Vehicle Geometry = Computation by
Modeler VORVIEW
4
fructural
Deflection _ | Output Modal
Computation by o Information
Aeroelastic Model

Solution
Converge?

Input Structural
Deflections

Output Solution

Fig. 9 - Coupled Aeroelastic Vortex Lattice Computation Flow Chart

The solution provides aerodynamic information for the deformed aircraft under static aerodynamic loading. The
dynamic aeroelastic analysis can be used to estimate the unsteady contribution to wing aerodynamics. Given an
atmospheric disturbance due to turbulence or a wind gust, or a time-varying motion of a flight control surface, the
dynamic aeroelastic analysis can be used to compute the unsteady component of the aerodynamic force and moment
coefficients.

Assuming steady state aerodynamics, the lift coefficient of an aircraft for symmetric flight can be expressed as

n n
CL(I):CL0+ACLO+CLa[(_X-I-AOC(Z)]+Cqu(l)+CL5k8k(t)+ZCLejGj(l‘)-i-ZCijWj(l)
= =
—I—ZCLéiO'j(t)—l—ZCLwin(t) (106)
= =1

where ACy, is the incremental lift coefficient at zero angle of attack due to static aeroelasticity obtained from the
coupled solution, and Cp, , Cp,, ., Cp, 0.0 and Cp,, . are the aeroelastic lift sensitivities
J J i J

2CLO{ L 2
CLej = cos“ Ac¥ jdx (107)
0
2 L ,
Cr, =— ‘La tan A cos” Acd dx (108)
wj 0 J
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C = 2cr, /LecosAc‘I-’dx (109)
Lo, T VLS o J
2CLa L
Cr, =~ /0 cos Acd jdx (110)

The drag coefficient may be modeled by a parabolic drag polar

Cp () =Cp, + AC, —&—@ (111)
b= Do Po T TARe
where ACp, is the incremental parasitic drag coefficient at zero lift due to static aeroelasticity obtained from the
coupled solution, AR is the wing aspect ratio, and € is the span efficiency factor.
For small drag contributions by the aeroelastic effects, the drag coefficient may be approximated as

2
1) = A L
CD() CD0+ CDO+7IAR€
2CL n n n . n
+Re | Caa (1) +Cr,q (1) +Crs & (1) + X;CLej 6; (1) + ZICLWJ.W/ )+ ZICL()I.GJ (1) + ZICLvO_in )| 112)
Jj= j= j= Jj=

where C; is the trim lift coefficient .
CL=Cpy+AC, +Cp 0 (113)

In addition, the pitching moment coefficient of an aircraft is also influenced by the aeroelastic effects due to changes
in wing lift characteristics. The pitching moment coefficient can be expressed as

n n
Cin = Cing + ACung + Cing [0+ A0t (1)] +Cp, g (1) + Cong S (1) + Z Cing, 0 (1) + Z Con,,wj (1)

J=1 j=1

n n
+Y Cmej 0;(+ ) Cony W5 (1) (114)
j=1 j=1

where AC,,, is the incremental pitching moment coefficient at zero angle of attack due to static aeroelasticity obtained
from the coupled solution, and Cy, , Cij ,Cr 0.9 and Cy,, . are the aeroelastic lift sensitivities
J j J

2CL06 L 2
Cng, = —o= Xgc c0s” AcY jdx (115)
J S¢ Jo
2 L ,
Cn, = CL_"‘ / Xae tan Acos? Acd jdx (116)
J Sc 0
e L
Cny, = —ng‘xc_ /0 Xace oS AW jdx (117)
2c L
Cong, = VOOLS“C_ /0 Xge €OS Ac® jdx (118)

Thus, the aeroelastic deflections of the aircraft wings are coupled with aircraft dynamics through the angle of
attack and pitch rate. The coupled system thus dictates both the aircraft responses as well as the aeroelastic deflections
statically and dynamically.

V. Numerical Simulations

A Generic Transport Model (GTM) which represents a notional twin-engine, 200-passenger transport aircraft
is used in the simulation study. The geometry is obtained by scaling up a 5.5% wind tunnel model of the GTM.
Aerodynamic data for the sub-scale GTM are available from wind tunnel testing in NASA Langley’s 14-ft by 22-ft
wind tunnel.’
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Figure 10 - Generic Transport Model

In general, structural information for commercial aircraft is not publicly available. Therefore, the uncertainty on
the aeroelastic analysis can be high. Nonetheless, certain assumptions can be made for the structural stiffness of a
wing if the wing deflection is known. In the study, the wing deflection for the GTM at 1-g loading at cruise is assumed
to be about 3 ft at the tip. This is based on an extrapolation of the result of a structural certification test on a Boeing
777 wing. This wing deflected at the tip about 24 ft with an applied load of 3.75 g’s. This corresponds to 1.5 times the
design load which is established at 2.5 g’s. The wing span of Boeing 777 is 200 ft and the wing span of the GTM is
124 ft. So the deflection of the Boeing 777 at 1-g loading is estimated to be about 6.4 ft by scaling the deflection by
the loading ratio. The wing tip deflection for a cantilever beam with a different length L and structural stiffness ET is
proportional to L3 /EI. Assuming that EI is proportional to L3/2. Then, the wing tip deflection is proportional to L3/2,
Using this approximation, the GTM wing is modeled as equivalent beam structure with a mass density that results in
the correct wing weight. The Young’s modulus and shear modulus are then adjusted by trial and error until the desired
wing tip deflection is obtained. The distributions of the GTM wing structural stiffness values are plotted in Figures 11
and 12.

15

10 b

El, Ib—f®

0 10 20 30 40 50 60 70

GJ, Ib-f?

0 i i i i
0 10 20 30 40 50 60 70

BBL, ft

Figure 11 - Estimated Wing Bending and Torsional Stiffness
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Figure 12 - Estimated Wing Bending-Torsion Coupling Stiffness

A. Static Aeroelastic Response

The aircraft weighs 175,000 lbs and cruises at mach 0.8 at 30,000 ft. The initial trim angle of attack with no aeroelastic
deflection is 2.05°. After 4 iterations, the trim angle of attack is 0.80° as shown in Table 1. Thus, the aeroelastic
deflections effectively contributes 1.25° to the angle of attack of the aircraft. The wing tip bending and torsional
deflections are 3.064 ft vertically upward and 2.204° nose up as shown in Figure 13. Figures 14 and 15 are the plots
of the pressure coefficient C, distributions for the rigid aircraft and the flexible aircraft. Because of the effective
increase in the attack of attack, the pressure loading on the wing also increases for the same angle of attack of the
aircraft. It is also noticed that the drag coefficient increases when the aeroelastic effects are present. The increase in
drag is probably due to changes in the induced drag associated with changes in the wing lift distribution caused by the

aeroelastic deflections.

Iteration ‘ o, deg ‘ Cr, ‘ Cr, ‘ CL ‘ Cp ‘ Ciiy, ‘ Cn ‘ Wiip, Tt ‘ Byip, deg
1 2.0498 | 0.0899 | 6.3931 | 0.3186 | 0.0090 | -1.7619 | -0.1852 | 3.0592 | -2.2049
2 0.7984 | 0.2297 | 6.3755 | 0.3186 | 0.0155 | -1.7227 | -0.1540 | 3.0641 | -2.2041
3 0.8039 | 0.2288 | 6.3970 | 0.3186 | 0.0155 | -1.7150 | -0.1540 | 3.0582 | -2.2051
4 0.7982 | 0.2298 | 6.3756 | 0.3186 | 0.0155 | -1.7227 | -0.1539 | 3.0640 | -2.2041

Table 1 - Coupled Aeroelastic-Vorview Solution
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Figure 13 - Wing Aeroelastic Deflections
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Figure 14 - C,, Distribution for Rigid Aircraft
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Figure 15 - C), Distribution for Flexible Aircraft

B. Dynamic Aeroelastic Response

The dynamic motion of the wing is assumed to be predominantly due to the first bending and torsion modes. The
forcing function is assumed to be a light vertical wind gust with a turbulence intensity based on the Dryden turbulence
model.'® The vertical wind speed w, and the turbulent pitch rate g, are shown in Figures 16 and 17.
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Figure 16 - Turbulence Vertical Wind Speed
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Figure 17 - Turbulence Pitch Rate

The time varying angle of attack and pitch rate act as sources of excitation to the aircraft wings. The structural
damping is assumed to be & = 0.2. This structural damping corresponds to a flutter speed at Mach 0.845. The first
symmetric bending mode is at 9.0 rad/sec with a damping of 0.16, while the first symmetric torsion mode is at 11.8
rad/sec with a damping of 0.37. The aircraft incremental angle of attack, pitch rate, and wing tip dynamic bending and
torsional deflections are plotted in Figures 18 through 21. The aircraft unsteady lift coefficient, drag coefficient, and
pitching moment coefficient are plotted in Figures 22, 23, and 24.
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Figure 18 - Angle of Attack
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Figure 19 - Pitch Rate
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Figure 20 - Wing Bending Deflection
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Figure 21 - Wing Torsional Deflection
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Figure 22 - Aircraft Unsteady Lift
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Figure 23 - Aircraft Unsteady Lift Coefficient
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Figure 24 - Aircraft Unsteady Pitching Moment Coefficient

VI. Discussion

The coupling between the vortex-lattice code and the aeroelastic model is facilitated by an external geometry mod-
eler. While this approach is reasonable, perhaps an alternative implementation is to actually incorporate an aeroelastic
model directly into a vortex-lattice formulation. The advantage of the alternative approach is that the static aeroelastic
effects on aerodynamic characteristics are probably more accurately predicted as the aeroelastic contribution to the
angle of attack is properly accounted for. Moreover, using a dynamic aeroelastic response model, a quasi-unsteady
aerodynamic model of an aircraft could be constructed to properly estimate the unsteady downwash effect of the wings
on the tail plane. In the present approach, this downwash effect is not accounted for, so the dynamic aeroelastic re-
sponse solution only provides the wing-alone contribution to the overall aerodynamic characteristics of the aircraft.
The disadvantage of the alternative approach is the complex numerical implementation that requires a truly coupled
numerical solution at the algorithmic level that integrates an aeroelastic solution method with the vortex-lattice method.

Future work will extend the present method using the unsteady aerodynamic methods of Theodorsen and or Peters
for the aeroelastic analysis. Furthermore, the asymmetric aeroelastic motion would be developed in the future work.
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VII. Conclusion

This paper presents a coupled aeroelastic and vortex-lattice aerodynamic modeling approach for analyzing aerody-
namic and aeroelastic characteristics of flexible aircraft. The vortex-lattice code Vorview provides a rapid aerodynamic
prediction tool for preliminary aircraft concept studies. With the addition of static and dynamic aeroelastic capability,
the prediction tool is further capable of analyzing aerodynamics of flexible aircraft configurations. The aeroelastic
model estimates the effects of the coupled wing bending-torsion motion on the aircraft aerodynamics. The aeroelas-
tic angle of attack is a function of the elastic deflections of the wing in bending and torsion. This causes airspeed
dependent frequencies and damping that give rise to wing divergence and flutter. A generic transport model is used
to demonstrate the tool capability. The coupled aeroelastic and vortex-lattice solution provides the static aeroelastic
deflections of the wings which result in changes in the aircraft trim angle of attack, and lift and drag characteristics. A
dynamic aeroelastic model with a turbulent wind gust is computed separately to estimate quasi-unsteady aerodynamics
of the aircraft.
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