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This paper presents a static aeroelastic model and longitudinal trim model for the analysis of a flexible
wing transport aircraft. The static aeroelastic model is built using a structural model based on finite-element
modeling and coupled to an aerodynamic model that uses vortex-lattice solution. An automatic geometry
generation tool is used to close the loop between the structural and aerodynamic models. The aeroelastic
model is extended for the development of a three degree-of-freedom longitudinal trim model for an aircraft
with flexible wings. The resulting flexible aircraft longitudinal trim model is used to simultaneously compute
the static aeroelastic shape for the aircraft model and the longitudinal state inputs to maintain an aircraft trim
state. The framework is applied to an aircraft model based on the NASA Generic Transport Model (GTM) with
wing structures allowed to flexibly deformed referred to as the Elastically Shaped Aircraft Concept (ESAC).
The ESAC wing mass and stiffness properties are based on a baseline “stiff”” values representative of current
generation transport aircraft.

I. Introduction

In recent years, considerable attention within the aircraft design industry has been directed at incorporating lighter
weight materials in the construction of aircraft structures. These efforts target reduction of aircraft weight, which
translates into a lower lift requirement and in turn, reduces induced drag and thrust requirements. Usage of modern
light-weight materials such as advanced composites has been adopted for use in the design of new aircraft. These
materials are able to provide weight savings while maintaining the same load-carrying capacity as older material
selections, also allowing the structural rigidity of the designs to be reduced. It becomes increasingly important for
these modern designs to take into account the aeroelastic interactions between flight aerodynamics and the flexible
aircraft structures within flight. Understanding and modeling these interactions can aid engineers in the analysis of
design selections incorporating these lighter weight materials.

In 2010, a conceptual study titled “Elastically Shaped Future Air Vehicle Concept”" was conducted to investigate
the benefits of several advanced aircraft concepts over a conventional design. The study showed that there exists
potential benefits in shaping wing surface aeroelastic deformation actively in flight with active control. The possibility
of increasing aerodynamic efficiency by using active wing shaping for modern wing structures with reduced structural
flexibility was realized. Development of modeling tools that can be used to investigate flexible wing aircraft and
their aeroelastic behavior is emphasized in order to pursue these areas of research. These tools can also lead the way
to flexible wing design optimization and the development of novel control surfaces to achieve active wing shaping,
such as the Variable Camber Continuous Trailing Edge Flap system being investigated in a joint effort by NASA and
Boeing.>3

5]

“Engineer, Intelligent Systems Division, eric.b.ting@nasa.gov
fResearch Scientist, Intelligent Systems Division, nhan.t.nguyen @nasa.gov, AIAA Associate Fellow
“Engineer, Intelligent Systems Division, khanh.v.trinh @nasa.gov

1 of 29

American Institute of Aeronautics and Astronautics



This paper outlines the development of a static aeroelasticity model and a three degree-of-freedom longitudinal trim
model for an aircraft with flexible wing structures. The static aeroelasticity model utilizes a one-dimensional structural
model of the the wing structure as a beam in coupled bending-torsion.*> The aeroelastic model also takes into account
engine thrust forces and the effect of aero-propulsive-elasticity.? Previous studies have utilized the Galerkin method*¢
to formulate a discretized weak-form solution to the structural equations. The similar numerical technique of finite-
element method (FEM)’~? utilizing shape functions will be used in this study, as approached by previous work.> An
aeroelastic model is generated by coupling an aerodynamic model based off vortex-lattice data with the structural
model through a geometry modeling tool that can create aeroelastically deformed aircraft models.

A three degree-of-freedom longitudinal trim model is developed as an extension of the static aeroelastic model.
The aircraft’s trim state is determined by balancing the longitudinal forces and moments on the flexible wing aircraft
such that equilibrium is obtained. The trim model uses a standard Newton’s method approach to solve the aircraft’s
equilibrium equations in the aircraft stability axes, while accounting for aeroelastic deflections. The modeling capabil-
ity allows for the longitudinal states and the wing aeroelastic shape at trim to be determined. A comparison between a
rigid wing aircraft and the effect of incorporating aeroelastic effects can be conducted.

The static aeroelasticity and the three degree-of-freedom longitudinal trim model are applied to various different
aircraft models. The models are based on the NASA Generic Transport Model (GTM), which is a transport aircraft
airframe similar in class to the Boeing 757.'° A simplified model based upon the planform and the characteristics of the
jig-shape wing is developed, called the “Idealized Wing Alone” model. Validation of the developed static aeroelastic
framework is conducted using the Idealized Wing Alone model and the results are compared against NASTRAN
aeroelastic results provided by Boeing Research and Technology.>? A full aircraft model with fuselage, tails, and
engines referred to as the Elastically Shaped Aircraft Concept (ESAC) is utilized. The ESAC model can utilize a rigid
wing model or wing model where aeroelastic deformation is considered. For the flexible wing model, the ESAC model
utilizes mass and stiffness values representative of the GTM wing. The static aeroelastic framework is applied to the
ESAC, and the resulting model is extended to develop the trim solution capable of handling wing aeroelasticity.

II. Aircraft Models

A. [Elastically Shaped Aircraft Concept

The Elastically Shaped Aircraft Concept (ESAC) is a model of a complete, typical, transport aircraft configuration.
It is developed based upon the NASA Generic Transport Model (GTM),!? which represents a notional single-aisle,
mid-size, 200-passenger aircraft. The GTM is a research platform that includes a wind tunnel model and a remotely
piloted vehicle. An extensive wind tunnel aerodynamic database'® also exists for the GTM configuration lending
itself for understanding and validation of results. Figure 1 is an illustration of the GTM planform. The benchmark
configuration represents one of the most common types of transport aircraft in the commercial aviation sector that
provides short-to-medium range, 3000 nautical mile, passenger carrying capacities.

Figure 1. Benchmark GTM Planform
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The geometry of the ESAC is obtained by scaling up the geometry of GTM wind tunnel model by a scale of 200:11.
In the aeroelastic model, the jig-shape wings of the ESAC can be analyzed using a rigid model or be allowed to freely
deform based on reference wing stiffness values. The equivalent beam model for the wing and the aircraft mass
and baseline stiffness values are built using a component-based approach. The aircraft is divided into the following
components: fuselage, wings, horizontal tails, vertical tail, engines, operational empty weight (or OEW equipment),
and typical load including passengers, cargo, and fuel. The fuselage, wings, horizontal tails, and vertical tail are
modeled as shell structures with constant wall thicknesses.'!

B. Idealized Wing Alone Planform Model

Development of the Idealized Wing Alone model is conducted using the undeformed jig-shape wing of the ESAC.
Using the geometric wing pre-twist, measurements of mean camber line, and planform shape, the removal of the
fuselage, tails, engines, and pylons allows for the construction of the wing alone model. This wing alone model is
idealized as a surface with no thickness, and the wing root is extended from the planform of the original wing to the
aircraft centerline. The idealized surface can then be twisted based on the jig-shape geometry wing pre-twist, or shaped
based on camber line measurements. The resulting Idealized Wing Alone model represents only a wing surface, and
the jig-shape’s inherent twist and camber can be individually activated on the model for incremental analysis of their
effect on static aeroelasticity.
Figure 2 is a depiction of the Idealized Wing Alone model within the vortex-lattice modeling program Vorview.

Figure 2. Idealized Wing Along Planform In Vorview

III. Wing Structural Modeling

A structural model of the wing using beam theory is developed and is later incorporated into a fully coupled
structural-aerodynamic aeroelasticity model. The model is similar to those developed previously in other studies.*>

A. Reference Frames

Figure 3 illustrates three orthogonal views for a typical transport aircraft and several associated reference frames.
These reference frames are useful in developing the structural models of the lifting surfaces of an aircraft, although
the coordinate frames associated with the aircraft wings are primarily used in this analysis. The aircraft body-fixed
reference frame B is defined by the unit vectors by, b;, and b3, which are aligned with the aircraft roll, pitch, and yaw
axes, respectively.
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Figure 3. Aircraft Reference Frames

The reference frame C is aligned with the right wing’s elastic axis and is defined by the unit vectors ¢, ¢z, and
c3. Let A be the sweep of the wing’s elastic axis. The B frame can be related to C through three successive rotations:
1) the first rotation about b3 by an angle of % + A to generate an intermediate reference frame B’ defined by the unit
vectors bll, b/2, and b/3 (not shown), 2) the second rotation about b; by the dihedral angle I" of the elastic axis that
results in the intermediate reference frame C defined by the unit vectors c/l, clz, and cl3 (not shown), and 3) the third
rotation about cl1 by an angle of 7 to result in the reference frame C. The transformation can be represented by a series

of coordinate rotations as

b;
b,
b3

—sinA —cosA 0 cosI' 0 sinl’ 1 0 0 c

cosA  —sinA 0 0 1 0 0O -1 0 c)
0 0 1 —sinC 0 cosI’ 0o 0 -1 c3

—sinAcosI” cosA  sinAsinI” cy

cosAcosI'  sinA —cosAsin’ ¢ (1)
—sinI” 0 —cosI’ c3

The analysis can be repeated for the left wing. The reference frame D is aligned with the left wing’s elastic axis
and is defined by the unit vectors dy, d», and d3. The B frame can be related to D through three successive rotations:
1) the first rotation about —b3 by an angle of % + A to generate an intermediate reference frame B” defined by the
unit vectors b/l,, bg, and bg (not shown), 2) the second rotation about bg by the dihedral angle I" of the elastic axis that
results in the intermediate reference frame D' defined by the unit vectors d,l, dlz, and d; (not shown), and 3) the third
rotation about dll by an angle of 7 to result in the reference frame D. The relationship can be expressed as

by
b,
b3

B. Elastic Axis

—sinA  cosA 0 cosI' 0 sinl” 1 0 0 d;

—cosA —sinA 0 0 1 0 0o -1 o0 d
0 0 1 —sinC 0 cosT’ 0 0 -1 d;

—sinAcosI”  —cosA sinAsinI d,

—cosAcosI”  sinA  cosAsinl d> (2)
—sinI” 0 —cosT” ds

An analysis of the combined motion of the left wing is conducted in the present section, and the motion of the right
wing is considered to be equivalent for symmetric flight. This analysis is equivalent to that in a previous study® and is
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included for completeness.

Let x represent the coordinate along the elastic axis of a wing running from root to tip. The wing pre-twist angle
¥(x) thus represents the incidence of the airfoil section at the corresponding elastic axis coordinate. A typical wing pre-
twist varies from nose-up at the wing root to nose-down at the wing tip and is commonly referred to as a “wash-out”
twist distribution.

The internal structure of a wing is typically composed of a complex arrangement of load carrying spars and wing
boxes that carry the stresses and strains introduced by aerodynamic forces and aeroelastic deflections. For this analysis,
an equivalent beam approach is used which models the wing’s elastic behavior using equivalent stiffness properties. It
is a common approach in analyzing aeroelastic deflections’ and can be used to analyze high aspect ratio wings with
good accuracy. The effect of wing curvature is ignored and straight beam theory is used to model the wing deflection.
The axial or extensional deflection of a wing is also generally very small and is neglected.

Figure 4. Left Wing Reference Frame

Consider an airfoil section on the left wing as shown in Fig. 4 undergoing bending and torsional deflections. Let
(x,,2) be the coordinates of point Q on the wing airfoil section. The undeformed local airfoil coordinates of point Q

are
[ylzl(:?sy _Slny][n] )
z siny cosy 13

where 1) and & are the local airfoil coordinates, and 7 is the wing section pre-twist angle, positive nose-down.'? The
wing pre-twist is defined with respect to the elastic axis of the wing.
Differentiating with respect to x gives

ey sl
Ze cosy —siny ¢ vy

Let ® 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,t) =0d, —W.d,+V.d; (&)

where the subscript x denotes the partial derivatives of ®, W, and V with respect to x.
Let (x1,y1,z1) be the coordinates of point Q on the airfoil in the reference frame D with aeroelastic deformation.
The coordinates (x1,y1,z;) are computed using the small angle approximation as

x1(x,1) X O x (yd, +zd3).d; x— YV, — Wy
y1(x, =| y+V |+ | ¢x(ydr+zd3)dr | =| y+V—20 (6)
z1(x,1) Z+w o x (ydy +zd53).d3 72+ W+y0
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Differentiating x;, y, and z; with respect to x yields

X1,x 1 —yVyy +Zylvx_ZWxx_y}//Wx
Yix = —zY +Vx_Z®x_y'y®
2 VY +Wity0,—zy©

Neglecting the transverse shear effect, the longitudinal strain is computed as'3

e dsy —ds _ Sy

ds Sy

where

Sy = \/1+y§+z§ = \/1+(y2+z2)()/)2

_— /2 2 2
Six = xl,x—’_yl,x—’_zlx

= s)zc - zyvxx - 2ZWxx + 2(y2 +Zz)yl®x + (xl,x - 1)2 + (yl,x +Z}/)2 + (Zl,x - y},’)Z
Ignoring the second-order terms and using the Taylor series expansion, s; x is approximated as

— Wi — Wi + (yz + ZZ)Y/GX
Sx

S1x N Sy +
The longitudinal strain is then obtained as

W= W+ (02 +22)7 0,

€
53

~ =y |1+ 07+ (0 Vi =214 07+ )0 Wt 02 +2)7y [1+ 02+ ) (7 ] 0

For a small wing twist angle 7, (}/’)2 ~ 0. Then

€= 7yvxx — Wi+ (y2 +Z2)’y/®x

The moments acting on the wing are then obtained as'3

M, GJO, 0 +2)(Y +6y)
M, | = 0 + / / Ee -z dydz
M; L 0 -y
[ GI+EB\(Y)? —EByy —EBsy 0,
= —EByy El,  —El, Wi
—EB; yl _Elyz Elzz Vi

(7

(®)

€))

(10)

(an

12)

13)

(14)

where E is the Young’s modulus; G is the shear modulus; }/ 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

y2+22

By
B | = / / 6P+ | oz |dydz
B3 y

(15)

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.
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C. Coupled Bending-Torsion Equations

Without considering chordwise bending of the wing, the equilibrium conditions for bending and torsion are expressed
13
as

oM,
ox e (1o
*M, omy
ax Sfo— e (17)

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.
1. Aerodynamic Forces and Moments

Because the structural modeling is intended for use in a static aeroelasticity model, a steady-state aerodynamics model
is used. Aerodynamic information can be obtained through vortex-lattice modeling to develop the forces and moments
for coupled bending-torsion of a flexible wing.

L

Figure 5. Airfoil Forces and Moments

Neglecting the effect of downwash that is caused due to lift generation over a three-dimensional finite-wing, the
sectional lift coefficient for an airfoil cross section, assuming linear aerodynamics, is as follows:

cr(x) = cr, (x) 0 (x) (18)

where o is known as the aeroelastic angle of attack and comprises of the rigid-body angle of attack and the contri-
bution due to aeroelastic deformation. Note that ¢ is defined relative to the elastic axis of the wing and ¢, is the
sectional lift coefficient in the wing reference frame.

Let o be the aircraft’s rigid-body angle of attack and ¢, be the effect on the local angle of attack due to aeroelastic
deformation at the aerodynamic center of the airfoil section. Note that these values «, @, are defined relative to the
aircraft pitch axis, not the elastic axis.

_ata (x)
(xc(x) T cosA (19)
€1, () = e1q + e, ()~ 0)
1,(0) = 10 () 22 e

COosA

where ¢y, is the zero angle of attack lift coefficient for the airfoil section.

It is also important to note that the elastic contribution to the local aeroelastic angle of attack, o, can be used to
characterize an aeroelastic deformation. Given a deformation characterized by elastic axis twist ® and vertical bending
slope W, the elastic contribution to the aeroelastic angle of attack can be calculated as

0, (x) = —O(x) cos AcosT" — Wy (x) sin A (22)

where o, is about the aircraft pitch axis.
The steady-state drag coefficient can be modeled by a parabolic drag polar as

cp(x) = cpy (x) + k(x)cz (x) (23)
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where cp, is the section parasite drag coefficient and k is the section drag polar parameter. This can be expressed in
terms of rigid-body and aeroelastic contributions:

cp(x) = cp,(x) +cp, (x) (24)
cp, (x) = cp,(x) + k(x)c%r (25)
cp, (x) = k(x)er, (x) 21, (x) + 1, (x)] (26)

The pitching moment coefficient about the aircraft pitch axis can be computed as

e(x)
c(x)

where e is the location of the aerodynamic center relative to the elastic axis defined in the streamwise direction
perpendicular to the pitch axis, positive when the aerodynamic center is forward of the elastic axis, and ¢, is defined
about the pitch axis, positive nose-up.

The lift force, drag force, and pitching moment about the aircraft pitch axis are expressed as

em(x) = cmy, (x) + cr(x)cos A 27)

I = crgecosAc (28)
d = cpge.cos Ac (29)
M = CpoaC’ (30)

where cos A takes into account the correction due to the elastic axis sweep, but is not needed in the pitch moment
calculation since Eq. 27 is already about the pitch axis.
The forces and moments in the local coordinate reference frame are obtained as

fi=(lcosa+dsina)'+ (dcosa —Isina) sin A (31)
fy = (dcosa —Isina)cos A (32)
fi=lcosa+dsino— (dcoso —Isine) sin A’ (33)
mé = —mcosA (34)

m;‘ =msinA (35)

m¢ = mcos AT (36)

For a model with only flapwise bending and torsion considered, the beam deflection analysis is affected only by
the terms f7', m¢, and m;* The aerodynamic force and moment terms are thus considered to be

f4~ cpgecos® Ac (37)
mi &~ —Cpoo cos? Ac? (38)
omé 9
Y~ ﬂqm sinAcos Ac? (39)
dox ox

where an additional cos A term is introduced due to the change in direction of g.. due to sweep.

2. Propulsive Forces and Moments

For wing-mounted engines, both the engine mass and thrust must be accounted for in the wing structural analysis. The
propulsive force and moment vector are expressed in the reference frame D as

—sinA  —cosA sinAl’ d (=T sinA—m,gl')d,
fe:5(x_xe)|: T 0 meg } —cosA  sinA  cosAy d, | =8(x—x,) —TcosAd»
I 0 —1 d3 (TsinAF—meg)d3
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(=Ty.sinAl' — Tz, cos A+mgy.)d|
me=re X fo, = (xed) —yedr — zed3) X fo, = 8(x —x¢) | (=Ty,sin AL +megx, + Tz, sinA+m,gy.I')d, (41)
(—=Tx,cos A" — Ty, sin A — mogy.I')d3
where T is the engine thrust, m, is the engine mass, (Xe, e, 2e) is the coordinate of the engine thrust center such that y,

is positive forward of the elastic axis and z, is positive below the elastic axis, and 8 (x — x, ) is the Dirac delta function
such that

[ 8= x s = i) @)
Transforming into the local coordinate reference frame, the propulsive forces and moments are given by
fi=0(x—x.)[-TsinA—megl'+ (T sin A" — m,g)W,] 43)
fy =0(x—x¢) [~TcosA+ (T sinAl'—m,g)(®+7)] (44)
1E=68(x—x.) [TsinAT —mog+ T cos A(@+7y) + (T sin A+ m,gl) W] (45)
mi = 8(x—x,) [=Tyesin Al — Tz, cos A+ megye — (Tx, cos A+ Ty, sin A+ m,gy. ') Wy] (46)
m§ = 6(x — x¢) [~ Txe SN AL +megxe + Tze Sin A+ megzel’ — (Tx,cos A+ Ty, sin A +megy.I') (O +7)] 47)
m; = &8(x—x.)[—Tx.cosA—Ty,sinA—mgy.l'+ Tx,sinAI' — megx, — Tz, sin A — m.gz.I') (@ +7)
+(Ty,sin A"+ Tz, cos A — megy. )Wy (48)

The partial derivatives of the moment components are

4
oms

F P —0(x—x¢)(Tx,cos A+ Ty, sin A+ m,gy.L') Wy, (49)
amg . /
e —8(x—x.)(Txocos A+ Ty, sinA+m.gy.I)(Ox+7) (50)
am; . . /
- —0(x—x¢) [ (Tx,sin AT — mogx, — Tz, sin A — m,gz.I')(®, +7)
+(Tyesin Al + Tz, cos A — megy.I') Wiy ] (51)

3. Summary of Coupled Bending-Torsion Partial Differential Equations

The force and moment equations due to aerodynamics and propulsive sources and inertial effects are formulated.

fo= fza +fze —mg —mWy, +mecg®tt + 6()6 - xe)(_mevvtt + meye®lt) (52)
my = my +ms 4+ mgecq + mecg Wiy — mri @y + 8(x —x,) [meye Wy — me (2 + zZ)@tt] (53)
om, dm§  dmy

y

54

dx dx + dx (>4)

Inserting Eq. 13 and the force and moment terms into the governing equilibrium equations, Eqs. 16 and 17, the
following equations which describe the coupled bending and torsion motion of the wing can be formulated:

;—;( —EByY O, +EL, W) =
—mWy; +mecg®y —mg +crgeo cos? Ac — 8&% tan Age cos> Ac?
+6(x —xe ) (—mewy +meyeOy)
+0(x—x,) [T sinAT — m,g + (T sin A+ m,gl)Wy + T cos A(® + y)]
+06(x—x.)(Tx.cos A+ Ty, sinA+m,gy.I') (O, + }//)
+6(x —x¢) (= Tyesin AT — Tz, cos A + megye) [WH(GD +79)+We(O+ V/)} (55)

% {67 +EBi1(Y)?| @~ EBY W} =

mr,%@n —mecgWy —mgecg + cmgoo cos> Ac® 4+ 8(x — x,) [me (24220, — meyeWn]
—8(x—x,) [=TyesinAT' —=Tz,cosA+m,gy, — (Txocos A+ Ty, sin A+ m,gy,I")Wy] (56)

9 of 29

American Institute of Aeronautics and Astronautics



IV. Finite-Element Modeling

The development of the coupled bending-torsion partial differential equations allows for wing bending and tor-
sional deflections to be solved. FEM,® a numerical technique that uses locally-defined basis functions to numerically
approximate the solution of the governing partial differential equations, is used. The wing structure is discretized into
n equally spaced one-dimensional beam elements, and FEM is applied. The bending and torsional deflections can be
approximated as

I
M=

O(x,1) O;i(x,1) (57

™

Wx,t) =) Wix,t) (58)

1

where i refers to the i-th element.
For each element, the bending and torsional deflections are approximated as

@,‘(x,l‘)Zl//,'eli(t)—‘rl//z(x)ez[(t): |: V/l(x) WZ()C) :| [ Gli(t) ] :Ne(x)ei(t) (59)

Wint) = [ 01w, (1) + 6200wl (1) + 93 3w, (1) + a1 |

S oS
~

)
= (o 00 60 6w | =) (60)
)

where the subscripts 1 and 2 denote values at nodes 1 and 2, and y;(x), j = 1,2 and ¢x(x), k = 1,2,3,4 are the linear
and Hermite polynomial shape functions

Vi (x) =1—7 (61)
v =7 (62)
0ix)=1-3(77 +27) (63)
7 1* o2, (Fy3

00 =1[7-2G)+3)] (64)
63(x) =3(7 = 2(7)° (65)

o\ Xy
W)J[ 3P +G7) (66)

where x € [0, 1] is the local coordinate and [ = 1§ the element length.

The weak-form integral expressions of the coupled bending-torsion partial differential equations are obtained by
multiplying the equations by Nj (x) and N\ (x) and then integrating over the wing span. This yields

n [
d / / ! "
Z/ Ngd—{[GJ—FEBI(y)Z} N96,-—EBgyNww,-}dx:
i=0 X
/Ne CmC) goo COS 2 Acdx + Z/ N9 mgecg—l—mrkNgG mngNww,)dx

+ ZNT [me(y; +22)No 6 — meyerw,-]x:xe+
i=1 :
n

Z Ng [Tye sinAl'+ Tz cos A — megy, + (Tx,cos A+ Ty, sin A+ megyel")Nv/Vw,' x=x, (67)
i=1
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n I 2
Z | NT o —— (—EByY Ny, + EIL,yN,,w;)dx =

n I n

d )
) / NT (cL — % tanAc) Geoc08” Acdx+ Y Ny (—pgA — PAN,W; + pAecgNg 6;)dx
=170 X i=1

_l_

n
Y N { MeNy i -+ meyeNg 8+ T'sin AT — mog + T cos A(Ng 6 +7) + (T sinA + megF)Nwwi]

X=Xe
= e

X=X,

+ Z N} [(Txe cos A+ Ty, sinA+megy.TI') (N;, 0; + y/)} (68)
i=1

The expressions on the left hand sides can be integrated by parts upon enforcing the boundary conditions resulting
in

1 1
d ! / I " / i I i "
/Ngd—{[GH—EBI(y)Q} Nee,»—EBzyNww,}dxz—/ NGT{[GJ—i—EBl(}/)Z N96,-—EBgyNww,-}dx (69)
0 X 0

I
/ 35 (FEB2Y Noby+ ELyN,wi)dx = / N,"(=EByY Ng6; + EL,N,w;)dx (70)
0

The elemental mass matrix, stiffness matrix, and force vector are then established as

1 27T 2 2\NT _u NT
M = / m rkNelTVe echN o Ny detm (v +Ze)TN9N9 yeiVer 1)
0 | —eNINg  NIN, —yeNJNg NiNe ]
« /’ |GI+EB\(Y?| NNy ~EB2Y NN, ,
i = i 11 / 11 1 X
0 —EB>yN,'N, ELyN,'N,
n 0 (Tx,cos A+ Ty,sinA+ megyeF)NgN;,
—T cosANINg — (Tx,cos A+ Ty, sinA+megyeF)N$N‘; —(T sin A+ megl')NIN,, —
(72)
l l _ .~ ~NT
F; :/ mg ecsNg dx+/ cdeVe + 0 . o OS> Acdx
0 —NJ 0 cLN,, cmctan AN,
1
0 2
+ 7 | gecos”Acdx
cmctan AN, 0
—(Tyesin AT + Tz, cos A —m.gy.)Ny )
{T sinAl" —meg + T cosAy+ (Tx,cos A+ Ty, sinA+ megyel“)}/'} NI
X=Xe
The globally assembled system is described by the matrix equation
M3, +Kx, = F (74)
! ! ! ! T
where Xe = [ 91 wr o Wy 92 Wy Wy ... 9,' wi w; ... 9n+1 Wn+1 Wn+1

Equation 74 represents the governing equation for solving the structural deflection of a flexible wing given aero-
dynamic and propulsive force and moment inputs. By setting X, = 0, the equilibrium solution can be obtained through
inverting the stiffness matrix and pre-multiplying the force matrix. This represents the static structural deflection of
the wing based on the prescribed load input at that flight condition.

—K'F (75)

Information extracted from the wing solution state vector x, is used to characterize the wing’s structural deflection
along the elastic axis of the wing ® and W. It can also be used to calculate the elastic contribution to the aeroelastic
angle of attack ¢, in Eq. 22.
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V. Vortex-Lattice Aerodynamic Modeling

Vorview is a computational tool used for aerodynamic modeling of aircraft configurations using vortex-lattice
method.'* Based on lifting line aerodynamic theory, Vorview provides a rapid method for estimating aerodynamic
force and moment coefficients. Input vehicle geometries are discretized within Vorview into a series of panels which
are then represented by placement of spanwise and chordwise locations of bound or horseshoe vortices. Vorview
computes the vehicle aerodynamics in both the longitudinal and lateral directions independently, and these can be
combined to produce the overall aerodynamic characteristics of the vehicle at any arbitrary angle of attack and angle
of sideslip.

Vorview is considered a medium fidelity tool, and limitations associated with vortex-lattice modeling in general
apply to Vorview aerodynamic analysis. The drag prediction by Vorview is most reliable only for induced drag
prediction due to the inviscid nature of any vortex-lattice method. Prediction of viscous drag due to boundary layer
separation and wave drag due to shock-induced boundary layer separation are generally not conducted by vortex-
lattice, and viscous drag must be estimated using other methods.

In addition to force and moment analysis, Vorview can provide a rapid estimation of aerodynamic derivatives
including dynamic derivatives due to angular rates. These aerodynamic stability and control derivatives are useful in
analyzing the stability and handling characteristics of an aircraft configuration. 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, using the results from these stability and
handling analyses. Vorview has been validated by both wind tunnel data'® as well as the NASA Cart3D tool,'> which
is a high-fidelity inviscid (Euler) CFD analysis code targeted at analyzing aircraft performance in conceptual and
preliminary aerodynamic design. In general, both Vorview and Cart3D seem to have similar predictive capabilities
when compressibility is not a factor.

Figure 6 illustrates an aerodynamic model of the GTM in Vorview.

Figure 6. GTM Aircraft Model in Vorview

In this study, Vorview will be used as the primary tool for conducting aerodynamic modeling for the aircraft
configurations. Total aircraft characteristics as well as sectional data along the aircraft wing surfaces can be post-
processed from Vorview.

VI. Parasitic Drag Modeling

Due to the inviscid nature of vortex-lattice drag estimates, a conceptual parasitic drag model will be utilized for
development of the longitudinal trim model. This is necessary for realistic trim thrust values to be calculated, which
must take into account viscous drag over the ESAC model’s airframe.
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The skin friction model for all the surfaces will be done by calculating the arc lengths of the surfaces along the
direction of flow and treating those lengths as flat plate surfaces. For airfoil surfaces, the arc lengths can be divided into
top and bottom arc surfaces. For revolved surfaces, the model will calculate the skin friction coefficients by revolving
the mean arc lengths.

The Reynold’s number for an arc length c is calculated as

Re. = pTVC (76)

A critical Reynold’s number Re,, is assumed to be Re,. = 600,000. This critical Reynold’s number is used to

calculate the critical length as
Rey U

Xe = pT (77
The kinematic viscosity model is calculated in % by the Sutherland’s viscosity model:
3 (7347
=0.3170 x 1071073 78
H 8 T+216 78

The revised skin friction coefficient for a single arc length is calculated as

1.328 x. ,
cf= =y 0.072Re; % — 0.072xiRe;0.2 79
VRey, ¢ _Re,
Cf laminar Cf turbulent

The total skin friction coefficient for the aircraft components can then be formulated by integrating the skin friction
coefficients either over the entire span of a wing, or the entire revolution of a surface.
If pressure drag is to be conceptually estimated as well, then a form factor for the wing needs to be estimated. A

form factor FF can can be defined for a wing surface as'®
0.6 /t \4
FF= (14— (£)+100(%) ) (1:34M" 1 (cos A, ) (80)
(x/¢)m \c ¢

where % is the maximum thickness of the airfoil, (f)m is the location of the airfoil maximum thickness point, and A,,
is the sweep of the maximum-thickness line.
For bodies of revolution, the form factor is evaluated as'®

60 f
FF=(14+—%+—"— 81
(1+ 5+ %) a
where f is a fineness ratio given by f = % and A,y is the largest cross-sectional area perpendicular to the flow.

The total parasitic drag coefficient including skin-friction and pressure drag due to separation and the supervelocity

effect is calculated as'® c S
FF
Cp, = Z f( ) (Q) wet

82
Sre/ (82)

where all the components’ contributions to parasitic drag are summed up. The value S\, represents the wetted surface
area of the component, and Q represents an interference factor.

The parasite drag modeling method introduced here is also used to develop the wing’s spanwise parasitic drag
coefficients used in Eq. 23 of the aeroelastic model.

VII. Automated Geometry Modeling Tool

An automated geometry generation tool is developed in Matlab and is used to close the loop between the structural
and aerodynamic modeling needed to generate an aeroelastic model. The geometry generation tool uses structural
deflection data that is computed by the FEM model and applies it to the undeformed aircraft wing geometry to reflect
static aeroelastic deflections. The vehicle geometry modeler directly outputs a geometry input file that can be read by
Vorview when computing an aeroelastic solution.
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Zp
Figure 7. GTM Coordinate Systems

Consider the reference frames in Fig. 7. The coordinate reference frame (x4,y4,z4) defines the Body Station (BS),
the Body Butt Line (BBL), and the Body Water Line (BWL) of the aircraft, respectively. The coordinate reference
frame (xy,yv,zy) is the translated coordinate system attached to the nose of the aircraft such that xy = xp — 13.25 ft,
yv = yp, and zy = zp — 15.8333 ft. This reference frame is used by the vortex-lattice aerodynamic modeling tool.
The aircraft body reference frame (xg,yp,zp) is the same B coordinate system defined earlier in Fig. 3 by the unit
vectors by, by, and bs. The B coordinate frame is attached to the aircraft center of gravity (CG) such that xg = Xy — xy,
Y8 =Yv — v, and zg = Zy — zy, where (Xv,yv Zv) is the coordinate of the CG in the (xy,yv zv) reference frame.!!

The vehicle geometry modeler has access to the outer mold line of the aircraft geometry. It is capable of applying
geometric transformations onto the outer mold coordinates of the wing’s jig-shape to simulate aeroelastic deflection.
Neglecting chordwise bending deflection and utilizing the coordinate system of the left wing developed earlier (coor-
dinate frame D), the aeroelastic deflections in bending and torsion are expressed in a vector form as

¢ =0d, —W.d> (83)

Ar = —WsinW,d +W cosW,d; (84)

The coordinate reference frame (x,y,z) of the left wing is related to the coordinate reference frame (xy,yy,zyv) by
the relationship

d —sinAcosI”  —cosAsinI”  —sinIl b,
d, | = —COosA sinA 0 b,
d; | sinAsiny cosAsinC  —cosI’ b;
[ —sinAcosI” —cosAcosI”  —sinI” -V
= —COSA sin A 0 1) (85)
| sinAsinD’ cosAsin” —cosT’ —V3

where (v1,v2,v3) are the unit vectors for the Vorview coordinate reference frame (xy,yy,zv) .

Thus, the aeroelastic deflections result in a wing twist expressed as an incremental angle of attack Ao (positive
nose-up), a horizontal deflection Ayy (positive deflection towards wing tip), and a vertical deflection Azy (positive
displacement upward):

Ao = —0OcosAcos"— W, sinA (86)
Ayy = —WsinW,cos AcosI"— W cos W, cos AsinT’ (87)
Az, = —W sinW,sinI"+ W cos W, cosI" (88)

A coordinate transformation to account for wing aeroelastic deflections is performed by rotating a wing section
about its elastic axis by the incremental angle of attack Ao and then translating the resultant coordinates by the
horizontal deflection Ayy and the vertical deflection Azy .

Note that the value of A« is equivalent to the value of ¢, or the local change in the angle of attack for a wing
section due to aeroelastic deformation represented by Eq. 22.
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VIII. Static Aeroelastic Model

In a standard static aeroelastic model, it is understood that the modeling effort must take into account that aeroe-
lastic structural deformations will affect aircraft aerodynamics, while changing the aerodynamics will thus change the
structural deformations. In development of an aeroelastic model, it is crucial to include coupling between a struc-
tural and aerodynamic model. Previous studies have analytically constructed fully coupled aeroelastic finite-element
models that utilize rigid wing lift-curve slopes as an aerodynamic model.*>

For this study, a static aeroelastic model is developed by closing the loop between a structural FEM model and a
vortex-lattice aerodynamic model. For a model involving only flapwise bending and torsion, the aeroelastic deflection
can be summarized by the quantities of aeroelastic elastic axis twist ®(x), aeroelastic vertical (flapwise) bending W (x),
and aeroelastic vertical bending slope W, (x). These quantities are emphasized to be aeroelastic deflections, while the
terms ®(x), W(x), Wy (x) are considered structural deflection terms, which may or may not be the aeroelastic solution
for a given flight condition. By closing a static aeroelastic loop as shown in Fig. 8, the structural deflections ®(x),
W (x), Wy(x) are expected to converge to ®(x), W (x), Wy (x) as iterations are conducted. The structural and aeroelastic
deformations can also be represented by the elastic contribution to the aeroelastic angle of attack in Eq. 22, or @, (x)
and @, (x).

The static aeroelastic code maps an input flight condition corresponding to an angle of attack ¢, Mach number
M, engine thrust value 7', and altitude % into the respective static aeroelastic deflection solution a flexible wing would
experience at that flight condition. The following procedure is followed:

Vortex-Lattice
Aero Model

Static Aeroelastic

Structural Finite-

Generation Too nent Model

Figure 8. Static Aeroelastic Model Concept

1. Vortex-lattice modeling is conducted on an input geometry at the specified flight condition to determine the
aircraft total aerodynamic quantities, as well as sectional coefficients cz.(x), ¢, (x), k(x), cr, (x), and x4 (x) or
the location of the section aerodynamic centers.

2. The structural FEM model uses the sectional aerodynamic load inputs to calculate the wing’s structural deflec-
tion O(x) and W (x).

3. The geometry generation tool converts ®(x) and W (x) into the series of deformations o, (x), Ayy (x), and Azy (x),
and generates a new aircraft geometry with the deformed wing.

4. Steps 1-3 are repeated until a convergence criteria is met.

This static aeroelastic model outputs ®(x), W (x), Wy(x), and &,(x), and vortex-lattice can be used to determine the
total aircraft coefficients such as Cy, Cp, and C,, for the model with aeroelastic deflection. The aeroelastic convergence
criteria is placed such that the aircraft Cy, is evaluated at each iteration and the loop is exited if |ACL| between iterations
is below a certain tolerance.

15 of 29

American Institute of Aeronautics and Astronautics



IX. Longitudinal Trim Model

The condition known as “trim” refers to the condition where an aircraft is in a state of constant velocity equilibrium.
For longitudinal trim, this formulates a three degree-of-freedom system where the input variables are the aircraft’s
angle of attack o, the elevator deflection &, (positive deflection is downward deflection), and the engine thrust T'.

The forces and moments are developed in the aircraft stability axes shown in Fig. 9. Only symmetric flight within
a vertical plane of a non-rotating flat Earth is considered.

Figure 9. Aircraft Longitudinal Forces and Axes

The body-fixed coordinate system is consistent with the previous usages of the B coordinate frame, while the
stability or wind axes are represented by (xs,ys,zs) where xg is in the direction of V,, the aircraft velocity. The axis
v, represents a vector parallel to the flat Earth surface and perpendicular to the aircraft vertical altitude. The value ¥,
represents the aircraft glide path angle, and the pitch angle 6, is defined as the angle between the aircraft forward body
axis and the horizontal yj, direction. The aircraft is modeled to experience a lift force L, drag force D, weight W, and
pitching moment M acting at the aircraft CG. The equilibrium equations in the stability axes are:

ZFXS =2Tcos(at+¢&)—D—Wsin(y) =0 (89)
Y F=2Tsin(o+¢e)+L—Wcos(y) =0 (90)
Y My =M+ 2Tz cose+2Tx.sine =0 on

where the value T represents a single engine’s thrust value and hence a factor of 2 appears in the equations of motion.
The value ¢ is the engine mount angle, positive upwards.
The equations are expanded using non-dimensional coefficients:

feog=2T COS(OC + 8) — (CD,. +Cp, +CD5e 5e)qooSref —Wsiny, =0 92)
frg =2Tsin(a+€) + (Cp, +Cp, +Cry, 8e)qeoSrer — W cospy =0 (93)
mye = (Cp, +Cin, +Cng, 0c)qeoSrefC+ 2Tz, cos €+ 2T x,sine =0 (94)

Let the static aeroelastic deformation be represented by &, = &.(ys, ¢, T), a function of the wing spanwise station
vs, the aircraft angle of attack ¢, and the engine thrust 7. For a model with wing flexibility, it must be taken into
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account that the wing’s aeroelastic deformation will change the direction of the thrust vector. Let the coordinates
(XegsYegs Zes) Tepresent the location of the engine thrust center in the aircraft stability axes such that y,, represents the
location of the engine thrust center along the spanwise axis, x,, represents the distance of the engine thrust center in
front of the aircraft center of gravity, and z. represents the distance of the engine thrust center below the aircraft center
of gravity. The equations can then be expanded as

frg =2T cos(a+ €+ Qe (yeg)) — (CD0 +K (Cry +Cr, (x)2

Cp,
2
+2K (CLO +CLaOC) /CLaO_Cedys-i-K </CLa aedy5> +CD5¢: 59) GooSref — W siny, 95)
Cp,
fog=2T sin(ot + €+ &e(yes)) + (CL() +CLaOC+/CLa A.dys +CL5« 6e> qesSref — W cosy, (96)
—_—
Le

my, = (Cmo +Cp 0+ /Cma Oedys +Cy, 5e> GooSrefC+2T 7 cOS(€ + Qe (Veg)) + 2T X sin(€ + O (Yey)) 97)
| —

Ciny P
me

Newton’s method will be used in an iterative fashion to solve the nonlinear system of equations. Newton’s method
is well-established as one of the standard ways in which nonlinear systems of equations are solved and is dependent
on calculation or approximation of the Jacobian for the system of equations. When the Jacobian is well-formulated,
Newton’s method has a quadratic rate of convergence.!” The basic equation for Newton’s method for a system of
equations where the solution vector is x; is given by

T = = ] ) (98)

When applied to the trim system, the solution state is givenby x, ={ o« &, 7 }T. The Jacobian of the system
of equations is represented as J, fisa vector f ={ f.. f.. my }Trepresenting the values of the nonlinear system
of equations,x! represents the k-th iterative solution, f(x¥) represents the values of the nonlinear system of equations
at the k-th state, and [J(x})] represents the Jacobian matrix evaluated at the k-th state. Through iteration, the values
of x*1 subsequently approach the solution such that f = { 0 0 0 } and the solution vector approaches the trim
solution %; defined by @, &,, and 7.

Taking the partial derivatives of the aircraft longitudinal equations of motion allows us to populate the terms in a
Jacobian matrix:

5 , _ aa,
Ji = 512‘65 =—2Tsin(0t+ &+ ®e(yey)) (1—|-3(O);es))
d [Cp,t.d
- <2Kc§aa+2KcLa / CLy Gedys + 2K (Cry + Cpy 0+ 1)fg“a€y5> GuSrey  (99)
d
Jio= 8]:;5 = —Cps,qooSref (100)
d 2@,
Jiz= af;f :2c0s(a+8+de(yes))—2Tsin(a+£+de(yes))$
d [CpL,a.d
- (2K(CLO Ot 1)W> GooSref (101)
afzs _ aae(ye ) afCL o.dys
— =27 14 =T/ —J Tha €TI0 - . 102
D p cos(a+e+ 0 (yeg)) | 1+ P + | Cry + Sa GooSref (102)
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9fes
6,

=25 =1y guSrey (103)

aé‘e(yes) afCLaé‘ed)’S

d ) _ _
Joz = fas =2sin(00 + €+ O (ye)) +2c0s( 00+ € + Qe (yey )

qooSref (104)

aT aT oT
dm _ d Cma(xedys ~
J31 = a_(;s = maqooSrefC+ quwsrefc
— 2Tz, sin(e+ &, (y, ))M +2Tx,cos(€+ O (Yey)) 9(res) (105)
S0 9T S ar
om _
T2 = 55 = Cing 4Sre € (106)
d 0 [ Cng O (yey)d _
J33 = am;S =2 (cos(& + O (Veg ) ) Zes + SIN(E + O (Yeg ) )Xeg) + %qwswc
a _e e,
2T (cOs(& + B (veg) ) es — Sin(€ + G (veg)) 2 ) %
= azes . — axes
+2T (COS(£+O‘8(Y€S))8_T —I—sm(s—l—ae(yes))a—T> (107)

The elastic terms in the Jacobian, which require running a static aeroelastic sensitivity study to o and T at each
iteration, can be costly to calculate. Therefore, for the scope of this study, these terms are not used in approximation of
the Jacobian. The value of 2KC%a o is also approximated as the value Cp,,, which is rapidly estimated by vortex-lattice
code. As a trade-off in using these simplifications, the convergence rate of the trim algorithm is expected to decrease.
The Jacobian for the system becomes:

—2T sin(at + €) — Cp,qeoSref —Cpy, gooSref 2cos(o+€)
J= 2T cos(0t + &) + Cp, GooSref CLs, GeoSref 2sin(a +¢€) (108)
Cing GooSrefC Cing, GeoSrefC 2(cos(€)zes + sin(€)xeg)

The static aeroelastic framework in Fig. 8 is augmented with an additional step in which the Newton’s method
trim procedure is added within the structural-aerodynamic loops. The resulting framework is represented in Fig. 10.

Vortex-Lattice
Aero Model

ewton’s Method

ongitudinal
Aeroelastic Trim
Model

Geometry
Generation Tool

Figure 10. Static Aeroelastic Longitudinal Trim Model

Additional steps and modifications are added to the static aeroelastic approach to generate the aeroelastic trim
procedure:
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1. Vortex-lattice modeling is conducted on an input geometry at an estimated trim flight condition to determine the
aircraft total aerodynamic quantities and control derivatives (Cp, ,Cps,) as well as sectional coefficients
cr(x), ¢y (%), k(x), L, (x), and xge (x).

mse

2. The structural FEM model uses the sectional aerodynamic load inputs to calculate the wing’s structural deflec-
tion O(x) and W (x).

3. The geometry generation tool converts ®(x) and W (x) into the series of deformations o, (x), Ayy (x), and Azy (x),
and generates a new aircraft geometry with the deformed wing.

4. Newton’s method is used to determine a new trim flight condition and inputs ¢, &,, and 7.

5. Steps 1-4 are repeated until a convergence criteria is met.

The outputs of the static aeroelastic trim code are the flexible aircraft trim inputs &, 8, and T as well as the aeroelastic
deflections @ (x), W (x), Wy(x), and @, (x).

The convergence of the trim code is evaluated based upon the non-dimensionalized values of the forces and moment
in the stability axes. Let Bi, B2, and B3 be user defined parameters. The following three equilibrium criteria must be
satisfied for a trim solution to be determined:

fgs - <|Bi] (109)
gooref
Ts_cyp, (110)
e
s < |y (111)
qooSrefC

A convergence criteria is also placed on the aircraft quantity |A(Cr, +Cp,)| such that its value between iterations
must also be below a certain threshold. This differs from the static aeroelastic model convergence criteria on |ACy |
because the aircraft angle of attack « is not held constant in trim model. This change in convergence criteria helps to
ensure that aeroelastic shape is converged as the trim solution is determined.

The framework in Fig. 10 represents a simplistic aeroelastic trim procedure where Newton’s method is added di-
rectly into the structural-aerodynamic iterations. Other variations of a trim algorithm could use structural-aerodynamic
coupling as an inner loop while Newton’s method is wrapped around the static aeroelastic model, thus converging the
aeroelastic shape of the wing at each flight condition prior to conducting a Newton’s method iteration. These ap-
proaches are not investigated in this work.

X. Simulations and Results

The following sections summarize the results from simulating the static aeroelastic and aeroelastic longitudinal
trim models for different aircraft models. Flexible wing structural and aeroelastic deflections are presented, and the
previous used conventions are maintained:

O(x) represents elastic axis twist, positive nose-down.

W (x) represents vertical or flapwise bending, positive upwards.

W, (x) represents vertical or flapwise bending slope, positive corresponding with positive upwards deflection.

o, (x) represents elastic contribution to the angle of attack or twist about the pitch axis, positive nose-up.

Values represented with a bar such as ® and W represent aeroelastic deflections computed through convergence of
structural-aerodynamic iterations.

A. Idealized Wing Alone Model, Static Aeroelastic Analysis

The static aeroelastic code is implemented on the Idealized Wing Alone model as a validation study. The Idealized
Wing Alone model is simulated at the 80% fuel cruise case of the GTM, corresponding to M = 0.8, h = 30,000 ft,
and W = 190,000 Ibs. Representative mass and stiffness values based on the GTM data are used to generate the
beam model for the Idealized Wing Alone, and the empty weight of the wing is simulated to be W,, o = 17,250 Ibs.
The weight of the engines are simulated on the structural beam model as point loads, but the thrust effect on the
structural model are ignored. The aerodynamic model of the Idealized Wing Alone does not include the engine as a
simplification.
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Lift curves and drag polars for the Idealized Wing Alone model are generated for different cases and are shown
in Fig. 11. The drag polars for the Idealized Wing Alone do not include parasitic drag and only show the vortex-
lattice computed drag. In the cases where the the wing is considered “rigid”, the wing’s structural deflections do not
have any coupling to the aerodynamic modeling. Thus, for the cases labeled “rigid”, the aerodynamics on the model
are equivalent to the loads that a rigid planform would experience. The structural deflection results are simply the
deflection that would be expected based on the rigid wing loads. These differ from the coupled aeroelastic solutions
corresponding to the results labeled as “flexible”.

16 035
— © — Rigid, Planform Only
031 | _e— Flexible, Planform Only %]
Rigid, Twist Only )
" . (2]
0.25 Flexible, Twist Only P /m i
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Figure 11. Lift Curves and Drag Polars for Idealized Wing Alone Model

Figure 12 shows the deflection results for the flight condition at M = 0.8, for the Idealized Wing Alone model. The
rigid models’ tip deflection W;;;, are presented along with the flexible models” aeroelastic tip deflections Wiip. The tip
elastic twist values ®;;, and ©y;, are also presented for the rigid and flexible models.
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Figure 12. Structural and Aeroelastic Deflections for Idealized Wing Alone Model

Based on the aircraft weight of W = 190,000 Ibs, a trim Cy, for a 1-g load is determined for the Idealized Wing
Alone to be C;, = 0.346. Because the Idealized Wing Alone is not modeled with a horizontal tail or with engine
thrust, a simple angle of attack o trim can be conducted based off the lift curves developed in Fig. 11. The static
aeroelastic deflections (or the structural deflections for the rigid wing case) are determined and compared against
NASTRAN static aeroelastic results provided by Boeing Research & Technology.>? The results for the rigid wing
structural deflection solutions are presented in Table 1. In addition to the wing tip deflection W;;, and wing tip elastic
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axis twist ©y;,, the value of the elastic contribution to angle of attack o ;, is also provided representing the amount
of twist of the wing tip about the pitch axis.

Planform Only | Wing Alone Model | NASTRAN A.bsolute
Difference
a, deg 3.20 3.15 0.05
Wiy, in 24.34 22.42 1.92
0y, deg —1.43 ~1.12 0.31
Ot 1ip» deg —0.25 —0.36 0.11
With Twist | Wing Alone Model | NASTRAN | Absolute
Difference
o, deg 2.33 2.27 0.06
Wy, in 16.97 15.12 1.85
0y, deg ~1.06 ~0.80 0.26
Ol 1i» deg —0.07 ~0.16 0.09
With Camber | Wing Alone Model | NASTRAN | AAbsolute
Difference
o, deg 1.28 1.16 0.21
Wy, in 26.50 28.28 1.78
0y, deg —0.05 0.19 0.24
Oty 1ip» deg —1.64 ~1.94 0.30
Combined Wing Alone Model | NASTRAN | Absolute
Difference
a, deg 0.41 0.29 0.12
Wiy, in 19.05 20.99 1.94
©yip, deg 0.32 0.51 0.19
Ol 1ip» deg —1.46 ~1.74 0.28

Table 1. Structural Deflection (Rigid Wing) Results for Idealized Wing Alone, /2 = 30,000 ft

The structural deflection results for the Idealized Wing Alone model when only the rigid wing loads are considered
are in good agreement between the aeroelastic model and the NASTRAN results. The percent differences in tip
deflection between the Idealized Wing Alone model and the NASTRAN results are 8.56%, 12.2%, 6.29%, and 9.24%
respectively for the planform only model, planform and twist, planform and camber, and combined models. Wing tip
twist agrees where the absolute differences of @;;, <[0.31°| and @i, < |0.30°| are observed for elastic axis twist and
pitch axis twist, respectively.

The effects of adding twist, camber, and twist and camber on the aeroelastic model with no coupling serve as
confirmation of expected aerodynamic behavior. Because the angle of attack « is adjusted to maintain the total load
of W = 190,000 Ibs, the effect of twist, camber, and both combined acts only to redistribute the lift load along the
planform of the wing. With just the planform, the angle of attack to maintain C; = 0.346 is o = 3.20°. With twist
enabled, the angle of attack decreases to o = 2.33°. The decrease in angle of attack is expected due to the positive
nose-up twist of the jig-shape at the root which increases the net lift on the planform. The wash-out of the wing twist
shifts the lift distribution towards the root, and thus, a decrease in the tip deflection W;;, and more nose-down tip twist
0;;p are observed. The introduction of camber also significantly affects the angle of attack for C; = 0.346. It is known
from aerodynamics that camber significantly increases the lift on airfoil sections and also introduces moment about
the airfoil aerodynamic center. Because the cambered wing is able to generate much more lift than the flat planform,
the angle of attack needed to maintain the 1-g lift load is only o = 1.28°, much less than the planform only. The
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tip twist ®y;;, also becomes more nose-down. This is expected, as typical cambered aircraft wings have negative ¢,
which twists the airfoil sections nose-down.

The structural deflection results without aeroelastic coupling are recomputed for an altitude of 2 = 35,000 ft (C;, =
0.437) and the results are summarized in Table 2.

Planform Only Wing Alone Model | NASTRAN A.bsolute
Difference
a, deg 4.04 3.98 0.06
Wiy, in 24.34 22.42 1.92
0y, deg —1.43 112 0.31
Ot 1ip» deg —0.25 —0.36 0.11
With Twist | Wing Alone Model | NASTRAN | Absolute
Difference
o, deg 3.17 3.09 0.08
Wy, in 18.53 16.63 1.90
0y, deg —1.14 ~0.86 0.28
Ol 1i» deg —0.10 ~0.20 0.10
With Camber | Wing Alone Model | NASTRAN | Absolute
Difference
o, deg 2.12 1.99 0.13
Wy, in 26.03 27.07 1.04
0y, deg —0.34 —0.08 0.26
Oty 1ip» deg ~1.35 ~1.61 0.26
Combined Wing Alone Model | NASTRAN | Absolute
Difference
a, deg 1.25 1.10 0.15
Wi, in 20.18 21.28 1.10
0y, deg —0.04 0.18 0.22
Ol 1ip» deg —1.21 —1.46 0.25

Table 2. Structural Deflection (Rigid Wing) Results for Idealized Wing Alone, /2 = 35,000 ft

Good agreement still exists at the increased altitude of & = 35,000 ft between the developed aeroelastic model
and NASTRAN results for the Idealized Wing Alone model when only the rigid wing loads are considered. Percent
differences of 8.56%, 11.4%, 3.84%, and 5.26% respectively for the planform only model, planform and twist, plan-
form and camber, and combined models are observed between the wing tip deflection W;;, results with the developed
aeroelastic model and NASTRAN. Absolute differences of ©;, < |0.31°| and o ;, < [0.26°| are observed for wing
tip elastic axis twist and pitch axis twist, respectively.

The aerodynamic trends observed for the Idealized Wing Alone model with the rigid wing at 2 = 30,000 ft are
consistent with the results at 2 = 35,000 ft. The addition of twist, camber, and twist and camber to the planform
increases the lift generated by the model and subsequently reduces the angle of attack o needed to maintain a load of
Cp, = 0.346.
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The results when coupling is enabled and the framework is true to Fig. 8 is presented in Table 3 for C; = 0.346 at

h = 30,000 ft.
Planform Only Wing Alone Model | NASTRAN A.bsolute
Difference
a, deg 3.44 3.41 0.03
Wiip, in 23.13 21.28 1.85
Oyip, deg —1.39 —1.08 0.31
Qe 1ip, deg —0.21 —-0.33 0.12
With Twist | Wing Alone Model | NASTRAN | Absolute
Difference
a, deg 2.47 2.42 0.05
Wiip, in 16.43 14.62 1.81
@i, deg —1.04 —0.78 0.26
O 1ip, deg —0.05 —0.15 0.10
With Camber | Wing Alone Model | NASTRAN | Absolute
Difference
a, deg 1.84 1.88 0.04
Wiip, in 22.07 23.43 1.36
©ip, deg 0.12 0.38 0.26
O ip deg —1.49 -1.79 0.30
Combined Wing Alone Model | NASTRAN | Absolute
Difference
a, deg 0.87 0.90 0.03
Wiip, in 15.34 16.78 1.44
0y, deg 0.49 0.68 0.19
O 1ip» deg —1.35 —~1.62 0.27

Table 3. Aeroelastic Deflection (Flexible Wing) Results for Idealized Wing Alone, 7 = 30,000 ft

The good agreement between the aeroelastic Idealized Wing Alone model and the NASTRAN aeroelastic model
results remains when structural-aerodynamic coupling is enabled. Percent differences of 8.69%, 12.3%, 5.80%, and
8.58% between the wing tip deflection W;;,, results of the developed aeroelastic model and the NASTRAN model are
observed for the planform only, planform and twist, planform and camber, and combined models, respectively. For
wing tip twist, absolute differences of @;;, < [0.31°| and o, < ]0.30°| are observed for wing tip elastic axis twist
and pitch axis twist, respectively.

The results in Table 3 can also be compared against the results in Table 1 to illustrate the effect of adding in
aeroelastic coupling on the model. It is observed that the angle of attacks « for the flexible models at C; = 0.346
are higher than that of the rigid models. This is due to the fact that the aeroelastic deflection on the wings tends to
cause flexible wings to twist downwards with a negative o,. This reduces the amount of lift generated by the wing
at a particular angle of attack . Thus, in order to maintain the same load as a rigid model, a flexible model needs
to operate at a higher angle of attack «. For example, in the combined Idealized Wing Alone model where twist
and camber are both considered, a higher angle of attack o = 0.86° is required for the flexible model while a lower
angle of attack a = 0.41° is adequate for the rigid model for C; = 0.346. This phenomenon is also illustrated in
Fig. 11, where the flexible wing lift curves are shifted below that of the rigid wing lift curves. The exception is for
the uncambered models at low angles of attacks, where the elastic contribution to the aeroelastic angle of attack o,
can actually be positive, twisting the wing nose-up. This is due to the fact that the flapwise bending slope W, which
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generally contributes to the nose-down elastic twist of the wing, is very low at these flight conditions.
The results of the static aeroelastic model for the increased altitude 7 = 35,000 ft or C;, = 0.437 flight condition
are also compared against NASTRAN results.

Planform Only Wing Alone Model | NASTRAN A.bsolute
Difference
a, deg 4.29 4.23 0.06
W,i,,, in 23.36 21.50 1.86
Bip, deg —1.40 —1.09 0.31
Qe ip, deg —0.21 —0.33 0.21
With Twist Wing Alone Model | NASTRAN | ‘\bsolute
Difference
o, deg 3.34 3.27 0.07
Wiip, in 17.98 16.13 1.85
©ip, deg —1.12 —0.85 0.27
Qe sip, deg —0.09 —0.19 0.10
With Camber | Wing Alone Model | NASTRAN | ‘\0solute
Difference
a, deg 2.64 2.62 0.02
V_V,ip, in 22.90 23.77 0.87
(:)n-,,, deg —0.22 0.04 0.26
O ip, deg —1.24 —1.51 0.27
Combined Wing Alone Model | NASTRAN A.bsolute
Difference
a, deg 1.67 1.66 0.01
V_i/,ip, in 17.57 18.40 0.83
©yip, deg 0.07 0.29 0.22
Qe yip» deg —1.13 —1.37 0.24

Table 4. Aeroelastic Deflection (Flexible Wing) Results for Idealized Wing Alone, & = 35,000 ft

Good agreement continues to exist between the results of the developed aeroelastic model and that of the NAS-
TRAN generated results. The observed relative percent differences between aeroelastic wing tip deflections are 8.65%,
11.5%, 3.66%, and 4.51% respectively for the planform only model, planform and twist, planform and camber. Ab-
solute differences in aeroelastic wing tip twist about the elastic axis are observed to be |A@,,-p\ < 0.31°, and absolute
differences in the elastic contribution to aeroelastic angle of attack are observed to be [Ad ip| < 0.26°.

Based on the results in Tables 1-4, it is observed that the elastic axis twist of the developed aeroelastic model
consistently experiences more nose-up twist than that of the NASTRAN results. Nonetheless, the good agreement for
all the test cases produces confidence in the aeroelastic framework developed and its predictive capability for flexible
wing aircraft.
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B. ESAC Model, Static Aeroelastic and Longitudinal Trim Analysis

With preliminary validation of the aeroelastic modeling completed, the static aeroelastic framework is extended to
that of the ESAC. The ESAC model is representative of a full aircraft configuration with engine nacelles, pylons, tail
surfaces, and fuselage present in the modeling.

Two independent and separate cruise conditions are simulated with the ESAC, representing different possible de-
sign cruise condition candidates. The weight model is also adjusted based on the different candidate cruise conditions.

e A first cruise condition is simulated at M = 0.8, h = 30,000 ft, where the 80% fuel case of the aircraft is
W = 190,000 Ibs and the empty wing mass is W,, 0 = 17,250 Ibs. The design lift coefficient in this case is
Cr, = 0.346.

e A second cruise condition is simulated at M = 0.8, h = 36,000 ft, where the 80% fuel case of the aircraft is
W = 210,000 Ibs and the empty wing mass is W, o = 13,000 Ibs. The design lift coefficient for this case is
Cr =0.510.

For the cruise flight conditions, the parasitic drag coefficient is built up using a critical Reynold’s number of Re. =
600,000. The results are presented in Table 5.

h = 30,000 ft h = 36,000 ft
Component ‘ Cyr ‘ Cp, Component ‘ Cr ‘ Cp,

Wings 0.0037 | 0.0054 Wings 0.0038 | 0.0056
Fuselage 0.0042 | 0.0047 Fuselage 0.0044 | 0.0049
Horizontal Tail 0.0010 | 0.0015 Horizontal Tail 0.0011 | 0.0015
Vertical Tail 0.0008 | 0.0011 Vertical Tail 0.0008 | 0.0012
Engine Nacelles+Pylons | 0.0004 | 0.0010 Engine Nacelles+Pylons | 0.0005 | 0.0011
Total 0.0102 | 0.0137 Total 0.0106 | 0.0142

Table 5. Parasite Drag Build-Up At Cruise Conditions

Initially neglecting thrust and its effect on the aeroelastic deformation, the lift curve and drag polars for the ESAC
are generated and shown in Fig. 13. Note that now the drag polar includes the conceptually estimated parasitic drag
coefficient.
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Figure 13. Lift Curves and Drag Polars for ESAC Model, No Thrust or Control Deflection

The tip deﬂec_tion, W,ip for the rigid model and W,,p for the flexible model, and tip elastic axis twist, ®y;, for the
rigid model and ©;;,, for the flexible model, at the two different flight conditions are shown in Fig. 14.
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Figure 14. Structural and Aeroelastic Deflections for ESAC Model, No Thrust or Control Deflection

The plots in Fig. 13 and 14 are consistent with expected behavior. The lift curve of the flexible wing models
shifts below the rigid wing models due to the aeroelastic deformation’s effect on twisting the flexible wing nose down,
effectively decreasing the local angle of attack along the wing span. The effect of coupling structural deflection with
aerodynamic vortex-lattice also resulted in effective stiffening in bending and softening in torsion. This is observed by
the decrease in flapwise deflection in comparing the flexible wing models to the rigid wing models and the increase in
nose-down twist.

The longitudinal trim framework is then applied to the ESAC model configuration, and control deflections of the
elevator are enabled as well as thrust from the two engines. Deflection of the elevator surface is assumed not to affect
the aerodynamics over the wing, but the thrust effect on the wing is considered. The trim algorithm framework can be
readily applied to both the rigid and flexible wing models, and the rigid wing model is analyzed first for comparison.
The convergence criteria for the trim algorithm is set such that §; = B, = 0.001 in Egs. 109 and 110 and 5 = 0.00005
in Eq. 111.

The static trim results for the two cruise conditions when the ESAC’s wings are considered rigid are presented
in Table 6. Once again, the deflection results presented for the rigid wing solution represent structural deflections
assuming that the deformation of the wings does not affect the aerodynamics.

Cruise Condition #1  Design C; = 0.346 Cruise Condition #2  Design C; = 0.510

a, deg 2.108 o, deg 3.640

O,, deg —5.075 0., deg —6.254
T, 1b¢ (single engine) 5821 T, 1b¢ (single engine) 6249
L/D 14.8 L/D 14.8

Wiip, in 28.082 Wiip, in 30.810

0y, deg 0.459 0yip, deg —0.125
Ot ip, deg —2.209 O 1ip» deg 1.841

Table 6. Static Trim Results For Rigid Wing ESAC

The rigid wing ESAC model’s trim solution is very easily determined by the trim code, and a total of three iterations
of Newton’s method were conducted from a user specified estimated initial point of & = 2.0° for the first cruise
condition of design C;, = 0.346 and the initial point of ¢ = 3.0° for the second cruise condition. The pilot input trim
states at each of these iterations are plotted and shown in Fig. 15.
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Figure 15. Static Trim Iteration Data for Rigid Wing ESAC

The longitudinal trim code is then run on the ESAC with fully flexible wings. The trim solution is determined, and

the results are summarized in Table 7.

Cruise Condition #1  Design C, = 0.346 Cruise Condition #2  Design C;, = 0.510

a, deg 3.747 a, deg 5.160

0., deg —6.798 0., deg —7.880
T, 1bs (single engine) 7054 T, 1bs (single engine) 7285
L/D 114 L/D 11.9

Wiip, in 24.645 Wiip, in 28.469

Byip, deg 0.643 ©yip., deg 0.014

Qe ip, deg —2.159 e 1ip» deg —1.817

Table 7. Static Trim Results For Flexible Wing ESAC

Due to the flexibility of the wing, the trim code takes longer to converge, with 20 iterations for the design C; =
0.346, and 14 iterations for the design C;, = 0.510. The pilot input trim states at each of these iterations are plotted in
Fig. 16. As expected, the trim angle of attacks ¢ for the flexible models are higher than that of the rigid models due
to the effect of the aeroelastic bending and torsion on the aeroelastic angle of attack.

Because the flexible trim case also involves determining the coupled aeroelastic wing deformation, plots of the
evolution of the tip deformation are shown in Fig. 17, where W;;;, is plotted in feet and ®y;,, is plotted in degrees. It is
observed that the aeroelastic deformation of the model converges alongside the solution of the static trim inputs.
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This study presents the development of a static aeroelastic model and a static three degree-of-freedom longitudinal
aeroelastic trim model capable of analyzing flexible wing aircraft. The aeroelastic model is developed by coupling
equivalent beam wing structural models in the loop with vortex-lattice aerodynamic modeling. The static aeroelastic
code is capable of generating flexible wing aircraft configurations and characterizing aeroelastic deformations. Utiliz-
ing converged aeroelastic geometry, flexible aircraft lift curves and drag polars can be generated exploring the effect of
flexibility enabled models. The coupled finite-element vortex-lattice aeroelastic model is validated against NASTRAN
aeroelasticity results for a simplified Idealized Wing Alone model for various test cases, including systematically ana-
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Figure 17. Static Trim Deflection Iteration Data for Flexible Wing ESAC

XI. Conclusions
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lyzing the model planform only, with only added twist, with only added camber, and both added. The static aeroelastic
model is extended to develop an aeroelastic three degree-of-freedom longitudinal trim model for a full aircraft config-
uration with horizontal tail, elevator, and engines. The trim algorithm uses Newton’s method which is inserted in the
static aeroelastic approach to iterate pilot trim inputs and to solve the flight condition until convergence is achieved.
This framework is readily applied for the flexible wing models investigated in this study, but could be improved in the
future for highly flexible wings. Future study of an aeroelastic trim model where Newton’s method is wrapped around
an inner loop static aeroelastic model can be investigated. In addition, different approaches for estimating the Jacobian
and variations to Newton’s method can possibly increase the convergence rate of the longitudinal trim model.
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