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This paper investigates the inertial force effect on nonlinear aeroelasticity of flexible
wing aircraft. The geometric are nonlinearity due to rotational and tension stiffening. The
effect of large bending deflection will also be investigated. Aeroelastic analysis will be
conducted for a truss-braced wing aircraft concept with nonlinear effect of large bending
deflection and inertial force coupling.

I. Introduction

Modern aircraft are increasingly designed to be highly maneuverable in order to achieve high-performance
mission objectives. Toward this goal, aircraft designers have been adopting light-weight, flexible, high aspect
ratio wings in modern aircraft. Aircraft design concepts that take advantage of wing flexibility to increase
aerodynamic performance and maneuverability have been investigated. By twisting a wing structure, an
aerodynamic moment can be generated to enable an aircraft to execute a maneuver in place of the use of
traditional control surfaces. For example, a rolling moment can be induced by twisting the left and right
wings in the opposite direction. Similarly, a pitching moment can be generated by twisting both wings in
the same direction. Wing twisting or warping for flight control is not a new concept and was used in the
Wright Flyer in the 1903. The U.S. Air Force conducted the Active Flexible Wing program in the 1980’s and
1990’s to explore potential use of leading edge slats and trailing edge flaps to increase control effectiveness of
F-16 aircraft for high speed maneuvers.! In the recent years, the Active Aeroelastic Wing research program
also investigated a similar technology to induce wing twist in order to improve roll maneuverability of F/A-
18 aircraft.? Wing shaping control concepts for drag reduction are being studied by NASA to leverage
wing flexibility for aerodynamic performance.>* By re-twisting a flexible wing and using variable camber
aerodynamic control surfaces, aircraft wings can have a mission-adaptive capability.® In recognition of the
role of aeroelasticity on aircraft performance and dynamics, NASA Advanced Air Transport Technology
(AATT) project is conducting research in the area of Performance Adaptive Aeroelastic Wing (PAAW).
This research develops concepts such as the variable camber continuous trailing edge flap (VCCTEF) to
enable wing shaping control for aerodynamic performance and dynamics.’

Structural deflections of lifting surfaces interact with aerodynamic forces to create aeroelastic coupling
that can affect aircraft performance. Understanding these effects can improve the prediction of aircraft flight
dynamics and can provide insight into how to design a flight control system that can reduce aeroelastic
interactions with a rigid-body flight controller. Generally, high aspect ratio lifting surfaces undergo a greater
degree of structural deflections than low aspect ratio lifting surfaces. As a result, the natural frequencies
of the aeroelastic modes decrease as the aspect ratio increases. This may reduce the desired frequency
separation between flexible wing aeroelastic modes and aircraft rigid-body modes that could potentially
cause undesirable flight control interactions. For example, when a pilot commands a roll maneuver, the
aileron deflections can cause one or more aeroelastic wing modes to excite. The aeroelastic modes can
result in changes to the intended aerodynamics of the wings, thereby potentially causing undesired aircraft
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responses. Aeroservoelastic filtering is a traditional method for suppressing elastic modes, but this usually
comes at an expense in terms of reducing the phase margin in a flight control system. If the phase margin is
significantly reduced, aircraft responses may become more sluggish to pilot commands. Consequently, with
a phase lag in the control inputs, potential pilot-induced oscillations (PIOs) can occur. Numerous studies
have been made to increase the understanding of the role of aeroservoelasticity in the design of flight control
systems.

Due to the flexibility of modern aircraft structures, flight dynamic models of rigid-body aircraft have
limitations and cannot accurately predict behaviors of flexible aircraft when aeroelastic modes participate in
the rigid-body motion. Recently, some investigators have investigated theoretical approaches to developing
integrated flight dynamics with aeroelasticity. Shearer develops an integrated flight dynamic model for
a representative High Altitude Long Endurance (HALE) vehicle. To fully account for the multi-physics
interactions that normally exist in a flexible aircraft, inertial-aeroelastic-propulsive force coupling must be
addressed in aircraft aeroelasticity.”

The purpose of this study is to investigate the inertial force effect on aircraft elasticity with geomet-
ric nonlinearity due to rotational and tension stiffening. The effect of large bending deflection will also
be investigated. Flutter analysis will be conducted for a truss-braced wing aircraft concept with tension
stiffening.

II. Inertial Force Analysis

Consider an airfoil section on the left wing as shown in Fig. 1 undergoing bending and torsional deflec-
tions. Let (z,y, z) be the undeformed coordinates of point Q on a wing airfoil section in the reference frame
D defined by unit vectors (d1,ds,ds). Let pg = xd; be a position vector along the elastic axis. Then, point
Q is defined by a position vector p = pg + q where q = yds + zd3 defines point Q in the y — z plane from
the elastic axis. Then the undeformed local airfoil coordinates of point Q) are

Yy | _ | cosy — sin vy n (1)
z siny  cos~y 13
where 1 and £ are local airfoil coordinates, and + is the wing section pre-twist angle, positive nose-down.??

Differentiating y and z with respect to = gives

S Rl el | e
2 cosy —sinvy & Yy

Chordwise Bending

Figure 1. Left Wing Reference Frame of Wing in Combined Bending-Torsion

Let © be a torsional twist angle about the z-axis, positive nose-down. Let W and V be flapwise and
chordwise bending deflections of point Q, respectively. Let U be the axial displacement of point Q. Then,
the displacement and rotation vectors due to the elastic deformation can be expressed as

I‘ZUd1+Vd2+Wd3 (3)
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¢ =0d; — W,dy + V. d; (4)

where the subscripts « and ¢ denote the partial derivatives of ©, W, and V.
Let (x1,y1,21) be the deformed coordinates of point Q on the airfoil in the reference frame D and
p1 = xz1d; + y1ds + z1ds be its position vector. Then the coordinates (z1,y1,21) are computed as

pr=p+r+¢xq (5)
where
T r+U—yV, —2W,
n | = y+V —20 (6)
21 z+ W +y0

Let v = ub; + vby + wbs be the aircraft velocity vector at the aircraft center of gravity (CG) where
(b1, bg, bs) are the unit vectors in aircraft body-fixed reference frame B in the roll, pitch, and yaw axes
according to the standard aircraft convention. Let w = pb; + gbs + rbs be the aircraft angular velocity
vector where (p,q,r) are aircraft angular velocity components in the roll, pitch, and yaw axes. Let r, =
—x4,b1 — yab2 — z,b3 be the position vector of point @ in the aircraft body-fixed reference frame B relative
to the aircraft CG such that z, is positive when point Q is aft of the aircraft CG, y, is positive when point
Q is toward the left wing from the aircraft CG, and z, is positive when point Q is above the aircraft CG.
The velocity at point Q due to the aircraft velocity and angular velocity in the reference frame D is then
computed as

Vo = V+w X1, = (uby +vby +wbs) + (pb1 + gby + rb3) X (—x4b1 — yab2s — z,b3)
= (’LL + 1Yo — qza) b; + (U —T%q + pza) by + (w +qTq — pya) b3 = z;d; + yd2 + 2¢d3 (7)

where
Ty — (u+7rYys — qza)sin AcosT — (v — rag + pzq) cos AcosT — (w + gz, — py,) sinT
Y | = — (u+7rYys — qza) cos A+ (v — rxg + pzy) sin A (8)
2 (U4 1Ya — qzq) sin AsinT + (v — rag + pzq) cos AsinT — (w + qxq — pyq) cosT

The transformation between (by, bg, bs) and (d1,ds,ds) is given by

b —sinAcosI” —cosA sinAsinI’ d;
by | = | —cosAcosI" sinA  cosAsinT ds (9)
bs —sinl’ 0 —cos T’ d;

The local velocity at point Q due to aircraft rigid-body dynamics and aeroelastic deflections in the
reference frame D is obtained as’

0A .
V:VQ+8—tp+(w+¢) X Ap = vyd; + vyds + v.d3 (10)
where Ap = p; — p and
Vg Ty — (wz + th) (V — Z@) + (wy — Wmt) (W + y@) + Ut — yth — ZWa;t
v, | = Yo+ (wy + Vo) (U —yV — 2W,) — (we + ©1) (W +yO) + V, — 20, (11)
vz 2t — (wy = War) (U = yVy — 2Wo) + (we + ©¢) (V — 20) + W, + yO;
W —psinAcosT" — gcosAcosT' — rsinT’
wy | = —pcos A + gsin A (12)
W, psin AsinI' + gcos AsinI' — rcos T’
The kinetic energy is formed by
1 1 2 2, .2
T= 3 pv.vdA = 5 /° (v + vy +v2) dA (13)

3 of 19

American Institute of Aeronautics and Astronautics



We use the method of separation of variables to express the displacements as U (z,t) = @, () gy (1),
V(z,t) = @, (z) gy (t), W (x,t) = ®y () qu (), O (z,t) = Py (x) gp (t). Then, the virtual work quantities
due to the generalized coordinates g, (t), gy (t), gw (t), and gp (t) are computed in terms of the virtual
displacements as

iy | d [OT oT dvy,
—froU = [dt <5qu> aqu] 0qy = /p {dt — vy (ws + Vit) + 0, (wy — Wxt)} oUdA (14)
i, | d (OT oT dv
~fisv = th ( aq,,) 8%} Squ = / [dt s (W + Vi) — s (ws + @9} SVdA
dlvg (—y —V +20) + U—yV, — 2W,

W= [;’t (W) aT} Squ = /p [dvz v (wy — Wat) + vy (wa + @t)] SWdA

0w 0quw dt
dlvg (—z =W —y© L (U —yVy — 2W,
+ /p{ [va (=2 y )c—l:v ( Y 2We)l + vy (2w, + 2Ve) — v, (2wy — sz)} IW,dA (16)

.00 = {d (g;) gﬁ(gqe /p{d[vy(—z;tw—y@)]+d[vz(y+dz/—z@)]

—g (Ywy + 2w, + 2V — yWat) + vy (Ywe + y0y) + v, (2wy + 204)} 60dA  (17)

Let f ydA = Ae., where A = f dA is the mass area and e, is the offset of the CG of a wing section from
the elastic axis, positive if the CG lies aft of the elastic axis. We define I, = [ (y* + 2?) dA4, I, = [ z%dA,
and I., = [y?dA. Furthermore, We assume [ 2dA ~ 0 and I, = — [ yzdA ~ 0. Integrating the integrals
that contain 6V, and dW, by parts, we obtain the linear contributions of the aeroelastic deflections to the
inertial forces and moment as

fi=pA [—xtt + Y, — zwy + (w 4w ) U+ (Wy — wawy) V — (Wy + wawy) W+ 2w,V — 2w, W,
+ys Vit + 24 Wt — Utt} + pAecg [_ (wy + Wﬁcwz) 0 — (w§ + wf) Ve — 2wy@t + tht] + Afglc (18)

f; =pA [_ytt — T, + 2wy — (W + wewy) U + (w 4w ) V 4+ (W — wywz) W — 2w, Uy + 2w, Wy

+2:0; — 24 Var — Viu] + pAecg [(Wy — wywz) O + (W, + wawy) Vy + 2w, 04 + 2w, Vi

0

+ 5= O A (yuU — x4V + 4 Uy — 2, Vy)] + o {pAecq [ Tt + Yty — 2wy + (wi + wi) U
+ (W — way) V — (Wy + wew) W — yu Vo + 2w, Vi — 2w, Wy 4+ 2,Wo — U]}

0 ,
+ P2 {pIZZ [— (Wy + wew;) © — (wg + wg) Ve — 2w, 0y + Vztt]} +Af, (19)

fi=pA[—zu + 1wy — yrwy + (Dy — waw,) U — (0 + wyw,) V + (w2 + wi) W + 2w, Uy — 2w, V;
—yt@t — l'tht — th] —|— pA@Cg [(Wﬁ —|— w;) @ — (wy — wxwz) V:B — Zwaxt — C"‘)tt]

0
p [PAecy (—x1© — 244V — 200y — 2 Vi)

{ plyy [~ (@: — wawy) © — (W2 +w?) Wy — 20,0 + Wau] } + AfL (20)

0
+ o A (24U — 2 W + 2,Up — 2, Wy)] +

ml = pA(—zuV + yuW — 2.V, + W) + pAecy [~z + 2wy — yrws + (0y — waw,) U
— (Wy + wyw,) V + (wi + wg) W+ yu© + 2w, U — 2w, Vi — Wy — th] — pl2O4
+ pl, [(wz + wf) O — (Wy + wywy) Wy, — QoJZWm] +pl.. [(wi + wi) O — (Wy — wyw;) Vy
—2w, Vit + Aml (21)
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These equations show complex coupling of inertial forces to aeroelasticity. The terms Vi and Wiy
represent the effect of the rotary inertia in bending. The nonlinear contributions are obtained as

Afi = pA (_wa@t - szG)t + 2wZUV£t — wchth + 2Vtht — 2wyUW$t + wwixt + 2Wtht
+VV‘/L'tt + WWg;tt> + pAecg (—wz®®t — wxGth — QWZVIV;M + 2wawth + 2®tht + Gtht) (22)

Af; = pA (—wyUG)t + 2w$V6t + 2Wt@t + QWZVVIt — wyWth — 2UtVzt + WzUWzt + szth
+W@tt — Utht) + pAecg (waIGt =+ 2@? — wyGVzt + 2V:52t + wz@Wxt — WmeWzt + @Gtt
+Vo Vo) +

0
o [PA (U 4 0.V = GuUW — Gy VW + 2w, UU; — w WU + 2w, V'V, — w, WV,

0
—waWt — waWt - VUtt + U‘/tt)] + % [
—wOU; — 2w,V Uy — w,OVy + w, Vo Wy — w, U0y — 2w, VO, —w, WO, + 2V, Vyy — 2w, UWyy

pAeey (—,UO — @, VO — 200, UV, + 0, WV,

0

0
F2w W Wot + WO — OWoe)] + o

[pL.. 0,0V, 4+ W,V — w.00, + w, Va0 + 2w, V, Wy
+20, W, + OWoie)]  (23)

Af; = pA (—UJZU(")t + 2w$W@t + yszwG)t — 2‘/;5@t — WIUVI,: - wath + UJZVWIt — QWyWWﬂg
—QUtht — V®tt — UWztt) + pACCg (waG)@t + wame — 2wy@Wm + 2thWa:t + Vsztt)

)
+ 5 [pA (—0yU? + 0, UV + 6, VW — 0y W? = 2w, UU; 4+ w, VU, + w, UV, + w. WV,

0
2 VWy = 2y WWy = WU+ UWaa)] + - [pAecy (:VO — 20, WO + 20, UV — bz V'V,

+ 2waxUt - wath - 2wy®Wt + QCUZV@t — 2wyW@t + 2wyUth - wath — @Utt — Vtht

0
+UOu + WVon)] + o [pLyy (W:OW, — @y W2 4 w00, + w, Wp0y — 2w, W,V — 20,V

d
—OVou)] + o [pL.. (—0y©% — &, V2 — 2w, 00 — 2w, V, Vyy — Vo O + OVy)]  (24)

Aml = pA (0, UV — &, V? + &0, UW — @, W2 4+ w, VU, + w. WU + w, UV, — 2w, VV; + w,UW,
—2w, WW; + WV — VW) + pAeey (0.UO — 20, WO — 0, V'V, — 0, WV, +w,0U; —w,V,V;
— 2w, OWy — w, Vo Wy — w, UV — 2Vi0; — 2w, V'V — W, WV + w, VW — 20, WWyy — 2U Wy
FOVy = 2VOy — UWast) — ploan©? + plyy (0yOW, + 20,0Vas + 0, OWor + w, W Wy
—2VoiWat — Wa Vi) + pLy (—0,0Vy — w, OV + wy Vo Vi — 2w, OWoy + 2V Wy + Vo Ware)  (25)

III. Strain Analysis

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

Tl 14Uz — yVae + zlex — 2Waw — y’y/VVm
Yz | = —2y +V,— 20, —yy O (26)
2,2 vy + W, +y0, — 270

Neglecting the transverse shear effect, the longitudinal strain is computed as®
d51 —ds S1,x
€= ——7 = ——

= -1 27
ds Sz (27)
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where

o= VITEFZ =142 +2) (1) (28)

— 2 2 2
Stz = \/ Tl g + Y1 + A

= \/S% +2Uy — 2yViy — 22Wyy + 2 (y2 + z2) '7/@1' + (-rl,x - 1)2 + (yl,w + 37/)2 + (21,1‘ - yry/)2 (29)

51,z is approximated by a Taylor series as

! 2 ’ 2
Up = yVaw — 2Was + (v + 27) 70, N (z1,, —1)* + (yl,x + 2y ) + (21,95 —yy )

Sy 251

+--- (30)

S1,2 = Sz

The slope of the twist angle ’yl can play a significant role in structures with large twists such as turboma-
chinery blades. For aircraft wings, this effect is negligible and therefore can be neglected. Thus, for a small
wing twist angle v, v ~ 0 and s, = 1. The longitudinal strain is then obtained as

1 1 1 1 1 1
€=Uy — yYViw — 2Waa + 5Uj + 5V; + §W3 +3 (y* +2%) 02 + §y2Vz21 + §Z2W§z
The slope of the twist angle ’y/ can play a significant role in structures with large twists such as turboma-
chinery blades. For aircraft wings, this effect is negligible and therefore can be neglected. Assuming z ~ 0

and letting ¥ = e, where ¢, is the offset of the neutral axis on a wing section from the elastic axis, positive

if the centroid lies aft of the elastic axis, then the axial force and moments acting on a wing are evaluated

aSS

| |
P, = / EedA = EAU, — BAcqVeo + 5EA (U2 + V2 + W2) 4+ S BL,02 + EAc,W, 0,

1 1
+ §EIZZV$2w + iEIyyWIQI — (BAe Uy + ELWyy) Viw  (32)

M, =GJO, + / Ee (y? + 2%) ©,dA = [GJ + EL,U, — EB3Vy, — EBsW,,

1 1 1
+ 5 Bl (U2+V2+W2) + 5E34v§x + §EB5W§$ + EBgVype Wi

1 .
— (EB3Vyy + EBoW,,) U] O, + (—EBoV, + EB3W,) ©2 + §EB1®i (33)

M, =— / EezdA = (1+Uy) (ELyWyy — EL. V) — %EBg@i — %EB7VIQI - %EBSme
— EByVyuWas + (EL, Ve + EL,W,) 0, (34)
1
M, = f/EeydA = —EAe, Uy + (1 +Uy,) (—ET, Wy + E1.. V) — iEAea (U2 +V2+W2)

1 1 1
— §EB3®i — §EBM)V£$ — §E39fo — EB:VyuWyw — (EL.Vy + EL,W,) 0, (35)

where E is the Young’s modulus, G is the shear modulus, A is the tensile area, J is the torsional constant,
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and B;, 1 =1,2,...,10 are defined as

— Bl - r (y2 + 22)2
By z (y? + 22)
Bs y (v +2%)
B, Y2 (5 + 22)
Bs | _ / 2 +2) | 4 (36)
Bg yz (y? + 22)
B Y2z
Bg 23
By Y22
L Bio | L y? |

Note that the signs of the moments are defined in the positive deflection sense such that
M = M,d, — Myds + M.d3 (37)

For truss-braced wing aircraft configurations, the effect of the axial displacement can be significant and
therefore must be included in the strain analysis. Assuming the chordwise bending deflection is small and
neglecting cross-product inertia I, Ba, Bg, B7, Bg which are generally smaller than the remaining B;, then
the following simplification can be made:

1 1 1
Py = BEAU, — EAeqVey + 5 EA (U2+W2) + §EIMG)§_ + EAe,W,0, + §E1yywﬁz (38)
1 1 1
M, = [GJ + ELyUs + 5Bl (U2 +W2) + §EB5WL2.4 0, + EBsW,02% + 5EBl@g (39)
M, = (1+U,) EL,,W,, (40)

1 1 1
M, = —FAe U, + (1 +U,) EL.Vyy — 3 FAc (U2 +W2) - §E33®§ — iEnggx ~EL.W,0, (41)

IV. Aeroelastic Analysis

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 (i, 7, £) as follows:

vy 1 0 0 cosV, sinV, 0 cosW, 0 sinW, Vg
vy | =10 cos(®@+7) sin(©+7) —sinV, cosV, 0O 0 1 0 Uy
Vg 0 —sin(®+7v) cos(©+7) 0 0 1 —sinW, 0 cosW, v,

Neglecting higher-order terms and assuming v = 0, then the velocity components in the local coordinate
reference frame are computed as

Uy Vg + 0y Vo + 0. Wy
vy | = | v (Ve + Wa®) + vy + v, [© — VW, (43)
Ve Vg (=Wo +V,0) — 0,0 + v,

The local aeroelastic angle of attack on the airfoil section due to the velocity components v,, and v¢ in
the reference frame D, as shown in Fig. 8, is computed as

Ve (e Avg Vg @gAvn

. = = 44
“ vy Uy +Av, Oy vz (44)
where
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Ave =W+ (U —yVy —2W,o) Wat —wy) + (Y +V —20) Oy +wy (V — 20) + a4 (—W, + V,0)
—[ws (V= 20) 4wy, (W +yO) + Uy — yVi — 2Wei| W,y

_[yt+wz(U_ny_ZW:E)_Wﬁc(W+y®)+‘/t_Z®t]@+Zt

Up = —ucos A

(46)
(47)

Avy =Vi+ (U —yVy —2W,) (Var +w.) — (2 + W +y0) Oy —wy (W +yO) — xy (Vo + W,0)
- [*Wz (V - Z@) + Wy (W + y@) + Ut — ert — ZWIt] Vm + Yt — 1_)77 + 2 (@ — Vme)

+[—wy (U —yVy — 2W,) +wy (V —20) + W, + y©,] ©

The rigid-body angle of attack is computed as

Assuming z

~
~

shown in Table 1.

a, (z) =

ys +ucos A

2t
— 1
wcos A ( +

0, then the partial derivatives of the local aeroelastic angle of attack are evaluated as

ucos A >

(48)

(49)

1 U 1% w (C] Ve We
Wy<A w 2w, .yt<A - u.)y:f/A xT
1 _ “ Cz(zhwz - ucc:; A u? éo:z A _ Ztgjgiy“th) + h&-’iiﬁ%xﬁ u cots A
u? cos? A u? cos? A u? cos? A
U weos 0 0 0 weor 0 0
~%Zcos?A + wcos? A
v T 0 0 0 — ey — ey eh
RETEFTTENN
w uzzct:::é A 0 0 0 — u:i)T A ujtcEyA u;:)y‘A
() ucifsA u g())zsA __ZtWe __wg __Way 7l1;coszAJ 212y
z2e(—way+2¢) 21wy u2 cos A ucos A u cos A ZtWy Y u2 cos A
T wZcos?A + ucés;A T WTcos’ A
_ WY w _Titwey 52
VI 2t a}ic":/s-‘v{\zt) 0 - u2ZtchsZ'A u? f:o:/\ Ztcgf,@/;\ 0 u? ct)ts? A
+ w2 cos? A ~uZcos?A
o ws 2
W ucggtb A 0 + “ Czofs A u CoysA uzzfcii A u? C(:Sz A 0
u? cos? A T
Ut 0 0 0 0 0 u? cc:sz A ucos A
Vo | oo 0 0 0 e 0 0
Wi —u ccl)sA 0 0 0 —u? czot‘2 A 0 0
1 1 2t
et —u césA 0 — wcosA u? cos? A 0 0 0
Ve 0 0 0 0 0 et | i
Wat 0 -1 0 0 0 0 0
Table 1. Partial Derivatives of Aeroelastic Angle of Attack
The aeroelastic angle of attack can be expressed as
Oae Oae Oa Oae Oae Oae Oae Oae Oa,
Qe (T = U+ V+ W + O+ Ve + W, + i+ —W;+ —06
@)=Vt et 5e Ot an et aw, e T an i  aw T e,
dae da da da dae da
+ —U0 + — V0O + — V'V, + — VW, + — WO + ———WYV,
a(Uo) 8 (Vo) avV,) T ALy T g we) awv,)
Oae O0e 5 Oa, da, Oa, oo,
+ ——WW, + 0° + oV, + oW, + —— VW, + ———— UV,
P R T R 1 G178 R T )7 D YA (A R Y (IATA S
Oare Oag 0o da Oae
b Wt e VOt ot W04V, VeV, W
UMW) T aMe) T T aWe) T T (VW) T (VW) T
Oa,
+ WU (50
o (WoU) ™ (50)
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The partial derivatives can be read from Table 1, e.g., Bac = 2+ and (@2) — =24+ Note that the
80@ Bac

inertial coupling gives rise to additional stiffness terms %z, Fi#, and a““ for linear aeroelasticity.
If chordwise bending is small and therefore can be neglected, then

Oa, Oae Oae oo Oae Oa, Oae Oae dae
cel@y) = U+ SVt oWt et v et e, Vet g e  aw, V t ge, O
aae aae (9 8ae 9 6 a
500’ T awe) VO T sy W=t 509 T aeny O T amay VW
oo 0o,
+5me) Ot g U GY

For circulatory lift, the aeroelastic angle of attack is evaluated by setting y = e, where e, is the offset of
the unsteady aerodynamic center at the three-quarter point from the elastic center. The circulatory lift and
pitching moment coefficients are given by

cr, = [er,ar + C (k) cp, ae (x,e.)] cos A (52)

e
Cm, = Cm,, + - [er,ar 4+ C (k) cp, ae (x,e.)] cos A (53)
where C (k) is the Theodorsen function,'® ¢z is the lift curve slope, ¢,,,. is the pitching moment coefficient
about the aerodynamic center, c¢ is the chord length in the streamwise direction, e is the offset of the
aerodynamic center from the elastic axis in the streamwise direction.

For the non-circulatory lift, we express the aeroelastic angle of attack as

ac (z,y) = on (2) + a2 (2,9) (54)

where y = gcos A and 7 is the airfoil coordinate along the streamwise direction.
Then the velocity potential according to Theodorsen'! is given by

¢:Voo+osAc {aﬁaﬁaz?(%em)} Ji-e (55)

where § = 5€ + €,
The non-circulatory lift is evaluated as

o 2 1
Ine = Pooc ¢’d5 _ PooVoo COBAC / [&’” 410 1 180‘2 (@ O } V1 - g
—1

_ 2 ot 20t 2
_ Tpoo Vo cOs Ac? Dare (z, €n) (56)
N 4 ot
which yields the non-circulatory lift coefficient as
2 e 7 cos Ac O (, €, )
= = 57
CLne PoV2cC AV ot (57)
The non-circulatory pitching moment is evaluated as
e (7, e0) gooc? cos A ! L 9g
2 -1 ot
The resulting expression for the non-circulatory pitching moment is obtained as
27 (T, €c) GooC? cos A n 270 (T,€m) ooC? cos A 27qsoc? cos A Dag (2,1)
Mpc = — -
4 4 128V ot
2T oo C2 e cos A Oare (T, e1) (59)
4V ot
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Further simplification yields

2
Crmpe = qT:LOncCQ =or |- 2 (Z’ ) | % (:1’ em) _ 122‘/& 8a28(;v, D_ :V”:O dae (;’ ) | cos A (60)
Note that
Cac(wer) | ae (@ em) o (r,e0) gz, em) _ (z,c) (61)
4 4 4 4 16
since e. — e, = 7.
Therefore, the non-circulatory pitching moment coefficient can also be expressed as
S e T G
The total lift and pitching moment coefficients are
e, =cp, +cp,. (63)
Cm = Cm, + Cm,,. (64)
The total aerodynamic forces and moments are due to both circulatory lift and non-circulatory lift
f2=(ep — epaycos A) goocsin A cos A (65)
fy = cpdsoc cos? A (66)
12 =crgeoccos AcosT (67)
me = —Cmooc’ cos® AcosT (68)
my = Cm (oo’ sin A cos A (69)
mi = CmooC? cos® AsinT (70)

V. Aeroelastic Equations for Large Deflection with Axial Force under Pure
Rolling Motion

Consider a special case of pure rolling motion for a highly flexible wing with large flapwise bending
deflection. Assuming the effect of flapwise bending is the most dominant, then the inertia, aeroelastic, and
elastic forces and moment are considered as follows:

A. Inertial Forces and Moment

Ignoring the inertial force coupling with the axial displacement and chordwise bending, the inertial forces
and moment for pure rolling motion are obtained as

f; = pA [z + Yy, — zwy — (Wy + wewz) W — 2w, Wy + 2, Wy — U] + pAecg [— (Wy + wpw,) ©
72wy@t + Vrtt] + Af; (71)
fl= pAl—yu — Tsw, + 2oy + (g — wWywz) W+ 2w, Wy — Vig] + pAecg [(Wy — wyw;) © + 2w, 04]
0 .
+ 8717 {pAecg [_:Ett + Ytz — thy - (Wy + wmwz) W — 2wth + Ztht - Utt]}

0 ) ;
+ 32 {pL.. [— (Wy + wew:) © — 2w, O + V] } + Af, (72)

f; =pA [—Ztt + Ty — Yrwa + (wi + Wi) W — 4Oy — 2 Woy — th] + pAecy [(Wi + W;) O — ett]
0 0 0 )
t 35 [PA (—zuW — 2, Wy)] + 2 [pAecg (—2u© — 2,0y)] + 2 {plyy [— (@: — wowy) © |
— (wp + W) Wa = 20,0 + Won] } + AfL (73)
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ml = pA (yuW + y:Wi) + pAecg [—2e¢ + Tewy — Yo + (%20 + W;) W+ yu© — 2 Way — Wy
— pl2O4 + plyy [(wi + w?) O — (W2 + wawy) W, — 2sz$t} +pl.. (wi + wi) O+ Am!

where _
. ) 0 .
Afy = pAwWWar + o - [pAecy (WilWar + WWar)] 4 - [plyy (0:W7 + 20 Wo War) |
i 0 0
Afe = =2pAw,WWyi + = [pA (=, W? = 2w, WW,)] — o (pLyyyW7)
Am?, = pA (=i, W? = 2w, WWy) — 2pAe gy, WWay + plyywe Wo Wy
with
o —VosinAcosT + py, sin T’
Ye | = —Vs cos A
2 Ve sin AsinT' + py, cosT’
Wy —psinAcosT
wy | = —pcos A
W, psinAsinT’

by neglecting v, w, and pz, which are assumed to be small and noting that v ~ V.

B. Unsteady Lift and Pitching Moment

The aeroelastic angle of attack is given by

o (,7) = ( wy  ZWws ) _wV zewga W Yy a (—way + 2t) o
e\ Ty wcos A wu?cos?A uwcosA  wu?cos?A wcos A u? cos? A
(7 wyyY 21Xt ) IL'th B Zt% B Wt _ y@t wyWWx
wcosA  wu2cos?A/ °  wcosA  w2cos? A wcosA  wcosA wcos A

(81)

Furthermore if we neglect the contribution of the axial displacement and chordwise bending, then aeroe-

lastic angle of attack is further simplified to

ooy = W mCeyta)l g aWe W 4O oW,
e\ WY = V2 cos? A V2 cos? A VeecosA  VecosA Vo cosA wcos A
21w y© YO
a2(xay)_

T V2cos?A Vi cosA

The lift and pitching coefficients can then be computed from «. (z,y) and as (x,y) as follows:

2
cr = cp,, cos Aa,. + cr,, cos AC (k) [‘% — (1 _th;:;occc(fss2/>\+ “t ) VitZZ;CA
W el N wyWWT} 21 cos Ac { zw, Wy <1 — 2 Wyem cos A + zf) o,
Voo cos A Ve Vo cos A 4V V2 cos? A V2 cos? A
Wt B Wi B em O n wy (WiW, + WWu)}
Veocos A Vi cosA Voo Vo cos A

w —ziwpe. cos A + 22
Cm = Cmge T gCLoz cos Ao, + ECL(, cos AC (k) [ S <1 s tle
c c

V2 cos? A V2 cos? A
Wy W, 0  w,WW, 24wy O ZtWgem W
_ _ 9 Ad_ _
+ VecosA  VocosA Vo Voo cos A + 2mcos 16V2 cosA  4V3 cos? A
N e —Z Wy (c2 + 3263”) cos A + 32z%e,, T Wt emWit
4V 128V2 cos? A " 4V2 cosA | 4AV2 cos A
(02 + 3267271) Gtt _ Wy€m (Wth + WWxt)
128V2 4V2 cos A
11 of 19

American Institute of Aeronautics and Astronautics

(82)

(83)

(84)

(85)



If the dihedral angle is small and can be neglected, then the lift and pitching moment coefficients become

2 2 . 2,2
P Yq tan AW D Yaee cos Asin A + p~y;
¢, = ¢r, CO8S AOZT + cr, COS AC (k) |:_‘/YOQOCOSAA - (1 + VOQO COSQ A © — tan AWm
B Wy B e.0; _ pWW, L 27 cos Ac _p2ya tan AW, (14 P?Yaem cos Asin A + p2y? o
VecosA Vi Voo 4V V2 cos A V2 cos? A i
Wi em©u  p (W W, + WW,y)
—tan AW,y — _ _
an AWz Voo cos A Voo Voo (86)

2yq tan AW 2yaeecos Asin A + p?y?
Cm = Cm.,. + ECLQ cos Aoy, + cha cos AC (k) {_pyan _ <1+ p*Yaeccos Asin A + p ya) o
C C

V2 cos A V2 cos? A
W e.0; pWW, plyactan AO  pPygen, tan AW,
—tan AW, — — — 2 A
an Vocosh Vi | V. | T 16V2 4V3 cos A
N e N P2y (02 + 3267271) cos Asin A + 32py2e,, o, + em tan AW, emWit
4V 128V3 cos? A k 4V 4VZ cos A

(02 + 3267271) Gtt Pem (Wth + Wth) (87)
128V2 4VZ,

C. Elastic Forces and Moment

Retaining only the nonlinear terms with U, and W,, and assuming that e, is small, then the elastic forces
and moment are given by

P, FAU, + %EAUI2 + %EAWf + %EIWWEQI
M, | _ | (GJ + ELyUy + 5BL,UZ + 5ELWE + §EBsW2,) O, (88)
M, (1+ Uy) EL.Vyy — 2EByW2,
The resulting equilibrium equations are given by®
P,
a x fw
Oz Py | ==1 Jy (89)
PZ fZ
5 M, PW, — PV, —my
on | My [ =] PW.-Po4my (90)
M, PVy — Py —m,
These equations become
oM, oM oM,
z = _P — Y _P — = 1
p + ( p o Vi +mz> W, ( o W m,,) Ve+mg =0 (91)
9?M, O(P,W,) 0Om,
— — —f,=0 92
Ox? Ox ox ! (92)
M, O(P,V,) Om,
_ —f =0 93
Ox? ox + Ox Ty (93)
Neglecting the nonlinear terms with V,,, the nonlinear equations are obtained as
0 1 5 1 5 1 9
9 EAU, + iEAUx + §EAW96 + gElyme =—fz (94)
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o) 1 1 1
s KGJ + EI,U, + §EIMU§ + §EIMW§ + EB5W§I> @4 = —my, (95)

2
2 [(1+U,) EIyyWM] 0 (P,Wy) _ omy
02 - ox =ft Ox (96)
(14 Us) BL:Viw — 3EBWZ, | 0(PuVa) _ o om, (97)
Ox2 or Y oz

where P, = EAU, + EAU? + JEAW? + LEI,, W2 .
Consider a weak-form solution by letting U (z,t) = N, (z) u (t), V (x,t) = N, (z) v, W (2,t) = N, (x) w (t),
and © (z,t) = Ng (z) 0 (t) . Then we obtain the following weak-form expressions

L L L
’ ]_ ’ ’ ’ 1 ’ / ’
u / N,TEAN,dz + Su? / NT (EANH> Nyda + Su? / NT (EAN“,) N, dz
0 0 0

1 L ’ " " L
+ u? / NT (Elnyw) N de = / N fodz (98)
0 0

L L L
! ’7 ’ ’ ’ 1 / ’ ’
9 /0 N,TGJNydz + 0u /O N,T (EImNu) Nyda + - 0u? /O NyT (EImNu2> N, da
1 L ’ ’ ’ 1 L ’ 17 ’ L
+ 500 / N7 (EIMNU?) Nydar + 0w / N7 (EBst2) Nyda = /O N madz  (99)

0 0

w
0

L L L
w [ N.TEIL N/ dz+wu / NIT (Elny;) N/ dz + wu / N.T (EAN;) N, dz
0 0
1 L ’ ’ ’ 1 L ’ ’ ’
+ gw / N.T (EAN,?) Ndo + o / N.T (EANU?) N, dz
0 0

1 L, " ) L o
+§w3/ NI (L, N,2) Nwdm:/ N, (fz+ e
0 0 €T

) dz  (100)

L L L
1" " " ’ 1" 1 " " "
v/ N/TEIL.N/dz + vu/ N7 (ElzzNu> N dz — §w2/ N7 (EBgNw) N,
0 0 0
L / / ’ ]_ L ’ ’ ’
+ou / NT (EANU) Nydo + Sou? / NT (EANf) N dz
0 0

1 2 L /T /2 ’ 1 2 L /T //2 ’ L T 8mz
+5ow / N, (EANw)Nvdx+§uw / N, (Elnyw)Nvdx:/ N (fy— >
0 0 0 €z

) dz (101)

These equations constitute a set of nonlinear displacement equations which can be solved by any nonlinear
root search methods.

For illustration, consider a cantilever wing with the bending stiffness FI = 2 x 10%~77 and extensional
stiffness EA = 9.5806 x 10592 — 24.1861 x 1057 + 18.0679 x 105 where 1 = 7- The wing tip deflection
is 6.21% of the wing length with the linear analysis, and is 6.03% with the nonlinear analysis. This wing
tip deflection is similar to that of a conventional aluminum wing such as the Boeing 757 wing. As the
bending stiffness reduces, the effect of nonlinear bending becomes more pronounced as the contribution of
the nonlinear bending stiffness due to the wing bending slope W, causes the aeroelastic deflection to decrease
relative to the linear aeroelastic deflection. At about 10% wing tip deflection, the effect of nonlinear bending
begins to set in. This wing tip deflection is similar to that of a modern composite wing such as the Boeing
787 wing. Figure 2 illustrates the nonlinear bending of a cantilever wing.
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Figure 2. Nonlinear Bending of Typical Cantilever Wing

VI. Aeroelastic Analysis of Truss-Braced Wing Aircraft

The SUGAR Truss-Braced Wing (TBW) aircraft concept is a Boeing-developed N+3 aircraft config-
uration funded by NASA ARMD Fixed Wing project.'> 4 The TBW aircraft concept is designed to be
aerodynamically efficient by employing a high-aspect ratio wing design. The aspect ratio of the TBW is in
the order of 14 which is significantly greater than those of conventional aircraft wings. As a result, inter-
mediate structural supports are required. The main wings are braced at approximately mid-span by two
main struts. In addition, two jury struts; one on each wing, provide additional reinforcement. Figure 3 is
an illustration of the TBW aircraft.

Figure 3. Boeing SUGAR Truss-Braced Wing (TBW) Aircraft Concept

Truss-braced wing aircraft concepts provide a structural solution to high aspect ratio wing aircraft designs.
The long slender wing would employ structural bracing via the use of axially loaded strut members to provide
intermediate span supports in addition to the wing root attachment. These struts generally support a portion
of the span load carried by the wing and are loaded in tension. Under a negative-g flight condition such as
during a dive, a load reversal could occur that could put the struts in compression. The compressive loading
would require design considerations for buckling strength.

Under aerodynamic loading, an axially loaded member also experiences the normal bending and torsion
generated by aerodynamic lift force and pitching moment. Aeroelasticity of an axially loaded structure
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undergoing transverse bending can be significantly different from that with transverse bending alone. The
main struts and jury struts can impact aerodynamics of the main wings since they create aerodynamic
interference drag that can offset the aerodynamic benefit of high-aspect ratio wing design. Thus, the TBW
is designed to strive a balance between aerodynamic efficiency and structural efficiency.

A recent flutter wind tunnel test of a dynamically scaled TBW was conducted in NASA Langley Transonic
Dynamic Wind Tunnel (TDT).*® The model is 16% scaled, semi-span, wall-mounted model as shown in Fig.
4. Tt was reported that the flutter speed is dependent on the angle of attack at +1°.'5 Test data shows
that the flutter boundary for the TBW is generally lower at —1° than at +1° in the angle of attack. The
nonlinear effect of the TBW due to axial loading has been analyzed.'®17 While there may be other nonlinear
factors that could contribute to this observation, one plausible explanation could be the geometric nonlinear
tension stiffening effect of the main struts at a positive angle of attack, and conversely the softening effect
at a negative angle of attack.

A finite-element model (FEM) of the TBW is constructed that uses a total of five components. Only the
right side of the aircraft is modeled, and the wing configuration is assumed to be cantilevered to the side of
the fuselage. The three main physical components of the wing configuration are the wing, the strut, and the
jury strut. The FEM uses lumped mass and inertia properties provided by Boeing Research & Technology.'?
The lumped mass data is converted into the running mass. Extensional stiffness of the wing is not available
and instead is estimated for the purpose of illustrating the nonlinear effects. Since the nonlinear effect is
sensitive to the extensional stiffness, the solution can vary widely depending on the extensional stiffness. For
this study, we choose the extensional stiffness FA = 3The engine-pylon mass is not available and therefore
is not modeled. It should be noted that the model is not an accurate representation of the Boeing TBW
model, but instead is intended for illustrative purposes only to demonstrate the nonlinear aeroelasticity with
inertial force coupling.

Figure 4. Truss-Braced Wing (TBW) Model in NASA Langley Transonic Dynamic Tunnel (TDT)

Figures 5(a) and (b) are the plots of the lift and pitching moment distributions for the wing and the strut
at 2.5-g condition, corresponding to C, = 2.025 at Mach 0.7 and an altitude of 42,000 ft for a design cruise
gross weight of 146,000 lbs based on a wing reference area of 1,477 ft2.
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Figure 5. Lift and Pitching Moment Distribution at 2.5 g

Figure 6 is the plot of the wing vertical deflection for linear and nonlinear analyses. At a 2.5-g flight load
with no inertial force coupling and nonlinear tension-induced stiffness due to the strut, the vertical deflection
of the wing tip is computed to be 3.1009 ft. With the tension-induced stiffness, the vertical deflection is
reduced to 3.0765 ft. The effect of the nonlinear tension-induced stiffness is apparently not significant. When
the nonlinear bending stiffness is accounted for, the vertical deflection is significantly reduced to a value of
2.2930 ft. Note that the linear vertical deflection is about 9% of the wing span from the strut to the wing
tip. Thus, it is not unreasonable to expect that nonlinear bending effect begins to set in at this value of
bending deflection.

3.5

—e— Linear
—&— Nonlinear Strut Tension o
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100

0 60
BBL, ft

Figure 6. Wing Vertical Deflection at 2.5-g Flight Condition

Figure 7 shows the effect of the roll rate on the wing tip deflection for linear and nonlinear analyses.
As the roll rate increases, the wing tip deflection increases nonlinearly with the roll rate. The inertial force
coupling of roll rate is reduced by the nonlinear tension-induced and large bending deflection. For typical
transport aircraft, the maximum roll rate may be limited to about 20 deg/sec. Thus, the inertial force
coupling for the TBW is not considered to be significant. However, in general, for high aspect ratio wing
aircraft, the inertial force coupling can be important.
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Figure 7. Wing Tip Vertical Deflection at 2.5-g Flight Condition as Function of Roll Rate

Table 2 shows the frequencies for linear analysis and nonlinear analysis with and without inertial force
coupling. The nonlinear effect of strut tension stiffening and large bending deflection contributes to the
increase in the wing stiffness results in the frequency increase. For a roll rate of 20 deg/sec, the frequencies
only change very slightly.

’ Mode ‘ Linear ‘ Nonlinear | Nonlinear with 20-deg/sec Roll Rate ‘

1 1.9418 2.2311 2.2311
2 2.3631 2.7418 2.7420
3 4.0649 4.3267 4.3266
4 6.7069 7.0629 7.0632
) 8.5323 8.7955 8.7068

Table 2. Frequencies of TBW at 2.5-g Flight Condition

Figures 8(a) and (b) show the frequency and damping at 2.5-g flight condition for linear analysis. As can
be seen in Fig. 8(a), the flutter speed occurs at 606 KEAS (Knot Equivalent Air Speed) corresponding to
mode 5 at 2.5-g. For nonlinear analysis, the frequency and damping at 2.5-g flight condition are plotted in
Figs. 9(a) and (b). Due to the nonlinear stiffness, the flutter speed increases to 643 KEAS.

9 0.2
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Figure 8. Frequency and Damping at 2.5-g Flight Condition with Linear Analysis
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Figure 9. Frequency and Damping at 2.5-g Flight Condition with Nonlinear Analysis

It should be noted that flutter is a linear aeroelasticity concept. Nonlinear aeroelasticity can give rise to
limit cycle oscillations which can be analyzed more conveniently in the time domain than in the frequency
domain. As future aircraft tend to employ higher-aspect ratio wing design, nonlinear aeroelasticity can
become increasingly more important that will require a full nonlinear aeroelastic consideration with inertial
force coupling in the initial design. Future studies will investigate the effects of large deflection on a different
high aspect ratio wing aircraft model such as the Common Research Model (CRM) or by redesigning the
TBW aircraft to allow larger wing deflections by reducing the effect of the strut tension.

VII. Conclusions

This paper presents an analytical method for coupling inertial forces into wing aeroelasticity. The inertial
forces resulting from aircraft angular rate and acceleration interact with wing aeroelasticity in a complex
manner. If aeroelastic deflections are significant, the inertial force coupling effect can introduce nonlinearity
in the aeroelastic analysis. The Theodorsen’s method for unsteady aerodynamics is applied to incorporate
the inertial force coupling into the formulation of the aeroelastic angle of attack. Additionally, the elastic
forces are moments are formulated to account for large flapwise bending. This results in a set of nonlinear
aeroelastic weak-form equations. An analysis of the Truss-Braced Wing (TBW) aircraft is performed for a
pure rolling motion. The analysis at 2.5-g flight loads demonstrates that the inertial force coupling causes
a small increase in the wing deflection. The nonlinear tension-induced stiffness due to the strut causes a
slight reduction in the wing deflection. On the other hand, the nonlinear bending effect can be significant
if the wing tip bending deflection is sufficiently large. The flutter speed is shown to be highly influenced by
the nonlinear bending effect which causes an increase in the flutter speed for the TBW aircraft. In practice,
nonlinear bending can give rise to limit cycle oscillations which can be investigated more expediently using
a time-domain analysis.
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