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Abstract. Semi-analytical reduced-order models for the combined aeroelastic analysis and
gust response of flexible subsonic wings with arbitrary aspect ratio are presented. Both a thin
plate and a slender beam are considered as the linear structural dynamics models, within a
generalised formulation. A modified strip theory is proposed for modelling the wing unsteady
aerodynamics in incompressible flow, accounting for the three-dimensional effects on both
spanwise decay and build-up of the airload. Peters’ in-flow theory is adopted for calculating
the two-dimensional unsteady airload around each morphing wing section, standard and
tuned strip theories being readily resumed for comparison and completeness. Considering
straight elliptical and trapezoidal planforms, approximate lift-deficiency functions for both a
unit step-change in the angle of attack and a unit sharp-edged gust are then employed in
place of classic Theodorsen/Wagner’s and Sears/Kussner’s functions, respectively. A modal
approach is finally adopted to write the generalised equations of motion in state-space form,
for both plate-based and beam-based formulations. Numerical results are then obtained and
critically discussed for the aeroelastic stability analysis of a uniform rectangular wing, with
respect relevant aerodynamic and structural parameters. Due to computational efficiency and
theoretical insight, the proposed generalised formulation is suggested as an effective aeroe-
lastic tool for the preliminary multidisciplinary design and optimisation (MDO) of flexible
wings in the low-subsonic regime, as characterised by incompressible flow.
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1 INTRODUCTION

Efficient aeroelastic methods and tools [1-2] based on reduced-order complexity [3-6] are
increasingly sought for the preliminary multidisciplinary design and optimisation (MDO) [7-8]
of flexible subsonic wings [9-14]. A semi-analytical model for the aeroelastic behavior of a
thin straight wing in unsteady incompressible flow is hence here presented. Modified strip
theory (MST) is adopted for the aerodynamic load [15-16], tuned strip theory (TST) being
readily resumed for comparison and completeness [17-18]. Peters’ in-flow theory is adopted
for calculating the two-dimensional unsteady airload around each morphing wing section [19],
where approximate lift-deficiency functions [20-22] for both a unit step-change in the angle of
attack and a unit sharp-edged gust are employed in place of classic Theodorsen/Wagner’s and
Sears/Kussner’s functions [23-28], respectively. Both plate-like and beam-like linear models
are considered for the structural dynamics, within a unified formulation [29-30]. The principle
of virtual work (PVW) is then used to derive the equilibrium equations and the Ritz’s method
finally employed to solve them within a modal approach [31-32], where polynomial shape
functions are assumed for the wing displacement [33]. The resulting aeroelastic model allows
any distribution of the thin wing properties and provides with its continuous deformation [34].
Numerical results for the divergence speeds and flutter frequency [35] of a uniform rectangu-
lar wing are finally shown and discussed with respect to the relevant aero-structural parame-
ters such as the aspect and thickness ratios.

2  AEROELASTIC PROBLEM FORMULATION FOR PLATE-LIKE WING

Consider a rectangular flat plate with distributed mass m(x, y) per unit area, moment of in-
ertia 4(x,y), area moment of inertia /(x, y), torsion factor J(x,y), Young elastic modulus
E(x, y) , shear modulus G(x, y) and structural damping §(x, y) ; the unsteady airload
Ap(x, y, t) is also distributed on the entire surface. Being h(x, y) the thickness, ¢ the chord,
b the semi-chord and / the semi-span, the y axis of the Cartesian reference system lays on
the plate symmetry axis and is directed outward along the span, with 0 < y </ from clamped

root to free tip, whereas the X axis is orthogonal to the plate symmetry axis and directed
backward along the chord, with —b < x <+b from leading to trailing edge; thus, the vertical

Z axis is orthogonal to the plate planform and points upward, with — % <z< +g from lower

. . 2 .
to upper surface. Aspect and thickness ratios then read 4R =— and TR = h , respectively.
c c

Within a linear analysis framework, the plate vertical displacement w(x, y,) induces a lo-
cal slope g(x, v, t) and curvature G(x, v, t) readily given at the plate middle surface as ¢=Vw

and 0= —{W** woo2w" }T, where apices * and ‘ denote derivation in the x and y directions,
respectively. The structural deformation results in strains &(x, y,7) and stresses o(x, y,¢) which,
by employing Kirchhoff’s hypothesis and Hook’s law [36], read e=€+2z0 and o =Eg, re-
spectively, where E(x, y) is the elastic tensor and E(x, y) is due to pre-stress; for orthotropic
material, stiffness and pre-tension matrices can be written as [29-30]:
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EI. EI, 0 7T
El=\EI_ El, 0 | T= T( =, 1)
0 0 GJ, ey

where the in-plane forces T'(x, y) and stresses 6(x, y) are due to pre-loading condition & = Eg..

Neglecting gravity and possible concentrated loads (e.g., lumped inertia, spring or damper)
without loss of generality, the PVW may readily be written for the arbitrary virtual displace-

ment 5w(x, y,t) as:

b I +b I +b

(] B E10dxdy + "Tedxdy = [ [ SwApdxdy +
I ly ”5; Selxcly H \pdxdy
0 -b 0 -b 0 -b (2)
I +b I +b I +b I +b
- j j Swvdxdy — j j Swmvvdxdy — j j Sw” " dxdy — J’ j W g, W' dxdy
0 -b 0-b 0 -b 0-b

and then integrated by parts twice in order to give the linear partial differential equation (PDE)
for the dynamic aeroelastic equilibrium [29-30]:

(E1 ™ + B w' ) +4(GT w" ) +(EL w" +ELw' ) +(Tow' +T,w ) +(T,w +T,w') 5
= Ap—&v—mii+ (30" ) + (30,

which is consistently completed by both geometrical and natural boundary conditions as:

w(x,0,¢)=0, w'(x,0,¢)=0, w (x,0,£)=0,
B w7+ ELw|” =0, ELw"| +Elw| =0,
e |l | T
(E1,w7)| +(E1,w)] ~Tow'| ~Tw], 0], =0, @
wl 4D IR
GJ,w'| " =0, (Gr,w7)| =0,
GJ,w'| =0, (61, ]| =o0.

as well as the initial rest condition Mx, y,O) =0, w (x, y,O) =0 and w (x, y,O) =0.

2.1 Modal Solution Approach
Rather than solving the governing PDE numerically, the Ritz’s method is employed. The
plate displacement is then modally expressed as [31-32]:
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w=3ge.. =Y 4, . 5)

where the n functions &, () are unknown generalised coordinates relative to the n assumed
mode shapes ¢, (x, ), which are hereby chosen as suitable combinations of chordwise g, (x)
and spanwise f, (y) polynomials satisfying the geometrical boundary conditions for clamped-
free plate [31,33], namely:

¢[:gkf_/., i=kn, +J, nznj(nk+1),
J+l1 6)
X Yy . (
ngTk(ZJ, 0<k<n,, fj:[?j , IS]Sn_I.;

note that the chordwise modes are indeed Chebyshev polynomials cos(k@), with Glauert’s
transformation x =bcos ® [19,37].

2.2  Generalised Aerodynamic Load

According to thin aerofoil theory [38-39], the sectional unsteady aerodynamic load in in-
compressible flow is due to the effective angle of attack of the latter with respect to the instan-
taneous kinematics of the thin wing camber, where the non-penetration boundary condition is
imposed assuming small wing deformations and flow perturbationS' this includes the unsteady

wake inflow. By noting that w = Z g, w, with w, = Z S ;€ , Peters’ model for a morphing

k=0

thin airfoil is efficiently employed to give the generahsed unsteady airload F*(¢ ( ) as:

I +b

IIAp¢ dxdy = JKAF f dy, AF/ ZTAngdX, (7

b

where the wing displacement has effectively been projected onto the chordwise modal base
g, with the n, +1 coefficients w, (y,z) explicitly given by [19]:

_ J- wdx J-wgkdx

N - b* —x?

within the framework of a modified strip theory [15-16], the scaling function x(y) accounts
for the influence of the wing-tip vortices downwash on the sectional airload and scales the
latter proportionally with the local, quasi-steady wing circulation along the span [14].

The generalised unsteady airload for an isolated flexible aerofoil reads [10,19]:

k>1; (®)

AF) = 7z',ob2 (\'}0 — %j + ZﬂprC(k{Vo + ‘%j + AFOG , )]
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AF* =%pr (v, —v,)+ %pr(vl +v,)- zprc(k)(vo + V—z‘j +AFC,

where p is the flow density and v = Z g.v, is the induced flow velocity due to aerofoil mo-
k=0

tion, the generalised coefficients v, (y, t) of which are readily given by [10,19]:

oy , n hw
N S Z", v = -2 DL k>1, (10)
k=1,3 h=k+1,k+3

thus realizing the fluid-structure interaction [40] thru the non-penetration boundary condition.
With k the reduced frequency [26-28], C(k) is the equivalent of Theodorsen’s lift-deficiency
function for the circulatory lift build-up of a finite wing due to harmonic oscillation and, via
Fourier transform [41], is related to the equivalent of Wagner’s indicial-admittance function
for the circulatory lift build-up due to a unit step in the angle of attack (see Appendix B).
Finally, the airload contribution due to a vertical gust V,,(y,¢), which is here assumed as

V,, =QV,, with spanwise distribution Q(y) and time evolution ¥ (¢), reads [10,32]:

AFE = 27rprQ(VGOK + dI;G 9 K(r - z)le,
0 l

(11

AFC = —ﬂprQ{VGOK +| dV; © K(r - z)dz],
0 l

where Vg, =V (0) and K(t) is the equivalent of Kussner’s indicial-admittance function for

the circulatory lift build-up of a finite wing due to a unit sharp-edge gust (see Appendix B),
assuming a standard “frozen” approach [42].

Note that Peters’ theory implicitly assumes the lift-curve slope C,,, =27 for a flat airfoil,

which is appropriate for a plate wing; nevertheless, his analytical model can still effectively
be tuned with a different value, as long as subsonic potential flow is applicable [11-12]. Final-

ly, the wing lift L(t), pitching moment M, (t) and rolling moment M, (t) are given by [18]:

I j yApdxdy . (12)

+b
- b

jApdxdy , M, = j
0

+b
b —

IxApdxdy , M, = j
0

+b
b —

© —
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3 AEROELASTIC PROBLEM FORMULATION FOR BEAM-LIKE WING

According to the closely-spaced rigid diaphragm assumption [36], a slender wing is often
considered spanwise flexible only and a beam-like structural model suitably employed [32,34].
As the latter (which is one-dimensional) can be derived from the plate-like structural model
(which is two-dimensional), it may be seen as a semi-analytical reduced-order model where
the chordwise dependency of the properties is dropped and only the first two chordwise (rigid)
modes g, and g, are implicitly retained [29-30], eventually resulting in two coupled equilib-

rium equations for bending and torsion [35], respectively.
The wing elastic axis (EA, where all applied loads are reacted [32]) is then modelled as a
Rayleigh beam [43] and drawn by the locus of the shear centres of each chordwise section,

with x,,(y)=0 fixed for convenience, whereas the inertial axis x.,(y) is drawn by the locus

of the sectional centres of gravity (CG, where the inertial load is applied [32]). Thus, we have
the distributed mass m(y) per unit length, bending and torsion moment of inertia £, (y) and

1, (), area moment of inertia (), torsion factor J(y), Young modulus E(y), shear modu-
lus G(y), axial tension 7 (y) and bending and torsion structural damping &, (y) and &, (y)

With & (y,t) and 9(y, t) the vertical and torsional displacements of the elastic axis, respec-
tively, the wing deformation is given as w=¢ — x4; therefore, neglecting gravity and con-
centrated loads, the PVW for the arbitrary virtual displacements o4 (y, t) and &9(}/, t) reads:

/ ! / ! ]

[EIS" & dy+ [T & dy+ [ GII 69 dy = [ AL&dy + [ AMSIdy +

0 0 0 0 0

! ! ' . ! B / ‘ ! . (13)

_J.mwccé‘wccdy - J.ﬂg‘.".’ccé‘wccdy - J.,ugg&gdy - Ifgéﬁé’dy - _[59195‘9‘{)’ )
0 0 0 0 0

where w,, =¢ —x.;9 is the vertical displacement of the inertial axis, whereas AL(y,¢) and

AM (y,t) are the sectional unsteady aerodynamic force (positive upwards) and pitching mo-

ment (positive clockwise), respectively. The virtual displacement being arbitrary, bending and
torsion virtual works separate as:

[E1¢ 8 dy+ (TS & dy = [ AL&dy +

—Ifgéﬁdy _Jm(é/ _xCG‘g)é‘éde _Iﬂg (4/ _xccg)yééwdy s

1 1 / (14)
[G19'69 dy = [ AMSIdy - [ £,969dy +
0 0 0

! I 5 ,
- Jﬂgé&gdy + JxCGm(é; - xCG‘g)&gdy + jXCGﬂ; (é/ - xccg) 59'dy
0 0 0

and are then integrated by parts twice in order to give the linear system of coupled PDEs for
the dynamic aeroelastic equilibrium of wing bending and torsion [32] as:
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(EIQV) _(Té’) +§§é+m(§_xcglg)_ﬂg (g'”'—xcc{si)' =AL, 5)
(G‘] ) _ﬂ81§_§99+xCG[m(é;_xCGg)_ﬂg (é';—xCGg)vJ:—AM,

which are consistently completed by both geometrical and natural boundary conditions as:

%0,¢)=0, z(0,1)=0, Z'(0,¢)=0,
GJ9| =0, Elw'| =0, (&r )‘ ~Tw| -p.8 =0, (16)
!
as well as the initial rest conditions ¢ (y,0)=0, { (y,O)zO and 9( ,O)=O, 9( ,O)=O.

3.1 Modal Solution Approach

The Ritz’s method is employed and the beam displacement is then modally expressed as:

s g ng ng
§:z¢i8ia gzquiﬂiv 54/:2@5‘91‘, 5‘9:Z¢i577i9 (17)
i=1 i=1 i=1

i=l1

where the n, functions &, (t) and n, functions 7,(¢) are unknown generalised coordinates
relative to the n, assumed mode shapes ¢, (y) for bending deformation and n, assumed

mode shapes ¢, (y) for torsion deformation, respectively, which are hereby chosen as suitable
spanwise polynomials satisfying the geometrical boundary conditions for clamped-free beam

[31,33], namely:
i+l i
¢i:(ﬂ : goi:(%], i>1. (18)

Note that 9=—w" and the first assumed torsion mode of the beam model is not allowed by
the plate model, due to clamping of the wing root along the entire chord —b < x <+b; yet, its
linear behavior can still be recovered by higher assumed torsion modes in a Taylor sense [41].

3.2 Generalised Aerodynamic Load

MST is still employed for calculating the generalised unsteady aerodynamic load. The non-
circulatory aerodynamic force and moment of each wing section act at its mid chord (MC),
whereas the circulatory ones act at its aerodynamic centre (AC, where the pitching moment is
independent of the angle of attack [38-39]) and control point (CP, where the non-penetration
boundary condition for the flow is imposed and the fluid-structure interaction [40] hence en-
forced [38-39]). According to thin aerofoil theory for incompressible flow, aerodynamic cen-
tre x . (y) and control point x., (y) fall at the first and last quarters of the section chord [19],

respectively. The generalised unsteady airload is then implicitly given by:
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) )
0 0

where the sectional aerodynamic force and pitching moment at the elastic axis read:
AL = k(AL, +AL,), AM =k(AM,, + AM ). (20)

The airload contributions AL, (y,7) and AM,, (y,¢) due to the wing motion are given by

[32,34]:
_,)d }

AL, :Epc{ : (Us- wMC)+UCL/a(V W+I

21)

1 me( ¢
AM,, :——pcl: : (32 G+x,U3~ xMCwMCJHACUCm(V W+J

Dt
where w,. =¢ —x,.%, wy,c =4 —x,,9 and w., = —x,¢ are instantaneous vertical dis-

placements of the relative section points, whereas W(t) is the equivalent of Wagner’s indici-

al-admittance function for the circulatory lift build-up due to a unit step in the angle of attack
(see Appendix B). Each wing section sees an effective angle of attack induced by the vertical
flow velocity V( ,t) due to the instantaneous motion of its control point, namely [32,34]:

V=U3—,, (22)

where V,, = V( ,0) depends on the initial rest conditions; finally, within a “frozen” approach,
the additional contributions AL (y,t) and AM (y,t) due to a vertical wind gust read [32,34]:

Q cdV.
AL; = EPUCCL/Q(VGOK + j ;l(l) K(t - l)le > AM g ==x,cALg. (23)
0

As direct analytical cross-validation, Peters’ theory is readily recovered by considering its
first two chordwise modes only and assuming the lift-curve slope C,,, =2z for a flat airfoil,

which is appropriate for a plate wing. Finally, the wing lift, pitching moment and rolling mo-
ment are given by [18]:

1 1
L:jMdy, M, :'([AMdy, M,,=_([yALa’y, 24)
0
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4 ADDED AERODYNAMIC STATES

For two-dimensional unsteady incompressible potential flow, Theodorsen and Sears [26-28]
lift-deficiency functions account for the inflow [19] generated by the travelling wake of a flat
aerofoil due an harmonic oscillation and a sinusoidal gust, respectively; the relative indicial-
admittance functions for the circulatory lift build-up due to a unit step in the angle of attack
and a unit sharp-edge gust are then given by Wagner and Kussner [23-25], respectively.

For three-dimensional flow, all these fundamental functions [44-47] are modified so to in-
clude the unsteady downwash of the trailed wing-tip vortices [48-52] and the results are then
approximated for computational convenience [53-66]; Appendix B reports the applications to
elliptical and trapezoidal wings [20-21]. Due to rigorous analytical continuation [41], with s
the Laplace variable, a rational approximation [22,67] is suitably adopted for the equivalent of
Theodorsen function in the complex reduced frequency p domain, namely:

p+B1C p+BZ,C’ U’

(25)

where the coefficients are obtained by best-fitting the analytical reference curve for the specif-

ic wing shape, with 47 + Ay =1-C and C= Em C due to exact curve-fitting constraints

—>0

[68-70]. Being V' =v, +v_21 [19], an added aerodynamic state v, (y, t) is introduced [71-72]

which, due to linearity of the Laplace transform and its inverse [41], evolves from the initial
rest condition v,.(,0)=0 and ©.(,0)=0 according to the linear ordinary differential equa-

tion (ODE):
U U\ v
. +(BS +BS (ZJDC +BCBS (Zj Ve =vy + (26)

Analogously, the equivalent of Wagner function is suitably approximated with two expo-
nential terms [22,67] in the reduced time 7 domain, namely:

W=l-A"e ™ -4Vt r=—. 27)

where the coefficients are still obtained by best-fitting the analytical reference curve for the
specific wing shape, with 4" + 4) =1- W and W = liIIéW due to exact curve-fitting con-
T

straints [68-70]. Another added aerodynamic state v, (y,t) is then introduced which evolves

from the initial rest condition v, (y,0)=0 and ©,,(y,0)=0 according to the linear ODE:
U UY
b, + (B! +BY (EJOW +B"BY [3) vy =V (28)

of course, note that 4" = AS, A7 = AS and W =C due to reciprocal relations [73-75].
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Finally, the equivalent of Kussner function is consistently approximated with two exponen-
tial terms [22,67] in the reduced time domain too, namely:

Krl—AFe 7 - gKe BT (29)
where the coefficients are obtained by best-fitting the analytical reference curve for the specif-
ic wing shape, with 4% + 45 =1 due to exact curve-fitting constraints [68-70]. So, a further

added aerodynamic state v, = v, (¢) is introduced which evolves from the initial rest condi-
tion v,(0)=0 and ©,(0)= 0 according to the linear ODE:

2
b, +(BF +BX {%)oc; + BXBX (%j v, =V, (30)

note that this equation is uncoupled from all others and hence does not affect the aeroelastic
stability of the wing, in the present framework of a linear model for small perturbations [10].

4.1 Plate Model

The unsteady generalised aerodynamic load per unit span is eventually given by:
; W, 1+C). 5 A
AF} = —mpb?| i, — 7 —2mpbU Cw0 - w, | =2mpU CZ kw, +
k=1
+27zprl:(A BE + AS B { j +(1-¢)pen (—) }+AFOG,
Coi, — [gjwl - wz} + 72'pU2|:éW1 - (1 — é)kak } +
2 = 31)

—ﬂpr{(A BC+AB() +(1-¢)Bes (_j }AFIG’

AF) :Zpbz(wo _ng +%j+7[pr(W1 —W3)+27Z,0U2W2,

AR = =2 pb? (i =iy ) + 7pbU

1 1 . ) i
pb [ 1 (Wk 2 W, )_ m( Wi )} + ﬂpr(Wk—l Wi ) + ﬂpUszk 5

the incremental contribution due to gust being:

2
joG + B B¥ (%J v |,

- (32)

2
joG + B BY (%) Ve |,

AFC = ZﬁprQ{(AIKBIK + AXBX {

> =[Q

AFS = —ﬂprQ[(AlKBlK + AXBX
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and the linear ODE for added aerodynamic state evolution reading:
2
o, +(BS + BS (%)oc + BEBS (%j Dy ==V, — =L — —kak . (33)

n; n;
Thus, by expanding v, = Z f;0; and AF" = Z S ].AFl.k +AFS in a consistent way, the
j=1 j=1
unsteady sectional airload is eventually expressed in terms of the generalised coordinates &, .

In essence, each term of Peters’ theory (added states included) is projected onto the assumed
spanwise modes f, and the generalised aerodynamic matrices are then assembled by blocks.

4.2 Beam Model

The unsteady generalised aerodynamic load per unit span due to the wing motion is even-
tually given by:

n

ALW=%pcz(U9—;”+xMcg)+¥pUcCL/ (U9 C+xp9 )

+%pUcCL/{(A1WBIW +A2WBZW{(b]j( +ug) ( +AY )B v, +0, }
72' C2 . . . . W (34)
AM, :—Zpc{?)—zg-l-xCPUS—xMc(g—xMCS)} 5 — pUx ,.cC,,, (U.9 C+xpp9 )-1—

1 .
—5 pUxACcCL/a|:(A1WBlW +A2WB2W (%)(Ug +0, )+ (AIW +A2W )BIWBZW[%j ( L, +U, )} ,
the incremental contribution due to gust being:

1 2
ALy = pUCC, , [(AIKBlK + AXBX {%}o(; +(4X + 45 B BE (%) UG} , (35)

where, with v, =v, +v, due to linearity, the added aerodynamic states v, (v.¢) and v, (y,?)

are relative to the wing bending and torsion motion and evolve from their initial rest condition
v, (»,0)=0, v,(»,0)=0 and U, (»,0)=0, 0,(»,0)=0 according to the linear ODEs:

i} U). Uy :
b, + (B +BY {Ejug +BlWBzW(;j v, ==¢,

: (36)
. % W Uj. W pW U ;
ug+(B1 + B, n Uy + B/ B, n Uy =U8+x.,9.
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As AL, =AL, + ALy and AM, =AM . + AM ; due to assumed linearity, by expanding
ng ng ng ng

AL, :Z¢ZAL§> AL, :Z(piAL}g and AM :z¢iAMi§, AM :ZQ'AMI‘S as well as
i=l1 i=1 i=1 i=1

L, = Z¢,U,-§ and U, = Z(pi Uig in a consistent way, the unsteady sectional airload is finally
i=1 i=1

expressed in terms of the generalised coordinates &, and 77, . In essence, each term of strip
theory (added states included) is projected onto the assumed spanwise modes ¢, and ¢,, re-
spectively, and the generalised aerodynamic matrices are then assembled by blocks.

5 MODIFIED STRIP THEORY

Within the framework of TST and MST [14-16], the scaling function K(y) accounts for the

three-dimensional spanwise influence of the wing-tip vortices on the sectional airload and is
consistently derived from Kutta-Joukowsky’s theorem [76-77] as:

AR 2r Ly
=, K = . F = lb § F Sln . 37
MR +C,,, MsT UcC,,, p 1 (q l//) 7)

KTS T

where the sectional flow circulation T'(y) is directly related to the downwash angle by Helm-
holtz’s theorem and Biot-Savart law [17] and is explicitly given by Prandtl’s expansion [78],
with the n. coefficients I, found by solving the linear system of algebraic equations:

p

: CCL/a sm(ql//) CCL/a
I =
;[Sm(q‘”)w 8 sy )¢ 2 %)

in a least-squares sense [79], on N wing sections at various spanwise stations y = lCOS(l//),
with 0 <y <7 running from tip to tip along the span. Note that I' =0 for ¢ =0, while the
singularities at i = jz can be lifted by multiplying both sides of the equation by siny . Also
note that odd and even Fourier terms model symmetric and antisymmetric circulation distribu-
tions, respectively.

Essentially, within TST the airflow around each wing section is still considered fully inde-
pendent and two-dimensional: a global scaling factor is applied to the wing lift and standard
strip theory (SST, where any three-dimensional effect is disregarded [18]) is indeed obtained
for the limit of infinitely long wing (Theodorsen/Wagner and Sears/Kussner functions shall
hence coherently be employed as lift-deficiency functions). On the contrary, within MST the
airflow around each wing section is considered quasi-independent and a unitary angle of at-
tack is implicitly assumed for calculating the scaling function without loss of generality. In
both cases, the correction is based on the undeformed wing [80] and rigorously valid in the
low-subsonic regime for thin straight wings with significant aspect ratio.

Finally, it is also worth stressing that x is here based on lifting line theory (LLT, of which
SST is the forcing term [78]) and MST may then be regarded as a simplified quasi-steady re-
alisation of unsteady LLT [81-83] but the overall tuning concept is completely general [84-87]
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and such function may then be derived based on the circulation distribution obtained from any
other appropriate source, such as VLM [17], DLM [88-89], CFD [90] or experimental data. In
the case of non-planar wings [91-92], the scaling function would also include the geometrical-
ly nonlinear effects of the wing curvature on the local loads [93].

6 AEROELASTIC RESPONSE AND STABILITY ANALYSIS

By substituting the modal expansions in the PVW, the aeroelastic equilibrium PDE even-
tually becomes a linear system of ODEs for the generalised coordinates regardless the aero-
structural model, namely [94]:

M y+C y+K' y =F*, F*=M"y+C*y+K"y+F€, (39)

with the initial rest condition £(0)=0 and £(0)=0, where the generalised structural mass M°,

damping C* and stiffness K* matrices are given in Appendix A, whereas the generalised aer-
odynamic load vector F”(t) as well as generalised aerodynamic mass M*, damping C* and

stiffness K* matrices and generalised gust load vector F¢ (t) depend on the wing shape; Z(t)

is the vector of all unknown generalised coordinates (including added aerodynamic states) and
drives the aeroelastic dynamic response. Note that a change of variables is always possible as
long as a proper transformation matrix can be defined and all aero-structural matrices are then
consistently projected onto the new modal base [10,19].

The aeroelastic behaviour and stability analysis of the subsonic wing are then governed by:

My +Cj+Ky=F€, det(MA* +CA+K)=0, (40)

respectively, or their equivalent first-order forms [94]:

v -M'C - MK ||z M 'F¢ IL+M'C MK
e ¢ Zy : def] M€ —0, (1)
X I 0 X 0 ~1 12

where M=M*-M", C=C*-C" and K=K* — K" are the generalised aeroelastic mass,
damping and stiffness matrices, which depend parametrically on the flow speed. In particular,
flutter occurs at the lowest flow speed U, which makes the real part of at least one of the
complex eigenvalues A, become positive (i.e., the dynamic behaviour becomes unstable thru
a Hopf bifurcation [35], where a couple of complex conjugates eigenvalues crosses the imagi-
nary axis and leaves the response undamped), two or even more generalised aeroelastic modes
coupling at the flutter frequency f,. . Note that real and imaginary parts of the complex eigen-
value are related to the effective damping and vibration frequency of the wing, respectively,
its natural vibration modes being correctly recovered in the absence of airflow [43]. The static
divergence speed, instead, is the lowest flow speed U, which makes at least one of the com-
plex eigenvalues cross the imaginary axis along the real axis, the aeroelastic stiffness matrix
becoming singular (i.e., structural and aerodynamic forces do not find a stable equilibrium)
for steady flow [35].
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7 RESULTS AND DISCUSSION

A flat rectangular wing of uniform material is considered; due to clamping at the root, it is:

3 3 ER’ 3h
EI =EI, = En ., El, =El, = VEh At Gny=—[l——j, (42)
Y 2(1-v?) : 121-v?) 6(1+v)\ 5c

for the rectangular cross-section of the plate-like structural model [29-30,95], while the sec-
ond moments of inertia per unit area read:

mh* m
=" uy = +e?), 43)

being EI =cEl , and GJ =cGJ,, as well as 1, =cu, and py =cu, for the beam-like structural

model [31-32,95]; in both cases, elastic and inertial axes coincide with the symmetry y axis.
The developed code is then validated with respect to a previous fundamental work [96], where
the wing geometry is defined by /=0.305m, ¢=0.0762m and /2 =0.00044m (i.e., AR =8
and TR ~0.006) and an elastic material with p, =2768 kg/m®, E=74"Pa and v =0.33 is
assumed; pretension and structural damping are neglected. By coupling a plate-like finite el-
ements (FE) structural model [97] with a DLM [98] aerodynamic model via spline interface
[99] for transferring loads and displacements, a flutter speed U, =20.61m/s was numerically
obtained with the p-k method [100] and a non-iterative frequency sweeping technique [101],
where the first ten eigenmodes were considered and mode-tracking was performed via eigen-
vectors correlation matrix [102]. The proposed semi-analytical plate-like model with LLT
scaling function detects the flutter instability at U, =20.2m/s, in excellent agreement with
the literature results. The first three spanwise and chordwise assumed structural modes along
with the first ten LLT aerodynamic modes granted convergence; the coefficients for the lift-
deficiency function due to a unit step in angle of attack are shown in Table 1, whereas the in-
dicial function itself is shown in Figure 1 along with the LLT scaling function. Similar con-
clusions can coherently be drawn when the elastic material is assumed with p, =2800kg/m’

and E =103’Pa, as a flutter speed U, =24.78 m/s was found in the literature, while the pro-
posed model detects the flutter instability at U, =24.3 m/s, still in remarkable agreement.

AR=4

- AR=6 /
0.8 T AR=8| 4 08/
0.6 \ 06}/
5 \ X g
- \ -
~ =
0.4 Ff \ 1 0.4
02F x 0.2
0 . . . . 0
0 0.2 0.4 0.6 0.8 1 0 10 20 30 40 50
y/l -

Figure 1. Scaling (left) and indicial (right) functions for flat rectangular wings of different aspect ratio.
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AR 4 5 6 7 8 00

e 0.120 0.141 0.161 0.179 0.195 —

A4 =47 0.114 0.130 0.142 0.151 0.159 0.165
47 =45 0.265 0.272 0.276 0.278 0.279 0.335
B =B/ 0.111 0.104 0.098 0.093 0.088 0.045
By =B; 0.473 0.445 0.428 0.416 0.407 0.300
w=C 0.621 0.598 0.582 0.571 0.562 0.500

Table 1. Coefficients for the lift-deficiency function due to a unit step in angle of attack.

Neglecting pretension and structural damping without loos of generality, divergence speed,
flutter speed and flutter frequency are then investigated with respect to both aspect and thick-

ness ratios for a uniform wing with p, =2700kg/m>, E =70°Pa and v = 0.35. Figures 2 to 4

show the numerical results obtained with either TST (left) or MST (right); in the latter case,
perfect agreement was found with the exact analytical results for the divergence speed of the
beam-like wing model, thus providing with direct validation. It is worth stressing that, despite
lacking the chordwise degree of freedom [10], the beam-based analysis is more conservative
than the plate-based ones, as the first assumed torsion mode of the beam model is formally
not allowed by the plate model due to the wing root clamping.
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Figure 3. Flutter speed for uniform rectangular wing, according to subsonic TST (left) and MST (right).
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Figure 4. Flutter frequency for uniform rectangular wing, according to subsonic TST (left) and MST (right).

Of course, the TST-based results are more conservative than the MST-based ones, as in the
latter case the aerodynamic load decays rapidly towards the wing tip, which is the “weakest”
area; indeed, the resulting bending moment at the wing root is lower in the MST-based cases.
As expected, the (percentage) difference between plate-based and beam-based results remains
roughly constant with varying the thickness ratio, whereas it consistently diminishes with in-
creasing the aspect ratio; due to the three-dimensional downwash effect, the same is true for
the relative (percentage) difference between MST-based and TST-based results. Still, the first
three spanwise and chordwise assumed structural modes along with the first ten LLT aerody-
namic modes granted convergence in all cases; as anticipated, the effect of higher-order cam-
ber modes for the plate-like wing could not be appreciated, as the wing root is fully clamped.
As further cross-validation, the results difference became fairly negligible when the same aer-
odynamic model was used and only the first two chordwise modes were considered in the
plate-based model while coincident modes were assumed for both bending and torsion in the
beam-based model (so that identical boundary conditions were applied at the wing root).

8 CONCLUSION

A computationally efficient semi-analytical model for the combined aeroelastic analysis
and dynamic response of flexible subsonic wings has been presented. A new modified strip
theory was first formulated for the unsteady aerodynamic load and then coupled with a plate
model for the structural behaviour. The principle of virtual works was employed to derive the
equilibrium equations, which were finally solved within a modal approach for the wing dis-
placement. Tuned strip theory was also considered, in order to account for three-dimensional
flow effects in different ways. Based on a general variational formulation, the proposed aeroe-
lastic models allow any arbitrary distribution of the flexible wing’s physical properties and
provide with a continuous solution of the wing’s displacement along the surface, as suitable
for parametric optimisation studies within preliminary wing design. Numerical results were
obtained and compared for the divergence speeds and flutter frequency of a flat rectangular
wing with constant structural properties, for different values of aspect ratio and thickness ratio.
Semi-analytical solutions with a beam model have also been derived for rigorous validation
purposes. All presented results provide sound insights on the behaviour of flexible subsonic
wings and may be used to assess high-fidelity aeroelastic tools, also in terms of computational
efficiency. The modified strip theory showed an excellent compromise between the lower

1122



M. Berci

computational cost and complexity of strip theory and the higher accuracy of unsteady lifting
line theory and it is hence suggested as a general and effective aerodynamic tool for the mul-
tidisciplinary design and optimisation of flexible subsonic wings, particularly at the prelimi-
nary stage where fast semi-analytical aeroelastic simulations are intensively sought.
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APPENDIX A: GENERALISED STRUCTURAL MATRICES

A.1 Plate Model

The generalised structural matrices for plate model may suitably be partitioned as:

M, 0 C., 0 KL, 0
MS — &€ , CS — &g , KS — &g , (Al)
0 0 0 0 0 0

where the generalised structural mass submatrix is:

I b

”m¢¢dxdy+”y¢¢dxdy+jjyy¢¢dxdy, (A2)
whereas the generalised structural damping submatrix is:
L b
= [ [ oppetxay, (A3)
0 -b
and the generalised structural stiffness submatrix is:

= jf leIx¢**¢**dxdy +

0-b

Le—>

EI ¢4 dxdy+”E1 @ ¢**dxdy+HE1 ¢'¢" dxdy +

b

+jj T.¢'¢ dxdy+j

0_!—.@,- S ey ~

w¢ @ dxdy + j j"Y_;x¢'¢*dxdy + j j‘fy¢'¢'dxdy + (A4)

-b

+ j j‘GJW¢V*¢V*dxdy )
0-b

A.2 Beam Model

The generalised structural matrices for beam model may suitably be partitioned as:

M, M 0 c, 0 0 K, 0 0
M =M, M 0, C=0 C, 0, K= 0 K, 0, (A3
0 0 0 0 0 0 0 0 0

where the generalised structural mass submatrices are:
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l} ] l 1
M, = [mogdy + [ 1.6 ¢ dy, M;, = [, +mxl, oy + [ p.x20 @'dy.
0 0 0 0

/ ! 1 ] (A6)
M, = —I mxcqppdy — IﬂngG¢ pdy, M, =- I mx o Qgly — fu;xcgw $dy,
0 0 0 0

whereas the generalised structural damping submatrices are:
l ]
= [ oy, C;, =[¢0mty, (A7)
0 0

and the generalised structural stiffness submatrices are:

1 1 !
= [E1§'¢'dy+ [Tg'¢dy, K;, =[Glppdy. (A8)
0 0 0

APPENDIX B: LIFT-DEFICIENCY FUNCTIONS FOR FINITE WINGS

B.1 Elliptical Wing
In general, the chord, surface and aspect ratio of flat elliptical wings are given by:
y? e , 81

ok S = 5 ARZM—R, (Bl)

C=Cp4|l—

respectively, with ¢, the root chord; in particular, the latter is conveniently chosen as ¢, =2
without loss of generality in the subsequent analysis [20,22,103].

B.1.1. Unit Step-Change in the Angle of Attack
Coherently assuming an ideal elliptical loading due to a suitable distribution of elementary

vortex loops, the wing’s lift-deficiency coefficient C;”(r) and circulation I'>”(z) from a unit

step in the angle of attack are written along with the tips-induced downwash V' (z-) as [20]:

T 2D _
C=C v, + | dcwd—(“)vw(l)dl,
l

F3D_F2D+j%j_l) ()dl, (B2)

=y, - jdVF F3D(z)dz,
0
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where C;2(z) and T'?”(z) are the lift-deficiency coefficient and related circulation given by

Wagner and Kussner functions for a two-dimensional flat aerofoil (which account for the in-
flow generated by the travelling wake), respectively [23-25]:

2D _M C i 2D _m CG jkr
c = (j_kJeJ dk I _[O[J_k e dk (B3)

—00

whereas Theodorsen C(k) and (modified) Sears C (k) functions are defined as [26-28]:

Hl(z)

_ _ M _:p®), sp0) | 4k
H1(2)+jH(§2) > Cs [C(Bo 1B )+JB1 ]e , (B4)

C=

with H?(k)=B"(k)- jB® (k) Hankel functions of the second type and n-th order while
BY(k) and B (k) Bessel functions of the first and second type and 7 -th order [41].

The gradient of the wing downwash V- (z‘) with respect to the wing circulation due to a se-
ries of vortex loops extending along the wake reads [22]:

po_ 2 { 4, jsw K+ (ﬂ}{[s - LJK v 1}} , (BS)
72 AR |\ 7AR 4x S, S,

where K (SW) and E(sw) are the elliptic integrals of the first and second kind [20], respective-

ly, whereas the non-dimensional wake development x (r) and sw(z') are readily given by the
two-dimensional theory via Joukowski transform as [20,103]:

4x, )’ 7%
=,/ - w B6
x, =72 +7), s, {I-F(MR] } , (B6)

being x, ~1+ 7 for 7 > 2 with excellent accuracy; yet, note that lin% x,=0and lims_ =1.
T

70
The sectional lift-deficiency coefficient, the related circulation and the wing’s downwash
gradient may then be approximated as [22,103]:

C;’ :Zﬂ(l—ZAJ.CerCrJ, ZA,C :%,
Jj=1

k= 27{1 ~Sate™ ] DAL =1, (B7)
j=1

1130



M. Berci

where all coefficients AJ.C, A;, A;./ and BJ.C, Bjr, BJ,V are obtained by constrained nonlinear

fitting of the exact curves; finally, the time shift 7, = —% accounts for the initial wake length

being set equal to the mean geometric chord and complying with the unsteady realisation of
Kutta condition [20,21]. Due to Laplace transformation, the integral convolution process can
thus be written as [22]:

C
n
3D _ 2D c_cC
Cin=Cl -V, —2r) A7zy,
J=1

= —27zZ‘Afzf , (BS)
J=
IZ'B/[:,

1 & e
V=TV +—=> Ae 2*z"
’ J J?
7AR 5

where the added aerodynamic states Z].C (7), z; (r) and z; (7) evolve as:

dz¢ dz" dz" B'z' B'T?
L +B°z¢ =BV, L +B' U =BV, U R B (B9)
dr I / dr o / dr AR AR

from the initial conditions ch (0)=0, z; (0)=0 and z;/ (0)=0.
As the asymptotic (steady) condition is in exact agreement with lifting line theory [78] (i.e.,

the downwash angle is constant and the load-scaling function « is unitary along the span), the
numerically integrated wing’s lift-deficiency coefficient may finally be approximated as [103]:

274R QE-1)AR-2|& | —s: Z 2+ AR
CP == | S TN Y A =1-
b 2+AR{ { (4R -2)E }Z 1 } ,Z,: ’ aar » B0

J=1

where the n coefficients 4; and B, are still derived from constrained nonlinear curve-fitting

[69]. Alternatively to employing a further exponential term [103], the proposed approximation
has inherently been tuned to satisfy Kutta-Joukowsky condition at the impulsive start of the
wake, since the latter initially moves as an “extension” of the wing and the resulting apparent
flow inertia is obtained by considering the pressure difference Ap(x, r) due to the kinetic flow

potential H(x, r) over each two-dimensional wing section in normal motion, namely [20]:

oIl anj
— |, (B11)

HzV—Ew\/(l+x)(1—x+T), Ap:_sz(E_'_@x

the net variations of which being due to the apparent change in the wing shape. The impulsive
pressure distribution is then instantaneously integrated over the elliptic planform (neglecting
the variation of its perimeter is during the apparent widening), so that the initial and final lim-
its of the wing load are effectively obtained by scaling those of the aerofoil load as [22,103]:
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limc = 2%, lim e = 2R
7—0 E T—0 2+AR

(B12)

In summary, the initial wing lift is slightly less than that of the isolated aerofoil (due to in-
ertia effect), whereas the asymptotic steady lift may be considerably less (due to downwash
effect) in the case of a small aspect ratio. Note that the lift-deficiency functions of the flat air-
foil already account for the wake vortex’s inflow (including the gust penetration effect), while
the downwash induced by the wing-tip vortices modifies the effective angle of attack; moreo-
ver, the latter “becomes practically uniform over the entire wing span before the wake has at-
tained a length of the order of one semispan” [20] and the initial lift distribution is hence
similar to the final one. In essence, this model relies on physical assumptions and applicability
conditions comprising those of both two-dimensional unsteady and three-dimensional steady
incompressible potential flow; therefore, provided appropriate approximations are employed
for all its basic elements, its accuracy increases with increasing wing’s aspect ratio. Finally,

strip theory is correctly resumed in the case of infinite wing, where C,” ~ C;” (i.e., Wagner
function) and I')” ~T"2” (i.e., Kussner function) with V. ~0 and E ~1 for AR —> oo [103].

B.1.2. Unit Sharp-Edge Vertical Wind Gust

Due to the progressive penetration of the vertical wind gust with a “frozen” approach [42],
the initial perturbations of both flow potential and tip-vortices strength are small; therefore,
the wing lift starts at zero and increases with theoretically infinite rate [20]. Although all wing
sections are assumed to enter the gust simultaneously and even if both Kussner function for
the aerofoil lift and Sears function for the related circulation correctly embed the gust penetra-
tion effect, the flow inertia resulting from the impulsive start of the wake may also be im-

portant for wings with small aspect ratio. The lift-deficiency coefficient C;5 (r) from a unit

sharp-edge gust may then be obtained from a generalisation of its reciprocal relation [73-75]
with the wing’s lift-deficiency coefficient from a unit step in the angle of attack directly [103]:

jc ,/riz—ri 0<7<2,

2—-1 7
CiP = (B13)

IC r—zwf dl 722,
2—1 1’

where 7 =2 is the reduced time taken by the gust to impinge the entire root chord [20,22,103].

B.2 Trapezoidal Wing

The chord, surface and aspect ratio of flat trapezoidal wings are given by:

c:c,{l—( —i)%}, S=(1+A)c,, AR:4—I, (B14)

(1+ )y

respectively, where 0 < A <1 is the taper ratio (i.e., the ratio between tip and root chords) [22].
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B.2.1. Unit Step-Change in the Angle of Attack

With an effective simplified approach, a single vortex-ring is considered for modeling the
total (lumped) wing circulation [21]. The bound vortex is placed at the quarter chord, where
the aerodynamic centre of each section is assumed in accordance with thin airfoil theory,
while the wing-tip vortices are trailed parallel to the free-stream; a single control point for the
total downwash is then consistently placed at the third quarter of the wing’s root chord, where
the flow’s non-penetration boundary condition is satisfied [38]. All vortices have the same
(lumped) intensity and the shed vorticity travels towards infinity with half the reference speed
from half the wing’s root chord behind the control point [21], hence stretching the vortex-ring
and increasing the wake length; when the wing wake eventually approaches infinity, its influ-
ence on the wing flow fades away and the steady condition is asymptotically obtained. The
influence of both tip vortices and unsteady wake on the wing lift is thus calculated with the
simplest implementation of unsteady lifting line theory [81-83] and the total load build-up is
obtained as function of both aspect and taper ratios.

Considering all contributions due to bound, trailed and shed vortices of the vortex-ring, the
lift-deficiency coefficient from a unit step in the angle of attack is then calculated based on
Kutta-Joukowsky theorem and Biot-Savart law as [21-22]:

27AR
P = ‘ : AR, = (MJAR,

? 2 B15
1+ AR + 2 1+ + AR’ B15)
2+7 2
with initial (impulsive) and asymptotic (steady) behaviours respectively given by [22]:
. AR . 27AR
limCP = ———e imC;P =————-— (B16)

which correctly resume Garrick’s approximation [73] of Wagner function for thin airfoils, in
the limit of infinitely slender wing for AR, — c. However, due to the inherent limitations of

the simple vortex-system employed, these initial and final values of the lift coefficient are not
accurate and shall rather be provided by other higher-fidelity sources [88-90], suitable approx-
imate expressions being [17,22]:

ng’:ﬂ, ngzﬂ, (B17)
EJ1+ 4R? 2(1+e)+ 4R,

with e >0 an appropriate efficiency factor (being e =0 for elliptical planform). The wing’s
lift-deficiency coefficient may hence finally be approximated as [22]:

w  27R, o 2E\1+ AR? — AR, —2(1+¢) |& e
Wi+ 4r? —1) ‘

L 2(1+e)+ 4R,
n 1 1
A ==|1-— |,
/Z-; ’ 2[ 1/1+AR§]

Jj=1

(B18)
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where all coefficients 4, and B, are obtained by constrained nonlinear fitting of the “exact”
curve [69], while both the asymptotic C,” =1im C,” and the initial C;. = ling C,;” conditions
T—>0 T—>

are automatically satisfied. Note that the proposed model is indeed better suited for thin slen-
der wings with high aspect and taper ratios, for which the three-dimensional flow and geome-
try effects are less significant (i.e., the induced downwash is smaller and the control point of
each wing section is closer to the root one).

B.2.2. Unit Sharp-Edge Vertical Wind Gust

In order to obtain the lift-deficiency coefficient from a unit sharp-edge vertical wind gust
with the standard “frozen" approach [42], that from a unit step in the angle of attack is con-
volved with the fictitious angle of attack 6’(2’) derived from the Fourier transform of the ratio
between Sears and Theodorsen functions (which represents a delay function [73-75] for two-
dimensional flow), namely [22]:

f 1 F(C. \e™
iz =J cizleoptour, 0=5- f[ ) (B19

this is substantially equivalent to multiplying the lift-deficiency coefficient from a unit step in
the angle of attack by the ratio between Kussner and Wagner functions (which approximates
the two-dimensional effect of the gust penetration, assuming that all wing sections encounter
the gust at the same time).

Note that the gust penetration delays the circulation growth and hence reaching the asymp-
totic (steady) lift [17,22], which coincides with that from a unit step in the angle of attack; al-
so, Kussner function for thin airfoils is correctly resumed in the limit of infinite wing.
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