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Abstract

This paper presents the development of a code, called GEBTAero, dedicated to high aspect ratio very flexible air-
craft (VFA) aeroelasticity and especially the evaluation of aeroelastic tailoring effect on critical speeds. GEBTAero
is an open source code consisting in a tightly coupling between a geometrically exact beam theory and a finite
state induced flow unsteady aerodynamic model, including an homogenisation tool. This model has been im-
plemented in Fortran using GEBT code and optimised open source libraries with particular focus on compu-
tation speed. Besides a non linear transient dynamic simulation capacity, a particular focus is put on the fast
critical speed computation strategy using a non-iterative modal approach about the geometrically non linear
deformed shape of the wing with the computation of only a few aeroelastic modes. Computation speed and
accuracy of this implementation is assessed using widely used aeroelastic test cases and compared successfully
to other aeroelastic codes. Configurations using aeroelastic tailoring, which are the core target of this solver, are
then evaluated numerically on a representative high aspect ratio composite wing and a simple 2-ply composite
laminates with both variable ply orientations. It illustrates the strong correlation between the structural bend-
ing/twisting coupling of an unbalanced composite laminates and its critical aeroelastic speed. It also shows the
high sensitivity of ply orientation on the aeroelastic behaviour.

Keywords: aeroelasticity, composite materials, reduced order model, aeroelastic tailoring, High Altitude
Pseudo-Satellite, drones,

1. Introduction

The growing efforts made in the fields of solar cells, energy storage and composite materials pave the way
to a new concept of aircraft, namely High Altitude Pseudo Satellite (HAPS). Alongside stratospheric airship, a
particular type of solar powered High Altitude Long Endurance (HALE) fixed wing Unmanned Aerial Vehicles
(UAV) aims to meet a virtually infinite endurance. Examples of HAPS projects, under progress or discontinued,
are sketched on Fig. |1l To achieve this ambitious goal, because of the low on-board power, aerodynamic and
structural performances are stretched to their limits. It implies, on the aerodynamic side, a high aspect ratio
wing optimising the lift-to-drag ratio and, on the structural side, a lightweight composite airframe. This results
in a very flexible airframe, particularly vulnerable to destructive fluid/structure interactions like torsional diver-
gence and flutter. A review on non-linear aeroelasticity of high aspect-ratio wings can be found in [1]. Classical
solutions designed to push further aeroelastic critical speed mostly rely on the stiffening of the airframe or the
adjustment of mass distribution. Both options are detrimental to mass balance which is a key feature of HAPS.
In that context, alternative solutions should be explored, among these are aeroelastic tailoring discussed below.

This technology, mentioned for the first time by Munk concerning propeller with optimised wood fibres ori-
entation [2], has moved ahead with the forward-swept wing X-29 research aircraft, prone to torsional divergence
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Figure 1: Sketch of some HAPS projects with a comparison against Airbus A320-200 dimensions

[3]. Aeroelastic tailoring consists in exploiting laminate composite anisotropy by setting a proper layup. For
most applications, a laminate layup presents a mirror symmetry with respect to its middle plane. If we consider
a laminate plate of unidirectional (UD) plies, the layup [-45°, 0°, 45°, 90°, 90°, 45°, 0°, -45°], with angular values
representing fibre orientation in each ply, presents a mirror symmetry [4]. The aim of this type of symmetry is to
dissociate membrane behaviour (inplane loadings imply inplane displacements and vice versa) from bending
behaviour. Another common rule concerning the UD plies orientation is to set balanced layup, namely to put
for instance as many -45° plies as 45° plies [4]. It is meant to avoid coupling between the different bending be-
haviour. The true principle of aeroelastic tailoring is to ignore these rules, thus allowing coupling between the
different behaviours of the laminate. It mainly consists in creating a link between the bending and the warp-
ing of the laminate. On the aerodynamic side, it induces the coupling of the bending due to lift forces and the
twisting of the wing which determines the local angle of attack (AoA). Thus, the aeroelastic tailoring is a way of
establishing a feedback loop on the aeroelastic behaviour of a very flexible aircraft. This phenomenon has been
specifically studied on the Thin Wall Beam (TWB) composite configuration, for instance in the recent work of
Farsadi et al. [5]. We could also mention studies conducted by Qin and Librescu [6] or Haddadpour and Zamani
[7] concerning the aeroelastic design of a TWB composite wing and research conducted on tow steered com-
posites by Stodiek et al. [? ]. A more general review of the ongoing efforts concerning the aeroelastic tailoring
technology can be found in [8].

The difficulty lays on the modelling of this particular behaviour. In fact, different approximations can be
made depending on the motion of the structure relatively to the fluid. In order to quantify this phenomenon,
dimensionless numbers are used. In our case, the degree of fluid/structure coupling is characterised by the re-
duced frequency f, = Ty / T; with T} the period of fluid motion and T; the period of structure motion [9]. Because
of their low structural frequencies and their low flight speed, solar powered HALE UAV are characterised by a
reduced frequency near 1. In fact, it means that both dynamic are tightly linked. Therefore, high fidelity simula-
tion of this kind of fluid structure/interaction with a finite volume method coupled with a finite element method
leads to a prohibitive computational cost. Consequently, aeroelastic reduced order model are still widely used,
especially for Very Flexible Aircraft (VFA). The large displacement and rotation encountered by a very flexible
wing associated with a low flight speed, make the aeroelastic behaviour all the more difficult to simulate, be-
cause of the induced geometrical non linearities and the fluid motion unsteadiness.

A relevant illustration of the need for an accurate modelling of theses phenomena is the accident of the
Helios UAV which occurred on the 26th June 2003 due to a large deflection and rotation of the wing leading
to an unstable pitch oscillation [10]. To meet this need, several reduced order aeroelastic models have been de-
veloped. For computational efficiency, most of them are based on inviscid, incompressible potential flow theory
coupled with beam or plate theories. We could mention computation code NANSI (Nonlinear-Aerodynamics/
Nonlinear-Structure Interaction) [11] which combines an Unsteady Vortex Lattice Method (UVLM) and a non-
linear beam theory. The UVLM is particularly useful in case of low aspect ratio wing or delta wing, because the
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method is able to predict 3D effects. Another solution is proposed by Murua in SHARP program (Simulation of
High Aspect Ratio Planes) [12] using UVLM with a displacement based geometrically exact beam theory. Some
models are dedicated to high aspect ratio wings like Drela’s program ASWING [13]. This VFA conception tool
combines a nonlinear isotropic beam formulation with an unsteady lifting line theory. More recently, Shearer
and Cesnik have developed a Matlab toolbox called UM/NAST (University of Michigan/ Nonlinear Aeroelastic
Simulation Toolbox) [14] made up of a strain-based geometrically nonlinear beam formulation linked with a
finite state two-dimensional incompressible flow aerodynamic theory proposed by Peters et al. [15]. A sim-
ilar formulation is used by Ribeiro in the Matlab toolbox Aeroflex [16]. One last example is the Matlab toolbox
proposed by Patil and Hodges called NATASHA (Nonlinear Aeroelastic Trim and Stability of HALE Aircraft) [17]
coupling an intrinsic beam formulation with Peters’ theory.

The present paper deals with the development of a code well suited for VFA aeroelastic tailoring and the eval-
uation of aeroelastic tailoring effect on critical speeds. The number of configurations to be studied to optimise
the laminate stacking sequence of an anisotropic wing box requires an extremely low computation cost and
therefore a very efficient code. For this purpose, the choice for structural computation fell on an open source
tool in Fortran 90/95 named GEBT (Geometrically Exact Beam Theory) developed by Yu and Blair [18] and Wang
and Yu [19]. Since this code does not integrate the aerodynamic forces, the first part deals with the construction
of the tight coupling between the GEBT and the unsteady model of Peter’s. In case of complex cross section shape
or anisotropic composite materials, flexibility matrix is determined using an homogenisation tool consistingin a
three-dimensional finite element calculation using periodic boundary conditions (unique element spanwise) in
CalculiX. The second part focuses on the actual calculation of the critical speeds in modal and temporal domain.
A particular focus is put on the fast critical speed computation strategy using a non-iterative modal approach
about the geometrically non linear deformed shape of the wing with the computation of only a few aeroelastic
modes. A Python pre/postprocessor is added to take into account, among others, beam homogenisation step
and critical speed computation, and to permit a smooth integration into a multidisciplinary optimisation frame-
work like openMDAO [20]. The resulting open source computation code is called “GEBTAero”. In the third part,
computation speed and accuracy of this implementation is assessed using widely used aeroelastic test cases and
compared to other aeroelastic codes. Finally, since no common experimental or numerical test cases have been
found in the literature, the code is used to study aeroelastic tailoring. For this goal, a representative high aspect
ratio composite wing test case derived from Patil wing is proposed first. The impact of aeroelastic tailoring is
then investigate on a simple two-ply composite laminates by sweeping both ply orientations (lower ply 8, and
upper ply 6,).

2. Medium-fidelity nonlinear aeroelastic model

The high aspect ratio assumption gives us the opportunity of neglecting tridimensional effects and thus us-
ing a strip theory which can be easily linked to a beam formulation. This implementation can be done in two
different ways:

Aloose coupling consisting in defining the aerodynamic loads to apply on the beam in accordance with po-
sition and speed parameters extracted from the last structural calculation. This method is easy to implement
and is well suited for modular architecture like, for instance, the wind turbines conception software FAST (Fa-
tigue, Aerodynamics, Structures, and Turbulence) from the National Renewable Energy Laboratory (NREL) [21].
However, it has also drawbacks like the inability of performing coupled eigenvalue analysis or some conver-
gence issues for nonlinear Newton-Raphson algorithms (aerodynamic loads are not taken into account into the
Jacobian matrix). It also implies in our ranges of reduced frequencies a very small time step.

A tight coupling is realised by integrating aerodynamic loads directly into the weak formulation of the beam
theory. This approach is much more complex and less modular but more powerful. Indeed, the most interesting
application is the possibility to determine, for a particular flow velocity, the aeroelastic modes of the wing about
a steady sate, namely frequencies, modal shapes and damping factors. The latter is a key parameter for our study
because it defines the limit between stable and unstable speed and thereby provides the flutter boundary. For
all these reasons, tight coupling has been chosen for our toolbox.



2.1 Geometrically exact beam theory 4

2.1. Geometrically exact beam theory

Due to aeroelastic tailoring use and airframe flexibility, it is essential to ensure a proper modelling of the
laminate anisotropy and geometrical nonlinearities. For this purpose, the choice fell on an open source tool
named GEBT (Geometrically Exact Beam Theory) [18}[19] designed for composite slender structures under large
deflections and rotations, assuming the strains to be small. This tool coded in Fortran 90/95 implements a mixed
variational formulation based on exact intrinsic equations for dynamics of moving beams developed by Hodges
[22].

The exact intrinsic equations for dynamics are derived from Hamilton’s weak principle asymptotically de-
veloped along the beam axes:

t, pL
f f [6(K—U)+6W]dx,dt = 6A 1)
t Jo

where #; and ¢, are arbitrary fixed times, and U are the kinetic and strain energy, respectively, 0 is the usual
Lagrangian variation for a fixed time, & W is the virtual work of applied loads and 6 A the virtual action on the
same period. The resulting formulation is detailed in Hodges [22].

The main strength of this method compared to classical displacement based formulation is to avoid the de-
pendency from a coordinate system (intrinsic nature) for the position and rotation parameters. Then, kinemat-
ical and constitutive relations are added to the weak formulation with Lagrange multipliers (mixed nature). The
resulting formulation allow a finite element implementation with very simple shape functions (constant or lin-
ear). According to Hodges [23], we defined three coordinates systems (Fig. [2):

e a unique global body attached frame a (xa, ya,za) moving with a given linear and angular velocity v,
and w, in an inertial frame and consistent with flight mechanics conventions (x, pointing towards, y,
pointing the right wing and z , pointing downwards).

* atleast one undeformed beam frame b (x 0 Y5 2 b) fixed in frame a: x;, is normal to the airfoil and points
towards the right. x, is within the plane (ya,za) even in case of a swept wing, y, is tangent to the airfoil
reference line pointing forward and z; completes the triad. In our case, a frame b is defined for each
section of the wing with a different dihedral or/and wing twist.

¢ a deformed beam frame B (x BYpZ B) for each beam element.

Direction cosine matrix describing the rotation between frames are defined using Rodrigues parameters 6; =
2e; tan(a/2) with a the magnitude of the rotation about a unit vector e:

T 0 T
C:[l—(1/4)0 0]A—0+(1/2)0"0 o
1+(1/4)070

with A the identity matrix and the tilde notation defining a matrix using the following identity for any vector w:
Ow=0 w 3)

Fundamentals unknowns of this formulation are the displacement u, and the Rodrigues parameters 8, in
frame a, the internal forces and moments F 3 and M y in frame B and the linear and angular momenta Pz and
H g in frame B. These unknowns are linked to the weak formulation with the following expressions:

oK

Py | | ov _ Vg

{HB}_ Vs _I{QB} n
o0,
ou

F _J) ov _ T

Lo J=1 0 e 1]

o0,
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Figure 2: Structural frames definition

with V3 and Q3 the linear and angular velocity in the inertial frame developed in frame B, 7 and & the strains
and curvatures developed in frame B, I is the mass matrix and K the stiffness matrix.

The anisotropic nature of the beam is concentrated in Eq. (). I and K matrices are the cross sectional prop-
erties of the beam and could be determined by various means. Proprietary program Variational Beam Sectional
Analysis (VABS) [24] is used in [18]. The present work uses a 3D finite element reduction done with the open
source solver CalculiX [25] detailed in section[2.2} Eqs {@)- () are expanded below in frame B:

T Si Sz Sz S S5 Sis R
2712 Sz S Sz S S5 S E
2713 _ Siz Sz S S S5 Sze K ©6)
K1 Siu s S S S5 Sus M,
K2 S5 S5 S5 S5 Ss5 Sse M,
K3 Si6 S5 S35 Sue Ss6 See M3

15} U 0 0 0 pXps —UxXme | [V
p, 0 u 0 —ux,; O 0 V,
Py _ 0 0 B UXpy O 0 V3 @)
H 0 —UXp3 UXpp Dppt+izz 0 0 0
H, UXpmz O 0 0 Ipp  —ix 19
H; —UXpz 0 0 0 —ly I3 Q3

with S; j the coefficients of the flexibility matrix (S = K 1, u the mass per unit length, x,,,, x,,3 the coordinates
of the mass center about respectively y ; and z g, i», the mass moment of inertia about y 5, i33 the mass moment
of inertia about z 3 and i»; the product of inertia in the plane (y 52 B).

Dividing a beam into N elements with the starting node of the ith element numbered as i and the ending
node numbered as i + 1 and using linear or constant shape function for the unknowns, the initial weak formu-
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lation leads to:

{oul f, +6ul, fi +69! f, +69., fi +8F f, +8FL fi+6MIf, +6M. fi +6Pf, +GH! f,}

[

Il
—

=6ul, Fno+6vyL, My, —6F! ity ,—G6FL 0y, —G6F! ity —6u]F,—6¢ M, +6F a,+5M 0, (8)

A

with o u the virtual displacement, 6 the virtual rotation, () the boundary conditions and:

£ = :f:CTC“bF,-—?ii+%[QQCTC”PI-+W] )

£ = icTC“bMi—ml.i+%[aacTc“Hﬁm +CTC“b(Vif’i—(é1+7i)Fi)] (10)
fli;iziui—%[CTC“b(e1+rl-)—C“be1] (11)
f;izioi—%(A+g+oiTo“T)C“hni (12)

fr =CTCV,—v;—@,u;—u,; (13)

fu =ni—ch“c%—cb“%9i (14)

with e, = (1 0 0) , C the matrix direction cosines between frame b and B, C%” the matrix direction cosines

between frame b and a, C?% = (C ab )T , AL; thelength of the ith element and ?li, mf the discretised distributed
forces and moments defined by:

f_l:f (l_g)faAleg’ ?j—zf gquleg (15)
0 0

1 1
Wi:f (1-&)m,AL;dE; m}:f Em,AL;dE (16)
0 0

with f, and m, the distributed forces and moments. From Eqs (@)-(I6), subscripts a, b or B referred to the
development frame. Derivations () are made in the inertial frame.
The resulting nonlinear system of 18V + 12 equations consists in:

* 12(N —1) equations associated to intermediate nodes:
+ - —o0 ft - _0-

‘fui+‘fui+l =0 f¢i+fll’i+1 =0;
FEt 85,29 Fu+ i, =0

¢ 12 equations associated to the starting node:
fo—F1=0; [, —M,=0;
fr—0=0 f, —0,=0

* 12 equations associated to the ending node:
f:N+FN+1 =0; f;l'i'Ml =0;
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* 6NN equations associated to the elements:

fr=0 fu,=0

The corresponding 18N + 12 unknowns are u;, 8;, F;, M; for each node and P; and H; for each element.
Boundary conditions are prescribed to boundary nodes, either in displacement/rotation or in force/moment.

This formulation is so far purely structural and corresponds to the implementation of the structural solver
GEBT [18]. Based on this work, our toolbox will implement unsteady aerodynamic loads throughout distributed
forces and moment f, and m,,.

2.2. Composite beam homogenisation

In our toolbox, the flexibility matrix can be determined using different methods. In the case of isotropic
Euler-Bernoulli beam (shear strains y,, and 7,3 are neglected, thus line and column 2 and 3 are set to 0), the
flexibility matrix (Eq. (6)) is greatly simplified:

1/(EA) 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
=1 0o o0 0 1@G) o 0 (1"
0 0 0 0 1/(EIs) 0
0 0 0 0 0 1/(Elgs)

with E A the axial stiffness, G J the torsional stiffness, E I;, the bending stiffness spanwise and E I3 the bending
stiffness chordwise.
These parameters could be:

e directly derived from test cases data;

e calculated for simple cross section shape (E, G are the Young and Coulomb modulus of the material, A is
the cross section area, J is the torsion constant and I;, 3 are the second moment of area).

In case of complex cross section shape or anisotropic composite materials, flexibility matrix is determined using
an homogenisation tool following a method detailled in [26] and applied for instance in the Abaqus preprocessor
HOMTOOLS [27]. As explained in [28], It consists in a three-dimensional finite element calculation realised
on a Representative Volume Element (RVE) of the beam using periodic boundary conditions along beam axis
direction x 3. The RVE is a 3D mesh written in Abaqus input format. Different cases are considered:

* simple shape constant cross section (plate or box): the mesh is automatically generated using the pre/postprocessor
CalculiX GraphiX (Fig. [3a);

* constant cross section: a 2D mesh is extruded with a unique element spanwise (Fig.[3b);

e periodic cross section: a wing section representing a beam period is meshed (between two ribs for in-
stance).

The frame used for the mesh is the frame B (Fig. .

Two dummy nodes are created representing the beam strains and curvatures degrees of freedom (one with
r11 and another with x1, k, and x3). The beam kinematic choice fell on an Euler-Bernoulli hypothesis: shear
strain is neglected (line/column 2 and 3 are set to 0), the middle plane of the cross section is normal to the beam
axis x  but warping is nevertheless allowed (Fig.[4). The flexibility matrix § becomes:

Su 0 0 Sy S5 S
0 0 0 O 0 0
0 0 0 O 0 0
S= (18)
Sa 0 0 Sy Sis S
S5 0 0 S5 S5 Sse
Sie 0 0 S Ss6 Ses
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(b) Full cross section NACA0015 airfoil mesh

(a) Composite box section with two plies vertically and three plies hori-

zontally

Figure 3: Examples of meshes used for the homogenisation

Figure 4: Warping of a NACA0015 airfoil section (amplified); CalculiX GraphiX
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The different materials (isotropic or orthotropic) of the cross section are then affected to mesh cells.

Theideabehind this method is to consider the real beam kinematics as the superposition of an Euler-Bernoulli
kinematics and a periodic motion of the RVE faces. This kinematic is imposed using a set of periodic conditions
linking strains and curvatures (assimilated to dummy nodes displacements) to the displacements of nodes from
opposite faces of the RVE in the beam axis direction x 5 ( ~ refers to the left face and * to the right face in the sense
of increasing beam axis coordinate):

uf—u_ =L, (rn+z"k,—y*xs) (19)
u,—u, =L, (—z*K) —=Ks) (20)
ul —u; =L, (y Kk, — %K) 21)

with u} 2 and u 2 the nodes displacement of the two periodic faces, L, the RVE length along beam axis, x
the coordinate of the middle of the RVE along the beam axis x 3, y*and z* are the nodes coordinates within the
right face.

Four elementary loading cases are imposed through dummy node forces/moments and a linear static cal-
culation is performed for each case using the open source finite element solver CalculiX CrunchiX. For instance,
the elementary torsional load case corresponds in Eq.[p|to M; =1 and F, = M, = M; = 0. Then, flexibility matrix
forth line or column is identified using the strains and curvatures vector (S;; =711, Sia =K1, S45 =K, and Syg = K3).
By duality, these strains and curvatures correspond to the forces recorded on the two dummy nodes.

Furthermore, this reduction toolbox allow us to :

* determine the position of the elastic center EC. It corresponds to the reference point where no traction/bending
coupling is generated. Thus :

Se1
VEc = — (22)
BC= 3
S51
Zpc=— (23)
EC= g

e approximate the mass center position (x,,,, X,,3), the mass moment of inertia i,,, i35 and the product of
inertia 7,3 of the mass matrix (Eq.[4) using the volume and the material density of each mesh cell.

2.3. Finite state induced flow unsteady aerodynamic

Asrequired by the typical reduced frequencies of VFA, a two-dimensional unsteady aerodynamic model must
be used [29]]. Because of the low Mach number and the relatively high Reynolds number (order of magnitude of
10°) the choice fell on inviscid potential flow theories. Many of them rely on Wagner formulation in time domain
[30] and Theodorsen theory [31] in frequency domain. The latter is suitable for computing flutter speed but im-
plies the use of iterative loop like the so called p-k method. Indeed, aerodynamic loads depends on reduced
frequency through Theodorsen function which, in is turn, is a function of velocity. To compel with computation
needs, amore suitable type of method has been developed derived from the latter namely finite state approxima-
tions [32]. Instead of modelling shed wake effect with Theodorsen function, finite state approximation computes
it with a number Ny of states resolved from a set of Ny Ordinary Differential Equations (ODE) which could be
solved at the same time as the non linear system of the beam formulation. The resultant equations gives con-
vergence to both Theodorsen and Wagner functions relatively to Ng. However, this formulation does not take
into account stall phenomena and is thus not adapted to Limit Cycle Oscillation (LCO) simulation. Moreover,
because of the incompressible hypothesis, Mach number should be reasonably limited to 0.3. In addition, even
if full scale HAPS presents high Reynolds number, a particular attention should be taken when dealing with scale
model. It is notably the case for wind tunnel specimens.

A widely used finite state approximation for VFA or rotor blade aeroelasticity is the method developed by
Peters et al. [15]. This formulation is implemented in our toolbox with the following aerodynamic loads:
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Figure 5: Airfoil parameters

L=npb*(h+Ua—bad)

. 1
+2npUb[h+Ua+b(5—a)d—Ao] (24)
1
M=b(—+a)L
2
1. 1 a
_ 3_ . - _ = ..
npb [2h+ua+b(8 2)0{] (25)

with L the linear lift, M the linear moment around a reference point F, p the air density and U the flow velocity.
The semi-chord b, the height 1, AoA a and the distance a between the point F and the semi-chord are detailed
in Fig.

The induced-flow velocity A, is approximated using Ny induced-flow states A, A,, ..., Ay, by:

18
Ao Z .
n=1

where the b, are found in [33] by the least-square method. Then, the induced-flow dynamics are derived from
the assumption Ehat the shed vorticity stay in the plane of the airfoil and travel downstream with the same velo-
city as the flow. A is a column matrix containing the values of A,, determined using a set of Ns first-order ODEs
[33]:

. U . R 1 .
Al+3l=[h+U0+b(§—a)9]c (26)
Matrix;\k is defined by:
1
A=D+de+ch+5ch (27)

where

Dyp=4—5 n=m-—1 (28)

b, = (Ns—n—1)! (n!)? (29)
1

1o
d,,:{é Z;éi (30)

2
Cp=— 31)
n
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=

Figure 6: Flow frame definition

2.4. Fluid/structure tight coupling

Aerodynamic load directions are defined relatively to the orientation of the wind W. The wind orientation
is defined regarding the aircraft Angle of Attack a 4 and the aircraft yaw angle 4¢ in frame a:

—C0S Ay COS Bac
W= —sin B¢
—sina ¢ cos Pac

According to that point, we defined a forth type of frame, namely a flow frame (x Y2 F) consistent with two-
dimensional aerodynamic conventions. This orthonormal triad of unit vector is defined as follow (Fig.[6):
Xp= —-w
The lift forces directed by y . is normal to the wind and in the plane of the airfoil directed by x g which is also

the direction of the lift moment :
XpAXp

Y=y o
lxp Axpll

The lift moment directed by z  complements the orthonormal triad of unit vectors:
Zp=XpAYp

Using these definitions, the tight coupling requires to link aerodynamic unknowns (section [2.3) with struc-
tural one (section|2.1). We defined, under the assumption that wind direction and velocity are constant in time
or quasi-steady:

e «a thelocal AoA, a €]—90°,90°:
o = arcsin (yB.yF) 32)

The time derivatives &, &, f, h:
a=0,z;=(CTC") .z (33)

&:na.ZF‘f‘na.Z'F (34)
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h=-V,y.=—(CTC""Vy).y, (35)

h=—Vyp—Vajr (36)

Then, unsteady aerodynamic loads, considered constant within each element, are injected in distributed
beam loads along with gravity forces as:

fa=Lyr—ugza 37
m,=Mzp—Ugxyz, (38)

using Eqgs (32)-(36) to substitute aerodynamic unknowns with structural ones.

The aerodynamic model adds N5 equations for each member, the coupled aeroelastic system contains (18 + Ng) N+
12 equations and the same number of unknowns, providing that structural unknowns are completed with N x Ng
induced-flow states A,,,. Hereinafter the system of equations will be written as:

Z(X,X)=0 (39)

This system permits a non-iterative computation of the unsteady aerodynamics loads, thanks to the Peters
theory and the tight coupling between both models. This is in contrast with classical iterative “k method” and
“p-k method” used to determined aeroelastic critical speeds.

In case of low reduced frequency (f, < 1), a simplified aerodynamic model with A, =0, called “quasi-steady
with added mass”, can be used. In that case, the system .# has the same size as the initial purely structural
formulation.

3. Transient motion and critical speed computation methodology

The formulation described above permits different applications:

* study nonlinear transient dynamic behaviour using a time marching scheme;

* study nonlinear steady-state behaviour by neglecting all the time derivatives;

* realise an eigenvalue analysis of small motion about a nonlinear steady-state by linearising about it.

A python pre/postprocessor is developed, including the homogenisation algorithms detailed in section 2.2} in
order to exploit the aeroelastic solver.

The resulting open source computation code, thereafter called “GEBTAero"B has different capacities sum-
marized on Fig.

3.1. Quasi-steady algorithms

The simplest application is the determination of the static shape of the wing at a specific wind velocity using
a steady state solution of Eq. (39):

Z(X,0)0=0 (40)

It is also possible with a steady-state solution to determine the torsional divergence speed by monitoring the
divergence of the wing root internal forces and moments F 3 and M  for a very small AoA.

Thttps://framagit.org/BertrandK/GEBTAero
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Figure 7: GEBTAero computation features
3.2. Eigenvalue analysis

3.2.1. Solving the eigenvalue problem
In the frequency domain, one of the main advantage of the tight coupling is the ability to directly compute
aeroelastic modes. In that case, the solution vector is written:

X(H)=X+X(1)

(41)
with X the steady-state solution and X(¢) < X . As a results in Eq. (39) and performing a Taylor expansion, the
system becomes, keeping first order terms:

— . Y — J0F . OF x
Z(X+X(1),X)=Z(X, 0+ X +-—X=0
X  ox
using Eq (0):
J0F . OF x
~X+—X=0 (42)
X X
For an eigenvalue analysis, we assume that:
X(t)=Xqe"" (43)
It gives us the following Generalised Eigenvalue Problem (GEP):
OF JOF
—+v— | X,=0 (44)
oX oX
By analogy with classical dynamic resolutions, oF

o5 refers to a stiffness matrix # and 2F t0 a mass matrix ./ .
They must not be confused with stiffness matrix K and mass matrix I defined in section
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Because of the use of Lagrange multiplier inherent to the geometrically exact beam theory and the addition of
induced-flow ODE, this GEP is real and non-symmetric. Neither stiffness nor mass matrix is symmetric positive
semi-definite, thus our GEP requires a direct transformation into a Standard Eigenvalue Problem (SEP) :

1
A X, = —;X0 (45)

Direct inversion of £ is avoided using the resolution of a linear system:
HV =Z (46)
with V=#"'#X,and Z = #X,.

3.2.2. Computing aeroelastic critical speeds

Once the SEP is properly defined, more work is needed to produce aeroelastic critical speeds. For the sake
of efficiency, in particular for optimisation applications, the number of computed modes should be as small as
possible. In this regard, the algorithm focuses on the mode showing the smallest damping for a given flow speed,
either zero frequency (for the divergence speed) or non zero frequency (for the flutter speed).

To allow the proper tracking of these few modes, the SEP is resolved using the Implicitly Restarted Arnoldi
Method (IRAM) implemented into open source ARPACK program (ARnoldi PACKage) [34]. Matrices are stored
in coordinate list sparse format (COO). The sparse direct linear solver required by Eq. (46) is MUMPS (MUIti-
frontal Massively Parallel sparse direct Solver) [35]. A significant proportion of computation time comes from
the resolution of Eq. (46), then special attention is devoted to optimise the configuration of MUMPS. Before the
resolution of the SEP, rows and columns are reordered using software package Scotch [36] and are scaled.

The aeroelastic behaviour of the airframe is described by the lowest frequency structural modes modified
by the fluid forces. However, Induced-flow ODEs (26) add N x Ny eigenvalues to the initial structural problem.
Most of them are close to those associated with the uncoupled ODE system derived from Eq. (26):

Ai+%l=0 47)

If v; are the eigenvalues of matrix %A, it corresponds to the —1/v; according to Eq. (@5). For example, if N, =6, A
has 4 real eigenvalues : v; ~0.3865, v, ~0.5011, v3 ~2.8461, v, ~ 16.5383 and 2 complex conjugate eigenvalues
V56 ~ 6.3987.1072 £ 0.1546i. It results in negative real part eigenvalues —1/v;. All these modes are stable but
they are proportional to the flow velocity U, then every pair of complex conjugate mode of A generates up to
2N eigenvalues able to take any frequency depending on U. Because ARPACK is designed to quickly compute
only a few eigenmodes and in order to avoid hiding unstable modes with induced flow generated stable modes,
the parameter “which” of the modal solver is set to “SR” corresponding the the smallest algebraic real part ei-
genvalues v. After inverting the system with Eq. (45), it corresponds to eigenvalues —1/v with positive real part
ordered by ascending real part followed by eigenvalues with negative real part ordered by decreasing real part.
This setting allow us to quickly find the smallest flow velocity associated with a real unstable mode, namely the
divergence speed, and the smallest flow velocity associated with a complex unstable mode, namely the flutter
speed. Both speed could be computed on undeformed wing (X = 0) or on deformed wing.

3.2.3. Displaying aeroelastic modes

For visualisation purposes, eigenvalue analysis is also used to plot a few number of modes versus flow ve-
locity. Because each flow velocity value corresponds to a specific eigenvalue problem, it is therefore necessary
to establish links between eigenvalues and eigenvectors corresponding to the evolution of the same aeroelastic
mode. For that purpose, modes of interest are identified at zero flow velocity to the first n;,;. .5, structural
modes. It thus permits to filter modes produced by induced flow speed computation. Then, for each flow ve-
locity increment AU, a sufficient number of eigenmodes (7. 4;¢cuiared > Pinreres:) are calculated with ARPACK
parameter “LM” (large magnitude) corresponding after the problem inversion to the smaller magnitude eigen-
values. Then, they are matched to previous modes using eigenvectors correlation. AU and n.4j¢y14req are dy-
namically adjusted in the algorithm to allow a proper correlation, in particular to avoid mode crossing phe-
nomenon
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Table 1: Validation of the 3D FEM with periodic boundaries homogenisation algorithm against analytical values [41]

Thin plate Rectangular box Cylinder

Dimensions m L=5x10"2;h=10"3 L=0.1;h=5x10"%;e=5x10"* R=1
Area m? 5%x107° 1.49x107* 3.1416
Area moment of inertia I;, m* 4.1666 x 10712 7.1062 x 1078 0.7854
Area moment of inertia I;, m* 1.0416 x 1078 2.0461x 1077 0.7854
Torsion constant J m? 1.6456 x 10711 1.6281 x 10~ 1.5708
Number of elements 100 200 2792
Computation time S 0.54 1.33 7.37

S,; relative error % 3.37x1078 8.35x 107 4.14x 1072
Su4 relative error % —5.03x 1073 —0.44 0.13

Ss5 relative error % 3.38x 107 —4.08x 1076 8.25x 1072
S relative error % 2.82x107 —5.22x 1078 8.37x 1072

As illustrated in section[4} eigenvalue analysis permits to obtain:
e the n first aeroelastic modes (frequency and reduced damping) between U,,;,, =0m/s and U, ;
¢ the undeformed wing flutter and divergence speed (X =0);

« the deformed wing flutter and divergence speed(X # 0).

3.3. Transient dynamic algorithms

Using the Newmark time scheme as detailled in [18] withy =1/2 and = 1/4, a transient dynamic simulation
of the airframe can be done. A file with output data for each time step is generated allowing a visualisation of
the wing motion in ParaView. This kind of simulation is illustrated in section[4.2|but temporal simulations are
not well suited for structural optimisation which is the main objective of this work.

It should be noted that the temporal study of the flexible wing motion is a key issue of the non linear aer-
oelasticity. Indeed, it allow a proper comparison between experimental measurements and numerical models
and permits for example to simulate accident like the one of Helios [37] or to study very flexible aircraft control
laws like it is done in [38]. The numerical model described above still presents some limitations for this kind of
applications because the flight mechanics is not yet taken into account, neither the stall phenomenon. Hence
it cannot, for instance, simulate the limit cycle oscillations observed experimentally in [39} 40]. However, once
these requirements will be met, the efficiency of the model makes it relevant for such temporal simulations.

4. Validation test cases

4.1. Homogenisation algorithm

First of all, the homogenisation routine is tested against analytical results for simple shape constant cross
section with isotropic material. Three shapes are tested : a thin plate (length L, height h), a rectangular box
(length L, height h, thickness e) and a cylinder (radius R). The first two shapes are automatically generated with
CalculiX GraphiX whereas the cylinder mesh is done manually. The flexibility matrix generated is compared
to analytical values [41] in Eq. Results are presented in Tab.|1{and show very good agreement even for the
torsional flexibility S, estimated within a precision of 0.5%.

4.2. Critical speed computation

The critical speed computation is validated against common aeroelastic test cases, namely the Goland wing
[42] and the Patil Wing [43]. The first is universally used among literature and the second is more appropriate to
our program because of its high aspect ratio. Unfortunately, both of them concern isotropic wing since there is
no common anisotropic test case among the literature. Characteristics of both wing are detailed in Tab.



4.2 Critical speed computation 16

Table 2: Characteristics of Goland and Patil wings

Goland [42] Patil [43]

Semi-span L m 6.096 16
Chord 2b m 1.8288 1
Mass per unit length u kg/m 35.71 0.75
Elastic axis EA (from leading edge) % chord 33 50
Center of gravity CG (from leading edge) % chord 43 50
Distance between CG and EA v m 0.18288 0
Bending stiffness (spanwise) El;, N.m? 9.77 x 108 2.10%
Bending stiffness (chordwise) El;; Nm? / 4.10°
Torsional stiffness GJ N.m? 0.99 x 10° 1.10*
Mass moment of inertia around e.a. i kg.m 8.64 0.10
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Figure 8: Convergence tests for N and N, parameters for the Goland test case

Concerning the speed evaluation, tests are conducted on a laptop PC (CPU: Intel® Core™ i5-4210H; RAM:
8GO0; OS :Ubuntu 18.04) and compare the freely available toolbox Aeroflex used with Matlab R2017b with GEBTAero
compiled using GFortran 7.3 running on a single core.

First of all, a convergence of the undeformed Goland wing flutter speed relatively to N and N; parameters
are realised (Fig.[8). It appears that a reasonable value for N start from 6, parameter Ng shows good results from
4. Because of the factorial entering into definition of A (Eq. Z27)) and b (Eq. (29)), N, is limited to 8 in order to
avoid round-off errors and ill-conditioned matrices.

Then, the flutter speed and frequency are computed at sea level (o = 1.225kg.m™3) and at 20000 f ¢ (p =
0.6526 kg.m™3) using N = 10 elements and Ny = 6 induced-flow states and compared to literature. The corres-
ponding Mach number at 20000 ft is 0.56, which is quite large for an incompressible model, but it is still relevant
for the sake of comparison, provided that other models use this hypothesis. Results are presented in Tab.

Results show a good agreement with other strip theory reduced order models whereas UVLM based model
(SHARP) predict a higher critical speed because of three-dimensional effects. A more appropriate test case is the
Patil high aspect ratio wing whose characteristics are detailed in Tab.|2| Besides undeformed wing flutter speed
assessment, flutter speed is also calculated about the wing deformed by its own weight (static wing tip deflection
=2.93 m). Both simulations are made using N = 10 and Ns = 6 and demonstrate also a good agreement (Tab.[d).
The Mach number is of the order of 0.1, in accordance with incompressible hypothesis. In order to illustrate the
impact of the large displacement and rotation of the Patil wing on the aeroelastic behaviour, the first four modes
are plotted for the undeformed configuration (Fig.[9a) and the deformed one (Fig.[9b). In our case, the unstable
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Table 3: Goland wing flutter speed and frequency

sea level 20000 f't

program speed (m/s) frequency (rad/s) speed(m/s) frequency (rad/s)
present (N =10; Ng =6) 136.5 70.3 174.9 69.0
Goland [44] 137.2 70.7 - -
NATASHA[43] 135.6 70.2 - -
UM/NAST[45] 136.2 70.2 174.9 68.1
SHARP[12] 165 69 - -
Aeroflex[16] 137.0 70.8 177.0 69.2
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Figure 9: Patil wing aeroelastic modes

mode (green) is deeply affected by the wing deformation both in terms of frequency and damping leading to a
significant modification of the flutter behaviour.

In addition, to illustrate the time domain capabilities of the program, a real time flutter instability is repres-
ented on Fig.[I0|by the superimposition of the Patil wing shape (without amplification) at different time steps.
The longitudinal distance between two snapshots corresponds to the distance covered during the time step and
the colorscale represents the wing rotation magnitude (in radian). This display intends to illustrate the large dis-
placement and rotation of the airfoils. It should be recalled that the flight mechanics is not taken into account.
For further study of Patil wing LCO, the reader is referred to [47].

Furthermore, computation time is assessed on the Patil wing flutter speed with a precision of 107! m/s
(Fig.[II). The results are promising with a computation time in the order of O(N), paving the way for com-
plex optimised composite airframe simulations. Deformed wing computation seems to be faster, which can be
explained by the lower value of critical speed to reach by the algorithm. The impact of parameter Ns is complex

Table 4: Patil wing flutter speed and frequency

Undeformed wing Deformed wing
program speed (m/s) frequency (rad/s) speed(m/s) frequency (rad/s)
present (N = 10; Ng = 6) 32.2 22.6 23.3 11.9
NATASHA[43] 32.2 22.6 - -
UM/NAST[46] 32.2 22.6 23.2 10.3

Aeroflex[16] 32.6 22.3 23.4 12.2
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Figure 10: Real time flutter instability of the Patil wing; altitude = 20 km; velocity =38 m/s
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Figure 11: Patil flutter speed computation time (precision: 107! m/s)

and depends on the position of the induced flow generated modes as explain in section[3.2] A good performance
is reached for N, =6 or N; =8.

By comparison, Aeroflex with N; = 4 takes 4.8 s if N =2,98.8 s if N =10 and 751.1 s if N = 20. Several reasons
could explain the big gap between both program, among them the use of sparse matrix versus dense matrix, the
use of Fortran for the computation-intensive tasks or the strategy consisting in computing only a few eigenvalues
ofinterest. At the end, the program was challenged with a problem size up to Ny = 6 and N = 100000 in deformed
configuration, which is far beyond the useful range, computed in 5887 s (1h 38min 7s).

The divergence speed computation time is very similar with for instance 4.93 s (undeformed) and 6.25 s (de-
formed) for N; =6 and N =100.

5. Aeroelastic tailoring effect assessment

Thanks to the computation speed and automation routines of the program, since no common experimental
or numerical test cases have been found in the literature, the aeroelastic tailoring effect is numerically assessed
on simple composite laminates. In addition to a sandwich configuration evaluated in [28] with the variation of
the upper ply orientation, the present paper evaluate an anisotropic flexible wing test case derived from Patil
wing and a two-ply composite laminates (carbon/epoxy T700GC/M21) by sweeping both ply orientations (lower
ply 8, and upper ply 6,).

5.1. Representative high aspect ratio anisotropic composite wing

Both wing test cases presented above are isotropic. To illustrate the anisotropic capability of the model,
coupled with geometrical non linearities, the Patil wing is modified by introducing a bending/twisting coupling.
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Table 5: Anisotropic Patil wing composite box characteristics

Parameter Unit Value
width mm 200
height mm 67

ply thickness mm 0.125
upper layup - [0,45,45,0]
lower layup - [0,—45,45,0]
left layup — [0,45,—45,0]
right layup — [0,—45,45,0]
E, Gpa 148

E, Gpa 10

G, Gpa 4.6

Vir — 0.3

P kg.m™3 1.6

Table 6: Anisotropic Patil wing critical speeds and frequencies computed by GEBTAero

flutter divergence
configuration speed frequency speed
(m/s)  (rad/s) (m/s)
isotropic undeformed (without weight) 32.2 22.6 38.0
isotropic deformed (with weight) 234 11.9 38.0
anisotropic undeformed (without weight)  32.3 22.6 78.3
anisotropic deformed (with weight) 31.6 22.1 97.0

In order to produce a realistic coefficient, a composite box with a specific layup is defined with the same bending
(S55) and twisting (S,4) flexibility as Patil wing compatible with the wing section dimensions. The composite box
characteristics are detailed in Tab. [5|using carbon/epoxy T700GC/M21. The ply order starts from the center of
the box. The composite box is centred on the original wing elastic axis.

Using beam homogenisation tool of GEBTAero, the resulting flexibility matrix is:

0 0O 0 0 0

0 0O 0 0 0

§= 0 00O 0 0 0
“|1 0 0 0 1.01.10* 5.8810°% 0
0 0 0 5.88.10°% 4.97.10° 0

0 00O 0 0 0

This configuration permits a very good agreement with bending and twisting flexibility of the original Patil wing
test case (Tab.[2). Thus, bending/twisting coefficient S,5 is added to the Patil wing test cases, all else being equal.
The deformed (by its own weight) and undeformed critical speeds are presented in Tab. [6|alongside isotropic
reference. The first four aeroelastic modes of both configurations are plotted on Fig.

The divergence speed of this anisotropic test case is about twice the speed of the isotropic wing for the unde-
formed configuration and almost three time the speed for the deformed configuration. Concerning the flutter,
the behaviour of the undeformed configuration is quite similar as the isotropic test case. However, for the de-
formed configuration, the impact on the unstable mode (green) is obvious. In fact, the bending twisting coupling
tends to cancel the static deflection of the wing, as it can be seen in Fig.|13| Thus, this example confirms that the
aeroelastic tailoring is a satisfactory way to compensate the aeroelastic performance decrease due to the static
deflection.

5.2. Two-ply flexible laminate
The characteristics of the two-ply flexible laminate are detailed in Tab. (7| To ensure a good critical speed
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Figure 12: Anisotropic Patil wing aeroelastic modes plot
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Figure 13: Anisotropic Patil wing static tip deflection depending on flow speed.

Table 7: 2-ply composite laminates characteristics

Parameter Unit Value
Chord mm 30
Length mm 300
total thickness mm 0.5
ply thickness mm 0.25
E; Gpa 148
E, Gpa 10
Gy, Gpa 4.6
Vie — 0.3

P kg.m=3 16
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Figure 14: Composite laminates numerical simulation depending on lower and upper ply orientation : bending and torsional flexibility
(symmetry axis in white dashed line)

convergence, the number of beam elements N is set to 20 and the number of induced-flow states Nj is set to 6,
the gravity effect is taken into account and the AoA is set to 0°. A critical speed computation is performed every
3° for both ply orientations (3600 simulation points computed in 2h 45min on a single core) . At each point,
the flexibility matrix is determined using the homogenisation algorithm, particularly the torsional flexibility S,4,
the bending flexibility S55 and the bending/twisting coupling S5 from Eq.[18] Then, using the method detailed
in section the divergence speed, the flutter speed and the flutter frequency is computed. Simulations are
made at sea level (p = 1.225kg.m™3), knowing that the Reynolds number is rather small for the use of an inviscid
potential flow theory (from 10* to 10° for a speed from 5 to 50m/s).

Results are plotted on Fig.[14]and Fig.[T5] Concerning the bending flexibility (Fig[I4a) and the torsional flex-
ibility (Fig. [14b), results are consistent with classical laminate theory (CLT). In fact, the bending flexibility is
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minimal (stiffer configuration in bending) if all the fibres are oriented along the beam direction (0°/0°) and max-
imal if all the fibres are oriented transversely (90°/90°). The torsional flexibility is minimal (stiffer configuration
in torsion) for a balanced layup oriented at £45° (-45°/45° or 45°/-45°) and relatively low if fibres are all ori-
ented at -45° or 45° (unbalanced layups). The bending/twisting coupling shape (Fig.[15a) is more complex. This
parameter can be positive or negative and, according to the CLT, balanced layups are devoid of coupling. The
maximum in magnitude is obtained for unbalanced layups 30°/30° and -30°/-30°. All these flexibility coefficients
are symmetrical about the mirrored layup axis (6, = 6,) because the homogenisation problem is symmetrical
by switching both ply orientations. The balanced layup axis (8; = —6,), corresponding to the change of sign of
both ply orientations, is a symmetry axis for bending and twisting but an anti-symmetry axis for the coupling
coefficient. Moreover, all coefficients show a smooth and regular aspect consistent with the continuous nature
of the homogenisation problem.

Because the cross section parameters are unchanged by switching both ply orientations, the mirrored layup
axis is also a symmetry axis for the critical speed (minimal speed between divergence and flutter; Fig. and
the associated critical frequency (Fig.[15¢). A strong correlation appears between the critical speed and the
bending/twisting structural coupling, namely the aeroelastic tailoring effect. Indeed, according to the frame of
Fig.|2} a positive lift will bend the wing negatively. In case of a positive bending/twisting coupling it will twist the
wing negatively corresponding to a decrease of the AoA which has the effect of stabilising the wing deflection
amplitude. High critical speed are mainly found for layups stiff in torsion but the correlation is less obvious and
are always found for layups flexible in flexion, which seems counter-intuitive. Finally, optimal configurations
are found for balanced layup (without coupling), but it is important to note the strong impact of the coupling
coefficient change of sign with a halving of the critical speed within a tiny range of 5° ply orientation. Then,
to overcome this difficulty, the design range should preferably be chosen in the positive coupling area. The
critical frequency (Fig. permits to know whether the instability is a divergence (0 H z) or a flutter. Layups
with negative structural coupling are prone to torsional divergence as in the case of the geometrical coupling
generated by a forward swept wing [3].

6. Conclusion

Design challenges induced by HAPS in terms of aeroelastic performances show the need for an accurate re-
duced order model able to simulate nonlinear behaviour of an anisotropic high aspect ratio wing. Moreover,
innovative solutions like aeroelastic tailoring require a fast computation of critical speeds compatible with an
optimisation process. The present work presents the computation code GEBTAero, a solution based on the
geometrically exact beam theory coupled with a two-dimensional unsteady finite state aerodynamic model im-
plemented into an open source solver. The homogenisation step required by the beam model is either analytical
or performed by a 3D FEM calculation with periodic boundaries using CalculiX solver. Accuracy and swiftness
of critical speed computation on both undeformed and deformed wing has been evaluated using common aer-
oelastic test cases with different problem sizes, proving the ability to quickly compute complex design, and thus
to be used within a multidisciplinary optimisation platform. Configurations using aeroelastic tailoring, which
are the core target of this solver, are then evaluated numerically on a representative high aspect ratio aniso-
tropic composite wing and a simple 2-ply composite laminates with both variable ply orientations. It illustrates
the strong correlation between the structural bending/twisting coupling of an unbalanced composite laminates
and its critical aeroelastic speed. It also shows the high sensitivity of ply orientation on the aeroelastic behaviour.
Furthermore, the lack of experimental data for this type of anisotropic specimen show the need for a wind tunnel
campaign dedicated to very flexible composite laminates using aeroelastic tailoring.
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