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On the Nonlinear Geometric Behaviour of Flared Folding

Wingtips

Fintan Healy*, Ronald Cheung ¥, Djamel Rezgui* and Jonathan Cooper *
University of Bristol, Bristol, BS8 ITR, UK

Thomas Wilson® and Andrea Castrichini
Airbus Operations Ltd, Bristol, BS34 700, UK

Recent studies have considered the use of flared folding wingtips (FFWTs) to enable higher
aspect ratios - reducing overall induced drag - whilst reducing gust loading and meeting airport
operational requirements. The majority of these analyses have been conducted using linear
assumptions despite the presence of large wingtip deformations. The aim of this work is to
assess the effect of geometric nonlinearities introduced by an FFWT on the static and dynamic
aeroelastic response of a wing. In this paper, a geometrically exact expression was formulated
to describe the change in both the local|Angle of Attack (AoA)|and sideslip angle across all fold
angles. This expression highlighted that the aerodynamic stiffness of an FFWT, and therefore
quantities such as the linear flutter speed, are a function of the fold angle and therefore,
the attitude of the wing. This effect was then verified using both: a wind tunnel model of a
flexible semi-span wing incorporating an[Flared Folding Wingtip (FFWT)|, and a new numerical
modelling technique, utilising MSC Nastran, which linearised the model about the equilibrium
position of the wingtip. The results of these experiments show that the geometric nonlinearities
introduced due to the large deformations of FFWTs can significantly affect the dynamics of the
system, with flutter speeds varying by over 25%, simply by changing the root angle of attack
of the model. Furthermore, good agreement was found between the experimental results and
numerical predictions.

I. Nomenclature

lift coefficient

wingtip corrected lift coefficient

wing chord

drag force

frequency

acceleration due to gravity

the transformation matrix from the 'n’th to the m’th frame of reference
Stiffness

lag or delay in the auto-correlation

lift force per unit span

Lift force

moment arm between the hinge line and the ’i’th mass on the wingtip
hinge moment

’i’th wingtip mass

3D rotation matrix about the 'n’th axis

auto-correlation
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= generic time signal
= wind speed

= velocity vector

= downwash

= angle of attack

= aircraft sideslip angle
= fold angle

flare angle

density

= sweep angle

local dihedral angle
= mode shape
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Subscripts

= in the body frame of reference

= at the coast angle

= at the tip of the inner wing (the hinge)
= in the wingtip frame of reference

= in the wind frame of reference

= due to gravity
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II. Introduction

To drive the development of the next generation of green aircraft, recent schemes such as the ICAO CORSIA scheme
aim to place a cost on emissions [[1], incentivising the industry to improve overall aircraft efficiency through the use
of radical design solutions. Many such solutions have aimed to improve efficiency by increasing the wingspan and
therefore aspect ratio of future aircraft. A recent conceptual design study by Calderon et al. [2]] showed that, even when
weight is considered, the optimal wingspan is much larger than current designs. However, increasing the span of the
next generation of aircraft also increases their operational cost, with airport fees calculated according to span [3]] and
current infrastructure at many airports - such as gate, runway and taxiway separation - only capable of servicing aircraft
up to a specific span [4, 5].

Therefore, [Folding Wingtip (FWT)|devices, in which the span of the aircraft can be shortened on the ground by
folding the wingtips up, have gained popularity. This type of device is not new, with military aircraft using the concept
to save space on aircraft carriers since as early as the first world war [[6]. The most notable recent example is the Boeing
777X, which first flew in 2020, allowing the aircraft to fit into the same 65m gate as its predecessor, whilst also being
able to increase its wingspan in flight by 7 metres [7]]. Whilst the wingtips of the 777X can only be operated on the
ground, the inclusion of such a mechanism raised the question as to whether folding wingtips can be utilised in-flight for
aerodynamic or structural benefits. One such solution is the [8H16]. As illustrated in Fig. |1} this device consists
of a[FWT]in which the hinge line is rotated so that it is no longer parallel with the oncoming flow, with the magnitude
of this rotation being defined as the flare angle (A). In this configuration an increase in the fold angle (8) produces a
decrease in the local [AoA]of the wingtip, and vice versa. Castrichini et al. [11]] described this relationship as

Aa = — arctan (sin A tan ) (D

Therefore, when an [FFWT]is free to rotate, the fold angle tends to an equilibrium position, defined as the coast angle, at
which the aerodynamic and gravitational moments about the hinge balance, and the system is statically stable.
Utilising the fact that only shear forces are transmitted through a hinge with both zero stiffness and damping,
initial experimental [[10} [15]] and numerical [9} [L1} [17] research on this concept was focused on its use as a passive
gust alleviation device, with results showing wing loading can be significantly reduced during manoeuvres and gust
encounters. More recent numerical sizing analysis [16] has shown that the inclusion of [FFWTk on a typical transonic
aircraft could reduce the required primary wing mass by up to 30%. Much of this numerical research was limited to
linear analysis, by assuming small displacements about a fold angle of zero degrees - either implicitly by use of linear
finite element analysis, or explicitly using Eq. (I)), which is derived by assuming small displacements about a fold angle



of zero degrees [11]]. However, coast angles with a magnitude over 20 degrees have been reported in the majority of
studies, including experimental test flights of an[Unmanned Aerial Vehicle (UAV)]incorporating [FFWTk [18] and a
wind tunnel experiment utilising [FFWT to enhance the roll authority of an aircraft [19]. Such large deformations are
analogous to those seen in the modelling of highly flexible wings [20], and can introduce geometric and aerodynamic
nonlinearities that significantly affect the overall system dynamics.

A few authors have begun to explore the effects of including such nonlinearities on the response of [FFWTk. Wilson
et al. [21]] created a geometrically nonlinear structural model by discretising a cantilever wing as a set of rigid rods
connected by bending and torsional springs. This model was used to explore if FFWTk could exhibit limit cycle
oscillations. However, the aerodynamics of this model were underpinned by evaluating the local [AoA] of an[FFWT]
using Eq. (I), which was derived using small angle approximations. An extension to Eq. (I)) was derived by Cheung
etal. to calculate a more accurate local [AoA|for an[FFWT]|across a wider range of fold angles, which was then used
to better predict the coast angle of an FFWT, with good correlation to experimental data. However, this formulation did
not account for other geometric nonlinearities such as the change in the sweep angle of the wingtip with fold angle
(which can be visually seen in Fig. [T)), or the local dihedral angle at the tip of the inner wing - which can change with
the deformation of the inner wing.

Additionally, at higher fold angles the aerodynamic influence of a[FWT|on the inner wing, and vice versa, can vary
due to the significant changes in the geometry of the wing (varying spanwise lift distribution). Conti et al. [22] developed
the [Equations of Motion (EoM)| for a representative civil aircraft, with aerodynamic and structural corrections to
account for the geometric nonlinearity due to[FFWT]displacements. The acrodynamics were modelled using the doublet
lattice method, with the boundary condition on the wingtip panels being defined using a coordinate transformation
between a body reference frame and a reference frame centred about a "deformed" wingtip. Additionally, the change
in aerodynamic "influence" between the wingtip and inner wing was accounted for by augmenting the respective
aerodynamic influence coefficients using a cosine relationship. This formulation was used to show that accounting for
geometric nonlinearities significantly affects the coast angle of FFWT.

The current studies in the field have primarily focused on the nonlinear static aeroelasticity of[FFWTk. However,
variations in the dynamic aeroelastic response may equally be of importance. Arguably the most important dynamic
aeroelastic phenomenon is flutter, where over some critical speed, known as the linear flutter speed, an initial disturbance
will cause an unstable oscillation to grow exponentially [23], unless it is bounded by some form of nonlinearity . The
onset of flutter would generally lead to the catastrophic loss of an aircraft. Therefore, aircraft are designed to ensure that
the achievable flight envelope is free from aeroelastic instabilities such as flutter.

One potential drawback of [FFWTk is the creation of an additional mode of vibration with a natural frequency which,
in analysis linearised about a fold angle of zero, grows linearly with velocity from zero [11]]. As this mode approaches
the first bending mode the system can become unstable, significantly reducing the linear flutter speed of an aircraft.
Currently, no studies have addressed how the dynamic response and stability of a flexible wing including [FFWT varies
due to geometric nonlinearities. Therefore, in this paper a flexible wind tunnel model is used to demonstrate how large
nonlinear geometric deformations of a wing incorporating [FFWT can affect the dynamic response and in particular the
flutter speed of the system. The experimental data is complemented with the formulation of a new numerical modelling
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Fig.1 Representation of a flared folding wingtip device, with a flare angle (A) of 20 degrees, at 0 and 45 degrees
fold angle (0)



technique which linearises a model, developed in MSC Nastran [24]], about the deformed state of a wing. Such a model
captures the geometric nonlinearities caused by the large deflections of a wingtip and allows for the accurate prediction
of flutter speeds, with a good correlation seen between the numerical and experimental results.

III. Geometrically Exact Representation of the Effective Angle of Attack

The fundamental mechanism of an is how the local [AoA]of the wingtip changes as a function of the fold
angle, for a given flare angle. Castrichini et al. [11] described this effect using Eq. (I)), which will be referred to
as the [Small Angles Model (SAM)] The formulation of the[SAM|assumes small deformations about a fold angle of
zero degrees, and is therefore only applicable for small deformations. In this section, a new formulation is derived to
accurately account for all the nonlinear geometric effects associated with large fold angles. Its derivation differs to those
presented in [[12] [15] by considering both the change in sweep of the wingtip with fold angle and the effect of the inner
wing twist. It is however similar to that presented by Conti et al. [22], albeit the resulting equation was only used to
define the boundary conditions on the wingtip panels within there aerodynamic model, whereas here it will be used to
understand some of the fundamental mechanisms driving the nonlinear dynamics of [FFWTk.

To develop such a model a set of rotation matrices were utilised to transform an aircraft’s velocity vector into a
reference frame centred about the [FFWT] as illustrated in Fig. 2] To facilitate this goal, the standard notation of a body
and wind reference frame [17/]] are used to represent the orientation of the aircraft and its direction of motion respectively.
In the wind reference frame the x axis points along the direction of motion of the aircraft and the z axis against the ’line
of action’ of the lift force. In the body frame of reference the x axis points forwards along the fuselage, and the y axis is
perpendicular to the plane of symmetry of an aircraft and points out towards the starboard wingtip. In the [FFWT]frame
of reference, the y axis points along the leading edge of the FFWT] (towards the tip of the starboard wingtip), and the z
axis is perpendicular to the plane defined by the y axis and the chordline of the (pointing vertically down at a
fold angle of zero degrees). In the wind reference frame the velocity vector has the form

R T
Vw=u 0 0 @
where u is the wind speed. The transformation matrix from the wind to body reference frame is defined as
H}, = R;()Ry(e) (3)

where R,,(m) is the 3D rotation matrix which describes an anti-clockwise rotation about the n’" axis by m radians, « is
the of the aircraft, and 3 is the aircraft sideslip angle. The transformation matrix from the body to the [FFWT]

FWT Reference Frame

Body Reference Frame (Solid)
Wind Reference Frame (Dashed) u

Fig. 2 A visual representation of the body, wing and FWT reference frames used in the geometrically exact
formulation



reference frame is defined as
H;, =Ry(T)R (AR (R (y = A) €]

where 7y is the geometric sweep of the wingtip - with a positive angle corresponding to an aft-swept configuration, and
Iy, is the local dihedral angle at the hinge (the tip of the inner wing). Considering Eq. (@) and reading from right to left,
the first two rotations align the x axis with the hinge line, the third rotation ensures the y axis lies in the XY plane of the
wingtip, and the final rotation aligns the y axis with the leading edge of the wingtip. Therefore, the following operation
transforms an aircraft’s velocity vector into the Mreference frame, such that

- T b t T—) -
Vi=|va ve va| = (HLHG) V. =R, (5)

which is the local velocity vector of an[FFWT]|using the[Geometrically Exact Model (GEM)] It is valid for a rigid [FFWT]
at all values of flare angle, fold angle, root[AoA] sideslip, sweep and local dihedral angle. Two key parameters can be
calculated from Eq. (), the local[AoA]and local sweep angle of the [FFWT] which are defined respectively as

= arctan v—t(z) (6)
t
v

y; = arctan ﬁ (7
I3

Exploration of these parameters highlights three primary nonlinear mechanisms acting on an [FFWT}

Flare-Twist Effect - As has already been described in literature [[I1]], there is a geometric coupling between the
local [AoA] of an[FFWT]and the fold angle. This change is driven by the flare angle and can be considered as a uniform
twist of the [FFWT] Figure [3] shows that for a non-zero flare angle, as the fold angle increases the local [AoA] decreases.
Importantly, the[GEM|predicts a maximum local[AoA] the magnitude of which is approximately the flare angle. Whereas
Fig. [B|shows that the SAM]over predicts the local AoA at higher fold angles, when compared to the . With noticeable
differences between the two models occurring from around 30 degrees fold angle. The peak of the[GEM]does not always
occur at 90 degrees fold angle, with increasing flare angle increasing both the relative magnitude, and the fold angle at
which the peak occurs.

Flare-Sweep Effect - There is a geometric coupling between the local sweep angle of an[FFWT]and its fold angle.
As shown in Fig. ] compared to the zero-fold-angle, the local sweep angle always decreases with fold angle (e.g.
becomes more forward swept), and the maximum theoretical magnitude of this variation is twice the flare angle. For
a straight or forward swept wing this means the absolute sweep angle always increases with fold angle, reducing the
local chord-wise velocity. In the case of an aft-swept wing, such as on a typical transonic aircraft, the absolute sweep
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angle initially reduces with fold angle - increasing the chord-wise velocity - until a local sweep angle of zero degrees is
reached, at which point the chord-wise velocity begins to reduce. As these changes are proportional to the cosine of the
local sweep angle, at lower fold angles this effect is most noticeable on a pre-swept wing. It is also important to not that
this effect is not captured in models linearised about zero-fold-angle, such at the SAM.

Fold-AoA Effect - For a non-zero root[AoA] at all flare angles (including zero degrees), both the local [AoA]and
sweep angle of an[FFWT]vary as a function of the fold angle. As illustrated in Fig. [5] these variations can be well
approximated by a trigonometric relationship, and have a magnitude proportional to the root Therefore, in
configurations or flight conditions in which the root AoA is a significant proportion of the flare angle, this effect will
have a significant impact on the response of an[FFWT]|

In most cases the change in the local and local sweep angle of an [FFWT]is due to a combination of the
flare-twist, flare-sweep and fold-AoA effects. Figure[f]shows this combined effect for a straight wing at varying flare and
root[AoAk. From Fig. []it can be seen that for a non-zero root[AoA] the response of an[FFWT]is asymmetric about the
zero fold angle, with the point of maximum and minimum local [AoA]not occurring at +90 degrees fold angle. This
asymmetry is driven by the combination of the flare-twist and fold-AoA effects. In configurations in which the flare
angle is comparable to the maximum root , a significant proportion of the change in local [AoA] of the wingtip is due to
the fold-AoA effect. Therefore, the response of [GEM]at low flare angles will vary more with root AoA, as shown in
Fig[e] Likewise, at larger flare angles, the flare-twist effect dominates and there is significantly less variation in the in
the local AoA of the wingtip with root AoA.

In previous studies, such as ones based around the[SAM] only the variation in the local [AoA|has been considered.
However, the change in local sweep angle will also affect the aerodynamic forces acting upon an [FFWT] As a first
approximation, by assuming the streamwise component of the local velocity vector does not affect the aerodynamics

[25]), the lift per unit span (L) of ancan be approximated as

-180 -135 -90  -45 0 90 135 180

5
20 — Local AoA Fold Angle (0) [deg]
=, == Sweep Angle
%)D 0 Flare Angle Root AoA
= 10 deg 0 deg
< 20 deg = == 5 deg
180 -135 -90 45 O 45 90 135 180 L~~~ wrern 10 deg

Fold Angle (6) [deg]
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Fig. 5 The variation in the local AoA and effective cient, and its derivative, with respect to the fold angle,
sweep angle of an [FFWT] as a function of fold angle,  for an unswept wing across a range of flare and root
at zero flare angle and a rootof 5 degrees AoAk
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where C; is the local lift coeflicient of the unswept wing section, c is the local chord, and C; represents the local lift
coeflicient corrected for the change in locaI@ and sweep angle, with fold angle. An example variation in C; and
its derivative with respect to the fold angle, are shown in Fig. [] This figure shows that for a straight wing, the peak
aerodynamic force occurs at a lower fold angle than the peak local with this effect becoming more pronounced at
higher flare angles (due to the increased influence of the flare-sweep effect). It is envisaged this variation in C; would be
larger for configurations with a non-zero geometric sweep angle, and therefore, the reduction in chord wise velocity
with fold angle would be an important mechanism on a typical commercial jet aircraft.

The derivative of C; with respect to the fold angle is analogous to the aerodynamic stiffness of the it indicates
the change in the aerodynamic forces acting on an due to a small perturbation of the fold angle, with a negative
value corresponding to a stable system. Figure [6]shows there is a large variation in the aerodynamic stiffness of an
[FEWT] with fold angle. Moreover, the aerodynamic stiffness is a function of root[AoA| with an increasing root[AoA|
increasing both the magnitude and location of the peak aerodynamic stiffness.

When only aerodynamic forces are considered, changing the root[AoA]also changes the range of fold angles over
which a wingtip is stable. As shown in Fig. [f] for a flare angle of 10 degrees, the stability region varies from +90 deg at
a root AoA of zero, to between —45 and +135 degrees at a root AoA of 10 degrees. As you increase the flare angle
this variation in the stability region reduces, due to the decreased significance of the fold-AoA effect. Importantly, at a
fold angle of zero degrees, the aerodynamic stiffness of an [FFWT]is independent of the root[AoA] explaining why the
variation in aerodynamic stiffness were not observed in models linearised about this position.

One of the key design criteria identified in the current research on is the frequency of the mode.
Castrichini et al. [11]] provide a first order approximation of

2
foc L Kaeru(l _é’n) (10)
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where Kger0, {n and Iy, are respectively the aerodynamic stiffness, modal damping and moment of inertia of an
This mode typically starts from a low frequency and then increases linearly with speed until it interacts with
another mode - typically the first bending mode - leading to significantly reduced flutter speeds when compared to an
aircraft with a fixed wingtip [[11]]. In previous analysis the aerodynamic stiffness was assumed to only be a function
of velocity and the flare angle, meaning the flare angle and the moment of inertia of an[FFWT| were considered the
only parameters which could be varied to control this frequency, with significant variations in the flutter speed being
achieved by altering these parameters.

However, as shown in Fig. [6] the aerodynamic stiffness of an [FFWT]is in fact a function of both the fold angle and
the root This observation leads to the conclusion that the dynamic response of a wing incorporating [FFW Tk, and
hence parameters such as the linear flutter speed, vary as a function of fold angle and an aircraft’s attitude. Additionally,
as the peak aerodynamic stiffness of an[FFWT|occurs at a non-zero fold angle, the frequency of the wingtip mode may
be larger than that predicted using models linearised about the zero-fold-angle. This effect means flutter speeds lower
than that predicted with traditional techniques could exist in systems incorporating[FFWTk. As such, the experimental
and numerical models developed within the rest of this paper aim to capture both this effect, and more generally, the
aeroelastic response of an at large fold angles.

IV. Description of Experimental Setup
This work considers a series of tests conducted using the same highly flexible semi-span model as detailed by
Cheung et al. [15], with the addition of a new wingtip configuration. The model has a semi-span of 1.345m and a
constant chord length of 15¢m. The new wingtip configuration has a constant NACAOO15 cross-sectional profile, a
flare angle of 10 degrees, and a hinge line that intersects the quarter chord line at a distance of 1m from the root of the
wing. When compared to the previous model this wingtip has a clean aerodynamic surface, reducing secondary 3D



effects. As shown in Fig. [7] the model is equipped with an RLS RMO0S rotary encodef|in the hinge, a wheatstone bridge
measuring the bending moment at the root, and 6 accelerometers distributed across the wing to enable the measurement
of the modal shapes and frequencies. All of the instrumentation was connected to a selection of National Instruments
PXI cardsﬂ hosted within a National Instruments PXIe-1082 chassis, with the Matlab Data Acquisition API [26] being
utilised to collect the data.

A. Methodology

Testing was carried out in the 7ft by 5ft low-speed closed-return wind tunnel at the University of Bristol. The
model, which is shown in Fig. [§] was tested across a range of wind speeds between 14 and 26ms‘1ﬂ and four root
@ (2.5, 5, 7.5 and 10 degrees). At each test point two methods were used to excite the model. Firstly, the wind
tunnel is equipped with a dual-vane vertical gust generator [27]), this was used to excite the model with a quasi-random
continuous turbulence sequence, generated using the Von Karméan velocity spectra [28]. By using broadband turbulence,
this method aimed to excite all modes of the wing structure. Secondly, the model was excited by pulling the wing down,
using a string that was attached just inboard of the hinge, on the quarter chord line. The string was then quickly released,
producing a step response. This method aimed to only excite the wings bending and [FFWT]|pendulum modes, which are
shown in section [VI.B|to be the primary modes contributing to the flutter mechanism of the wing. Additionally the
"Step Response" method was conducted a few months after the "Random Gust Excitation" method, hence with growing
confidence in the response of the model, and the ability to pull the string taut to damp out instabilities, speeds closer to
the flutter boundary were tested.

For both excitation methods, modal analysis was conducted to estimate the frequency and damping of the first
two modes. Due to the presence of large damping ratios and close modal frequencies in certain test conditions, a
time-domain method was selected for this analysis [29], in particular the [Eigensystem Realization Algorithm (ERA)|
[30] was utilised. This method requires an impulse response as an input. Farrar and James III [31]] demonstrated that
the auto-correlation of an accelerometer output represents the impulse response of the original system. For a real valued
signal, s(7), the auto-correlation is defined as

N-1

(k) = % Z s(n)s(n+k) (11)
n=0

which represents the correlation between the signal and a delayed copy of itself. Where the delay, k, can be varied to

Wingtip
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Accelerometers Accelerometers Encoder Bridge

Fig. 7 An overview of the flexible semi-span model

Fig. 8 The wind tunnel model coasting at a stable equilibrium position

*https://www.rls.si/eng/rm08-super-small-non-contact-rotary-encoder [date retrieved: 01/07/2021]
FURL:https://www.ni.com/en-gb/shop/pxi.html [date retrieved 01/07/2021]
*giving an approximate Reynolds number range of 140,000 to 260,000



generate a new signal. Figure[9]shows example time histories, as well as calculated auto-correlations, for each method
of excitation. In particular, note how in Fig. Da] the auto-correlation has "extracted’ a step response from a near random

signal.
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Fig.9 Example time histories and auto-correlation functions for two accelerometers when the wing was excited

using two excitation methods



V. Numerical Modelling

The software package MSC Nastran [24] has been used extensively to model aeroelastic systems in both industrial
and academic settings. In particular, much of the literature onm has previously utilised this tool [ 10} 11} 14} 16} [22].
Therefore, this section presents a new methodology to model the geometric nonlinearities associated with the large
deformations of within MSC Nastran.

A baseline linear model (which will be referred to as the baseline model) was first developed to represent the
experimental setup. As shown in Fig. [T0} the model consists of multiple CBEAM elements distributed along the quarter
chord to represent the internal stiffness of the wing, as well as a set of distributed concentrated masses to represent the
rest of the structure. The hinge is modelled as two coincident nodes connected via an RJOINT element with a coordinate
system aligned to the hinge axis. The hinge could also be locked by applying at constraint between these two nodes, and
in this configuration the distribution of both CBEAM elements and concentrated masses was tuned to match the modal
frequencies of the experimental model below 15 Hz.

The aerodynamic forces acting on the wingtip are modelled using an implementation of the|[Doublet Lattice Method|
[[DLM)]32H34], with linear deformations of the underlying structural model being accounted for in the final estimation
of aerodynamic loads [35]. As shown in Fig. [I0] a total of 1200 aerodynamic panels were used to model the wing,
with these panels being split into two sections to model both the inner wing and wingtip separately, with both sections
containing 600 panels. This level of discretization was driven by a mesh convergence study focusing on the coast angle
of the wingtip in multiple configurations. In MSC Nastran all aerodynamic panels must be coplaner with the streamwise
axis, and the sides of each panel must also be parallel with the x axis. Therefore the two sections were split by the
chord-line that intersects the hinge line at the semi-chord, as shown in Fig.

Finally, the influence of the tunnel walls was considered by modelling them as additional aerodynamic panels that
stretch far into the upstream and downstream directions, with the flow tangency condition on each panel ensuring no
flow passes ‘through’ the walls.

A. The LACA Model

One of the primary limitations of MSC Nastran is in the implementation of the aeroelastic analysis modules,
which are limited to linear structural analysis. In the static aeroelastic module (SOLI44) the aerodynamic loads are
modelled using an implementation of the DLM]32-34], with linear deformations of the underlying structural model
being accounted for in the final estimation of aerodynamic loads [35]]. This analysis is built on the assumption of
small-displacements, which is not valid for both highly-flexible wings or wings incorporating [FFWTk. To augment
SOLI144, or other aerodynamic solvers, with nonlinear geometric deformations, previous researchers have coupled
aerodynamic solvers with the nonlinear structural analysis module (SOL106) within MSC Nastran [20 36, 37]. In
general these methods use the following process; the aerodynamic solver is run, ignoring structural deformations, to get
an estimate of the aerodynamics loads. These loads are then applied to the Nastran model as constant ’fixed point loads’
and a SOL106 analysis is conducted to estimate the nonlinear geometric deformations. The aerodynamic mesh is then
updated to match the deformed shape, and the process repeated until the solution converges.

As is explained in the rest of this paragraph, this type of analysis is not feasible when considering the deformation of
an In terms of load alleviation, Castrichini et al. [11] concluded that the best configuration for an is to
have a hinge with zero structural stiffness, which is the configuration used throughout this paper. In this configuration
the fold angle about which the model is in equilibrium is solely due to how the aerodynamic forces vary with fold
angle, rather than a balance of aerodynamic forces with ’internal’ strain. Therefore, if a constant aerodynamic force
was applied to the wingtip, as required in the aforementioned methodology, an infinite fold angle would be predicted.
However, a key feature of these methodologies is to alter the aerodynamic mesh to closely match the deformed shape of
the wing, which will be replicated in this paper. This approach ensures that the aerodynamic loads follow the deformed
shape of the lifting surface, instead of always being aligned relative to the undeformed position, as in the linear solutions.

At a given flight velocity - below the flutter speed - an[FFWT] stabilises at an equilibrium position called the coast
angle. The process outlined below aims to ensure the numerical model is|Linearised About the Coast Angle (LACA)|by
altering the structural and aerodynamic meshes of the baseline model to closely match the flight-shape of the deformed
wingtip at each test condition. In this paper the emphasis is on capturing the effect of large deformations of the
therefore the deformation of the inner wing will be assumed to be linear. Due to the flexibility of the experimental
model this assumption may reduce the accuracy of the simulations, however this effect was deemed to be second order
when compared to the effect of the[FFW'T] as presented in the rest of this paper.

An example of the "altered’ structural and aerodynamic models can be seen in Fig. [I0} To deform the structural
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model, all nodes on the wing are rotated by the root[AoA] and all nodes on the wingtip are rotated about the hinge line
by the coast angle. To deform the aerodynamic mesh, the panels on the wingtip are rotated about the chord-line the
intersects the hinge-line, by the fold angle. Note, as the aerodynamic panels must be parallel with the flow, this rotation
does not occur about the hinge-line, as such the change in the local and sweep angle is not accounted for in this
rotation.

To account for the flare-sweep effect, the sweep of the aerodynamic panels were varied on the wingtip, according to
Eq. (7). This consisted of warping the wingtip panels into a parallelogram with the same total area.

To account for the change in local there is a provision within MSC Nastran to specify an initial camber
or twist at each panel via the vector w®[33]]. This vector specifies the magnitude of an additional normalised velocity at
the collocation point of each aerodynamic panel, acting perpendicular to the panel, which is included in the evaluation
of the flow tangency condition at each collocation point. In this paper, this has been utilised to apply a change to the
local[AoA]on the wingtip at a given fold angle, according to the[GEM|(Eq. (6)). Furthermore, within MSC Nastran
an empirical correction factor can be applied, via the Wy matrix, to adjust the lift curve slope of each panel [33].
Due to the large relative thickness of the NACAO0O15 aerofoil profile used in the experimental model, this correction
factor has been utilised to account for the effect of thick aerofoils; with a weighted average of viscous XFOIL [3§]]
predictions, across the experimental range of Reynolds numbers, indicating a correction factor of 1.12 should be used
for a NACAOQO15 aerofoil profile, as shown in Fig. [T}

The process for deforming the aerodynamic mesh in the LACA model from the baseline model was automated in a
MATLAB [26] routine, allowing new models to be generated and tested rapidly.

B. Static Aeroelastic Response

For a given root[AoA]and velocity of interest, the static aeroelastic response of the model is calculated using the
following algorithm (using an initial coast angle of zero degrees):

1) Generate a[LACA|model at the given root[AoA] velocity, and coast angle

2) Run a static aeroelastic analysis (SOL144) and calculate the coast angle

3) If the coast angle has not converged return to step 1. (a convergence criteria of 0.1 degrees was used throughout

this paper)

During step 1 of this process an additional set of corrections are applied to the [LACA| model to account for the
deformation of the inner wing. As is illustrated in Fig. [T2]the deformation of the inner wing changes the local dihedral
angle at the tip of the inner wing, by an angle I'g, which will be further referred to as the [Hinge Dihedral Angle (HDA)|
(as the hinge lies at the tip of the inner wing). As shown in Fig. [I2] the [HDA] alters the direction of the zero-fold-angle
of the wingtip. Therefore, the fold angle used to deform the LACA model is the absolute rotation of the wingtip minus
the [HDA] The deformation of the inner wing can also lead to a change in the local twist angle at the hinge, changing the

a Constraints
[_]JAero Panels
Beams

a Mass
o Nodes
—— Plotel

LACA Model

Baseline Model

Fig. 10 An example of the LACA structural and aerodynamic mesh, at a fold angle of 30 degrees, compared
with the baseline model
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local root[AoA] of the FFWT] this along with the change in [HDA]are accounted for within the [GEM](Eq. (6)).

Additionally, consider the case in which the onset flow velocity is zero, e.g. when the only external forces acting
upon the model are gravitational. In this condition the equilibrium position of the wingtip, when there is zero net
moment about the hinge, will point vertically down, and there will be a negative [HDA] as shown in Fig. [T2] Therefore,
the fold angle of the wingtip will be less than 90 degrees. However, as only the wingtip is deformed when generating a
LACA model, when a model is produced with the correct fold angle, the wingtip will initially not point vertically down,
as shown in Fig. [[2] Hence, when a gravitational force is applied to this model a proportion of this force will produce a
moment about the hinge. As MSC Nastran models gravity as a constant force during the analysis, the magnitude of this
moment will not change and the wingtip will not reach the correct equilibrium position. Therefore, a fictitious moment,
or pre-load, must be applied to the hinge to ensure the moments are balanced about the hinge when the wingtip points
vertically down. The magnitude of this pre-load, M, can be defined as

N
M == mgl;sin(6+T) (12)
i=1

where m,, represented the mass of the ith element of the wingtip, and /; the moment arm of the ith element with
respect to the hinge line. During step 1 of the static aeroelastic algorithm, this pre-load is automatically calculated and
applied to the model as an additional moment about the hinge.

Furthermore, the accurate prediction of drag forces acting on an[FFWT|may be important when considering the
static aeroelastic response of the system, as dependent on the fold angle and attitude of the model, the drag force may
have a component which acts as a moment about the hinge.

As the purpose of this paper was not to accurately predict the drag acting on an[FFWT] a methodology has instead
been developed to gauge the sensitivity of the system to such forces. As such a simple model was developed in which
the induced drag on each panel was estimated using the local lift (L;) and downwash (w;), such that

Di = Ll' Sil‘l(Wl') (13)

Then, at each iteration of step 1, the drag on each panel of the wingtip was estimated from the previous run, and the total
contribution of these forces to a moment about the hinge axis was calculated. This moment was then used to augment
the pre-load applied about the hinge of the model in the next iteration.

C. Dynamic Aeroelastic Response
Flutter is a dynamic linear aeroelastic instability that occurs when one of the natural modes of an aircraft becomes
unstable. It is characterised by the growth of oscillations with ever increasing amplitude. The accurate prediction of
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|
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. . | 6
0 5 10 15

AOA [deg]

Fig. 11 The variation in the coefficient of lift with Fig. 12 Anillustration of the LACA model at a veloc-
AoA for a NACA0015 airfoil using viscous XFOIL sim- ity of zero m s~', pre and post applying the SOL144
ulations deformation
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the flutter boundary of an aircraft is of prime importance, as the occurrence of such a phenomenon within the flight
envelope would be catastrophic. The inbuilt dynamic linear aeroelastic module (SOL145) within MSC Nastran, uses an
implementation of the p-k method [23]] to predict the variation in the modal frequencies and dampings across a range of
flight velocities. These tools are inherently linear, but by applying this linear dynamic analysis about a nonlinear static
equilibrium position, a good prediction of the local stability of the system can be achieved [39].

Typically the SOL145 module would be called once across a range of flight velocities. However, as the underlying
LACA model will vary with velocity (due to the change in coast angle), the routine is called separately at each velocity
using the converged static aeroelastic model predicted using the methodology in section|[V.B]

Similarly to section [V.B] MSC Nastran does not account for the variation in gravitational forces with linear
deformations. Once again consider the case illustrated in Fig. [T2] of the model at a velocity of zero. In this configuration,
dynamic analysis should discover a *pendulum’ mode of the wingtip (in which the wingtip swings like a pendulum),
however SOL103 (used for modal analysis with no aerodynamic force) finds no such mode, as MSC Nastran models
gravitational forces as a constant that does not change with the deformation of the model. To resolve this effect, an
additional stiffness term K, must be applied to the hinge, which is defined by linearising Eq. (]'12[) about the coast angle
6., such that

_daMm

N
§="p :Z(m,-gli cos (0 +Tp)Th) (14)

0=6. i=1

This hinge stiffness is at a maximum when the wingtip points vertically down and zero at a fold angle of zero
degrees. Additionally at positive fold angles (when the wingtip is pointing up) this terms contributes a negative stiffness,
destabilising the system.

VI. Results

A. Static Aeroelastic Analysis

Figure [13] shows a comparison between the observed experimental and numerical coast angles. There is good
qualitative agreement between the data sets, with the coast angle increasing with velocity - which in turn reduces the
local AoA of the wingtip — with the rate of this increase reducing with velocity.

There are however notable offsets between the LACA model and the experimental results, particularly at higher
AoAs. At an AoA of 10 degrees, the LACA model consistently over predicts the coast angle by around 15 degrees,
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Fig. 13 Experimental and numerical variations in the coast angle with velocity and AoA
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Fig. 14 The numerical variation in the coast angle, local geometric AoA of the FFWT and the local hinge
dihedral angle, with velocity

suggesting the wingtip of the LACA model generates more lift than the experimental model - as a larger positive coast
angle indicates that a smaller or more negative local AoA is required to reduce the aerodynamic loads and balance
the moments about the hinge. This overproduction of lift at higher AoAs is not unexpected; as shown in Fig. [T1] the
constant lift-curve slope used in the numerical modelling over predicts the lift coefficient at an AoA of both 7.5 and
10 degrees. This oversimplification coupled with other nonlinear aerodynamic effects, such as the modelling of flow
around the hinge (in reality the hinge line is not parallel to the flow, potentially triggering additional 3D aerodynamic
effects such as flow separation) makes the accurate prediction of coast angles particularly difficult within MSC Nastran.

This conclusion is both important and unsurprising. Tools such as MSC Nastran are typically utilised early in the
design phase of an aircraft, with there low-fidelity models enabling the dynamic behaviour of an aircraft to be quickly
predicted, optimised and varied. This process is built on the assumption that small variations in the deformation do not
significantly affect the dynamic behaviour of an aircraft. If however small variations in the coast angle do significantly
effect the dynamic behaviour, a different methodology may need to be utilised for configurations incorperating FFWTs.

Quantitative variations aside, the numerical results can be expanded to provide a better understanding of the static
response of the system, with Fig. 6 showing the variation in the coast angle, local geometric AoA of the FFWT, and the
local dihedral angle at the hinge (the tip of the inner wing) from zero to 40 ms~". Firstly, as the velocity tends to zero,
the static equilibrium position of an[FFWT]with zero hinge stiffness is completely dominated by gravitational forces. As
such, the wingtip acts as a pendulum with a stable equilibrium position pointing vertically down. This effect is shown in
Fig. [T4] where at zero velocity the[CACA|model predicts a coast angle just under -90 degrees, due to the deformation of
the inner wing changing the [HDA] (the local dihedral angle at the hinge or tip of the inner wing), reducing the fold angle
required for the wingtip to point vertically down. This result is in contrast to that of the baseline model, which tends to a
coast angle (or more appropriately a local[AoA]) of infinity as velocity tends to zero.

Additionally, at zero velocity the weight of the wingtip is transmitted as a shear force through the hinge ‘pulling’ the

14



inner wing down. As velocity increases the magnitude of the aerodynamic forces acting on the wingtip increase. This
produces a positive shear force, reducing the total shear force transmitted across the hinge. This initial unloading of the
inner wing quickly reduces the corresponding to the rapid change between 0 and 15 ms~! in Fig. Beyond this
the [HDA] is dominated by the loading of the inboard wing, and increases with increasing velocity.

Another interesting feature of Fig. [[4]is that the local geometric[AoA]of the[FWT]initially increases with velocity,
before then reducing. This behaviour is due to the relationship between the fold angle and the local as described
in Eqn. (6), with Fig. [6]showing that the peak [AoA]for an[FFWT] with a flare angle of 10 degrees and an[AoA]of 10
degrees, occurs at a fold angle of roughly -45 degrees, which is the approximate location of the peak in Fig. [T4]

As the velocity increases from zero in Fig. [T4] the variation between the baseline and [LACA|model reduces until
there is good agreement between the two at low fold angles. As the velocity is increased further, the local of the
[FFWT]reduces to maintain a similar total lift on the wingtip, balancing the acrodynamic and gravitational moments
about the hinge. This reduction of the local[AoA| with velocity ensures that the contribution of wingtip induced drag
to the moment about the hinge is minimal at higher velocities, as shown in Fig. [[3] Hence, induced drag does not
significantly effect the predicted coast angles in flight conditions associated with cruise.

As the velocity tends to infinity - ignoring structural failures or instabilities - the coast angle will tend to the
zero-lift-angle, e.g. the coast angle at which the local effective[AoA] on the wingtip is zero - as an infinitesimal [AoAlis
required to balance the gravitational moment. However, as seen in Fig. [[4]the geometric [AoA]of the wingtip tends to a
negative value in all test cases.

To explain this behaviour, a modified version of the WT model will be used; imagine a wing with a flare angle of
zero degrees at an AoA of zero degrees. By ignoring structural deformations, in this configuration the local AoA of the
wingtip will always be zero, regardless of the fold angle. By varying the camber or twist of the inner wing (which is
analogous to increasing the root AoA), Fig. [I3]shows the effect of the inner wing’s spanwise pressure distribution on
that of the wingtip. It is important to note here, that although the model is a semispan wing, there is a gap between the
root of the wing and the tunnel wall, leading to the reduction of the pressure coefficient towards the root.

Although the local geometric AoA of the wingtip is always zero, Fig. [I5]shows that the influence of the inner
wing leads to an induced downwash on the wingtip, generating a positive lift. The area under the curve in Fig. [13]
is proportional to the total lift acting on the wingtip, with the total lift being shown to increase with both fold angle
and root AoA. If the moment about the hinge due to this aerodynamic force is greater then the that due to gravity, a
negative local geometric AoA is therefore required to balance the moments about the hinge. Furthermore, as the fold
angle increases from zero to 90 degrees, the moment due to gravity about the hinge will decrease (due to the effective
shortening of the moment arm). Therefore, at higher fold angles, less aerodynamic force is required to balance the
moments about the hinge, requiring a more negative geometric AoA on the wingtip.

The effect of this on a more representative example can be seen in Fig. [T6] which shows the spanwise pressure
distribution for both the baseline and LACA model at points A and B in Fig. [T4] Figure[[6]shows that at the higher root
AoA of 10 degrees, the spanwise pressure distribution of the LACA model reduces faster across the wingtip than all
the other cases, due to the negative geometric AoA present on the wingtip. Furthermore, as the predicted coast angle
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at point A is approximately 59 degrees, there is a significant reduction in the gravitational moment about the hinge,
meaning a smaller total aerodynamic force is required to balance the moments. This nonlinear effect has been captured
in the LACA model, with a significant reduction seen in the total area under the curve on the wingtip in Fig. [[6] Where
as, the baseline model is still balancing the moment about a fold angle of zero degrees, which requires significantly more
lift, and hence has a significant effect on the spanwise pressure distribution. At point B the coast angle is much smaller
(27 degrees), therefore there is a much smaller variation in the gravitational moment and hence a less pronounced effect
on the spanwise pressure distribution.

These observations lead one to conclude that in situations where fold angles are larger than 45 degrees, such as at
high[AoAk or during manoeuvres, accurately modelling the nonlinear variation in the moment due to gravity with fold
angle is important to predict both the coast angle of the wingtip and the pressure distribution along the entire wing.

As a final point in this section, it seems prudent to acknowledge the shape of the pressure distribution in Fig. [T6]
which deviates from the elliptical or bell shaped distributions which classically provide an optimal lift to drag ratio. As
only shear forces are transmitted across the hinge, the lift generated on an[FFWT]is only enough to support its own
weight, where as on a typical configuration this portion of the wing would produce lift far in excess of its own weight.
This is why industrial applications of this technology aim to "lock" the wingtip in place during cruise - for optimal
aerodynamic efficiency - whilst releasing it during gust encounters and manoeuvres, enhancing the flight envelope of
the aircraft, the so called Semi-Aeroelastic Hinge [[16, [18].

B. Dynamic Aeroelastic Analysis

At each simulated nonlinear equilibrium position in Fig. [T4]linear modal analysis was conducted to track how the
modal frequencies and dampings of the model varied with both velocity and root AoA. Figure [I7]shows the variation
in the first 3 modal frequencies and dampings for both the baseline case and the LACA model at an AoA of 2.5 and
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10 degrees. It should be noted that throughout this paper damping values are represented as the required additional
structural damping, g, to give zero overall damping. This is the standard notation, and has its roots in the formulation of
the "k"-method for flutter prediction [23]]. Consequently, stable damping values are presented as negative, and unstable
values as positive.

Regarding Fig. the dynamics of the model - particularly in relation to the primary flutter mechanism — are
dominated by the first two modes, and there is good frequency separation between the second and third mode. Therefore,
only the first two modes will be studied for the rest of this analysis.

Considering only the baseline case and starting at a velocity of zero, the frequency of the first mode grows linearly -
from zero - with velocity, until it interacts with the second mode, leading to flutter. This description is characteristic of
linear analysis of a wing incorporating an|[FFW'T] and similar figures have been shown in previous papers [11]], with the
linear growth in frequency due to the increased aerodynamic stiffness of the wingtip with velocity.

However in reality, at a velocity of zero an will act as a pendulum with a frequency proportional to the square
root of the distance between the hinge and the centre of mass of the wingtip. This effect is captured with the [LACA|
model, with Fig. |I7|showing that below a velocity of 5 m/s the first mode it dominated by the effects of gravitational
stiffness. This behaviour is further clarified in Fig. [I8 which shows that the mode shape at point A in Fig. is
dominated by a ‘pendulum’ motion, oscillating about a equilibrium position pointing vertically down. This mode will
be further referred to as the mode, and the second mode (mode B in Figs. [I7] & [I8) will be referred to as the first
bending mode.

As the velocity is increased from zero, multiple effects are contributing to the changes in both frequency and damping
of the first two modes. Firstly, as shown in Fig. [I4] the equilibrium position of the wing is changing (most notably
the coast angle is increasing), this both reduces the gravitational stiffness of the wingtip and changes its aerodynamic
stiffness, as indicated in Fig. [f] Additionally the magnitude of the aerodynamic stiffness is also increasing due to the
increasing dynamic pressure. This combination of nonlinear effects leads to highly complex behaviours between a
velocity of zero and the linear flutter speed, which are also dependent on the attitude of the model. For example, in Fig.
[17] at an AoA of 10 degrees, the frequency of the FFWT mode initially reduces with velocity (due to the rapid change in
fold angle reducing the gravitational stiffness), before then rapidly increasing. Whereas in the 2.5 degrees AoA case,
there is a gradual increase in frequency with velocity.

The primary flutter mechanism of this system is due to the increasing frequency of the[FFWT|mode with velocity
leading to the coalescence of the first two modes. Most notably, in Fig. [T7]the linear flutter speed of the LACA]model at
an of 10 degrees is significantly less than both the baseline model and the model at an of 2.5 degrees.
This finding is due to a rapid increase in the frequency of the mode between a velocity of approximately 15 to 18
m/s, leading to an earlier coalescence of the first two modes.

Between a velocity of 15 and 18 ms~! Fig. |13|shows that the coast angle of the model at an of 10
degrees increases from 0 to 30 degrees. As shown in Fig. [f] this corresponds to an increase in the magnitude of the
aerodynamic stiffness acting upon the wingtip, leading to the increase in frequency of the FFWT| mode.

In short, the primary flutter mechanism of this model is the coalescence of the and first bending mode. At
higher velocities the frequency of the FFWT|mode is dominated by changes in the aerodynamic stiffness of the wingtip,
and at higher[AoAk the peak achievable aerodynamic stiffness increases (as shown in Fig. [6). Therefore, the frequency
of the FFWT|mode can increase at a faster rate with velocity at higher[AoAk, causing an earlier coalescence of the first
two modes and a significant reduction in the flutter speed.

This conclusion is further supported by the experimental data, with Figs. 20[ & [21|showing a comparison between
the experimental and numerical modal frequencies and dampings across a range of AoAs. In general there is good
correlation between the data sets, particularly in the frequencies at lower AoAs, with both methods of excitation
producing comparable results.

One exception is the measured frequencies of the FFWT| mode at an AoA at 7.5 and 10 degrees, in which the
experimental frequencies are less than that predicted by the LACA model. This is likely due to two factors. Firstly,
at higher AoAs stall and 3D aerodynamic effects may significantly change the aerodynamic stiffness of the wingtip.
Secondly, there is an over prediction of the coast angle in these conditions (as shown in Fig. [[3]), with the lower coast
angles seen experimentally resulting in a lower aerodynamic stiffness of the FFWT] reducing the measured frequency.

Equally, when considering results close to the linear flutter speed. In the simulated results the two modes coalesce in
frequency but diverge in damping. This behaviour is not however clear in the experimental results, with only the 2.5
degrees root AoA case showing such a trend in Fig. 20| By looking back at Fig. [I7] we can inspect the modes shapes at
points C & D, shown in Fig. [I9] Due to the influence of damping, these modes shapes are complex, with the magnitude
at each node representing the amplitude of oscillation and the argument the phase shift of the oscillation. Figure[I9]
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shows that the mode shape at points C and D are similar, and only differ by the phase angle of the wingtip. These similar
mode shapes, coupled with the poor frequency separation and noise in the experimental data, meant it was very difficult
to separate these modes. Therefore, the disparities seen in the experimental damping trends towards the linear flutter
speed are likely an artifact of the [ERA|rather than a difference between the experimental and numerical models.

A comparison of the flutter speeds in Figs. 20/ & 21| can be seen in Fig. 22]. The experimental flutter speeds were
estimated by incrementally increasing the speed in the step response test until exponential growth of an oscillatory
motion was observed (at which point the string attached to the model was pulled taut to stop the motion). Therefore, the
experimental flutter speeds presented in Fig. 22]represent the range between the highest stable speed and the first speed
at which the model was unstable. Compared with the baseline model, by simply varying the root AoA a maximum
reduction of 28% was seen in the flutter speed of the experimental model. This variation is due the change in the
aerodynamic stiffness of the wingtip at different coast angles, which for low fold angles is primarily driven by the
fold-AoA effect described in section[[TI} As such it is envisaged that the scale of this effect will reduce with increasing
flare angle, due to the increased dominance of the flare-rwist effect. This can be visually seen in Fig. [6]in which the
variation of the peak aerodynamic stiffness of the wingtip decreases with flare angle. It is worth highlighting again
that the peak aerodynamic stiffness in Fig. [6] occurs at non-zero and coast angles, therefore, when geometric
nonlineariteis are accounted for, the worst-case predicted flutter speed will always be lower than that predicted by the
linear model.

Figure [22]also indicates a good correlation between the LACA and experimental values, particularly at high fold
angles further supporting the conclusion that increasing the root AoA, increases the aerodynamic stiffness of the FFWT
mode and therefore reduces the flutter speed of the model. However, there is a larger error between the flutter speeds of
the LACA and experimental models at lower AoAs.

The sensitivity of the LACA model to variations in the coast angle also decrease with increasing AoA (the error bars
of the LACA model in Fig. 22]represent the flutter speeds at +5 degrees coast angle). This greater sensitivity emerges
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from the variation in rate of change of aerodynamic stiffness with coast angle, as shown in Fig. [6] Considering again the
difficulties highlighted in section [VL.A]in regards accurately predicting the coast angle in medium to low fidelity model,
Fig. 22]highlights that relatively small uncertainties in the predicted coast angle can have a noticeable impact on the
flutter speed, with a ~ 3.5% variation in the flutter speed seen by varying the coast angle by +5 degrees at an AoA of 5
degrees. This suggests a different approach may be required for the estimation of the flutter boundary in the early design
stage of systems incorporating FFWTs. For example, instead of predicting the stability of an aircraft about the coast
angle, one could instead calculate the stability of the aircraft about the worst-case coast angle in each flight condition.

VII. Conclusions

The majority of research into has been conducted in the linear regime, linearised about a fold angle of
zero degrees. However, large rotations of the wingtip have been shown in nearly all studies, including wind tunnel
experiments and flight tests of a small Unmanned Aerial Vehicle (UAV). Such large rotations are analogous to those seen
in the modelling of highly flexible wings, and can introduce geometric and aerodynamic nonlinearities that significantly
affect the overall system dynamics. This paper explored how large variations in the fold angle of a wing incorporating
Flared Folding Wingtips (FFWT) could impact its static and dynamic behaviour and, in particular, reduce the predicted
linear flutter speed when compared to linear methods. To do this, a geometrically exact expression was formulated
to describe the change in both the local[AoA|and sideslip angle on a wingtip, across all fold angles. This expression
highlighted three primary mechanisms driving the geometric nonlinearities of FFWT devices. Additionally, this
expression indicated that the aerodynamic stiffness of an FFWT is a function of the fold angle, therefore, changes to the
attitude of the model (which can alter the coast angle of a wingtip) can affect quantities such as the linear flutter speed.
This effect was then verified using both: a wind tunnel model of a flexible semi-span wing incorporating an [FFWT]
and a new numerical modelling technique, utilising MSC Nastran, which linearised a model about the equilibrium
position of the wingtip. The results of these experiments showed that the geometric nonlinearities introduced due to the
large deformations of FFWTs can significantly affect the dynamics of the system, with flutter speeds varying by over
25%, simply by changing the root angle of attack of the model. Furthermore, good agreement was found between the
experimental and numerical results.
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