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Abstract

There has been much recent interest in new aircraft configurations to enable improved fuel efficiency. The
concept of using flared folding wingtips (FFWT) to enable increased wing aspect ratios, whilst fitting airport gate
restrictions, reducing gust / turbulence loads and improving roll performance, has shown encouraging results
over the past 8 years. This paper considers a different loading case - the response of a flight mechanics
aeroelastic model of a commercial aircraft with FFWT to a range of lateral "one minus cosine" gusts with
different lengths. Comparisons are made between the locked and floating FFWT configuration responses
and it is shown that the FFWT provides improved performance through alleviation of the deflections (and by
implication the loads) but has little effect on the overall flight mechanics responses.
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1. Introduction
In recent years, there has been considerable research into the Floating Folding Wingtip (FFWT) con-
cept, often referred to as the Semi-Aeroelastic Hinge (SAH) when referring to the situation when the
wingtip is released on encountering a gust. This device allows the span of an aircraft to be reduced
on the ground by folding the wingtips up on landing - allowing aircraft to operate using current airport
infrastructure restrictions - whilst also having a larger span during flight and thereby reducing the
induced drag. With regard to civil aircraft, currently such devices are only operated on the ground,
such as on the Boeing 777x; however, its inclusion raises the question as to whether such a device
could be utilised in-flight for aerodynamic or structural benefits.

One such device is the Flared Folding Wingtip (FFWT) [1–12] . As shown 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, Λ. In this configuration an

Figure 1 – Schematic of Floating Folding Wingtip
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increase in the fold angle, θ , produces a decrease in the local Angle of Attack (AoA), and vice versa
in the other direction. Therefore, when a FFWT is free to rotate, the fold angle tends to an equilib-
rium position, defined as the coast angle, about which the aerodynamic and gravitational moments
balance, and the system is statically stable. Initial experimental and numerical research focused on
the use of FFWTs as a passive gust alleviation device [1–6], as the large spanwise moment arm of a
wingtip means such a device has a significant impact on the bending stresses seen along the entire
wingspan. In the majority of these studies, absolute fold angles above 20 degrees are regularly seen.
This geometric nonlinearity can significantly affect the overall system behaviour, with recent studies
showing that accounting for this geometric nonlinearity can affect the load alleviation [13] and flutter
speed [10] of a wing incorporating FFWTs.

Further research has focused on quantifying the effect of FFWTs on the handling qualities [8] and
roll performance [9] of an aircraft, and flight tests have been conducted using the AlbatrossOne Un-
manned Aerial Vehicle (UAV) [14, 15]. In particular, these flight tests showed that as the sideslip
angle of the aircraft was varied, so did the equilibrium position of the wingtips, and at some critical
sideslip angle the wingtips became unstable and folded on top of the inner wing. Furthermore, the
coast angle and static stability of a FFWT was shown to be dependent on the flare angle [3]. As
the flare angle increases the rate of change of aerodynamic forces on the wingtip with fold angle
increases, reducing the required change in fold angle to achieve the same change in local AoA, and
affecting its stability [3]. Similarly, as flare angle decreases, the rate of change of aerodynamic forces
decreases and at a specific flare angle the rate of change of forces may change sign and the wingtip
may become unstable. Conti et al. [16] numerically showed that, in terms of wingtip stability, chang-
ing the sideslip angle of an aircraft is equivalent to changing the flare angle of the FFWT, with the
sideslip angle at which the wingtip becomes unstable being predicted as equal to the flare angle.
However, flight tests with the AlbatrossOne UAV [15] found that the critical sideslip angle was signifi-
cantly less than the flare angle of 17.5 degrees, with the wingtip becoming unstable and folding on-top
of the inner wing at a sideslip angle of approximately 8-9 degrees, albeit there was a large amount
of uncertainty in these measurements due to the dynamic nature of the flight test environment. The
above findings may have significant implications for the handling qualities of an aircraft, as in flight
conditions in which large sideslip angles could be achieved, such as in low speed manoeuvres and
landing, the wingtips may either become unstable or fold over and collide with the inner wing, signif-
icantly changing the handling characteristic of an aircraft, potentially with catastrophic consequences.

This paper numerically explores a further important consideration for an aircraft incorporating the
FFWT concept, the effect of lateral gusts on the aircraft behaviour. The response of a free-flying
aircraft computational model with FFWTs to "1-cosine" lateral gusts is compared to the case where
the wingtips are fixed. The findings from this work add to the current body of knowledge on the design
of the FFWT concept.

2. Flight mechanics model
In this section, a flight mechanics model incorporating folding wingtips is described, including details
on formulation of the underlying equation of motions. Figure 2 shows a schematic representation of
the numerical model, with corresponding parameters listed in Table 1. In this numerical formulation,
only wing flexibility is considered, while the fuselage and empennage are assumed rigid. Mass dis-
tribution of each wing is assumed uniform, with the elastic axis lying on the 50% chord position. Strip
theory is used for computing the aerodynamic forces generated by the wings and the tail surfaces,
with the aerodynamic axis located at the quarter-chord. The fuselage is assumed to generate zero
lift. The wing motions are characterised using two elastic modes for the ease of formulation: first
mode bending (quadratic bending deflection) and torsion (linear twist). The Lagrange equation is
then employed to obtain the equations of motions in a second-order form. A similar approach is used
to formulate the equations of motion of the folding wingtips, which are assumed to be rigid bodies.
[17]
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2.1 Wing motions
Bending displacement, Zw, and torsional displacement, θw, of the wing can be expressed as

Zw(x,y, t) =
( y

b

)2
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( y
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)
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θw(x,y, t) = (
y
s
)qt(t) (2)

where qb(t) and qt(t) are the corresponding generalised coordinate of wing bending and torsion re-
spectively. x− x f is the chordwise distance between the bending and torsion axes. Therefore, the
kinetic energy, Twing, and the strain energy Ewing of the wing can be written as
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where h is the normalised distance between the elastic axes, and ch is the local chord length at
each spanwise position. A linear variation in local chord length with span, and therefore it may be
formulated as

ch(y) =C0 − ky (5)

where k is a constant determined by the taper ratio. The incremental work done by the aerodynamic
forces is formulated as,

δWorkwing =
∫ b

0
−dLW (

y
b
)2

δqb +dMW (
y
b
)δqt (6)

where dLW represents the elemental lifting force acting on the wing, and MW is the moment produced
by the lift with respect to the wing elastic axis. For brevity, the derivation follows the starboard wing
from hereon-in, while the contributions from the port wing can be derived using the same approach.
Entities relating to the starboard wing is differentiated by the subscript R. Consider an elemental
chordwise strip with length of ch on the starboard wing panel, as shown in Figure 2, the lifting force
can be expressed as

dLW,R = QRawch(y)dyαT,R (7)

QR is the local dynamic pressure. αT,R is the effective angle of attack, which can be related to wing
bending, qb,R, torsion, qt,R and motions of centre of mass as
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where W is the normal velocity, Wg is the vertical gust, V is the sideslip (lateral velocity) and p is
the roll rate. The influence of yaw rate, r, on the aerodynamic forces on the wings is considered as
a second order effect and it is therefore neglected in this study. The chordwise component of the
velocity, Uc, on the strip can be related to the sweep angle, λ , and flight velocity, U , as

Uc =U cos(λ ) (9)

In the presence of a sideslip angle, β , this component becomes

Uc =U cos(λ −β ) (10)

and using the small angle approximation, the dynamic pressure on the local chord ch, can be calcu-
lated as

QR =
1
2

ρU2(cos(λ )2 −2β cos(λ )sin(λ )) (11)
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Since the aerodynamic centre (ac) of each strip is located at the quarter-chord, the elemental moment
acting on the strip, dMW,R, with respect to the elastic axis (x f ) is found as

dMW,R = dLW,R(0.25ch)+QRCmc2
hdy+QRc2

hM
θ̇

yq̇t

4bU
dy (12)

where M
θ̇

represent the unsteady aerodynamic derivative which contributes to torsional damping [17].
By substituting Eq.(3),(4) and (6) into the Lagrange formulation, the wing motion can be expressed in
the form

M
{

q̈b,R
q̈t,R

}
+D

{
q̇b,R
q̇t,R

}
+K

{
qb,R
qt,R

}
= FAero (13)

(a)

(b)

Figure 2 – Schematic drawing of an aircraft model incorporating folding wingtips. The coordinate
system represents the body-axes with the origin located at the mid-chord position at the wing root.
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2.2 Wingtip motion

Figure 3 – Flared folding wingtip.

The folding wingtips are considered as rigid bodies and therefore the kinetic and potential energy
relating to the wingtips become

Tf wt =
1
2

m f wt( ˙⃗r f wt)
T · ˙⃗r f wt (14)

U f wt = m f wtg
∂ ⃗r f wt

∂ z
(15)

where ⃗r f wt is the position vector of the centre of mass of the wingtip, cg, as shown in Figure 3. This
vector refers to the position of the centre of mass, after accounting for the current folding angle, θ f ,
as well as the deflection of the wing. Incremental work due to lift on the wingtip can be found as

δwork f wt = L f wtδ r⃗ac (16)

where r⃗ac is the position vector of the aerodynamic centre, ac, which is treated in the same way as
⃗r f wt by considering the instantaneous folding angle of the wingtip and the deflection of the wing. L f wt

is the lift generated by the wingtip which is calculated using the same approach as the wing. By
applying the Lagrangian approach to the expressions from Eq.(14) to (16), the equations of motion
for the folding wingtips can be written in the form of a second order differential equation such that

Mθ̈ f wt +Dθ̇ f wt +Kθ f wt = FAero +Awing(qb,qt , q̇b, q̇t , q̈b, q̈t) (17)

where Awing contains all the dependencies related to wing deflections. These equations are then
combined with the wing motion equations and solved numerically as a single system.

2.3 Aircraft motion (six DOF model)
In this section, equations for the six degree-of-freedom motion of the aircraft are derived in the body
axes using Newton’s law. The generalised six degree of freedom equations of motion for a symmetric
aircraft can be expressed as [18]

m(U̇ − rV +qW ) = X

m(V̇ − pW + rU) = Y

m(Ẇ −qU + pV ) = Z

Iz ṗ− (Iy − Iz)qr− Ixz(pq+ ṙ) = L

Iyq̇+(Ix − Iz)pr+ Ixz(p2 + r2) = M

Iyṙ− (Ix − Iy)pq+ Ixz(qr− ṗ) = N

(18)
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where X ,Y ,and Z are the axial, side and normal forces. p,q,and r are the roll, pitch and yaw rate.
L,M,and N are the roll, pitch and yaw moment. The axial force, X , comprises of engine thrust,
resultant lifting force, Lall, weight components and drag force may be expressed as

X = T hrust +LT L sin(
W
U
)−mgsin(θ)− 1

2
ρU2SWCD (19)

where Lall comprises of the lifting forces on the wings, LW , and horizontal tail, LT , and are written as

LT L =−
∫ b

0
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∫ b

0
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W
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U
)+η

dCL

dη
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where ST is the planform area of the horizontal tail, η is the elevator angle, and aT is the lift-curve
slope. For simplicity, the effect of sideslip has on the horizontal tail is neglected in this work. It is
assumed that the side force, Y , is mainly caused by the vertical tail, drag of the fuselage and gravity.
By substituting Eq. (19) into to Eq. (18), the side force equation can be obtained.

Y = mgφ +
1
2

ρU2SF
[
aF(−

V
U

+
lFr
U

)+ζ
dCL

dζ

]
− 1

2
ρU2SB

V
U

yB (22)

where SF is the planform area of the vertical tail, SB is the projected fuselage side area and ζ is the
rudder deflection angle, and the term, V

U yB is equivalent to the lateral drag coefficient of the fuselage.
The normal force Z (positive downwards), is determined through subtracting the lifting forces from the
gravitational force such that

Z = mgcos(θ)−Lall (23)

where the small angle approximation, cos(θ) ≈ 1 is assumed. The roll moment, L, is predominantly
caused by the vertical tail and the differential lift across the wingspan caused by aileron deflection
and sideslip giving

L =
∫ b

0
y(dLW,L −dLW,R)+

∫ ya2

ya1

y(dLaW,L −dLaW,R)−
1
2

ρU2SFaF
V
U

hF (24)

where hF is the vertical distance between the aerodynamic centre of the vertical tail and the centre of
mass of the aircraft. ya1, and ya2 are the relative spanwise position of the aileron. dLaW,L and dLaW,R

are the elementary lift on the port and starboard wing caused by the aileron deflections, which are
expressed as

dLaW,L =−QLchdy
dCL

dξ
ξ (25)

dLaW,L = QRchdy
dCL

dξ
ξ (26)

The pitching moment, M, of the aircraft is predominantly contributed to by the lift on the wings and
the empennage, thus

M =
∫ b

0
dLW,Lhw +

∫ b

0
dLW,Rhw +

1
2

ρU2Cm

∫ b

0
c2

hdy−LT lT (27)

where hw is the distance between aerodynamic centre of each strip and centre of mass of the aircraft
which varies linearly along the wingspan as a function of the sweep angle, λ

hw = G0 +0.25C0 − y tan(λ ) (28)

G0 is the centre of mass position of the aircraft relative to the origin of the body axis shown in Figure
2 (b). The yaw moment, N, is mainly provided by the vertical tail, and can be calculated through the
expression
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N =−1
2

ρU2SF lF
[
(
lFr
U

− V
U
)aF +

dCL

dζ
ζ
]

(29)

The six degree of freedom equations of motion are then obtained by substituting Eq. (19),(22), (23)
(24),(27), (29) into Eq. (18).

Table 1 – Summary of the aircraft configuration.

Aircraft geometric parameters Value
Wingspan (b0) 31.0m
Wing planform area (SW ) 122.4 m2

Taper ratio 0.24
Aspect ratio (AR) 9.39
Horizontal tail planform area (ST ) 31.0 m2

Vertical tail planform area (SV ) 21.5 m2

Wing sweep (λ ) 25.0◦

Wing dihedral (γ) 5.0◦

Wing initial setting angle (α0) 4.0◦

Horizontal tail initial setting angle (i) -2.0◦

Aileron position(ya1 to ya2) 0.7b to 0.9b
Horizontal tail moment arm (lT ) 13.53m
Vertical tail moment arm (lF ) 12.53m
centre of mass position (G0) 25% MAC
Folding wingtip flare angle(Λ) 15◦

Mass configurations
Aircraft mass (m) 50000 kg
Wing density (ρm) 60 kg/m2

Roll inertia (Ix) 1.267×106 kg.m2

Pitch inertia (Iy) 2.441×106 kg.m2

Yaw inertia (Iz) 3.925×106 kg.m2

Aerodynamic characteristics
Wing lift-curve slope (aW ) 5.5 /rad
Horizontal tail lift-curve slope (aT ) 3.9 /rad
Vertical tail lift-curve slope (aF ) 2.5 /rad
Elevator lift-curve slope (dCL

dη
) 1.5 /rad

Aileron lift-curve slope (dCL
dξ

) 0.4 /rad
Rudder lift-curve slope (dCL

dζ
) 0.85 /rad

Moment coefficient of the wing (Cm) -0.1
Flight case
Altitude 36000 ft
March number 0.78
Air density 0.4 kg/m3

Trim drag coefficient (CD) 0.036

3. Lateral Gust Response Behaviour
The flight mechanics numerical model was trimmed to the flight condition specified in Table 1, corre-
sponding to 220m/s airspeed, which gives a coast angle at cruise of 16.6◦. A wide range of param-
eters for the overall aircraft behaviour and also the wing and wing-tip deflections were computed for
lateral gusts, from the starboard side, of lengths between 20m and 220m as per the EASA airworthi-
ness regulations. Both floating and fixed wing tip conditions were considered. Figures 4 to 10 show
typical responses for the 100m gust length of the following interesting quantities:
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• Port Wing bending at hinge

• Starboard Wing bending at hinge

• Port Wing FWT angle

• Starboard Wing FWT angle

• Aircraft Roll angle

• Aircraft Pitch angle

• Aircraft Yaw angle

It can be seen that there is a rapid damped oscillation for the wing bending deflections and fold
angles corresponding primarily to the first wing bending mode, whereas the aircraft roll, pitch and
yaw motions are of a much lower frequency, relating to the aircraft dynamic modes.

Figure 4 – Port Wing bending at hinge from 100m Lateral Gust.

Figure 5 – Starboard Wing bending at hinge from 100m Lateral Gust.

Considering the wingtip hinge motion and corresponding wing bending deflections at the hinge
through the duration of the gust, Figure 11 shows how the starboard wingtip rotates upwards (de-
crease in lift) whereas the initial motion of the port wingtip is a downward rotation (increase in lift). At
a first glance the bending motion, shown in Figure 12 of the two wings is contrary to what might be
expected, as the starboard wing initially deflects in upward direction while the port wing bends down.
In general, the fixed case wing deflections are greater than those of the floating wingtip case. How-
ever, it is worth mention that the aircraft is incorporated with swept-back wings, where the presence
of the sweep angle will overcome those of the FFWTs. Following the initial deflections there are some
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Figure 6 – Fold angle of port folding wingtip from 100m Lateral Gust.

Figure 7 – Fold angle of starboard folding wingtip from 100m Lateral Gust.

Figure 8 – Aircraft roll angle from 100m Lateral Gust.

damped oscillations before returning to the trim condition.

Figure 13 considers the effect of gust length on the FWT hinge fold rotations. For the locked hinge
case, the rotations are zero by definition. When the hinges are unlocked, the starboard wing hinge ro-
tations are much greater than those of the port wing, as the lateral gust pushes the starboard wingtip
to larger deflections. Beyond a gust length of 60m the minimum starboard wingtip rotation is negative.

Figure 14 shows the maximum and minimum, port and starboard, wing bending deflections for the
floating and locked wingtip cases undergoing varying gust length excitation. It can be seen that the
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Figure 9 – Aircraft pitch angle from 100m Lateral Gust.

Figure 10 – Aircraft yaw angle from 100m Lateral Gust.

Figure 11 – Folding wingtip hinge angle response.

maximum wing bending is generally higher for the starboard wing when the wingtips are locked, but
not by a great deal. This effect is due to the backward sweep and dihedral of the wings enabling the
starboard wing to gain higher lift. When the wingtips are unlocked, the starboard wing still deflects
more than the port wing; however, the rotation of the floating wingtips, as shown previously in Figure
13, reduces the total lift gain and thus results in lower bending deflections when compared with the
locked case. This reduction in deflection also implies that the resultant bending moments along the
wing are lower.

Figure 15 shows the comparison between the locked and floating wingtip cases for maximum and
minimum roll, yaw and pitch motions with respect to lateral gust length. It can be seen that the range
of roll and yaw motion is similar between the two wingtip cases. For the pitch motion, the range of
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(a) FWT floating.

(b) FWT locked.

Figure 12 – Wing bending response from 100m Lateral Gust.

motion is marginally reduced when the wingtips are floating. These initial results indicate that the
flared folding wingtips will only cause a negligible impact on the overall aircraft dynamics.
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(a) Port wing. (b) Starboard wing.

Figure 13 – Max & Min Wingtip fold angle with respect to gust length.

(a) Port wing. (b) Starboard wing.

Figure 14 – Max & Min Wing bending response with respect to gust length.
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(a) Roll Angle (b) Yaw Angle

(c) Pitch Angle

Figure 15 – floating and Locked Aircraft: a) roll angle, b) yaw angle and c) pitch angle, response with
respect to gust length.
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4. Conclusions
This paper present a study into the effect of lateral gusts on the flight behaviour of an aircraft in-
corporating the Flared Folding Wing Tip concept. A numerical flight mechanics aircraft model was
developed and used to explore the response to a family of different length lateral "one minus cosine"
gusts when floating folding wingtips were implemented . These results were compared to the case
where the folding wing tips were fixed. It was found that whereas the folding wingtips were beneficial
in terms of reducing the wing bending deflections (and by implication the bending moments) they had
little effect on the overall aircraft flight mechanics behaviour during a lateral gust encounter.
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