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work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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AN INTRODUCTION TO LATERAL STATIC AEROELASTICITY:
CONTROLLABILITY,LOADSAND STABILITY

1 INTRODUCTION

ThisDataltemintroduceslateral static aeroel asticity inwhich the effects of structural deformation onlateral
stahility, controllability and loading in steady lateral manoeuvres are considered.

The analysis of this Item is in line with the approach of Item 96037(8], which provided a qualitative
introduction to longitudinal aeroelasticity, where the effects of symmetric deformations on longitudinal
controllability, quasi-static loads, static stability, trim characteristics and quasi-steady pull-out manoeuvres
of both swept and unswept configurations are described. In thisItem, like the previous Item, consideration
isgiven to what happens when deformation, relative to areference state, of the various components, wing,
tailplane, fin, fuselage and engine nacelles and pylons, but here the deformations are antisymmetric, giving
rise to changes in lateral stability, controllability and in the antisymmetric |oading distributions.

The effects of deformations are quantified using the concept of modified derivatives in which the stability
derivatives associated with rigid aeroplane stability and controllability are changed to incorporate
deformation effects, assuming al dynamic effects can be neglected, a reasonable assumption in lateral
stability motions and lateral manoeuvres. The modified derivatives are derived in qualitative terms to
illustrate their behaviour, and the important roles of divergence speeds and reversal speeds are identified.

The effects of structural flexibility on the lateral stability characteristics are assessed by noting the changes
in the approximations for static stability, spiral mode, rolling subsidence and Dutch roll in terms of the
lateral stability derivatives when modified derivatives are used.

The steady lateral manoeuvres considered are those identified in 'Loading on arigid aeroplane in steady
lateral manoeuvres, Data Item 010101, namely, a 'steady horizontal turn’, 'steady horizontal straight
motion with an engine out' and 'steady horizontal straight sideslipping flight'. It is shown that although the
overal loads on a configuration with a flexible wing, fin and fuselage are the same as for the rigid
configuration, the loading distributions on wing and fin, as well as the effectiveness of the aileron and
rudder, are affected by structural flexibility.

Related Items that deal with loading in quasi-steady longitudinal manoeuvres are ltems 940091 which
concentrates on loading aspects, and 9404571, which deals with shear force, bending moment and torque.
Longitudinal static aeroelasticity analysis with assumed modes and normal modes are dealt with in Items
97032 and 9903319, respectively.
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2. NOTATION

Any coherent system of units may be used.
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coefficients of stability quartic (see Appendix A)

rate of change of sideforce coefficient with sideslip angle and rudder angle,
respectively (= dC,/dp, dC,/df)

wing span and fin height, respectively

dynamic pressure coefficient ( = (W/S)/(l/zpvtzrim) )

lift and sideforce coefficients, respectively (= L/(¥pVor -S), YI(VapVei Sein)

chord of fin and wing, respectively
drag

bending moment stiffness distribution

denotes distance between aerodynamic centre and flexural axis as a fraction of
chord, for fin and wing, respectively

constant-of-inertia ratios (see Item 67002[2])

denotes distance from flexural axis of centre of lift due to rudder and aileron,
respectively, as fraction of fin chord and wing chord

torsional stiffness distribution
acceleration due to gravity

distance in z-direction of aeroplane mass centre to aerodynamic centre of fin

=(egipt ec) and (e, + € ), respectively
inertia parameters (see Item 67002[2))

bending stiffness about built-in root and torsional stiffness about flexural axis,
respectively

overall moments about axes Ox and Oz, respectively
aeroplane lift

aero-normalised rolling moment derivatives due to f r and v, respectively
)

(= (ALIOPY/(apVyyimSD7) s (ALY (VapVyyi 1 SD7) s (AL IOV)(YopVy i1, SH) )

dimensional wing lift curve slopes due to incidence and aileron, respectively

aero-normalised roging and yawing momen% derivatives due to rudder deflection
(= (AL13O)(¥2pViyimSP) » (IN/IL) (Y20 V1 SD) )
aero-normalised roIZIing and yawing moment2 derivatives due to aileron deflection
(= (AL13E)/(¥2pViy; ySh) , (ON/OE)/ (Y2p Vi, SD) )

rim trim

distances in x-direction from aeroplane mass centre to aerodynamic centres of fin
and nose of aeroplane, respectively
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local lift
mass or mass distribution

aero-normalised yawing rrzloment derivatives due tozp, r and v, respectively
(= (ON/19P)/(Y2p Vi SD7) s (ON/Or ) (Y20 Vi S0™) » (IN/OV)/ (Y20 V1 SD) )

rim rim rim
origin of axis system for overall aeroplane

relates to order of magnitude of {...}

aeroplane angular velocities about x-, y-, z-directions, respectively
wing area and fin area, respectively

torque distribution

engine thrust

trimmed velocity of aeroplanein flight direction

aeroplane velocitiesin the x-, y-, z-directions, respectively
aeroplane weight

body axis directions for overall aeroplane with respect to origin O
axes associated with flexural axis, with origin at built-in root
overal forcein y-direction

fin sideforce distibution

aero-normalised sideforce derivativesdueto p, r and v, respectively
(= (YIOP) (¥2p Vi D) » (AYIOr ) (Y2p Vi SD) » (YIOV)/ (Y20 Vi S )

rim rim

aero-normalised sigeforce derivatives duezto & and C, respectively
(= (OYI0E)/(Y2pVyyiS) » (OYIOD)(YepViyimS) )

rim
distributions of bending and twist deformations along and about the flexural axis
assumed bending and twisting mode shapes, respectively

aeroplane angle of attack

aeroplane sidedlip angle

dihedral angle

bending of flexural axis dueto structural deformation

rudder angle or damping ratio

distancein z -direction between aerodynamic centre of fin and effectivefin root asa
fraction of fin height (see Equation (5.11))

aeroplane pitch angle

twist about flexural axis due to structural deformation
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sweep angle

eigenvalue of stability characteristic equation

relative density parameter (= (W/Q)/(¥2pSh))

aileron angle

ar density

unit of time in aero-normalised system (= M/(%2pV,,i S )
aeroplane bank angle

aeroplane yaw angle

natural frequency of oscillation

relates to Dutch roll oscillation
denotes divergence

denotes externa

fuselage

fin

relates to flexural axis
nacelle

nose of aeroplane

denotes reversal

denotesrigid aeroplane
tailplane

denotes trimmed flight
denotes unswept flexural axis
wing

relates to angle of attack
relates to rudder

relatesto aileron

refers to two-dimensional
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3. GENERAL DESCRIPTION
3.1 Scope and Applicability

In line with Item 96037(8] which provided an introduction to symmetric static aeroelasticity, the same
simplificationsin termsof aeroplane configuration and flight condition areintroduced for asymmetric static
aeroelagticity in the present Item.

() The aeroplane is assumed to be a classically-configured transport type aeroplane which restricts
the wing, tailplane and fin to medium and high aspect ratios, typically >4, and up to moderate

sweep angles, typically A <35°.

(i) The aeroplane flight condition is restricted to subsonic, asymmetric flight at either a steady level
flight condition or a quasi-steady asymmetric manoeuvring condition. All Mach number effects
areignored. Valuesin flight of the angle of incidence, pitch angle, flight path angle and sideslip
angle are assumed small. The contribution to lift from the thrust is neglected in line with the
qualitative nature of the discussion.

(iii) Wing, tailplane, fin and wing pylon flexibilities are assumed to take the form of bending and:
twist about an elastic, or flexural axis. Chordwise deformations are ignored. .

(iv) Fuselage flexibility is assumed to be limited to the aft fuselage; the front fuselage including thel
wing-fuselage junction is assumed to be rigid. 3

(V) Weight distributions of all parts of the aeroplane are assumed unaffected by deformation effects.

3.2 Reference Shape, Axis System and Motion

The basic aeroplane datum shape, known as the ‘jig shape’, is the shape of the aeroplane when al
deformations are zero throughout the structure, i.e. when all loads and internal stresses are zero. The
reference shape isthe shape of the aeroplane at a specified flight condition and deformations at other flight
conditions are then estimated relative to thisflight condition. These definitions arefully described in Item
9603718 and will be used in this Item.

The axis system is defined relative to the aeroplane reference shape and the Attached or Structural axis
system used here is the same as that used in Item 9603718, namely the axes are fixed in the rigid front
fuselage. Sketch 3.1 illustrates this system which shows the aeroplane in steady level trimmed flight and
in perturbed asymmetric flight. The system is of the right handed Cartesian type, Oxyz, with the x- and z-
axes chosen in the plane of symmetry of the aeroplane, the x-axis pointing forward, the z-axis pointing
downwards and the y-axis pointing to starboard.

ESDU Copyright material. For current status contact ESDU.

The aeroplane angular vel ocities about axes Ox, Oy and Oz, are respectively denoted by p, q and r.

The components of the linear velocity of the aeroplane in the x-, y- and z-axis directions are respectively
denoted by u, vand w, and theoverall resultant vel ocity of theaeroplane, relativeto air, isdenoted by Vtri m -
The velocitiesin they- and z-directions, v and w, are respectively related to the angle of sidedlip, 8, and
angle of attack, o, by

w = utana (3.1
and V. = VyimsSnB . (3.2
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Rigid front
fuselage

Flexible aft

trim fuselage
V.. 0
frim — tmm i L L
Horizontal in vertical plane through Ox
Steady Level Trimmed Flight
w= Vtrima

W//// 7
'\

Perturbed Flight '/
- w

Sketch 3.1 Attached axis system
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The resultant aeroplane velocity, Vi, IS given by

2 %
2 2 2 2 Y 2
Viim = [u + Vv o+ WJ = [u + (Vtrim smB) + (u tanoc) j ) (3.3)

For small o and B, Equations (3.1), (3.2) and (3.3) reduce to

w Virim @ vV = ViyimB and U = Vyim (3.4
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33 Controls

A conventional aeroplane is manoeuvred laterally by, usualy, all controls,

(i) thetwo primary longitudinal controls of throttle, which alters the thrust setting of the engines,
and forward and aft stick, or yoke, movement, which rotates the elevator, together with
secondary trim control of the elevator,

and (ii) and the two primary lateral controls of lateral stick, or yoke, movement, which changes the
aileron setting angle, &, and rudder pedal movement, which alters the rudder setting angle, C,
together with secondary trim control of the rudder.

The two main types of control system, manual control systemsfor smaller aeroplanes and powered control
systems for both larger aeroplanes and for high speed aeroplanes are described in Item 9603718 and apply
equally to latera controls as well as longitudinal controls. In both systems when it is assumed that the
control systemisrigid, asimple gearing ratio exists between forward and aft stick displacement and change
in elevator angle, lateral stick displacement and changein aileron angle and rudder pedal displacement and
rudder angle. Hinge momentsin the case of manual control systemsand artificial ‘feel’ systemsin the case
of powered controls provide stick and pedal forcesthat provide feedback to the pilot. Independent control
of elevator and rudder trim tabsisal so availableto the pilot to alter the elevator and rudder hinge moments,
and hence the stick and pedal forces, without altering the tailplane lift and fin force, respectively.

A lateral stick movement to starboard produces negative aileron deflection, i.e. an upward aileron deflection
on the starboard half-wing and a corresponding downward aileron deflection on the port half-wing, and
will generate apositiveroll rate, p, about the x-axis of the aeroplane. A latera stick movement to port will
produce identically opposite results.

A starboard pedal forward displacement and corresponding port pedal rearward displacement will produces
anegative rudder deflection angle, i.e. astarboard rudder deflection angle, generating a positive yaw rate,
r, about the z-axis of the aeroplane.

ESDU Copyright material. For current status contact ESDU.
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4, FLEXIBLE AEROPLANES

In Item 9603718 the deformation of the aeroplane components, wing, tailplane, fuselage and engine nacelle
pylons, under symmetric static |oading, resulted in symmetric wing bending and twist, symmetric fuselage
bending, symmetric tailplane bending and twist and symmetric bending and twist of a pair, or pairs, of
engine nacelle pylons (one of each pair of nacelles on either side of the fuselage). These deformations
depend upon the loading on the various surfaces, which in turn depend upon the stability and motion of the
aeroplane in the quasi-steady symmetric manoeuvre.

In lateral motion, asymmetric loading comprises symmetric plus antisymmetric loadings in which the
antisymmetric deformations are superimposed on the symmetric deformations. Antisymmetric loading on
the aeroplane components results in antisymmetric wing bending and twist, rear fuselage bending and
torsion, antisymmetric tail plane bending and twist, fin bending and twist and antisymmetric engine nacelle
pylon bending and twist. The flexible aeroplane model for the purpose of this Item is illustrated in
Sketch 4.1.

Finflexiblein
torsion and bending

Aft fuselage flexible

wing flexiblein in torsion and bending

Rigidfrontand  torsion and bending
central fuselage

) m

N 2 T
Engine nacelle pylon flexible Tailplane flexiblein
in bending and torsion torsion and bending

Sketch 4.1 Flexible aeroplane model
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The antisymmetric bending and torsion of the various components of the aeroplane can be represented by
the superposition of a set of semi-rigid modes or, alternatively, by a set of norma modes.

41 Component Flexibility
411 Wing

In line with the analysis of Item 9603718], each flexible half-wing acts as a cantilever built-in to a central
rigid fuselage. Each half-wing bends about an effective wing root and twists about a flexural axis which -
isnormal to the wing root. '

For an unswept half-wing the effective wing root is paralldl to the aeroplane centre-line while for a swept
half-wing the effective wing root lies at an angle to the aeroplane centre-line. Sketch 4.2 illustrates both
an unswept and a swept half-wing in which the flexural axis is denoted by y; . The unswept half-wing
thereforebendsin aplaneparalel to they-z plane of the aeroplane and twistsabout an axisin they-direction,
whereas the swept half-wing bendsin the y; -z plane, which is swept relative to the y-axis, and twists about
the y; -axis.
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X Flexural axis
(parallel to y-axis)

\'\‘ Flexural axis

Effective wing root Effective wing root

<y

Sketch 4.2 Unswept and swept wing models

Antisymmetric bending, with zero twist, involves one half-wing bending upwards whilst the other bends
downwards, asillustrated in the smplified model of a unswept configuration shown in Sketch 4.3.

ESDU Copyright material. For current status contact ESDU.

Wing AN \ Yr
——

Flexural axis

/
Fuselage (i o

\gﬂ/—ﬂge \
| —_ 5
\ Antisymmetric
bending B

Sketch 4.3 Antisymmetric bending of a simplified unswept configuration
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Antisymmetric twist of an unswept wing with zero bending, for the same simplified configuration, is
illustrated in Sketch 4.4 and showstwist relativeto the effective wing root, one side of the hal f-wing twisting
nose-up whilst the other twists nose-down.

Antisymmetric twist

Flexural axis

77777777 Dotted lines indicate
initial position

Antisymmetric twist
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Sketch 4.4 Twisting of a simplified unswept configuration

412 Fuselage

The flexible aeroplane mode considered in this Item isillustrated in Sketch 4.1, in which the aft fuselage
is considered flexible in bending, laterally (in the x-y plane) and longitudinally (in the x-z plane).

The aft fuselage can also twist about the x-axis.
4.1.3 Tailplane

Thetailplane flexibility characteristics are identical with those of the wing in which the two halves of the
flexible tailplane twist about the flexural axis of the tailplane and bend about an effective tailplane root.
The tailplane root is built-in to the flexible aft fuselage.
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414 Fin

The fin flexibility characteristics are akin to those of a half-wing but transposed to a vertical plane. The
fin actsas acantilever built-in to afin root taken as perpendicular to thefin flexural axis. Thefinwill bend
about an effective fin root and twist about the fin flexural axis. The fin root is built-in to the flexible aft
fuselage.

4.1.5 Engine Nacelles and Pylons

Due to antisymmetric loading on the nacelles and pylons, the pylons supporting the engine nacelles will
twist and bend in a highly coupled way, leading to nacelle displacement which includes mainly a twist
about an axis parallel to the z-axis of the aeroplane and bending in a plane parallel to the aeroplane y-z
plane. Changes in loading due to nacelle twist dominate whereas those due to bending are very small
compared with wing bending effects and are generally ignored.
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