ONA
RONAUT

13-17 SEPT 2026
N A R A A icas2026.com

AILERON EFFICIENCY ANALYSIS OF FLEXIBLE
HIGH-ASPECT-RATIO WING

Yue Zhao'?, Jiawen Hel?, Xinyuan Weil?, Tieren Chen'? & Yong Yang'?"

1School of Aeronautics, Northwestern Polytechnical University, Xi'an, 710072, PR China
2National Key Laboratory of Aircraft Configuration Design, Xi'an, 710072, PR China

Abstract

This paper investigates the aileron efficiency of the flexible high-aspect-ratio wing, which representing a
prevailing design approach of high-altitude long-endurance aircraft and commercial airliners. To address the
accurate impacts of aeroelastic deformations on static aileron efficiency and dynamic roll maneuverability, the
simulation study leverages an aeroelastic-flight dynamics platform, which captures geometrically nonlinear
effects induced by large deformations and analyzes aileron efficiency by deflecting ailerons at various spanwise
locations. The key contributions of this paper are summarized as follows: First, an enhanced modal approach
is developed on the basis of the traditional modal approach. This method retains the inherent simplicity of modal
approach while capturing the geometric nonlinearities arising from large structural deformations. Second, the
influence of aeroelastic deformations on the static aileron control efficiency of HARW is quantitatively studied.
Third the influence of aeroelastic deformations on free-flight dynamic roll maneuverability is clarified for flexible
HARW with the roll degree of freedom released.
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1. Introduction

In recent years, aircraft design has been moving towards the direction of increasing lift and reducing
drag to achieve the goal of high efficiency and environmental friendliness. High-aspect-ratio wings
(HARWS), due to their lower induced drag, have demonstrated superior aerodynamic characteristics
and widely used in the design of high-altitude long-endurance (HALE) aircraft and civil airlinerst,
Nevertheless, HARWSs have the characteristic of high flexibility. Affected by aerodynamic loads, the
wings will undergo significant bending and torsional deformations, resulting in strong aero-structural
coupling phenomena. In such situation, the impacts of aeroelasticity on aircraft aerodynamic
characteristics and aileron efficiency have become increasingly important and non-negligible.

With the increase of aspect ratio and lightweight structural design, the flexibility of the wing rises
significantly. Under aerodynamic loads, lightweight flexible high-aspect-ratio wings undergo large
bending and torsional deformations. The stable state of the structure under loading exhibits obvious
geometric differences from the original configuration, and the small deformation assumption adopted
in the conventional linear analysis framework no longer applicable. Nevertheless, the internal strain
of the wing structure remains small, and the stress—strain relationship of the material stays within the
linear elastic range. Therefore, aeroelastic analysis of high-aspect-ratio wings must account for this
effect of large displacement but small strain, which named geometric nonlinearityl.

Compared with linear systems, geometric nonlinearity is mainly reflected in the following aspect:

High-aspect-ratio flexible wings exhibit obvious spanwise displacement under large deformation,
which is defined as the shortening effect. If geometric nonlinearity is ignored, the projected area of
the wing remains unchanged, but in fact the projected area changes significantly after deformation®l.

During flight, an aircraft controls its flight direction by deflecting control surfaces. As a primary
mechanical component of the aircraft flight control system, control surface deflection generates
variations in aerodynamic moments for the whole vehicle, and controls the aircraft’s pitch, roll, yaw,
as well as various maneuvering motions, thereby achieving precise flight attitude control. Therefore,
determining the control efficiency of control surfaces is extremely crucial during the design phase of
the aircraft control system module.

As one of the primary control surfaces of aircraft, ailerons are generally arranged at the outer part of
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the wing. Differential deflection of ailerons produces rolling moments to drive the aircraft into rolling
motion. Hence, research on aileron control efficiency and precise aileron control constitute an
important research topic in the field of high-aspect-ratio wing studies. Furthermore, high-aspect-ratio
aircraft are usually equipped with multiple aileron control surfaces, and aeroelastic effects impose
influences of various degrees on the aileron control efficiency at different spanwise positions.
Accordingly, it is very important to analyze the effects of aileron spanwise layout and aeroelasticity on
aileron control efficiency.

To accurately obtain the structural deformation of high-aspect-ratio wings under aerodynamic loads,
numerous scholars have carried out extensive exploratory research. In terms of wind tunnel
experiments, Airbus collaborated with the University of Bristol in 2018 and conducted systematic wind
tunnel tests on a high-aspect-ratio wing model in the 12ftx12ft low-speed wind tunnel at the Airbus
Filton facility, based on the Agile Wing Integration (AWI) project. In terms of numerical computation,
Ritter et al. proposed an enhanced modal method. By introducing high-order stiffness terms and high-
order modal components, this method retains the simplicity of the traditional modal method while
overcoming its inherent limitation in capturing geometric nonlinearity under large deformation. Taking
the X-HALE UAV developed by the University of Michigan as the research object, they performed
fluid—structure interaction analysis in MSC Nastran, where beam elements were adopted for the
structural model and the unsteady Vortex Lattice Method was employed to compute aerodynamic
forcesl. Aiming at the failure of linear analysis caused by the large-deformation geometric nonlinear
effect of high-aspect-ratio wings under aerodynamic loads, Yang Zhichun from Northwestern
Polytechnical University proposed an aeroelastic analysis method based on the Nastran, and
conducted investigations on quasi-linear modal and flutter characteristics. Numerical examples show
that geometric nonlinearity leads to a remarkable reduction in wing torsional frequency, and the
nonlinear flutter velocity is lower than the linear flutter velocity!®!,

Regarding aileron efficiency studies, X. F. He et al. developed a flexible wing model with aileron
freeplay, and investigated the effects of aileron freeplay nonlinearity on limit cycle oscillations (LCO)
by combining ground vibration tests and low-speed wind tunnel tests. The results demonstrated that
increasing aileron freeplay leads to a significant reduction in flutter divergence speed and an overall
increase in oscillation amplitude, while the aileron spanwise position changes the critical coupling
statel”. For the control surface layout of aeroelastic wing boxes, Stanford proposed a control surface
layout optimization technique integrating the concept of topology optimization, taking the Common
Research Model wing box as the research object®l.

In preliminary aeroelastic analysis, modal approach is widely utilized owing to its capability to simplify
structural simulation and thus saving the computation resources. However, traditional modal approach
(MA) fails to account for geometrically nonlinear effects under large deformation. While the finite
element method (FEM) enables accurate capture of geometric nonlinearities, but has the problem of
excessive computational costs. To address the aforementioned issues, this paper aims to investigate
the influence of aeroelastic deformation on static aileron control efficiency and free-flight dynamic roll
maneuverability of HARWs based on an aeroelastic-flight dynamics platform embedded with
enhanced modal approach (EMA) .

2. Technical Foundation

The aeroelastic-flight dynamics platform of numerical simulation is established through the coupling
of Computational Fluid Dynamics (CFD), Computational Structural Dynamics (CSD), and Flight
Dynamics (FD). Within this platform, the EMA is adopted to capture the accurate influence of
aeroelastic deformations. Aerodynamic characteristics, load distributions, aileron effectiveness,
rolling responses and geometrically nonlinear effects under large deformation of the HARW wings are
investigated based on the platform. This paper focuses on the static aileron control efficiency and
dynamic roll maneuverability with the roll degree of freedom (DOF) produced by deflecting aileron at
various spanwise locations.

2.1 CFD Governing Equation

The three-dimensional arbitrary Lagrange-Euler Navier-Stokes equations can be written as:
0Q oF oG oH
—+—+—+—=0 (1)
o4 ox oy oz

In Eq.(1), Q:[p, LU, pv, pW,pE]T is the vector of conservative variables, pis density, u,vandw
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are the components of velocity, E is total energy of per unit mass. F,G and H are flux terms in three
coordinate directions.
F=[pU, pu® + P —Tx, PUV — Ty, PUW — Ty, pHU — ;]
G =[pV, puv — 7y, pV* + P =7y, YW =7y, pHV = b, ] @
H =[pW, pUW — T, PVW — Ty, pW* + P — T4, pHW =D, ]

In Eq. (2), pis pressure, H is total enthalpy of per unit mass, z;;is viscous shear stress.

2.2 EMA Governing Equation

The modal approach reduces the order of the physical displacement expansion via modal truncation,
which lowers the computational cost of the structural governing equations. When structural damping
is ignored, the corresponding modal equation is given as follows.

L} =[4He = Y0 O ®
Where ¢, (i=1,2,---,n) denotes the modal displacement of each order, {¢};, =[4" ¢ - 4T

is the corresponding mode shape, and {u} represents the physical displacement vector in the

structural coordinate system. But this method is only applicable to linear deformation. Therefore, to
retain the simplicity of the modal method while capturing the geometric nonlinear effect induced by
large structural deformations, this paper improves the traditional modal approach. By introducing high-
order modal components and high-order stiffness terms, the EMA captures the geometric nonlinearity
arising from large structural deformations®.

From the conservation of total potential energy:
7=U+V =const 4)
where U represents the structural strain energy, and V is the external load potential energy.

Expressing the external load potential energy in the form of the product of nodal forces and nodal
displacements:

7=U+V =U =) PA, =const (5)
i=1
Taking the partial derivative of the nodal displacement with respect to the i-th node yields:
& _p ©
oA,
Extended to modal coordinates:
oU
—=Q (7
aq; ©

The physical meaning of Eq. (7) is that the partial derivative of the strain energy with respect to a
certain modal displacement equals the generalized force in the corresponding direction. Regarding
the strain energy as a function of modal displacement q = (ql, 0, )T , the strain energy U is expanded
by the Taylor series at q=0'

aZU 1 m m m aSU
ZZ qiqj +3'Zzzaq,8q = 0;0,0 +h.ot (8)

|111 * =1l j=1 k=1

Since the constant term and linear term contribute nothing to the strain energy, they can be omitted
in the Taylor expansion. Taking the partial derivative with respect to the modal displacement in the

d,(p=1---,m) direction yields:
oJ (q o’V no oU 1SS
I RS 92 JRUL SN 3) 3 R A
aq,, 1 00, 8qp 2. T 3 8q aq. 6qp i i1 k= O0; aq aqkaqp
where QF denotes the generalized force corresponding to the (, direction, and each coefficient
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constitutes the corresponding stiffness coefficient matrix. The quadratic stiffness, cubic stiffness and
quartic stiffness are expressed respectively as:

S oU
PG, = 10
' éaqiaqp o

m 3
Gl=52 > an
=3 0

i = 09,00, 5%
1 m m m
PGl == (12)
Similarly, the nodal displacement uis expanded ina Taylor series at q—O'
m au m
=) — + . —F 0.0, +h.ot (13)
éaqi Zza g0, " ZZZ aq.aq aqk o

Since the nodal displacement is zero at ¢=0, the constant term can be omitted. Taking the partial
derivative with respect to the modal displacement intheq, (p =1,---,m) direction yields:

ou mo 5
() _ou +> ou q + ZZ ————q,q;+hot="® (14)
aqp aqp i=1 aq|8qp 2 i=1 j=1 aQ.aq aQp
The linear, quadratic, and cubic modal components are extracted separately:
. ou
CDO =— (15)
8qp
(16)
oo =
ZZ (17)
i1 = o0 aq aqp
When the structure is subjected to the external load f :
Su =50, (P@,+ "Dy, ) (18)
According to the principle of virtual work:
OV =6u'f (19)
The nodal displacement is represented by the first two terms in Eq. (14):
Su=5q, ("D, + P, ) (20)
oV =5q, (PDp + Py g ) f @1)

Thus, the generalized force can be obtained. Substituting it into Eq. (9):
(°Gi - Pl f )q + "Glgq, + "Gqq,q, = "] f (22)
The discrete n-th EMA equation can been written as:
u(@) = "®q, + "®ig,q; + *P39,q,0; + "P3q,0,0;0, (23)
In Eq.(23), {u(a)}is physical displacement vector of nodes, g, is p-th order modal displacement of
nodes, @, is m-th modal shape of nodes which obtained by numerical difference operation such as:
d’u  u(Ag,)—2u(0)+u(-Aq,)
&g, Aq;’
In Eq. (24), u(Aq,) and u(—Aq,) are displacements obtained from two opposite force loads applied
on the nodes in the first order modal shape. This process is implemented by ANSYS Modal with FEM.
F =[K]u(Aq,) (25)
In Eq. (25), F, is the force load on nodes, [K] is stiffness matrix.
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In the EMA coupled with the computational platform in this paper, only first two terms of Equation (23)
are employed to capture geometrically nonlinear effects under large deformation, while the higher-
order terms are neglected.

2.3 FD Governing Equation

The Quasi-Coordinate flexible aircraft flight dynamic equation based on the Lagrange equation can
been written as!?;
d Ly, 50 ool .
dt ov oV R
d oL +\7i+a~)i—(ET)*i:M (26)
dt ow oV ow 00
0 T s
ot v’ ou oV
In equation (26), Lis the difference between total kinetic energy and total potential energy of the
system; R is radius vector of aircraft centroid; C is transformation matrix from inertial coordinate
system to aircraft body coordinate system; V , is the velocity, angular velocity of aircraft in quasi-
coordinate, V , @ is antisymmetric tensor of V ,@; 0,V is the deformation and the corresponding
time derivative of aircraft in quasi-coordinate; @, E is Euler angle and transformation matrix from
inertial coordinate to quasi-coordinate; T is density function of aircraft; Fis Rayleigh dissipation
matrix; £ is stiffness matrix differential operator; F , M ,U are generalized force.

Consider the elastic aircraft shown in Figure 1. Bo represents the initial configuration, and B4 denotes
the deformed configuration. The inertial coordinate system o_x_ v,z is fixed to the ground, while the

origin of the body coordinate system O, x,y,z, is located at the mass center of the aircraft.

Z(.‘
Figure 1 Elastic Aircraft

The position of an arbitrary point P on the aircraft can be expressed as the sum of its position Pgg
relative to the mass center in the rigid-body state and its elastic deformation d._(x,y,z,t), as shown
in Eq.(27):

P= Prs tde(X,y,2,1) (27)

Under the assumption of linear elasticity, the elastic deformation d_(x,y,z,t) can be decomposed
into a linear combination of mode shapes and modal coordinates:

de (%, y,2,1) =i¢.(x, y,2)6,(t) (28)

Schmidt et al. adopted the concept of mean axes and demonstrated the existence of a special body
coordinate systemiY, In this coordinate system, the linear momentum and angular momentum
generated by the unforced oscillation of the aircraft due to elastic deformation are identically 0, which
simplifies the expressions of the total angular momentum and total kinetic energy:
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dd; . dd. .
dV = x—=pdV =0 29
I\_/” at P _U_[ Prs dt P (29)

Where p denotes the density distribution function of the aircraft. Equation (29) is also known as the

mean axis constraint. In most cases, the mean axes of the aircraft coincide with its principal axes.
Under the small deformation assumption, the moments of inertia are still assumed to be constant. The
mean axes are selected as the body coordinate system fixed to the aircraft for the derivation of the
six-degree-of-freedom aircraft dynamic equations. Under the mean axis assumption, the governing
equations for elastic deformation and rigid degrees of freedom can be decoupled. The elastic
deformation motion and rigid body motion interact with each other through aerodynamic loads.

2.4 CFD/CSD/FD Coupling Method

This paper simulates the response of flexible aircraft based on CFD/CSD/FD loose coupling method
with estimation correction step, as shown in Figure 2.

F{JIZY'O F;l;Y'G
CFD e

Grid deformation
Grid rigid movement

Update grid dynamic boundary

Estimation Step Correction Step
t n t n+l

Figure 2 Coupling computing process

2.5 EMA Numerical Verification

To verify the accuracy of the EMA in capturing the geometric nonlinear effects of flexible wings
under large deformation, a straight HALE wing as the numerical example in this section. Coupled
calculations are carried out based on the MA and EMA with CFL3D as the flow solver, as well as
coupled computations based on the FEM with ANSYS FLUENT. The static aeroelastic deformation
results and lift coefficients of the wing are obtained and compared with the numerical results
published by Smith M J et al. The geometric model and structural parameters of the wing are
presented as follows*2,

Table 1 Geometry and Structure Parameters

Semi-Span 16.0 m

Chord Length 1.0m

Mass 12 kg

Density 9.125 kg/m3

Area product of inertia 6.7877 X105m*

Polar moment of inertia 7.632X10°m*

Bending Stiffness 5X10%N « m
\8\ ) Youn_g's modulus 0.29465Gpa

c=1m Shear modulus 0.14733Gpa
Figure 3 HALE Wing * Poisson's ratio 0.31

Structural modal analysis is performed on the HALE wing, and the four modal frequencies are
compared with the reference results and listed in Table 2. The corresponding mode shapes are shown
in Figure 3, where the gray surface represents the original configuration of the wing, and the green
surface denotes each order of modal shape.
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Table 2 Modal Analysis Results

Mode Present(rad/s) Reference(rad/s) Error(%)
1st-order Bending mode 2.259 2.243 0.71
2nd-grder Bending mode 14.128 14.056 0.51
3rd-order Bending mode 18.063 18.028 0.19
1st-order Torsional mode 31.377 31.046 1.06

(a) 1s*-order Bending mode (b) 2nd-order Bending mode

(c) 3-order Bending mode (d) 1st-order Torsional mode
Figure 4 Modal Shape

The modes in Figure 4 are interpolated onto the aerodynamic grid for linear aeroelastic calculations.
For nonlinear calculations, two opposite force loads are applied on the nodes of the 1st-order Bending
mode. The FEM is employed to get two physical displacements, which are differenced to obtain
higher-order modes according to Equation(24). These higher-order modes are interpolated onto the
aerodynamic grid to solve nonlinear static aeroelastic deformations.

The calculation conditions are consistent with those in the references: altitude of 20 km, flight speed
of 25 m/s, angle of attack of 4°. The Z-coordinates of the leading-edge point of the deformed wing
calculated by different methods are compared with the reference results in Figures 4 and 5. Herein,
Ref linear and Ref_nonlinear denote the results obtained by the linear and nonlinear algorithms in

the references!*213],
8

——— CFD/EMA
———— CFD/MA
————— Ref_linear 1°
............. Ref_nolinear
CFD/FEM

Zi(m)

0 2 4 6 8
Y/(m)

Figure 5 HALE Wing Aeroelastic Deformation at =4°

The lift and drag coefficients, lift-to-drag ratio(L/D), as well as the wingtip deformations along the Y-
axis and Z-axis obtained by the MA-based, EMA-based and FEM-based coupled methods adopted in
this paper are compared in Table 3.

Table 3 Comparison of Aerodynamic Characteristic and Deformation

Parameter CFD/MA CFD/EMA CFD/FEM
CL 0.5265 0.4794 0.4656
Vertical Deformation (m) 5.27 5.60 5.11
Horizontal Deformation (m) 0.00 1.50 151
CPU time 16cores X17h 16cores X 17h 16cores X 314h
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It can be seen from the comparison of the static aeroelastic deformation results of the HALE wing that
the CFD/CSD coupled method based on the EMA can well capture the geometric nonlinear
phenomena of the wing under large deformation, and has a good agreement with the results given in
the references. From the comparison of various coupling methods in Figure 5, the result based on the
EMA shows geometrically nonlinear effects induced by large deformation geometrically.

From the comparison of the lift coefficient, wingtip deformation and computational core time
consumption obtained by the three methods in Table 3, it is found that when the traditional linear MA
is used for aeroelastic calculation, the lift is larger due to the failure to capture the shortening of the
spanwise deformation. In contrast, the FEM can capture the geometric nonlinearity of the wing under
large deformation, but it consumes excessive core time. However, the EMA not only can well capture
the geometric nonlinearity, but also requires computational resources similar to those of the traditional
modal approach. This indicates that the EMA can accurately capture the geometric nonlinear effects
of the wing under large flexible deformation while maintaining the simplicity in solving structural
deformation.

3. Static Aileron Effectiveness Analysis of CRM Wing

During flight, high-aspect-ratio flexible wings undergo non-negligible aeroelastic deformation under
aerodynamic loads. As a primary control surface for regulating the lateral motion of aircraft, the aileron
frequently suffers from reduced control efficiency and even control reversal under the influence of
aeroelastic deformation. Considering the geometric nonlinear effects induced by large flexible
deformation, this chapter takes the wing configuration of the Common Research Model (CRM)
transport aircraft as the research object and selects its right wing as the computational model. The
TFI mesh deformation technique is adopted to simulate real aileron deflection. Loosely coupled
CFD/CSD computations are carried out respectively based on the enhanced modal method and the
linear modal method to analyze the effects of aeroelastic deformation and geometric nonlinearity on
the aerodynamic characteristics and aileron control efficiency of the CRM wing. On this basis, the
spanwise position of the aileron is adjusted to further explore the influences of aeroelastic deformation
on aileron effectiveness at different spanwise locations.

3.1 Static Aeroelastic Analys

The aspect ratio of the CRM wing is 9.0. In this section, the wing span is stretched by a factor of 1.5
along the spanwise direction to increase the wing aspect ratio. The geometric configurations of the
original and stretched CRM wings, and the structural parameters adopted in this paper are presented
in Figure 6 and Table 4.

Deformed

Original

Figure 6 CRM Geometry
Table 4 Geometry and Structure Parameter

Parameter Original Deformed
Reference Area 111.09 m? 249.95 m?
Reference Chord 6.33m 6.33m
Semi - Span 26.37m 39.486 m
Taper Ratio 0.275 0.275
Aspect Ratio 9.0 135
Yqung S modulus i 1.382Gpa
(isotropic)
S_hear modulus i 1.954Gpa
(isotropic)
Poisson's ratio - 0.33
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The model is defined as a homogeneous solid structure. Modal analysis is conducted for the CRM
wing models with aspect ratios of 13.5. The comparison of modal frequencies is listed in Table 5, and
the corresponding mode shapes are presented in Figure 7. The gray surface represents the original
geometric shape of the wing, while the green surface denotes the mode shape of each order.

Table 5 Modal Frequency

mode calculation(rad/s)

1s-mode 5.9973

2"d-mode 19.591

3rd-mode 42.229

4th-mode 49.620

5th-mode 75.877

6""-mode 106.20
(a) 1st-mode (b) 2"d-mode (c) 39-mode
(d) 4h-mode (e) 5'"-mode (f) 6"-mode

Figure 7 Modal Shape

The modal analysis results are interpolated into the CFD computational grid. The static aeroelastic
deformation of the CRM wing is numerically simulated using the EMA based CFD/CSD coupled
method. The computational conditions are set at an altitude of 10 km, Mach numbers of 0.63 and 0.85,
and angle of attack of 2°. The comparison of surface pressure contours between the rigid and elastic
wings is presented as Figure 8.

Pressure Coefficient Pressure Coefficient
0.9 . 1
0.61 0.74
0.32 048
0.03 0.22

I -0.26 004
-0.55 -0.3
-0.84 -0.56

B -0.82

-1.08
-1.34
-16

B -1.13

-1.42
-1.71
-2

(a) Ma=0.63 (b) Ma=0.85
Figure 8 Static Aeroelastic Deformation

The spanwise distributions of leading-edge coordinates, section twist angles, bending moments, and
torsional moments of the CRM wing before and after static aeroelastic deformation are extracted and

presented in Figure 9 and Figure 10, while the variations in aerodynamic parameters are listed in
Table 6.

Rigid

R it . e /|
\\ ik / /,
/ R ,I/

F seeo B / = / \
2840 \Q\‘ 606 T M
N of - '
e Yim) % " Yim) " ? 6 2\I'r](m) % ®

(a) Ma=0.63 Bending Moment (c) Ma=0.63 Torque (e) Vertical Deformation

Figure 9 Ma=0.63 Aeroelastic Result
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Figure 10 Aeroelastic Result
Table 6 Aerodynamic Parameters
Rigid Elastic
Mach=0.63 Mach=0.85 Mach=0.63 Mach=0.85
C. 0.4671 0.5656 0.3521 0.3591
Cp 0.1271E-1 0.3239E-1 0.1206E-1 0.2356E-1
Cup 36.75 17.46 29.20 15.24

From the comparisons of aerodynamic coefficients in Table 6 and the sectional load distributions in
Figure 9 and Figure 10, aeroelastic deformation alleviates wing-root bending moment, and torsional
moment acting on the CRM wing. On the one hand, the deformation of the wing along the positive Z-
axis reduces the local angle of attack of the wing section. On the other hand, aeroelastic deformation
induces negative twist of the CRM wing, which further decreases the aerodynamic force and moment
loads on the wing. The reduction in wing loads leads to a decrease in lift. Meanwhile, the lift-to-drag
ratio of the deformed wing is obviously lower than that of the rigid configuration, resulting in a
significantly deterioration of the aerodynamic efficiency.

Furthermore, by comparing the influence of aeroelastic effects on the wing at different Mach numbers,
it is found that the wing deformation is dominated by the first-order bending mode at Ma 0.63, while a
reverse bending phenomenon occurs at the wingtip when Ma 0.85. Comparing the bending moment
distributions at different Mach numbers, the bending moment is positive across the total wing at Ma
0.63, whereas negative bending moment appears at the wingtip region at Ma 0.85. As for the twist
angle distributions, the growth trend of wingtip torsion at Ma 0.85 is similar to that at Ma 0.63, with a
slightly larger negative twist at the wingtip.

It can be concluded from the above results and analysis that structural deformation is coupled with
the redistribution of aerodynamic loads for the CRM wing when aeroelasticity is considered. The
geometric characteristics, twist and swept configuration of the CRM wing induce a more complex
bending-torsion coupling effect under aeroelastic deformation. The numerical results indicate the
aerodynamic loads and the aerodynamic efficiency of the wing have been reduced. This demonstrates
the importance of taking aeroelastic effects into account in the aerodynamic characteristic analysis of
high-aspect-ratio transonic aircraft.

3.2 Static Aileron Effectiveness Calculation with Aeroelasticity

For an aircraft, deflection of the ailerons is supposed to produce rolling motion about the aircraft
longitudinal axis. But the aeroelastic effects of flexible wings degrade aileron control efficiency and
may even lead to aileron reversal.

For the CRM wing, static aeroelastic deformation cause the remarkable impact on aerodynamic forces.
Affected by aeroelastic deformation, the control efficiency of the aileron, as a typical wing control
surface, is also significantly influenced. In this section, the TFl mesh deformation technique is
employed to deform the local mesh of the aileron and simulate actual aileron deflection. On this basis,
CFD/CSD coupled simulations are carried out to investigate the influence of aeroelastic deformation
on static aileron effectiveness which also takes the semi-wing as the research object.

The ailerons are designed to occupy approximately 10% of the span and 25% of the local chord length
in the chordwise direction. The hinge axis is arranged at the leading edge of the control surface, and
the position and deflection of aileron are shown Figure 11 and Figure 12.
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In the Figure 11 and Figure 12, AIL1-6 define various spanwise ailerons. The aileron is deflected
downward by 5° and 10° . The calculation conditions are set at an altitude of 10 km with Mach
numbers of 0.63 and 0.85. The structural parameters of the wing remain consistent with those given
in the previous context. Adopting the CFD/CSD coupling method based on the EMA, the aileron
effectiveness is obtained and presented in the Figure 13. The comparison of surface pressure
contours between the rigid and elastic wings is presented as Figure 14 and Figure 15.

AlL1

Figure 11 Ailerons Position Figure 12 AIL1 Deflection 5°
Mach=0.63 Mach=0.85
024 b Ry A amany e SO
0wf —a—e—®—"—H*= 02}
——A—— Rigid_Degreel0 ——&—— Rigid_Degreel0
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5 —&— Elastic_Degreel0 E ——&— Elastic_Degreel0
> &)
0.16 ~——y—— Elastic_Degree5 0.16 ~yp— Elastic_Degree5
L 1 1 1 1 1 1 1 0.08 [ 1 1 1 1 1 1 1
1 3 4 5 6 7 1 2 3 4 5 6 7
AIL AlIL
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Figure 13 Aeroelasticity with Aileron Deflection

(a) Degree_5° (b) Degree_10°
Figure 14 AlIL4 Mach=0.63
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Figure 15 AIL4 Mach=0.85

It can be seen from Figure 13 that both the lift coefficient and rolling moment coefficient of the wing
decrease significantly after aeroelastic deformation, with a corresponding decline in static aileron
effectiveness. For the rigid wing, the rolling moment generated by aileron deflection increases as the
aileron spanwise position moves outboard. The aileron effectiveness exhibits a trend of first increasing
and then decreasing and reaching maximum at AIL4.In contrast, the elastic wing exhibits an opposite
trend. Under the conditions of Mach 0.63 and 0.85, the roll moment coefficient and aileron
effectiveness decrease as the aileron is arranged further outboard, and the lift coefficient follows the
same variation tendency. At Mach 0.85, the roll moment coefficient induced by aileron deflection is
lower than that at Mach 0.63, and the effectiveness of the outboard ailerons (AIL5, AIL6) is negligible,
indicating that the Mach 0.85 flight condition is approaching the critical aileron reversal speed.

Based on the above numerical results and analysis, the impact of aeroelastic deformation on aileron
effectiveness is non-negligible. Therefore, it is essential to take into account the aeroelastic effects
when evaluating the static aileron control efficiency of high-aspect-ratio aircraft.

4. Dynamic Roll Maneuverability Analysis of CRM Wing

In actual flight, aircrafts perform rolling maneuvers by deflecting aileron differentially, hence the full
span model should be considered. The TFI mesh deformation technique is employed to simulate
aileron deflection, and static aeroelastic numerical simulations are conducted based on the EMA.
Based on this, the roll degree of freedom is released to calculate the roll response of the full-model
configuration after aileron deflection, which investigate the influence of aeroelastic deformation on the
dynamic effectiveness of aileron and rolling maneuverability of the CRM configuration.

4.1 Static Aeroelastic Analys

A fixed support constraint is applied at the symmetry plane of the CRM full-model configuration. The
material parameters are identical to those presented in Section 3.1. The results of the modal analysis
are presented as Figure 16 and Table 7:
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o , , - — ~—
\' \\ e | 22

(a) mode 1 (b) mode 2 (c) mode 3 (d) mode 4

—— \‘\ s 4* — P
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= ~ =
_\\I' 2 ~\ ) \ \
(i) mode 9 (g) mode 10 (k) mode 11 (I) mode 12

Figure 16 Modal Shape
Table 7 Modal Frequency

mode calculation(rad/s) mode calculation(rad/s)
mode 1 6.0798 mode 7 49.6070
mode 2 6.0855 mode 8 49.6617
mode 3 19.9479 mode 9 77.6099
mode 4 19.9604 mode 10 77.7356
mode 5 42.9625 mode 11 109.3777
mode 6 43.0222 mode 12 109.5034
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This section selects the AIL4, which exhibits medium effectiveness from Section 3.2, as the
differentially deflected aileron with deflection angles of 5° and 10°. The pressure contours obtained
from the static aeroelastic numerical simulations at Mach=0.63 and 0.85 are presented as Figure 17
and Figure 18. Comparisons of aerodynamic parameters under different aileron deflection angles
between the aeroelastic and rigid configurations are presented in Table 8 and Table 9.

(a) 0° Deflection (b) 5° Deflection (c) 10° Deflection
Figure 17 Mach=0.63
g o s . - —
(a) 0° Deflection (b) 5° Deflection (c) 10° Deflection
Figure 18 Mach=0.85
Table 8 Mach=0.63 Aerodynamic Parameters
Rigid Elastic
Deflection 0° 5° 10° 0° 5° 10°
Cimx 0.5336E-6  0.1137E-1 ~ 0.2208E-1  0.1793E-4  0.6080E-2  0.1216E-1
CL 0.4735E0 0.4727E0 0.4686E0 0.3501E0 0.3493E0 0.3474E0
Cip 36.34 35.12 31.92 27.70 26.77 24.43
Table 9 Mach=0.85 Aerodynamic Parameters
Rigid Elastic
Deflection 0° 5° 10° 0° 5° 10°
Crnx 0.1410E-4 0.6841E-2 0.1632E-1 0.2632E-4 0.2841E-2 0.4969E-2
CL 0.5699E0 0.5634EO0 0.5491E0 0.3514E0 0.3494EO0 0.3474E0
Cip 16.84 16.57 15.68 14.81 14.28 13.27

From the comparison between Figure 14, Figure 15 and Figure 17, Figure 18, the results reveal that
the static aeroelastic deformation characteristics of the full-model CRM wing are similar to those of
the semi-model, and the overall deformation trend of the wing keeps consistent after aileron deflection.
According to the result in Table 8 and Table 9, the roll moment coefficient induced by differential
aileron deflection drops significantly by aeroelastic deformation in two Mach numbers. The reduction
reaches approach 46% at Ma 0.63, and becomes much larger at Ma 0.85. In addition, the decrease
of lift coefficient further causes the decline of lift-drag ratio, which cannot be revealed by simulation of
CRM semi-model wing.

4.2 Dynamic Roll Maneuverability Calculation with Aeroelasticity

With the roll degree of freedom released for computation, the resulting roll angle and roll rate
responses are presented by Figure 19 and Figure 20.
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Rigid-10°

)
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(%)

45 Elast-5°

Rigid-5°
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! | -I-” - \[/

t1(s) ¢ v(s)
(a) Roll Angle (b) Roll Rate
Figure 19 Mach=0.63
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Figure 20 Mach=0.85

During the Figure 19 and Figure 20, Elast denotes the roll response calculation of the aeroelastic-
coupled wing, while Rigid refers to the analysis of the rigid wing; 5° and 10° correspond to the
differential aileron deflection angles.

The results in Figure 19 and Figure 20 show that aeroelastic effects significantly degrade the wing’s
dynamic rolling maneuverability under both Mach 0.63 and Mach 0.85 conditions, which is consistent
with the static aileron effectiveness results presented in Tables 8 and 9.Through comparison of roll
response results under the two Mach number conditions, reveals that at Ma = 0.63, the roll rate
variations of the elastic and rigid wings follow similar trends. However, at Ma = 0.85, the roll rate
trends of the two configurations are opposite at the initial instant of aileron deflection; And They also
exhibit distinct variation trends over time, the roll rate of the elastic wing increases with time, while
that of the rigid wing gradually decreases.

5. Conclusion

To explore the influence of aeroelastic deformation on aileron efficiency of high-aspect-ratio flexible
wings, an enhanced modal approach is developed to capture geometric nonlinearity under the large
flexible deformation while maintaining the simplicity of modal approach in solving structural
deformation. Combined with CFD, researches on static aileron efficiency and dynamic roll
maneuverability characteristics are conducted based on the CFD/CSD coupled framework. The main
conclusions are summarized as follows:

1. Static aeroelastic deformation causes redistribution of aerodynamic loads on CRM wings.
Influenced by the geometric twist and swept configuration of the CRM wing, strong bending-torsion
coupled deformation emerges during aeroelastic computation, leading to a reduction in aerodynamic
lift. Reverse bending phenomenon appears near the wing tip under transonic flow conditions, but it
does not occur in subsonic flow.

2. Aeroelastic deformation cause the reduction of static aileron efficiency. Greater structural
deformation occurs at the wing tip area, hence the efficiency of outboard ailerons experiences more
severe decrease under aeroelastic effects. As transonic conditions are closer to the critical speed of
aileron reversal, the efficiency decline of outboard ailerons is more remarkable than that under
subsonic conditions.

3. Aeroelastic analysis on full-model wings indicates that aeroelastic deformation reduces the static
efficiency of differentially deflected ailerons and weakens dynamic rolling maneuver performance. The
degradation of rolling capability is much more significant in transonic flow. Under subsonic conditions,
the roll rate of both rigid and elastic wings declines gradually with time. But for transonic conditions,
rigid wings follow the same rule, while the roll rate of elastic wings increases with time spending.
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