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Experimental and Theoretical Study on Rolling
Effectiveness of Multiple Control Surfaces
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It is well known that the effectiveness of a trailing-edge control surface can be substantially diminished due to
the elastic twist of an airfoil or rolling wing. This aeroelastic phenomenon is known as control surface reversal
when the lift or rolling rate vanishes at a suf� ciently large ratio of � ow dynamic pressure to airfoil or wing
stiffness. However, a leading-edge control surface can be used to counteract control surface reversal, and, indeed,
in principle, a leading-edge control surface can entirely cancel the tendency of the trailing-edge control surface
to undergo reversal. Moreover, analysis shows that by using a simple adaptive control strategy, one can use a
combination positive and negative control surface rotations to maximize lift and rolling effectiveness or minimize
control surface rotations. In the present work, a theoretical–experimental study of the effectiveness of trailing-
and leading-edge control surfaces has been made for a rolling wing–fuselage model. An experimental model and
wind-tunnel test are used to assess the theoretical results. The theoretical model includes the inherently nonlinear
dry friction damping moment between the spindle support and the experimental aeroelastic wing model for the
rollingdegree of freedom. A three-dimensionalvortex lattice aerodynamictheory is employed.New insights into the
behavior and design of an adaptiveaeroelastic wing using trailing- and leading-edge control surfaces are provided.

Nomenclature
c = wing chord length
K® = torsional stiffness
km , kn = numbers of vortex elements on the wing in x and y

directions, respectively
kmm = total number of vortices on both the wing and wake

in the x direction
L = total lift on the wing
L local = local lift along the span
l = span length
Md = Coulomb friction damping moment
p = wing rolling rate; aerodynamic pressure
Ra = size of reduced-orderaerodynamic model
r f = radius of the slender body
Tl , Tt = transfer matrices between the global and local

vortex lattice mesh on leading and trailing
control surfaces

Tp , T® = rolling rate and elastic twist transfer matrices
between the global and local vortex lattice mesh
on the wing

t = time
U = airspeed
X Ra , YRa = reduced right and left eigenvectormatrices

of vortex lattice eigenvalue model
x , y = streamwise and spanwise coordinates
xe = distance from the elastic center to leading edge

of the wing
Z Ra = reduced eigenvalue matrix of vortex lattice

aerodynamic model
® = twist angle of the wing; relaxation factor
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0 = vortex strength
° = reduced vortex strength
1p = pressure distribution on the wing
1t = time step, 1x=U
1x = wing element length in the streamwise direction
´le, ´te = rotational angles of the leading and trailing control

surfaces
½1 = air density
¿ = nondimensional time, ¿ D tU=c

Introduction

C ONTROL surface reversal due to unfavorable aeroelastic ef-
fects is one of the classical phenomena of static aeroelasticity.

It is treated in textbooks1;2 and standard courses on aeroelastic-
ity. However, an appropriatelychosen combination of leading- and
trailing-edge control surface de� ections plus an adaptive control
law can be used to achieve improved rolling performance and/or to
minimize roll maneuver loads.

Related resultshavebeen reported from the Active Flexible Wing
(AFW) program and more recent work on the Active Aeroelas-
tic Wing (AAW) technology. Noll and Eastep3 present a cogent
overview and organized an issue of the Journal of Aircraft on the
AFW program. In this special issue there are 11 papers that report
theoretical and experimental investigations on actively controlled
wings.

Anderson et al.4 gave deeper insights into the favorable synergy
that can be created by a combination of leading- and trailing-edge
controls. In their work, they noted that the unfavorable aeroelastic
twist that can lead to trailing-edge control surface reversal can be
offset by a leading-edge control surface. Moreover, the trailing-
edge control surface reversal can be eliminated and a constant roll
authority maintained over a wide range of � ight dynamic pressures
by an appropriatecombinationof leading- and trailing-edgecontrol
surface de� ections.

More recent work on the AAW technology has dealt with im-
provements in design optimization methodologies, reduction of
drag, and an adaptive change in torsional stiffness to allow both
pre- and postclassical reversal operation of an AAW.5¡8

As reported previously,9 the same conceptual bene� t that can be
obtained by using an adaptive torsional stiffness change can also be
realized by using an AAW with the gearing ratio between leading-
and trailing-edgecontrol surfacesprogrammed to change with � ight
dynamic pressure. Also, some new actuation technologies are cur-
rently under development for high-bandwidth actuator, leveraging

160



TANG, LI, AND DOWELL 161

high-energy density materials such as piezoceramics. Two such
actuation technologies include the X-frame actuator developed at
the Massachusetts Institute of Technology (MIT)10 and the V-stack
actuator developed at Duke University.11 Thus, implementation of
an AAW with leading- and trailing-edge control surfaces appears
promising and practical.

The basic adaptive concept and the fundamental physical phe-
nomena for two models of 1) an airfoil and 2) a rolling wing were
considered in Ref. 9. These results using simple structural mod-
els and aerodynamic strip theory have shown the effectiveness of
an adaptive strategy that programs the leading- and trailing-edge
control surface rotations with � ight condition. To validate the pre-
dictions of the theory, a wind-tunnel wing–fuselage model with the
leading- and trailing-edge control surfaces has been designed and
tested to measure the rolling effectivenessvs dynamic pressure for
different combinations of leading- and trailing-edge control sur-
face rotation. Of course, the wing–fuselage model is in a three-
dimensional � ow� eld. A three-dimensionalincompressible(linear)
vortex lattice aerodynamic theory and a corresponding reduced-
order aerodynamicmodel are used in the present analysis.12 Results
for subsonic, compressible � ow can be obtained using the Prandtl–
Glauert scaling law.

Finally, note that for the present wind-tunnel test model, there is
a nonlinear dry frictiondamping arising from the rubbing or sliding
between the experimental aeroelastic wing–fuselage model and the
support spindle. This nonlinear factor is considered in the present
experimental–theoretical study.

Experimental Model and Measurements
The experimental model consists of a right and left wing and a

fuselage (slender body). For simplicity, the wing model is a rectan-
gular aluminum plate of thickness 0.317 cm, total chord length c of
10.16 cm (including the leading and trailing control surface chords)
andspan length l of 10.16cm. The plate has a very largebendingand
torsional stiffness, and, thus, the wing per se is assumed to be rigid.
The leading and trailingcontrol surfaces each have a chord lengthof
1.73 cm (17%c) and a full span length of 10.16 cm (100%l) hinged
on the leading and trailing edges, respectively. The rotation angle
of the control surface can be adjusted. The torsional � exibility of
the wing is provided by a � at spring at the wing root, which can be
adjusted.The elastic axis is placed at one-quarterof the wing chord.
To also place the chordwise center of gravity axis of the wing at the
elastic axis, the leading-edge control surface is made of brass, and
the trailing control surface is made of aluminum plate.Also, a small
slender body mounted at the wing root is used to provide weight
balance.

The fuselage has a circular cross section with a diameter of
2.54 cm. It includes two parts. The front part is a slender body
with a parabolic forebody that can rotate about the fuselage center
axis and supports the wings. The rear part is a nonrotating slender
body with a parabolic aftbody that is used to support the front por-
tion of the slender body and is connected to the wind-tunnel � oor
by a support or sting rod (Fig. 1).

The wings are allowed to rotate (roll) about the center axis of
the fuselage. The rolling rate (angular velocity) is measured by an
angular transducer, R30A, mounted on the rear end of the non-
rotating portion of the slender body.

A physical representationof wing model geometry along with a
three-dimensionalvortex lattice model (linear) of the unsteady� ow
is shown in Fig. 1, and a photographof the aeroelasticmodel in the
wind tunnel is shown in Fig. 2.

Static Aeroelastic Equations
As shown in Fig. 1, a straight rectangular wing with leading-

and trailing-edge control surfaces that are full span is considered.
The experimentalmodel is symmetrical about the center axis of the
fuselage.The aerodynamicforceson the fuselage(slenderbody)are
neglected. The equation of torsional equilibrium about the elastic
axis of the rigid wing is as follows.1;2 It expresses the balance of
moments about the elastic axis due to the elastic spring and the
aerodynamic forces in the Eulerian coordinate system (x , y, z):

K®® C My D 0 (1)

Fig. 1 Physical representation of experimental model; also shown is a
three-dimensional vortex lattice model (linear) of the unsteady � ow.

Fig. 2 Photograph of the aeroelastic model in the wind tunnel.

or

K®® C
Z l C r f

r f

Z c

0

1p.x; y/.x ¡ xe/ dx dy D 0 (2)

where 1p(x , y) is the pressure distribution on the wing, ® is the
twist angle of the wing, and r f is the radius of the slender body
(fuselage).

The rigid-body rolling equation of equilibrium about the center
axis of the fuselage is expressed as follows:

Z l C r f

r f

Ly dy ¡ Md
p

jpj
D 0 (3)

or
Z l C r f

r f

y

Z c

0

1p.x; y/ dx dy ¡ Md
p

jpj
D 0 (4)
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In this equation,a dry frictiondampingmoment between the spindle
support and the aeroelasticwing model is taken into account. Md is
nonlinear and p is the wing rolling rate.

When nondimensionalquantities in Eq. (2) and (4) are introduced
as follows:

1p.x; y/ D 1p.x; y/=½U 2; Nx D x=c; Nxe D xe=c

Ny D y=c; NK® D K®

¯
½U 2c3; NMd D Md

¯
½U 2c3

the dimensionless equations corresponding to Eq. (2) and (4) are

NK®® C
Z

.l C r f /=c

r f =c

Z 1

0

1p. Nx; Ny/. Nx ¡ Nxe/ d Nx d Ny D 0 (5)

Z .l C r f /=c

r f =c

Ny
Z 1

0

1p. Nx; Ny/ d Nx d Ny ¡ NMd
p

jpj
D 0 (6)

To model the preceding aeroelastic structural/� uid system, the
aerodynamic � ow about the structural model is assumed to be in-
compressible, inviscid, and irrotational. Here, an unsteady (linear)
vortex lattice method is used to model this � ow.12 The wing and
wake are divided into a number of elements. In the wake and on the
wing, all of the elements are of equal size, dx , in the streamwise
direction. Point vortices are placed on the wing and in the wake at
the quarter-chordof the elements.At the three-quarterchordof each
panel element, a collocation point is placed for the downwash, that
is, we require the velocity induced by the discrete vortices to equal
the downwash arising from the unsteady motion of the wing. Thus,
the following relationship is obtained:

wt C 1
i D

kmmX

j

K i j 0
t C 1
j ; i D 1; : : : ; km (7)

where wt C 1
i is the dimensionless downwash at the i th collocation

point at time step t C 1, 0 j is the j th normalized vortex strength by
cU , and K i j is an aerodynamic kernel function for the horseshoe
vortex. For the three-dimensional incompressible � ow, the kernel
function is given by13

Ki j . Nx; Ny; Nxa ; Nya ; Nxb; Nyb/

D
¡1

4¼. Nyi ¡ Ny ja /

"

1 C
p

. Nxi ¡ Nx ja /2. Nyi ¡ Ny ja /2

Nxi ¡ Nx ja

#

C 1
4¼. Nyi ¡ Ny jb/

"

1 C
p

. Nxi ¡ Nx ja /2 C . Nyi ¡ Ny j b/2

Nxi ¡ Nx j a

#

(8)

where Nxi is the location of the i th collocation point, and Ny ja and
Ny jb are the locations of the two j th trailingvortex segments that are
parallel to the x axis at Ny D Nya and Ny D Nyb .

The aerodynamic matrix equation (general) is given by

[A]f0gt C 1 C [B]f0gt D [T ]fwgt C 1 (9)

where [A] and [B] are aerodynamic coef� cient matrices. [T ] is a
transfer matrix for determining the relationship between the global
vortex latticemesh and the localvortex latticemesh on the wing. For
the present model, the wingspan is � nite and antisymmetric about
the center axis of the fuselage. An antisymmetric vortex condition
is used for reducing the aerodynamic degrees of freedom. In this
case, the aerodynamic coef� cient matrix [A], corresponding to the
kernel function, can be expressed as

A D Ki; j . Nx; Ny; Nxa ; Nya; Nxb; Nyb/ ¡ K i; j . Nx; Ny; Nxb; ¡ Nyb; Nxa ; ¡ Nya/

The nondimensional downwash w contains contributions from
the twist angle of the wing ®, the wing rolling rate p, and rotational
angles, ´le and ´te, of the leading and trailing control surfaces, re-
spectively. For the present model, Eq. (9) is expressed in matrix

form as
[A]f0gt C 1 C [B]f0gt D fT® g®t C 1 ¡ fTpg.pt C 1=U /

C fTt g´te C fTl g´le (10)
where fT®g and fTpg are the elastic twist and rolling rate transfer
matrices for determining the relationshipbetween the global vortex
lattice mesh and the local vortex lattice mesh on the wing. fTt g
and fTl g are the transfer matrices for determining the relationship
between the global vortex lattice mesh and the local vortex lattice
mesh on the trailing and leading control surfaces, respectively.

The nondimensionalpressuredistributionon the rigid wing at the
j th point is given by

1p j D
c

1x

"
0 t C 1

j C 0 t
j

2
C

jX

i

¡
0 t C 1

i ¡ 0t
i

¢
#

(11)

Substituting Eq. (11) into Eq. (5) gives

NK® ® C
knX

n D 1

kmX

m D 1

. Nxm ¡ Nxe/

£

"
0 t C 1

nm C 0t
nm

2
C

mX

i

¡
0 t C 1

ni ¡ 0t
ni

¢
#

1 Ny D 0 (12)

or, as expressed in matrix form,

NK®® C fD2gT f0gt C 1 C fD1gT f0gt D 0 (13)

where kn and km are the chordwise and spanwise numbers of vortex
elements on the wing and, here, the superscript T indicates the
matrix transpose.

Substituting Eq. (11) into Eq. (6) gives
(

knX

n D 1

Nyn

kmX

m D 1

"
0 t C 1

nm C 0t
nm

2
C

mX

i

¡
0 t C 1

ni ¡ 0t
ni

¢
#)

£ 1 Ny ¡ NMd
p

jpj
D 0 (14)

or, as expressed in matrix form,

fC2gT f0gt C 1 C fC1gT f0gt ¡ NMd.p=jpj/ D 0 (15)

where D1, D2, C1, and C2 are coef� cient matrices describing the
vortex element forces and moments on the wing.

Thus, when Eqs. (10), (13), and (15) are combined, a complete
aeroelastic state-space equation in matrix form is obtained for the
unknown variables 0, ®, and p:
2

64
A ¡T® Tp=U

DT
2

NK® 0

C T
2 0 0

3

75

8
<

:

0

®

p

9
=

;

t C 1

C

2

64
B 0 0

DT
1 0 0

C T
1 0 0

3

75

8
<

:

0

®

p

9
=

;

t

D

8
<

:

Tt ´te C Tl ´le

0
NMd. p=jpj/

9
=

;

t C 1
2

(16)

When a treatment similar to that described in Ref. 14 is followed,
a reduced-order aerodynamic model with static correction is con-
structed, and the � nal aeroelastic state-space model is given by
µ

I ¡Y T
Ra[I ¡ A.A C B/¡1]E

G2 X Ra K C G2.A C B/¡1 E

¶ »
°

µ

¼ t C 1

C

"
¡Z Ra Y T

Ra B.A C B/¡1 E

G1 X Ra G1.A C B/¡1 E

# »
°

µ

¼ t

D
»

0

¡.G1 C G2/.A C B/¡1.Tt ´te C Tl ´le/ C FN

¼ t C 1
2

(17)
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where fµg D f®; pg is a vector of unknown variables and

[E] D [fT®g; f¡Tp=U g]; [G2] D

"
fD2gT

fC2gT

#

[G1] D

"
fD1gT

fC1gT

#

; [K ] D
µ

NK® 0

0 0

¶

fFN g D
»

0
NMd.p=jpj/

¼
(18)

[X Ra ] and [YRa ] are the reduced right and left eigenvector matri-
ces of the vortex lattice eigenvalue model and [Z Ra ] is a reduced
eigenvalue matrix, 0 D X Ra° , with only the most dominant eigen-
modes retained in the analysis. Aerodynamic modes are retained
on the basis of their damping values (real part of the aerodynamic
eigenvalue) starting with the lowest damped aerodynamic mode. A
convergence study is carried out by systematically increasing the
number of aerodynamic modes retained.

Numerical Study
Validation of Aerodynamic Computation Code

To validate the present aerodynamic code, � rst consider a two-
dimensionalthin airfoil, and use two-dimensionalvortex lattice the-
ory at M D 0. Results are presented for the pressure and lift coef� -
cient responses to a step angle of attack of the airfoil, leading and
trailing control surfaces, that is, ® D 1 rad, ´le D 1 rad, and ´te D
1 rad, respectively. Control surface chords of 20% are consid-
ered. The airfoil was modeled using 40 vortex elements, that is,
km D 40. The wake was modeled using 160 vortex elements, that is,
kmm D 200. The total number of vortex elements (or aerodynamic
degreesof freedom)was 200.The vortex relaxationfactorwas taken
to be ® D 0:992. The nonlinear Coulomb dry friction moment Md

is set to zero.
Figure 3 shows the lift coef� cient of the airfoil vs nondimen-

sional time, ¿ (¿ D tU =c/. The solid line is for ® D 1 rad, the bro-
ken line is for ´le D 1 rad, and the dashed line is for ´te D 1 rad
step angle-of-attack excitations. Figure 4 shows the corresponding
nondimensional pressure distributions vs nondimensional chord x
as the � ow reaches its steady state ¿ ! 1. A comparison between
the present resultsand typicalvaluesof theaerodynamiccoef� cients
fromRef. 15 is shown belowin Table 1. The agreementis very close.

Consider now the present three-dimensional � ow model for the
wing. Here again, the aerodynamic coef� cients are calculated.The
wing was modeled using 400 vortex elements, that is, km D 40 and
kn D 10. The wake was modeled using 800 vortex elements, that is,
kmm D 120. The total number of vortex elements (or aerodynamic
degrees of freedom) was 1200. The control surface chords are 20%
of the total wing chord, and the spans are 50% of the total wingspan.
The control surfaces are located on the outer half of the wingspan.

Fig. 3 Lift coef� cients of a thin airfoil vs nondimensional time ¿ for
several different step angle-of-attack excitations of the airfoil and con-
trol surfaces.

Table 1 Comparison between present
results and typical values from Ref. 15

Coef� cient Ref. 15 Present method

CM AC® 0 ¡0.0037
CM AC´te ¡0.64 ¡0.65
CM AC´le 0.16 0.165
CL® 2¼ 6.271
CL´te 3.45 3.398
CL´le 0.255 0.266

Fig. 4 Nondimensionalpressure distribution of a thin airfoil vs nondi-
mensional chord position for different step angle-of-attackexcitation as
¿ ! 1.

Both local and total aerodynamic lift coef� cients are considered.
The nonlinear Coulomb dry friction moment Md is set to zero.

The local lift at y D y j is obtained by integrating the pressure
difference along the local chord line:

L t C 1
local .y j / D

Z c

0

1pt C 1.x; y j / dx (19)

The local lift coef� cient Cl;local at y D y j is de� ned as

C t C 1
l;local.y j / D

L t C 1
local .y j /
1
2
½U 2c

(20)

The total lift is obtained by integrating the local total lift along
the span:

L t C 1 D
Z l C r f

r f

L t C 1
local .y/ dy D l

knX

j D 1

L t C 1
local .y j /1 Ny (21)

where 1 Ny D .l=c/.1=kn/ and kn is the number of spanwise discrete
elements.

The total aerodynamic lift coef� cient Cl is de� ned by

C t C 1
l D

L t C 1

1
2 ½U 2 Aw

(22)

where Aw is the total wing area.
The results are shown in Figs. 5a and 5b for step angles of at-

tack of the wing, leading, and trailing control surfaces,respectively.
Figure 5a shows the total lift coef� cient of the wing vs nondimen-
sional time ¿ . The solid line is for ® D 1 rad, the dashed line is
for ´le D 1 rad, and the broken line is for ´te D 1 rad step angle-of-
attack excitationsof the aerodynamic � ow. All results have reached
their steady values when ¿ > 10. The steady total lift coef� cients
of the wing are CL® D 1:97, CL´ te D 0:73, and CL´ le D 0:021. Note
that the lift contribution due to the leading-edge control surface is
quite small relative to the wing and trailing-edge control surface.
Figure 5b shows the correspondingnondimensionalpressure distri-
bution at midspan vs nondimensional wing chord as ¿ ! 1. For
the step angle-of-attackexcitation of the wing, the maximum pres-
sure is near the leading edge. For the leading control surface, the



164 TANG, LI, AND DOWELL

a)

b)

Fig.5 Aerodynamicresponse to step anglesof attackforwing, leading-,
and trailing-edgecontrol surfaces: a) total lift coef� cients and b) nondi-
mensional pressure distribution (¿ ! 1).

maximum pressure is still at the leading edge, but there is a nega-
tive peak pressure (1p D ¡2:2) at Nx D 0:22, that is, near the trailing
edge of the leading-edgecontrol surface. The pressure distribution
is almost zero when Nx > 0:3. For the trailing-edge control surface,
the maximum pressure is (1p D 2:7) at Nx D 0:82, that is, near the
leading edge of the trailing-edgecontrol surface.

Figure 6a shows the local lift coef� cient of the wing vs nondi-
mensionalspan.As expected,the local lift coef� cient decreasesnear
the tip and root of the wing for the step angle-of-attackexcitationof
the wing. (Note that an antisymmetricvortex condition is used.)The
maximum value of 2.06 at Ny D 0:55 is about 30% of that for a thin
airfoil.For the leading-edgecontrol surface step angle-of-attackex-
citation, the maximum local lift coef� cient is 0.024 at Ny D 0:65. For
the trailing-edgecontrol surface step angle-of-attackexcitation, the
maximum local lift coef� cient is 1.06 at Ny D 0:75. Figure 6b shows
the local moment coef� cient of the wing vs nondimensional span.
For the step angle-of-attack excitation of the wing, the maximum
value is 0.11 at Ny D 0:25. For the leading-edgecontrol surface ex-
citation, the maximum local moment coef� cient is 0.14 at Ny D 0:75.
For the trailing-edgecontrol surface excitation, the maximum local
moment coef� cient is ¡0.47 at Ny D 0:75.

Figures 5 and 6 are the results for the right wing. For the left
wing, the aerodynamic excitations and forces are antisymmetrical
with respect to the center axis of the fuselage. Note that rolling is
not permitted in this purely aerodynamic simulation.

Numerical Results for Effectiveness of Control Surfaces
A standard discrete time marching algorithm has been used to

calculate the static response of this aeroelastic system using the
full aerodynamic model, Eq. (16), and also the reduced-orderaero-
dynamic model, Eq. (17). The time step is constant for a given

a)

b)

Fig.6 Aerodynamicresponse to step anglesof attackforwing, leading-,
and trailing-edge control surfaces: a) local lift coef� cients and b) local
moment coef� cients along the span.

� ow velocity U , 1t D 1x=U . For these calculations, Nxe D 0:3,
K® D 0:131 kgm/rad, and Md D 0. The rotationanglesof the leading
and trailing control surfaces,´le and ´te, are the variables for a given
� ow velocity.

For the following discussion, the nondimensionaldynamic pres-
sure ¸, rolling effectiveness(RE) and rolling rate normalized by the
trailing-edgecontrol surface rotation QP are de� ned as

¸ ´ ½U 2c3
¯

K®; RE ´ . pl=U /=.pl=U /rigid

¸R ´ ¸ j pl=u D 0

QP ´
±

pl
.q

K®

¯
½c3

².
´te D

p
¸.pl=U /=´te (23)

Figure 7 shows RE vs dynamic pressure ¸ for several different
ratios of leading- to trailing-edge control surface rotation. Rolling
reversal occurs, that is, pl=U D 0 when ¸ D 1:1, 0.6, 0.4, 0.3,
0.2, and 0.15 for r D 3, 2, 1, 0, ¡1, and ¡2, respectively. Note
that ¸R decreases as r decreases. Figure 8 shows the twist an-
gle ® vs dynamic pressure. The twist angle increases as dynamic
pressure increases and r decreases for the range of parameters
shown.

Figure 9 shows the variationof rollingrate QP vs dynamicpressure
¸ for r D 3, 2, 0, and ¡2. In our linear aeroelasticmodel, the rolling
rate is proportional to the trailing-edge rotation for a � xed ratio of
leading- to trailing-edge rotations. Thus, the inverse of Fig. 9 may
also be interpretedas the trailing-edgerotation required for a given
rolling rate.

Note that to achievethe maximum rollingrate, one should reverse
the sign of r near ¸ D ¸R jr D 0 as was found previously for simpler
models.9
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Fig. 7 RE vs dynamic pressure ¸ for different r.

Fig. 8 Elastic twist angle ® vs dynamic pressure ¸ for different r.

Fig. 9 Variation of normalized rolling rate ~P vs dynamic pressure ¸
for r = 3, 2, 0, and ¡2.

Theoretical and Experimental Correlation
For the present computationaland experimentalmodel, the aero-

dynamic and structural parameters are described in the preceding
section, “Experimental Model and Measurements.” The measured
torsional stiffness is K® D 0:032 kg/rad. The trailing-edge control
surface rotation is ´t D 5 deg. Three typical cases for leading-edge
control are considered,that is, the ratios of leading- to trailing-edge
control surface rotations are r D ¡1, 0, and 1.

The dry friction damping moment between the spindle support
and the aeroelasticwing model Md is determined by an experimen-

Fig. 10 Rolling rate vs � ow velocity: comparison of theory and exper-
iment for r = 0, and with � exible torsional stiffness.

tal method, as follows. From the wind-tunnel test, a speci� c � ow
velocity calledUd can be determinedwhere the rolling is just started
from a rest state due to the aerodynamic rolling moment overcom-
ing the dry friction moment in the test model. Note that this � ow
velocityvaries with the structuralparamenters.When the known Ud

and p D 0 are substitutedinto Eqs. (10) and (13), the state variables,
0 t ; 0 t C 1, and ®t C 1 can be solved using a standard discrete algo-
rithm. By the use of Eq. (15), the Coulomb friction moment Md of
this system can be determined by

NMd D fC2gT f0gt C 1 C fC1gT f0gt (24)

where

Md D NMd ½U 2
d c3 (25)

Note that p=jpj ´ 1 when p D 0.
The Coulomb friction moment Md obtained from the experiment

has a small variation with r . An average value, Md D 0:00021 kgm,
is used in the following calculations.

Either Eq. (16) or Eq. (17) is a nonlinearequation to determine p
and ® when Md is known. The computationalprocedure is follows.

When a set of initial values 0 t ; ®t , and pt D 0 is assumed, the
state variables of the next time step, t C 1, can be calculated using
Eq. (16) or (17). Now, if

­­fC2gT f0gt C 1 C fC1gT f0gt
­­· NMd

then p D 0; otherwise,thecomputationalcode is time marchedusing
the preceding state as the set of initial conditions until the system
achieves a steady state. Note that the transient time histories com-
puted here are for very light (zero moment of inertia) wings, and,
hence, they are not shown because they are of little physical interest.
Later studies will incorporate realistic moments of inertia.

Figure 10 shows the steady-state rolling rate vs � ow velocity and
a comparison of theory and experiment for a certain combination
of leading- and trailing-edge control surface rotations, that is, zero
leading-edgecontrol surface rotationr D 0 and the � exible torsional
stiffnesscase.Note that two theoreticalresultsare shown,with (solid
line) and without (broken line) the dry friction of the spindle sup-
port mechanismincluded.The symbols of 4 and ± pointsare results
obtained from the experiment. The ± points show the results when
� ow velocity increases and the 4 points are for when � ow veloc-
ity decreases.These two experimental results are very close, except
for the � ow velocity at which rolling starts when increasing � ow
velocity or stops when decreasing � ow velocity. The starting � ow
velocity is about Ud D 10:3 m/s and the stopping � ow velocity is
about 5.4 m/s. This difference is because there is an inertial rolling
moment when the � ow velocity is decreasing and the wing is still
rolling. From Fig. 10 it is seen that the theoretical reversal � ow ve-
locityis in a rangefromU D 21:5 ! 25 m/s for dry frictiondamping
included and at a point velocity at U D 23:6 m/s for no dry friction
damping included. The experimental reversal � ow velocity is also
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Fig. 11 Rolling rate vs � ow velocity: comparison of theory and exper-
iment for r = 0 and with rigid torsional stiffness.

Fig. 12 Rolling rate vs � ow velocity: comparison of theory and exper-
iment for r = 1 and with � exible torsional stiffness.

Fig. 13 Rolling rate vs � ow velocity comparison of theory and experi-
ment for r = 1 and with rigid torsional stiffness.

in a range fromU D 21:6 ! 24 m/s for increasing� ow velocity, and
U D 21:5 ! 23:7 m/s for decreasing � ow velocity.

Figure 11 shows the corresponding rolling rate vs � ow velocity
for the rigid torsional stiffness case. The lines and symbols shown
in Fig. 11 are the same as for Fig. 10. Accountingfor the dry friction
improvesthe quantitativeagreementbetween theoryandexperiment
both for the rigid and � exible torsional stiffness cases.

Figure 12 shows the rolling rate vs � ow velocity for r D 1 and
the � exible torsional stiffness case. The experimental starting � ow

Fig. 14 Rolling rate vs � ow velocity comparison of theory and experi-
ment for r = ¡1 and with � exible torsional stiffness.

Fig. 15 Rolling rate vs � ow velocity: comparison of theory and exper-
iment for r = ¡1 and with rigid torsional stiffness.

velocityis aboutUd D 7:5 m/s and the stopping� ow velocityis about
5.2 m/s. From Fig. 12, it is also seen that the theoretical reversal
� ow velocity is in a range from U D 25 ! 27 m/s for dry friction
damping included and at a point velocity at U D 26:5 m/s for no
dry friction damping included. These are higher than those for the
r D 0 case. The experimentalreversal � ow velocity is also in a range
from U D 26:5 ! 27:6 m/s for both increasingand decreasing � ow
velocity. A similar result is shown in Fig. 13 for the rigid torsional
stiffness case.

Figures14 and15 showthe rollingratevs � owvelocityfor r D ¡1
for the � exible and the rigid torsional stiffness cases, respectively.
The experimental starting � ow velocity is about Ud D 12 m/s. The
theoretical reversal � ow velocity is from U D 19 ! 23 m/s for dry
frictiondamping includedand at a pointvelocityat U D 21:5 m/s for
no dry friction damping included. The experimental reversal � ow
velocity is from U D 17:2 ! 21 m/s for increasing � ow velocity.
The difference between the experimental data for increasing and
decreasing � ow velocity is larger for r D ¡1 than for r D 0 or C1
due to a smaller rolling rate, that is, there is a smaller aerodynamic
rolling moment relative to the dry frictiondampingmoment. For de-
creasing � ow velocity, the stopping� ow velocity is at 19.1 m/s. For
the rigid torsional stiffness case, as shown in Fig. 15, the agreement
between theory and experiment is closer because the aerodynamic
rollingmoment is moredominantrelativeto thedry frictiondamping
moment.

To more clearly show the effects of the parameter r on the re-
versal � ow velocity and rolling rate pl=U , a summary of data from
Figs. 10–15 is shown in Figs. 16 and 17. Figure 16 shows the rolling
rate vs � ow velocity for r D ¡1, 0, and 1 and the � exible torsional
stiffness case. Figure 17 shows the corresponding rolling rate vs
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Fig. 16 Rolling rate vs � ow velocity: comparison of theory and exper-
iment for r = ¡1, 0, and 1 and with � exible torsional stiffness.

Fig. 17 Rolling rate vs � ow velocity: comparison of theory and exper-
iment for r = ¡1, 0, and 1 and with rigid torsional stiffness.

� ow velocity for the rigid torsional stiffness case. When Fig. 16 is
compared to Fig. 7 or Fig. 9, it is found the reversal � ow velocity
decreases as r decreases, both theoretically and experimentally.

Conclusions
The generally good agreement between theory and experiment

is encouraging and perhaps even a bit of a pleasant surprise. It is
encouraging because it con� rms that the adaptive use of a com-
bination of leading- and trailing-edge control surfaces can lead to
substantially improved rolling performance in aerospacecraft and,
by implication,enhanced performance for other maneuvers as well.

Note that, to obtain good quantitative agreement between theory
and experiment, it was necessary to model the nonlineardry friction
damping at the interface between the wing experimentalmodel and
its support mounting. In a freely � ying model, such dry friction
would not be present, of course.

The good agreementbetween theory and experimentmay also be
a bit surprising for those who have been aware that often the pre-
diction of aerodynamic characteristicsof control surfaces has been
found to be de� cient relative to measured values. Although direct
measurements of the aerodynamic characteristics of the leading-
and trailing-edge control surfaces have not been made here, never-
theless, the very good agreement between theory and experiment
for rolling rates as a function of dynamic pressure suggests that

our theoretical aerodynamicmodel has been more than adequate to
predict the aerodynamic performance of the control surfaces. This
may be because, for the present experimental model, there is no
gap between the wing and the control surfaces that would lead to
leakage � ows. On the other hand, viscous effects, per se, which are
often cited as a possible source of disagreement between measured
and computed values, must not be signi� cant here, even though
the Reynolds’ number based on the total wing chord is only about
1.36 £ 105 for U D 20 m/s.

Finally, with regard to possible next steps, even though we have
used time marching simulation to compute the steady-state rolling
performance, the present experimental/theoretical study is essen-
tially for static equilibrium conditions. It will be of considerable
interest to extend the theoreticaland experimentalwork to dynamic,
transient conditions.
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