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Influence of Angle of Attack and Stabilizer Deflection
on T Empennage Flutter

V. D. Chuban*
TsAGI, 140180, Zhukorsky, Russia

It was found using wind-tunnel tests of airplanes with T empennage that the critical speed of antisymmetric
flutter (based on composition of bending and torsional oscillations of the vertical tail) has an abnormally strong
dependence on stabilizer deflections and angle of attack. This specific kind of antisymmetric flutter is characterized
by relatively large amplitudes of oscillations of the stabilizer in its plane. Additional work of the induced drag forces
on the in-plane component of oscillations might explain the nature of this kind of flutter. The numerical method for
flutter analysis is described, which takes into account the effect of angles of attack and sideslip and aerodynamic
control angles on flutter critical parameters. The method is based on a modification of the vortex lattice method and
allows for induced drag when computing generalized aerodynamic forces. Numerical results for the flutter critical
speed compare well with test data for a dynamically similar model of the civil airplane T-shaped empennage.

Introduction

ANY types of airliners include a T-shaped empennage. Be-

ginning in 1960, the Russian aviation industry designed sev-
eral passenger and transport airplanes with T empennage. Practically
from the very beginning, it was found that this airplane scheme has
some negative features. One of the problems was related to the T-
empennage design stage when satisfying the flutter requirements.
It was found (in wind-tunnel tests) that the critical speed of an-
tisymmetric flutter (based on the composition of the bending and
torsional oscillations of the vertical tail) has an abnormally strong
dependence on stabilizer deflections and angle of attack.!

Traditional numerical methods of flutter evaluation failed to pre-
dict the critical parameters of this kind of flutter. At the same time,
all other kinds of T-empennage flutter (both symmetric and anti-
symmetric) showed proper correspondence between numerical and
experimental results of critical speeds.

This specific kind of antisymmetric flutter is characterized by
relatively large amplitudes of oscillations of the stabilizer in the
X direction (where the X axis is oriented to the fuselage nose) in
comparison with other kinds of T-empennage flutter. It was sup-
posed that the additional work of the X component of the induced
drag on the X component of oscillatory displacements might ex-
plain the nature of this kind of flutter. A method to take into ac-
count this particular feature is developed and described in this
paper.

There are two approaches to numerical evaluation of flutter crit-
ical parameters, based on quasi-steady aerodynamics or unsteady
aerodynamics. In its nature, flutter study is the stability analysis
of the body motion when a combination of inertial, elastic, struc-
tural damping, and aerodynamic forces acts on the body. Usually,
critical parameters of flutter, calculated by both approaches, are dif-
ferent. Typically (but not always), unsteady aerodynamics increases
the critical speed and reduces the critical frequency. The numerical
method described in the paper uses the quasi-steady aerodynamics.
The method may be generalized to use unsteady aerodynamics.

Traditional approaches described in Refs. 2—4 to calculate aero-
dynamic forces in flutter rely on linearization of the aerodynamic
forces in the domain of low angle of attack and principally fail to
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describe the dependence of flutter critical parameters on airplane
angle of attack and/or controls setting angles.

The goal of the present paper is to provide a method capable of
analyzing airplane flutter within nonseparated flow theory. A vortex-
lattice method modification is used as the basis, which allows for
induced drag. The theory is developed by introducing the notion of
linearization point. The linearization point is defined as the airplane
flow problem solution in the case where controls deflections are
known, angle of attack and sideslip are nonzero, and infinitesimal
displacements due to small elastic oscillations are added.

This approach takes into account 1) changes in no-penetration
boundary conditions due to finite variation of normal vectors when
finite values of angle of attack, sideslip, and controls setting are
introduced and 2) linearization of expressions for the aerodynamic
forces applied to the airplane that are involved in small elastic os-
cillations. The allowance for induced-drag, which is quadratic in its
essence and adds terms to aerodynamic forces in the course of the
linearization, is of importance.

Vortex Lattice Method

Consider a thin load-carrying surface (Fig. 1). Let us assume that
it is curvilinear and features a curvilinear partitioning into quadri-
lateral panels. The surface is placed in a quasi-steady nonseparated
compressible inviscid (potential) flow whose freestream velocity is
Vs (With the module U.,):

—cosa cos B
sin o cos

—sin B

where « is the angle of attack and g is the sideslip angle. Each side
(edge) of the panels may be assumed to be a straight-line segment.
Let us introduce at the center of an ith panel the collocation point
P; and the normal vector n;. Each panel is associated with a vor-
tex frame that is composed of four vortex segments with identical
intensity G;. The system of vortex frames ensures circulation-free
flow around the surface.

Quasi-steady flow with circulation may be obtained by comple-
menting the trailing edge with semi-infinite vortex frames with in-
tensities Gy, that are equal to intensities G; of the frames neighbor-
ing the trailing edge. Lateral edges (or whiskers) of the semi-infinite
frames may be assumed to run along the freestream velocity vector
V . The set of semi-infinite frames forms the vortex sheet that sheds
from the trailing edge. The system of conditions Gy; = G; for the
sheet frames ensures meeting the Zhukovsky—Kutta condition for
the trailing edge.

The vector G = [G|, G», ..., Gy]" (where N is the total num-
ber of panels) comprises unknown intensities G;, which could be

(e))
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Fig. 1 Discrete vortex frames on a load-carrying surface.

determined by meeting N no-penetration conditions for the set of
collocation points P;.

The approach to forming the discrete vortex system is rather
equivalent to classical formulations of the vortex lattice method
(VLM) and doublet lattice method (DLM). However, it has some
special features. The features are as follows.

1) Instead of Eq. (1), both VLM and DLM usually rely on a
simplified linearized expression.

2) The initial surface curvature and finite values of & and § in these
methods are usually taken into account by introducing infinitesi-
mally small rotation of normal vectors in no-penetration conditions.

An ith vortex frame induces at a space point P the velocity
yid(p)= Vii“d(P)G,-, which may be computed via the velocity in-
duced by each of the four segments of the frame (refer to Ref. 3).
Note that the effect of the vortex frame adjacent to the trailing edge
should be complemented with the velocity induced by the adjacent
frame in the vortex sheet. The velocity induced by the surface itself
and the vortex sheet could be written as

N
Vir(P) = V(PG @
i=1
Let us assume the surface displacement field at the point P to be
known,
U(P,t)=U"(P)+u(P,1)

where U is the stationary finite displacement caused, for example,
by initial deflection of controls and/or static structural deformation;
u is the unsteady infinitesimal displacement of the surface point.
With the displacement field known, we can also derive the surface
velocity field,

V(P, 1) =u(P,1) 3)
and the normal vectors,

n(P,t) =n’(P)+ @(P,t) x n’(P) )
where n° is the normal vector with correction for surface displace-
ment U° and ¢ is the infinitesimal rotation vector of the surface,
associated with displacements u.

No-penetration conditions for the collocation point P; may be
expressed as

[Vae + V(P = V] n;=0
nj=nP,0, j=1,...,N (5

Substitute (2) — (4) and remove second-order terms to transform
the conditions (5) into,

N
ZA,,-G,:B‘}JFBHB?;, j=1,...,N (©6)
i=1

where Aj; = Vi(P;) - n%(P)) is the acrodynamic influence ma-
trix coefficient. B‘]). =—Vy - no(P)), B; = u(Pj,t) - no(P;), and
B‘f =~V - [@(P}, t) x ny(P;)] are right-hand-side vector compo-
nents. Equations (6) may be written by using matrix notation,

AG = B + B' + B¢ (7)

The solution to linear equation (7) can be decomposed as
G=G"+G"'+G* ®)

Vector G° is defined by vector B® and characterizes vortex frame
intensities as functions of angle of attack and sideslip and finite
stationary displacements U°. Vector G(t) is defined by vector B
and characterizes vortex frame intensities as functions of velocities
u of infinitesimal displacements. Vector G¥(¢) is defined by vector
B? and characterizes vortex frame intensities as functions of surface
rotation during infinitesimal displacements.

Generalized Aerodynamic Forces

To compute force F applied to a vortex segment, one can resort
to Zhukovsky formula

F=pV xT¢ )

in which p is gas mass density, V flow velocity at the vortex segment
center, I' vortex segment intensity vector, and ¢ vortex segment
length. Note that vortex frame elements coinciding with the trailing
edge, as well as vortex sheet elements, provide no contribution to
aerodynamic forces.

With formula (9), the aerodynamic force acting on the vortex
segment may be written as

Fi = F(Ry) = p[ Voo + V™ (Ri, 1) — ie(Ri, )] x LGy (10)

where Ry is the vortex segment center and Ly is the vortex segment
vector. For the latter, we have

Ly =LY+ (R, 1) x LY (1D

which reflects variation of the vortex segment arrangement due to
rotation during infinitesimal displacements.

Substitute Egs. (2), (8),and (11) into Egs. (10) and neglect second-
order terms to derive the expression for the force applied to the vortex
segment:

Fk — FI?O + Fk()v + FI:)(P + FkUO + F]EPO

where

N
F® =p| Vot Y V™ROG! | x L{G!
i=1
_ N .
F" =p| Vo + Y V™ROG! | x L{G}
i=1

N
F* =p| Vo + Y VMRIG! | x LYGY

i=1

i=1

N
F'=p [ Z Vi(R)GY — u(Rk)] x L)G!

N
FYO = p{ [Z v;“d(Rk)G?’} x LY + Voo x [@(Ri, 1) x LY] }Gg

i=1

12)

Relations (12) may be described in the following way:

F is the stationary force depending only on angles of attack and
sideslip and steady-state finite displacements of the surface.

F and F}° are unsteady forces depending on angle of attack
and sideslip and steady-state displacements and are proportional to
velocities of infinitesimal displacements.

Fk0 ? and F! ? are unsteady forces depending on angle of attack
and sideslip and steady-state displacements and are proportional to
rotation angles due to infinitesimal displacements.
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Note that relations (12) are inherently quadratic because they
comprise products of vortex frame intensities, so that the rela-
tions may be regarded as linearized approximations for acrodynamic
forces, including induced drag. Relations (12) could be utilized in
the usual way to compute generalized aerodynamic coefficients for
equations of motion of an elastic structure placed in gas flow and
involved in infinitesimal oscillations.

Motion Equations for Elastic Structure

Consider an elastic structure with thin load-carrying surfaces.
Its finite element model features positively definite and symmetric
matrices of stiffness, X, and mass, #. Now the generalized eigen-
value/eigenvector problem should be solved:

ZD,, = wnd,, m=1,....,.M (13)
(where &, is an mth natural oscillation shape, w,, is the angular
frequency for the mth mode, and M is the total number of modes)
to obtain the basis for representing the displacement field of the
structure (and its carrying surfaces):

M
W(P,1) =Y ©u(P) - gult) (14)

m=1
The natural modes meet orthogonality and norming conditions,

' m®d,, = St O D, = W2 St (15)
By utilizing Eqs. (13-15) we derive equations for small elastic
oscillations in the form?

M
Gim + 260 Onm + Ogn = Co + Y (Cing, + Cild,)
p=1

m=1,....,.M (16)

where ¢, is the structural damping coefficient for the mth mode.
Expressions for generalized aerodynamic coefficients present in
the right-hand side of Eq. (16) are obtained from relations (12), (14),
and (15). Note that the coefficients depend on angle of attack and
sideslip, steady-state displacements U", and freestream speed U,,.

Static Aeroelasticity

Small displacements of a structure placed in flow and not involved
in oscillations meet the system

M
Opgm = Cy + ZCZZ%, m=1,....M  (17)
p=1

which is obtained from Eq. (16) by neglecting terms with temporal
derivatives. Let us assume that angles of attack and sideslip and
initial steady-state displacements U are known. One could arrange
an iterative process for determining the equilibrium condition of the
structure in flow:

1) On the basis of «, 8, and U°, find generalized aerodynamic
coefficients present in the right-hand side of algebraic equations
.

2) Solve system (17) to obtain generalized amplitudes g,,,.

3) Add the displacement field u to U°: U%: = U° +u.

4) If the process converges (that is, generalized amplitudes are
rather low), then the iterations are stopped.

5) Otherwise, stages 1-5 are repeated.

Note that if dynamic pressure is lower than the critical value
able to result in structural divergence, then the process converges;
usually, it suffices to run some 10 iterations.

Note that the main result from the procedure is the set of re-
fined values of generalized aerodynamic coefficients for Eq. (16).
In addition, coefficients Cgm tend to O during the process.

Flutter

Flutter equations are obtained from Eq. (16) by removing the term
CO

qm’

M

qm + 2§mwQO + w,zr,Qm = Z (CZZQP + C;I,qu)

p=1

m=1,....M (18)

The solution has the form ¢q,, =¢q,,¢*', where s =0 +iw is the
complex angular frequency. With this, we derive the homogeneous
algebraic system with real coefficients,

M
qum + 2S§n1a)n1qm + wfnqm = Z (Cg,ﬁqu + ch,ﬁq]y)

p=1

m=1,...,.M (19)

By varying the flow velocity U, one can find purely imagi-
nary values s =iw that turn the system determinant into zero. The
respective w values define the flutter frequency, and a nontrivial vec-
tor q,, defines the structure flutter shape. In practical analysis the
flutter equation (19) is easily solved by HQR algorithms (QR algo-
rithms suggested by Francis and Kublanovskaja with preliminary
Householder-transformation of matrix to Heissenberg-form).

Results

Ability of the method is exemplified here by antisymmetric flutter
of adynamically similar model (DSM) of the civil airplane T-shaped
empennage (Fig. 2). This model was comprehensively evaluated at
SibNIA (Novosibirsk, Russia) to outline the influence of various
factors on flutter critical parameter. Wind-tunnel tests were carried
out at flow velocities of up to 45 m/s.

The DSM is symmetric relative to the (vertical) Oxy plane and
includes six units: vertical stabilizer, rudder, left-hand and right-
hand halves of the horizontal stabilizer, and left-hand and right-hand
elevators. The rudder has four attachment points: The point second
from the bottom features a spring that simulates an actuator. The
elevator has seven attachment points: the point third from the vertical
tail features a spring that simulates an actuator. Each of the units is
made as a rectilinear aluminum spar with rigid sections attached.

The mathematical model computation included a beam-based fi-
nite element structural model and an aerodynamic model (Fig. 2).
Results of modal analysis are compared with experimental data in
Tables 1-3.

Modal tests were carried out in 1976 by using an obsolete con-
cept as compared with state-of-the-art concepts. Oscillations were
excited by utilizing rubber strips; this concept may turn out to over-
estimate oscillation frequency. Such circumstances should be taken
into account when comparing data in Tables 1-3. Proceeding from

Fig. 2 Aerodynamic model at stabilizer setting angle ¢ =12 deg for
T-shaped DSM; also vortex sheet whiskers.
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Table 1 Natural frequencies of symmetric oscillations 0,,°
0 } {
F H
requency f, Hz 400 0 1200 1600x, mm 2400
. . L. x _
Experiments Theory Description 0 =3°
1.97 1.83 Oscillations of vertical tail, chord plane 2 ‘
3.78 2.56 Horizontal oscillations of stabilizer, —_ ‘ o
first mode Pt =
5.08 4.42 Bending of stabilizer, first mode ‘
—_— 10.3 Horizontal oscillations of stabilizer, 4
second mode ) I Qg =9°
_ 11.5 Bending of stabilizer, second mode ‘
12.3 11.9 Torsion of stabilizer
\;— 0y =12°
-6 I

Table 2 Natural frequencies of antisymmetric oscillations

Fig. 3 Spanwise distribution of elastic rotation angles ¢, for flow
sections of stabilizer at various stabilizer setting angles; flow velocity

Frequency f, Hz 25.5 m/s.
Experiments Theory Description
o
0.87 (0.9) 0.916 Bending of vertical tail, first mode 0 P, I
1.85(1.4) 1.46 Torsion of vertical tail
3.23 3.18 Bending of vertical tail, second mode \4 0 800 x, mm 1200 00
—_— 7.48 Horizontal oscillations of stabilizer -1 Qs = 3°
8.08 8.83 Bending of stabilizer -\
12.6 11.8 Torsion of stabilizer °
2 Pt = 6
0y =9°
Table 3 Natural frequencies of elevator torsion in 3 I ¢
symmetric oscillations \ °
O =12
Frequency f, Hz 4T f
Experiments Theory Description s
18.75 18.4 Torsion of elevator at zero frequency
of elevator rotation Fig. 4 Spanwise distribution of elastic rotation angles ¢, of flow
19.8 19.2 Torsion of elevator at elevator rotation sections of elevator at various stabilizer setting angles; flow velocity

frequency of 10.55 Hz

these same considerations, the tester team measured the first two fre-
quencies of the antisymmetric spectrum while exciting the structure
by hand. The frequencies thus obtained are shown in parentheses
in the first two lines of Table 2. One can see good convergence of
theoretical and experimental data.

The goals of the flutter tests included obtaining experimental de-
pendence of the critical speed of antisymmetric flutter (with bending
and torsion of the vertical tail) on angle of attack and stabilizer set-
ting angle.

Angle of attack o was varied by rotating the entire structure in
the vertical-tail chord plane. The stabilizer setting angle ¢, was
changed by turning the stabilizer around the 0z axis (normal to the
symmetry plane Oxy). During tests, the structure deformed notably;
static vertical displacements of stabilizer tips were as large as 200
mm due to aeroelasticity.

Figures 3 and 4 show results of computing elastic rotation an-
gle ¢ for flow cross sections of the stabilizer and elevator at
various stabilizer setting angles for flow velocity of 25.5 m/s.
Clearly, flow changes structural geometry due to aeroelasticity.
Note that at ¢4 =12 deg the theoretical vertical displacement
of stabilizer tips is 216 mm, close to the earlier experimental
data.

Figure 5 shows theoretical and experimental dependence of the
flutter critical speed on angle of attack and stabilizer setting an-
gle. The calculation did not allow for the influence of elasticity on
structural geometry. It is clear that theoretical results are below the
experimental ones.

Figure 6 shows the similar kind of dependence with the provi-
sion for elasticity, as described earlier in the “Static Aeroelasticity”
section. One can see that predicted critical speeds are close to test
results.

Experimental values of flutter frequency in all tests were 1.1-1.2
Hz. Theoretical results in the case of varying angle of attack are

25.5 m/s. Station 530 mm corresponds to elevator actuator.

Vi, m/s
45 T
40 —
35 S -y
30 N o N
kﬁ o
25
20 | 2 Tests, angle of attack variation
15 11 o Tests, stabilizer setting variation
10 1~ Theory, angle of attack variation
. o —
5 9| - Theory, stabilizer setting variation Pst> ?"
0 t t t t t } } t

0 1 2 3 4 5 6 7 8 9 10 11 12

Fig. 5 Flutter critical speed as a function of angle of attack and stabi-
lizer setting: initial geometry.

V¢, m/s
45 1 |
40 ;
3 oL el
R —

30 = —
25
20 -+ & Tests, angle of attack variation
15 11 o Tests, stabilizer setting variation
10 1| + Theory, angle of attack variation

5 7| = Theory, stabilizer setting variation Pots &, °—

0 f f f f f } } ! 1

o 1 2 3 4 5 6 7 8 9 10 11 12

Fig. 6 Flutter critical speed as a function of angle of attack and stabi-
lizer setting: deformed geometry.
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1.6-1.67 Hz, whereas in the case of varying stabilizer setting angle,
results were 1.35-1.45 Hz.

Conclusions

One may conclude that the functional dependence of the criti-
cal speed on angle of attack and angle of stabilizer deflection is
predicted precisely. This means that the supposition of 1) the sig-
nificant influence of stabilizer in-plane oscillations and (2) the role
of induced drag forces on the critical speed of flutter was absolutely
right. Numerical results also demonstrate the significant influence
of aeroelastic deformations due to angle of attack and the stabilizer
deflection angle on critical parameters of flutter.

The convergence of critical frequencies is not as good. Averaged
differences of frequencies are 0.25 Hz (when the stabilizer deflection
is variable) and 0.45 Hz (when angle of attack is variable). This gives
22 and 39% deviations.

Reasons for the discrepancy are unknown. At least two causes
may be assumed.

1) The numerical method uses quasi-steady aerodynamics, al-
though flutter takes place at a rather large Strouhal number of 0.15—
0.2;

2) There occurs restriction of rotational and torsional deformation
of elevators due to the elevator rotation axis becoming curved within
the elastic structure.

It is generally known that the flutter frequency is a more sensitive
parameter, and its accuracy normally is worse than the accuracy of

the critical speed. The author hopes that the situation may become
better if the method is used with unsteady aerodynamics.
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