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Abstract

Assessment of T-tail flutter requires unsteady aerodynamic forces beyond the scope of the conventional DLM,
usually accounted for by means of correctional terms computed by external methods and superposed with
the DLM aerodynamics. The increasingly employed CFD methods as high-fidelity alternatives to potential
flow solutions inherently capture the aerodynamic forces to their full extent. However, literature has shown
that the full description of the unsteady aerodynamic terms in combination with a linear modal approach for
the representation of the dynamical system of T-tails may lead to spurious stiffness terms. For a physically
more accurate flutter assessment, it is suggested to include quadratic deformation components in the modal
representation. While the effect of higher order deformation components on the stiffness of the vertical tail
plane out-of-plane bending mode shape is known from literature, their impact on the aerodynamic coupling
terms has not been studied in depth so far. As these are driving factors for flutter, this paper works out the
impact of quadratic mode shape components on the aerodynamic coupling terms with regard to frequency of
oscillation and deformation amplitude.
The two mode shapes studied in this paper are vertical tail plane out-of-plane bending and torsion. Both mode
shapes are approximated as rigid body rotations of the horizontal tail plane w.r.t. the longitudinal and vertical
axes, respectively. This allows for an analytical description of the linear and quadratic deformations. In order
to exclude aerodynamic interference between horizontal and vertical tail plane, only the isolated horizontal tail
plane is studied. The aerodynamics is restricted to inviscid flow at a Mach number of 0.4 and atmospheric
conditions at mean sea level according to the International Standard Atmosphere. Converged solutions to har-
monic excitation of the geometry’s CFD surface mesh are studied which enables the evaluation of aerodynamic
stiffness and damping from magnitude and phase angle of the input and output signals. Fourier transformation
of the signals as well as a curve fitting approach is used to address the frequency content of the aerodynamic
response.
The impact of the quadratic mode shape components is most notable for the aerodynamic influence of the
horizontal tail plane roll motion on itself and on the yaw motion. Here, the change in stiffness regarding the roll
motion, as outlined above, is observed as well as a striking impact on the stiffness and damping regarding the
yaw motion, i.e. the aerodynamic coupling term at non-infinitesimal deformation amplitudes. Concerning the
yaw motion, the quadratic deformation components affect the stiffness of the aerodynamic influence on itself.
The damping terms, however, are insensitive to the quadratic deformation components.
For the amplitude dependency, a nonlinearity in the coupling term of horizontal tail plane roll motion on yaw
motion is identified, which is fundamentally different between a linear and a quadratic deformation approach.
In addition, a third harmonic content in the generalized aerodynamic forces is observed. All other aerodynamic
terms behave linearly w.r.t. the deformation amplitude.

Keywords: Aeroelasticity, T-tail flutter, Quadratic mode shape components, CFD unsteady aerodynamics,
Nonlinear dynamics

1. Introduction
For numerical T-tail flutter studies, unsteady aerodynamic forces beyond the scope of the conven-
tional DLM are required. External aerodynamic methods based on strip theory are a feasible way of
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computing the additional terms and superposing them with the DLM aerodynamics [1–3]. Albeit its
simplicity, the derivation of an additional computational mesh from the DLM mesh is a disadvantage
of this method, as it is error prone and introduces a further discretization error. Enhanced DLM algo-
rithms [4] or UVLM [5] are two comprehensive low- to mid-fidelity approaches without the necessity of
superposing externally computed aerodynamic forces. For increased fidelity, especially in transonic
flow conditions, CFD methods may be applied for the study of T-tail flutter [6–10]. While these ap-
proaches feature a comprehensive description of the aerodynamic terms required for accurate T-tail
flutter assessment, literature has shown that the structural displacements need to be described geo-
metrically nonlinear in order to avoid spurious stiffness terms in the vertical tail plane (VTP) bending
mode shape [4]. This may be achieved by using an extended modal approach with quadratic mode
shape components.
The concept of quadratic mode shape components has been introduced by Segalman and Dohrmann
for rotating flexible structures in [11–15]. In their works, they propose a series of nonlinear static
finite element analyses to obtain the quadratic mode shape components. Ritter uses this idea for
simulating the nonlinear aeroelastic gust responses of free-flying aircraft in [16]. Van Zyl seized upon
the subject of quadratic mode shape components for T-tail flutter studies and proposes a method
for computing the quadratic mode shape components based on linear finite element analyses [17].
This approach has the advantage of a significant reduction in computational time, as only one static
finite element analysis is required for the computation of one quadratic mode shape component as
opposed to the nonlinear finite element approach, which requires a large number of nonlinear finite
element analysis runs for each component. The linear approach has been applied most recently to
T-tail flutter simulations by Murua in combination with potential flow theory based aerodynamics [5],
by Farao et al. for the simulation of nonlinear gust response of a full aircraft model [18] and by Schäfer
for T-tail flutter simulations in combination with linearized frequency domain CFD aerodynamics [19].
Regarding T-tail flutter mechanisms, typically VTP out-of-plane bending and torsion are the most
relevant linear structural mode shapes. The VTP out-of-plane bending implicates a roll motion of
the horizontal tail plane (HTP) and the VTP torsion results in an HTP yaw motion. The quadratic
deformation components of the two mode shapes may be described as a spanwise shortening of
VTP and HTP for the VTP out-of-plane bending deformation and a spanwise shortening of the HTP
for the VTP torsion, see Figure 1. Here, the blue surface color illustrates the linear mode shapes and
the orange surface color the quadratic deformation. Note that the surface of the deformed geometry
in the VTP’s torsional mode shape, Figure 1b, is artificially elevated slightly in vertical direction for
the case with quadratic deformation in order to make the quadratic deformation component more
perceptible.
To address the shortcoming of a commonly used linear modal approach for flutter assessment of
T-tail configurations, the quadratic deformation components of the mode shapes under consideration
are usually computed numerically as in [13, 16, 17, 19] and, together with the steady aerodynamic
forces, an additional stiffness matrix is constructed and superposed with the structural stiffness. For
increasing deformation amplitudes, however, the effect of higher order deformation components on
the aerodynamic response is unknown, but knowledge about nonlinearities in a dynamical system is
required to avoid detrimental oscillations which occur below the linear flutter boundary. The literature
on T-tail flutter is currently limited to linear dynamics with a few exceptions regarding Limit Cycle
Oscillations due to control surface freeplay using potential flow theory aerodynamics [20, 21]. It
is expected, for example, that aerodynamic nonlinearities originate from induced drag components
due to the roll motion of the HTP, which perform mechanical work on the VTP torsion and trigger
aerodynamic coupling between the structural mode shapes. Figure 2 illustrates this conceivable
possibility based on flow vorticity for an HTP roll motion at Mach 0.4 and reduced frequency of
0.231. The symmetric tip vortex of the undeformed model, Figure 2a, evolves to an asymmetric
one when the HTP undergoes a roll motion, leading to an asymmetric induced drag component.
Hence, it is expected that the fundamental mode shapes involved in T-tail flutter, namely VTP out-
of-plane bending and torsion, induce aerodynamic stiffness and damping terms which are nonlinear
with respect to the deformation amplitude. As the geometry changes when higher order deformation
terms are included, it is further expected that the nonlinearities are fundamentally different between a
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(a) VTP out-of-plane bending

(b) VTP torsion

Figure 1 – Typical linear mode shapes (blue surface color) involved in T-tail flutter and the
corresponding quadratic deformations (orange surface color)

linear and a nonlinear deformation model. Hence, for nonlinear flutter assessment, the use of a linear
deformation model is insufficient. Based on these considerations, the impact of an extended modal
representation of the dynamical system on T-tail flutter stability depending on deformation amplitude
and oscillation frequency needs to be addressed.

2. Work Description
To study the effect of higher order deformation components on the response of aerodynamic forces
on structural deformation, the focus is set on an isolated HTP in order to exclude aerodynamic inter-
ference effects from the studies. Furthermore, viscous effects are neglected. The structural mode
shapes are approximated as rigid body rotations w.r.t. the longitudinal axis for the VTP out-of-plane
bending and the vertical axis for the VTP torsion. This allows for a straightforward evaluation of
the linear and quadratic deformation components from rotation matrices without the need of using a
structural solver to compute the higher order deformation components. With this, errors in computa-
tion of the deformation components are avoided and the terms involved in the deformation process
are explicitly defined. Harmonic excitation of the CFD surface mesh is used for computing the aero-
dynamic response at varying amplitudes and frequencies. The resulting time domain aerodynamic
forces are generalized according to the linear and extended modal formulations and analyzed re-
garding aerodynamic stiffness and damping of the first harmonic content based on their magnitudes
and phase angles. These values are obtained from both, applying a discrete Fourier transform (DFT)
algorithm on the output signal and fitting a periodic function with multiples of the fundamental exci-
tation frequency into the output signal for the selected time window. The DFT-approach may also
be applied to pulse excitation to get the complex moduli for a range of reduced frequencies with a
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(a) Undeformed steady state

(b) Deformed unsteady state

Figure 2 – Asymmetric vorticity geometry evolving from HTP roll motion

single simulation run. A sliding Fourier transform with a window size of two periods of oscillation is
used to continue the simulation until the magnitudes of the target generalized aerodynamic forces
(GAF) show a convergence with a residual of 0.1 % for a time span of two periods. A Cauchy con-
vergence criterion is used on the lift force, drag force, and lateral moment coefficients with relative
values of 1e−6, 1e−6, 5e−6, respectively, for the inner CFD iterations at each physical time step. The
Linearized Frequency Domain (LFD) approach [22], as a sophisticated way for obtaining the first har-
monic content in GAF suitable for flutter prediction of complex configurations, serves as reference in
this work for the chosen approach for computing frequency domain GAFs from time domain signals
at small amplitudes.

3. Methods
3.1. Deformation Description
The approximation of the structural mode shapes by rigid body rotations is described here exemplarily
for the roll motion. The approach allows for an analytical description of the deformation using the
nonlinear rotation matrix with roll angle ϕ

RRR =

1 0 0
0 cos(ϕ) −sin(ϕ)
0 sin(ϕ) cos(ϕ)

 (1)

Expanding the sine and cosine terms in Eq. 1 as Taylor series with collected higher order terms
(H.O.T) [23]

sin(ϕ)≈ ϕ− ϕ3

3!
+H.O.T (2)

cos(ϕ)≈ 1− ϕ2

2!
+H.O.T (3)

and truncating them after the first and second order terms, respectively, leads to the linear (Eq. 4,
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superscript ()(1)) and the quadratic (Eq. 5, superscript ()(2)) rotation matrices.

RRR(1) =

1 0 0
0 1 −ϕ

0 ϕ 1

 (4)

RRR(2) =

1 0 0
0 1−1/2ϕ2 −ϕ

0 ϕ 1−1/2ϕ2

 (5)

3.2. GAF Evaluation from Time Domain CFD Computations
For evaluating GAFs from time domain CFD results, the extended modal formulation used in this
work reads [16]

Q = φφφ
(1)T fff +φφφ

(2)T fff q (6)

Here, φφφ
(1) and φφφ

(2) denote the linear mode shape and the quadratic mode shape components vector,
respectively. In case of the roll deformation, these terms become

φφφ
(1) =

∂RRR(1)

∂ϕ
xxx (7)

and

φφφ
(2) =

∂ 2RRR(2)

∂ϕ2 xxx (8)

with

∂RRR(1)

∂ϕ
xxxi =

0 0 0
0 0 −1
0 1 0

xxxi (9)

∂ 2RRR(2)

∂ϕ2 xxxi =

0 0 0
0 −1 0
0 0 −1

xxxi (10)

and xxx as the vector of surface grid point locations.

3.3. Stiffness and Damping from Time Domain GAF Signals
The mechanical work of a system with hysteretic response to harmonic excitation may be considered
as consisting of a contribution due to the system’s stiffness (Wk) and one due to the system’s damp-
ing characteristics (Wc) [24, 25]. The inclination and enclosed area of the hysteresis, as shown in
Figure 3, are the parameters defining these work terms. Here, the fictional input signal q(t) is plotted
against time t in the bottom figure and the upper left figure shows the time history of the fictional
output signal Q(t). The top right figure displays the resulting hysteretic response. By focusing on the
first harmonic content in the signals and evaluating the corresponding integrals, the normalized work
terms become [26]

Wk

q̂2 =
1
q̂2

∫ q̂

0

Q̂cos(ϕ)
q̂

qdq =
1
2

Q̂
q̂

cos(δ ) (11)

Wc

q̂2 =
1
q̂2

∫ T+ 2π

ω

T
Q

dq
dt

dt =
Q̂
q̂

π sin(δ ) (12)

with δ being the phase difference between output and input signal, T the period of oscillation, ω the
angular frequency, and q̂ and Q̂ the magnitudes of input and output signal, respectively. In structural
dynamics, the concept of a complex stiffness is commonly employed to describe the stiffness and
damping characteristics with a single complex valued quantity, usually referred to as complex modu-
lus. It consists of a real part, the mechanical storage stiffness, and an imaginary part, the mechanical
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loss stiffness. The complex modulus is defined as

k∗(ω) = k′(ω)+ jk′′(ω) (13)

k′(ω) =
Q̂
q̂

cos(δ ) =
2Wk

q̂2 (14)

k′′(ω) =
Q̂
q̂

sin(δ ) =
Wc

π q̂2 (15)

k′(ω) characterizes the stiffness property and k′′(ω) the damping property. As both quantities are
merely a scaling of the integrals described in Eq. 11 and 12, this concept is used in the present work
to assess the aerodynamic stiffness and damping from harmonic forced excitations.

Figure 3 – Illustration for GAF hysteresis analysis

4. Simulation Model
The configuration studied in this work is the HTP of a generic T-tail configuration according to [5]
(Figure 4). The lifting surface with a span of 8 m and a chord length of 2 m is unswept and untapered.
In order to account for the effect of steady aerodynamic forces, an incidence angle of 3.0° is chosen,
resulting in a steady lift coefficient of 0.216 at Mach 0.4 and atmospheric properties at mean sea
level according to the International Standard Atmosphere [27]. The origin for the rigid body rotations
of the HTP is located in the xz-plane with a distance of 6 m below the lifting surface and 0.5 m aft of
its leading edge. The simplicity of the model facilitates a fast method development and provides an
opportunity to gain a profound insight into the physics of T-tail flutter within short time. Furthermore,
the model can easily be modified for parametric studies.

Figure 4 – HTP of the generic T-tail configuration

An unstructured mesh of the HTP for nonlinear, inviscid flow simulation is used for this study. The
farfield covers 50 chord lengths in front, left, right, below, and above the configuration and 150 chord
lengths aft of it. To ensure the results being independent of the spacial discretization, four mesh
densities are considered (Table 1) and the generalized aerodynamic response to harmonic excitation
at 5.0° roll angle amplitude and a reduced frequency of 0.231 is assessed w.r.t. the highest mesh
density, which is referred to as “reference”. The resulting deviations in GAF magnitude and phase

6



NONLINEARITIES IN GAF IN THE CONTEXT OF T-TAIL FLUTTER

angle are shown in Figure 5 for the influence of aerodynamic forces induced by HTP roll motion on
the roll motion itself, Qhh(1,1), and on the yaw motion Qhh(2,1). Only the fine mesh shows deviations
below 1.0 % in magnitude and phase angle for both GAF terms and is used for studying the amplitude
dependent characteristics of the GAF values.

Table 1 – Mesh densities used for mesh independence study

coarse medium fine reference
No. grid points / 1e6 Factor 0.254 1.0 0.432 1.70 0.865 3.41 1.412 5.56
No. surface elements / 1e6 Factor 0.049 1.0 0.086 1.75 0.178 3.63 0.412 8.41
No. volume elements / 1e6 Factor 1.419 1.0 2.407 1.70 4.816 3.39 7.689 5.42

Figure 5 – Relative errors in GAF magnitude and phase angle for three mesh densities w.r.t. the
reference mesh; linear deformation, 5.0° roll angle amplitude, reduced frequency 0.231

5. Results
5.1. Verification of GAF Computation Using LFD Results
Verification of the chosen approach for GAF computation from time domain signals is done by com-
parison of the first harmonic content with complex GAFs from LFD computations. As the comparison
addresses only the postprocessing routine for the time domain simulations and does not depend on
the mesh density, the coarse mesh is used to reduce computational time. The GAF magnitudes
(|Qhh|) and phase angles (ϕ(Qhh)) resulting from a linearized roll motion with a small roll angle am-
plitude of 0.01° are evaluated at increasing reduced frequencies, as illustrated in Figure 6. The plots
show the results regarding the aerodynamic influence of the HTP roll motion on itself (Qhh(1,1)) and
on the yaw motion (Qhh(2,1)). Four reduced frequencies (0.056, 0.090, 0.146, 0.231) are selected for
the time domain simulations (TD). For the highest reduced frequency, the time step size yields 100
time steps per period of oscillation. The harmonic oscillations are carried out with a time step size
of 0.002 s and continued until the magnitudes of the two GAF values obtained from a sliding Fourier
transform show a residual of 0.1 % for a time span of two periods. With this approach, the resulting
magnitudes and phase angles of the first harmonic GAF content from time domain results show an
excellent agreement with the LFD results, confirming the selected approach.
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Figure 6 – Comparison of magnitude (|Qhh|) and phase angle (ϕ(Qhh)) of first harmonic GAF content
between LFD and time domain (TD) approach for the aerodynamic influence of linear HTP roll

motion on roll and yaw motion

5.2. Generalized Aerodynamic Response to Harmonic Excitation
The simulation results presented below are based on the fine mesh and cover the low reduced fre-
quency of 0.056 together with the high reduced frequency of 0.231 as well as the amplitudes 0.010°,
0.917°, 1.834°, 3.669° and 5.000°. Taking fully nonlinear deformations as a basis, these amplitudes
correspond to relative deformations of the center of the HTP w.r.t. the VTP span of 0.017 %, 1.600 %,
3.200 %, 6.403 % and 8.724 %, respectively. The largest deformation amounts to roughly 0.6 m at
the HTP tip. Figure 7 summarizes the GAF response over sinusoidal motion input in roll and yaw for
increasing amplitudes and reduced frequency values k. The aerodynamic influence of the HTP roll
motion on itself and on the yaw motion, Qhh(1,1) and Qhh(2,1), is illustrated in Figures 7a and 7c,
respectively. The aerodynamic influence of the HTP yaw motion on the roll motion and on itself,
Qhh(1,2) and Qhh(2,2), is depicted in Figures 7b and 7d, respectively. For all figures, the reduced
frequency is increased from top to bottom, whereas the results based on linear and quadratic de-
formation are displayed from left to right. The input signal and the response are normalized to the
deformation amplitude.
Figure 7a shows largely coinciding ellipsoids with regard to the deformation amplitude for the diagonal
GAF term Qhh(1,1). A distinct impact of the nonlinear deformation term on the inclination of the
hysteresis is notable, even for smallest amplitudes. The elliptical shape of the hysteresis does not
change considerably with amplitude.
Contrary to the observations made for Qhh(1,1), the inclinations of the hystereses of Qhh(2,1) shown
in Figure 7c are only marginally affected by higher order deformation terms, but their shapes and
enclosed areas are. For linear deformations, a distinct higher order term in the aerodynamic response
is notable, which is reduced with quadratic deformation components. However, a deviation of the
hystereses from an elliptical shape with increasing deformation amplitude can still be identified for
quadratic deformations at high reduced frequencies.
Insensitive to the deformation description is the aerodynamic coupling term Qhh(1,2), Figure 7b. For
both, linear and quadratic deformation, a small reduction in inclination with increasing deformation
amplitude can be noticed. For all reduced frequencies and amplitudes, the hystereses maintain their
elliptical shape.
Similar to the first diagonal GAF term, the second diagonal term Qhh(2,2) shows a change in inclina-
tion for all amplitudes and reduced frequencies when higher order deformation terms are taken into
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account. However, the hystereses coincide for all deformation amplitudes.

(a) Aerodynamic influence of HTP roll on roll
(Qhh(1,1))

(b) Aerodynamic influence of HTP yaw on roll
(Qhh(1,2))

(c) Aerodynamic influence of HTP roll on yaw
(Qhh(2,1))

(d) Aerodynamic influence of HTP yaw on yaw
(Qhh(2,2))

Figure 7 – Generalized aerodynamic response to harmonic excitation

With the approach outlined in section 3.3, the storage and loss stiffness values are evaluated in
terms of relative deviations to the values for linear deformation at smallest amplitude, as this repre-
sents the values used for linear flutter assessment. In the following, the terms storage stiffness and
aerodynamic stiffness will be used interchangeably, as will the terms loss stiffness and aerodynamic
damping. Since all GAF terms appear to be rather insensitive to the deformation amplitude, the anal-
ysis will be focused on GAF term Qhh(2,1). Figure 8 shows the storage and loss stiffness values over
deformation amplitude evaluated for the first harmonic term in the GAF signal. The linear deforma-
tion approach is represented by the blue solid line, while the orange solid line illustrates the results
based on quadratic deformation. For small amplitudes, the linear and quadratic deformations yield
identical stiffness and damping values for all reduced frequencies. Ramping up the deformation am-
plitude reveals a nonlinear dependency of the aerodynamic stiffness (left figure column) with a sign
change between linear and quadratic deformations. While an increase in stiffness for small reduced
frequencies is observable for the linear deformation, the quadratic deformation actually indicates a
decrease in stiffness, which is significantly lower in magnitude compared to the linear deformation.
At large reduced frequencies, the effect is reversed and the linear deformation shows a reduction in
stiffness up to 15 % at 5.0° deformation amplitude. With quadratic deformation components, an in-
crease in stiffness is observable, but again considerably lower in magnitude compared to the change
in stiffness based on linear deformations. The impact of the higher order deformation components
on aerodynamic damping (right figure column) is again a sign change for low reduced frequencies.
The linear deformations result in a slight reduction in damping, whereas the quadratic deformation
terms yield an increase in damping with a higher magnitude. At large reduced frequencies, both
deformation approaches show a distinctly nonlinear dependency of the damping on the deformation
amplitude with deviations exceeding 40 % for the largest deformation amplitude. Here, the quadratic
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deformation approach results in a larger impact on the damping compared to the linear one. The
essential observations may be summarized as follows:

• Aerodynamic stiffness (i.e. storage stiffness)

– Nonlinear for low and high reduced frequencies with linear deformations

– Marginally nonlinear for low and high reduced frequencies with quadratic deformations

– Sign change between linear and quadratic deformation

• Aerodynamic damping (i.e. loss stiffness)

– Marginally nonlinear for low reduced frequencies with sign change between linear and
quadratic deformation

– Nonlinear for high reduced frequencies without sign change between linear and quadratic
deformation

Figure 8 – Storage and loss stiffness values over amplitude for Qhh(2,1)

6. Discussion
Evident from the hysteretic response of GAF term Qhh(2,1), Figure 7c, is a third harmonic content
for linear deformations. As the excitation of the system comprises only a first harmonic term, the
higher harmonic component in the generalized response is attributed to the induced aerodynamic
forces only. In order to identify the physical source for this nonlinearity, the normalized GAF values at
each CFD surface node are computed for 0.01° and 5.0° roll angle amplitude at a reduced frequency
value of 0.231. For a linear system with an independent response to the excitation amplitude, the
difference between the normalized responses amounts to zero. This is not the case for the studied
HTP undergoing roll motion, which is visualized in Figure 9. Here, the differences in GAF magni-
tude are computed between the surface values at large and small deformation amplitude, followed by
subtraction of the values at the lower surface from the upper surface. The results are displayed in Fig-
ure 9a for the longitudinal and in Figure 9c for the lateral force components with linear deformations.
Clearly, a nonlinearity can be observed at the wing tips, which leads to the assumption that induced
drag forces are at least partly responsible for the amplitude dependent GAF response. The lateral
force component reveals a distributed nonlinearity along the spanwise direction with an increase in
magnitude closer to the wing tips. These contributions to the aerodynamic work presumably result
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from the tilting of the steady aerodynamic force vectors in combination with the symmetric lateral
displacements due to the yaw deformation.
The same analysis is made for the simulations based on quadratic deformations to address the im-
pact of the higher order terms used for the deformation description on the nonlinear response, see
Figure 9b and Figure 9d. The impact of the quadratic deformation components on the nonlinearity
in the longitudinal generalized aerodynamic forces, as a comparison of Figure 9a with Figure 9b re-
veals, appears to be negligible, but the one regarding the lateral forces reveals a distinct difference,
cf. Figure 9c and Figure 9d. The nonlinear contributions close to the tips remain, but the distributed
nonlinearity along the spanwise direction is reduced considerably. This observation is explicitly illus-

(a) Longitudinal GAF components – Linear
deformation

(b) Longitudinal GAF components - Quadratic
deformation

(c) Lateral GAF components – Linear deformation (d) Lateral GAF components – Quadratic
deformation

Figure 9 – Deviations in normalized GAF magnitude for Qhh(2,1) between 5.0° and 0.01° roll
deformation amplitude; reduced frequency value 0.231

trated in Figure 10 for a slice along the spanwise direction at 75 % chord and one along the chordwise
direction at 96.25 % semi-span. Using quadratic deformation components for the surface mesh defor-
mation and the generalization of aerodynamic forces distinctly reduces the nonlinear character of the
lateral aerodynamic force components, as evident from Figure 10a. The nonlinear character of the
longitudinal as well as the lateral aerodynamic force components at the wing tip is, however, insen-
sitive to the deformation description, see Figure 10b. This directly implies that the extended modal
approach needs to be employed for the study of amplitude dependent T-tail flutter, as the effect of
the higher order terms is not restricted to the mechanical work of the aerodynamic forces induced by
the HTP roll motion performed on the HTP roll motion itself, but is also evident for the mechanical
work performed on the HTP yaw motion apart from smallest deformation amplitudes. That is, the
aerodynamic coupling term is nonlinear w.r.t. the deformation amplitude, but fundamentally different
between a linear and a nonlinear deformation approach.
The source for the amplitude dependent response is encircled to the unsteady induced drag compo-
nents and to the lateral aerodynamic forces. To address their relevance for the stiffness and damping,
the time domain GAFs are evaluated as outlined above, but with an individual artificial linearization
of the longitudinal and lateral force components, respectively. For reduced frequency values of 0.056
and 0.231, the resulting hystereses are shown in Figure 12. By comparing Figure 11a with Figure 7c,
it can be seen that the higher harmonic component in the GAF signal is eliminated when the longitudi-
nal force components are linearized. That is, the induced drag component introduces a higher order
term in the generalized aerodynamic response to harmonic excitation when a linear structural defor-
mation is employed. A linearization of the lateral force components, as a comparison of Figure 11b
with Figure 7c reveals, does not affect the higher order GAF term.
By analyzing the hystereses in terms of storage and loss stiffness values of their first harmonic
content and comparing the resulting values with those based on nonlinear aerodynamic forces, as
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(a) Spanwise slice at 75 % chord

(b) Chordwise slice at 96.25 % semi-span

Figure 10 – Spanwise and chordwise deviations in normalized GAF magnitude for Qhh(2,1) between
5.0° and 0.01° roll deformation amplitude; linear and quadratic deformation, reduced frequency

value 0.231

shown in Figure 12, the longitudinal force components f x are identified to be mainly responsible for
the stiffness nonlinearity. With a selective linearization of these force components (dashed lines), the
stiffness nonlinearity is reduced distinctly. A linearization of the lateral force components f y (dotted
lines) appears to have a major influence on the damping nonlinearity. However, the nonlinearity in
the longitudinal forces is also not negligible for the damping.
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(a) Linearized longitudinal forces (b) Linearized lateral forces

Figure 11 – Impact on hystereses of Qhh(2,1) by artificial linearization of longitudinal and lateral
force components; linear deformation

Figure 12 – Impact on loss and storage stiffness values of Qhh(2,1) by artificial linearization of
longitudinal and lateral force components; linear deformation

7. Conclusion and Outlook
Firstly, the present work affirms the necessity to take into account nonlinear deformations when deal-
ing with T-tail flutter studies in combination with unsteady aerodynamic forces from CFD methods or
DLM enhancements. Literature has already indicated this for the stiffness of VTP out-of-plane bend-
ing flexibility, i.e. the HTP roll motion in a broader sense. Beyond that, this work has demonstrated
its relevance for the stiffness of the HTP yaw motion as well, which represents the VTP torsion flex-
ibility. However, the simulation model does not feature a VTP and, hence, the aerodynamic forces
due to torsion of the VTP itself are not accounted for. These might reduce the relevance of the
higher order terms for the stiffness of the diagonal GAF term. Additionally, the response of the aero-
dynamic forces to harmonic excitation at various deformation amplitudes and reduced frequencies
is shown to be largely linear w.r.t. the deformation amplitude, except for the aerodynamic coupling
terms. Here, especially the aerodynamic influence of HTP roll motion on HTP yaw motion (i.e. VTP
out-of-plane bending on VTP torsion) reveals a strong nonlinearity in stiffness and damping, which is
shown to be dependent on the higher order deformation terms used for the description of the surface
mesh deformation. In particular, the nonlinearity in stiffness is reduced significantly with higher order
deformation terms. Contrary, the damping nonlinearity of this term is amplified. Apart from this, a
third harmonic term in the generalized aerodynamic response can be identified at high deformation
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amplitudes and linear deformations, which is reduced when quadratic deformation components are
included. However, apart from identifying the physical source for this effect to be related to longitudi-
nal force components, it is not further examined in this work. As nonlinear deformations are already
required for reasonable linear T-tail flutter assessment, the nonlinearity observed for the coupling
terms may be relevant for nonlinear dynamic effects, e.g. Limit Cycle Oscillations (LCOs). Hence,
using a linear modal structural model for the study of nonlinear T-tail flutter seems inappropriate.
Two physical sources for the aerodynamic nonlinearity are identified, which comprise longitudinal
aerodynamic forces due to induced drag and lateral aerodynamic forces from HTP roll. While the first
nonlinear term is concentrated near the HTP tips and independent of the deformation description, the
latter one shows a distribution in spanwise direction over the entire lifting surface with an increase
near the HTP tips. With quadratic deformation terms included in the simulations, the nonlinearity of
the lateral forces is reduced to contributions near the wing tips. Hence, a strong sensitivity to the
higher order deformation terms in the form of a reduced nonlinearity in GAF magnitude with higher
order deformation terms is observed.
The current studies are limited to inviscid flow at a subsonic Mach number, but the observed nonlin-
earity is shown to be sensitive to longitudinal forces. Hence, fluid viscosity and compressibility could
reveal further insight into the character of this nonlinearity, for which reason future studies will com-
prise a similar approach but with viscous forces included in the governing fluid equations at subsonic
and transonic Mach numbers. In addition, the study uses uncoupled quadratic mode shape compo-
nents for the extended modal approach. If the roll motion of the HTP showed a small yaw component,
which would be the case for VTP out-of-plane bending and torsion with non-collinear mass and elas-
tic axes, it would be required to take into account coupled quadratic mode shape components, as
they directly affect the off-diagonal terms in the equation of motion. In order to conclusively make a
point regarding the actual impact of the observed nonlinearity on amplitude dependent T-tail flutter
stability, it is aspired to introduce a small coupling into the rigid body mode shapes and study the
stability of the system by time marching free deformation simulations.
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