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Abstract: This paper focuses on the benchmarking of three different methodologies
based on potential-flow aerodynamics for T-tail flutter prediction, validating them against
wind-tunnel measurements and investigating scenarios where lesser T-tail effects drive the
stability behaviour. In order to overcome the inability of the standard doublet lattice
method to predict T-tail flutter, three alternatives are considered: (i) incorporation of
supplementary T-tail effects as additional terms in the flutter equations; (ii) a generalisa-
tion of the boundary conditions and air loads calculation on the double lattice; and (iii) a
linearisation of the unsteady vortex lattice method with arbitrary kinematics. Compari-
son with experimental results evidences that all three models are consistent and accurate
for the subsonic aeroelasticity of realistic T-tail configurations. The models are then ex-
ercised for an empennage with unconventional characteristics, in which the fin natural
frequency in torsion is smaller than in bending. It will be shown that in this case effects
that are generally second-order play a major role, and lead to drastically distinct quanti-
tative and even qualitative flutter curves. The paper concludes with flight test results of
the Airbus A400M, which complements the scarce literature on T-tail aircraft in flight.

1 INTRODUCTION

T-tail aircraft offer some distinct advantages. Chiefly, the stabiliser, or horizontal tail
plane (HTP), is clear of the wake shed by the main wing, which helps prevent buffeting
and increases the control effectiveness. In addition, T-tails allow rear-mounted engines
and facilitate loading and unloading in military transport aircraft. These benefits come
at the cost of increased danger of deep stall and the requirement of a stiffer (and therefore
heavier) fin, or vertical tail plane (VTP), in order to support the HTP. This type of
empennage is also prone to flutter driven by aeroelastic couplings between the HTP and
VTP.

T-tail flutter |1,12, §7.10] has been a subject of attention since the fatal accident of the
Handley Page Victor bomber in 1954. According to Ref. [3], the mishap was caused by
the flutter of the vertical tail plane, and it occurred at a flight speed which was well
below the predicted stability boundaries and which had been already exceeded several
times. After more detailed calculations, it was concluded that the safety margin would
have been significantly reduced had several additional effects been taken into account,
including the flexibility of the fin-stabiliser joint and the stabiliser dihedral. However, as
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the flight speed had been surpassed before, the most likely explanation for the accident
was fatigue at the junction.

Prediction of T-tail flutter has drawn considerable efforts ever since. Early attempts
focused on modelling aerodynamic interference between the fin and the stabiliser [4}/5].
It was soon thereafter recognised that the flutter of these tails is crucially dependent on
the steady loading on the HTP [68], as well as the stabiliser dihedral, and thus on the
analogous effect induced by static deformations [9]. More recent efforts have addressed
T-tail flutter in the transonic regime [10-12].

The aeroelasticity of T-tail configurations therefore manifests some unique characteris-
tics. Its stability behaviour is dominated not only by the bending and torsion natural
frequencies of the VTP, but also by other effects with minor impact in other applications,
namely in-plane motions, static deformations and the fact that unsteady air loads are
dependent on the steady load distribution. These attributes highlight the importance of
performing a linearisation of the equations for flutter computation based on the actual
deformed geometry, at the corresponding flight conditions.

In fact, the classical doublet lattice method (DLM) |13], the prevalent aerodynamic model
in aeroelastic analyses, does not fully cater for those peculiarities: while HTP dihedral and
static deformations can be incorporated through some modifications, the unsteady loads
induced by roll and in-plane motions of the steady loads are not accounted for. Hence,
despite its success in numerous other applications, the method is not ideally suited for
T-tail flutter predictions in its standard formulation.

It is however possible to accommodate the DLM for T-tail stability analysis. This is
customarily achieved by computing additional effects by other means and then appending
them to the DLM in order to solve the flutter equation [14]. A different paradigm has
been proposed by van Zyl and Mathews |15, whereby the boundary conditions and the
calculation of aerodynamic forces on the DLM are generalised so that all relevant T-tail
effects are inherently captured, rather than added. Another alternative, in which the
aerodynamic method of choice is the unsteady vortex lattice method (UVLM) instead of
the DLM, has also been recently presented [16]. This approach also captures naturally
all relevant kinematics and static aeroelastic effects.

This paper reviews and compares the latter three approaches for T-tail flutter prediction.
All three methodologies are based on potential-flow aerodynamics, that is, they rely on
an unsteady panel method, and they are briefly described in Section [2l A benchmarking
study of the tools is presented next in Section [3 first validating them against experimen-
tal results, and finally exploring the stability behaviour of a T-tail with unconventional
features.

2 POTENTIAL-FLOW MODELLING ALTERNATIVES

This section presents three different modelling alternatives based on potential-flow theory
for the prediction of T-tail flutter, reviewing current industrial practice as well as some of
the latest developments. The models are only briefly described, and the reader is referred
to the original sources for further details.



Solutions based on the doublet lattice method, the predominant aerodynamic model em-
ployed for flutter clearance, are considered first. By assuming small out-of-plane harmonic
motions, the doublet lattice equations are written in the frequency domain and provide a
very efficient and robust means for stability analyses. However, the classical version of the
method cannot predict T-tail flutter, since the phenomenon is dictated by the in-plane
dynamics and the steady loading of the HTP.

Two main alternatives to overcome these problems of the standard DLM are described in
Section : (i) incorporation of the supplementary T-tail effects as additional terms in
the flutter equations (Section [2.1.1]), and (ii) a generalisation of the boundary conditions
and air loads (Section [2.1.2)).

The unsteady vortex lattice method, also based on potential-flow theory, offers a different
route to compute T-tail flutter. In this case, the governing equations are written in
the time domain, are not limited to out-of-plane motions and can model a force-free
wake. The method naturally captures arbitrary kinematics and loads, as well as static
aeroelastic effects. The linearisation of the equations leads to a state-space formulation
of the aerodynamics, ideally suited for coupling with standard linear structural dynamics

models. This approach is described in Section [2.2]
2.1 Doublet lattice method in the frequency domain

Assuming linearised conditions and out-of-plane motions, the doublet lattice method pro-
vides a relation between the normal downwash (which defines the boundary conditions
on the flow) and the pressure distribution that appears on the wing in the form of
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where w (Z, k) is the normal velocity of the flow at a point Z on the wing, S is the total

wing surface, and Ac, (E, k:) is the pressure coefficient at a point E on the wing. The

relation between both is given by a Kernel function, K, which depends of the geometry
of the wing and the reduced frequency, k.

Typical linear aeroelastic analysis using the DLM assumes harmonic displacements on the
natural vibration modes of the structure (which are obtained from a finite-element model)
and evaluates complex-valued Aerodynamic Influence Coefficients (AICs) for a set of
tabulated reduced frequencies and flight conditions. It is also extended practice to correct
those tables using CFD or wind tunnel data [17,|18]. These AICs relate the generalised
aerodynamic forces (GAF) to the linear vibration modes of the flexible structure, leading
to the flutter equation

[—w M, + K, — g A(K)] g = 0, (2)

where the A is the GAF matrix that depends on the reduced frequency, k, the rest of
the terms have their usual meaning and structural damping has been neglected. In this
equation, frequency domain methods such as V-g or p-k [19,20] can be used for stability
analysis with GAF matrices interpolated from the tabulated ones. The following two
approaches rely on this methodology for flutter estimation, but incorporate T-tail effects
into the classical DLM.



2.1.1 Appending T-tail effects into the classical doublet lattice method (AiM)

This method, which is based on Suciu’s work [10], is described in detail in Ref. [14], and
it will be designated as AiM. From a Nastran aeroelastic solution [21], the linear modal
matrix, the DLM generalised aerodynamic matrices and reduced frequencies, and the a-set
(analysis set in Nastran) are extracted. After that, the additional T-tail effect generalised
matrix is calculated, needing only the steady lift distribution. For this, the additional
forces are calculated using the work of Jennings and Berry [9]. They are translated to
the structural grid by means of splines which account for six degrees of freedom per grid
point, and after that they are generalised using the linear modal matrix. This additional
matrix is added to the DLM one. The flow chart that illustrates the process is displayed
in Figure [T}
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Figure 1: Flow chart illustrating the addition of T-tail effects to the DLM.

2.1.2 Enhanced doublet lattice method (CSIR)

This approach is described in detail in Ref. [15], and it will be designated as CSIR. It
can be described as a generalisation of the DLM. The first generalisation involves the
boundary condition, where the translation and rotation of the control points in all three
coordinate directions are taken into account. Induced velocities are likewise calculated
in all three coordinate directions. The second generalisation concerns the calculation of
aerodynamic loads on lifting surface boxes. Here the Joukowski theorem is used and
the chordwise bound vortices are also considered. Lastly, the method accounts for the
quadratic mode shape components, mainly to eliminate spurious unsteady generalised
forces due to the rotation of steady loads, e.g. side force due to roll.



2.2 Unsteady vortex lattice method in the time domain (SHARP)

The third and final model considered for the prediction of T-tail flutter is based on the
UVLM, which is described in detail in Ref. |16], and will be designated as SHARP.

Due to the success of the DLM, the unsteady vortex lattice method has been largely
overlooked in fixed-wing aeroelasticity, but might now offer a competitive alternative in
many scenarios. In contrast to the DLM, the UVLM is written in the time domain —
in fact, the UVLM can be considered the time-domain equivalent of the DLM, since it
is known from Hess [22] that a panel with a piecewise constant doublet distribution is
equivalent to a vortex ring around its periphery.

While methods based on potential-flow theory have been traditionally referred to as linear
aerodynamics, the general formulation of the UVLM is geometrically nonlinear, catering
for large wing excursions and free wakes. In turn, the linearised version of the equations
offers the same level of fidelity as the DLM, but includes in-plane motions, steady loading
and static deformations in a compact formulation.

In previous work, this aerodynamic model has been coupled with a geometrically nonlinear
composite beam model, both in linear [16] and nonlinear [23] forms, in the so-called
SHARP (simulation of high aspect ratio planes) toolbox. The linear case lends itself to a
seamless, monolithic state-space assembly, particularly convenient for stability analysis,
in the form

Ex" = Az", (3)

where the entries of matrices £ and A depend on the equilibrium conditions, and the state
vector that completely determines the linear system includes aerodynamic and structural
states
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where I'y, and T',, represent bound and wake circulation strengths, respectively, and 7 are
the elastic degrees of freedom, given by position and rotation vectors in this particular
implementation [24].

Eq. is equivalent to Eq. (2)), but while the latter can also be written in state-space
form through rational function approximations |25], this is not physics based as in Eq.
. Note that while a geometrically nonlinear beam has been implemented, models of

various levels of complexity, including descriptions based on modal analysis, could instead
be appended to the UVLM.

From Eq. (3)), the following generalised eigenvalue problem is defined
Esys'vi = ZiAsysvia (5>

where z; is the it discrete-time eigenvalue and v, the corresponding right eigenvector. For
the system to be stable, |z;| < 1,Vi, where equality corresponds to the neutral stability
boundary. Alternatively, the discrete-time eigenvalues can be transformed to the more
familiar continuous-time counterparts, \;, given by z; = e*2. In this case, a positive real
part of any of the continuous-time eigenvalues will imply instability.



3 RESULTS

This section presents results of T-tail flutter, including numerical, wind-tunnel and flight-
test data. The benchmarking of the potential-flow models introduced in Section [2] is
carried out first. Two main test cases have been considered: (i) a wind tunnel model
representative of a typical T-empennage (Section , where the objective is to provide
experimental validation of all three approaches; and (ii) a simple ad-hoc configuration
that features unconventional characteristics (Section [3.2). The latter aims to investigate
a T-tail whose stability is driven by generally negligible phenomena, such as quadratic
modes or chordwise forces, in order to determine the validity of the models and identify
possible sources of discrepancy under unorthodox circumstances.

Test data of actual T-tail aircraft in flight is very limited, and the section is comple-
mented with flight-test results for the Airbus A400M, an aircraft that presents a very rich
aeroelastic behaviour (Section [3.3)).

3.1 Wind-tunnel validation

The wind-tunnel T-tail model employed for validation purposes is the one presented in
Ref. . The model consisted of sweptback fin and stabilisers, constructed from steel
and aluminium, covered with balsa wood and plastic film. The fin of the model was
not tapered, it had a height of 0.497 m and a chord of 0.425 m, and it was swept back
by Ayrp = 33.1°. The stabilisers had a leading-edge sweep angle of Agrp = 36.5°, an
aspect ratio of /R = 5.4, a taper ratio of A = 0.276 and no dihedral. The stabilisers
consisted of a NACA 23015 aerofoil section, and their pitch could be controlled by an
electric actuator. The wind-tunnel tests were conducted in the Council for Scientific and
Industrial Research’s low-speed closed-circuit wind tunnel, which is located in Pretoria,
South Africa, at approximately 1340 m (4400 ft) above sea level (po, = 1.0757 kg/m?).
The test section is vented to ambient pressure.

The exact geometry of the wind-tunnel model can be found in Ref. and more details
about the complete setup characteristics in Ref. . The model is shown in Figure .

Figure 2: T-tail flutter model installed in wind tunnel. From Ref. .

The flexibility of the model was limited to the mounting (roll only) and the fin, since
the model had a practically rigid HTP, thereby removing the uncertainty of the stabiliser
dihedral induced by static load. The first fin bending mode had a frequency of 2.62 Hz and
a damping ratio of 0.62%, the fin torsion mode had a frequency of 4.64 Hz with a 2.11%



damping ratio, and the third mode was the second fin bending, which had a frequency of
13.69 Hz and a damping ratio of 3.45%.

For the numerical modelling, the T-tail structure is represented by beam elements. In the
DLM-based tools (AiM and CSIR) Nastran PBAR massless elements are used alongside
CONM2 point inertias. For the aeroelastic analysis, the first three elastic modes of the
T-tail are used, with a 2.1% damping ratio for all modes. In turn, the beam description in
SHARP is achieved through the model described in Ref. [24] instead of Nastran, but the
same stiffness and inertia properties have been modelled, yielding natural frequencies that
do not exactly match those measured in the wind tunnel, but are very close nonetheless:
2.62 Hz (2.62 Hz), 4.62 (4.64 Hz) and 13.55 (13.69 Hz). Raleigh proportional damping
has been used in SHARP, that is, C's = aM,+ K, where a and f have been determined
through least squares in order to match the damping ratios measured experimentally for
the first three modes.

Convergence studies on the aerodynamic grid were performed in Ref. [15], which indicated
a relatively low sensitivity to the panel size. The chosen panelling scheme is 12 x 12 for
the fin and 20 x 10 for the stabilisers, evenly spaced, and is shown in Figure [3] The
original aerodynamic model, displayed in Figure [3[a) had a fin root fairing which would
not be easy to model in neither Nastran nor SHARP, therefore the effect of replacing the
fin root fairing was investigated. It was found that replacing it and the image system
of the fin inside the fairing by a rigid panel, as shown in Figure (b), had a negligible
impact on the flutter characteristics, so this simplified model has been considered in all
three methods for the results presented in this work.

Figure 3: Aerodynamic panelling for the potential-flow methods: (a) original model, and (b) simplified
model.

Flutter speed results are depicted in Figure [d] comparing experimental results and the
three models described in Section . In Figure (a) the flutter speed is plotted against
the angle of incidence of the HTP, including the data originally measured in Ref. |15],
alongside results computed using CSIR and SHARP, and the flutter speed predicted using
the standard DLM, which does not have a means of incorporating the effect of the trim
load. It can be observed that the qualitative trends predicted by both methods closely
match that of the experimental measurements, where the flutter speed decreases as the
HTP incidence increases. This is the expected result for a conventional sweptback T-tail
with the fin torsion frequency higher than the fin bending frequency. Furthermore, the
quantitative comparison is remarkable, with a maximum error of 2% for SHARP and 6%



for CSIR (note the ordinate axis scale). The deviation between the two numerical models
is most likely due to a discrepancy in the steady load prediction, rather than the unsteady
modelling, as illustrated next.

Figure (b) shows the flutter speed against the lift coefficient of the HTP, C; yrp, and
compares SHARP, AiM and CSIR models. As it can be observed, once the uncertainty
over the steady loading is eliminated, all three models are in very good agreement among
themselves, capturing correctly the dependency of the flutter speed on Cp grp. The
small quantitative disagreement might actually be attributable to the modelling of the
floor symmetry conditions or structural damping.
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Figure 4: T-tail wind-tunnel model flutter speed: (a) as a function of HTP incidence, and (b) as a
function of HTP lift coefficient.

Hence, this set of results serves the purpose of experimental validation of all three mod-
els for conventional cases, and illustrates the suitability of potential-flow aerodynamic
modelling for T-tail flutter in subsonic flow.

3.2 Analysis of an unconventional T-tail

The three numerical models are next exercised for a configuration with unorthodox prop-
erties, in an attempt to accentuate aeroelastic effects that are generally non-dominant in
T-tail flutter. This includes quadratic modes, chordwise loads, and the distinction be-
tween placing the whole empennage at an angle of attack or just changing the incidence
of the HTP.

3.2.1 Test case description

The empennage consists of thin and flat lifting surfaces, with neither sweep nor dihedral.
The assembly is clamped at the root of the vertical fin, the joint between HTP and VTP
is rigid, and the fuselage is not modelled. The main geometrical and structural properties
of the test case are given in Table [ Reduced frequencies quoted for this test case are
based on a reference length of 1 m, the semi-chord of the model. Air density of p,, = 1.225



kg/m? has been assumed and structural damping is neglected. This test case is based on
the one presented in Ref. [16], but the VTP has been made rigid in in-plane bending and
the HTP in all degrees of freedom.

Fin HTP
Chord 2 m 2m
Root-to-tip distance 6 m 4m
Elastic axis (from l.e.) 25% chord  25% chord
Centre of gravity (from l.e.) 35% chord  35% chord
Mass per unit length 35 kg/m 35 kg/m
Sectional moment of inertia (around e.a.) 8 kg- m 8 kg- m
Torsional stiffness 106 N- m? 00
Bending stiffness 10" N- m? 00
In-plane bending stiffness 00 00

Table 1: T-tail properties.

The in-vacuo frequencies of the first three modes of this model are 1.7 Hz for fin torsion,
2.9 Hz for first fin bending, and 10.0 Hz for second fin bending. As it can be seen, the fin
torsion mode has a lower natural frequency than the fin bending mode, which is a pecu-
liarity of this test case not generally found in T-tail aircraft. Due to this unconventional
characteristic, this test case will exhibit a strong dependency on effects that are usually
negligible in T-tail analysis, and those will be investigated next.

3.2.2 Floor symmetry

First of all, the stability boundary of this model has been determined at zero trim load.
The results for flutter speed and frequency obtained with the three methods are given in
Table [2| These values have been computed with and without floor symmetry. While the
presence of the symmetry plane does not significantly affect the frequency, the reduction
in flutter speed is of the order of 10%, which implies that wind-tunnel tests would yield
conservative results. As it can be inferred, the agreement among all three methods for
the situation of zero incidence is within the expected margins.

Flutter speed [m/s] Flutter frequency [Hz]

Symmetry  On Off On Off
CSIR 180 199 1.80 1.78
AiM 182 201 1.76 1.77
SHARP 178 195 1.80 1.80

Table 2: Comparison of flutter speed and frequency predictions at zero incidence.

The effect of floor symmetry is studied next for varying HTP incidence. Results comparing
CSIR and SHARP methods are shown in Figure[5] As it can be observed, floor symmetry
has the same influence as for zero incidence, reducing the flutter speed. Another important
observation from these plots is that the flutter speed does not monotonically decrease with
incidence, as it would be expected for conventional T-tails, such as the wind-tunnel model
studied in Section [3.1] This behaviour is caused by the natural frequency of the fin torsion
being below the fin bending one.



Both CSIR and SHARP predict consistent trends, and agree well at negative angles of
incidence. There is some deviation at positive incidence, reaching a maximum error of
10% at +9 degrees. One possible explanation is that as the HTP incidence increases, an
empty space is generated between the fin and stabiliser leading edges. This gap leads
to numerical problems in SHARP, due to unphysically large induced velocities in the
Biot-Savart law. In order to overcome this problem, the fin surface has been extended
to coincide with the HTP geometry. This is a source of error that grows with increasing
angle of incidence. Other possible causes for the discrepancy are also investigated in the
following sections.
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Figure 5: Effect of floor symmetry on flutter onset: (a) speed, and (b) frequency.

3.2.3 Quadratic modes

The effect of the quadratic component of the natural modes on the stability envelope of
the empennage is evaluated next. The importance of quadratic mode shapes arises in
situations such as in fin bending, where the top of the fin moves along a circular arc. In
the case of a fin torsion mode, the fin actually shortens and the HTP moves normal to
itself. Under these conditions, the steady-state load on the HTP contributes significantly
to the unsteady generalised forces [15].

Analysis of the effect of these quadratic mode shapes, denoted h;;, is presented in Figure
[0, for varying incidence angle of the HTP and for floor symmetry on. Results without
quadratic modes, “CSIR (no h;;)”, are compared to those obtained with the full CSIR
model, “CSIR”, including quadratic mode shape components of individual modes.

In Figures[6j(a) and [6[b) flutter speed and frequency are plotted, respectively, as a function
of HTP incidence. The effect of quadratic modes is significant, and most importantly, the
predictions when neglecting them are conservative or non-conservative depending on the
sign of the angle of incidence.

Figures @(c) and @(d) present the real component of the generalised forces, Q);;, without
and with quadratic modes, respectively — the imaginary component of the generalised
forces is not affected by quadratic modes. Results have been obtained at a reduced
frequency of k = 0.1. The difference is mostly in the generalised force R(Q22). A positive
value of this generalised force is softening. Without taking the quadratic mode shapes
into account, an upward trim load results in an increase in R(Q22). This is expected due
to the rotation of the trim load in the same direction as the lateral displacement of the
HTP. Adding the quadratic mode shape reduces the slope of this line significantly. The
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Figure 6: Influence of quadratic modes on stability, as a function of HTP incidence, with floor symmetry
on: (a) flutter speed, (b) flutter frequency, (c) real part of generalised forces without quadratic
mode shapes, and (d) real part of generalised forces with quadratic mode shapes. Generalised
forces have been determined at k = 0.1.

effect on the flutter speed graph is to rotate the line, but without affecting the general
appearance.

3.2.4 Chordwise forces

In most cases of interest, the effect of chordwise forces in the stability of T-tails is neg-
ligible. However, this section will show that they actually play a critical role in this
unconventional empennage. Chordwise forces that are relevant in the analysis include
induced drag and yawing moment due to roll rate. Both the CSIR and SHARP models
account for those forces; the AiM method does not in its present form, but their inclusion
is currently in progress. As all models are based on potential-flow theory, viscous drag
is not modelled and the only drag component captured is induced drag. Whereas CSIR
calculates aerodynamic forces using the Joukowski theorem, SHARP uses the unsteady
Bernoulli equation — a discussion of both approaches for induced-drag computation is
presented in Ref. [27].

Figure[7| compiles the data that illustrate the influence of chordwise forces on the stability
of the T-tail. Figure[7|(a) displays flutter speed. Results computed using AiM and CSIR
with both chordwise forces and quadratic modes switched off are presented — the latter
denoted by “CSIR (no h;;, no F,)”. Those are compared to results obtained in CSIR with
chordwise forces on, which have been already presented in Figure |§| “CSIR (no h;;, with
F,)” implies chordwise forces on but without quadratic modes, and “CSIR” corresponds
to the full model with both chordwise forces and quadratic modes on. SHARP results are
not presented in this section because in its current implementation only induced drag can
be disabled, not all chordwise forces.
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In the absence of chordwise forces and quadratic modes, AiM and CSIR agree reasonably
well in flutter speed prediction, as expected, but some disagreement persists — see Figure

[(a).

In order to trace the source of error, generalised forces are plotted in Figures [7c) and
(d) for £ = 0.1 — only the imaginary parts are presented, as real parts compare similarly.
From Figure[7|(c), AiM and CSIR with neither quadratic modes nor chordwise forces agree
very well overall, with only some minor differences in ()97 and )22. This seems to indicate
that the eigenvalue solution transforms relatively small differences in generalised forces
into larger mismatch in flutter behaviour, and this is intensified for this particular test
case.
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Figure 7: Influence of chordwise forces on stability, as a function of HTP incidence, with floor symmetry
on: (a) flutter speed, (b) flutter frequency, (¢) imaginary part of generalised forces (without
quadratic modes and without chordwise forces), and (d) imaginary part of the generalised forces
(without quadratic modes but with chordwise forces). Generalised forces have been determined
at k=0.1.

Chordwise forces have a significant impact on the flutter behaviour of this configuration,
altering completely the shape of its flutter speed curve as shown in Figure (a). As it can
be seen in Figure[7|(b), the behaviour at negative incidence without chordwise forces is not
smooth, and below ayrp = —3° the fluttering mode switches to a much-higher-frequency
one. This switch does not occur when chordwise forces are accounted for.

Comparison of Figures [7](c) and [7(d) exposes the effect on generalised forces. The differ-
ence between CSIR with chordwise forces, Figure[7|(c), and without, Figure [7|(d), is hardly
appreciable; however, the trends in both flutter speed and frequency are completely dis-
parate. This ratifies, and makes it even more evident, that the discrepancy in flutter
speed does not mirror that in generalised forces; in fact, it is considerably aggravated.
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3.2.5 T-tail angle of attack versus HTP incidence

To conclude this section on second-order effects that affect T-tail stability, the difference
between having the whole empennage at an angle of attack or only varying the HTP
incidence will be explored. The latter constitutes the most likely situation found in a
wind tunnel, whereby the HTP incidence varies with respect to the tail but the tail itself
remains fixed at zero angle of attack. The paper so far has investigated this case. In
turn, aircraft in flight experience the whole tail at an angle of attack, possibly in addition
to stabiliser rotation with respect to the tail for trimmable HTPs (Boeing C-17, Airbus
A400M...). In this scenario the floor symmetry does not exist, at least at cruise conditions.

While one might expect the distinction between the two cases to be imperceptible or at
least minor, Figure [8| proves the opposite. Flutter speeds and frequencies are depicted
for the whole tail at an angle of attack in Figures [§f(a) and [§(c), and for the HTP at an
incidence in Figures[§|(b) and [§[(d). Obviously, flutter speeds and frequencies at AoA = 0°
and agrp = 0° coincide. But switching from the HTP at an incidence to the whole
empennage at an angle of attack results in a drastic change in behaviour. Results deter-
mined with the full CSIR (which accounts for quadratic mode shapes, h;;, and chordwise
forces, F,) and SHARP (which caters for chordwise forces but no quadratic modes) are
depicted. In addition, in order to try to identify the main driver of this drastic change,
CSIR without h;; and F,, and CSIR without h;; but with F, are also included. All results
for these plots have been obtained without floor symmetry.

(b) | | 4-CsR
- 350] 3 CSIR (no h., with F)]]
~ ] X
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2250l @ v Yk @' SHARP
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Figure 8: Stability behaviour depending on T-tail angle of attack or HTP incidence, with floor symmetry
off: (a) flutter speed versus T-tail angle of attack, (b) flutter speed versus HTP incidence, (c)
flutter frequency versus T-tail angle of attack, and (d) flutter frequency versus HTP incidence.

As already investigated in Section [3.2.3] the omission of quadratic modes is visible but
does not affect the general appearance of the flutter curve. Strikingly, these mode shapes
mostly affect the flutter speed at positive angles of attack and at negative HTP incidences.
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However, the most remarkable observation is the profound impact of chordwise forces on
the stability boundaries of the tail at an angle of attack, utterly altering the shape of the
curve. If chordwise forces are ignored, the flutter speed decreases with increasing angle
(both AoA and agrp), which is the expected trend for a conventional tail (Section [3.1)).

Inclusion of chordwise forces affects the case of HTP incidence, and ignoring them provokes
a switch in fluttering mode at low agyrp. But their effect is utmost noticeable when
the whole T-tail is at an angle of attack. In this case, the trend for the flutter speed
is actually reversed for most of the range covered. Even beyond AoA = 3° where V;
decreases with AoA, the difference in magnitude is significant, though it does diminish
as the angle increases. Besides, the prediction can be conservative for positive AoA or
non-conservative for negative AoA. Note that neglecting both quadratic mode shapes and
chordwise forces incurs errors of the order of 100 m/s for AoA > 3° (conservative), and
as much as 180 m/s at AoA = —9° (non-conservative)!

In both cases SHARP and CSIR agree in the trends they predict, but there is quantitative
discrepancy for positive angles, chiefly for the whole T-tail at an angle of attack. The
agreement improves if quadratic mode shapes are neglected in CSIR, except for negative
HTP incidence — note that including quadratic modes is more accurate, and therefore full
CSIR is more accurate than SHARP. The small disagreement is likely due to the different
methods used to compute induced drag.

In order to provide some insight into the disparate stability characteristics between angle
of attack and HTP incidence, the generalised forces are studied in Figure[d] at & = 0.1.
As it can be seen in Figure [J](a), the slope of R(Qs2) with angle of attack is reduced when
compared to HTP incidence, and actually becomes negative (stiffening) for increasing
values of AoA due to the addition of the weathercock tendency of the fin.

8 (é) : _>.Q11 .<_Q12 +Q21 _V_sz (HTP incidence) 10f (b) :

6t -p-Q; -4-Q, -xQ,; -v-Q,, (T-tail AcA) <4--- e

4 x

) o -10 ]

’ = D

o- -20 ]

212 9 %6 3 0 _3 6 9 12 202 9 6 3 0 3 6 9 12
T—tail angle of attack, HTP incidence [deg] T-tail angle of attack, HTP incidence [deg]

Figure 9: Generalised forces depending on angle of attack or HTP incidence, computed by CSIR at
k =0.1: (a) real part, and (b) imaginary part.

From Figure [9(b), the slope of $(Q12)/k, yawing moment due to roll rate, increases by a
factor of 4.24 for angle of attack. A strip theory analysis indicated that it should increase
by a factor of 4, but the motion of mode 2 is not pure rolling of the HTP. The slope of
3(Q21)/k, i.e., rolling moment due to yaw rate, is almost exactly (factor of 1.98) halved
as predicted by a strip theory analysis.

This test case therefore confirms the notion of Ref. [28] that yawing moment due to rolling
can be as significant as rolling moment due to yawing. It also corroborates that minute
differences in generalised forces are accentuated in flutter speed, and might even lead to
completely different trends.
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3.3 T-Tail effects measured on flight tests of the Airbus A400M

The Airbus A400M is the most versatile transport aircraft available today. It can afford
three types of very different tasks: tactical missions, strategic missions and air-to-air
refuelling. The A400M program started in 2003 as an answer to the combined needs
of seven European countries (Belgium, France, Germany, Luxembourg, Spain, Turkey
and United Kingdom) grouped in the Organisation for Joint Armament Cooperation
(OCCAR). Malaysia joined in 2005. The first flight of the A400M took place on 11
December 2009. Its main dimensions are plotted in Figure |10

- 7 V&

Figure 10: A400M views and main dimensions.

Due to its configuration, the A400M is a very relevant aircraft in the context of this paper.
It may be worth mentioning that although a significant amount of aeroelastic literature has
been devoted to T-tail effects, it is really very scarce what has been published regarding
validation in an actual aircraft in flight.
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Figure 11: A400M VTP-torsion/HTP-yaw mode: (a) mode shape, and (b) FT manoeuvre used to inten-
tionally cross the wake generated by a leader aircraft and excite the VITP-torsion/HTP-yaw
mode.

As it has been shown in Section in conventional cases the T-tail contribution is
destabilising when the HTP lift is positive (upwards) and it is stabilising when the HTP
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lift is negative (downwards). Therefore, one possible way to assess this T-tail effect may
be by measuring the stabilising contribution of negative HTP lift on the torsion response
of the VTP with a proper excitation of the VTP-torsion/HTP-yaw mode — mode shape
shown in Figure [11)(a).

During the A400M wake vortex encounter flight test campaign two conditions were
tested that could be used to measure this effect. One of the A400M prototypes equipped
with wing tip smoke generators was used to generate the wake. A second prototype
completely instrumented to measure dynamic loads on the tail was used to intentionally
cross the wake at a certain crossing angle (U = 40°) to properly excite the VTP response,
as shown in Figure [LT|(b).

Figure (12| shows the VTP torsion moment signal at the root and tip during two of these
flight-test runs. Root and tip signals are relatively similar. After impacting the second
vortex of the wake, there is no external excitation and the response signal can be used to
derive frequency and damping. Red time history corresponds to the case with no lift at
the HTP while the black time history corresponds to the case with significant negative
lift at the HTP.

—V0355, CL HTP=0.0 —V0355, CLHTP=0.0
—V0359, CL HTP=-0.4 —V0359, CLHTP=-0.4

1 3 + 5
Time (s)

s
Time (s)

(a) 27 \/ortex Impact (b) 2 \/ortex Impact

Figure 12: VTP torsion moment signals: (a) at root, and (b) at tip.

Figure displays the measured damping and frequency of the VTP-torsion/HTP-yaw
mode (and some scatter in damping) in both conditions: red with no lift at HTP and
black with HTP negative lift. Frequency and damping have been plotted in the classical
V-g plot template at the corresponding flight speed of each flight test run. The evolution
of frequency and damping with flight speed using the numerical models of the A400M is
also shown for comparison. There is a very good match in frequency, while the numerical
models are conservative in damping.

The pure DLM damping evolution (red continuous line) can be corrected to account for
in-plane and chordwise movements of the HTP which add some damping (red dotted line).
The distance from this last line and the measured damping with negative HTP lift may
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Figure 13: Damping and frequency of the VITP-torsion/HTP-yaw mode.

be assumed as the stabilising T-tail effect. In this case Ag =~ 0.09, which is slightly above
what was expected from numerical considerations of this effect [14].

4 CONCLUDING REMARKS

This paper has presented experimental validation and assessment of three alternative
numerical models to determine T-tail flutter. Two of them are based on the doublet lattice
method, which is extended to incorporate in-plane motions and steady loading, either as
additional effects [14] or through a generalisation of boundary conditions and aerodynamic
force calculation |15]. A third paradigm, based on the unsteady vortex lattice has also
been employed, whereby the aerodynamic model is linearised and written in state-space
form [16]. The latter intrinsically captures T-tail effects, as does the enhanced doublet
lattice method [15].

Through comparison with experimental results, all three tools have been shown to capture
well conventional T-tail flutter, both qualitatively, predicting the right trend as the steady
loads vary, and quantitatively, within 6% error of wind-tunnel measurements. However,
discrepancies among the methods have arisen when comparing them for a test case devised
to accentuate unorthodox characteristics. For an empennage that exhibits a lower natu-
ral frequency in fin torsion than in fin bending, it has been demonstrated that secondary
effects crucially affect stability. In this context, the impact of floor symmetry, quadratic
modes, chordwise forces and angle of attack versus stabiliser incidence have been inves-
tigated, evidencing that small differences in generalised forces might correspond to large
changes in flutter behaviour.

Further work is still required to rigorously determine the reasons for discrepancy when
those lesser effects get magnified. However, the work carried out confirms the suitability
of potential-flow aerodynamics for T-tail flutter prediction in the subsonic regime, and
attests that the three alternatives can be confidently used for the analysis of realistic
configurations.
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