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Abstract. The objective of current work is to determine the V-g and V-f diagrams for the sailplane’s LAK-17B em-
pennage using numerical methods. The article considers the following problems: development of finite element model
of the sailplane LAK-17B; normal modes calculation using created finite element model; flutter analysis of sailplane

LAK-17B using doublet lattice method.
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Introduction

The Doublet-Lattice Method (DLM) is widely used
for subsonic unsteady aerodynamic aircraft modelling
(Chipman, Rauch 1975; Hollmann 1991; Vittala et al.
2008, 2010).

Chipman and Rauch (1975) analysed the effect on
flutter of the aerodynamic interaction between the space
shuttle bodies and wing. DLM combined with slender
body theory to calculate unsteady aerodynamic forces,
was used to compute subsonic flutter speeds for com-
parison with test results of scale semi span models of
the orbiter wing, the complete shuttle and intermediate
component combinations.

Hollmann (1991) made a series of studies to predict
critical flutter speeds of light aircraft structures. Several
different cases were considered: preliminary aircraft de-
sign, certification, crash due to low-speed empennage
flutter investigation. In all cases doublet lattice method
was demonstrated to be reliable.

Vittala et al. (2010) presented dynamic and aero
elastic characteristics simulation of a composite light
aircraft using MSC.Nastran code and typical section
method. Correlation of dynamic characteristics of air-
craft with results obtained from ground vibration test
of aircraft was studied. Critical flutter, divergence and
control reversal velocities of complete aircraft were com-
puted. Close agreement was observed between computa-
tional and experimental frequencies.

The purpose of current work is to determine the
diagrams of damping and frequency versus flight speed
for the empennage vibration modes of the sailplane
LAK-17B. These types of diagrams are used to deter-
mine critical flutter speeds of the aircraft (Vittala et al.
2008) and to investigate the flutter mechanisms (Hol-
Imann 1991) as well.

The LAK-17B is a modification of the sailplane
LAK-17A. Tt is a single seat all-composite sailplane of
FAI 15 m-18 m class. During the ground vibration test-
ing it was found that the fuselage twisting mode and 1st
asymmetric wing bending mode have close natural fre-
quencies (Rugaitis ef al. 2010), similar to the earlier ver-
sion - LAK-17A. The flutter behaviour of these modes
is further investigated in this paper.

The analyses were performed for two configura-
tions, corresponding to two wingspans of the sailplane.
For each configuration, two conditions were simulated:

- rudder fixed;

- rudder free.

The rudder control system is of combined type:
steel cable from pedals to a bell crank in the middle
part of fuselage and steel rod from the bell crank till
the rudder.

The flutter analysis procedure that is chosen in this
work consist of the following sequential steps:

- finite element modelling;

- validation of the finite element models;

— flutter analysis using created models.
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A wing, tail, fuselage and control systems of the
sailplane were modelled using finite element modelling
software. Two types of models were created: structural
and aerodynamic.

Dynamic analyses were performed using created
structural models. The models were validated by com-
paring numerically obtained natural frequencies to ex-
perimental data.

The aerodynamic and structural finite element
models were created using MSC.Patran pre-processor.
Infinite plate splines were used to interpolate between
aerodynamic and structural displacements (MSC Soft-
ware Corporation 2005). Natural frequencies spectrum
of complete sailplane has been obtained by invoking
Lanczos method in MSC.Nastran code. For flutter solu-
tions, PK method of MSC.Nastran was used (MSC Soft-
ware Corporation 2005).

1. Finite Element Model
1.1. Airframe

The Finite Element Models (FEM) of airframe parts
were created using Quad4 and Tria3 shell elements of
MSC.Nastran (MSC Software Corporation 2005). The
following procedures were used to generate finite ele-
ment mesh (Fig. 1):

- surfaces generation;
mesh seeding;

- meshing;

- equivalencing.

During first modelling stage, the complete sailplane
was modelled as a collection of bi-parametric topologi-
cally congruent surfaces. That is, all the adjacent surfaces
shared a common edge. Surfaces were generated using
3D CAD modelling software.

Two types of mesh seeds were used to control
model’s mesh transition. Two-way bias seeds were used
in chord-wise direction of aerodynamic surfaces to con-
centrate the element nodes near the leading edges and
spars. The uniform mesh seeds were used in span-wise
direction of aerodynamic surfaces and for the whole fu-
selage as well.
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Automatic mesh generation tools of FEM pre-
processor were used to mesh each individual surfaces
of geometric model.

At equivalencing process, all the nodes that coex-
isted at a point were reduced to a single node. Equiva-
lencing tolerance of 0.5 mm was used. The meshes that
represent different parts were prevented from automatic
nodes equivalencing by using minimal distance of 2 mm
between these parts nodes.

After creating the meshes and applying compos-
ite material properties, finite element model stiffness
was verified using experimental data (Andrikaitis,
Fedaravicius 2012).

1.2. Connections of Parts

The meshes that represent different parts of the sailplane
were connected to each other using Multi-Point Con-
straints (MPCs) and beam elements.

Fig. 2 shows an example of how the hinges con-
necting rudder to the vertical tail plane were modelled.

The hinge is represented as a one-dimensional
beam element (position 1) with two nodes (position 2,
position 3). Rotational behaviour of the hinge is mod-
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Fig. 2. Modelling of control surfaces hinges:
1 - beam element; 2, 3 - nodes of the beam element;
4, 5 - multipoint constraints
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Fig. 1. The airframe modelling stages (shown on 15 m outer wing): a — surfaces generation;
b - mesh seeding; ¢ - meshing; d - equivalencing; e - finished mesh
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elled by removing these nodes’ rotational degrees of
freedom around beam element’s longitudinal axis from
stiffness calculations.
Beam element’s nodes are connected to rudder and
fin meshes using MPCs (position 4, position 5).
Control system linkages were modelled using beam
elements.

1.3. Control Surfaces Balance

The static moment of a real control surface is checked by
measuring a component P of weight and the distance r
between rotation axis and weighing point (Fig. 3a). Then,
a static moment of a control is calculated as follows:

M=P-r, (1)
where: M - static moment; P - component of weight at
a weighing point; r — static moment arm.

The Finite Element (FE) models of control surfaces
were modified by adding lumped masses at the front and
the back of the surface (Fig. 3b). Thus, the modelled and
real control surfaces had the same static moments.

Front weight correction was calculated using equa-
tion:

o G, xg+Ly-(G-G, )-r-P )

F Lp+L, ’

where: G - control surface weight; r — static moment
arm; P - reaction force; Gy — front weight correction;
G,, - FE model weight; Lp, x, L - distances between
pivot point and concentrated weights.

After calculation of front weight correction, back
weight correction is found as follows:

Gy =G-G,, —Gy, (3)

where: G - control surface weight; G,, - FE model
weight; G - front weight correction; G - control sur-
face weight.

1.4. Airframe Mass Distribution

After creating the meshes of the airframe parts and ap-
plying material properties, the initial mass of the model
was m,,. That mass was modified to reflect the mass of
an actual sailplane mg by adding corrective masses m
to the model.

Fig. 4 represents the mass correction procedure
used for the fuselage model. The same procedure was
applied to all the modelled parts of the airframe.

Theoretical mass distribution was known - the fu-
selage was determined as a beam with attached masses
m;. These masses were reduced by subtracting fuselage
model mass m,:

e = ch S - | @

i=1 m fuselage

where: mq - corrective mass;
mass; 1 — model mass; Mg,glp0e —
number of corrective masses.

The calculated corrective masses mc were distrib-
uted at corresponding sections of the fuselage finite ele-
ment model as shown at Fig. 4.

m; — fuselage segment
fuselage mass; n -
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Fig. 3. Modelling of control surfaces: a — real control surface;
b - finite element model
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Fig. 4. Fuselage mass correction

1.5. Aerodynamic Model

Lifting surfaces of the sailplane were modelled as a col-
lection of flat panels (Fig. 5). Each panel was divided
into elements. The following guidelines were observed
in subdivision (Hollmann 1991):

- the dimensions of elements should be decreased
in the directions and regions of large gradients in
pressure and/or downwash;

- the aspect ratio of each element should be less
than or equal to 1.

Other researchers have found that inclusion of
slender bodies and interference elements in aerodynam-
ic models increases calculated flutter velocity marginally
(Vittala et al. 2010). Therefore, the fuselage of the sail-
plane was not modelled.
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Fig. 5. Aerodynamic models of sailplane lifting surfaces
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2. Normal Modes Calculation

The normal modes calculations were carried out for two
sailplane configurations:

- wing span of 15 m;

- wing span of 18 m.

The results are shown at the Table. Calculated fre-
quencies are compared to corresponding frequencies
measured during Ground Vibration Tests (GVT). Cur-
rently, only the 18 m sailplane test results are available.
The comparison between measured and computed fre-
quencies confirmed the adequacy of mass and stiffness
models, however, it should be noted that the numerically
obtained frequencies of symmetric modes correspond to
experimentally measured frequencies better than asym-
metric wing and fuselage frequencies. The following rea-
sons of results inconsistency were considered:

- inadequate fuselage moments of inertia due to
simplified mass correction procedure described
at this paper (non-structural masses, as pilot and
equipment were distributed on airframe shell
structure);

— different simulation and test conditions; during
simulation, the model was unsupported; during
GVT, the sailplane was supported at its Centre of
Gravity (CG) by springs.

Those hypotheses will be tested at future work. Cur-

rently, the calculated results are considered acceptable.

Two calculated modes of 18m wing span configura-
tion had similar resonant frequencies: wing 2nd asym-
metric bending (4.59 Hz) and fuselage torsion (3.94 Hz).
Rudder flapping frequency depends on velocity, there-

Table. Sailplane LAK-17B normal modes:
theoretical and experimental data

Frequency, (Hz)

Oscillation form 18 m 15m
FEA GVT | FEA
Wing 1st symmetric bending 1.79  1.52 | 2.57
Wing 2nd symmetric bending 6.18 6.07 | 10.44
Wing 3rd symmetric bending 14.77 14.65 | 18.36
Wing 4th symmetric bending 2535 22.86| -
Wing 1st asymmetric bending 459 415 | 7.09
Wing 2nd asymmetric bending 10.86 14.58 | 13.81
Wing 3rd asymmetric bending 2241 223 |2820
Wing torsion 18.73 20.01 | 21.86
Fuselage bending in horizontal plane 8.49 10.98 | 8.68
Fuselage bending in vertical plane 9.25 11.23| 9.03
Rudder flapping 0.05 - 0.05
Fuselage torsion 3.94 412 | 4.26
Notes:

FEA - Finite Element Analysis;
GVT - Ground Vibration Test
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Fig. 6. Sailplane LAK-17B normal modes of interest

fore, at certain flight speeds it might match the wing or
fuselage frequencies as well.

These modes (Fig. 6) were selected for further em-
pennage flutter analysis.

3. Flutter Analysis

The analyses were performed for two configurations,
corresponding to two wingspans of the sailplane:

- wing span of 15 m;

- wing span of 18 m.

For each configuration, two conditions were simu-
lated:

- rudder fixed;

- rudder free.

In all cases, the inherent damping of sailplane
structure was neglected.

The flutter analysis was carried out for all the mode
shapes of the sailplane up to frequency of 30 Hz in ve-
locity range of 50+450 km/h.

Fig. 7 shows the damping and frequency plots for
rudder flapping, wing 2nd asymmetric bending and fu-
selage torsion of the sailplane with 15 m wing span. The
results of 18 m configuration is shown at Fig. 8.

When rudder is free, fuselage torsion modes cross-
es the zero damping line in the V-g diagrams at 80 km/h
and crosses back over at 150 km/h.

When the rudder is fixed, all the modes are below
zero damping line in the V-g diagrams.

According to V-f diagrams, reduction of damp-
ing is caused by rudder flapping and fuselage torsion
modes. The curves of these modes crosses at speed range
of 90+120 km/h (Fig. 9).

Reduced aerodynamic damping does not neces-
sarily represent a flutter problem, because the inherent
damping of sailplane structure was neglected at current
stage of investigation and the aerodynamic models used
in analyses were not validated.

The accuracy of aerodynamic models will be veri-
fied by performing dynamic aeroelastic response analy-
ses and comparing results with test flights data.
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Fig. 7. V-g and V-f diagrams of sailplane LAK-17B with 15 m wing span
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Fig. 8. V-g and V-f diagrams of sailplane LAK-17B with 18 m wing span
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Fig. 9. Close-up view of frequency and damping plots at speed range of 50+200 km/h
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Conclusions

The purpose of this study was to determine the V-g and

V-f diagrams for the empennage vibration modes of the

sailplane LAK-17B. These diagrams are shown in Figs 7

and 8. At current stage of investigation the following

conclusions were made:

1. Numerically obtained frequencies of symmetric
modes correspond to experimentally measured fre-
quencies better than asymmetric wing and fuselage
frequencies. The model inertial airframe and control
surfaces characteristics and boundary conditions used
for simulation should be revised at future work.

2. Reduction of aerodynamic damping of the fuselage
was observed in V-g diagrams in the speed range of
100+150 km/h when the rudder is free (pilot’s feet are
off the rudder pedals). Reduced aerodynamic damp-
ing does not necessarily represent a flutter problem,
because the inherent damping of sailplane structure
was neglected at current stage of investigation.

3. At future work, the model should be validated by per-
forming dynamic aeroelastic response analysis and
comparing results with test flights data.
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