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Summary Direct numerical simulation of response of elastic plate in uniform gas flow to an initial disturbance has been conducted.
Unstable response can be of two types: static plate divergence in subsonic flow, and oscillatory instability (flutter) in supersonic flow.
Flutter, in its turn, can be either single mode flutter at low supersonic Mach numbers, or coupled mode flutter at higher Mach numbers.
Limit cycle oscillations (LCO) observed consist either of one plate mode (non-resonant LCO), or several modes being in internal resonance
1:2. Amplitudes of divergence and flutter, as well as modal structure of the flutter LCO, have been investigated in detail.

INTRODUCTION
Aeroelatic instability of plates in a gas flow has been studied in many papers in context of panel flutter problem [1]. It
is known that in case of subsonic flow the primary instability type is static instability (divergence), whereas in
supersonic flow instability is oscillatory (flutter). Flutter instability, in its turn, can be either coupled-mode flutter, or
single-mode flutter. The first one occurs due to coalescence of eigenfrequencies and is studied in detail using
aerodynamic piston theory. The other flutter type, single mode flutter, occurs at lower flow speeds and can be explained
through negative aerodynamic damping concept. This flutter type was not studied until recent papers [2-4]. Preliminary
nonlinear investigation shows that growth of limit cycle amplitude while entering flutter region is much more rapid for
single mode than for coupled mode flutter. Therefore, single mode flutter can be more dangerous. Also, at single mode
flutter 1:2 internal resonance between plate modes is possible, even more increasing LCO amplitude.
The goal of the present paper is to conduct fully nonlinear simulation of plate behaviour in a gas flow. We study region
of parameters, where both single mode and coupled mode flutter occur, as well as case of divergence instability.
FORMULATION OF THE PROBLEM AND METHOD OF SOLUTION
We consider behaviour of a clamped elastic plate in a gas flow. The plate is flat and has three sections: leading and
trailing sections are fixed and middle section of length Lp is free (Fig. 1b). Both sides of the plate interact with a gas
flow. At t=0 we introduce initial out-of-plane disturbance of the plate, and calculate response of the plate-flow system
at t>0.
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Fig. 1. Plate and flow configuration (a). Plate oscillations in the gas flow (b).
The plate is modelled using Mindlin (Timoshenko type) shell theory. Plate equations are solved using finite element
method in Abaqus code. The gas flow is modelled by Navier-Stokes equations, which are solved using control volume
method in FlowVision code. Connection between two codes is organized via “Co-simulation” mechanism available in
Abaqus and “Multiphysics” mechanism available in FlowVision, as follows [5]. At each time step displacement
increment obtained from the plate equations is transferred into FlowVision analysis, while pressure load obtained from
the gas equations is transferred into Abaqus analysis.
RESULTS
Steel plate of length Lp=0.3 m and thickness 0.001 m in air flow was considered. Three types of the plate response were
observed. The first one is stability: small initial plate deflections are damped (Fig. 2, a). The second is static divergence
instability, observed for certain parameters in subsonic flow (Fig. 2, b). The third one is flutter instability (Fig. 2, c),
a)
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occurred in supersonic flows. From practical point of view, flutter is usually much more dangerous than divergence,
that is why we will confine ourselves to observation of flutter results.
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Fig. 2. Vertical plate deflection of a certain plate point versus time: stability (a), divergence (b), flutter (c).
Coupled mode flutter
Series of calculations have been conducted at M= 1.8 and varying gas pressure. When the plate reached limit cycle,
spectral analysis was conducted in order to watch change of the plate eigenfrequencies. Results are shown in Fig. 3a
and compared with frequency-domain analysis [4]. Coalescence of the 1st and 2nd eigenfrequencies occurs at p=74 kPa,
leading to coupled mode flutter. Amplitudes of limit cycle oscillations are shown in Fig.3b.
400

0.0016

a

250
200
150

0.0012
Amplitude, m

Frequency, Hz

Freq 1
Freq 2
Freq 3
Freq 1 [4]
Freq 2 [4]
Freq 3 [4]

300

b

0.0014

350

0.001
0.0008
0.0006
0.0004

100
50

0.0002

Pressure, Pa

0

Pressure, Pa

0

0

50000

100000

150000

200000

0

50000

100000

150000

200000

Fig. 3. 1st, 2nd, and 3rd plate frequencies vs gas pressure (a). Amplitude of the plate LCO vs gas pressure (b). M=1.8.
Single mode flutter
In order to observe single mode flutter oscillations, we chose p=50 kPa (stability at M=1.8, see Fig. 3b) and decreased
flow speed. For small Mach numbers flutter occurred again, however its nature is of single mode type. At M close to 1
non-resonant LCO were observed (Fig. 4a), however at a little higher Mach numbers 1:2 resonant LCO occurred,
which can be recognised by non-symmetric plate oscillations (Fig. 4b). It is seen that single mode flutter amplitude is
several times higher than for coupled mode flutter (Fig. 3).
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Fig. 4. Transient plate response (m) at p=50 kPa, M=1.08 (a), M=1.26 (b).
CONCLUSIONS
Various types of aeroelastic plate instability in a gas flow have been simulated through direct numerical calculations.
Divergence, single mode flutter and coupled mode flutter have been observed. Amplitudes and frequencies of limit cycle
oscillations have been studied. It is shown that limit cycle flutter oscillations can include 1:2 internal resonance.
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