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ABSTRACT

Present work involves simulations and analysis of an experiment that will be conducted at the
University of Bristol (UoB) with an aeroelastic two-dimensional wing apparatus installed in the
test section of a wind tunnel (Figure 1). The wing is allowed to oscillate in two degrees of
freedom: heave and pitch. The aeroelastic apparatus contains a nonlinear element consisting of
a damper with freeplay associated with the pitch degree of freedom. The purpose of numerical
simulations is to develop a framework for designing the experiment to induce limit cycle
oscillations (LCO) caused by the nonlinearity in the damper.

Consequently, it is necessary to design the components of the test apparatus, e.g. stiffnesses of
springs and damping coefficients of dampers to obtain nonlinear responses, typically LCO,
within the physical and operational restrictions imposed by the apparatus and wind tunnel.
Additionally, the design is aimed to avoid other nonlinearities, such as flow detachments or
large deflections, to properly control the aeroelastic effects caused by the nonlinear damper.

Numerical simulations are carried out both in frequency and time domains. Frequency domain
computations are based on the Harmonic Balance Method, using a recently developed
describing function for a damper with freeplay and dry friction [1]. Time domain analyses are
conducted using the Numerical Continuation and Bifurcation Method, and the direct numerical
integration of equations of motion using a Runge-Kutta procedure improved with Hénon’s
technique [2].

Employed unsteady aerodynamic models are based on the generalised Theodorsen’s model. To
use Theodorsen’s model in time domain analyses, the rational function approximation proposed
by Roger [3] is applied. The Doublet Lattice Method (DLM) is also used to compute unsteady
aerodynamic characteristics. The simulations are meant to capture the characteristics of LCO,
such as the frequencies and amplitudes of oscillations, that may occur during the wind tunnel
tests.

A comparison of UoB’s and Embraer’s numerical tools is done for a cubic spring as in Ref. [4].
The same heave-pitch apparatus is used but, for this comparative study, a cubic-spring
nonlinearity is considered in the pitch degree of freedom. Both institutions used their own
methods and tools. The comparisons for this case showed that all applied methods
approximately determine the same LCO amplitudes and frequencies.

The present work establishes a framework for developing and designing the damping
characteristics of a nonlinear system for a specific purpose. In this case, the design target is
evaluation of the occurrence of LCO in predefined range of wind tunnel conditions. The



framework also allows to select the best combination of the test rig parameters to ensure
effective observation of the intended nonlinear behaviour (LCOs and bifurcation points) within
the operational parameter space of the experimental infrastructure. Novelty lies in the
experiment itself — aimed at effective studies of the dynamic behaviour of an aeroelastic system
containing a damper with freeplay and in the use of a new mathematical model, based on Ref.
[1], developed specifically for the type of nonlinearity that will be used in the experiments.

Results obtained with the different approaches and different models point toward solutions
within a reasonable range of cross-simulation variation. All simulations consistently identify a
possible solution for the springs and dampers of the nonlinear heave-pitch apparatus, allowing
the possibility of LCO to occur within the operational envelope of University of Bristol’s low-
turbulence wind tunnel.

The overarching significance of this development effort is to generate a framework capable of
conducting highly reliable numerical simulations of characteristic responses of nonlinear
aeroelastic systems such as the heave-pitch apparatus. The developed framework can be
subsequently used to study nonlinear phenomena associated with damping that may occur in
real aircraft.
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Figure 1: The experimental aeroelastic apparatus: (left) a schematic of the rig with the proposed
damper system with freeplay, and (right) the aeroelastic wing mounted in the wind tunnel.
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