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a b s t r a c t

The identification of nonlinear systems in aeroelasticity poses a significant challenge for
practitioners, often hampered by the complex nature of aeroelastic response data which
may contain multiple forms of nonlinearity. Characterizing and quantifying nonlinearities
is further hampered when the response is obtained at a location which is away from the
nonlinear source and/or the response is contaminated by noise. In the present paper, a
three-degree-of-freedom airfoil with a freeplay nonlinearity located in the control surface
and exposed to transonic flow is investigated. In this Part I paper the main form of analysis
is via higher-order spectra techniques to unveil features of the nonlinear mechanism which
result from i) structural nonlinearities (freeplay) in isolation and ii) freeplay with Euler
derived nonlinear inviscid aerodynamic phenomena (transition between Tijdeman Type-
A and Type-B shock motion). It is shown that the control surface structural freeplay non-
linearity is characterized by strong cubic phase-coupling between linear and nonlinear
modes. On the other hand, nonlinear inviscid flow phenomena are shown to be character-
ized by quadratic phase-coupling between linear and nonlinear modular modes, the
strength of which is related to the strength of the aerodynamic nonlinearity (amplitude
of the shock motion). The nonlinear inviscid flow phenomena do not appear to affect the
identification of the freeplay nonlinearity. Conjectures are made which address the transi-
tion between aperiodic, quasi-periodic and periodic behavior (pre-flutter), further physical
support towards these conjectures is provided in Part II [1]. The limitations of the higher-
order spectra approach are assessed, in particular, the analysis demonstrates the difficulty
in extracting natural frequencies with this approach.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Within the body of knowledge surrounding aeroelasticity for aircraft it is well documented in the literature that both
aerodynamic and structural nonlinearity can induce undesirable nonlinear aeroelastic phenomena. In particular, limit cycle
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Nomenclature

Nomenclature
a pitching displacement
b control surface displacement
bs control surface freeplay margin
l structural-to-fluid mass ratio
xa pitch natural frequency (coupled)
xb control surface natural frequency (coupled)
xh plunge natural frequency (coupled)
xNL nonlinear mode
U phase
s tricoherence
a normalized distance from the elastic axis to mid-chord
Ar asymptotic range calculated for the grid convergence index
b semi-chord
b̂ bicoherence
B bispectrum
Cl lift coefficient
Cma moment coefficient of the airfoil
Cmb moment coefficient of the control surface
C damping matrix
d normalized distance from the mid-chord to hinge
f frequency
F nonlinear internal forces
F fourier transform
Fs safety factor used in the grid convergence index calculations
g damping ratio
GCI12;23 grid convergence index between refinement levels 1 and 2, and, 2 and 3 respectively
h plunging displacement
Ia non-dimensional airfoil moment of inertia
Ib non-dimensional control surface moment of inertia
j1;2;3 general terms used for the physical solutions to each grid in the grid convergence index
kh plunge longitudinal stiffness
ka pitch torsional stiffness
kb control surface torsional stiffness
K stiffness matrix
L lift
m airfoil mass per-unit-span
M higher-order spectra number of data segments
Ma airfoil pitching moment
Mb control surface pitching moment
M1 freestream Mach number
M mass matrix
N total number of data points
q1 freestream dynamic pressure
ra normalized radius of gyration of the airfoil about the elastic axis
rb normalized radius of gyration of the control surface about the control surface hinge axis
P order of convergence for the grid convergence index
Sa non-dimensional airfoil static moment
Sb non-dimensional control surface static moment
SPNL general nonlinear spectra term
SPNL;norm general normalized nonlinear spectra term
t time
Dt time-step size
T trispectrum
u displacement vector
_u velocity vector (first derivative of u with respect to time)
€u acceleration vector (second derivative of u with respect to time)
V� velocity index
xaft maximum aft location of the shock
xfor maximum forward location of the shock
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