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There are two major sources of vibration excitation in machinery structures: (i) excitation by
time-varied external forces and (ii) self-excitation, which can occur even in absence of the
external excitation.

For the first type, vibration are excited by time-varying external forces. These forces can be
considered as independent of the motion of a structure. When the excitation forces are periodic
in time, as happens in many practical applications, the steady-state forced vibrations are often
also periodic (although for nonlinear structures quasi-periodic or stochastic responses are also
possible). The period of forced response is determined by the period of excitation: (i) for linear
structures the period of vibration coincides with the excitation period; and (ii) for nonlinear
structures the vibration period can be equal to a product of the excitation period and some
integer number.

The second type, self-excited vibrations are caused by a non-periodic source of energy. The
energy is transferred into structural vibrations by forces which are dependent on the motion of
a structure and the vibration period and the vibration amplitude levels are defined by dynamic
properties of a structure, the energy source and the feedback mechanism of interaction between
the energy source and a structure. Important practical examples of self-excited vibrations are
flutter in bladed discs of gas-turbine engines and friction-excited vibrations due to rubbing
contacts, such as squeal in automotive of aircraft braking systems.

In this paper, an effective method is presented for the high-fidelity analysis of sensitivity of
limit-cycle amplitudes and frequency of the self-excited vibrations for jointed structures with
nonlinear contact interfaces. Major types of nonlinearities occurring in jointed machinery
structures are considered: friction contacts, cubic spring nonlinearity and gap nonlinearity. The
limit-cycles considered here are formed by nonlinear contact forces which limit the exponential
amplitude growth of the self-excited vibrations. The method allows highly accurate and fast
determination of the sensitivity coefficients to the variation of contact interface parameters
(such as friction and contact stiffness coefficients, gap values, etc.) and intensity of the
excitation. The sensitivity coefficients are calculated together with the determination of the
limit-cycle amplitudes and frequencies. Realistic large-scale finite element models of
structures and the contact interfaces are used in the analysis. The analysis of the periodic limit-
cycle vibration is performed in the frequency domain using mutliharmonic representation of
the structure vibrations.
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The accuracy and high efficiency of the method is demonstrated on a set of studies for cases
including a model of a compressor bladed disc. An example of the analysis of limit-cycle
vibrations induced by fluttering modes for a bladed disc is given in Fig.1, where the dependency
of the limit cycle amplitudes and frequencies on the friction coefficient value at the contact
interface is shown together with calculated sensitivity coefficients with respected to variation
of the contact interface parameters: friction coefficient, x , contact stiffness coefficient, k,, and

characteristics of the fluttering first mode: modal damping factor, #,, and natural frequency,
f

1

0.7 - T T T T T T T
3 \
06 © } 11806
b | - 180.0
05 F—— N
E ¢t | —— amplitude /1794 £
L04F —— frequency ——1 1788
2 i S
=503 — 17182 3=
E f o
< 0.2 r1776 .«
h [ r 177.0
0.1 “—t——t—t— 176.4
OIO’HH‘HH“H“HH‘HH‘HHL‘H‘HH 175.8
0.10 0.15 0.20 0.25 0.30 035 040 045 0.50
Friction coefficient, p
da/df,
dafdy daldn| —— dafdf, 1 GOk e daln doldf,  doldk,
10 4 200 ~ 1e5 H ! —— doldn,
A 20r- ¢ 20 4 0.00010
150 400 i -
5 - 5e-6 [
L 10 + _4 104 0.00005
100 2 200 i
04 50 o ko 0 -
0r 0 4 0.00000
0 |, 200 | —
5 r-5e6 .10 | 1-10 - -0.00005
50 -400 | -
L _4 t
-10 - -100 - -le5 -20b600 D b b benn b b BT 90 -0,00020
0.0 0.5 0.20 025 030 035 040 045 050 0.0 015 020 025 030 035 0.40 045 0.50
C) Friction coefficient, d) Friction coefficient, u

Fig.1 Finite element model of a bladed disc (a), limit cycle amplitude and frequency (b), sensitivity
coeffiicents with respect to contact interface parameters and fluttering mode characterstics
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