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General Overview

Heat-exchange applications -such as boilers, evaporators and condensers- make use of
tube bundles as their key component. The main idea is to accumulate a large number
of fluid-carrying tubes inside a vessel which encloses the main fluid flow, from which
heat is to be either transferred or extracted. Temperature differences between the fluid
on both sides of the tubes leads to heat transfer over a large effective contact area, thus
rendering the process highly efficient. The span of applications for tube bundles is thus
enormous, ranging from the pharmaceutical to the aerospace industries and covering
virtually everything in between. They have a particular importance in nuclear power
generation, as Steam Generators (SG) constitute the link between the primary coolant
loop -which carries the hot, radioactive fluid from the reactor- and the secondary loop
-with clean fluid destined to the production of steam-. Ensuring integrity of the tubes in
this case is thus a major concern for economical as well as safety reasons. Hence, the past
decades have seen significant efforts been made to better understand the behaviour of tube
bundles. This has proved to be a challenging task, as the multi-physics setup involving
flow-induced vibrations within a two-phase, turbulent flow, is extremely complex. While
outstanding developments have been accomplished, namely in the form of technological
solutions to mitigate excessive vibrations, a full understanding of the problem is yet to
be reached today, both in terms of the fluid-elastic coupling mechanisms responsible for
vibrations and the efficient prediction of long-term tube dynamics, especially in abnormal
situations (e.g., misalignment, widened gaps due to wear, excessively fast flows).

One part of the issue is thus a modelling problem, in which one seeks to accurately
described the fluid-elastic coupling phenomena. On the other hand, once a reasonable
model has been found, one must be able to exploit it thoroughly for predictive analyses.
Due to the geometrical complexity of engineering structures and the non-linear nature
of their governing equations, this necessarily calls for the use of numerical methods,
which must be both accurate and efficient for practical predictive analyses. In this regard
it must be noted that the traditional approach, which consists in using time-integration
algorithms to obtain the predicted history of motions for the tubes, is not well-suited
for industrial use, mainly due to: the small time steps necessary to capture tube-support
impacts, the numerous degrees of freedom, and the large number of parameters to be
varied in order to fully cover the range of possible outcomes. The latter of these aspects
is all the more important when nonlinear equations are involved, as it is well known that
some parameter combinations lead to coexisting vibration regimes, some of which may
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General Overview

be undesirable (for instance, permanent friction must be avoided if possible in order to
limit premature failure due to wear). Specialized techniques are thus required to map the
parameter space of a given system and associate each of the regimes to a particular dy-
namical behaviour, thus allowing a full control of the problem and even an optimal design.

The present thesis aims to contribute to the solution of the second of the aforemen-
tioned problems, namely: the development of reliable and fast algorithms for the paramet-
ric analysis of nonlinear flow-induced vibration problems. More precisely, the objectives
sought are:

— to generalize the existing methods for frequency-domain bifurcation analysis to
arbitrary codimension,

— to extend the stability analysis methods to dynamical systems with memory and to
quasi-periodic solutions,

— to create a robust numerical platform for these methods, rending them available for
practical engineering use, and

— to study simplified systems representative of the SG vibration phenomenology, in-
cluding experimental validation of results when possible.

This manuscript is divided into two parts, with the first one dedicated to the development
of numerical methods. Chapter 1 presents a state of the art covers the previous attempts
to tackle the SG vibration problem, as well as the corresponding framework from the
theory of nonlinear dynamical systems and the associated numerical and mathematical
techniques. This justifies the structure of the thesis and the need for the developments
herein presented.

Chapter 2 establishes the selected framework for numerical analysis, which consists of
a frequency-domain solver employing the Harmonic Balance Method (HBM) coupled to
a continuation algorithm equipped with stability analysis and bifurcation detection. Fur-
thermore, the numerical contributions are described in detail.

The second part contains the application of these methods to selected systems related to
SG vibrations.

Chapter 3 deals with forced systems with impacts, in which fluid flows are absent. Exper-
imental measurements are used to validate numerical results.

Finally, chapter 4 presents a purely numerical analysis of two simplified systems with a
memory effect due to fluid-elastic coupling. The latter one, in particular, is a realistic
representation of a U-tube typically found with SG bundles.
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Chapter 1

State of the Art

This chapter offers an overview of the current state of the art
regarding steam-generator vibrations.

Firstly, the concept of fluidelastic instability is presented and
its importance is stressed within the industrial context of
pressurised water reactors. A detailed summary of the
associated scientific literature follows, which leads to
identifying the key aspects of the underlying dynamics
problem. Next, the theoretical considerations of said aspects
are reviewed, this includes stability, bifurcations, linear and
nonlinear modal analyses, flow-induced vibrations and
contact mechanics. Finally, the currently-available numerical
tools and techniques for assessing the nonlinear dynamical
behaviour of structures are discussed. This review motivates
the numerical developments presented in the following
chapter, as well as the choice of systems studied in Chapter 3.
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Vibration Hazard in Steam Generators

1.1 Vibration Hazard in Steam Generators

Inside a nuclear power plant of the Pressurized Water Reactor (PWR) type, steam genera-
tors play the role of liquid-liquid heat exchangers between the coolants in the primary and
secondary circuits. The latter of these is destined to be evaporated by absorption of heat
from the former, which flows from the reactor core. More precisely, heat exchange takes
place across the walls of U-shaped tubes, tightly-packed in a bundle (typically consist-
ing of around 3000 tubes in modern PWRs) inside the steam-generator vessel. A typical
design for this device, showing a single tube, is presented in Fig. 1.1.
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Figure 1.1: Schematic view of a PWR steam generator. From [RIZ 17].
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1. State of the Art

High-temperature coolant from the primary circuit enters a tube via the hot leg, flows
along the entire span while giving off its heat to the surrounding coolant, and exits at
a lower temperature through the cold leg. Meanwhile, an upwards two-phase develops
inside the inner shell as the secondary coolant evaporates. Steam is filtered by separa-
tors and exits the vessel through the uppermost nozzle, while any leftover liquid flows
back into the inner shell along with an external water feed. This recirculating flow acts
on the tube bundle in two distinct manners: parallelly along the legs (axial flow), and
transversally on the U-bends (cross-flow). At several locations, the legs are held in place
by support plates.

Tube

e 0.050 in. Q 7/8 in.

e ks . Model F Anti-vibration
1116 46 bar arrangement

Model 51 Anti-vibration
bar arrangement

Figure 1.2: Typical recirculating steam generator AVB arrangement. From [MAC 96].

The tube bundles serve a double purpose: on one hand, they act as a barrier between
the radioactive, pressurised coolant from the primary cycle; on the other, they ensure
efficient steam generation, which renders the production of power possible through the
action of a specialized turbine. As such, ensuring their integrity is of vital importance
for safe and reliable power plant operation. Indeed, ruptures in the primary coolant
circuit are a major practical concern, and were thus the topic of some of the earliest
engineering literature published during the early days of nuclear power generation
[MEL 65, GAL 66]. Weaver [WEA 08] references works on vibration and noise in steam
generators from as far back as 1954. As pointed out in the review by Paidoussis [PAI 81],
however, steam-generator problems such as tube failure, which could be brought about
by flow-structure interactions, were rarely (if ever) encountered in practice until the
seventies. This situation changed drastically as advanced steam generator designs
incorporated more compact bundles and higher flow velocities: while this changes led to
enhanced efficiency, they come at the price of increasing the overall kinetic energy of the
flow. Strong coupling between fluid flow and structural response ensues, which has lead
to dramatic economical consequences. As explained in the thesis of Antunes [ANT 86],
a 100-hour shutdown of a 1000 MW power plant yields a cost of roughly 3 million
US dollars. The 1996 report by the U.S. Nuclear Regulatory Commission [MAC 96]
directly cites flow-induced vibrations as the direct precursor of tube failure by fretting
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Vibration Hazard in Steam Generators

wear. This happens especially at the U-bend region of the tubes, due to tube-to-tube or
tube-to-Anti-Vibration Bar (AVB) impacts. As shown in Fig. 1.2, AVBs are installed
as a means to prevent high-amplitude, out-of-plane vibration of the tube zones excited
by cross-flow. While only narrow gaps are left between tubes and AVBs to allow for
thermal expansion of the former under temperature gradients, these can be widened due
to misalignment, wear, or other factors, causing abnormal situations in which strong
impacts and friction lead to accelerated failure, i.e. a life-span of days rather than years.
Improper AVB support has also been reported to lead to high-cycle fatigue [EPRO2].
Furthermore, in-plane vibrations have caused tube failures as well, as evidenced by
the now-famous malfunction and ultimate total shutdown of the San Onofre Nuclear
Generating Station on the Californian coast in 2012, following from a design error which
led to abnormally severe thermo-hydraulic conditions [DAP 15].

Besides steam-generator tubes, other components of nuclear reactors are also sub-
jected to flow-induced vibrations, mainly fuel rod assemblies [CHE 72]. Moreover, a
great number of applications outside of nuclear power engineering face similar issues:
steam condensers [LEE 17], boilers [PAN 12], turbo-compressors [JUN 97] and pipelines
[FAA 11], to name but a few. In the present thesis, attention will be focused exclusively
on cross-flow excitations, as they lead to the highest response amplitudes and, hence, the
greatest vibration risk.

1.1.1 Excitation mechanisms

Fig. 1.3 schematically shows the ideal evolution of response amplitudes for tubes in
cross-flow with varying mean transverse velocity.

A .
Oy : B ©

V. V.

Figure 1.3: Standard deviation of displacement in lift direction for a tube in cross-flow,
as a function of mean transverse velocity.
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1. State of the Art

Three regions are immediately evident from this graph, which correspond to distinct
fluid-structure interaction mechanisms:

e A) Broadband turbulence (“buffeting”),
e B) Vortex shedding, and
e () Fluidelastic instability.

Turbulent buffeting is ubiquitous at the high Reynolds numbers which characterise
flows inside steam generators, usually in the range: 10* < Re < 107 [AXI06]. It
introduces a random excitation on the tubes which is independent of tube motion and
which can be characterized by a broadband frequency spectrum. Axisa et al. [AXI 90]
used experimental data from a wide range of tests to propose a dimensionless, bi-slope’
spectrum that is applicable to single-phase flows. Later on, the two-phase case was
tackled by de Langre and Villard [LAN 98] through a similar approach. It should be noted
that the latter problem is considerably more complex, as the random spatio-temporal dis-
tribution of phases plays a role in the excitation alongside flow turbulence. Consequently,
research in this area is still active. Although the methodology of de Langre and Villard
has been supported by experimental evidence [ALV 18], some authors note its extremely
conservative nature, and less restrictive design guidelines have been proposed for steam
generator U-tubes [JIA 17]. In recent work, Taylor and Pettigrew [TAY 20] carry out an
updated review of experimental data and propose two new, dimensionless upper bounds
for random forces in two-phase conditions, spanning different flow regimes. While the
capacity to estimate the standard deviation of turbulent efforts is of great importance for
long-term wear predictions, their magnitude in practice is quite moderate, for both single
and two-phase flows. Hence, this mechanism is not associated to a high vibration hazard
in the short term.

Vortex shedding is a well known phenomenon in which a flow detaches from a bluff
body as vortices generated at regular intervals. As a result, the structure experiences a
periodic forcing at a frequency which depends linearly on mean flow velocity. High-
amplitude oscillations can ensue if vortex-shedding is synchronized to one of the struc-
ture’s natural frequencies, potentially leading to short-term damage. In [LIV 62], the
authors study the vibration modes of a row of tubes under excitation by vortex shedding,
which they suggest as a potential reason for premature tube failures in steam generators.
Chen [CHE 68] studied the vortex-shedding response of an experimental tube bank in a
gas flow and proposed design guidelines to prevent vibration and noise in heat exchang-
ers. Gorman [GOR 76] reported resonant responses to vortex shedding in his experiments
with tube bundles in liquid cross-flow. These efforts dealt exclusively with simplified con-
figurations in which, most importantly, only single-phase flows were considered. How-
ever, as pointed out by Axisa in Chapter 7 of [AXI 06], all experimental investigations
on two-phase flow reported an absence of vortex shedding. Furthermore, this fact did not
prevent the occurrence of high-amplitude tube oscillations, regardless of bundle geome-
try or flow composition, for sufficiently high flow velocities, cf. the experiments of Lai
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Vibration Hazard in Steam Generators

et al. [LAI 19] (transverse a single flexible tube in a rigid array subjected to two-phase
cross-flow) or those of Violette et al. [VIO 05] (stream-wise oscillations of a flexible array
subjected to two-phase flow), where such a behaviour is observed without vortex shed-
ding. Nowadays, it is clear that the main excitation mechanism behind steam generator
tubes failure is of a different nature, and receives the name fluidelastic instability. Nev-
ertheless, the study of vortex shedding remains relevant in the context of steam generator
design and analysis in relation to acoustic resonance [ZIA 06].

1.1.2 Fluidelastic instability of cylinder arrays

Roberts [ROB 66] was probably the first to have proposed that self-excited oscillations
could take place in cylinder arrays. In contrast with buffeting and vortex shedding, which
occur even for static cylinders, this mechanism is inherently dependent on structural mo-
tions. Fluidelastic instability, as it is now known, started receiving attention following
Connors’ report of self-excited oscillations in heat-exchanger tube arrays in cross-flow
[CON 70]. He postulated a quasi-static, semi analytical model in which oscillations were
sustained by energy extracted from the flow, thanks to a specific motion pattern between
adjacent tubes. This could only occur for a sufficiently energetic flow, i.e. for flow veloc-
ities beyond a critical value (V. in Fig. 1.3). In his paper, energy-balance considerations
were used to derive a formula for predicting the value of V., which (along with its vari-
ations, such as those proposed by Blevins [BLE 74], Whiston & Thomas [WHI 82], and
Price & Paidoussis [PRI 84]) knew a widespread practical use in the following years.
However, as evaluated by Price [PRI 01] after a thorough analysis of experimental evi-
dence, even the most refined quasi-static models perform rather poorly at predicting the
onset of fluidelastic instability. This fact was recognized in the early eighties and led to
the family of unsteady models pioneered by Tanaka & Takahara [TAN 81], as well as the
semi-analytical models by Lever & Weaver [LEV 82] for a single flexible cylinder in a
rigid bundle and their generalization by Yetisir & Weaver [YET 93a, YET 93b] to the case
of multiple flexible cylinders. Price & Paidoussis [PRI 84] found a quasi-steady model by
adapting a model for galloping instability to the case of transverse vibrations of tube bun-
dles in cross-flow. An important effect considered by these authors was a time-delay term
in the definition of fluidelastic forces. Letting y(z) denote the displacement amplitude of a
cylinder of diameter D in the transverse direction upon excitation by a single-phase flow
with velocity V and density p, the linearised expression for these forces around the static
equilibrium position (yg) takes the form:

Fre = 5pV?D [a_y yoy(t —1) = ;Co3(0) (1.1

where Cy and Cp are the non-dimensional lift and drag coefficients of the tube profile,
respectively. The delay is a mathematical necessity to achieve dynamic instability in this
model, and it may be physically justified by arguing that the surrounding flow does not
respond immediately to the tube’s motions. Different authors, when using variations of
quasi-steady models, have conjectured different explanations as to which aspect of the
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1. State of the Art

fluid dynamics is responsible for the delayed term [PAI 13]. While the model of Price
& Paidoussis showed a reasonable agreement with experimental data, and was able to
predict both stiffness-controlled (depending on the coupling in the motion of two or more
tubes) and damping-controlled (requiring only one degree of freedom) stabilities, it failed
to capture the physical behaviour of tubes at low values of reduced velocity, defined as:

_ SV
"D

where f is the frequency of oscillation. This shortcoming is, in fact, shared between this
model, the semi-analytical one of Lever-Weaver, and some other well-known ones such as
Chen’s unsteady model [CHE 83a, CHE 83b]. Granger & Paidoussis [GRA 96] improved
on the Price & Paidoussis model by introducing a so-called quasi-unsteady approach.
They derived an analytical expression for the fluidelastic coupling forces from the im-
pulsive response of a single flexible tube by requiring continuity and Navier-Stokes (mo-
mentum) equations to be satisfied. The physical mechanism behind the negative damping
leading to damping-controlled instability is found to be the diffusion of vorticity from
the tube boundary layer. The mathematical expression for the fluid forces replaces the
discrete delay of Eq. (1.1) by a distributed delay:

F. = %szD [aa%
in which the convolution kernel ID(t) models the transient decay of disturbances in the
flow generated by tube motions. Hidden within this function are constants that must
be measured for a given problem, thus making the model a semi-empirical one. When
compared to experimental data, the quasi-unsteady model showed a quantitative im-
provement with respect to its predecessors. Interestingly, this is the case even for systems
consisting of several flexible tubes, even though the model considers a unique vibrating
tube in a rigid array. This fact supports the claim by Lever & Weaver, who conjectured
that a fluidelastic instability analysis of tube arrays may be reduced to the study of a
single tube. The model thus provides a description of a destabilizing mechanism which
is based on a solid basis of fluid dynamics theory. While this is an important step
towards understanding the phenomenon, the model does not consider stiffness-controlled
instability and it is unclear whether it may be able to faithfully reproduce the dynamics
of tubes for low values of the mass-damping parameter: md/pD?, where m is the tube
mass and 9 its structural damping coefficient.

(1.2)

vy

/ " Dy —t)dr— ‘l/ch'(t) (13)

—00

Even though efforts have not been scarce when it comes to the study of fluidelastic
instability, many aspects of the problem remain unanswered to this day, and no available
model provides a fully satisfactory predictive (nor descriptive) tool. Indeed, the short ex-
position presented here barely scratches the surface of a vast scientific literature spanning
six decades; comprehensive reviews include the works by Connors [CON 81], Paidoussis
[PAI 81, PAI 83, PAI 87, PA1 06], Chen [CHE 75, CHE 84], Pettigrew et al. [PET 91],
Price [PRI 95], Gelbe [GEL 95] and Sarpkaya [SAR 03], as well as the books by Axisa
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Nonlinear dynamics of unstable tubes

[AXTI 06], Gibert [GIB 88] and Paidoussis et al. [PAI 13]. Design guidelines are under
constant revision and updating, with the publications by Sun et al. [SUN 19] and Taylor
& Pettigrew [TAY 20] being recent examples. Thus, the mechanism rightfully earns the
“elusive” label given to it by Weaver [WEA 08]. In that paper, some potential reasons
leading to this fact are: an industrial focus on gathering data for specific equipment rather
than on understanding the phenomena, the overwhelming complexity of a multi-physics,
strongly coupled problem who is seemingly sensitive to numerous parameters, and the
practical difficulty to accurately measure fluidelastic forces. In particular, the latter of
these has received considerable attention in past years. Caillaud et al. [CAI 99, CAI 03]
have proposed a methodology to measure fluidelastic forces using active control. Bouzidi
& Hassan [BOU 15] used CFD computations to find the empirical constants of the Lever-
Weaver model for a given tube configuration. In the same vein, investigations of com-
plex fluid-structure interaction problems have been made possible by the advent of high-
performance computing. Moulinec et al. [MOU 04a, MOU 04b] used direct numerical
simulation to solve the full Navier Stokes equations for a flow through a tube bundle. Si-
hnde et al. [SHI 14] performed parametric analyses of the coupled fluid-elastic problem
in a tube bundle through a mixed RANS-DDES methodology.

1.2 Nonlinear dynamics of unstable tubes

1.2.1 Studies on post-instability behaviour

All the models for fluidelastic instability described above are linear. This is made possi-
ble by linearisation of the motion-dependent fluid forces around the equilibrium position
of the tubes, which is justified in light of the small vibration amplitudes typical of tube
bundles. As such, they can be used to predict the onset of instability but not the tube
responses beyond the critical flow velocity, as they unrealistically predict divergent os-
cillations. In reality, amplitudes remain bounded through the activation of one or more
nonlinear mechanisms. For tube bundles, this typically means tube-to-support or tube-to-
tube impacts. The interplay between nonlinearity and fluidelastic forces leads to steady-
state, limit cycle-like oscillations in which the tubes undergo intermittent contacts. The
importance of studying such cycles for tube wear rate estimation and risk assessment
has been recognized, and a number! of works have been dedicated to this task. Weaver
& Schneider [WEA 83] performed wind tunnel experiments on a heat-exchanger U-tube
bundle supported by different configurations of AVBs. In the absence of supports, the
limit cycles ensuing from fluidelastic instability consisted of essentially motions along
the tube’s first out-of-plane bending mode. When the bars were included in such a way
as to completely suppress this vibration mode, instability arrived at a larger value of flow
velocity and the corresponding limit cycles following the second out-of-plane bending
mode instead. This pattern was observed to continue with higher out-of-plane modes as
the flow velocity increased. However, no stabilities for in-plane modes were reported. The

' A small number, if compared to the bulk of investigations dealing with fluidelastic instability.
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1. State of the Art

effect of an asymmetric clearance was also explored briefly, and was found to provide a
stabilizing effect, i.e. to delay the onset of stability to a higher flow velocity. Axisa et
al. [AXI 88] present an approach for the numerical investigation of post-instability vibra-
tions. Therein, tube motions are projected onto the unsupported modal basis, with contact
forces assumed to be localized at discrete points. Computation of impact forces in the
normal direction uses a penalty method in which the cross-section ovalization stiffness,
K., acts as the penalty coefficient. This quantity can be theoretically estimated through

the formula?: 5
E
K.=38-2,/% (1.4)
D D

where e, D, and E are tube thickness, diameter and Young modulus, respectively. The
value of K, is typically on the order of 10°N /m for steam generator tubes. Tangential
forces are computed by using Coulomb’s dry friction model, which was later refined by
Antunes et al. [ANT 90]. The authors present simulation results for a cross-flow-excited
U-tube supported by AVBs, where fluidelastic forces are computed from Connors’ model
and the equations of motion are integrated in time using De Vogelaere’s method [LES 68]:
for varying values of flow velocity, a range of dynamical regimes are obtained: peri-
odic (with varying relative contributions of the tube’s modes), quasi-periodic and chaotic
[OTT 81] vibrations. This behaviour clearly indicates the presence of multiple bifurca-
tions, as 1s typical for nonlinear dynamical systems [GUC 83, KUZ 04]. Paidoussis et
al. [PAI 93] studied an analytical, two-degree of freedom model representing the planar
motions of a tube in an annular support within a rotated, triangular grid. Fluidelastic
coupling forces were provided by the Price & Paidoussis model with experimentally-
determined coefficients, and a fourth-order Runge-Kutta algorithm is used to solve for the
time histories of motion.

Fig. 1.4, taken from their paper, shows a bifurcation diagram rich in dynamical
regimes, ranging from periodic to chaotic and including symmetry-breaking, double-
period and quasi-periodic motions. Similarly, the effect of simultaneously varying two
parameters was studied (flow velocity and gap size), which resulted in a number of sta-
bility boundaries separating different regimes. The same authors investigated a related
system, consisting of a clamped-pinned beam subjected to cross-flow, both experimen-
tally [MUR 94a] and analytically [MUR 94b]. While a more complex behaviour is ob-
served, qualitative similarities with the simple two-DOF model are evident. Antunes et
al. [ANT 92] performed experiments on a loosely-supported cantilever beam in which
fluidelastic forces were simulated by a feedback loop. This provides an effective negative
damping, which plays an energy-source role analogous to that of flow velocity in “true”
fluidelastic forces. Dynamical regimes of two distinct types were observed, each with dif-
ferent relative modal-to-total response contributions. While one of these was unique for
low and high values of negative damping, an intermediate region in which both regimes
coexisted was found. Thus, the observed steady state depended on initial conditions.
All regimes reported in this study are quasi-periodic, as the motions of the numerous

The original publication reports a coefficient of 1.9 in Eq. (1.4). However, it is nowadays recognized
that a factor of two is missing for adequate fit with experimental results.
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Figure 1.4: Bifurcation diagram for varying flow velocity V, from [PAI 93].

modes involved in the response are unsynchronized but their spectra consist of distinct
peaks rather than the broad-band signature of chaos. Piteau et al. [PIT 12] experimen-
tally identified fluidelastic force coefficients and turbulent spectra for a flexible cantilever
tube excited by single-phase cross-flow within a rigid, square grid. A numerical model
of the system was then shown to be successful in reproducing the experimental results.
Recently, the same authors have developed a more advanced test rig which allows for the
modal characteristics of the flexible tube to be adjusted [PIT 19]. In a series of confer-
ence papers, Borsoi and co-workers investigated different aspects of the dynamics of a
1-DOF model consisting of an autonomous oscillator destabilized by fluidelastic forces,
computed by the Granger & Paidoussis quasi-unsteady model with empirical coefficients
obtained through active control. The effect of gap size was studied in [BOR 17b], where
it was concluded that the relative weight of turbulence in the overall excitation is inversely
proportional to this parameter. The distribution of energy between turbulent and fluide-
lastic forces was discussed in [BOR 17a]. The same paper reported coexisting symmetric
(two-sided impacts) and asymmetric (one-sided impacts) periodic cycles for certain val-
ues of flow velocity, in the case where turbulence was ignored. Including turbulence,
phase-space plots of tube motions were erratic but stayed in the vicinity of said cycles.
A parametric study was conducted in [BOR 18]. It was shown that velocity variations
led to an amplitude jump, accompanied by a transition from one-sided to two-sided im-
pacts for high-enough values. Prabel et al. [PRA 18] used the quasi-unsteady model to
numerically simulate the response of a U-tube in cross-flow with a realistic velocity and
density distribution. To this end, the two-phase flow was homogenized into an equivalent
single-phase flow. The obtained results showed an increase in the complexity of the re-
sponses as the number of modes considered was increased. For three modes (two out-of
plane and one in-plane), complementary asymmetrical regimes were observed, similarly
to the cantilever beam case. However, only one of these was periodic, while the other
was quasi-periodic. Lai et al. [LAI 19] used time-integration to numerically study the
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1. State of the Art

behaviour of a flexible, cantilever beam in a rigid, rotated-triangular grid under the ac-
tion of a two-phase cross-flow. Fluidelastic forces were computed through the Price &
Paidoussis model fitted with experimental data. For increasing flow velocity, transition
from steady periodic to quasi-periodic and chaotic motions were observed. The method
of multiple scales was employed by Vourganti et al. [VOU 20] to analytically study the
stability of a 1-DOF oscillator with a discrete delay to model fluid-elastic forces. As the
method requires smooth functions, the impacts in that case where modelled by a cubic
spring rather than the usual piecewise-defined functions.

1.2.2 Modelling impacts

The high complexity observed in the studies mentioned above is a result of impacts, which
are a particularly strong type of nonlinearity. An ideal, 1-DOF impact oscillator with
natural (angular) frequency ®y is described by the constrained system:

%(t) +Ci(r) +wdx(t) = f(t) , V>0
{ x(tl) = —%&(r;) , t=1, (1.5

where 7. is any instant where impact takes place, i.e. when x(z.) = g for a given gap size
g. This model considers an instantaneous change in the sign of velocity, with a poten-
tial energy loss given by the restitution coefficient r € (0, 1], with the limiting case r = 1
corresponding to perfectly elastic collisions. The term f(¢) accounts for external forcing.
Even though the system is linear between impacts, the discontinuity in velocity means
that the system is highly-nonsmooth [BRO 99]. This, in itself, represents a challenge to
the usual time-stepping integration schemes. As a consequence, specialized methods have
been devised to treat such problems [PAO 01, ACA 09]. When a periodic forcing such as
f(t) = Bsin(ot) is applied, transitions from periodic to chaotic behaviour are known to
happen for increasing values of B, usually through a sequence of period-doubling bifur-
cations [GUC 83, HIN 84].

An alternative modelling approach consists in adopting a penalty formulation, in which
some penetration of the structure into the support (or elastic deformation of the former due
to contact) is allowed. Hence, the impact law from Eq. (1.5) is replaced by a piecewise-
continuous function:

5(1) + Ck(r) + ofx(t) + fo(31)H(31) = f (1) (1.6)

where 8; = x(t) — g is the penetration depth and H represents the Heaviside step function.
Thus, the support exerts a restoring force on the structure for the duration of contact,
which occurs over a finite time interval rather than instantaneously. Typically, linear or
exponential functions are used for f.(8). In the case of steam-generator vibrations, the
former is adopted [AXI 88], such that:

fe(81) = K:6, (1.7)
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Nonlinear dynamics of unstable tubes

Before impact During impact

Figure 1.5: Ovalization of tube section at impact.

Besides enhanced ease for numerical simulations, this approach has the advantage of
being physically significant, as the parameter K, is a measurable quantity which represents
the cross-section deformation during impact, as schematized in Fig. 1.5.

Eq. (1.6) specifically describes one-sided impacts, but it can be readily extended to
other cases. For two-sided impacts:

(1) + Ci(t) + ogx(t) + fo(81)H (81) — fo(82)H (8) = f(t) (1.8)

where 8, = —x(¢) — g. Several authors have studied the dynamics of systems similar
to Eq. (1.8) for asymmetric gaps, i.e. g # £. Natsiavas & Gonzalez [NAT 92] used a
semi-analytical approach to compute frequency response curves of a forced oscillator
with asymmetric impacts. They reported loss of stability through a period-doubling
bifurcation, leading to a sub-harmonic resonance peak at roughly twice the excitation
frequency of the main resonance. Kim et al. [KIM 05] studied a SDOF torsional system
with asymmetric gaps using the harmonic balance method and, similarly, encountered a
sub-harmonic resonance peak. Duan & Singh [DUA 08] found branches of double-period
solutions isolated from the main response curve, i.e. an isola. A connection between
asymmetry and period-doubling is evident from these results. This fact is especially
interesting in light of the transition to chaos via the successive period-doubling (or
sub-harmonic cascade) route. De Langre & Lebreton [LAN 96] performed experiments
and numerical computations on a forced SDOF system displaying both geometrical
nonlinearity and two-sided, soft impacts. For certain combinations of driving amplitude a
frequency, chaotic motions were observed, but solely in the asymmetrical configurations.
While this aspect is not explored deeply in their paper, it is likely that chaos arrives
following a sub-harmonic cascade.

An impact damper may also be included in order to account for energy losses result-
ing from impacts, which is analogous to the role of a restitution coefficient [HUN 75].
Paidoussis et al. [PAI 93] use a piecewise-linear impact damper to model the dissipation
of energy by the response of high-frequency vibration modes of a cylinder not included in
the reduced-order model used. This strategy was also employed by Prabel et al. [PRA 18]
in their study of U-tube vibrations. Mureithi et al [MUR 94a] used a more refined model
in which the impact damping coefficient is a nonlinear function of normal velocity and
including a squeeze-film effect. Padmanabhan & Singh [PAD 95] incorporate impact

15

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI032/these.pdf
© [R. Alcorta], [2021], INSA Lyon, tous droits réservés



1. State of the Art

damping into their model of gear rattle effects in automotive engines. A simple function
describing two-sided, linearly damped impacts is given by:

felx,%) = (Ke(x(r) — g) + Cet(t)) " H (x(r) — g) — (Ke(x(t) + &) + Cei(t)) " H(—x(1) — §)
(1.9)
where the operators (-)* and (-)~ denote, respectively, the positive and negative parts of
the expressions within parentheses. Fig. 1.6 shows the graphs of Egs. (1.6) and Eq. (1.8)
side by side, for a displacement given by x(¢#) = 1.2sin(¢) and K, =20,C. = 6,g =g = 1.

20 | 20 | {
| | | |
| | | |

1oy | oy |
| | | |
| | | |
| | | |
| | | |

10t 1 | 101 /) |
| | | |
| | | |

20" | l 200" | | l
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

X X

Figure 1.6: Graphs of symmetric impact functions (penalty formulation) with and with-
out impact damping. Left: impact term from Eq. (1.6), right: Eq. (1.8).

Another important energy dissipation mechanism is friction, which plays a central
role in many industrial applications, including: tube-to-support contacts in steam genera-
tor tubes [AXI 88], brake squeal [COU 09], turbine blade dampers [WAN 93] and violin
string models [VIG 18]. The modelling of friction is far from being a task, as described
in great detail by the historical review of Feeny et al. [FEE 98]. Indeed, one can not
reasonably speak of a universal model, but rather of a group of models with certain ap-
plicability margins. For sliding friction between two metallic surfaces in contact, the
so-called Coulomb, or dry, friction gives a force in the tangential direction as:

fr = u|fn|signir(r) (1.10)

with u the dimensionless dry friction coefficient, fy the normal force and x7(¢) the
tangential velocity. fy can be given, for instance, by Eq. (1.9) in the case of intermittent
contacts, or by the weight of an object in permanent contact. When upon a surface
moving at a constant velocity V, an oscillating system may undergo stick-slip oscillations:
rapid transitions from a sticking to a sliding state as elastic forces overcome stiction. In
that case, the velocity in Eq. 1.10 is replaced by vy = %(¢) — V. Furthermore, the dry
friction coefficient may be a nonlinear function of v, [YOS 00]. An issue encountered
when using such models for numerical simulation is the fact that the sign function is not
uniquely defined for. x7(¢) = 0. The theory of Fillippov systems [BER 07] can be used to
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Numerical methods for nonlinear vibration problems

rigorously study this problem through the formalism of differential inclusions. Another
approach, widely used in practice, is to regularize the above model by complementing
it with a constitutive law for speeds close to zero. Such a model was proposed by
Oden & Martins [ODE 85], in which a linear evolution links the positive and negative
regions of the sign function over a small interval around x7(f) = 0. Tangential force
is then non-smooth but completely regular. Antunes et al. [ANT 90] proposed a more
refined methodology in which the sticking behaviour was modelled by a fictitious degree
of freedom attached to the main one via a spring-damper mechanism. Leine et al.
[LEI 98] proposed a so-called switch friction model in which the tangential force varies
continuously from sliding to static friction.

1.3 Numerical methods for nonlinear vibration problems

The equations of motion to be solved in structural vibrations result from the finite-element
discretization of the continuous expression of dynamical equilibrium. They are sets of
nonlinearly-coupled, second-order, ordinary differential equations whose analytical solu-
tions are generally impossible to find. While powerful semi-analytical techniques such
as multiple-scale analysis [NAY 79] and normal form transformation [JEZ 91] exist, they
are usually limited to systems with weak nonlinearities, i.e. those for which the nonlin-
ear terms remain small in comparison to the linear ones. This condition is certainly not
met in intermittent contact problems. Hence, as already evidenced from the above dis-
cussion, numerical methods are fundamental in investigating their dynamic behaviour. In
the context of heat-exchanger tube vibrations, the main focus is on finding steady-state
solutions, as these are the ones that determine long-term behaviour. Strictly speaking,
the presence of turbulent fluctuations and their corresponding forces renders the system’s
behaviour unsteady; however, after an initial transient period, turbulent flows become stat-
ically steady, in the sense that mean flow features do not vary over time. Consequently,
it is reasonable to assume a similar behaviour for structural motions. The search for pe-
riodic and quasi-periodic solutions is of particular importance in this respect, as they are
common steady-state regimes for vibrating systems.

1.3.1 Time-domain methods

Numerical time-integration techniques are fundamental in capturing transient behaviour
of dynamical systems. This is relevant, for instance, in passive vibration control by
use of nonlinear energy sinks [GEN 00, LEE 08, GEN 11], or in the numerical study
of chaotic motions [NAR 91, CAI 92]. Dokainish & Subbaraj present an extensive
survey of common explicit [DOK 89] and implicit [SUB 89] algorithms. Special-
ized techniques have been developed for the time-integration of nonsmooth dynamical
systems [MOR 88, ACA 09]. Strongly-nonlinear restoring forces resulting from non-
instantaneous impacts, e.g. Egs.(1.5,1.6,1.8), can be treated as long as the chosen time
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step for the discretization is smaller than the contact duration. In [PIT 18], for instance,
the authors use a value of 5- 107> s for the post-instability study of a loosely-supported,
cantilever tube in cross-flow. Explicit algorithms, which avoid the use of a non-linear
solver at each time step, are thus preferred in this context. Well-known and widely-used
examples are the methods from the Runge-Kutta family, which can also be extended to
treat delay differential equations [BAK 00, SHA 09]. Puthanpurayil et al. [PUT 14] pro-
posed a time-domain implementation permitting the computation of a distributed delay
term such as the one in Eq. (1.3). Prabel et al. [PRA 18] improved on this approach
by using a recurrence relation to compute the distributed delay term during integration
with an explicit De Vogelaere algorithm. Nevertheless, all time-integration methods are
inefficient when it comes to capturing steady-state solutions, as computations have to be
performed over a large-enough interval to ensure that the transient response has faded.
Moreover, while a system of nonlinear equations admits both stable and unstable steady-
state regimes as solutions, only the former can be observed through numerical integration.
The shooting technique [NAY 89, SEY 10] is an alternative time-domain approach that
finds periodic solutions by replacing the initial-value problem of time-integration by a
Boundary-Value Problem (BVP). Through an iterative procedure, the initial conditions
which satisfy dynamical equilibrium as well as periodicity are found. This requires the
equations of motion to be time-integrated over one period, which can be known in ad-
vanced (forced oscillations) or an additional unknown to be found (autonomous oscilla-
tions, for example in the case of self-excited motions). Sundararajan & Noah [SUN 97]
combine this method with a continuation algorithm to study forced vibrations of rotor sys-
tems. A similar approach was undertook by Dimitriadis [DIM 11] to study the paramet-
ric behaviour of limit-cycle oscillations in an aeroelastic system. A remarkable feature
of this study is the use of additional degrees of freedom to represent unsteady aerody-
namic forces, which is equivalent to having a distributed delay, Eq. (1.3), with a sum-
of-exponentials type kernel [SMI 11, DIM 17]. Howell & Pernicka [HOW 87] used a
shooting method to compute quasi-periodic solutions of the restricted three-body prob-
lem.

Collocation methods get rid of time-integration altogether by considering a discrete ver-
sion of the periodic BVP. The steady-state solution is assumed to be a combination of
orthogonal (e.g., Legendre) polynomials. Then, by using a Galerkin projection onto the
basis formed by these same polynomials, a set of nonlinear algebraic equations is obtained
in which the unknowns are the solution values evaluated at discrete points. This method
has been proved to be both efficient and highly robust, and is thus at the heart of numerous
software for the analysis of nonlinear dynamics, including: COLSYS [ASC 79], CON-
TENT [GOV 99, GOV 00] AUTO [DOE 12], MATCONT [DHO 03, DHO 04] , COCO
[DAN 10]. The latter was recently used to study families of quasi-periodic solutions in
a forced, delayed Duffing oscillator [AHS 19]. DDE-BIFTOOL [ENG 02] specializes in
the solution of delay differential equations.

The codes mentioned herein make use of continuation methods: once a solution is
found, a whole branch of solutions can be unfolded by treating one of the system’s pa-
rameters as a new unknown and following the equilibrium path. This idea was orig-
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inally proposed for the study of equilibria in nonlinear elasticity [CRI 81] and then
adapted for the study of periodic solutions. Different approaches for path-following
have been employed over the years, with the most popular variants being arc-length
continuation [KEL 83, KEL 86, SEY 10] and the Asymptotic Numerical Method (ANM)
[DAM 90, COC 94]. The former consists in taking a step along the tangent direction to
the path at a given solution, followed by orthogonal corrections until convergence. The
latter, on the other hand, uses a series expansion to locally represent the path in the vicin-
ity of the initial solution, iteratively solving for the expansion coefficients. Arc-length
continuation can be seen as a first-order truncation of the corresponding series expansion.
Continuation software has built-in routines for the stability evaluation of the computed
periodic solutions, allowing for a detection of bifurcations as described in Sect. 1.3.3.
Hence, they represent a valuable aid at understanding the complex dynamics of nonlinear
systems. Nevertheless, codes relying on collocation methods are generally restricted to
systems with a few degrees of freedom. Moreover, the frequency content of solutions
computed in this way is not directly available and must be obtained in a post-processing
stage. Both of these shortcomings are addressed by frequency-domain methods.

1.3.2 Frequency-domain methods

Krylov & Bogoliubov [KRY 50] were probably the first to have proposed a semi-analytic
method whose principle was to look for periodic solutions in the form of truncated Fourier
series. A Galerkin projection of the differential equations of motion onto a base of
trigonometric functions, which are mutually orthogonal, transforms the initial problem
into a system of nonlinear algebraic equations whose unknowns are the Fourier coeffi-
cients up to a certain harmonic component. As Nayfeh pointed out in his book [NAY 79],
an a priori estimation of the number of terms required to correctly capture periodic mo-
tion is seldom possible, and the use of different approximation techniques was suggested.
Nevertheless, this issue would be circumvented by the numerical implementation of the
method by Nakhla & Vlach [NAK 76], who used it to find periodic regimes in nonlinear
electronic circuits. Dynamical equilibrium is formulated as a minimization problem for an
error function, and the number of harmonics is adjusted accordingly. Lau et al. [LAU 82]
applied the Harmonic Balance Method (HBM) in a structural dynamics context to study
parametrically-excited, linear and geometrically-nonlinear systems with one or several
degrees of freedom. They introduce the Incremental Harmonic Balance Method (IHBM),
by which continuation of periodic solutions is performed via direct parametrization of
the equilibrium by path one of the system’s parameters. This approach was followed by
Pierre et al. [PIE 85] and Ferri & Dowell [FER 88] for the study of friction-damped sys-
tems. An extension of the HBM to capture quasi-periodic responses was first proposed by
Chua & Ushida [CHU 81] and later adapted to the IHBM by Lau et al. [LAU 83]. Kim
& Choi [KIM 97] use this method to study quasi-periodic oscillations of a forced, non-
linear Jeffcott rotor. A major breakthrough regarding practical implementation was the
introduction of the Alternating Frequency-Time (AFT) procedure by Cameron & Griffin
[CAM 89], as it allows arbitrary nonlinearities to be treated by the HBM. The main idea
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1. State of the Art

is to compute the corresponding forces in the time domain, where -usually simple- analyt-
ical expressions are available, and then to transform back to the frequency domain. Any
suitable algorithms, such as the Fourier Transform (FFT) and its inverse, can be used to
perform this operation. The principle is illustrated in Fig. 1.7.

=

L 1 ‘\ "t \
k ~ evaluation

of force law

< =
K 8 i
45 T
Kk /
FFT
frequency domain time domain

Figure 1.7: Illustration of the AFT procedure, from [KRA 19].

The coupling of AFT-HBM with arc-length continuation was proposed by Von Groll
& Ewins [GRO O1]. This approach is much better suited to the analysis of nonlinear
systems than IHBM, as the parametrization of the equilibrium path by the so-called
natural coordinate (i.e. the abscissa along the equilibrium curve) allows for the algorithm
to follow the path across folds. Cochelin & Vergez [COC 09] extended the ANM to
the continuation of periodic solutions by coupling it with the HBM. This led to the
development of the continuation software MANLAB [KAR 13, GUI 19]. In a recent
paper, Woiwode et al. [WOI 20] compare both of these techniques for a variety of
mechanical systems and conclude that arc-length continuation is better suited to treat
regularized nonlinearities like impacts or friction, whereas an outstanding performance
can be expected from ANM for inherently smooth systems.
In any case, the potential of HBM-based continuation as a design and analysis tool cannot
be understated. Some additional examples of this in mechanical engineering include the
nonlinear modal analysis of aerospace structures [KER 13, DET 15b, SAL 16], the re-
sponse prediction of a tuned mass damper subjected to a multi-frequency excitation with
hundreds of terms and stiff impacts [TIL 18], optimization of a nonlinear vibration ab-
sorber [DET 15a, GRE 17], the analysis of aeroelastic airfoils [LIU 04, LIU 07, DAI 14],
and the study of break squeal [COU 09].

It is relevant to note, at this point, that no studies of steam-generator vibrations have
applied continuation methods so far, neither by time-domain nor by frequency-domain
approaches. This can be partially explained by the stochastic nature of the observed re-
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sponses due to turbulence, which prevents any sustained periodic or quasi-periodic regime
to develop. Nevertheless, analysing the behaviour of tubes under the steady-state, mean
flow could provide valuable insight into their extremely complex dynamics. In partic-
ular, the HBM seems to be ideally suited for the task, as fluidelastic forces involving
discrete (Eq. (1.1)) or distributed (Eq. (1.3)) delays can be efficiently computed in the
frequency domain. For instance, the time-domain convolution products appearing in the
latter become simple products under Fourier transformation as per the convolution theo-
rem [BLA 05].

1.3.3 Stability and Bifurcations
1.3.3.1 Floquet Theory

As mathematical solutions to the equations of motion, periodic solutions can be either
stable of unstable in nature. Different definitions of stability are used in nonlinear dynam-
ics literature [GUC 83], and for periodic solutions the focus is on linear stability. Let us
consider a generic system of the form:

u(r) = f(u(r),1) (1.11)

for a smooth function f: R” — R”, and u(¢) € R". Assuming the state of the system to
be a slight perturbation from a known periodic solution ug(z), i.e. u(z) = uo(¢) +n(z), a
first-order expansion of Eq. 1.11 yields the linear system with periodic coefficients:

n(t) = A{)n(t) (1.12)

of
8_] . The n solutions to Eq. 1.12 make up the fundamental solution
u u=uy

matrix ®(z), with initial conditions ®(0) =1I,,. Any two states of 1)(t) are related by this
matrix and, in particular:

where A(r) = {

n(T) = @(T)n(0) (1.13)

where T is the minimal period of uy(z): wo(t +7) = up(z). Hence, the eigenvalues of
®(T), called the monodromy matrix, determine whether the perturbation decays (returns
to the underlying cycle ugp) or grows (strays away from ug) over the course of a period.
The eigenvalues, u € C, are called Floguet multipliers and yield the criterion:

e Stable solution: |u;| <1, Vi=1,...,n,
e Unstable solution otherwise.

Alternatively, one may use the fact that solutions to Eq. 1.12 have the form n(¢) = eMp(1),
where p(t +7) = p(¢), combined with Eq. 1.13 to express the stability criterion in terms
of the Floquet exponents given by u = e | such that:

e Stable solution: R{A;} <0,Vi=1,....n,
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e Unstable solution otherwise.

Numerical methods for stability evaluation of periodic solutions are designed to
compute either y; or A;. A technique for approximating the monodromy matrix with
time-integration was proposed by Friedmann et al. [FRI 77]. Shooting techniques yield
this matrix as a by-product [SEY 10], and it can be constructed with ease from matrices
employed in orthogonal collocation [DOE 91]. On the other hand, frequency-domain
methods compute Floquet exponents, following the approach pioneered by Takahashi
[TAK 79] and now known as Hill’s method. Von Groll & Ewins [GRO 01] proposed
a version of this method which is specialized for mechanical systems described by
second-order differential equations and which leads to solving a Quadratic Eigenvalue
Problem (QEP) in the frequency domain. Their implementation uses a real HBM
formulation, such the coefficient matrices involved in the QEP are already available as
a by-product of the Newton-Raphson iterations to convergence. Several authors have
successfully employed this technique [DET 14, XIE 15, GRE 17, ALC 19]; however,
its usual form cannot be used in the case of distributed delays, which are equivalently
expressed as additional first-order differential equations [SMI 11]. An alternative
method, based on a complex HBM formulation, was proposed by Lazarus & Thomas
[LAZ 10], expanded upon by Bentvelsen & Lazarus [BEN 17], and developed alongside
ANM-HBM continuation [KAR 13, GUI 20] for the treatment of general systems, i.e.
Eq. 1.11.

1.3.3.2 Computing bifurcations

Along the continuation of periodic solutions, Floquet exponents evolve and may have
their real parts become positive/negative according to the system’s parameters. Such
an event is called a bifurcation. With respect to the continuation parameter, values
before and after bifurcation correspond to a different number of co-existing solutions.
This can happen by the equilibrium-path curve turning back on itself (a fold, turning
point, saddle-node, or limit point bifurcation of cycles), or by a new curve branching
out from it. The latter may be of a different dynamical nature than the former, for
instance a branch of quasi-periodic (a secondary Hopf or Neimark-Sacker bifurcation) or
double-period solutions bifurcating from a periodic solution curve. Hence, the capacity
to detect and characterize bifurcations is extremely important. For time-domain methods,
the problem has been extensively tackled, as reviewed in the books by Seydel [SEY 10]
and Kuznetsov [KUZ 04]. The main idea consists in monitoring the values of particular
test functions during continuation, which change sign when a bifurcation has occurred.
After detection, an iterative algorithm precisely localizes the bifurcation by solving
for dynamical equilibrium along with additional constraint equations for bifurcation
characterization. Details can be found in the works by Doedel et al. [DOE 03], Dhooge
at al. [DHO 04], Govaerts [GOV 00, GOV 05] and Witte el al. [WIT 13].
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Continuation can be applied to the extended systems defining bifurcations, a tech-
nique called bifurcation tracking. The curves thus produced serve the role of stability
boundaries across which different dynamical behaviours are exhibited either by a vary-
ing number of solutions, a change in the nature of these, or both. Their knowledge is
thus precious to the understanding of global dynamics. It shall be clear that further
Floquet exponents may cross the imaginary axis during bifurcation tracking, indicating
a codimension-2 bifurcation (denoted codim-2). The term ’codimension’ relates to the
number of parameters to be tuned in order for such an event to happen, and thus codim-N
bifurcations may be observed through recursive tracking, where N is limited by the num-
ber of Floquet exponents a system possesses. Fig. 1.8 shows the successive bifurcations
that can be encountered when performing continuation of equilibria®, up to codim-3. The
AUTO software supports detection, localization and tracking of codim-2 bifurcations of
periodic solutions. Recently, so-called control-based continuation was used by Renson et
al.to perform experimental bifurcation tracking [REN 16, REN 17, REN 19].

codim
Equilibrium 0
Limit Point Hopf 1
Branching Cusp Zero Double Generalized 2
Point /\ M Hopf Hopf
Swallow Triple Double Triple Hopf + Zero + Resonant 3
tail Equilibrium Equilibrium Zero DH DH

Figure 1.8: Classification of bifurcations with codimensions 0 through 3, from [GOV 00].

In contrast, frequency-domain bifurcation analysis is much more recent. Detroux
et al. [DET 15b] proposed extended systems for the characterization of limit point
and Neimark-Sacker bifurcations, and performed tracking of the former. This led to
the uncovering of isolated resonance curves (or isolas) in a forced system. Xie et al.
[XIE 16, XIE 17] employed alternative extended systems and tracked bifurcations in rotor
dynamics applications. Grenat et al. [GRE 17] use this formalism to develop bifurcations
analysis of nonlinear normal modes. Later, the same authors [GRE 19] used recursive
tracking of limit points in increasing codimension to optimize a nonlinear tuned vibra-

3A similar picture could be drawn for periodic solutions.
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tion absorber. Methods to systematically compute higher-codimension bifurcations of
arbitrary nature in the frequency domain have yet to be proposed.

1.4 Summary

The numerical prediction of non-linear response to fluidelastic instability in steam-
generator tubes is a challenging task. On one hand, no fully-satisfactory model has
been found to take into account fluidelastic forces. On the other, the combination
of complex geometries, time-delay effects and strong nonlinearities gives rise to an
extremely rich behaviour which is fertile in bifurcations. Numerical methods to tackle
this issue should be able to handle the efficient continuation of limit cycles induced by the
balance between frequency-dependent fluidelastic forces and impacts of beams, perform
stability evaluations of converged cycles, carry out bifurcation analyses (detection,
localization and tracking) and allow the transition between branches at bifurcation points
regardless of their nature (periodic, quasi-periodic, sub-harmonic). While this would
not lead to exact predictions of operating behaviour -due to the stochastic character of
turbulence-, it would surely shed light on the underlying phenomenology associated with
steam-generator tube vibrations. Potentially, this would aid in the creation of optimized
design guidelines.

The rest of this thesis is structured in two chapters, with the first one devoted to the
development of numerical methods that meet the above requirements, and the second one
focused on applications to simplified systems which approximate -in an increasingly re-
alistic way- qualitative aspects of the steam-generator tube vibration problem. Following
the bibliographical review presented in this chapter, the formalism of AFT-HBM with
arc-length continuation is adopted. From that starting point, the following contributions
to numerical analysis of nonlinear vibration problems are presented in Chapter 2:

1. A method to study discrete and distributed-delay systems in the frequency domain
which includes, in particular, the stability analysis of the latter by an appropriate
reformulation of Hill’s method.

2. A practical approach to transitioning from periodic to quasi-periodic branches at
a Neimark-Sacker bifurcation, as well as the stability evaluation of quasi-periodic
regimes.

3. A systematic methodology to construct extended systems for the characterization
of bifurcations in any codimension.

4. A numerical implementation of continuation and bifurcation analysis algorithms
into the finite-element software CAST3M, thus permitting such analysis in practical
nonlinear vibration problems with arbitrary geometries.
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Chapter 2

Bifurcation analysis by Harmonic
Balance

This chapter details the numerical methods for general
bifurcation analysis in the frequency domain, based on
coupling Harmonic Balance (HBM) and Pseudo Arc-length
Continuation (PAC). After a brief overview of the well-known
general principles and notations, the main contributions are
discussed, which are three-fold: quasi-periodic analysis
(including stability and branching from a NS bifurcation), the
treatment of systems with time delays (particularly distributed
delays, i.e. integro-differential equations) and the
generalization of bifurcation analysis to arbitrary
codimension. The methods are showcased on two example
systems: a Jeffcott rotor and a Nonlinear Energy Sink (NES).
Finally, the implementation of the presented methods in the
finite-element software CAST3M is addressed.
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Continuation of periodic solutions: an overview

2.1 Continuation of periodic solutions: an overview

2.1.1 The Harmonic Balance Method (HBM)

Let us consider a discrete, nonlinear dynamical system having n degrees of freedom
(DOFs), whose evolution in time is governed by the following equation:

Mx (1) + Cx(¢) + Kx(¢) + fnp (x(2),x(2), %(2) ) + f1(x(7),T) = £(¢) (2.1)

If the system is idealized as a collection of lumped masses, as will be done throughout
this chapter, this expression can be considered exact and may include full matrices, with
x(t) € R" a vector of generalized displacements. Otherwise, it may represent a discrete ap-
proximation to a continuous problem through, e.g., a finite-element spatial discretization
or a modal expansion up to the n-th normal mode, in which case the modal displacements
q(7) replace x(¢) in the above equation. In any case, M, C and K are the (full or modal)
inertia, damping, and stiffness matrices, respectively, whereas fni is the vector of nonlin-
ear forces and f(¢) is the vector of applied external forces. The term f; accounts for any
potential time-delay terms and will be discussed further in Sect. 2.2.1; for the purposes
of this section we will consider f; = 0.

An approximate solution to Eq. (2.1) is sought in two steps. Firstly, the steady state solu-
tion x(¢) is assumed to be representable by a series expansion over a certain basis B (¢) of
orthonormal functions with particular properties, usually (quasi-)periodicity. Secondly,
this expansion is introduced in the equations of motion, which are then projected onto an
orthonormal basis B, (¢) through an adequate scalar product. The classical HBM consists
of using a basis of trigonometric functions for both expansion and projection, i.e. per-
forming the Fourier-Galerkin method, such that the time dimension is removed, which
results is an algebraic problem for the Fourier coefficients of x(z). This implies choosing
Bi(t) = By(t) = Fy(ot) € RE, with L = 2H + 1, such that:

Fr(or)=[1 cos(wr) sin(wr) ... cos(Hwt) sin(Hor) | (2.2)

where ® is the fundamental circular frequency of oscillation and the expansion is trun-
cated at the H-th harmonic. An alternative choice for a basis consists of the complex
trigonometric functions:

EH(O)Z) — [ e—iH(Dl e—iO)t 1 eiO)t eiH(Dt ] (23)

It is quite simple to derive an isomorphism between Fy (wt) and Ey(o¢) by Euler’s for-
mula, which leads to the conclusion that both bases are equivalent. Herein, all devel-
opments will be based on Eq. (2.2). While lacking the symmetric nature of Eq. (2.3)
(which leads to convenient operators and greater overall elegance), this formulation has
the advantage of avoiding complex algebra, which is useful in view of the Cast3M imple-
mentation of the method.

A generic periodic vector p(7) can be uniquely expressed in terms of its Fourier coeffi-
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2. Bifurcation analysis by Harmonic Balance

cients, P € R":
p(t) = (Fy(ot)®1,)P 2.4)

with the following ordering convention:

p= [P} P P, .. P, Pl (2.5)

clr®slo--

The symbol ® stands for the Kronecker tensor product'. Each sub-vector P, € R”
contains the x-th Fourier coefficient of each DOF, with the subscript x denoting either
the static positions (0), or the cosine (cj) and sine (sj) parts of each harmonic, for
j=1,...,H. Conversely, thanks to the orthonormality of the Fourier basis, P is obtained
from p(z) through:

P = (Fj; (o) ®1,,p(1)) (2.6)
2
where the inner product (-, -), defined on the space of real, periodic functions over [O, g} ,

is given by:

(F0.50) = 55 | * Fetod @)

Time-derivatives of p(z) are also proportional to P, since only the basis functions are
time-dependent. More precisely:

p(t) = o(Fy(or)VeI,)P (2.8)

The operator V € RE*L applies a permutation to the basis functions (equivalent to a 90-
degree rotation), so that the velocity and displacement vectors are orthogonal in the fre-
quency domain:

V =diag(0,Vy,...,Vg)

. 0 1 2.9
VJZI,...,H VJ:]|:_1 01| ( )

As every term in Eq. (2.1) must be periodic as well if x(¢) is, we can Fourier-expand them
all and use the Galerkin method to obtain:

R(X,0) = [0’ (V2@ M)+ (V@ C) + 1, & K| X+ Fn(X, 0) — F(o)
=Z(0)X+FnL(X, ) - F(o) (2.10)
0

I'This allows for very compact written expressions of the equations of motion. Nonetheless, a practical
implementation would benefit from avoiding the construction and storage of large sparse matrices. A more
efficient procedure is to treat each DOF separately, even through parallel computing if possible.
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Figure 2.1: Schematic force balance for the j-th harmonic.

Here, the dynamic stiffness matrix Z(®) € R has the following structure:

Z(0) = diag (K, Z1 (0), ..., Z (o))

. K- (jo)’M joC (2.11)

Finding an approximate periodic solution to Eq. (2.1), correct up to the H-th harmonic,
is therefore equivalent to finding roots of the residue function, R(X,®), which is a
frequency-domain expression of dynamical equilibrium as illustrated in Fig. 2.1. We
shall distinguish between the following cases:

Forced response: C # 0, F(®) # 0

The system is damped. The fundamental circular frequency, , is fixed and equals that
of the forcing term f(¢), which is necessarily periodic. The residue is then a function of X
only and the problem Yg(X) = R(X) = 0 is well-posed.

Autonomous response: C # 0, F(0) =0

The system is damped but unforced. Hence, periodic solutions are possible only if
Fn1 contains non-conservative terms which balance damping in such a way that the net
dissipated energy over one cycle is zero, i.e.: Fnp = Fy +Fy; ., where F{; L Fy; and
F{{ = —o(V ® C)X. Furthermore, the circular frequency is unknown a priori and must
be found simultaneously with the Fourier coefficients. The problem R(X, ®) = 0 is under-
constrained and must be completed by an additional equation. This is typically done by
introducing a phase condition which fixes the initial phase of any given DOF, which is
arbitrary since periodic solutions are invariant under time translations in the autonomous
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2. Bifurcation analysis by Harmonic Balance

case. Thus, without loss of generality, an initial phase of zero may be chosen for the first
DOF:

%1(0) =0 = g(X)=¢0X=0

e=1[00102...0H]®[10...0] (2.12)

The problem Y4 (X, 0) = [RT(X,0) g(X)] " = 0 is well-posed.

Free response: C =0, F(®) =0

The system is conservative, which implies that Fnp = Fy; with Fy; collinear to
[IL K- 0’V?® M] X. The solutions X in this case correspond precisely to the defini-
tion of Nonlinear Normal Modes (NNMs) in the sense of Rosenberg [ROS 62]: families of
periodic orbits of a system’s underlying conservative part, parametrized by energy level.
Indeed, as no input nor output of energy is present in the conservative equation, solutions
exist for arbitrary values of E = X’ X, which is a measure of total energy in accordance
with Parseval’s theorem. In other words, the norm of X is free to vary; this leads to an
under-constrained problem which requires the appending of an energy condition such as:

h(X)=X'X—-Ey=0 (2.13)

with Ey € RT. In contrast to the linear modes, an implicit relation exists between X and
, so these variables must be computed simultaneously. Moreover, as the conservative
system is autonomous as well, Eq. (2.12) must be used to choose a particular solution
amongst the continuum of possibilities. This means, however, that the system is over-
constrained, as nL + 2 equations are set up for the nL+ 1 unknowns X and ®. The solution
we choose herein, following [ARQ 06], is to relax the system by including an artificial
parameter a, which plays the role of a trivial Lagrange multiplier associated with the
non-conservative force:

F.(X) =a(VeI,)X (2.14)

Hence, dynamical equilibrium reads:
R(X,0,0) = |[0*(V2OM)+ I, @ K| X+a(VRL)X+F{ (X, 0) =0  (215)

As a non-zero energy level is imposed through Eq. (2.13), the only allowable
value is a = 0, and one effectively solves the conservative equations. The problem

Yaom (X, 0,0) = [R7 (X, 0,a) g(X) A(X)]" = 0 is well-posed.

The Newton-Raphson method is used to find a solution to any of the above problems.
To this end, the Jacobian matrices associated to the forced, autonomous or free (NNM)
cases must be constructed at each iteration:
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Continuation of periodic solutions: an overview

JrF=Rx (2.16)
o [ RX Rm
Ja= ex 0 (2.17)
[ Rx R, Ry
Jam=| g 0 O (2.18)
hx 0 0

where subscripts denote partial differentiation and dependence on the corresponding vari-
ables has been omitted for ease of presentation. It should be noticed that most of the
derivatives hereupon can be readily computed from the definitions given in this chapter.
However, the terms:

dFnL
dX

Ry(X,0) = 20(VZoM)+ (VR C)] +

Rx(X,0) = Z(0) + (2.19)

dFNL
dw

(2.20)

introduce derivatives of nonlinear forces, which require a special treatment. The same can
actually be said of the forces themselves, which are part of the residual vectors Yy since,
in all cases, the Newton-Raphson correction to be added to the vector of unknowns, 2y,
at the k-th iteration is given by:

¢W =3 Y1) 221

where the sub-index p; stands for any one of the problem types: {F, A, NNM} and 7}

contains the corresponding unknowns. Convergence of the method is considered to be
achieved at iteration k if the residual norm falls below a given tolerance € > 0:

I th(Tp(tk)) |l<e = Tp(tk) is a solution (2.22)

2.1.2 Computing nonlinear forces

Determining the Fourier coefficients of nonlinear forces and their derivatives is not a
trivial task, as analytical expressions are generally not available in the frequency domain.
A wide range of problems, namely those dealing with large displacements or nonlinear
damping, involve forces with polynomial forms. For this particular class of functions, an
efficient computation can be performed by exploiting the convolution theorem. This is
frequently done when a complex formulation of the HBM is used, see e.g. [COC 09], but
rarely (if at all) for the real formulation. A method applicable to the latter is presented
in Appendix A.1. For all other kinds of nonlinearities, the Alternating Frequency-Time
(AFT) method introduced by [GRO 01] is certainly a practical choice.
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2. Bifurcation analysis by Harmonic Balance

General terms: AFT

The main idea is to compute the forces (and their derivatives) in the time domain,
where their explicit definitions are available and often simple, and to subsequently obtain
their Fourier coefficients by projecting them onto the frequency domain, where the
harmonic equations are solved. Projections from one domain to the other are made by
direct and inverse Fourier transforms, which computationally leads to two variants of the
method:

a) DFT-based: Let x € R"™*! represent an N-sample representation of the peri-

odic solution vector over the uniformly-spaced time grid 7 = [t ...,ty_1]7 , where ty 20?
and,Vk=0,...N: t, = k 2” . Hence, from Eq.(2.4):
Fr(0)
X= : @I, | X=(TygxI,)X (2.23)
i (2n71)
Multiplication by matrix I'y; € RV*L thus performs an inverse DFT. The direct transform

is given by the pseudo-inverse I';,', such that F;III‘H =1, and:
X = (I';' ®L,)% (2.24)
This is, in particular, true for the vector of nonlinear forces, which is thus given by:
Fne = (T @ L)L (X, X, %) (2.25)

The sampled velocities and accelerations, if required, are computed by combining Eqgs.
(2.23) and (2.8):

x= o(TyV)eL)X= oL,V (2.26)
0*(TEVH) QL)X = 0*(Ty 1,)A (2.27)

3_&

Differentiation of Eq. (2.25) with respect to (X,®), minding the chain rule, thus yields:

dg? =Ty ®1L) aSIfL (Tr @1, )+wa§—x((rHV) @)+ o SI;L((FHVZ) @1,1)}
— agNL o a§$L<V®I )+ X NL 2 1) (2.28)
d;gL = (Ty' ©L,) a;NL - (agfL (ThV) 21, )+2coaa¥((r,{v2) ®1n)) X}
= (T ®In)aaf% + agsL (VL) agL (V?®I,)X (2.29)

Since matrices I‘H,I‘;I] depend solely on H and N, they need only be computed once
as a preliminary step, and so this method is very easy to implement. For a given H, it
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Continuation of periodic solutions: an overview

is necessary to choose a number of samples N > 2H + 1 in order to avoid the aliasing
phenomenon [HES 09, DAI 18]: as the numerical representation of a function is made
up of a discrete collection of values, any events occurring between two consecutive sam-
ples are unresolved. Hence, high-frequency components are incorrectly interpreted as a
combination of lower-frequency ones, artificially distorting the signal.An illustration is
shown in Fig. 2.2 with the function f(¢) = sin(3t). For N =3 < 7, a discrete Fourier
transform ’sees’ the function —sin(t), shown in dashed lines. On the other hand, choosing
N =16 > 7 leads to an unambiguous representation. This corresponds to the intuition
that good resolution requires at least one sample per peak in the corresponding waveform.
Respecting the condition above, commonly known as the sampling theorem, yields the
exact values of Fourier coefficients up to the H-th harmonic through DFT [KRA 19].

057 / A 0.5F

/ \
/ \
/ \
/ \
— / \ —
= =
0 A 0

= 4 =
S~ \ , S~
\ /
\ /
\ /
\ /

051 / ] -0.5+

i t
)N =3 b)N =16

Figure 2.2: Aliasing phenomenon for the representation of f(¢) = sin(3t).

b) FFT-based: The main drawback of the DFT method is its computational cost,
which grows quadratically with H and N. Indeed, the number of operations involved in
one back-and-forth transformation of a vector with length L is nNL(L 4 nN). Supposing
N and L are of the same order of magnitude (a rather optimistic estimation, as discussed
in the following paragraph), this means that computing the nonlinear forces demands at
least the same computational effort as inverting the Jacobian in Eq. (2.21), and this is
still not taking into account the derivatives. A higher efficiency is possible through the re-
placement of the straightforward products (T';' ® I,)X and (T ® I,)X by calls to direct
and inverse Fast Fourier Transform (FFT) subroutines, respectively. A FORTRAN im-
plementation, for instance, exists within the open-access linear algebra library FFTPACK
[SWA 84], whereas fft/ifft are standard commands available in MATLAB. Both of these
are based on the algorithm generally attributed to Cooley and Tukey [COO 65], which is
based on recursively computing n; complex DFTs of size ny, where N = njn;. Optimal
efficiency is thus achieved by choosing N to be as decomposable as possible into small
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2. Bifurcation analysis by Harmonic Balance

integer factors, i.e. N should be a power of 2.
The direct FFT of a sampled signal yields complex-valued Fourier coefficients X, Vj =
0,...,H, from where the real coefficients are computed through:

Xj = ]%9% (X)) Xj = —]%S .9 (2.30)
An additional advantage of the FFT over the DFT-based AFT is that it is generalizes
to multiple-dimensional Fourier series with relative ease, which is convenient for quasi-
periodic analyses. Besides, as in such cases the size of the problem becomes n(2H + 1)™,
the gain in computational efficiency quickly becomes a necessity rather than a commodity.

2.1.3 Pseudo Arc-length Continuation (PAC)

The equations for dynamic equilibrium generically depend on an arbitrary number of
parameters, whose values are fixed when calculating a solution T;?t- Let us consider
a parameter o, with initial value ol. A small variation Ao, will result in violating the
equilibrium conditions, unless a corresponding variation AYjy is introduced such that
th(?rg -+ ATpt,ocO + Aa) = 0. A Taylor expansion around the initial solution can be
performed, as the residual Y, depends continuously on the Fourier coefficients and on all
of its parameters. To first order, this yields:

Yo (X + ATy, 0 + At) ~ IO A, + YoAa ~ 0 (2.31)
where the super-index denotes evaluation at (Tl?t,oc()) and the error is

O (max (||AY|?,|Aa[?)).  The Implicit Function Theorem ensures that a smooth,
bijective curve f(X, o) = 0 exists in the vicinity of the initial solution, under the
condition that Jgt is non-singular. The first-order approximation of Eq.(2.31) -which lies
on the local tangent line to the initial solution in (2}, &) space- will generally not belong
to this curve. Nevertheless, for sufficiently small variations, it provides a good starting
point from where Newton-Raphson iterations may be used to converge to a new solution.
The strategy is thus of the predictor-corrector type, and consists of two stages:

Prediction An additional equation must be appended to Eq.(2.31) in order to achieve
closure. The pseudo arc-length equation is used:

|[AY | |* + Aw? = As? (2.32)
where As > 0, which fixes the magnitude of the tangent step. The predicted solution is:
1{0} 0
T T ) < AY )
pt = pt P
where the components of the tangent vector satisfy:
B O] (350)_( 0)
[ AY| A Ao )\ As? 2.3
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Continuation of periodic solutions: an overview

Correction Newton-Raphson iterations are performed in a direction orthogonal to the
tangent vector of the predictor step. At the k-th iteration, the corrections are computed as

the solution to: K ol 1k}
I Yo < 8T ) _ [ Yo (2.35)
AT Aa St 0

until the magnitude of the residual falls below a given tolerance.

This procedure can be automated so that the implicit curve is computed step-by-step

over a given range of o.. An efficient algorithm includes automatic step-length adaptation,
such that smaller steps are taken in the presence of important local curvature, as evidenced
by large deviation from the tangent approximation. The number of required iterations at
a given step is an appropriate practical measure of this characteristic, and is thus the
foundation of adaptation strategies [SEY 10]. Besides, as the sign of the tangent vector is
not inherently prescribed by Eq. (2.32), it is the duty of the algorithm to choose it so that
direction of the course is preserved along continuation. Letting t; be the tangent vector at
the i-th step, the condition to fulfill is simply expressed as: tl-T ti_1 > 0.
Fig. 2.3 summarizes the PAC algorithm with tangent prediction, as used throughout this
work. It shall be noted that this method works for any system of nonlinear algebraic
equations. In particular, it can be used on the defining systems for the wide range of
bifurcations encountered in dynamics problems, which are presented in the following
sections. This application of continuation methods is termed bifurcation tracking [ XIE 17,
DET 14, PET 16].
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2. Bifurcation analysis by Harmonic Balance

Initial solution: (X°, @®, o)

Prediction: Tangent vector
o Solve: Jh ' ATy = — (Y ')

— i{0}

o
e Tangent step: (Z?EO}) = (Zét:,])

Correction: N-R iterations
e Compute Y;{tk}, J;{tk}, (Y;{tk})a

i{k} i{k} i{k}
» ® Solve: Ipt (th )a {Srpt} _ )Yy
A" Aa dot 0

i{k+1} i{k}
o Apply corrections: () = (0)) + ()

NO
k< k+1
Stability
analysis
NO [O(fmina 0('max]
i+—i+1 covered?

End

Figure 2.3: Generic HBM-PAC algorithm.
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2.1.4 Bifurcation analysis
2.1.4.1 Codimension-1 bifurcations

The numerical computation of Floquet exponents for nonlinear vibration problems can be
performed in the frequency domain by employing Hill’s method. When pseudo arc-length
continuation is used, this amounts to solving the quadratic eigenvalue problem [GRO 01]:

[Rx +AD; + xznz} P=0 (2.36)
where Ry is defined by Eq. (2.19) and:

oFNL
oV (2.37)

D =20VaM+I,0C+
D=1L,oM

Given that Floquet exponents are implicit, continuous functions of the parameters on
which a system depends, bifurcations are generically found during the continuation of
(quasi-) periodic solutions. Fig. 2.4 summarizes the four well-known bifurcation sce-
narios in codimension 1, represented by one or two (complex conjugate) critical expo-
nents crossing the imaginary axis in the Argand plane. The rigorous detection of bifur-

3(A) 3(A))
Q)
................................... — /2
5 /
e | O-mmty @ - - - - - - - - - - K
7S T H%O\V) ® ® >9{(A‘j)
e« | e o GETEEEEEERES —K
Q)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —= )2
5 /
a) Static bifurcation: LP or BP. b) Dynamic bifurcation: NS or PD.

Figure 2.4: Stability loss at codimension-1 bifurcations.

cations is done by evaluating, at each continuation step, scalar test functions tailored to
vanish at a specific bifurcation. Examples can be found in [DOE 03, SEY 10], or even
[XIE 17, ALC 19] in the context of HBM. A more efficient methodology for practical
implementations consist in keeping track of “unstable exponents”, i.e. of exponents with
positive real parts, and comparing their number at consecutive steps. For the j-th step, let
this number be given by N;. This yields a very simple criterion, as follows:

1. N,{ —Nl{-*l = 0 : regular point, no bifurcation has occurred.
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2. Bifurcation analysis by Harmonic Balance

2. N,{ — N,{_l = 1 : static bifurcation. A critical Floquet exponent crosses the
imaginary axis through the origin, corresponding to a singular Jacobian matrix:
det (Rx) = 0. If this is accompanied by a change in the continuation direction, i.e.
A®/A®/~! < 0, then a point of vertical tangency (A® = 0) exists on the response
curve and the bifurcation at hand is a Limit Point (LP). Else, the singularity is de-
generate and translates the non-uniqueness of the tangent vector; in other words,
two branches of solutions intersect at the bifurcation, which is thus a Branch Point
(BP). As solutions pertaining to distinct branches are qualitatively different, the
latter case is associated to the breaking of a certain symmetry (see Sect. 2.2.4).

3. NL{ — N,{fl = 2 : dynamic bifurcation. A pair of complex conjugates crosses the
imaginary axis. At the critical value, such that R(A,) = 0, the imaginary part has
magnitude 3 (A1) = £x. A branch of solutions, whose frequency content includes

. ® . . . .
combinations of ® and |k| € }0, 5}, emanates from the bifurcation: in the generic
case where the ratio ®/x is irrational, a Neimark-Sacker (NS) bifurcation occurs
and the family of branching solutions is quasi-periodic. If, on the other hand, this
ratio is an integer, then the minimal period of the branching solutions is multiplied.

The most fundamental case, both by its ubiquitousness and its practical implica-
tions, is period doubling (PD), where || = ®/2.

Hereafter, typical fully-extended systems are given for each kind of bifurcation.

R
Rx¢
PTp—1

Yir(X,0,0) = (2.38)

YBP(X7¢7O)aY) - (239)

(Rx —¥°Dy) ¢pr — kD ¢y
kD1 ¢r + (Rx — K°D3) ¢;
¢R¢R —1
P’ Pr

R

YNS (X7 ¢R7 ¢I; K, (D) - (240)

YPD(X7 ¢R; ¢I70)) =

(k- (2)'0:)on- ()9

(

®
2

)D1<75R+ (Rx— (
phdr—1

2

m>2D2> (o]

(2.41)

They are presented in a form suitable for forced response analysis, but they are also
applicable to autonomous responses as well by systematically including a phase condition
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Continuation of periodic solutions: an overview

alongside the constraint equations. Moreover, as a trivial zero exponent is always included
among the 2n Floquet exponents of autonomous periodic solutions, a necessary additional
step for computing static bifurcations in that case consists in shifting
In Eq.(2.39), yis an artificial parameter used to unfold the BP bifurcation, similarly to
the relaxation strategy used for NNM computation. Any non-zero value of y would gener-
ate an imperfect bifurcation, i.e. disjoint solution branches, as the dynamical equilibrium
equations are perturbed. Thus, imposing y = 0 is equivalent to requiring symmetry of
the main branch. In addition, it should be noted that the left eigenvector is considered
in this case. The degeneracy of the zero exponent is equivalent to the singularity of the
tangent matrix from Eq.(2.33), which in turn implies that Ry, is in the range of Rx. In
other words:
JveR™, Rxv+Ry,=0 (2.42)

which leads to the third line of Eq.(2.39) upon multiplication by the left eigenvector.

In Eq.(2.40), the last lines are used to normalize vectors ¢ and ¢;, with p € R
a constant vector with non-zero projection on Span(¢g,¢;). In practice, any two non-
contradictory normalization conditions can be used, and those above can be replaced -for
instance- by: p’ ¢pg = 0 and p’ ¢; — 1 = 0. These simplify to the LP system, Eq. (2.38),
for k = 0, as the lack of amplitude constraint allows for ¢g to become nil. The physical
reason for the need of two is that, as explained in Sect. 2.2.2, a 2-torus such as the ones on
the branch emerging from a NS bifurcation is parametrized by two time-like coordinates.
While the total initial phase is imposed by the forcing, the phase of one of the latter can
be taken arbitrarily, and a particular value must be chosen by fixing the value of a given
component, as is done by the second normalization equation above.

As the second frequency ¥ is not unknown in this case of Eq.2.41, one of the nor-
malization equations has to be removed. An alternate extended system, which resembles
Eq.(2.40) as closely as possible, is obtained by keeping k variable and replacing the sec-
ond normalization condition by the phase-locking expression: ® — 2K = 0.

For completeness, details on the computation of the different terms involved in the Jaco-
bian matrices of general extended systems are given in Appendix A.2.

2.1.4.2 Trivial eigenvalue of autonomous systems

A limit cycle solution to conservative systems, such as Eq. (2.1) with f(z) = 0, is never
unique, in the sense that a continuous family of associated solutions can be obtained by
varying its phase, which is imposed only artificially through a phase condition. This im-
plies the existence of a trivial Floquet exponent with value zero, which has no impact on
the actual stability behaviour of the computed solutions. Ideally, this would pose no prob-
lem, since one could just isolate this eigenvalue and evaluate stability with the remaining
ones. However, given that numerical errors are practically unavoidable, the trivial eigen-
value may fluctuate and cross the stability boundary 3(A) = 0 during continuation, which
would be spuriously interpreted as a bifurcation. Therefore, a better strategy is to identify
the trivial exponent not by its value, but rather through a formal characterisation. This may
be achieved by finding an analytical expression of its associated eigenvector, as follows.
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2. Bifurcation analysis by Harmonic Balance

Consider a periodic solution of Eq. 2.86 with an arbitrary initial phase: X(z +bg),bo € R.
Its Fourier expansion can be expressed in two equivalent ways, either in terms of the
coefficients associated with zero phase shift, Xy, or by considering a new vector Xy,

x(t +bo) = [F(0(t +bo)) ®1,] Xo = [F(ox) @1, X, (2.43)

-3
15 x10
1 ’\
0.5
s 0
-0.5
n% \l
-1.5 ' '
0 02 0 02 04 06 08
t t
[— b0 =0—d =5 =7]

Figure 2.5: Translation invariance. The three time series shown all satisfy Eq. (1), with
the phase condition y; (wby) = 0 imposed on the first mode.

This relation simply states the known fact that a phase shift equates to a rotation of the
harmonic coefficients by an angle b in the frequency domain, while their amplitudes are
kept constant. Indeed, by using trigonometric identities, it is straightforward to deduce:
F(o(t+bo)) = F(wt)G(wby), where :

L cos(wbg)  sin(wbhy) cos(Hwby)  sin(Hwby)
G(wbo) = diag (1’ [ —sin(wby cos(why) } T { —sin(Hw by) cos(Hwby) })
(2.44)

= Xp, = (G(wby) ®1,)Xo (2.45)

Fig. 2.5 illustrates this on a periodic solution to an autonomous equation, rotated
to satisfy different phase conditions. Now, if X satisfies dynamical equilibrium, the
invariance property implies that X,, must do the same for any by. Hence: R(Xp,) =0
and, moreover:

dR(Xp,) OR dXp,
_ 2 2.46
o T + (2.46)
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Continuation of periodic solutions: an overview

As the equilibrium residual does not depend explicitly on by, the first term is identi-

dX
cally zero. Furthermore, from Eq. (2.45), dbbo = 0(VG(0by) @1,)Xo = o(V®1,)Xy,,
0

which implies:

Rx(Xp,) [(V@L,)Xp,] =0 (2.47)

The term within brackets is a vector which belongs to the null space of Rx for any
given bg. Thus, regardless of the phase condition used to fix the value of this quantity, the
corresponding eigenvector for the zero eigenvalue of Ry is always given by Eq. (2.47).
This is true, in particular, for by = O:

Rx (V&)X =0 (2.48)

This proves that the invariant nature of limit cycles is reflected by a zero eigenvalue of
its Jacobian matrix. Now, let us consider once more the eigenvalue problem of Eq. (2.36).
The trivial Floquet exponent is sought by imposing A = 0. We find:

RxP =0 (2.49)

Any nil Fourier exponents thus coincide with zero eigenvalues of the Jacobian. Only
one such eigenvalue exists for a regular periodic solution if the system is autonomous.
This implies that, necessarily,

P=(VaI,)X (2.50)
is the eigenvector associated to the trivial Floquet exponent.
Coming back to the static bifurcations of autonomous systems, the Jacobian matrix Rx
appearing in extended systems Egs. (2.38) and (2.39) can be replaced by:
PP
Rx; =Rx— —— (2.51)
' |IP|[?

whose spectrum is the same as that of the original Jacobian, with except that the trivial
exponent has been shifted to -1. In this way, any null exponent found along the continua-
tion procedure can be unambiguously identified as either a LP or a BP and then localized
by using Newton-Raphson iterations on a slightly modified form of Eqs. (2.38,2.39):

Yipa(X, ¢, 0,0) = é;xé (2.52)

dTp—1
R+v¢
8(X)
Yera(X, 0, 0,0,7) = |  Rxs@ (2.53)
?"Rg
dTp—1
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2. Bifurcation analysis by Harmonic Balance

For the case of NS and PD bifurcations, no change to the corresponding extended systems
is necessary. It should be noted, however, that stability evaluation itself requires the trivial
eigenvalue to be shifted from the quadratic problem, Eq (2.36). This can be accomplished
by using the technique proposed in [MEI 13], or by using a typical shift on the double-
size, equivalent linear system:

[ —D;)]RX _1)12—L11)1 } [ 53 ] Zk{ ;_;—, } (2.54)

In the latter case, the eigenvector used to shift the trivial zero of the left-hand matrix is
clearly equal to [(V®1,)X" 07] "', Moreover, it shall be noted that these expressions
imply the geometric and algebraic multiplicities of the zero exponent to be identically
equal to two, in such a way that each zero is associated to a different eigenvector, thus
enabling P” ¢ = 0. Shall this condition not be verified, as may be the case in practice,

¢ is sought as a generalized eigenvector by using the alternative systems presented in
Appendix A.2.

2.2 Contributions to the numerical analysis of nonlinear
vibration problems

2.2.1 Delayed systems
In this section, the following time-delayed term fj of Eq. 2.1 is considered:

t

fi = Ax(t — 1) +Bx(r — 1) + a/ D(t)x(r —7)dt (2.55)
where a € R, is considered. Each of the terms in the above expression is a linear function
of lagged displacements/velocities, i.e. evaluated at a previous state characterized by the
time lag T € R™. Likewise, the nonlinear force vector is allowed to depend on the de-
layed variables: fnp(x,%,7T) = fnp(x(2),%(2),x(f —T),X(r — 7)). If a = 0 and A,B are not
both nil (discrete delay), the system’s characteristic equation is transcendental rather than
polynomial, and so Hill’s method leads to a nonlinear eigenvalue problem for its Floquet
exponents, which are infinite. The stability evaluation in such cases has been addressed
by several authors (e.g. [WAN 19]) and is not considered within the scope of the present
work. Nonetheless, the computation and continuation of periodic solutions through the
HBM is straightforward, and so it is detailed next for completeness. On the other hand,
if a # 0 and A = B = 0 (distributed delay), certain types of kernel functions allow for
the integro-differential equations of motions to be recast into an equivalent, purely differ-
ential form to which a set of additional first-order equations has been appended. In the
context of pseudo arc-length continuation, Floquet exponents are then obtainable through
a particular variant of Hill’s method which is introduced in this section.
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Contributions to the numerical analysis of nonlinear vibration problems

2.2.1.1 Discrete delays

The delayed term is given by: f{ = Ax(r —t) +Bx(r — 7). Let X, represent the Fourier co-
efficients of a delayed periodic solution to Eq.(2.1), say x(f — 1), with angular frequency
®. Relative to the coefficients of the current-time solution, X, X; is rotated in the fre-
quency domain by an angle —®t due to the time lag. Hence, using the rotation matrix of
Eq. (2.44):

X =(G(—o1t)®1,)X

{ x(t — 1) = (Fy(0r)G(—o1) 2 1,) X

(t—1) = o(Fy(ot) VG (—ot) ®1,) X (2.56)

The Fourier-Galerkin projection of the equations of motion yields a residual analogous to
Eq. (2.10), where additional terms are included in the dynamic stiffness matrix:

Z:(0) = 0*V?oM+0(VRC+VG(—0t) ©B)+ I, 9 K+ G(—at) A (2.57)

A successful convergence of the Newton-Raphson algorithm towards a periodic solu-
tion must take into account the ®w-dependence of matrix G(—mt). Moreover, the AFT-
computation of derivatives also has to be adapted in the case of nonlinear functions of
x(r — ) and x(r — 7). Denoting the sampled representation of these two vectors by, re-
spectively, X; and Vr:

dFNL - 1 8TNL afNL B
ax = T @h) [ 5= (Tn @) + 2= (ThG(-ot) @1,)
of,
+o aIVfL((rHVG(—m)) ®1,) (2.58)
T

where, without loss of generality, it has been assumed that nonlinear forces dependent
only on x(¢),x(r —t) and x(# — 7). It shall be noted that frequency dependence is also
introduced here through the rotation matrix; this must be considered when computing the
term Rg,.

Example: A self-excited Duffing oscillator with feedback control Consider the fol-
lowing SDOF system:

%(1) 4+ 28x(t) +x(t) + knpx® (1) — enpi> (1) + ax(t — ) 4 bi(r — 1) = pcos(wr)  (2.59)

with (kxL,eNL, T, p) > (0,0,0,0) and (a,b) € R. Eq. (2.59) serves as a toy model to study
the dynamics of a mechanical system undergoing large displacements and self-excited
oscillations (due, in this case, to a cubic negative-damping term), as one could encounter
when studying fluid-structure interaction problems. Control of the system’s dynamics is

43

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI032/these.pdf
© [R. Alcorta], [2021], INSA Lyon, tous droits réservés



2. Bifurcation analysis by Harmonic Balance

sought through delayed state feedback. With the values £ = 0.05,p = 0.5,knp. = 0.05
fixed, the frequency-response curve is computed with H = 5, nppr = 2° for varying time-
lag T in four different scenarios:

e Case 1: Displacement feedback, no nonlinear damping: a = —0.1,6 = 0,enp, =0
e Case 2: Displacement feedback, nonlinear damping: a = —0.1,b = 0,cnp = 0.01
e Case 3: Full state feedback, no nonlinear damping: a = —0.1,b = —a,cnp =0

e Case 4: Full state feedback, nonlinear damping: a = —0.1,b = —a,cnp = 0.01

Results are summarized in Figs. 2.6 a) through d). Four values were chosen for 7:

{0.000,0.086,0.286,0.786}. Besides frequency responses, bifurcation tracking of LPs
is shown as well. This can be achieved even in the absence of stability information, as
this particular bifurcation is detected by monitoring the component of the tangent vector
related to the continuation parameter, A® in this case. Furthermore, it can be shown
(see Appendix A.2) that extended systems for the static bifurcations retain their forms
when delays are considered, the only differences occurring during the computation of
the extended Jacobian matrix. Once the LPs were localized, they were tracked with T
as continuation parameter, yielding the stability boundaries of Fig.2.7. For this simple
example, it can be observed that an increased lag has a stabilizing effect in the absence of
nonlinear damping, i.e. Cases 1 and 3, as seen on the overall decrease of peak amplitude
whether a displacement-only or a full feedback are used. The latter is notoriously more
effective, as these curves possess no LPs at all and the response is rendered almost linear.
For the longest time lag, the curve in Case 1 also loses its bi-stability zone. This can be
explained by bifurcation tracking, as the LP curves remarkably coalesce at a cusp point
for T = 0.7141. Thus, choosing a delay superior to this value ensures the suppression of
an unstable branch and the associated amplitude jumps. On the other hand, comparing
these two cases further reveals that the feedback has a softening effect on the response
curve of Case 1, while the opposite is true for Case 3.
With the addition of negative nonlinear damping, a displacement feedback alone (Case
2) can be thought to have the reverse effect, as Fig. 2.6 b) clearly shows an increase of
peak amplitude with increasing T. While this is true for the chosen values, the projection
of stability boundaries on the ® — ||X]| plane are closed loops, so that amplitudes lower
to those of the non-delayed case are reachable for larger values of T. However, the two
LP curves are disjoint and transcendental with respect to T in this case, so a bi-stable
region is unavoidable if the other parameters remain unchanged. A similar behaviour is
observed when a full state feedback is used, Case 4.

An optimal tuning of the controller is possible by choosing (a,b,T) such that features
of the curve (e.g. maximum response amplitude, bi-stability region width, quasi-periodic
responses) are either amplified or hindered, subjected to variation of the external parame-
ters (cNL, p)- The generalized bifurcation analysis exposed in Sect. 2.2.3 is ideally suited
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Contributions to the numerical analysis of nonlinear vibration problems

to tackle this interesting problem; nevertheless, as this requires stability computations -
which have not been implemented here in the case of discrete delays-, this study is left
for future work.

4.5 T T 5
7 =0.786
7 = 0.286 o

7 =0.786

X1
X1

b) Case 2

T=0.786 T=0.786
7 =0.286 7 =0.286
T =0.086 T =0.086
5l 7=0 I 4 T=0
LP
— _ 3t
< 15 =
2F €
l .
1 |
0.5 : :
0.8 1 0.8 1
w w
c) Case 3 d) Case 4

Figure 2.6: Time-lag effect on the FRC of a self-excited Duffing oscillator, Eq. (2.59).

2.2.1.2 Distributed delays

The term f; = y,(¢) is given by a convolution between displacements? and a certain kernel
function D(z), say:

2Convolutions involving velocities are treated in exactly the same way.
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2. Bifurcation analysis by Harmonic Balance
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Figure 2.7: LP bifurcation tracking.
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(2.60)

D(t)x(t —t)dt

We require the kernel function to be continuously differentiable on ]0,27/®] and to
have a bounded delay, i.e. to respect causality: D(¢) = 0,Vt < 0. While the mechanical
systems under study consist of a finite number of modes, the introduction of convolutions
with generic kernels leads to an infinite-dimensional system of equations, just as in the
case of discrete delays. In particular, this means that the characteristic equations defin-
ing the Floquet exponents will be transcendental rather than polynomial. However, in
the special case where the kernel is defined by a sum of exponential terms, the integro-
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Contributions to the numerical analysis of nonlinear vibration problems

differential equations can be shown to be equivalent to a system of ODEs with dimension
N, = n(1+n,), where n, is the number of exponentials in D(z). This fact stems from the
particular behaviour of the exponential function under the derivative operator, as can be
seen by replacing D(¢) = H(t)e~* in Eq. (2.60) and taking its derivative with respect to
t, with H () the Heaviside step function. The result, applying Leibniz’s rule, is:

Va(t) =x(t) —aya(t) (2.61)

This is an inhomogeneous, first-order differential equation for y,(z), which can be treated
as an internal variable whose dynamics describe a memory effect. By noticing that Eq.
(2.60) imposes y;(0) = 0, we conclude that the following two equations (and their corre-
sponding initial value problems) are strictly equivalent:

Mx (1) 4+ Cx(1) + Kx(r) + iLi /t e x(r —t)dt+fnp(x(r),X(2)) = (1) (2.62)
=1 70

Mz (1) + Cx(1) + Kx(¢) + >0 | Liyai(r) + v (x(2),%(2)) = £(2)

Yai (t) = x(t) —aryai (¢) (2.63)

San. (1) = X(1) — @y yan (1)

Other integral terms, e.g. the integrals of instantaneous (non-delayed) displacements
involved in PID controllers, may be substituted using the same procedure. What follows
can certainly be applied to such systems as well (with slight adjustments), although here-
after our attention will be centred around Egs. (2.62) and (2.63). Indeed, these arise quite
naturally in fluid-induced vibration problems, in the form of Wagner’s function for un-
steady aerodynamics [DIM 17] or the quasi-unsteady model of fluid-elastic instability of
tube bundles in cross-flow [GRA 96], for instance, as a decreasing exponential has the
meaningful physical interpretation of recent events having more impact on the present
state than those far behind in the past. Let us remark that, by linearity, equations for the
internal variables will be periodic -once a steady state is reached- if the vector function
x(t) is periodic as well. Hence, this is assumed to be the case and the Fourier-Galerkin
projection is applied on every line of Eq. (2.63), which gives:

Z(0)X+ Z?il LiY;i+Fy(X)—P=0

I VeI,)| Yy =X
[l +o(VelL,)] Ya (2.64)

[an I +0(V®L,)] Yar, =X

Eq.(2.64) could be solved directly by Newton-Raphson iterations, treating the Y4; as addi-
tional unknowns. However, this is unnecessary, as the Fourier coefficients of the internal
variables are proportional to X (this is evident from Eq.(2.64), as well as from the convo-
lution theorem). For all a; # 0, the matrices [¢;I7 + ®(V ®1,,)] admit the inverses:

Si((l)) = (Bi((&)) X In) [a,‘IL — 0OV In] (2.65)
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2. Bifurcation analysis by Harmonic Balance

where:

. 1 1 0 1 1 0
. 2
Bf<°>)—dlag(1/“i’a.2+m2{o J""’Wh 1D

Eq. (2.65), actually, describes nothing more than the Laplace transform of a decaying
exponential function evaluated at the discrete values {0,,..., Ho}, with the real parts
along the diagonal and the imaginary parts as the elements of a skew-symmetric matrix.
Respectively, these contribute additional stiffness and (negative) damping terms to the
equations of dynamical equilibrium, which read:

R(X,0) = X+Fy(X)—P=0 (2.66)

Z(w)+ i: (Bi(®) ® L) [ail, — 0V @ 1L,,]
i=1

2.2.1.3 Hill’s method revisited

Our goal is to determine the local stability of a periodic solution x¢(¢) to Eq.(2.66)
by studying the evolution of a small applied perturbation 7(z), i.e. by letting x(r) =
xo(t) +n(t) in the equations of motion. A linear system is thus obtained for the pertur-
bation, whose asymptotic behaviour characterizes the attractive (stable) or repulsive (un-
stable) nature of the underlying cycle, xo(¢). Stability calculations for pseudo arc-length
continuation algorithms in the frequency domain usually follow [GRO 01] and are based
on the quadratic eigenvalue problem of Eq. (2.36). However, as shown next, this approach
is not directly applicable to cases with integral terms, i.e. fi(¢) # 0, or any other system
in which some terms are described by additional differential equations. An alternative
methodology is proposed hereafter which generalizes this version of Hill’s method.

Memoryless vibrations: f;(z) =0
Replacing the perturbed solution in Eq. (2.1) and keeping only the tangent (first-order)
terms in the Taylor expansion of the nonlinear forces leads to:

My (1) + [C+ (a;%) . )] n(t) + [K+ <a;%> ( )] n(t) =0 (2.67)

As the tangent stiffness and damping matrices are evaluated at the converged cycle, they
are periodic functions with frequency equal to ®. Eq.(2.67) is then a linear, autonomous
system of equations with periodic coefficients, whose study can be performed through
Floquet theory. As a preliminary step, however, we will recast it into an equivalent first-
order form of double size by introducing the state vector z(¢) = [n” (t),17" (t)]. Hence:

z(t) = A(t)z(r) (2.68)

with the coefficient matrix given by:
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Contributions to the numerical analysis of nonlinear vibration problems

(2.69)

Figure 2.8: Notion of local (asymptotic) stability for a cycle qo(z). Left: stable cycle,
right: unstable cycle.

The 2n solutions of Eq.(2.68) are known as the Floquet forms, which play a role
analogous to normal modes for systems with periodic coefficients and are expressed in
the general form z;(r) = *'p (1), with p; (t +-21/w) = p;(t). Clearly, the time evolution
of the perturbation is determined by the real part of the exponents A;: if there exists at
least one j such that R {k j} > (, the associated mode’s amplitude grows exponentially
and the underlying cycle is thus unstable, as depicted in Fig. 2.8. Furthermore, in the
case of unforced systems, there exists at least one trivial exponent equal to zero. This is
due to the invariance of periodic solutions with respect to time translations, which equates
to the existence of a direction in phase space along which perturbations have no effect.
This particular direction is given by v(¢) = [} (¢),%! (1)]7, and the demonstration of this
fact is a classical result shown in numerous textbooks, see e.g. [SEY 10]. Substituting
the Floquet form ansatz in Eq. (2.68) and factoring out the exponentials from both sides
yields an equation for the A; purely in terms of periodic functions:

p;(t)+Ap;(t) = At)p;(t) (2.70)

Eq. (2.70) has been used in [LAZ 10, BEN 17], where a Fourier expansion of the
coefficient matrix and of vector p; () was introduced. Then, using harmonic balance, a
linear eigenvalue problem is obtained from which the characteristic (Floquet) exponents
are found as the eigenvalues of a truncated Hill’s matrix. The right-hand side, being a
product of two time series, leads to a convolution in the frequency domain which is rep-
resented by a Toeplitz matrix if a complex formulation of harmonic balance is employed
(and a more complicated matrix otherwise). Hereafter we adopt a different approach,
which has the advantage of exploiting information already available from the AFT-HBM
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2. Bifurcation analysis by Harmonic Balance

solution of the equations of motion to efficiently construct a real Hill’s matrix. Concep-
tually, vectors p;(z) consist of the state representation of some periodic solution, i.e. the
vertical concatenation of, say, a ’displacement part” and a "’velocity part”. Thus, each half
can be expressed as a separate Fourier series, here denoted with the previously-introduced
DFT operators:

(Ty®1L,)P Tr@L) 0
pj(t> = { (F:@L;)Pl ] - { I-(I)nL (FH@ISLJ }(ﬁ

Eq. (2.70) is then projected row-wise onto the frequency domain through left-
multiplication by the inverse transformation matrix I ® <I‘;Il ®In), which yields the
eigenvalue problem:

(2.71)

He = A (2.72)

where Hill’s matrix is explicitly given by:

[ —ovel, I
H_[ He R (2.73)
oF
HK:—(IL®M1)[IL®K+ NL}
0X
oF
HC:—wV®In—(IL®M1)[IL®C+WN,L]

It should be noted that the derivatives appearing in Eq. (2.73) have already been computed
during the iteration process for the converged cycle, so that no further computations are
necessary to assemble this matrix for sufficiently compliant systems>. While this formu-
lation of the Hill matrix is a novelty, it is straightforward to demonstrate its equivalence
with the well-known quadratic eigenvalue problem introduced by Von Groll and Ewins.
Indeed, the first line of Eq. (2.72) states: P’ = (AL, +®V ®1,,)P. Introducing this ex-
pression in the second line leads exactly to Eq. (2.36).

Moreover, and most importantly, this approach is readily generalisable to the case of
systems with memory, which is not an obvious task if the traditional QEP, Eq. (2.36), is
taken as a starting point.

In the same way as before, an evaluation of local stability around a cycle qo(z) is
sought by applying a perturbation 7(z) to Eq. (2.62). The resulting equation for the
perturbation is similar to Eq. (2.67):

3While an accurate computation of the Fourier coefficients of cycles can be achieved through AFT with
moderate sampling, highly stiff systems may require a re-evaluation of these terms with a higher sampling
rate in order to ensure convergence of the Floquet exponents; this aspect is discussed more in detail in
Chapter 3.
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Contributions to the numerical analysis of nonlinear vibration problems

Ne ¢
Miij(1) + [C+ (afﬂ> ] n(t)+ [K+ (afﬂ) ] n(t)+ZL,-/ e ' (t—1)dT="0
X/ 500) X/ xo(0) = Jo
(2.74)
Let us define the state vector z(r) = [ (1),1n" (¢),¢] (¢),...,¢L ()], where each of the
CJ-T(I) vectors (j = 1,...,n,) stands for the j-th convolution term for the perturbation. The
state representation of the above equation is then, after recast in extended-ODE system
form, exactly the same as Eq. (2.68), with the periodic coefficient matrix:

[ On In 0n e On
f f
~M! [K+ (aﬂ> ] ~M! [C+ (aﬂ> ] ~M'L, ~ML,,
A(r) = X /o) IX / 5(0)
1, 0, —a11, e 0,
| I, 0, 0, _aneln
(2.75)

The application of Floquet theory, followed by harmonic balance, leads once again to
the linear eigenvalue problem of Eq. (2.72), where Hill’s matrix is now given by:

[ —V ®IL, L, 0, 0,
Hg He -I;oM L) -, M 'L,,)
H = L. 0, —0OVRIL,—al, 0, (2.76)

L 0, 0,z -0Vl —apliL i

The advantages of using the formulation described above are evident when one attempts
to apply the Floquet-Fourier approach on the second-order Eq. (2.74), which leads to the
system:

Ne t
M (B+ 20+ A7) +C(0) (p+ ) + K(1p+ DLy [ & Mip(r—g)as =0 277)
i=1 70

Here, the total stiffness and damping matrices have been replaced by the symbols K(¢)
and C(t), respectively, to denote their time-dependence. The extended differential system
is obtained afterwards by defining the internal variables:

t
s,-(t):/ e @t —t)dt , Vi=1,...,n,
0

{ M (p+24p +A%p) + C(1) (p+Ap) + K(1)p+ 37 Lisi(1) = 0

$i(t)+ (M+an)si(t) =p(t) , Vi=1,...,n, (2.78)
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2. Bifurcation analysis by Harmonic Balance

The following quadratic problem is obtained for the eigenvalues A and their associated
eigenvectors 1 = [PT, ST, ..., S] | T,

[]_)() + 7\.]_)1 —+ 7»2]_)2} P=0 (2.79)

with the coefficient matrices given by:

D 0, - 0, D 0y - 0,
0, 0, - 0 ) 0, L, --- 0
D; = ’?L ’?L TLL , D1 = ’.1L ’?L flL
OnL OnL e 0nL OnL OnL e InL |
Rx I, ®L4 I, ®L,,
_ L, oVel,+al,, - 0,1,
Dy = ) ) , :
—Li 0,1, o OVRI,+ dp, L. ]

A problem immediately appears, as D, is singular and the same is true for its
double-size first-order form. This does not immediately imply that Eq. (2.79) is not
solvable, but infinite roots will appear amongst its solutions, which is not the case for the
well-posed matrix H from Eq. (2.76). Furthermore, the accuracy of eigenvalue solvers is
compromised when dealing with such singular, leading to erroneous results (especially
when the systems at hand are stiff). An alternative approach is to directly express the
Fourier coefficients of the internal variables as a function of P by using the second line
of Eq. (2.78), which leads to a regular system. However, this involves matrices similar
to Eq. (2.65) but which include rational functions of A, and thus defines a nonlinear
eigenvalue problem. The difficulty is then much higher when compared to Eq. (2.72),
which is linear and stands out as the most convenient formulation within the present
framework of the HBM.

The eigenvalues of matrix H, which are in the number of (2 + n,)nL, contain the
(2 + n,)n Floquet exponents of the system. These are identified by selecting, amongst all
solutions, those whose imaginary parts lie within the elementary cell [-%, 9], i.e. those
with the smallest imaginary parts in magnitude, as first suggested in [MOO 05]. Stability
assessments are then possible by inspection of the real parts. This is true regardless of
whether the original system is forced or autonomous, the only difference being that a
trivial zero eigenvalue is present in the latter case. Regarding bifurcations, the usual
extended systems for LPs and BPs remain unchanged; furthermore, those for the PD and
NS bifurcations have exactly the same form, upon addition of corrective terms to the usual

matrices Dy and D;. Details and the proof of this claim are presented in Appendix A.3.
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Contributions to the numerical analysis of nonlinear vibration problems

2.2.2 Quasi-periodic analysis

The HBM can be readily extended to compute quasi-periodic solutions of Eq. (2.1), by
assuming q(7) to be a M-periodic function, i.e. one which is periodic with respect to each
of its M arguments independently. As such, it may be expressed as an M-dimensional
Fourier series, which we write compactly as:

x(t) = (Fy(0) ®1,)X (2.80)

where hyper-time vector @ = [0;1,...,0pt] = [01,...,0)] groups the independent time
scales associated with each basic frequency. The requisite imposed on the frequencies is
that they are incommensurable; in other words:

(i, j) €{1,..M},i#j = — ¢Q (2.81)

since otherwise the elements of @ are linearly dependant and the formulation reduces to
a lower-dimensional Fourier series. The vector F” () contains the harmonic functions
forming an orthonormal basis for the sought solutions, which are approximated up to the
H-th harmonic, while the associated Fourier coefficients make up the vector X.
Orthogonality is defined through the following inner product on continuous, M-periodic
functions:

M 2n 2n
; o, ®
e = (TI5e) [ [ r(@)e0)d01...a00 (2.82)
i1 2% ) Jo 0
As an immediate consequence of this definition:
(Fr(0),Fu(0)) =1L (2.83)

where L = (2H +1)M is the size of the system for each DOF. As time only appears in the
elements of 6, velocity and acceleration terms are also proportional to X in the frequency

domain. Hence:
M
JFy (6
(Z(&)i aHe(l )> ®1,

i=1

%(f) = <11FH(9) ®1n) X = X (2.84)

dt

M M

. d 9Fy(6)
X(r) = <d2FH(0)®In)X= > o ’ae%e ®IL,| X (2.85)

j=1i=1

Replacing all variables in Eq. (2.1) by their frequency-domain expressions and taking the
product of the resulting equations with the basis functions F(0) yields the general form
of the algebraic problem to be solved for the Fourier coefficients of the solution and the
basic frequencies:

RX,w)=Z(w)X+FnL(X)—F(w)=0 (2.86)
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2. Bifurcation analysis by Harmonic Balance

Through the forcing term f(¢), some or all of the basic frequencies may be imposed. Let
m < M be the number of ’free’ frequencies of the problem. The total number of unknowns
is thus nL + m, whereas the system given in (2.86) consists of merely nL equations. Clo-
sure is achieved by appending m additional phase conditions to the system. A robust way
of doing this is by exploiting the invariance with respect to translation along certain di-
rections in hyper-time, which correspond to the velocity vectors associated to each ’free’
time scale. Thus, assigning a value to any component of each of these vectors uniquely
fixes a phase for the solution and effectively closes the system of equations; letting e
denote the unit vector for the k-th coefficient, we may write:

Vi=1,...m e ((V;®L,)X) =0

(2.87)
Vi= <FH(9)7 ¥ (6) >

26;

As will be shown later on, the vectors in parentheses are actually eigenvectors of the
system’s Jacobian associated with zero eigenvalues. Invariance along these particular
directions comes from the fact that they span the null-space: perturbations along any of
them has no effect on the solution other than shifting its phase.

The dynamic stiffness matrix in Eq. (2.86) can be explicitly written as:

Z(w)=V’aM+VeC+I,0K (2.88)

where a total derivative has been introduced:
M
V= Z o;V; (2.89)
i=1

Bi-dimensional time case

The implementation details will now be discussed by considering the particular case
where M = 2.

Let the vectors X, ; ;) group the n Fourier coefficients for a given combination i®; + j,
of the basic frequencies, where the subindex x identifies the cosine (real) part (x = ¢) or
the sine (imaginary) part (x = s). Thus, for a H-harmonic approximation:

.. Xxr x7

[ ) Xoo = Xewo) X
x— Xeemn Xsemy o Xeon Xso1) o Xearny X (2.90)
T
XZ(—H,H) XsT(—H,H) XS(OH) XsT(O,H) XZ(HJ{) XsT(Hﬂ) )

It should be noted that, because of the symmetry properties of the Fourier transform, it
is sufficient to consider only positive values of the second subindex. This is illustrated
in Fig. 2.9, which shows the distribution of Fourier coefficients for a quasi-periodically
forced Duffing oscillator.
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Contributions to the numerical analysis of nonlinear vibration problems

—

60 65 70
q(t) 05

Figure 2.9: Response of a Duffing oscillator to two-frequency QP forcing, with 64> sam-
pling points for the FFT2 algorithm. Left: phase space plot, right: frequency content
(centered DFT?2). Harmonics (1,0), (1,1) and (1,7) are dominant.

Furthermore, by inspecting the terms of this depiction, it is clear that the basis F4 (6)
is nothing more than the frequency-domain convolution corresponding to the product of
bases F4 (®;¢) and F (w,t) (which can be observed in the first “row” and the centre
“column”, respectively). Thus, both of these can be viewed as sub-spaces of the full
toroidal space, a fact that proves to be useful for branch switching.

The total derivative is given by:

V=w;Vi+mV, (2.91)

with the partial derivatives being block-diagonal matrices.
The two-dimensional direct and inverse Fourier transforms are used to go back and forth
between time and frequency domains for the practical computation of the nonlinear terms
Fni (X). More specifically, the direct and inverse Discrete Fourier Transform algorithms
(DFT2 and IDFT2, respectively) are implemented. To this end, the real Fourier coeffi-
cients (2.90) are expressed in complex form through the formula:
X0,0) = %X(O,O) s X(tab) = % Xe(rap) T Xg(rap)| fora,b=1,.. .H (2.92)
Next, the complex coefficients are re-arranged in matrix form. This includes a zero-
padding operation in order to have an adequate number of sampling points ns for the
time-domain signal. The transformation mapping the real Fourier coefficient vector to the
complex coefficient matrix MatX € R 17 %" ig thus simply expressed by introducing the
operator T¢: R

MatX = TcX (2.93)
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2. Bifurcation analysis by Harmonic Balance

For practical purposes, the matrix MatX is a three-dimensional array, with one two-
dimensional "layer” attributed to each DOF. Thus, the following operations are performed
independently on each of these and may be parallelized to enhance computational effi-
ciency.

Let D7 ; denote the n-dimensional transition tensor composed of 7 instances of the n -
point DFT matrix. The two-dimensional Fourier transform is carried out by inverse
Fourier-transforming each row of MatX and subsequently applying this same operation
to each column of the obtained tensor:

~ ~r1T
X(61,0,) =D} |D; MatX”|" = D TcX| D} (2.94)

If the time-domain velocities and/or accelerations are involved in the nonlinear forces,
they can be obtained in exactly the same fashion by using the corresponding formulas.
Afterwards, the time-domain expressions for these forces are evaluated and the associated
Fourier coefficients are found by applying the inverse operations to those described above:

Fa(X) =Tz (D7 DL (% §)}T) =12 (D [ & 2D (2.95)

From this expression, the frequency-domain derivatives* can also be expressed as a func-
tion of their time-domain counterparts:

aFNL aFNL afNL aX aFNL afNL aX
oX afNL Jx 0X o OX X

N _r! (o) {afNL D}, TeD) | + a;— D}, Te(VeL)D;] }} (2.96)
X

Stability

The definition of asymptotic stability remains unchanged for quasi-periodic solutions
to Eq. (2.67). Thus, application of a perturbation 1 leads once again to the autonomous
Eq. (2.67), with the difference that the damping and stiffness matrices are now quasi-
periodic functions. For an M-dimensional hyper-time, one may thus consider a solution
to be of the general form:

n(t) = 77(917,91\/[) - €Mp(91,...,9M)

An equation analogous to Eq. (2.70) is thus obtained through first-order recast, with
the time derivative now expressed in terms of partial derivatives with respect to each time
scale:

M

Z"Jz %, (1) Aipj(t) = A(t)p;(t) (2.97)

l
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Contributions to the numerical analysis of nonlinear vibration problems

Figure 2.10: Local stability for a quasi-periodic solution qq(¢). Left: stable cycle, right:
unstable cycle.

Projection onto the frequency domain leads once again to Eq. (2.72), where the total
derivative, Eq. (2.89), is employed.

Mediating the computational strategies for the computation of the required terms,
Hill’s methods remains unchanged for quasi-periodic solutions, as the number of Floquet
exponents for a given system does not depend on the nature of its solutions. However,
it is important to realize that any free phase will lead to a trivial eigenvalue, just as in
the case of autonomous systems discussed in Sect. 2.1.4.2. In fact, an analogous in-
variance argument may be advanced for quasi-periodic solutions, as follows. Consider a
periodically-forced system driven at a frequency ®;, which acts as continuation param-
eter; let one of its solutions be x(01,6,), belonging to a bifurcated branch born at a NS
point. As the forcing prescribes only a phase with respect to the first hyper-time coor-
dinate, the total phase is free: in other words, time-translations purely along the second
time coordinate result in rotations along the torus surface, which is invariant. A good
geometric picture, represented in Fig. (2.11) is the following: a Poincaré section of the
solution in phase space taken at t = 0 yields a closed curve, such that an infinite family of
solutions describe the same torus, each one corresponding to a different starting point on
this curve.

Let us express the partially time-shifted Fourier coefficients as:

x(91,92 —|—A92) = [F(el,ez —|—A92) ®In] X = [F(el,ez)Gz(Aez) ®In] X
= [F(81,62) @ I,] Xpe, (2.98)

where the matrix G, operates a partial rotation along the second hyper-time coordinate.
Owing to invariance, the first variation of the equilibrium equations with respect to A6,
must be nil for any given ®; and ®,. Hence:

4 Alternatively, one can compute this term using finite differences, which is much simpler to code but
also quite inefficient.
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2. Bifurcation analysis by Harmonic Balance
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Figure 2.11: A forced quasi-periodic solution. The time history is probed at regular
intervals equal to the forcing period T = 21t/m,;. Left: phase-space representation; right:
Poincaré section.

dR(XAgz,Aez) . JR aXA92
2(00,) a(aey) T Rx(Xae) 5765
= RX(XAGZ) (Vz (29 In) XAGZ =0 (299)

This proves that, regardless of the chosen phase condition, the Jacobian (and thus the Hill
matrix) possesses a trivial eigenvalue with an associated null-space spanned by the vector
(Vz (024 In) XAGZ-

2.2.3 Generalized bifurcation analysis

Special points on bifurcation curves can be detected, precisely localized and tracked in
an analogous manner to codim-1 bifurcations on response curves. Hence, by recursive
application of tracking, an understanding of the global bifurcation behaviour of the
system -i.e., over the full parameter space- is attainable. Evidently, this has great
potential as a functional optimization technique, as certain aspects of the dynamics
may be enhanced or suppressed altogether by adequate parameter choices. This
was recently done in [GRE 19] to ensure safe operation of a nonlinear vibration ab-
sorber by avoiding high-amplitude isolated solutions. In that case, a recursive tracking of
LPs was proposed; in this section, the same idea is generalized to all kinds of bifurcations.

Consider any one of the extended systems presented in Sect. 2.1.4.1, which we will
denote generically as Y (W), with all the corresponding variables (Fourier coefficients
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Contributions to the numerical analysis of nonlinear vibration problems

X, frequency ®, and potentially eigenvectors/eigenvalues characterizing a particular bi-
furcation) being grouped into the vector W. Without loss of generality, let us assume that
o was used as the initial continuation parameter and that a second one, «, is freed and
used to track bifurcations with pseudo arc-length continuation. The tangent matrix at the
i-th continuation step is thus given by:

Yw (Y
Jy, (W, ) = i“l,)fz’vl 20201‘ (2.100)

where the derivatives are evaluated at (W;, ;). Following the constraint equations ap-
pended to dynamical equilibrium in Y{(W,a), each solution along the computed curve
possesses a certain number of fixed Floquet exponents which have a null real part up to
the chosen tolerance of the NR algorithm: one for LPs and BPs, two for PDs and NSs
(plus an additional one in the autonomous case). Let the number of these free exponents
be given by d. The remaining 2n — d ones evolve as a function of ® and «, such that one of
the three following scenarios might be encountered between two consecutive continuation
steps i and i+ 1:

1. Pseudo-regular point: the number of exponents with negative real parts among
the 2n — d free ones does not change from one step to the other. Likewise, the
continuation direction is preserved. This last statement is equivalent to either of the
following: det((Yl)W |,~)det((Y1)W |,‘+1) >0, or A(XiAOLi+1 > 0.

2. Generalized turning point: The continuation direction changes, as evidenced by
det((Y1)w li)det((Y1)wli+1) < 0, or AojAo+1 < 0. Meanwhile, the number of
Floquet exponents with negative real parts stays the same.

3. Codim-2 bifurcation: one or more of the free Floquet exponents cross the imagi-
nary axis, while the continuation direction is preserved.

It should be noted that a linear stability analysis, as given by Hill’s method, yields suf-
ficient information to distinguish between cases 1 and 3, under the condition that all d
eigenvalues on the imaginary axis are shifted away or ignored during stability evaluation
while performing bifurcation tracking. This operation can be achieved with great ease,
since the associated eigenvectors of the Hill matrix are solved for at each step. Formally,
one detects hybrid bifurcations by evaluating the real parts of Floquet exponents issued
from the artificially-hyperbolic system:

d
Ho=[H-> viv | o=20 (2.101)
i=1

For a practical implementation, shifting Hill’s matrix is not required, as the critical Flo-
quet exponents can simply be identified with the aid of their eigenvectors. Extended
systems for any codim-k bifurcations identified in this manner, with k being an arbitrary
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2. Bifurcation analysis by Harmonic Balance

integer greater than 1, are then constructed in a modular fashion, using constraint equa-
tions for the codim-1 case as building blocks. The codim-2 case, for which an exhaustive
list has been established by Kuznetsov and co-workers [KUZ 04, WIT 13], is used here
for illustration purposes. Two qualitatively different situations, which transpose exactly
to the codim-k case, have to be considered:

Strong resonances
They correspond to a pair of Floquet multipliers crossing the unit circle through one of
the first four roots of unity:

tir=1 (2.102)

withk=1,2,3,4 and u € C. Although, in practice, crossings through higher roots of unity
is evidently possible, these four cases are special in the sense that they lead to high-order
terms which cannot be eliminated in the associated normal forms [HAL 91], a trait absent
for the weak resonances (k > 4). In turn, this results in extremely complex dynamics in
their vicinity. Reasoning in terms of Floquet exponents A, 5, the conditions of Eq. (2.102)
are equivalent to:

1:1 resonance (R1) :  Aj2=0

1:2 resonance (R2) : Ao = £i¥
1:3 resonance (R3) : Ajp = =%ig
1:4 resonance (R4) : Ajp = =£i¥

(2.103)

While these bifurcations are not generic in codim-1, they are readily found along NS
curves in codim-2 as the ratio ®/k becomes rational, implying phase-locked (resonant)
tori. It should be noted that the condition for a R2 resonance is exactly the same as that
for a PD bifurcation, Eq. (2.41). However, we distinguish between the two on the basis
of their codimension.

1:1 resonance R1) Ay =X, =0

Also known as a double-zero, fold-fold, or Bogdanov-Takens bifurcation of cycles. This
is an instance of a bifurcation with geometric multiplicity 1 but algebraic multiplicity k£ >
1, 1.e. a k-fold repeated root for the eigenvalue problem given by Eq. (2.72), associated to
a single eigenvector ¢1. The null subspace of H has thus a rank deficiency of order k — 1,
and a complete basis for it may be constructed by finding k — 1 generalized eigenvectors
@2, ..., @y that constitute the links of a Jordan chain alongside ¢ [TIS 01].
The following relations thus hold for P(A) = A9+ AA; + ... +APA,, a generic matrix
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Contributions to the numerical analysis of nonlinear vibration problems

polynomial of order p > k :

P(ho)p1 =0
P(ho)p2 = —P'(ho) 1

1

WP("*I)(KO)@ (2.104)

P(Mo) oy = —P' (M) pp—1 — ... —

This form is suitable for the quadratic eigenvalue problems such as the standard Hill
method, Eq. (2.79). If the equivalent linear recast is rather considered, i.e:

S [FARNPARIES
{ “D,'Rx -D;'D, } {Mb Al ] =M ne (2.105)
then the above equations still hold by introducing the following matrix polynomial:
P(h, @) = (A=) [¢7 AT ] " For a root with multiplicity 2, this leads to:
p(}"()? (:bl) =0
P(ho, ¢2) = —F' (o, p1) (2.106)

The alternate form of Hill’s method proposed in this thesis, with H as described in
Eqs.(2.73,2.76), is treated in the exact same fashion, hence all the following develop-
ments apply to reducible integro-differential systems as well. Eq. (2.106) together with
the constraint equations for codim-1 bifurcations provides the required tool to construct
extended systems for multiple roots, of which 1:1 resonance is the sole codim-2 example.
Let ¢ denote the generalized eigenvector. Thus, by introducing Ay = 0 into Eq. (2.1006),
one finds the constraint equation Rx + D¢ = 0, which leads to the following extended
system:

R
Rx ¢
Yri(X,0,0,0,0)=| ¢Tp—1 (2.107)
Rx¢+Di¢
o'
where the last equation is a normalisation condition on ¢, derived as follows. While the
vector ¢ in the equation Rx + D¢ = 0 is uniquely defined through the normalization in
the LP extended system, it is not the same for ¢, since it can be replaced by @ = ¢ +a¢
for any a € R and yield the same result. Nevertheless it is always possible, since ¢ and ¢
cannot be collinear, to choose a = aq such that ¢ and ¢ are orthogonal, as illustrated in
Fig. 2.12. This is the vector chosen among the family of possible solutions, whose initial
approximation for the Newton-Raphson method can be found by solving for ag and ¢:

el Lo ]=1 0] =1
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2. Bifurcation analysis by Harmonic Balance

¢ =0+apd

Figure 2.12: Eigenvectors spanning the null subspace associated to a multiple root.

The R1 bifurcation is relevant in quasi-periodic analysis, since it marks the branching,
i.e. the birth or end, of a NS curve out a LP one. As its name suggests, it is a conse-
quence of the coincidence between natural frequencies of two different vibration modes
of the system, triggered by the detuning introduced by nonlinear effects. For instance, two
modes with initially close linear frequencies can intersect due to stress stiffening. In the
vicinity of an R1 point, the closeness between these frequencies results in a beating phe-
nomenon, i.e. modulated oscillations. Conversely, this bifurcation can also be detected
along NS tracking, where it is self-evident from the fact that eigenvalues +-iK tend to zero.

Q)
I:n resonance (Rn) A » = +i— ,neN
n

Extended systems for the other strong resonances are found by appending the required
phase-locking condition to the NS system, Eq. (2.40), as follows:

R
(Rx —k°Dy) ¢pr — kD1 ¢y
KD ¢r +£RX —k°Dy) ¢y
p Pr—1
p’ é;
O — nK

YRH(X7¢R7¢17(’)7K7 a‘) - (2109)

At an Rn point, branches of nT-periodic sub-harmonic solutions bifurcate and can be
followed by applying the techniques introduced in the following section.

Hybrid bifurcations

Critical Floquet exponents in this case are of different nature, i.e. each root has simple
multiplicity. Thus, extended systems are built by straightforwardly appending the con-
straint equations for the corresponding codim-1 bifurcations one after the other. Regard-
ing nomenclature, here the choice is made to borrow from the bifurcations of equilibria.
Thus, the words “of cycles” shall be understood to be systematically, albeit implicitly,
present. For instance, the word Hopf refers to a Hopf bifurcation of cycles, i.e. a NS
bifurcation.
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Contributions to the numerical analysis of nonlinear vibration problems

Zero-Hopf (ZH) A = 0,1, 3 = £ik

In contrast with the R1 case, a NS curve does not start/end at a ZH bifurcation. Rather, a
curve of LP and one of NS intersect transversely at this point. Letting ¢ be the eigenvector
corresponding to the zero exponent and ¢ = g + iy the complex eigenvector associated
to the incommensurate frequency x:

- R -
Rx ¢
dTp—1
YZH(X,¢,(,!)7 QOR,QOI,K,OC) = (Rx—KZDz) QOR—KDlgol (2110)
(Rx — ¥2D3) ¢y + kD1 g
P or—1
L PT<P1 i
Locating a ZH bifurcation is useful for branching from a curve of LP to either a NS curve
or a quasi-periodic response branch.

Hopf-Hopf (HH) A » = ik, Ay 3 = +if

As a last example, the case where a second pair of complex-conjugate Floquet expo-
nents crosses the imaginary along NS tracking is considered. It should be noted that,
although the Hopf-Hopf bifurcation strictly denotes the case where ®, k and & are all in-
commensurate, other cases such as flip-Hopf (A 2 = %iK, Ay 3 = £i®/2) can be derived
easily from the following system by fixing one of the frequencies to the appropriate value
and removing one of the normalisation equations. Considering two complex-conjugate
eigenvalue pairs ¢ and ¢, the HH extended system reads:

R

(Rx — k?D3) g — kD1 ¢y
(Rx — k*D3) ¢y + kD1 g

p dr—1
Yuu(X, ¢r, ¢1,%,0,0r,1,5,0) = p’ ¢ (2.111)
(Rx —&D3) pr —ED1 ¢y
(Rx —&D2) o7 +ED 1R

plor—1

p s

Generalized turning points

Let Y(V,a) denote a set of / nonlinear algebraic equations depending on an arbitrary
set of variables, grouped in vector V € R/, and tracked with respect to the scalar parameter
o. An implicit curve in the (I + 1)-dimensional solution space is defined by Y(V,a) =
0 together with an appropriate arc-length equation. The components (AV,Aa) of the
tangent vector at any given point on this curve thus satisfy:

YyAV + YqA0 =0 (2.112)
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2. Bifurcation analysis by Harmonic Balance

Just as in the case of a LP, the curve exhibits a fold whenever Ao = 0. Thus, the V-
increment is none other than an eigenvector 1) spanning the null-space of Yy, whose
magnitude can be fixed to any non-zero value to yield an extended system analogous to a

codim-1 LP:
Y

YO(V,p,0)=| Yvo (2.113)
Pl —1
Replacing YO with the LP extended system, Eq. (2.38), in the above expression leads
to a characterization of the well-known cusp bifurcation (CSP). The Chenciner (CH) and
Generalized Period Doubling (GPD) are the analogous points on NS and PD curves, re-
spectively. Serving as organizing centres for the global dynamics of a given system, gen-
eralized turning points mark the appearance or vanishing of attractors. This, in particular,
is true of isolas. Certain cusp bifurcations have been shown to indicate isola birth/death as
well as detaching from/attaching to a main response branch. In [ALC 19], whose results
are presented in Chapter 3 of this thesis, a similar phenomena is observed in relation to
GPD bifurcations.
Fig. 2.13 summarizes the discussion of the present subsection. Even though the tree-like
structure of this diagram branches out and becomes complicated when codimension in-
creases -as the number of possible cases widens-, the first two ’levels’ are the foundation
on which the most general scenarios can be constructed.
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Figure 2.13: Summary of numerical bifurcation analysis.
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2. Bifurcation analysis by Harmonic Balance

2.2.4 Branch switching

Periodic branches

With the exception of LPs, all codim-1 bifurcations exist at the intersection of (at
least) two branches of qualitatively-different solutions. BPs are frequently referred to as
symmetry-breaking bifurcations since cycles on one of the branches are half-wave sym-
metric, 1.e.:

x<t+§) = —x(1) (2.114)

whereas those on the bifurcating branch do not. In the context of the HBM, this means
that even harmonics are inactive in the former branch but not in the bifurcating one, a fact
that is easily proven by considering:

cos (j(n (t + g)) = cos(jwt) cos (jr) — sin(jwt)sin (jnr) = (—1)7 cos( jor)
sin <j03 (t + g)) = sin( jor) cos (jr) 4 cos(jwt) sin (jn) = (—1)/ sin(jor)

(2.115)
Comparing Eqgs. (2.114) and (2.115), it is clear that only a signal whose spectrum contains
exclusively odd harmonics verifies half-wave symmetry, see Fig. 2.14. Moreover, any
signal can be decomposed into its odd and even harmonics: X = X, + X, where the first
right-hand side vector contains non-zero terms only on its components associated to odd
harmonics, and vice-versa. Thus, clearly X? X, = 0. Let us formalize this by stating that
X, €U, c R" and X, € U, c R™ where any two elements -taken one from each subset-
are orthogonal.

1

T 1
\ |
\ |
\ \
0.5 } 0.5 }
\ |
\ \
= | atT I /
= 0 a } 0 a }a T
\ |
0.5 1 -0.5 |
\ |
\ \
1 ‘ 1 |
0 /2 T 3n7/2 2w 0 /2 s 3n/2 2w
t t

Figure 2.14: 2n-periodic functions. Left: cos(), exhibiting half-wave symmetry. Right:
cos(2t), an antisymmetric function.

Following a symmetric branch means that, at the j-th continuation step, the tangent
vector t; € U,. Assuming a BP to occur precisely at the j-th step, the emerging non-
symmetric tangent tgp has a non-zero projection on both U, and U,, which implies that:
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Contributions to the numerical analysis of nonlinear vibration problems

tgp = at;j+bv,,v. € U, (a,b) € R2. This last vector can be identified with the eigenvec-
tor ¢ associated to the nil eigenvalue of the Jacobian Rx. This observation is at the heart
of the parallel search algorithm for branch switching [HEN 05, DOE 12], whose princi-
ple is to take a step along ¢ from a BP and then converge onto the bifurcating branch
through orthogonal Newton-Raphson corrections. The other well-known alternative is
to compute the coefficients (a,b) through the use of the Algebraic Branching Equation
(ABE) [KEL 86].

It is important to note that half-wave symmetry, as described above, is not the only way
in which BPs can occur. For instance, along the FRC of a 2-DOF system of which only
one mode is excited by an external force, a branch of bi-modal solutions can bifurcate
from the main curve due to modal interactions. The argument advanced herein still holds
by considering a decomposition X = X + X5, where the vectors respectively contain the
(odd and even) coefficients of the first and second mode, so that XITXZ =0.

Sub-harmonic branches

Recall that the Fourier basis Fy () includes only terms whose frequencies are multi-
ples of the fundamental frequency ®. This means, first of all, that sub-harmonic responses
can not be computed with this basis alone, but also that PD and Rn bifurcations can be
readily identified as such. Indeed, consider the alternative basis:

Fou (o) = 1,cos(%t),sin(%t),cos(mt),sin((ot), (2.116)
Since Fy (o) C F,pm(r), any T-periodic solution to the equations of motion can be con-
structed in this new basis. However, the addition of sub-harmonic functions means that
the minimal period is now nT. As a consequence, the period-multiplying bifurcation is
not associated with a change in period any more: instead, it identifies a BP, as a branch
emerges on which the solutions have components orthogonal to those of the branch be-
ing followed. The operation ® <— * transforms Fy (o) into H,z (cr). In practice, this
implies extending the size of vector X in order to not neglect the higher harmonics while
including sub-harmonics.
The most practical way to switch branches, upon detection of a sub-harmonic bifurca-
tion, is thus to extend the original Fourier basis and compute the eigenvector ¢ verifying
Rx ¢ = 0. Afterwards, the ABE or parallel switching can be applied.

Quasi-periodic branches

Branches of quasi-periodic solutions emerging from a NS bifurcation on a periodic
branch can be reached through a similar switching technique as that concerning asym-
metrical periodic or sub-harmonic branches. Once again, the key idea is to exploit the
symmetry-breaking nature of the bifurcation. A root of the system Eq. 2.40 yields
[Q, ®, Pr, @1, x|, where a perturbation applied to the marginally stable cycle at (Q,®)
is described by the relation:

N+ (t) = [Fu(ot) @ L] (pr i) e (2.117)
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2. Bifurcation analysis by Harmonic Balance

The general form of 7)(¢) is a linear combination of the eigenvalue/eigenvector pairs cor-
responding to the positive and negative values of k. Considering this and grouping terms
yields: ‘ . . .

n(t) = [Fu(or) QL] { (™ +e ™) +i(e™ —e ™)y} (2.118)
From Euler’s formula, the terms in parentheses correspond, respectively, to 2cos(Kt)
and 2isin(xz). Thus, since the frequencies ® and K are incommensurate, the resulting
product of trigonometric functions gives rise to two-frequency quasi-periodic motions.
The extended HBM formalism of Sect. 2.2.2 with a bi-dimensional hyper-time accounts
for this type of solutions by introducing the basis Fy (¢, kt). It should be noted that
Fg(wt) C Fy(ot,xt), such that we may consider the decomposition X = Xp + Xqp, where
the first right-hand side vector has as non-zero components those which are included in
the periodic basis Fy(wf). The perturbation 7(7) can be expressed in terms of the new
basis functions, as follows:

n(t) = [Fu(ot,xt) oL, (2.119)

where the coefficients of the real eigenvector 1) depend on those of ¢pg and ¢;. Indeed, by
distributing the cos(kf) and sin(kz) terms over the components of (o) and applying
trigonometric product identities, it can be shown that 1) consists entirely of terms involv-
ing combinations of harmonics of ® and the fundamental frequency k. Moreover, the
explicit expressions of the corresponding coefficients are given by:

Ye(a,1) = Pr(ca) — S1EN() Py (sq)
":bs(a,l) = sign(a)qu(Sa) - ¢I(ca) s Va = —H, ceey —1, 1, ...,H (2120)

[%e(0.1), Ys0.1)] = [Pr0): —P1(0)]

For practical implementations, a specific arrangement must be defined for the coeffi-
cients Xy, 5 of arbitrary vectors spanned by the quasi-periodic basis, where the sub-index
y can stand for ¢ or s (cosine or sine terms, respectively) and b =0, ..., H. It is important
to note that, regardless of the chosen arrangement, the vector 1) is always orthogonal to
the response curve at a NS bifurcation. This is necessarily the case because any non-zero
coefficients of a periodic solution must correspond to the ”0-th harmonic” of Kz in vector
), i.e. Py (q),0)- Hence, this situation is analogous to symmetry-breaking of periodic solu-
tions and to period multiplying. Indeed, as in the latter case, extending the original basis
to include the new time scale has the effect of "transforming’ a NS bifurcation into a stan-
dard branch point®. The classical ABE could thus be used to robustly follow the emerging
branch. Alternatively, parallel search can be applied. The approach taken herein is to use
Eq.(2.120) to transform the complex eigenvector found from NS localization into a real
eigenvector in terms of the quasi-periodic basis Fy (r,Kr), and to use parallel switching
afterwards. This is simpler to code -as it avoids the numerical computation of second
derivatives- but more likely to encounter convergence issues as compared to the ABE.

The analogy is actually imperfect, as a phase condition must also be appended to the initial system of
equations to fix the phase along the second hyper-time direction. Nevertheless, this is the only difference.
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|IXpl|

Figure 2.15: QP branch between two NS bifurcations. Dashed arrow (in grey) shows the
direction of parallel search. Blue and green arrows represent, respectively, the tangent
vector along the periodic codim-1 space and eigenvector ).

2.2.5 Benchmark examples
2.2.5.1 Isolas of the Jeffcott rotor

Consider the following simple model of a symmetrically-supported, nonlinear Jeffcott

rotor:
R R N e P G T Y b A

This equation describes the planar motions of a disk of radius R and with a mass unbal-
ance f, rotating within an annular support with an angular speed ®. Notice that mass,
damping and stiffness properties are the same along both directions, owing to the symme-
try of the system. The last term in the left-hand side describes the contact forces, both in
the normal and tangential directions, projected on the x and y-directions. Dry Coulomb
friction is assumed for the tangential force, such that: ||F7|| = ||Fn|| = fr||Fn||, whereas
the magnitude of the normal force is given by the function g(r) in non-dimensional form:

+k

1
g(r) =5 [r= D+ /r—172+4n] (2.122)
where r(t) = \/x%(t) +y2(t) is the radial displacement. It should be noted that these

equations make use of non-dimensional variables such that both contact stiffness and
support radius are unitary. Similarly, f7 is a regularized function of relative velocity:

Vrye
Fr(vret) = p——s (2.123)
\V v%el +&
69

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI032/these.pdf
© [R. Alcorta], [2021], INSA Lyon, tous droits réservés



2. Bifurcation analysis by Harmonic Balance

with:

v,el(x,y,fc,)'/,w) = +Rw (2.124)

Xy —yx
r
Let H =5 and nppr = 28, Fig. 2.16 shows frequency response curves for two different
values of forcing amplitude, with other parameters taking the following values: m =1, c =
0.1,k=0.04,R=20, u=0.125,1 =€ = 1E —5. For f = 0.4, the mass unbalance alone
does not generate contact between rotor and stator, represented by the dashed line, and so
the well-known linear response is obtained. On the other hand, for f = 0.9524, contact
is established for ® > 0.153 and a fully nonlinear response results over a wide range of
forcing frequencies, delimited by LPs. Furthermore, stability of the periodic branch is lost
through a NS bifurcation at ®ys = 0.59. This is a consequence of friction forces, which
manifest as cross-coupling terms in the equations of motion and oppose damping in the
tangential direction at contact. Thus, for high-enough amplitudes, damping is overcome
by friction and a backward whirl regime begins at an angular speed non-synchronous to
. In the unstable region following this bifurcation, quasi-periodic motions thus occur,
and even coexist with a linear, synchronous periodic response over the range delimited by
the two LPs at wzp; = 0.89 and oy py = 0.99. Moreover, by zooming in at this later point,
it can be seen that a second NS bifurcation occurs in its vicinity, as shown in Fig. 2.16 ¢).
Indeed, the closeness of these two points hints at the presence of a coalescence frequency

Wzy, i.e. a ZH bifurcation, for a different, albeit nearby, parameter set.

6 6 245 \‘
’ ’ 24 “
4 4 ‘
_ 235
=3 =3 >
- a 23
2 2 ‘
= 225 \
1 1 ‘
\
0 0 22 |
02 04 06 08 1 12 0 02 04 06 08 1 12 0.985 3»99 0.995
a)f=04 b) f=0.9524 c) £=0.9524, zoom

Figure 2.16: Forced response of Jeffcott rotor, Eq. (2.121). o: LP, A: NS

Bifurcation tracking with respect to f has been performed and the resulting stability
boundaries are shown in Fig. 2.17. As discussed in Sect. 2.2.3, the Floquet exponents
with null real parts are shifted by exploiting their corresponding eigenvectors, thus
allowing codim-2 bifurcations to be detected by a standard stability analysis (Hill’s
method); generalized turning points, which in this case are cusps, are detected by
monitoring the sign of Af. Solutions with unstable modes besides those associated to
the codim-1 bifurcation are represented as cyan lines in this diagram: in this case, they
are delimited by two zero-hopf bifurcations, ZH1 and ZH2, marked by cyan circles.
The Floquet exponents associated with the LP curve are shown in Fig. 2.18. It should
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0.4

Figure 2.17: Jeffcott rotor bifurcations tracked with respect to parameter f. Green: LP
curve. Magenta: NS curve. Cyan: ’unstable’ bifurcations.
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Figure 2.18: Floquet exponents of LP solutions for the Jeffcott rotor with u = 0.125.

be noted that only three out of the system’s four exponents are represented, as the one
associated to the singular Jacobian has been shifted to -1.
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2. Bifurcation analysis by Harmonic Balance

Tracking of NSs and LPs both yield the exact same locations for the ZH bifurcations,
as expected. Even if only one of the curves is computed, for instance the LP one, such a
point can be used to easily transition to the NS curve by using it as an initial solution and
then employing continuation on the associated extended system. An interesting observa-
tion, is that an "unstable’ LP or NS bifurcation happens within an unstable branch with no
stability change, whereas a ’stable’ one separates a stable and an unstable periodic branch.

0.97
| CP4
0.4776 t o1
4
“~ 04774 1 =096
0.4772 L
CP3
: : 0.95 : :
0.214 0.216 0.218 0.2 0.99 1 1.0
w w
a) CP3 and CP4 b) CP1

Figure 2.19: Close-up view of cusp bifurcations for the Jeffcott rotor with u = 0.125.

Similarly, four cusp bifurcations have been detected by monitoring the sign of Af
and subsequently localized, as marked by red diamonds in Figs. 2.17 and 2.19, the latter
showing more details around the outermost points. While these bifurcations are all char-
acterized as local extrema of the LP curve, they have different interpretations in terms of
the system’s dynamics. As the magnitude of f is increased, the following phenomena are
encountered:

e f < fcpy: Absence of any LP. The system’s response is strictly linear.
e f = fcpy: The cusp is an isola centre.

o fcpr < f < fcpz: The center splits into two LPs which bound a closed response
curve composed of a stable and an unstable branch. Solutions on the isola are
high-amplitude and thus nonlinear, whereas the main response curve remains linear.
Moreover, for f > fzp1, quasi-periodic solutions are born from NS bifurcations on
the isola.

e f = fcp3 Isola merging. The cusp point is a BP which connects the isola and the
main response curve.
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o fcpz < f < fcpa: The BP splits into two LPs, for a total of four. Each pair borders
an unstable branch, the first one in the narrow region ® € [®Wcps4,®cp3] and the
second one in the wide bi-stability region for ® > ®cp3.

e f = fcpa: the low-amplitude unstable branch disappears as the two LPs which en-
close it coalesce at the cusp.

e fcpa < f < fcp1: overall response amplitude increases. The two remaining LPs
move closer together. For the narrow region between fzx1 and fcp1, both NS bifur-
cations are now accompanied by stability changes in the response curve.

e f = fcp1: The two LPs meet at a cusp.

e f > fcpi: Absence of LPs, and thus of amplitude jumps (for periodic solutions).
With increasing f, the two NS bifurcations enclose a wider range of forcing fre-
quencies and quasi-periodic motions become the norm.

Fig 2.2.5.1 shows once again the FRC at f = 0.4 < fcp3, where both the low-
amplitude linear response and the isola are visible. To compute the latter, the point with
the lowest m at the intersection of the LP curve and the horizontal line f = 0.4 on Fig 2.17
was used as a starting point for the continuation algorithm.

0 1 1 1 1 1
0 02 04 06 08 1 1.2

Figure 2.20: Forced response at f = 0.4, with isola.

Changes in response curve topology as f is increased from fcp3 to beyond fcpy are
shown Fig. 2.21. Also noticeable in these graphs are two NS bifurcations, out of which
one belongs to the unstable branch of what was formerly the isola. This is to be expected,
as f > fzm1. Interestingly, a visual inspection of Figs. 2.17 and 2.19 reveals that cusp
points CP2 and CP3 -corresponding to the birth and merging of the isola, respectively-
appear as parabolic extrema on the w — f plane, whereas CP1 and CP4 -which mark the
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2. Bifurcation analysis by Harmonic Balance

disappearance of an unstable branch- are seen as sharp wedges. While this is purely an
effect of the projection employed, it hints at the possibility of distinguishing between
both cases through a well-defined criterion. Such a characterization of cusps, with its
numerical implementation, is left as an open problem for future work.

a) f = fep3 =0.4772 b) f =0.48 > fepa
1.5 1.5
L4} 1% 14f
1.3 ‘ ‘ 1.3 ‘ ‘
0.18 0.22 0.26 0.18 0.22 0.26
¢) f = fcp3, zoom d) f=0.48, zoom

Figure 2.21: Evolution of response curve in the vicinity of cusp points CP3 and CP4.
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2.2.5.2 Quasi-periodic solutions & Strong resonances of a Nonlinear Energy Sink
(NES)

The dynamics of an essentially nonlinear element with mass engs attached to a main

structure is described by Eq. (2.125):

X1 c —c X1 1 0 X1

i I | B B PR | B R

(2.125)

This configuration offers great potential in passive vibration control applications, as an ir-
reversible energy transfer from the main system to the NES is efficient over a wide range
of frequencies and without the need for tuning, as a consequence of the NES having no
natural frequency. Here, parameter values are fixed at: knp, = 0.5,¢ = 0.04,engs = 0.1.
The forced response curve is computed with an initial forcing amplitude f = 0.03, yield-
ing curves of Fig. 2.22. For all the results presented here, a five-harmonic approximation
was used. Two NS bifurcations are found surrounding the linear resonance frequency, and
the quasi-periodic FRC was computed as well by branching from the lowest-frequency

NS. For illustration purposes, the coexisting (stable) quasi-periodic and (unstable) peri-
odic regime are shown in Fig. 2.23 for m = 1.

3
3

(x1 —x2)
(X2 —x1)

_ [ fcos(or) }

{1 0
0 enks 0

|1 X1I

0.9 0.95 1 1.05 1.1

Figure 2.22: Frequency response for NES at f = 0.03. Black: stable periodic, blue:
stable quasi-periodic, red: unstable.

Next, the forcing amplitude f was used as a tracking parameter within the interval
[0,0.5]. The result of this operation is shown in Fig. 2.24, superimposed to the previous
FRC. The NS curve loses stability at a ZH point, which was then used as a starting point
to track LP bifurcations. Moreover, two R4 and one R3 strong resonances were localized
in this interval.
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Figure 2.24: NES: NS/LP tracking with respect to f. Magenta: NS curve, green: LP
curve, cyan: ‘unstable’ bifurcations.

Using extended sub-harmonic bases, branches of 47" and 37 -periodic solutions were
computed starting from the respective bifurcations on the unstable NS curve: (o, f) =
(1.2213,0.1226) for R4 and (o, f) = (1.3973,0.2559) for R3. Fig. 2.25 groups con-
tinuation results around each bifurcation and shows one example of converged cycle for
each one. Black dots in the latter indicate values of x1,x, sampled at the forcing period
T =2mn/®. It can be noted that two distinct sub-harmonic branches emerge from the
strong resonance points, and also that these curves are fully unstable.
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Figure 2.25: NES: Sub-harmonic responses at strong resonances R4 and R3.

2.3 CAST3M Implementation

The methods described above have been implemented in the form of an operator, called
DYNC (for DYNamic Continuation), in the most recent version of Cast3M. In this way,
not only can systems of arbitrarily complicated geometries be studied, but one also ben-
efits from the wide library of non-linear forces (linkages) which is already present in
the software. As an illustration, Fig 2.26 shows the computational model of the steam-
generator U-tube studied Chapter 3.
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2. Bifurcation analysis by Harmonic Balance

Line element model. 3D-element model.

Mode 1:f=  21.8168Hz Mode 2:f=  52.6134Hz

First out-of-plane bending mode. First in-plane bending mode.

Mode 3:f=  63.0250Hz Mode 4 : = 115.7774Hz

Second out-of-plane bending mode. Second in-plane bending mode.

Figure 2.26: Cast3M model of upper U-tube region in stagnant fluid.

The modal basis shown is computed for the tube in with stagnant fluid with a non-
uniform density distribution, so the added mass effect is directly incorporated into the
system and leads to slightly asymmetrical out-of-plane modes. This complicated sce-
nario is treated without difficulties in CAST3M. Continuation and bifurcation methods
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CAST3M Implementation

can then be applied on the reduced, modal representation of the system with the inclusion
of forcing terms and nonlinear forces.

Scope The objective is to find periodic solutions of the discrete equations of motion:

Mij(r) +aCq(r) + Kq(r) = fnL(q(r), 4 (1)) + afe (1) (2.126)

obtained by projecting a full finite-element model onto a basis consisting of the first n
linear eigenmodes, and to study their parametric evolution through continuation methods
and bifurcation analysis. Here, q € R" is the vector of modal displacements, while the
physical displacements d of any given point p = (x,y,z) on the structure are obtained by
linear combination:

d(p,t) = ®(p)q(?) (2.127)

with ®(p) € R**" a matrix containing the eigenvectors evaluated at p. M, C and K are,
respectively, the (modal) mass, damping, and stiffness matrices, while the vectors f., fnp
contain the modal contributions of applied external loads and nonlinear forces. Depend-
ing on whether the parameter a is nil or not, the computed solutions may correspond to
the forced, autonomous, or free response curves. This is, in every aspect, analogous to
the discussion of the present chapter, the only difference being the back-and-forth trans-
formations required between modal and physical coordinates to compute contact forces.

Linkages

Nonlinear forces defined in terms of modal displacements and velocities are referred to
as base-A linkages in Cast3M jargon. They are straightforwardly computed by AFT. On
the other hand, nonlinear forces defined in terms of physical displacements and velocities
are called base-B linkages, and their computation requires two additional steps. Firstly,
the physical displacements at the N, contact points must be computed through Eq. (2.127),
thus yielding d; = d(p;,#),Vi = 1,...,N,, so that the forces in physical space, fxr (d;, d;),
can be evaluated. Secondly, these forces must be projected to modal basis. Looping over
all linkages, the total force vector is given by:

faL(q,q) = Z@T pi) [Ev(di.d) | + £ (a.4) (2.128)

= fﬁL(q, ) +fxe.(q,9)

where the second terms groups all base-A linkages. As the contact points are specified
beforehand in most situations, the matrices ®(p;) are computed and stocked during the
pre-processing stage. This makes the treatment of localized non-linearities extremely
efficient.
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2. Bifurcation analysis by Harmonic Balance

Problem setup

In Cast3M, a structural dynamics problem is defined by writing a text file with .dgibi
extension, containing a series of statements in the OOP-language GIBIANES. This leads
to the definition of several Table objects which can be read and exploites by operators. In
our case, the call to DYNC has the syntax:

TAB1 = DYNC TMOD TCHR TLIA TAMOR TINI TNUM NHBM NFFT;

where NHBM and NFFT are two integers indicating, respectively, the desired number of
harmonics and FFT samples, while the remaining inputs are the following Table objects:

1. TMOD: modal basis.

2. TCHR: external loadings (if forced response).

3. TLIA: linkages.

4. TAMOR: damping (if forced response).

5. TINI: approximation to the first solution (optional).

6. TNUM: setting for the numerical continuation, including: problem type, max./min.
step-size, among others.

Remarks: The modal basis table TMOD is simply computed by a call to the Cast3M
operator VIBR. A detailed description of all currently-supported linkages is included in
the Manual Pages page of the website, under the tag DYNE’. The output table TAB1
consists of two sub-tables: the first one stocks the Fourier coefficients, frequencies, Flo-
quet exponents, and stabilities at each continuation step, while the second one stocks the
bifurcations found along the response curves.

Examples

This section briefly presents example calculations performed with DYNC. The .dgibi
files corresponding to the test cases herein are available under the Examples page of the
Cast3M website, and described succinctly in Tab. 2.1. A summary of the main parameters
is as follows:

1. Duffing oscillator: NHBM = 5, NFFT = 28 n=1, point mass, base-A linkage.
2. Jeffcot rotor: NHBM = 7, NFFT =28, n =2, point mass, base-B linkage.

3. Cantilever beam: NHBM =15, NFFT = 219, system modelled with 50 beam ele-
ments, base-B linkage. The case n = 3 is shown for NNM computation.

®Detailed explanations, tutorials and examples can be found on the Cast3M website. While most com-
mands in the GIBIANE language use French words, documentation is available both in French and English.

"DYNE is the explicit time-integration operator in Cast3M, which uses the same library of nonlinear
forces.
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CAST3M Implementation

Note: The inherently non-smooth impact forces involved in the last examples have
been replaced by a smooth approximation in order to enhance the performance of pseudo
arc-length continuation. This is not strictly necessary if contact stiffness is moderate
(which is not the case of the dync03.dgibi test case). The option to smooth contact forces
is supported by the current version of the program.

*.dgibi System Cast3M Linkage Force

dyncO1 | Duffing oscillator

COUPLAGE _DEPLACEMENT Geometric nonlinearity

dync02

Jeffcott rotor

POINT_CERCLE_FROTTEMENT | Frictional (annular) contact

dync03 | Cantilever beam

POINT_PLAN

Bilateral elastic impacts

Tableau 2.1: Cast3M test cases.

Fig. 2.27 shows the superposition of the frequency-response and backbone curves
for a single Duffing oscillator. The well-known bi-stability region characterized by an
unstable branch delimited by two LPs is clearly visible. As the system is lightly damped,
the resonant (highest-amplitude) response coincides with a cycle on the NNM curve.

5

Q]

®

Figure 2.27: Duffing oscillator: frequency response (black) and backbone curve (blue).
Notice the limit points (diamonds).

The frequency response of a Jeffcott rotor model, identical to the one presented in
Sect 2.2.5, is shown in Fig. 2.28. As before, the presence of friction leads to de-
synchronization and thus to the onset of quasi-periodic motions, as evidenced by a NS
bifurcation. The LP on the unstable branch has also been computed.
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2. Bifurcation analysis by Harmonic Balance
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Figure 2.28: Jeffcott rotor: frequency response; notice the Neimark-Sacker (triangle) and
limit point (diamond) bifurcations.
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Figure 2.29: Frequency-energy plot of cantilever beam with bilateral elastic stops. Left
to right: first NNM (internal resonances labelled by markers), second NNM, third NNM.

Fig. 2.29 shows the backbone curves for the first three NNMs of the cantilever beam
with symmetrical stops. While the second and third modes have monotonous evolutions
with increasing energy level, interaction tongues appear along the backbone curve of the
first mode. This corresponds to modal interactions: due to nonlinear coupling, a higher
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Conclusion

mode can become active when the frequency of the first one, or one of its harmonics, is
close to its own. By plotting scaled version of the second and third NNMs in the same
graph as the first mode, the curves are seen to intersect at specific points. Therein, an in-
ternal resonance occurs: there is exact coincidence between a harmonic of the first-mode
frequency and that of the second or third modes. In the case of the present example, 1:15
and 1:13 resonances are found between the third and first modes, as well as a 1:5 reso-
nance between second and first. This means that, around internal resonance frequencies,
a response consisting of a combination of modes is obtained even if a mono-modal exci-
tation is applied. It should be noted that resonances beyond 1:15 can not be observed with
the present setup, as a 15-harmonic expansion is used.

2.4 Conclusion

In this chapter, several contributions to the numerical, frequency-domain analysis of non-
linear vibration problems are presented. The stability of quasi-periodic solutions, as well
as a branch switching technique to follow them from a NS bifurcation, is introduced. A
formulation for time-delay problems is also proposed for the case of discrete and contin-
uous delays. For the latter, stability evaluation and bifurcations are addressed. The proce-
dure to track bifurcations of all types and in arbitrary codimension is described. Finally,
the implementation of these methods in the finite element software CAST3M -which al-
lows for the treatment of complex structures- is reported. Numerous brief examples are
provided for illustration purposes. In following chapters, these techniques and concepts
are applied to study the phenomenology of steam-generator vibrations.
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2. Bifurcation analysis by Harmonic Balance
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Chapter 3

Applications: Towards an
understanding of steam-generator
vibrations

This chapter presents the study of three simplified models
which represent, in a broad sense, certain key aspects of
steam-generator tube vibrations. Firstly, the tube’s first
bending mode is assimilated to a SDOF oscillator with

bilateral contacts and cubic stiffness. It is shown how the

symmetry (and loss thereof) of the system greatly impacts the
resulting dynamics and leads to complex bifurcation
scenarios, such as the period-doubling route to chaos and the
formation of sub-harmonic isolas. As an intermediate
approximation, a cantilever tube subjected to single-phase
cross-flow is considered next. The quasi-unsteady model is
used to compute fluidelastic forces in the frequency domain
and the dynamics are explored by through continuation for an
increasing number of modes. In particular, a pattern of
super-harmonic resonances is observed for the higher modes,
to which the linearly-unstable first one transfers energy via
impacts. Finally, a more realistic system representing a
U-tube vibrating in non-uniform flow is studied.
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The KOALA model

Figure 3.1: Experimental apparatus

3.1 The KOALA model

The techniques and concepts discussed previously are applied to an example system,
shown in Fig. 3.1.

The apparatus in this photograph was first studied by de Langre et al. in [LAN 91]. It was
conceived as a simple mechanism which exhibits chaos, with the purpose of validating
time integration algorithms. In that paper, it was observed that both measured and calcu-
lated chaotic regimes had a rich sub-harmonic spectrum, i.e., frequencies below that of
the external forcing, and thus a sub-harmonic cascade was suggested as the likely route
to chaos. However, a detailed bifurcation analysis was deemed out of the scope of their
study. This is, in turn, the objective of this section.

3.1.1 Modelling

Fig. 3.2(a) shows a schematic representation of our system. It consists of a heavy concrete
block supported by two clamped, slender steel bars on its sides. A mono-harmonic ex-
ternal excitation p(¢) = pcos(wr) is provided by a fixed electromagnet whose oscillating
magnetic field drives a coil, attached to the main block, sinusoidally. In this configura-
tion, the system is constrained to move in only one direction. Displacement amplitude,
denoted by x(), is measured relative to the rest position of the block’s centre of mass,
which coincides with the location of a rigid stop. One elastic spring lies on each side
of the stop, so that the mass undergoes intermittent contacts when the displacement am-
plitude is greater in magnitude than at least one of the gaps, which are adjustable and
allowed to be asymmetrical: contacts happen for x(¢) > j, or x(t) < —j;. In this study,
we limit ourselves to the clearance-type system, where both j; and j, are positive, as op-
posed to the pre-loaded type. The springs are chosen to have a stiffness K, which is larger
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3. Applications: Towards an understanding of steam-generator vibrations

than the stiffness k of the linear system’s first bending mode. As explained in [LAN 96],

Magnet (fixed) J\/\/\/\/_ J 1 j2

Mass Magnetic coil : ; :
(moving) o ' ! '
- = J\W\/ o :

7 m
Rigid %\\\ . i
sars sto%) LT:l //Springs c KC ! i})‘ . KC
= 3:’ %W\/\rl § HWV’E
i p®)
Experimental configuration. =
SDOF model.

Figure 3.2: Idealized system

the geometrical and material parameters were carefully chosen so that the system’s first
natural frequencies were far apart on the spectrum. Indeed, for the first bending mode,
J1 =5 Hz and f3 = 80 Hz for the third mode, whereas the second one has no contribution
on the motion of the mass. Thus, if the frequencies associated to both the external forcing
and the contact stiffness are kept low enough we can consider the motion to be largely
dominated by the first mode. The limited parameter ranges used later in this paper are
chosen to verify this constraint. As a consequence, the system is modelled by a forced
SDOF oscillator of the form:

mi(t) + cx(t) + kx(t) + faL(x) = pcos(ox) (3.1)

and depicted in Fig. 5 b).
Nonlinear terms, included in fni,, come from two distinct effects:

1. During vibration, the clamped bars are bent perpendicularly to their length, which
produces tension. The projection of this force onto the direction of motion gives
rise to a cubic stiffness term fnrg = o, where o is a constant depending on the
geometry of the bars and their Young modulus.

2. A piecewise-linear stiffness induced by the clearances:
InLe = Ke[(x+jOH (x4 j1) + (x = j2)H (x = j2)].
H () represents the Heaviside step function.

Note that, in general, some amount of dissipation can be expected due to contact, which
would require the inclusion of a piecewise-linear damping force in the model as was done
in [NAT 92]. However, a combination of force measurements and free-oscillation tests
revealed this effect to be negligible compared to modal damping, and thus it was omitted.
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The KOALA model

Before proceeding further, equation (3.1) is recast into non-dimensional form. Intro-
ducing the following dimensionless quantities:

x(1) = ji%(0), o= /£,

c =2moml, ©®= dy,

T = Wof,
- . - _ > 32
p=kjp, J2=j1j, &= 06% K. =Kck 62
the equation of motion is written as:
F'(1) + 208 (1) + (1) + 0 (1) + Fe(E(T)) = peos (@1) (3.3)

where (-)’ represents derivation with respect to T and the restoring force from the clear-
ances 1s:

Fo(#(1)) = R [(¥(t) + DH(E(1) + 1) + (¥(x) — DH(E(T) - )] (3.4)

The choice of using j; rather than j, as a reference length is arbitrary and would not
change the results if reversed. It is, however, convenient to introduce the ratio of clear-
ances j as a parameter, since this provides a way to quantify the symmetry of the system.
As shown next, this symmetry factor has a defining influence on the system’s bifurcation
behaviour.

As a final preliminary step before analysis, we replace the non-smooth contact force (3.4)
by a regularized approximation. This is not strictly necessary for the HBM-based contin-
uation to succeed, as the AFT technique is perfectly capable to converge in such cases.
However, for stiff springs, convergence issues were found for bifurcation localization. To
get rid of this inconvenience, the following smooth definition is used instead:

For 8(8)) = e |80 4 = (/= 4 g f e )| (3.5)

where:

2
a. = [tan_](G)—ftan (o)) - 2(5 (%)]

The function FCJ from (3.5) tends to the non-smooth contact force as ¢ — 0. In the case
of the results presented hereafter, ¢ = 3 - 10° was fixed. The choice of this value was
made after numerical tests, which showed that further increasing ¢ beyond this point had
a negligible effect on the position of bifurcations.
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3. Applications: Towards an understanding of steam-generator vibrations

3.1.2 Numerical results
3.1.2.1 Period-doubling cascades

The values of parameters used in this study are summarized in Table 3.1. Based on the
simple error estimation technique proposed by Ferri [FER 09], it was found through nu-
merical tests that choosing H=15 was enough to guarantee that higher harmonics had a
negligible effect on even the most nonlinear responses for the present system, which cor-
respond to the strongly forced, asymmetric configuration. For the sake of simplicity, the
same number of harmonics (H=15) was used for all tested cases, with N, = 28 sampling
points used for the AFT algorithm. It should be stressed that using such a high number
of harmonics is not needed for frequency intervals away from resonances, where the re-
sponse amplitudes (and thus the magnitudes of nonlinear forces) are small. However, this
does not substantially increase computation times for a SDOF system.

Tableau 3.1: Koala: Parameter values for Sect. 3.1.2.1.

C o ® V4 K. J
0.03 0.16 [1.3;4.0] [0.0;2.0] [0.0;6.0] [0.0;1.0]

Following [LAN 96], the main focus is on the post-resonant (® > 1) behaviour of the
system as a function of the forcing frequency.

Frequency-response curves

The contact stiffness is initially set to K. = 4.7. Figure 3.3 shows two frequency re-
sponse curves, corresponding to perfect symmetry (j = 1) and “maximum” asymmetry
(j =0), for a weak forcing case: p = 0.55. The results are quite different: while they
have comparable peak amplitudes and both show a bi-stable zone between two LP bi-
furcations, the locations of these points differ. More importantly, an additional unstable
region appears in the asymmetric case for excitation frequencies beyond twice the natural
frequency. Two period doubling bifurcations, which are absent in the symmetric case,
border this region, where the system enters a sub-harmonic vibration regime. This new
branch has also been computed using the branching algorithm of Sect. 2.2.4, and it can
be observed that it contains no bifurcations at this forcing level. The same qualitative
behaviour as the main resonance is displayed, with a bi-stable zone generated by a hard-
ening effect.
Now we consider the case of a strong forcing: p = 1.7. As the symmetric case showed
no qualitative changes with respect to the former case, it is not presented here. On the
other hand, as seen in figure 3.4, the sub-harmonic branch of the system with asymmetric
gaps contains two additional PD bifurcations. Between them, the 2T-periodic solutions
are unstable, giving rise to 4T-periodic motions.

The cycles corresponding to the points labelled A and B in Fig. 3.4 (respectively

before and after the lowest-frequency PD bifurcation) are shown in phase space in Fig.
3.5. The latter can be seen to contain an additional loop when compared to the former.
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Figure 3.3: Frequency-response curves, weak forcing.(o: Limit Point; V: Period-
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Figure 3.4: Successive PD bifurcations in Figure 3.5: Phase space plots of cycles A
the asymmetric configuration, strong forc- and B from Fig. 3.4

ing.

Thus, in the span of one forcing period, the whole of cycle A is described, whereas only
half of B is. This provides visual evidence of a double-period response. The evolution of
Floquet exponents as a function of forcing frequency can be seen in Figs. 3.7 and 3.7 when
a T-periodic or 2T-periodic Fourier basis is used by the HBM, respectively. On the region
between two PD bifurcations, the former has a pair of complex conjugate eigenvalues
with magnitude ®/2, while the corresponding exponents in the latter are purely real, thus
characterizing a symmetry-breaking BP.
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3. Applications: Towards an understanding of steam-generator vibrations
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Figure 3.6: Floquet exponents near period-doubling bifurcations: T-periodic basis.
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Figure 3.7: Floquet exponents near period-doubling bifurcations: 2T-periodic basis.

Forcing amplitude

The PD bifurcations presented above for (j = 0) were tracked with respect to the forc-
ing amplitude p. The resulting curves, as well as their projection on the codimension-2
plane (®, p), are presented in Fig. 3.8. For visualization purposes, response curves at
different values of p are included as well.

It can be seen that the first pair of PD points happens independently of the forcing
amplitude over the considered range, thus implying that this phenomenon is not driven
by external forcing. On the contrary, the stability boundary corresponding to the second
stage of the cascade, labelled “4T+” (solutions whose period is at least 4T), only exists
for high forcing amplitudes.

Contact stiffness
While varying the contact stiffness in a continuous fashion is evidently infeasible in
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Figure 3.8: Forcing amplitude as tracking parameter.

practice, this can be done with ease by continuation methods. The four PD bifurcations
from Fig. 3.4 were tracked with respect to the contact stiffness K., as shown in Fig. 3.9,
with forcing amplitude p = 1.7.

From these curves, it is easily seen that the first period doubling is quite sensitive to
contact stiffness, in contrast with the case of forcing amplitude, since the location of
bifurcation points changes significantly as this parameter is varied. Nonetheless, consider
the local extremum close to null contact stiffness. From physical grounds, a value of zero
simply indicates an absence of springs, and the system reduces to a typical, symmetrical
Duffing oscillator in such a case. It is seen here that the boundary folds back shortly
before reaching the m-axis, but we can state that period doubling occurs over practically
the whole interval of contact stiffness values, and so this parameter is also not the main
trigger for bifurcation in this case.

Chaos

So far, we have confirmed the well-understood fact that high inputs of energy by exter-
nal forcing, as well as increasingly stiff contacts, have a tendency to promote bifurcation.
Successive sub-harmonic branching such as the one observed here hints to the presence
of a sequence of PD bifurcations leading to chaos. It is, of course, not possible to use
harmonic balance to compute chaotic regimes, since these are aperiodic by definition.
Nonetheless, the search for parameter regions associated with chaos can be limited to
those in the neighborhood of high-period boundaries. An example of this can be seen in
Fig. 3.10. Here, the values (p,K.) = (1.6,4.2) were fixed and a constant-acceleration
Newmark scheme was used to numerically integrate the equation of motion over a range
of frequency excitation values. A Poincaré map was then established by sampling the
response signal (amplitudes and velocities) at intervals equal to the excitation period.
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Figure 3.9: Contact stiffness as tracking parameter.

Integration was carried out over 1000 periods to ensure that the steady state had been
reached, and the amplitudes of the last 100 samples are plotted as a function of frequency.
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Figure 3.10: Bifurcation diagram. Blue and yellow zones correspond to predicted 2T and
4T-periodic regimes, respectively.

The results observed in this figure match the predictions from Figs. 3.8 and 3.9 in
terms of bifurcation behaviour. Moreover, regions of erratic responses can be found within
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The KOALA model

the predicted 4T+ frequency interval. It can be noted that, while 4T-periodic responses
are clearly visible, the transition to chaos is rather abrupt, and thus additional steps in the
period-doubling cascade (8T, 16T...) can only be observed over extremely narrow ranges
of forcing frequency.

Fig. 3.11 shows the region of predicted and experimentally observed chaos for the
same system from de Langre & Lebreton’s paper [LAN 96], with respect to forcing am-
plitude. It can be seen that the main boundary is both quantitatively and qualitatively
similar to the 4T+ boundary of Fig. 3.8 (b), which once again suggests a rapid transition
once the period doubling sequence is triggered. Furthermore, this highlights the useful-
ness of bifurcation tracking as a predictive tool, as it yields results close to those obtained
with the more computationally intensive method employed in the cited paper.

Excitation
2 4 level

N Zones of
predicted chaos
(computation)

(experiment)

08 -

Lot Excitation

frequency @

22 24 2j6 28 3 3I2 3;1
Figure 3.11: Region of predicted chaos, from [LAN 96].

The point labelled A in Figs. 3.8 and 3.9, for which a fractal attractor was reported in
[LAN 96], is included in this zone as well. Other points inside this boundary also exhibit
aperiodic motion, an example of which is seen in Fig. 3.12. These results were obtained
by fixing parameter values to those of point B: (®, p,K.) = (2.6,1.6,4.2).

The pattern formed on the Poincaré section of Fig. 3.12 (b) strongly suggests a chaotic
nature, as the orbit is confined to a specific region in phase space (implying the presence of
an attractor) and no periodicity is evident. To verify that this response is indeed chaotic, its
leading Lyapunov exponent, Az, was computed. As explained e.g. in [STR 94], a positive
value of this quantity indicates that two initially close trajectories diverge exponentially
fast, which is a signature of chaos. Thus, letting 8(t) represent the instantaneous distance
between these in phase space, we may write:

8(t) ~ 8(0)eM" (3.6)
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3. Applications: Towards an understanding of steam-generator vibrations
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Figure 3.12: Response at point B in Figs. 3.8 and 3.9.

Fig. 3.13 shows the time history of d(t) as obtained from two response signals: the
first one, corresponding to Fig. 3.12, was computed for null initial conditions (position
and velocity equal to 0), whereas a perturbation of magnitude 10~ was added to initial
position for the second one. Sensitivity to initial conditions is clearly evidenced by the
exponential growth of the distance with time at a rate approximately equal to A; = 0.1918.
On the other hand, the distance can be seen to saturate, since the trajectories pertain to an
attractor of fixed length and thus cannot separate indefinitely.

—— Numerical integration
—— Exponential fit: §(7) = e~3>3+0.19187

1071

Figure 3.13: Distance between two signals with close initial conditions.
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The KOALA model

3.1.2.2 Sub-harmonic isolas

Previous studies of this system focused on the two extreme cases j = 1 and j = 0. There
are two reasons for this: firstly, from an experimental perspective, they are the simplest
configurations to implement. Fine-tuning the value of j in practice is quite a delicate task,
and extreme values are thus more convenient. Secondly, from a phenomenological point
of view, it is well-known fact that asymmetry has the tendency to promote bifurcation.
Hence, if the objective is solely to observe chaotic motions, it is the “most asymmetric”
configuration which offers the optimal conditions. Yet, as observed in the Sect. 3.1.2.1,
even the first period doubling of the cascade is absent in the symmetric case, and so no
chaos at post-harmonic excitation frequencies may be observed by this route. Therefore,
asymmetry is a necessary condition for period doubling. It should be noted that, generally
speaking, initially symmetric systems can have their symmetry broken through a regular
BP and then undergo period doubling along the asymmetric branches. However, for the
parameter intervals considered in this study, this behaviour was not observed. An inter-
esting question which immediately arises is then: how asymmetric must the clearances be
in order for period doubling to be possible?

Tableau 3.2: Koala: Parameter values for Sect. 3.1.2.2.
&g o p K
0.15 0.03 0.55 248

The following results use the parameter values in Table 3.2, which correspond to the
characteristics of the current experimental setup of the Koala test bench at CEA. Figure
3.14 shows PD bifurcation tracking with respect to the symmetry factor, starting from
J =0, while Fig. 3.15 shows a projection of this curve on the parameter plane (®, j).

It is clear that j has a very strong influence on period doubling, since the first stabil-
ity boundary is only defined over a limited range of values: the bifurcation curve has a
single local extremum (@, j) = (®qet, jdet)» Whose concavity is opposite to those observed
while tracking PD bifurcations with respect to other parameters. At this point, two PD bi-
furcations coalesce, but the associated sub-harmonic resonance peak does not disappear:
rather, it forms a closed loop which is tangent to the main branch. A further increase in j,
towards symmetry, causes the loop to detach and form an isola. Of course, one can also
see the situation in the reverse way: as the system strays further away from symmetry, an
isola approaches the main branch until merging at a codim-2 local extremum of the PD
stability boundary, i.e. a Generalized Period Doubling (GPD) bifurcation (shown as a red
diamond), which was precisely localized by using an extended system constructed as per
Sect. 2.2.3.

Theoretically, as shown by de Witte et al. [WIT 13], a curve of double-period LPs
can be expected to emerge from the GPD point. Thus, the LP tracking algorithm was
launched with this bifurcation as a starting point, This LP tracking shows that, for any j
larger than the critical value jge, the sub-harmonic branch detaches and continues to exist
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3. Applications: Towards an understanding of steam-generator vibrations

as an isola over a certain range of j. The existance of LPs on the isolas allows the use of
bifurcation tracking, which in turn reveals the presence a codim-2 local extremum at j =
Jmax Where the two branches coalesce and the isola collapses into a point corresponding
to a sub-harmonic isola centre. At this state, the system is “critically symmetric”, so that

Stable
= Unstable
—— PD

LP

0.5

Max. amplitude |z|

Symmetry factor j
2 W / Wo

Figure 3.14: Symmetry factor as tracking parameter.
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Figure 3.15: Tracking of limit points from an isola merging point. Region I (blue): 2T-
periodic solutions. Region II (green): 2T-isolas.

the contribution of the asymmetric harmonics from the nonlinear forces is just important
enough to induce bifurcation. For j > jyax, the isola no longer exists.
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The KOALA model

3.1.2.3 Global dynamics

Isolated sub-harmonic resonances have been shown to exist for system (3.3) for certain
parameter combinations and over determined ranges of excitation frequency. Moreover,
since they contain a stable branch, they can theoretically be reached by choosing ap-
propriate initial conditions or by adding a perturbation to a stable solution on the main
branch. However, in practice, the basin of attraction associated to the isola can be small
compared to that of the T-periodic solution, in which case it would be difficult to observe
them experimentally. To assess the robustness of the isolas, we have numerically com-
puted basins of attraction for fixed (®, j) pairs within their predicted range of existence,
i.e. for j € [jget, jmax] @s shown in Fig. 3.15. For (non-dimensional) initial conditions
[x0,%0] € [—2,2] x [~2,2], the equation of motion (3.3) was integrated over several exci-
tation periods until a steady state was established. Using the absolute norm:

mar = [|X(1)[| = _max {[x(c)]} (3.7)

contour plots x,,qx = f(x0,%0) were constructed. Fig. 3.16 shows the results obtained for
(®, ) =(2.09,0.5).

Initial velocity

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Initial position

Figure 3.16: Basins of attraction, showing coexistence of three regimes for ®/®y = 2.09

Three basins are clearly visible, two of which correspond to the low and high-
amplitude regimes in the bi-stable zone of the main resonance as in a typical Duffing-like
oscillator. The remaining basin is associated with the sub-harmonic regime on the isola,
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3. Applications: Towards an understanding of steam-generator vibrations

as illustrated by Fig. 3.17. No attractor seems to be particularly dominant, i.e., for ran-
dom initial conditions, the chances of finding any one of this regimes are roughly equally
likely, which means that these isolas must be robust, thus observable. For completeness,
Fig. 3.18 shows the harmonic content of the three numerically calculated solutions. As ex-
pected, the low-amplitude (non-resonant and non-impacting) regime is mono-harmonic,
the isolated one is predominantly sub-harmonic and the large-amplitude, nonlinear res-
onant response shows slight harmonic distortion as well as a static component due to

asymmetry.

Max. Amplitude |Z|

Figure 3.17: Frequency-response curve for j = 0.5
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Figure 3.18: Frequency content for ®/wy = 2.09.
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A mathematical model for fluid-elastically unstable tubes

3.2 A mathematical model for fluid-elastically unstable
tubes

3.2.1 Generalities

It is currently recognized that tube arrays in cross-flow undergo instabilities by two
distinct mechanisms: stiffness-controlled instability results from the coupled motions of
two or more adjacent tubes and leads to buckling, while damping-controlled instability is
a consequence of an excess input of energy from the incoming flow, resulting in negative
net damping and thus flutter through a Hopf bifurcation at a critical flow velocity. The
latter can occur for even a single flexible tube in an otherwise rigid array, as would be
the case if the clearance at any one support became abnormally wide as a result of, for
instance, misalignment or wear. The focus of this chapter will be on damping-controlled
fluid-elastic instability, in particular by employing the quasi-unsteady (QU) model
of Granger and Paidoussis [GRA 96] to compute the resulting forces exerted on the
structure, as described in this section.

The tubes considered satisfy the hypotheses of Euler-Bernoulli beam theory, and thus
can be aptly modelled by using 1D beam elements, constituting a n-point mesh ® C R3.
Given boundary conditions, the flow-induced, out-of plane! vibrations at any point x € ©
-denoted by the vector Y(x,7) € R"- satisfy the dynamical equilibrium statement:

MY+ C,Y+K,Y+F;+F,+F.=0 (3.8)
where the different force terms correspond to:
e F/(x,t) : damping-controlled fluid-elastic coupling.
e F,(x,7) : excitation by broadband turbulence.
e F.(x,7) : reaction at contact points.

The latter contains the modal projections of impact forces at all n. contact points along the
tube’s span, which are computed by a regularized form of Eq. (1.9) given in dimensionless
form by:

Ke(y—1) +/(Ke(y— 1)+ Cey)> +4K.m

K (y+ 1) + 1/ (Ke(y+ 1) + Coy)? + 4K +2C. (3.9)

fc(y) -

M| —

where 1) is an adjustable regularization parameter.
The term F; is random by nature, and thus warrants the impossibility of (periodic or oth-
erwise) steady-state vibratory regimes. In what follows, it will be neglected under the

'Only this type of motion is considered here for simplicity, as the generalization to arbitrary, three-
dimensional motions is straightforward.
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3. Applications: Towards an understanding of steam-generator vibrations

assumption that fluctuations from turbulent fields introduce perturbations on the limit cy-
cles of the system, without altering its underlying dynamics. This means that, for fixed
parameter values, the number and nature of coexisting attractors is unchanged by tur-
bulence. While this idea is intuitively reasonable, it is not backed by solid theoretical
arguments and must be, in practice, verified a posteriori for a particular configuration.
Indeed, no claim is made here on the universal validity of such an assumption, which is
itself an open problem and is considered out of scope for the present work. Finally, the
QU model gives the following expression for the fluid-elastic forces on the structure:

1 . V2oC,
F =—pfVD Y- ——=(gxY 1
F(x,1) 5PV <CD D237 (g* )) (3.10)
The first term in Eq. (3.10) represents added damping, whereas the second introduces a
memory effect through convolution with the kernel function:

(1) = -8 g D5
(1) kgzockﬁke DA () + 1 a0d(t) (3.11)

with 0lg = 1 — (0t + 0 ), and where A (t) and & are, respectively, the Heaviside step func-
tion and the Dirac distribution. These effectively hardwire causality into the model, as
they ensure that any event prior to the onset of motion at # = 0 has no contribution to the
tube’s dynamics. The second term in Eq. (3.11) leads to an instantaneous restoring force
which is linear in q(¢) but dependent on the square of flow velocity, thus making it akin
to lift. It shall be noted that array geometries with a positive lift coefficient slope? may
lead to static divergence for fast flows. As explained in [PAI 13], this condition is not met
for industrial cylinder arrays and is actually in conflict with the appearance of dynamic
instabilities. As for the remaining parameters appearing in Eqs. (3.10) and (3.11), D is
the tube diameter, Cp is the drag coefficient, V(x) and p s(x) are the velocity and density
distributions of the flow, respectively, V) is the maximum velocity, and (o, 0,9;,02)
are empirical constants. More precisely, convolution of displacements with the first term
of Eq. (3.11) physically corresponds to the re-organisation of the flow field through con-
vection and diffusion of vorticity layers following every change in tube velocity, a process
which lags behind the tube motion and is associated to the time scales:

D

T = ——
R

(3.12)
In the QU model, the whole time history of motion is considered in the computation of
instantaneous forces, thus leading to a distributed delay within the mathematical frame-
work of Sect. 2.2.1.2. Any number of terms can be included in the kernel function, but
a two-term sum as presented above has been successfully used to gain insight into the
phenomenology of steam-generator vibrations through both experimental and numerical
investigations [BOR 17a, PIT 18, PIT 12]. For the examples presented in later sections of

aCy,

2
Le, &L
© o

> 0.
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A mathematical model for fluid-elastically unstable tubes

this chapter, the empirical data measured by Piteau et al. in [PIT 19] for a rotated-square
grid in a water flow was used to fit the alpha and delta coefficients, leading to the val-
ues reported in Table 3.3. As already seen from the two-term case presented here, the
value of Oy increases dramatically with k, which translates the fact that each increasing
order resolves events decaying at faster rates. Higher-order terms decay too fast to have
a measurable impact if their corresponding time-scales, from Eq. (3.12), are small when
compared to the natural period of the structure’s first oscillation mode.

k=1 k=2
oy | 1.2581 | -2.2583
Or | 0.2209 | 32.1219

Tableau 3.3: Empirical coefficients for the QU model with two-term memory.

3.2.2 Model reduction
Eq. (3.10) is readily expanded to yield the following expression:

1 aC 1v3ocC s
Ff(X 1) = —prDCDY— —prZ—L oY — L =t Z O(kék/ eiskﬁMrY(X,t —1)dt
0

)

(3.13)
As all terms in Eq.(3.13) are linear in Y, it is clear that fluid-elastic forces are uncoupled
upon projection of the governing equations, Eq. (3.8), onto an orthonormal basis. Thus,
consider the modal decomposition:

Y(x,1) = ®(x)q(t) (3.14)

where ®(x) = [¢]...¢p,) € R is the matrix of normalized eigenvectors solutions of:
[Ks — (x)les} ¢; = 0. Before proceeding further, let us re-write the density and velocity
distributions as:

L
ps(x) = prix) p=1 | priix 3.15)
V(x) = Viv(x) Vi :m;'(:lx(|V(x)]) (3.16)

where L is the total length of the tube span exposed to cross-flow. The modal projection
of fluid-elastic forces is thus:

fr(t) = Crq+Kpq+ Z Li(gi*q) (3.17)
i=1,2

with the coefficient matrices given by:
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3. Applications: Towards an understanding of steam-generator vibrations

L
Cr= i pVuDColc = 3pVuDCp E / r<x>v<x><I>T<x><I><x>dx] (3.18)
0
- 1_ ZBCL . 1_ 2aCL 1 L 2 T
K= —EPVMWOCOLK = _EPVMWOLO lz/o r(x)v-(x)@" (x)®(x)dx| (3.19)
o l.vgoc, .. 1 _V5oc Lt 3T
Ll - _Epﬁﬁalsllﬂ - _Epﬁﬁaz& Z/O F(X)V (X)@ (X)‘I’(X)dX (320)

Egs. (3.18-(3.20)) take into account arbitrary distributions of fluid density and veloc-
ity along the tube. Regardless of the former, it is clear that matrices L¢, Lg and L;,i = 1,2
will all be equal in uniform flow, i.e. v(x) = 1. This very idealized scenario is explored
in Sect. 3.3, while a more realistic distribution is considered in Sect. 3.4. Moreover, the
above expressions imply that, even if all the mode shapes kept in the m-mode approxi-
mation are symmetric, this symmetry can be broken by virtue of unsymmetrical velocity
and-or density distributions. As has been shown so far in the present text, this leads to
disjoint response curves and thus requires special attention during parametric analyses.
The full equations of motion in the truncated modal basis read:

M{+Cq+Kq+ |Crq+Krq+ > Li(&+q)+fe(q.q) | =0 (3.21)
k=172

where the brackets group all the terms additional to the dynamics of the damped linear
structure. It is clear that the quantities ||q(7)||, @ (the as-yet unknown limit cycle fre-
quency) and V), are of dissimilar orders of magnitude; indeed, the first of these is about
the size of the smallest gap (typically a fraction of a millimetre), the second can be ex-
pected to be of the order of the tube’s first natural frequency (~ 107 rad/s), and the latter
-which will take the role of the main continuation parameter- is between 1 and 7 m/s.
Thus, to facilitate continuation, the following non-dimensional displacements and time
are introduced: q(7) = q(¢)hmin, ¢ = 7/®;, where the latter makes use of the first-mode
natural frequency. This leads to all quantities of interest being of the same order. Moving
forward, it shall be noted that the original notations q(¢) and 7 will, nevertheless, be kept
in order to simplify the presentation. Likewise, we let V = V).

3.2.3 Hopf bifurcation
From Sect. 2.2.1.2, Eq. (3.21) is equivalent to the mixed-order dynamical system:

Mg +Cq+Kq+ [Cra+Kpq+ 31 Liyx +f:(q,q)] =0
yi+biyi=q (3.22)
Y2 +bay2=q

with by = 8;V /D, which in turn can be written in state form:

i(t) = Az(t) + e (2) (3.23)
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Cantilever beam in cross-flow

This latter form is useful in determining the onset of fluid-elastic instability, by studying
the eigenvalues of matrix A with varying V. This information dictates the behaviour
of Eq.(3.23) linearised about the trivial fixed point zo(z) = 0. For low values of V, the
fixed point is stable and the only existing attractor. As this parameter is increased, a
threshold value V. is exceeded such that the origin loses its stability by a pair of conjugate
eigenvalues crossing the imaginary axis, i.e. a Hopf bifurcation which gives birth to a
stable limit cycle. This is due to the structural and added damping of the first mode being
cancelled by the destabilizing, non-conservative terms introduced via memory effects.
Indeed, the consideration of additional modes in the approximation has no effect on the
value of V., which exists even for a single mode when using the QU model. At higher
velocities, however, it is possible for other modes to become unstable as well.

3.3 Cantilever beam in cross-flow

The system depicted in Fig. 3.19 has been studied by Pitteau and co-workers in a series
of papers, both experimentally and numerically [BOR 17a, PIT 18, PIT 19, PIT 15]. A
single flexible tube in a rigid square array is subjected to single-phase, spatially uniform,
liquid water cross-flow. Its geometry is designed to allow motions in the lift direction only.
Symmetrical stops are located at the coordinate x. = 0.624L, where L is the total tube
length. On each side, the gaps have the value: g = 1.5E — 3 m, but the numerical model
is scaled so that they correspond to a value of y. = 1, where y. is the non-dimensional
transverse displacement at the stop location. A finite-element representation was set up
using CAST3M, and the properties corresponding to the first five modes in absence of the
stops are collected in Table 3.4.

Mode 1 2 3 4 5
Frequency (non-dimensional) 1.0 11.67 42.20 73.86 130.92
Mass (kg) 0.15682 | 0.27256 | 0.15608 | 0.16551 | 0.17557

Tableau 3.4: Modal properties for the cantilever tube.

Eigenfrequencies have been scaled by the first-mode angular frequency, ®; =
120.4110 rad/s. In this section, the behaviour of the one-mode approximation is explored
by continuation, leading to a global picture of its dynamics that was lacking from pre-
vious studies. Furthermore, the effect of including additional modes is investigated. A
fixed number of 50 harmonics with Ny = 2!> AFT samples was used throughout, with
N = 5107 for the regularization of impacts.

3.3.1 1-mode model

The stability analysis of fixed points shows that V., = 2.079 m/s. At this point, a branch
of neutrally-stable periodic solutions emerges, with fixed frequency and steadily-growing
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3. Applications: Towards an understanding of steam-generator vibrations

Figure 3.19: Cantilever tube in loose support.
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Figure 3.20: Continuation of periodic solutions for one-mode model.

amplitude until impacts start happening, as shown in Fig. 3.20 a). An alternate represen-
tation is presented in Fig. 3.20 b), where the maximal (non-dimensional) impact force
over one cycle is plotted instead of the norm of Fourier coefficients, ||Q||.

Three branches of periodic solutions bifurcate from the starting point of impact. The
lower branch (in terms of the associated contact forces) consists of symmetric solutions
and is unstable for low flow velocities, up until the BP at Vgp = 3.239 m/s. Meanwhile, the
upper branches are stable and consist of asymmetric solutions. Moreover, these branches
are mirror images of one another: only difference between them is a negative sign in
their Fourier coefficients; this comes from the fact that the symmetry of the system can
be broken in either the positive or the negative direction, similarly to a buckled beam or
plate. Hence, these branches overlap in the projection shown in this figure and only one
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Cantilever beam in cross-flow

curve is visible.

Ye

Figure 3.21: Phase-space representation of converged cycles for V = 3.4 m/s, at the
support location x.. Letters are associated with points on Fig. 3.3.1. Dashed cycles in the
two right-most diagrams correspond to the solutions on the twin asymmetric branches.

Interestingly, stable cycles of both kinds coexist between Vgp and Vi p = 3.822 m/s. In
this region, the symmetric and asymmetric solutions are linked by two entirely unstable
transition branches, which ensure a smooth evolution from one behaviour to the other,
as could be expected from an equation with continuous dependence on the parameter V.
Solutions in the symmetric branch undergo two impacts per period, whereas there is only
one in the symmetric branches. Thus, transition cycles are both two-impacts-per-period
and asymmetric. Examples of solutions are presented in Fig. 3.21, showing all five
coexisting regimes for V = 3.4 m/s. For V > V| p, only symmetric cycles exist; this is due
to the energy input from the flow being so high that the tube’s motion inevitably attains
both supports.

Fig 3.22 portrays the evolution of cycle frequency. A first remark to be made is that,
at same flow velocity, symmetric regimes have higher frequencies. The difference be-
tween them is maximal at Vzp and amounts to roughly 8% (or 2.2 Hz, in dimensional
terms). Secondly, the cycle frequency at the onset of fluidelastic instability (0.901, non-
dimensional value) is lower than the first-mode eigenfrequency of the tube in stagnant
fluid. This shift is due to an important added damping effect. As the frequency of impacts,
their number per period, and the associated forces change from one branch to another, the
interval V € [Vgp,VLp| must be studied with great care if a wear and fatigue analysis was
expected to be reliable. To this end, for instance, one could compute attraction basins us-
ing time-integration methods and assess probabilities of landing in one branch or another
by comparing their relative sizes.

A note on stability computation From the fact that K, is large with respect to the sys-
tem’s stiffness, the contact duration is small compared to the oscillation period. Impacts
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3. Applications: Towards an understanding of steam-generator vibrations

Figure 3.22: Evolution of (non-dimensional) cycle frequency with flow velocity, one-
mode model.

are thus localized events in time, which demand an appropriate number of samples Nj
in the AFT procedure to be correctly resolved. However, while this certainly affects the
accuracy of the computed forces, this effect is much more dramatic on the derivatives of
impact forces, which tend to step functions as 1 — 0. Consequently, the appearance of the
Gibbs phenomenon is to be expected. This is very relevant for stability evaluation, since
these derivatives directly intervene in the computation of the Hill matrix. Figure 3.23
shows how the real parts of the Floquet exponents, along the continuation of the symmet-
ric branch, vary with N;. The moderate choice Ny = 28 leads to unusable results, as two
exponents spuriously cross the stability boundary in an oscillatory fashion. Increasing to
N, = 219 attenuates this problem, but the trivial Floquet exponent is not exactly zero due
to numerical errors, and sign changes still occur without physical meaning. This demon-
strates the importance of not only using enough samples, but also of filtering out this par-
ticular exponent by using its associated eigenvector according to Sect. 2.1.4.2: the results
of doing so are shown in Fig. 3.3.1, where a correct and unambiguous stability evalua-
tion can be performed, followed by bifurcation analysis. It should be noted, nonetheless,
that asymmetric solutions are seemingly more sensitive to the Gibbs phenomenon, as ev-
idenced by Fig. 3.24. On these branches, spurious oscillations in the Floquet exponents
persist for Ny = 22, but this sampling rate made them sufficiently small to allow for a
proper stability evaluation.

3.3.1.1 Choosing a regularization coefficient

The impact function given in Eq. (3.9) depends continuously on all its parameters, includ-
ing . This implies that numerical continuation can be used to assess the evolution of a
given cycle upon its variation. The idea is to choose the largest possible value for 1 -thus
yielding a smoother function- without changing the value of a certain measure beyond
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0.2 0.2
() o NSRS 0
-~ -~ ~
o o o
202 L -~ & 02 £ 02
047 L B : 1 04 04
: - — W
Y] A . : : -0.6 -0.6
25 3 3.5 25 3 3.5 25 3 3.5
V (m/s) V (m/s) V (m/s)
a) N, = 28. b) Ny =210, ¢) Ny = 21°, filtered.

Figure 3.23: Real part of Floquet exponents (symmetric cycles) for different numbers of
AFT samples, with trivial exponent shifted to -1.
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Figure 3.24: Real part of Floquet exponents (asymmetric cycles) for different numbers
of AFT samples.

some threshold, e.g. 5 per cent relative error. Here we have chosen the maximal value of
impact force over the cycle, denoted Fj;, as this quantity is physically meaningful. Fig.
3.25 shows an example for the one-mode cantilever beam, where it is clear that choos-
ing an overly low value of 1 leads to completely erroneous results, with the asymmetric
branch disappearing altogether at a LP. This graph justifies the choice 1 = 5- 107> chosen
in this section.

3.3.1.2 Symmetry-breaking perturbation

In practical situations, whether they be experimental models or industrial steam genera-
tors, it is unlikely that a tube would be perfectly centred between its surrounding stops.
This is particularly true for the latter case, as there is no guarantee that long-term mecha-
nisms such as wear would open the gaps isotropically. Furthermore, as evidenced by the
KOALA model, varying degrees of asymmetry potentially have major effects on global
dynamics. Hence, the bifurcations observed above are tracked with respect to a parameter
d < 1, which replaces one of the clearances. The results of this operation can be seen in
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3. Applications: Towards an understanding of steam-generator vibrations
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Figure 3.25: Continuation of coexisting cycles with respect to 1 for a one-mode approx-
imation of the cantilever beam, given V = 3.6 m/s.

Fig. 3.26.
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Figure 3.26: LP tracking with respect to left clearance 0.

The effect of asymmetry is immediately seen in the splitting of the original curve
(6 = 1). Rather than two qualitatively-different branches connected by BPs, the main
curve originating from the Hopf bifurcation coexists with an isola for 8 < 1. Furthermore,
the curve containing the low-amplitude LPs of the main curve ends up joining one of the
BPs of the symmetric system, which has thus been perturbed into an imperfect bifurcation
as 0 # 1. A stability analysis along the LP curve does not reveal any codim-2 bifurcations.
However, a cusp point was localized at (Vesp, Ocsp) = (2.656,0.925), which indicates
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Cantilever beam in cross-flow

isola formation. A projection of the LP curves onto the parameter plane (3,V), as in
Fig. 3.27, yields stability boundaries between regions with varying numbers of stable
solutions, which are all periodic in the present case.
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Figure 3.27: Stability chart for varying V and left clearance 8. Numbers in each re-
gion indicate stable solutions on the main branch, and ’I’ stands for an isolated solution.
Outside of the coloured regions, there is one unique solution.

3.3.2 2-mode model

It is immediately evident from Fig. 3.28 that this approximation presents much richer
dynamics, compared to the previous one. As before, representations in the ||Q|| —V and
Fy; —V planes are shown. Right after the onset of fluidelastic instability, a similar be-
haviour is observed: two stable asymmetric and one unstable symmetric branch emerge.
At a higher velocity, the branches meet at a BP. In between these points, however, both
curves undergo a series of folds. Fig. 3.28 b) shows a clearer view of the pattern. Fur-
thermore, a new BP appears at Vppy = 4.593, but its emerging branch is not shown in this
figures.

Another interesting result obtained from continuation is the fact that most cycles on
both branches are unstable. Periodic solutions are thus rare, with the oscillations of modal
coordinates not synchronized in most cases. The responses are then expected to be mostly
quasi-periodic, a hypothesis supported by the high number of NS bifurcations found along
continuation. These are shown on the Fj; — V plane in Fig. 3.29. Simulation by time-
integration using the Runge-Kutta scheme of MATLAB’s ode45 function were used to
confirm the existence of quasi-periodic solutions on the unstable portions of the response
curve, with an example shown in Fig. 3.30. Here, two of the HBM-predicted solutions on
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Figure 3.28: Continuation of periodic solutions for two-mode model.

the symmetric and asymmetric branches, respectively labelled A and B in Fig. 3.28 a), are
compared to ode45’s solution for V = 3.6 m/s and represented in the configuration space
of modal displacements, (g1,92). Cycle A, judged unstable by the HBM, was indeed
impossible to find; however, a symmetric quasi-periodic regime exists nearby. As clearly
seen in this figure, the unstable periodic solution seems to be a backbone for the stable,
quasi-periodic motion, i.e. averaging the latter over time would approximately yield the
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Cantilever beam in cross-flow

former. On the other hand, HBM-computed stable cycle B is indistinguishable from its
time-integration counterpart.

100 r

80t

60 |

Fy

40

20 ¢

2 25 3 35 4 45 5 55
v

Figure 3.29: Continuation of periodic solution for two-mode model, showing NS bifur-
cations.
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Figure 3.30: Comparison of cycles obtained by HBM and time-integration (MATLAB’s
ode45), for V =3.6 m/s.

To understand the pattern of folds appearing on the aforementioned continuation
curves, the frequency content of each mode needs to be analysed. This is practically
automatic when using HBM, and leads to the evolutions shown in Fig. 3.31 for the
symmetric branch. Therein, each curve corresponds to the norm of an individual fre-

quency component. For instance, ||Q}|| = \/ (0)2 4 (QL)? represents the amplitude of
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3. Applications: Towards an understanding of steam-generator vibrations

the third-harmonic component of the first mode. This figure explains the above pattern
as a signature of energy redistribution due to impacts: the linearly-unstable first mode at-
tains a limit cycle thanks to the nonlinearity and acts as an excitation source for the second
mode, whose frequency evolves as an increasing function of V. This leads to a series of
super-harmonic resonances of the second mode, as seen in the right side of the figure. In
particular, the first peak to appear corresponds to the 11-th harmonic of the second mode;
this is logical given that its linear eigenfrequency is slightly above 11 times that of the
first mode. Furthermore, it should be noted that only odd harmonics respond, which is a
direct consequence of the solutions’ symmetry. This fact explains the higher number of
interactions loops observed on the asymmetric branch in Fig 3.28.
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Figure 3.31: Evolution of (dimensional) harmonic amplitudes with flow velocity for the
symmetric branch of two-mode model. Left: first mode, right: second mode.

3.3.3 A word on 3-mode and further models

The pattern observed above continues with the addition of a third mode. Symmetric
and asymmetric branches are represented in the ||Q|| — V plane in Fig. 3.32 (without
stability computation). Since this is a system made up of three autonomous oscillators,
the solutions in time are expected to be quasi-periodic with two or three incommensurate
frequencies.

Qualitatively, the curves share their basic features with their two-mode predecessors (Fig.
3.3.2 a)), although a number of additional, smaller loops and peaks make their appearance.
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Figure 3.32: Continuation of periodic solutions for three-mode model. Black: symmetric
branch; blue: asymmetric branch.

(e

Figure 3.33: Modal kinetic energy, symmetric branch of three-mode cantilever beam
model.

This is a consequence of interactions between the first and the third mode, as explicitly
shown for the symmetric branch in Fig. 3.33. Here, the modal kinetic energy is plotted for
varying V, and super-harmonic resonant peaks on the higher modes are seen to coincide
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3. Applications: Towards an understanding of steam-generator vibrations

with those of the first. For the third mode in particular, the first resonance corresponds
to the 43rd harmonic, and the associated energies are low in comparison to the other two
modes. Close to V = 5.8 m/s, an interaction between the three modes can be observed.
The pattern of modal interactions extrapolates with the addition of further modes. From
the fourth mode onwards, however, the associated modal displacements are negligibly
small for practically all the velocity ranges considered.

3.4 Heat-exchanger arc

A more realistic configuration is now considered, as shown in Fig 3.34. The U-like struc-
ture has its legs pinned at a number of locations by support plates, while the uppermost
arc is free but surrounded by 12 Anti-Vibration Bars (AVBs). Six of these are disposed
on each side of the tube, allowing for six symmetrical, bilateral contact points with gap
size g = 0.24 mm. Within the hydraulic circuit of a steam generator, high-temperature
pressurised water flows from the hot to the cold leg of the tube, exchanging heat with
the surrounding fluid along its path. Temperature and density gradients thus generate a
flow of the latter in the direction x». This cross-flow excitation on the arc induces vibra-
tions of the structure in the direction x3, normal to the plane (xj,x;), through fluid-elastic
instability, for maximum flow velocities exceeding a critical value.

a) ?()\;?3 | ﬁVB3 b)
AVB2 | et AVB2 |
cold hot 0 | 0
\
AVBI1 AVBI ] \ O
cold ~ hot \
O | O
O | O
\
O J! O
\
of ! O
T \
e
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| 8
fa—]
X3
e
X]i
Va Vv

Figure 3.34: Heat exchanger tube. a) Frontal view, b) top view.
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Heat-exchanger arc

3.4.1 Numerical model

As in the previous case study, a finite-element representation of the system described
above was set up in CAST3M using linear pipe elements (TUYE in CAST3M). A total of
310 three-dimensional elements was used, thus yielding 1860 degrees of freedom. The
main characteristics of the model are summarized in Table 3.5.

Radius (m) 1.577
Leg height 9.915
Number of tube support plates 9
Distance between adjacent support plates (m) 1.074
Angle from apex of AVBs (°) 76/48 /20
Tube diameter (mm) 19.05
Tube thickness (mm) 1.09
Tube density (kg.m™>) 8320
Nominal gap (mm) +0.024
Impact stiffness (N/m) 4.10°
Impact damping (Ns/m) 200
Tube density (kg.m™>) 8320

Tableau 3.5: Heat-exchanger tube and AVB characteristics.

Rather than considering uniform spatial distributions of transverse velocity and fluid
density, as in the previous example, here we use thermo-hydraulic data representative of
that expected to be encountered in an actual steam generator. Specifically, the distributions
shown in Fig. 3.35 are used, which were obtained by full thermo-hydraulic simulations
and first presented in [PRA 18]. In reality, the tubes are subjected to a two-phase flow
consisting of liquid water and steam. For the purposes of the present work, the flow is
homogenized, and so the distributions presented correspond to those for the equivalent
one-phase flow. As these distributions represent the non-fluctuating (mean) components
of the respective fields, it is reasonable to assume that their shapes are invariant and scal-
able by (V = Vyux, f)f) The former is used hereafter as the continuation parameter.

For the following continuation analyses, the full model was reduced by projection
onto the eigenbasis of the tube in stagnant fluid and in open-gap condition. The mass
matrix thus includes a contribution from the presence of fluid. It should be noted that,
while the system is geometrically symmetric, the same is not true for its mode shapes.
This is a consequence of the non-uniform and non-symmetric spatial distribution of
equivalent density. Table 3.6 groups the modal properties of the first 5 out-of-plane (OP)
modes.

For all calculations presented, a 50-harmonic Fourier approximation was used, with
a Ny = 10'-point sampling. As with the previous system, 7 = 5-107>. The results
include phase-space diagrams of motion at the six contact points along the tube, which
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Figure 3.35: Distribution of normalized density r and transverse velocity v along the
tube’s abscissa, s, from [PRA 18].

Mode 1 2 3 4 5
Frequency (non-dimensional) 1.0 | 2.9984 | 6.4630 | 11.3844 | 17.0094
Mass (kg) 1.5306 | 1.7832 | 1.7315 | 1.8251 | 3.1440

Tableau 3.6: Modal properties for the U-tube model.

are identified by different colours according to the diagram shown in Fig. 3.36.

AVB3

hot AVB2
hot

AVBI1
hot

Figure 3.36: U-tube: colour-coding for identification of tube motions.

118

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI032/these.pdf
© [R. Alcorta], [2021], INSA Lyon, tous droits réservés



Heat-exchanger arc

3.4.2 Continuation results
3.4.2.1 Results for 1 OP mode

The curve shown in Fig. 3.37 represents the evolution of Fourier coefficient amplitude for
the one-mode model. All of the solutions are stable and homothetic to the regime depicted
in Fig. 3.38 a) for V =5 m/s, in which at all contact points follow a similar trajectory in
phase space. The effect of impact damping is clearly seen in Fig. 3.38 b), obtained at the
same flow velocity.
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Figure 3.37: U-tube: Continuation for a one-OP-mode model.
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Figure 3.38: Stable regime at V = 5m/s, 1-mode model.
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3. Applications: Towards an understanding of steam-generator vibrations

3.4.2.2 Results for 2 OP modes

When a second OP mode is included, continuation reveals the response curves of Fig.
3.39. The lower branch coincides exactly with the 1-mode response, but is mostly unsta-
ble. AtV =2 m/s, a new branch seems to bifurcate from the first. However, a closer look
reveals two disjoint curves, as evidenced in Fig. 3.40. Regimes belonging to this curves
show an increasing contribution of the second mode, which goes from virtually non-
responsive on the lower branch to dominant on the upper one. Moreover, two regimes at
same norm are mirrored images of each other. Hence, this behaviour is perfectly analo-
gous to the transition branches between two and one-sided asymmetrical impacts of Sect.
3.3 with the exception that it is the Fourier coefficients of the second mode, and not
those of even harmonics, that become non-zero. The fact that the branches are separated
rather than overlapping and connected at a BP is a consequence of the non-uniform den-
sity distribution, which perturbs the system in a symmetry-breaking way and leads to an
imperfect bifurcation.
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Figure 3.39: U-tube: Continuation for two- Figure 3.40: Close-up on the imperfect bi-
OP-mode model. furcation.

The regimes obtained at the points A,B,C on the upper branches in Fig. 3.39, respec-
tively corresponding to V =2.5,3.5,5 m/s, are explored next. For completeness, the same
is done for the dynamics at the low-velocity point D, V = 1 m/s. For ease of identification,
the names left branch and right branch are used to refer to the branches starting at values
lesser and greater than V =2 m/s on Fig. 3.40, respectively. The transverse displacements
at contact points are labelled u(z).

Point A
The qualitative similarity of the cycles on both branches is evident from 3.41.
Indeed, besides small differences that are a consequence of system asymmetry,
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Heat-exchanger arc

the same six phase-space trajectories are observed in both images. However, the
roles of points symmetrical with respect to the dotted line in Fig. 3.36 is re-
versed.  This results directly from having different signs in the leading (first-
harmonic) Fourier coefficient of the second mode. More precisely, for the right-
branch cycle: (Q!;,0%,0!,,0%) = (0.9527,-0.0028,—0.1135,—0.6344) whereas

cl»>=cl»

(Q1 0?,,0! Q?l) = (0.9537,0.0046,—0.1320,0.6241) for its left-branch analogue.

cl»=clr sl

a) Right branch. b) Left branch.
Figure 3.41: Stable cycles at point A, V = 2.5 m/s.

Point B
Fig. 3.42 shows the the same qualitative features as its predecessor, but in this case the

cycles on both branches are unstable.

u(t)

a) Right branch. b) Left branch.
Figure 3.42: Unstable cycles at point B, V = 3.5 m/s.
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3. Applications: Towards an understanding of steam-generator vibrations

The Floquet exponents around this zone indicate loss of stability through O, i.e. a
static bifurcation akin to a BP, as exemplified in Fig. 3.43 for the right branch®. However,
the HBM was not able to localize the corresponding bifurcations, nor to find any periodic
solutions beside the ones on the unstable branches.

a) Real part.
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©
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v

b) Imaginary part.

Figure 3.43: Floquet exponents of right branch as a function of V.

This hints at a transition to an aperiodic regime which is not quasi-periodic either,
thus probably chaotic. This hypothesis seems to be supported by the time-histories and
phase-space diagram depicted in Fig. 3.44, obtained by time integration.
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a) Modal displacements.

100

-1.5 -1 -05 0 0.5 1 1.5

b) Physical displacements.

Figure 3.44: Aperiodic regime at V = 3.5 m/s.

3The same behaviour is exhibited by the left branch.

122

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI032/these.pdf
© [R. Alcorta], [2021], INSA Lyon, tous droits réservés



Heat-exchanger arc

The transition from a dynamically divergent, linear regime to a bounded, nonlinear
one is evident. Once contacts start (when ¢;(¢) = 1), a chaotic-looking transient motion
ensues. Nevertheless, long-time integration over a 1000 time-unit interval shows that this
regime does not stabilize to a limit cycle. Further evidence is provided by the correspond-
ing Power Spectral Density (PSD) diagrams, Fig. 3.45, which show a broadband spectre.
It should ne noted that the dominant non-dimensional frequency of the first-mode PSD
(f = 0.2875), marked by a dotted line in Fig. 3.45 a), corresponds approximately to one
third of the HBM-predicted unstable cycle frequency.

ol 1{\ | 107" F /
M W hy
20 Wi LT
T M L Mg
S Ty
a) First mfode, qi. b) Second ;node, q2.
Figure 3.45: PSD of modal displacements at V = 3.5 m/s.
Point C

At this point, one branch is stable and the other is not.

Inspired by the closing remark of last paragraph, a Fourier basis including 3T-periodic
sub-harmonics was employed. In this manner, the HBM successfully captured a stable
cycle with triple period in coexistence with the branches depicted in Fig. 3.39. Fig. 3.46
shows phase-space representations of stable regimes. The same trend as before, i.e. the
fact that both regimes are mutually antisymmetric, is observed here, with one of them
additionally being sub-harmonic.

In [PRA 18], the authors report a quasi-periodic cycle which is close to being 3T-
periodic. Nevertheless, a verification through time integration yields only the stable cycles
depicted in Fig. 3.46. Among the reasons that could explain this discrepancy in results,
two of them seem most likely: the inclusion of in-plane modes in the aforementioned
paper (which are absent from the present model, for HBM as well as for time-integration),
or quasi-periodicity being a numerical artifice introduced by the specific integrator.
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3. Applications: Towards an understanding of steam-generator vibrations
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a) Right branch, T-periodic. b) Isolated branch, 3T-periodic.

Figure 3.46: Stable cycles at point C, V =5 m/s.

Point D

The Floquet exponents of the left branch for low values of V' are pictured in Fig. 3.47.
Just as in the case of point B, loss of stability occurs by a Floquet exponent crossing the
imaginary axis through 0, and no periodic solutions other than the one on the unstable
branch would be found. Rather, an aperiodic regime was observed, whose spectre is
broadband as shown in Fig. 3.48. In contrast to the previous aperiodic regime, here the
dominant frequency coincides exactly with that of the unstable HBM cycle.
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Figure 3.47: Floquet exponents of left branch as a function of V, low velocities.
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Figure 3.48: Power spectral density of unsteady regime at V =1 m/s.
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3. Applications: Towards an understanding of steam-generator vibrations
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Conclusions and Further Work

General conclusion

The present work was motivated by the industrial problem of steam-generator tubes
subjected to cross-flow. These structures undergo fluidelastic instability when traversed
by a flow with mean velocity beyond a critical value, a complex phenomenon for which
no completely satisfying model exists to date. Nonetheless, the associated scientific
literature agrees on the frequency-dependent nature of fluidelastic forces. Nonlinearities
render the unstable motions bounded but also open the way to coexisting regimes, with
some potentially more hazardous than others in terms of long or middle-term structural
integrity. Prediction of dynamical behaviour is thus at once crucial and quite complicated.

This issue was addressed by developing robust, efficient computational routines
based on the Alternating Frequency-Time Harmonic Balance Method (AFT-HBM). This
choice is three-fold advantageous in the context of the present problem: it allows for a
straightforward treatment of the delay terms (both discrete and distributed) appearing
in most fluid-elastic force models, it has been proven to be well-suited for the study of
geometrically-complex industrial systems (with potentially a large number of degrees
of freedom) and it offers an extremely fast way of computing periodic solutions, thus
rendering it efficient for parametric analyses. The latter, in particular, is achieved by
an implementation of pseudo arc-length continuation, through which the evolution
of steady-state solutions with respect to parameter variations is readily obtained. All
stability changes along continuation are monitored by use of Hill’s method and any
bifurcations encountered are localized, then tracked.

These methods all existed previously, but were not coupled to a finite-element
software which made their use straightforward for practical engineering applications.
Thus, in this thesis the aforementioned numerical methods were integrated into the most
recent version of CAST3M. Thus, vibration problems with localized nonlinearities can
be tackled efficiently. Moreover, contributions were made in the form of numerical
methods to extend the existing capabilities of AFT-HBM continuation. The choice of
these developments was once again inspired by the steam-generator vibration problem,
although their applicability is clearly not limited to it.
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Conclusions and Further Work

The treatment of generic systems with time-delay terms was considered. Using
HBM, discrete delays are computed by the use of a frequency-dependent rotation matrix.
A demonstration on a toy model is done, which included tracking limit point bifurcations
with respect to the delay parameter. A similar treatment is introduced for systems with
memory (distributed delays), for which additionally a method for stability calculation is
proposed. An eigenvalue problem is thus formed from terms available from the nonlinear
root finding algorithm, whose solution leads to Floquet exponents. The advantage of this
approach is that is allows for the stability of mechanical systems with internal variables
described by additional equations to be evaluated in a convenient way.

Quasi-periodic solutions of forced and autonomous systems were considered. In
particular, the application of Hill’s method to assess stability is discussed. This requires
the identification and shifting of trivial eigenvalues to be performed, which is explained.
Moreover, a practical way to transit from a Neimark-Sacker bifurcation of cycles to
a branch of quasi-periodic solutions is proposed. This method is tested briefly on a
Nonlinear Energy Sink system.

Systems with several degrees of freedom can be expected to undergo numerous
bifurcations. Hence, generalized bifurcation tracking in arbitrary codimension was
proposed. This involves the presentation of extended systems to characterize well-known
bifurcations (in particular, no extended system for codim-1 period doubling had been
published for the HBM), but mostly a comprehensive strategy to build such systems of
equations in all possible cases.

Three examples are presented which explore the phenomenological aspects of steam-
generator vibrations. Firstly, a single-degree-of-freedom system subjected to periodic
forcing and two-sided stops is considered. Transitions to chaos through a sub-harmonic
cascade was explored as a function of forcing level, and the birth/death of isolated,
sub-harmonic response curves for varying asymmetry was evidenced by tracking period-
doubling bifurcations and 2T-periodic limit points. Next, two autonomous systems con-
sisting of beams with self-excited oscillations induced by cross-flow were presented. In
the first, idealized case, numerous bifurcations occurred as a series of super-harmonic
resonances of higher modes came to be for increasing values of flow velocity. It was
also shown that, just as in the previous system, isolated response curves are easily created
by breaking the system’s symmetry. Lastly, a more realistic representation of a steam-
generator tube was presented which included non-uniform spatial distributions of density
and mean transverse velocity as well as the characteristic U-shape. Carrying over from
the two previous systems, the effect of asymmetry is once again seen to have a major
role, and the transition from a one-mode to a two-mode model comes about with a re-
markable increase in richness of dynamical regimes. For as little as two modes, periodic,
sub-harmonic and chaotic motions can be observed. Besides the interesting phenomena
brought out by the study of these simplified systems, this work shows the robustness and
usefulness of continuation methods when dealing with such complex industrial problems.
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Conclusions and Further Work

On the other side, the limitations of such methods also arise through the results shown
herein: fluidelastically-excited impacting systems tend to exhibit non-periodic motions
as a norm rather than an exception. Hence, continuation of periodic solutions (through
HBM or otherwise) must be seen as a qualitative tool used to identify potentially interest-
ing/dangerous zones in parameter space and not one for high-fidelity simulation, and the
fine study of results through time integration methods remains -albeit in a lower extent-
an unavoidable task.

Further work

The results from this work open the following research paths:

e CAST3M implementation of geometric nonlinearities. Beyond the scope of the
present thesis, large-amplitude vibrations are nevertheless important in a wide range
of applications. Thus, introducing computation of the corresponding forces from
finite-element models is an interesting perspective.

e Performance enhancement of quasi-periodic AFT-HBM. While the algorithm pre-
sented herein is robust and general, no effort was made to optimize it. Hence, as
the number of unknowns is large, there is ample room for improvement in terms of
performance. This can be done, for instance, by incorporating harmonic selection
techniques as well as parallel computing.

e Automatization of high-codimension tracking. Currently, extended systems for bi-
furcation detection in increasing codimension are programmed in separate files and
called upon when required after local stability evaluation. However, all of these are
built from the same basic components, i.e. the codim-1 constraints. Recursive pro-
gramming could then be implemented to automatically track arbitrary bifurcations
by using only calls to the codim-1 functions.

e Basin of attraction estimators. Since real-life heat exchanger tubes will inevitably
be subjected to turbulent forces, the state of the system in time can be expected to
alternate between the coexisting underlying orbits. Thus, fine predictive analyses
would benefit from a technique to estimate the time spent around each regime.

e Dynamic modelling of misalignment. In this thesis, it was shown that global dy-
namics of systems with impacts are affected greatly by the configuration of the
latter. While a symmetry-quantifying parameter was used and varied freely, asym-
metry and misalignment are bound to happen over time in real systems due to effects
such as wear, which are themselves a consequence of impacts. This suggests the in-
vestigation of a coupled problem whose objective is to model long-term behaviour
with dynamically evolving gaps.
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Conclusions and Further Work

e Consider the uncertainty introduced by turbulence on the steady-state periodic so-
lutions by using, e.g., chaos polynomial expansion [DID 13, PAN 15]. This could
lead to bounds for response amplitudes, impact forces and other important quanti-
ties.
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Appendix A

A.1 Fourier coefficients of polynomial forces

For any (r,s) € N2, the function @(u,w) = u"(t)w*(t), where u(¢) and w(t) are periodic
functions defined on the interval [0, %] , can evidently be though of as a product operation
iterated (r+s— 1) times:
o(u,w)=u- (W) =u-...-.u-w*=u-...-u-w-...-w = prod(u, prod(prod(...,w)))
Clearly, @ has the same periodicity as its arguments. Let U, W and ® represent the discrete
Fourier coefficients of u,w and ¢, respectively. Thus, from the convolution theorem, the
product operator in time transforms into circular convolution (denoted conv hereafter)

under the Discrete Fourier Transform (DFT) of ¢, and the following relation formally
holds:

® = conv(U, conv(conv(..., W))) (A.1)

Thus, given a practical algorithm to compute convolutions of real Fourier series is
available, any force expressed as a combination of monomials can be computed by re-
cursive operation. Let us consider y(#) = u(t)w(z). The Fourier coefficients Y of y(z) are
then given in terms of U and W by:

1
Yo=-U'W
L)
1 H H
Yeio= 54 D2 D [UeiWer = UsjWat] 8ty e+ [UejWer + UsjWat] 81y (A2)
=0 1=0 '
1 H H
Y= ) Zog [UejWer 4 UsjWer] 80y i+ [UsjWer — UejWar ] 81y &
j=0 I=

forall k=1,...,H, where the symbol Sa,b denotes the Dirac delta function, equal to 1 for
a = b and to zero else. While seemingly complicated, Eq. (A.2) is nothing more than the
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product between a matrix matU &
and W. For instance, considering H = 3:

RLXL

, constructed from the Fourier coefficients of U,

UO Ucl Usl Uc2 Us2 UC3 Us3
2Uc1 UO 0 Ucl —Usl UC2 —Us2
1 0 0 Uy Uy Ugq —-Up Us
matUzE U U —Ug Uy 0 Ug —Ug (A.3)
0 -Uag Ug 0 Up —-Ug Uq
U3 Up —-Up Ug —-Ug U 0
0 —Us2 UCZ —Usl Ucl 0 UO |

Remark: it shall be noted, from Eq. (A.2), that (matU)W = (matW)U. Moreover, the
structure of matU is rather simple, as its first row and column border a symmetric matrix.

A.2 Numerical computation of derivatives

Once detected, bifurcations are localized by Newton-Raphson corrections, given by Eq.
(2.21) and recalled hereafter:

¢0 = 3 Py, )

where Yy is a given extended system depending on the set of variables X, and Jyy is the

corresponding Jacobian matrix. In this section, the numerical computation of the latter is
addressed.

A.2.1 Static bifurcations

As they are characterized by a null Floquet exponent, an important practical distinc-
tion must be made between the autonomous and non-autonomous (forced) cases for
static bifurcations. Indeed, as discussed in Sect. 2.1.4.2, the spectrum of matrix Rx
for autonomous systems contains a trivial zero exponent with associated eigenvector
1 = (V®I,)X. Successful bifurcation detection requires shifting the trivial exponent
away from zero, and localization should consider the shifted matrix as well.

A.2.1.1 Forced systems

The Jacobian matrices corresponding to the extended systems (2.38) and (2.39) charac-
terizing LP and BP bifurcations are, respectively:

(Rx¢)x Rx Rxg¢
0" 2¢" 0

Jip= (A4)
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Numerical computation of derivatives

and:

Rx 0 R,
(Rx¢)x Rx Rxg¢
¢"Rxa R Rly¢

or 207 0

Jep = (A.5)

SO OB

Here, o is the continuation parameter, which may or may not be equal to the forcing
frequency m. All of the terms appearing in the above expressions are found in the au-
tonomous case as well, so a discussion of their practical computation is left for the next
paragraph.

A.2.1.2 Autonomous systems

Consider a phase condition g(X) = 0. Hill’s matrix H has a double zero eigenvalue,
from which one is the arbitrary Floquet exponent of Rx and associated to the vector ¢.
The algebraic multiplicity of Ao = 0 is then equal to two. However, depending on the
geometric multiplicity (mg) of Ao, two distinct cases may arise in practice, as follows.

Case 1: mg =2

The null-space of H has full rank, and is thus spanned by ¢ and ¢, with the latter an
eigenvector to be determined that corresponds to the unique zero eigenvalue of the shifted
Jacobian matrix:

Pip’
Rxs = Rx — (A.6)
i 192
the extended system for the LP bifurcation reads:
R
8(X)
Y X,m,0,0) = A7
LpA ( o, a) Ryob (A7)
dTd—1
where « is the chosen continuation parameter. The corresponding Jacobian is thus:
gx 0 0 0
_ A8
Jea (Rxs®)x Rxo® Rxs Rxo¢ (A8
07 0 207 0

The terms Rx and Ry, are already given in Eqgs. (2.19) and (2.20), respectively. gx is a
constant vector, and R, can be computed either by AFT:

of;
Ro = (T ©1,) = - (A.9)
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or finite differences, for instance:

R, — R(oc+ei—R(oc) (A.10)

where the perturbation must be taken small relative to the norm of a: &€ = || x 107,
(Rxs¢)x consists of two terms:

2
1912

of which the second results from the dependence of the trivial eigenvector on X. On the
other hand, the first one may be computed through finite differences, as follows:

_ 1 ™ (w0 1
(Rl = (Rl + s | (1= 2w ) @WTo) rwe! o )

Rx (X + Sq,')) — Rx (X)

(Rxp)x = .

(A.12)

To see why this is true, let us consider an arbitrary, constant vector v € R, The product
(Rx¢)xV is, by definition, the directional derivative of (Rx¢) in the direction of v. More-
over, Rx ¢ itself is a directional derivative of R following the direction of ¢. Assuming
the vector function R to be twice continuously differentiable, the order of derivation can
be inverted by Schwartz’s theorem, and so:

JdRx¢) Jd(Rxv) Rx(X+ep)v—Rx(X)v

(Rxo)xv = v op .

+0(&?)

Equating the outermost terms in this series of equivalences and noting that v is arbitrary
yields the desired result. The perturbation € must be chosen small relative to the norm
of X; moreover, it is wise to choose in such a way that the magnitude of ¢ does not
affect the computation, as only its direction is of interest. Thus, a practical choice is:

X
€= H x 1078, Alternatively, computing this term by an AFT approach is possible, if
analytical expressions of second derivatives in time are available. In that case:
_ a(r a(r
(Rxp)x = (T ®1,) {% T ol)+o (a);;o) TV In)} (A.13)
where:
a(r d (df o (JofNL .
(rx¢p) :_<ﬂ¢>+_<i¢>
ox ox \ ox ox \ ox (A.14)
d(ryp) 0 <afNL >+ d <afNL ) '
ok  Jx \ ox ok \ 0%

and p = (T ®1,)¢, ¢ = 0(T'yV ®1,)¢. The remaining terms, i.e. Rxp¢ and Rxq o,
can be computed by finite differences in two ways: by perturbing Rx with respect to
either  or o and then multiplying by ¢, or by perturbing either Ry, or Ry in the direction
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Numerical computation of derivatives

of ¢ (see Eq.(A.12)). In the case of frequency, the dynamic stiffness matrix also has a
contribution:

oFNL
0w

oFnL
A%

Rxo® = [20V2@M+V®C+ (VoI,)+ 1) (A.15)

For comparison, the Jacobian matrix of the LP bifurcation is given next in the case of a
non-autonomous system:

Rx 0 Rq

Jura = | (Rx¢)x Rx Rxo¢ (A.16)
or 207 0

where o can be either the forcing frequency or any other parameter. The case of BP bifur-
cations is analogous in any case, the only differences being the inclusion of an artificial
unfolding parameter y and the degeneracy equation R% ¢ = 0, as seen in Sect. 2.1.4.1.

Case2: mp=1

The null-space of H has a rank defect of one, meaning that it is only spanned by ¢.
Thus, use of Eq. A.7 will inevitably fail, since there is no eigenvector orthogonal to ¢
in said null-space. To solve this issue, one must consider -similarly to the case of the
R1 bifurcation of Sect. 2.2.3- the generalized eigenvector ¢ which forms a Jordan chain.
Using any of the formulations for Hill’s matrix, manipulation of Eq. 2.106 leads to the
extended system :

R
8(X)
Y X, 0,0,0) = A.17
LpA ( o, 0) Ry o+ D (A17)
o'd
with the corresponding Jacobian matrix:
gx 0 07 0
Jipa = A.18
A7 (Ry@)x Rxad+Ding Ry Rxad+Dig A9
07 0 ol 0

A.2.2 Dynamic bifurcations

Stability is lost in this case by a pair of complex conjugate Floquet exponents crossing
the imaginary axis. Thus, there is no ambiguity between the trivial and critical exponents,
and dynamic bifurcations can be localized without using the shifted matrix Rxs. The
autonomous and non-autonomous cases differ only through the presence (or absence) of
the phase condition. For an autonomous system, the Jacobian matrix corresponding to a
NS bifurcation is given by:
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Rx Rey, 0 0 0 Rq
gx 0 o’ 07 0 0
Tnsa = (Rxdr)x Rxor Rx—¥’D2  —kD;  Rx Rxo®Pr—kDia¢y
(Rxo1)x  Rxer kD, Rx — kD> Rxw Rxo¢r+xDioor
o’ 0 p’ (1 0 0
o’ 0 o’ p! 0 0

) (A.19)
where the variables Rxyr = Rxo®r — kD10 @r and Rxer = Rxe@; + kD1e@r have been
introduced, as well as: Rxxg = —(2kD2¢pg + D1 ¢;) and Ry = —(2kDa2¢p; — D1 ¢pR).
With respect to the previous case, the only novelty are derivatives of D, as given by:

9*FnL
0wV

:2V®M+(P,;1®1n)[

Dip =2VM+

Pty 10 <afNL,)
m—Faa—X a_XX (FH®In) (A.20)

A.3 Bifurcations for memory systems

Hill’s method yields the eigenvalue problem Eq. (2.72). As explained in Sect. 2.2.1.3,
every convolution term with exponential kernel can be replaced by an additional linear
equation with equivalent effect on the dynamics of the main system. In turn, this leads to
additional rows and columns in the Hill matrix H, as well as to supplementary Floquet
exponents. The purpose of this section is to show that extended algebraic systems
characterizing codim-1 bifurcations retain their forms in the presence of memory terms.
Indeed, those for static bifurcations are identical to their memoryless counterparts. The
same holds in the dynamic case, where a correction is nevertheless added to the usual
matrices D; and D,. For brevity, the following developments are shown in the case of a
single convolution term; however, as the generalization to an arbitrary number of terms
is trivial, the final results are given in their most general form.

Static bifurcations: A = 0
The eigenvalue problem reads: H¢ = 0, with the Hill matrix given explicitly by:

_(DV®In InL 0nL
H = ~E; —oVelL,-E -I;eM'L) (A.21)
L. 0,1, —-oVel,—al,
where: 5
F
E =, oM ) {IL@)K‘F NL}
aE)X
_ FaL
E,=(I,oM™! {1 C+—=
2 (L® ) L@C+ 3V
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Bifurcations for memory systems

Partitioning the eigenvector as ¢ = [¢], ¢!, 7] T the first and third (block-wise) rows
lead to: ¢, = 0(V®1,)¢, and ¢ = (B (0) ®1,) [a;] — oV & L] ¢,. Thus, multiplying
the second line through by (I, ® M) and introducing these expressions yields the condi-
tion:

Rxo =0 (A.22)
where the Jacobian includes added stiffness and damping effects. Thus, for an arbitrary

number 7, of terms:

dX

Rx = |Z(0)+ Y _ (Bi(0)®L) [a1-0Val,]| + (A.23)
i=1

Extended systems are formed from Eq. (A.22) and the equilibrium equations plus a nor-
malization, and -if needed- a phase condition. For BPs, the degenerate nature of the
singularity is characterized -as usual- by the relation ¢! Ry, = 0, where o is a continua-
tion parameter.

Remark: when treating autonomous systems, the distinction between cases 1 and 2 in
App. A.2 applies. Hence, when dealing with rank deficiency (my = 1), Eq. (A.17) is to be
used. The particularity of memory systems is that the matrix D in that expression must
be replaced by a corrected term:

Ne
~ 2
D =D, - ) (Bi(w)®L)M; (A.24)
i=1
where M; = [a,1 — ®(V ®1,)]. The frequency-dependence of this matrix must be taken
into account to ensure a correct operation of the Newton-Raphson solver.

Dynamic bifurcations: A = +iK
The eigenvector is complex in this case, i.e.: ¢ = ¢g + i¢p;. Thus, separating real and
imaginary parts, the eigenvalue problem (for 4-iK) reads:

Her +xpr =0
{ Hey — Kepp =0 (A.25)

The idea, as before, is to decompose the real and imaginary parts of the eigenvector as:

Ok = [Dk., Pk dh,]" and ¢ = @], @F #7,,]". Substitution in Eq. (A.25) then
yields the following set of coupled matrix equations:

Orv — OV @1,,) Pry + Ky =0
—Ei1¢r: — [E2 + (VL) ¢ry — (1@ (ML) prr1 + Kby =0
Orx — (a1l + (V1) drr1 + K11 =0
¢Iv_m(v®1n)¢lx_K¢Rx =0
—E1¢n— [E2+o(VOL)] ép— (I @ (ML) i1 — kKeppy =

on — [al+o(V@1,)| ¢ — Kérr =0
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which are redundant, as it is possible to express everything as a function of (¢gy, @x)
alone. To see this, one must use the first, third, fourth and sixth equations to simplify the
second and fifth ones, which yields the simplified form:

(Rx — k?D3) dppy — kD1 + kM 1 =0

~ A.26
(Rx — k?D3) ¢px+ KD ppe — kM ppr1 =0 ( )

where M| = [a;I — ®(V ®1)]. By introducing the sixth equation above into the third, and
vice-versa, ¢rr1 and ¢y are written as linear combinations of ¢g, and ¢y, as follows:

{ OrL1 = [(I+K2M12)*1M1} Ore + [K(I-I-Klez)*lMlz} Pix (A27)

o1 = [K(I+K2M12)_1M12} Ore  — [(I+K2M12)_1M1} Prx

Finally, by replacing these expressions into Eq. (A.26), the usual form of the eigenvector
equation characterizing dynamic bifurcations is obtained:

<RX - Kzi—)\;) ¢Rx - Kﬁ;qﬁlx =0 (A 28)
KD dry + (Rx - KzDz) o =0 '
where, for n, convolution terms, the memory effect is in:
= Tl ~ INT 2\ — 1w 2
D, =D+ (Bi(®) ® LM [(I+K2M,;) "' M|
il (A.29)

D, =D - ;(Bi(&)) (059 Li)Ml' [(I + KZMZ'2>_1M,}
i=
Extended systems are constructed from Eq. (A.28) together with the equilibrium equa-
tions, plus a normalization for each vector in the NS case, or a single one for PD (while
imposing K = ®/2). For autonomous systems, a phase condition must be included as well.
When using Newton-Raphson iterations to localize these bifurcations, the dependence of
these matrices on the frequencies ® and K must be taken into account for the computation
of derivatives. Closed-form expressions are available:

oD, T S =2\ 17\

a_1<2 = 2k ,§_1Mi [(+@M7) IV 1+ M7 T M (A.30)
oD, n 2 2 2
8_1<1 — 2K ;_IM,- [(I—G—KZM,' ) IM (T + M, )_I}Mi (A.31)

D, < ([oM; s - OM; . 5
a_mz =2 { [ m’ - 2‘<2(1+K2Mi2>1Mi_wl] (1+%°M;°)~'M;”

i=

(A.32)
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Bifurcations for memory systems

11 v 2 -1 oM
+ M1+ M) am} (A33)

Remark: Eq. (A.24) given above for the localization of static bifurcations is nothing more
than the matrix from Eq. (A.29) evaluated at k = 0.
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