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Definitions

dx
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cross-sectional area

infinitely small element

density

Youngs modulus or modulus of elasticity
moment of inertia about the x-axis
stiffness

external force

separation constant

bending moment

radius of the cylinder

time

angle between neutral axis and x-axis
internal transverse force
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Introduction

On a raining day rain water can track down along the lower surface of cables of bridges. In
combination with wind, rivulets can be formed. In the past years it has become clear that the
combination of rain and wind can produce unwanted vibrations like in the Yapanese Meikonishi
bridge, and the Erasmus bridge in Rotterdam, see figure I.1. This phenomenon is called rain-wind-
induced vibrations (RWIV).

In this report a model will be given of the cable with a rivulet and wind and drag forces. The results of
several researchers is taken into account. Since the rivulet can be viewed as a small disturbance,
asymptotic approximations will be used for analysis. Analytic methods are used in the analysis of the
models described in this report.

The analytic methods will comprise of solving partial differential equations (PDEs) via separation of
variables, perturbation calculus and solving Diophantine-like equations . Moreover, the analysis will
be centered around internal resonance and stability.

In the first chapter the model will be described, the assumptions will be discussed and the general
PDE will be derived. In the second chapter perturbation calculus will be applied and the
corresponding differential equations will be derived. Moreover, a model will be given which includes
wind and drag forces.

In the third and fourth chapter the O(1)-problem and respectively the O(g) -problem will be

discussed and the results of internal resonance and stability will be analyzed. Chapter 5 focuses on
the rivulet modeled as a block signal. In chapter 6 and 7 the presence of a quadratic and cubic term
in the velocity of the cable will be discussed. Finally in chapter 8 recommendations and directions are
given towards a continuation of this research.

Figure I.1: Attachment of dampers at the Erasmus bridge to suppress rain-wind-induced- V|brat|0ns
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Literature research

There are a lot of papers written over RWIV. Some of them treat observations in the field while
others use analytical model to explain the phenomenon. In this literature research 9 papers about
RWIV scattered over the years are treated. For more information regarding this subject the reader is
referred to these 9 papers and their references within.

In [1] Hikami and Shirashi were the first to note the RWIV and claim that the vibrations at the
Meikonishi bridge weren't due to vortex-induced oscillation nor wake galloping. They performed full
scale measurements which confirmed that the frequency of the observed vibration was well below
the critical frequency of the vortex-induced oscillation. For the observed vibration to be a wake
galloping, the distance between the cables was too large to cause any interference with each other.

The authors in [1] reported a very important observation: the upper rivulet formed through the
combination of rain and wind plays an important role in the occurrence of the vibrations. They also
mention that the vibrations only occur within a limited range of the wind velocity, and under certain

angles of the cable. The measurements show that not all the cables of the bridge exhibited
vibrations.

The modes excited by rain and wind fell in the range of 1-3 Hz and were mostly of a single mode,
there were a few occasions when two or three modes were involved. They mention that two possible
mechanisms of instability could be the Den Hartog instability and instability due to coupled
aerodynamic forces. In the paper none of the causes are further investigated.

In [2] Yamaguchi attempted to create an analytical model using 2 degrees of freedom to investigate
the causes of the instability. He used a circular cylinder with diameter D and attached to that a small
cylinder, with diameter d, acting as a rivulet. He investigated several diameter ratios:

d

B =0.1,0.2,0.4 with varying angle of attacks he measured the coefficients Cp, C, and Cy, see figure

L.1.

g . .
I a/0=0.4 1
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Figure L.1: Measured values of Cp, C, and Cy, for different diameter ratios, taken from [2].



He attempted to test the two causes of the instability mentioned in [1]. He found that the Den
Hartog mechanism can't be the cause of the instability (of course under certain model assumptions)
dC

L <0.

da

due to the failing of the criterion C +

Analysis of the second cause gives no conclusion but gives two important results. First of all the
fundamental frequency of the circumferential oscillation of the upper rivulet is proportional to the
wind speed and could coincide with the natural frequency of the cable at wind speeds around 10
m/s. Second of all the upper rivulet is able to oscillate in circumferential direction because of the
aerodynamic stiffness.

For this thesis report the shape and the dimensions of the rivulet are required. The authors in [3]
investigated a rivulet on a tube to find out what the characteristics are for the flow of the rivulet for
heat exchangers, condensers and so on. In their setup they used a nozzle to feed ethanol on a glass
tube inclined under an angle. Their results show two important shapes of the rivulet and confirm that
the rivulet can be seen as a small disturbance.

Moreover, in [3] the wave profiles of the rivulet become apparent; figure L.2 shows that the rivulet
can take two shapes. The first shape is sinusoidal and the second shape is approximately a block
function. In this report both the sinus-function as the block function will be used to model the rivulet.
From figure L.2 it's also clear that the amplitude is small and can thus be regarded as a disturbance.

The function which describes the sinus function is f(X,t) =c+¢sin (B(X —Qt)) and for the block

function this becomes m(X,t) =c+ Z QX —w(t—c,)]-Q[Xx—w(t—d,)], this will be clarified in

k=—o0
the next chapters.
0.8 1.2 z =
} a @=10°, Q = 0.15 mi/sec A mm @ =10", Q =0.25 mi/sec
h,mm{ , "
1 A L 1
0 t,sec 1
0.2 1 1 1 1
0 t,sec 1
18 b a=15", @ =0.9 mi/sec 20 3 AT
h,mm| R a=2", Q=0.09 mi/sec
0.3 L : : " ;
0 t,sec 0.8 0'40 l ' - t,sec 2

Figure L.2: The height h of the rivulet measured for different inclination angles a and different flows Q, taken
from [3].

In [4] a stochastic approach is implemented. The rivulet is modeled by a small added mass
undergoing stochastic motion on the circumference. The motion is described by the response of a
band pass filter. Such a filter can be thought of as an ideal system that, when excited by white noise
input gives a response whose power spectral density (PSD) induces the PSD of the moving rivulet.
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The authors chose a 1 DOF model and incorporate measurements of C, and Cp from [1]. They found
stochastic vibrations and for appropriate parameters the system can rapidly evolve around a
stochastic state. The most important result is that the vibrations occurred with positive damping
while the Den Hartog mechanism requires anti-damping.

In [5] an attempt is made to create an analytical model based on a single DOF. This model
incorporates the lift and drag forces via a power series approximation of the data of C, and C, found
in [1]. The analytical model captures the main vibrations features such as the velocity and amplitude
restriction. Although the model could be improved by adding axial flow and turbulence it captures
the trend lines of the observations found in [1].

In [6] an overview is given of the result of previous investigation in the first part of the paper. They
mention that large-amplitude cable stay vibrations have been observed on a number of bridges in
the United states and abroad during relatively low wind speeds with and without the presence of
rain. The proposed cause of the vibrations is the change in the cross sectional shape of the cable stay
that occurs when rain forms one or more rivulets along the cable surface. This modified cross section
affects the aerodynamics of the cable stay. As a result large vibrations occurs at wind speeds above
the known Karman-vortex shedding winds speeds for cylindrical bodies.

Excessive cable-stay vibrations can distress the cable stays themselves and subject to them to stress
states for which they were not designed. Long term fatigue damage to the cable stays is another
concern. Thus safety perception to the public is an important issue.

The second and main part of paper [6] focuses on preventing the vibrations while this report doesn't
deals with these forms of prevention it's important to note that these vibrations can be suppressed
effectively.

Currently, cable-stay oscillations caused by rain—wind induced aerodynamic forces are controlled by
one or a combination of the following methods: (1) single-point mechanical dampers, typically at the
base of each cable, see figure L.3, (2) restraining cable devices, known as cross-ties, that connect
adjacent cables at various locations along the length of the cable resulting in a reduced effective
length for each cable; and (3) distributed passive approaches such as surface treatment of cables
using grooves, protuberances, or dimples. This paper [6] presents data on the effectiveness of one
such approach using a distributed passive device.

fig:
]
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ankerbiok twee extra dempers aangebracht

Figure L.3: The first method of preventing RWIV, additional dampers implemented at the Erasmus bridge in
Rotterdam in the Netherlands, taken from [6].
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The Veterans Memorial bridge was instrumented to monitor its cable stay vibrations. They found
several results. First of all RWIV occurred when the wind speed was between 6.3 and 14 m/s.
Secondly velocity restricted response was often triggered when there was no rain and wind speeds
were between 7 and 11 m/s. And finally the rings attached to the cable stays added aerodynamic
damping and reduced the amplitudes of the vibrations.

In [7] the rivulet itself was investigated. They investigate the condition for appearance of rivulets and
the relation between their position and physical parameters such as wind velocity, surface tension,
viscosity of water, thickness of the water film, cable diameter and tension, see figure L.4. Also the
equation governing the dynamics of a thin film of liquid on a cylinder subjected to wind is derived in
the paper. Finally they propose a simple criterion to estimate the position of the rivulet.

To test their model they used a self made experimental set up. They explain the appearance of
rivulets via a balance between gravity and wind load. The overall position of the rivulet seems to be
depend more on the variation of the external load than on local nonlinear effects.

n 1;
cable_ Mg
. . S gsinao
Vne Ung COS (¥ N\
5\ . T “rainwater film
— rivulet

Figure L.4: A picture of the model used in [7].

Peil et al. give an elaborate model for rain-wind-induced vibrations (RWIV) in [8]. They derive the
equation of motion in 3D taking into account sagging of the cable, the elasticity of the cable,
longitudinal elongation and they coupled the equation of motion for the rivulet where the two
dimensional Navier Stokes equations are taken as a basis.

Although the model looks extensive at first sight a detailed look towards the rivulets equation of
motion reveals neglection of small terms which considerably simplify the equations, it's not
argumented that those terms can be neglected other than the simplification. The result of the model
shows agreement with the observation in situ. They conclude that self-induced vibrations lead to the
instability.

In the introduction of [9] they explain that the width of the rivulet was about 1-2 cm. and that the
cables in cables-stayed bridges have diameter of 10-18 cm. This means that, if a simulation was
exerted with the same measurements for the rivulet and cables, the measurements of pressure and
wind acting along the rivulet would be almost impossible. To cope with this fact while staying in the
same Reynolds regime the test wind speed, the diameter of the cable and the model length are
adjusted.

12



In the wind test performed by the authors they took both the rivulets into account as opposed to
other simulations where the lower rivulet was left out, see figure L.5. Also by rearranging 176
pressure taps the aerodynamic forces could be measured with accuracy. Moreover, the Cp and C, of
both the rivulet at the cable are measured while varying the initial position of the rivulet. An
analytical model was set up (as discussed in appendix section C) and measured values of C, and C,
were inserted.

Figure L.5: Photo of the test set-up of Gu et al.

The mechanism behind the instability which they suggest is galloping for if the rivulets initial position
is in a so-called 'danger zone' the position could eventually end up in the unstable zone (according to
the Den Hartog criterion). The analytical model set up to run numerical simulations differs from
others in the sense that the friction force is in this paper composed of a linear damping force and a
Coulomb damping force. Unfortunately the authors Gu et al. had difficulty in determining its correct
value.

13



1 Setting up a model

§1.1 Model setup

All of the models from the papers regarding rain-wind-induced vibrations (RWIV) see the rivulet as a
lumped mass moving circumferentially around the cable. Some researchers even took the elasticity
and strain of the cable into account. In this report a model will be created by modeling the rivulet as
an perturbation. In this chapter firstly a simplification will be carried out after that the PDE can be
derived. Finally the restrictions of the model will be analyzed.

§1.2 Simplification
The cable under consideration is a cable-stay from a bridge and consists of several polystyrene cables
along with a reinforced ring. A schematic display is given in figure 1.1 as well as the coordinate axis.

Figure 1.1: Cable stay from a bridge with chosen coordinate axis.

In this report only the vertical displacements will be analyzed. Moreover, the cable will be modeled
via a cylinder shell in 1D. The rest of the cylinder will be modeled as an sequence of springs with
spring constant vy, see the dark grey area in figure 1.2a and the model in figure 1.2b.

14



rivulet

i T e

Figure 1.2a: (on top) A slice of the cylinder will be analyzed. Figure 1.2b: The shell is modeled via a beam and
the rest as a sequence of springs.

Two models will be analyzed with in each a different form of the rivulet. In the first model the rivulet
will be a "wave" moving to the right: m(X,t) =m, + A, Sin (B(X —Qt)). Note that according to

[3] Ayave is small. Furthermore both ends will be simply supported. Now we are ready to derive the
equations of motion. The rivulet is assumed to be small compared to the beam and is highly
exaggerated displayed in figure 1.2a.

15



§1.3 Equations of motion

We look at an infinitely small element dx of the beam with length L. The beam has an modulus of
elasticity E, a moment of inertia | and a cross sectional area A. The beam is placed on a sequence of
springs with spring constant 7y, subjected to an external force f(x,t) and an axial tension T, see figure
1.3.

fix,1) X
M +

V+dv

W

Figure 1.3: An infinitely small element from the beam subjected to an external load f and a tensile force T.

Summing forces in vertical direction gives (subscript denotes partial derative):

pAdx-w, =V —(V+dV) +x+fxf(§, t) d§ + (T +dT)sin(0+d6) — T sin(6) — ywdx

X

:—dV+f(>~(,t)dx—T@+(T+dT) @Jri(@jdx —ywdx,
OX OX OX\ OX

with a specific X for X < X < X + dX according to the mean value theorem and the assumption

sin(0) ~ tan(6) _ W 1 and sin(0+d0) ~ e+de=@+3(@jdx
28 ox x| ox

Now with neglection of dx?-terms:

o’w oT ow
W dx +8_xa_xdx —ywdXx.

pAdX-w, = —z—vdx+f(>~(, t)dx+T
X

Dividing by dx and since dx is infinitely small X ~ X this results in:
oV
X X

16



d’w dMm
From mechanics of materials we know M = El v and o =V (with the chosen sign convention
X X

forces downward are positive and CCW-moments are positive as displayed in figure 3).

2

d“M
pAW,, :—C17+f(x,t)+(wa)x —YW
=(-Elw,, )XX +f(x,t) +(wa)X — YW,

with the assumption that p, A, El, T are constants we get:

pAw, =—Elw,_  +f(x,t)+Tw, —yw.

Thus we finally found the resulting partial differential equation:

pAth + EIWxxxx _TWxx +WV =f(X, t) (11)

Now introducing nondimensional parameters:

T _n T~ Bl , T ;Y (sz
—ct, W=—cw, c=— |[—, ’=—7, P’=—| — | .
L L L\ pA pAC pA\ c

This gives as a final result (with the bars immediately dropped):

W, +W,_  —Q°W,  +p*W =

it XXXX

f(x,t). 12
—y (x,1) (1.2)
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A different form for the equation of motion can be found in [13], using Donnels shell theory applied
to a circular cylindrical shell one can find a set of three coupled PDE's describing the displacement:

S 8%u 1 —v 8%y l+v 8%y auw 1 —v? 0%
R— - - —p R —,
o2 T2 302 T2 axae ax P E T
3y 21— v a2y 1+v 8%u A 1 —v2 8%
VLR "+ R _ rREY
s T T e T R e T8 TP E N

av a4u 9w a*w 1 —v? 8w
112— 2w k(RS 2R ): rRIY.
FT ( oxt TN e T a0t ) TP TE N e

with u, v and w defined in figure 1.1 and O the angle of rotation.

From the last equation (1.2) it can be seen that under certain assumptions the partial differential
equation (PDE) derived above can be found with additional terms due to the rotation . See [14] for a
more difficult model taking ovally shaped circular cylindrical shells and the other modes into account.

§1.4 Choice for an analytical model

The PDE (1.1) derived in §1.4 will, with f(x,t) specified later on, become an nonautonomous nonlinear
differential equation. Since exact analytical solutions of nonlinear systems often aren’t available
qualitative analysis is used. Moreover, it’s used to predict general features of the motion including
stability and long term behavior. The most useful tool for qualitative analysis of a nonlinear system is
the state plane: a graphical history of the relationship between two variables, although this isn't
often used in this thesis.

Analytical solutions are preferable to numerical solutions because they can be used to predict trends,
analyze the effect of parameters and investigate the stability. Approximate analytical methods are
often used to approximate the solution of nonlinear problems. If the magnitude of the nonlinear
term is small, say in the order of g, with € <1, then a perturbation method can be used to develop
an approximate solution.

For a one-degree-of-freedom system, the generalized coordinate is expanded in a series of power
of g, X(t) = X, (t) +eX, (t) +€°X, (t)+... . This equation can be substituted in the governing
differential equations thereafter coefficients of like powers of ¢ are collected and set to zero
independently. The result is a set of differential equations that are successively solved for

x,(1), 1=1,2,3...

The series can be convergent and if terms of the homogenous solutions appear in the right-hand-side
then secular terms may occur. These terms are unbounded for all t and € and must be removed. A
variety of perturbation methods are developed to remove secular terms.

These include the method of strained parameters, the method of renormalization, the method of
averaging and the method of multiple time scales. Some methods only remove periodic terms that’s
why in this report the method of multiple time scales is used, since implementing this method results
in finding all solutions, for more information see [16].

18



§1.5 Restrictions of the model
In this paragraph the most important assumptions are listed below.
In this model

Only one rivulet is modeled, the effect of the other rivulet is not taken into account;
The upper rivulet doesn’t moves circumferentially on the cable;

The rivulet is modeled as a perfect sine/ block signal;

Only 1D effect are taken into account;

Torsional effects are left out;

The mass of the rivulet is assumed to be small in comparison with mass of the cable;
The rivulet moves frictionless on the cable;

The moment of inertia of the rivulet is neglected;

Material properties are constant throughout the cable;

The cable is modeled as a beam;

Gravity is omitted.

§1.6 Conclusion

In this chapter a PDE has been derived for the cable in conditions where RWIV might occur. The cable
is modeled as an Euler-Bernoulli beam subject to a tensile force, placed on a spring bed and the
beam is in line with the x-axis. Also, the reasons for an analytic model are given, the most important
being: analytic models can predict stability for parameter ranges and can outline long term behavior.

Perturbation expansions can be used if certain terms are small compared to others. Care must be
taken when secular terms occur. Finally it's noted that only under certain important assumptions the
results can be called plausible.

19



2 Perturbation calculus

In this chapter the model of the rivulet will be added to the PDE derived in chapter 1. Perturbation
calculus will then be applied to find an approximation of the analytical solution. To simplify the
model several assumptions are made.

§2.1 Adding the model of the rivulet to the PDE

The rivulet on the beam can be considered to be a mass varying with time and space: m(x,t). To
include this in the model the first term in the PDE (1.1) from chapter 1 must be changed. In this
chapter the rivulet is modeled as a circular cylinder. The amplitude of the wave-shape of the rivulet is
small compared to the mass of the cable and can thus be considered as a disturbance.

Locally the total mass is:

[th ]t =m th +[m(X, t)Wt ]t y

cable

with

m(x,t) = p, A, (X, )dx = dexg(c+ssin (B(x-an)))

2
)

mcable = pcabIeA dX'

cable

Figure 2.1: A schematic representation of the rivulet with a circular cylinder shape and with its height
prescribed by a sine function on a cable-stay of a bridge.

Peable* Acapie P+ A, are the density and cross sectional area of the cable and respectively the rivulet,

T
c is the height at which the sine is present and the presence of Z and the square is just the total

area of a circular disc of the rivulet, see figure 2.1.  and Q are two parameters to give the sine a
general form.

20



Now with neglection of g? —terms:
T 5 . —
m(x,t) = pwdxzc +esin(B(x—Qt) )dx.

So mass term becomes:

[MeW, ], =mew, +[m(x,w, ],

T 2
+=C’p,,.

with mO =m cable 4

cable cable

+ % CszdX = pcableA ax + % CZPWdX = PAdX’ pA = pcabIeA

The dx is divided in the final step of the derivation of the PDE in chapter 1. Now the PDE can be
reformulated. The PDE with the rivulet and without an external load is:

pAW, +Elw,,, —Tw, +yw =g[-M(x, t)w,]..

XXXX

Introducing nondimensional parameters:

ct, W=—cw, C=

2
L p2=i(£j E-s—
L\ pA pAC

W + W, — 0 Xx+p2w=g[—m(x,f)wt}t={mt(>—<,f)wt+%c rﬁ(i,f)v‘vt}
with
m(i,f):sin(BEX—QBLTj:sin(sX—QT), s:BE, Q:QBL.

T TtC T TC

§2.2 The two time scales perturbation method
The PDE has a component of O(g) and perturbation analysis is best suited to find an approximation
of the solution. The convergence of the approximation is discussed in the appendix section E. To

prevent secular terms the two time scales perturbation method will be invoked and applied to this
PDE:

W, +W, . —Q°W, +p°W = e[-m(x, t)wt]t ,

Note that the bars are dropped. Now with w =W(X, t, 1) = W(X,t,&t) we get:

(Vo +28W,, +E°W__ )+ W, — W, +P°W = —M(X,t) (W, +&W_)] .

t
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Now expand W as follows: W(X, t,7) = W,(X,t,t) +ew, (X, t,7) +£°(..) . After substitution we get:

2
(Won +EW, +...)+28(W0u +EW, +...)+s (WOW +EW, +...)+(W0W +eW, +)

_qz(woxx +EW, +...)+p2 (W, +swl+...):g[—r'ﬁ(x,t)(wo1 +g(wOt +EW, +))J :
t

where the dots represent higher order terms.

Collecting all order 1 terms gives:

O(e”):w, +W, —g°w, +p°w,=0.

This PDE will be analyzed in chapter 3.

Collecting all order € -terms:

O(e): w, +w, —g’w, +p’w, =—2w, + [—m(x, Hw, l ,

with M(X, t) =sin(sx —Qt).

This PDE will be analyzed in chapter 4.

§2.3 Lift and drag forces

Equation (1.2) in chapter 1 can be made more realistically if lift and drag forces are inserted. To this
end we place the cable under an inclination angle o, the yaw angle of the incident wind, with mean
wind speed Uy, is designated as 3 just as in [5], see figure 2.2.

The radius of the cable is R and the angle of the static position of the rivulet with the vertical axis is
0,. The angle between the static position of the rivulet 6, and the rivulet itself is 0, see figure 2.3.

Since the cylinder is not perpendicular to the direction of the mean wind speed U, the component of
U, perpendicular to the cable is needed:

U= UO\/COSZ(OL) cos’(B) +sin’(a) = UO\/sinZ(oc)sinz(B) +cos*(B).

For more information about the derivation of the equations, see appendix section C. Note that
gravity is left out and that the angle [ is a different B than the one used in the sine in chapter 1.
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Wind U,

—

B C

Figure 2.2: A representation of an inclined cable of a cable-stayed bridge under influence of wind.

Figure 2.3: The velocity diagram of the rivulet and the cable.

The angle of attack is:

sin(a)sin(B)
Jcos?(B) +sin? (o) sin?(B)

sin(y) =

W .
The assumptions in this report are that: 0 <1, RO=0, so the wind speed is large as compared to

the velocity of the beam in vertical direction and circumferential motion is not taken into account.
The angle between the relative velocity U, and the horizontal axis in figure 2.3, is defined as

® which is:

. Usin(y) +Ww +R0sin(6+6,) ~tan(y) + .
U cos(y) U cos(y)

¢
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The relative velocity becomes, with the earlier named assumptions:

U, = \/(U cos(y) + Récos(e+90))2 +(Usin(y) W+ Résin(9+90))2

W 2
~U cos(y)\/Pr [tan(y) U cos(y)j '

The net vertical force in w-direction is:

F:%pDu; (CL(@)cos(®)+Co (B)sin(@")).

The angle ¢ is defined as ¢ = d)* —0-0,. CLand Cp are functions of the angle of attack as shown in
figure 2.4 below.

S —
o N
T
%
]
(=N

=2 o -
™ o
. ——

Wind

ot
i
™

Steady wind force coefficients C,, C,

S O o o o
o & M D
I

-100 -75 -50 -25 0 25
Angle of attack ¢ (deg)

Figure 2.4: The ‘coefficients’ C, and Cp which are a function of the angle of attack expressed in degrees, taken
from [5].
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. 2 3
w W w w
Now using Taylor approximations around U leads to: F=A, +A1Ut+A2 (Utj +A, (U‘j :

with A, A, and A;constants. The quadratic and cubic term in w, are investigated in respectively

chapter 6 and 7.

§2.4 Conclusion

In this chapter the equations are derived outlining the analysis performed in this thesis. A term
related to the rivulet was added to the PDE derived in chapter 1. Since this term is small a
perturbation analysis is carried out, to give an approximation of the solution of the PDE: the
equation for the order 1, O(1), and order g, O(g), are derived.

Secular terms emerged after which the multiple time scales method was applied. Moreover, a model
for the lift and drag acting on the cable was given. After linearization a quadratic and cubic term
arose in the RHS which needed further attention.
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3 The O(’)-problem

The PDE in the O(so) -problem is linear and homogeneous thus the superscript is dropped and

separation of variables is performed. As stated in chapter 1 the beam is presumed to be simply
supported at both ends.

§3.1 Separation of variables
The complete problem to be analyzed is:

W, +W, . —q°w,  +p°w =0, O<x<m, t>0,
w(0,t) =w(n,t) =0, t>0,
w,, (0,t)=w,, (7, t)=0, t>0,

w(x,0) =g(x), w,(x,0)=h(x), O0<x<m.

We presume nontrivial solutions of the form: w = w(X, t) = X(X)T(t)
Substitution results in:

j X"+’ X"-p?X i
T X ’

where the dots represents time derivative and the prime represents derative with respect to x. The
separation constant —A is negative and it can be proven that is real and that the corresponding
eigenfunctions are orthogonal, see Appendix section A for details. So the assumptionis A > 0.

Solving for X(x):

—X "4 qPX "+ (A —p?)X =0,

—k* +9°k* + (A —p?) =0.
X(x) = 6. } q (A—p°)

This is a quadratic equation in k’. The discriminant of this equation in k’ is: q“ +4(L— p2). We have
to distinguish three cases:

1) q*+4(r—p*)>0;
2)q" +4(L—p*)=0;
3) q* +4(L-p?) <.
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In case 1 we again have three cases:

1) q° > \q* +4(L—p?);
2) " =q* +4(.~p?);
3)q° <4/q4+4(7x—p2).

Define E =q* +4(A —p?), so we need to look at the following cases:

1) E>0 and q2>\/E;
2) E>0 and q2=\/E;
3) E>0 and q2<«/E;
4) E=0;
5) E<O.

In each upcoming paragraph a case is worked out.

§3.1.1Case1 E>0 and q° >VE
We now have four real roots, so we take as a solutions:

X(x) = C, cosh(k,x) + C, sinh(k,x) + C, cosh(k,x) + C, sinh(k,X),

with the constants C,,..,C, determined via the boundary conditions (BCs).

After applying the BCs: X(0) = X(rt) = X"(0) = X"(w) =0 a set of 4 equations with 4 unknowns
will result. This set only has a nontrivial solution iff the determinant is zero:

1 0 1 0
det cosh(k,m) sinh(k,) cosh(k,m) sinh(k,m)
k2 0 K2 0

kZ cosh(k,m) kZsinh(k,m) k2 cosh(k,m) Kjsinh(k,m)
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1 0 1 0
cosh(k,m) sinh(k;m) cosh(k,m) sinh(k,m)
k? 0 K3 0
k? cosh(k,m) kZsinh(k,m) kjcosh(k,m) kZsinh(k,m)

sinh(k,) cosh(k,m) —sinh(k,) sinh(k,m)
= 0 k2 —k? 0
kZsinh(k,m) k2 cosh(k,m)—k?cosh(k,m) K3 sinh(k,r)

=(k§—kf)zsinh(kln)sinh(kzn)=O — k,=ni v k,=ni v k=1k, neZ

The first two complex solutions are in contradiction with the assumption that the roots are real. The

last solution K; == K, will lead to the trivial solution because then ,\jq“ +4(\—p®) =0, which is in
contradiction with the assumption that q* +4(A —p?) > 0.

§3.1.2Case2 E>0and ¢? =JE

Now we have K, , =+(gand K, , = 0 we take as a solution:
X(x) =Cx+C, +C, cosh(k,x) +C, sinh(k,X).

Applying the BCs results in the matrix:

01 0 0 0
n 1 cosh(k,r) sinh(k,m) |0
00 k2 0 0|
0 0 Kk’cosh(k,m) kZsinh(k,m)0

setting the determinant to zero gives kK sinh(k,x) =0,

so only the trivial solution will result.
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§3.1.3 Case 3 E>0 and g’ <</E

2 2
. . R i e D
ki3 will give two real roots and k, , two purely imaginary *al, with a = > , SO

we take as a solution:
X(x) = C, cosh(k,x) +C, sinh(k,Xx) + C, cos(ax) + C, sin(ax),

Applying the BCs results in the matrix:

1 0 1 0 0
cosh(k,m) sinh(k,) cos(ar) sin(art) |0
k? 0 -a’ 0 0|

k?cosh(k,m) kZsinh(k,m) -a’cos(ar) —a’sin(am)|0
with its determinant equal to zero leading to:
. . 2 .
sinh(kmsin(am) (k +a*) =0 — k,=ni v a=n v k;+a’=0.

The first solution contradicts with the assumption that k; is a real root. The second solution leads to
the matrix:

1 0 1 0|0
cosh(k,m) sinh(k,m) cos(ar) 0[O0
k? 0 —a’ 00|

k?cosh(k,m) Kk’sinh(k,m) -a’cos(an) 0|0

which means that C, is free and C, =C, =C, =0, thus this results in X(X) =W, sin(nx) with
coefficients W,,.

The third solution isn't possible because both a and k; are real.

§3.1.4Case4 E=0

If q*+4(h—p?)=0, then K, 5 -4 K,, = —i, so we take as a solution:

Z T

X(x) = C, cosh(kx) + C,x cosh(kx) + C, sinh(kx) + C,x sinh(kx).
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Applying the BCs results in the matrix:

1 0 0 0 0
cosh(kn) ncosh(km) sinh(kr) nsinh(kmn) 0
k? 0 0 2k 0|

k?cosh(kn) 2ksinh(kr)+k’rmcosh(km) k?sinh(km) 2k cosh(kr)+ k*msinh(kr)|0

setting the determinant to zero gives:
—2ksinh? (k) # 0,
so only the trivial solution will result.

§3.1.5Case5 E<O
In this case there are four complex valued roots where they appear in couples and have nonzero
imaginary parts. Suppose the roots have the following form: K, , ,, = v, *iv,, with v,,v, real-

valued and v, # 0, then we take as a solution:
X(x) = C, cosh(v,x) cos(v,x) + C, sinh(v,x) cos(v,x) + C, cosh(v,x) sin(v,X) + C, sinh(v,X)sin(v,X).

Applying the BCs results in the matrix:

1 0 0 0
cosh(v,m)cos(v,m) sinh(v,m)cos(v,m) cosh(v,m)sin(v,m) sinh(v,m)sin(v,m)
vi-v3 0 0 2v,v,

(vf—vg)cosh(vln)cos(vzn)— (vf—vg)sinh(vln)sin(vzn)— (vf—vg)cosh(vln)sin(vzn)+ (vf—vg)sinh(vln)sin(vzn)+

| 2v,v, sinh(v,m)sin(v,m) 2v,v, cosh(v,m)sin(v,m) 2v,v, sinh(v,m) cos(v,m) 2v,v, cosh(v,m)cos(v,m)

setting the determinant to zero leads to:

(v} =3 )sinh(v,m) cosh(v,m)sin(v,m)[cos(v,m) —sin(v,m)] +

2v,v, [ sinh? (v,m) cos® (v,m) + cosh? (v,m)sin® (v,m) | 0.

Thus only trivial solutions will result. Note that v, Vv, can be deduced by taking the principal part
when calculating the root of the complex number (the result is omitted here).
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§3.2 The final solution
We proceed with the infinite solutions found in case 1.3. Now the ODE for the time can be solved:

=—r - T+, T=0 — T,(t)=C,cos(w,t)+Cssin(w,t),

with @, =&, =/n* +g°n® +p.

— =

The final solution becomes:

w(x,t) = i{Gn cos (w,t)+H, sin(w,t)}sin(nx),

n=1
with initial conditions:

w(x,0) =g(x),
w, (X, 0) = h(x).

The coefficients can be determined at t = 0 by using orthogonality of sines and cosines and
integrating from 0 to 7 for x this results in:

G, =3jg(x)sin(nx) dx,
n 0

H-21 jfh(x) sin(nx) dx.

n
T,

Note that we can have (mathematical) problems if the stiffness of the beam goes to zero. We have to
look at this problem separately.

§3.3 A string-like model
Suppose we look at a vibrating string-like model or equivalently we let the stiffness of the beam go to

zero then the nondimensional PDE:

L
cnpA

W, +W,_  —Q°W,  +p*W = f(x,1),

XXXX

becomes with new nondimensional parameters (not explicitly shown here):

W, — W, +a’w = f(x,1).

cpA

We take f=0 and we use separation of variables: W(X,t) = X(x)T(t),
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T n 2
W, —W,_, +a’w=0 LI XEeX S
T X

X"(A-a?)X=0 — X(x) :Clcos(x/k—a2 -x)+Czsin(\/k—a2 -x),

T+AT=0 > T(t)=C,cos(Vat)+C,sin(Vat).

We use fixed ends, so X(0) = X(n) =0, which results in
0=sin((x/X—a2)n) — A-a’=n*n=123,..

With the assumption that A > 0.
Thus the solution is: W(X,t) = > {G, cos(w,t) + H, sin(w,t)}sin(nx) with o, = JA, =vn?+a?,
n=1

with initial conditions:

w(x,0) =g(x),
w, (X,0) = h(x).

The coefficients can be determined at t = 0 by using orthogonality of sines and cosines and
integrating from 0 to 1t with respect to x which results in:

G, :E_ng(x)sin(nx) dx,
n 0

H, =2 [ sin(nx) dx
TE(Dn 0

The model hardly changes: the number of parameters is reduced from two to one which makes
upcoming frequency calculations easier to perform.

§3.4 Conclusion

In this chapter separation of variables is performed to solve the O(1)-problem. The beam under
consideration is simply supported. The boundary equations leads to a set of equations for the
coefficients which eventually lead to a matrix of 4x4.

If the determinant is zero then there are infinite solutions. Several cases for the roots of the equation

for the spatial coordinate lead to trivial solutions except for one case. Finally the eigenfunctions and
the eigenvalues are derived and a string-like model reduces the number of parameters to one.
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4 The O(¢')-problem

In chapter 2 we've found that the O(g) -problem is:

O(e): wy +w, —q’w, +p°w, =-2w, + [—sin(sx —-Qt)w, ] (4.1)

.
In the last chapter wy has been determined, using wy the order € -part Wl(X, t,T) can now be

determined. The homogenous solution is the same as the solution for wy. Attention must be paid to
the particular solution for unbounded solutions are not wanted.

§4.1 Preventing secular terms

The boundary conditions suggest a solution of the form: Z B, (t,t)sin(nx) , substituting this
n=1
solution in the PDE (4.1) gives:

i{@;?n +(n4 +0°n’ + pz)Bn}-Sin(nx)(—l) =

i{dGn (—sin(o,t)) + d:" cos(oant)}-Zwn sin(nx) +

~ dt T

NgE

{G, (—sin(e,t))+H, cos(w,t)}o,scos(sx —Qt)sin(nx) +

>
Il
N

NgE

{G, cos(w,t)+H, sin(w,t)} (—o?)-sin (sx —Qt)-sin(nx),

>
Il
N

with @, =&, =+/n* +g*n? +p.
Note that the minus signs of RHS are collected and put at the left hand side. Now to get rid of the

2 .
summations the orthogonality of the sine will be used e.g. multiply with —sin(mx) and integrate x
T

from O to T gives the result on the next page.
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0°B
ot?

™ +(m*+g°m’ +p®)B, (-1) =

20, {di’“ (—sin(w,t))+ d:rm cos(mmt)}+

2y {G,-(=sin(w,t))+H, cos(w,t)} o,s- jfcos(sx —Qt)sin(nx) sin(mx)dx +
s n=1 0

') Y

gZ{Gn cos(e,t) + H, sin (o, t)}- (~w?)- J'sin (sx —Qat)-sin(nx) sin(mx)dx.

T =t

The four cases where the denominator of the result of the integrals is zero will eventually lead to the
same conclusions, to that end the analysis of those four cases is omitted. The result of the integrals
and more information about the calculation can be found in Appendix section B.

In order to prevent unbounded terms the coefficients of the Sin(€2t) and cos(€t) must be set to
zero. It's therefore clear that four distinct cases must considered:

1) Q+o,to,;
2) Q=0 + 0,
3 Q=0 —0;
4) Q= -0,

Note that in conditions 2 and 3 the assumption remains that 2> 0so M > N, the situation that
Q < 0 (with N>M) gives the same result with the only difference that the rivulet moves to the left.
So, only three cases have to be checked. Note that all three cases are forms of internal resonance.

1) Q#oyto,;

2) Q=0 +0,,;
JQ=0,-0,, M>N.

§4.1.1Casel Q# o, O,

In this case there are no resonating terms which leads to:

dG,
T

o0 56,0 =H,0 =22 [n) sin(m) dx, for n=1,2,3...
T T, 3

=0 —>Gn(r):Gn(O):%jg(x)sin(nx) dx, forn=12,3..
0
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G, and H, are thus independent of t. So, if we start with zero initial energy in the nth mode, there

1
will be no energy present up to O(g) on a time scale of order —. We say that coupling between the
€

modes is of O(g) . This allows truncation to those modes that have nonzero initial energy.

§4.1.2Case2 Q=0 +t0,,
Suppose (2= m, +m,, for a certain natural numbers N and M. In case 2 the equation to be solved

fornand mis:
0, +0, =Q=0, +0,,

leading to n = N and m = M (or m =N and n=M). It's difficult to prove the presence of nontrivial
solutions therefore the analysis towards nontrivial solutions is omitted.

ddGM =C,(M,N)-G, +C,(M,N)-H,,

T

dH,,

T =Cy(M,N)- Gy, +Cy(M,N) H,,

dSN =C,(N,M)-G,, +C,(N,M)-H,,,
T

dH,,
~=Co(N,M) Gy, +Cy(N.M)-H,.

€01 =D01.)-5 = 1-0, Fo Jsin(r)-1*,

C,(i,))=D(i, )) %%(N oy %Cj(l-i- cos(ms)(~1)"" "),

i I P 10)] T H i+j+1
Cs(l,j)=D(I,J)-Z;(l—f-wjEC]SIH(TES)(—].) =
o (2) -2ijs
D(I’J)_(nj (i—i+8)(i-i-s)(iri+s)(i+]-s)

Note that for N # N,m = Mor m = N, n # M the results of §4.1.1 Case 1 apply. The D(i,j) is the

result of the integrals multiplied by a constant. The solution of the set ODEs in the above example is
instable. To explain this we need to look at the characteristic equation, which is:

L' —(CP +2C] +C3)2 +(CICE - 2C,CiC, +C3 ) =O0.
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This is a fourth order real monic polynomial. A real monic fourth order polynomial
x* +ax® +bx? +cx +d is only stable if the coefficients satisfy:

a>o0;

b>0;
0<c<ab;

abc —¢?

O<d< X

Notice that there's no A>-term in the characteristic equation! Thus condition a > 0 is violated.
Conclusion: the polynomial in not stable e.g. there is at least one eigenvalue with a positive real part.

The case: ®, —®,, == o, +®,, is investigated in §4.2.

§4.1.3Case3 Q=m,, -0
Suppose (2= m,, —m,, for a certain natural numbers N and M. In case 3 the equation to be solved

forn and mis:
0, —0, =Q=0,, —0,

leading to n =N and m =M (or m =N and n=M).

©u _c (M,N)-G, +C,(M,N) H,,
ddHrM = —C4(M,N)-G +C,(M,N)-H,,
dGy =C,(N,M)-G,, —C,(N,M)-H,,,
dHy =C,(N,M)-G,, +C,(N,M)-H,,.
with C, =D, ,%%‘(1—@1 %CJ(“COS(S’T)(*)”M)-

Here the same conclusion as in §4.1.2 applies e.g. the set of ODEs has an unstable solution.

§4.2 Combination resonances
When two different forms of resonance merge the resonance is called a combination resonance. The
following form of combinations resonance can occur:

0, —0, =Q=0n+0,,
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To solve ®, —®,, = ®, +®,, with N >mM =1 an upper bound can be found via an estimation (this

approach is similar to that in [15]). This is illustrated via an example; take N =1 and M = 2, thus the
equation to be solved is (introduce c=p? b=q?):

Jn+bn?+c=vm*+bm?+c+\1+b+c++16+4b+c

=m,fm2+b+%+«/1+b+c+2 4+b+% =
m
n‘/n2+b+%<m\/n2+b+%+l-\/n2+b+%+2-‘/n2+b+%.
n n n n

The last line is valid if:

m2+b+%<n2+%+% = —(mz—n2)<i—

1 1
The supremum lies at m=1, n=2 thus the upper bound found is valid if: — < Z
C

Now under this assumption the estimation becomes:

f c f C
n,/n*+b+— <(m+3),/n*+b+—, thus m<n<m+3 = n=m+l v n=m+2.
n n

1 b
Withd ==, f = — the equation to be analyzed is:
c c

Jdn® +fn? +1=Jdm* +fm2 +1+16d + 4f +1+Jd+f +1.

Tables 4.1, 4.2 and 4.3 give results for d = 0.24 computed with Matlab, see Appendix section D for
the M-code. Note that a great deal of the results can be expressed symbolically (with increasing n
these formulas become large), these symbolic formulas are omitted. Table 4.1 gives the result for n =

m+1, table 4.2 for n = m+2 and finally table 4.3 ®, —®,, = 2m, with n = m+1.
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n m f n m f n m f

2 1 - 3 1 0.1201 2 1 )

3 2 - 4 2 3.5600 3 2 0.1201
4 3 0.0508 5 3 8.0377 4 3 1.8246
5 4 0.9385 6 4 13.7290 5 4 4.0565
6 5 2.0455 7 5 20.6637 6 5 6.8348
7 6 3.3728 8 6 28.8499 7 6 10.1643
8 7 4.9209 9 7 38.2910 8 7 14.0466
9 8 6.6899 10 8 48.9882 9 8 18.4822
10 9 8.6799 11 9 60.9424 10 9 23.4717
11 10 10.8909 12 10 74.1540 11 10 29.0150

Tables 4.1, 4.2 and 4.3: the results are shown respectively forn=m+1,n=m+2and inthelastonen=m+1
for w,-w=2w;.

Note that the values of d and f do not have influence on the stability of the system. The estimation
shown here is to verify that in certain situations four modes are coupled. It's clear that the analysis
performed with two degrees of freedom isn't easy, keeping this in mind the restoring force term is

removed in the analysis in chapter 6 and 7.

§4.3 Moment of inertia of rivulet added

One of the assumptions is that the moment of inertia of the rivulet is negligible. In this paragraph the
influence of the addition of the moment of inertia to the PDE is investigated. Remember that in this
report the rivulet is modeled as a circular cylinder thus for the moment of inertia of the rivulet, we
use the moment of inertia of a circular cylinder.

In this paragraph the effect of the moment of inertia is shown by isolating the terms connected to

this term. The assumption in this paragraph is that the entire rivulet is a circular cylinder with
variable height having a sine wave-like shape, see figure 2.1:

4 4
rivulet,x = % = TEGI:Z = G_TZ(C_'_SSin (B(X _Qt)))4

TC . —
Now we neglect O(&”) -terms which results in: 1, « & &04 +&sin (B(X —Qt))
The term with the flexural rigidity needs to be adjusted:

(Elw,, ). =El, w, +2EL W, +Elw,,

XX

Inserting the sine function leads to:

El,W,. +sE[sin(B(x—§_2t))WXXXX +2[3cos(B(x—£_2t))WXXX —B%sin (B(x—ﬁt))wxx]

38



The term I, refers to the moment of inertia of the beam I, and the constant part of I,,,e. The last
three terms need to be investigated further for the first term was already taken into account in the
original PDE.

We now apply the same steps as in §4.1 for the three terms. After applying orthogonality,

substitution of Z B, (t, t)sin(nx) and introduction of nondimensional parameters, we get the
n=1
following product terms:

Zjisin(sx —Qt)sin(nx) sin(mx)dx - (G,, cos(w,t) +H, sin(w,t))

Z][.cos(sx —Qt) cos(nx)sin(mx)dx - (G, cos(w, t) + H,, sin(w,t))

no

Zj['sin(sx —Qt)sin(nx) sin(mx)dx - (G,, cos(w,t) +H, sin(o,t))

Note that constant terms have been left out to show the general idea. We see that similar terms like
the ones found §4.1.1-§4.1.3! The conclusion of §4.1.2 regarding Routh-Hurwitz remains valid.
Therefore the introduction of the moment of inertia of the rivulet doesn't change the outcome:
instability.

§4.4 Conclusion
In this chapter the O(g) -problem is solved under the assumption that the rivulet has a sine wave

shape. After removing secular terms via the multiple time scales method a set of ODEs was derived
in case the frequency with which the rivulet moves is a combination of eigenfrequencies. In all cases
the solution of the set of ODEs proved to be instable.

There are still open problems in the calculation of the frequencies. In §4.1.2 it's already mentioned
that we look at the trivial solutions. There can be more, this is also the case for the trivial solutions in
§4.1.3 and §4.2.

In the case of combination resonances the situation became difficult . Only specific combinations of
the material constants of the beam can lead to resonance. Due to the two parameters p and g, one
had to be fixed, in order to show that there can be situation in which four modes are coupled. This
situation also led to instability. In the end, the moment of inertia of the rivulet was taken into
account to show that the instability isn't changed.
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5 The block signal

In this chapter the shape of the rivulet changes to a block form. The analysis is similar to that of the
sine -shape in chapter 4. First of all the mass function of the rivulet must be changed. The details for
the calculation can be found in the appendix section F.

t

7

- s
L X K J < P L B K J
- A
J&\ i —_—
y t=t,
L LK J L R K J
CI( dk
Cc
t=0
.
X

Figure 5.1: A schematic display of the rivulet shape.

§5.1 Model of the block function

The shape of the rivulet is a block signal of infinite length. The height of the block is 1, the width is
di-c, =constant. The block signal is elevated a distance c of the x-axis (please don't confuse this c
with that of the interval ¢,), see figure 5.1.

The corresponding mass function now becomes:

m(x,)=c+ 3 QIx—O(t—c,)]-Qx - Q(t—d,)],

1 x>0,

with Q the step function: Q(X) = {0 0
, X<U.

The analysis is now fast forwarded to the prevention of secular terms in the O(g) -part. Upon
substitution of the block model function in the nondimensional PDE we get:

W, +W, ='W, +piw, = 2w, J{(—Z Q(Ex—Q(Lt—ckD—Q(Ex—Q(Lt—dk
mc T mc

k=—00 U
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The boundary conditions suggest a solution of the form: Z B, (t,t)sin(nx) , substituting this

n=1
solution in the PDE above gives:

n=1

i{ii” +(n4 +0°n® + pz)Bn}-sin(nx)(—l) =

(=sin(o,t))+

A

(wnt)}-Za)n sin(nx) +

T

i{G (—sin(w,t))+H, cos(w,t)}- o, [i5(

n=1 k=—o0

£ftct_ckjjﬁs(%x‘g(%t d m-sin(nxn

nZ.Z{GnCOS(wnt)+Hnsin(wt )} (o )(iQ( (Lt—ckj]—Q(%x—Q(Lt d m-sin(nx),

k=—c0

with o, =&, =+/n* +g*n? +p.
Now using orthogonality: multiplying both sides with —sin(mx) leads to:
T

82Bm 4, 2.2 2 dG,,
e +(m*+g’m’+p*)B,_ (-1) = 20, -

(—sin(w,t))+

T

m cos(mmt)}+

o0

. 2L 2L
> {G, -(-sin(w,t))+H, cos(a,t)}- —— I,(n, t)+Z{G cos(e,t) +H, sin (o,t)}- E;-Iz(n,t).

n=1 n=1

with I, and |, specified in the appendix section F.

In principle the series with the step and Dirac delta functions are periodic in x and can be rewritten in
a Fouries series. By using orthogonality the result of the integrals I; and |, shows that there can be
four cases in which resonance might occur. These four cases are investigated in the next paragraph.
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§5.2 Internal resonance
Resonance will occur in four cases:

) a=oy-0, N>M <« Q=c. 2% N5\,
N-M
2) azw +to, N>M <& Q=c- 20T Ny,
N—M
3) e=oy-w, N>M < Q=c- N NsM,
N+M
0, +O
4) e=o,+® < Q=c. N M
) N N+M

with a=(n—m)Q%, e=(n+m)Q%.

In case n = m two of the denominators above can become zero, the only resonance case is then
1

200m —, the analysis of this case is similar to the ones performed for the four cases above and
C

therefore omitted. Below the sets of ODEs corresponding to the cases above are given.

§5.2.1Casel a=m -0, withN>M

20, 4Cu =z[‘”—zN—&](cos(bck)—cos(bdk))GN —("’—ZN+&j(sin(bck)—sin(bdk))HN,

dr <l4N-M) 4 4N-M) 4
20, d:TM :;_(%+MN‘”_§M) (cos(be,) —cos(bd, ) Hy + ‘”TN+4(N"’—EM)](sin(bck)-sin(bdk))GN,
20, dCCiBTN :;£M§_§I\I)+_‘”TM (cos(bc,) —cos(bd, )Gy, + %_“S—%J(sin(bck)—sin(bdk))HM,
20, d:TN :;(_%+«J—§m (cos(be,) —cos(bd, ) ) Hy + —%’HLMJ—%J(sin(bck)—sin(bdk))GM.

Note that the coefficients of Gy, Hy, Gy and Hy are all constants.
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§5.2.2Case2 a=m, t®,, withN>M

2
N

dGy _ <[ o o4 oy oy o
20, - _Z[ 4 +—4(N I\/I)j(cos(bck) cos(bd,))G, ( 2 +4(N—M)J(Sm(b0k) sin(bd,))H

k

2

(0N (ON
2 +—4(N— )J(sm(bck) sin(bd,))G,,.

t J(cos(bck) cos(bd,))H, [

Ow L)(sin(bck) —sin(bd,))H

)(COS(bC) cos(bd,))G,, (T 4(M —N)

2

O, Oy
( 4(M N) 2 ](cos(bck) cos(bd,))H,, (4 +—4(M N)](sm(bck) sin(bd,))G,,

If Qisn’t equal to any of the four cases mentioned above then the results of §4.2 apply. Case 3 and 4
are in the appendix section F, moreover the sum over k is a finite sum for a given t.

The two sets of differential equations displayed above are instable. Just as in chapter 4 the diagonal
of the matrix A of the equation X = AX contains a zero diagonal and therefore all of the eigenvalues
of A are positive, the same conclusion applies to case 3 and case 4 found in the appendix and the
case n=m.

§5.3 Conclusion

If the rivulet shape attains a block signal then four cases of resonance can occur. In all of those four
cases instability is the result. Apparently this is something that the sine wave and the block shape
have in common.
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6 A quadratic term

§6.1 Formulating the problem

The PDE described in chapter 1 can be more realistic if the lift and drag forces are added. The
magnitude of the angles involved are small and can be thus linearized for small angles. As is
explained in §2.3 linearization brought about two terms in the RHS which need further attention.

The quadratic and cubic term in the RHS involve each a different approach, that's why the analysis is
separated in two chapters: in this chapter the PDE (1), displayed below, with an quadratic term will
be studied, in the next chapter the cubic term will be analyzed. Moreover, as noted in §4.2 the
restoring force term is omitted.

In this paragraph the model of the rivulet will be omitted to be added later. The analysis resembles
chapter 3 of [11] but differs greatly at some points. The problem under consideration in this chapter
is:

pAw, +Elw_ —Pw _ =gw?, 0<x<L,t>0,
M w(0,t) =w(L,t)=0, t>0,
w,, (0,t)=w,, (L,t)=0, t>0,

w(x,0)=0g(x), w,(x,0)=h(x), 0<x<L.

T - 7 _ T n | El
Using dimensionless variables X =—X, t =—c¢t, W=—cw, c=— |—, and
L L L LY\ pA
. L L 2 P
introducinge =¢ , K= —2, the problem becomes:
cnpA pAC
Wi + Wy — oWy = EW2, 0<xX<mt>0,
) w(0,t) =wW(m, t)=0, t >0,
W7(O,T):Wﬁ(n, )EO >0,

If the right hand side is identically equal to zero e.g. € =0 then the solution can be determined via
separation of variables with the following result:

WX, T) =3 (G, cos(e, T) + H, sin(w, T) sin(n),
20 o\
G, :;lg(x)sm(nx)dx,
2 e N e
H, :n—conlh(x)sm(nx)dx,

hy=nt4pn?, o, =7,
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From this point on the bars will be dropped. Note that Wt2 is not an 2m-periodic odd function

whereas W,,W, . and W, are. To see this w(x,t) must be analyzed, the boundary conditions imply
that w can be written in the form of a sine series:

w(x,t) =D w, (t)sin(nx).
n=1
Now look at the deratives:

W, (X,t) =D w, (t)sin(nx) — 2 -periodic odd function.

n=1

W, (X, 1) = Z:Wn (t)n*sin(nx) — 27 -periodic odd function.
n=1

w,, (X, t) = an (t)n?sin(nx) — 2m-periodic odd function.

n=1

w2(x,t) = 33 W, (t)w k2 sin(kx)sin(Ix)

k=1 1=1

sin(kx)sin(Ix) = %{cos((k ~1)x)—cos((k+1)x)}.

Thus this term is even. The addition of a function j(x) makes this part of the RHS odd and a 27t -
periodic function: j(X) =1for X € (0,7t) and j(0) = j(r) = 0. The derivation of the Fourier series is
as follows:

ﬂ 1
nt2m+1

1:iansin(nx)—> Isin(mx)dx=amg—> ang'[sin(mx)dx: ,m=0,12,...—>
n=1 0 Tco

. 4 1 .
i)==> o +lsm((2m +1)x), m=0,12,...

Tn=t

§6.2 A formal expansion
If a regular asymptotic expansion for w(x,t) is performed, terms of the homogeneous solution will
appear in the RHS, to prevent these secular terms the two-time-scales-method is utilized.

w(X,t) =W(X,t,1) with T=gt.

Upon substituting in problem (2) and using the formal expansion
W(X,t, ) =w,(X,t,1)+ew, (X, t,1)+...

we get:

[Wo+ew, | +2e[w, +ew, | +&”[wo+ew,|_+[w,+ew,] —p’[wy+ew,| = s[(wo + gwl)zl :
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The order 1 and order ¢ -problem are:

O@M):w, +W, —u’w, =0,

O(e):w, +W, —p*w, =-2w, +j(X)wg .

The solution for the O(1)-problem is:

Wo(x,t,7) = 3 {G, (1) cos(w, ) + H, (1) sin(e,t) sin(nx),

G,(0)= %]ﬁg(x)sin(nx)dx,

us

H, (0) :%J.h(x)sin(nx)dx,

Ay =nt+p’n®, o, =7,

The boundary conditions imply a solution of the form: an (t,t)sin(nx), substitution leads to:
n=1

n=1 n=1 d

i(q‘n +n* +u’n’q, )sin(nx) = 3 20, (dG” (~sin(w, t) + d:” COS((,Ont)j-f-
T T

DI ﬁqmqksin(kx)sin(lx)sin((2j+1)X)-

k=1 1=1 j

Note that:

sin(Ix)sin(kx) sin(dx) =%sin ((1+k—d)x)—sin((1-k—d)x)—sin((I+k+d)x)+sin((1-k+d)x)
with d=2j+1,j=0,1,2,...

2 .
Now using orthogonality: multiplying both sides with —sin(mx) and using the symmetry in | and k
T

we get:

Gy +(m* +p’m?)q, =20, (dG”‘ (-sin(o, t)+ dH,, cos(mmt)j+
dt dt

1[22_2 LYY -y ]2,-1+1CD’

T m=Il-k+d m=l-k-d m=Il+k-d m-l+k+d m=-I-k+d

with @ =0, {G, (—sin(ot)) +H, cos(w,t)} {G, (-sin(w 1)) + H, cos(w t)}.
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The last term can be rewritten using goniometric relations:

@ = D%

{(GyG, +H,H,)cos((w, —,)t)+(-G,G, +H,H), cos( (o, +w)t)}+

0,0

{~(G\H, +H,G,)sin((w, +®)t)+(G,H,—H,G,)sin((o — , )t)}.
In the appendix section G it’s shown for what cases resonance might occur, for uz <45, by solving

Diophantine-like equations:

m=k+Itd v m=k-l+td v m=-k-I+d,

sy mtemi® =ik 21 P

with j,K,I,meN, d=2j+1. From the appendix it becomes clear that only specific values of d, k, |,

2 . . . . .
m and ” give rise to internal resonance (mode interactions). In the table below several mode
interactions are given.

m,l,k,d uw
3,2,2,1 17/7
4,2,3,1 9,27
5,2,4,1 18,48
6,3,3,1 27,36
6,2,5,1 30,01
7,2,6 43,86
19,6,18 2,028

Table 6.1: Only for special cases of |1” resonance can occur.

§6.3 Addition of the rivulet
In [11] some mode interactions are investigated without the model of the rivulet so we omit these
analyses, instead we add the model of the rivulet and review these cases. In a worst case scenario

resonance will appear for a specific value of uzand for the frequency with which the rivulet moves.

17
The scenario with “2 =—and Q= m, +®, gives the set of ODE's on the next page.
7
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2
d62 = _E&(GZH3 - Hst)’

dt 21n o,

d(lj-i2 :%2_3((32(33+H2H3),

ddcia :%wis(ZGsz)mlemczHN,
%:%i(_egmg)mﬁ“ww
d;iN =C,G,+C,H,,

d:TN =C,G,+C,H,.

If n#2,3, N then

GaGTn =00, =%!g(x)sin(nx)dX,
6:; =0 H, :in!h(x)sin(nx)dx.

The coefficients C; can be found in the appendix, note that they're dependent on N and M. It's clear
that if one specific critical value of ;,LZ is analyzed then the presence of the rivulet can bring about the

addition of an extra mode, in this case a mode N. Note that 2 has a fixed value and because N is still
a parameter there are infinitely many extra modes that can appear for a specific 2 in the case of

. 2
resonance for a critical value of p°.

If C2is a combination of two frequencies which already are involved in the case for a critical uz no
extra modes are added but the set of ODE's will be more complicated. To illustrate we choose
Q =, + o, and the same P’ as above:

dG 16
d«;z :—Em—j(Gsz—Hst)““Cle“LCsz’
dH, 16 o’
drz :—Zlnm—z(Gng+H2H3)+C2G3+C3H3,
dG, 16 1
=——(2G,H,)+C.G, +C.H.,
dt Zlnm3( 2 2) 12 2
dH, 16 1

(—G§ + H§)+CZG2 +C,H,.

dt  21n o,

The equation solver of Matlab reveals that the only equibrilium point is (0,0,0,0) which is unstable
found after linearization.
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The next case is m = 4,3,2 with pz =9, 27 the corresponding ODE system with the a rivulet model is:

d(iz = 43527t m;? (H,G, —G,H,)+C,G, +C,H,,
dcll-i2 _ 43\':)27T 0’:)(;’3 (G,G, +H,H,)+C,G, +C,H,,
d(i?’ = 4352n wfo?“ (H,G,-G,H,)+C,G, +C,H,,
d(lj—lTs _ 43527T (’3;(;)4 (G264 +H,H,)+C,G,+C,H,,
ddGT“ - 4352n m;(j3 (G,H, +H,G,),

dH, 32 o,0,

(~G,G,+H,H,).

dt 451 o,

All of the cases above have unstable solutions: the eigenvalues of the linearized system around an
equibrilium point has a zero diagonal resulting in an characteristic equation which has violated the

Routh-Hurwitz criterium for a polynomial of degree four. This is not the case if 2= 2wm,,, if case

m=3,2,2 is reviewed with Q= 2(1)2 then we get:

dG 16 o

> :_Ew—j(GZH3—HZGs)+ClGZ+C2H2,
dH, 16 o’
d_rz:2_1nco_z(6263+H2H3)+CZGZ+C3H2’
96, =£i(2GZH2),

dr  2ln o,

%:Ei(_ezmz)_

dt  2ln o, 2

The Matlab solver reveals that the only “equibrilium point” is (G,,H,,G;,H,) =(0,0,a,b) with a

and b arbitrary. So an entire plane in 4D is a solution. Figure 6.1 reveals that the solution becomes
instable for an initial condition of (0.1, 0.1, 0.1, 0.1) = (G,,H,,G3,Hs).
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Figure 6.1: With an initial condition (0.1, 0.1, 0.1, 0.1) G,, H,, G3 and H; all move away from the origin.

In the case that Q = 2w, we get:

o|(§|3r2 :_%%(Gsz—Hst),

do';z =%2—§(GZG3+H2H3),

dd(is =%mi3(ZGsz)+ClG3+Csz'
LN T e

There's only one equibrilium position (0,0,0,0) found via Matlab, analysis via transformation to polar
coordinates, linearization nor finding a first integral gave plausible results. Although the blow-up
method is an option a numerical integration was performed which shows instability, see figure 6.2.

50



2.5 L L >
G
2 [ ] -“-
2 ———— H, -
. 3 N
+ H, °
N 15 + :
o™
T [ ]
™
) +
N
T °
o 1 + d
[ ]
+,
L
+,
0.5 _; ",:‘
2 2 —‘:/
'f '! 'V_ .......................................
0 r r
0 0.5 1 1.5
T->

Figure 6.2: With an initial condition (0.1, 0.1, 0.1, 0.1) G,, H,, G; and H; all move away from the origin.

§6.4 Conclusion

Internal resonance will most likely not occur with the addition of the quadratic term: only for special

2 . . . . .
values of L certain modes will cause resonance. In a worst case scenario the rivulet will cause
additional resonance and can even add an extra mode where resonance occurs.

The addition of the model of the rivulet can thus result in internal resonance between four modes. If
energy initially is present in one of the modes there will be continuously energy transition between
the mode where internal resonance occurs. Truncation to those modes is then valid. In those cases

instability will be the result.
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7 A cubic term

§7.1 Formulating the problem
As is explained in §2.3 the addition of the lift and drag forces introduces a cubic term on the RHS. In

this chapter the PDE (1) below with the cubic term will be analyzed. The analysis resembles chapter 2
of [11] but differs greatly at some points.

For now the model of the rivulet will be omitted. The problem under consideration is the beam
satisfying the PDE from chapter 1, simply supported, with an cubic term in the RHS and as noted in

§4.5 the restoring force term is omitted:

pAw, +Elw_ —Pw _ =sgw’, O0<x<L,t>0,
M w(0,t) =w(L,t)=0, t>0,
w,, (0,t)=w,, (L,t)=0, t>0,

w(x,0)=g(x), w,(x,0)=h(x), 0<x<L.

Using dimensionless variables X =

—la
_><
—

I
—la
(@)
-~

=

I

(@)
=

(@]

I
rla
2 |m
37T

Q

>

o

_ L P
introducing e =¢ 2= — the PDE becomes:

crpA’ " pAC

W + W — W, = WS, 0<X<m,t>0,
@ w(0,t) =W(r, 1) =0, t>0,

W, (0, 1) =W, (n,T) =0, >0,

W(X,0)=g(X), W-:(X,0)=h(X), 0<

If the right hand side is identically equal to zero then the solution can be determined via separation
of variables with the following result:

W(x, 1) = i{Gn cos(w, t) +H, sin(w, )} sin(nx),

n=1

G, :;!’g(i)sin(ni)di,

U4

2
H, =Ejh(x)sm(nx)dx

A, =n*+u’n?, mn:\jz.

§7.2 A formal expansion
From this point on the bars will be dropped. If a regular asymptotic expansion for w(x,t) is

performed, terms of the homogeneous solution will appear on the RHS, to prevent these secular
terms the two-time-scales-method is utilized.
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w(X,t) =wW(X,t,1) with T=gt.

Upon substituting in the PDE (2) and using the formal expansion:
W(X,t, 1) =w, (X, t, 1) +ew, (X, t,1) +...

we get:

[w, +ew, | +2e[w, +ew, | +e*[w,+ew, | +[wy+ew,] —p®[w,+ew,| = g[(wO + swl)sl :

The order 1 and order € -problem are:

O(l) Wott + Woxxxx N lszoxx - 0’

O(e):w, +W, —p’w, =-2W, +W;.
The solution for the O(1)-problem is:
W, (X, 1,7) =D {G, (t) cos(w,t) + H, (t)sin(w,t)} sin(nx),
n=1
2 ¢ .
G,(0)= —jg(x)sm (nx)dx,
n 0

H_ (0) =£Ih(x)sin(nx)dx,

Ay =0t +pfn?, o, =7,

The boundary conditions imply a solution of the form: qu (t,t)sin(mx), substitution of this

m=1

solution in the O(g) -problem leads to:

© . o aG, . . dH,,
Z(qm+(m“+u2m2)qm)3m(mx)=m21—2mm( - (sin(,t) += cos(comt)J+

m=1 T

S 6,6, sin(mx)sin(kx)sin(jx).
j,k,m=1

Note that:

sin(mx)sin(kx)sin(jx) = %sin ((m+k=j)x)=sin((m—k—j)x)—sin((m+j+k)x)+sin((m—k+j)x).
2 .

Now using orthogonality: multiplying both sides with —sin(nx) and using the symmetry in m,k and j
T

we get the result on the next page.
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)+

qn +(Dﬁqn = _2(’0n (dG
dt

(32—32 > ]cp,

n=m-+k—j n=—m-k+j n=m+k+j
with
® = 0,0,0; (-G, sin(w,) +H,, cos(o, ) (-G, sin(w,) + H, cos(w,) )(-G; sin(w;) + H; cos(w;)).

In the appendix it's shown that in order to find the secular terms the following Diophantine-like
equations have to be solved.

{n:m+k—j v n=—m-K+j v n=m+k+j,

J_r\/”n +n°u —+\/m +m2}12+\/k4+k2}12+\/1 + .

Aside from the trivial solutions only specific combinations of j, k, m, n and will result in solutions of
the equations above. In the next paragraph trivial solutions and the additional resonance occurring at

u? = 2.60is investigated and the case when p* # 2.60.

§7.3 Modal interaction
The removal of secular terms via the multiple time scale method leads to the following set of ODEs if

u? #2.60:

dG, 3 1 1&

e :_EGn[B(Dﬁ(Gﬁ'FHﬁ)_Z;l z_n (GZ+H2)j
dH, 3 1 1 & o2
—=—H, (16 ﬁ(eﬁmﬁ)—zg_l%: (Gﬁ+Hﬁ)j.

Note that 1/16-term is present because the mode interaction (n,n,n) can only be counted once, the
factor 3 originates from the summations in §7.2 where the case with one minus sign is counted 3

times. Forn=1,2,3.... We see thatif G,(0)=H,(0) =0then G, (1) =H_(t) =0,Vt>0.So if we
start with zero initial energy in the nth mode then there will be no energy present up to O(g). This
allows truncation to those modes that have nonzero initial energy.

We consider the case n =1 and n = 3 and we rewrite the above ODEs with the transformation:

G =0G, G =oH

n n n n n n:*

With the introduction of polar coordinates:

Gn :rn COS(¢n)’ F'n :rn Sin((l)n)’
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with 1. =1 (1), ¢, =9, (1), we get the result on the next page.

. 3 (3, 1,
rl:Erl Erl +ZI‘3 f

3. (1, 3,
I‘SZEI‘?’ Zl‘l +Er3 s

rlz(l.)1 =0,
r32¢3 =0.

In this case there's an O(1)-coupling between the modes 1 and 3, if there's initial energy present in
the first mode then in general energy will be transferred to the third mode, thus in that case
truncation to one mode is not valid. The two modes have to be taken into account.

The equations may suggest the presence of a limit cycle but a closer inspection of the coupled ODEs
shows the presence of only one equibrilium point namely the origin. The only equibrilium point, the
origin, is after linearization a degenerate case (eigenvalues are zero). The first integral can be derived
by solving the homogeneous differential equation:

dr. 2 r

1 1 3+4£I‘3j 1
r1
du

dr,
must be solved for: — = ————— . An implicit equation for the state plane can then be derived

L Fu)-u
revealing that the origin is a source. Moreover, the phase plot (blue line are trajectories) shows that
the origin is a source, see figure 7.1 on the next page for the phase plane generated with Matlab.

2

r

’ 4+3[3j

I r I I r

—S-3_ M1/ F(—3J using the transformation U= -2 a separable differential equation
I"1

55



X '=3/2x (3/16 X% + 1/4 y?)
y'= 32y (U4 x> + 3/16 y?)

> 0 - Print

-4 . | Quit |

-4 -3 -2 -1 0 1 2 3 4
Cursor position: -2.97,-4.89) X

The forward orbit from (2.1, -0.43) left the computation swindow:.

The backward orhit from (2.1, -0.43) --= a possible eq. pt. near {0.00062, -4.5e-005).
Ready.

Camputing the field elements.

Ready.

Figure 7.1: The phase plot created with Matlab reveals that the origin is a source.

Things get really hard for the case withm=3,j=1, k=2 and uz = 2.60. The set of differential
equations involved when removing secular terms is:

dG, 3= (1,2, =o\ 1= 1
drn:_z ”(E(Gﬁ Hﬁ)—zé(Gﬁ+Hﬁ)j+§Xn,
dH, _ 35 (Lesm)-iv(e 1

dt 2 ”(16(6ﬁ i) 4;(Gi+Hi)J 2"

The set of ODEs above is valid for N <4 with the X and Y-terms. If N > 5the X and Y-terms have to be
removed. The X and Y-terms are displayed on the next page.
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X, =2(-G,G, +H,H,)G, - 2(G,G, + H,H,)H,,
X, =-2(G,G, +H,H,)G, +2(-G,H, + H,H,)H,,
X,=-2(G,G, +H,H,)G, +2(-G,H, +H,G,)H,,
X, = 2(-G,G, + H,H.)G, + 2(G,H, + H,G,)H,,
Y, = 2(G,H, +H,G,)G, +2(-G,G, + H,H,)H,,
Y, =2(G,H, -H,G,)G, - 2(G,G, + H,H,)H,,
Y, =2(G,H, -H,G,)G, -2(G,G, + H,H,)H,,
—Z(G H, F|2C_53)Gl—2(—6263+|:|2l:|3)|:|1

In this case there's an O(1)-coupling between the modes 1, 2, 3 and 4, if there's initial energy present
in the first three modes then in general energy will be transferred to the fourth mode thus in that
case truncation to three modes is not valid. All four modes have to be taken into account.

The only equibrilium point is the origin which is degenerate, a stability analysis hasn't been
performed. Most likely a numerical approach can decide whether the origin is unstable or not.

§7.4 Addition of the rivulet model

We now add the model of the rivulet. It's clear from §7.2 that the number of modes that can cause
resonance depends on the amount of modes which have nonzero initial energy. In other words the
set of ODEs can become as large as we theoretically can analyze. We start by looking at two modes
with nonzero initial energy.

We review the case analyzed earlier but now with the rivulet model:

dG, 1= (3,2, =, 1 -

drl :EG{E(Gf +H12)+Z(G§ +H§)j+Cle +C,H,,

dH, 1- (3,2, =»\ 1l/=, =

d_Tl=EH1(E(G§+H§)+Z(Gf+Hf)j+CZGS+C3H3,

ddGa :%GS (%(é; +FI§)+%((_312 +I:|12)j+ClGl+C2Hl,
T

dc:B =%H3(%éf +%(G§ +H§)j+CZGl+C3H1

It's clear that transforming to polar coordinates won't give better results. There's only one
equibrilium point, the origin found with Matlab. This equibrilium point remains unstable as seen
from the eigenvalues of the linear approximation which all have positive real parts.
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In contrast to the quadratic term in the previous chapter the equation of the set of ODEs can become
infinitely large while in agreement with the previous chapter the model of the rivulet can add of
mode of resonance. Unfortunately also in this case nothing is changed: the origin remains unstable.

d(il :%él(%(c‘;f +Hf)+%(é§ +H§))+c163 +C,H,,
dd—FITl=%FI1(%((_3§+F|§)+%((_3f+I:|f)j+CZG3+C3H3,
0162 A ) ).

R )

dGTN ~C,G,+C,H,,

dHTN =C,G, +C,H,.

The rivulet model added to the '‘complicated case' doesn't changes things: the X and Y-terms can
don't differ much from the rivulet model and it's likely that the same results for stability will emerge.

§7.5 Conclusion

In contrast to the quadratic term resonance will occur when the cubic term is present in the RHS,
irrespective of the material constants. In this case there's an infinite number of modes coupled,
though only the modes that have nonzero initial energy are eventually coupled.

For specific values of the material constants extra mode interactions can occur; the analysis can
becomes tedious due to a large number of additional terms. If the analysis is directed towards
truncation to a few modes, instability is the result. Lastly it is noted that the addition of the rivulet
model makes no difference towards the instability, just as in the quadratic case.

58



8 Conclusions

In this thesis perturbation methods are applied to investigate rain-wind-induced vibrations. The
analysis is focused on internal resonances and stability. Hereto a PDE was setup with a small time
and space-varying term representing the rivulet. In addition a model was setup including lift and drag
forces because small angles are involved linearization proved to be applicable.

Two shapes of the rivulet namely, a sine wave and a block signal, are investigated. The rivulet moves
in both shapes to the right. When the mass of the rivulet is added to the PDE the resulting
differential equation is a nonautonomous nonlinear differential equation. The mass of the rivulet is
small as compared to the mass of the cable and thus can be represented as a disturbance.

The O(1)-problem can be solved with the method of separation of variables. In the O(g) -problem

secular terms occurred where the need of the method of multiple time scales proved to be essential.
When the sine wave was taken as the shape of the rivulet two different values of the excitation

frequency of the rivulet result in resonance: Q= o, +®,,and Q=wm,, —®,, .

Both of the excitation frequencies lead to an instable solution of the set of ODEs. There can be
situations where four modes are coupled but it's difficult to find a general formula which describes
the modes involved. In the situation of coupling of four modes the instability remained. The block
signal also has four situations where resonance can occur. All four situations lead to instable
solutions.

In linearizing the equation where lift and drag forces are present, a quadratic term and a cubic term
emerge in the RHS. In chapters 6 and 7 these terms were separately investigated. To simplify the
analysis the restoring force term was omitted. The presence of the quadratic term can only lead to
resonance for specific values of the material constants. When resonance occurred the solution of the
ODEs was instable.

The cubic term also leads to resonance where an infinite number of modes can be involved: the
number of modes involved depends on the presence of initial energy. For special cases of the
material constants additional modes can be involved just like in the analysis of the quadratic term. In
contrast to the quadratic term case, the analysis of stability can become tedious.
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9 Future directions

In this chapter recommendations are given so as to continue this research focused on RWIV using
perturbation calculus. In §9.1 the absence of the restoring force term in chapters 6 and 7 is
discussed. In §9.2 gravity is added to them so that the tensile force becomes a linear function and in
§9.3 spring supported boundary conditions are analyzed. In §9.4 damping is discussed and in §9.5
rotations are taken into account. Finally in §9.6 the string-like model is improved.

§9.1 Addition of restoring force term

The analyses in chapters 6 and 7 was simplified by leaving out the restoring force thereby reducing
the degrees of freedom to one. With this simplification it was shown how additional cases of
resonance can be found. The analysis with two degrees of freedom can be carried out but most likely
no general conclusions can be drawn.

The main difficulty lies in solving the Diophantine-like equations with two degrees of freedom p and
g and the modes n, m, k and in the cubic case n, m, k, j. An approach can be made by fixing one of
the parameters, like in §4.5. A second method is to confine the analysis to certain types of
beams/cables where the material constants are related to each other. Then one of the parameters
can be expressed in the other thereby reducing the degrees of freedom to one.

§9.2 Addition of gravity

In this section the effect of gravity on the beam is analyzed. The beam, with length L, is now inclined
under an angle a, simply supported with a rivulet on top moving to the right, see figure 9.1 below.

g s

T

Figure 9.1: The beam earlier analyzed is now inclined and subject to gravity.

The PDE earlier under consideration in chapter 1 is:

pAW, =(-Elw, ) +f(x,t)—(Tw,) —yw
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We remove the restoring force term and the external load f(x,t) and redefine the tension T. The

X .
tension T is now adjusted to take the gravity force into account: T =T L mgsin(o) with m the

mass of the beam. The term (TWX )X needs to be recalculated:

(Tw,), = (—% mg sin(oc)jwX + (TO —E mg sin(oc)] W,

After applying separation of variables we end up with the differential equation:
X"+ (Clx +C, ) X"+ X"'=0, with C; and C, constants.

This differential equation has a variable coefficient. None of the analytic methods available can be
applied to the ODE. We conclude that there’s no solution which can be expressed in elementary
functions.

There are two ways to progress from this point on. First of all, use can be made of special function.
Secondly, the term can be regarded as an disturbance and neglected versus another term, in this
case perturbation calculus can be applied to calculate an approximation like done in [17]. For
example the xsin(co) can be small as compared to T,

Both method have disadvantages: working with non elementary functions can create difficulties. In
addition, the small terms are probably both of a different size, ¢, and ¢,, if they're almost equal or

small enough then perturbation calculus can be applied with €, = ¢, < 1.

§9.3 Spring supported boundary conditions

In paper [5] the authors refer to an analytic description of a cable of a bridge subjected to lift and
drag forces. They use spring supported boundary conditions. Moreover in [19] they mention that
simulations often use such models, see figure 9.2 and 9.3.
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Long wire >

Steel frame

Rotating bar

7|
Figure 9.2: Commonly uses test setup for wind-rain-induced cable vibration.

2005.11.23

Figure 9.3: New setup for wind-rain-induced cable vibration of [19].
62



To investigate this situation the set of boundary conditions of the earlier proposed disturbance
model must be changed.

The boundary conditions now become:

X"(0) = X"(n) =0,
X"(0)+yX(0)=0,
X" (m) —yX(m) =0.

If we look at case 1 of §3.1.1 then the proposed solution for the spatial coordinate becomes:
X(x) = C, cosh(k,x) + C, sinh(k,x) + C, cosh(k,x) + C, sinh(k,Xx).

Applying the boundary conditions leads to the following result:

K2 0 K 0 0
k? cosh(k, ) kZ sinh(k,) k2 cosh(k ) k3 sinh(k,m) 0
Y ki Y k3 0

k?sinh(k, ) —ycosh(k,m) K} cosh(k,m)—ysinh(k,m) k3 sinh(k,r) —ycosh(k,m) K} cosh(k,r)—ysinh(k,nx)|0

This set of equations only has a nontrivial solutions if the determinant is zero:

sinh(k,m) sinh(k,m) (—yky —v°k; — kik; —kik; +2y°k?k3 ) +
2k?k3 (cosh(nk, ) cosh(rk,,) —1) +sinh(k, ) cosh(k, ) (2yk?K} + 2yk k?)
+sinh(k, ) cosh(k,m)(2yk’ks — 2yk°k?)

Now k; and k, have to be found satisfying the above equation and it doesn't appear to have a
solution other then the trivial solution. The other cases must be checked.

Although the analysis looks straightforward from this point on it doesn't look like this is going to lead
to an analytic description. If we look at the free vibrations of a beam satisfying the nondimensional
PDE:

o'w  o'w

ar oxt’

with one end fixed and the other spring supported then the characteristic equation doesn't lead to
an explicit description for the separation constant. On the next pages a calculation performed by
Kelly in [16] verifies the assertions.
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9.5| Determine the first four natural frequencies for the beam of Fig. 9.14.

Solution:
From Table 9.3, the appropriate boundary conditions are
dw(0, ¢
o0l g || |20 L1 G
ax
32w(l, 1) Bw(l,
and —_— =0 —= !
92x 9x3 S
3 6 3
i gl kL (2 x 10° N/m)(1 m) — 0.190

EI ~ (210 x 10° N/m?)(5 x 10-5 m)
Application of the boundary conditions to Eq. (9.76) gives

0=C+GCs
0=C+Cy
0= ~CjcosA® — CysinA'/* 4 C3 cosh A1/* + C4 sinh A1/

(A sin A4 — Beos A14)Cy + (A% cos A4 — BsinA/)C,
0=+ (A¥*sinhA'/* — B cosh A'/*)C3 + (A*/*cosh A'/* — Bsinh A'/*)Ca

! 1m |
2
m = 200 kg %k 2 X 10 N/m
I=5x10"°m*
E = 210 X 10° N/m? s

Figure 9.14 Beam of Example 9.5.

Figure 9.4a: A calculation performed by Kelly in [16] shows that there's no analytical solution with these BCs.
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which leads to the solvability condition
A4(1 + cos 3174 cosh A1/4) = —B(cosh A4 sin A% — cos A'/4 sinh A1/4)
For B = 0.190 the first four roots of this equation are
A = 13.10, 486.2, 3807.0, 14161.6, ...

The nondimensional natural frequencies are the square roots of the values of A that
solve the characteristic equation. The dimensional natural frequencies are obtained by
noting the relationship between the dimensional time and the nondimensional time and
its application to Eq. (9.69),

EI
pAL*

il | |12 = 2291V

The first four natural frequencies for this beam are

w; = 8292rad/s @, = 5051 rad/s
w3 = 14140 rad/s w4 = 27260 rad/s

Figure 9.4b: A calculation performed by Kelly in [16] shows that there's no analytical solution with these BCs.

Even in this simple situation no explicit solution is available for the eigenfrequencies let alone the
more complicated PDE and more complicated boundary conditions: this is something that the future
researcher should probably deal with.

§9.4 Addition of damping

In the introduction of this thesis figure 1.1 shows the installment of dampers to suppress RWIV. Since
the additional dampers have been applied at the Erasmus bridge in Rotterdam, in the Netherlands,
no RWIV have been reported. The addition of damping could be investigated so as to find out if this
model is stabilized. Perhaps it's best to start without the spring bed and without the tensile force but
with the presence of a rivulet moving to the right, see figure 9.5.

e

Figure 9.5: The proposed model of the beam without a tensile force and without the spring bed but with a
damper.
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Hereto the boundary conditions must be changed:

w(0,t)=w,, (0,t) =0,
Wxx (TC, t) = 0!
W, (T, t) =Bw,.

The damper is modeled as a viscous damper. The boundary condition with the damping is most likely
going to prevent an explicit solution of the eigenfrequencies. See [22] for a numerical approach using
a taut cable like model.

§9.5 Rotation included

In this thesis the rotations involved when RWIV occurs is completely left out. An idea is to somehow
incorporate rotations with the PDE derived in this thesis. Hartono has created a model that included
rotations when he investigated RWIV in [21], see figure 9.6.

It could be possible to couple the PDE derived in this thesis to the model with rotations, be it with
Hartono's model or an another model. A set of 2 PDE's will result so analysis will become hard yet,
with the right simplifications it could lead to new developments.

Figure 9.6: A model that describes the rotations involved when RWIV occurs made by Hartono.

§9.6 An improved string-like model
In the string-like model when assuming that the stiffness goes to zero the parameter a’ is then
actually also small and if neglected the PDE:

L
f(x,t), becomes W, —w,, =

W, —W,, +a’w =
CcpA cpA

f(x,1).

What is interesting is that when Diophantine-like equations are analyzed they are surprisingly simple:
o, to, =Q=0y+0, > nEtm=NtM,

where the plus or minus signs is appropriate depending on the focus on sum frequencies or a
subtraction of two frequencies. Here we see something special: all modes are coupled! The

upcoming analysis is thus difficult for the future researcher.
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Appendix

Section A: Analysis of the eigenfunctions

Orthogonality eigenfunctions
Define operator H:

d* , d? ,
HO=-37()+a = ()-P°0).

From the PDE (1.1) follows that eigenfunctions ¢, and ¢, both satisfy the BCs:

¢;(0) = ¢, () = ¢;(0) = ¢;(m) =0, with i=n,m,
and

H((bm) +}\’m¢m = O’
H(¢,) +2,0, =0,

with the eigenvalue A belonging to eigenfunction ¢, and A belongingto ¢, .

Now look at the following integral:
[6aH©,)—0,H@G,) dx = (A, =2,) [ 0,0, dx
0 0

[ (~07 + 00, ~ %0, ) dX - [0, (~07, + %6, ~p,) dx.

0

Note that with use of the BCs that terms in the brackets continously drop out:

a8, Ox = [0, . | 0 0 O =
Jout ~0,07 X = [0, —F ], — [ 607 6,47, O

|
©

Lot |+ [0~ e = 0.
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So we conclude:

(R =2 ) [ 00 OX = O with &, 2, weget: |[¢,0,, dx=0
0 0

Real eigenvalue
Look at A, ¢ and their complex conjugates A, ¢ :

H($)+1$=0,
H(@)+2$=0 — H($)+1d=0.

where the last step is justified because p® and g’ are real constants.

With the result from above we get:

L

(A-%)[od dx = (A-%)[¢f dx =0 —

0
Negative eigenvalue

Multiply the H($) with ¢ and integrate x from 0 to 7 to get:

JaH@) dx = [6(-) dx =267 dx = [-00™+ g 00" P4 dx.

Note that:

Y

[ 4™ ax = [o4"T, [0 9" dx = —M+I(¢")2 dx.

]Eq)(l)"dx:M—T(cl)')zdx.

So that we get:

T¢H(¢)dx={T(¢")Z+q2(¢')2+p2¢2dx}=x{f¢2dx}>0 - [>0
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Section B: Resonance analysis

The integrals are evaluated (for example via writing the sin/cosine in complex e-powers):

]Ecos(sx —Qt)sin(nx)sin(mx)dx = D(m, n) (sin(Qt) + (=)™ sin(ns — Qt)) =

= D(m, n)(~1)""™* sin(ns) cos(Qt) + D(m, n) (1+(~1)"™* cos(rs) )sin(Qt),

Tsin (sx —Qt)sin(nx)sin(mx)dx = D(m, n) (cos(Qt) —(=D)™™ cos(ns —Qt)) -
= D(m, n)sin(Qt) (Sin(ns)(—l)”*m*l) +D(m, n) cos(Qt) (l+ COS(T:S)(—l)”““”),
with

-2mns

D(m.n)= (M—n+s)(m—n—-s)(M+n+s)(m+n—s)’

Now the following relations have to be used:

cos(A) cos(B) = %[cos(A +B)+cos(A-B)],
sin(A)sin(B) = %[cos(A —B)-cos(A+B)],

sin(A)cos(B) = %[sin(A +B)+sin(A-B)].

The result on the next page is found when calculating the product of the result of the integrals with
W; and Wy.
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G,®,C, {cos((w, —Q)t)—cos((e, +Q)t)}+

gl
|
N |-

>
Il
N

o

®,C, {sin((o, +Q)t)—sin((w, —Q)t)} +

N N~
I
S

C, {sin((w, +Q)t)+sin((Q-w,)t)} +

—% H,0,C, {cos((o, + Q)t)+cos((w, —Q)t)} +

T 2 1
—Cc(—m2)-— cos (o +Q)t)+cos m -t +
L ( n) 2 n 1{ ( ) ( ) }

%C(—wﬁ)% . 2{SIn (o, +Q)t)+sin((Q-w,)t }+
EC(—coﬁ)-% . l{Sln (o, +Q)t +sin (co -Q)t }+

L

%c(—wﬁ)% .C, {cos((w, —Q)t)+cos((Q+w,)t)},

C, =D, (L+cos(BL)(-D)™™"),
with
t C, =D, (sin(BL)(-D)"™*).

Now if the excitation frequency is fixed then sets of ODE's can result. An eigenvalue analysis can
reveal the stability. Suppose 2=, +®,, then we get the following set of ODE's:

dSM —C,(M,N)-G,, +C,(M,N)-H,,,

T

dH,,

T =C,(M,N)- Gy, + C,(M.N)-Hy,

d;;N —C,(N,M)-G,, +C,(N,M)-H,,,
T

dH,

?:CZ(N,M)'GM-FCS(N,M)'HM.
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1o

C,(i, ) =Dy 4 ;:(1_ ; %stin(ﬁL)(—l)”j”,

c00=0, %%(“ ®) %CJ(Hcos(BL)(—l)i””),

with 1 .¢,(i,j) =Dy -E&KH , Ecjsin(BL)(—l)”H,
4 . L

... L
2 _ZUBE

D(i’j)(;j.(i_jﬂs,Ij(i_j_ﬁij(”ﬂﬁ;j(iﬂ_ﬁtj'

Suppose 2= m,, —®, with M>N then we get the following set of ODE's:

dSM =C,(M,N)-G,, +C.(M,N)-H,,
T

d:’CM =-C,(M,N)-G, +C,(M,N)-H,,
©u_c.(NM)-G, -C,(NM)-H,,
dH

d__chcz(N,M)'GM +C,(N,M)-H,,,

with C; =Dy -%&(1—0),- %C](l-l‘ cos(BL)(-1)"").

;
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Section C: Analytical model for RWIV

In this section additional explanation of the analytical model including lift and drag is given.

Wind U,

g

B c

Figure D.1: A representation of an inclined cable of a cable-stayed bridge under influence of wind.

Consider a rigid and uniform cylinder to represent a cable segment with length L, inclined under
angle a., spring supported at both ends and the yaw angle of the incident wind is 3, as depicted in

figure D.1. Since the cylinder isn't perpendicular to the direction of the mean wind UQ, one needs to
find the component of the mean wind perpendicular to the cylinder denoted by U.

Note that:

| BC |= L cos(a) cos(p),
| FB |= /L2 cos? () cos? (B) + L sin? (av).

Now look at plane FBC in figure D.2,

\/ L% cos® (o) cos® (B) + L*sin? (o)

B U,

L cos(a) cos(B) c

Figure D.2: Plane FBC with a schematic representation of the vector U and U,
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Note that Sin(8) = \/cosz(oc) cos®(B) +sin’(a) sothat U= Uo\fcos2 (o) cos? (B) +sin®(av).
Moreover:

cos®(ar) cos? (B) +sin® (o) = cos® (o) cos®(B) +1—cos? (o) =1—cos? (o) sin®(B)
= cos®(B) +sin*(B) —cos*(ar) sin*(B) = cos*(B) +sin*(B) sin’ (o).

So that: U = UO\/cosz(a) cos’(B) +sin’(a) = Uo\fsinz(a)sinz([}) +cos*(B).

The angle of attack is defined as vy, now look a plane ABC in figure D.3:

A

Figure D.3 plane ABC with vectors U, U projected on the plane ABC, and U,

Note that LZABC=f, U . =U,cos(B).

proj
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Now look at the small vector triangle below.

U = Ugafcos’ (B) +sin’ (o)) sin*(B)

J 1

=

U,y = Uycos(B)
Figure D.4: The upper triangle perpendicular to triangle ABC.

Pythagoras gives the length of the dotted line in figure D.4 as: U, sin(a)sin(B), so that there can be

concluded that:

sin(a) sin(B)
Jcosz (B) +sin?(c)sin?(B)

sin(y) =
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Section D: M-code to solve combination resonances

The M-code to solve the equation is given below.

clear all

clc

syms nm d £ B
sol vec = [];
== part 1 ==% => rn - rm = rl + r2 met n =m + 1
B = -sqgrt(d*n*4+f*n"2 +1) + sgrt(d*m™4+£f*m*2 +1) + sqrt(17°4*d+172*f+1)+
sgrt (d*274+£*272 +1);
B = subs(B,d,0.24);

for g=1:10
B=subs (B,n,gtl);
B=subs (B, m, q) ;
A=solve (B, "f'");
sol vec(q)=A(1l);

o

$ syms nm d f B

B = -sgrt(d*n*4+f*n"2 +1) + sqgrt(d*m™4+£*m*2 +1) + sqgrt(l74*d+172*f+1)+
sqrt (d*274+£*272 +1);

B = subs(B,d,0.24);

end

sol vec'

%== part 2 ==% => rn - rm = rl + r2 met n = m + 2

B = -sqgrt(d*n*4+f*n"2 +1) + sgrt(d*m™4+f*m*2 +1) + sqrt(174*d+172*f+1)+

sqrt (d*274+£%272 +1);
B = subs(B,d,0.24);

for g=1:10
B=subs (B, n,g+2);
B=subs (B, m, q) ;
A=solve (B, 'f");
sol vec2(q)=A(1);

% syms nmd f B

B = -sgrt (d*n"4+£f*n"2 +1) + sqrt(d*m"4+f*m"2 +1) + sqrt(174*d+17°2*f+1)+
sgrt (d*274+£*272 +1);

B = subs(B,d,0.24);
end

vpa (sol vec2')
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$===part 3==% rn - rm = 2*rl

B = -sqgrt(d*n*4+f*n"2 +1) + sqgrt(d*m™4+£f*m*2 +1) + 2*sqrt (174*d+1"2*f+1);
B = subs(B,d,0.24);
for g=1:10

B=subs (B, n,g+l);
B=subs (B, m, q) ;
A=solve (B, 'f'");
sol vec3(q)=A(1);

% syms nmd f B

-sgrt (d*n"4+£f*n*2 +1) + sqrt(d*m™4+£f*m"2 +1) + 2*sqgrt (1"4*d+172*f+1);
= subs (B,d,0.24);

end

vpa (sol vec3')

™ w
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Section E: The asymptotic validity of formal approximations

In this paragraph the well-posedness of the problem 2.1-2.4, given below, is considered to verify
that the earlier presented asymptotic approximation indeed are justifiable estimates of the exact

solution. Because the proof is almost exactly the same as in section 2 of [11], the section has been
altered here so as to fit the proof to problem 2.1-2.4.

The problem under consideration is:

2D w,+w,, —q’w, +p*w=¢f(x,t,w,g), O<x<m, t>0,
(2.2) w(0,t) =w(m,t)=0, t>0,
(2.3) w, (0t =w,(rt)=0, t=0,

(2.4) w(x,0)=w,(x,¢), w,(X,0) =w,(X,g), O<X<m

Where g,p,( are constants € € [—80,80] and p,q = 0and where f,wy(x), wi(x) satisfy:
(2.5) fand all first- second- and third-order partial deratives of f with respect to x,w are

C([0, ] x[0, 0] x R x[-¢,,&,, R], f(0,t,0;€) =F(mt,0;€)=0, fort=>0.

ow, o°w, o°w, o'w, ow, o°w, o°w

o ald od o Wy, Pt aleeC([O,Tc]><[—80,80],R) with

(2.6) W,,

o°'w o*w

W, (0;e) =w,(mt,€) = 8720(0;8) = aTzo(n;g) =0,
o*'w o*w

w,(0;€) = w, (m, &) = ale (0;e) = Wzl (m;€) =0.

(2.7) fand all first- second- and third-order partial deratives of f with respect to x,w are uniformly
bounded for all t,x, € .

A classical solution is defined as a function that is three times differentiable with respect to x on
[0, ] x[0, 0] and for which the fourth order partial derative with respect to x is continuous on

[0, ] x[0,0] and that satisfies 2.1-2.4 and where f, u,, u; satisfy 2.6-2.8.
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An equivalent integral equation will be used in the proof of the well-posedness of the problem 2.1-
2.4; this equation is obtained via Green's function G for the linear operator:

L=2 9

e +y —q2 y + pz, with simply supported boundary conditions:

(2.8) w(x,t)= a—:_t[ G(& 1. x t)f (&1 w;e)dedt+w,(x,t;),

O ey 3

00

2
where G(&,7.x,t) :Enz—ll\/n“ +0°n® +p°

sin (Jn4 +0°n® +p? (t—r))H(t —1)sin(né) sin(nx).

for €, X €[0, 7], t,t >0 where H(.) is the Heaviside function. If f=0 then the solution is:

w, (X, t;€) :T{G(g,o,x,t)wl(&,; £)-G_(&0,%,t)w (& s)} dE.

From the next section it will become clear that there's a constant M; such that |WI (%t 8)| < Ml.

Note that G is uniformly bounded for the range of variables in question. This is because of

sin («/n“ +0°n? +p° (t —1:)) H(t — ) sin(n&)sin(nx)

Gemx =23

z 1
n4 yn4+q2n2+p2

<

28 1 2&1 27 &
_Z [04 L 0202 4 n2 S_Z_ZZ__z_’
Than*+qn°+p 1l n6 3

0
thus there is a constant M, such that |G(§, T, X, t)| < M4 . Moreover since f and % are assumed to

be continuous and uniformly bounded for the range of variables in question there are constant M,,
Mj; such that

f(x,t,v,;€)| <M,,
(2.24)[f (X, t, v;8) = F (X, 1, v 8)| < My v, — v, .

For the proof the solution used is defined in Q, = {(X, t)|0<x<m,0<t< L|8|7l}.
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In this section we

will show that a formal approximation of the solution of the initial-boundary value

problem (2.1)—(2.4) is also an asymptotic approximation, i.e., the difference between

the formal approximation and the exact solution — 0 as € — 0, on a timescale of 1/e.
Suppose we construct a three times contimiously differentiable function v(z, £;€)

on 0y, with vyr2. continuous and which satisfies

(3.1) vy + Voger — ?va + pPv=ef(x, t,v;e) + (" Ri(z, l5€), O<z<m, t>0,
(3.2) v(0,t;€) =v(m,t;e) =0, ¢ =0,

(3.3) Vzz(0,t;€) = v (m, t€) =0, >0,

(3.4) o(2,0€) = wo(i€) + (" 1 Ra(e;€) = wolzie),  O<z<m,

(3.5) ve(x,05€) = wi(m;€) + |e|™ "Ral(x; €) = vi(zse), 0<z<m,

with m > 1, where €, p,#, f, wg, vy satisfy the same conditions as in section 2,
equations (2.6)-(2.8) and where R4, Ra, R3 satisfy

(3.6) R; and all first-, second-, and third-order partial derivatives of R, with
respect to z,t are € C([0,7] x [0, 00] x [—e€p, €], R) and
Ri1(0,t;€) = Rq(m, t;¢) =0 for t = 0,

dﬂg (}2?—\12 dSRQ (}QRQ 5?23 32R3

(3.7) Ra, gz 922 ' 928 azh ' Bz On? C([0,7] x [~eq, €o],R)
with R2(0;€) = Ra(m;€) = @ R2 ——(0;€) = 83?22[ €) =0, and
5’ Ra 62R3

R3(0;€) = Ra(mi€) = 5 (0¢) = W(ﬂ';f} = (),

(3.8) R4 and all first-, semnd—, and third-order partial derivatives of R,
with respect to x,t are uniformly bounded for all x,t, ¢ considered.

Figure E.1a: The first part of the (adapted) proof described in [11].
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We now state the following theorem.

THEOREM 3.1. Let v satisfy (3.1)-(3.5), where f, wo, and wy satisfy (2.6)—(2.8)
and Ry, Ra, and Ra satisfy (3.7)—(3.9). Then for m > 1 the formal approzimation v
is an asymptotic approzimation (as € — 0) of the solution w of the nonlinear initial-
boundary value problem (2.1)-(2.4), for (x,t) € Qr. This means that, as € — 0,

|w(z, t) — v(z, t;e)| = O[|E|m_1} for0<z<mand0 <t< L™},

in which L is a sufficiently small, positive constant independent of e.
Proof. Let f(x,t,v;e) = f(z,t,v;€) + [ 1Ry(z, t;€), and let v, be given by

vz, tie) = [0 {G(£,0;z,t)vi(&5€) — G-(E,0; 2, t)wg (s €) } dE.

Suppose v; satisfies |v;| < 1M; and f satisfies (2.13)—(2.14). It then follows from
Theorem 2.1 that (3.1)-(3.5) has a unique, three times continuously differentiable
solution v(z,t;€) on Qp, with vgpe, continuous; v is also a solution of the equivalent
integral equation

39) st =c [ i [ @t ma i€ v dedr + uw ) = (To)a o).

Since the functions R, Ry, Ry satisfy (3.7)-(3.9), it follows that there are constants
Mz, Mg, M7, Mg such that

PRy (x;€)

Py < M, [R3(z;€)| < Mg

(310) [Ru(w,t:€)| < Ms, [Ra(as )| < Ms, \

for all (x,t) € Qr, € € [—€p, €], and w,vy,v2 € Cpy, (Q1). Subtracting the integral
equation (3.9) from the integral equation (2.8), using (2.14), (2.15), (3.10), (B.1), the
fact that w,v € Chy, (1), and the fact that (z,t) € Q, it follows that

Figure E.1b: The second part of the (adapted) proof described in [11].
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Jw( -v{;r tie)|
+ |wy(z, t; €) — vz, t;€)

T;2,1) f[ﬁ,*r.. w;e) — f(&, T, v;ﬁ)}dfrh

< |ef

fn fn G(& 5, t) { f(&, 7 wie) — (€, 7,v5€)} dldr

’ G{E: T, t}Rl ('E: T ‘f}d‘ng
1]

t
+|e[™
Jo

;€) — v1(&5€)) deg!

+ f " G (6,052, 1) {wo (6 €) — volE; ) df[
D

S FE 7 w; €) — fE,T,v;€)|dEdr

+|e.r|"'*|| fu fﬂ G(E, 732, O] [Ra (€, 73 €)|dédr

+ iﬁlm—']

+|E|m—l f |G(&, 0.2, )| [Ra3(E; €)|dE (& 0; 2, 1) Ra(; €)d

+ |e/™ ‘// My MsdédT
+|e|™ / My Mgdé }
1]

*Ra(; €)
Hr?

< |e|tm M3 My|lw — v|| + |e|™tr MyMs + |e|™ 'm (My Mg + mpMg + 7M7)

< ’?TLMgﬂJL;Hw — U” + |£|m_1i‘l' I,(Lﬂr‘fdﬂifﬁ + My Mg 4+ mpMs + TTM?)

< k|lw—v| + |e/™ 'm (LMyM;s + MyMg + mpMeg + wM7)

M4M3|jm — v||dédT

+ |e[™ 1n® Sy {p['R-z z;e)| +

for all (z,t) € Q7 and with 0 < k < 1. If the maximum of |w — v| on the left-hand
side is taken for (x,t) € 1, we obtain

w—v < |e T - (DMuMs + My Ms + epMs + wM7)
i n— 1

So, for (z,t) € Qp, |w(z,t) — v(z, t;e)| = O(le/™!) as e — 0. Hence, for m > 1
the function v is an asymptotic approximation (as € — 0) of the solution w of the
initial-boundary value problem (2.1)—(2.4). This completes the proof. O

Figure E.1c: The third and final part of the (adapted) proof described in [11].
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Energy and boundedness of the solution
The operator L is self-adjoint and we know that L(G) =8, L(w) = &f and with usage of the integral

IJWL*(G) —GL(w) dVvdt =0, we can find the equivalent integral equation via integration by parts
tD
with use of the boundary conditions.

Now multiply the PDE G_ +G ZG&; +p’G =8(x —&,t—1) with w and integrate & over

CEI
0<&<m and tover 0<t <t combined with the initial and boundary conditions for w and G.

Below each of the terms is derived:

t t

t
G.wdi=[Gw] - [G.w dr:(G —Gw )— Gw. | +[Gw_dt
I [ ]o I t % 0 [ ]o _([

0 0

t
:%+Gwl—ero +_|.Gwﬁdt.
0

Where the terms drop out because of the causality of the green function G. In the derivation of the
other terms the boundary conditions will be invoked:

IGa§&&WdE-v = %Mo/ - I Gy, dE = % +J‘G§&W§§d§.
0 0 0
IGééWaadé% - I G W, dE = % + _[ Gw.dE.
0 0 0

]EG&W dé = G/vﬂf —feéwgdaz—ng\:ﬁLTGw&dg
0 0 0

HS(X =&, t—1t)wdtd§ = w(x,t).
Now we get:

w(x,t):ﬁG(&,r,x,t)(wtt+w§§§&—q2w§§+pzw) d&‘,dr+ij(<i,0,x,t)wl—Gt(&,o,x,t)wO dg —

w(x,t) = sﬁG(&, T, X, Df (& 1, W(E,1),¢) dédt+ ]EG(EJ, 0,x,t)w, —G_(&,0, x, t)w,, d&.

82



Note that Green function can be found explicitly by solving the following problem:

GH+GXXXX—q2GXX+pZG =3(x-¢§,t—-1), X,&€(0,m),t>0,7>0,
G(&,T,O,t):G(i,r,n,t)EO, t>0,71>0,

G,, (&,I,O,t):GXX (&,r,n,t)EO, t>0,71>0,
G(E;,t,x,t)EO, >t

This inhomogeneous PDE must be solved using a Fourier series with undetermined coefficients. The
boundary conditions suggest a sine series:

G(Enxt)= Z::gn(ci,r, t)sin(nx),

substitution in the PDE gives:

3,7+ (" + ¢ %) = = [ 5~ )3~ Dsin(),

0, (50)=3, (5 57) =0

The RHS becomes : %szx —8)8(t—1)sin(nx)dx = %a(t _7)sin(ne).

The homogeneous solution becomes zero due to the boundary conditions. Using variation of

parameters g, = C,(t) cos(Jn“ +0°n® + pzt)+c2 (t)sin (,\/n“ +0°n® + pzt) the particular solution

gives:

g, _2 1 sin(«/n“ +q°n*+p° (t—r))H(t—r)sin(né),
P fn4+q2n2+p2

which leads to the final solution:

G(&,r,x,t):zi ! sin(»\}n“+q2n2+p2 (t—r))H(t—r)sin(né:j,)sin(nx).

n = \/n“+q2n2+p2
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Now an upper bound of the solution of w(x,t) will be determined corresponding to the PDE below.

th+Wxxxx_q2Wxx+p2WzO: O<x<m t>0,
w(0,t) =w(n,t) =0, t>0,
w,, (0,t) =w,(X;e), W, (mt)=w,(X:e), t>0, O<x<m.

The upper bound can be found via the energy. Multiply the PDE with w; and integrate x over
O<x<mandtover 0<t< t, combined with the initial and boundary conditions gives the total

energy. Below each of the terms is derived:

t

Wi ) -g° (9]

tg 1
jwuwtdt ==w?
0 2 0

n n
T T
J'WxxxthdX :M - I WxxthdX = M + IWxxWxxth -
0 0

to ¢ ty to W2 K 1 de 2
ijxwxxtdt :I:Wix} |- ijxthxdt - waxthxdt == =5 Wix (X’ tO) | S 2 .
0 o 9 0 2 |, 2 dx

ijxwtdx = M —IWxWxth -
ty to to 27 ’
R ) R R e

jwwtdt:[%wz]) :%[ 2(x,t) = F2(%) ]

Thus the total energy is:

[ W20 ) + W2, (%, ) + (P + 0*)W2 (X, t)elx =
0

7 d*f) | (dfY
J'gz(x)+(d7] +q2(d—xj +p*f? (x)dx.
0
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We know that w, exists and is continuous so:

w(x,t) = wert) + [ w, (&, )dg = [w, (&, t)de.

Since w,, exists and is continuous and since we have Dirichlet boundary conditions we know that
there exists an 1 € (0, L) with w, (n,t) =0, so

W, (%) = W AT + [w, (&, )de = [w, (& t)de.

Now first an upper bound for w, will be determined (with use of Holder's inequality):

|w, (1) |=| [ w, (&, )de[ < [ (& 1) dg <

- 1/2 x 1/2 T 1/2
Ulzde (J.WideJ S\/E(J'Wf+wix+(q2+p2)w2dxj =
0 0 0

. pe N2 ) 12
JEUQ%X)J{%J +q2(%j +p*f?(x) dx] <

d’f L df

[jug I+ [ ) (dx} w

ol +) S ) +al o) ol |
dx* )| dx J|, ”

Now the maximum of w(x,t) can be found:

1/2
+p? HfZdexJ <

5] 5]

[wix,t)| < [|w. (&t d& < [lw, (x,t)] dx < [ (Ilgllw
d’f df
HRGRE
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©

|w(x,t)|<n? [||g||oc +




Now if g(x) =0 then

Y

[G.(e.0.x,1)f (&) de

0

<

@t
dx? .

<[gl..-

o5)
dx

+p|f]..

0

and if f(x) = 0 then

T

[G(2.0.x 1)) de

0
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Section F: The block signal

Below are the two integrals worked out.

I, = I[kiés(%x—ﬂ(n—l‘ct—ckn— 8(%x—Q(%t—de]-sin(nx)sin(mx)dx =
pon{rofo- e n{malie- e | -foafCe-fa Jon{mafr-Lo )
cos((n —m)Q(%t—%ckDJr%cos((n+m)Q(%t—%CKD

—%cos((n —m)Q(%t—%de—%cos[(n+m)Q(%t—Ede,

note that for a given t the series in k reduces to a finite summation.

N |-

*

Moreover each cosine can be written in such a way that the phase is no longer present:

R

cos(at)(cos(bc, ) —cos(bd, ))+sin(at) (sin(bc, ) —sin(bd,)),

with a=(n—m)Q%, b=(n—m)Q%,

cos[(n+m)9(%t—%ckD—cos((n+m)Q[%t—%de:

cos(et)(cos(fc, ) —cos(fd, ) ) +sin(et) (sin(fc, ) —sin(fd, )),

with e:(n+m)Q%, f :(n+m)§2%.
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So the result is:

iZ—%(cos(bck) —cos(bd, )G, {sin((w, +a)t)+sin((o, —a)t)}
+2(cos(be, ) ~cos(bd,)) H, {cos (o, +a)t) +cos((a -0, )t)}
—%(sin(bck)—sin(bdk))Gn {cos((a—w,)t)—cos((o, +a)t)}

+%(sin(bck) —sin(bd,))H, {sin((«, +a)t)+sin((a-o,)t)}

_%(cos(fck)—cos(fdk))Gn {sin((w, +€)t)+sin((w, —e)t)}
+%(003(f0k) —cos(fd, ) )H, {cos((w, +e)t)+cos((e—w,)t)}
_%(sin(fck) —sin(fd,))G, {cos((e - ,)t)—cos((w, +e)t)}

+%(sin(fck) —sin(fd,))H, {sin ((o, +€)t)+sin((e—w,)t)}.
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IZ:T iQ(EX—Q(Lt—ckD—Q(EX—Q(Lt—de -sin(nx)sin(mx)dx =
0 ko T TicC T TC

> J. sin(nx)sin(mx)dx:Z% j cos((n—m)x)—cos((n+m)x) dx =

k k
o t-Te,| of s,
c L c L

Z%{ _1msin((n—m)x)— ! sin((n+m)x)TEith§_

1 . 1 = 1 . 1 =
Zk: Z(n_m)sm((n—m)Q(Et—Edk)]— 2(n+m)sm((n+m)9(gt—tdkn—

! sin((n—m)Q(lt—EckD+ 1 sin((n+m)Q(lt—£ckD:
2(n—m) c L 2(n+m) c L

2

{sin(at—bd, )—sin(at—hbc, )} +

{sin(et—fc,) —sin(et—fd, )} =

© 2(n—m) 2(n+m)
Zk: 20m) sin(at) {cos(bd, ) —cos(bc, )} —mcos(at) {sin(bd, ) —sin(bc, )} +

. 1 _ _
20 sin(et) {cos(fd, ) —cos(fc, )} — mcos(et) {sin(fd,) —sin(fc,)}.

89



The total result is:

2

nZ:; > 4(;0_)“m) {cos(bd, ) —cos(bc, )} G, {sin((a+m,)t)+sin((@-w,)t)}+

k
—Q®
4(n—m)

2

4(n03_n - {sin(bd, ) —sin(bc,)} G, {cos((a+w,)t)+cos((a—w,)t)}+

2
n

{cos(bd, ) —cos(bc, )} H, {cos((a—w,)t)—cos((a+w,)t)} +

2

4(noo_n - {sin(bd, ) —sin(bc, )} H, {sin ((a + o, )t) +sin((o, —a)t)} +

4(;O:§m) {cos(fd, ) —cos(fc,)} G, {sin ((e+o,)t)+sin((e- (’On)t)} N

4(::§m) {cos(fd, ) —cos(fc,)} H, {cos ((e—w,)t)—cos((e+ o)n)t)} +
4(:)5 = {sin(fd,) —sin(fc,)} G, {cos((e+w,)t)+cos((e —w,)t)}+

4(nm: - {sin(fd,) —sin(fc,)} H, {sin ((e+,)t) +sin (o, —e)t)}.
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Below are the cases 3 and 4:

Case3 €= —m, WithN>M

2

On _ _[ N O g i
Zk:[4(N+M) 4j(cos(fck) cos(fd,)) G, [4(N+M)+ 4](sm(fck) sin(fd,))H,

2

dH,, . : N
20, = 2;_(%+_4(NQ+M) (cos(fe, ) —cos(fd,) ) H,, + %+ﬁ](sm(fok) sin(fd, )G,
O B oy o,
;[4(M+N) - (cos(fc,)—cos(fd,))G,, + TN N)j(sm(fck) sin(fd,))H,,
dH 2 2
20, drN =§[_%+—4(Jﬁ N (cos(fc, ) —cos(fd,))H,, + —%‘”+hj(sm(fo) sin(fd, ))G,,
Case 4 €= + M,
Oy o o
=2 2 2N I\/I)](cos(fc) cos(fd,)) G, ( 2 +—4(N M)j(sm(fc) sin(fd,))H,

2

Oy oy,
4(N+M) 2 ](cos(fc )—cos(fd,))H, (Terj(sm(fc )—sin(fd,))G,

k(
<

2

Oy Oy
j(cos(fc )—cos(fd,))G,, (T+—4(M N)J(sm(fc )—sin(fd,))H,,

3| By
4 4(|v| N)

( cos(fc,) —cos(fd, ) )H,, (m—M+

1 mj(sm(fc) sin(fd,))G,,

4(|v| N) 4J(

k
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Section G: The quadratic term

An analysis of resonance cases
Several cases for resonance must be analyzed:

. m=Kk+I+d,
. {i\/m4+m2p2 =+ K"+ K2 1 1P,
_ m=Kk+1-d,
. {imziJk4+k2u2iJl4+lz 2,
[m=k-1+d,
HI'L\/mumzuz =+ K+ k2?1 4 1P,
[m=k-1-d,
IV'{iW:iJk4+kzu2 + I+ P2,
m=—k—1+d,

V: {

imzi\fk“ +k2u? £\ 1417,

where dis odd and k,I,m>1.

It's clear that if \Iim4 +miu’ = —\jk" +k2p? —\/I4 +1?U? then there are no solutions. The following
cases remain.

Case (i)
{m =Kk+1+d,

Jm*+mip? = K kP + 1+ 122, (%)

with K, I,m>1, d=2j+1, j=0,12,...
This set of equations has no solutions! Two proofs are given below.

Proof 1
Squaring both sides of (*) and reordering gives (introduce X = u2 ):

m* +m*x =k* + k®x+1* + I2x+2lk\/’(k2 +x)(|2 +x) VRN

(m* =k 1)+ x(m? =k = 17) = 20k, (K7 +x) (12 + %) >
a b

(a+bx)" =4Pk? (K +x) (I +x) <>

X (4K = b? )+ x (4K?1° (K* +17) - 2ab ) + (4K*I° —a*) =0.
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Notice a quadratic equation in x: Ax* +Bx+C= 0; from Routh-Hurwitz it can be deduced that if

B C
— >0, A > 0 then all zeros are in the left half plane. In this case it means that ufz <0sono

solutions are found. The signs of A,B and C must be investigated to draw this conclusion.

A: 4k —(d? +2(Ik + md + kd) ) <O.
B: 4K*1? + 4K21* —2(m* —Kk* —1°)(m? —K? —1?).

Note that m* —k* —1* > 4k’ +41I°k and that m? —k® —I> > 2kl so
2(m* —k* —1)(m* —k* — 1) > 2kI(4k’l + 4KI*) = 16k*I” +16K*I",
so we find B<0.

C:4k** —a? :(2k2|2 —a)(2k2I2 +a),

note that 2k?l1> +a>0and a=m*—k*—1* >6k’I*so (2k2|2 —a) <0 sowefind C<O0.

B C
The conclusion is that: — >0and — > 0.
A A

Proof 2
The RHS of (*) is always smaller then the LHS:

\jk4+k2p2 +\/'I4+I2u2 <k\,/m2+u2 +I\/m2+u2 <(k+|+d)\/m2+u2 =\/m4+m2p2.

Case I(ii)
{m =k+1+d,

Jm*+mip? =k kP =1 122,

Note that m* > k* +1* and m? > k?+1? due to the first equation now squaring of the second
equation and reordering gives:

2\/(k4 ) (1 4 Pu?) =K' 41 =m® 4+ p? (K2 + 17 =m”) <0,
So no solutions exist for case I(ii). A second proof is constructed analogously to proof 2 of Case I(i).

Case I(iii)

m=k+I+d,
\jm4+m2p2 :—\/k“+k2;,l2 +\/I“+I2 2,

This is the same as case I(i) with the role of k and | switched.
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Case lI(i)
{m=k+|—d, (6.3)

Jmt+mAu? = (K k22 +4JI* + 12, (6.4)

The same arguments can be applied as in [11] with the inequality adapted leading to the same (and

more) modes that gives resonance. Define g(u) = «fuz + U},L2 now using Taylor's theorem around u
=A%

g(u) =g(A)+(Uu—-A)g'(€) with £ (a,u) with the assumption that u>a.

9'(€) = 2+ i < 2(U+M2) < (U+M2) < (U+uu2) = L <1 for u,pu’ >1.

2\/u2+p2u - 2\/u2+u2u - \fu2+u2u - \/u2+u2u - \/u2+u2u

Now the inequality becomes:

g(u) <g(A) +(U—A) = JAZ + A +U—A.

Substitute x*=u and A = a’ results in X° < JX“ + X% < \/a“ +a’p® +x*—a’for x>a, X,u>1.

Note that m? < ,\/m“ + mzuz <K*+1P-242\1+ uz since |, k, d >1and by definition
m? =k® +1° +d* + 2(kl = (1 + k)d) =k® + 1> +v with v =d* +2(kl — (1 + k)d), comparing the two
equations leads to:

v< Z(W—l).

From the definition of v we see that v is odd. Case II(i) hasn't got solutions forv < 0. To see this
introduce M=m? K=k?, L=1%:

M=K+L+v,
JMZ + Mp? = (K2 + Kp? +JL2 + L2,

Assume that v <0 then
N-K-M<0 —>N<K+M —> NZS(K+M)2:K2+2KM+M2,

but also : Npu? < Ku? + Mp?.
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Addition of the two equations leads to:
N? + Np? < K? + 2KM + M? + Kp® + Mp® <
2
(«sz ; sz) < K2+ 2KM+M? + Kp? + Mp? <>

2
(\jK2+Ku2 +\/M2+I\/Ip2) <K2 4 Ku? +2KM + M? + Mp? &

K? + Kp? + 24K? + Kp? | M? + Mp? + M2 + Mp? < K2 + Ku? + 2KM + M? + My? <>
2(K? + Kp? yM? + Mp? < 2KM <>

JKZ +Kp? (M2 + Mp? <KM &

(K + Kp®)(M? + Mp?) < K*M? <

K’M? + KM’u? + K’Mp? + KMp* < K’M? &

KM?p? + K*°Mp? + KMp* <0.

Which leads to a contradiction since K and M are natural numbers and p > 0.

So case lI(i) only has solutions for v > 0. We see that for },LZ <45we have v <11.56 and we know
v is odd, this means that v=1,3,..,11,13 have to be investigated. Suppose d = 1 then from the
1+v
2(k-1)

definition of v we can derive |, =1+ where the star is added to distinguish the letter | from

1
the number 1.For v=1, |, :1+k—then the only possible solution is K = I, = 2 which leads to

17

n = 3 according to equation 6.3 and equation 6.4 then satisfies for Mz = 7

2
For v=3, |, =1+k— the two possible solutionsare K=2, |, =3or k=3, l. =2 . Due to
symmetry in kand . it suffices to look at k=2, |. =3 then m=4 according to equation 6.3 and

3
equation 6.4 is satisfied for uz =9,27 .For v=5, |, =1+ —— then the two possible solutions are

k=2, l.=40or k=4, |, =2.Due to symmetry ink and |, it suffices to examinek =2, I, =4 then
m = 5 according to equation 6.3 and equation 6.4 is satisfied for p”> =18.48.

Forv=7, I, :1+ki1three possible solutionsare k=2, I, =50r k=5, I, =2ork =1, =3. Due

to symmetry in k and . it suffices to examine the cases k=2, . =5 and k=1, =3.1f k=2, |, =5

the m = 6 according to equation 6.3 and equation 6.4 is satisfied for u” =30,01. If k =1, =3 then
301

m = 5 according to equation 6.3 and equation 6.4 is satisfied for uz = E ~ 27.36. This analysis can

be continued for v=9,11,13,.... For v > 9 no solutions exist where ].12 <45,
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9+—V .For v=1 I, :3+itwo
2(k—3) k-3

possible solutions are k=4, |, =8and k=8, |. =4. Due to symmetry in k and |, it suffices to

Suppose d = 3 from the definition of v we can derive | =3+

examine the cases K=4, |, =8. Then it follows from equation 6.3 that m = 9, and equation 6.4 is
satisfied for uz =2.066 . This analysis can be continued for v=3,5,7,..., the values for the

resonance modes up to uz <45 have been omitted but the calculation is similar to the one above.

m,,k,d u
3,2,2,1 17/7
4,2,3,1 9,27
5,2,4,1 18,48
6,3,3,1 27,36
6,2,5,1 30,01
7,2,6 43,86
19,6,18 2,028

Table G.1: Only for special cases of p1” resonance can occur.

Due to symmetry in | and k the values of | and k can be switched. This table only gives a part of all
values where resonance occurs for uz <45,

Case ll(ii)
{m =k+I1-d,

Jm*+m2p? = 1* 4 1Pu? -k kP2,

This is equivalent to case I(i) with m and | switched and d replaced by d+2k and to case II{i) with m
and | switched and d replaced by -d+2k.

Case ll(iii)
{m =k+1-d,

\/’m“ +miu’ = —\/I“ +1%u° +\/k4 +kp?.

This is equivalent to case Il(ii) with | and k switched.

Case llI(i)
{m =l-k+d,

\/m“ +miu’ = JI“ +1%u° +\/k4 +k2p?.

This is equivalent to case I(i) where d is replaced by d+2k and to case II(i) where d is replaced by
-d+2k.
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Case llI(ii)
{m =l-k+d,

\/m“ +mPu’ = —\jl“ +1%u° +\/k4 +kp?.

This is equivalent to Case ll(ii) with | and k switched.

Case IV(i)

m=I-k-d,
\jm“ +miu’ = \/I“ +1%u° +\/k4 +k2p?.
This is equivalent to case I(ii) with m and | switched.

Case IV(ii)

m=I-k-d,
Jm*+m2p? = 1+ 1Pu? -k k2,
This is equivalent to case I(i) with m and | switched.

Case IV(iii)

m=I-k-d,
Jm“ +miu® = —\fl“ +1%p? +\/k4 +Kku?.
This is equivalent to case IV(ii) with | and k switched.

Case V(i)
{m =-l-k+d,

\jm“ +m’u® = JI“ +1%n? +\/k4 +ku2.

This is equivalent to case I(i) where d is replaced by d + 2k + 21 and to case Il(i) where d is replaced by
-d+2k+2l.

Case V(ii)
{m =-l-k+d,

\jm“ +miu’ = \/I“ +1%u° +\/k4 +k2p?.
This is equivalent to case V(i) with m and | switched.

Case V(iii)
{m =—1-k+d,

\/m“ +miu’ = —\/I“ +1%u° +\/k4 +kp?.

This is equivalent to case V(ii) where | and k are switched.
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Section H: The cubic term

In this section we show how the cases where resonance occurs can be derived. The ® can be
expanded using goniometric formulas:

iS)

1
—Zcomcokmj[
—C,G,;+C,H,)
-C,G,-CH,)

]

cos((,, + o, +o)t)+
ﬁn«mm+mk+mgt+
C,G, +C,H,)cos( (o, +, —o;)t)+
C,G;—CH,)sin((o, + o, —w)t)+
C,G; +C,H;)cos((e, — o, +o)t)+
—C,G;+C;H, )sin((o, — o, +o)t)+
~C,G; +C,H;)cos( (o, -, —o))t)+
C,G;+C.H,)sin((o, — o —o)t]],

— e — e~ — — —

with

C,=G,H+HG, C,=-G,G, +H_H,,
C,=—G_H +H,G,, C, =G, G, +H_H,.

The terms of ® can cause secular terms if

i\/’gn4 +n°p? :i\/m“ +m’u’ i\/k4 +k2p? i\/j“ T TR

To determine the contribution of the sums derived in §7.2 the following resonance cases must be
investigated:

n=m+Kk+j,
I:
e = i £ K K £\ P

n=-m-Kk+j,
Il:
£ N = s e £ K K 3T PR,

n=m+k-j,
I
T I R PO T

It's clear that the cases do not have solutions where:

\jn4+n2u2 :—\jm4+m2p2 —\/k4+k2u2 —\/j4+jzuz-

98



Case (i)
{n =m+Kk+j,

\/n4 +n°p’ = \fm“ +m’p? +\/k4 +ku? +\/j4 ST |

This set of equations has no solutions. The proof is outlined below.

The RHS of (*) is always smaller then the LHS:

\jk“ +k2p? +\jm4 +mu’ +\,’j4 +ju? < kan +u’ +m«/n2 +u’ +j\jn2 +u’

<(k+m+j)\jn2+u2 :\jn4+n2p2.

Case I(ii)
{n =m+Kk+j,

\/n4+nzuz :\jm4+m2u2 +\/k4+k2u2 _\/J—4+j2u2.

A proof that this set of equations has no solutions can be constructed along the same lines as the
proof of case I(i).

Case I(iii)

n=m+Kk+j,
\ln4+nzuz =\/m4+m2u2 —\/k4+k2u2 —\/j4+j2H2-

A proof that this set of equations has no solutions can be constructed along the same lines as the
proof of case I(i).

Caselll
n=—m-—K+ j is the same as | with n and j switched.

Case llI(i)
n=m+k—j,
Jné+n?? = m* 4 mAu? 4k k22 4+ P,

We know n® =m? +k? + j? + 2(mk —mj—kj) . We introduce A = 2(mk —mj—kj) and
N=n?K=Kk?J= j2. Look at the following set of equations:

N=M+K+J+A,
INZ 4 NPZ = M2+ Mp? +K? + Kp? + 432 + 32,
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Assume that A <0 then
N-M-K-J<0 - N<M+K+J — N<(M+K+J)?=M?*+K?*+J*+2(MK +KJ+MJ)

but also Nu® < Kp? +Mp? +Ju® . Addition of the two equations leads to:

M? +Mu2+K2+Kp2+J2+Ju2+2VI(M2+Mu2)(K2+Ku2)

+2\/(M2 +Mp?)(9% +3u?) +2\/(K2 +Kp?)(0% + %) <
Mp? + Kp? +Jp? + M? + K? + % + 2MK + 2KJ + 2MJ.

or

\/(MZ +Mu?)(K? +Ku2)+\/(M2 +Mu2)(J2+Jp2)+\j(K2 +Ku? ) (32 +3u?) < MK +KJ + MJ.

But this can never be true because of an terms-wise failing of the inequality:

\/(MZ +Mu?)(K? +Kp?) 2 MK,

\/(M2+Mp2)(J2+Ju2) > My,

\j(K2+Kp2)(J2+Jp2) > M.

The conclusion is that A > 0.

In some cases there can be resonance depending on the value of ;,12. We again use the inequality

derived in the previous section of the appendix: x? < \/X4 +X2u2 < \/a“ Jraz},t2 +x?—a’for
X>a, X,u=>1.

Using this inequality we can derive that:

n’ <4/n4 +u® <m? + K+ =3+ 31+’ since n,m,k, j>1.

We also know that N* =m? +k® + j° + 2(mk —mj—kj) = m* + k? + j° + A this gives us:

A< 3(\/]?—1) . With u2 <10the possible values of A are 2,4, 6 and 8. Take A =2 and due to

symmetry in m and k, assume that m >k . For m =Kk we get A =2m(m —2j) which means that

there are no solutions for A <10 which implies that there are also no solutions for 0 < },LZ <10, so
A . .
we take m > K. From the definition of A we have m(k—j) = §+ kj>0 so k—j>0, k> j which

impliesthat m>k > j>1 — j>1, k>2, m>3and n>4.
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C : 2
Note that this means that If A =2then mk—mj—Kkj=1, if j=1 then m :1+k—l. The only

possible solutionsis M=3, k=2 with n =4 leading to uz =2,60, due to symmetry in k and m,
they can be switched. Continuing in this way for j > 2 all of the modes can be found linked to a

i 2 .
specific LL” which can cause resonance.

Case llI(ii)(a)
n=m+k—j,
\jn“ +n°p® = \fm“ +m’u’ + \fk“ +k2p? —Jj“ + ju’.

This set of equations has the obvious solutions k = n and j=m. Due to symmetry in m, k they can be
switched.

Case llI(ii)(b)
n=m+k-j,
Jnt+n?p? = m* e mAu? -k + k2 + 4+ Pl

This set of equations has the obvious solutions m=nandj=k.

Case ll(ii) (c)
n=m+k-—j,
Jnt 402 = —m* e mP® + (kK22 L+ Rl

This set of equations is the same as IlI(ii)(b) with m and k switched. Using a similar analysis as in Case
[1I(i) it can be shown that the solutions given in ll(ii)(a)-(c) are the only solutions.

Case lli(a)
n=m+k—j,
\fn“ +n°p® = —\/m“ +m’u’ —\jk“ +kp? +\/j4 +ju’.

This case is the same as I(i) with n and j switched.

Case llI(b)
n=m+k—j,
\ln4+nzuz =\/m4+m2u2 —\/k4+k2u2 —\/j4+j2H2-

This case is the same as IlI(i) with n and m, k and j switched.

Case lli(c)
n=m+k—j,
\fn“ +n°p® = —\/m“ +mu’ +\/k4 +kp? —\/j“ +jul.

This case is the same as llI(iii)(b) with m and k switched.
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