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Abstract In this paper, we investigate an initial-
boundary value problem for a linear Euler-Bernoulli
beam equation governing the dynamics of pipes con-
veying fluid. The fluid flow velocity inside the pipe
is assumed to have a small amplitude and to be time-
varying, that is, V(1) = &(Vpy + V1 sin(2¢)), where
a two time-scales perturbation method is applied to
construct approximations of the solutions. We explore
fluid velocity pulsation frequencies €2 that lead to res-
onance in the pipe system. Depending on the order
of bending stiffness, we study beam, stretched-beam
and string models, each displaying distinct resonance
behaviour. For special values of the frequency €2 and the
bending stiffness, resonance frequencies can coincide,
leading to internal resonances that exhibit more com-
plex dynamical behaviour. We investigate both pure
and detuned internal resonance scenarios, highlighting
how early truncation in the number of oscillation modes
leads to erroneous approximations and incorrect stabil-
ity conclusions.
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1 Introduction

In numerous industries and infrastructures, pipe struc-
tures are essential for operations requiring the trans-
portation of fluid. Including urban water distribu-
tion, the extraction and transportation of oil and gas
in refineries and offshore platforms, and fuel supply
mechanisms in engine systems, pipes play a crucial
role in many industrial applications. However, due to
the type of pump being used, such as reciprocating
pumps, or due to the instabilities of the fluid flow,
velocity inside the pipe may demonstrate periodic time
variations. The fluctuations of the fluid velocity can
lead to oscillations in the pipe structures, which may
present potential challenges to the integrity, safety and
longevity of the pipe structure.

The first known written study in the field of pipes
conveying fluid belongs to Bourrieres [1], who exam-
ined in 1939 both string-like and beam-like cases. The
studies on this subject were re-initiated by Ashley and
Haviland [2], being unaware of the previous works.
They modelled the pipe as a beam-like structure and
studied the dynamics of a simply supported pipe and
travelling waves in an infinite pipe. The model for sim-
ply supported pipes was later improved by Housner
[3]. Benjamin [4] was the first to apply Hamilton’s
principle, in his study of articulated cantilevered pipes.
The first complete derivation for the linear equation
of motion for time-dependent fluid velocity was devel-
oped in 1974 by Paidoussis and Issid [5], employing
both Newtonian and Lagrangian mechanics. Two years
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later, by considering the shear deformations, Paidoussis
and Laithier [6] were the first ones to obtain a Timo-
shenko beam model for pipes conveying fluid. Semler
et al. [7] derived the nonlinear system of partial dif-
ferential equations governing the dynamics of pipes
conveying fluid, considering the effects of longitudinal
deflections and higher-order curvature terms for strain
expression.

The first known research on pipes conveying pulsat-
ing fluid belongs to Chen [8], where he considered the
fluid velocity inside a simply supported pipe to exhibit
a periodic time variation around a mean value. Employ-
ing the Galerkin truncation method, a set of Mathieu-
Hill-type equations were obtained, and the paramet-
ric and combination resonances were investigated. Pai-
doussis and Issid [5] improved the derivation of lin-
ear equations of motion considering axial deflections
and studied these equations using a two-term trunca-
tion. Studies of parametric and combination resonances
have covered various pipe configurations, including
articulated (Bohn and Herrmann [9]), cantilevered and
clamped-clamped (Paidoussis and Sundararajan [10]),
as well as simply supported and clamped-clamped
arrangements (Ariaratnam and Sri Namachchivaya
[11]). In terms of nonlinear equations of motions, Sri
Namachchivaya [12], Sri Namachchivaya and Tien
[13], Semler and Paidoussis [14], Oz and Boyaci [15]
made significant contributions to the literature of non-
linear equations of motion governing pipes conveying
pulsatile fluids, investigating various parametric res-
onances. Jin and Song [16] observed overlap of dif-
ferent resonances, and Panda and Kar [17,18] stud-
ied cases of resonance overlap in nonlinear equations
of motion. External flow-induced vibrations have been
studied for strings by Luongo et al. [19], Di Nino and
Luongo [20], while Wang et al. [21] focused on pipes
modelled as beams. These studies commonly assumed
that a small number of vibration modes are responsible
for the dynamics of the infinite-dimensional pipe sys-
tems. Therefore, the predominant “analytical” method
of solution in this field has been the Galerkin trunca-
tion method, which remains the most popular method.
It has also been used extensively for studying paramet-
ric and internal resonances in pipes conveying fluids
and is employed in most recent papers [22-29].

The problems of pipes conveying fluid are closely
related to the problems of axially moving continua,
such as conveyor belts. Equations of both problems
have significant mathematical similarities. In their
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study of conveyor belts with negligible bending stift-
ness, using a multiple time scales method, Suweken
and van Horssen [30] have shown that for string-like
conveyor belt problems, infinitely many modes interact
with each other for certain velocity fluctuation frequen-
cies. Hence, it was shown that the truncation method
was inapplicable. In their further study, Suweken and
van Horssen [31] investigated the beam-like equations
for conveyor belt problems assuming that the bending
stiffness is non-negligible. They studied combination
resonances and internal resonances assuming that the
belt velocity has a periodic time variation with a small
average amplitude. They discovered that three-mode
of sum and difference type resonances may overlap for
certain parameter values, leading up to three-mode or
four-mode interactions, and they studied three-mode
interactions in detail. In their next paper, Suweken and
van Horssen [32] considered cubic nonlinearities in
their beam-like model and studied these internal res-
onances and changes in the stability of the nonlinear
system. Pakdemirli and Oz [33] studied a linear prob-
lem using infinite dimensional eigenfunction expan-
sion and reported matching resonance frequencies as
in the study [31] for vanishing average fluid velocity.
General expressions for eigenfunctions are obtained for
infinite dimensional systems in [33]. For extending the
natural frequencies to vanishing average fluid velocity,
non-existing principle resonances, combination reso-
nances and 2 = O resonances are reported. This is
due to the fact that the general form of eigenfunctions
obtained does not explicitly provide orthogonality con-
ditions that give restrictions on resonant mode num-
bers.

In 2003, while working on an axially moving con-
tinuum with small bending stiffness, van Horssen [34]
introduced a new solution using the Laplace transform,
providing an exact solution of the non-self-adjoint
problem for the string-like problem. Van Horssen and
Ponomareva [35], presented the superiority of this
Laplace transform approach to the more popular finite
dimensional eigenfunction expansion. A further study
from Ponomareva and van Horssen [36] on axially
moving strings with periodically time-varying veloc-
ity, employing the Laplace transform and multiple time
scales methods, showed the inapplicability of the trun-
cation method due to the interaction of infinitely many
modes. This interaction leads to the neglect of energy
contributions from higher modes when the system is
truncated. Malookani and van Horssen [37,38], Sandilo
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and van Horssen [39] have shown that the trunca-
tion method leads to incorrect stability conclusions for
the infinite dimensional systems. Malookani and van
Horssen [40,41] solved the infinite-dimensional prob-
lem for special initial conditions using the method of
characteristic coordinates.

Andrianov and van Horssen [42], and Ponomareva
and van Horssen [43] studied the transition from string
to beam behaviour for an axially moving continuum
with harmonic time variations and small average veloc-
ity. Their studies revealed for lower vibration modes
that the terms associated with bending stiffness can
be neglected, resulting in a string-like equation. Con-
versely, at higher frequencies, the contribution of the
bending stiffness terms becomes significant, leading to
a string-beam or even a beam model.

In this paper, we aim to link advancements in the
study of accelerating continua to pipes conveying pul-
sating fluid. We study the dynamics of pipes with small
average fluid velocity, using multiple-time scales per-
turbation approximations for the infinite-dimensional
problem. With this approach, beam-like, stretched
beam-like and string-like models occurring as a result
of varying orders of bending stiffness are studied. We
provide a detailed study of potential resonant cases and
internal resonances for each model. Several analytical
findings are validated through numerical studies using
finite difference methods (FDM). Additionally, we dis-
cuss the possible complications that may arise from
using the truncation method. For certain fluid pulsa-
tion frequencies, we show that applying the Galerkin
truncation method results in incorrect approximations
of the solutions for the infinite-dimensional system.

The structure of this paper is as follows. In Sect. 2,
the derivation of the equation of motion is briefly given.
The non-dimensional equations of motion are derived,
and the problem is defined. In Sect. 3, the two-time-
scale perturbation method is applied to the problem. In
Sect. 4, the fluid velocity pulsation frequencies leading
to resonance are determined. In Sect. 5, the concept of
transition across models is presented with respect to
varying orders of bending stiffness. In Sect. 6, reso-
nance coincidence scenarios are investigated for each
model. In Sect. 7, numerical investigations are pre-
sented. In Sect. 8, conclusions are drawn, and remarks
are made.

Fig.1 Schematic diagram of the simply supported pipe system

2 Model
2.1 Derivation of equation of motions

A horizontally placed pipe of length L is assumed to be
simply supported at both ends. The transverse displace-
ment of the pipe’s natural axis (in y—direction) at axial
coordinate x and at time ¢ is denoted by v(x, 7). The
fluid flow velocity inside the pipe is denoted by V (¢).
The pipe is assumed to have uniform material proper-
ties and cross-section S. The mass per unit length of
the pipe and the fluid are given as m and M, respec-
tively, with gravitational acceleration g, axial tension
P, Young’s modulus E, viscoelastic damping coeffi-
cient 7, and area moment of inertia /. The schematic
diagram of the pipe structure is shown in Fig. 1.

In this study, Hamilton’s principle will be used to
derive the linear equations of motion. The pipe structure
is modeled as an Euler-Bernoulli beam, thus the shear
deformations are neglected. Hamilton’s principle for
deformable bodies is expressed as:

n n
5/ Ldt+/ SWdt =0, 1
11 11

where L is the Lagrangian, defined as £ = 7 — V;
T and V represent the kinetic an potential energies,
respectively, and W is the virtual work done by non-
conservative forces. § is the variation of a function.

The total kinetic energy of the pipe system, denoted
by 7, consists of contributions from both the pipe 7,
and fluid 7y, expressed as 7 = 7, + 7. These com-
ponents are defined as:

1 L
T, = —m/ vtzdx,
2 Jo

. 2
T 1 2 2 2.2
= 5M A Vot v, + 2V 4+ Vv Jdx,
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where v; and v, are time and space derivatives of v,
respectively. The derivation of 7 is well described in
[5].

Similarly, the potential energy of the system, V, con-
sists of the contributions from both the pipe V,, and
fluid V¢, and is given by V = V,, + V. Due to the
effects of bending resistance, axial tension and gravity,
the potential energy of pipe and fluid can be expressed
as:

Ll L)
Vp=/ —EI(vyy)” + zPvy +mgv ) dx,
o \2 2
! 3)
Vi = Mg/ vdx.
0

In this study, we assume that the pipe structure
exhibits Kelvin-Voigt viscoelastic damping character-
istics. This assumption corresponds to the o = Ee¢ +
nfl—j stress-strain relation, where o and € denote strain
and stress respectively. The energy contribution of the
linear elastic component of this expression is treated
in (3). The contribution of Kelvin-Voigt viscoelastic
damping on stress is given by oy = n‘jl—j = NYVsxx-

Considering the cross-section of the pipe, denoted
by S, the variation of virtual work of non-conservative
forces is expressed as:

L
— / /(GKv8€)dex
0 S

L
- / /(vazxx5(yvxx))d5dx 4)
0 S

IWkv

L
- / (M vixx8vxy)dx.
0

Applying § to the Lagrangian in (1) and considering the
virtual work, the non-autonomous equation of motion
can be derived as:

N vixxxx + ETVxxxx + (MV2 — P)uyy +2MV vy,
+ (m + M)v; + MVive + (m + M)g =0,
)
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with the natural boundary conditions

atx =0

MV (v + Vuy) + Pox + Elvgey + Ve =0,
Elvyy +nlviex =0,

andatx =1

MV (v + Vuy) + Pux + Elvxxx + NVpxxx =0,
Elvey +nlvi, = 0.

(6)

2.2 Non-dimensionalization

To apply non-dimensionalization, we chose the char-
acteristic values for the variables: x, = v, = L and
te =/ #L. We then introduce the dimensionless
parameters as follows:

Pt
x*zf’ U*:E’ Z‘*z -,
L L Vm+ML
M e My (7)
eL3/(m + M)P P
El M m+M
_ g Lg.
m=p2 P 7 p ¢

Here, the dimensionless parameter ¢ indicates that the
viscoelastic damping coefficient 7 is small. By substi-
tuting the dimensionless parameters as defined above
into the governing Eq. (5), we obtain the dimensionless
form:

EXVtxxxx T UWUxxxx + (V2 — Dy

®
+ 2\/BVUXZ + v + \/Evtvx +y=0.

2.3 Problem definition

In this study, the fluid velocity inside the pipe is
assumed to have a small amplitude with harmonic time
variation, expressed as V(z) = (Vo + Vi sin(Q21)),
where Vy > |Vi]and 0 < ¢ < 1. With this choice, both
the viscoelastic damping and fluid velocity are of O(g).
However, this choice does not exclude the possibility
that n may be much smaller than V (¢). The dimension-
less non-autonomous partial differential equation that
governs the transversal motion of a simply supported
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horizontal pipe is given by:

EXVrxxxx T UUxxxx
+ (2(Vo + Vi sin(Q1))? — 1) vy
+ 2e/B(Vo + V1 sin(Q1)vy; + v
+ aﬁvlﬂcos(ﬂt)vx +y =0,

€))

forO < x < landt > 0, with the boundary conditions:

v(0, 1) = vxx(0,1) =0,

(10)
v(l, 1) = v (1,8) =0,
for t > 0, and the initial conditions:
v(x,0) = ¢ (x),
(x,0) = ¢(x) (11

v (x, 0) = ¥ (x),

for 0 < x < 1. The initial conditions v(x, 0) = ¢ (x)
and v;(x,0) = ¥ (x) are necessary for the well-
posedness of the problem. Although this study does
not focus on the existence and uniqueness of solutions,
these initial conditions are crucial for setting the initial
energy distribution across modes, which is essential for
the stability analysis.

3 Methods
3.1 Formal asymptotic approximations

It can be observed that Eq. (9) contains a constant non-
homogeneous term, . Hence we propose a solution in
the form:

v(x,t) = vs(x) +vo(x,t) +evi(x,t) + 0(82), (12)

where v (x) is the static solution, and solves the bound-
ary value problem

"

pv!”" — vl +y =0,

" a (13)
vs(0) = v(1) = vg(0) = v, (1) =0,

for 0 < x < 1, and ¢ is a small parameter. The homo-
geneous O(1) problem is:

o 9%vy 92w _
Foox® ~ox2 T o2 T
BC’s: (0, 1) = 2200, 1) = 0,

O’

P (14)
vo(l, 1) = sz‘)(l,t) =0,
IC’s: vo(x,0) = p(x) — vs(x),
30 (x,0) = ¥ (x),
and the O(¢) problem is:
9t 9%u; 9%y
Foaoxd ™ B2 T a2
351)0 v
= — — ViR Qry) —
o~V BVISeos(@i)
. 9%v
—2/B(Vo + Vi sin(Q10)) —
oxot (15)
2

2
BC's: v1(0,1) = —2(0,1) =0,
dax

321)1

31)1
IC’s: vi(x,0) =0, E(X’O)IO'

By solving problem (13), as detailed in Appendix A,
we obtain the static solution given by:

1 > ( 1-— 2x>
cosh
NG NG (16)

+ %()c2 —x +2p).

vs(x) = —y,usech(

Assuming that a solution of Eq. (14) is in the form
uo(t)po(x), time and space components of the solution
can be separated as follows:

"

g uo — douo + goiio =0
Lig  1¢y5 &y . (17)
mwuo  Hdo o '

This results in an eigenvalue problem where A is the
separation constant. The characteristic polynomial of
the spatial problem is given by

1
- =24 =0. (18)
w
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The discriminant of this quartic polynomial is calcu-
lated as A = 16A(4h — %)2. The function ¢p(x)
is nontrivial only if A < 0, which implies A < 0.
Consequently, the general form of the solution can be
expressed as:

0(x) = cre” " 4 coe”
¢ ( ) 1 . (19)
+ c3 sin(rax) + ¢4 cos(rax),

where r; and rp are the roots of the characteristic

p01yn0mial (18), giVen by ry = \/; w and

; 171+«/2m
m

—r1 and —rp. Applying the simply supported bound-

ary conditions gives ¢; = ¢ = ¢4 = 0. Furthermore,

for nontrivial solutions of ¢g(x), r» must take the val-

ues r, = nm, for n € N. This condition implies that

A = —(n*n* + n’7?%/u), which results in the corre-

sponding eigenfunctions, up to an arbitrary multiplica-
tive constant:

ry = , with the remaining roots being

don(x) = sin(nmx). (20)

Defining a),% := —uA, we obtain an expression for the
natural frequency as

wp = ny/1 + un?n?. 1)

Therefore, the temporal component of the solution is
uon(t) = Ay sin(wnt) + By, cos(wnt), (22)

where A, and B, are constants. Combining (20) and
(22), the O(1) problem’s solution can be obtained as:

vy (x) + Z[An sin(wpt) + By cos(wpt)] sin(nmx).
n=1

(23)

Where a P-periodic function is defined as f(x + P) =
f(x) for a given period P, the eigenfunctions (20) are
2-periodic and odd in our spatial domain. However,

(15) contains terms that are not odd (i.e. gi’;ﬁ and 3{%).
Multiplying these terms by the in x, 2-periodic function
H(x) (see [32]), an equivalent expression that contains
only odd terms can be obtained. The function H(x) is

defined as:

@ Springer

e¢]

Z 4sin((2j + )mx)
2j+ Drm

H(x) =
j=0
_ {—lfor —1<x<0,

lfor 0<x<1.

(24)

Substituting (23) into (15) and using the orthogonality
of the Fourier sine series in our spatial domain leads to
secular terms in vy (x, t).

3.2 Multiple time scales method

For the proposed solution (12) to be qualified as an
asymptotic approximation of the given problem, on a
time-scale of order ¢!, the secular terms in v must
be avoided. To achieve this, a two time-scales pertur-
bation method will be applied. We introduce the time
variables: o = ¢ and #; = ¢t leading to:

vi(x,1) = v;(x, 1o, 11), fori = {0, 1}

9_ 00
_ = &—,

o oy o (25)
% 92 32 5 92

—=—+2 +&*—.

02 = 92 T Fonan ¢ a2

The function vo(x, o, 1) is now given by
vo (X, fo, 11)

= > [An(t1) sin(@nto) + Ba(t1) cos(@nto)] (26)

n=1

X sin(nmwx).
Consequently, Eq. (15) becomes
84v1 82v1 82v1
Poxt T a2 T o
35110 821)()
o _
8x48t() d1gdt 27
dvg
—JpviQ Cos(Qto)H(x)a—
X

82v0
8x8t0'

—2/B(Vo + Vi sin(Q10))H(x)

We assume that vy (x, 70, 11) = Y _vey Uin (0, 1) P1n(x)
with ¢1,(x) = sin(nmx). For visual simplicity,
we will employ the notation u,(fo, t;) instead of
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u1n(to, t1). Substituting vo(x, t9, ¢1) into (27), and Notice that (30), and therefore Cy, depends linearly

using the orthogonality of the Fourier sine series, the ony = "tM| , the dimensionless gravitational con-
g g y 14 P L8 g
O(e) equation can be derived as: stant. Thus, the presence of Cy results from accounting
for the gravitational effect. Finding the exact values
92u of Cy is not in the scope of this research, although, the
k 2 . . .
2 + wjuk = proof of the convergence of the series Cy, is presented in
0 a4 Appendix B. Thus, we refer to Cj as a nonzero constant
— an k" wi[ Ak cos(wito) — By sin(wkio)] for k is even and zero for k is odd. With this simplifi-
— 2wk [ Ak cos(wito) — By sin(wito)] cation, the O(e) equation can be written as follows:
2\/EV1 kn 8214
X X - Y e e
2j+l4n=k 2j+l-n=k 2j+l-n=—k oty

44,4 .
= — k A — B 1
y {(Q 200 [ An sin((@n + Do) am ‘wk[ k COS(wkt?) & sin(wto)]
— 2wy [ A cos(wity) — By sin(wytp)]

+ By, cos((wn + 2)10) ]

2 2k

+ (2 = 20,)[ Ay sin((@n — Do) + Y VBV
n=1

+ Bu cos((@n = Q)t‘))]} x { (Q + 20)[Ap sin((@n + )10) G

8
- ;\/IEVIQ cos(£210) + B, cos((w, + )19)]
o oo ‘ + (22 — 2wp)[Ap sin((@n — Q)10)
x Z I /0 vl (x) sin((2j + 1) x) sin(kmx)dx,

=0 + By cos((wy — Q)to)]}
(28) g
— = /BVIQCy cos(Qup).
4
To provide a more compact notation, we define ), :=

2 2jtlanek T 22j+1-nek — 22j+1-n=—k Whichindi-  Fork =1,2, ..., Eq. (31) can be solved for each indi-

cates summation over indices satisfying n =+ k is odd. vidual mode k. Depending on the value of €2, the terms
For the same purpose, we also define the last term of on the right-hand side (RHS) of Eq. (31) may align
Eq. (28) with the solutions of the homogeneous problem asso-

ciated with Eq. (31), resulting in secular or unbounded
Cy = solutions. These scenarios trivially occur for all k for

o | | first two terms on the RHS, and can also occur if
> — / v, (x)sin((2) + Drx)sin(krx)dx, — @n EL=og orif @ = k.
=0 2j+1Jo In Sect. 4, we investigate the individual occurrence
(29) of these secular terms. Moreover, in Sect. 6, we explore
the more complex cases where multiple secular terms
arise simultaneously, which can lead to complicated
resonance behaviour.

where

1
/ vy (x) sin((2j + Dwx) sin(kwx)dx
0 4 Resonance frequencies

4ykQj+Dpu’a?
(1+(2/+a—llcc)(zzunzl))(1+(2,/+1+k>2;m2) 41D o " )
— Y Jj+ ki . etermlnlng resonance rrequencies
= — 1S even
T2Q2j+1-k)2(2j+1+k)2° ’
0, k is odd.

In this section, we identify the fluid pulsation frequen-

(30) cies, €2, that lead to secular terms in the solution. Since

@ Springer
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sin(wgtp) and cos(wito) are in the kernel of Eq. (31),
the occurrence of these terms in the RHS of (31) leads
to secular terms in ug. The excitation frequencies 2
that lead to secular terms in the solution are presented
below:

o Q = wg, where K is even and fixed. These fre-
quencies correspond to primary resonances. This
frequency follows from the last term in Eq. (31).

o Q = wy £ wy, where L = M is odd and L and M
are fixed. These frequencies are referred to as com-
bination resonances. This frequency follows from
the indexing of }_* in Eq. (31).

In this study, we also explore frequencies in the O(g)
neighbourhood of these resonances, which are usually
referred to as the detuned frequencies.

Contrary to the studies in [31-33], we observe a
resonant frequency 2 >~ wg . Following from Eq. (31),
the occurrence of this term is due to the inclusion of
the potential energy contribution from gravity in our
model.

Secondly, the eigenfunction choice made by [33] led
to overlooking the orthogonality relations. This results
in a failure to observe the rule that combination reso-
nances must satisfy K + N is odd. As a result, many
nonexistent cases were reported (i.e. K & N is even).
Furthermore, in their study, the authors erroneously
focused on so-called “principle parametric resonances
Q = 2wg”, and “Q = 0 resonances” by consider-
ing K = N, which is shown in this paper and in
[30,31,36,44] to be non-existent.

In the literature of pipes conveying pulsatile fluids,
it is a common practice to consider only the first few
modes, typically 2 or 4 (see the classical works in the
field: [8—13,16-18], and more recent studies: [22-29]).
After truncating the system to these lower modes, para-
metric and internal resonances are examined. However,
as previously demonstrated in [31,32], and later in [33],
higher-order modes that are neglected can be excited
due to internal resonances for certain bending stiffness
values w. These cases are studied in detail in Sect. 6.

4.2 Non-resonant 2

In situations where the fluid pulsation frequency €2 does
not fall in the O(e) neighbourhood of a resonance fre-

@ Springer

quency, Eq. (31) becomes

— +wju
a} Kk
= —an* ko[ Ay cos(wito) — By sin(wito)]

— Zwk[Ak cos(wity) — Bk sin(wgtg)] + n.r.t.
(32)

Here “n.r.t.” stands for the non-resonant terms. The
secular terms in uy (fg, t1) can be avoided if Ay (¢1) and
By (1) satisfies:

am*k? amk?

Ak+ Ar =0 and Bk—i—

By = 0.
(33)

Therefore, the solutions forAy (#;) and By (¢;) are:

4,4
K
EHTZ [l

Ap(t1) = A (0)e™ ,

artit

Bi(r) = B(0)e™ 2.

(34)

These solutions exponentially converge to zero as t —
oo for all &, hence, vy converges to vs(x) as t — o0.

As it is introduced in this section 4, this section fur-
ther explores the dynamics of the system under the res-
onant frequencies wg , wx + wp, and their ¢ neighbor-
hoods.

4.3 Resonant 2
4.3.1 The case Q >~ wg

We assume 2 ~ wg is an isolated resonance case, thus
Q is not O(e) close to wg £ wy for any K, N.

Pure Resonance: Q = wg

Initially, we investigate the scenario where the fluid
pulsation frequency precisely matches a resonance fre-
quency. Hence, substituting Q2 = wg for K is an even
and fixed integer, and the equation with the terms that
are leading to secular terms in u g (fo, 1) becomes:
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82141(
2
W +0)KMK
0
4

= —an*K*wk[Ak cos(wkty) — Bk sin(wx1o)]

— 2wk Ak cos(wgty) — Bk sin(wkio)]

8
— —\/,EVle Ck cos(wgtp) + n.r.t.
b4
(35)

Secular terms can be avoided in (35) if the following
conditions are met:

4 -4
. an"K 4
Ak + Ak +—/BViCkx =0,
T
414 (36)
. an K
Bk + Bg = 0.
Therefore, Ak (1) and Bk (¢1) must satisfy:
8 ViCk _arik?
Ax () = (Ax () + YPNCK, ety
an> K
_ 8VB"iCx (37)
amdK4 7
an4l(4

Bk (t1) = Bk (0)e™ 2z ",

For all other k # K, Ax(t1) and Bi(#1) satisfy (34).
Astg — o0, Ax — —% and Bx — 0. Con-
sequently, vy evolves towards a solution that exhibits

oscillations around vy (x), with a fixed frequency wg.

Detuned Resonance: Q = wg + €@

We now consider the excitation to be frequencies in the
neighbourhood of the resonance frequency wg , defined
as Q = wg + ¢, where ¢ is an O(1) detuning param-
eter and ¢ indicates that the detuning is O(¢). Then Eq.
(31) can be obtained as

—— + WUk
13 K
= —om4K4wK[AK cos(wgtg) — By sin(wgty)]
— 20)[([141{ cos(wgty) — BK sin(wg tg)]

8
— ;\/BVla)KCK cos(wg o + ¢t1) + n.r.t.
(38)

Using trigonometric identities, Eq. (38) can be rewrit-
ten as

82LtK
2
—F— +wrlug
2 K
oty

= cos(wkto){—an4K4wKAK —2wg Ak
8
_ ;ﬁvlch cos(gotl)} (39)
+ sin(wKto){an4K4wKBK + 2wk Bk

8
+ ;\/BVIwCK Sin((Ptl)}

4+ n.r.t.

For the sake of simplicity, let us introduce the parame-
ters:

4 -4
K 4
a:= “”2 , ci= —\/BViCk. (40)
T

Using this notation, we obtain

AK = —aAg — ccos(ety),
- o @1
Bx = —aBg — csin(gty).

By using the method of integrating factors, one can
solve the Eq. (41) as

¢ )
Ag () = —m(a cos(gt1) + ¢ sin(pty))

+ (AK(O) + %) e,
a

. e (42)

Bk (1) = —m(a sin(gt1) — ¢ cos(g11))

pc -
Bk(0) — 5—— an,
+< k (0) a2+¢2>€

The solution (42) indicates that the solution of (9)-(11)
evolves into an oscillatory solution in the vicinity of
the static solution v (x).

4.3.2 The case Q >~ wg — wN

We consider the combination resonance of difference
type under the condition K £ N is odd. It is assumed in
this section that 2 ~ wg — wy represents an isolated
resonance case. Therefore, all other possible resonance
interactions are excluded.
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Pure Resonance: Q = wg — wn

We first consider the pure resonance case. Substituting
Q = wg — wy into the Eq. (31), we obtain the system
that Ax, Bx, Ay and By have to satisfy in order to
avoid secular terms:

4 4
an”K KN(wg +w
AK+fV—( K N)BN,

Ag = —
K 2 K)ok
4 14
. an"K KN(wK + wp)
Bx = — Bx — Vi —A ,
K ) K f KZ)C()K N
4774
. _an N KN(wg + w
Ay = Ay + \FvleN)BKs
K*)on
4774
. _an’N KN(wk + on)
By = By — Vi —A .
N ) N f ~ KDy K
(43)
Defining the following constants for simplicity:
an*K* an*N*
a = s = ,
2 2
KN(wg + wp)
= —_— 44
p =BV V= Kox (44)
KN(C()K + a)N)
= Vi——
q: f 1 KZ)Q)N
we rewrite the Eq. (43) as:
AK —a 0 0 P A[(
BK _ 0 —a —p 0 B[(
Av| 1 0 ¢ —=boO Ay |- 45)

This system can be written as two, two-dimensional
systems:

<2§): (Z5%) () (@6
(5) =(2) (%)

The given systems share the same characteristic poly-
nomial, implying that the two systems have the same
eigenvalues, and so, the same stability properties. The
eigenvalues of the given system are given by

a+bi\/(a—b)2—4pq' 47

ALy = —
1,2 2 2
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The exact solutions of (46) can be obtained by the given
eigenvalues. Alternatively, since the systems are two
dimensional, the stability condition can be given as

—a p\_
tr(_q_b)_ (a+Db)

(48a)
01714(1(4 + N4)
_f < .
—a p\ _
det (—q —b) =ab+ pq
_pv? K2N?  (wk + wy)?
B ! (N2 —K»H?  wgon
a8 KAN?
— > 0.
(48b)

Since «, B > 0, both inequalities are satisfied for all
modes. Hence, the Q2 = wg —wy scenario always leads
to stable solutions. Therefore, the solution of (9)-(11)
leads to the static solution for tp — oo (where @ > 0).

Detuned Resonance: Q2 = wg — wn + €@
Introducing a small detuning parameter, g, alters the
dynamics of the system. Using the previously defined
coefficients (see (44)), the system that has to be satisfied
to prevent secular terms is given by:

Ax = —aAg + psin(pt)) Ay + pcos(eti) By,
Bk = —aBg — pcos(pt)Ay + psin(et;) By,
Ay = —bAy — gsin(pt))Ag + q cos(et) Bx,

By = —bBy — q cos(pt))Ag — g sin(pt) By .
(49)

Notice that compared to system (47), system (52) is
fully coupled. By differentiating the first two equations
in (49), one obtains after applying some manipulations
(see Appendix C), the following autonomous system:

Ak + (@ +Db)Ak + (ab + pg) Ak
+ ¢(Bg 4+ aBg) =0,

Bk + (a + b)Bk + (ab + pq)Bg
— ¢(Ag +aAg) =0.

(50)
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The characteristic polynomial of the given system is

A+ 2(a +b)a3
+ (9% + (a + b)?> 4 2(ab + pg))»?
+ (2ag* + 2(a + b)(ab + pg))r
+ (¢%a® + (ab + pg)*) = 0.

(G

The roots of the quartic characteristic polynomial (51)
are given by:

b
A]:—(a;)+§i
1
— 3y/20(@—b)i +@— b2 —4pg - o2,
_ (a+b) ¢
T 2
1
+ 34200 = b+ @ = b2 —4pg — g2,
(a+b) ¢.
3=— — 5
2 2
1
- 5\/—2<p(a —b)i + (a — b)? —4pg — ¢,
(a+Db) .
Ay = — 2 —%l
1
+ 5\/—2(/7(61 —b)i + (a — b)2 —4pg — ¢2.

(52)

For known parameter values, one can determine the
roots (52) and the solutions of Eq. (50). Knowing Ag
and Bk, one can obtain Ay and By from the expres-
sions

1 .
Ay = —;[Sin((Ptl)(AK +aAg)

— cos(pt))(Bx + aBK):|»
] (53)
By = —;[COS(wtl)(AK +aAg)

+ sin(pn) (Bk —l—aBK)].

In order to define the stability of Eq. (50) and conse-
quently of (49) for arbitrary parameter values, we study
the real part of the eigenvalues obtained in (52), where
the square root of a complex number is:

VA + Bi =
«/A2+B2+A+ VA2 4+ B2— A

i—
| B

The eigenvalue with the largest real part has to satisfy
the following condition in order to have stability:

_(a+b)
2
1

+_
22

+(a—b)2—4pq —(p2>2 < 0. 54)

(\/ [(@ — b)> — ¢ — 4pq]® + 4¢2(a — b)?

1

This leads to the inequality
o> —(1+ D)@+ b2 (55)

Where a, b, (pq) > 0, itis clear that the given inequal-
ity (55) holds for all parameter and detuning val-
ues. Therefore, we can conclude that the case Q =
wg — wp + &g is stable for all O(e) detuned frequen-
cies. This implies that the solution of (9)-(11) tends to
the static solution for t5 — oo.

4.3.3 The case Q >~ wg + wy

Now we shall study the combination resonance of sum
type under the condition K £ N is odd. We assume in
this section that Q2 >~ wg + wpy represents an isolated
resonance case. Consequently, we exclude all other
possible resonance interactions.

Pure Resonance: Q = wg + oy

Initially, we study the pure resonance case, where the
excitation frequency is exactly equal to the sum of
two natural frequencies. Substituting Q = wg + wy
into (31), we obtain a system of equations for Ag (#1),
Bk (t1), Ay (t1) and By (1) that has to be satisfied to
avoid the occurrence of secular terms in u g (¢, ¢1) and
un (fo, 11):
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4 4
. ar*K KN(wg — wn)
Ag = — % —B ,
K > f 1 ~ KDwx N
4 14
A ar*K N(wK wN)
Bx = — B Vi —A ,
K 5 Kk + f ~ KDox N
4 pr4
. _an N KN(w
A = A + IVILZN)BK,
K*wy
4 a4
. an"N KN(wg — wy)
By =— B V —A .
N 7 By Vv — K)oy K
(56)
For simplicity, we introduce the coefficients:
an*K* an*N*
a:= , = ,
2 2
KN(wg — wn)
= Vi———, 57
pi=BVi N — KDox (37
KN(wgx — on)
= V —.
q: \/> 1 KZ)CL)N

Using these coefficients, Eq. (56) can be written as:

(gzi):(_qa fb)(ﬁﬁ) (58a)
(29:(_; —qa><22> (58b)

The systems in Eq. (58) have the same characteristic
polynomials, and so they have identical eigenvalues:

a+bi\/(a—b)2+4pq' (59)

2 2

Ao =—

The stability of each system can be determined by the
trace and the determinant of the matrices:

tr<_qa _pb> =—(a+b)

ar*(K*+ NY

=———F— <0, (60a)
—ap\_ .
det< p —b) =ab — pq
_ gy KON (ox —on)?
V(N2 - K22 wron
2 8K4N4
% - 0. (60b)
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Thus, the stability of the system for Ax, Bx, Ay and
By is determined by

28 KIN2(N? — K2 wkwn
4BVE(wk — wn)?

> 1. 61)

If the condition (61) is satisfied, then the O(1) solution
of (9)-(11) converges to the static solution. However,
for pipes with small viscoelastic damping «, (61) is not
satisfied. As a result, the amplitude of the vibrations in
(26) for modes K and N becomes unbounded.

Detuned Resonance: Q2 = wg + oy + €¢

We now study the case where fluid velocity pulsation
frequency is in the order ¢ neighbourhood of the sum
of two natural frequencies. Substituting Q = wg +
wn+¢e@into Eq. (31), and using the notation introduced
in (57), we obtain the fully coupled time-dependent
system as

Ag = —aAg — psin(pt)) Ay + pcos(pt1) By,
Bk = —aBg + pcos(pt)Ay + psin(et;) By,
Ay = —bAy — gsin(pt)) Ak + g cos(pt) Bk,

By = —bBy + g cos(pt1) Ak + g sin(et]) Bk .
(62)

Following the same approach as in Appendix C, we
obtain the following autonomous system of equations
for Ax and Bg:

Ax + (a +b)Ag + (ab — pq) Ak
+ ¢(Bg +aBg) =0,

.. . (63)
Bx + (a + b)Bg + (ab — pq)Bg
—0(Ax +aAg) =0.
The corresponding characteristic equation is:
At 4+ 2(a + b3
+ (¢ + (a + b)* + 2(ab — pg))*
® pPq (64)

+ (2a@® + 2(a + b)(ab — pq))A
+ (¢%a® + (ab — pg)*) =0,
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and the eigenvalues can be found as:

a+b .
)»1=—( > )—I—%l
1
- 5\/2<p(a —b)i + (a — b2 +4pq — ¢?,
_ (a+b) ¢
) 2
1
+ E\/2<p(a —b)i + (a —b)2 +4pqg — ¢2,
(a+b) ¢.
3=— — =i
2 2
1
- 5\/—2¢(a —b)i + (a—b)2 +4pg — @2,
(a+Db) .
Ay = — > —%l
1
+ 5\/—2(,0(61 —b)i + (a —b)> +4pg — ¢*.

(65)

Knowing Ak and Bk, one can also obtain Ay and By
by substituting Agx and Bk into the expression

1 .
Ay = ;[Sin((ﬂtl)(AK +aAg)

— cos(pt) (B + aBK)],
] (66)
By = —;|:cos(<pt1)(/i1< —i—aAK)

+ sin((ptl)(BK + aBK)i|.

In order to define the stability of Eq. (60), we study the
real part of the eigenvalues of (64) and we obtain the
following condition for stability:

0 > @+b> 2L _ 1, (67)
ab

which can be written explicitly as

¢? > (K* + N*?

( BVE(wk — wn)? aan) (68)

K2N2(N2—K2)2a)[<a)1v 4

Solutions satisfying (68) converge to the static solution.
However, if (68) is not satisfied, the amplitude of the

vibrations of the modes K and N grows over time,
implying that the system becomes unstable.

5 Transition across models

Following the examination of resonant frequencies,
we investigate the influence of the bending stiffness
w = % on the characteristics of the solution of the
governing partial differential equation. The order of
the bending stiffness determines the transition between
string, string-beam (or stretched beam) and beam mod-
els. In this section, we study the transition of mod-
els based on the natural frequency approximations,
influenced by p and the vibration mode number n.
The concept of transition among bending stiffness and
modes when studying parametric resonances relies on
the studies of [42,43].

Large Bending Stiffness

For the case where the bending stiffness coefficient is
large, u > 1, the expression for the natural frequency
wy, can be approximated by wﬁ,b) in the following way:

wp, =nmw/1 + pun?n?
1 1
2.2
=nm° /L + -
2w 87T2n2u%
and 0 = n’7% /1. (69)

+ h.o.t.,

Small Bending Stiffness

For a small bending stiffness coefficient, © < 1, the
expression for the natural frequency w, can be approx-
imated (for not too large n values) by a)f,s) in the fol-
lowing way:

3.3 5

n-m I’ZJTS

2
= — h.o.t.,
Wy, = NT + > n 3 n-+n.o
o =nn. (70)

In this study, we consider only a one-term approxima-
tion for the natural frequencies of the beam-like and
string-like models. This choice is motivated by the fact
that these single-term expansions correspond exactly
to the natural frequency expressions of the pure beam
or string models, making the physical interpretation
of these frequencies straightforward. While including
additional terms would extend the applicability of these
models across a wider range of bending stiffness x and
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200
(a) Beam
frequencies
= 100
200
(b) String
frequencies
= 100

107 10° 103 10! 10! 103

0.01 0.1 1 10

% relative error

Fig.2 The Figures a and b display the % relative error intervals
for the natural frequency approximations for the beam like case
and the string like case, respectively, for bending stiffness © and
mode number n

mode numbers 7, it would also complicate the analyt-
ical expressions for special resonance conditions sig-
nificantly.

In Fig. 2, the relative error intervals for the (69) and
(70) choices for the exact natural frequencies are dis-
played.

At low u values, the system behaves like a string
for lower vibration modes. The accuracy of the string
frequencies decreases as the mode number increases.

As p or the mode number increases, a system transi-
tion from a string model to a stretch-beam model and a
beam model occurs. For very large u values, the beam
model becomes valid for all vibration modes.

In Fig. 3, regions of string, stretch-beam and beam
models are presented for 1% relative error bounds in
the (u, n) plane.

Note that the choice of 1% is arbitrary and serves
as an illustrative example to demonstrate the transition
among models. Different error bounds could be consid-
ered depending on specific application requirements,
accuracy needs, or convenience.
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Fig.3 1% relative error bounds in (u, n) plane for string, string-
beam and beam models

It can be observed in Fig. 3 that for small u val-
ues, up to a certain mode number, the system can be
considered as a string-like problem. Upon this certain
mode number, the string-like natural frequency approx-
imations are no longer within the error bound concern-
ing the exact natural frequency expression (21). Thus
the stretched-beam modes are used. For even higher
mode numbers, beam-like natural frequency approxi-
mations fall in the appropriate error bound. It can also
be observed in Fig. 3 that, for u > 0.0203, the natural
frequency of the system can no longer be approximated
as string-like. Similarly, for © > 49.8611, the system
can be approximated as beam-like for all mode num-
bers within the 1% relative error.

In the following section, we will analyze a simply
supported pipe system using these three models. For
small bending stiffness and up to a certain number of
modes, the string model will be assumed valid. For
large bending stiffness or higher mode numbers, the
beam model will be assumed valid. For cases falling in
between these limits, the stretched-beam model will be
used.

6 Coinciding types of resonance frequencies

The resonant frequencies are found to be Q =
wg,wg — oy, wg + wy. However, for certain mode
numbers and bending stiffness values, the fluid pulsa-
tion frequency €2 may align with multiple types of res-
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Table 1 Special cases where different resonant frequencies
coincide

Q wK WK — WN WK + oN
wr, Case-1 Case-2
wy — or, Case-3 Case-5
wy + o, Case-4

onance frequencies. In this section, these coincidences
of resonance frequencies are investigated. Table 1 out-
lines possible coincidence scenarios.

The three models, namely the string, the string-
beam and the beam models, exhibit distinct coinci-
dence conditions. Therefore, in the following subsec-
tions, we investigate these coincidence cases for each
pipe model.

6.1 The beam model (u > 1)

For the case where the bending stiffness coefficient
# > 1, the expression for the natural frequency can
be approximated by Eq. (69). It can be observed that
the second term in the RHS of (69) is independent of
the mode number. And so, very stiff pipes, the error
compared to the exact natural frequency is O(1/,/1).
In the case that w, = n’72. /i1, we shall study poten-
tial coincidences for different resonance frequencies
described in table 1.

6.1.1 Coincidence case Q >~ wg — wN = o,

We assume that 2 does not lead to any other resonance
interactions. The case 2 = wx — wy = wr implies
that

o? — o = o®
& K’nl/u— N?n? i = L*n* /it (71)
& K>—N*=1L2

where L iseven and K £ N is odd. Since K = N is odd,
K2—NZ2isodd. Conversely, since L is even, L?%iseven.
The mismatch in parity leads to a contradiction. Thus,
we conclude that the resonant case 2 = wx —wy = o,
cannot occur.

6.1.2 Coincidence case Q >~ wg + oy = o[,

It is assumed that €2 is not O(¢)-close to any other res-
onant frequencies, other than wx + wy and wy . Simi-
larly, the case Q2 = wg + wy = o implies that

oY + oy =0 & K2+ N = L2 (72)
Using the same approach, it is clear that the condition
K £ N is odd implies that K2 4+ N? is odd, which

contradicts with the fact that L? is even. Therefore, the
resonant case Q = wg + wy = wy, cannot occur.

6.1.3 Coincidence case Q >~ wg — oy = wy — 0L,

In this subsection, all other possible resonance interac-
tions are excluded. This coincidence case can be gener-
alized to the case of a coincidence of an arbitrary num-
ber of difference type combination resonances. Thus,
consider

_ (b b _ _ (b)
Q—a’s, —wy ==y oy (73)

&1, .- &0, m1, ..., 0y € N. Rewriting Q = kn2ﬂ
for k € N, implies

k=§12—77%="'=§,12—77,%- (74)

Given that & £ n; is odd, it follows that £k must also be
an odd integer. Writing the problem in the form

k=& —n)éE +m)

: (75)
=& — ) En + 1)
and defining the new variables r;, s; € N as
ri + s ri — S
= M= (76)
it follows that (74) can be rewritten as
k=ris; =---=rys,. a7

Since r; = s; yields to n; = 0, it then follows that the
number of modes excited corresponds to the number
of non repeating divisors. Using the prime factorization
k= p}'py> ... pn", the number of divisors of k is given
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(b) (b)

Table 2 Coincidences of the form wy” — wy’ = a)g}) — wg)) for

w1
k Q=kn/m

15 wg — W7 = w4 — W]

21 W1l — W) = W5 — W2

27 w14 — W13 = W — W3

33 W17 — W16 = W7 — W4

35 wig — W17 = W6 — W]

39 @0 — W19 = W§ — W5

45 @23 — W = W9 — W = W7 — W
51 w6 — W25 = W10 — W7

55 w28 — W7 = w§ — W3

57 w29 — w3 = W] — W

63 W3 — W3] = W) — W9 = Wy — W]
65 W33 — W32 = W9 — W4

bydy(k) = (vi+ 1) (2 +1)... (v, +1). Accordingly,
the number of coincidence, 7 in (73), is:

n= Ld#ék)J. (78)

In table 2, some of the coincidence cases are given.

Additionally, from the asymptotic expression (69)
for the natural frequency, it can be observed that assum-
ing that K> — N> = M? — L?, the given approximation
for the resonance coincidence case Q2 = wy’ — a)g\t,’) =
“’5\3) — a)(Lb) leads that

1
(wg —wn) — (0y —op)| =0 <_g> . (79)
Hj

Notice that the coinciding frequencies have a higher
order of accuracy, since

1
|wp — a)gb)| =0 <—> .
NG

Special Case Q >~ wx — oy = ON — ®L

We have shown that multiple differences in natural fre-
quencies can coincide. We shall study whether two dif-
ferences in natural frequencies can share a common
frequency. It is clear that, for Q = “)(1](3) — a)g\t,)) =

w(Lb) _wg;)’ K =M <<= N = L, which does
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not lead to any distinct combination resonance. Hence,
the only possible coincidence case is when M = N,

thus Q = w(IE) — a)g\t}) = a)g\l;) — a)g;). This leads to the
expression
K2+ L?> =2N? (80)

with the conditions; either K and L are odd and N is
even, or K and L are even and N is odd.

e If K and L are odd, K 24+ L2 becomes congruent to
2 modulo 4, while 2N2, with N even, is 0 modulo
4, which is a contradiction.

e If K and L are even, K% + L? becomes congruent
to 0 modulo 4, while 2N2, with N odd, is 2 modulo
4, which is again a contradiction.

Hence, we conclude that coinciding differences in nat-
ural frequencies can not share a common mode.

The Dynamics for Q@ ~ wx — wony = oy — oL
It has been shown that for this case the only possi-
bility is that all the indices are distinct from each other.
The dynamics for the given systems can be determined
by using the solution approach given in section 4.3.2.
Since, a)([?) — “)5\]7) and a)g‘g) — a)(Lb) do not share any
common modes, the dynamics of the given system can
be determined for the modes K, N, M, L by solving
pairs of the modes K, N and M, L separately. Hence,
we will not observe any distinct and unique dynamics
of the system for the given internal resonances in this
case.

6.1.4 The case Q >~ wg + oy = oy + ©f,

Now we study the coincidence of combination res-
onances of sum type. This case includes only all
other resonance interactions of same type. The binary
quadratic form for as indefinite number of sum type
combination resonances can be written as

b b
Q=of) tof) = =of) +of). 8 1)

Considering 2 = knzﬁ with k € N implies that
k=& +uni==§&+n. (82)

Notice that £ &1 being odd implies that & is odd. Defin-
ing z; := &; +in; € C, we can write the problem in
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Table 3 Coincidences of the form “’(1?) + a)g\l;) = a)g}) + wg)) for

w1

Table 4 Coincidences of the form w%’) — a)g\t;) = wg;) + wg)) for

w1

k Q=kn /i k Q=kn /i

65 wg +w; = w7+ wy 5 w3 —wy = wy) + w]

85 w9 + wy = w7 + we 13 w7 —we = w3 + w2

125 w11 + wy = w0 + ws 17 Wy — wg = w4 + w1

145 w12 + ] = wy + ws 25 w13 — W) = wg + 03

185 w13 + w4 = w11 + g 29 w15 — w14 = w5 + @)

205 w14 + 03 = 013 + ws 37 w19 — ®13 = W6 + W

221 w14 + ws = w11 + w10 41 w21 — wry = w5 + Wy

265 w16 + w3 = w14 + o8 45 03— W =wy) — W = W7 — W) = We + W3

305 w17 + w4 = w16 + @7 53 w27 — W6 = w7 + @2

325 w18 + 0] = w17 + wg = w15 + w10 61 @31 — W30 = W6 + W5
65 33 — W3 =Wy — wg = wg + 0] = w7+ Wy
73 w37 — W36 = wg + W3

the form

k=z1Z1 = = ZpZn. (83) The Dynamics for Q ~ wg + oy = oy + oL

The pairs of z; can be obtained by the Gaussian integer
factorization of k, leading to the result that the integer
k must be congruent 1 modulo 4. Thus, the number of
distinct pairs is related to the number of prime divisors
that are congruent to 1 modulo 4. A short list of indices
giving rise to coincidences of sum type is presented in
table 3 below:

Similarly to (79), for K2 + N? = M? + L?, we
obtain the resonance coincidence approximation as

1
l(wk +on) — (@ + o) =0 — |, (84)
I,LZ

which represents a higher-order approximation for the
coincidence compared to the order of accuracy for the
beam frequency (69).

The Special Case Q2 ~ wg + oy = N + or
We have demonstrated that multiple sums of natural fre-
quencies can coincide. However, without loss of gen-
erality, the special case where M = N is only possible
if K =LinQ = oy +oy = oy +ao) . This
equivalence implies that the condition does not corre-
spond to a distinct pair of sums. Consequently, we can
conclude that any two pairs of sums cannot share a
common mode.

Similar to 6.1.3, the dynamics for this case can be
obtained individually for the pairs of modes K, N and
M, L using the solutions and stability conditions pre-
sented in section 4.3.3.

6.1.5 The case Q >~ wg — oy = oy + oL,

In this subsection, we will study the case where the
fluid pulsation frequency €2 is equal to the coincidence
of a difference of two natural frequencies wg — wy
and a sum of two natural frequencies wy; + wr. Let
Q = kn? /i, suppose k is an odd integer without any
odd-powered prime factors congruent to 3 modulo 4.
Consequently, k can be expressed as the sum of the
squares of two integers. Since any odd number has at
least one pair of factors (trivially, k has the divisors 1
and itself), following from Eq. (77) and (76), it can be
written as the difference of two squares. This means
that if the fluid pulsation frequency €2 is expressible
as the sum of two natural frequencies, it can also be
expressed as the difference of two natural frequencies.
In table 4, some coincidence cases of sum and differ-
ence resonances are presented.

For the case K? + N2 = M? — L? the resonance
coincidence approximation is

(wg +on) — (oy — o) =0 <ﬁ) . (85)
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Special Case: Q = wg — oy = oy +©

L
Note that in the given expression a)(b) wg\?) (b) +

o' L ), for positively defined wj,, both sides of the equahty
can share a common mode only if N = M or equiva-
lently N = L. Without loss of generality, we assume
N = M. This choice leads to the expression

K> =2N?+L? (86)

which is a well-known variation of the Pythagorean
triples and can be solved using a modified version of
Euclid’s formula: K = p* + 2m?, N = 2mp and
L = |p2 — 2m2|, where p, m € N. It can be seen that
for odd integer values of p, the condition on the indices
defined in Z* is satisfied. Thus, we can conclude that
this case leads to a special scenario, where the coin-
ciding sum and difference combinations can share a
common vibration mode.

It is straightforward to show that the coincidence
of resonance frequencies cannot coincide with a third
sum or difference type frequency with acommon mode.
Specifically, there are no P and Q suchthatwg —wy =
oy + o = wp £ wg, where P or Q are elements of
{K,N, L}

The Dynamics for Q ~ wxg — oy = oy + or
The dynamics in the case for which all indices are
distinct, follows from sections 4.3.3 and 4.3.2. How-
ever, when both systems share a common mode, we no
longer can use these results. And so, a further analysis
is required.

Pure Resonance: Q = wg — oy = oy + of,

First, the scenario where the fluid pulsation frequency
® _ o ®) ) ;

Qis exactly equal to wy” —wy’ = wy’ +w;~ is inves

tigated. Substituting the excitation frequency into Eq.

(31), we obtain that the following system of equations

has to be satisfied in order to avoid the occurrence of

secular terms in ug, uy and uy:

4 4 (b) (b)

an"K N((UK +CUN)
Ag = — fvl—BN,

—K20®

4 4 (b) (b)

. an"K KN(wg” + wy’)
Bx = — Bx — vy ———& TN Ay,
K 2 F ‘/’gl(Nz_K)w) N

4 4 (b) ()

N N, +w
Ay =- fVM

© °K
)wN
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NL(@} — oY)

+fvﬁ3

474 (b) (b)
. anN KN(wy’ + wy')
By =— By - pVi—— K=
2 (N2 — K)oy,
() (b)
NL(w;" — wy')
+VBVi WAL,
4 4 (b) b)
. an”L NL(w; —a)N)
Ap = — fV —(b)BN’
LY)w;
4 4 (b) b)
. an”L NL(w; —a)N)
B, = — fV —(MAN'
L2 Jw;
(87)
Introducing the coefficients,
antK? axtN* am?L?
a:= 7 = 7 c .= 5
() (b)
KN(wg +wy’)
r= fV] —) ®
_ JBv KN(w<,§> + o)
§= ! K)ol (88)

LN(a)(b) 535
LN(a)(b) 535
(N2 — L2)oP

q = \/,Evl
pi= \/,Evl

Eq. (87) can be rewritten as two decoupled three dimen-
sional systems

AK —a r 0 AK
By |=|-s-bp Bn |, (89a)
AL 0 q —cC AL
B[( —a —r 0 B](
Av =1 s =b p Ay |. (89b)
BL 0 q —C BL

The two given systems lead to the same characteristic
polynomial, which is

M+ @+b+o)r?
+ (ab +ac + bc — pg +rs)A (90)
+ (abc — apg + crs) = 0.



On internal resonances in pipes conveying pulsating fluid for beam, stretched-beam, and string models

In order to obtain an explicit expression for stability of
system (87), we apply the Routh-Hurwitz criterion to
the characteristic polynomial (90). For a general, cubic
polynomial d323 + dr)? + diA' + dy = 0, the Routh-
Hurwitz stability criterion is satisfied if 7; > 0, for
i =0,1,2,3, where

To=d;, T =ds,
T2=det<jzg3>,T3:det dydydy |.
0 0 0 dy

Using (91), we obtain for (90):

To=1, Ti=a+b+ec,
T =(a+b)(b+c)a+c)
+ (@a+byrs — (b +0)pg,
T3 = (abc — apq + crs) 92)
X [(@a+b)(b+ c)la+c)
+ (a+b)rs — (b + c)pql
= (abc — apq + crs)Ts.

Assuming that the viscoelastic damping is not negligi-
ble, we have a, b, ¢ > 0. Thus, we obtain as stability
conditions 7> > 0 and (abc — apq + crs) > 0.

Detuned Resonance: Q2 = wg — wny + €9 = oy +
wr, +&@

Now we introduce an O(g) deviation from the res-
onant frequency with the detuning e¢. Substituting
Q =wg —wNy +ep =owy + o + ep into Eq. (31),
we obtain the following system of equations that has to
be satisfied:

Ax = —aAxg + r[sin(pr) Ay + cos(et) By],

Bk = —aBg — rlcos(pt) Ay — sin(pt) By],

Ay = —bAy — s[sin(pt))Ag — cos(pt1) Bx]
— plsin(pt1)AL — cos(pt1)BL],

By = —bBy — s[cos(pt)Ag + sin(pt)Bg]
+ plcos(pt1) AL + sin(pt)BL],

93)

AL = —cAL —qlsin(pt)Ag — cos(et) Bk,
B = —cBy + qlcos(pt)) Ak + sin(et1) Bk,
where the parameters, a, b, ¢, r, s, p, q are defined in

(88). Observe that system (89) is obtained for ¢ = 0.
After some manipulations (see Appendix D), we obtain

an autonomous system of two third order equations:

AN =—(a+b+0c)Ay
—(ab+ac+bc+rs — pq)AN
— (abc — apq + crs)Ay — @2(AN + BAy)
— ¢l(a — ¢)By + (ab — be +rs + pq)By],
By=—(a+b+0c)By

—(ab+acH+bc+rs — pq)BN
— (abc — apq + crs)By — <p2(BN + bBy)

+ @l(a — ¢)An + (ab — be +rs + pg)An].
94)

Notice that the characteristic polynomial of Eq. (94)
is of degree 6. Hence, for arbitrary parameter values,
it is not feasible to determine the roots of the charac-
teristic polynomial. Additionally, the Routh-Hurwitz
stability conditions obtained for arbitrary parameters
are too lengthy and complex for clear conclusions and
comparisons. Therefore, the stability criterion will be
studied through a specific example.

Example Case: Q = w3 —wy + ¢ = wy + w1 + €¢
Considering the case where Q = wx — oy + €p =
wN + oy + g where, K =3, N =2and M =1,
we obtain the natural frequencies of these modes and
coefficients defined in (88) as below:

w3 =92 /lt, oy =4nt Y, w1 =L,

81 2 2
azﬂ, b = 872, c:n_oz7
2 2 s
VBV ©5)
p=-"7 , g =28V,
26/BV1 39./BVi
=Y =Y -
15 10

If we substitute these into Eq. (94), we obtain the char-
acteristic equation in the form

der® +dsi> + -+ dih+dy =0, (96)

where the coefficients d;,i = 1,...,6 are given in
Appendix E. The region of stability for the given system
in the parameters o and /BV; for various detuning
values ¢ are presented in Fig. 4. The region below the
curve — indicates the stable region of the full system
with Q = w3 — w2 +e¢ = wr + w1 + ¢ and the region
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Fig. 4 Stability bounds for the system in modes {3, 2, 1}
and the truncated system in modes {2, 1} . The stability
region in the (a, «/BV)) plane is below each curve

below the curve —_ indicates the stability region for
the system truncated to the first two modes.

It can be observed from Fig. 4 that the trunca-
tion of the system influences the systems dynamics. In
Sect. 6.2.5, a similar example for the same coincidence
type of frequencies is presented, showing an even more
clear influence on the stability regions (see Fig. 9).

6.2 The stretched-beam model (& ~ 1)

For the case where the amplitude of the bending stiff-
ness coefficient u is moderate, the natural frequency
approximations used in Eq. (69) or Eq. (70) do not
qualify to be asymptotic approximations. Hence, for
this case, the natural frequency term is considered as
the exact expression defined by (21). In the following
subsections, resonant frequencies and the dynamics of
the pipe structure under these resonance frequencies
are investigated.

@ Springer

6.2.1 Coincidence case Q >~ wg — wy = o[,

Any other potential resonance interactions, other than
Q ~ wg — oy = o, are disregarded.

We shall first examine, whether the coincidence
under consideration is possible, or not. It is clear
that the coincidence wgx — wy = wp, where w, =
wny/ 1+ um?n?, is possible only if wx > wy and
wg > og, (or equivalentlyK > N and K > L). In
order to find cases satisfying this coincidence, we aim
to get rid of the square root. Thus, we write

WK —WN = WL,
= wg = oy + oL
= 0y = wy + 01 + 2oy0L
2 2 2.2 2 2 N
= (wg — oy — 0])” =4doyo]
4 4 4
:>wK+wN+wL

— Z(a)%a)lzv + a)%(w% + a)jsz%) =0,

which can be rewritten explicitly as

e’ + i +co =0, (98)
where yu = % is a real, positive, dimensionless con-
stant, and

co=n*(K—N—-LY(K—-N+L)
x (K+N—-L)(K+N+L),
c1 =2m(K®+ N+ L® — K*L? — K*N?

99
— K?L* — K*N* — L*N? — L*N*), o
c =n8(K?> = N? = L*)(K* - N*+ L%
x (K2 + N? — L?)(K?+ N? + L?).
Notice that this expression is equivalent to
wg —wN —op)(wWg + oy — o
(g — oy —op)(wg +ony — L) (100)

x (wg — oy +op)(wk + oy +owr) =0.

This means that the expression (100) is also satisfied
for other types of coincidences. However, the condi-
tion wg > wy and wx > oy, implies that Eq. (97)
is satisfied if and only if wx — wy = wr. Hence, for
each K, N, L, such that K > N, L, the i value(s) that
satisfy (98) can be calculated.



On internal resonances in pipes conveying pulsating fluid for beam, stretched-beam, and string models

15

10

T

T

=]

T

T T

T T T

.H:...H....ﬁ

|
Oomrm = | | | | ] | |
0 | | | | | | | | |

[ 1} om m

Index values

T T T T T T T T T

10~

200
150
Q 100

50

0 1 | |

5 10 15 20 25 30 35 40 45

50 55 60 65 70 75 80 85 90 95 100

Fig. 5 Contributing modes of the first 100 coincidences: wm—wn=wm, with corresponding —e— p and —s— 2 values

One observation is that a given resonance coinci-
dence cannot contain the first mode. Since L is even,
the only possibility is that N = 1 and K is even. If
both K and L are even and K > L, it follows that
K > L + 2. Using this relation, it is easy to see that
co > 0and ¢y > 0. To prove that ¢; > 0, it is sufficient
to write K = L + 2+ m in (99), where m € N. Conse-
quently, the roots of polynomial (98) are negative. This
contradicts the fact that u > 0, and so the first mode
cannot occur for the given resonance coincidence.

The Dynamics for Q >~ wx — oy = 0,

As discussed earlier, when the index values K, N and L
are all different, we obtain six ODEs. A system of four
of these equations arises from Q2 >~ wg —wy, while the
remaining two form a two-dimensional system based
on Q ~ wr . Consequently, the dynamics for each sys-
tem can be solved using the corresponding individual
equations, as explained earlier (see Sects. 4.3.1 and
4.3.2).

When N = L, it is clear that we no longer have a
six-dimensional system that can be decoupled to a four-
dimensional and to a two-dimensional system. Thus,
when N = L we cannot determine the dynamics of this
system using the results from Sects. 4.3.1 and 4.3.2.

Special Case: Q2 >~ wg — wN = wn
Now we consider the special resonance case, where

N = L, thus wg = 2wy . We can write

wg = 20N

= 7Ky 1+ un2K?2 =27 Ny 1+ pux?N? (101)

= K?(1 + pun’K?) = 4N*(1 + pun’N?),
thus we obtain

_ ,4N? — K2

KT ANt (o2

uw

Eq. (102) leads to a physically meaningful solution only
if & > 0. This condition is satisfied when 2N > K >
V2N.

The first 100 coincidence cases withindices K, N, L,
and u and €2 values for which the coincidence occurs
are presented in Fig. 5. As an example, the 5th case
occurs forindices K =6, N =3and L =4, and u >~
1.9917 and 2 >~ 14.408. Cases where wg — oy = wpn
are indicated by the nested markers @. For instance, the
first coincidence case occurs for the indices K = 3,
N =L =2, >~0.0417 and Q2 ~ 10.223. Similarly,
for the indices K = 15, N = L = 8 (the 80th case) we
see that ;£ ~ 9.173 - 107> and  ~ 25.851.

For the more interesting case, we now focus on the
cas€ wg — wN = WN.

@ Springer



E. Koroglu, W. T. van Horssen

Pure Resonance: Q = wg — wy = wy

Considering that 2 = wg —wy = wy, the coefficients
Ak (t1), Bk (t1), Ay(t1) and By (1) have to satisfy the
following system of ODEs in order to avoid secular
terms in ug (fo, t1) and uy (fo, t1):

4 4
. an*K KN(a)K+wN)
Ar = — Vi———— ,
K f 1 ~ KDox N
4 14
. _an K KN(a)K + wp)
Bx = Bx — Vi —A ,
K B K \/> KZ)C()K N
4 p74
. _an N KN(wg +w
Ay = AN—i—fVleN)BK
K%y
- —\/EVicN,
4 74
i an*N KN(wg + on)
By = — By — Vi —A .
N 5 N f ~ Koy K
(103)

From the intermediate parameters defined in (40) and
(44), we rewrite Eq. (103) as

Ak _(—a p Ak

Byv) \—q—-b)J\Bn)’

B[( _ —a —p BK _ 0

Ay g —b )\ Ax c)’
The equilibrium of Eq. (104) is given by Ax = By =
0,Ay = ab+pq ,Bgx = ab+ 7" . The stability of this

system is identical to that of the system described by
Eq. (48b), indicating that it is stable.

(104)

Detuned Resonance: Q >~ wx — oy +&¢ = on + €@
If the fluid velocity fluctuation frequency is detuned by
Q =wg—wy+ep = wy+ep withp = O(1), secular
terms in u g (fo, t1) and un (fo, t1) can be prevented if:

Ag = —aAg + psin(pt)) Ay + pcos(pt) By,
Bk = —aBg — pcos(pt))Ay + psin(pt1) By,
Ay = —bAy — gsin(pt)) Ak + g cos(et) Bk
— ccos(pt),
By = —bAy — g cos(pt)) Ak — qsin(pt) Bk
— csin(pty). (105)

Following the steps in Appendix C, the following sys-
tem of two coupled second order ordinary differential

@ Springer

equations for Ax and Bk can be obtained:

Ak + (a+b)Ag + (ab + pg)Ax
+ ¢(Bk +aBg) = —cpsin2pt1),
Bk + (a + b)Bg + (ab + pq)Bg
— @(Ag +aAg) = cpcosoty),

(106)

Writing the above systems of ODEs in the form
Li(Ak, Bg) = —cpsin(2et1) and Ly(Ag, Bx) =
cp cos(2¢t1), and differentiating each system once, we
find:

L} = —2¢pLyand L, = 2¢L. (107)

Note that the characteristic polynomial P (1) of the sys-
tem L1 = 0 and L, = 0 is equivalent to Eq. (51), with
roots given by Eq. (52). And it has been proved in (55)
that @ > 0 implies R(L) < 0, where A € C such that
P (%) = 0. The characteristic polynomial P (1) of (107)
can be found to be:

PGy = (A2 +49H)P(1), (108)

leading to the additional eigenvalues A5 = £2¢i.
Since Eq. (107) is a linear system, the solution of the
system has the same stability properties as system (49).

6.2.2 The case Q2 >~ wg + oy = wr,

We exclude potential resonance interactions, other than
Q> wg +oNy =or.

The resonance coincidence case, for which the sum
of two natural frequencies is equal to a natural fre-
quency is only possible if w; > wg and w; > wy,
thus for L > K and L > N. And one observes that
following the same steps, we obtain the expressions
(97),(100) and (98). Hence, knowing K, N, L, one can
obtain the p value(s) that give rise to this type of reso-
nance coincidence.

Similarly as in Sect. 6.2.1, the first mode cannot
contribute to this given type of resonance coincidence.
This statement can be proved by following the same
approach as in Sect. 6.2.1.

Due to the conditions w; > wg and w; > wy, thus
L > K and L > N, the given resonance coincidence
can not lead to the special coincidence cases: wg +
wWN = WK Or wg + wy = wpy.
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Fig. 6 Contributing modes to the first 100 coincidences: wm+wn=wn, with corresponding —e— p and —e— 2 values
The first 100 coincidence cases withindices K, N, L, where
n nd 2 values for which th inciden T,
and u and ve.lue.sow ch these coincidences occur, c0=7r4(K—2N—L)(K—2N+L)
are presented in Fig. 6. (110a)
X (K+4+2N —L)(K+2N+ L),
¢ =27%K?*+ L? — 2N (K* + L* - 8N4(110b)
6.2.3 The case Q2 >~ wg — oy = wy — ©
K N M L —2K2L2—2K2N2—2L2N2),
. . . . — 728(K2 Z2N2 — L2)(K2 —2N2 1 12
For this case, all other possible resonance interactions, o=r( )( + L7) (1100)

other than Q >~ wx — wy = wy — wr, are excluded.

Following a similar approach as in Sect. 6.2.1, the
existence of a scenario where two differences of two
natural frequencies are equal, requires solving a cubic
polynomial in . Hence, in this section, the p values
giving rise to wxg —wny = wy — o, with K, N, M, L
all different, are obtained numerically.

Given a resonance coincidence sharing a common
mode is still to be figured out. As it has been shown in
Sect. 6.1.3that K = M <= N = L, which does
not provide a distinct system. Thus, the only scenario
for which wxg — wy and wy — w;, share a common
mode is that N = M. This choice leads to wx — wy =
wN — L, SO wg + wr, = 2wy . The condition on the
mode numbers is wg > oy > wp or equivalently
K > N > L. Similarly as in Sect. 6.1.3, we obtain that
the polynomial in p is:

cau? + e tco=0, (109)

x (K?> +2N? — L?)(K* + 2N? + L?).

The given polynomial is equivalent to the expression

(wg — 20N — wp)(wk + 20N — oL)

X (wg — 2wy + o) (wg + 20y + wr) = 0.
(111)

Using the condition wg > wy > oy, Eq. (111) indi-
cates that Eq. (109) is satisfied either if wx + wp —
2wy = 0orifwg —wp —2wpy = 0. Thus, for K, N, L
and p satisfying Eq. (109), one has to check what type
of coincidence occurs. In Fig. 7, the first 100 coin-
cidence cases with indices K, N, M, L, and u and €2
values for which the coincidences occur, are presented.
Cases where N = M are indicated by the nested mark-
ers .

The Dynamics for Q@ ~ wxg — oy = wy — oL
In Sect. 4.3.2 it is observed that when the fluid pulsation
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Fig. 7 Contributing modes to the first 100 coincidences: wm—ws =wmn—u, with corresponding —e— @ and —e— 2 values

frequency €2 is equal to the difference of two natural fre-
quencies, the pipe system exhibits a stable behaviour
for all parameter values. The dynamics for the cases
where K, N, M, L are all different leads to two decou-
pled systems, studied in Sect. 4.3.2, and can be solved
individually. Thus, we focus on the case where N = M,
$0 Q ~ wg —wy = wy —wy, which leads to a unique
scenario.

Pure Resonance: Q = wN — Of,
It is first assumed that the fluid pulsation frequency 2
is exactly equal to wx —wy = wy — wr . This assump-
tion leads to the following system of ODEs that ensures
that secular terms do not occur in u g (fg, t1),un (fg, t1)
and uy (tp, 1):

WK — WN =

4 14
. an”K KN(wg + wn)
Ag = — A V— ,
K > K+fl ~ KDwx N
4 14
. an*K KN(wK+0)N)
By = - Bk = VBV 1= R AN
K%wg
4 A4
. an"N KN(a)K+wN)
N 2 N+f1 Ko K
NL(wN+wL)
BVIi———>—BL,
(N = L )on
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4 A7
. ar*N KN(wkg + wn)
By =— By — BV —A
N > N \f 1 ~ Koy K
NL(wy +a)L)
+ Vi————Ap,
VN
4 4
. am*L NL(wy + or)
A = — Vi————"2Bn,
L +VB N Dyay PV
474
. ar*L NL(wy + L)
By = — B; — Vi————
L 2 Ok VBV (N? = Loy,
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Introducing the parameters:
an*K* an*N* antL?
a:= , = , C:= ,
2 2 2
KN(wg + wn)
= Vi—————,
P VBV R
KN(wg + wy)
= Vi————,
=V Ky
NL(wny + L)
= Vi———,
PV Dy
NL(wny + wr)
= Vi—————
=V
(113)
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System (112) becomes

AK —a r 0 AK
Bg | = -s—-b p Bk |, (114a)
A 0 —g —c Ap
BK —a —r 0 By
Ak |=| s -b—p Ak (114b)
BL 0 q —c¢C BL

The characteristic polynomial of both of these subsys-
tems in (114) are identical, and are given by

r3+(a+b+c)r2
+ (ab 4+ ac + bc + pg +rs)r (115)
+ (abc + apq + crs) = 0.

One can define the roots of the characteristic polyno-
mial by using Cardano’s formula for the given param-
eter values. In order to obtain a manageable explicit
expression for the stability of system (112), we apply
the Routh-Hurwitz criterion to the characteristic poly-
nomial (115). For a general, cubic polynomial d3r3 +
dor* +dir' 4 dy = 0, the Routh-Hurwitz stability cri-
terion is satisfied if T; > O, fori = 0, 1, 2, 3, where T;
are defined in (91), and are given by:

Tor=1, Th=a+b+c,
n=(@+bb+c)a+c)

+ (0 +0c)pg+(a+Dbys,
T3 = (abc + apq + crs)

x [(a+b)(b+c)a+c)

+ (b +c)pg + (a+ b)rs]. (116)

Knowing that, a, b, ¢, (pgq), (rs) are all positive, real
numbers, it follows that 7; > 0 fori = 0, 1, 2, 3, and
so the system is stable.

Detuned Resonance: Q = wx — wnN + €9 = oy —
wp + &@

Introducing a detuning of order ¢, by ¢, secular terms
in ug (to, t1)un(to, t1) and uy (to, t1) are prevented if

Ag = —aAg + rlsin(pt)) Ay + cos(et1) By,

Bk = —aBx — rlcos(pt1)Ay — sin(¢t)) By ],

Ay = —bAy — s[sin(pt)) Ak — cos(pt1) Bk ]
— plsin(pt) AL + cos(ept1)BL],

By = —bBy — s[cos(pt1) Ak + sin(¢t1) Bk ]
+ pleos(pt)AL — sin(pt;) BL],
AL = —cAL + qlsin(pt)) Ay — cos(¢t)) By,
By = —cBy + q[cos(pt) Ay + sin(pt)By], (117)

where the parameters a, b, c,r, s, p,q are given by
(113). Following a similar approach as in Appendix
D, we obtain the following autonomous system for A y
and By:
Av =—(a+b+0)Ay

— (ab+ac+ bc + pq +rs)AN

— (abc +apq + crs)Ay — ¢*(Ay + bAw)

—¢l(a — ) By + (ab — be +rs — pq) By,
By =—(a+b+c)By

— (ab+ac+bc+ pg +rs)By

— (abc + apq + crs)By — (pz(BN +aBy)

+ @l(a — ¢)An + (ab — be +rs — pg)An].
(118)

Similarly as for system (94), the characteristic poly-
nomial obtained from system (118) is of degree 6.
Therefore, an analytical study for arbitrary parameters
is challenging. Hence, an example will be examined.

Example Case: Q = w9 — we + €9 = wg — w1 + €@
Taking K = 9, N = 6and L = 1, the bending stiffness
for which the coincidence occurs is:

1
n = ——7 = 0.002303,

= 4472
217+/35
Q=2TV L 900306,
2
45755 12155 3n/55
e M e T R Y B
4 4
6561
a=2200 o anteas, o=
2 2
C21/BVi S4BV,
P="40 97 T35
46ﬁV1 69\/3‘/1
r=—m———, § = ————.
25 20
(119)

And by applying the Routh-Hurwitz criterion, we
obtain that the detuned system is stable for all o, /B V1
and ¢.
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Fig. 8 Contributing modes of the first 100 coincidences: wm +ws=wn +a, with corresponding —e— 1 and —e— 2 values

6.2.4 The case Q2 >~ wg + oy = oy + of,

In this subsection, the coincidences of two sums of two
natural frequencies for moderate bending stiffness u
are investigated. We exclude the potential resonance
interactions other than Q >~ wg + oy = wy + wr.
It is numerically obtained that (see Fig 8), the given
coincidence type is possible. However, as it can be
observed from section 6.1.4, for the given coincidence
type, N = M <<= K = L. Therefore, the given
frequency sums cannot share a common natural fre-
quency.

Figure 8 displays the first 100 coincidence cases with
indices K, N, M, L, and u and €2 values for which the
coincidences occur.

The Dynamics for Q ~ wx + oy = wy + or
Identical to Sect. 6.1.4, the dynamics for this case can
be obtained individually for the pairs of modes K, N,
and M, L using the solutions and stability conditions
presented in section 4.3.3.

6.2.5 The case Q2 >~ wg — oy = oy + ©f,
For a given resonance frequency, 2 >~ wx — wy =
wpy + oy, all other possible resonance interactions are

disregarded. The coincidence for this type can be calcu-
lated numerically (see Fig. 10). The coincidence with
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a common mode, N = M, thus Q >~ wg — oy =
wn + or can be calculated analytically following Eq.
(109), (110) and (111) from Sect. 6.2.3. In Fig. 10, the
first 100 coincidence cases with indices K, N, M, L,
and p and 2 values for which the coincidences occur,
are presented. Cases where N = M and N = L are

indicated by the nested markers @ and M, respectively.

The Dynamics for Q ~ wg — wy wN + op
The dynamics when Q2 >~ wx —wy = oy +or and for
u ~ 1 can be obtained similarly as for the case © > 1
in Sect. 6.1.5. Hence, no further analysis will be made.
However, an example case will be given.

Example Case: 2 = ws —wy + ¢ = wp + w3 + €@
Following the same approach as in Sect. 6.1.5, it fol-
lows that the Routh-Hurwitz stability criterion (see
appendix E) that the domain of stability can be com-
puted, and is given in Fig. 9.

The stability region of the full system is indicated by
the region below the curve ___, and the stability region
of the truncated system is indicated by the region below
the curve . For pure resonance (¢ = 0), ¢ = 20
and ¢ = 50, the stability boundaries are illustrated. It
can be observed that by truncating the system to a mode
number, less than five, a different stability boundary is
obtained for o > 0.
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6.3 The string model (n < 1)

When the bending stiffness coefficient u <« 1, the nat-
ural frequency can be approximated by Eq. (70). From
this approximation, wi,s) is an O(n>w) approximation
of w, for small bending stiffness. This approximation
is valid for all modes if i = 0, or for a limited number
of modes if u # 0.

For w, ~ o = nx, we will examine potential
resonances as shown in Table 1.

6.3.1 The case Q ~ wg

This scenario occurs only if K is even. It can be shown
that there are no coinciding sum or difference-type
combination resonances.

Given a)zs) + a)l(]s) = a);sib for all a, b € N, assume

a)(;) = a)g\s,) + w(LS) for K even and N £ L is odd. This
implies:

—oV+oY S K=N+L (120)

(s)
Wk
which is a contradiction. Therefore, this resonance
coincidence cannot occur.

Dynamics for Q2 >~ wg

The dynamics for this resonance frequency are iden-
tical to those in Sect. 4.3.1, and will not be further
investigated here.
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Fig. 10 Contributing modes of the first 100 coincidences:w m -ws=wn +a, with corresponding —e— 1 and —e— 2 values
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6.3.2 The case Q2 >~ wg + wy

Assuming the fluid pulsation frequency equals a sum
or difference type combination resonance, and since
wg £ wy is only possible if K + N is odd, we assume

Q =~ mx for an odd integer m. Using 0y + o)) =

wgsib, we conclude that all pairs (K;, N;) such that

K; = N; = m lead to resonance. Therefore:

_ _ () (s)
Q=mr =0, | +w

(s) (s)
=Wy s + Wy

=l + oy, (121)
2 2

(s) (s)

=Wyy T W

(s) (s)
=Wyyp — Wy

The first ’”T’l coincidences in (121) are of the sum
type and the rest are difference-type combination res-
onances. This results in a fully coupled system of
infinitely many ODEs. Two scenarios arise based on
the bending stiffness: negligible (x = 0) and non-

negligible (u # 0).

The Case © =0

When 1 = 0, we have w, = ) = nx forall n € N.
This leads to an infinite-dimensional dynamical sys-
tem. Suweken and van Horssen [30] studied a special
case where viscoelastic damping is neglected (o = 0)
and m = 1 thus Q = . They obtained the first inte-
gral of the infinite-dimensional system and found that
truncated solutions fail to capture its dynamics accu-
rately. While truncated systems exhibit bounded solu-
tions regardless of the number of modes considered,
the first integral of the complete system indicates that
the energy of the system grows. Malookani and van
Horssen later solved the infinite-dimensional problem
employing the method of characteristic coordinates
[40,41], verifying the results in [30]. The scenarios
Q = mm form > 1 and @ > 0 remain as open prob-
lems.

The Case ju # 0

Andrianov and van Horssen [42] and Ponomareva and
van Horssen [43] observed that for 0 < u < 1, the
string-like natural frequency approximation is valid up

@ Springer

to a certain mode number. Beyond this, modes fol-
low a string-beam model, as discussed in Sect. 5. For
small but nonzero bending stiffness, the coincidences
in (121) hold only when a),(ls) is an adequate approxima-
tion of w,, resulting in a large but finite dynamical sys-
tem for A (#1) and B (¢1). Stability properties without
viscoelastic damping have been investigated for vari-
ous number of modes [43]. However, a comprehensive
study on the stability of large systems considering vis-
coelastic damping remains open.

7 Numerical investigation

To support the analytical results, we performed numer-
ical simulations using the Crank-Nicolson-like finite
difference (FD) scheme. The scheme was selected for
its stability and minimal dissipation characteristics.
Alternative schemes, such as forward and backwards
in time, were tested but discarded due to observed sta-
bility issues and excessive dissipation, making them
unsuitable for the investigation. Further details on the
numerical implementation are provided in Appendix F.

This section examines the resonance scenarios under
various conditions and evaluates their stability prop-
erties. We first discuss the initial conditions and
the steady-state solutions. Subsequently, the analysis
focuses on the evolution of energy across different
modes and their contributions to the system’s overall
stability.

7.1 Energy

The energy of each mode is assumed to be computed
using the expressions in (2) and (3). Using the dimen-
sionless coefficients, the total energy of the system at
any time ¢ is given by E =T + V as:

1 2
I 1+V 1
E(1) = / (Evﬁx + v+ Evf
0

2

b (122)
+VBVuu + 7>dx.

In this section, the primary focus is on modal interac-
tions; therefore, the contribution of the potential energy
due to gravity is omitted.
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7.2 Initial conditions

The PDE under investigation (Eq. (9)) is non-homogeneous,

leading to a non-zero stationary solution. The O(1)
approximation of the static solution Eq.(16) can be
replaced by the exact solution

/ 2
VL 1 —¢2V;

2sech( N )

1 — 2V
(1 —2x),/1 -2V (123)
N )
(x* —x +2p),

v (x) = —

x cosh(

4
+ - -
2(1 — €2V

due to the presence of O(&?) term as the coefficient of
vxx in Eq. (9). The consideration of the static solution
is crucial for determining the initial conditions since it
directly influences the initial energy of each vibration
mode.

Figure 11 compares the analytically derived solution
from Eq. (123) with the numerically calculated static
solution. The two results match up to the fifth deci-
mal place, demonstrating the accuracy of the numerical
method.

To account for the energy contribution of the static
solution, we define the initial conditions based on Eq.
(11), as follows:

v(x,0) = vs(x) +volx, 1) +evi(x,t)+...

= vo(x,t) +evi(x,t)+--- =v(x,0) —vg(x)
=¢(x) —v5(x),
v (x, 0) = ¥ (x), (124)

where ¢ (x) is the initial position of the pipe, and ¥ (x)
is its initial velocity. Each mode contribution is then

expressed as:

N
vx, 1) = vg(x) = Y Aj(®)sin(jmx), (125)
j=1

where A (t) is the amplitude of mode j at time ¢ and
N is half the number of spatial grid points, based on
the Nyquist criterion.

7.3 Numerical results

To support our analytical findings and validate the com-
ments regarding [33] in Sect. 4, we numerically investi-
gate the frequencies Q = wy, 2 = wy + w1, L = 2w,
Q = w3 + w; and a string-like resonance case 2 = .
The first two cases demonstrate the results described
in Sects. 4.3.1 and 4.3.3, respectively. The third and
fourth cases are chosen to illustrate combination reso-
nances of the form Q = wg + wy where K £ N is
even, aligning with the findings of [33]. The final case
serves to confirm our conclusions for string-beam or
stretched-beam systems.

The following parameters are used for the numerical
simulations:

£=001, y=10, /=05, 126)
Vo =20, V=10

with numerical discretization parameters Ax = 0.01,
At = 0.001. Given that the analytical studies are valid
up to 0(%), the temporal limit for the numerical inte-
grations is set to r = 100.

The Case Q = wy + w
In this numerical example, we study the sum-type
combination resonance of the first and second vibra-
tion modes. The bending stiffness is set large enough
(u = 1) to ensure isolated resonance. Based on the
analytical stability condition in Eq. (61), the required
viscoelastic damping for stability is calculated to be
o 2~ 0.0249. Thus, we select two cases: « = 0.026
and ¢ = 0.023, to demonstrate stable and unstable
responses, respectively. In order to observe the modal
interactions, the initial energy is allocated entirely to
the first mode, with E{(0) = 1.

The numerical results of cases « = 0.026 and
a = 0.023 are presented in Fig. 12 and 13 respec-
tively. For the stable case (¢« = 0.026), the system’s
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Stable case: o = 0.026
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Fig. 12 Time evolution of E| () mem, £2(f) =, total energy

Etotal () and the energy of the remaining modes Eto,) () —
E1(t) — E2(1) e

Unstable case: a = 0.023
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Fig. 13 Time evolution of E| () mem, E2 (1) =, total energy
Eiotal (1) and the energy of the remaining modes Eq, () —
E1(t) — Ex(f) mmm

total energy decays over time, as expected. In contrast,
in an unstable case (¢« = 0.023) the total energy grows.
Furthermore, it is observed that energy is transferred
from the first mode to the second mode, with these two
modes accounting for most of the system’s energy.

The Case Q = w»>

This resonance case tests the predictions in Sect. 4.3.1,
namely Q = wg for K is even. According to the anal-
ysis, when the fluid pulsation frequency matches an
even-numbered natural frequency, an oscillatory solu-
tion should occur near the static equilibrium. To test
this, we assume zero initial energy (E(0) = 0), mean-
ing that v(x, 0) = vs(x), and expect the solution to
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Fig. 14 Time evolution of E) (¢) s, total energy Eiota) (1) R
and the energy of the remaining modes Eiotal (f) — E2 (1) s

converge to the shifted equilibrium as described by Eq.
37).

The numerical results are shown in Fig. 14. Initially,
all modes are set to zero. Over time, the energy of the
second mode converges to a nonzero constant, while
the energy of the remaining modes remains negligible.
This confirms the predicted behaviour in Sect. 4.3.1.

The Case Q = 2w

In this example, we investigate the principal paramet-
ric resonance 2 = 2w;. Although this scenario is not
observed in our analytical investigations, it was pre-
dicted by [33], which allows K £ N to be even for
Q = wg £ wy (see Sect. 4.1 for details).

To observe the frequency response for the given pul-
sation frequency, we initiate the system with the energy
of all modes set to zero (E; = O for all i at ¢t = 0), as
previously done. A small damping coefficient is cho-
sen, @ = 1074 It is expected that, if @ = 2w is a
resonant frequency, the energy of the first mode to turn
up.

Figure 15 presents the results of the numerical inte-
gration. As shown, the first mode is not excited at the
given fluid pulsation frequency. The energies across all
modes remain below the order of 1073,

Figure 16 presents the results of the numerical inte-
gration with only the third mode excited to test whether
the first mode could be excited due to other modes. It
shows that while the energy of the third mode decays
over time, the first mode remains unexcited.

Thus, Fig. 15 and 16 confirm that the given fluid pul-
sation frequency is not a resonant frequency, consistent
with the analytical predictions from Sect. 4.1.
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Fig. 16 Time evolution of E| () memm, £3(?) =, total energy
Eotal (1) ===, and the energy of the remaining modes Eoa (f) —
E3(1) e

The Case Q = w3 + wq

In this example, we investigate another resonant fre-
quency that is not observed in our analysis but was pre-
dicted by [33], for reasons similar to those discussed in
the previous example and Sect. 4.1.

As in first numerical example (2 = wy + w1),
the initial energy is given only to the first mode, with
E1(0) = 1and E;(0) = 0 fori > 1. Again, a small
damping coefficient, o = 10~% is used.

The results of the numerical integration are shown
in Fig. 17. The energy of the first mode, E1, steadily
increases over time. However, there is no significant
increase in the energy of the third mode, E3. As seen,
E contributes the most to the total energy of the sys-
tem. This indicates that there is no interaction between
modes 1 and 3, as predicted by our analysis in Sect. 4.1,

1
‘505
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505
0

0 10 20 30 40 50 60 70 80 90 100
t

Fig. 17 Time evolution of E|(f) e, E3(f) =, total energy
Eotal (t) ===, and the energy of the remaining modes E'oa (f) —
E1(1)

E%(t)

0 10 20 30 40 50 60 70 80 90 100
t

Fig. 18 a Time evolution of the energies of the first six modes:
E1(t) e, E (1) e, E3(2) s E4 (1) mm, E'5 (1) s, E6(1)
=== . b Percentage contribution of each mode to the total energy
over time

and the energy remains concentrated primarily in the
first mode.

The String-like Case Q = 1
In this example, we conduct a numerical investigation
for a system with small bending stiffness. As discussed
in Sect. 6.3 and illustrated in Figs. 5, 7, and 10, it is
analytically predicted that for small bending stiffness,
multiple modes will be excited at specific fluid pulsa-
tion frequencies.

For this setup, we use the parameters o = 1073,
w = 107* and Q@ = 7 with the initial energy set to
zero for all modes (E; (0) = O for all i).

Figure 18 shows the numerical results, displaying
the energy evolution of the first six modes. It is impor-
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tant to note that while the remaining modes are also
excited, their amplitudes are less than 1% of the total
energy, and therefore are not shown here. As expected,
all six modes are excited, confirming the analytical pre-
dictions in Sects. 6.2 and 6.3 for systems with small
bending stiffness under this resonance condition.

8 Conclusions

In this paper, we investigated an initial-boundary value
problem governing the dynamics of a simply supported
pipe conveying fluid, modeled as an Euler-Bernoulli
beam. The fluid flow velocity inside the pipe, V (¢),
was assumed to be small and harmonically varying
with frequency Q: V(¢) = (Vo + Vi sin(2t)), where
Vo > |Vi]and O < ¢ « 1. Although this study primar-
ily focuses on the linear analysis of resonance condi-
tions, the time-varying nature of the fluid velocity intro-
duces parametric excitation into the system. This small
harmonic variation introduces effects similar to non-
linear effects, such as complex resonance behaviour.

We examined potential resonance frequencies and
studied modal interactions. When the fluid pulsation
frequency €2 is not O(¢) close to any resonance fre-
quency, the pipe system converges to its steady-state
solution.

It was found that, with wg being the K-th natural
frequency, the fluid pulsation frequencies 2 = wg for
K even, or Q = wg + wy for K &+ N odd, lead to res-
onances in the system. Excluding any additional reso-
nance interactions, these three main resonances result
in the following system dynamics:

e Q = wk : A single mode is excited with no inter-
action between modes, resulting in an oscillatory
state around a static solution.

e Q = wg — wy : Two modes are excited, with
interaction between modes K and N. The system
remains stable for all parameter values.

o @ = wg + wy : Two modes are excited, with
interaction between modes K and N. The system
is conditionally stable depending on parameter val-
ues.

Depending on the order of bending stiffness u, spe-
cial resonance coincidence cases were investigated for
beam (u > 1), string-beam (u ~ 1), and string
(b < 1) models, each displaying unique resonance
behaviour. The transitions between these models were
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discussed: for lower p values and mode numbers,
the system behaves like a string; if the mode number
increases or higher bending stiffness values are consid-
ered, then the vibration modes change into string-beam
and beam-like behaviour.

e u > 1: The beam model can excite up to three
coupled modes and an indefinite number of decou-
pled modes by interactions among combination res-
onances.

e it ~ 1 : The stretched-beam model exhibits a richer
spectrum of resonance coincidences, occurring
from all possible pairwise combinations of reso-
nance frequencies, with up to three coupled modes
or four modes in a 2-2 coupled form.

e /it < 1 : The string model can lead to various res-
onance scenarios, exciting a single mode via Q2 =
wg or through any combination resonance. The lat-
ter type can involve infinitely many (x = 0) or a
large number of interactions (u # 0).

For beam and stretched-beam models, all resonance
scenarios, inducing detuned resonances are investi-
gated. Example cases of three-mode interactions were
provided with truncated solutions for comparison. For
the string model, potential resonance scenarios were
presented, and existing solutions in the literature were
discussed. It was observed in this study that early
truncation can result in neglecting higher-order modal
interactions, leading to incorrect solutions or stability
results. These findings highlight the limitations of the
Galerkin truncation method in parametric resonance
studies, as it fails to capture higher-order mode inter-
actions that are critical for the system’s dynamics.

Future studies could extend this approach to the
string model for pipes, which presents more chal-
lenges. The approach could be extended for the
fluid flow velocity with a moderate amplitude, for
instance, V(1) = Vy + ¢V sin(2r). Additionally, dif-
ferent boundary conditions and nonlinear equations of
motion could be explored. Finally, coincidence scenar-
ios where resonance frequencies are not exactly equal
but within each other’s O(e) neighbourhoods, such that
Q = WK, :|:a)1\]l = wg, :|:L()N2 +ep = -0 =
WK, ,, T wn,,, + &pn, can be studied.
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Appendix A

In this appendix, the intermediate steps between Eq.
(13) and Eq. (16) are presented. (13) being pv)” (x) —
v/ (x) + y = 0, defining a new function as &(x) :=

v/ (x) — y, we obtain a second order homogeneous ode
for £(x) as

n&" (x) —&(x) = 0. (A
Eq. (A1) can be solved as

E(x) = cre VF + cre VR, (A2)
and thus

ve(x) = ,ucle_ﬁ + Mczeﬁ + %xz + c3x + c4.
(A3)

Using simply supported boundary conditions and

applying simplifications, the static solution can be
obtained as

1 1 —2x
vs(x) = — yusech ( ) cosh ( )
2/ 2/ (A4)
+ %(x2 — X+ 2Ww).

Appendix B

In this appendix, we present the proof of the conver-
gence of the series for Cy, (see (29)), where k is a fixed,
even integer. Consider the series sum:

1 1
> — / U'sin((2j + 1)7x) sin(kmx)dx
R

=5 -5, (B5)
where

Sl =

00 2
= A+ Qj+1=2un>H) A+ Q2j+1+k)2um?)

o0
S :Z 4yk
z: S+ =022+ L+ R

(B6)

Convergence of Sy

To prove the convergence of S;, we start by proving
the convergence of the series sum over the index set
N\ {k}:

_ k—1 o0
S = Zai + Z a;, (B7)
i=0

i=k+1
where

. Aykpm?
A+ =)+ (G +h)Pur?)’

(B8)

aj

The series Zi-:ol a; is finite and hence bounded. For
i >k+1,letn =i+ k. Then:

o0 o0 ’
E a = 2 : dykur
L 2,72 PG
i=k+1 = (A +nZum?) (1 + (n 4 2k)* )

(B9)
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Bounding the series:

o] o] 00 4J/k/L7T2
|2 al= ) lail <) Gaaoy

i=k+1 i=k+1 n;l (B10)
3 dyk  4yk 3 1 2ykn?
o urlnt  um? = n* 451

This concludes that S| is absolutely convergent, imply-
ing S is also convergent.

Convergence of S»

To prove the convergence of Sy, we define a series sum
,52’ on the index set of natural numbers with i # k:

N k—1 0
5= bi+ ) bi

(B11)
i=0 i=k+1
where
4yk
b = ) B12
T oum2(i — k)23 + k)2 (B12)

The series Zf:_(; a; is finite and hence bounded. For
i>k+1,letn =i+ k. Then:

]

i b Z 4yk
i= o 2.2(n L2
et = pmen (n + 2k)

(B13)

Bounding the series:

> 4yk
DIIED D
i=k+1 i=k+1 n=1
o 4vk  Ayk 1 2ykn?
<2t = T s

(B14)

This shows that S5 is absolutely convergent, implying
that S, is convergent.

Since both S and $> are convergent, their difference
Cr = §1—S> isalso convergent, hence Cy, is a constant.

Appendix C

In this appendix, the intermediate steps of simplifica-
tions between system (49) and system (50) are given.

@ Springer

System (49) is given by

Ak = —aAg + psin(pt)) Ay + pcos(pt) By,

Bk = —aBg — pcos(pt)Ay + psin(pt;) By,

Ay = —bAy — gsin(pt))Ag + q cos(pt)) Bk,

By = —bBy — g cos(pt)) Ak — g sin(et)) Bx.
(C15)

By differentiating the first equation in (C15), it follows
that

Ag = —aAg + psin(cptl)AN + pcos(gotl)BN
+ pylcos(pr) Ay — sin(gt1) By]
= —aAK — bp sin(et])An — bp cos(pt)) By
— pqAk — ¢(Bx +aBg)
=—(a+b)Ag — (ab+ pg)Ax

— ¢(Bk +aBg).
(C16)
Using the same approach, we can also find
Bx =— (a +b)Bx — (ab+ pq)B
K K pPq) bk C17)

+@(Ak + aAg).

Appendix D

In this appendix, the intermediate steps to derive of
system (94) from system (93) are presented. Consider
system (93): a

Ag = —aAg + rlsin(pt) Ay + cos(gt)) By],
Bk = —aBk — rlcos(pt)) Ay — sin(¢t)) By,
Ay = —bAy — s[sin(pt1)Ag — cos(¢t1) Bk]
— plsin(pt)AL — cos(et1) B ],
(D18a)
By = —bBy — s[cos(¢t)Ag + sin(pt)) Bk ]
+ plcos(pt1)AL + sin(pt)BL],
AL = —cAL —qlsin(pt)) Ak — cos(pt)) Bk,
B = —cBy, + qlcos(gt)) Ak + sin(¢t;) Bk ].
(D18b)



On internal resonances in pipes conveying pulsating fluid for beam, stretched-beam, and string models

By differentiating the third equation in system (D18),
it follows that

Ay = —bAy — s[sin(pt;) Ak — cos(pt)) Bk]
— plsin(pt) AL — cos(pt1)BL]
— ¢{slcos(pt1) Ak + sin(pt)) Bk ]
+ pleos(gt) AL + sin(pt;) B}

= —bAy — (rs — pg)Ay

(D19)

+ as[sin(gpt1)Ax — cos(pt) By ]

+ cplsin(et)) AL — cos(pt)) By ] (D20)
— @{sl[cos(pr) Ak + sin(pt;) Bg]

+ pleos(pt) AL + sin(pr) BL1},

and by differentiating Eq. (D20) once again it follows
that

An = —bAy — (rs — pg)An

— a’s[sin(pt1)Ag — cos(pt1) Bk]

— ¢ plsin(pty) AL — cos(pt1) BL]

+ ¢*[Ay +bAN] + <P{(rs +pg)By (D21
— 2as[cos(¢t])Ag + sin(pt) Bk ]

— 2cplcos(pt))AL + sin((ptl)BL]}.

We know that, for ¢ = 0, the detuned system has to be
equivalent with the pure resonance system (90). There-
fore, we can infer the necessary further manipulations
by comparing the characteristic polynomial (90) with
the characteristic polynomials of the equations (D21)
and its analogous equation for By when ¢ = 0. By
doing so, we can observe that the missing terms are:

— (a+ AN +bAy + (rs — pg) An]
—ac[Ay +bAy]
=—(a+ c){as[sin(q)tl)AK — cos(¢t1)Bk]

+ cplsin(pt1) A, — cos(et) By ]
— @s[cos(pt1)Ag + sin(pt1) Bk |

— gplcos(pt))AL + Sin(Wl)BL]}

+ ac{s[sin(fptl)AK — cos(pt1)Bk]

+ plsin(pt))Ap — cos(wtl)BL]}. (D22)

Knowing

— a’s[sin(pt))Ax — cos(gt1) Bk
— P plsin(pt) AL — cos(¢t) BL]
= —(a+ AN +bAN + (rs — pg) AN]
—ac[Ay +bAy]

- {aS[COS(wtl)AK + sin(gpt) Bk |

+ aplsin(pt)AL + cos(pt1)BL]
+ cs[cos(pt) Ak + sin(pt1) Bk ]

+ cplcos(pt))AL + sin(wfl)BL]}, (D23)

we can obtain

Ay =—(a+b+0o)Ay

—(ab+bc+ac+rs— pg)Ay

— (abc — apq + crs)An

—¢l(ab —be +rs + pg) By + (a — ) By]

— @’ [AN + bAN]. (D24)

The same steps can be followed for the fourth equation
in (D18) to find

Byv=—(@+b+c)By

— (ab +bc +ac +rs — pg)By

— (abc — apq + crs)By

+¢l(ab —bc +rs + pg)An + (a — ¢)An]

— ¢*[By + bBy]1. (D25)

Appendix E

In this appendix, the coefficients of the characteristic
polynomial (96) and the determinants in the Routh-
Hurwitz criterion are provided. Considering the case
Q=w3—wy+ep = wy+w +epforu>1,
the coefficients of the characteristic polynomial (96)
corresponding to Eq. (94) with the parameter values
(95) are a

d¢ =1, ds=98an?,
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_ 6195a%7®

288(/BV1)?
dy =

2 25
68905 12256
= 20D gz 220

2 25
+ 114an’e?
2 2.8
b= ot (288(5?%) N 6161; T ><p2
2194465a*71%  20736(/BVi)*
16 + 625
935202 (/BV1)? 78
+ 25

+ 2(,02

&5 ar*(\/BV1)?

d| = 16a<p4rr4
(15968

> an(/BV)* + 31496a3n12) 9>
5996960 (/B V1)?m 12

1128330720 —
+ a 25

2672640 (/B V1)t
625

do = 640" 1% + [1049920/‘7#6
37636
+ ——(/BV)*

625
az(\/gvl)zns}pz

109312
25
300672a* (/B V)2 10
B 25
8611842 (/BV1)*n®
625
+ 26244057 (E26)

The Routh-Hurwitz stability criterion is satisfied for a

sixth order systemby 7; > 0,i =0, 1, ..., 6 where T;
are defined as
_ _ _ ds dg
To=ds, Th=ds, Tr —det<d3 d4>’
ds dg O
Tz =det| d3 dsds |, (E27a)
dy d d3
dsds 0 0
_ d3 dy ds dg
Ty = det didydsdy |’
0 dyd dr

@ Springer

dsdsg 0 0 0
dy dy ds dg O
dydyds dsyds |,
0 dydy dr ds
0 0 0dyd

dsde 0 0 00
dydsdsds 0 0
dy d» dy da ds de
0 do dy d» d3 da
00 0dyd d>
0000 0d

Ts5 = det

T = det (E27b)

Substituting the coefficients dp, ..., ds obtained in
(E26) into (E27), leads to seven algebraic equations in
(¢, a, o/BV1). The stability domain for the fixed detun-
ing parameter ¢ is defined as S := {(a, ~/BV1)| ﬂ?:o
(T (a, /BV1) > 0)).

Appendix F

In this appendix, we outline the Crank-Nicolson type
scheme used to solve the PDE in Eq. (9), with boundary
conditions in Eq. (10) and initial conditions in Eq. (11).
The following finite difference operators approximate
the partial derivatives, where At and Ax are the time
and space step sizes, and 8,([’ ) and 8,(?) are the p-th and
q-th order partial difference operators, respectively:

n n n n n
Sl = Upyp — Aty +Oup —dup_ +up_,
=

(Ax)* ’
Xk (Ax)? ’
[S.ul’ = Uep) ~ Wy
Tk 2Ax
+1 -1
1k (A1)? ’
n+1 n—1
u
5 n — k k ,
[ tu]k AL

(F28)

All of the operators used here are second-order accu-
rate.

Also knowing that " = nAf, we can write
fluid velocity and its derivative, ym - eV +
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V) sin(QnAr)) and V™ = eQV; cos(QnAr)

ea

Ko cdin+1
A:=1+A 2[5
+ <3[x]k T

2ﬁy(n+1)
+ 2At

+ \/th(n) [8xu]z+1>

" 1
20 + Atz(—g[Si]Z + 5[85]2)

1
[8;4‘]2+1 o 5[8,%]24—1

>
I

C:=—1+ At2< - %[&ﬂ,’j‘l + ealsd)!

1 ;2 J/Bveth _
+§[6,%]Z ‘+“/_2T[axu]g ‘) (F29)

n—1
9

and knowing u" and u u" ! can be solved from

Au"t' = Bu" + cu"! — y (F30)

using a preferred linear solver method.
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