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tions (DDE). Seeking periodic solutions of DDEs is crucial for many nonlinear dynamic sys-
tems. The incremental harmonic balance (IHB) method is an efficient semi-analytical ap-
proach for periodic solutions of DDE. Among various DDE systems, flow-induced vibration
(FIV) of tube bundles with loose support is unique, in the sense that the added damping
cancels out structural damping in the vicinity of critical velocity, making it extremely slow
to retain a convergent solution if numerical integration (NI) is utilized. Despite the efforts
of developing IHB for various mechanical vibration problems with time-delay, no attempt
has been made to employ IHB to nonlinear FIV problems. Here we fill this blank by sepa-
rately combining two spatial discretization strategies, i.e., discretization via linear vibration
modes or via finite element method (FEM), with IHB to capture limit cycle solutions after
the onset of instability. Within the range of gap velocity of interest, the IHB demonstrates
excellent convergence by increasing harmonic terms, and good agreement is obtained be-
tween IHB results and the results by NI method. An 18 degree-of-freedom (DOF) nonlin-
ear DDE system was readily dealt by integrating FEM and IHB, each DOF being approxi-
mated by three harmonics. This is the first attempt to employ IHB for multi-harmonic so-
lution of high-dimensional FIV problems, which opens a door for solutions of other DDEs.
All the codes used in this paper could be downloaded via: https://github.com/X]JTU-Zhou-
group/IHB.

© 2023 Elsevier Inc. All rights reserved.

1. Introduction

Many actual dynamic systems have the property of aftereffect, i.e, the evolution rate of these systems depends not only
on the present, but also on the past history [1]. One particular type of systems is time-delay systems, whose governing

* Corresponding author.

E-mail address: jxzhouxx@mail.xjtu.edu.cn (J. Zhou).

https://doi.org/10.1016/j.apm.2023.02.018
0307-904X/© 2023 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/j.apm.2023.02.018
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apm.2023.02.018&domain=pdf
mailto:jxzhouxx@mail.xjtu.edu.cn
https://doi.org/10.1016/j.apm.2023.02.018

P. Sun, X. Zhao, X. Yu et al. Applied Mathematical Modelling 118 (2023) 818-831

equations are delay differential equations (DDE). Processes and systems having aftereffect and governed by DDE include
biology, chemistry, economics, mechanics, physics, physiology, population dynamics, as well as in engineering science [2-
4]. In addition, actuators, sensors, communication and information technologies, field networks usually also introduce such
delays and the systems are also dictated by DDEs [4].

Dynamics systems with DDEs may exhibit fruitful nonlinear phenomena, whereas the periodic solutions are regarded as
the most important aspect of the nonlinear dynamics. DDEs are infinite-dimensional as opposed to finite-dimensional ordi-
nary differential equations (ODE). Numerical methods have been developed to find solutions of DDE, and periodic solution
is the first priority. In the community of nonlinear dynamics, approaches for periodic solutions of DDE include numerical
integration (NI) method [5-8], harmonic balance (HB) method [9-11], incremental harmonic balance (IHB) method [12-15],
perturbation and multiple scales method [16-20] shooting and collocation method [21-23]. DDEs are infinite-dimensional
because their solutions are unique only when an initial function is specified on a time interval equal to the largest de-
lay. Consequently, solutions of DDEs are more difficult than for ODEs. During the past decades, more efficient and reliable
methods have been developed for DDEs. The monograph by Bellen and Zeunaro [3] includes various numerical methods for
DDE. A DDE can be approximated by a set of ODEs and thus the well-developed numerical integration methods for ODEs
could be used. However, to obtain an accurate approximation a high-dimensional system of ODEs is needed, and this leads
to expensive numerical procedures [8]. A noticeable progress during the past decades is the combination of NI method or
extended shooting method with continuation methods, resulting in numerical tools for bifurcation of DDE. Engelborghs and
co-workers developed a numerical tool called DDEs-BIFTOOL for various DDEs [5,6]. Pieroux and Mandel [7] studied the
bifurcation diagrams of the Lang-Kobayashi equation with cubic nonlinearity by using NI method. MacDonald [9] proposed
to use HB method to Blaquiere equation, pinney’s equation and the sunflower equation. Liu and Kalmar-Nagy [10] demon-
strated the use of high-dimensional HB method for limit cycles of DDEs. They applied the method for machine tool vibration
model, the sunflower model and a circadian rhythm model. Shakeri and Dehghan [16] presented a homotopy perturbation
method to solve various DDEs. He [17] presented an analytical iteration method combined with homotopy perturbation
method for periodic solutions and bifurcations of DDE. Chen and Xu [18] investigated the integral equation method and
the multiple scales method for determining the amplitude equations of DDEs. Guillot et al. [11] extended the asymptotic
numerical method combined with the HB method to the continuation of periodic orbits of DDE. The method was applied to
various DDEs, from Van der Pol and Duffing oscillators to toy models of clarinet and saxophone. Wang and Hu [21] utilized
multiple scales method and the shooting technique to probe bifurcations of second-order DDEs. Barton et al. [23] proposed
a collocation scheme for periodic solutions for neutral DDEs. Maccari [19,20] used the asymptotic perturbation method to
investigate the primary resonance of a Van der Pol oscillator under state feedback control with a time delay.

Among these various approaches, the perturbation method and the multiple scales method are analytical and therefore
the most efficient approaches, but are limited to systems with weak nonlinearity. HB method is a classical semi-analytical
method and is suitable for both weak and strong nonlinearities. HB can capture both stable and unstable solutions. The main
drawback of HB method is it is very cumbersome for multi-harmonic analysis. If an approximation with more harmonic
terms is needed, the whole formulation and derivations of HB should be reformulated again. Direct NI method is the most
basic and fundamental way for DDEs. However, simple NI method can only give stable solutions, and extension is made
to develop shooting method or numerical continuation method for the case where bost stable and unstable solutions and
bifurcation are interested.

Research interests have flourished regarding extension of conventional HB method to IHB for efficient periodic solutions
of DDEs. Wang et al. [12] derived a general formula of Jacobin matrix in IHB and applied the method for a SDOF delayed
Van der Pol equation. Song and Zhu [13] applied IHB for elastic wave propagation in strongly nonlinear lattice. Wu et al.
[24] investigated the periodic solutions of a harmonically excited Duffing oscillator with time-delay state feedback. Mitra
et al. [14] employed the IHB method along with arc-length continuation method to study the response of a harmonically
forced dry friction damped system under time-delayed state feedback control. Liu et al. [15] used IHB to study a nonlinear
vehicle/driver closed-loop system with time delay.

Previous studies on use of IHB to DDEs are limited to low-dimensional toy models. Derivations and formulations of
governing equations of practical applications involve more DOFs, more physical mechanisms and control factors and strong
nonlinearity, resulting in nonlinear high-dimensional DDEs. To approximate the solutions of these DDEs accurately, a multi-
harmonic approximation is inevitable. It is a plausible question whether IHB can handle this high-dimensional DDE more
efficiently? We are concerned with the use of IHB for multi-harmonic analysis of high-dimensional DDE, which is of utmost
importance for various engineering problems. Here we use the cross-flow induced vibration of tube bundles as an example
and demonstrate the success and robustness of IHB for determining complicated limit cycle solutions of the system. FIV
of tube bundles are ubiquitous fluid-structure interaction phenomena in the fields of steam generators, heat exchangers,
fluid-conveying pipes and galloping of transmission lines. The reason for the appearance of time delay in this system is
understood as the fact that the fluid surrounding the tubes does not &feelg instantaneously the change in tube position.
Instead, a time delay is required for the flow to react to the tube vibration, which was pointed out by Robert in 1966
[25]. Previously, this canonical FIV system with nonlinear support was studied by Paidoussis and Li [26] using NI method.
Using direct NI method to obtain periodic solutions of the above high-dimensional DDEs is not the most economic means,
because a long period of transient dynamics is unavoidable before a final limit cycle solution is approached. Moreover, a
DDE is infinite-dimensional in principle in the sense that infinitely many initial conditions over a continuous range are
required for NI method, and the accurate solution of the system can only be obtained by solving infinite-dimensional ODEs.
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Lastly but not the least, the added damping cancels out structural damping in the vicinity of critical velocity of FIV systems,
making it extremely slow to retain a convergent solution if NI is utilized. These issues associated with NI can be handled
by the semi-analytical IHB method. We revisit this problem and propose to use IHB for this problem and provide the first
reference on the use of IHB for high-dimensional FIV problems.

This paper is organized as follows. The IHB formulations for general multiple-DOF(MDOF) DDEs with multiple time delays
are derived in Section 2, with an emphasis on the treatment of time delay in the context of IHB. We discuss two spatial
discretization strategies combined with IHB for nonlinear FIV problems, i.e., discretization via vibration modes and via FEM,
and highlight their difference. Numerical examples are presented in Section 3. We start with the simplest Van der Pol
equation with time delay and then move to the nonlinear FIV problem with cubic nonlinearity. We then present the results
by combining mode truncations and IHB and investigate the evolution of limit cycles under various gap velocities. We also
perform a convergence study on the number of mode truncations on the solution errors of the system. The results by mode
truncation and IHB is compared with the results by NI by using a Matlab routine DDE23 and good agreement is achieved.
We finally demonstrate the results by FEM and IHB for an 18DOF FIV system. A multi-harmonic IHB analysis for such a high-
dimensional DDE was carried out, and compared with NI results by using a home-made Newmark NI code. The Newmark
NI code outperforms DDE23 in Matlab in particular for such high-dimensional DDEs. All the codes used in this paper could
be downloaded via: https://github.com/X]JTU-Zhou-group/IHB.

2. IHB formulations for MDOF DDE
2.1. IHB for general DDE

IHB method was firstly proposed by Lau and Cheung [27]. It has been successfully applied for various nonlinear vibrations
without time delay [28-32]. We are trying to extending classical IHB to incorporate time delay for high-dimensional DDEs.
We are concerned with a nonlinear DDE system with n DOF, which can be expressed in matrix form as

Mq" + Cq' + Kq + Eqq+f=0 (1)
where

q9=1{q1.q.....qn}",

Qo = {01 (6 = ta1). G (¢ = tr), . Gt — tan) )

t= (i fo )

fi=fi@1.q2.....qn. 1. G2 ... Gno @, A E)  i=1,2,..., 0.

The matrices M, C, K are conventional mass, damping and stiffness matrices, respectively. q, is the vector contains time
delay. E is a coefficient matrix and the product of E with q, gives the time-delay loading. f is the load vector containing
all sources of loads without time-delay. The primes represent derivatives with respect to time t. ty4q, ¢4, - -, tyn, are n time
delays, and A is an arbitrary physical parameter of the system. Let w be the frequency of the system, and introduce di-
mensionless time T = wt and dimensionless time delay 74 = wty;(i=1,2,...,n), Eq. (1) can be rewritten into the following
form

0*Mi+oCq + Kq + Eq+f(q, §, , A, 7)=0 (2)

Here, the dots represent derivatives with respect to dimensionless time .
Suppose we have already found a solution of the system, denoted by qg, q 9, @wo and Ag, a new solution can be achieved

by perturbing the known solution by the following increments

q=qo+Aq

ds = a0 + Aqyg

w=wy+ Aw

A=Ao+ AA

in which

(3)

90 = {¢10, 920, - - -, Qno}T,

Aq={Aq1, Aga. ..., Aga)',

Qio = {G10(T — Ta1). Q20(T — Ta2). - . Gno (T — Tan)}'.
AQy = {AG (T — T41), AQ(T — Tgp). ... Adn(T — Tan))-

Substituting Eq. (3) into Eq. (2), and neglecting high-order terms, the linearized incremental equation is obtained as follows:
®o*MAG+(woC + Cy) Ad+(K+Ky) Aq + EAq =R — 2woMio + Cdo + Q) Aw — PAA (4)
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where
; of . - of . - of . - of
Ky = (ﬁ)o, Cyv= (87(’1)0’(1: (%)O,P = (87)0’
R = — (w2Mo+woCio+Kqo+Eqq + fo).

R is the residual vector which vanishes when the target solution is sought. We are concerned with odd systems in this
paper, thus the solution and its increment can be expressed by the following harmonic series:

N
Gjo =Y _ [ajcos(2k — 1)T + by sin(2k — 1)7] = CA; (5)
k=1
N
Aqj =" [Aajcos(2k — 1)T + Abjsin(2k — 1)T] = CAA; (6)
k=1
where
C=]cost,cos3t,...,cos(2N — 1)t,sint, sin3z,...,sin(2N - 1)7],
T
Aj = [ajl, ajz, ey ajN, bj], bjz, ey ij] s

T
AAJ = [Aajl, Aajz, ey AajN, Abj], Abjz, Ceey Ab]N] .

N is the number of harmonic terms used in IHB approximation.
In employing IHB for DDE, the handle of time delay is crucial and is detailed here. The counterpart equations to
Egs. (5) and (6) can be derived by using the sum and difference formulas of trigonometric functions as

N

Qjo(7 — Tq5) = Y_ [aje cos 2k — 1) (T — 745) + by sin(2k — 1) (7 — 74;) | = CTA; (7)
k=1
N
Agj(T - 1g5) = ) [Aajcos(2k — 1) (T — gj) + Abjsin(2k — 1) (7 — 745) | = CT; AA; (8)
=1
where
[(cos Tg4; 0 0 —sinty; 0 0
0 €os 31y; 0 0 —sin31y; 0
I — 0 0 cos(2N — 1) 1y; 0 0 0 —sin(2N - 1)1y 9)
I 7| sinty; 0 0 COS Ty 0 o 0
0 sin37y; 0 0 €os 31y; 0
: : 0 : : :
L O 0 sin(2N — 1)1y; 0 0 cos(2N - Dty |

Thus matrices T'; in Eq. (9) account for the effect of time delay on the harmonic balance approximation of a solution and

its increment. By assembling all components, the vectors of a known solution and its increment are given as

qo=SA
Aq=SAA
qqo = STA
Aqq = STAA

where S, A and AA, T are given as follows:

A=A A, ..

C

A", AA=[AA{, AA,,...AA,]", S=

(10)

(11)

Equation (4) are ODEs, which can be converted into algebraic equations by applying the Galerkin procedure. The Galerkin

procedure gives

2
/0 " S(AQ)"[wfMAG + (o€ + Cy) Aq + (K+ Ky) Aq + EAqq]dt

- / 2” 5(AQ)T[R — (2woMdo + Cido + Q) Aw — PAA]dT
0
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where §(Aq) is an arbitrary test function and approximated in the same way as Eq. (10) using the same basic harmonic
functions. Performing integrals on both hands of Eq. (12) results in the following linearized algebraic equations

KncAA =R — RycAw — PAA (13)
in which
Kine = 0o>M+woC + Cy+K + Ky+E
R = —(03M+woC+K+E)A - f
me = (2woM + C)A+Q

2T 2T . 2T 2r
M= S'TMSdz, C= f STCSdt, Cy= / STCySdzr, K= [ STKSdt
0 0 0 0

2 2 2r 2r 2r
Ky = / S'RySdr, E= / STESTdr, fo— / S'fydr, Q= / s'Qdr, P= / S'Pdt
0 0 0 0 0

Equation (13) is solved in an iterative way by using the standard Newton-Raphson iteration.

For the autonomous systems considered here, the frequency of vibration is unknown and Aw is a variable to be deter-
mined. The number of knowns is greater than the number of equations by tow. This issue is dealt by seeking a solution at
fixed system parameter, ie AA =0 and enforcing one component of vector AA equal to 0 during the iteration.

KncAA =R — RpcAw (14)

2.2. IHB for SDOF Van der Pol oscillator

The previously formulated IHB method for general DDE is firstly applied to a canonical Single-DOF(SDOF) delayed Van
der Pol oscillator [11], which is given as

J() —e(1-y(©)?)y(t) + y(t) = eky(t —tg) (15)
Equation (14) in this case is reified into

Kine = 0o*M+woC + C3+K + Ko +E
R = —(wiM+woC + K+ E)A - (16)
me = (2woM + CO)A+Q

in which

2T 2. 2w by
M = / STdr. C=—¢ / STSdr. G = cwp / ST(SA)?$d,
0 0 0

2 2 . 21
K= S'Sdr, K, =2swy ST(SA)(SA)Sdt, E=—¢k / S’sIdr,
0 0 0

2 . 2 .
f, = swp /0 ST(SA(SA)dr, Q=¢ /0 ST(SA)?($A)dt

2.3. Cross-flow induced vibration of a tube bundle with loose supports

The second example, which is also the focus of the current study, is a practical FIV problem for a variety of industrial
devices such as heat exchangers, steam generators, fluid-conveying pipes, and even transmission lines. We are interested in
the FIV of a steam generator tube bundle with loose support as shown schematically in Fig. 1. As pointed out by Lever and
Weaver [33,34] and other scholars, the FIV of full flexible tube bundle can be approximated by a model with a flexible tube
in a rigid tube array, in particular for the problem of fluidelastic instability considered herein. The equation of motion of the
elastic tube is written as

4 2
EIBBT‘;V + c%‘g’ + m%T‘f +8(x —xp) f(W) = F(w, W, W) (17)
where w is the lateral displacement of the beam, EI is its flexural stiffness, m is mass density, and c is the structural damping
coefficient. The appearance of loose support, located at x;, from one end, gives rise to a nonlinear constraint induced force
given as f(w)d(x —xp) with §(x — x;, being the Dirac delta function. According to Price and Paidousiss [26], the fluidelastic
force F can be expressed as

aC; D

_— b3 02w 1 ow 1
F(w, W, W) = —ZpDszaW(x, t) — E,oUDCDﬁ(x, t) + E’OUZD(‘)TVW(X’ t— U) (18)
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(a) (b)

Fig. 1. Schematic of the cross-flow induced vibration of a 33 tube bundle system with loose supports, where the centred elastic tube marked in red is
surrounded by rigid tubes. (a) Cross-sectional view of the tube bundle and geometric parameters. (b) Side-view of the elastic tube clamped at two ends
and loosely supported at distance x;, with clearance d. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

This is the so-called quasi-static model for fluidelastic instability of a tube array. Here, D is the diameter of the cylindrical
beam, p and U are the fluid density and velocity, Cp and C; are the drag and lift coefficients based on the flow velocity in
the gap between the cylinders, Cpq is the virtual or "added” mass coefficient of the fluid around the cylinder.

It is more appropriate to recast Eq. (18) into a dimensionless form, which can be realized by introducing

_w Xy [ EL __¢
n=p E=p =My pEt=@t f=oa

m ~ 2muU = f 41
= UTbar ITmae ﬂ_1/<l+ncma>’

where L is the length of the tube, and A; is the dimensionless fundamental frequency of the beam. Dropping the tilde over
time t, Eq. (17) may be written in the following dimensionless form

=

1 n UCD 1 8 n UZ aC]_ ~
. r>+( 47”71) 6.0+ 355 6.0~ ooz G0 ) +3E ~Efn =0 (19)

2.4. Spatial discretization by vibration modes and by finite elements

Equation (19) is a delayed nonlinear PDE. To use IHB, a spatial discretization procedure is required to convert
Eq. (19) from PDE to ODEs. We use two different spatial discretization procedures, i.e. discretization via vibration modes
of linear system and discretization via FEM. These two procedures share some similarities but also bear some differences.
They both use basis functions for approximation, and more importantly, both involve the standard Galerkin process. The for-
mer uses vibration modes as basis functions and these basis functions are global functions and approximation is achieved
via finite truncated modes. Vibration modes are concepts derived from linear vibrating system, and rigorously speaking, it
is only valid for linear or weakly nonlinear systems. The basis or shape functions adopted in FEM are defined over local
domains of finite elements and approximation is achieved in a local element-level. FEM discretization works well for both
linear and even strongly nonlinear systems. In this sense, FEM discretization is more versatile and more accurate, but its
implementation is more complicated for this FIV problem.

We firstly follow Paidoussis and Li [26] and perform spatial discretization of Eq. (19) by linear vibration modes. The
modal expansion theorem is used to give

M
nE. =) ¢;E)u;®) (20)

j=1

in which u;(t) are the principle coordinates, M is the number of modes used for approximation, and ¢;(§) are the dimen-
sionless orthonormal functions for a clamped beam, which is given as

¢;j(&)=cos(A;§) — ch(r;€) + [sin (Ajé‘) fsh()njg)] (M)
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Fig. 2. The phase portraits of the delayed Van der Pol oscillator obtained by numerical integration using DDE23 function (circles) and by IHB methods
using various harmonic terms (solid lines).

Since all the variables are dimensionless, we drop the tildes (~) over U, m, and f. Performing the Galerkin procedure to
Eq. (19) and utilizing the orthogonality properties of the eigenfunctions, Eq. (19) can be converted into the following second-
order MDOF DDEs

i (t) + (o1 + U (8) + a3 () + oaUui(t —tg) + (1= B f ()i (§p) =0 i=1,2,....M (22)

We propose here to use combined FEM discretization and IHB method for the solution of FIV problem formulated in
Eq. (19). We use C! elements and Hermite shape functions for approximation. A straight beam shown in Fig. 1 was dis-
cretized into a number of nodes and elements, each node having two DOFs, i.e., deflection and rotation. A corresponding
weak form to Eq. (19) was constructed, and a routine Galerkin procedure yields discretized equations in the matrix forms
as

M$ + C5 + K8 + ES (t—tg) = f (23)
where M, C, K are the global mass, damping and stiffness matrices, respectively; E is the coefficient matrix of time-delay
loading; f is impact loading force vector. Noted that the biggest contrast to mechanical vibration problems is that global
mass, damping and stiffness in Eq. (23) incorporate the added mass, damping and stiffness contributions due to fluid-
structure interaction. The global matrices in Eq. (23) can be obtained via a standard assemblying process in FEM. The ele-

ment mass, damping and stiffness matrices, M€, C¢ K¢, as well as element time-delay loading matrix E¢ and the element
load vector f¢ are defined as follows

M€ — /’NTNdS, C® = (a1 +axU) /’ NTNdE, K = a3 /1 NN,
0 ] o 0

E¢ = oz4U2/ NTNdé, ff=-(1- ,3)/ 8(& — &,) fNTdg

0 0

where [ is the length of per element in dimensionless form. Based on the Hermite shape functions for C! beam elements,
the explicit expressions for these element matrices and vectors are given in the Appendix.

(24)

3. Results and discussions
3.1. A delay Van der Pol oscillator

We start from a SDOF delayed Van der Pol oscillator to demonstrate the effectiveness of IHB for periodic limit cycle
solution. The equation of motion is given in Eq. (15). This is a second-order DDE with constant time delay t;. The parameters
of Eq. (15) are fixed as € =2, t; = 0.2 and k = 0.2. We performed numerical integration using the MATLAB built-in solver
DDE23 from an arbitrary initial condition. After a period of transient, the system approaches the periodic limit cycle, which
is marked by circles in Figure.2. The solution given by DDE23 thus works as a reference solution to check the accuracy of
[HB with various harmonic terms. As mentioned previously, the biggest advantage of IHB over conventional HB method lies
in the fact that it is readily to incorporated more harmonic terms in approximation. Here, the number of harmonic terms,
N, was set to 1,3 and 8, and the results are plotted as solid lines in Fig. 2 in comparison with DDE results. The results
are inspiring, since it is very cumbersome for HB method with 8 harmonic terms. Though the system is simple, a multi-
harmonic analysis is inescapable and the difference between IHB and DDE is negligible until the number of harmonic terms
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Fig. 3. Convergence of the logarithm of the L,-norm of solution errors with increasing number of truncated vibration modes for a high gap velocity U = 4.0.

is increased to N = 8. In doing so, the derivation and code do not change, only more initial guesses for iterations are needed.
In sharp contrast to IHB, all the equations and codes are written anew in the framework of HB method.

3.2. Vibration modes discretization and IHB for FIV of a loosely supported tube bundle

Figure 1 sketches the problem of interest in this paper. Without loss of generality, a square 33 tube array with pitch
ratio P and tube diameter D, is chosen as the example here, which was previously studied by Paidoussis and Li [26] using
NI method. We revisit this problem but instead use IHB method. The tube array is subjected to uniform cross-flow with free
steam velocity U... Simplifying a bundle of fully tubes into a model of a single flexible tube in a rigid array for fluidelastic
instability of tube bundles is widely accepted and the simplification is adopted here. The single flexible tube is marked in
red and centred in the tube array. The flexible tube is modelled as a beam with two ends clamped. A loose support with
clearance d is located x;, from the end. The total beam length L and the gap velocity U used in the following discussion are
also indicated on the right of Fig. 1. The gap velocity U and the free stream velocity Uy, is related via U = U, P/(P — D).

The equation of vibration of a transversely loaded beam with loose support at location x;, is given by Eq. (17). The
form of the equation is similar to the vibro-impact equation in non-smooth dynamics of mechanical systems, with the
only exception of mechanical excitation replaced by a fluidelastic Force F with time delay. The partial differential non-
dimensional beam vibration equation can be converted into ordinary differential equation by using mode summation and
then employing a standard Galerkin procedure as mentioned before. The DOF of the resultant DDE in Eq. (22) is determined
by the number of normal modes used for approximation. The problem considered here is complicated in nature, due not
only to the complexity of fluidelastic force but also to the nonlinear boundary conditions. The complexity of the problem
entails addition of more normal modes to approximate the tube displacement.

It is necessary to check convergence of the results with respect to the number of truncated modes. We use the L, norm
measured over one period to evaluate the solution error, which is defined as

n

Z (nk - nref‘k)z (25)

k=1

A7, = || rer |, =

Here, 7 is the dimensionless displacement defined in Eq. (20); 5, is the solution obtained by high enough order truncated
modes, M = 15 used here; n is the number of equally spaced sampling points in one period to calculate the norm. We
performed a series convergence studies to evaluate the influence of the number of truncated modes on the solution errors,
and found that the required truncated modes for a convergent approximation heavily depend on gap velocity: lower order
modes would give convergent solution for low velocity, whereas higher order modes are required for high velocity. This is
ought to be the case since the complexity of limit cycle increases with increasing velocity. Figure 3 plots logarithmic of
L, norm error versus truncated modes for the case U = 4.0, a pretty high velocity of interest here. Figure 3 indicates that
five modes are sufficient to guarantee consistent solutions for all velocities considered here, and we thus fix M =5 in all
following examples. Our convergence study result agrees well with the observations by Paidoussis and Li [26].

Adopting five truncated modes as discussed above, the resultant 5DOF DDE in Eq. (22) is expressed in terms of principle
coordinates u;(i =1, 2, 3, 4, 5). The following coefficients in Eq. (22) were adopted for a square array with pitch ratio 1.5 [26]:
aq = 0.0145v;, a, = 0.00524, a3 = 0.76v;2, ay = 0.026, B =0.24, t; = 27 /U; and v; = (A/A; )2 is the square of the ratio of
the ith order natural frequency to the first order natural frequency. A particular emphasis is paid to the displacement of the
location where loose support appears, i.e. the displacement at & = &, which is denoted by 7. There are several models to
approximate the constraint force given by the loose support. We take the simplest assumption that the constraint force can
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Fig. 4. The formation of limit cycles for a high-dimensional FIV system under various dimensionless gap velocities (U) 3.0 (a), 3.6 (b), 4.0 (c) and 4.3
(d), respectively. The system starts from chosen initial conditions, evolves over a long period of transient, and finally reaches periodic orbits. The whole
transient process is calculated by DDE23.

be approximated by a cubic spring as f(1,) = k71,3, where « is a constant taken as 1000 in accordance with Paidoussis and
Li [26]. In state space, Eq. (22) is transformed into a set of high-dimensional DDEs with 10 equations.

It is not a trivial task to obtain the periodic solutions of this high-dimensional DDE. The existence of periodic limit cycles
is the first thing should be considered. To this end, we employ NI using DDE23 to explore the whole dynamics of the system.
Figure 4 plots the evolution of the system from arbitrary initial conditions and finally reaches limit cycles after a long period
of transients. The velocities considered here are relatively high, U = 3.0, 3.6, 4.0 and 4.3 in Fig. 4, to guarantee the existence
of limit cycles.

As unveiled by Paidoussis and Li [26], the FIV system of steam generator tube bundles with loose supports may exhibit
complicated nonlinear dynamics, and the existence of periodic limit cycles does not occur for all possible gap velocities.
Instead, limit cycles can only exist at an intermediate velocity. There exist two critical velocities, a low critical velocity
for the onset of fluidelastic instability and a high velocity for the occurrence of quasi-periodic or even chaotic solutions.
Below the low critical velocity, the system is stable and convergent to equilibrium upon any perturbations; greater than
the high critical velocity, the response of the system is aperiodic. The IHB formulation presented here can only capture
periodic solutions, we are thus concerned with the intermediate velocity between the two critical velocities. Actually, this
part of study is the most important aspect of nonlinear time-domain models. The onset of fluidelastic instability and the
corresponding critical velocity can be determined by a linear stability analysis within the framework of frequency-domain
models. Chaos of tube bundles would occur at very rare high velocity, and therefore its academic significance is greater than
practical importance.

We believe in the most important contribution of the paper is the introduction of IHB into cross-flow induced FIV prob-
lems of elastic tubes. We propose to replace NI by IHB for retaining limit cycle solutions. Though IHB has been developed
to calculate periodic solutions of mechanical vibrating systems, this is very the first attempt to use IHB for nonlinear FIV
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Fig. 5. Comparison of NI and IHB for obtaining limit cycle solutions of the system at a velocity, U = 1.8, slightly above the critical velocity U, = 1.78. The
displacement 1, and velocity 1, are evaluated at the midpoint of the beam. (a) Time history and the long period of transient process undergone by the
system by using NI method (DDE23 in Matlab). (b) Evolution of limit cycle solutions (solid lines) by IHB method starting from the same initial conditions
as (a). IHB solutions converge to the steady-state limit cycle in (a) (circles denoted by DDE23) after 6 iterations.

problems. The unique feature of the FIV of tube bundles lies in the fact that the interaction between the moving fluid and
the vibrating tubes results in added damping and stiffness. For the damping-controlled instability concerned here, the over-
all damping of the system is determined by the summation of the positive structural damping and the negative fluidelastic
damping. The velocities considered in Fig. 4, U = 3.0, 3.6, 4.0 and 4.3, are pretty larger than the critical velocity U. = 1.78.
For this case, the overall damping is rather negative and the equilibrium point is unstable. The nonlinearity of the system
tends to restrain the unstable motion of the system from diverging, resulting in periodic or chaotic vibrations with finite
amplitudes in most real applications. For this case with relatively high velocity, the convergence of transient solution start-
ing from an arbitrarily chosen initial conditions to the steady limit cycles is rather slow but still acceptable. It seems that
the advantage of using IHB rather than NI is not so obvious. The situation changes dramatically as one decreases gap veloc-
ity to a value slightly above U, say U = 1.8. Figure 5 shows the comparison between NI using DDE23 and IHB for limit cycle
solutions at U = 1.8, all starting from the same initial conditions. In this case, the overall damping is very close to zero,
and the convergence of the transient to limit cycles is extremely slow and unacceptable if NI method is used. In this study,
a personal computer with a CPU of 11th Gen Intel(R) Core(TM) i5-11300H @ 3.10GHz and 16 G RAM was used, and 115 s
were needed to retain the steady-state limit cycle solutions using the DDE23 function in Matlab. As a sharp contrast, the
iteration of IHB method started from an initial guess of a limit cycle solution and efficiently converged to the final solution
after 6 iterations, which took 3 s in calculation. Both NI and IHB adopt the same arbitrary initial conditions. The advantage
of replacing NI by IHB for limit cycles of FIV systems manifests itself through this example.

Figure 6 plots and compares limit cycle solutions obtained by NI using DDE23 and by IHB using different harmonic
terms. As described above, the velocities of interest are U = 3.0, 3.6, 4.0 and 4.3, respectively. The critical velocity for the
onset of fluidelastic instability is about U. = 1.78, whereas the high critical velocity for the occurrence of chaos is about
4.39. Figure 6 indicates that the complexity of nonlinear dynamics of the system increases as the dimensionless gap velocity
increases. At low gap velocity, i.e. U = 3.0 in Fig. 6(a), the shape of the limit cycle is simple, nearly an ellipse in this case.
Focusing on the middle point of the beam where loose support is located, in Fig. 6(a) the limit cycle passes the extremes of
displacement twice, where the velocity 7, is zero, for the case U = 3.0. For this case with simple limit cycle, one harmonic
term approximation with N = 1 in Fig. 6(a) can nearly capture the periodic solution, and the solutions with N = 3 and 5 give
the identical solution as given by DDE23. As velocity increases to 3.6 and 4.0 in Fig. 6(b) and (c), the complexity of limit
cycles increases, passing the positions marked by 7, = 0 six times with nested cycles. The single harmonic IHB can only give
a simple limit cycle and there is no way to capture this nested cycles phenomenon. Though IHB with three harmonic terms
capture this phenomenon, the difference between IHB with N =3 and DDE23 is obvious. IHB with five harmonic terms is
necessary for this two cases, and the IHB can give the same results as DDE23. If the velocity is further increased to U = 4.3
as shown in Fig. 6(d), the complexity of limit cycle increases further, passing the positions with 7, = 0 ten times. For this
case, IHB with N =5 can also capture the complicated limit cycles.

Figure 4 and 6 are plotted for a set of fixed gap velocities. They also imply the fact that gap velocity is a key system
parameter that controls the nonlinear dynamics of the system. We finally demonstrate the merit of IHB for large range para-
metric study. The results are plotted in Fig. 7 for amplitudes A and frequencies of limit cycles f versus various dimensionless
gap velocities U. Figure 7 shows that both amplitude and frequency of limit cycles increase monotonically with increasing
velocity, and it seems that both reach stationary values at high velocities. In IHB method, performing the parametric study
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Fig. 6. Comparison of limit cycles obtained by numerical integration using DDE23 function (circles) and by IHB with different harmonic terms (solid lines).
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Fig. 7. Variation of amplitudes and frequencies with dimensionless gap velocity U.

in Fig. 7 is straightforward, because the formulation incorporates system parameter and the parameter can be augmented
in an incremental manner. The unique feature of tuning parameter makes IHB flexible and straightforward for large range

parametric analysis.

3.3. Combined FEM and IHB for FIV of tube bundles

All the afore-mentioned IHB results are based on spatial discretization using vibration modes. Since the problem consid-
ered here is nonlinear in nature, to what extent does the mode summation method work well remains a plausible question.
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Fig. 8. Combination of FEM with IHB for the analysis of FIV of a 10-element beam problem. (a) The FEM model (black solid line and filled circles) and the
limit cycle amplitudes extracted from various nodes of FEM model (blue dashed line and filled squares). (b) Comparison of IHB solutions with N =1 and 3
(solid lines) and NI solution (circles) by Newmark method. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Here we propose to use combined FEM discretization and IHB iteration to this nonlinear FIV problem. FEM works well for
either linear or nonlinear systems, thus the solution by combination of FEM and IHB could be regarded as the solution of
original problem, as opposed to the previously approximate truncated systems. We implemented the formulations given in
Section 2. The straight beam subjected to uniform cross-flow was discretized by 10 C! beam elements. The dimensionless
length of each element was set to 0.1. The coefficients in Eq. (24) are the same as those of Eq. (22) except that oy = 0.0145,
o3 = 0.00152. Figure 8(a) shows the illustration of the FEM model and boundary conditions. Each node has two indepen-
dent DOFs, i.e., deflection and rotation. 9 nodes are free to vibrate accounting for boundary conditions, and therefore the
discretized equation in Eq. (23) contains 18 DOF second-order DDEs, which is really a high-dimensional system. We obtained
periodic solutions of all 9 nodes, and Fig. 8(a) plots the spatial variation of defection amplitudes of the nodes. The amplitude
distribution for rotation of the nodes can be obtained in the same way.

The IHB solution of the 18DOF DDEs with multiple harmonics requires a large number of initial values of harmonic
coefficients. If three harmonics are included, i.e., N = 3, then totally 118 initial guesses are needed, which constitutes an
issue for IHB implementation. In practice, we firstly achieved an approximate solution containing only single harmonics,
and the solution for N =1 was used as initial guesses for N = 3. Figure 8(b) plots the convergence of IHB solutions starting
from limit cycle for N =1 to the cycle for N = 3.A comparison is made between IHB solution with the NI solution. It should
be emphasized that the built-in routine DDE23 in Matlab runs highly slowly for such an 18DOF DDE system, and a recourse
was made to programme other efficient algorithms for NI of DDE. This was realized by coding a Newmark NI code tailored
for DDE, and we found the saving of computation is significant.

4. Concluding remarks

DDEs govern a variety of science and engineering problems, in which conventional ODEs in principle fail to describe these
systems. The appearance of time-delay or the aftereffect entails more expensive numerical procedures or more delicate
treatment. For a nonlinear DDE, the periodic solution is the most important aspect of the nonlinear dynamics, and great
efforts have been made to calculate the periodic solutions of nonlinear DDE. Among various methods for periodic solutions
of DDEs, the extension of classical HB to IHB is worth attention because of several unique features of IHB: it does not
limit to weak nonlinearity; it can capture not only stable but also unstable solutions; it is more straightforward to perform
multi-harmonic analysis, and it is well suitable for large range parametric analysis.

To date, there have been a few of studies which develop or extend IHB to find periodic solutions of DDEs. But these
previous studies are limited to low-dimensional mechanical vibration systems. This paper introduces the IHB method into
the limit cycle solution of flow-induced vibration problem of tube bundles with loose support. FIV of tube bundle is a unique
system in the sense that the added damping cancels out structural damping in the vicinity of critical velocity, making it
extremely slow to retain a convergent solution if numerical integration (NI) is utilized. Thus the replacement of NI by IHB
is desperately needed under such a condition. To the best knowledge of the authors, no efforts have been made to employ
IHB for nonlinear FIV problems. This paper describes the IHB formulations of general MDOF DDE with various discrete time-
delays. We separately implement two spatial discretization strategies, i.e., discretization via linear vibration modes and via
finite element method (FEM), and combine the spatial discretization with IHB formulation to capture limit cycle solutions
after the onset of instability. For high gap velocity, the system may exhibit complicated periodic solutions, and a multi-
harmonic analyses are required to accurately approximate the solution. We compare the solutions obtained by NI method
and by IHB with various harmonic terms. The comparison demonstrates excellent convergence of IHB to exact solution by
increasing harmonic terms for approximation. The FIV system was investigated for various gap velocities, and IHB works
well not only for low velocity but also for high gap velocities where the phase portraits have complicated nested cycles. We
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show that IHB is an ideal tool for calculating amplitudes and frequencies of limit cycles for a wide range of gap velocity
variation.

The integration of FEM discretization with IHB is an appealing approach. It overcomes the limitation of previously used
vibration mode discretization and then time-marching strategy for nonlinear FIV problems. It is not limited to linear or
weakly nonlinear systems, and is an ideal candidate for FIV systems with complicated geometries, where vibration modes
are not readily available and could not be given in close forms. This is crucial for steam generators with U-tubes or helical
tubes. A straight beam subjected to uniform cross-flow is studied here, and a 10-element discretization gives to a high-
dimensional 18DOF DDE system. Increasing the IHB harmonic terms from one to three demonstrates excellent convergent
property, and good agreement is achieved between IHB results and results by a tailored Newmark NI method for DDE. Our
efforts provide the first reference on the use of IHB for high-dimensional FIV problems with time-delays, which opens an
avenue for efficient multi-harmonic analysis of high-dimensional DDE due to the semi-analytical feature of IHB.
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Appendix A

Kine, R, Ry, in Vibration modes discretization method of the FIV system, should obey the following form:

Kine = 0o*M+woC+K + K;+E
R = —(w3M+woC+K+E)A - f (A1)
me = 2woM + CO)A

in which
2 . 2 . 2 o
M= / STMSdr, C= / STCSdr, K= / STKSdt
0 0 0

2r 2 2T
K = / STRySdz, E = / STESTdr, f,— / S'fdt
0 0 0

and
M=diag{1, 1. 1. 1, 1}
C=diaglon () + U, a1 (2) + U, a1(3)+oU, a1(4) + U,  a(5) +aU}
K=diag{as(1), @32), a33), a3(4), a3(5)}
Ks =3(1 - Byenp’diag{[p1 (51, (6251 [93EF.  [9aE)P (561
E=diag{o,U?,  aU%  aqU% U, o,U?}
fo=(1-B)n’diag{p (&),  2(5). ¢3E).  a(E),  Ps(Ep)}

The explicit expressions for element matrices M€, C¢, K¢ and E€¢ in FEM model are given as follows:

156 221 54 —13I 156 221 54 —13I
20 42 131 3P 20 42 13l 3P
Me = ;5 ce = lental)
| 54 131 156 —221| 2 | 54 131 156 —221 |
131 32 —221 4P 131 32 —221 4P
(A2)
12 6 -12 6l 156 220 54  —13I
.| s ar el o2p o] 220 AR 1B 3P
— U3 J— 4!
K=F1_12 -6 12 -6l E="20| 54 131 156 -221

6l 22 -6l 42 -131 =312 -221 4P
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