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ARTICLE INFO ABSTRACT
Keywords: Flow-induced vibration of the tube bundles in two-phase flow involves complicated interactions
Flow-induced vibration between the fluids and structures. Although a substantial number of studies have been devoted to
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investigating the flow-induced vibration and fluidelastic instability of the tube bundles subjected
to two-phase cross-flow, the fatigue damage features of the tubes are not fully understood. In this
paper, considering the effects of the turbulence random forces and the fluidelastic forces, a
mathematical model of the tube bundles subjected to two-phase flow and the clearance restriction
was developed. The vibration responses of the tube bundles within five void fraction conditions
were calculated. The flow-induced vibration fatigue damages of the tubes were estimated based
on S-N curves. The effects of the clearance restriction, the flow pitch velocity, and the void
fraction of the two-phase flow on the fatigue damage were discussed. The numerical results
demonstrate that the void fraction and flow pitch velocity of the two-phase flow have a significant
influence on the fatigue damage of the tube bundles. And, the clearance restriction can change the
location of the maximum fatigue damage.

1. Introduction

The flow-induced vibration fatigue damage of a steam generator has been an industry-wide concern since the 1970 s, which can
become a significant mechanism impacting the reliability of the steam generator. Turbulence forces induced by the two-phase flow and
the fluidelastic forces are of major significance for tube fatigue. Hence, increasing attention has been paid to the prediction of the flow-
induced vibration for the tube bundles subjected to two-phase flow. The main flow excitation mechanisms of the tube bundles sub-
jected to two-phase flow are turbulence and fluidelastic instability. Several studies have been performed to investigate the two flow
excitation mechanisms.

Fluidelastic instability is an important excitation mechanism that may cause a short term failure of the steam generator tubes. Since
the 1980 s, to predict the critical velocity of the fluidelastic instability of the tube bundles subjected to cross-flow, several fluidelastic
force models were proposed by the scholars. Tanaka and Takahara [1] proposed the unsteady fluid force model which can be regarded
as three kinds of forces: the inertia force due to the added mass of the fluid; the damping force due to the fluid; the stiffness force due to
the dynamic pressure and cylinder displacement. This unsteady fluid force model can be utilized to predict the critical velocity of the
fluidelastic instability of the tube bundles in cross-flow. The major drawback of the unsteady fluid force model is that all the relevant
fluid force coefficients must be measured for each tube array pattern. Lever and Weaver [2] developed a simple first principle model to
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Fig. 1. Schematic diagram of tube bundles subjected to two-phase cross-flow and clearance restriction.
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Fig. 2. Schematic diagram of the experimental model.
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Fig. 3. Schematic diagram of the measured tubes.
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Fig. 4. The envelope spectrum of the turbulence random force.
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Fig. 5. Dynamic responses of the tube for 0% void fraction.
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Fig. 6. Dynamic responses of the tube for 20% void fraction.
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Fig. 7. Dynamic responses of the tube for 40% void fraction.

predict the threshold of the fluidelastic instability of a full tube array in cross-flow, requiring no measured fluid force coefficients.
Paidoussis et al. [3] developed a full linear unsteady potential-flow solution for fluid flowing across the tube bundles which is
consistent with certain basic physical checks. An improved quasi-static fluid force model was developed by Price and Paidoussis [4] to
investigate the fluidelastic instability of cylinder rows subjected to cross-flow. For the high mass-damping parameters, the fluidelastic
instability of the tube bundles is controlled by the stiffness mechanism. Paidoussis et al. [5] presented a semianalytical model to predict
the threshold of the fluidelastic instability controlled by fluid-dynamic stiffness terms.

Turbulence is another important excitation mechanism that may cause the fatigue and fretting wear of the steam generator tubes.
Taylor et al. [6] performed two experiments to determine the characteristics of the random excitation forces acting on the tube bundles
in two-phase cross-flow. Their experimental results indicated that the flow rate and the void fraction have a great effect on the
excitation forces. Based on the available experimental data, Langre and Villard [7] proposed an upper bound on the magnitude of the
random buffeting excitation forces that apply to tube bundles in two-phase cross-flow. They found that the dynamic pressure, viscosity,
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Fig. 8. Dynamic responses of the tube for 60% void fraction.
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Fig. 9. Dynamic responses of the tube for 80% void fraction.

or surface tension were not relevant to the dimensionless spectra of the random fluid forces. Taylor and Pettigrew [8] carried out
several experiments to measure the random fluid forces that apply to tubes in two-phase cross-flow. The data from these experiments
were utilized to determine the suitable guidelines for random excitation forces. Zhang et al. [9] measured the vibration excitation force
acting on a rotated triangular tube array subjected to two-phase cross-flow. Some unexpected quasi-periodic forces were observed in
the experiments. Xu et al. [1011] used an inverse analysis method based on the oscillation displacements to investigate the hydro-
dynamic force acting on the cylinders.

Along with the development of the computer industry, numerical calculation is widely used in the computation hydrodynamics. Pedro
et al. [12] used a computational fluid mechanics (CFD) methodology involving the tube motion and dynamic re-meshing to simulate the
unsteady flow in a normal triangular tube array. Parrondo et al. [13] calculated the fluctuating flow in a parallel triangular tube array
with the pitch-to-diameter ratio of 1.57. The simulations were developed with a commercial code to solve the 2D-URANS equations. Lai
et al. established the CFD models to determine the slip ratio between the water phase and the air phase [14], and the periodic fluid force in
a rotated triangular tube array [15], respectively. The correctness of the CFD calculation was verified by the experimental results.

Based on these proposed fluid force model, the fluidelastic instability and the nonlinear dynamics of the tube bundles subjected to two-
phase flow were investigated. Rottmann and Popp [16] used a simple “tube-in-channel-flow” model to investigate the fluidelastic
instability of a parallel triangular tube bundle. Feenstra et al. [17] conducted several experiments to measure the flow-induced vibration
responses and the threshold of the fluidelastic instability of the tube bundles in a cross-flow of refrigerant 11. They found that the vortex
shedding could be disrupted by a small amount of bubbles in the flow. An experimental study was carried out by Chung and Chu [18] to
investigate the fluidelastic instability of the normal square tube array and the rotated square tube array with the same pitch-to-diameter
ratio of 1.633 in air-water two-phase cross-flow. The experimental results indicated that the vibration characteristics of the rotated square
tube array are quite different from those of the normal square tube array in the two-phase flow. Mahon and Meskell [19] investigated the
interaction between the acoustic resonance and the fluidelastic instability in a normal triangular tube array. They found that the time
delay between the flow field and the tube motion may be modified by the acoustic resonance. Zhao et al. [20] investigated the dynamics
of the tube bundles subjected to cross-flow. The vibration characteristics of two tubes with in-line and parallel configurations were
discussed. Palomar and Meskell [21] used a theoretical-CFD hybrid methodology to investigate the fluidelastic instability of a normal
triangular tube array subjected to cross-flow. The numerical results illustrated that the Reynolds number has a great effect on the
threshold of the fluidelastic instability. In our previous studies, a series of experimental and theoretical studies have been carried out to
investigate the fluidelastic instability of a rotated triangular tube array subjected to two-phase flow [22-25], and the mathematical
models were presented to study the nonlinear dynamics of the tube bundles subjected to two-phase flow and loose support [26-28].
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Fig. 10. Contour of the stress variations of the tube for 0% void fraction: (a) 1.230 m/s; (b) 1.538 m/s; (c) 1.846 m/s; (d) 2.153 m/s; (e) 2.461 m/s;
(f) 2.768 m/s; (g) 3.076 m/s; (h) 3.383 m/s; (i) 3/691 m/s.

It is known that the fatigue breakage is one important damage style induced by the flow-induced vibration. Forecasting the tube
bundles’ fatigue life is very important to the security of a steam generator. As mentioned above, despite a lot of theoretical and
experimental studies have been performed to analyze the flow-induced vibration and the fluidelastic instability of the tube bundles in
cross-flow, few have considered the influence of the flow-induced vibration on the fatigue damage of the tube bundles. Especially, the
tubes of a steam generator are always constrained by the support structures. In general, there is a gap between the tubes and the
support structures which may lead to a collision. The interacton forces between the tube bundles and the support structures may affect
the fatigue life of the tubes. Therefore, it is still a problem deserving further investigations for the flow-induced vibration fatigue
damage of the tube bundles subjected to two-phase flow and the clearance restriction.

In this study, considering the effect of the fluidelastic force and the turbulence random force, a mathematical model of the tube
bundles subjected to two-phase cross-flow and the clearance restriction was developed. Based on S-N curves by using the numerical
results of the vibration responses, the flow-induced vibration fatigue damages of the tube bundles within different void fraction
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Fig. 11. RMS stress of the tube for 0% void fraction.

conditions were estimated. More importantly, the effects of the clearance restriction, the flow pitch velocity, and the void fraction of
the two-phase flow on the fatigue damage were discussed.

A detailed implementation procedure for the fatigue evalutaion methodology is as follows:

® To determine the equivalent power spectral density (EPSD) of the turbulent excitation force acting on the tube bundles by
experimental measurement.

@ To calculate the vibration responses of the tube bundles system with clearance restriction subjected to fluidelastic force and
turbulent force. The fluidelastic force is produced by a coupling between the tube motion and the flowing fluid. The turbulent force is
transformed from the EPSD curve into a force-time record.

® To evaluate the fatigue damage of the tube bundles system based on the S-N approach. As the flow-induced stress cycles are
random, the Rainflow Cycle Counting method is used to calculate the distribution of stress amplitudes.

2. Two-phase flow-induced vibration analysis
2.1. Theoretical analysis

In a steam generator, the tube bundles are threaded through the support structures such as the tube support plate (TSP) and the
anti-vibration bars (ATVs). Typically, to avoid the effect of the thermal expansion or contraction, there would be a small gap between
the tube bundles and the support structures, as shown in Fig. 1. Therefore, when the vibration amplitude of the tube is larger than the
gap, a collision occurs. In the present study, we treated the flexible tube as a simply-supported tube with a clearance restriction at the
middle of the span. Considering the effects of the fluidelastic force and the turbulence random force, the motion equation of a flexible
tube in a tube array subjected to two-phase cross-flow and clearance restriction can be written as:

d'w ow ’w

+ e+ 8y = Ya)f (W) = Frer (W, W, W) + Frurputence (t) an

El—
oy* ot or?

Then, introducing the following the non-dimensional quantities:
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Fig. 12. Spanwise distributions of fatigue damage for 0% void fraction.
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A=— O =
1+4m /(7Cpq) Q

where L is the tube length, 4, is the dimensionless eigenvalue of the first-order mode for a simply supported beam, C,, is the added
mass coefficient which can be expressed as:
D./D)’ +1
(D./D)" —1
the partial differential equation of the motion of the tube bundles considering the effects of two-phase cross-flow and clearance
restriction can be rewritten as:

1 U™ Crsin®y] o 1 d*%
—a ﬁ(fﬁ) + [(*m} E(f»’[) +E@(577)
14)
U”Crcos®r aw™ *
e B n(&,7) + (& = &) (n) = F(z)
8n°m 1—a
where F(7) is the time history of the dimensionless random excitation force, which can be expressed as:
N
F(7) = Z ajcos(w;T + ;) (15)

j=1

where 6; is the random variable from 0 ~ 2r which are completely independent of each other, g; is the gaussian random variable,
which can be obtained by:
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Fig. 13. Contour of the stress variations of the tube for 20% void fraction: (a) 1.230 m/s; (b) 1.538 m/s; (c) 1.846 m/s; (d) 2.153 m/s; (e) 2.461 m/s;

(f) 2.768 m/s; (g) 3.076 m/s; (h) 3.383 m/s; (i) 3/691 m/s.

a; = 4Sp(w;) Aw

Aw =

®, —

N

1
w; = + <jf§>Aw

where w, is the upper limit value of the frequency, w; is the lower limit value of the frequency.
Based on equation (15) and (16), one of the time domain solutions of the equivalent power spectral density, F(z), can be calculated.
Thus, once the flow pitch velocity of the two-phase flow is determined, the time series of the turbulence excitation acting on the tube

can be obtained.

(16)
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Fig. 14. RMS stress of the tube for 20% void fraction.

According to the Galerkin method, the solution of equation (14) can be supposed as:

N

&) =Y ¢(&a(r) a7
i=1
where ¢;(¢) is the modal shape of the tube. In this study, the first five order modes were chosen (N = 5).
Using the Galerkin expansion and modal truncation techniques, a set of ordinary differential equations can be deduced from the
partial differential equation, as follows:

g +( U*Zcfsm@p), (z;‘ U?Crcos®r aw™
1—a i

¢- 8r'm’ w" Y l-a

>qf F e = F(o)

(i=1, 2, 3, 4 5) (18)

where 7, is the displacement at £ = &,.

Notice that the coupling term is the impact force between the tube and tube support plate f*(54) due to the constraint at the
clearance restriction. In this study, the mathematical model presented by Paidoussis et al. [30] was used to represent properly the
restraining force of clearance restriction, which can be written as:

3

1
)=« nfi(\nﬁdlflnrd\) 19

where d is the non-dimensional gap between the tubes and the support structures, « is the non-dimensional stiffness of the clearance
restriction. In this paper, « is chosen to be 5.6 x 10° in accordance with reference [31].

Notice that it is difficult to obtain the equivalent power spectral density, Sg(fr)e, in tube bundles. Therefore, according to the
analysis above, an experiment was carried out to measure the power spectral density of the excitation force in the next section. Then,
according to equation (15) and equation (16), the force time history can be obtained.

2.2. Experimental analysis

This section gives a brief introduction of our previous experiment to obtain the turbulence random forces acting on the tube bundles
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Fig. 15. Spanwise distributions of fatigue damage for 20% void fraction.

which will be used to calculate the vibration responses of the tube bundles in the next section. The experimental model was designed by
arranging a rotated triangular tube array into a fan shape, as shown in Fig. 2. All the tube bundles were fixed with tube support plates.
The span lengths of the tube bundles used in this experiment are typical of span lengths in steam generators. The tube diameter D is
0.01745 m, the pitch-to-diameter ratio is 1.48. As shown in Fig. 3, the strain gauges were mounted on three tubes near the tube support
plate to measure the tube bundles vibration responses. Experiments were performed for five flow pitch velocity conditions. All
measurements were conducted at room temperature (approximately 20 °C).

According to equation (10), the equivalent power spectral density of the turbulence random force acting on the tube bundles can be
obtained. The envelope spectrum of the turbulence random force can be written as:

S e J1072(f)7, 0.01 < fr<l
SF(fR) = { 10,2(/&)7357 R 1< f (20)

The envelope spectrum of the turbulent excitation force was shown in Fig. 4.
By substituting the envelope spectrum of the turbulent excitation force into equation (15) and (16), the time series of the turbulent
force, F(z), acting on the tube at a certain flow pitch velocity condition can be determined.

2.3. Vibration response calculation

The finite difference solution was adopted to divide the flexible tube into 59 elements with 60 nodes. Then, based on the theoretical
and experimental studies in the last two sections, the vibration responses of the tube bundles considering the effects of the fluidelastic
force and turbulence random force within the five void fraction conditions (8 = 0%, 20%, 40%, 60%, and 80% void fraction,
respectively) were calculated by using a fourth-order Runge-Kutta integration algorithm, with a step size of 0.01. To investigate the
effects of the flow pitch velocity on the flow-induced vibration and fatigue damage of the tube bundles, nine flow pitch velocity cases
were chosen in this study, which is 1.230 m/s, 1.538 m/s, 1.846 m/s, 2.153 m/s, 2.461 m/s, 2.768 m/s, 3.076 m/s, 3.383 m/s, and
3.691 m/s, respectively. As shown in Fig. 1, the support structure is at the middle of the span. When the tube vibration amplitude is
larger than the gap between the tube and support structure, the collision occurs. To illustrate the impact behaviors, the vibration
responses of the flexible tube with a clearance restriction at the 30th node within five void fraction conditions for the nine flow pitch
velocity cases were illustrated in Fig. 5-Fig. 9, respectively. The random vibration responses of the tube can be observed in Fig. 5-Fig. 9
for all the cases considered in this study. It should be noted that the vibration amplitude of the tube increases monotonically with the
increasing of the flow pitch velocity within the five void fractions. On the other hand, the vibration amplitude of the tube decreases
monotonically with the increasing of the void fraction for the same flow pitch velocity condition. It is important to note that the
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Fig. 16. Contour of the stress variations of the tube for 40% void fraction: (a) 1.230 m/s; (b) 1.538 m/s; (c) 1.846 m/s; (d) 2.153 m/s; (e) 2.461 m/s;
(f) 2.768 m/s; (g) 3.076 m/s; (h) 3.383 m/s; (i) 3/691 m/s.

collision between the tube bundles and TSP may occur within the lower void fraction conditions. For 0% void fraction, when the flow
pitch velocity is lower than 1.846 m/s, no collision between the tube bundles and TSP occurs. Once the flow pitch velocity is larger
than 1.846 m/s, the collision can be observed clearly in Fig. 5. For the 20% void fraction, when the flow pitch velocity is lower than
2.461 m/s, no collision between the tube bundles and TSP occurs. Once the flow pitch velocity is larger than 2.461 m/s, the collision
can be observed in Fig. 6. For the 40% void fraction, when the flow pitch velocity is lower than 3.076 m/s, no collision between the
tube bundles and TSP occurs. Once the flow pitch velocity is larger than 3.076 m/s, the collision can be observed in Fig. 7. The results
show that with the increase of the flow pitch velocity, the collision frequency increases. As shown in Figs. 8 and 9, at the 60% and 80%
void fraction conditions, no collision has been observed for the range of the flow pitch velocity considered in this study.
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Fig. 17. RMS stress of the tube for 40% void fraction.

3. Fatigue damage analysis
3.1. Methodology for fatigue damage estimation

The S-N curve is one of the most extensively used method to estimate the fatigue damage of the tube bundles of a steam generator in
nuclear engineering. In practical applications, the total fatigue damage can be estimated by the linear accumulation rule. Hence, in the
present study, the Palmgren-Miner rule was employed to calculate the total fatigue damage [32], which can be expressed as:

n;

Damage iy = N (21

where Damage;.q is the total fatigue damage, Nj is the permissible number of cycles, n; is the actual number of cycles.
The relation between Nj; and o; is defined by the S-N equation proposed by Tan [33], as follows:
InN; = 6.525 — 2.008In (5 - 0‘116> (22)
E

The rain flow counting method was used to determine the strain cycles and corresponding ranges in fatigue damage events. The
vibration displacement is expressed by equation (17), where the modal shape of a simply-supported beam can be written as:

(&) = sinr ¢ 23)

Due to the necessity of strain signals in fatigue damage estimation, based on the theoretical of mechanics of materials, the strain
signals €(&, 7) at the surface of the tube can be written as:

2

e(ern) =5 ~1E) (24)
D (ir\*> & _iné

e(g,1) = -5 (Z) ;qi(f)stnf (25)

The only unknown parameter g;(z) has been calculated in the last section. Hence, the stress signals ¢(¢, ) can be easily obtained
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Fig. 18. Spanwise distributions of fatigue damage for 40% void fraction.
from the following equation:
ED (ir\* & iné
o(&1) = Ee(&,1) = ==+ ) D ailx)sin— (26)
2 \L — L

Based on the S-N curve and rain flow counting method, the total fatigue damage is calculated.

3.2. Fatigue damage calculation

Fig. 10 shows the contours of spatiotemporal stress variations for the nine flow pitch velocity cases within the 0% void fraction.
Fig. 11 shows the root-mean-square (RMS) stress of the flexible tube for the nine flow pitch velocity cases within the 0% void fraction.
As analyzed above, when the flow pitch velocity is less than 1.846 m/s, no collision between the tube bundles and the support structure
occurs, the stress is relatively well-distributed. And the maximum stress of the tube increases with the increasing of the flow pitch
velocity. It is important to note that when the flow pitch velocity is larger than 1.846 m/s, the clearance restriction plays an important
role on the stress distribution. The maximum stress appears at both sides of the clearance restriction, and the stress distribution is
symmetric about the TSP position. Fig. 12 presents the spanwise distributions of the fatigue damage of the flexible tube for the nine
flow pitch velocity cases within the 0% void fraction, respectively. It is interesting to note that when the flow pitch velocity is lower
than 1.846 m/s, the distributions of the fatigue damage of the flexible tube is symmetric about the TSP location, and the positions of the
maximum fatigue damage of the tube are at the 20th and 40th nodes of the tube. Due to the presence of the collision between the tube
bundles and the TSP, the fatigue damage at the 30th node of the tube was increased, and the positions of the maximum fatigue damage
of the tube were also changed to the 7th and 53rd nodes.

Fig. 13 shows the contours of spatiotemporal stress variations for the nine flow pitch velocity cases within the 20% void fraction.
Fig. 14 shows the RMS stress of the flexible tube for the nine flow pitch velocity cases within the 20% void fraction. Similarly, the
maximum stress of the tube increases with the increasing of the flow pitch velocity. When the flow pitch velocity is less than 2.461 m/s,
no collision between the tube bundles and the support structure occurs, the stress is relatively well-distributed. When the flow pitch
velocity is larger than 2.461 m/s, the collision occurs, and the maximum stress appears at the both sides of the clearance restriction,
and the stress distribution is also symmetric about the TSP position. Fig. 15 presents the spanwise distributions of the fatigue damage of
the flexible tube for the nine flow pitch velocity cases within the 20% void fraction, respectively. It also can be seen that the spanwise
distributions of the fatigue damage of the tube within the 20% void fraction are similar to those in the 0% void fraction, and the
clearance restriction plays an important role in the distribution of the fatigue damage. It should be noted that the positions of the
maximum fatigue damage are at the 20th and 40th nodes when the flow pitch velocity ranging from 1.230 m/s to 3.383 m/s which are
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Fig. 19. Contour of the stress variations of the tube for 60% void fraction: (a) 1.230 m/s; (b) 1.538 m/s; (c) 1.846 m/s; (d) 2.153 m/s; (e) 2.461 m/s;
(f) 2.768 m/s; (g) 3.076 m/s; (h) 3.383 m/s; (i) 3/691 m/s.

different from those in the 0% void fraction. At U, = 3.691 m/s, the positions of the maximum fatigue damage are changed to the 7th
and 53rd nodes.

Fig. 16 shows the contours of spatiotemporal stress variations for the nine flow pitch velocity cases within 40% void fraction. It can
be seen that the stress of the flexible tube varies at different times. With the increase of the flow pitch velocity, the stress of the tube
increases. Especially, when the collision occurs, the maximum stress of the tube increases evidently. Fig. 17 shows the RMS stress of the
flexible tube for the nine flow pitch velocity cases within the 40% void fraction. The maximum stress is at the location of the 30th node
for all the nine flow pitch velocity cases, indicating that the influence of the collision between the tube and the support structure on the
stress distribution of the tube was slight within the 40% void fraction for the flow pitch velocity range considered in the present study.
Fig. 18 presents the spanwise distributions of the fatigue damage of the flexible tube for the nine flow pitch velocity cases within the
40% void fraction, respectively. The fatigue damage of the tube increases with the increasing of the flow pitch velocity. Due to the less
effect of the collision between the tube bundles and the support structure, the uniformity of the spanwise distributions of fatigue

14



J. Lai et al. Mechanical Systems and Signal Processing 166 (2022) 108442

03 07
124
0304 0.6
1.0
= 0254 0.5
% 020 04 084
£ 0.6
£ 015 03 64
%
% 0.10 024 0.4
0.054 0~ 1.230ms 0.14 -0~ 1.538m/s 024 -O- 1.846mv's
0.00

RMS stress(MPa)

-O-2.461m/s
0.0 r v v T T
10 20 30 40 50 6
Node number Node number Node number
7 12
64 & 10

RMS stress(MPa)
S

44
24
24
14 -0-3.076m/'s -0-3.383m/s 2 -0-3.691m/'s
0 X . . . . 0 . . . , . 0 . \ . , ,
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Node number Node number Node number
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Fig. 21. Spanwise distributions of fatigue damage for 60% void fraction.
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Fig. 22. Contour of the stress variations of the tube for 80% void fraction: (a) 1.230 m/s; (b) 1.538 m/s; (¢) 1.846 m/s; (d) 2.153 m/s; (e) 2.461 m/s;
(f) 2.768 m/s; (g) 3.076 m/s; (h) 3.383 m/s; (i) 3/691 m/s.

damage can be observed.

Fig. 19 presents the contours of spatiotemporal stress variations for the nine flow pitch velocity cases within the 60% void fraction.
Similarly, the stress of the tube increases with the increasing of the flow pitch velocity. It should be noted that the periodic vibration of
the tube was induced by the two-phase cross-flow when the flow pitch velocity is lower than 2.461 m/s, and the periodic fluctuation of
the stress can be obviously observed. When the flow pitch velocity is larger than 2.461 m/s, the turbulence-induced vibration of the
tube bundles occurs, the periodic fluctuation of the stress disappears. The RMS stress of the flexible tube for the nine flow pitch velocity
cases within the 60% void fraction was illustrated in Fig. 20. No collision between the tube bundles and the TSP occurs, thus the RMS
stress distribution is similar to a typical simply-supported beam. As shown in Fig. 21, the spanwise distributions of the fatigue damage
of the flexible tube for the nine flow pitch velocity cases within the 60% void fraction appear to be similar to each other, though the
fatigue damage of the flexible tube increases with the increasing of the flow pitch velocity.

The contours of spatiotemporal stress variations, the RMS stress, and the spanwise distributions of the fatigue damage of the flexible
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Fig. 26. Variation of the fatigue damage with respect to the void fraction of the two-phase flow.

tube for the nine flow pitch velocity cases within 80% void fraction were illustrated in Fig. 22 ~ Fig. 24, respectively. There are
significant similarities of the stress distributions and the fatigue damage distribution of the tube between the two void fraction con-
ditions (60% void fraction and the 80% void fraction).

4. Discussion

According to the numerical results obtained in the last sections, it is obvious that the void fraction and flow pitch velocity are the
important parameters to the flow-induced vibration fatigue damage of the tube bundles subjected to two-phase flow and the clearance
restriction. Thus, the influences of the flow pitch velocity and the void fraction of the two-phase flow on the fatigue damage were
discussed quantitatively in this section.

The variation of the fatigue damage and the RMS stress of the 30th node within the five void fraction conditions (p = 0%, 20%,
40%, 60%, and 80% void fraction, respectively) with respect to the flow pitch velocity was presented in Fig. 25. As shown in Fig. 25(a),
when the flow pitch velocity is lower than 2.461 m/s, the fatigue damage of the tube bundles increases slowly with the increasing of the
flow pitch velocity, and the effects of the void fraction on the fatigue damages of the three nodes are inconspicuous. But, it is interesting
to note that when the flow pitch velocity is larger than 2.461 m/s, as the increase of the flow pitch velocity, the fatigue damage degree
increases quickly within the lower void fractions, especially in 0% void fraction. However, for the high void fraction conditions, as the
flow pitch velocity of the two-phase flow increases, the fatigue damage has a little increase. It can be seen from Fig. 25(b) that when the
flow pitch velocity is larger than 2.461 m/s, due to the collision between tube bundles and the TSP, a large increase in the RMS stress
occurs with a little increase in the flow pitch velocity in 0% and 20% void fractions. Similarly, when the collision occurs at U, = 3.383
m/s, the RMS stress of the tube increases noticeably within 40% void fraction. The results indicate that the collision between the tube
bundles and the support structures has a significant effect on the fatigue damage of the tube. In other words, the gap between the tube
bundles and the clearance restriction is an important parameter to estimate the fatigue life of the tube. Once the amplitude of the flow-
induced vibration is larger than the gap between the tube and the TSP, the fatigue life may be reduced significantly.

The variation of the fatigue damage of the 30th node for the nine flow pitch velocity cases (U, = 1.230 m/s, 1.538 m/s, 1.846 m/s,
2.153 m/s, 2.461 m/s, 2.768 m/s, 3.076 m/s, 3.383 m/s, and 3.691 m/s, respectively) respect to the void fraction were illustrated in
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Fig. 27. Comparison of the fatigue damage between the 7th, 20th, and 30th nodes: (a) 0% void fraction; (b) 20% void fraction; (c) 40% void

fraction; (d) 60% void fraction; (e) 80% void fraction.

Fig. 26. With the increase of the void fraction of the two-phase flow, the fatigue damage of the tube decreases quickly. The main reason
is that in the high void fraction conditions, the natural frequencies of the tube are higher than those in the low void fraction conditions.
The attenuation of the fatigue damage of the tube can be attributed to the lower-order dominant modes of the tube bundles. The higher
frequency and the lower amplitude of vibration of the tube are a good occasion for reducing fatigue damage. In other words, the higher
fatigue life of the tube bundles should be expected within the high void fraction conditions.

In addition, a comparison of the fatigue damages between the 7th, 20th, and 30th nodes for the five void fraction conditions was
illustrated in Fig. 27. It is interesting to note that for low void fraction conditions (p = 0% and 20% void fraction), the fatigue damage of
the 7th node is larger than those of the 20th and 30th nodes. With increasing of the void fraction, the location of the maximum fatigue
damage changes. For the high void fraction conditions (p = 60% and 80% void fraction), the fatigue damages of the 20th and 30th
nodes are larger than the one of the 7th node.

The reason for this phenomenon is that the interaction between the tube and support structure is much more obvious for the low
void fraction condition, as shown in Fig. 5~Fig. 6. The clearance restriction may provide an effective support which can called as
“support-active”. The support structure can be seen as a hinge joint, resulting the RMS stress at 7th node is larger than the one at 30th
node, as shown in Fig. 11 and Fig. 14, respectively. Nevertheless, for high void fraction conditions, a few gentle collisions between the

tube and support structure can be observed in Fig. 7~Fig. 9. In other words, the support structure does not provide an effective support
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which can be called as “support-inative”. The greatest RMS stress is found at the 30th node, as shown in Fig. 17, Fig. 20, and Fig. 23.
This demonstrates that the clearance restriction has a significant influence on the location of the maximum fatigue damage of the tube
system.

5. Conclusion

The flow-induced vibration fatigue damage of a flexible tube in a rotated triangular tube array subjected to the two-phase flow and
the clearance restriction was studied based on S-N curves. A fatigue damage evaluation of the tube bundles was made using the time
history of the stress response considering the effects of the turbulence random force and the fluidelastic force. The concluding remarks
are as follows.

(1) For the tube bundles with a clearance restriction, the gap between the tube and the support structure is an important factor to
estimate the fatigue damage of the tube bundles. Once the amplitude of the flow-induced vibration is larger than the gap be-
tween the tube and the TSP, the collision between the tube bundles and the TSP occurs, the fatigue life may be reduced
significantly. And, the clearance restriction has a significant influence on the location of the maximum fatigue damage of the
tube bundles.

(2) The void fraction of the two-phase flow has an obvious effect on the fatigue damage of the tube bundles. At the same flow pitch
velocity condition, the fatigue lift of the tube within the high void fraction is greater than the tube in the low void fraction.

(3) The flow pitch velocity of the two-phase flow is a key parameter to influence the fatigue damage of the tube bundles. The fatigue
damage of the tube increasing monotonously with the increasing of the flow pitch velocity in a certain void fraction condition.
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