
lable at ScienceDirect

Nuclear Engineering and Technology 51 (2019) 2026e2033
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original Article
Fluidelastic instability of a tube array in two-phase cross-flow
considering the effect of tube material

Huantong Liu, Jiang Lai*, Lei Sun, Pengzhou Li, Lixia Gao, Danping Yu
Nuclear Power Institute of China, Chengdu, 610213, China
a r t i c l e i n f o

Article history:
Received 4 April 2019
Received in revised form
27 May 2019
Accepted 29 May 2019
Available online 29 May 2019

Keywords:
Fluidelastic instability
Tube array
Two-phase flow
Critical velocity
* Corresponding author.
E-mail address: laijiang1983@163.com (J. Lai).

https://doi.org/10.1016/j.net.2019.05.027
1738-5733/© 2019 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

Fluidelastic instability of a tube array is a key factor of the security of a nuclear power plant. An unsteady
model of the fluidelastic instability of a tube array subjected to two-phase flow was developed to analyze
the fluidelastic instability of tube bundles in two-phase flow. Based on this model, a computational
programwas written to calculate the eigenvalue and the critical velocity of the fluidelastic instability. The
unsteady model and the program were verified by comparing with the experimental results reported
previously. The influences of void fraction and the tube's material properties on the critical velocity were
investigated. Numerical results showed that, with increasing the void fraction of the two-phase flow, the
tube array becomes more stable. The results indicate that the critical velocities of the tube array made of
stainless are much higher than those of the other two tube arrays within void fraction ranging from 20%
to 80%.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The flow-induced vibration of a tube array was always found in
many types of steam generators and heat exchangers, which may
cause failure of a structure by the fatigue or wear. This phenome-
non is of the concern for many scholars. In the past decades, a lot of
experimental and theoretical studies had been carried out to
investigate the vibration excitation mechanisms of a tube array
subjected to cross flow.

To confirm the existence and transformation between the ve-
locity mechanism and displacement mechanism, Chen et al. [1]
investigated the instability phenomena of tube rows in cross flow
by an experimental and analytical study. Pettigrew et al. [2] per-
formed a series of experiments to explore the effects of tube bundle
geometry on vibration excitation mechanisms and dynamic pa-
rameters. Some experimental studies were carried out with two
tube arrays of different width subjected to two-phase flow by
Zhang et al. [3] to measure the fluid force, and both the dynamic lift
and drag forces obtained. Mitra et al. [4] analyzed the fluidelastic
instability of the tubes made of three different materials respec-
tively, and it is founded that the structure is more stable in steam-
water flow than in air-water flow. The tests on the flow-induced
by Elsevier Korea LLC. This is an
vibration of a normal triangular tube bundle subjected to two-
phase flow were presented by Ricciardi et al. [5]. The results indi-
cated that the normal triangular configuration is more stable than
the rotated triangular configuration. To obtain the quasi-static and
unsteady fluid force, Sawadogo et al. [6] measured the fluid force
coefficients by some experiments. They found that the unsteady
fluid force was weakly dependent on the void fraction of the two-
phase flow. Streamwise unsteady and steady fluid force for a sin-
gle tube in the rotated triangular tube array subjected to two-phase
cross-flow had been conducted for different void fractions by Olala
et al. [7]. Nakamura et al. [8] studied the fluid-elastic instability of
U-bend tubes in several two-phase flow conditions, considering the
correlation of unsteady fluid force along the tube axis. A new time
domain model for a fluid force of tubes with loose-supports had
been developed by Hassan et al. [9]. An improved theoretical model
was developed by Wang et al. [10] to investigate the vibration and
instability of a single flexible tube in an otherwise rigid array of
tubes in cross-flow, considering the nonlinear impacting forces
induced by loose supports as well as the mean axial extension of
the tube. For a rotated triangular tube array, Sawadogo et al. [11]
proposed a new formulation for the added mass as a function of
the void fraction. And the critical velocity of fluidelastic instability
was computed by using the unsteady and quasi-steady models.
Bouzidi et al. [12] presented an in-depth study of the time lag in a
tube array subjected to cross-flow.

On the basis of these experimental and theoretical studies,
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Fig. 2. The real part of the eigenvalues of the tube array.

Fig. 3. The comparison of the critical velocity between the experimental and numer-
ical results.

Table 1
Comparison of tube natural frequencies between experimental and numerical
results.

20% void
fraction

40% void
fraction

60% void
fraction

80% void
fraction
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recently, some theoretical analyses were presented in our previous
studies by Lai et al. [13e16]. However, the problems about the flu-
idelastic instability of a tube array subjected to two-phase flow are
still worthy of further study. In order to obtain the critical velocity of
the fluidelastic instability, a theoretical method of fluidelastic
instability of a tube array subjected to two-phase flow was provided
in this paper. The fluidelastic instability of a tube array has been
analyzed via a three-mode discretization of the governing partial
differential equation. When compared the numerical results with
our reported experimental results, good agreement was observed.
Using this method, the influence of the tube's material property on
the critical velocity of the fluidelastic instability was investigated.

2. System model

The governing partial differential equation of a rotated trian-
gular tube array subjected to two-phase flow, as shown in Fig. 1, can
be written as:

EI
v4w
vy4

þCt
vw
vt

þmt
v2w
vt2

¼ Funsteady
�
w;w

:
;w
:: �

(1)

Wherew is defined as the cross-stream displacement of the tube, EI
is the rigidity coefficient, Ct is the damping coefficient, mt is the
tube mass, Funsteady is the unsteady fluid force acting on the tube, y
and t are the axial coordinate and time, respectively.

According to the unsteady fluid model presented by Pettigrew
et al. [17], the fluid force acting on the tube in the transverse di-
rection can be expressed as:
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v2wðy; tÞ

vt2
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Cunsteady ¼
1
2
rU2

∞CF sinðFFÞ
u

;

Kunsteady ¼ 1
2
rU2

∞CF cosðFFÞ � u2ma (4)

In the above equations, D is the tube diameter, Cma is the added
mass coefficient of the two-phase flow, rG is the gas, rL is the liquid
density, p is the void fraction reduction constant, b is the two-phase
Fig. 1. Schematic diagram of a rotated triangular tube array subjected to two-phase
cross-flow.

Experimental
results

1.69 m/s 2.61 m/s 3.12 m/s 3.42 m/s

Numerical results 1.75 m/s 2.58 m/s 2.96 m/s 3.57 m/s
Relative error (%) 3.55% 1.15% 5.12% 4.09%
flow void fraction, D, De are the tube diameter and pitch between
tubes, respectively. U∞ is the upstream flow velocity, the flow pitch
velocity Up ¼ U∞P/(P-D), P is pitch between tubes, u is the angular
frequency of the tube, CF and FF are the unsteady fluid force coef-
ficient magnitude and corrected fluid force phase, respectively,
which can be obtained from Ref. [11].

By introduction the following non-dimensional quantities:

h¼w
D
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Table 2
The material properties of the tube bundles.

Elasticity Modulus(GPa) Density(kg/m3) Poisson Ratio

Plastic 1.44 1220 0.38
Aluminum 70 2700 0.33
Stainless 196 7930 0.30

Fig. 4. Eigenvalues of plastic tube: (a) real part of eigenvalues of the 1st mode; (b) root locu
diagram of the 2nd mode; (e) real part of eigenvalues of the 3rd mode; (f) root locus diagr
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Where L is the tube length, l1 is the dimensionless eigenvalue of the
first mode of a cylinder for the cantilever tube, l1 ¼ 1.875.

Using equations (2)~(5), equation (1) could be rewritten in
dimensionless form as:
s diagram of the 1st mode; (c) real part of eigenvalues of the 2nd mode; (d) root locus
am of the 3rd mode.
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The governing partial differential equation (PDE) can be recast
as a set of ordinary differential equations (ODEs) by Galerkin's
method, with the eigenfunction 4i(x) being used as a suitable set of
base functions and qi(t) as the corresponding generalized
coordinates.

hðx; tÞ ¼
XN
i¼1

4iðxÞqiðtÞ (7)

Applying Galerkin's method and integrating from 0 to 1, equa-
tion (6) can be reduced as:

1
1� a

q
::

i þ
�
2� U*2CF sinðFFÞ

8p2m*u*

�
q
:

i þ
"
l4i

l41
� U*2CF cosðFFÞ

8p2m*

þ a

1� a
u*2

#
qi

¼ 0 (8)

Where li is the eigenvalue of the i mode of a tube.
Furthermore, a new vector Q is defined as:

Q ¼ ½ q1 q2 q3 �T (9)

Then, equation (8) becomes:

Q
:

¼ AQ (10)

Which is the standard form readily solved for the eigenvalue
problem. The characteristic matrix A can be expressed as:

A ¼
�
�M�1C �M�1K

I O

�
(11)

Where M, C, and, K are the mass matrix, damping matrix, and
stiffness matrix, I and O are the identity and zero matrices.

According to the Routh-Hurwitz criterion, the real part of the
eigenvalue is equal to zero, the fluidelastic instability of a tube array
subjected to two-phase flow is in the critical state. The flow pitch
velocity of the critical state is called as the critical velocity of the
fluidelastic instability of a tube array.
Table 3
The critical velocities of the first three modes of the tube bundles.

20% void fraction

Plastic tube bundles The 1st mode 0.15 m/s
The 2nd mode 0.27 m/s
The 3rd mode 0.38 m/s

Aluminum tube bundles The 1st mode 1.07 m/s
The 2nd mode 1.96 m/s
The 3rd mode 2.77 m/s

Stainless tube bundles The 1st mode 1.75 m/s
The 2nd mode 3.23 m/s
The 3rd mode 4.52 m/s
3. Numerical analysis

Based on the theoretical analysis above, a computational pro-
gram was written. The verification of this program was demon-
strated in section 3.1 by comparison of the calculation results with
the experimental results. Considering the unsteady fluid forces for
four different void fractions, the eigenvalues and theoretical ve-
locities of fluidelastic instability of a rotated triangular tube array
were evaluated using this program. In section 3.2, the influences of
the tube material property on the eigenvalues and the critical ve-
locities of a tube array were investigated. The comparison between
the results presented in this paper and the reported results by
Pettigrew and Mureithi was demonstrated in section 3.3.
3.1. Program verification

In order to verify the correctness of the computational program,
a comparisonwasmadewith the experimental data reported in our
previous studies [14]. Themaximum real parts of the eigenvalues of
a rotated triangular tube array for four different void fractions were
shown in Fig. 2, respectively. The comparison between the nu-
merical and experimental results of the tube array within void
fraction ranging from 20% to 80% as shown in Fig. 3 and Table 1. The
maximum relative error between the numerical and experimental
results is 5.12%, meaning that the results are in good agreement.
3.2. Influences of tube material property on fluidelastic instability
of a tube array

In order to investigate the influences of tube material property
on fluidelastic instability of a rotated triangular tube array, the ei-
genvalues and the critical velocities of the tube bundles with three
typical materials (plastic, aluminum, and stainless) were calculated
with the void fraction ranging from 20% to 80%, respectively. The
material properties of the three tube bundles were listed in Table 2.

Fig. 4(a), Fig. 4(c) and 4(e) shows the variations of the maximum
real part of eigenvalues with flowpitch velocity in four void fraction
conditions (b ¼ 20%, 40%, 60%, and 80%) for the 1st, 2nd, and 3rd
mode of plastic tube bundles, respectively, and the flow pitch ve-
locity where the real part of the eigenvalue equals to zero is the
critical velocity of fluidelastic instability. The root locus diagrams of
the eigenvalue corresponding to the 1st, 2nd, and 3rd mode with
void fraction ranging from 20% to 80% were shown in Fig. 4(b), (d),
and Fig. 4(f), respectively. The critical velocity of the 1st mode of the
plastic tube bundles for 20%, 40%, 60%, and 80% void fraction is
0.15 m/s, 0.22 m/s, 0.26 m/s, and 0.33 m/s, as shown in Table 3. The
critical velocity of the 2ndmode of the plastic tube bundles for 20%,
40%, 60%, and 80% void fraction is 0.27 m/s, 0.41 m/s, 0.48 m/s, and
0.61 m/s, which is 80.0%, 86.4%, 84.6%, and 84.8% more than the
critical velocity of the 1st mode. The critical velocity of the 3rd
mode of the plastic tube bundles for 20%, 40%, 60%, and 80% void
40% void fraction 60% void fraction 80% void fraction

0.22 m/s 0.26 m/s 0.33 m/s
0.41 m/s 0.48 m/s 0.61 m/s
0.57 m/s 0.68 m/s 0.86 m/s
1.59 m/s 1.86 m/s 2.30 m/s
2.94 m/s 3.41 m/s 4.25 m/s
4.13 m/s 4.81 m/s 5.99 m/s
2.58 m/s 2.96 m/s 3.57 m/s
4.76 m/s 5.44 m/s 6.59 m/s
6.71 m/s 7.69 m/s 9.29 m/s
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fraction is 0.38 m/s, 0.57 m/s, 0.68 m/s, and 0.86 m/s, which is
153.3%, 159.1%, 161.5%, and 160.6% more than the critical velocity of
the 1st mode.

The variations of the maximum real part of eigenvalues with
flow pitch velocity in four void fraction conditions (b ¼ 20%, 40%,
60%, and 80%) for the 1st, 2nd, and 3rd mode of aluminum tube
Fig. 5. The eigenvalues of the aluminum tube: (a) real part of eigenvalues of the 1st mode; (
root locus diagram of the 2nd mode; (e) real part of eigenvalues of the 3rd mode; (f) root
bundles were shown in Fig. 5(a), Fig. 5(c) and 5(e), respectively. The
flow pitch velocities corresponding to the zero-real part of eigen-
values is the critical velocities expressed as Ub¼20%, Ub¼40%, Ub¼60%,
Ub¼80%, respectively. The root locus diagrams of the eigenvalue
corresponding to the 1st, 2nd, and 3rd mode with void fraction
ranging from 20% to 80% were illustrated in Fig. 5(b), (d), and
b) root locus diagram of the 1st mode; (c) real part of eigenvalues of the 2nd mode; (d)
locus diagram of the 3rd mode.
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Fig. 5(f). The critical velocity of the 1st mode of the aluminum tube
bundles for 20%, 40%, 60%, and 80% void fraction is 1.07 m/s, 1.59 m/
s, 1.86 m/s, and 2.30 m/s, respectively, as shown in Table 3. The
critical velocity of the 2nd mode of the aluminum tube bundles for
Fig. 6. The eigenvalues of the stainless tube: (a) real part of eigenvalues of the 1st mode; (b
root locus diagram of the 2nd mode; (e) real part of eigenvalues of the 3rd mode; (f) root
20%, 40%, 60%, and 80% void fraction is 1.96 m/s, 2.94 m/s, 3.41 m/s,
and 4.25m/s, which is 83.2%, 84.9%, 83.3%, and 84.7%more than the
critical velocity of the 1st mode, respectively. The critical velocity of
the 3rd mode of the aluminum tube bundles for 20%, 40%, 60%, and
) root locus diagram of the 1st mode; (c) real part of eigenvalues of the 2nd mode; (d)
locus diagram of the 3rd mode.



Fig. 7. Fluidelastic instability map for a rotated triangular tube array in the transverse
direction.
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80% void fraction is 2.77 m/s, 4.13 m/s, 4.81 m/s, and 5.99 m/s,
which is 158.9%, 160.0%, 158.6%, and 160.4% more than the critical
velocity of the 1st mode.

The variations of the maximum real part of eigenvalues with
flow pitch velocity in 20%, 40%, 60%, and 80% void fraction for the
1st, 2nd, and 3rd mode of stainless tube bundles were illustrated in
Fig. 6(a), Fig. 6(c) and 6(e), respectively. The critical velocities for
the four void fractions were expressed as Ub¼20%, Ub¼40%, Ub¼60%,
Ub¼80%, respectively. The root locus diagrams of the eigenvalue
corresponding to the 1st, 2nd, and 3rd mode for the four void
fraction conditions were illustrated in Fig. 6(b), (d), and Fig. 6(f).
The critical velocity of the 1stmode of the stainless tube bundles for
20%, 40%, 60%, and 80% void fraction is 1.75 m/s, 2.58 m/s, 2.96 m/s,
and 3.57 m/s, respectively, as shown in Table 3. The critical velocity
of the 2ndmode of the stainless tube bundles for 20%, 40%, 60%, and
80% void fraction is 3.23 m/s, 4.76 m/s, 5.44 m/s, and 6.59 m/s,
which is 84.6%, %, 84.5%, 83.8% and 84.6% more than the critical
velocity of the 1stmode, respectively. The critical velocity of the 3rd
mode of the stainless tube bundles for 20%, 40%, 60%, and 80% void
fraction is 4.52 m/s, 6.71 m/s, 7.69 m/s, and 9.29 m/s, which is
158.3%, 160.1%, 159.8%, and 160.2% more than the critical velocity of
the 1st mode, respectively.

It is obvious that the fluid forces influence the variation ten-
dency of the root locus, especially for the 3rd mode of the tube
array with high void fraction conditions. The real parts of eigen-
values of the plastic tube bundles are smaller than those of the
aluminum tube bundles at the same flow pitch velocity for the four
different void fractions. It means that the damping of the plastic
tube array is weaker, and the motion is harder to be convergent.
That is to say, the plastic tube array is less stable than the aluminum
tube bundles with void fraction ranging from 20% to 80%. On the
contrary, the real parts of eigenvalues of the stainless tube bundles
are larger than those of the aluminum tube bundles at the same
flow pitch velocity, whichmeans that the stainless tube bundles are
more stable than the aluminum tube bundles with void fraction
ranging from 20% to 80%. As shown in Table 3, it's apparent that the
various tendencies of the critical velocity of fluidelasitc instability
of a rotated triangular tube array with different materials are
similar. When the material parameters are constant, the critical
velocity increases with the increase of void fraction.

3.3. Discussion

The numerical results are now compared with the results in
Refs. [11,17], as shown in Fig. 7. On the fluidelastic instability map,
the mass-damping parameter, md/rD2, and the dimensionless flow
velocity, Up/fD, are the abscissa and ordinate, respectively. The
Connors factor K is defined from the Connors equation. As shown in
Fig. 7, it can be seen clearly that the numerical results of the
stainless tube bundles reported in this work collapse onto the K¼ 4
line, which is the same with the experimental points obtained by
Pettigrew [17] andMureithi [11]. On the other hand, the fluidelastic
instability of aluminum and plastic tube bundles occurred at lower
flow velocities in the transverse direction, while the Connors factor
K is 4.83 and 8.62, respectively. The results indicate that the plastic
tube bundles are much more stable than the stainless and
aluminum tube bundles in two-phase cross-flow.

4. Conclusions

The fluidelastic instability of a rotated triangular tube array
induced by the unsteady fluid force of two-phase flow was inves-
tigated by building a mathematical model and computational
program. The correctness of the programwas verified by comparing
the numerical results to the reported experimental data. Then, the
eigenvalue problems of the tube bundles with three different ma-
terials for 20%, 40%, 60%, and 80% void fractions were analyzed
quantitatively. The eigenvalues, root locus diagrams, critical ve-
locities of the three kinds of tube bundles were obtained, respec-
tively. The numerical results indicate that the critical velocity
increases monotonously with the increase of void fraction for any
material tube bundles. The material property of the tube bundles
apparently changes the root locus diagram of the tube array. The
effect becomes more distinct with a higher void fraction. However,
the material property of the tube bundles does not affect the
variation trend of the curve of critical velocity of a rotated trian-
gular tube array with respect to void fraction. Based on present
results, it can be concluded that the plastic tube bundles are much
more stable than the aluminum and stainless tube bundles in the
transverse direction.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.05.027.
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