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a b s t r a c t

Salt caverns are extensively utilized for storing various substances such as fossil energy, hydrogen,
compressed air, nuclear waste, and industrial solid waste. In China, when the salt cavern is leached
through single-well water solution mining with oil as a cushion, engineering challenges arise with the
leaching tubing, leading to issues like damage and instability. These problems significantly hinder the
progress of cavern construction and the control of cavern shape. The primary cause of this is the flow-
induced vibration instability of leaching tubing within a confined space, which results in severe
bending or damage to the tubing. This study presents a model experimental investigation on the dy-
namic characteristics of leaching tubing using a self-developed liquid-solid coupling physical model
experiment apparatus. The experiment utilizes a silicone-rubber pipe (SRP) and a polycarbonate pipe
(PCP) to examine the effects of various factors on the dynamic stability of cantilevered pipes conveying
fluid. These factors include external space constraint, flexural rigidity, medium outside the pipe, over-
hanging length, and end conditions. The experiments reveal four dynamic response phenomena: water
hammer, static buckling, chaotic motion, and flutter instability. The study further demonstrates that the
length of the external space constraint has a direct impact on the flutter critical flow velocity of the
cantilevered pipe conveying fluid. Additionally, the flutter critical flow velocity is influenced by the end
conditions and different external media.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 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 energy security situation in China is currently grim, with a
high dependence on foreign oil and natural gas in the past two
years (Shi et al., 2023; Yang et al., 2023). Especially, the issue of “gas
hunger” has emerged multiple times in recent years (Chen et al.,
2020a, 2021; Feng et al., 2023), emphasizing the urgent need for
large-scale energy storage. Due to the shortage of energy reserves
(Chen et al., 2022; Liu et al., 2020; Sun et al., 2023), China has
intensified the construction of large-scale underground oil and
natural gas storage facilities, particularly salt cavern-type energy
ining Engineering, Shandong
90, Shandong, China.
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storage, to enhance the ability to address energy security risks and
ensure sustainable development of the national economy and
society.

Salt caverns are widely used for underground energy storage
worldwide (Firme et al., 2019; Ozarslan, 2012; Wang et al., 2019),
including oil, hydrogen, natural gas and compressed air energy
storage. This is due to their self-healing ability to repair host rock
damage (Chen et al., 2020b; Han et al., 2021), good sealing per-
formance (Li et al., 2020), high plasticity, and stable chemical and
physical properties (Zhang et al., 2014). Salt caverns can also be
utilized for industrial solid waste and nuclear waste disposal
(Shahmorad et al., 2016; Shi et al., 2015) as well as CO2 sequestra-
tion (da Costa et al., 2011). In China, salt rock reservoirs are typically
constructed by the single-well convection water-soluble mining
method with a diesel cushion to protect the cavern roof (Brouard
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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et al., 1997; Wang et al., 2018a, 2018b). As illustrated in Fig. 1, fresh
water is injected into the cavern through the inner tubing (or
annulus between the inner tubing and the outer tubing), while
brine flows from the annulus (or the inner tubing) to the ground,
known as direct circulation (or reverse circulation) (Li et al., 2019).
The volume of caverns gradually expands as salt rock on the cavern
wall continuously dissolves in the flowing unsaturated brine. The
direct and reverse circulation methods are used alternately until
the construction of the salt cavern is completed.

The leaching tubing may encounter engineering accidents such
as excessive bending or damage during direct circulation or reverse
circulation. For example, between 1980 and 2000, there were 22
instances of leaching tubing failures due to flow-induced vibration
during the construction of salt caverns in the Sorrento salt dome
(Evans and Chadwick, 2009). Similarly, from 2009 to 2017, during
the construction of Jianghan Salt Cavern Gas Storages, there were
four gas storage wells that underwent 25 tubing-inspection oper-
ations. Out of these, 22 tubing-inspection operations revealed
excessive deformation of the leaching tubing, leading to excessive
load or breakage during tubing removal. Fig. 2 illustrates engi-
neering accidents of leaching tubings in Chinese salt cavern stor-
ages, such as excessive bending, fracture, and coupling damage.
During workover operations, if the inner tubing is excessively bent,
it may be difficult to lift it in a limited space, causing damage to the
outer tubing. Therefore, in engineering, severely bent inner tubings
sometimes have to be cut and permanently discarded in the salt
cavern. Excessive bending or damage of the leaching tubing not
only increases the cost and duration of leaching, but also raises the
likelihood of irregularly shaped salt caverns.

Excessive bending or damage of the leaching tubing is primarily
Fig. 1. Schematic illustration of leaching tubing systems for the
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caused by the flow-induced vibration instability (Ge et al., 2019).
Previous research by Li et al. (2016a, 2016b) has focused on labo-
ratory simulation experiments of the liquid-solid coupling of
leaching tubings. However, due to equipment limitations, they
were unable to observe the flutter instability of the cantilevered
pipe conveying fluid. To address this, Ge et al. (2019) developed an
indoor simulation apparatus for leaching tubing and conducted a
series of experiments using silicone-rubber pipes (SRPs) and pol-
ycarbonate pipes (PCPs) with different lengths and diameters. They
verified the reliability of the experimental apparatus under un-
constrained conditions in air. In a subsequent study, Ge et al. (2021)
established the dynamic equation of leaching tubing with a Y-type
manifold installed at the lower free end. The physical model
experiment, conducted using the laboratory apparatus developed
by Ge et al. (2019), confirmed that the Y-type manifold greatly
enhances the stability of the leaching tubing. Furthermore, the
experimental flutter critical flow velocity closely corresponded to
the theoretical value. Fig. 1 illustrates that the inner tubing are
immersed in brine, experiencing the simultaneous effects of axial
internal flow and outer flow, while being partially restricted by the
space of the outer tubing. Considering the unique structural char-
acteristics of the leaching tubing, several research papers on fluid-
conveying pipes similar to the leaching tubing were reviewed.

The study of vertical cantilevered pipes carrying axial fluid flow
has been extensively conducted in recent decades (Moditis et al.,
2016; Païdoussis, 2014). Various cases have been examined in
these studies, which are of significant reference value for investi-
gating the characteristics of flow-induced vibration and stability
control of the leaching tubing. These cases include pipes that are
partially or fully submerged in water, pipes equipped with an
construction of a single-well salt cavern by water leaching.



Fig. 2. Failure accidents of leaching tubings in the site of salt cavern gas storages, (a) excessive bending, (b) fractured outer tubing, (c) coupling damage (Ge et al., 2021).
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inclined nozzle at the free end, pipes with a normal end-nozzle,
pipes with multiple masses attached along the length, a Y-shaped
tube, pipes with a mass attached at the free end, and pipes with a
variable supports.

Lundgren et al. (1979) conducted a theoretical and experimental
study on self-induced non-planar vibrations of a flexible fluid-
conveying tube. The tube is vertically cantilevered with a nozzle
at the free end inclined to the axis of the tube. Hannoyer and
Païdoussis (1979b) proposed a comprehensive theory to analyze
the dynamics of slender, nonuniform axisymmetric beams under
the influence of internal or external flow, or both simultaneously. In
parallel, Hannoyer and Païdoussis (1979a) conducted experimental
research to validate the theoretical findings presented by
(Hannoyer and Païdoussis, 1979b). The experimental results quali-
tatively align closely with the theoretical predictions. Edelstein and
Chen (1985) developed equations that govern the dynamics of a
horizontally cantilevered tube conveying fluid, with a variable
knife-edge support movable along the tube. Jendrzejczyk and Chen
(1985) performed tests to investigate the stability of vertically
cantilevered tubes with a knife-edge support movable along the
tube. Sugiyama et al. (1996) investigated the flutter behavior of
vertical beam-type pipes conveying a flowing fluid, with their
lower end immersed in fluid. Water-conveying experiments were
conducted using silicone-rubber tubes to investigate the effects of
the immersed length on the critical flutter velocity and to verify the
theoretical predictions. Yoshizawa et al. (1998) conducted a study
on the vibration of a vertical cantilevered pipe conveying fluid with
an end mass using both theoretical and experimental methods.
They discussed the influence of the end mass by analyzing the
2705
nonlinear coupling equations that control the vibration of non-
planar pipes. The researchers conducted experiments with a
water-conveying SRP and observed the spatial behaviors of the SRP
using an image-processing system. In a separate study, Xu and
Huang (2000) focused on the theoretical analysis of planar vibra-
tion motions of a straight vertical cantilevered pipe that conveys a
steady fluid. The pipe was clamped at one end and had a nozzle
subjected to nonlinear constraints at the free end. Modarres-
Sadeghi et al. (2007) explored the three-dimensional dynamics of
a cantilevered fluid-conveying pipe with an additional ‘point’mass
at the free end using theoretical methods. Kuiper and Metrikine
(2008) designed a new test set-up to investigate the dynamic sta-
bility of a cantilevered fluid-aspirating pipe. They used a plastic
pipe of approximately 5 m length, with the fixed end above the
waterline and the free open end submerged in the water. When the
water convection through the pipe exceeded the critical velocity,
they observed a nearly periodic orbital motion and a noise-like
vibration.

In recent years, there has been a continued interest in studying
the dynamic characteristics of vertical cantilever pipes conveying
fluid. Rinaldi and Païdoussis (2010) conducted both theoretical and
experimental investigations on the flow-induced vibration of a
flexible cantilevered pipe. The pipe had a special end-piece at the
downstream end, which could be used either in its ‘unplugged’
configuration, where fluid was discharged straight at the free end
as a jet, or in the ‘plugged’ mode, allowing flow to exit via side-
holes perpendicular to the pipe axis. Ibrahim (2010, 2011) pro-
vided a comprehensive overview of fluid-conveying pipes, covering
various types of modeling, dynamic analysis, and stability regimes.
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The article also explored the fluidelastic instability in both single-
and two-phase flows, as well as fretting wear in process equipment.
Wang and Dai (2012) conducted a theoretical investigation on the
properties of flow-induced vibration of horizontal pipes conveying
fluid and having two symmetric elbows at downstream end. Their
findings revealed that the stability of the pipes was significantly
improved with the presence of these symmetric elbows. In another
theoretical study, Firouz-Abadi et al. (2013) examined the coupled
bending-torsional vibrations of a horizontal cantilevered fluid-
conveying pipe equipped with an inclined terminal nozzle at the
downstream end. They determined the impact of various factors
such as nozzle aspect ratio, bending-to-torsional rigidity ratio,
nozzle inclination angle andmass ratio on the flutter velocity of the
pipe system.Wang et al. (2014) developed a static analysis model to
analyze the stress and deformation in the installation of a riser.
They considered the riser as a beam subjected to both axial and
lateral forces, suspended in a floating drilling platform (ship). Mao
et al. (2016) treated a drilling riser with the actual riser string
configuration as a simply supported beam subjected to lateral and
axial ocean environment loadings, and located in the vertical plane.
They conducted a test in a deep-water basin using polyvinyl chlo-
ride to obtain themechanical behavior of the drilling riser. Fan et al.
(2017) constructed a dynamic model of a hang-off drilling riser
based on the Euler-Bernoulli theory, taking into account vessel
motion and the combined excitation of internal solitary waves,
surfacewaves, and ocean currents. Askarian et al. (2020) carried out
a theoretical investigation onthe bending-torsional stability of a
cantilevered pipe conveying fluid with an inclined end-nozzle, as
well as simultaneous internal axial and external cross flows.
Khudayarov et al. (2020) developed a mathematical model and a
numerical algorithm to analyze the vibration of a composite pipe-
line conveying a pulsating fluid flow on a viscoelastic base.
Païdoussis et al. (2021) conducted a study on the dynamics of a
vertical cantilevered pipe conveying fluid. The pipe was subject to
both axial inflow and axial outflow and was located in a container
filled with the same fluid. The study focused on the stability of the
system, and it was conducted using both theoretical and experi-
mental methods. Païdoussis (2022) provided a concise overview of
the basic principles governing the dynamics of fluid-conveying
pipes. Additionally, the author delves into a comprehensive ex-
amination of the latest research in this field, highlighting the
diverse range of systems under investigation. Shaaban et al. (2023)
conducted an experimental study to explore the impact of imper-
fections in the clamping of cantilevered pipes that discharge or
aspirate fluid. The investigation encompassed six distinct scenarios.
Research efforts (Païdoussis, 2022; Païdoussis et al., 2021; Shaaban
et al., 2023) have significantly contributed to our understanding of
the dynamic characteristics of the leaching tubing. However, there
are still several unresolved issues, particularly the investigation of
hydrodynamic damping experienced by the suspended leaching
tubing in the liquid.

This article presents a series of experiments using SRPs and PCPs
under different configurations (shown in Fig. 6), based on the
experimental laboratory apparatus developed by Ge et al. (2019) for
investigating the dynamics of the leaching tubing. This paper is a
companion paper of previously published papers by Ge et al. (2019,
2021). The experiments include scenarios such as pipes totally
immersed in water, pipes with an external space constraint and
pipes with a Y-shaped or T-shaped end. The dynamic characteristics
of these fluid-conveying pipes are discussed, and the critical flow
velocity is analyzed. The research results in this paper are expected
to provide valuable insights for the prevention and control of flow-
induced vibration instability of the leaching tubing.
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2. Model for the inner tubing under ideal conditions

The gap between the inner tubing and outer tubing is relatively
small, ranging from 24 to 60 mm, as shown in Fig. 1. The inner
tubing is confined within the outer tubing from the ground to the
top of the salt cavern. Within a salt cavern, the inner tubing is
partially confined within the outer tubing, and the lower end of the
outer tubing is positioned at a certain distance from the top of the
salt cavern. During the later stages of leaching, the lower end of the
outer tubing will be slightly lower than the diesel cushion. At this
point, the inner tubing functions as a regular pipe for conveying
axial internal flow without any restrictions. Assuming the leaching
tubing is fixed at the casing shoe, the inner tubing can be simplified
to a fluid-conveying pipe model illustrated in Fig. 3. In this
simplified model, we consider the influence of gravity while
neglecting internal dissipation in the pipe material, damping
associated with the presence of an external fluid, the external
confined space, and axial outer flow. The governing equation for the
simplified inner tubing is (Païdoussis, 1970):

EI
v4Y
vX4 þ

h
MU2 � gðMþmÞðL� XÞ

i v2Y
vX2 þ gðMþmÞ vY

vX

þ2MU
v2Y
vXvt

þðMþmÞ v
2Y
vt2

¼0

(1)

Here EI is the flexural rigidity, m is the mass of the pipe per unit
length, M is the mass of water in the pipe per unit length, U is flow
velocity in the pipe, L is the length of pipe, X is longitudinal coor-
dinate, Y is lateral deflection of the pipe, g is gravity, and t is time.

A set of dimensionless terms are used to transform Eq. (1) to a
non-dimensional form, and the detailed solution process of Eq.
(1) can be found in (Doar�e and De Langre, 2002; Païdoussis, 1970).
As shown in Fig. 4 (Païdoussis, 1970), the dynamics of the fluid-
conveying pipe system (Fig. 3) depends on three parameters: b,
the non-dimensional mass ratio, where 0< b < 1; g, which depends
on the gravimetric and flexural properties of the system; and u, the
dimensionless flow velocity. b, g and u are respectively expressed as

b¼ M
M þm

;g¼ðM þmÞg
EI

L3;u¼UL
�
M
EI

�1
2

(2)
Fig. 3. Ideal model for the inner tubing.



Fig. 4. Variation of the non-dimensional critical flow velocity for flutter instability
with mass ratio b under different g (Païdoussis, 1970).
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3. Experimental facility

An experimental apparatus (Fig. 5) was developed to investigate
the flow-induced vibration dynamics of the leaching tubing. The
apparatus was described in detail in a paper published by Ge et al.
(2019). The effectiveness and reliability of the device were verified
by two sets of preliminary experiments conducted by Ge et al.
(2019). A series of experiments presented in this article were car-
ried out using this apparatus.
4. Experimental procedures and results

A series of experiments were conducted using flexible pipes,
that is, specifically SRPs and PCPs. SRPs and PCPs are custom-made
at the manufacturing plant using the extrusion molding process.
They are not wound on rollers but instead placed in a long wooden
Fig. 5. Photograph of an experimental laboratory device for the leaching tubing (Ge
et al., 2019).
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box. When suspended, both the SRP and PCP appear to be essen-
tially straight, although there may be a small amount of locked-in
stress present in them. No special stress-relieving measures were
taken for the SRP and PCP. Therefore, in this paper, plastic materials
(i.e. silicone rubber and polycarbonate) pipe and real leaching
tubing is the geometric similarity. The fluid conveyed in the pipes
was tap water with a density of approximately 1000 kg/m3. Table 1
provides a summary of the properties of SRPs and PCPs. Various
experiments were performed using pipes with different inner di-
ameters and lengths, under different configurations (as shown in
Fig. 6), in order to determine the influence of certain parameters on
the stability of the pipes. These parameters include the medium
outside the pipe, external space constraint, end-piece shape, and
combinations of these factors. The experiments conducted in this
paper can be broadly classified into three configurations. A detailed
description and graphic illustration of all the different configura-
tions are provided in Table 2 and Fig. 6, respectively. The experi-
ments were carried out following a series of steps, including
installing the test pipe, adjusting the pump frequency, reading
pressure and flow rate, collecting vibration amplitude of the pipe,
observing and recording experimental phenomena, and capturing
relevant photos/videos.

4.1. Experiments without confinement in air

In the case of Config. 1a, pipes with different lengths, labeled as
1#, 2#, and 3#, were used in the experiments. As the flow velocity
in the pipe gradually increased from zero, various fluid-solid
coupling phenomena were observed at certain flow velocities.
These included water hammer, static buckling, flutter instability,
and chaotic motion. For a detailed analysis, please refer to Ge et al.
(2019). The experiment conducted Config.1a serves as the control
experiment in this article.

Fig. 7 illustrates the theoretical and experimental values of the
critical flutter velocity for pipes with a certain mass ratio b, as the
dimensional length (L) changes. The theoretical value is obtained
using Eq. (1), based on the prediction of the first instability. In
Fig. 7(a), it can be observed that the change trend of the theoretical
value of the critical flutter velocity for the SRP is consistent with the
experimental value, indicating a good agreement. When the
dimension length (L) is sufficiently long, the theoretical value of the
critical flutter velocity tends to approach a progressive value similar
to the experimental value. The phenomenon of the curve in Fig. 7(a)
approaching asymptotic values has been previously discussed and
explained by Doar�e and De Langre (2002). In their investigation,
Doar�e and De Langre (2002) examined the impact of increasing
length on the stability of a hanging pipe conveying fluid. Similarly,
in Fig. 7(b), the theoretical value of the critical flutter velocity for
the PCP is generally consistent with the experimental value,
showing a consistent change trend. However, due to limitations in
the experimental apparatus, the maximum length of the pipe used
is only 2 m. Therefore, in Fig. 7(b), it is not possible to observe the
tendency of the critical flutter velocity to approach a progressive
value with the change in length (L) for the PCP.

4.2. Experiments with different end-piece shape in air

During cavern leaching, there are instances where the engi-
neering requirements necessitate transforming the end of the inner
leaching tubing into a penpoint-like shape. This modification fa-
cilitates the insertion of the tubing into the sediment at the bottom
of the salt cavern, as depicted in Fig. 8(a). In cases where reverse
circulation water injection is employed for cavern leaching, a filter
screen is installed at the end of the inner leaching tubing. This
screen serves the purpose of preventing large rock blocks from



Fig. 6. Graphic illustration of different experimental configurations.

Table 1
The geometrical and physical properties of pipes.

Material No. EI, N$m2 D, mm d, mm m, kg/m M, kg/m b

SRP 1# 8.60E-04 9.01 5.02 5.61E-02 1.96E-02 0.26
2# 5.29E-03 14.02 9.98 1.02E-01 7.85E-02 0.44

PCP 3# 5.45E-02 5.01 3.42 1.23E-02 9.08E-03 0.42
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entering the tubing and causing blockages, as shown in Fig. 8(b).
The objective of this paper is to experimentally investigate the
dynamic response behavior of fluid-structure coupling in canti-
levered fluid-conveying pipes with two different end shapes. These
shapes include a penpoint-like end and two bifurcated ends: an
Table 2
Different experimental configurations.

Configuration Description

1 Reference case for other configurations. A cantilevered pipe discharging
constraint; (b) with an external rigid pipe extending from 0 to L.

2 Similar to Config. 1, but the pipe is surrounded by water in twoways, nam
3 Similar to Config. 1, but the free end is different, namely, (a) having a pen

Fig. 7. Experimental values and theoretical values of flutter critical flow
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inverted Y-typed end and an inverted T-typed end.
4.2.1. Penpoint-like end
In the experiments conducted under the conditions of Config.

3a, the 2# SRPs and 3# PCPs were utilized. The lengths of the SRPs
were 1.61, 1.01, and 0.61 m, while the lengths of the PCPs were 1.61,
1.41, and 1.21 m, respectively. The pipe end was transformed into
the shape illustrated in Fig. 9.

The experiment was conducted following the specified oper-
ating steps. By gradually adjusting the pump frequency, the flow
velocity in the pipe increased from zero, leading to flutter insta-
bility in both SRPs and the PCPs. Additionally, both SRPs and PCPs
underwent a similar buckling process as described by Ge et al.
water is surrounded by air in two ways, namely, (a) without external space

ely, (a) without confinement; (b) with an external rigid pipe extending from 0 to L.
point-like end, (b) having a bifurcated end, namely Y-shaped end or T-shaped end.

velocity, (a) SRPs with D ¼ 5.02 mm, (b) PCPs with d ¼ 3.42 mm.



Fig. 8. Two end forms of the inner tubing in engineering site.

Fig. 9. Penpoint-like end form of PCPs and SRPs.
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Fig. 10. Bending of a 1.61 m 2# SRP with a penpoint-like end before flutter occurring in the air.
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(2019) prior to the occurrence of flutter instability. Fig. 10 illustrates
the buckling process of a 1.61 m 2# SRP with a penpoint-like end.
This section primarily focuses on whether the critical flutter ve-
locity of SRPs and PCPs is affected by the shape of the penpoint-like
end. However, it does not address the water hammer phenomenon,
buckling process, or chaotic movement.

All the test pipes with penpoint-like end exhibited flutter
instability. The flutter critical flow velocity of pipes with normal
end and penpoint-like end is compared in Fig. 11. It can be observed
that the flutter critical flow velocity in both cases is essentially the
same. Considering the potential error of the experiment system
itself and the influence of other unknown factors, the difference
between the flutter critical flow velocities in the two cases is
acceptable. Therefore, the penpoint-like end has little effect on the
flutter critical flow velocity of cantilevered pipes conveying fluid.
4.2.2. Bifurcated end
In the experiments conducted in Config. 3b, the 2# SRPs with a

length of 1.61 m and fitted with bifurcated ends were used. The
flutter critical flow velocity of a 2# SRP with a length of 1.61 m
under the case of Config. 1a is 6.12 m/s. The bifurcated end used
here has an inner diameter of 9.63 mm, as shown in Fig. 12. Bifur-
cated ends can be classified into inverted Y-typed ends (such as
Fig. 12(a), (c)) and inverted T-typed ends (such as Fig. 12(b), (d)).
When the bifurcated end has the same inner diameter, different
bifurcated arm lengths are set, as illustrated by the difference
2710
between Fig. 12(a) and (c). For more detailed theoretical and
experimental analyses, refer to the paper by Ge et al. (2021).
4.2.2.1. (1) Inverted Y-typed ends. Significant buckling occurred in
the experiment when using a 2# SRP with an inverted Y-type end
with a long arm. The buckling phenomenon becamemore apparent
as the flow velocity in the pipe gradually increased from zero by
adjusting the pump frequency, as shown in Fig. 13. However, it was
observed that the downstream end of the SRP touched the wall of
the tank only when the flow velocity in the pipe reached 10.15 m/s,
which was significantly greater than 6.12 m/s. At this point, the SRP
began to beat against the wall of the tank without any flutter be-
forehand. This indicates that the flutter critical flow velocity has
increased due to the presence of the inverted Y-type end with a
long arm, but it also makes the fluid-conveying pipe more sus-
ceptible to noticeable and severe buckling.

When using the inverted Y-type end with a short arm, the 2#
SRP conveying fluid also experienced buckling as the flow velocity
in the pipe gradually increased from zero, as shown in Fig. 14. It was
observed that the SRP experienced flutter instability when the flow
velocity in the pipe reached 6.30 m/s, slightly greater than 6.12 m/s.
This suggests that the presence of the inverted Y-type end with a
short arm can also increase the flutter critical flow velocity,
although the effect is not as pronounced as that with a long arm.
Furthermore, both inverted Y-types ends with short or long arms
make SRPs more prone to noticeable and severe buckling.



Fig. 11. Comparison of flutter critical flow velocity between Penpoint-like end and normal end, (a) SRPs, (b) PCPs.

Fig. 12. Bifurcated ends with internal diameter 9.63 mm (Ge et al., 2021).

Fig. 13. Bending change under an inverted Y-type end with long arm (Ge et al., 2021).
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Fig. 14. Bending change under an inverted Y-type end with short arm (Ge et al., 2021).
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4.2.2.2. (2) Inverted T-typed ends. When utilizing the inverted T-
type end, the SRP did not experience any flutter instability, even
when the flow velocity in the pipe was significantly higher than the
critical flow velocity for flutter with a normal end. Additionally, as
the flow velocity in the pipe gradually increased from zero, there
was no noticeable buckling process. However, the downstream end
shifted to the left, as depicted in Fig. 15. When the vertical water
flow passed through the inverted T-type end, it turned vertically
and flowed along both side-channels of the T-type end. The impact
of the water flow at the bottom of the inverted T-type end caused
the SRP straighten to remain straight, preventing buckling.
Furthermore, as the flow velocity in the SRP increased, the water
flow velocity on the right side-channel of the inverted T-type end
exceeded that on the left side, resulting in the leftward shift of the
downstream end of the SRP. In the case of the inverted T-type end
with a long arm, when it shifted too far to the left and touched the
wall of the tank, the flow velocity in the SRP was 8.75 m/s (clearly
greater than 6.12 m/s), yet no flutter instability was observed.
Increasing the flow velocity in the SRP further caused the left side of
the inverted T-type end to consistently remain attached to the tank
wall, and still no flutter instability occurred, leading to the termi-
nation of the experiment. These results confirm the radial discharge
findings by Rinaldi and Païdoussis (2010) in the ‘plugged’ mode,
where flow exits through side-holes perpendicular to the pipe axis.
Fig. 15. Free end sidesway under an inverted T
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A similar phenomenon to Fig. 15 was also observed when using
the inverted T-type end with a short arm (Fig. 12(d)).

4.3. Experiments with confinement in air

In the experiments in Config. 1b, a transparent acrylic pipe was
used as an external space constraint, as depicted in Fig. 16. The test
pipes, namely the 2# SRP and 3# PCP, were utilized, with the test
pipe being partially confined within the transparent acrylic pipe.
The parameter combination of the test pipes and the external space
constraint is summarized in Table 3.

The flow velocity in test pipes with external space constraint
gradually increases as the pump frequency is slowly increased. The
experiment is terminated either when the test pipes experience
flutter instability or when the equipment is close to the limit state.
Regardless of the length of the external space constraint, the SRPs
buckle during the process of gradually increasing the flow velocity.
Initially, the SRP does not come into contact with the transparent
acrylic pipe, but after buckling, it makes contact. Fig. 17 illustrates
the buckling state of the SRP at a high flow velocity before fluttering
under different lengths of external space constraint. When the
external space constraint is shorter, (e.g. 0.2 m), the buckling state
of the unconstrained part of the SRP is similar to that without
external space constraint (details in (Ge et al., 2019)). Conversely,
-type end with long arm (Ge et al., 2021).



Fig. 16. The test pipe installed with an external space constraint. C: confinement of
transparent acrylic pipe. S: SRP or PCP (Ge et al., 2019).
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when the external space constraint is longer, (e.g. a ratio of the
external space constraint length to the SRP length is greater), the
buckling of the SRP is restricted by the annular space, and the
unconstrained part of the SRP is less likely to buckle, remaining in a
straight state as observed when the external space constraint
length is 1.4 m. In the case of the external space constraint length of
1.4 m, when the pump frequency reaches 43 (with a maximum
pump frequency of 50), the SRP falls off the connecting endwithout
experiencing flutter. Since the 2# SRP with a length of 0.2 m did not
suffer from flutter instability when there was no external space
constraint, this set of experiments was not repeated. A similar
phenomenon was observed in a paper by Pettigrew and Paidoussis
(1975). The study demonstrated that a flexible cylinder, when
subjected to axial flow in confined annuli, would buckled against
the wall of the test section at multiple points depending on the
mode order. Subsequently, the free end of the cylinder would
vibrate from the last point of contact.

In all cases with external space constraints, the PCPs buckled as
the flow velocity gradually increased. With the exception of the
0.2 m external space constraint, the PCP initially did not come into
contact with the transparent acrylic pipe, but after buckling, it
touched the transparent acrylic pipe. Fig. 18 illustrates the buckling
state of the PCP at a high flow velocity before fluttering under
Table 3
Parameter combination of test pipes and confined space.

Test pipes External space constraint

Type Length, m Length, m
2# SRP 1.61 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4
3# PCP 1.61 0.2, 0.4, 0.6, 0.8, 1.0
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different lengths of external space constraint. Similar to the SRP, the
PCP comes into contact with the transparent acrylic pipe more
frequently with longer external space constraints.

The flutter image sequence of the SRP and PCP with external
space constraint is not displayed here anymore. However, a similar
flutter image sequence can be found in (Ge et al., 2019).

The flutter critical flow velocity of the test pipe changes with the
length of the external space constraint, as depicted in Fig. 19. As the
length of the external space constraint increases, the flutter critical
flow velocity generally increases. However, in some cases, the
existing experimental conditions may not induce flutter instability
in test pipe, such as when the external space constraint length is
1.0 m, as shown in Fig. 19(b). When the external space constraint
length is short, like 0.2 and 0.4 m, the flutter critical flow velocity
remains almost unchanged compared to the flutter critical flow
velocity without an external space constraint (Config. 1a). Fig. 19
also illustrates the flutter critical flow velocity of the test pipe
corresponding to the length of the unconstrained section under
Config. 1a, represented by the green dashed line. For instance, in
Fig. 19(a), when the length of the external space constraint is 1.2 m
and the length of the unconstrained part for the SRP is 0.41 m, the
flutter critical flow velocity of the SRP is 9.90 m/s, which is smaller
than the flutter critical flow velocity of 12.25 m/s for the SRP with a
length of 0.41 m under Config. 1a. The longer the external space
constraint, the more restricted the movement of the SRP (or PCP)
becomes, and the greater the flutter critical flow velocity,
approaching that of the shorter SRP (or PCP) under Config. 1a.
4.4. Experiments without confinement immersed in water

In the experiment conducted under Config. 2a, 2# SRP and 3#

PCP with the lengths indicated in Table 4 were used as test pipes.
The other parameters remained the same as in Table 1. Water was
poured into the tank until the water level reached 9 cm from the
top, and the water inside the tank became completely static. The
test pipe was then placed in the tank, and the pump frequency was
gradually increased following to the experimental procedure. The
flow velocity inside the pipe was gradually increased until the test
pipe experienced flutter instability or the equipment approached
the limit state, at which point the test was terminated. It is worth
noting that all the test pipes experienced flutter instability under
Config. 2a.

For the 2# SRP, the buckling phenomenon becomes more
obvious before flutter as its length increases, as depicted in Fig. 20.
At high flow velocities, such as 4.57 and 5.31 m/s, the 2# SRP even
comes into contact with the tank wall. Buoyancy reduces the
effective gravity of the 2# SRP, making it more flexible when it is
longer. Consequently, when the flow velocity in the pipe is large, a
complex flow field is formed in the tank, facilitating significant
buckling of the 2# SRP and even causing it to touch the tankwall. On
the other hand, when the 2# SRP is short, the buckling that occurs
during the gradual increase of the flow velocity in the pipe is not as
noticeable, as shown in Fig. 21.

The buckling phenomenon in the 3# PCP with two different
lengths is not very pronounced as the flow velocity in the pipe
gradually increases. Fig. 22 illustrates the buckling process of the 3#
Inner diameter, mm Outer diameter, mm
24.98 45.47
24.98 45.47



Fig. 17. Bending of the 2# SRP under different confined space length before flutter occurring in the air.

Y.-P. Li, X.-B. Ge, X.-L. Shi et al. Petroleum Science 21 (2024) 2703e2722
PCP with a length of 0.81 m. The shape of the 3# PCP with a length
of 0.81 m undergoes slight changes before fluttering, and after
flutter occurs, the PCP comes into contact with the tank wall and
remains stationary.

The flutter critical flow velocity of the test pipe, immersed in
water without external space constraint (under Config. 2a), is
significantly smaller than that in the air without external space
constraint (under Config. 1a), as shown in Fig. 23 and Table 5. For
example, in Fig. 23, for all the 2# SRP with four lengths, the flutter
critical flow velocity is significantly smaller than that under Config.
1a, and the change trend is basically the same. In other word, the
larger the pipe length, the smaller the flutter critical flow velocity.
However, due to the tank depth not being large enough, we were
unable to observe the flutter critical flow velocity change trend of
longer pipes. It should be noted that the 2# SRP with a length of
1.01 m touches the tank wall before fluttering. The flutter critical
flow velocity obtained at this point is the flow velocity that causes
the 2# SRP with a length of 1.01 m to move, which slightly distorts
the result and makes it larger than the flutter critical flow velocity
of the 2# SRP with a length of 0.81 m under Config. 2a. For 3# PCPs,
the presence of surrounding water has a more significant impact on
the flutter critical flow velocity. For instance, for the 3# PCP with a
length of 0.81 m, we were unable to observe flutter instability
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under Config. 1a due to equipment limitations. However, under
Config. 2a, before reaching the equipment limit, flutter occurs with
a critical flow velocity of 21.60 m/s. A similar phenomenonwas also
observed in the experiment conducted by Sugiyama et al. (1996),
where they confirmed that the critical flutter velocity of the test
pipe decreased with increasing immersed length of the lower end.

When the test pipe is immersed in water without any external
space constraint (i.e. under Config. 2a), its motion observed to be
different compared to that under Config. 1a. This difference is
particularly noticeable especially when the SRP flutters, as depicted
in Figs. 24 and 26. Fig. 24 illustrates the process of state change of
the 2# SRP with L ¼ 0.61 mwhen it flutters under Config. 2a. When
the 2# SRP with L ¼ 0.61 m flutters, it exhibits a motion where it
swings on both sides and rotates in a certain direction. These two
motions alternate with each other. However, the periodicity of this
motion is slightly less apparent compared to its motion in the air
(i.e., under Config. 1a) as shown in Fig. 25. Additionally, the overall
state of motion in this case is more elegant.

Fig. 26 illustrates the process of the 3# PCP with L ¼ 0.81 m
transitioning from a steady state to flutter instability under Config.
2a. Initially, the 3# PCP with L ¼ 0.81 m experiences slight vibra-
tions. Over time, the swings of the 3# PCP with L ¼ 0.81 m become
more pronounced until it makes contact with the tank wall and



Fig. 18. Bending of the 3# PCP under different confined space length before flutter occurring in the air.

Fig. 19. Flutter critical flow velocity under Config. 1b versus the length of external space constraint, (a) 2# SRP, (b) 3# PCP.
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comes to a stop, as shown in the final state in Fig. 22. However,
under Config. 1a, where there are no external space constraints in
the air, the 3# PCP with L ¼ 1.01 m does not touch the tank wall
during flutter.
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4.5. Experiments with confinement immersed in water

In the experiment conducted under Config. 2b, a transparent
acrylic pipe was used as an external space constraint, as depicted in



Table 4
Geometric parameters of test pipes immersed in water without
external space constraint.

Test pipes Length, m

2# SRP 0.41, 0.61, 0.81, 1.01
3# PCP 0.81, 1.01
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Fig. 16. The test pipes utilized were 2# SRP and 3# PCP, with the test
pipe partially confined within the transparent acrylic pipe. The
length combinations of the test pipes and external space constraint
under Config. 2b are summarized in Table 6, while the other pa-
rameters remain the same as those Table 1. During the experiment,
the test pipe with the external space constraint was submerged in
water, and the pump frequency was gradually increased following
the test procedure outlined in Section 4. Consequently, the flow
velocity within the pipe gradually increased. The experiment was
concluded either when the test pipe experienced flutter instability
or when the equipment approached its limit state. It is worth
noting that, under the test conditions of Config. 2b, all the test pipes
exhibited flutter instability, except for 3# PCP with a 0.6 m external
space constraint.

The SRP buckled as the flow velocity gradually increased during
the experiment conducted under the length constraint of external
Fig. 20. Bending of a 2# SRP with L ¼ 1.01 m immersed in

Fig. 21. Bending of a 2# SRP with L ¼ 0.61 m immersed in
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space specified in Config. 2b. Initially, the SRP was not in contact
with the transparent acrylic pipe, but it eventually buckled and
made contact. Fig. 27 illustrates the buckling state of a 2# SRP
immersed in water at a higher flow velocity before flutter, with
different lengths of external space constraint. In the case where the
external space constraint is 0.2 m and the unconstrained part of the
SRP is 0.8 m, the flow velocity inside the SRP of 4.53 m/s causes it to
come into contact with the tank wall due to a greater degree of
bending. This situation is similar to the last two states shown in
Fig. 20. When the external space constraint length was shorter,
meaning the ratio of the external space constraint length to the
cantilevered pipe length is smaller, such as 0.2 m, the buckling state
of the unconstrained part of the SRP resembled the buckling state
observed under Config. 2a (shown in Fig. 20). On the other hand,
when the external space constraint length was longer, for example,
0.8 m, the buckling of the SRP was restricted by the annular space,
resulting in a lesser likelihood of buckling in the unconstrained part
of the SRP. However, the unconstrained part of the SRP appears
straighter in this case.

In the experiment under Config. 2b, the PCP was not in contact
with the transparent acrylic pipe until it buckled and came into
contact with it, except for the 0.2 m external space constraint.
Fig. 28 shows the buckling state of a 3# PCP immersed inwater with
different lengths of external space constraint at a higher flow ve-
locity before flutter. Similar to the SRP, the longer the external space
water without confined space before flutter occurring.

water without confined space before flutter occurring.



Fig. 22. Bending of a 3# PCP with L ¼ 0.81 m immersed in water without confined space before flutter occurring.

Fig. 23. Flutter critical flow velocity of 2# SRPs immersed in water without confined
space versus the pipe length.

Table 5
Flutter critical flow velocity of 3# PCPs immersed in water without confined spa

Pipe length, m In water without confinement

1.01 17.09
0.81 21.60

Fig. 24. Flutter process of a 2# SRP with L ¼ 0.61 m
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constraint, the more the PCP comes into contact with the annular
space, making it more difficult for the unconstrained part of the PCP
to buckle.

The flutter critical flow velocity of the test pipe under Config. 2b
changes with the length of the external space constraint, as
depicted in Fig. 29. In general, the flutter critical flow velocity in-
creases as the length of the external space constraint increases.
Even under the existing experimental conditions, the test pipe
cannot be destabilized, as shown in Fig. 29(b). In the case of the 2#

SRP with a length of 1.01 m (Fig. 29(a)), when the external space
constraint length is short (e.g., 0.2 and 0.4 m), the SRP has fewer
contact points with the surrounding tube. Consequently, the flutter
critical flow velocity hardly changes with the length of the confined
space, which aligns with the flutter critical flow velocity of the 2#

SRP without an external space constraint. For the 3# PCP with a
length of 1.01 m (Fig. 29(b)), when the external space constraint
length is 0.2 and 0.4 m respectively, the former never contacts the
PCP, while the latter does, resulting in a larger flutter critical flow
velocity. When the external space constraint length is 0.6 m, the
PCP does not experience flutter instability before the equipment
reaching its limit. Overall, the longer the external space constraint,
ce versus the pipe length.

In air without confinement

21.45
Failed to flutter under the experimental conditions

immersed in water without confined space.



Fig. 25. Flutter process of a 2# SRP with L ¼ 0.61 m in air without confined space.
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the more restrictive the test pipe becomes, leading to a higher
flutter critical flow velocity in this state. It approaches the flutter
critical flow velocity of the test pipe with the corresponding
remaining length under Config. 2a. The presence of external space
constraints leads to a reduction in the effective length of the pipe,
resulting in an increase in added mass and inertia. Consequently,
the flutter critical flow velocity increases with the length of the
external space constraint (Fig. 29).

When the test pipe flutters under Config. 2b, its motion is of
interest. For the 2# SRP, when the external space constraint length
is 0.2, 0.4, and 0.6 m respectively, the motion of the pipe during
flutter is similar to that shown in Fig. 24. The movement posture
appears to be elegant and changeable. When the external space
constraint length is 0.8 m, the unconstrained part of the SRP is
shorter. During flutter, the SRP swings and changes the swing plane
alternately, and the frequency is faster. Fig. 30 shows the motion of
the 2# SRP in a swing plane within one period. Compared with the
movement in the air, the pipe is more prone to bending.

When the external space constraint length is 0.2 and 0.4 m,
respectively, the motion of the pipe is similar during the 3# PCP
fluttering in both cases. Fig. 31 illustrates the motion of the PCP
with an external space constraint of 0.2 m during fluttering. The
PCP moves periodically in a certain direction (counterclockwise
from top to bottom), at a slower frequency. Additionally, due to the
large movement range, the PCP comes into contact with the tank
wall, which is similar to the motion of the PCP with lengths of 1.01
and 0.81 m under Config. 2a during fluttering.
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5. Summary and conclusion

In this paper, the dynamics of leaching tubing in a laboratory
apparatus are investigated using SRPs and PCPs. The experiments
were conducted under six configurations (shown in Fig. 6),
including pipes totally immersed in air, pipes with an external
space constraint totally immersed in air, pipes totally immersed in
water, pipes with an external space constraint totally immersed in
water, and pipes with a Y-shaped or T-shaped end. The experi-
mental results reveal several dynamic response phenomena,
namely, water hammer, static buckling, chaotic motion, and flutter
instability. It has been confirmed that most test pipes will experi-
ence flutter instability at sufficiently high flow velocities. The ef-
fects of parameters such as external space constraint, flexural
rigidity, medium outside the pipe, overhanging length of the pipe
and end conditions on the flutter critical flow velocity are studied
experimentally. The main conclusions and proposals are as follows:

(1) The presence of a penpoint-like end has little effect on the
flutter critical flow velocity of the cantilevered pipe
conveying fluid. The flutter critical flow velocity for a test
pipe with the penpoint-like end is almost the same as that
for a test pipe without the penpoint-like end.

(2) Experimental results indicate that the inverted Y-type end
and the inverted T-type end can increase the flutter critical
flow velocity, with the inverted T-type end having a more
significant effect. The inverted Y-type end leads to a greater
degree of buckling in the SRP, while the inverted T-type end
can stabilize the SRPwithout causing the cantilevered pipe to
buckle. Therefore, during cavern leaching, an inverted T-type



Fig. 26. Amplitude increasing process of a 2# PCP with L ¼ 0.81 m immersed in water without confined space.

Table 6
Parameter combination of test pipes immersed in water and confined space.

Test pipes Length of external space constraint, m

Type Length, m

2# SRP 1.01 0.2, 0.4, 0.6, 0.8, 1.0
3# PCP 1.01 0.2, 0.4, 0.6
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end or inverted Y-type end can be utilized to prevent flutter
instability of the leaching tubing, but it is important to pre-
vent uneven bifurcation of the water flow at the end.

(3) The buckling of the test pipe can be restrained by the
external space constraint, whether it is in the air or
2719
underwater. Moreover, the longer the external space
constraint, the more limited the movement of the test pipe
becomes, resulting in a higher the flutter critical flow ve-
locity. This velocity is also closer to the flutter critical flow



Fig. 27. Bending of a 2# SRP immersed in water under different confined space length before flutter occurring.

Fig. 28. Bending of a 3# SRP immersed in water under different confined space length
before flutter occurring.

Fig. 29. Flutter critical flow velocity under Config. 2b versus the len
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velocity of the unconstrained test pipe under Config. 1a or
Config. 2a.

(4) When the test pipe is immersed in water without the
external space constraint, the flutter critical flow velocity is
significantly lower compared to when it is in the air without
any constraint.
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Fig. 30. Flutter process of a 2# SRP with L ¼ 1.01 m immersed in water with confined space length 0.8 m.

Fig. 31. Flutter process of a 3# PCP with L ¼ 1.01 m immersed in water with confined space length 0.2 m.
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