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Abstract: The subsea jumper has become an essential part of subsea production systems as a
gas–liquid mixing pipeline connecting the pipeline end manifold (PLEM) to the Christmas tree.
During oil and gas transportation, as a common flow pattern, the alternating flow characteristics
of the slug flow easily cause pipeline vibration, resulting in pipeline instability or fatigue damage.
The present study investigates experimentally and numerically the slug flow characteristics in the
subsea M-shaped jumper and its induced vibrations of the jumper. The flow pattern evolution and
slug characteristics of the inner slug flow under different gas–liquid velocities are obtained: the slug
frequency and slug velocity, as well as the pressure fluctuation and vibration characteristics caused by
the slug flow. The results show that the pressure fluctuations in the front and rear parts of the M-type
jumper are obviously different. With the increase in the air–water mixing, the two characteristics, the
slug frequency, and the slug velocity also increase. The gas velocity has a greater influence on the
slug frequency than the liquid velocity. The slug length decreases as the slug frequency increases.
Furthermore, numerical simulations under various experimental conditions are carried out. The
results show that the simulation results of the pressure data, the slug characteristics, and the induced
vibration amplitude are in good agreement with the experimental data.

Keywords: slug characteristics; gas–liquid flow; flow-induced vibration; experiment; M-shaped
jumper; CFD

1. Introduction

In recent years, the safety of submarine oil and gas transportation pipelines has become
a key priority due to the gradual expansion of oil and gas exploitation in the deep sea,
and pipeline vibration is the primary source of fatigue damage. According to a study by
the UK Health and Safety Executive (HSE), 21% of pipeline damage in the UK’s offshore
industry in the North Sea is due to vibration-induced pipeline fatigue failure [1]. Subsea
jumpers play a vital role in oil and gas production systems, connecting elements of subsea
structures, such as pipe manifolds, Christmas trees, risers, and pipeline terminals. As
shown in Figure 1, compared to ordinary subsea pipelines, the subsea jumper has a unique
multi-bending structure and long overhanging sections, which leads to a greater impact on
the pipeline in the process of oil and gas transportation due to a slug flow formed inside
the pipeline.
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Figure 1. Subsea M-shaped jumper [2].

Slug flow is a transient flow. In the classification method of multiphase flow patterns,
based on the flow medium’s continuity, the state of the medium is diffuse, intermittent,
and continuous. Based on this concept, slug flow can be defined as an intermittent flow
state. Since the subsea jumper has several elbows and straight pipes, some of the meth-
ods and conclusions obtained by studying the flow inside the elbows and straight pipes
and their vibration patterns can still be applied to the subsea jumper. For the character-
istics of the internal slug flow of straight pipes and the vibration induced by the slug
flow of straight pipes, many researchers have carried out investigations by theoretical
analysis, experiments, and numerical simulations. To determine the relationships among
two-phase flow parameters, including the slug length, slip ratio, void ratio, and pipe vibra-
tion, Bamidele et al. [3] conducted an experimental investigation of the slug flow-induced
vibration characteristics of a horizontal pipe with a throttle aperture. Mohmmed [4] used
unidirectional fluid–structure interaction simulations and experimental methods to an-
alyze how horizontal pipes and slug flow interacted. The simulation and experimental
results were in good agreement. Cabrera-Miranda J.M. [5] studied the nonlinear planar
vibration of risers excited by a two-phase flow using a model of a steady-state slug flow
and provided guidance for the design of a riser considering the slug frequency and slug
length. Al-Hashimy et al. [6] conducted an experimental investigation of slug flow in a
horizontal pipe and found that the vibration displacement of the pipe increased with the
increasing liquid velocity at a specific air velocity. Zhu et al. [7] conducted an experimental
study on a free-hanging flexible riser with three slug flow patterns at specific flow rates.
Dinaryanto et al. [8] conducted an experimental investigation on a gas–liquid two-phase
slug flow inside a horizontal pipe with an inner diameter of 26 mm. The mechanism of slug
formation and the pressure fluctuations were investigated by visual observation. It was
found that the slug was caused by Kelvin–Helmholtz instability. In addition, the slugs were
formed at high gas velocities by merged multiple wave-like flows. Moh Yaseen et al. [9]
used numerical simulations to explore the Marangoni boundary condition to explore
the MHD nonlinear convective nanofluid and hybrid nanofluid flow and heat transport
over a vertical flat plate with the Marangoni boundary condition. Cao et al. [10] used
a combination of experimental and numerical simulations to study the slug flow char-
acteristics in horizontal bends and summarized a law governing the fluid distribution,
void fraction, pressure, and liquid film velocity in the pipe under slug flow conditions.
Moh Yaseen et al. [11] used numerical simulations to deal with a bioconvective 2D THNF
flow containing a microbial suspension toward three different geometries (a flat plate, a
wedge, and a cone) with the suction/injection effect. Shi et al. [12] and Zahedi et al. [13]
both researched slug flow patterns in curved pipes with different radii of the curvature
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and used dynamic slug flow models to simulate completions and throttling under site
conditions. Wang et al. [14] simulated a slug flow in a 90-degree bend by fluid–structure
interaction and obtained the flow pattern distribution and structural response in the pipe.
A higher superficial gas velocity of the slug flows had a more severe periodic effect on
the pipeline. Liu et al. [15] carried out an experimental study using a 90-degree bend
with an inner diameter of 52.5 mm to investigate the pulsation forces induced by internal
two-phase flow over the bend and showed that the dominant frequency of the pulsation
forces peaked in the slug flow region and increased monotonically with the superficial
gas velocity. Bamidele et al. [16] analyzed the vibrations caused by bubble flow, slug flow,
wave flow, and annular flow in U-shaped tubes and proposed a mathematical model to
predict the impact force of the U-tubes.

The geometry of the jumper is more complex than that of the elbow, which consists
of multiple bends and a long overhanging section. Slug flow exhibits a more complex
behavior as it flows through the jumper, where successive elbows cause the transition of the
slug characteristics. To the authors’ knowledge, the investigations on the two-phase flow in
the subsea jumper have mostly been conducted by numerical simulations. Chica et al. [17]
analyzed the vibration induced by the slug flow using a combination of CFD and com-
putational structural dynamics (CSD) simulations in a subsea rigid jumper and obtained
the frequency of the slug flow by tracking the slug in the pipe using the VOF model. Van
der Heijden et al. [18] used a three-beam model to analyze the vibration displacement
response of the jumper at different slug velocities and found that the fatigue damage degree
of the jumper correlated with the flow rate of the slug. Voronkov et al. [19] analyzed the
flow-induced vibrations in a subsea jumper using bi-directional fluid–structure interaction
(FSI) simulations, evaluated the impact on the fatigue life of the jumper, and finally con-
cluded that the FSI can be captured using a one-way fluid–structure coupling. Jia et al. [20]
set the length and frequency of the slug by numerical simulation to study the interaction
characteristics of the two gas–liquid phases in the jumper interior. Nair et al. [21] carried
out numerical simulations on the slug in a multi-plane jumper and used a finite element
model (FEM) to analyze the fatigue damage of the jumper. Pontaza et al. [22] conducted a
three-dimensional numerical simulation of the vibration process caused by the slug flow
in the jumper, estimated the structural response of the jumper, including the fatigue life,
and found that the main frequency of the pipe vibration was related to modes 1–4, and the
stress is highest when the gas volume fraction was 55%. Later, Pontaza et al. [23] evaluated
the vibration fatigue caused by a flow of water injection across a pipe using a thermoplastic
composite pipe (TCP) and used a three-layer screening method to evaluate the degree of vi-
bration fatigue damage expected in this TCP jumper application. Kim et al. [24] evaluated
the dynamic response of a jumper through a one-way fluid–structure interaction method
and discussed the potential resonance through modal analysis. Le Prin et al. [25] analyzed
the flow-induced vibrations caused by the slug flow in a jumper through numerical simula-
tions and compared the results with current examples in subsea pipeline design to ensure
the accuracy of the simulations.

In summary, the current research on slug flow in the literature has mainly focused
on simple pipelines, such as horizontal straight pipes and 90-degree bend pipes, and the
slug flow in a subsea jumper has rarely been involved. Meanwhile, for subsea jumpers
with complex geometric structures, a few studies have been carried out using numerical
simulations, but the research conditions have been singular, and the corresponding data
support and experimental verification are lacking. Therefore, in the present study, to
obtain a good understanding of the development of the slug flow inside subsea jumpers, a
combination of a numerical simulation and an experimental study was used to investigate
the slug characteristics, such as the slug length, slug frequency, and slug velocity, inside
a subsea jumper and the slug flow-induced vibration characteristics of the jumper. The
corresponding experimental data can verify the employed numerical model, and they
also provide a certain reference for subsea jumpers’ design, safe operation, and vibration
control. In the present study, an experimental circuit was established. A visualization
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of the two-phase flow was conducted using a high-speed camera to analyze the flow
characteristics and slug characteristics of the internal gas–liquid slug flow. Pressure sensors
and accelerometers recorded the pressure and vibration data to investigate the relationship
between the slug characteristics and the pressure and the induced vibration. The VOF
model and the unidirectional fluid–structure coupling method were used in the numerical
simulations to investigate the interaction between the slug flow and the jumper at various
mixing gas–liquid velocities. The organization of the article’s structure is as follows: The
multiphase flow experimental device used in this work is briefly introduced in Section 2.
The multiphase flow model for the numerical simulations and the mesh convergence studies
are introduced in Section 3. The analysis of the slug characteristics and the induced flow
vibration characteristics under the experimental conditions, the analysis of the numerical
simulation results, and a comparison with the experimental results are given in Section 4.
Finally, the conclusion is provided in Section 5.

2. Experimental Work

As illustrated in Figure 2, an experimental investigation into the slug characteristics of a
subsea M-shaped jumper’s inner slug flow and the flow-induced vibration was conducted
with the support of Dalian Maritime University’s multiphase flow experimental platform.
The experimental circuit is mainly composed of one three-phase separator, two pumps (oil
pump and water pump), a flow-regulating valve, air compressors, an air bottle, a freeze dryer,
mixing pipelines, and various experimental circuits (including jumpers). Two air compressors
with a combined rated volume flow rate of 1020 m3/h and a maximum exhaust pressure of
20 bar are available in the lab to deliver compressed air for the experimental gas phase. The
air compressor compresses the air and then enters the air bottle with a volume of 2 m3 and a
3 MPa maximum operating pressure. The laboratory is equipped with two vertical multistage
centrifugal pumps to provide water for the liquid phase in the experiment, for one single
pump with a maximum flow rate of 100 m3/h. Proportional–integral–derivative (PID) control
was utilized during the investigation to precisely control the gas flow-regulating valve and the
pump variable frequency. Through the regulation of the ball valve opening after air and water
have been combined in the gas–liquid mixing part, the gas–liquid flows into the experimental
pipelines for experimental research, flows out from the outlet of the experimental section,
and finally, the mixture enters the three-phase separator through the pipeline. After passing
through the three-phase separator, the two vertical centrifugal pumps are used to pump the
bottom water into the experimental pipe to create a circulating flow, and the separated air
enters the atmosphere or is used to maintain a specific back-pressure.
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The jumper consists of two ascending portions, three horizontal portions, and
two descending portions, as depicted in Figure 3. The gas–liquid mixture flow in the
jumper passes through six elbows, not including the inlet and outlet connection pipelines.
The jumper parts of S1–S7 are flanged connections and are swapped out for transparent
windows of the same size to visualize the slug flow inside the jumper. The transparent
window is made of Plexiglas material to ensure that it is transparent to meet observational
standards and can sustain a fluid pressure of up to 2 MPa. Additionally, reinforced support
is used to guarantee the security of the piping connections and transparent windows.
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Table 1 displays the jumper’s physical properties. The experimental jumper has a
diameter of 52 mm, an inner diameter of 48 mm, and a wall thickness of 4 mm.

Table 1. The subsea jumper model’s parameters.

Parameter Values Dimension

Total length 3.6 m

Inner diameter 0.048 m

Wall thickness 0.004 m

Curvature radius 1.5 D

Transparent section length 0.23 m

Density 7850 kg/m3

Poisson’s ratio 0.3

Young’s modulus 2.06 × 105 MPa

The physical properties of the two experiment-related media are listed in Table 2.
Given their low flow rates and flow pressures, the compressibility of the fluids was
not considered.

Table 2. The physical properties of the fluids.

ρg ρ1 µg µ1 Surface Tension Coefficient
(kg/m3) (kg/m3) (kg/m·s) (kg/m·s) (N/m)

1.29 998.2 1.8 × 10−5 1.0 × 10−3 0.072
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A high-speed camera was positioned to capture the slug characteristics of the slug
flow in the jumper. The actual piping diagram of the subsea jumper is depicted in Figure 4.
The high-speed camera required high accuracy, and the Mini UX100 system developed by
Japan’s FASTCAM company was chosen. Its capture speed (full frame) was up to 4000 fps.
The high-speed camera had to shoot when the light intake was low. To ensure there was
enough light intensity for the high-speed camera to catch the rigid jumper inner gas–liquid
flow, an LED fill light was installed on the side of the pipeline.
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Eight pressure sensors were inserted into the elbow portion of the jumper, as can
be seen in Figure 4, to track pressure changes in various locations. The S-20.0-2.5 series
pressure sensor developed by Germany’s Wika company was adopted. It has an accuracy
of 0.1% and a working range from 0 to 2.5 MPa. The pressure sensor was threaded to the
rigid jumper via NPT. It emitted a voltage signal of 0–5 V, and the sampling rate was set
to 1000 Hz. An NI-USB-6210 series acquisition card developed by America was used, and
the upper computer was equipped with an NI data acquisition system for data acquisition,
storage, and export.

As Figure 5 shows the jumper section slug flow-induced vibration experimental
system. To prevent the flanges and transparent windows on the jumper from affecting
the vibration characteristics of the pipe, the same-size rigid jumper was selected for the
vibration experiments, and fixed constraints were set on both ends. The LC0103 has a
built-in IC piezoelectric accelerometer to measure vibration, and the accelerometer was
installed in different positions to obtain the vibration characteristics of the pipeline. The
sensor sensitivity was 50 mV/g, and the frequency range was 0.35–10,000 Hz. The LC3101
data-collecting device developed by SANYO was used to enable multi-channel sampling,
and the obtained data were then transmitted via a USB interface to the host computer for
monitoring in real time as well as saving.
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Figure 5. Slug flow-induced vibration experimental system across the jumper.

3. Numerical Models

Computational fluid dynamics (CFD) techniques have been extensively applied to
investigate the evolution characteristics of gas–liquid two-phase flow in pipelines. The
volume of fluid (VOF) model is a Eulerian–Eulerian approach to capture crucial interfacial
properties. The gas–liquid interface in slug flow was tracked using the VOF model.

3.1. The VOF Model

Hirt and Nichols [26] were the ones who first put forth the VOF model to solve the
flow of two or more immiscible fluids. The tracking of the gas–liquid interface in this model
is carried out by solving the continuity equation. The gas phase and the liquid phase share
a momentum equation [27]. The governing equations of the VOF model are listed here:

The continuity equation [28]:

∂ρ

∂t
+∇·(ρu) = 0 (1)

where ρ and t are the density of the fluids and the time, respectively, and u stands for the
velocity vector.

The momentum equation [26]:

∂(ρu)
∂t

+∇·(ρuu) = −∇P +∇µ
(
∇u +∇uT

)
+ F (2)

where µ, P and F are the viscosity of the fluids, the pressure, and the surface tension force
of the fluids, respectively.

The continuity equation for one phase (which generally refers to the liquid phase) can
be solved to determine the location of the interface between the gas phase and the liquid
phase [14]. The following equation is displayed:

∂αi
∂t

+ u·∇αi = 0 (3)
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The continuous surface force (CSF) model is used to obtain the surface tension between
the gas and liquid. The momentum equation of Equation (2) includes the surface tension as
a source term:

F = σij

[
ρki∇αi
(ρi + ρj)/2

]
(4)

where σ represents the surface tension coefficient, and ki represents the surface curvature.

3.2. Turbulence Model

In the present study, the realizable turbulence model was used to resolve the compli-
cated turbulence of the two-phase flow inside the jumper [29]. The governing equations of
turbulent kinetic energy k and the turbulent energy dissipation rate ε are given below:

∂

∂t
(ρk) +

∂

∂xj

(
ρkuj

)
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε−YM + Sk (5)

∂
∂t (ρε) + ∂

∂xj

(
ρεuj

)
= ∂

∂xj

[
∂ε
∂xj

(
µ + µt

σk

)]
+

ρC1Sε− ρC2
ε2

k+
√

νε
+ C1ω

ε
k C3εGb + Sε

(6)

where Gk indicates the kinetic energy of turbulence generation. YM represents the dissipa-
tion rate’s overall contribution from changing dilatation in compressible turbulence [30].
Gb denotes the buoyancy-induced turbulence kinetic energy. The constants of the turbulent
model are given below:

C1ω = 1.44, σk = 1.0, C2 = 1.9, σε = 1.2

3.3. FSI Model

Based on the principle of unidirectional coupling, the FSI coupling between the flow
of the fluids and the transient structure solver was established on the ANSYS Workbench
platform. The solid transient structure model received the pressure output from Fluent,
which was then applied to the pipe wall as an excitation load. The transient pressure
variations induced by the two-phase flow field caused the experimental jumper to display
specific structural dynamic responses. The equations of motion based on Newton’s second
law are given as:

M
..
u(t) + C

.
u(t) + Ku(t) = f(t) (7)

where M represents the matrix of the structural mass, C stands for the damping, and
K is the donated stiffness matrix.

..
u(t) is the acceleration vector of the jumper, and

.
u(t)

represents the velocity vector of the jumper. u(t) is the displacement vector of the jumper.
f(t) represents the vector of the load from the fluid domain [31].

3.4. Boundary Conditions and Mesh Convergence Studies

In this numerical simulation, air and water were utilized as the first and second
phases, respectively. The numerical model described above was solved using ANSYS
Fluent software developed by America, and the surface tension coefficient between the two
media remained constant at 0.072 N/m. The turbulence effect was resolved via the model.
A standard wall function was set to solve the boundary layer of the experimental jumper.
The velocity input and pressure outlet were specified, and the wall was given a non-slip
wall boundary condition.

The momentum equation was solved using the QUICK format, the pressure equation
was solved using the PRESTO scheme, and the relaxation factor was set at 0.7 for the
pressure and 0.3 for the momentum. To ensure the stability of the simulations, the CFL
(Courant–Friedrichs–Lewy) number was kept below 1 during the simulations. As described
in Figure 6, structured meshes generated using the ICEM tool were used to discretize the
computational domain of the fluid.
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A mesh convergence study was performed to determine the optimal number of
grids. Generally, a larger number of grids leads to more accurate simulation results while
significantly increasing the computing cost. An appropriate number of meshes should be
selected to balance the computational accuracy and resources. Three different meshes with
grids numbers of M1: 663,022, M2: 883,268, and M3: 1,109,088 were used to carry out the
simulations under the working condition of a mixing velocity of 2 m/s and a gas content
of 50% as the representative case. The maximum pressure was monitored at P1, and the
time-averaged value of the pressure difference between P1 and P2 was used to evaluate
the grid resolutions. The results using the three meshes are compared in Figure 7. The
relative discrepancy among the results of the three grids was within 5%. Considering the
computational accuracy, cost, and efficiency, the mesh with a total grid number of 883,268
was chosen for the simulations.
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4. Results and Discussion

In the experiment, it should be noted that when collecting the data for each experi-
mental condition, it was necessary to ensure that the data collection time for each condition
was sufficiently long to facilitate statistics to ensure that the time-averaged pressure and
the root mean square value of the vibration amplitude did not change with the increasing
time. The pressure fluctuation at P1 was measured twice at a gas–liquid mixing speed
of 1 m/s with a gas content of 50%. By using fast Fourier transform, the measured data
were transformed from the time domain to the frequency domain, and the results ob-
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tained twice were compared. The distribution patterns of the two power spectral densities
(PSDs) were similar, and their dominant frequencies and amplitudes were generally the
same, as shown in Figure 8, demonstrating the consistency and independence of the
experimental measurements.
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Before starting the studies involving two-phase flow, modal analysis was performed
for the jumper structure using the hammering method to determine the natural frequencies
of the jumper under two states—the empty jumper and the jumper filled with water. The
hammering method was conducted by utilizing several points of excitation and three-point
responses. Fast Fourier transform was performed on the acceleration signal acquired at
two points on the jumper to obtain the first six orders of the natural structural frequency of
the rigid M-shaped jumper, as displayed in Table 3. It can be seen that with the jumpers
filled with water, the natural frequency of each order was reduced.

Table 3. The first six natural frequencies with empty and water-filled jumpers.

Mode fie (Hz) fif (Hz)

1 7.44 5.89
2 10.39 7.56
3 12.58 9.42
4 16.68 13.67
5 16.97 14.78
6 19.11 18.23

To characterize the slug flow, all the conditions used in the experiment are represented
in the flow diagram shown in Figure 9. All of the experimental conditions of the present
investigation belonged to the slug flow condition.
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Figure 9. Slug flow conditions of the present study based on the flow regime map according to
Mishima and Ishii [32].

4.1. Visualization of the Slug Flow

Before collecting the pressure and vibration data, a visualization of the slug flow
within the subsea jumper was performed to qualitatively understand the evolution of the
flow patterns of the slug flow through the jumper and the associated flow characteristics.
Images of a typical slug flow are illustrated in Figure 10. As shown in Figure 10, the flow
was dominated by a slug flow in the rising section (S1 section) of the jumper. As shown in
Figure 10a, a bullet-shaped bubble characterizing a Taylor bubble appeared in the jumper,
with a spherical head and a flattened tail. As can be seen in Figure 10b, when the liquid
continued to flow upward and reached the horizontal section S2 after the elbow, the liquid
phase accumulated at the elbow and occupied a large part of the volume due to the steering
effect of the elbow. The subsequent bubbles continued to be pushed upward, causing the
instability of the gas–liquid flow. An alternating gas–liquid flow was observed at the S2
pipe section, which is an obvious characteristic of a segment plug flow between the states of
a wave flow and a slug flow, but a small amount of gas was still observed at the top of the
liquid slug. The gas–liquid continued to flow under the effect of gravity when it reached
S3 because the S3 pipe section was located in the descending pipe section, as shown in
Figure 10c. In this section, the flow pattern changed to the churn flow, and the pipe was
filled with small-scale broken bubbles in irregular shapes scattered throughout the liquid
phase. The gas–liquid continued to be pushed forward, and when it reached the longer
overhanging horizontal section S4 after the elbow, the gas–liquid flow gradually stabilized
and showed a stratified flow pattern, as shown in Figure 10d. After an elbow, the flow
entered the S5 rising portion after the gas and liquid flow passed through the overhanging
area, and the flow pattern redisplayed a slug flow pattern, as shown in Figure 10e. However,
different from the flow pattern in S1, the length of the Taylor bubble was smaller than that
through S1. The flow pattern in section S6 of the pipeline was similar to that in section S2.
However, since the rising section of S5 was longer than the rising section of S1, less liquid
was accumulated at the elbow, as shown in Figure 10f, compared to Figure 10b, and the
flow pattern resembled a wave flow. In the falling section of S7, the gas–liquid flow rate
decreased due to energy loss, as can be seen in Figure 10g. A liquid film formed on both
sides of the jumper wall and the flow pattern was an annular flow.
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Figure 10. Flow visualization of each section of the slug flows under three flow velocities in the
experimental jumper: (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6, and (g) S7 at Vsl = 0.5 m/s and
Vsg = 0.5 m/s (left); Vsl = 0.5 m/s and Vsg = 1 m/s (middle); Vsl = 1 m/s and Vsg = 0.5 m/s (right).

4.2. Pressure Fluctuations and Vibration Characteristics Caused by the Slug Flow
4.2.1. Pressure Fluctuations and Comparisons

The internal pressure fluctuation across the jumper caused by the slug flow was
analyzed by selecting a typical slug flow condition of Vsl = 0.5 m/s and Vsg = 0.5 m/s. The
temporal evolutions of the pressure measured by the pressure sensors P1, P2, P3, P6, P7,
and P8 in the experiment are shown in Figure 11. P1, P2, and P3 represent the pressure
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fluctuations across the three sections of jumper S1, S2, and S3. The time-averaged flow
pressure of the fluid gradually decreased after the gas–liquid two-phase entered from the
inlet and flowed through several elbows as a result of the pressure loss caused by the
friction between the gas–liquid flow and the pipe wall, as well as by the local pressure loss
through the elbow.
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The figure shows strong spikes in the time histories of the pressure at P1, P2, and
P3, indicating a clear phase separation of the two-phase flow. The gas phase in section S1
merged in the form of a large gas bubble. When it flowed through the pressure measurement
point, a gradual pressure drop was detected, followed by a gradual rise in the pressure
when the liquid plug passed through, showing an obvious periodic change. At P6-P8, a
bimodal structure with obvious pressure fluctuations was observed (denoted by the red
dashed circles in Figure 11) because there was more gas–liquid mixture in this section of
flow. As in section S6, the flow pattern was similar to the wavy flow of the segment plugs,
and the flow in section S5 led to less gas phase buildup at the elbow, causing a relatively
large disturbance to the liquid phase. Thus, inside the red dashed circles in Figure 11, a
secondary fluctuation in the pressure extremum was observed in a short period of time.

The PSDs of the pressure in the frequency domain were obtained by using fast Fourier
transformation for the pressure fluctuations, as illustrated in Figure 12. It can be seen
that the dominant frequency of the pressure variation was 0.15 Hz. The overall dominant
pressure fluctuation frequency was low. The alternating gas–liquid flow mainly caused
the pressure fluctuation. The M-shaped jumper used in the experiment was a symmetrical
structure; the first and second halves were composed of a rising section, a horizontal section,
and a falling section. From the pressure time domain fluctuations, it can be seen that the
first half of the pressure measurement points (P1, P2, P3) and the second half of the pressure
measurement points (P6, P7, P8) show generally similar spectra distributions, which was
due to the similarity of the flow trend caused by the structural similarity of the first and
second sections. However, the second half of the section was influenced by the flow of the
first half and exhibited different pressure variation characteristics from the first section.
There was an obvious second harmonic frequency at 0.3 Hz in addition to the primary
frequencies at P6, P7, and P8.
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In the one-way fluid–structure coupling analysis, the pressure measured in Fluent
needed to be transferred to the structural response model. Therefore, the pressure data
obtained from the numerical simulations using Fluent needed to be compared with the
pressure data obtained from the experiments to validate the numerical model and to ensure
the accuracy of the structural calculation model. A numerical simulation was carried out for
the slug flow conditions of Vsl = 0.5 m/s, Vsg = 0.5 m/s and Vsl = 1 m/s, Vsg = 1 m/s, and
the data of the two cases were compared and analyzed. Eight pressure-monitoring points
were set at the same positions in the fluid domain as the eight pressure sensors on the
experimental pipeline, and the pressure fluctuations within the flow field were monitored
during the simulations. The pressure data at the initial time were unstable and transient.
Therefore, the last 5 s of the simulated time data was used for comparative analysis when
the pressure data at each monitoring point became stable. In Figure 13, a comparison of
the time-averaged pressure drop between the numerical simulation data and experimental
data at each point is shown. The results show that the pressure data collected during the
simulation match well with the experimental data. The relative discrepancy between the
simulations and the experiments is within 15%. A similar distribution among the detection
points between the simulations and experiments can be observed, indicating the feasibility
of the employed numerical model.
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4.2.2. Effect on Vibration of Slug Flow Characteristics and Comparative Analysis

In the present study, 17 slug flow conditions were studied, where the liquid superficial
velocity and superficial gas velocity were between 0.5~1.5 m/s and 0.5~2.5 m/s, as shown
in Table 4. The characteristics of the slug flow were investigated at various gas–liquid
superficial velocities. The effects of the slug flow characteristics quantities, such as the
slug velocity and the slug frequency, on the vibration characteristics of the jumper, were
investigated by combining the flow pattern characteristics captured by a high-speed camera.
The process of slug formation can be described as a consequence of the growth of unsteady
waves on the layered film and their interactions with the passing gas. The average number
of slugs traveling through a specific segment per unit of time can be used to estimate the slug
frequency. The slug formation process variation tended to be more regular and periodic
at lower mass fluxes and flow rates with lower liquid superficial velocities. With the
increasing liquid superficial velocity, the slugs became gradually blurred and more chaotic.

Table 4. Experimental cases and their corresponding parameters.

Case
No.

Vsl
(m/s)

Vsg
(m/s) β

Qml
(t/h)

Qmg
(kg/h)

1 0.5 0.5 0.5 3.25 4.2
2 0.5 0.75 0.6 3.25 6.3
3 0.5 1 0.67 3.25 8.4
4 0.5 1.5 0.75 3.25 12.6
5 0.5 2 0.8 3.25 16.8
6 0.75 0.75 0.5 4.9 6.3
7 0.75 1 0.6 4.9 8.4
8 0.75 1.5 0.67 4.9 12.6
9 0.75 2 0.75 4.9 16.8
10 0.75 2.5 0.8 4.9 21
11 1 1 0.5 6.5 8.4
12 1 1.5 0.6 6.5 12.6
13 1 2 0.67 6.5 16.8
14 1 2.5 0.7 6.5 21
15 1.5 1 0.4 9.75 8.4
16 1.5 1.5 0.5 9.75 12.6
17 1.5 2 0.6 9.75 16.8

Figure 14 shows the relationship between the gas–liquid mixing velocity and the slug
frequency. The figure shows that the frequency of slugs increased with the gas–liquid
mixing velocity. In particular, when the two-phase mixing velocity was larger than 2 m/s,
the slug frequency increased significantly. As the liquid superficial velocity was fixed,
an increase in the gas velocity caused a faster increase in the slug frequency. While in
another case, with a fixed gas superficial velocity and an increasing liquid velocity, the slug
frequency also became larger, but the trend was slower than in the previous case. This
indicates that the gas velocity had a more significant effect on the frequency of the slug.
The increase in the gas velocity accelerated the gas–liquid alternation in the pipeline, and
the frequency of the slug also increased.

The impact of the slug frequency on the vibration amplitude is depicted in Figure 15.
The vibration amplitude is expressed as the root mean square of the acceleration of the ex-
perimental vibration data. From the figure, it can be observed that the vibration amplitude
increased with the increasing slug frequency. Combined with the natural frequency of the
jumper given earlier, when the slug frequency was nearly equal to the structural natural
frequency, the alternating gas–liquid flow characteristics of the slug caused the jumper to
resonate, thus significantly increasing the vibration amplitudes. It can be obtained from
the figure that the frequencies of the slug at points A and B were 6.2 Hz and 5.96 Hz
respectively. Table 3 gives the natural frequency of the first six orders, and the frequencies
of the slug at points A and B were very close to the first-order natural frequency of the
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structure. This caused resonance in the pipeline so that the amplitudes at points A and B
increased significantly, as marked by the arrow in the figure.
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Figure 16 shows the relationship between the slug velocity and the vibration amplitude
at increasing air velocities of Vsl = 0.5 m/s, 0.75 m/s, 1 m/s, and 1.5 m/s. In the figure,
it can be seen that increases in the slug velocity also caused the amplitude to increase.
Under low liquid superficial velocity conditions, when the superficial velocity of the mixed
gas–liquid increased, while the gas velocity remained unchanged, the superficial velocity
of the liquid phase gradually increased. As the liquid phase velocity gradually increased
to close to the gas velocity, it combined with the slow-flowing liquid in the liquid film in
front of it. In this process, the combination of gas and liquid made the fluid inside the
pipe become less stable, which also increased the pipe vibration amplitudes, as shown by
the increasing RMS values. According to the definition of the process of slug formation
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given at the beginning of this section, since the slug frequency is a quantitative indicator
of the slugs passing through a pipe section within a given time span, a longer liquid slug
led to a lower slug frequency. Under the low-velocity condition, a long slug was formed
in the jumper. With the gradually increasing velocity of the two phases, the stability of
the long liquid film decreased, and the long liquid film was easy to break up, resulting in
the reduction of the slug length, and thus, the frequency of the slug gradually increased.
Because of this, the slug length reduced when the superficial liquid velocity increased with
the constant superficial gas velocity.
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A quantitative comparison of the slug frequency and slug velocity obtained through
the simulations and the experiments under the flow conditions in Table 4 is shown in
Figures 17–20. As can be observed in Figures 17 and 18, the slug frequency predicted by
the numerical simulation was within 13.7% of the maximum error of the experimentally
obtained slug frequency, and the trend was the same under different flow conditions. When
the superficial gas velocity was constant, the increase in the slug frequency was caused by
an increase in the liquid superficial velocity. At the inlet, the gas-phase mixing allowed
for the accelerated formation of slugs, after which an increase in the liquid superficial
velocity enhanced the mixing effect and accelerated the development of slugs. It is worth
mentioning that it is obvious from the two figures that the frequencies of the slug for the
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simulations and experiments were very close to each other at low velocities, and as the
gas–liquid mixing speed increased, the experimental and simulated values of the slug
frequencies began to deviate significantly from each other. This is because the VOF model
used in the numerical simulations still tracked the slug flow well at larger velocities, while
for the experiments, the pressure loss due to the velocity and position led to large deviations
in the experimental results. Moreover, this also led to larger frequencies obtained from the
numerical simulations than those obtained from the experiments.
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Figure 20. Comparison of experimental values and simulation data of the slug velocity at a superficial
gas velocity Vsg = 1 m/s.

As shown in Figures 19 and 20, the maximum error between the slug velocity obtained
by the numerical simulation and the experimentally obtained slug velocity was within
10%. The slug velocity obtained from the simulation was higher than the experimentally
obtained slug velocity because the surface tension of the gas–liquid was constant in the
numerical simulation, which increased the slug velocity. Furthermore, the incompressible
model used in the numerical simulation also influenced the numerical results.
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5. Conclusions

Through the multiphase flow and vibration experimental system of Dalian Maritime
University, the properties of a gas–liquid slug flow and its flow-induced vibration in an
M-shaped jumper were studied through simulations and experiments. Analysis of the
slug characteristics and their excitation characteristics of the slug flow in the M-shaped
jumper at various gas–liquid superficial velocities was conducted, and the results of the
simulation were compared with the experimental data. The evolution of the flow pattern
and the corresponding pressure variation of the slug flow in the M-shaped jumper were
investigated. The conclusions obtained from the study are as follows:

As the slug flow went through the jumper, it ascended in the shape of a bullet bubble
in section S1. In section S2, the flow pattern of the slug flow underwent a transition between
the wave flow and the slug flow.

When the slug flow flowed through the jumper, there were periodic fluctuations in
the pressure as it passed through the pressure-monitoring point. When passing through
the elbow, the pressure decreased due to friction loss and the interaction between the gas
and the liquid. In the first half of this section, there were obvious spikes in the pressure,
and a clear separation of the gas and liquid phases was observed.

After passing through continuous bends and long overhanging sections, the gas–
liquid phase was greatly disturbed, and the pressure experienced secondary fluctuations.
However, due to the influence of the flow rate in the first half, the second half exhibited
different pressure variation characteristics from the previous part. In addition to the flow
pattern and pressure fluctuation structure in the time domain, it can also be seen that
at P6, P7, and P8, there were obvious second harmonic frequencies in addition to the
main frequency.

When the gas–liquid mixing superficial velocity was larger than 1.5 m/s, it was
discovered that the slug characteristics, such as the slug frequency and slug velocity in the
M-shaped jumper, increased with the increase in the gas–liquid mixing velocity. It is worth
mentioning that increasing the superficial gas velocity resulted in a faster increase in the
slug frequency than increasing the superficial liquid velocity. The vibration characteristics
of the jumper were highly correlated with the flow characteristics of the slug flow. The
increase in the slug frequency increased the vibration amplitude of the jumper. It is
important to note that when the slug frequency was close to the natural frequency of the
jumper, resonance occurred, causing the jumper to exhibit large vibrations.

The employed VOF and one-way fluid–structure coupling model of the present nu-
merical simulations showed good applicability by validation against the experimental data.
The results of the slug characteristics obtained from the numerical simulations are in good
agreement with the experimental results.
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Abbreviations

PLEM Pipeline end manifold
HSE Health and safety executive
CFD Computational fluid dynamics
CSD Computational structural dynamics
FEM Finite element model
VOF Volume of fluid
FSI Fluid–structure interaction
FIV Flow-induced vibration
PID Proportional–integral–derivative
CSF Continuous surface force
CFL Courant–Friedrichs–Lewy
FFT Fast Fourier transform
PSD Power spectral density
RMS Root mean square
TCP Thermoplastic composite pipe

Nomenclature table with SI units.
Symbol Unit Meaning
ρg kg/m3 The density of air
ρ1 kg/m3 The density of water
µg kg/m·s Dynamic viscosity of air
µ1 kg/m·s Dynamic viscosity of water
Vsl m/s The superficial liquid velocity
Vsg m/s The superficial gas velocity
β Void fraction
Qml t/h Liquid phase mass flow rate
Qmg kg/h Gas phase mass flow rate
V m/s Gas–liquid mixing velocity
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