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Abstract: Subsea jumpers connecting the underwater wellhead and nearby manifold commonly
undergo flow-induced vibration (FIV) due to the spatially frequent alteration in the flow direction,
velocity, pressure and phase volume fraction of the oil–gas two-phase flow, potentially leading to
fatigue damage. This paper reports the numerical results of the FIV of a reversed U-shaped jumper
excited by gas–liquid two-phase flow, which evolves from the initial slug flow with a fixed gas–liquid
ratio of 1:2 when transporting through the jumper. The FIV response and flow pattern evolution are
examined with a gas flow rate of Qg = 4–12 kg/s and a liquid flow rate of QL = 96–288 kg/s. When
the gas–liquid flow passes through the jumper, the flow regime subsequently presents the slug flow,
bubble flow, churn flow and imperfect annular flow. The out-of-plane response frequency coincides
with the pressure fluctuation frequency for the four connecting bends, suggesting the fluid–structure
interaction (FSI). Nevertheless, the vibration displacement is limited with the maximum value less
than 0.0014D (where D is the jumper diameter) in the present considered flow rate range.

Keywords: reversed U-shaped jumper; gas–liquid two-phase flow; flow pattern evolution; flow-
induced vibration; fluid–structure interaction

1. Introduction

A subsea production system consists of seabed wellheads, production trees, subsea tie-
ins, jumpers and control facilities [1,2]. Among them, subsea jumpers are pipe connectors
used to transport oil and gas fluids between two subsea components (e.g., trees, manifolds
or PLETs) [3]. Therefore, jumpers are designed to allow for expansion and contraction due
to the pressure and thermal variations and the fabrication and installation tolerances. The
common configurations for jumpers include Z shape, M shape, V shape and reversed U
shape [4,5]. Due to the frequent alteration of the flow direction, the vibration response is
easily excited, known as the flow-induced vibration (FIV), which is the main contributor to
fatigue damage [6].

Since the response is induced by the internally transported flow, the flow regime
and associated characteristics of the gas–liquid flow have been extensively investigated.
Mandhane et al. [7] and Taitel et al. [8] conducted experimental studies on the flow pattern
of the gas–liquid two-phase flow in both horizontal and vertical pipes, providing the typical
flow pattern maps for the following works. Wallis [9], Shoham [10] and Liu et al. [11]
theoretically examined the effects of the average velocity of the gas–liquid two-phase flow,
droplet size and liquid film thickness on the flow evolution. Several models were proposed
to predict the flow pattern and heat transfer coefficient. Ohnuki et al. [12] and Fan et al. [13]
experimentally and numerically investigated the flow characteristics of gas–liquid fluids
in vertical pipes, respectively. The results show that the flow pattern transition is closely
related to the gas–liquid flow rate ratio, pipe diameter and the liquid and gas properties.
Mohmmed et al. [14] carried out a one-way fluid–structure interaction (FSI) simulation
of the gas–liquid slug flow in a horizontal pipe. It was found that the structural dynamic
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response is associated with the slug formation and the induced stress acting on the pipe wall.
In summary, although the flow regime of the gas–liquid mixture in vertical and horizontal
pipes has been documented, the alteration of the two-phase flow in an oscillating pipe and
its interaction with the pipe response are not well understood.

In contrast, the FIV of pipe bends is mainly attributed to the sudden momentum
and pressure change when a two-phase flow passes through them [15]. Miwa et al. [16]
theoretically studied the fluctuating force acting on a horizontal 90◦ pipe bend excited by
gas–liquid two-phase flow. A model was built to predict the fluctuation frequency and the
magnitude of the fluid force caused by stratified wavy flow. Liang et al. [17] analyzed the
dynamic response of a 90◦ bend using the two-way FSI simulation. It was observed that the
response displacement reduces with a decrease in the gas–liquid ratio. Laurent et al. [18]
numerically investigated the two-phase flow in a U tube and found that the structure
vibration is closely related to the damping coefficient.

Jumpers possess more than one bend. Elyyan et al. [19] used a 3-D simulation to
numerically investigate the fluid–structure interaction (FSI) of an M-shaped jumper and
estimated the deformation due to hydrodynamic fluctuations. It was found that the slug
frequency is one of the main factors affecting the total fluid force and FIV response. For
steady operation conditions, one-way FSI is sufficient to capture the maximum deformation
and dominant frequency. In a similar vein, Li et al. [20] used the general finite element
(FE) code ANSYS CFX and ANSYS Mechanical to carry out the FSI analysis of a jumper
conveying gas–water two-phase flow with both ends fixed. It is reported that the mixture
velocity, liquid and gas superficial velocities and slug frequency are the main factors
determining the pipeline vibration [21,22]. Jia [23] numerically investigated the slug flow-
induced vibration of a jumper and reported that the vibration amplitude was closely related
to the flow rate, slug length and slug frequency. Chica et al. [24] used a combination of finite
element analysis (FEA) and computational fluid dynamics (CFD) to numerically study the
air–water two-phase flow-induced response of an M-shaped jumper. It was found that
randomly developing slugs in the vertical section of the jumper excited a strong response
when the slug frequency was close to the natural frequency.

Although the FIV of the M-shaped jumper has been studied by several scholars, the
dynamic behavior and associated gas–liquid two-phase flow evolution in the oscillating
jumper are far from well understood. Therefore, the FIV of an inverted U-shaped jumper
excited by the gas–liquid two-phase flow that evolves from an initial slug flow was numeri-
cally investigated to reveal the intrinsic relationship between the vibration response and
the gas–liquid flow evolution.

2. Problem Description
2.1. Basic Parameters

As shown in Figure 1, the jumper includes two vertical tubes and three horizontal
tubes, which are connected by four bends of identical diameters. The length of the inlet
horizontal tube is L1 = 40D, to allow oil and gas to fully develop before entering the first
bend, while the length of the outlet horizontal tube is L3 = 31.5D. Both the two vertical tubes
have a height of H = 20D and are connected with a horizontal tube of length L2 = 20D. The
radius of the four bends is R0 = 4D. The detailed parameters of the jumper are summarized
in Table 1. The coordinate origin is defined at the inlet, the x-axis is along the flow direction
of the inlet horizontal pipe section and the z-axis is along the direction of the vertical
inlet pipe section, so it is arranged on the XOZ plane at the initial moment. Therefore,
the oscillations along the X and Z directions are called the in-plane response, while the
vibration along the Y direction is named the out-of-plane response. The cross-sections at
the midspans of four bends (A-A, B-B, C-C and D-D) and three probes in the midspan of
three key tubes (Probe 1, Probe 2 and Probe 3) are selected to monitor the fluctuations of the
pressure and vibration displacement. Both ends of the jumper are fixed in the simulations
to examine the vibration response.
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Figure 1. Schematic of the reversed U-shaped jumper with the geometric definition and boundary
conditions, where A-A, B-B, C-C and D-D are the cross-sections at the midspans of four bends, and
Probe 1, Probe 2 and Probe 3 are three probes in the midspan of three key tubes.

Table 1. Key parameters of the reversed U-shaped jumper.

Parameter Value Unit

Length of the upstream horizontal tube, L1 10 m
Length of the top horizontal span, L2 5 m
Length of each vertical tube, H 5 m
Length of the downstream horizontal tube, L3 8 m
Internal diameter, d 0.211 m
External diameter, D 0.254 m
Curvature radius of each connecting bend, R/D 2 /
Young’s modulus of the jumper, E 2.06 GPa
Poisson’s ratio of the jumper, µ 0.321 /

The process of gas–liquid two-phase flow passing through the jumper at a back pres-
sure of 6 MPa is numerically simulated [25]. Under this pressure, the associated densities of
oil and natural gas are 960 kg/m3 and 40.3 kg/m3, respectively. The dynamic viscosities of
oil and gas are 0.048 Pa·s and 1.09 × 10−5 Pa·s, respectively. In the simulations, the entire
jumper is initially filled with oil. Then, the natural gas and oil are alternately injected into
the inlet horizontal tube at a fixed time interval ratio of 1:2, which is accomplished by the
user’s defined function (UDF).

The frequency of the injected slug flow is defined as 1.67 Hz, i.e., the cycle
T = Tgas + Toil = 0.6 s. Considering the compressibility of natural gas, the inlet is set as a
mass flow inlet, while the outlet is set as a pressure outlet with a pressure of 6 MPa. The
gas mass flow rate ranges from 4 kg/s to 12 kg/s, accompanied by an increase in the liquid
mass flow rate from 96 kg/s to 288 kg/s, ensuring a constant gas–liquid ratio of 1:2. The
corresponding mixture velocity ranges from 2 m/s to 6 m/s, falling within the economically
feasible flow rate range [8]. Figure 2 shows the time history of the pulsating gas–liquid
two-phase flow, validating the generation of the slug flow, taking QG

m−in = 6 kg/s and
QL

m−in = 144 kg/s as an example.

2.2. Modal Analysis

As illustrated in Figure 3, the modal analysis of the inverted U-shaped jumper is
conducted using Ansys software to obtain the mode shape and natural frequency in two
directions, namely, the in-plane XOZ and out-of-plane YOZ, in order to assess the fluid–
structure interaction risk. The analysis reveals that the in-plane natural frequency (f x1 and
f z1) is approximately twice that of the out-of-plane natural frequency (f y1). This finding is
significant as it provides insights into the dynamic behavior of the jumper in response to
the fluid–structure interaction.
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3. Numerical Methods
3.1. Volume of Fluid Model

The volume of fluid (VOF) model is widely used to study gas–liquid two-phase
flow [26–29]. This method, first introduced by Hirt and Nichols [30], is utilized to capture
the gas–liquid interface. In this model, a single set of momentum equations is shared by
the gas–liquid two phases, and the tracking of the interface between the gas and liquid
is accomplished by the solution of a continuity equation [31,32]. The continuity and
momentum equations used in the VOF model are given below [33,34]:

∂ρm

∂t
+

∂ρmvi
∂xi

= 0 (1)

∂ρmvi
∂t

+
∂ρmvivj

∂xj
= ρmgi −

∂p
∂xi

+ µm∇2vi −
∂ρmv′iv

′
j

∂xj
+ fi (2)

in which
ρm = αρG + (1− α)ρL (3)

µm = αµG + (1− α)µL (4)
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where ρm and µm are the density and dynamic viscosity of the gas–liquid mixture, re-
spectively; ρg and ρo are the gas density and oil density, respectively; µG and µL are the
associated dynamic viscosities of the gas and oil; α is the gas void fraction; t is the flow
time; xi is the space coordinate in the i direction; vi represents the instantaneous velocity
component in the i direction. For example, v1, v2 and v3 are the velocities in the X, Y and Z
directions, respectively, while vi

′ is the fluctuation velocity component in the i direction; gi
is the gravitational acceleration in the i direction; p is the pressure; fi is the surface tension
force between the phases in the i direction; and “¯” denotes the time-averaged value of the
associated parameter.

The two-phase interface is meanwhile tracked by solving the gas phase volume fraction
continuity equation [35]. It is assumed that there is no phase transition at the interface and
no slip between the gas and liquid.

∂α

∂t
+

∂αvi
∂xi

= 0 (5)

The RNG (renormalization group) k-epsilon (k-ε) turbulence model is employed to
close the above equations. The turbulent kinetic energy (k) and its dissipation rate (ε) are
given by:

∂k
∂t

+
∂kvj

∂xj
=

∂

∂xj

[(
µm +

µt

σk

)
∂k
∂xj

]
−

∂viv′iv
′
j

∂xj
− ε (6)

∂ε

∂t
+

∂εvj

∂xj
=

∂

∂xj

[(
µm +

µt

σε

)
∂ε

∂xj

]
− Cε1

ε

k

∂viv′iv
′
j

∂xj
− Cε2

ε2

k
− Rε (7)

in which
µt = Cµρmk2/ε (8)

Rε =
Cµη3(1− η/η0)ε

2

(1 + β0η3)k
(9)

η =
k
ε

[(
∂vi
∂xj

+
∂vj

∂xi

)
∂vi
∂xj

]1/2

(10)

where µt is the turbulent viscosity; Rε is an extra strain rate term; and the constants
are set as Cµ = 0.1, Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, σε = 1.3, η0 = 4.38 and β0 = 0.012,
respectively [36]. The above equations are solved using the finite volume method (FVM)
coupled with the pressure-implicit with splitting of operators (PISO) algorithm. The
first-order implicit scheme and the second-order inverse upwind scheme are used for the
temporal discretization and the spatial discretization of convective terms [37].

The vibration response of the jumper is solved by [38]:

[MS]
{ ..

U
}
+ [KS]{U} = [FS] + [R]{P} (11)

[
MS 0
ρRT Mf

]{ ..
U
..
P

}
+

[
Ks − R

0Kf

]{
U
P

}
=

{
FS
Ff

}
(12)

where P is the pressure; ‘K’ is the stiffness matrix with the subscripts ‘s’ and ‘f ’ defining
a solid and fluid, respectively; [Ms] and [Mf] are the mass matrix for a solid and fluid,
respectively; [Fs] and [Ff] are the force matrix for a solid and fluid, respectively; and [R] is a
coupling matrix. In the simulation, the time-step ∆t is set as 0.005 s to ensure the Courant
number is below 1.0.

In the two-way fluid–structure interaction (FSI) iteration, the above governing equa-
tions of the flow field (Equations (1)–(5)) and structure motion (Equations (11) and (12)) are
solved alternately. The multi-field solver of the ANSYS MFX software package is utilized to
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conduct the two-way FSI calculation, which is performed until satisfactory periodic results
are obtained [39].

3.2. Meshing and Dependence Check

The fluid and solid domains depicted in Figure 4 were discretized using structured
grids, with refined grids near the bends and jumper surfaces. The height of the first
grid layer was set as 0.0098D to ensure a normalized wall distance y+ ≤ 10. A mesh
independence check was conducted by varying the number of grid units in the radial and
axial directions of the computational domain. As listed in Table 2, an increase in the grid
number results in a smaller numerical discrepancy. The resolution of Mesh-4 (with a total
of 1,034,924 grids) is finally selected for the numerical simulations.
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Table 2. Mesh independence check.

No. Elements Pressure Acting
on Bend 1 (KPa)

Pressure Acting on
Bend 2 (KPa)

Pressure Acting on
Bend 3 (KPa)

Pressure Acting on
Bend 4 (KPa)

M1 328,416 95.84 74.27 60.89 40.92
M2 492,624 108.58(13.29%) 83.95 (13.03%) 68.78 (12.96%) 46.28 (13.10%)
M3 662,836 118.86 (9.47%) 92.16 (9.78%) 75.56 (9.86%) 50.52 (9.16%)
M4 821.059 125.21 (5.34%) 97.15 (5.41%) 79.55 (5.28%) 53.15 (5.21%)
M5 1034.924 126.49 (1.03%) 98.15 (1.03%) 80.35 (1.01%) 33.72 (1.07%)

3.3. Numerical Validation

Based on the experimental results of Mandhane [7] and Taitel [8], different flow
patterns in horizontal and vertical pipes, respectively, were validated using the present
numerical method. As shown in Figure 5, the diameter and length of the vertical pipe
are 1 in and 3 m, respectively. The diameter and length of the horizontal pipe are 1 in
and 3.25 m, respectively. The numerical results demonstrate that five flow patterns of
stratified flow (vG = 0.9 m/s, vL = 0.6 m/s), bubble flow (vG = 0.3 m/s, vL = 1.2 m/s), slug
flow (vG = 5 m/s, vL = 2 m/s), wavy flow (vG = 12 m/s, vL = 0.3 m/s) and annular flow
(vG = 101 m/s, vL = 0.8 m/s) fall into the flow regime map proposed by Mandhane [7] for a
horizontal pipe. Similarly, four flow patterns of bubble flow (vG = 0.87 m/s, vL = 3.9 m/s),
churn flow (vG = 0.2 m/s, vL = 0.5 m/s), slug flow (vG = 1.4 m/s, vL = 0.15 m/s) and
annular flow (vG = 10.35 m/s, vL = 0.3 m/s) coincide well with the flow regime partition
reported by Taitel [8] for a vertical pipe.
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Figure 5. Model validation for the production of gas–liquid two-phase flow regimes in both horizontal
and vertical tubes against the reported flow pattern maps, where vG and vL are the gas and liquid
superficial velocities, respectively: (a) flow regimes in a horizontal tube [7], where the red stars
denote the simulated cases; (b) flow regimes in a vertical tube [8], where the red circles denote the
simulated cases.

Figure 6 shows a comparison of the experimental and numerical results of air–water
two-phase flow in an inverted U-shaped jumper [40]. The internal and external diameters
of the test pipe are 1 in and 1.3 in, respectively. The length and height of the U-bend
are 1.24 m and 0.3 m, respectively. The radius-to-diameter ratio (R/D) is 0.4. The flow
pattern evolution of the slug flow in the pipe is presented in Figure 6a for a duration
of time with vair = 0.51 m/s and vwater = 0.46 m/s. In addition, Figure 6b displays the
root-mean-squared vibration amplitudes in different directions. Both the flow regimes
and the vibration amplitudes show a good agreement, suggesting the applicability of the
current numerical method.



Processes 2023, 11, 1134 8 of 19

Processes 2023, 11, x FOR PEER REVIEW 8 of 20 
 

 

Figure 5. Model validation for the production of gas–liquid two-phase flow regimes in both hori-
zontal and vertical tubes against the reported flow pattern maps, where vG and vL are the gas and 
liquid superficial velocities, respectively: (a) flow regimes in a horizontal tube [7], where the red 
stars denote the simulated cases; (b) flow regimes in a vertical tube [8], where the red circles denote 
the simulated cases. 

Figure 6 shows a comparison of the experimental and numerical results of air–water 
two-phase flow in an inverted U-shaped jumper [40]. The internal and external diame-
ters of the test pipe are 1 in and 1.3 in, respectively. The length and height of the U-
bend are 1.24 m and 0.3 m, respectively. The radius-to-diameter ratio (R/D) is 0.4. The 
flow pattern evolution of the slug flow in the pipe is presented in Figure 6a for a duration 
of time with vair = 0.51 m/s and vwater = 0.46 m/s. In addition, Figure 6b displays the root-
mean-squared vibration amplitudes in different directions. Both the flow regimes and the 
vibration amplitudes show a good agreement, suggesting the applicability of the current 
numerical method. 

 
Figure 6. Model validation for the vibration response of a reversed U-shaped tube against the
experimental results reported by Bamidele et al. [40]: (a) comparison of the flow pattern morphology
between the present CFD simulation and the experiment at vair = 0.51 m/s and vwater = 0.46 m/s;
(b) the root-mean-squared displacements of the upper right bend in three directions.

4. Results and Discussion
4.1. Flow Characteristics
4.1.1. The Pressure Variation at Bends

In transportation pipelines, the pressure drop is an important parameter for evaluating
energy loss [41]. Figure 7 presents the time histories of the pressure acting on the four
bends and their associated wave-let frequency spectra in the case of QG

m−in = 6 kg/s and
QL

m−in = 144 kg/s. Although the pressure decreases as the flow passes through the jumper,
the total pressure follows the same trend. The pressure in Bend 2 and Bend 4 drops sharply
due to the friction loss and the alteration of the static head [42]. The wave-let frequency
reveals that the same dominant frequency f 1 of the pressure fluctuation at the four bends is
consistent with the slug frequency of 1.67 Hz, while the secondary frequency of 3.34 Hz is
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possibly caused by the unstable flow evolution. The secondary frequency of the pressure
fluctuation is roughly double the dominant one, signifying a harmonic frequency.
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4.1.2. Flow Pattern Evolution

Figure 8 shows the changes in the flow pattern when the gas–liquid flow passes through
Bend 2. The flow rates of the gas and liquid are QG

m−in = 6 kg/s and QG
m−in = 144 kg/s,

respectively. Eight representative moments are denoted as t1–t8. When the slug flow enters
the bend, it is difficult for the gas plug to maintain the original shape. Instead, large gas
bubbles are observed in the bend, due possibly to the existence of centrifugal force. After
that, the gas bubbles regather and form an elongated large bubble in the horizontal midspan
tube. Meanwhile, Bend 2 presents the annular flow regime until the next gas plug arrives.
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Figure 9 shows the evolution of a gas plug passing throughout the whole jumper.
When the gas–liquid reaches the first bend (Bend 1), the gas (methane) moves faster than the
liquid (oil) due to the buoyancy, resulting in the stretching of the gas plug in the subsequent
upward tube. Additionally, Bend 1 presents a stratified flow. Subsequently, the vertical
upward pipe presents the churn flow. Due to the participation of centrifugal force, the
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gas plug is squeezed at the second bend (Bend 2). Then, the gas gathers at the top of the
horizontal span in the form of an elongated bubble due to buoyancy. At Bend 3, the gas
and liquid flow along the extrados and intrados, respectively, exhibiting a stratified flow
regime. Subsequently, due to the inertial force, the gas–liquid two-phase flow descends
rapidly in the vertical downward pipe, generating an irregular annular flow. After that, the
gas accumulates at the top of the last horizontal tube, and the two-phase flow eventually
exits the jumper in the form of the bubbly regime.

Processes 2023, 11, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 8. The evolution of gas–liquid two-phase flow through Bend 2 and the associated gas volume 
fraction in the B-B cross-section in the case of QG 

m-in = 6 kg/s and QL  
m-in = 144 kg/s, where t1–t8 denotes 

eight representative moments. 

 
Figure 9. Spatial evolution of a gas plug that is injected from the inlet passing through the jumper 
in the case of QG 

m-in = 6 kg/s and QL  
m-in = 144 kg/s. 

  

Figure 9. Spatial evolution of a gas plug that is injected from the inlet passing through the jumper in
the case of QG

m−in = 6 kg/s and QL
m−in = 144 kg/s.

4.2. Vibration Response

Figure 10 depicts the variations of the pressure and gas volume fraction in the middle
cross-sections of the four bends in the case of QG

m−in = 6 kg/s and QG
m−in = 144 kg/s. Among

the four sections, the highest pressure is observed in section A-A, whereas section D-D
experiences the lowest pressure, illustrating the energy loss along the jumper Sections B-B
and C-C exhibit a minimal difference because they are situated on the same horizontal
plane with relatively low energy dissipation. The gas volume fraction presents a similar
change in the four sections. The gas volume fraction in section C-C is the largest one due
to the gas accumulation at Bend 3. In contrast, the gas volume fraction at section D-D
drops significantly due to the gravity-driven dissipation in the vertical downward pipe.
It is noted that the gas volume fraction generally fluctuates in the antiphase with that of
pressure, signifying the larger pressure is mainly contributed from the liquid phase.

Figure 11 shows the time histories of the vibration displacements of the four bends and
three probes, along with the corresponding time-averaged and root-mean-squared values
in the case of QG

m−in = 6 kg/s and QG
m−in = 144 kg/s. The vibration displacements (Y/D)

of Bend 1 and Bend 4 are smaller than those of Bend 2 and Bend 3 due to the influence
of the adjacent fixed ends of the jumper. As a result of the spatial configuration, Bend 1
undergoes a positive horizontal oscillation, whereas Bend 4 presents a negative one. In
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contrast, the vertical displacements (Z/D) of Bend 1 and Bend 4 are relatively large, due
possibly to the alteration of the flow direction between the horizontal and vertical. Both
the in-plane and out-of-plane displacements of Probe 1 and Probe 3 are smaller than those
of Probe 2, suggesting the occurrence of the greatest response at the midspan. The spatial
displacements generally present a symmetric distribution, where the midspan (Probe 2)
exhibits the largest time-averaged and root-mean-squared (RMS) values, followed by
Bend 2 and Bend 3.

Processes 2023, 11, x FOR PEER REVIEW 11 of 20 
 

 

4.2. Vibration Response 
Figure 10 depicts the variations of the pressure and gas volume fraction in the middle 

cross-sections of the four bends in the case of QG 
m-in = 6 kg/s and QG 

m-in = 144 kg/s. Among 
the four sections, the highest pressure is observed in section A-A, whereas section D-D 
experiences the lowest pressure, illustrating the energy loss along the jumper. Sections B-
B and C-C exhibit a minimal difference because they are situated on the same horizontal 
plane with relatively low energy dissipation. The gas volume fraction presents a similar 
change in the four sections. The gas volume fraction in section C-C is the largest one due 
to the gas accumulation at Bend 3. In contrast, the gas volume fraction at section D-D 
drops significantly due to the gravity-driven dissipation in the vertical downward pipe. It 
is noted that the gas volume fraction generally fluctuates in the antiphase with that of 
pressure, signifying the larger pressure is mainly contributed from the liquid phase. 

Figure 11 shows the time histories of the vibration displacements of the four bends 
and three probes, along with the corresponding time-averaged and root-mean-squared 
values in the case of QG 

m-in = 6 kg/s and QG 
m-in = 144 kg/s. The vibration displacements (Y/D) 

of Bend 1 and Bend 4 are smaller than those of Bend 2 and Bend 3 due to the influence of 
the adjacent fixed ends of the jumper. As a result of the spatial configuration, Bend 1 un-
dergoes a positive horizontal oscillation, whereas Bend 4 presents a negative one. In con-
trast, the vertical displacements (Z/D) of Bend 1 and Bend 4 are relatively large, due pos-
sibly to the alteration of the flow direction between the horizontal and vertical. Both the 
in-plane and out-of-plane displacements of Probe 1 and Probe 3 are smaller than those of 
Probe 2, suggesting the occurrence of the greatest response at the midspan. The spatial 
displacements generally present a symmetric distribution, where the midspan (Probe 2) 
exhibits the largest time-averaged and root-mean-squared (RMS) values, followed by 
Bend 2 and Bend 3. 

 
Figure 10. Fluctuations of the pressure and gas volume fraction in the middle cross-sections of the 
four bends in the case of QG 

m-in = 6 kg/s and QL  
m-in = 144 kg/s. 

Figure 10. Fluctuations of the pressure and gas volume fraction in the middle cross-sections of the
four bends in the case of QG

m−in = 6 kg/s and QL
m−in = 144 kg/s.

Figure 12 presents the time-varying response profiles (solid lines) and the associated
RMS displacement profile (dashed line) of the rigid jumper in the case of QG

m−in = 6 kg/s
and QG

m−in = 144 kg/s. The profile of RMS displacement suggests the fundamental mode
dominates the X- and Y-directional responses. The greatest vibration occurs in the horizon-
tal direction (X), followed by the out-of-plane (Y). As illustrated in Figure 13, the vibration
energy is primarily concentrated at the position where the amplitude reaches the peak
value [43]. It is clearly seen that the energy is concentrated at the midspan for the X- and
Y-directional responses, further demonstrating that the first-order vibration dominates the
vibration. Due to the flow evolution in the jumper, multiple frequencies take part in the
in-plane response.

4.3. Effect of Inflow Mass Flow Rate

The pressure fluctuations of the four bends and their frequency spectra at different
inlet mass flow rates are compared in Figure 14. The results show that, for a given bend,
the pressure acting on the bend increases with the inlet mass flow rate due to the increase
in the momentum flux. The dominant fluctuation frequencies of pressure are consistent
with the inlet slug frequency, which is approximately half of the out-of-plane fundamental
natural frequency, indicating that the pressure variation depends on the flow pattern.

Figure 15 displays the root-mean-squared displacements and new equilibrium posi-
tions at various inlet mass flow rates, which are denoted by the mixture velocities (vmix).
The RMS amplitudes in the jumper plane increase with the inlet mass flow rate, while
the out-of-plane RMS amplitude increases first and then decreases. The in-plane new
equilibrium position indicates that the rigid jumper experiences a certain axial deformation
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and attains a new equilibrium position when subjected to stress. The axial deformation
gradually increases with the inlet mass flow rate, as evidenced by the clear displacements
of Bend 2 and Bend 3.
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Figure 16 depicts a comparison of the gas plug length generated in the upstream
horizontal tube and the flow evolution in the first bend (Bend 1) at various inlet mass
flow rates. The gas–liquid two-phase flow evolves from the stable slug to the bubbly or
churn regime when it passes through Bend 1. The number of gas plugs observed in the
horizontal pipe decreases with an increase in the flow rate, while the average length of the
gas plug gradually increases. Figure 17 compares the instantaneous snapshots of the flow
regimes in the jumper at varying inlet mass flow rates. It is seen that the flow evolution is
similar for the considered cases. By increasing the inlet mass flow rate, the gas bubble in
the middle horizontal tube is elongated. When the gas–liquid fluid flows into the vertically
downward pipe, the increased momentum contributes to the flow evolution from the
bubbly to imperfect annular flow regime.
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Figure 18 provides the temporal–spatial evolution of the response displacements
and the associated spatial variation of the response frequencies at different inlet mass
flow rates. The out-of-plane vibration frequency is close to the fundamental natural one,
increasing slightly with the inlet mass flow rate. Accordingly, the out-of-plane displacement
increases. The same trend is observed in the X direction, where the vibration frequency is
consistent with the slug frequency. In contrast, for the Z direction, the vibration involves
a staggered back-and-forth motion between the two ends due to the specific reversed
U-shaped configuration.
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5. Conclusions

This study reports the flow behavior of gas–liquid two-phase flow in a reversed U-
shaped subsea jumper and the resultant response. Based on the numerical results, several
conclusions are drawn:

(1) The gas–liquid flow is predominantly characterized by the slug regime in horizontal
tubes and the bubbly or churn regime in vertical tubes. The fluid force exerted on
the first bend is found to be the largest, resulting in the highest vibration response
amplitude. Furthermore, the vibration dominant frequency of the jumper is consistent
with the slug frequency.

(2) With an increase in the mass flow rate, the fluid force pulsation amplitude acting
on each bend increases, resulting in a corresponding increase in the response ampli-
tude. Additionally, the average length of the gas plugs passing through the middle
horizontal span also increases. The vibration of the jumper is dominated by the
fundamental mode, with the vibration frequency being consistent with the pressure
fluctuation frequency.

(3) The vibration displacement of the rigid jumper is found to be minimal, with the maxi-
mum displacement occurring at a position of only 0.0014D. Moreover, the vibration
response of the bend is dominated by the fundamental mode although the mass flow
rate of the gas–liquid two-phase is increased.

In summary, the present numerical study predicts the vibration response and flow
pattern evolution of gas–liquid two-phase flow in a subsea jumper. Further investigation
is required to reveal the coupling response of a jumper under the combination effect of
internal and external flows.
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