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Abstract
Fluid-induced vibration (FIV) prediction is an important prerequisite work in wear and fatigue analysis of multi-wellhead marine
risers in deepwater operation condition. A two-way fluid-structure coupling method (CFD/CSD) is used to establish a numerical
model vibration of the marine riser groups, taking into account the interaction between two physical fields of fluid-structure, the
combined effects of ocean eddy-induced force and wave-induced force. The model is solved numerically by ANSYS Workbench
and Fluent software and verified preliminarily by a classical example in literature in which considering vibration response of a single
riser. The effects of number, spacing, and arrangement of risers on the vibration response characteristics of marine riser groups are
analyzed by established mode. It is found that with the increase of the number of risers, the vibration of the front risers is mainly
cross-flow (CF), while the vibration of the rear risers is mainly in-line (IL). Therefore, the influence of incoming flow should be
taken into account in the front risers, and the disturbance of wake should be taken into account in the rear risers. With the increase of
the distance between risers, the interaction between risers groups affects CF and IL. The critical spacing of the interaction is between
3.5D and 4D. The arrangement of marine risers mainly affects the CF vibration of risers, especially the upstream and downstream
risers. The research results can provide theoretical support for the design and vibration control of multi-wellhead marine risers.
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Introduction

In order to improve the efficiency of offshore oil and gas
production, it is necessary for deepwater production systems
to adapt to wave environments with long oscillation period.
The key component in the system is the riser group (Fig. 1).
Because the deepwater riser group is shaped as a slender duct,
coupled motion in the forward and lateral directions under the
combined action of wind, waves, and current on the surface of

the water, as well as fluid within the runner, makes the runner
prone to fatigue failure, displacement, and uplift (Fig. 2), re-
quiring periodic repairs and causing serious economic losses.

Research on flow-induced vibration in multi-wellhead ma-
rine riser groups remains sparse. Some results have been ob-
tained in studies on one or two pipes. Regarding the single riser,
the author has carried out theoretical (Antoine and Sigrist 2009)
and experimental research (Griffin and Ramberg 1982), estab-
lishing a pipeline flow-induced vibration model and
experimentally verifying its accuracy, finding frequency
locking in the forward and lateral directions, and laying the
foundations for later research. In order to analyze the effects
of ocean load on the riser, Xu et al. (2017) used an existing
vortex-induced vibration model to research the effects of out-
flow velocity, top-end tension, and pipe diameter on lateral
flow vibrations. He et al. (2017) used a slender rod model to
study the effect of velocity conversion on lateral flow vibrations
under uniform flow. Jauvtis and Williamson (2003) showed
that the forward vibrations are not negligible when the mass
ratio < 6.0. Chaplin et al. (2005) conducted flexible cylinder
vortex-induced vibration experiments, showing that the vibra-
tion mode and frequency for forward vibration are generally
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twice that of lateral flow. Gu et al. (2016), Sang et al. (2019),
and Gao et al. (2019) used numerical analysis to study the
vortex-induced vibration characteristics of rigid cylinders,
showing that the effects of forward-flow vibrations on the riser
are highly significant. For flow-induced vibration with two
risers, Zdravkovich (1997) analyzed the interference between
two cylinders, laying the foundation for interference analysis of
multiple structures under the action of fluids. This model only
considered the action of flow fields on the structures, ignoring
the structures’ reaction upon the fluid field. Due to the com-
plexity of the coupling betweenmultiple structures and the flow
field, most scholars have used numerical simulation for
research. Huse and Kleiven (2000) used a combination of sim-
ulation and experiment to analyze the flow-induced vibration
characteristics of the riser in response to the spacing problem of
mutual interference between the tension-tensioned risers (TTR)
of the tension leg platform under uniform and constant flow
velocity, verifying the validity of the numerical method.
Later, a number of scholars used computers to research flow-
induced riser vibration. Huang (2010) and Yan (2010), using

two marine production risers as research objects, used finite
element software to build numerical models, both reaching con-
sistent conclusions under the same sensitivity factors. Zhang
et al. (2012), using ABAQUS finite element software, simulat-
ed the response of the wave splash zone and the lower zone of
the riser under the combined action of waves and platforms and
analyzed the sensitivity to a certain degree. Shi et al. (2015)
used the commercial program OrcaFlex to analyze interference
and the sensitivity towards drag force and top-end tension for
TTRs. Zhu et al. (2015) and Song et al. (2016) established a
finite element model of differential motion equations for the
serial risers of TLP platforms and studied the interference on
serial risers under various conditions. Zhou et al. (2016) used a
nonlinear 3D beam element, combined with a Huse wake mod-
el and “tube-in-tube” model to study the interference on TTR
under the action of extremely short waves using finite element
simulation.

Thus, most current research involves flow-induced vibra-
tion analysis on single or double risers, and none considers the
coupled action of forward and lateral flow. Most studies have
used unidirectional fluid-solid coupling in numerical simula-
tion of marine risers, without considering the effects of the
riser on the flow field. As a result, the accuracy of the calcu-
lations has not met the requirements of onsite research.
Therefore, this study applies bidirectional fluid-solid cou-
pling, combined with ANSYS Workbench and Fluent analy-
sis software, to establish a numerical model considering the
coupled flow of the riser group along both the forward and
lateral flow directions and analyzes the effects of riser number,
their spacing, and arrangement of groups on their vibration
response characteristics.

Numerical model of multi-wellhead marine
riser group

Model of riser group vibration

Breuer (1998) found that a distance of πD in the axial direc-
tion of the riser (where D is the outer diameter) can reflect the
3D characteristics of the flow field vortex radiation in single
riser systems. Therefore, the axial lengths of all riser groups
are taken asπD. The model is shown in Fig. 3, using the
following assumptions:

(1) A string constraint is applied to both ends of the riser
micro-elements.

(2) The axial movement of the riser is not considered.
(3) The external fluid flow is uniform.

This study mainly considers FIV of the riser group under
uniform flow—the geometric model is shown in Fig. 4. The

Fig. 1 Multi-wellhead marine riser group

2016.08.19

2014.11.07

Fig. 2 Marine riser uplift
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riser has an outer diameter (D) of 500 mm and axial length (L)
of 1600 mm. The group is comprised of 9 independent risers,
whose motion can be approximated as elastic bodies and are
free to vibrate under uniform flow.

Using the finite element method to discretize the structure,
the risers are simulated by solid 3D elements. Each unit node
has 6 degrees of freedom, and fixed constraint boundary con-
ditions are used for both ends of the risers. The load calculated
from the fluid is added to the unit node in vector form. The
dynamic discrete structure equilibrium equation for each riser
can be obtained at a given time, considering the coupled action
of forward and lateral flow, as shown in reference Liu et al.
(2019), Ge et al. (2019), and Liu et al. (2020):

M
::
xþ CẋþKx ¼ F tð Þ ð1Þ

whereM, C, and K are the riser mass matrix, damping
matrix, and stiffness matrix, respectively. Rayleigh damping

is used, i.e.,C = αM + βK, whereαandβ indicate the damping

coefficients of the structure, respectively; x, ẋ, and
::
x indicate

the displacement, velocity, and acceleration vector of the
node, respectively; and F(t) is the load caused by fluid motion.
Using the Newmark algorithm to solve the riser dynamics Eq.
(1), the dynamic response of the riser can be obtained.

Marine fluid turbulence model

This paper mainly studies the fluid-solid coupling dynamic
behavior and flow field vortex radiation characteristics of
multi-wellhead marine riser groups. In order to meet the cal-
culation accuracy conditions, large eddy simulation (LES) is
selected as the numerical simulation model to simulate the
turbulence of the flow field. The specific analysis follows.

(1) Fluid equations

The fluid in this study is water. The flow rate is low, and it
is treated as an incompressible fluid. The equation governing
incompressible fluids is the Navier-Stokes (N-S) equation,
expressed in Cartesian coordinates (as shown in reference Su
and Huang (1997)) as follows:

Continuity equation:

∂ui
∂xi

¼ 0 ð2Þ

Conservation of momentum equation:

∂ui
∂t

þ ∂uiu j

∂x j
¼ −

1

ρ
∂p
∂xi

þ ∂
∂x j

μ
ρ
∂ui
∂x j

� �
ð3Þ

where ρ is the fluid density (kg/m3); t is time (s); p is
pressure (pa); μ is dynamic viscosity (pa·s); ui (i = 1, 2, 3)
are the velocity components (m/s); and xi (i = 1,2,3) are the
coordinate components.

Microelement 
segment 

extraction 
and 

simplification

Fig. 3 Simplified single riser model

Fig. 4 Structural diagram of
geometric model
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The continuity equation and the conservation of momen-
tum equation have similar forms of expression. To this end,
the global flow field variable Φ is introduced, so the general
motion equation of the fluid equation can be expressed as:

∂ ρΦð Þ
∂t

þ div ρuΦð Þ ¼ div Γ ⋅gradΦð Þ þ S ð4Þ

where u is the velocity vector (m/s),Φ is the flow field flux,
Γ is the diffusion coefficient, and S is the source. If Φ takes
different field variables, and an appropriate diffusion coeffi-
cient and source are selected, then equations with different
physical interpretations (including the continuity and conser-
vation of momentum) will be obtained.

(2) Turbulence simulation

LES (Zhang et al. 2005) is used here to solve for the tur-
bulent flow field. The idea of LES is that large-scale impulses
are calculated using direct simulation, while only the effects of
small-scale ones on large-scale motion are modeled. The
equations governing large-scale eddies can be obtained by
filtering the N-S equation in the physical space:

∂ui
∂xi

¼ 0 ð5Þ

∂ui
∂t

þ ∂uiu j

∂x j
¼ −

1

ρ
∂p
∂xi

þ ∂
∂x j

μ
ρ
∂ui
∂x j

 !
−
∂τ ij
∂x j

ð6Þ

where τij is the subgrid-scale stress (Pa), τ ij ¼ ui u j−ui u j.
The subgrid stress generated by the filtering operation is un-
known and must be modeled. The subgrid turbulent stress can
be calculated in vortex form from the Boussinesq hypothesis:

τ ij−
1

3
τ kkδij ¼ −2 μtSij

� �
ð7Þ

where μt is the turbulent viscosity of the subgrid, and Sij is

its strain rate tensor, defined as Sij ¼ 1
2

∂ui
∂x j

þ ∂u j

∂xi

� �
. The wall-

modeled LES (WMLES) subgrid stress model is used, com-
bining a mixed-length model, Smagorinsky model, and wall
function to overcome the limitations of LES and the Reynolds
number. WMLES can be applied to similar grid resolutions
but with higher Reynolds number. The eddy viscosity coeffi-
cient is calculated as:

μt ¼ min κdwð Þ2; CSmagΔ
� �2h i

⋅S⋅ 1−exp − yþ=25ð Þ3
h in o

ð8Þ

where κ = 0.41, dw is the distance from the wall, Δ =
min(max(Cw·dw; Cw·hMAX, hwn); hMAX), S is the strain

a b
Fig. 5 Model meshing. (a) Flow field. (b) Riser group
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Fig. 6 Fluid-structure coupled iteration process
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rate, CSmag = 0.2, hMAX is the maximum unit vortex
length, hwn is the grid spacing of the wall in the normal
direction, and Cw = 0.15.

(3) Numerical method to solve flow field

The finite volumemethod is currently themost widely used
method in computational fluid dynamics. The discrete equa-
tions obtained by this method conserve the original differen-
tial equations better than in other numerical calculation
methods and have clear physical interpretations. The require-
ments for calculation grid shape are not too stringent, and the
specification in equation form is advantageous. The key step
in this method is to integrate the motion equation with within
the control volume as an integral, as follows:

∂
∂t

∫
V
ρΦdV þ ∫

A
n⋅ ρuΦð ÞdA ¼ ∫

A
n⋅ ΓgradΦð ÞdAþ ∫

V
SdV ð9Þ

For the flux Φ, if the boundary of any control body moves,
the transit equation, expressed as an integral, is:

d
dt

∫
V
ρΦdV þ ∫

A
ρΦ u−usð Þ⋅dA ¼ ∫

A
Γ∇Φ⋅dAþ ∫

V
SΦdV ð10Þ

where V is the control volume (m3), ρ is the fluid density
(kg/m3), u is the fluid velocity vector (m/s), us is the deforma-
tion speed of the dynamic mish (m/s), A is the surface area of
the control body (m2), SΦ is the flux source, and Γ is the
diffusion coefficient.

Flow field initialization time 

step i-1

Update parameters

Solve momentum equation

Solve pressure correction equation; 
update pressure, speed, and other 

parameters

Solve energy, turbulence, and other 
scalar equations

Convergence?

Adjust boundary conditions and flow 
field grid

UDF:DEFINE_CG_ MOTION

Differential equation solver-4   order th 
Runge-Kutta method

Read fluid force data

Time step i+1

FLUENT
Time step i

UDF: DEFINE_ EXECUTE AT_ 
END

UDF
Time step i

Yes
No

Fig. 7 Process diagram to solve
the fluid-solid coupling problem
using Fluent

Table 1 Physical parameters of riser and fluid

Parameter Value Parameter Value Parameter Value

Elastic modulus E (Pa) 1010 Riser density ρs (kg/m
3) 6500 Internal fluid density ρi (kg/m

3) 850

Outer diameter of riser D(m) 0.01 Riser length L(m) 0.5 External fluid density ρ (kg/m3) 998

Inner diameter of riser Di(m) 0.0095 Poisson’s ratio ν 0.3 Fluid viscosity υ (pa·s) 0.001
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The first term in Eq. (10) can be expressed as a first-order
backward difference:

d

dt
∫
V
ρΦdV ¼ ρΦVð Þnþ1− ρΦVð Þn

Δt
ð11Þ

n and n+1 represent the current and subsequent time steps.
The volume of step (n+1) Vn+1 can be obtained by:

Vnþ1 ¼ Vn þ dV
dt

Δt ð12Þ

The CFD program Fluent, based on the finite volumemeth-
od, is used to discretize the equations governing the fluid and
turbulence model into algebraic equations that can be solved
numerically. After discretization, Eq. (9) can be expressed as:

aiΦi ¼ ∑
j¼1

Ni

b jΦij þ Si ð13Þ

whereΦi is flow field flux of the ith control body node;Φij is
the flow field flux of surface j of the ith control body; Si is the
source; ai an undetermined coefficient; bi is flux correlation
coefficient of the control body surfaces; and Ni is the number
of surfaces on the ith control body. The SIMPLEC algorithm is
used for pressure-velocity coupling. The pressure term is
discretized in second-order form to improve the accuracy,

the bounded center difference method, based on NVD
(Leonard 1991), and the convection bounded criteria are used
for momentum dispersion. This method combines the accura-
cy and convergence of the central difference method and the
second- and first-order upwind schemes.

Similar equations can be written for each element in the
grid, resulting in an algebraic equation with a sparse coeffi-
cient matrix. The Gauss-Seidel linear equation solver and al-
gebraic multigrid (AMG) method are connected to solve this
linear system and to obtain unknowns in the flow field such as
speed and pressure.

Computational grid generation

The model uses the fluid analysis software Fluent and the
structural analysis software Transient Structural to divide the
ocean flow and riser group structure fields into units. Dynamic
meshing techniques like diffusion smoothing and dynamic
mesh layer transformation are also adopted.

The mesh transit in the diffusion smoothing method is
governed by the diffusion equation in Eq. (14):

∇⋅ γ∇usð Þ ¼ 0 ð14Þ

Fig. 8 Diagram of single riser
flow field and local meshing

Experimental value

Calculated

Experimental value

Calculated

a b 

Fig. 9 Changes in vibration
response with Ur: comparison of
numerical calculations with
experimental result. (a) Response
frequency. (b) Lateral amplitude
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where ∇ is the Laplace operator and us is the grid transit
speed; the transit of the mesh on the deformation boundary is
tangent to the boundary. Γ is the diffusion coefficient, repre-
sented as a unit volume function. γ = 1/Vα, used to control the
effect of the mesh boundary on the internal meshes. α is a
control parameter, set here at 2. The transit speed at unit center
us is interpolated to each mesh node using distance weighted
average, and the node position is updated based on Eq. (15):

xnew ¼ xold þ usΔt ð15Þ

For changes in the dynamic mesh layers, the dynamic mesh
model specifies an ideal height hideal. When the grid cell
height h > (1+αh)hideal, the cell splits according to the
predefined condition; when h < αhhideal, the compressed
unit layer is merged with the adjacent one, where αh is
the merge/split factor of the global unity layer. Figure 5
respectively shows the flow field and group structure of
the 9 risers when arranged as a square.

Fluid-solid coupling calculation

Two-way coupling is essential to solve for the fluid-
riser group interaction between the groups. The coupling
is realized through iterative riser group dynamics and
fluid calculations using the same time step. The data
transfer between the structure and fluid domains is car-
ried out through the fluid-solid coupling interface. CSD
specifies the deformation in the fluid domain by

calculating structural displacement, while CFD is used
to calculate the load acting upon the structure. When
the iteration of the fluid and structure domains con-
verge, the calculation at the next time step is started;
the loop is repeated until the calculation ends, as
follows:

(1) The Newmark algorithm is used to solve the structural
dynamics equation and obtain parameters such as the
displacement and velocity of the structure, which are
passed to the dynamic grid solver.

(2) The dynamic grid solver updates the fluid domain mesh
based on the structural displacement.

(3) The CFD solution is used to obtain flow field parameters
such as velocity and pressure fields, and the fluid load
acting on the structure is transmitted to the structure
solver.

(4) Return to (1) for the next time step.

Although the fluid force is not a continuous function,
the fluid solver obtains an instantaneous value at the
end of each time step, thereby updating the current
structure position and obtaining a fluid calculation grid
for the next time step. Figure 6 shows a flow chart of
the fluid-structure coupled iterative method.

The coupling between the fluid and the marine riser group
is achieved through an embedded user-defined function
(UDF) interface. The UDF is the key to fluid-solid coupling
using Fluent, and the framework Fluent is used to provide
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Fig. 10 Motion trajectory. (a)
Calculation result. (b)
Experimental result

Table 2 Model calculation parameters

Parameter Value Parameter Value Parameter Value

Elastic modulus (Pa) 2.06×1011 Riser density (kg/m3) 7850 Flow fluid density (kg/m3) 1000

Outer diameter of riser (m) 0.5 Damping factor α (Schowalter et al. 2006) 5.098 Riser spacing (m) 2.5D–5D

Inner diameter of riser (m) 0.3 Damping factor β (Schowalter et al. 2006) 0.000215 Fluid viscosity (pa·s) 0.001

Riser length (m) 1.6 Poisson's ratio ν 0.3 Fluid velocity (m/s) 0.8
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scalable functions which can be dynamically connected to the
Fluent solver. UDFs use standard C library functions and
predefined macros and adjust the calculated values on a per

iteration basis. Due to the moving of solid-liquid boundary,
the fluid grid must be changed, and the dynamic grid tech-
nique is needed. At this point, the dynamic and fixed mesh
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Fig. 11 Riser group vibration trajectory. (a) 9 risers. (b) 12 risers. (c) 16 risers. (d) 20 risers
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areas must be separated. The programming process flow of
Fluent is very important when solving the fluid-solid coupling
problem. Fluent must be the lead program for the whole pro-
cess, as shown in Fig. 7.

Model verification

Based on literature review, experiments verifying the marine
riser group flow-induced vibration numerical model have not
been carried out. Therefore, in order to effectively verify the
accuracy of this model, the vortex-induced vibration of a 3D
elastic tube under cross-flow is calculated and compared with

the experimental results in Schowalter et al. (2006). The cal-
culated input is consistent with the experimental conclusions
(see Table 1). The flow field and grid are shown in Fig. 8 (x,
fluid flow direction; y, lateral vibration direction of tube; z,
axial direction of tube). A speed boundary is used for the left
inlet, a pressure outlet boundary for the right outlet, and the
other outer boundaries of the fluid field are set as fixed wall
surfaces. The tube wall surface is a fluid-solid coupling inter-
face, which is set as the boundary of the moving grid. The time
step is 0.00025 s, and transient structural linearly loads the
inlet flow rate to Ur(= 0.5–10) within 0.05 s. Figure 9 respec-
tively compares changes in the ratio fex/fn between riser

a

b

c 
Fig. 13 Cloud maps of marine riser group spacing flow velocity fields. (a) Riser spacing of 2.5D. (b) Riser spacing of 3.5D. (c) Riser spacing of 4.5D
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response frequency fex and natural frequency fn and the lateral
amplitude Ay/D and consequent flow velocity Ur obtained by
numerical calculation, with the existing experimental results.
It shows that the two agree well in terms of trends and values.
Figure 10 a shows the calculated riser trajectory, which is
consistent with the experimental results (Fig. 10b), indicating
the accuracy of the model.

Analysis of multi-wellhead marine riser group
vibration response characteristics

Based on the flow field-riser group structure numerical model,
the vibration response characteristics of the riser group are
analyzed under different factors, revealing their influence
mechanisms on the vibration response and flow field motion
of the riser group. The vibration patterns provide theoretical
reference for the structural design of riser groups. The specific
parameters of the model are shown in Table 2.

Effects of number of risers

Due to the two-way coupling between the riser and the fluid,
the vortex-induced forms of the fluids and the effects on the
riser group differ with different numbers of risers. Fluid-solid
coupling dynamic response analysis was carried out for rect-
angular rows of 9, 12, 16, and 20 risers with external tube flow
spacing of 4D and external fluid flow rate.

Figure 11 shows vibration trace diagrams with 9, 12, 16,
and 20 risers. With a small number of risers, the main vibra-
tion direction of each is downstream, and the amplitude is
essentially consistent. As the number increases, the main vi-
bration direction of the first riser is downstream. The middle
ones vibrate with equal amplitude, with significantly higher
amplitude, and vibration becomes more extreme going down-
stream. Therefore, the effects of inflow and wake on the front
and rear risers must be fully considered, particularly the wake
disturbance of the rear riser.

Effects of riser spacing

In order to study the interaction within multi-wellhead riser
groups and between risers, the dynamics of nine riser groups
arranged as a square are analyzed. The distance S between the
risers was 2.5D, 3D, 3.5D, 4D, 4.5D, and 5D, respectively,
and the outflow rate is 0.8 m/s.

As shown in Fig. 12a, when the spacing is between 2.5D and
3.5D, the amplitude of the downstream flow of each riser does
not change much, and the vibration is essentially stable. When
the spacing increases to 3.5D–4D, the downstream vibration
amplitude significantly increases for all risers. After the spacing
is larger than 4D, the amplitude decreases slightly and gradually
stabilizes. Thus, with spacing from 2.5D to 3.5D, the down-
stream interaction between the risers and the elastic force of the
fluid inhibits vibration of the riser group; when the spacing is
greater than 4D, the interaction is gradually weakened, so the

a b

c d

Fig. 14 Diagram of riser group
arrangements. (a) Triangular
arrangement. (b) Transposed
square arrangement. (c)
Transposed triangle arrangement.
(d) Square arrangement
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critical riser spacing in the downstream direction is 3.5D–4D. As
shown in Fig. 12b, the mutual interference within the riser group
inhibits the lateral vibrations to a certain extent, with a critical
distance around 3.5D–4D.

Figure 13, flow field cloud maps of multi-wellhead marine
riser groups at different intervals, shows that as the spacing
increases, the velocity change region of the flow field is stable,
and the interference between risers gradually decreases. When
the spacing is 2.5D, due to the shadow effect, the velocity
downstream of the riser is relatively slow, so the drag force
is also relatively small, and the forward vibration is insignifi-
cant. Due to the smaller spacing, however, the wake flow
velocity distribution of the upstream risers is more turbulent,
and the vortex radiation intensifies the lateral vibration of
downstream risers. As the spacing increases, meanwhile, the
forward-flow velocity gradually returns to its original
state, so the vibration of downstream risers increases.
Lateral vibration decreases, and the interaction between
risers becomes insignificant. Therefore, different riser
group spacing configurations based on site requirements

can effectively control vibration amplitude and the ef-
fects of the flow field on the riser group.

Effects of riser arrangement

In order to study the interaction within a multi-wellhead ma-
rine riser group, the vibration response characteristics of the
group under different arrangements were analyzed. The dis-
tance S between the risers was 4D, and the outflow velocity
was 0.8 m/s.

Four arrangements were analyzed: an equilateral tri-
angle (30∘), transposed square (45∘), transposed equilat-
eral triangle (60∘), and square (90∘). In each of these
arrangements, 6 risers are used as study objects. The
arrangements are shown in Fig. 14.

(1) Effect of downstream vibration displacement

Figure 15 is a time-history curve of the riser group’s for-
ward vibration displacement under different arrangements.
The figure shows that the riser vibration frequencies were
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Fig. 15 Time-history vibration displacement diagram of riser group. (a) Triangular arrangement. (b) Transposed square arrangement. (c) Transposed
triangle arrangement. (d) Square arrangement
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similar in different arrangements, but the amplitudes were
very different. Overall, the amplitude of the upstream risers
is higher than for the downstream ones. When the angle be-
tween the riser groups is less than 45o, vibration of upstream
and downstream risers must be considered simultaneously.
When the angle is greater than 45o, the focus is on the vibra-
tion of the upstream riser.

(2) Effect of cross-flow on vibration displacement

Figure 16, the lateral vibrational displacement of the riser
group under different arrangements, shows that the forward
and lateral vibrations are similar in severity. The coupled vi-
bration of both the forward and lateral flow must be consid-
ered when designing the riser structure. The vibrations of
downstream risers are most severe when the arrangement is
a transposed equilateral triangle or square. In other arrange-
ments, the upstream risers vibrate most severely. Risers 1 and
2 vibrate in opposite directions at the same frequency, and the
simultaneous separation and approach make accidents caused
by riser collision very likely. Therefore, anti-collision devices

are necessary in the lateral direction to ensure the safe opera-
tion of the multi-wellhead riser group.

(3) Effects of flow field motion

Figure 17 a, the flow field velocity cloud diagram, shows
that the downstream vortex wakes of the risers in the positive
triangle arrangement interact, with strong mutual interference.
Figure 17 b shows that in the transposed square arrangements,
the vortex wakes between each layer of risers are independent
of each other. The mutual interference is weak, and the flow
field mainly affects the vibration of external risers. Figure 17 c
shows that in this arrangement, when the lateral spacing is
large, the interference between risers is small. A distinct vor-
tex street appears, mainly influencing vibration in the down-
stream risers, and a “tail” phenomenon appears. Figure 17 d
shows that the distance between risers in this arrange-
ment partially inhibits the development of tail vortex
streets, so that the fluid-elastic force acting on the risers
is small. The riser vibration is also weaker in this ar-
rangement than in the other ones.
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Fig. 16 Time-history vibration displacement diagram for each riser. (a) Triangular arrangement. (b) Transposed square arrangement. (c) Transposed
triangle arrangement. (d) Square arrangement
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Conclusion

In this paper, a numerical model and fluid turbulence model
for forward-flow and the cross-flow coupling of marine riser
groups are established for the problem of flow-induced vibra-
tion of multi-wellhead marine riser groups in uniform flow.

The model is used to analyze the effects of the number, spac-
ing, and arrangement of riser groups on their vibration re-
sponse characteristics, reaching the following conclusions:

(1) Using computational fluid/sold dynamics (CFD/CSD),
considering the simultaneous fluid-structure interaction

Fig. 17 Flow field velocity map.
(a) Triangular arrangement. (b)
Transposed square arrangement.
(c) Transposed triangle
arrangement. (d) Square
arrangement
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and the combination of ocean vortex force and wave
force, a numerical model considering the coupled the
coupled forward and lateral vibration of the riser group
and a fluid turbulence model was established. A parallel
coupling program was developed, and the numerical so-
lution was performed using ANSYS Workbench and
Fluent. In order to verify the accuracy of the model, the
vibration response of a single riser was analyzed and
compared with classic experimental analysis data.

(2) The model was used to analyze the effects of riser num-
ber and spacing on the group’s vibration characteristics.
The analysis found that as the number of risers increases,
the front row along the flow direction mainly vibrates in
the forward direction, while the rear rows mainly vibrate
laterally. Therefore, the incoming flow must be consid-
ered for the front row, while wake disturbance must be
considered for the rear row. As the riser spacing in-
creases, the mutual interference within the group signif-
icantly influences the forward and transverse flow; the
critical spacing for interference is 3.5D–4D.

(3) The model was used to analyze the effects of arrange-
ment on the vibration characteristics, finding that the
arrangement mainly affects lateral vibration; the influ-
ence on the upstream and downstream risers is most sig-
nificant. The vibration response amplitude of the riser
group appears to be the largest in a square arrangement.
The triangular versus square arrangements directly influ-
ence the flow field-structure field coupling effect, and the
effect is weaker in the latter.
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