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ABSTRACT 

Flow-induced vibration (FIV) is one of the main reasons for 

subsea piping failure, where subsea pipes, which typically carry 

multiphase flow, experience large fluctuating forces.  These 

fluctuating forces can induce severe vibrations leading to 

premature piping failure.  This paper presents a transient 

numerical study of a typical subsea M-shape jumper pipe that is 

carrying a gas-liquid multiphase flow subject to a slug 

frequency of 4.4 Hz, starting from rest to include the start-up 

effect as part of the study.   3-D numerical simulations were 

used to capture the fluid-structure interaction (FSI) and 

estimate pipe deformations due to fluctuating hydrodynamic 

forces.  In this paper, two FSI approaches were used to compute 

the pipe deformations, two-way coupled and one-way 

decoupled.  Analysis of the results showed that decoupled (one-

way) FSI approach overestimated the peak pipe deformation by 

about 100%, and showed faster decay of fluctuations than 

coupled (two-way) FSI analysis.   The assessment of resonant 

risk due to FIV is also discussed. 

INTRODUCTION 
 Multiphase flows are typical in the production flows 

from oil wells, where they consist of liquid and gas phases.  

Multiphase flows can be classified as churn flow, bubbly flow, 

droplet flow, slug flow, annular flow, and stratified flow.  Due 

to their unsteady nature, multiphase flows introduce fluctuating 

forces on the piping walls, especially at turning elements. These 

fluctuating forces in turn may cause the so-called flow-induced 

vibrations (FIV) on the pipe. 

Subsea pipes transporting multiphase flows are more prone, 

especially in the slug flow regime, to flow-induced vibrations 

(FIV).  In the slug flow regime, subsea pipe walls experience 

large variation in force as a result of the large difference in 

densities between the liquid and gas.  This large force variation 

in turn leads to FIV and cyclic loading on the pipe, which can 

have a significant effect on the structure integrity and affect the 

fatigue life of the pipe, resulting in complex and costly repairs.  

It has been reported that up to 21% of topside pipework failures 

are caused by vibration-induced fatigue [1]. Thus, it is 

important to accurately predict FIV in subsea piping 

transporting multiphase flows.    

A number of numerical and experimental studies have been 

conducted to better understand and classify the FIV problem in 

subsea piping.  Yih and Griffith [2] experimentally studied the 

effects of the average flow velocity, volumetric quality, system 

pressure, flow channel size and geometry on the unsteady 

momentum fluxes.   They reported that the maximum values of 

unsteady momentum fluxes appear in either the high void slug 

flow or the low void annular regime. Also, they reporte

d the major vibrations occur in narrow frequency bands around 

the natural frequencies of the mechanical system.  Sim et al. [3] 

reported that the RMS of the unsteady forces are not influenced 

by the slug frequency, but rather depend on the void fraction.    

Riverin et al. [4] experimentally studied the fluctuating forces 

on flow turning elements (elbows and tees) induced by gas-

liquid two-phase flows.  They also reported that the fluctuating 

forces correlate to the void fraction in the flow.  

Oil and gas production pipelines are more prone to fatigue 

failure caused by unsteady slugging forces due to the gas-oil-

water multiphase flows.   In order to address this risk, API RP 

1111 [5] recommends that any pipeline design should consider 

dynamic loads and resulting stresses, which may be induced by 

vibrations due to current-induced vortex shedding and other 
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hydrodynamic loading.  Nevertheless, it does not outline the 

best practice on how to account for these dynamic loads. 

Recently, few attempts have been made to address flow induced 

vibration in subsea installations.  Jia [6] investigated FIV in 

different components of subsea equipment.  His Study showed 

that FSI analysis of subsea piping carrying multiphase flow is 

important.  No fatigue or modal analysis was provided in that 

study.  Jia [7] further studied several factors affecting slug-

induced vibrations in a straight pipeline span.  

 

OBJECTIVE  
 

This study presents a detailed numerical modeling 

methodology for analyzing the dynamic loads on a M-shape 

jumper pipe, a typical subsea equipment.  A detailed numerical 

analysis was conducted on the transient hydrodynamic forces 

due to a slugging multiphase flow entering the M-shape jumper 

pipe starting from rest to include start-up effect.   

The main objectives of this paper are: i) to investigate the 

flow-induced vibration on a jumper pipe carrying multiphase 

flows; ii) to investigate the difference between one-way and 

two-way fluid-structure interaction (FSI) analysis. The one-way 

and two-way FSI procedures are described in the numerical 

methodology section below. 
  

 

COMPUTATIONAL MODEL AND BOUNDARY 
CONDITIONS 

 

Figure 1 shows the jumper pipe geometry used in this 

study.  The pipe material was assumed to be structure steel with 

2.5-inch thickness and Di = 5.5 inches.    

 

 
Figure 1:  M-Shape Jumper Pipe Geometry 

In order to simulate a realistic production condition, the 

multiphase flow in the jumper pipe was assumed to consist of 

oil and methane gas.  Slug flow conditions were imposed at the 

inlet in order to simulate the worst case scenario.  The inlet 

flow had a gas volume fraction of 0.45 and a slug injection 

frequency, fslug = 4.4 Hz.   The jumper pipe was assumed to be 

submerged in seawater at a depth of 2000 meters (Pseawater = 

3000 psi); and the oil and gas mixture was assumed to be 

operating at an average pressure of 2100 psi.  The jumper pipe 

was clamped at its both ends, i.e. fixed support.  Constant fluid 

properties were used for oil and ideal gas is used for Methane 

gas.   

Moreover, at t=0.0 the flow was started from rest, i.e. 

Ufluid=0.0 m/s, and with gas= 0, i.e. the pipe was initially filled 

entirely with oil.  Starting the solution from rest was intended 

to simulate the water hammer scenario, which is common and 

relevant in oil and gas applications.   

In this study, the external seawater was not included in the 

model. However, the hydrostatic pressure due to the external 

seawater was considered. Although the external seawater is not 

included in this study, the analysis is more conservative since 

there is no external damping, and thus the results are still 

relevant.    

 

NUMERICAL METHODOLOGY 
 

Since FIV due to fluid force variation caused by slug flows 

in jumper pipes is one of the main sources of fatigue failure in 

jumper pipes, it is important to capture the effect of these 

oscillating fluid force loads at early stage of the design process.  

In this paper, transient fluid-structure interaction (FSI) studies 

were conducted.  CFD was used to solve for the multiphase 

problem and calculate the fluid force loads on the pipe walls; 

the fluid force loads, which include both the pressure and 

viscous contributions, were then passed to the structural solver 

to solve for the pipe deformations.  In FSI procedure, if the data 

passing is only from the CFD solver to the structural solver, i.e. 

no deformations are sent back to CFD, then the analysis is 

called a one-way FSI analysis. In a two-way FSI analysis, in 

addition to forces sent from CFD to the structural solver, the 

wall deformations are also sent back to update the geometry for 

the CFD solver. This data exchange between the two solvers 

repeats as the solution progresses.    

In a transient two-way FSI analysis, within each time step 

several coupling iterations (two-way data passing) are required 

to ensure solution accuracy.  The passed quantities, i.e. fluid 

force loads and wall deformations, are monitored for 

percentage change from a coupling iteration to the next to 

check for convergence before progressing in time.   

One-way FSI analysis is suitable when the structural 

deformations are small enough that they will not alter the flow 

field behavior.  In contrast, two-way FSI analysis is performed 

when the solid deformations are large enough to affect the fluid 

flow behavior.   In general, two-way FSI analysis is more 

accurate than one-way FSI, but at a higher computational cost.   

In the current study, ANSYS Fluent was employed to solve 

for the gas-liquid (methane-oil) multiphase flow structures and 

the fluid force in the jumper pipe using the unsteady volume of 

fluid (VOF) multiphase model.  The VOF model can model two 
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or more immiscible fluids by solving a single set of momentum 

equations and tracking the volume fraction of each of the 

phases throughout the domain. For the VOF model, the volume 

fractions of all phases sum to unity in each control volume 

(cell).  The fields for all variables and properties are shared by 

all phases and represent volume-averaged values, as long as the 

volume fraction of each of the phases is known at each 

location.  Thus, in any cell, three conditions are possible for 

volume fraction (α) of the qth fluid, 1. αq=0:  the cell is empty 

of the qth fluid; 2. αq=1:  the cell is full of the qth fluid; or 0< 

αq<1: the cell contains an interface between the qth fluid and 

one or more other immiscible fluids.   

The tracking of the interface between any two phases is 

accomplished by the solution of the continuity equations for the 

volume fractions of (n-1) phases.  For the qth fluid, the volume 

fraction continuity equation takes the form 

 
𝜕

𝜕𝑡
(𝛼𝑞) + �⃗�∇. (𝛼𝑞) = 0   (1) 

The volume fraction of the nth phase is computed based on the 

following constraint. 

∑ 𝛼𝑞 = 1𝑛
𝑞=1      (2)     

A single set of momentum equations is solved throughout the 
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Navier-Stokes: 
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Note that the momentum equations (3) are dependent on the 

volume fractions of all phases through the properties, ρ and ν, 

where the properties are determined by the presence of the 

component phases in each control volume (cell), i.e. 𝜌 =
∑𝛼𝑞𝜌𝑞 and 𝜈 = ∑𝛼𝑞𝜈𝑞 . 

Pipe deformations and stresses were obtained by solving 

the stress-strain equation using ANSYS Mechanical.  

The stress-strain equation for linear materials is: 

𝜎 = 𝐷𝜀        (4) 

where 𝜎 is the stress vector, D the elastic stiffness matrix 

and 𝜀 the elastic strain vector. 

Coupling between the two solvers was managed using 

ANSYS System Coupling inside ANSYS Workbench. 

CFD Settings:  The governing equations, i.e. continuity 

and Navier-Stokes equations were solved using the pressure 

based segregated solver with the volume of fluid model (VOF) 

for the multiphase flow.  The k- SST RANS turbulence model 

was used to capture the expected adverse pressure and flow 

separation in the pipe.  The 2
nd

 order upwind discretization 

scheme was applied for all spatial gradients, and the 

compressive scheme was used for capturing the gas-liquid 

interface.  The temporal advancement was performed using the 

2
nd

 order implicit scheme.  The mesh was constructed using 

370,000 structured hexahedral cells.  

 

Structural Settings:    Fixed support was used on both 

ends of the jumper pipe. The hydrodynamic pressure of the 

external seawater was applied to the external pipe wall. The 

model was meshed using 97,000 nodes with structured 

hexahedral mesh.   

RESULTS AND DISCUSSION 

In this paper, the authors examined the FIV using one-way 

and two-way FSI schemes to demonstrate the difference of the 

results. 

Two cases were simulated:  Case1: one-way FSI analysis, 

and Case 2:  two-way FSI analysis.  Table 1 lists the general 

boundary and initial conditions used for both cases.   Both 

cases were run for a total of 25 seconds of flow time.  

Table 1:  General Model Boundary and Initial Conditions 

Uin 5 m/s 

Primary Phase Oil 

Secondary Phase Gas  

gas @t = 0 0  

Ufluid @ t=0 0.0 m/s 
 

Modal Analysis:  To evaluate the resonant risk from FIV, a 

modal analysis of the jumper pipe was performed to compute 

its mode shapes and natural frequencies.  Also included in the 

analysis was the added mass effect due to the presence of the 

internal fluids. Table 2 lists the first eight modes of the jumper 

pipe.  It is noticed that the natural frequencies 2, 3, and 4 are 

closely spaced.  The first four mode shapes are shown in Figure 

2.   

Table 2:  Jumper pipe mode shapes and natural frequencies. 

Mode Frequency [Hz] 

1 0.94516 

2 1.9285 

3 2.0944 

4 2.2757 

5 3.5063 

6 5.6075 

7 6.8086 

8 8.5597 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2:  First four mode shapes of the jumper pipe, with 

natural frequencies:  0.945Hz, 1.928Hz, 2.0944Hz, and 2.275Hz. 

Case 1—One-way FSI:  In Case 1, the assumption was 

that the pipe deformation is small that it does not alter the fluid 

flow, and thus there is no need to update the pipe geometry in 

CFD.   

Figure 3 shows the time history of oil flow into and out of 

the jumper pipe. The pulsating oil slugs were injected into the 

pipe at a frequency of 4.4 Hz, Figure 3-a.  Figure 3-b shows the 

outlet oil flow rate and indicates a clear transition point at 7.24 

sec., where the oil flow rate reaches a statistically steady value.  

Thus, we can estimate that the water hammer effect lasts for 

about 7.24 sec., where the flow becomes statistically steady.  

Figure 3-c shows the FFT of the outlet oil flow time history. 

The signal is noisy.  This might be related to the inherently 

complex multiphase flow behavior, especially with the slugs 

needing to travel around the bends as discussed later in this 

paper. However, a dominant frequency is observed at the slug 

frequency, fslug=4.4 Hz, which is a direct result of the slug 

injection frequency at the inlet. Additional frequencies can be 

seen at f1=1.9 Hz and f2 = 0.5*fslug= 2.2 Hz; these frequencies 

are very close to the second mode frequency of 1.9285Hz from 

the modal analysis, Table 2.  Even though this is not the 

deformation response frequency which is of primary interest in 

assessing resonant risk, the fluctuation of the outlet flow rate 

could impact on the fluid force fluctuation inside the pipe and 

could in turn affect the deformation response frequencies.   

 
(a) 

 
(b) 

 
(c) 

Figure 3:  Case 1:  a) Pulsating oil flow rate at inlet; b) Time history 
of oil flow rate at outlet; c) FFT of oil flow at outlet. 
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Figure 4 shows the oil volume fraction at a plane passing 

through the center of the jumper pipe at selected time instances, 

t = 0.0, 2.5, 7.5, 15, and 25 seconds. The complex multiphase 

flow features are clearly demonstrated here.  

As stated earlier, starting the simulation from rest will 

allow for modeling the start-up effect in the pipe.  At t = 0, the 

flow was at rest with gas = 0.0, then as the solution progressed 

in time, slugs were injected into the pipe,gas = 0.45.  The 

methane gas displaces the oil as it travels along the pipe and at 

approximately t= 7.5 sec, the methane gas starts leaving the 

pipe.  At that point, the multiphase flow appears to be well 

established within the pipe. 

Figure 5 shows the detailed multiphase distribution in the 

pipe at t=15.0 seconds. The injected oil slugs maintain their 

structure near the inlet, and start losing slug integrity after the 

first and second bends, Figure 5-1.  Figure 5-2 shows that 

around the lower left bend of jumper pipe, the light methane 

gas pushes the heavy oil to one side of the pipe and forces its 

way through oil slugs.  In the long horizontal span of the pipe, 

methane and oil are separated due to their density difference 

under gravity and form a stratified flow in the pipe, Figure 5-3.  

This stratified multiphase flow proceeds to the vertical portion 

to form an annular flow. It is seen that slugs start forming as the 

fluids make the last two bends before the outlet, Figure 5-4.  As 

shown, the flow structure inside the pipe is very complex and 

contains a number of multiphase regimes, e.g. slug, annular, 

and stratified.   

 

 
Figure 4:  Case 1:  Oil volume fraction at selected t=0.0, 2.5, 7.5, 15, 
and 25 sec. 

Figure 6 shows the time history of the integrated fluid 

forces at the pipe wall.  Typically, during sudden flow startup 

the fluid force loading at the pipe wall is many folds larger than 

that when the flow reaches statistically steady behavior at 

approximately t=7.24 sec, Figure 6-a and Figure 6-b.  Figure 6-

c shows in the frequency domain the FFT based on the wall 

fluid force time history.  We can clearly detect dominant 

frequencies at f1=1.9 Hz and f2=0.5*fslug=2.2 Hz.  The force 

dominant frequency is very close to the second mode natural 

frequency of 1.9285 Hz and has a potential to cause resonance 

in the response.  Also, it is interesting to notice that this 

frequency closely approximates the first dominant frequency of 

the outlet oil flow rate.  This could be explained by the fact that 

the fluid force fluctuation inside the pipe is mainly due to 

multiphase fluctuation between the phases, which should 

strongly influence the behavior at the outlet.  It is not surprising 

to see the link between the fluid force and the outlet flow rate 

fluctuations.  

 
 

 
 

 
Figure 5:  Case 1:  Detailed Oil volume fraction distribution at pipe 
bends at t=15.0 sec. 

Also as expected, the pipe deformation is closely coupled 

to the induced-slug frequency and the resulting fluid force 

fluctuations acting on the pipe wall.  Figure 7 shows the time 

history and FFT of the total deformations at selected point 

locations on the pipe; Elbow 1 (near inlet), Mid-span, and 

Elbow 2 (near outlet). It is interesting to notice that the selected 

locations show similar behavior, where the effect of the initial 

start-up force is evident, and a peak appears at t=2.7 sec. with a 

maximum pipe deformation of 0.17 meters, and then the 

deformation decays with time to reach a maximum of about 5 

mm at t=25 seconds, consistent with the fluid force fluctuations 

observed earlier (Figure 6-a).    The total deformation is 

strongly linked to the induced-slug frequency, where peaks are 
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clearly detected at fslug and its harmonics, 2fslug and 3fslug, Figure 

7-b. A smaller peak of 2 Hz is also observed.  The detection of 

this frequency is consistent with the outlet flow rate as well as 

the fluid force fluctuation discussed early. Under the conditions 

in this study, clearly there is a potential resonant concern 

around this frequency as it is very close to the second mode 

natural frequency of 1.9285 Hz. 

 
(a) 

 
(b) 

 
(c) 

Figure 6:  Case 1 total pipe force: a) Time history; b) Zoom-in view of 
the time history b) FFT. 

Figure 8 shows the total deformation of the pipe at selected 

time instances, t = 2.7, 15, and 25 seconds.  As seen from the 

deformation history, the maximum deformation occurs at about 

2.7 sec. with the maximum deformation of about 0.17 m, i.e. 

/Di = 1.2, and drops to about 0.04 m, /Di = 0.28 at t=15 sec., 

and to about 9 mm, /Di = 0.064 at t=25 sec.   Moreover, note 

that the pipe straight span experiences the maximum 

deformation in the pipe. That the pipe has the same mode of 

deformation at the selected time instances is most likely 

coincidental. 

 
 

 
(a) 

 
(b) 

Figure 7:  Case 1 structural total deformation:  a) Time history; b) 
FFT 

One-way FSI analysis is usually performed when the pipe 

deformation normalized by the pipe diameter is of the order of 

0.01. Based on the deformation history, it is clear that the small 

deformation assumption which justifies the one-way FSI 

approach is not valid for much of the time span presented here.  

For the statistically steady region beyond the total time length 

(25 seconds) considered in this paper, one-way FSI should be 

applicable given the smaller deformations. One important 
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factor to consider is that with the one-way FSI approach, the 

damping due to the fluids inside the pipe is ignored. As a result, 

the proper dynamics response might not be correctly captured.  

Thus, the two-way coupling is required to accurately capture 

the dynamics related to jumper pipe FIV. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 8:  Case 1 total deformation at selected times: a) t =2.5 sec.; 
b) t=15 sec.; c) t=25 sec. 

Case 2—Two-way FSI:  In Case 2, the FSI problem was 

solved with no prior assumptions on the magnitude of pipe 

deformations, i.e. the pipe geometry was deformed for CFD 

analysis for every time step.  Although this is a more accurate 

approach for solving FSI problems, it is computationally much 

more expensive.   In the following paragraphs the main 

discussion is focused on the differences between one-way (Case 

1) and two-way FSI (Case 2) results. 

It is worth mentioning that our results, not illustrated in 

this paper, indicate similar overall multiphase flow structure to 

that of Case 1.  It is very complex and shows slug, stratified and 

annular flow regimes around different turning elements in the 

pipe.    

Figure 9 shows the time history and FFT of the oil flow 

rate at the outlet.  Similar to Case 1, Figure 9-a shows the oil 

flow leaving the pipe reaches a statistically steady behavior at 

t> 7 seconds, where the initial period signifies the start-up 

effect discussed earlier.  The FFT of the flow history, Figure 9-

b, indicates similar noisy nature of the outlet oil flow rate 

signal. The clear dominant frequencies for the oil flow in Case 

2 are at f1=0.5*fslug=2.2 Hz and f2=fslug, which is very similar to 

those of Case 1.  Note that Case 2 does not show any dominant 

frequencies at 1.9 Hz, which could be due to the additional 

internal fluid damping associated with two-way FSI.  

 

 
(a) 

 
(b) 

Figure 9:  Case 2 oil flow at outlet a) Time history; b) FFT. 

Figure 10 shows the time history and FFT of the total force 

acting on the pipe’s internal surface.  Similar to Case 1, the pipe 

experiences start-up effect initially.  However, Case 2 shows 
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slower force decay than Case 1. The force time history of Case 

1 has a clear cut-off time of about 7 seconds (similar to oil 

flow), while Case 2 shows a somewhat smooth decay of the 

force and the decay continues to t>10 seconds.  Moreover, the 

FFT of the fluid force history shows dominant frequencies at 

f1=1.9 Hz, f2=0.5*fslug=2.2 Hz, and f3=2.6 Hz.  Case 2 fluid 

force FFT has a dominant frequency of f2= 0.5*fslug=2.2 Hz, 

which is consistent with Case 1.  The fact that f2 is exactly half 

of fslug indicates the inlet influence is preserved and better 

captured with the two-way FSI analysis than with Case 1 using 

the one-way FSI approach. 

 
(a) 

 
(b) 

Figure 10:  Case 2 Force on Pipe:  a) Time history; b) FFT. 

Figure 11 shows the time history and FFT of Case 2 pipe 

deformation at selected point locations: Elbow 1 (near inlet), 

Pipe mid-span, and Elbow 2 (near outlet).  Case 2 pipe 

deformation history shows a peak after a short operation time, t 

= 2.0 sec., and starts decaying as the initial start-up effect 

dissipates. Contrasting the deformation and the outlet flow rate 

histories, it appears the flow has reached statistically steady 

state quite early at around t= 7 seconds despite the deformation 

still undergoes significant rate of decay. Also, the FFT of pipe 

deformation history shows the dominant frequencies to be 

strongly correlated with the slugging frequency, fslug, and its 

harmonics.  Notice the frequency peak around 2.0 Hz appears 

in the pipe deformation FFT, consistent with the force signal.  

This would pose a clear resonant risk given the second mode 

natural frequency of 1.9285 Hz even though the deformation is 

decaying continuously and a run-away situation is not 

observed. A clear difference between Case 1 and Case 2 

deformation histories is the maximum deformation magnitude: 

Case 2-max=0.08 m vs. Case 1-max=0.17 m.  Thus, the fluid 

damping is indeed significant. This physical effect can only be 

captured by performing the two-way FSI analysis.  Another 

implication of this difference is that for fatigue life 

consideration, one-way FSI will overestimate the maximum 

deformation leading to over design. 

 

 
(a) 

 
(b) 

Figure 11:  Case 2 total deformation at selected locations: a) Time 
history; b) FFT. 

Figure 12 shows the contours of Case 2 pipe deformation at 

selected time instances, t = 1.8, 15, and 25 seconds.  As 
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expected, the maximum deformation occurs at the straight 

unsupported span of the pipe, similar to Case 1. 

 
 

 
(a) 

 
(b) 

 
(c) 

Figure 12:  Case 2 total deformation at selected times: a) t =1.8 sec.; 
b) t=15 sec.; c) t=25 sec. 

 

SUMMARY AND CONCLUSIONS 

In this paper, FSI analysis of a jumper pipe carrying 

multiphase flow during operation startup was simulated using 

1-way and 2-way coupling approaches.   Results and 

comparison of both coupling approaches show that  

 Highest pipe failure risk occurs during the operation 

startup period, where the pipe is exposed to start-up 

conditions. 

 The slug frequency is one of the main factors affecting 

the total fluid force acting on the pipe and the FIV 

response 

 Two-way FSI analysis is required to accurately predict 

pipe deformation during startup conditions, where the 

max is about 50% of that predicted by the one-way FSI 

approach.  

 Both one-way and two-way FSI analyses predict a key 

response frequency around 1.9 Hz. Given the 

conditions in this paper, this is a resonant risk as it is 

very close to the second mode natural frequency 

1.9285 Hz. 

 During steady operation conditions, one-way FSI is 

sufficient to capture the maximum deformation and 

dominant frequencies.  

 

Further analysis is needed to include the effect of external 

seawater on total deformation and fatigue life of the jumper 

pipe. The damping of external seawater is expected to lower the 

response frequencies and the maximum deformations.  

NOMENCLATURE  

gas gas volume fraction 

oil oil volume fraction 

f frequency 

fslug slug injection frequency 

FIV flow-induced vibration 

FSI fluid-structure interaction 

Di inner diameter 

deformation 

t time 

Uinlet inlet velocity 
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