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ABSTRACT:

This paper is a part of a larger project to ingzg® the performance of a new pipe-in-pipe (PIP)
riser design for operations aharsh ocean environment. It is hypothesized thattiw system
will reduce Vortex-Induced Vibration (VIV) and shaignificant advantage in terms of fatigue
life span. The mandate of the project covers bbtsical model testing and numerical predic-
tions. A physical model for a PIP riser system wested in air (for reference benchmark data)
as well as in water. In this paper, the developnoéhe numerical model, steps for validation
and numerical results will be presented. In paldiGuthe focus will be directed towards current
issues associated with numerical modelling of Fiiidicture Interactions (FSI) in a multi-
physics environment (water, air, PIP-structure)e H8l Model was developed on the basis of
the Arbitrary Lagrangian-Eulerian (ALE) numericalgion methodology. Comparisons of the
numerical results with experimental results aregifor validation.

1 INTRODUCTION

For floating offshore drilling structures, risersggms are crucial elements. Marine risers are
used to transport oil, gas, water and mud frompileelucing field to a surface platform and
back down for export through a subsea pipeline tarker loading system. Harsh environ-
mental conditions off the coast of Newfoundland &atirador impose more complexity in the
design of actual riser systems. Under the influesfceigh winds, powerful waves, continuous
water currents, ice floes and icebergs, risersabgected to cyclic bending loads as well as ax-
ial loads due to their own weights. Exposure tg gevere ocean environment accelerates fa-
tigue, risk of premature failures, and shortensaperating life span of the of traditional indus-
try risers.

Despite these harsh operating conditions, offsledrand gas exploration has been moving
into ever increasing water depths. One of the gngvissues facing deepwater risers is Vortex
Induced Vibration (VIV), or large amplitude oscilans, which occur when the local ocean cur-
rents producevortex shedding and when the frequency of vorteeddingis approximately
equal to the structure's natural frequency. VIV magke the largest contribution to overall
deep-water riser fatigue damage. Extensive researchve been done to investigate VIV re-
sponse of risers and several methods have beeogmwfor the fatigue life estimation of these
structures (Iranpour et al. 2006). Many design emdfiguration solutions were proposed to re-
duce the effect of VIV on riser systems. For ins@man extensive riser systems testing pro-
gram, focused on VIV, was carried out by Exxon Mdbrank et al. 2004, Tognarelli et al.
2004). The test program was directed towards irgestg the effects of wave flow around cy-
lindrical bodies. According to those studies, thespnce of strakes on the riser causes a change



in its frequency of vibration. Therefore, the o\klife of the riser could be improved by adjust-
ing the number of strakes and their percent coestagttain the desired frequency.

Traditional pipe-in-pipe (PIP) riser systems areplayed in offshore oil and gas production
when steady thermal operating conditions are reduio maintain flow-rates and to avoid hy-
drate plugging and wax appearance in deep coldrveaidronments. A PIP riser is comprised
of concentric inner and outer pipes. The inner pgadled the “conduit”, carries the production
fluids and is insulated, while the outer pipe oarfter” provides mechanical protection. Spe-
cially designed spacers are placed “strategicallypre-calculated locations between the two
pipes. Traditionally, the spacers are rigidly dttto both pipes (Bai 2001). For such riser sys-
tems, the literature review provided some insigho ithe overall industry experience “and the
cumulative wisdom” to prevent VIV fatigue damager fhstance, a pre-tension applied to the
inner pipe, a common industry practice, makes tpe [ess susceptible to large amplitude vi-
brations. Also, insulation of the inner pipe mayéa dual purpose. In addition to controlling
the temperature of the inner pipe, it can act daraper between the two concentric pipes. An-
nulus fluid fill and inner pipe coating could berydeneficial. The fluid fill such as a high vis-
cosity mud, could slow flow line motion and act restural viscous dampers (Derradji et al.
2006). Extensive experiments were carried out loy &f al. (Lim et al. 2005) to obtain informa-
tion on wave motion/PIP riser vibration interacBoi heir test program included a parametric
study to investigate the effects of the distandavéen the fixed spacers; issues associated with
damping, due to annulus fill (with water or viscdyges of mud), pre-tension of the inner flow
lines and pipes friction effects were investigated.
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Figure 1. Simplified sketch of the pipe-in-pipearisystem

This work is a part of a larger project to inveatgythe performance ofrew PIP riser design
in the harsh ocean environment off the east cdaStanada. For this new PIP riser, spacers are
designed to not be rigidly connected to both pipéerefore, the two pipes are allowed to move
independently relative to each other (see figurdt13 believed that this new design concept of
the PIP riser will reduce large amplitude oscitia caused by VIV and thus, provide signifi-
cant advantage in terms of structural performafatigue life span, costs and reliability; as
compared to the traditional PIP riser designs ditranal PIP system” refers to PIP system
where the inner and the outer pipes are rigidigcaied together at the spacers locations). The
mandate of the new PIP riser design project coletls physical model testing and numerical
predictions. A physical model for a PIP riser sgst®as tested at the Institute for Ocean Tech-
nology of the National Research Council Canada (NAT). This paper deals with the predic-



tive numerical approach. First, a preliminary F8imerical model of the PIP riser system in air
was developed. The solution was obtained usind-8¥#®YNA Arbitrary Lagrangian-Eulerian
(ALE) penalty coupling algorithm. For validatiorhet numerical results were compared with
both the classical Lagrangian numerical resultgsh@ut FSI consideration) and the measured
results from the actual PIP test program. In thisdation/verification process, the focus was di-
rected towards current issues and concerns assthaigth numerical modelling of Fluid Struc-
tures Interactions (FSI). Thereafter, using thetimmbterial capability within LS-DYNA, the
FSI modelling of the actual PIP riser system inexaias conducted.

This paper is divided into six sections. After atraduction in section 1, a brief discussion
about the importance of the numerical predictiondean engineering is presented in section 2.
Subsequently, section 3 gives a description ofpifeiminary model of the PIP riser in air.
Comparisons of the numerical results with experidetiata are given in section 4. Issues and
concerns of the validation/verification procedure highlighted as well. In section 5, discus-
sions about future work of the FSI modelling of P& riser in water are presented. Finally,
conclusions, propositions as well as the authadesvs of the practical implications of the re-
sults are provided in section 6.

2 NUMERICAL MODELLING OF FLUID-STRUCTURE INTERACTIONS

Marine and offshore engineering problems are comiplanature and the use of a single set
of analytical equations, such as “closed form $oh#’, may not be adequate enough to de-
scribe all physical processes of the problem (@f6ENaval Research 2000). Moreover, usually
in such problems, system analysis is taking pretaever the traditional component analysis.
For instance, in an offshore system that is madefiggveral structural components, the effect
of the behaviour of one component on the globalesyseeds to be investigated. This is pro-
pelled by the need for an overall fragility “desiggfety” and consequence analyses of complex
structures (Casciatti et al. 1991). Therefore, wtdading and dealing with the weakness (or
weaknesses) of the whole system is needed. Nowatlageean engineering, a coupled nu-
merical approach, involving computational struckuhgnamics (CSD) and computational fluid
dynamics (CFD), is needed (Erno 1985). Offshoreraadne engineering models are becoming
increasingly large and complex. Numerical modellimgs become a multi-disciplinary and
multi-physics approach, whereby the CFD and CSDcambined “in a hybrid manner” to ana-
lyze offshore engineering problems from both powftyiew concurrently. The hydrodynamic
effects on the overall structure behaviour canmeotither ignored or just added to the structural
analysis using superimposition principles sincestaffe CSD/CFD problems are nonlinear. A
whole fluid-structure interaction model taking ir#gocount the hydroelasticity effect (the instan-
taneous coupling between different fluids and stngs mediums) has to be generally consid-
ered. As a result, the emerging numerical predictivethods and particularly the Fluid-
Structure Interaction (FSI) modelling becomes aifiicant alternative in marine and offshore
engineering. In addition to its ability to give arsight of complex multiphysics engineering
problems, it enables researchers and scientigtsperiment with a wide range of “what-if” sce-
narios for risk assessments, accident scenaristigations and fragility analyses.

However, the true value of any computational magl@letermined by both the accuracy of
the results and the ability to interpret all of gignificant information contained in those results
To a large extent, the accuracy of the results arassured via verification and validation
analyses (V&V analyses), also known as numericakuainty analyses. Subsequently, V&V
analysis is imperative to gaining an acceptablelle¥ confidence in the computation output
(Stern et al. 2001). Benchmarking of the numeriesllts against data from physical experi-
ments is the most direct and effective way for steay validation.

At the Institute for Ocean Technology (IOT) of thNational Research Council Canada
(NRC), the willingness to integrate the predictivanerical methods, and particularly the Fluid-
Structure interactions (FSI) modelling, in the difint research projects becomes increasingly
necessary (Derradji A. 2003). For this aim, the ilaDynamics Virtual Laboratory (MDVL) is
being developed. The MDVL is a virtual replica bétphysical towing tank facility at the NRC-
IOT. It is intended that the MDVL will be used torduct numerical tests (same scenarios and
ship manoeuvres as those conducted in the physistafacility) at lower cost, much faster test
schedules, and much more complex testing progrBmsddji A. 2001).



The present work falls within the scope of thislgodntegrate predictive numerical methods
for the analysis of complex multiphysics ocean eagiing problems. The software used in this
study uses the commercial packages ANSY®&ww.ansys.com and LS-DYNA
(www.Istc.con). The former is essentially used to build the gemypnand perform meshing
while the latter is used as a solver. LS-DYNA hathla CFD Navier-Stokes solution technique
and a fluid—structure interactions capability. dtatk, also, with collisions, explosions, disaster
simulations and general structural dynamic problegwueh dynamic events could be modeled
into LS-DYNA in many ways, including pure Lagrangjacoupled Lagrange and Euler, and
Smooth Particle Hydrodynamics (SPH) methods (H&tgR005). For the present study, the
SPH method was discarded because of the expecteshge in calculation time associated with
this algorithm. A pure Lagrangian approach is dided as well, since the numerical problems
due to element distortion would limit its appliditito simulate water motion around the riser.
The multi-material Eulerian formulation combinedthwian Arbitrary Eulerian-Lagrangian
(ALE) coupling algorithm was used as it is the mosture methodology and is thought to pro-
duce the best results.

3 DESCRIPTION OF THE NUMERICAL MODEL OF THE PIPE-INHPE RISER

The PIP geometry was generated on ANSYS usingdean operations and its primitive
volumes library. Manual mesh option was chosers; diption is preferred in the case where the
user needs to change the mesh resolution. Solideeks were used only for the spacers. All
other structural elements were meshed using sleeiemts. Note also, that the mesh of the in-
ner pipe, the outer pipe and the spacers was chiodenof about the same dimensions. Top and
bottom plates were added to close the ends ofntiner iand the outer pipe in order to replicate
the conditions in the experiments. Pin systemdn(dsical articulation) were added at the top of
the pipes, too. Figure 2 presents some detailbefjeometry at the top of the PIP where the
pins are located. Note that all structural materake rigid except for the inner pipe, the outer
pipe and the spacers.

Figure 2. Design details of the top of the PIPudahg the pin system and top plates.

Once, the structural part was built, the fluid dargenerated using rectangular volume ge-
ometry. Since the preliminary model is intendeditoulate coupling between the structure and
air only (as fluid), the Eulerian or ALE geometfiu{d part) could be relatively small. Thus, the
dimensions of the fluid block were chosen so thatdtructural part remains inside the Eulerian
mesh throughout the whole simulation. Figure 3 shtlhe entire finite elements model per-



formed on ANSYS (the Eulerian mesh was cut in tmhow the Lagrangian mesh inside). Ta-
ble 1 summarizes all the significant informatioratbthe model at the pre-processing stage.
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Figure 3. The whole FSI model: The PIP or the Lagran structure, inside the fluid part of the ALE
mesh.

Table 1. General pre-processing parameters

Parameters Description
Number of Lagrangian nodes (PIP structure 5995
Number of Eulerian nodes (fluid) 54496
Total number of nodes in the model 60491

Number of Lagrangian elements (PIP struc- 5828
ture)

Number of Eulerian elements (fluid) 46410

Total number of elements in the model 52238

Once the finite elements model was built on ANS¥ %:file is created. The k-file is an LS-
DYNA input file that contains a list of LS-DYNA camands, with a proper format. This k-file
needs to be manually modified to add and adjustiffierent contact and coupling parameters.
Then, the k-file is processed by LS-DYNA and thepot data are analyzed using the post-
processing tools.

4 VALIDATION AND VERIFICATION

The validation/verification process was carried wutwo stages. The first step consists of
validating the contact definition between the spm@sd the outer pipe, while, the second step
is carried out to validate the coupling definitionthe interaction between the Lagrangian mesh
of the outer pipe (structure) and the ALE meshidjluFor that matter, experimental data from
the test in air were first compared to the numénesults obtained from a classical Lagrangian
model (without any FSI coupling consideration). $htor this first comparison, the numerical
model consists of the PIP riser structure only wi&l material properties and dynamic loading
(the ALE mesh containing air was omitted). TableePow presents all the important parameters
of this numerical simulation. As is shown in Figeire and 5, satisfactory correlations between
experimental data and numerical results were aelliev



Table 2: Parameters of the classical Lagrangiatefaelements model (the PIP structure part only)

Parameters Description

Number of nodes 5995

Number of elements 5828

Elements types used in the model Shell and saodichehts

Materials - Elastic with Ey=0.689E+11 Pa
- Elastic with Ey=0.125E+08 Pa (spacers)
- Rigid with Ey=0.689E+11 Pa

Loading - Sinusoidal velocity (x direction) with an amplitudef

2*P1*0.4*0.184 m/s and a frequency of 0.4 Hz

- Gravity 9.81 m/s2

Contact Yes

Coupling No (no ALE mesh and no coupling)

displacement (mm)

Acceleration (@)

Time (s)

—m— experiments Numerical ‘

Time (s)

—a— experiments numerical

Figure 4. XBDisplacement vs time history of 1 Figure 5. X-Acceleation vs time history of tt

displacement of the top of the riser.

This preliminary validation/verification step wasntucted mainly to improve contact defini-
tion. Once the contact was properly defined, theeAhesh was added and the coupling be-
tween the structure (the PIP) and the fluid (ai@svactivated. However, when adding the cou-
pling, the calculation time increases consideraBty,. for reasons of saving calculation time, the
Young's moduli of the structural parts were setrt@ller values. Typically, we used a reduced
value of 0.689E+08 Pa for Aluminum parts (all sqiarts except the spacers) and 0.125E+08
Pa for the spacers. Doing that, we reduced calonléiime by more than 90%. This modifica-

bottom of the riser.

tion allowed us to adjust all the coupling paramses® as to produce useftb| simulation re-

sults. However, for more realistic results to bepared to the experiments, we have no choice
but to set the Young's modulus to its real valugt is 1000 times larger than the above-
mentioned value. Table 3 below gives all the imgairtparameters of the FSI finite elements

model.

Table 3: Parameters of the FSI finite elements mnfwdéh coupling consideration)

Parameters Description
Number of Lagrangian nodes 5995
Number of Lagrangian elements 5828
Number of ALE nodes 54496
Number of ALE elements 46410
Total number of nodes in the model 60491
Total number of elements in the model 52238

Elements types used in the model

Shell, Solid aiiidi SALE Elements

Materials for structure parts

Elastic with Ey=0.689E+08 Pa
- Elastic with Ey=0.125E+05 Pa (spacers)
- Rigid with Ey=0.689E+08 Pa

Materials for fluid parts

- MAT_NULL (density of air =1.29)




- EOS_LINEAR_POLYNOMIAL (C4=C5=0.4)

Loading - Sinusoidal velocity (x-direction) with an amplitudé
2*P1*0.4*0.184 m/s and a frequency of 0.4 Hz
- Gravity 9.81 m/s2

Contact Yes

Coupling Yes

The results of the above FSI model were compareith@¢oresults of the pure Lagrangian
simulation (without ALE mesh and without couplingfihition). This comparison shows a satis-
factory correlation as can be seen in Figures 67afidhis correlation confirms that the coupling
definition is acceptable and reliable to use iufetnumerical modelling of the PIP riser in air
and water.
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Figure 6. Xdisplacement vs time of the bott Figure 7. X-acceleration vs time of the tooh of
of the riser. the riser.

It should be noted that, to have this satisfactoryelation, many adjustments of the coupling
parameters were needed. Particularly, using thelgyecoupling method, increasing the number
of coupling points and decreasing the minimum vaunaction of the coupled ALE element to
activate coupling earlier than it was in the defaoinfiguration, are the main and the most im-
portant results for the studied case.

5 DISCUSSION AND FUTURE WORK

The first validation/verification step presentesad enabled us to verify that the FSI model-
ling that occurs between the outer pipe and thd fia this case, air only) gives satisfactory re-
sults. Therefore, we can now move to the secorgltstsimulate the oscillatory motion of the
riser in water using the multi-material capabilityLS-DYNA. The Eulerian mesh will contain
thus two different fluid materials (water and a#)slight modification of the input k-file is ob-
viously needed. However, the most important parareedf the coupling will remain un-
changed. It should be remembered, besides, thatdheg's moduli of the structural parts have
been reduced by about 1000 times. Thus, the olotagselts do not reflect the real behaviour of
the riser. However, this allows us to save caltuatime which is necessary as a first step to
adjust all the parameters of FSI modelling. Ondesfs&tory results have been achieved, it
would be possible, then, to apply the suitable malgeproperties to obtain results that reflect
reality. However, to model the PIP riser in watad &0 have results that reflect reality and can
be compared with experimental data, not only theadenaterials properties should be used, but
also, we should probably increase the dimensiaheEulerian mesh containing fluid. Indeed,
this will decrease the effect of any water wavesctvimay be reflected from the boundaries of
the mesh, which, in turn, could slightly alter tngality of the results. The increase of the Eule-
rian mesh dimensions must, however, be carriedaocbrding to a compromise between the
quality of the results and the calculation timenc®i a larger number of elements will increase
the calculation time without necessarily providimgmerical results with a significantly higher
quality, therefore a mesh optimization study over quality of the results is needed. Usually, in



FSI modelling the extent of the Eulerian domairaigiven direction should be at least 5 times
the amplitude of the motion of the structural parthe same direction. However, this is not an
inflexible rule since it depends on the naturehaf inotion, the material properties, the desired
result, etc. Also, one of the major issues of R&harical modelling and the large humber of
elements required in such models is computer-psinggpower. The power of computers and
how they are used are two of the most importanteors of FSI numerical modelling. LS-
DYNA offers the opportunity to use its massivelyglkel processing (MPP) algorithm that can
be, sometimes, a valuable alternative; this wiltheefocus of future work in this area.

6 CONCLUSIONS

In this paper some initial results have been shévam a FSI (fluid-structure interaction)
model of a pipe-in-pipe structure for which exterseéxperimental results are available. By ju-
dicious choice of finite-element, multi-physics netithg and ALE (arbitrary Lagrangian-
Eulerian) methodology and the combined use of AN@M8 LS-DYNA software, a prelimi-
nary validation and verification has been achievadications are that future work with this
model may require additional computer resourcestlamdise of parallel-processing algorithms.

REFERENCES

Bai, Y. 2001 Pipelines and risersNew York: Elsevier (1 edition)

Casciati, F. and Faravelli, L. 1998ragility Analysis of Complex Structural Systerew York: John
Wiley & Sons Inc.

Coleman, H. W. and Steele, W. G. 198&perimentation and Uncertainty Analysis for EngirseNew
York : John Wiley & Sons, second edition.

Derradj-Aout A. 2001. On the Development of the MarDynamics Virtual Laboratory (MDVL)Pro-
ceeding of the % International Symposium on Emerging Technologie§luids, Structures, Fluid-
Structure Interactions, State-of-the-Art Metho#8ianta, Georgia, July 22-26, 2001, pp. 349-357

Derradj-Aout A. 2003. Emerging Trends in Numeriakdictive Technologies in Offshore and Marine
EngineeringJournal of Offshore Mechanics and Arctic Enginegrivol. 125, no. 4, pp. 293-296

Derradji-Aouat A., Konuk, I., Beresford, R. and &a T. 2006. Performance# Pipe-In-Pipe Riser Sys-
tems. Part 1 : Apparatus Design and Pre-Tests SIN&®C-IOT, Canada. Report number TR-2006-19

Erno, R. 1985Evaluation of Techniques for Determination of Lo&dge to Fluid-Structure Interactions
U.S. Department of Commerce, Technology AdminigiratReport No. 5094/82/NL/PB

Frank, W.R., Tognarelli, M.A., Slocum, S.T., Campb&.B. and Balasubramanian, S. 2004. Flow-
Induced Vibration of a Long, Flexible, Straked @gder in Uniform and Linearly Sheared Currents,
Proceeding of the Offshore Technology Conferenag; 8004 Houston, Texas, USA (paper number
OTC 16340).

Hallquist, J.O. 2005.S-DYNA Theory ManuaCalifornia, USA: Livermore Software Technologyr€o
poration.

Iranpour, M. and Taheri, F. 2006. The State-ofAlnieReview of Risers’ VIV FatigueProceedings of
25th International Conference on Offshore Mechauicd Arctic Engineering, June 4-9, 2006am-
burg, Germany (paper number OMAE 92636)

Lim, F. et al. 2005. Structural Damping Test foe BP Shah Deniz RiserBroceeding of the Offshore
Technology Conference 2Q@3ouston, Texas, USA, May 2005 (paper number OTTO8)

Office of Naval Research. 2008n Assessment of Naval Hydrodynamics Science arthdlegy Naval
Studies Board—National Research Council, Washindio@.: the National Academy Press.

Stern, F., Wilson, R.V., Coleman, H.W. and Pateréa. 2001. Comprehensive Approach to Verifica-
tion and Validation of CFD Simulations—Part 1. Medology and Procedure3ournal of Fluids En-
gineering.123, pp. 793

Stern, F., Wilson, R.V., Coleman, H.W. and Pateréa. 2001. Comprehensive Approach to Verifica-
tion and Validation of CFD Simulations—Part 2: Ajgplion for RANS Simulation of a
Cargo/Container Shiglournal of Fluids Engineerind.23, pp. 803-810.

Tognarelli, M.A., Slocum, S.T., Frank, W.R., CamipbB.B. and Balasubramanian, S. 2004. VIV Re-
sponse of a Long Flexible Cylinder in Uniform anidearly Sheared Current8roceeding of the Off-
shore Technology Conference, May 2084uston, Texas, USA (paper number OTC 16338)



