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Abstract

Abstract

The exploitation of oil and gas gradually movingto deepwater areas, where
FPSOsare particularly effective and economical. Damping effect of moorings and
risers is especially important to surge excitation of the FPSO vessel due to-its low
damped characteristic ai@ncecoupled analysis is normally preferred to accurately

predict thefloater motions as well as the mooring and riser system response.

The aims of this thesis are to investigate mooring line damping, drag coefficient of
mooring chain andheir effect on the motions of FPSOs. In particular the aim is to

determine the C, values of a studess chain under different flows by numerical

methods due to limite€, data for chaia

A turret moored FPSO with 20 moorings operating in 400m wipth is selected.

Effects of environmental loads, including floater motions, current and waves, on the
mooring line damping are investigated. Effect of random WF motions on mooring
line damping,according to the study, can be represented by an equivalent harmonic

WF motion if the variation ofC, is negligible. So the estimated mooring line

damping has more practical applications and can be usedeBsence in uncoupled

anaysis.

Mooring line damping is mainly caused by hydrodynamic drag femeariations of
C, would definitely affect the mooring line damping and line dynamic tension.

Throughthe sensitivity study, it is found that #te top and towrdown zone of a
mooring line, where chain segment is normalled for a chairwire-chain line,

mooring line damping and dynamic tension are more sensitivity t€theariations.

This indicates the importance 6f, selection for chaia
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Abstract

Therefore, drag coefficients of a smooth skess chain under different flows are
determired by CFD methods due tbeir recent advancement atite limitations of
experiments. Validations of numerical models are completed by singilsteady

and unsteady flows past a smooth circular cylinder. Performance of two different

turbulence models, namely LES akd wSST models, is assessed by comparison

of results obtained by these two models.

Finally, by coupled analysis, dwing effect of moorings on the motions of the

moored FPSO system is investigated with variation taken into consideration. It is

observed that a change &, by a factor of 2.0 for mooring lisawill decrease the

v e s sL& budgs motion and noticeably increase the dynaiiictensionof lines
due to the increase of mooring line damping.

Overall, this study has wided the knowledge about the hydrodynamic coefficients

of chairs under differentflows. It also deepenghe understanding of mooring line
damping and its effect on the motions of the FPSO system. Through the study, it is
known that mooring designers need to pay special attention toubtledown zone

for catenary moorings, not only ddothe structure reliability but also lsause of the

hydrodynamic implications.
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Chapterl Introduction

1. Introduction

1.1 Background

FPSOg(Floating Production, Storage and Offloading vessais)popular for oil/gas
exploitations in deepwateFor the moored floating FPSO system, the integrity of
mooring lines is of high importance to keep the system on station and to protect the
risers connected to it. About the design of mooring systemspfathe key point is

to accurately predict the dynamic response of moorings, which is closely related to
motions of the top FPSO system. In deepwater, the coupling éfédateen the
slender structures and tlilwater becomes more importgnand hence a coupled
analysis isrequired to accurately obtain the individual responses of the floater,
moorings and risers. This is especially true for the-damped FPSO system, whose
natural frequency is close to the frequency of slow drift loads. The damping of
moorings, which mightaccount for high proportion of system damping, could

dominate the LF motions of the FPSO system.

Deepwater oil/gas exploitation

Due to the large consumption of energy, the oil and gas contained in the land and
shallow water areas are becoming less asd.|The exploitation of oil and gas has
gradually moved to more deep watBreepwater productiostartedin 1979 when
Shell 6s C cegtera cserviawhidch dwas followed by Lena Field of
ExxonMobil five years laterWith tremendous advances in tecloyy, deepwater

exploration and developmentewyr fast aver the followingyears

Deepwateris traditionally defined as thoseater depths greater than or equal to
1,000 feet(305m)andultradeepwatens those water deptlgseater than or equal to
5,000feet(1,524m) In the passeveraldecads, an overallexpansiorhas been taken
placein all phases of deepwater activig4 percenbf the 8,000 active leasés the
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GOM are classified in deepwatdroductiors of ceepwatenil andgasgrew around

840 percenandl,600 percentespectivelMMS, 2005) In 2007, approximately 70
percent of theGOMb6 s o | production and 3@®&mper cel
wells in 1,000 ft (305 mpf water or greaterAt the end of 2008, 57 percent of all

GOM leases were located in deepwdMMS, 2009)

Figure1-1 andFigure 1-2 illustrate historic trends ishallow and deepwatewil/gas
productionin GOM. It can beseen that deepwater oil production experienced a
dramatic increaseé the last two decades. Actualfsom 2000, more oifrom the
deepwater areas of the GOM producedthan from shallow watersThe gas
production shows similar trends as oil productiansignificant reduce in shallow

water and a noticée increase in deepwater during the last 20 years.
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Figure 1-1 Comparison of average annual shallowand deepwater oil production(MMS, 2009)
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Figure 1-2 Comparison of average annual shallowand deepwatergas production(MMS, 2009)

With the increase of water depth, fixed offshore platforms, such as gravity platform,
jacket platform, are becomingot economical In these deepwater open areas,
dominant floating platformare TLP, Spar, Semsubmersible andFSOs,as shown

in Figurel-3.

Fixed Platform  Semi-Submersible  Spar TLP FPSO

Figure 1-3 Different types of offshore oil platforms

Whereas semisumersible, TLP, and spar designs all have the attributes to be a
production host facilityFPSOsare particularly effective in remote or deepwater
locations where seabed pipelines are not cost effeciveahese circumstances
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storing oil on the facilityfor offloading and shipping is an obvious solutievhile

Semisubmersible, TLP, or spar platforms show little advantage.

Besides,FPSOsare alsoeconomicaloption for smaller oil fields These small oll
fields can be exhausted in a few years and do rstifyuthe costof installing a fixed

oil platform. For this kind of oil field, the expense can be reduced by reusing the
FPSO in a new location afttre oil field depleted

Due to the advantages of FPSOs, the desire for FPSOs irttdzasetically durig
the last decade. The numberF#SOs in service jumped by 83%, from 83 units in
2003 to 153 units in 20IBAA/EMA, 2013). According to the study dhternational
Maritime Associates (IMA) andriergy Maritime Associates (EMAFPSOs account
for 61% of the existing floating production systemddeanwhile, he backlog of
FPSOsordess is at highproportion of arrent order backlogf production floates,
which accounts for 56%f total 72 productiorfloaterorders(IMA/EMA , 2013)

There are two main types of FPSOs, the convesilethnker option or the purpose

built option, the selction of which option will partly depend on the area of operation.
In benign waters the FPSO may be a converted tanker with an external turret, which
could avoid massivetransformation of the hull structure. For more harsh
environments, such as the Noflea, the more likely option is that the vessel has a
refined shape with an internal turret. All stdpaped FPSOs in the North Sea are
purposebuilt and most are permanently moored. The tuffegufre 1-4) could keep
thevesseleathervane in order to position itself towards the wind/wave and hence to

reduce environmental forces on the moorings.
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Figure 1-4 External- and internal turrets of FPSOs

The industry has gained much experiencethrough years ofleepwaterexploitation
however, theexploitation of deepwater energy stithces more challengeand
uncertain dangerous factonghen @mparedto conventional offshorexploitation.
These challenges arise in reservoir identification, well construction, oil/gas
processing, risers and sodalmost every related aspects of the industom& of

the challenges relate tthe high cost ofcurrent techalogy, while others are
associated withostile environmentechnical and mechaniclanitations.

Integrity of a mooring system

FPSOs need tbe kepton stationthroughmooringsystens in these deepwater open
areas, wherthe floating structures atetally unshielded from the harsh environment

The adverse motion of platforms due to fierce wave, current and wind loads should
be suppressed by moorings, which aims to protect the risers connected to the FPSO
by limiting the maximum excursion of the FP30the range of the allowable offset

of risers.

Thus, a challenge to the deepwater exploitation is the integrity of moorings of the
floating platforms, as the failure possibility of deepwater mooring lines increases due
to combinations of environmentdbads, motions of platforms, impact with the
seabed, abrasion, and salt water corrosion. Meanwhith the increase of water
depth, the length of mooring lines grows up rapidly, consequently, the weight of the
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mooring linesalso increasesSignificant problems arise during mooring deployment

and recovery due to the weighttbe mooring system.

Between 2000 and 2011, there were more tham®0ring failure® an average of
more than two per yegMa et al., 2013)Special attention is needéar the Floaing
Producti on Syst ERB86s, defmsboiérsble and Spawiich ails
stay at fixed positions year after year withoegular drydocking for inspection and
repairAccording to @H8E 20085daring year £9p@0021 9% of
specific FPSO incident@rise from mooring and DP incidents. From the mooring line
fail ure stRPS Maoting ntegrity HP RepdgNobdeDenton, 2005)it

can be seen that the number of operating years jhanefés 8.8 for FPSOs ihorth

Sea which meanshe probability of line failure per operating year is relatively high

A recent accident of mooring system failure occurred in February 2011 whilst the
Gryphon Alpha FPSO was in production operations. TR&E® lost heading and
position during stormy conditions (abolitl.1 km/hmaximum wind speed with a
significant wave height of between 10m to 15m). Multiple mooring lines failed due
to the high environmental forces they were subjected to, white thoughtto
exceedthe design criteriaAs a consequencef position loss, thergvas significant
damage to the sukea infrastructue such asisersand flow-lines The Gryphon

FPSO went back online in 2013 to restart oil production aften-year break.

Reaardingthe failure modes of momg systemmost of thesituatiors are the failure

of a single mooring line Although the single line failure condition is within the
normal design criteria for the mooring system and should not threaten the integrity of
the system directly. However, if failure of a single line is undetected, this may
expose the remaining lines to higher loads for an extended period, which may cause
failure of multiple mooring lines Multiple failures in the mooring system are
classified as the highest categdryafety critical risk category 1. Once failure of
multiple lines occurs, the chance tfe complete system failurevill increase

dramatically (especially for station keepingpdadent systems, such as marine
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risers).So, the integrity of themooring lines is ofvital importance to the moored

system

Given mooringsas category 1 safety critical systemsultiple lines divided into
several groups with 3~4 lines in a group areallgudesirable for a floating platfor.
However, great attention #ill needed becaus#eterioration of the linesver time

can increase the likelihood of single or multiple line failures.

Many of the line breakages are due to the extremsta#as (8ch ashurricane Lili
2002;hurricane lvan 2004). Hence many codes, such as APl RPZEK5) DNV-
OSE30X2010) have specified/recommended the maximum design condition
(usually 1006year degin environment), and mooring systems should be designed to
withstand the extreme load caused by the combination of wind, wave and current in
the design environment. For the designer of mooring system,obrtbe key
problensis to predict the peak load tife mooring line under such environment and
select proper diameter and grade of mooring li@wever, experience shows that
failureshaveoccurred in moderate conditioas well. This is not only because the
sources of line failure can lmverloading, caosion, wear, fatigue and so on, but
also because in many cases line failure is caused by thectideraf several of the

sources

Special attention shouldilso be paid to large shiphaped FPSOs, which are
dominated by low frequency (LF) motions. Thiequency of LF motion is usually

near to the natural frequency of moored FPSO systems, which means resonant
motion could be triggered. Once it occurs, large LF motion can yield quite high
mooring load, which could be more severe than that due to thenexsesstate

(such as10qear wavesjAPI-RP2SK, 2005)

Coupled analysis ofa moored FPSO systemin deepwater

Due to the actions ofwind, waves andcurrent, motions of a floating moored
structure contairthree different time scalesamelywave frequencylow frequency
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and highfrequencyWave frequency (WF) motions of the struetare caused bye
largest wave loads on offshastructures so theytake place at tk same frequencies
as the wavedHigherorder wave loads yield higlequency (HF) resonant vertical
motions, springing and ringing@f tensioned buoyant platforms lik&_Ps, while for
FPSO systems the effect normally can be ignored.I@kdrequency (LF) resonant
horizontal motions, alsnamed slowdrift motions are due tolewly varying wave
and wind loads The timeinvariant components of wave and wind, togethehwit

current, give rise to the mean offset of a moored system.

The LF motion and mean offset of floating structsinrecrease considerabbswater
depth increases which is mainly due to the increase of current fer@nd the
decrease of moorinstiffness It is noticed that offset related to LF motion and mean
offset accounts fad60% in 70m water depthvhile this value jumg to approximately
95% of total offset in 2000m water degtbrmbergand Larsen, 1998phs shown in
Figure 1-5. Hence, in deepwater zonédet peak load of the mooring linehich is
related to the peak offset of theoaring line,to some extent, could beainly
determineddy the LF motion and mean offsét.fact, this is also one main incentive
for the coupled analysis in recent years when predicting the madiomoored
floating structure. The main reason for perfming coupled analysis, as mentioned
by Ormbergand Larsen 1 99 8) , 6is therefore to obtai
the mean offset and low frequency (LF) motion, and, consequently, improved

estimates of dynamic | oads in the moori ni

Relative 100
Offset
(percent) 1

251

Water depth

70m 350 m 2000 m

Figure 1-5 Proportion of different motions at different depths (Ormberg and Larsen, 1998)
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Traditionally, the motions of moored floating structures and the load effects in the
moorings and risers are calculated by separatedste approach (uncoupled
method), as shown iRigure 1-6 (left). In Stepl, irst calculate the motionsf the
floater, including wave frequency and low frequency motions, by simplifying the
modelling of moorings and risers. The effects of the mooaing riser system are
included quasstatically using nonlineasprings, i.e. quasstatic restoring force
characteristicsThe current forces and velocitlependent forces (low frequency
damping contribution) from moorings and risers are either neglected or simplified.
Followed by Step2dynamic responseof moorings and risers are analysed by using
the motion response calculated from Stepl.

Uncoupled analysis Coupled analysis
STEP 1 STEP 2:
) . Dynamic mooring and riser analysis
Vessel motion analysis Apply top end motions x(t) and z(t) Tumrat
z(t) 4
X(t) N,ff,ml i"':'ﬁfmb" ‘ Finite element
models (FEM) of

tﬁe -ﬂ_‘j 4 | mc:g:?::r; 1/ \\ moorings and riserg
nwgal W:r“ OSSR \

Stiffness E \

k(x,z) - I

Figure 1-6 Global analysis by uncoupled and coupledmethods(Ormberg and Larsen, 1998)

In shallow waterthe floater motions are to a large extent excited and damped by
fluid forces on the floater itselfSo, even by uncoupled analysis, motions of the
floater can be predictedith desirable accuracy in Stepand consequently the
accurate results of dynamic response of moorings and risers in BwefiZe water
depth increasesiowevertheinteraction/coupling between the slender structures and
the large volume floater becomes mareportant. A coupled analysiswill be
required to capture the interaction betwésntwaq in order to accurately predict the

individual responsesf thefloater, risers and moorisg

In coupled analysisFHgure 1-6, right), the vessel and slender structures (such as
moorings and risers) are integrated in a single model and dynamacalysd to

fully capture their interaction. All the effects of slender bodiesh sagc damping,
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wave and current loads, stiffness and inertia can be included. The LF motions and
mean offset, which account for high proportion of total offset of the deepwater
floater, can be predicted more accurately by considering the effects of daanping

environmental loads from the slender bodies.

Especially when calculating the motions &dw-damped FPSOs, which are
dominated by LF motions, this approach can get more accurate results by considering
the damping of moorings/risers in the analysis. isknown, the amplitude of
dynamic responsis dramaticallydependent on the system damping, especially at the
resonant situatigras illustrated irFigure 1-7. Similarly, for a moored FPSO system,
whose natural frequency is close to the frequency of slow drift loads, the magnitude
of LF motions will mainly depend on the system damping. Traditional uncoupled
method could be severely inaccurate, esplgdiar deepwater floating FPSOs, partly

due to the neglecting/simplification of LF damping from moorings and risers
(Ormberg and Lsen, 1998)
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Figure 1-7 Damping effect on magnification factor of aamplitude-frequency curve at resonance
Damping of moorings/risers

The damping of moorings/risers is mainly doethe fluid viscous drag force acting
on the mooring lines and risers. For such slender structures, the hydrodynamic loads
are usually calculated using Morison equation, which is formulsiedw for

viscous oscillatory flows on stationary slender veltogdinders(Eq. 1-1):

10
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F(t) =%r BZCMlﬁ+%rCDDU|U| Eq.1-1
where C,, is inertia coefficient; C, is drag coefficient;r is fluid density;U is

flow velocity;, W is flow acceleration,D is effective diameterof slender cylinder

structure; F(t) is thehydrodynamidorce on the unit lengthf slender structure.

In the formula, the first item is inertia force related to the acceleration and the second
item is drag force related to fluid rala velocity. It can be seen that drag force is

directly related to the dragoefficient C,, which varieswith the various flow

parameterssuch as Reynolds numbBe, KeuleganrCarpenter numbekC, and the

roughness of surface.

Previously when predicting the motions of moored systgaople were prone to
ignore the damping of moorings/risers, because the drag areas represented by
moorings/risers are quite small when compared to that of thelvétseever,
according torelevant studiesjamping of moorings/risers is quite considerabla. F
instance,the main contribution (as much as 80%fo the surge damping of the
mooredsystemcan bethe mooring line dampingvhich is mainly caused by the drag
force acting on the mooring lingHuse and Matsumoto, 1989, Huse, 1994)the

study of Ormbergand Larsen(1999, it was found that the danping of risers
accounts for 30% dhe total damping.

The damping of moorings/risers has more or less influence on the LF motions of
floaters. The importance of the influence depends on the numbegrgize/pe of
moorings and risers, type of vessel, water depth andoosstn environment.
According to Ma (Huse,tl1986)suse amplipneerradunteomstof 20

to 25 percent have been measured when damping of mooring lines are included. The
amplitude of slow drift motion is overestimated if the miogrline damping is
ignored(Nakamura et al., 1991%0, in order to obtain goqatedictionof LF motion
through coupled dynamic analysis, one key point is to precisely define the damping

of moorings/rises.

11
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1.2 Existing problems and study scope

1.2.1 Existing problems

As mentioned above, the continued integrity of mooring system is of prime
importance for the operation of these floating platforms, especially for those

per manently moor ed v 8G0s)Buring thé design lpericof FS OO
mooring system, extreme loads of moorings are evaluatedrder to avoid

overloading

Traditionally, quasstatic or uncoupled dynamic analysis methods are used to predict
the extreme load of mooring system, which tesdio be overly conservative.
Conservative design would be good for the integrity of mooring systeawever,
costeffectivenessis becoming more and more important due to the high completion
costs of deepwater exploitation, which emphasizes the necessity of optimum design

by accurate prediction of extreme load.

The accuracy of predicting the mooring extreme response can be tidedima
improved, especially foan deepwater situation, by coupled analysisanyl global
analyses including numerical calculations and model tests, have shown this
advantage of coupled analysighis is mainly achieved by considering tbeupling
effect d slender bodiessuch as risers and moorings

However, there are still several important unresolved problelei®, a summary of

these problems is made as follows:

1) The numerical prediction of mooring line damping under superimposed WF

motiors;
A lot of researchs have been done to predice tihagniude of the mooring line

dampingunder different motions of top floater§he theoreticalcalculation results
have good agreements with the experiment results whenLénhgotion are taken

12



Chapterl Introduction

into accountwhile a big discrepancy still exists between the theoretical calculation
and the experiment ithe case of consideringupeimposed WF motions For
instance, inthe study ofHuse and Matsumoto(1989) it was found that with the
supemmposedWF motion, compared with the experimental resuttsg numerical
calculations ovepredict the mooring line damping by a factor in the range of 1.2 to
2. It is to be mentioned that was also found in the studiiat superimposeWF
motionsof the system a®sted increase thd= dampingby a factor in the range of 2

to 4 for typical sea states.

Another problem about the prediction of mooring line damping is that, when
considering the effect of superimposed WF motions on mooring line damping, only
single or bi-harmonic WF motions are considered in all the available former
researches. Due to the fact that in reality the moored system is under the random WF
motions, the effect of random WF motions on mooring line damping needs to be
studied.

The prediction oimagnitude of mooring line damping is mainly for the uncoupled
analysis, where the damping is directly treated as an input in the calculation of the
floatermotions. In coupled analysis, mooring line damping is presented explicitly by
the drag force, whichis related to the drag coefficienthe selection of drag
coefficient could be e potential reasorrausing the discrepanclyetween the
theoretical calculation and the experimeriten considering the superimposed WF
motions (Huse and Matsuoto, 1989) So it is crucial to select proper drag
coefficient when calculating damping contributions as well as current/wave loading

of mooring lines.

2) The uncetainty of drag coefficients ahooring line chain

Almost all the numerical calculations in the coupled analysis took the drag
coefficients ofmooringsas constant valuewhichis partly due tdimited knowledge

about the values of drag coefficients. Very coarse values (raoigdrs)g coefficients
for chans are recommended/specified in related rules (practices), SUBNASRP-

13
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F205(2010) DNV-RP-C205(2010) DNV-OS-E301(2010) API 2RD (1998) Most
of these values arobtained through experiments in steady flow, which means the
effect of KC is not included. For example, in DNUSE301, the recommended

value of normal drag coefficient is 2fér stud chain and is 2.4 for stud less chain.

These typical values for Reynolds numbers in the rdf§e 10’ are normal to the
longitudinal slender structure axis and without effects of marine growth or any

influence from oscillation.

However, it can be seen frothe work of Huse andviatsumoto(1989)that under
supemmposedWF motion, without consideringdrag coefficients variationdue to
Re and KC numbersthe damping of mooringsstimaéd by numerical calculatien
has big discrepancy with experimental resulise dragcoefficientscould be also
critical to the mooring linedynamic responseand fatigue performanceso the
establishment of consistent drag coefficients is likely vuemportant, especially for
deepwater applications.

3) The lack of way tomplementdragcoefficient variationsn coupled analysjs

The uncertainty of drag coefficients is the main reason why implementation ef drag
coefficient variationsis unavailable irnthe coupledanalysis. Once the relationships
between drag coefficientRe, KC and roughness numbéave been decided, no
matter by tests or by numerical simulations, the next step is to implement drag
coefficients variations during the analysitowever, a proper way tachievethis is

still not availablemainly due to the dependence of drag coefftsiemm KC number

which is rehted to the periodic oscillaty motion.

It is easy to consider in the dynamic analysis the effect of roughnedReandmber
upon dragcoefficients. Theoughness can be taken as cansin a short period and
then its effect on drag coefficients can be decided before the analysiRelhe
numbercan be updated by relative instant velocities of fluid during the anadysis,

then the corresponding drag coefficientsncde updated, according to their

14
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relationships. HoweverKC numbes are related to the oscillation periods, which
means the drag coefficients affected by differ&a numbes are obtained from
lengths of time rather than from time points. So, during the analysis the update of
drag coefficients according to theC numberbecomes a problem a&urrenttime
stepbecausat is hard to know th@resentvalue ofthat KC number(including Re

in oscillating flows), especially for moorings under sup@osedWF motions of

floaters in a random sea state.

4) The importarce of the damping effect of mooringgon the motions of flaters;

Several people have studithe importance of damping effect on motions of floaters
by changing the drag coefficients of moorings. Some of tfierm and Baudic, 2003)

found that the variations o€, had little effect on the mains of floaters, while

someothers(Wichers and Devlin, 2001goncluded that effect o, variations on
motions offloaters is significant. e damping of moorings could be very important
in reducing amplitudes of LF motiondowever, the mean drag of the moorings due
to current/wave forceould also increase the mean offset of floaters. Depending on
the contributionsof these two components, the final impact of e variations
could be caselependenf{Luo and Baudic, 2003)n fact, even the effect of mooring
line damping on LF motions of the floater liwrd todetermine because it will
depend onits proportion in the systendamping and magnitude dhe system

damping.

5) The unclear relationship between line tension and damping of mooring line;

The total tensile load of a mooring line consists of two parts, namely static tension
and dynamic tensiorthe static tension is terminel from the displacementof the

upper floaterby quasistatic analysiswhile dynamic tension ismorerelated to the

WF motions of the upper floaters. For a catenary mooring line, the main sources of
dynamic tension could be hydrodynamic forcesgemdly the drag force, which also

causes the mooring line damping. The increase of mooring line damping can

15
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decrease the static tension by reducing the LF motion amplitude and hence the
displacement of the floater, but also could increase the dgntemson in the
mooring line.The questionis that if the total tension will increase or decrease when

the mooring line damping increases.

Obviously, there are still other problems unmentioned. The results of some problems
discussed above will depend on maractérs. For instance, the importance of
damping of moorings will depend on water depth, type of floatard,number®sf
moorings and so on; the relationship between total tension of mooring line and its
damping will depend on ocean environments, typeadnng line and other factors.

1.2.2 Study scope

Because there are many probleih$s necessary to define tletudyscope Among
different kinds of floating platforms, FPSOs are popular due to their advantages in
remote or deepwater locatioShimamura, 20020 a FPSO located in North Sea
operating in about00Om waterdepth is selected as study objethe studies will

include:

1) Assessment of the damping of moorings under different top motions and other

environmental loads;

The effect of superimposed WF motions, including harmonic and random WF

motions, orthe damping of moorings studied.Also, effects of environmental loads,
such as steady curreamhd waves areonsidered. Constant values@f are assumed,

however, when evaluating the damping of moorings under different influential

factors.

2) Sensitivitystudiesof damping and line tension of moorings to thg variations;

16
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A chainwire-chain combination is very common for a catenary mooring line in
deepwaterThe dain is normally selected at the two most challenging locations,
namely the seabed touch down area andv#ssel interface. From the sensitivity
study, it can be seen that these two paresmore sensitiveo C, variations with

respet to mooring line damping, so the proper selection of drag coefficientseof

chainis quite important.

3) Determining drag coefficieabf thechain by CFD simulations;

Owing the limiationsmentionedaterin the reviewof the experimental methalthe
CFD methods used taleterminedrag coefficiend of the chain under differerflows.
Validatiors of the CFD modelsare achieved by simulating flows past a circular
smooth cylinder, which are classical problewith goodbenchmark for numerical
models.

There are two types of chajmamely studess chain and stud chain. Considering
the fact that std-less chain is more popular faeepwate=PSO mooringsdrag
coefficients of a studkess chain will be predicted lilye CFD method.

4) Evaluating the dampingffect of moorings/risers upon the motions of the moored
FPSO system and discussing the relationship between line tension and mooring
line damping;

The system damping in surgkrection of the moored FPSO system will be first
assessd. Then by couplednalysis, the damping effect of moorings on the motions
of the moored FPSO will bdwglied fora typical 108year hurricandy considering

drag coefficient variations dhe chain.The effect ofC, variations on line tensions

is also ivestigated.

17
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1.3 Approach to research

As mentioned before, a turret moored FPSO system operating in about 400m water
depth is selected. The studies of mooring line dampingGandalues ofchain are
completed by considering the vessel Wikotions under given environmental
conditions. The damping of moorings af}, values of chain can be used in

analysng vessel motions by uncoupled analysis and coupled analysis respectively. A

flow chart of the research strategy can be seen Figore1-8.

Vessel RAO 2 ?
ﬁ; Vessel WF motions — Re and KC numbers of chain
Environmental Assumed LF motions
conditions e e e e e e ) o et
& Sensitivity to CFD method
‘ c t h Cgvariations ._
urrent ., Mooring linedamping | . Cp of the stud-less chain
| Constant Cy
|
I
Incoupled analysis Coupled analysis
Wave, current, wind

Vessel Motion analysis

LF & WF motions
Line tensions

Figure 1-8 Research strategy and approach of the thesis

First, the damping of moorings under different influential factors is assessed by
assuming constar, values for the wire and chaiffhe prediction oflamping of

moorings isdetermiredfromthe0 Ener gy di s théodplantdiiocnadt ours idniga
method. The effect of superimposed random WF motions on mooring line damping
is investigated by comparing the results with those under equivalent harmonic WF

motion.

Then thesensitivity of mooring line damping to tie, variaions is studied, which

determins the importance ofhain C, selectionin the calculation of mooring line

damping and line tension.
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The CFD method isusal to determineC, values of the studless chain under

different Reand KC numbers owng to the limitations of experimental methods.
The validations of numerical models are conducted by simulating the flows around a
circular smooth cylinder and verifying the numerical results with experimental

values.

The damping effect of moorings on the masoof the moored FPSO system is

studied by considering th€, variations of the moorings. Through the comparisons

of results from differenC, of the moorings, the relative importance of mooring line

damping to the wtions of the moored FPSO is investigated.

1.4 Objectives

Based on the introductory remarkse tmainspecificobjectives are as follows:

1) Clarifying effect of different parameters (such as top motions, environmental
loads) on damping of moorings and quantifying the equivalent linear damping of
moorings for the given mooring system, which can be used as reference in the

uncoupled analysis;

2) Emphasizing the iportanceof C, selection of chain by sensitivity study of
mooring line damping to th€, variations under different motions;

3) Determining the selection &€, of chain under the effect dRe and KC number

by CFD method while the performance of different turbulence models is also
assessed,

4) Evaluating the proportion of damping of compliant structures among the system
damping in surge;

5) Investigating thedamping effect of moorings upon the motions of the moored
FPSO by coupled analysis aadalysng thesurgeresponse of the moored FPSO

and corresponding tensions of mooring lines.
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1.5 Structure of the thesis

The thesis is basically organised in 5 partstha first part, an introduction and
critical review are presented. In the second part, the effects of different parameters

upon mooring line damping are investigated and the sensitivity of mooring line
damping to theC, variations is ao included. The main effort is to determine the
C, selection of a stutkess chain under different flows by the CFD method in the
third part. Validations of numerical models are first completed in this part and then
the C, values of the stutess chain are determined under differ&dand KC

numbers as required by the numerical models. Followed in the fourth part, by
coupled analysis, the damping effect of moorings on the motions of the moored

FPSO is studied by considering thg variations of chain. Finally, conclusioase

summarized and future work is recommended in the last part.
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2. Critical review

2.1 Overview

In Appendix A classic problems of flows past a smooth circular cylinaier
reviewed whichincludes steady and unsteady flows around a circular cylifither.
purpose of the review is to have a good understandlirige hydrodynamicforces,
especially the dratprce Theseexperimental resultarealsoused avenchmark for
validation of CFD modal in Chapter 5 Then the review is moved to drag
coefficients, which are used to calculate the drag force. Available values of drag
coefficients of chain and related experiments are discussdxse§uently a brief
review is madeof related literatureabout mooring line damping mainly caused by
the drag force. In the review of global analysis of a moored FPSO system, the
coupling effect of moorings and existimgrk will be descrited. Finally, in order to
carry out the CFD calculatiomf drag coefficients of chainthe challenge of

turbulence simulation and performance of different turbulence models are reviewed.

2.2 Drag coefficient determination of chains

In this review, firstyarious influential factors of drag coefficients of blbfidies are
discussed, from which it can be seen the determination of drag coeffisientlly
tough work. Then related experiments to determine the hydrodynamic coefficients of

chain are reviewed.

2.2.1 Influential factors of drag coefficient

The dag force of a bluff body under high Reynoclusmber flow mainly originates
from the form drag due to separation while skin friction due to fluid viscosity is
normally very small. The drag force of a bluff body is very difficult to calculate due

to the flov separation, and hendg usually calculated by sereimpirical formula.

21



Chapter2 Critical review

One needs to decide the empiri€ to usein the dragequationF, =1 rU*C A,
which is attributed toLord Rayleigh(Rayleigh, 1876) In Appendix A only two
influential factors ofdrag coefficientC, , namelyRe number andKC numberare
mentioned. Actually,C, is affected by many other factors, such as surface

roughness, transverse oscillations #ad regimes (patters).

1) Surface roughness

In reality there is a wide variety of surface roughness, from small protrusions
existing in the texture of the surface itself to large roughness in the form of marine
growth. The roughness will not only increase the projected, éngaalso affect
various aspects of the flow, such as the separation angle, the turbulence level and
vortex shedding. Therefore, the effect of the surface roughness upon the drag

coefficients normallyan notbe neglected.

2) Transverse oscillations

Oncethe resonant vortemduced oscillation occurs, the transverse oscillation can
have an effect of increasing the drag

and pr agmat (JouhéeamMassie 2001¢ s

a) The wake of the cylinder becomes wider as the cylinder is oscillating. This
has an effect similar to that of increasiBg which is usually expressed by

increasinghe value of drag coefficier, , instead

b) The instantaneous incident flow velocity relative to the cylinder increases
because the cylinder now also moves with speed, which also increased drag

force.

3) Flow regimes
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In fact, all kinds of dimensionless numbégRe and KC), to some extent, depict
different flow regimes. Here, it mainly refers to different physical circumstances,
such as harmonic flow only, waweirrent combinationflow field or random

oscillatory flow.

a) Theeffect of random oscillatory flow

Research work done byongoria et al.(1991) indicated tha there are
differences between dline and transverse forces caused on cylinders by
sinusoidal and random oscillatory fleswA significant difference in the inline
drag and inertia coefficients was particularly evident in the inertia/drag regime.
As mentoned in the publication, the cyelg-cycle shedding and pairing of
vortices in sinusoidal flow that lead to the characteristic drag and inertia
coefficients curves reported in the literature are not so dominant under random

flow.

b) The effect of current othe harmonic flow

According to the investigatio(Sarpkaya and Storm, 1983he current has
profound effects on both the drag and inertia coefficient, which usually will
decrease the drag coefficient. The work also substantiatéscththat the drag
coefficients obtained from tests at sea will always be smaller than those
obtained under lab conditions, especially in the dinagtia dominated regime
(normally defined by8 < KC < 25). This is because for tests at sea ehare
always some currents while lab conditions with zero current will often be

considered.

The presence of currents also gives rise to some problems associated with the
use ofEqQ. 1-1 (Laya, 1980) A different form of the drag force term was
proposed by Moe and Verlgit978, 1980)using anindependent flow fields

model, as formulated below:
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F, = % rCy, DUV - % rCy,DVV| Eq.2-1

in which C, is the oscillatory drag force coefficient on a stationary cylinder
and C,, is the oscillatory drag force coefficient for a cylinder vibrating in still

water.

The total hydrodynamic force, after incorporating the independent flow fields

assumption into the inertia force term, can be expressed as

F(t):%rD[CDUU|U|_ CDVVNH +er2[C|vludt' (CMV - 1)\#] Eqg. 2-2

in which C,,, is the inertia coefficient for fluid oscillation ar@,,, is the

inertia coefficient for structural oscillation.

The independent flow fieldss nt er at i ve form of Mor i s
proposed in view of the uncertainties associated with the application of the
relative velocity interative form of Morsion formularhich is the extension of

Morisond s equation t o nadi$dxmpessedasr t he s

F(t):%rCDD(U -V)U - V| + ! fz [C,U- (C, - DV Eq. 2-3

It is important to recognize that the relative velocity form of the drag term is
based on the existence of a well defined wake agdaaisteady flow(Laya,

1980) So heapplicability of theinstantaneouselativevelocity modelcan be

deteremined bywo parameters, the reduced velocly, and theKC number.
For a harmonic flow U =U_sin2at/T) past a oscillating cylinder
V =V,sin@et/T,), the reduced velocity is defined ¥s=U_T,/D, andthe

KC number is defined aKkC =U_T /D. The region of validity of the relative
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velocity form was summarized by Layd980)based on the experimental work
of Moe an(i978y1®80)asifustrated ifrigure2-1.

l [ RELATIVE VELOCITY ——
|—— ASSUMPTION APPLIES

li_
\
|\

\_

N
E
10~15""'—J——"'——"—'

APPLICABILITY OF THE
RELATIVE VELOCITY
ASSUMPTION IS UNCERTAIN

| _
T0-15 vy

Figure 2-1 Range of the applicability of the relative velocity assumption (Laya, 1980)

It can be seen thahe relative velocity form of Morison equation does apply

for the case with higlkKC andV,, which is possible to argue that the drag

force willresultf om t he s up e rdpeogseintdiagistedady flowt wo 0
fields; one due to an al most O0steadyé6
due to the slow motion of the cylinder throughlr at i vel y (Layaetl mé we
al., 1984) A more detailed discussion can be seen from the work of Laya
(1980).

Considering theKC values of moorings under the WF and LF motions
investigated latetthe relative velocity form of Morison eqtion is used in this

thesis when computing the mooring line damping.
Overall, the hydrodynamic coefficient will be affected by many different factors.

Thatis also the reason whyis a complicated problem to decide the hydrodynamic
coefficiens under different flows.
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2.2.2 Experimental determination of drag coefficients of chains

Due to limitations of the force model for slender bodies @heirical Morison
equation),the force trangr coefficients are mainly deterneitt from laboratory
experimentor field testsHowever field measurement of Morison forceefficients

is complicatedby the uncertainty of the oceamvironment and the high cost the
experimental setip. Many experiments have been conductedhe laboratoryto

find the correct vimes of these coefficients for several types of bodies (spheres,
plates, and especially circular cylinders) under diverse flow conditimrsinstance,

the determination of dragpefficientsfor cylinders under oscillatinffows is mainly
dependent on expiment measurements in various ways, which incluciibég,
oscillating cylinders in still water and fixed cylinders in regular waves. Once the
necessary data time series @deen measured througkperiment, the next problem

is to choosea data processg method to determine the appropriataltogynamic
coefficients Several methods of data processarg available,such asMor i sonos
method, Fourier Series Approach, Least Squares Mefed Appendix C). One

frustrating thing is that each method ye&different pair ofC, and C,, coefficient

values for a same time record.

Empirical data orMorison force coefficients fochainshaped bodies oscillatory

flow is scarceMost of the available data of chain drag coefficient is from simple
towing tests, which are occasionally conductedth®/chain manufacturerslhese
drag coefficients of chains are normally defined with respect to their nominal
diameters.In Figure 2-2, the drag coefficients of chain mainly under towing tests
conducted byMarintek are illustrated. These results can be seem fRPS000
reports OMoor i (FBS2@00, 9B osi ti oningo
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— Cd for circular cyl. ref. Schlichting

o Cd, model chain d=1.05mm , towing tests
x Cd, model chain d=1.05mm, w/lead beads,towing tests
< Cd, stud-link chain d=30mm, oscillation tests KC=163-306
x Cd, stud-link chain d=30mm, towing tests
¢ Cd, stud-link chain d=65mm (0/90-45/45), towing tests
+ Cd, stud-link chain d=65mm (45/45-5/85). towing tests
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Figure 2-2 Drag coefficient of chain (referring to nominal diameter) (FPS2000 reports1992

Complexity of shape is onef the major factors that complicate experiments with
chain.Direct force measurement on the chain usirigrae gauge islsodifficult due

to the interconnected linksDue to these reasongredicting the hydrodynamic
loading on maing chain is quite chlnging, which could explain why public
publications about the experimental results of chains arethessthe conducted

experiments.

Lyons et al(1997)conducted some model tests by using chain samples with a large
geometric scale and considering different oscillatory motions. In their model tests,
the mooring segmentseremounted on oscillators which providlsynchronised in

line and transverse movemsriy using two different motion carriages. In order to
ensure the chain didot significantly deform laterally or rotationally due to fluid
loading, a square section steel rod was passed through the chain to form a stiff stick
of chain elements. The {aixial forces were measured by the load cells fixed at both

ends of the mooring segment. The velocities of the carriage and oscillator kesre ta
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from their velocity controllers for analysis purposes, and subsequently accelerations
could be derived. Then, ung) a Fourier series approach, drag coefficients were
calculated from measurement of fluid forces on vertically orientated sections of chain.
For single frequency oscillations, a series of fixed amplitude oscillations are tested
respectively with differenfrequencies. Experimental results of drag coefficient with
KC values ranged from 70 to 580 are plotted against angular frequency in the
publication, as shown iRigure2-3. Herein, the chain is stdthk type with nominal
diameterD = 25mr.

Cd variation with different KC values

40 +
350 § %’/
a0+ ¥ \x
250
Z {0 ;
200 ol KC 3106 {
= KC=183 |
50 {96~ KCa308 |
i —l—-rﬁ;:g/%
e bl KCASC |
050 K C=580 |
¢oe ~- + + & emeedy
8. 050 100 .5 2.0 250 300

Anguler frequency (redis)
Fig®  Dragcoefficients for single frequency and amplitude
motons

Figure 2-3 Drag coefficients of chain under single frequency oscillations (Lyons et al. , 1997)

It can be seen that for the lowkC values of 70 and 106, drag coefficient increases

with the increase of frequency. However, € values of 163 and 327, an obvious

drop of drag coefficient at frequency around OrZ@8/shas occurred, which seems

to be anomal ous. The potenti al cause acc

to the Reynolds number effects shoud be notedhat Reynolds numbers of all the

tests mentioned above are ranging frbd to 10*, which are much smallethan
Sarpkayabds tests of aKC nonsber.ilttah betesenrfrgm cy |l i n
Sar pk ay Gérpkayd, £936hat atKC number 70, Reynolds numbers varies

from 33 10" to 3310°. More importantlyi n Sar p k the dmadceeffitientsot s
single oscillatory cylinder decreases wikte tincrease of Reynolds numheis. the

oscillating frequency.
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For brharmonic oscillations tests with supemmposed high frequency component,
the experimental results are open to disamsss well. Compared to the drag
coefficients under low frequency oscillations only, an increase in drag coefficients
would occur when superimposed hifjaquency motion was applied. However, this
anticipation dil not always hold according to the results. Fbe two cases with
lower HF amplitude this is seen to be ot somereduction in drag coefficient

occurs for other two cases with higher HF amplitude, as showigume 2-4.

0d variation with low frequency motion ampitude
{in-iine superimposed high frequency meotion)

B40 o /
3.3 =

eistsoicivanesaatitirreeont
P

foalbms] £ A0l 20
e Al 16
ool 1 Am 32M

(4]

0.0 asc 1.5 150 200 256 300
#nguter frequsncy’ (18/6)
10. Drag coefficients for combined in-line HF and LF motions

Fie
tis

Figure 2-4 Drag coefficients of chain under biharmonic oscillations (Lyons et al. , 1997)

By employing an optical tracking system, arvestigation of hydrodynamic force
acting on chains was implemented Wang (2007) in the laboratory.The tests
involve free and forced oscillations of long chain segments under conditions
representative of mooring systems in still waidre fluid forceis obtained fom the
solution of the slender body dynanequations of motion using the measured line
displacement and efrfdrce since there is noavailable techigue for directly
measuringhe hydrodynamic force on an oscillatisignderbody such as chain. For
the free oscillation tests, instantaneous values of drag coefficients were derived
which still exhibited a considerablerange of scattereven aftercriteria were
introduced to filter out unreasonable datime to measurement errer The
instantaneous values of drag coefficients of a big-l&ssl chain are shown Figure

2-5 (Here, C, related to equivalent diameter which is agto 1.8 times nominal

diameter of chain).
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+ Instantaneous value

Exponential regression curve
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Figure 2-5 Drag coefficients for big studless chain in free oscillation tests

(Equivalent diameter 1.954cm) (Yang, 2007)

For the forced oscillation testshe derived added mass coefficients in general

showed more scatter thahe drag coefficientéseeFigure2-6) and they did not have
a consistenKC -dependenceas Yang (2007)s t a t leedvaridtidn of the added

mass coefficientat low KC is mainly affected by »xperimental error and the

variation at highKC is driven by both experimental error and the fact that the

Morison equation is reliable onig the dragi n e r t i dYamge2607)me 0

Cd

Cm
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Figure 4.23 Time-averaged drag and added mass coefficient of chain (diameter:

1.954 cm) with semi-taut catenary configuration

Figure 2-6 Time-averaged drag and added mass coefficiendf chain in forced oscillation tests

(Equivalent diameter 1.954cm) (Yang, 2007)

30



Chapter2 Critical review

From the review of previousxperiments o chain, it can be seen that for chain under
oscillation testshere are big discrepaies inthe drag coefficients. For smooth chain
under steady flows /towing tests, the experimental values of drag coefficients only
related to the Reynolds number are in fair agreement between different tests. These
values are basically in the DNV recommeddange, as shown frable2-1.

Table 2-1 Recommended range of drag coefficient for chains by DNRP-C205(2010)

Normad drag coefficientc (Re=10"- 10)

Chain Type Co
Stud Chain 2.271 2.6
Stud less Chain 2.071 2.4

In summarythe measurement of hydrodynamic coefficients of chain by experiments
is more difficult than that of other slender bodies such as cylirdereliable
database of measured hydrodynamic coefficients of chain has very important
engineeringsignificancebut the blaviour is not yet fully understood and this makes

further model work on the hydrodynamic coefficients of chain necessary.

2.3 Mooring Line Damping

The mooring line damping for a catenary mooring will result from the line friction on
the seabed, internal ¢tion within the chain andhe hydrodynamiadrag force along

the line as it moves through the fluidmong those, the hydrodynamic drag is the
most important oneThe friction between the seabed and touch down area of a
catenary mooring line also has some contribution to the mooring line damping but
normally is quite small when compared to the contribution of drag forces. This
damping will also depend on the nausf the bottom soil anthus this damping
effect could be different for different situations. The Rayleigh damping (structural
damping) of mooring line due to internal friction is usually very small and songetime
can be ignored. However, in the studyWebster(1995) a structural damping of

approximately 0.8% of critical dampingasconsideredwhich is actuallynegligible
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When predicting the motion a&f moored system, it was very common practice to
neglect the effect of mooring line damping until H{$886) proposed his opposite
opinion. Sinee then, more and more attentibes been attracted to the subject of
mooring line dampig and lots ofesearch workHuse and Matsumoto, 1988, Huse
and Matsumoto, 1989, Huse, 1991, Webster, 1995, Liu and Bergdahl, 1998, Brown
and Mavrakos, 1999, Bauduin and Naciri, 2000, Johanning et al., B@87heen
done.Most of these publicationaseone of3 ways ofdetermining the mooring line
damping, namely, experiment, simple gustsitic analtical model or dynamic

model

Experiments include model tests and full scale tests, which are performed in the
ocean laboratory and outdoors respectivilyse et al(1986, 1988, 1989, 1994)jd

some model tests to compare with the numerical results. In their model tests, a new
test setup was carried out to directly measure the energy dissip of a mooring

line. A pendulum was used to excite the horizontal motion of mooring line at the top
end. The energy dissipated the mooring line per cycle can be obtained accurately
from the amplitude decay of pendulum motidinis to be noted thathe effect of
superimposed WF motions on LF damping was also investigated by model tests,
through which it was found that superimposed WF motions of the system
dramatically increased the LF damping (by a factor in the range of 2 to 4 for typical
sea statggHuse and Matsumoto, 1989)

Largescale experiments were conducted Johanning et al(2007) at Orkney in

calm sea condition. Only extinction tests were performed for the -tmae
experiments. However, in their study, smsdble investigations were also
considered, where the differences between extinction tests and driven tests were

discussed.

Experiment methods can be more reliable and usually provide good bases for bench
marking different analysis models, while the disadvantages of experimerttgaare
they aretime- and money consuming. For deepwater applications, however, some

problems arise in the experiments. Full (large) scale tests become totally unrealistic,
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while lots of uncertainties exist in model tests due to the scale effect. Although a
reasonable sted model (1:5@.:100) can be tested in a model basin for relatively
shallow water, the truncation or ulsanall scale method has to be adopted for
deepwater moorings and risers due to the limited depth of model basins. Problems
due to the truncation andtra-small scale still need tbe solved. In those cases
wherethe model basin is large enough to include the whole model, thesoiath

scale makes the mooring linkavea very small diametelft is tedious but possible

to match the physical propersi of the mooring lines, whili is more difficult to

ersure that the hydrodynamiorces are correctly modelled becaube Reynolds
numbers corresponding to the flow across the daaleoring lines are very low so

the flow may be quite different fromlfiscale.

As an alternativdo the experimental method, numerical methods, including quasi
static and dynamic methods, are widely adoptdw quasistatic methodgproposed

by Huse(1986) is mainly baseé on the following assumptions:

1) Drift motion is slow and the mooring line will always keep tateoary shape;
2) Drag forces are normal to the line and motion components are in the plane of line;

3) Stiffness of the mooring line is dominated by the changes in the catenary shape

Basal on theassumptions above, tlemergy dissipatiomf the mooring lineduring
one period of oscillatiowith angular frequencyv can be estimateals follows. First,

calculate the energy dissipation of a line element with legthby the formula:

o
DE =2 fpr, @A Eq. 2-4

_/70
where,# is the transverse motion of the small line elemént/, Ginut, the drag

force DF, on the small line element can be written as

DF, =% rD (&, Gi#@Ds Eq. 2-5
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and hence the energy dissipation of line elemebs % r (D G, O &> (Ds.

In order to integrate along the line to get the energy dissipation of the wholénéne,
transverse displacemefy is approximated bthe form#A, = yzDzC"aos(/ ) in which
the Dz is the total verticablisplacement of the element during one cycle gnds

theangle betweethe mooring line and the horizont&inally,the energy dissipation

per cycle along the mooring line candagressed by

e e oA
E=%O0DC,wW'{ s XO)]dx Eq. 2-6

Here X, is the maximum horizontal eordinate of the fairleadx and x, are the

horizontal ceordinate and reference positiorespectively,w is weight per unit

length of submerged linendT,,, is the horizontal préension.
Realising that the normal displaceméntis not symmetric about the mid position,

owing to geometricnonlinearities inherent in the catenary equations and
Bergdahl(1998) providestwo normal displacement amplitudes, one for edutif-
cycle. This modification will provide a higher accuraghenusing the quasstatic

equations.

However, when the dynamic response of the mooring line is dominant, the quasi
static methodcan result in large aors which has been verified by experimental
investigation. The tognd tension for dynamic responses may have values well
above the values fajuasistatic tensionand the responsigpically becomes nen

sinusoidal and is markdwy a steep increase in tensi@Papazoglou et al., 1990)
Quaststatic approaches are not as rigorousyasamc methods,herefore, dynamic

methods are more widely used in calculating thenmng line damping. Bsed on

nontlineartime-domaindynamic simulationWebster (1995%tudied the damping of

34



Chapter2 Critical review

mooring lines in a parametric investigatiod.he energy dissipated by the mooring

line in surge direction is calculated by the formula
t+T
E=nQFx ('%Sdt Eq. 2-7
t

The surge motiors at the attachment point is plotted on the horizontal axis while
the horizontal force-, is plotted on the vertical axis. The energy dissipated by the

mooring line during one drift motion periddis the area contained within the trace

on the plot, which gives a quick visual interpretation of the energy dissipation of the
mooring |ine. This presentation of the
usedto evaluate the performance of reciprocating engines. Therefore, the plot will be
referred to as such (s€gure2-7)(Webster, 1995)The indicatodiagramplots only

the displacemerforce curves that result after a reasonable steady state has been

achieved.
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Figure 2-7 Indicator diagram for mooring line damping (Webster, 1995)

In We b s tsteady(@995) to charactese the behaviour of the baseline mooring line,
simulations were carried out for six pretensions ranging from a moderately slack line
to an almost taut line. InFigure 2-8, variation of mooring line damping with

pretension and amplitude is illustratethe dimensionlesdamping isdefined as
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D/awH, whereD is energy dissipation dhe line per cycle w is wet weight per
unit length of the linea is the amplitude of the sinusoidal motidn;is the water
depth. For the slack line the nedimensional damping increases as the motion
amplitude ncreases, while for the line with higher pretension, thediorensional

damping becomes less dependent on the motion amplitude.

90 ———s
aH .
—o—0.04 f
—a- 0.03 (basefine)
60 —e—p.02 -~ , .........

horizontal motions

Non-dimensional damping, D/ awH

10 . . .1.“.100
Non-dimensional pretension, T / wH

Figure 2-8 Variation of mooring line damping with pretension and amplitude (Webster, 1995)

A series of parametric variations of the mooring line characteristics were performed
to study the effects of motiofrequency,scope,drag coefficient current. It was
found the effect of thegearametes on mooring line damping can vasygnificantly

with the line pretension. For example, as shownFigure 2-9, at low non
dimensional pretension the damping afslack line is bigger under the high

frequency (small oscillation period) motion than that under the low frequency motion.

As the nordimensional pretension increases, the horizontal motions with lower
frequencies cause higher mooring line damping. The strong variation of damping
with the paramaters may indicate why there is no uniform agreement concerning the
importance of mooring line damping within the community (Webster, 1995). It also
emphasises the need to specify the mooring line configurations and characteristics

before discussing thefett of mooring line damping.
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Figure 2-9 Variation of mooring line damping with excitation period

A comprehensive study comparing the result frime and frequency domain
methodologies was performdxy Brown and Mavrakog1999) It was found that
results based on tirglomain methods are in broad agreement with each other while
wider discrepancies exist between results obtained from frecramogin methods.

The influence of drag coefficientsawalso included in thestudy and the need to
establish consistent values of hydrodynamic coefficients for the design community

wasemphasised.

2.4 Global Analysis of a Moored FPSO system by coupled method

In shallow water, the motions of the floater are mainly excited and dabypfdid

forces acting on the floater itself, and hetteetraditional uncoupled method is quite
desirable in predicting the floater motions due to its high efficiency and sufficient
accuracy. As the water depth increases, the coupling/interaction leéfeaten the

large floater and the slender structures becomes more important, while the validity of

uncoupled approach becomes questionable.

The need for coupled analysigasrecognsed early by Paullingand Webste(1986)
when they reated that in deepwater applicatiomigie to the appreciable mass of the
moorings and risers in comparison with that of the platform, considerable dynamic

interaction betweethe two systems could probably exist. Tleeessityof a coupled
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approach in global analysisas further emphasized as the imgarce of mooring

line dampinggraduallybecameaccepted by the industry.o@sequentlya number of
coupled analysis tool€hakrabarti et al., 1996, Ormberg and Larsen, 1998, Ma et al.,
2000, Heurtier et al., 2001, Garrett et al., 2002, Low and Langley, 2006, Low and
Langley, 2008have been introduced

The coupled analysisan be conductein frequencyor time domain. Due to the
geometric and hydrodynamic nonlinearities and dynamic coupling between the
platform mooringsandrisers, a fully coupled timdomain analysis is preferrédr

an accurate predictiomhe disadvantage @ fully caupled time domairanalysisis

the expensivecomputational effort for routine designurposesotwithstanding tke
advances in computer hardwar®wing to practical needs, different efficient
methods have been proposed. For instabhoe, and Langley(2006) developed an
efficient frequency domain coupled analysis which can provide high accuracy for the
analysis of ultradeepwater floatingsystemsthat are not governed by geometric
nonlinearty. For a floating system moored in shallow water, whbee geometric
nonlinearity is significantthefrequency domain analysis suffers considerable loss of
accuracy Therefore, a hybrid frequency/time domain approach was proposed by
Low and Langley(2008) whoseresults show quite good agreement wattiully

coupled analysis for a floating system moored in 200m water depth.

Related practices are alrovided by different organisationshe first version of
recommended practid@NV-RP-F205,issued in 2004is especially about the global
performance analysis of floating structures in deepwadterthe appendix of
recommended practicAPl 2SK (3¢ edion, 2005) global analysis guidelines
resulting from project DeepStdor deepwater floating systems arecluded and

i mportant findings are also incorporated
is on the global performance of deepwaterduction systems, where different kinds

of platforms (FPSO, Spar, TLP and Sesubmersible) are selected for the studies.

All these practicetry to provide general design and analysis principlasut global
performance analysis of degmter floating fuctures.
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The global dynamic characteristics of FPSOs under the combination of wind, wave
and currentonditiors have beerstudiedby several researchers. For example, taking
a turretmoored FPSO in irregular wavess object,Wichers (1988) initiated a
comprehensive studysing theuncoupled method, which solvélte dynamics ofthe

rigid body and moornig line separately. Ormberg and Larg#898)argued that, due

to the typical shortcomings ithe traditional uncoupled method, the separated
approach could lack sufficient accuracy especitilydeepwater floaters. In their
study, the dynamic responses of a tumetored FPSO system operating in 150m,
330m and 2000m water depths were analysed by experimietdraditional
uncoupled method aralcoupled approach. The results between the experiments and
coupled analysiswere generally in good agreement, while owstimated LF
motions and undepredicted mean offsewere obtained by the use of uncoupled
analysis. This argument was later verifiedthg work of Wichers and Devli{2001)
which alsoshowed that large error in the dynamics ofan FPSO systenmay be

obtained from the urtoupled analysis.

In the stug conducted by Wicherand Devlin(2001) the valuesof drag coefficients

of risers and mooringwere systematically varied to show the effect on the fully
coupled responses. Two different weather conditions, namely Hurragah&oop
current conditionsvereconsidered. The dynamic riser tensions increase significantly

at increasing drag coefficiesitor both weather conditions. However, for Hurricane

condition, theeffectof C, variations(=1 or 2) on thenooring forcesand the FPSO

motionsis relatively small, while for Loogurrent condition the sensitivity ¢2, on

the displacementof the FPSO and mooring forces is significant. According to the
study, this is caused by the fact thatLoop-current condition the current loads on
the moorings and risers dominate the displacement of the FPSO system.

Kim and Kim (2002)emphasized damping effect of risers upon surge/sway modes in
their studyof the global performance ¢ie FPSO systenit was also concluded that
the use ofapproginvanen rsliylgly undesestimates the actual horizontal

planemotions but seems to laglequate in practical appdtions. The importance of
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reliable estimation of the secowdder mean and slowly varying wave forces and the
magnitude of total system damping was emphasized as well in predicting the
dominant slowly varying components of therizontalplane motionsA sensitivity

study of a tankebased FPSQvas performed by coupled dynamic analydiahar

and Kim, 2003) andthe role of various hydrodynamic contributiowss analy®d

and assesse8y comparing the results of two different cases (without or Wijghon

moorings/risers), they found thaithout C, a significant increase occurred in surge

and swayRMS valuesthat wasmainly due to the absence of riser/mooring viscous
damping. As a resulthé corresponding riser/moorirtgnsionwas greatly over
predicted. For instance, the maximum tension of mooring line 2 waseetierated

by a factor of 2, although theean tension of the line decreased a little because the

neglect of current force(t, =0) causedrdecreased mean offset.

In the study ofLuo and Baudiq2003) the effect ofC, variation of moorings and

risers were also considered. In their ¢abey found that the effects &, variation
on maximumtension and offsetvereinsignificant. Their explanatiowasthat with
anincrease of drag coefficients of mooring and riser the mean offset increases while
RMS valuesof the dsow drift motion decreases (Sdegure 2-10), and the final

impact depends on the contributions of these two components.
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Figure 2-10Impact of drag coefficient variation on FPSO offsets (Luo and Baudic, 2003)
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They also concludethe coupledanalysis is the preferredpproachfor analysng
deepvaterFPSOs In their opinion, lhe model test approach hés limitationsdue to

the anchoring leg truncation and currémtbulenceand henceshouldbe combined
with the numericalmethod to best predict thesystem response®lso, on the
limitations of model testKim et al. (2005) found thatwith a truncated mooring
system dynamic mooringtension can be und@redictel when mooring dynamic
effects are significanMeanwhile, damping of moorings/risers can also be severely

underestimated depending on the level of mooring line/riser truncation.

It shouldbe noted thaalmost all these numericatudies only consideredPSOsin
hurricane environment#lso most of malel tests were conducted fBPSOsunder
severe hurricaneonditions(Kim et al., 2001, Kim et al., 2005The exception is the
study made byVichersand Devlin(2001), where loogurrent conditionsverealso
included However, & mentioned inAPI RP 2SK (2005)for large shipshaped
vessels, lower waves with shorter periods could trigger larger LF motions and hence
higher mooring loads thatO0-year design environment&lobal analysis of FPSO
under hurricane conditions may be insufficient in ondgo obtain theextreme

mooringloads

2.5 Turbulence and numerical modelling

2.5.1 Turbulence and Turbulence modelling

Most kinds of the fluid flow in reality are turbulenflTurbulence is a phenomenon of
fluid flow that occurs whemertial effects dominate viscous effects, ilghin laminar

flow viscous effects dominaieertial effects.Turbulence is characterised by random
fluctuating motion of the fluid masses in three dimensions and by randomly

fluctuating velocity fieldoover a wide range ¢éngth and time scales.

Turbulent flow is irregular andandom That is the reason why turbulence problems

are normally treated statistically rather than deterministicallurbulent flow is
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dissipative, which means that kinetic energy ie gmall (dissipative) eddies is
transformednto internal(heat)energy. The small eddies receive kinetic energy from
larger eddiesvhile the largest eddies extract their energy from the mean flow. This
process of transferred energy from the largest turbulent scales (eddies) to the smallest
is calleda cascade procesthis phenomenon of turbulence makes it quite difficult to
simulate the turbulence directly.

Turbulert flow could be thought of as instability of laminar flow that occurs at high
Reynolds numbers (Re). Such instabilitresultfrom interactions between viscous
terms andnonlinear inertial terms inthe NavierStokes equationN-S equatioh
These interactions are rotational, fully thdependent and fully thredimensional.
Rotational and thredimensional interactions are mutually ceoted via vortex
stretchingwhichis not possible in twaimensional space. That is also wigrmally

no satisfactory twalimensional approximations for turbulent phenomena are

available.

Turbulence modelling

Characterized by rapidly fluctuating velocfiglds both in space and time, turbulent
flows are qite computationally expensive to modelrinmerical simulationsA grid

is required which can directly simulatiee high frequency, small scale, and larger
scale fluctuationsvhich, for problems of pradical engineering significance, occur
with sizes over several orders of magnitutiéhough with the improvement of high
computing capacity recently some direct numerical simulations (DNS) have been
conducted to resolvihe smallest scales of the fladirectly in N-S equationthose

simulations are still limited to very simple geometry and low Re number.

Usually, two methods namely time averaging and space filtering can be used to
eliminate the need to resolveethhigh frequencies and small scadesl toallow a

larger grid Most of the turbulence models the CFD progranFLUENT, can be
classified into two groups based on either time averaging or space filtering method,
as illustrated irFigure2-11.
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Turbulence models
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Figure 2-11 Classification of turbulence modelgPatel, 2010)

Time averagingand RANS (ReynoldsAveraged NavierStokes) models

The concept of time averaging (Reynolds averaging)imtasduced by Reynolds in

1895(Reynolds, 1895)The main idea of Reynolds averaging is to decompose all the

flow variables to averaged and flueting componest The time averaging

introduces new terms in the-8l equation known as the Reynolds Stresses;hwh

causes the closure probleBifferent concepts and attempts have been made to solve

the turbulence closure problem caused by Reynolds stresses. However, different

from viscous stress which is a property of a fluid, Reynolds stress is a property of the

flow and isdependent on the flow variables themselves. That is the reason why it

changes from flow to flow and no general constitutive relations are available. There

are mainly two approaches to model/solve Reynolds stresses and hence the closure

problem.According to the approach adopted, RANS models can be classified into

Reynolds stress models and eddy viscosity models as shdwguire2-11.

Reynolds stress mode(RSM) result from an attempt to modieé Reynolds stress

tensor directly A major problem with thisapproachs that it introduces even more

new unknown variables for which constitutive relations are also unknown. By using

a partial differential equatiolPDE), Rotta(1951) managed to modehe Reynolds

stress tensor successfully. Timodel is more realistic thaBoussire s g 6 s

tur bul

viscosity model, which is described belo®ince the RSMmodelaccounts for the
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effects of streamline curvature, swirl, rotation, and rapid changes in strain iaate
more rigorous manner than eddy viscosity models, it has greater potential to give
accurate predictions for complex flows. However, computational cost is also high
because it introduces six additional equations describing Reynolds stress and one
additional equation describing turbulence length scale.

Eddy viscosity models are based on the ideaeddy viscosity in addition to
molecular viscosity as introduced by Boussinesq (1877) His hypothesis

t hat Oturbul ent stresses are linearly
cornerstone oeddy viscosityturbulence modelsHowever, themajor problem of

eddy viscosity models is how to obtain this property without carrying out an actual
experiment involving that particular flowA major breakthrough was firsichieved

by Prandtl(1925) who introduced the mixing length concépat isanalogous tahe

mean free path of the molecules in gas. Models based on this concept areecalled
equation modelsas no addition& transport equations besidemergy, mass and
momentum equations are needed. By introducing a concept of turbulent viscosity as
a function of turbulent kinetic energy, Prand{lLl945) made another important
breakthrough. Models using one additional transport equation to model turbulent
kinetic energy are usually called eaguation mdels. Both zeroand oneequation
models are incomplete because one still needs to have certain knowledge about the
studied flow in advance to specify a turbulence length scale, which is also a flow
dependent propertyrhe first complete model was introdet by Kolmogoroy1942)

who managed tamodel turbulent kinetic energy k() and the rate of energy
dissipation ¢~) and then relate the missing information of length and time scales to
these quantities. Twequation models are called since two additiompla¢gions are

used to modek and w. They are also referred to &s w models while variations

of this concept are stalled k - e models @=k"w").
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Spacefiltering and LES (Large Eddy Simulation) model

Spacdfiltering in the context of LES is a mathematical operation intended to remove
a range of small scales from the solution to th8 Bquations, becausiee principal
difficulty in modelling turbulent ws results from the wide range of length and time
scales. After the filtering dhe transport equationthe LES model only resohsthe
larger eddies while smaller eddies are modellgte pace filteringmethodalso
introduces anadditional term in thgoverning equations that nestd be modedkd in
order to achieve a "closure" for the unknowhse unknownsubgrid-scale stresses
are modeled bythe subgrid-scale turbulence models programFLUENT which
employs the Boussinesqg hypothesis in theRANS models

Larger eddies directly resolved are difficult to model since they are anisotropic,
subject to history effects and dependent upon flow configuration and boundary
conditions. Smaller eddies are typically isotropic, so they are more amendable t
modelling. The rationale behind LES can be summarized as foll@ghgentl2.1,
2010y

1) Momentum, mass, energy, and other passiaasx are transported mostly by
large eddies

2) Large eddes are more problewtependent. They are dictated by the geometries
and boundary conditions of the flow involyed

3) Small eddies are less dependent on the geometry, tend to be more isotropic, and
are consequently more universal

4) The chance of finding a univaal turbulence model is much higher for small
eddies

For different turbulence models the modelling extend of turbulence is illustrated in
Figure2-12.
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Figure 2-12 Modelling extend for certain types of turbulent modelgBell, 2003)

It is clearly seen that the LES resolve shorter length scales than R®NSIs. So
for most flows the LES model shld get better simulation results. Howeuwbe LES

modelusuallyrequiresmuch greater computer power.

2.5.2 Numerical modelling of turbulence flows past bluff bodies

Steady flow past a circularsmoothcylinder

To model high Re number turbulent flows past circular cylinders or bluff bodies in
general three approaches have been mainly explored by CFD practitioners. One
approach is based on the unsteady Reyramgsaged NS (URANS) model because
the periodic shedding requires an unsteady time dependent soltiti®@RANS-
based approachasfairly low computational costmainly due to less demanding
mesh resolutiomequirementHowever, the accuracy of numerical results could be
casedependent. For instanc€&ranke et al.(1989) and Tutar and Hold (2001)
evaluated numericallghe detailed experiments of Cantwell and Cq|#883) at
Re=1.43 10°, which isin the sukcritical flow regime at the start of the dragsis.
Franke et al(1989)applied URANS with the standard high Reynolds numbere
modelwhile Tutar and Hold (2001)used both the standard high Reynolds number
k- e model and noilinear k- e modek. Both studies concluded that tke e

models give an inaccuragediction of flows with strong anisotropic turbulence.
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Catalano et al(2003)and Ong et al(20M) studied theflow around a 2D smooth
circular cylinder for very high Reynolds numberxjvering the supercritical to
uppertransition flow regime, usingD URANS in conjunction witta standard high
Reynolds numbek - e model Both of their numerical resultgive satisfactory

qualitative agreements with the published experimeatatdfor Reynolds number in

the range of..03 10° to 3.63 10°.

The LES method for blufbody flows is fundamentally more viable thathe
URANS-based approachThe LES approach an capture largescale turbulent
structurepresengd in the flowswhich is ill simulated bythe URANS approach,
althoughthe LES approach is comparatively more expensive in contipat@ost.

The first attempt of a comprehensive LES study of the flow over a cylinder was
conducted by Beaudan and Mdit994) TheReynolds number considered is 3900
which is ina subcritical regime The samdlow has been simulated later using LES
by several different peopl@Mittal and Moin, 1997, Breuer, 1998a, Breuer, 1998b,
Kravchenko and Moin, 2000, Young and Ooi, 200iMere are less LES studies
published in the literature of flows around cylinders at high Reynoldsbar.

Breuer(2000)did a challenging test case for LES at high Re nunitess,1.43 107,

at which the experiment &@antwell and Cole€l983)was conducted. Igeneral, the
LES resilts were in fairlygood agreement with the experimental data. Using wall
modellingfunction to solve the boundary lay&atalano et a2003)attemped_ES

for even higher Reynolds numbers in critical to supédical Reynolds regimes

(Re=5310°,1.03 10°, 2.03 10°). They captured correctly the delayed boundary layer

separation and reduced drag cméghts consistent with experiments after the drag
crisis, while the mean pressure distribution was reasonably predicted as well.
However, the Reynolds number dependence of the mean drag coefficient was not
captured and the solution became less accurd@ewasolds number increased. More
recently, Kim and Mohan(2005) carried out LES for two Raolds numbers

(Re=1.43 10°,1.0% 10°) in the sub-critical and supecritical Reynolds regimeand

the global flow parameters (mean drag coefficidRi¥)S value of force coefficient

and Stouhal number) were preded with a commendableceuracy which all fell
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within the scatter of the experimental daf&e main difference of their work from
the work ofCatalano et al(2003)is that they used quite fine mesh in the boundary

layer toresolve the laminar sdlyerdirectly rather than using wall functions.

The tird approach normally calledetached eddy simulatiéiDES) is becoming
popular in turbulence mdelling of bluffbody flows. DES turbulence models
essentiallydeteriorateto URANS models irthe nearwall region or when the local
mesh size is too coarse to explicitly resolve ene&mytaining eddies, so the
computing cost is between URANSodels and LES. However, one fundamental
criticism about DES can be summarised as the lingering questions oftchow
reconcile two very different models (URANS and griu-scale turbulence models)

at thecommoninterface(Kim and Mohan, 2005)

Unsteady flow past a circular smooth cylinder

The reviews mentioned above are mainly about numerical studies of steady flow past
a circular cylinder. Many numerical simulations of unsteady flow around adeylin

have also been conducted during the past several decades. Most of them are about a
forced cylinder oscillating transversely in a free streamther oscillation of a
cylinder in still water Also, some people(Lu et al., 1997, Lu and Ling, 2003,
Saghafian et al., 2003, An ai., 2011) performed computational studies about
oscillatay flow past a fixed cylinder. Considering the problemconcernin this

thesis the main attention of itk review will be paid to those abouthe case oh

cylinder oscillating iAline in still water.

Initially, due to the computational cost, 2D simidas were mainly conducted for an
oscillating cylinder in water at loukC and Re number8Baba and Miyatg1987)
made the first attempt to solve the 2DSNequations for an oscillating cylinder in
still water. Usinga finite difference solution method, two situations (one Ka =5,
Re=1000; the other foKC =7, Re=700) were caidered without any turbulence

model. In both calculations, the wake was symmetric in contrast to experimental
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observationsDutsch et al.(1998) numercally solved the 2D N5 equations and
performed experiments for the investigation of three differeaAkRecombinations
(Re=100,KC =5; Re=200,KC =10 and Re=210KC =6). The predicted velocity
fields and inline force coefficients were in fairly good agreementvekperimental
results. Aso foundwere that strong cycleto-cycle variationsof the in-line forces
acting on the oscillating cylindewhich Morison equationneglecs as the flow is
assumed to be fully periodi©ther similar work completed by 2D numerical studies
for low KC and Re numbers includeSuilmineau and Queutey (2002) who
obtained almost the sameline force cofficients for the case with Re=100 &xd

=5, asDutsch et al.1998) did before.

While unsteady D laminar computations areow routine the number opublished

3D numerical studies is quite limitetllehari et al.(2004) usedboth 2D and3D
modek to simulate an oscillating cylinder in egicent weer and compared the
results with each other. It was found the thdgeensionality of the vorticity field
would affect the dynamic loads induced on the cylinder. The longitudinal and axial
components of the force acting on the cylinder seemed to be weakly affected by the
threedimensional effects, while conversely the transvdmce appeared to be
significantly influenced by the 3D flow field. This finding explains why thdine
hydrodynamidorce coefficients predicted by 2D simulations often agree fairly well

with the data from expanents.

Several papersliscuss about thapplicability of twedimensionalsimulationsto
unsteady flow around a cylinder, regarding the fact that 2D simulations are employed
not only for laminar flows but also for flows aubcritical Reynolds numbers
(Blackburn and Henderson, 1999, Pan et al., 20@7js known the structal
vibration enhances spanwise correlation, whicheortedby Blevins (2006) Also

as mentioned by Blackburand Henderson(1999), m the evidence that spanwise
comelations of forces, wake velocitiesfc. all increase with increasing cylinder
motion amplitudeone would reasonabBuggest that the harmonic motion of a long

circular cylinder would suppress thredimensionality andnake flows more twe
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dimensionatlthan theirfixed-cylinder counterparts, at least in the neake region.
However, if thewake is actually thredimensionalthen the proper resolution of the
flow field and hence the flow forces will significantly depend on a 3D resolution of

the wake.

3D simulations of an oscillating cylinder in still fluid at higher Re numbers were
carried out usind-ES by Rashid et al.(2011) In their studies, calculatis of the
force cofficients forkKC up to 4 andb=11240( b=D?/uT is called frequency

parameter with correspondingRe=4.53 10", are in agreement with experental
results by Otter (1990) while they aresmaller thanSar pkay ad s measur

(Sarpkaya, 1986)Supplementary computations with smallér=103% and KC

=4.86, 6.28 and 8 also show when flow separation occurs the predicted drag
coefficients are about 40% smaller than those measured by Saljies¢ while

the calculated addemia s s coefficients agree qui t e
measurements. Since theimnerical simulations fit well to the experiments by Otter,

they speculated the input oscillatory channel 8omaybe get polluted by turbulence

in U-tube experimentperformed by SarpkayaThe difference between results

obtained from these two tests hasdieen noticedy Garrison(1990) who thinks

the | ikely cause of t he diavavptkéco m&mapge o f
problem of the ktube.

From the brief review of related numerical work aboutteamdy flows around a
cylinder, it can be seen that most of the wizrkor laminar flows or for turbulent
flows with small KC numbers. Further work should focus on the simulations of an
oscillating cylinder in water for high Reynolds numbers and a wide rangecof

numbers.
However, mmerical simulations of dws past chains are not available from any

publicaions. The workto be done in the thesis couldthe first attempt to dermine

the drag coefficient of chain by numerical metsiod
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3. Mooring line damping of a moored FPSO system

3.1 Overview

The significanceof mooring line damping has been emphasittedugh the related
review in Ghapter2, from which it can be seen that the magnitude of mooring line
damping will depend not onlgn line configurations and characteristics but adso

environmental factors, sh as ocean current and top motions of platforms.

In order todetemine the mooring line damping and later to assess its effect on the
motions ofan FPSO system, a spedifiurretmoored FPSO system with 20 chain
wire-chain moorings operating in 400m watkapth is selected. The characteristics

of the moored FPSO system and displacement RAOs of the FPSO are first analysed
in this chapter. Then the mooring line damping isleatad for lines under different
motionsby dynamic analysis, which is completed in software OrcaRtds to be

noted thatOrcaFlex calculates hydrodynamic loads on sleneder structures using a
relative velocity f oComsidedng tbMact thad ovimd s e gl
studying the effect of WF motions on mooring line damping only harmonic-or bi
harmonic WF motions have been superimposed on the LF motions in the former
work, the impact of random superimposed WF motions on the mooring line damping
is included here. Subsequently, effects of current and wave on the mooring line
damping are considered. At the end, the relationship between line dynamic tension

and damping of moorings is also discussed.

3.2 Characteristics of amoored FPSO system

The gi v e hydrddyph&xdresponseincluding displacement RAOs, added
mass are first calculated by WAMIT, which asseconebrder diffraction/radiation
program The displacement RAOs will be used to decide the main WF motions of the
FPSO, and hence to know their Iredfect on the mooring line damping. The
stiffness and natural frequency of the moored FPSO system aredloaihatedin
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order to determin¢he undesirabldrequency of LF surge motion, whidk near to

the naturalfrequency of the moored systeithe frequency of LF surge motion is

important as the mooring line damping will be most important when the loads cause

a resonance #his frequency.

3.2.1 Particulars of the given FPSO and its hydrodynamic response

The vessel used in this study has a ler@tB70m, a beam of 52m, and a draft of

12m with displacement 0f.423 10°MT . The internal turret mooring system is

located 54.5m aft of the forward perpendicular of the vessel and has a diameter of

16m.The main particulars of the given turrabored FPSO are given Trable3-1.

Table 3-1 Main particulars of the giventurret -moored FPSO

Designation Symbol Unit Quantity
Length between perpendiculars Lep m 270
Breadth B m 52
Draft Tp m 12
Block coefficient C; - 0.82
Displacement D MT 1423 10°
Roll radius of gyration K m 17
Pitch radius of gyration Ky m 70
Yaw radius of gyration K,, m 70
Centre of gavity (CG) above base Z, m 14
CG from forward perpendicular X m 141.9

For the computation of hydrodynamic coefficierassd RAOs of the FPSO,

commercial software WAMIT is used. This program idased on the three

dimensional panel method (boundarynt e gr a l

equation

met hod)

with a free surface Green function.The wetted surface of the vessel will be
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discretized by higheorder panels and only half of the domain is discretized

considering the symmetry of hull with respect to thkexis.

Although déailed hull lines of a particutaFPSOwere not used, the hydrodynamic
response will not be significantly affected by tecisehull shape, which can be
analytically represented kgn elliptical bow a rectangular mitbodyanda prismatic

sterni n WA MGEDBIXACT.F file. The file written in Fortranprogramming
language providethe definition of some commoocean platforms angeometries,

such a=PSQ SPAR, TLPcylinder, boxandsphere.This approximation is due to

the fact that many FPSOs have a nearly-stoaped hull with largblock coefficient.

In order to validate the results, tests &rcuracy and convergenaee completed for

a Schiehallion FPSOHa, 2011) The Schiehallion FPSO® slisplacemenRAOs in

the head wave conthn and added mass coefficientsurge diretion are calculated

by WamitV7 with 2692 panels and compared with tiesults of Ha (2011), as seen
from Figure3-1 andFigure3-2. It can be seethat the results alisplacemenRAOs
calculated by WamitV7 are imreasonableagreema t wi t h Haos res:
discrepancies mainly occur around the natural period of heatien However, for

the addeemass coefficient in surge, there is a considerable discrepancy between the

two results, which could be caused by the approximation of hull shape in WamitV7.
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Figure 3-1 Surge and feave RAOs of Schiehallion FPSO under head wave condition
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Figure 3-

whilst not fully validated, are considsetidfactory for the

The numerical models,

purposes of this thesiShe wet surface athe specific FPSull is discretized by

Giventhe weathewaningcharacteristics of the

2868 panels as shown kigure 3-3

FPSO and the problewf concern in this thesionly two wave directions, namely

R
n

150 and 180 degree are considength wave periods rangingom 5s to 23s.

Figure 3-3 Grid modelling of wetted body surface of the FPSO

The calculated displacement RAOs of the given FR&(ative toglobal origin

which is at the middle of ship for->and yaxis and at free surface foraxis) are

given inFigure 3-4 andFigure 3-5. It can be seen that around the natural periods of

there are peak values in the curves. hdave natural periots

heaveand pitch,
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about 11 seconds, which i&vourable to avoid heave resonance with both

operational wind seas of two to seven seconds and persiseamt swells of 12 to 18
seconds.

1 1
08k ~ 150degree Y — 150degree
fg 180degree E 180degree I
£ £
5’ 0.6 S() 0.6
& &
o 0.4 Q 041
=2 S
S o)
(%)) I
0.2 0.2
0 . . . 0 . . .
5 10 15 20 25 5 10 15 20 25
Period T(s) Period T(s)
Figure 3-4 Surge and heave RAOs of the given FPSO
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Figure 3-5 Sway and pitch RAOs of the given FPSO

The surge anddave RAOs will be used to determitie main WF motions under
given sea state. ThEPS@ s  WHonshacetespecially important ftine mooring
line damping becausi was found thatsuperimposed WF motiongddramatically
increasd the LF dampingHuse and Matsumoto, 1989) should be noted thahe
LF motionscould have aconsiderablanteraction with mooring line dampinghe
amplitude of LF surge motion will depend on the mooring line damping, while the

magnitude of mooring line damping is also affected by the LF managlitude.
The addedmass coefficient along the surge direction vs. wave period isrshow

Figure 3-6. The value of 0.06 for addedass coefficienin surge is selected to

calculate the total madd. of the FPSO.
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Figure 3-6 Added-mass coefficient in surge direction of the given FPSO

3.2.2 Moored FPSO system simplified as a spring oscillator model

The FPSO system contains 20 mooring lines anst@dp waveisers, whose layout

is shown inFigure 3-7. In Table 3-2 are the patrticulars for a single mooring line,
which consists of R4 chain on the top, spiral strand wire in the middle and R3S chain
on the bottom. The illustration of a single mooring line is showrRigure 3-8. The
detailed information of risers will be mentioned later when considering the damping
effect and current force of risers in the coupled analysis.
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Figure 3-7 Layout of moorings and risers of the given FPSO
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Table 3-2 Particulars of singlemooring line

R4 Chain Spiral strand wire R3S Chain
Length (m) 10 390 1480
Nominal Diameter (m) 0.157 0.144 0.152
Air weight (kg/m) 491 106 460
Wet weight (kg/ m) 426 84 399
EA (mN) 3350 1893 2200
1
NN 7
Spiral strand wire V \

390m R4 Chain
10m

Figure 3-8 lllustration of a single mooring line

For a catenarytype mooringsystem the horizontalforce component of the mooring

lines is utilised to provide the restoring forces that maintain the moored FPSO on
station. Any movement off station caused by environmental loads on the moored unit
makesthe catenary shape less steep, and hence increases fbe tarthe mooring.

The effect of mooring lines ishown in Figure 3-9. For this moored FPSO system,

the relationship between the offset and restoring force usuailype simplified as a

spring oscillator model, which is illustratedrigure 3-10.

Figure 3-9 lllustration of loa ds of moored FPSO system
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Figure 3-10 A spring-oscillator model for the moored FPSO system

The effect of the riser system on the total restoring force normally can not be
neglectedKim and Kim, 2002) But the contribution of risers to the stiffness of the
whole moored system will be first ignored here. The stiffiessan be obtained by

the relationship of horizontal displacement and horizontal restoring force, which can
be obtainal by quastistatic analysis. For a single mooring line, the stiffniéswill
increase as the line i®ecoming taut, which shows quite strong nonlinear
characteristics, as illustrated figure 3-11. The dotline is calculated according to

the approximate formulproposed byFaltinsen(1990)for an inelastic catenary

_aT,
dX g+ 2(T, 1wH))?

NI

° ~ -1

a (0]
+cosh‘1§+ﬂ8] Eq.31
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Figure 3-11 Nonlinear stiffness of a single mooring line

For the moored FPSO system, however, the stiffi€ssf all mooring lines
approximately has a linear behavi@s illustrated irFigure 3-12. This is due to the
balance of the slack and taut mooring lin€ke original data inFigure 3-12 is

obtained fronguastistatic analysis.
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Figure 3-12 Relationship of horizontal offset and restoring forceof 20 mooring lines

By the least square method, the mean stiffnEs®f the moored system can be
calculated, which has a value 272.9kN/rr. The mean natural frequency of the

whole moored FPSO system is obtained byftewing equation(Eq. 3-2):

c. =2y/M;K Eq. 3-3

Given the addethass coefficient of the vessel as 0.06, the total rivgssf the

vesselis 1.513 10°MT , and corresponding period and critical damping can be

calculated. Tie characteristics of the whole moored system are list€dble3-3.

Table 3-3 Characteristics of the whole moored systerim surge direction

Stiffness Natural frequency Natural period Critical damping
(KN/m) (rad/s) (s) (N.s/m)
272.9 0.042 149.6 6.42E+06

59



Chapter3 Mooring line damping of a moored FPSO system

3.3 Effect of top motions of the FPSO on mooring line damping

As mentionedefore, mooring line damping can be calculated by energy dissipation
E of the lines, which is obtained by | ndi cat or d Foaghusamidab met h

motion x = AGin(2p /T @), anequivalent linear damping is given by

_ET
c= —2p2A2 Eq.3-4

The corresponding damping ratro is defined as
z =clc, Eq. 35

Here, the effect of current or wasren mooring line damping will be not included

first. Only the effect of top motions of the FPSO, including LF motions and WF
motionsis considered. fie drag coefficienC, will be assumed constant. The value

for wire is 1.2, for chain i4.1 with respect to drag diameter (20O D is nominal

diameter of studess chain).

3.3.1 Effect of LF motion amplitudes on damping of moorings

Assumingthe frequencyof slow drift motion ofthe FPSOis the same athe mean
natural frequency othe moored systemfive different amplitudes are consied,
namely 5m, 10m, 20m, 34m and 48ithe selection of mean natural period of the
moored system as LF motion period is due to the fact that the danffengie of

most importance at resonance

By the dndicator diagrat@ met hod and Ege3dand&qg 3-5), the mul ae

calculated equivalent linear dampisgand damping rati@ due to moorings under

different amplitudes of LF motion are listedTiable 3-4. It can be seen that for the
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given period, with the increase of LF motion amplitude, the damping of moorings

also increases.

Table 3-4 Effect of LF motion amplitude on damping of moorings

Slow drift motion C Damping Ratio
Amplitude (m) Period (s) (NG/m) z
5 149.6 8.5+ 1.34%
10 149.6 1.7FE+05 2.70%
15 149.6 2.6E+05 4.09%
20 149.6 3.56E+05 5.%4%
34 149.6 6.46E+05 10.0®0
48 149.6 1.0E+06 15.8

FromFigure3-13it can be seen that when the amplitude of LF motion is not big, the
increase of damping ratio of moorings is linearly proportional to the increase of LF
motion amplitude. However, the rate iotreaseof damping ratio of mooring line
increases as the LF motion amplitddgherincreases.

16 T T T T T T T T

14

12

10

Damping ratio of moorings %
©

r r r r
5 10 15 20 25 30 35 40 45 50
Amplitude of LF motion (m)

Figure 3-13 Effect of LF motion amplitude on mooring line damping

3.3.2 Effect of superimposed WF motions upon damping of moorings

The supemposed WF motions could dramatically increase the mooring line
damping according to the study of Humsd Matsumoto(1989) The amplitude and
frequency of WF motions are selectactordingto the displacement RAOs aride

environment concerned.
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A typical 100year hurricane with significant wave height () of 12.2m and peak
wave period () of 14s is selected as wave environment and JONSWAP spectrum

with g=2.5is used. From the spectemalysis, the response spectrum of certain
motion at global origi(which is at themiddle ofthe vesselfor x- and yaxis and at
free surface for-axis) can be obtained bmultiplying the wave spectrum thi the
square othe correspondinglisplacemenRAO, as shown irFigure3-14 andFigure
3-15. It can be seen that in thequency rangef 0.3rad/s to 0.6 rad/s cornqesnding

to theperiod range of 10s to 20s, there is the main engrdlje surge and heave
response spectra.

For the harmonic WF motionsherefore,the period mainly from 10s to 20sre
considered and the range of amplitsdeselectedto befrom 2m to 8m, whsh is

approximately decided by the multiplication Bff, and heave/surge RAO at periods

considered.
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Figure 3-14 Response spectrum of surge motion of thgiven FPSO
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Figure 3-15Response spectrum of heave motion of tliggven FPSO

Effect of harmonic WF motion s on mooring line damping

When considering the sup@posed WF motions, the drag coefficients of chain and

wire will keepthe same constant vakias for the LFnotion simulationnamely 1.2

for wire, 1.1 for chain with respect to chain drag diamet2rlQD). The energy

di ssipati on caused by moor i ngsindicamr al so
d i a g,iwhkeradhe horizontal displacement is still corresponding to the LF motion
while the horizontal force is due to the combination of the WF motion and LF motion
(Brown and Mavrakos, 1999%everal periods of LF motion are considered and the
energy dissipation is averad) over the cycles of periadThe calculated equivalent

linear damping and damping ratio under different cases are list€dbie 3-5. A

more visual comparison is depictedHigure3-16.
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Table 3-5 Effect of surge WF motions on damping of moorings

LF motion WF motion Cc Damping | Increase
Case A (M) T, (9 A,(m | T8 | (NG/m) Ratio ~ by
Case0 (NoWF)| 15 149.6 0 0 2.6E+05| 4.09% -
Casel(A2T10)| 15 149.6 2 10 | 8.3CE+05| 12.94% 216.4%
Case2(A4T10)| 15 149.6 4 10 | 1L4FE+06 | 22.30% 445.2%
Case3(A4T15)| 15 149.6 4 15 | 9.97FE+05| 15.53% 279.7%
Case4(A4T20)| 15 149.6 4 20 | 7.97E+05| 12.42% 203.7%
Case5(A8T20)| 15 149.6 8 20 | 1.47E+06 | 22.88% 459.4%
Case00 (NoWF) 34 149.6 0 0 6.46E+05| 10.0®% -
Case01(A2T10) 34 149.6 2 10 | 1.0IE+06 | 15.77% 56.6%
Case02(A4T10) 34 149.6 4 10 | 1.6E+06 | 25.34% 151.6%
Case03(A4T15) 34 149.6 4 15 | 1.2IE+06 | 18.78% 86.5%
Case04(A4T20) 34 149.6 4 20 | 9.98E+05| 15.54% 54.3%
Case05(A8T20) 34 149.6 8 20 | 1.68+06 | 26.17% 159.9%
CaselO(NoWF)| 48 149.6 0 0 1.0E+06 | 15.8 -
Casell(A2T10) 48 149.6 2 10 | 1.31E+06| 20.38% 28.7%
Casel2(A4T10) 48 149.6 4 10 | 1.89E+06| 29.37% 85.5%
Casel3(A4T15) 48 149.6 4 15 | 1.51E+06| 23.47% 48.3%
Casel4(A4T20) 48 149.6 4 20 | 1.31E+06| 20.46% 29.2%
Casel5(A8T20) 48 149.6 8 20 | 1.97E+06| 30.64% 93.6%

It can be seen fromable3-5 andFigure3-16 that

1) With superimposed surge WF motions, the mooring line damping increases
significantly when compared to the case with LF motion only;

2) With the increase of LF amplitude, the effect of superimposed surge WF motions
on mooring line damping becomes comparatively less important;

3) As it is known, the mooring line damping is mainly due to the drag force, which is

related to thesquare of fluidrelative velocity. The ratio o, /T, could be a

reference of the velocity amplitudes of the WF motions. It can be seethéhat

ratio of A, /T, could reflect the importance of WF motions on the mooring line

damping. For Case0l1 and Case04 with same ratid, dfT, (also, Case02 and
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Case05, Casell and Casel4, Casel2 and Caselb), their efteetsl@amping of

moorings are quite similar.
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Figure 3-16 Effect of surge WF motions on damping of moorings

The effect of heave WF motion on mooring line damping is also considered, together

with the combimation of surge and heave WF motions. The base case for slow drift

motion with amplitude of 34 is considered and the calculated results are shown in

Table3-6.

Table 3-6 Effect of heave and biharmonic WF motions on mooring line damping

Surge WF Motion | Heave WF motion C Damping | Increase
Case A,(m) T,(9 A,(m) T, (9 (NG/m) Ratio > by
CaseA 4 15 - - 1.21E+06 18.78% -
CaseB - - 4 15 1.27E+06 19.81% 5.5%
CaseC 4 15 4 15 1.45E+06 22.51% 19.9%
CaseCl| 4 15 4 15 1.63E+06 | 25.44% 35.5%
CaseC2 | 4 15 4 15 1.44E+06 | 22.45% 19.5%

Note * The difference between CaseC, CaseC1 and CaseC2 is the phase difference between surge and

heave motion. In CaseC there is no phase difference, while in Casellase2 the phase difference
is around 90 degree ai@0 degree respectively.
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It can be seen fromable3-6 that

1) The effect of superimposed heave WF motion on mooring line damping is similar
as that of superimposedrge WF motion for the given mooring configurations;

2) Under the combination of superimposed surge and heave WF motions, the
mooring line damping will increase when compared to that under single
superimposed WF motion. The magnitude of increase will depanitie phase

difference between the surge and heave WF motions.

The cause of superimposed WF motions giving rise to the increase of LF damping

has been investigated by Huse and Matsum(®88) For an LF motion
Vi =V Ccosiyt) and & WF motion Vi =V COSWt +/,) . the energy

dissipation under cases with LF motion only and wlisuperimposed WF motion

can besimply expressed by

;
E, = o, & Qit Eq.3-6
0

;
En = [Fom V.- @it Eq. 3-7
0

where Fy, =4 rDCV (O (t)], For =

N~

rDGC, [VLF ® +Vive (t)]NLF ) +Vive (t)| .

Replacinghe F,, and F,, in Eq.3-10andEq. 3-11, it yields:

;
E, =4 rDC.V, [0S (W t)|cos iy t)| Qit Eq. 3-8
0

.
E, =4 rDCVi, ¥ U4| cosy . t) Cat Eq. 3-9
0

where,U, = cos@.t) + ¥ cos@y,t +/ ).

VL Fo

It can be showrby numerical integratiorthat the ratio ofg, /E, will be always

larger than oneAl t hough it was found that the
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equation could numerically overestimate the damping for certain seaftates
1980, Laya et al., 1984dhe significant increase of LF damping due to superimposed
WF motions herein which has been found by tegtduse and Matsumoto, 1989)
should benot due tahe limitaion of the relative velocity model

Effect of superimposed random WF motio ns

When considering the effect of superimposed WF motions on the mooring line
damping, only sinusoa WF motions are consideredprevious literatureHowever,
the most common situation is that random WF motions exist in reality. The random
effect could be different from the sinusoidal effect. kwstance, Longoria et al.
(1991) did some studies about the hydrodynamic coefficienta oflinder under

random oscillatory flows. It was found that the random flow valueS paind C,,

differ from the sinusoidal flow values by more than 30% @&04in the inertia/drag
regime of KC (nhormally 8< KC <25). They concluded that the formation of shed
vortex pairs is disrupted in random flow by the irregular fluid motion. The dygle
cycle shedding and pairing of vortices in sinusoidal flow that leads to the
characteristicC, and C,, curves reported in literature are not dominant under

random flovs.

Here, it is still assumed that the hydrodynamic drag coeffice@sonstant values
(Cp, 1.2 for wire, 1.1 for chainvith respect to drag diamejaewhenthe effect of

random WF motions on mooring line damping is investigated. The random WF

motions are obtained under the wave environment of a typicayd®0hurricane

A\
mentioned above.He translationa?/F motions x°" atthe turretorigin (x, y,z) can
A\
be determined by the translational motiori¥’ at the origin of the global coordinate

\ %
system and the angular motioas follows:
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)\(J"T(x, Y, 2) :)\(JOG(O,O,O) +WR T Eq. 3-10

where X = ()(1,X2,x3),v\\7: (X, X5, X)), = X V,2);

The surge WF motionormally hasonly asmall difference at the global origin and

the turret, so the time history of random surge WF motion can be obtained by Fourier
transform from the surge response spectrum as shown Rigure 3-14. Special
attention should be paid to the random heave WF motions, because unlike the surge
WF motiors, the have WF motios at global origin and the turret wilbe quite
different mainly due to the pitch effecThe random heave WF motions at turret
origin will be calculated according to the formukgg( 3-10) when considering the

effect of random heave WF motions on mooring line damping.

For the random surge WF motioaghreehour time history (seBigure3-17) is first
considered and the energy dissipation of moorings will be calculated for each period

of the given LF motion.

3
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Figure 3-17 Time history of random surge WF motion of the FPSO

To compare with the effect of random surge WF motions, an equivalent harmonic
WF motion is defined by the standard deviatwrand the zer@rossing periodr,,

of the randomWF motions. The amplitude of tleguivalentharmonic WF motion is

equal to/2s , While the period is equal to the, .
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s = /nmb" (wdw Eqg.3-11

T, Z\/urﬁsn(W)dW/r:fwzCSr,(W)dW Eq. 3-12

The standard deviatios of the random surge WF motion is 0.68m, and the-zero
crossing periodl,, is 15.5s. Hence, the equivalent harmonic motion is defined as
x.. =0.96@in(2po @/155) . The comparison of time histories of these two motions
during 700687200s is shown ifigure3-18.

2
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Figure 3-18 Comparison of time histories of random and equivalent harmonic WF motions

Two slow drift motions with amplitude of 15m and 34m respectively are assumed,
while their periods a still selected as 149.6s. Considering the uncertainty of
superimposed random WF motions, the energy dissipation of moorings during each
period of LF motion will be different. Ifigure3-19, the scatter of damping ratio of
moorings is illustrated for the LF motion with amplitude of 34m during the last 60
periods. To compare with the case under superimposed harmonic WF motion, the
energy dissipation of moorings per lgeriod with the superimposed random WF
motion is averaged over cycles of LF motion during the 3 hours simulation. The
mean energy dissipation is then compared with that obtained under the superimposed

equivalent harmonic WF motion.
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Figure 3-19 Scatter of damping ratio of moorings during last 60 LF periods

The calculated (mean) equivalent line damping and damping ratio under different
cases are listed ifiable3-7.

Table 3-7 Effect of random surge WF motion on mooring line damping

Random Harmonic
Surge WF Surge WF C Damping
Case . . . .
Motion motion (NG/m) | Ratio ~
s(m) | T,(s) | AM | T.09
Random | 0.68 155 - - 6.83E+05| 10.64%
A, =34m
Harmonic - - 0.96 15.5 | 6.84E+05| 10.65%
Random | 0.68 155 - - 3.39E+05| 5.29%
Ap =15m
Harmonic - - 0.96 15.5 | 3.38E+05| 5.27%

It can be seen fromigure3-19 andTable3-7 that

1) Under the random surge WF motions, the damping of moorings during each cycle
of LF motion will fluctuate, howeveits mean valueaveraged by cycleis quite
close to that obtained from the equivalent harmonic WF motion;

2) Considering response dhe given FPSO under the hurricane environment, it
seems the effect of random surge WF m@ion mooring line damping becomes

less important. For instance, under superimposed ramsgoge\WWF motions, the

damping ratio of moorings increases by 5.7% for case #jth=34m and by

29.3% for case withA =15m when it is conpared to the case under
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corresponding LF motion only. This is mainly due to the small response (standard
deviation) of surge motion under random waves, which can also be seen from the

amplitude of the equivalent harmonic WF motion.

A threehour time hisory of random heave WF motion tte turret location undea
typical 100year hurricane environment is considered as showigure3-20.
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Figure 3-20Ti me hi story of the FPSO6s random heave

The standard deviatios of the random heave WF motion is 2.28m, and the-zero
crossing periodT,, is 147s. Hence, the equivalent harmonic heave motion is defined
as z, =3.22@in(2o @/14.7) . The comparison of time histories of these two
motions during 900@200s is shown ifigure3-21.
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Figure 3-21 Time histories of random and equivalent harmonic heave WF motions
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The effect of random heave WF motion on mooring line damping is considered for
LF motion with amplitude of 15m. The calculated equivalent linear damping and

damping ratio of moorings are listedTiable3-8.

Table 3-8 Effect of random heave WF motion on mooring line damping

Random heave | Harmonic heave )

c Damping
Case WF Motion WF motion B ]
(NG/m) Ratio ~
s(m) T (s) A,(m) Tu(9)
Random | 2.28 14.7 - - 8.40E+05 13.09%
A¢ =15m

Harmonic - - 3.22 14.7 8.82E+05 13.74%

It can be seen fromable3-8 that the mean value of mooring line damping under the
random heave WF motions is also quite close to that obtained from the equivalent

hamonic WF motion.

So, from the statistical view, the effect of random WF motions on the mooring line

damping can be represented by an equivalent harmonic WF motion. However, to be
emphasized, the conclusion is made based on the assumption o€sarakies for

moorings under both the random WF motions and the equivalent harmonic WF

motion.

3.4 Effect of current/wave upon mooring line damping

The effect of current on mooring line damping has been considsréd/ebster
(1995) In his study, a nodimensional current parameter is definas/V,” /2wDS,

which is proportional tothe ratio of the hydrodynamic drag force per unit length on
the reference mooring line due to the current to the weight of the mooring line in
water per unit length(\Webster, 1995) Three different nowmimensional current
values were investigated and the results were showigure3-22. According to the
results, the effect of horizontal current on the mooring line damping is negligible at

low pretensions.
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Figure 3-22 Variation of mooring line damping with current parameter (Webster, 1995)

A

It should be noted thatn We bst er 6s study the current
compared to velocities of top motion, which could be the reason why the current has
little effect on mooring line damping. Herthe effect of current upon dampimd
mooringsis first considerd for slow drift motion with amplitude of 34m. It is
assumed that the slow drift motion is still symmetric arouncethalibrium position

and will not be affected by the current. Shear current is considertd several

different surface current velocii@nd the profile of current along the water depth is

shown inFigure3-23.
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Figure 3-23 Velocity profile of shear current along the water depth

The o0l ndicator diagrams©6 u iidgueB-24dWwhéenf er en't
the system moves against the current direction, the total horizontal connection force
at the turret will increase clearly. The increase of the horizontal force is mainly due

to the chage of departure angles of moorings due to the current drag effect.
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The calculation resultsf damping of mooringarelisted in Table3-9. It can be seen

that due to the existence of current the mooring line damping increases. When the
surface current velocity is small, the effect on the nmgpriine damping is
insignificant. However, with the increase of surface current velocity, the effect of

current on mooring line damping becomes important.

Table 3-9 Effect of current on damping of moorings under LF motion ( A . = 34m)

V., (M/s) c (NG/m) Damping ratio increased by
0 6.46E+05 10.0™0 -
0.3 6.62E+05 10.31% 2.4%
0.6 7.0%E+05 10.99% 9.1%
1.0 8.05%E+05 12.53% 24.5%
14 9.3&+05 14.61% 45.1%

As mentioned before, the importance of current effect on mooring line damping
could depend on the relationship between current velocity and line moving velocity.
Several LF motions with different amplitudes but same period (149.6s) are further
included tostudy the ocean current effect on damping of moorings. Ffigure
3-25it can be seen that for the LF motion with small amplitude, which means the
velocity amplitudeis also small, the effect of current on mooring line damping is
more significant. The rate of increasiedamping ratio of mooring line also increases

as thecurrent velocityincreases.
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Figure 3-25 Effect of current on damping of moorings under LF motions

Taking surface current velocity ds0m/s, the current effect on mooring line
damping is considered for the case with superimposed WF motion. The selected
surge WF motion is with amplitude equal 4m and a period of 15 and the LF
motion hasthe amplitudeof 34m. It is found that the effect of current on mooring
line damping becomes less important for the case with superimposed WF motion
when compared to that with LF motion only, as showRigure3-26.

25 T T T T T T T T T
Effect of Current(Vo=1m/s) on mooring line damping
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15~ 20.16% ]

18.78%
10 N

10.07% 12.53%

Damping Ratio of Moorings %

r r r r r

LF-NoCurrent LF-Current WF/LF-NoCurrent WF/LF-Current

Figure 3-26 Effect of current on mooring line damping under different cases

The wave haanimportanteffectupon the mooring line damping mainly by causing
the WF motiors of the floating structurand hence this effect is indirect. Here first
ignoring this indirect effectthe direct influence of wave upatamping ofmooring
is studied.Assumethe amplitude ofLF motion of the FPSO systenis 34m, two

different wave situations are conside and the calculatechooring line damping
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presentedn Table 3-10 showsthat the diret influence of wave on dampinof

mooringsis negligible.

Table 3-10 Effect of different waves on damping of moorings under LF motion

Case C (NG/m) Damping Ratio variation by
No Wave 6.46E+05 10.07% -
Airy Wave
6.64E+05 10.34% 3.09%
H=7mT =8s
JONSWAP
6.52E+05 10.16% 1.30%
H,=7mT, =8s

3.5 Effect of mean offset on mooring line damping

As is known, under theffecs of a mean current anglind force and mean wave drift

force, the moored FPSO system will have a mean offset. The mean offset will make

some of the mooring lines become a little tighter while some of the mooring lines

become looser, which can be taken as the change of preteostbesmooring lines.

From the study of Webster (1995) it can be seen that for a single mooring line with

the increase of pretension, the damping will increase under the same motion before

the transition point appearseg Figure 2-8). For the whole mooring system,

investigation needs to be made about the effect of mean offset, which will not only

increase the pretensions of some lines but also will decrease thesjmeseof some

lines.

The assertion

considering different mean offsets of the turret. Taking the slow drift motion

(A =34m) with current surface velocity., =1.0m/s for instance, the damping

t hat

t he

me a n is ctudied byt

wo ul

ratio of moorings is calculated for cases with 10m and 34m mean offsets respectively.

For the case with 10/mmeanoffset, it is found the damping ratio (12.99%) only

increass by 3.7% when compared with the corresponding cagdsowitmean offset

76



Chapter3 Mooring line damping of a moored FPSO system

(12.53%). However, for the case with 34neanoffset, the damping ratio is 19.03%,

which increases by 51.9% compared to the case without mean offset.

The effect of superimposed WF motion on mooring line dampingebeeked with
meanoffset taken into consideration. CaseOlTable 3-5 is selected as base case

and 10m and 34m mean offsets are added respectively to the base case. It is found
that forthe case with 10rmeanoffset, the damping ratio (16.57%) only increases

by 5.1% when compared to Case0l. However, for case withn3damoffset, an

increase of 64.6% of damping ratio (25.95%) is achieved when compared to Case01.

3.6 Line tension and damping of mooring line

Damping of mooring line can reduce the kbErgemotion of the moored FPSO
system consequently theelated LF part ofine tension So, it seemslesirable to
increase the mooring line damping. However, the increagdarmping ofa mooring
line normally means the increase of drag force, wioichld increase the dynamic
tension The variation ototal line tensiorwill depend on theroportion of static and
dynamic tensionsAn investigation ofthe relationship between lingension ard
dampingof a single mooring lings attemptedThe single mooring linel3 is selected

and its layout is shown iRigure3-27.

|
-8,-12.2>

Turret
Centreline

Woter depth 393nm

1480m RE3s Chain

|

|
§ Length on Bottom 1271m ‘ Mean touchdown RodiusJ
Filed Anchar 459m

Figure 3-27 Configuration and layout of line13
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3.6.1 Effect of superimposed WF motion on line tension

It is known the superimposed WF motions will increase the mooring line damping.
The effect of superimposed WF motions on line tension is studiedrbparison of

top tensions of a single mooring line under LF motion only and under superimposed
WF motion. The sinusoidal LF motion with 34m amplitude and period of 149.6s is
selected, while the sanphase sinusoidal WF motion has amplitude of 4m and
period of 15s. The drag coefficients for chain and wire are 1.1 ancedp2ctively

with respect tahe drag diameter. The added mass coefficients for chain and wire are
both set as 1.0. Through tirdemain dynamic analysis, the time histories of top
tensons under these two different cases are showigure 3-28. It can be seen that
with the superimposed WF motion the maximum line tension will increase. The
maximum dynamic component of line tension will occur around the period that line

is most strathed.

4000 T T T 3 T T 3
LF motion only
LF motion with superimposed WF motion [

3500 -

3000 ~ b

2500

« V W | |
/ \ ij | |
¥, /

500
50 100 150 200 250 300 350 400 450

Time (s)

Line tension at top end (kN)

Figure 3-28 Time histories of top-end line tension under different motions

To study the dynamic component of line tension, the comparisons of tensions
obtained fromquasistatic analysis and dynaenanalysis are completed by plotting

the offset and corresponding maximum line tension, as showigume3-29. For the

case with superimposed WF motion, the offisethe combination of LF and WF

motions.
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Figure 3-29 Maximum line tension ofa single line (linel3)at different offsets

It can be seen fromigure3-29that:

1) For the case withLF motion only, at the same peak offsdte maximum/line
tensionsare the same for static and dynamic methedsle at other offsets the
maximum line tensions obtained by dynamic analysis are slightly bigger than
those fromquaststatic analysis. This is mainly due to the drag force which makes
the departure angle larger when the line moves along the liraztayth
direction;

2) For the case ith superimposedF motion,at some offsetshe maximum line

tensiondrom dynamicanalysisare muctbigger than thsefrom static method
With superimposed WHkotion, the peak line tension caocur before the tepnd of
the line reacheghe peak offset. The dynamic component of line tension could be

considerable when superimposed WF motiareexeredon the topend of lineand

the quaststatic analysisvould fail to predict the peak line tension.

3.6.2 Drag force vs. inertia force

The topline tension of mooring linenainly consists of two parts, namely static

tension (catenary tension) and dynamic tension. The dynamic tension is usually
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caused bythe drag force and inertia forcevhich are due tdoth top motion and
environmental loads such as current and waideag force is related to the velocity
while inertia force which includes physical inertia dueits own mass andn inertia

force in phase with the local flow acceleratigrelated to the acceleration. Due to
the relationship between velocity and acceleration, the maximum drag force and

maximum inertial forc&ean notoccur simultaneously.

Papazoglowet al.(1990)argued thathe main contributor to the dynamic response is
the nonlinear drag (damping) due to the velocity effects in the case df hig
frequency mooring line motiofHowever, line stretching (elastic stiffness) is the
primary contributor for a fullylifted or taut mooring line.)However, according to

the studyof van den Boom(1985) the prime dynamic tension increase originated
from the normal drag forces related to large global (first mode) line motions. Inertia
became importanat higher wave frequencies especially for steel wires and-multi

component lins.

In order to figure outhe contributions ofirag and inertia forcesto the dynamic
tension three different superimposed WF motions are considered here for the single
mooring linewhile waves are not includeBor eachsuperimposed \W motion, two
different cases are consideréthe first casdas thatthe mooring line will move in

water and the second casehat the mooring line moves in airhis is achieved by

settingthe density of fluidasseawater densitfr , =102%g/ m’) for first caseand

(approximately) thedensity of air( 7, =1.02%g/m’) for second caself the

mooring line moves in air, then the dynarteéasionis mainly due to the inertia force

(although the added inertia force here is small, without the existence of dcag fo
(resistance) to increase the o6i mpedanceb
line moving in airdue to its own massould be a little bigger than that in water), and
Rayleigh damping(0.8% of critical damping)is added due to the lack of drag
damping. When the mooring line moves in water both the drag force and inertia force

may contribute to the dynamic tension. The static tension corresporitle total

offset at the moment when maximum tension occurs. Through the comparisons of
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results (inair and in water) imrable 3-11, one could infer the main contribution to

the dynamic tension when mooring line moves in water under different WF motions.

At lower frequency of superimposed WF motion, the drag force is dominant in the

dynamic tension, while with the increase of frequency of WF motion it seems the

contribution of inertia force to dynamic tension becomes considerable.

Table 3-11 Components of line tensions under different superimposed WF motions

LF motion (A=34m, T=149.6s)

Line tension WF (A=1m, T=6s) | WF (A=4m, T=10s) | WF (A=4m, T=15s)
(kN) Water Air Water Air Water Air
Maximum tension| 3058 3620 3529 3300 3026 298
Static tension 2529 2892 2491 2750 2400 2828
Dynamic tension 529 728 1038 550 626 154

A more vivid study is plotted idrigure 3-30 for two different superimposed WF

motions.One WF motion is with amplitude of 1m and period of 6s while the other
has amplitude of 2m and period of 12s.
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Figure 3-30Line tensions under different superimposed WF motions
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It can be seen fromigure3-30that when the maximum line tension occurs
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1) For the case with lower frequency WF motion, the drag force will dominate the
dynamic tension (as Point2 indicated that the motion velocity reaches its peak
value);

2) For the case with higher frequency WF motion, the contribution of inertia force to
the dynamic ¢nsion is considerable (as Pointl and Point3 indicated that the
motion has acceleration at those moments);

3) Although with same velocity amplitude, the case with higher frequency WF
motion has bigger dynamic tension due to the contribution of inertia.force
Occurrence of maximum line tensionseems tobe decided by the phase
relationship of LF motion and WF motions.

3.6.3 Linetension and mooring line damping

The superimposed WF motion will increase the mooring line damping as well as the
dynamic tension. Its edtt on maximum line tension would depend on the
contribution of mooring line damping. If the mooring line damping can significantly
reduce the LF motion and hence the corresponding static tension, then the maximum
line tension could be reduced. Under soakeit is desirable to increase the mooring

line damping by increasing the drag (coefficient) even with the increased dynamic
tension.It can be seen fromable 3-12 for the case with superimposed WF motion
(A=2mT =12s) together with LF motion &, =34m T, =1496s), the increase of

drag coefficient would increase the mooring line dampingj lare tension as well

when the drag force is dominant in the dynamic tension.

Table 3-12 C;, effect on line tension and damping for case with lower frequency WF motion

Drag coefficient C, | Maximum tension Damping
CASE _
chain wire (kN) ratio
1 0.8 0.85 2729.7 0.74%
2 11 1.2 2786.4 1.00%
3 15 1.7 2885.5 1.33%
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There is another case that with the increase of drag coefficient the mooring line
damping increases while the tension decredsasngthe superimposed WF motion

(A=ImT =6s) together with LF motion &, =34m,T, =1496s) for instance, the

effect of drag coefficient on mooring line damping and line tension is stuliean

be seen fronTable 3-13 that with increase of drag coefficients the mooring line
damping increases while the maximum line tension slightly decreases. This is
becausehat under the higher frequency WF motitims ircrease of drag coefficients
could add the resistance to reduce the inertia force which dominates in the dynamic

tension.

Table 3-13 C;, effect on line tension and damping for case with higher frequency WF matn

Drag coefficient C, | Maximum tension Damping
CASE _
chain wire (kN) ratio
1 0.8 0.85 3070.7 0.75%
2 11 1.2 3058.2 0.98%
3 15 1.7 3053.3 1.30%

3.7 Concluding remarks

In this chapter, damping of moorings for a twmeiored FPSO systenms
systematically studiedAssuming constantC, values of moorings, effect®f

environmental loadssuch as vessel motions, current and wavehe mooring line
dampirg are investigated.The relationship between line tension and mooring line
dampingis also discussedNormally anincrease of mooring line damping caeduce
LF line tension but increase Wlnhe tension if the drag force is dominant in the

dynamicWF tenson.

The superimposed WF motions, whieles el ect ed according to
displacement RAOs and environmeritaye significant influence on mooring line
damping However, this sinignificant influence could bightly abated here because
of t he use of t he relative velocity f
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overestimate the damping according to the relavant s{udyd, 1980, Laya et al.,
1984). For the case considered in this chaptea obnstantC, valug the effect of

random superimposed WF motions on damping of moorings caepbeseted by

an equivalent harmonic WF motion.

The magnitude of mooring line damping is affected not only by LF and especially
WF motions but also by mean offset and cugrantl thust is questionable to model
mooring line damping asimple linear dampingHowever, if an equivalent linear
damping of mooringsould be determined withdesirable accuracy, then it coudd

used as input ianuncoupled analysi® get timesaving results.
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4. Sensitivity of damping and tension of moorings to G

variation

4.1 Overview

In Chapter3, when calculating the mooring line damping under different motibns,
is assumedhat C, valuesof wire and chain arewot affected by Reand KC

numbes. In fact, the drag coefficient willary underdifferent motionsdue tothe
different Re andKC numbes. The variation of drag coefficient, which directly
changeghe drag force, wilconsequenthaffect damping of moorings and dynamic

tension.

In this chapterthe sensitivity of mooring line damping to drag coefficient variation
DC, is investigated firstThis is then followed bya sensitivity study of dynamic
tenson to the drag coefficient variatiomhe purpose ito know which part ofa
singlemooring line will be more sensitive to the variationsGyf in calculating the
damping of moorings and dynamic tensi®@hen special attention will be paid to that

part andhe C, of that part will be determined by numerical methods.
4.2 Sensitivity of mooring line damping to drag coefficient variations
According to the Taylor series
_ PRSI (G Py
f(x+Dx) = f(x)+f|(x)CIDx+T(Dx) +.... Eq.41

if consideringhe smallvariation Dx, then second order and higher ordeiDsf can

be neglectedhen:
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f(x+Dx) = f(X)+ fi(x) Dx Eq. 42

Similarly, takng energydissipationof mooringsdue to thesmall drag coefficient

variation DC, , then

E(C, +DC,) = E(C,) + Ei(C,) ™C, Eq. 4-3
where, E(C,) is base energy dissipatior(C, +DC,) is the new energy

dissipation due to the dragefficientvariation

The sensitivity of energy dissipation to dragefficientvariation can be calculated

by

E(CD + DCD) " E(CD) = DE(CD)

Ei(C,) =
l( D) DCD DCD

Eq. 4-4

Linel3 of the FPSO mooring systerasillustratedin Figure 3-27, is seleced asa

line of basecase For this basecase the dragcoefficientsof chain and wire are
constant C,=1.1 for chain(drag diameter 2.1D); C,=1.2 for wire) As mentioned

above, small variation of drag coefficient is prefeyred the drag coefficient

variations are from 1.1 to 1.3 for chain and from 1.2.tbfor wire.

In order to know the sensitivitgf mooring line damping to th€ variationalong

the whole catenary line,the chairwire-chain line will be divided into many

segments with same length (10m per segrherd). In eachnew casethe change of
C, for only one segmemnill be made when compared to the base céke.energy
dissipation variation DE(C,) of each new case compared tthe base caseis

calculatedThe sensitivity ofenergy dissipationf thecorrespondingegment can be
obtained bydivision of the energy dissipatiorvariation bythe drag coefficient

variation as shown ifcq. 4-4.
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The sensitivity of mooring line damping to drag coefficient variation can be easily
obtained after the calculation ehergydissipation variatiorDE(C,). For example
if thedamping ratioz is taken as evaluation parameteonsideringhe Eg. 3-4 and
Eq. 3-5 for a snusoidalmotion, then
Ei(Cy)

F C

where, zi(C,) is sensitivity of damping ratio @fsmall segment ahooring line due
to C, variation; w is circular frequencyf slow drift motion A is amplitude of

slow drift motiory C. is critical damping othemoored FPSO system.

In order to have a direcinderstanding about the sensitivity of mooring line damping

of a small segmemue toC, variation, a relative value. can be considered:

= %3 100% = M3 100% Eq. 4-6
E(Cy) z(Cp)

Different top motions of lineare considered in orde¢o consider the influence of
FPSOmotiors, as illustrated iMable4-1.

Table 4-1 Different basecaseswith respect to different top motions

Drag coefficient Surge motion Heave motion
Base
LF WF WF
Case | Chain Wire
A /H T(s) Ay (M) T(s) Ay (M) T(s)
1 11 12 5% 149.6 / / / /
2 11 12 10% 149.6 / / / /
3 11 12 10% 149.6 4 10 / /
4 11 12 10% 149.6 4 15 / /
5 11 12 10% 149.6 1 6 / /
6 11 12 10% 149.6 / / 4 10
7 11 1.2 10% 149.6 / / 4 15
8 11 12 10% 149.6 / / 1 6

Note: H means water depth400m;
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For the base casel (LF motion only), of which amplitude is equal to 5% of water

depth, the relative values of different segments are showedrigure4-1.

r=E(C_)E(C,)

Relative variation of energy dissipation

o 100 200 300 400 500 600 700 800
Arc length from top to bottom (m)

Figure 4-1 Relative values I'c of energy dissipation atdifferent segments
From Figure4-1, it can be seen that the top part and the part near touch down area
are much more sensitive to the dragftioent variation. At these positiorfsr each
segmentwith a length of 10munit drag coefficient variation will cause about 5%
variation of the mooring line damping of base case.

Discussions

The energy dissipation of moorings moving Halirection (suge) can be calculated

by the following equation:

t+T
E, = ff. @S= . C’%—?C’dt Eq. 4-7
t

where F, is restoring force at the turret connection hdirection; S is slow drift

motion at top end in-irection;

F,, can be approximately taken as
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-

-
F, =F, +F, Eq. 4-8

C L

where,F; = d? Q@ll is the drag force acting on the whole mooring

~ A
line in x-direction; S is the motion of unit mooring linek. is conservative forces in

x-direction;

So, the energy dissipation of moorings is calculated as

t+T C C ) . t+TC ) . t+TC ) .
E, = ﬁFD+FC)od§cait: md'iscmu mc%tscmt
t+T L
= n{rErCDGIZ &#‘mndﬁmu(w) Eq. 4-9

_HrT]{anl SO, & GDI}dj—SQit

Compared with base case, each new case onlgrieasmall segment wittifferent
C,. So as a whole, the motion along the mooring line will be nearly the same
between base case and the new case. Then,

DE =5 - E

xbase

v dS ldS|.  .ds. =~ Eq.410
=(&, - Coppasd fir OO o, & an
t dt ] dt dt

Hence,

. o § ~
Ei(Cy) = D, =N GDO— GDI (fLSGﬂt Eq. 4-11
@ D\base t dt

where, scriptj means thej case (C, variation on j segment);Di; means the

length of ] segment.
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From the equation above, it can be seen &igC,;), the sensitivity of energy
dissipation to dragoefficientC, variationof | segment, is related to the length of
j segmentDl;, the velocity of that segme*ﬂgj /dt‘ and the diameteD of that

segment. Differen€j(C,,) of different segmenfsto some extentwill reflect the

differences of those three parametém. example, as illustrated Figure4-2, it can
be seen that the range graph of normal relative velotitye linehaslargevalues at
top end andduchdown areas, which is a similaonclusionto therelativevaluesr;

along the mooring line.
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Figure 4-2 Range graph of normal relative velocity along the line

4.2.1 Effect of amplitude of LF motions

Here, another LF motion with amplitude equal to 10% of water depth is included in
order to consider the effect of amplitudes of LF motion.
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Figure 4-3 Relative values ' of energy dissimtion at different segments

FromFigure4-1 andFigure4-3, it can be seethat

1) Under thislargeamplitude (A - =10%H ), the maximum relative valueg along
the arc length appesat the touch down area, while for the case with =5%H ,
the maximumr. appears at the top end;

2) The relativevaluesr. become smaller under the case whh =10%H when
compared to those under the case wip =5%H . However,it shouldbe noted
thatthe energy dissipation variations under the caisle A . =10%H are bigger

than those undehe case withA - =5%H , as illustra¢d inFigure4-4.
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Figure 4-4 Comparisonsof dimensionless energylissipation variation along theline
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Because the energy dissipations are different for the two base cases with different
amplitudes of LF motion, the relative valug, which is equal to the energy

dissipation variation dividing by energy dissipation of base caaa,not be

compared between the cases with different amplitudes.

4.2.2 Effect of surge WF motions with different amplitudes and frequencies

Here, three differenrsuperimposedurgeWF motions are considerexh the base of
LF motion with amplitudeA - =10%H . The relatedamplitude and frequency are

listed in Table 4-1. The comparisons of energy dissipation variations under three

differentWF motions are shown iRigure4-5.
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Figure 4-5 Comparison of energy dissipation variation s under superimposed surgdVF motions

FromFigure4-5, it can be seen that

1) Compared with the situation with LF motion onfgy the cases with superposed
WF motions the energy dissipationecomesmore sensitivdo drag coefficient
variation, especially at the touch down area;

2) Not only the amplitude but algbe frequency of WF motion will affect the energy

dissipation variations.
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In Figure4-6, the relative values. of energy dissipation under theseee different

WF motions are illustrated.
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Figure 4-6 Relative values I't of energy dissipationunder three different WF motions

However, as mentioned before, relativ@ue r. is the ratio of energy dissipation

variation to the energy dissipation thie base case. Because the energy dissipations

of the base caseare different under the three WF motions, which are illustrated in
Table 4-2, comparisons of. under those WF motionfail to reflect therelative

importanceof different WF motion8 ef f ect s on the sensitivi

Table 4-2 Energy dissipation of different base cased.(nel3)

Base cases Energy dissipation ( N Gn) Damping ratio
LF motion only
1.12E+07 0.85%
(A=40mT =1496s)
SuperposedurgeWF motion
2.6E+07 1.99%
(A=4mT =10s)
SuperposedurgeWF motion
1.98+07 1.50%
(A=4mT =15s)
SuperposedurgeHF motion
1.4%€+07 1.13%
(A=1mT =6s)
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4.2.3 Surge WF motion vs. heave WF motion

Above, only the superimposexiirge WF motiors are considered. However, along
with the slow drift motion, the heave motion of wave frequency is also very common
for a moored FPSO systesothree different WF heave motions axansideed here.

The related amplitude and frequency are the santteoas of WF surge motion. The
energy dissipation variations under three supgosed WF heave motisare shown

in Figure4-7.
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Figure 4-7 Energy dissipation variations under supeposedheaveWF motions

From Figure 4-7, it can be seeenergy dissipation variations under supgosed
heaveWF motiors have the similar tendency to those under sog@sed surg&/F

motion. At top end and touch down aseaf the mooring line, energy dissipation

variations due taC, variationarecomparativelybig.

One thing to be noted is that the energy dissipation (variation) under superposed
heaveWF motion here is bigger than that under corresponding superposed\dtrge
motion (seeFigure4-8 andTable4-3). However, according to Webster (1995), if the
pretension becomes bigger, then moregywvill be dissipated by surg&F motion

than by heav&V/F motion.

94



Chapter4 Sensitivity of damping and tension of moorings to Cp, variation
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Figure 4-8 Energy dissipation variations under supeimposedheavésurge WF motions

Table 4-3 Energy dissipation of different base cases (linel3)

Base cases Energy dissipation (N Gn) Damping ratio
SuperposetieaveWF motion
2.82E+07 2.13%
(A=4mT =10s)
SuperposedurgeWF motion
2.63 E+07 1.99%

(A=4mT =10s)

4.3 Sensitivity of line tension to drag coefficient variations

As mentioned before, increasing the mooring line damping is desirable while
attention also needs to be paidthe increased dynamic tensidtere, the dynamic

tension variation due to the drag coefficient variation is ial¢estigaed.

Through the calculations, it is seen that, for base case and the new cas€g with

variation the maximum tension of each case appeafseasame moment with same
motion. At that moment, the static tension due to the offsdteissame for all the

cases. Thermompared to the maximum tension of base case, the maximum tension
variations are due to the drag force variations caused b{ theariatiors. So he

dynamic tension variatiohere carbe measuredaccordingto the maximuntension

variation
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T(C, +DCp) - T(Cy)

Ti(Cp) = DC

Eq. 4-12

Different heave/surg®VF motions,including different amplitudes and frequencies,

are considered. Their effscon the maximum tension variation due to drag

coefficient variatiorarealso compared, as illustratedrigure4-9 andFigure4-10.
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Figure 4-9 Maximum tension variations under different surgeWF motions
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Figure 4-10 Maximum tension variations under different heaveWF motions

FromFigure4-9 andFigure4-10, it can be seen that:

1) Maximum tension variation due G, variaion could be negative or positive,

where the negative value means the maximum tension would decrease with the
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increasedC, variation Especially for the WF motion with higher frequency,

such as the motion with period equal to 6s, th&imam tension variation would
show more obvious fluctuation along the line;

2) Similar as the energy dissipation variation, maximum tension variation around the

touch down area is most sensitive to € variation

One thing to be notei$ that maximum tension variation twrmal C, variationis

quite small at the top of the mooring linehich is different from the energy
dissipation variationThis could be usedb increase damping whilgtvoiding an

increase ofine tension.

4.4 Concluding summary

In this chapter, the effect of drag coefficient variation upon damping of mooring line
(energy dissipation) and dynamic tension is studied. Difféfaimotions, including
different amplitudes and frequencies are considefedough the study, it can be

seen that:

1) For the energy dissipation variations due to nori@gl variatiors, the most
sensitive parts along the line are at the top and touch downbertapartsare
usually composed of chain for a chaitre combination line This also indicates
the importance of determining the dragefficientsof chain

2) The tendeng of maximum tension variations due &, variatiors is somewhat
similar to that of energy dissipation variations dueQg variatiors. However,
two differences need to be noted. One is that the sensitivity of maxiernsion
variations due to normdl, variatiors at the mooring top is not high but low.
The other is that undenigher frequencyWF motion, the maximum tension
variationsdue to normalC, variatiors in the touch down area show dramatic

fluctuation.
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5. CFD model validations - a circular cylinder under different

flows

5.1 Overview

As can be seen from the criticaview, experimental methods have many limitations

in determining the drag coefficients of chain. As the development of high
performance computers and CFD techniques, CFD methods have become more and
more popular.Ongoing research yields software that improves dglecuracy and
speed of complex simulation scenarios such as transonichailentflows. However,

it is still a big challenge to numerically simulate chain under various flows and
obtan the corresponding drag coefficients. Especially for the purpose of engineering
practice, e turbulent flows around chasre characterised bstrongseparation,
recirculation, and unsteady vortex shedding. So before aitegmot determineghe

drag coéficients of chain bya CFD method, an appropriate CFD model needs to be

selected and validated.

The selection and validation of CFD model for flopast chais are done by the

CFD simulation of asmoothcircular cylincer underdifferent flows. The reasons

why a cylinder is selectedare twofold: first, flow characteristics around chain and
cylinder could be similar due to the shape similarity; second, as a classical problem
lots of experimental data about fleywast a cylinder is available, v makes the

CHD model validation much easier.

Commercial software FLUENT is used here. Two different turbulent models, namely
k- w SST and LES are mainly considered and compartde 3D effect of
turbulence is studietdy comparing the 2D and 3D models for different turbulent

models
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5.2 CFD model validation1-Steady flow past a smooth circular cylinder

5.2.1 Selection of turbulence models

The complex nature of the flow past a cylinder makes it a perfect case to assess the
ability of certain CFD modeld.ots of numerical simulatioexperiments have been
done in the past severdécadesnd especially with the increase in computer power
more numerical studies of this flow at higher Reynolds numbers have been
conducted recently

As mentionedn Appendix A the wake or boundary layer of the cylinder becomes
turbulent at higher Reynolds numbensd thisrequires a turbulence modr its
simuldion. There are still many open questions on modelling turbulence and
propeties of turblence iself, although lots of effort has been put since the
beginning of turbulencstudy from fifteenth centuryNo univesal turbulence model
exists yet and unfortunatefyne has to select a most desirable turbulent mindel
specific turbulence flowAn ideal model should introduce the minimum amount of
complexity into the modelling equations, while capturing the essence of the relevant
physics

The k- w SST model of the URANS approach and LES amelectedhere to
simulate the turbulent flow around tleglinder. Menter (1994) made an extesive
comparison between (i) th@dassicmodel k - e; (ii) the original modelk - w; (iii)

the k- w, BSL model; and (iv) thek - w, SSTmodel for various wellocumented
flows. The mainconclusion from this intecomparison exercise was that the model
k- w SSTgave the most accurate results while the madele did not yield
results as accurate as the other three for the tested evessuregradient flow
cases.The selection of k- w SST modelhereis due to the fact that this model is
mainly for separated flows undedverse pressure gradienwhich is exactly
experienced by circular cylindetsnder steady flowsAnother reason is thahe

URANS approach icheaper in computing cost. It would be quite desirable for
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engineering practice if results witicceptableacairacy could be obtained by this

turbulence model with low computing cost.

The selection othe LES model is because of its commendable grarance which
can be seen fronother peoplés work as describedn the critical review The

SmagorinskyLilly subgrid scale model wittBmagorinskyconstant ofC, =0.1 is

selected to model sulgrid scale(SGS) stressesAlthough LES is comparatively
more expensive in computing coglith the recenadvances in computing powtre

LES is nearly ready andeasible for practicalapplications Several Reynolds
numbers in the subritical regime will be considered for each thfe turbulence
models,in orderto determinehow well each turbulence model captiiee Reynolds

number dependency of drag coefficient.

5.2.2 Near-wall treatment for turbulent flows past cylinders

Turbulent flowscould besignificantly affected by the presence of walls where the
viscosityaffected regions have large gradients in the solution variables. Hence,
successful prediction of wall bounded turbulent flows is partly determined by the
accurate presentation d¢iie neaiwall region. Similarly, for turbulent flows past
circular cylinders the simulation results would also depend on the pnopetelling

of the nearwall region. This is especially trueas the accurate calculation of the
separation point of boundalgyer will generally define the width of the wake which

is a major contribution to the drag experienced by the cylinder. The capture of the
separation point would dramatically affékbe prediction the flow parameters such as
drag coefficient and Strouhatmber(Young andOoi, 2004)

The law of the wall

Central issues of wall bounded flows are the forms of the mean velocity pesfides

the friction laws, describing the shear stress exerted by the fluid on th€loak. to
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the wall the flow is affected by viscoeffects and the mean flow velocity depends

on several parameters as formulized below:

U=r~f(y,r,mt,) Eq. 51
where, y is the distance from the walk; is fluid density; m is fluid viscosity; ¢, is

the wall shear stress.

By dimensional analysis it is found that:

=Y - f ™My = £y Eq. 5-2
u, m

where,u, =/t / r is calledthefriction velocity .

FormulaEq. 5-2 contains the definitions of two important dimensionless parameters,
u” and y*. The relationship of andy*'i s called the OLaw

could represent the different layers of the ngall region as shown iRigure5-1.
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Figure 5-1 Subdivisions of the NeafWall Region (Fluent12.1, 2010)

From Figure5-1 it can be seen that the neaall region consists of the inner layer

and the outer layer. The inner layer (viscositiected region) is about 1Z0% of
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the total thickness of the wall layer and is cosgubof three zones corresponding to

the wall y*, namely the:

1) Viscous suHayer (y* <5): viscous stresses dominate the flow;
2) Buffer layer < y* <30): viscous and turbulent stresses are of similar magnitude;

3) Log-law layer(y* >30to 60) : turbulent stresses dominate.

As a nondimensional distance similar to local Reynolds number, the walik
often used in CFD to describe how fine or coarse a mesh is for a particular flow. The

most desirable values of* are close to the lower boun@/"°30) f or owal |

functionsd® modédy ¢l)fwohri hdem lellaersmeo dteHdn nlgé mod

Near Wall Treatment

Traditionally, in ANSYS FLUNET, there are two approaches to modelling the near
wall region, as depicted schematicallyRigure 5-2. The first approacluses "wall
functions",semiempirical formulas to bridge the viscosayfected region between

the wall and the fullsturbulent region, which means the viscosiffected inner
region (viscous sulayer and buffer layer) is not resolved. The use of wall functions
obviates the need to modify the turbulence models to account for the presence of the
wall, while in the second approach the turbulence models are modified to enable the
viscosity-affectedregion to be directly resolved with a mesh all the way to the wall,
including the viscous sulayer. The second approach normally is termed as the
"nearwall modelling" approacfFLUENT 12.1, 201Q)
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turbulent core

. ]
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Figure 5-2 Near-Wall Treatments in FLUENT (Fluent12.1, 2010)

The wall function approach substantially saves computational resources in most
high-Reynoldsnumber walbounded flows and is popular because it is economical,
robust, and cabe reasonably accurate. It can be a practical option for thevadlar
treatments for industrial flow simulations. However, the wall function approach
becomes less reliable when the flow conditions depart too much from the ideal
conditions underlying thevall functions. One example of limitations of the wall
function approach is for flows with severe pressure gradients leading to boundary

layer separations.

One needs to carefully consider the ramification of using wall functions for the flow
under sepations, although wall functions together with near wall coarse mesh can
be employed, often with some success, to reduce the cost of LES fdyowated
flows (Catalano et al., 2003Rodi (1997) questioned the validity of wall function
approach for separated flows by comparing the effect of different near wall
treatments on the simulation results of flows around bluff bodies.wall function
approactor atwo-layer approach in whictheviscous layer is resolvedas adopted

for the RANS models. It was fourtthat from results comparisgra considerable
improvement can be obtaindy the RANS modek combined with the twdayer
approach resolving the neaal region. In his studies, the LES with wall models
were also used to simulate the flow around bluff bodies and simulation results were
compared with the results obtained from RANS models as well as experimental

values. Overall significantly better predats were obtainedby LES methodsbut
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the discrepancies fronthe experiments still existed, which could oregieafrom

insufficient resolution near the side walls of the bluff b@&gdi, 1997)

The "neafwall modelling" approach is adopted here for the LES &80k - w
modek where the mesh in the boundary layer i®fanough to resolve the laminar

sublayer. To guarantee fine enough mesh in the near wall region, values of wall

y" ¢ 1 aremuchdesirable.

5.2.3 Boundary conditions and computational domain

Boundary conditions

Different types of boundary conditions can be defifed different boundary
| ocati ons. Taking the boundary conditi on

outl etd boun(kg 0) delined below cam be replaced bgn

6outfl owd boupupi=9) orce theddownsteam boundary is far
enough from the cylinder wall. The boundary conditions for the 2D and 3D

simulations are shown Figure5-3.
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Figure 5-3 Schematic ofboundary conditions andcomputation domain
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Uniform flow with U, =constan,U, =0, U,=0(3D) at the upstream inlet is
specified. Low turbulence intensity,=1%, and a turbulenviscosity ratior,,=1

are assumedlhe turbulence intensitis defined ad =ui/U , whereuj is the root
meansquare of the turbulent velocity fluctuations abid is the mean velocityThe

turbulert viscosity ratio r,,= rm/ m, is the ratio between turbuleviscosity, /7, and

the mdecular dynamic viscositym. The main advantage with using thebulent

viscosity ratiois that this directly says something about how strong the influence of
the turbulent viscosity is oopared to the molecular viscositg pressure outlet
condition is imposed othe downstream outlet. The symmetry boundary condition is
specified on lateral boundaries, which assumes that normal velocity at the boundary
is zero and the scalar variable gradients normal to the boundary are also zero. For the
3D simulation, the periodic lmdary condition is imposed on the top and bottom
sides to modephysical geometry of interest and expected flpattern having a
periodically repeatingnature The symmetry and periodic boundary conditions used
here can reduce the computational effortpmoblem. About the wall boundary
condition ofthe cylinder surfacea no slip condition is selected, which means the
fluid velocity on the wall has a zero value. The boundary conditions for 2D/3D

simulation of steady flow past a cylinder are summarisddble5-1.

Table 5-1 Boundary condition for steady flow past a circular cylinder

Boundary Locations Boundary condition type
Upstream K =-d,) Velocity Inlet
Downstreami = dd ) Pressure Outlet
Left and right (y =° d,) Symmetry
Top and bottom z=0/d,) (3D) Periodic
Cylinder surface No Slip Wall

In fact, oneneeds to pay more attentionstib@ definition of turbulence quantities at
the velocity inlet boundary, which could have rnwgligible influence on the

properties of flow around a cylinder. The effect of the-Seam turbulence on the
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flow past a cylinder has been studied experig@gnby many investigator§Surry,
1972, Kiya et al., 1982)Surry (1972) showed that severe largeale turbulence
could be considered to be qualitatively equivalent to an increase in feuotivef
Reynolds numberHowever, according to the numerical studyYafung and Ooi
(2004) it seems that for low turbulence intensity (0.6% in his study) the turbulence
length scales at the inlet has only limited implication on the overallawveeaged

flow properties. In his study, he varied the length scales by a range of four orders of

magnitude (0*D~10'D) at the inlet while kept the turbulence intensityas
0.6%, which refaed to the experimeriity Cantwell and Cole§l983) For flow past

a cylinder at a high sutritical Reynolds number df43 10°, the calculated values

of mean drag coefficient obtad by k- w ssTturbulence model varied fror7%

to +8.5% of the value averaged across all length scales, which indicated that
incorrect estimation of length scale by an order of magnitude would not necessarily
convey wth it a result that is in error by a similar ord&foung and Ooi, 2004)

Given these factors, the low turbulence intensity1% is selected here with the

turbulen viscosity ratior, =1, which has an equivalent length scale of aliéutD .

Computational domain

The determination of computational domain is interrelated and interacted with the
definition of boundary conditions as well as the physical properties. For instance, the
boundary | ocat i ormnday condlittoa Ehoutdibé glaced mdt ma 6 b c
close to a solid obstruction, whil e the

should guarantee the flow properties havangeriodically repeatingaturethere.

The vortices are shed in cells in the spase direction for flows past a cylinder at
Re>300, which means sheddirdpes notoccur uniformly along the length of the
cylinder. The average length of the cells may be termed the correlation length that
changes with the Reynolds number. The spee correlation length is known to
decrease as the Reynolds number increases. Accdalithg studyof Gerlachand

Dodge(1970) the correlation length of a smooth cylinder is aro(tit 20D for
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40<Re<150and is abou(2~3)D for 150< Re<10’. What one should keep in

mind is that the spawise extent of the domain should be larger than the-gfmsa
correlation length of turbulend&im and Mohan, 2005)So the spafwise length of

the computation domain is selected dgs=pD here in order to consider all the
Reynolds numbers at sudnitical regime. The computation domain size kY>plane

is referred toZhao (2010) namelyd, =15D, d, =25D andd, =10D, which in

fact is big enough when compared to the domain size of the nunsnuadation of
Kim and Mohan(2005) The caonputational domain othe currentsimulation is

summarisedn Table5-2.

Table 5-2 Computational domain of numerical smulations

Domain size
Computational -
Current study Kim and Mohan, 2005
domain

(Re=10"~10°) (Re=1.4310°1.03 10°)

d, 150D 8.5D

d, 250D 205D

d, 100D 105D

d, (3D Simulation) D 2.0D

5.2.4 Selection of numerical method

The simulations were co0-Bdas erbt@atysolbvgrinusi ng
FLUENT. The setting of solution methods far- w SSTURANS model and LES

model are summarized fable5-3.

Upwind-biased schemes (such d¥ @rder upwind scheme) for convective fluxes
(momentum equations) have been widely used for URANS computations. However,
discretisation of conveet fluxes requires great caution in LES. In URANS
computations for flows at high Reynolds number, the numerical diffusion caused by

upwind schemes might be acceptalaie the eddyviscosity is larger thanthe
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molecular viscosity by orders of magnitude. Base sulgrid-scale turbulent
viscosity is much smaller than URAN&&sed eddy viscosity, the numerical diffusion
introduced by upwind schemes can overwhelm physical diffusion that is typically
much smallein LES. Therefore, a bounded central differen@ngeme is employed

by default in FLUENT for the discretization of convection terms in LES model.

Table 5-3 Solution methods for URANS model and LES model

Method choice
Solution parameters
k- w SST model LES model
Pressurevelocity coupling SIMPLE Fractional Step (FSM, NITA)
Pressure Standard Standard
Momentum equations 2"%order Upwind Bounded Central Differencing
Gradient GreenGauss Cell Baseq GreenGauss CelBased
Transient Formulation 2"order Implicit 2"order Implicit
SGS model / SmagorinskyLilly C, =0.1

To advance the solution in time for LES, an implicit fractiestaipp method (FSM) in
combination with a ®-order accurate scheme is employed. For incompressible flows,
the FSMdoes nothave to perform costly outer iterations at each time step to couple
velocity and pressure, and thus provides a highly efficient algorithm for- CPU

intensive transient computatietike LES.

5.2.5 Computational mesh and time stepping

Computational meshand mesh independence
Firstly, the mesimg strategy of the 2D simulatias discussedThe reason is because
the mesHor a3D simulation can be easily obtained by sweeping the 2D mesh along

the sparwise direction.

Around the 2D circular cylindewith a diameterD =0.2m, an Otype grid has been

usedas shown irFigure5-4. Then the next step is to decide the mesh size along the
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circumferential and radial directiongor the concerned problem of flow past a

cylinder, the modelling of boundary layer is verypontant for the capture of

separation point. Hence the newall quadrilateral mesh with the distancel6f'D

from the cylinder surface at the waldljacent cells is created, which aims to resolve
directly the neawall region by keepinglesirable values of* less than for all the

Reynolds numbers at sutitical regime. The successive ratio (growth ratio) along
the radial direction of cylinder surface is approximately 1.08, whaiguarantee
more than 10 cells in the laminar region. The mesh along the circumferential
direction has 160 wakdjacent cells that can properly incorporate the cylinder
curvature. For the 2D simulation of flow over a cylinder at the given computational

domain, the total number of cells is aroud@l,300

Figure 5-4 Computational mesh around the 2D circular cylinder

It is important to remember that the solution is the numerical solution to the problem
that one posed by defining mesh and boundary conditions. The solution should be
independent of the mesh resolution. As a part of CFD model validation, the effect of
mesh size along the circumferential and radial directions of cylinder has been studied

in orderto select the ptimal mesh which could saw@mputation cost as well as
guaranteing mesh independenc&Vhile keeping the first cell height 49°D, a

refinement factor of/2 is applied to all the edges whidreatehigher density
meshes in both the circumferential and radial directiéios. the finer mesh, the
growth ratio along the radial direction of cylinder is approximately 1.05 and total
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number of cells is doubled.urbulence modek - w SST are usedor each of the

two meshes and the results of the global flow paramétersteady flow past a

cylinder atRe=63 10" are comparedas shown ifable5-4.

Table 5-4 Mesh independence test for 2D simulation aRe= 63 10°

Mesh Number of cells Co S

2D-C1 26,300 0.94 0.24

2D-C2 53,800 0.90 0.25
- Experimental valug  1.20 0.21

It can be seen fronTable 5-4 that the calculatesneanC, and Strouhal number
from the coarse mesh (201) are quite close to those obtained from the finer mesh
(2D-C2), although the predicte@, of both cases are smallgran the experimental

values. Grid independence has been practically indicated because further mesh
refinement only results in insignificant changes in the numerical solutions. The

coarse 2D mesh (2D1) will be sekcted here for the calculations and the generation
of 3D mesh. The discrepancies between predi€@gdrom 2D simulations and

experimental results wibe discussed later.

The meshes of 3D simulations are based on the 2D simulations as mentioned before,
and the effect of number of cells along the spése direction is investigated as well,
which will be discussed later. Three different cell numbers along thevépan

diredion are considered artbe total number of cells of each case is listed able
5-5. A mesh around the 3D cylinder surface with = 64 cells along the spawise

direction is shown ifrigure5-5.

Table 5-5 Different meshes for steady thw around a 3D cylinder

Mesh case | First Cell Height N, Number of cells
3D-CO 1310°D 48 1.26Million
3D-C1 1310“'D 64 1.68Muillion
3D-C2 1310°D 80 2.10Million
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Figure 5-5 Computational mesh around the 3D circular cylinder
Time stepping

The selection of proper time stepping size is very important to get a reliable result
with reasonableomputation cost. For the URANS turbulence model (v SST),
the timestep size is referred to the work of Zhao (2010), which took the

dimensionless timstep size Dt = DU,/ D) as 0.025, wher#, is the steady flow

velocity andD is the diameter of cylindelConsidering the flow over a cylinder at

subcritical regime withSt° 0.20, one period of the vorteshedding is resolved

with approximately 200 time stepshich actually indicates thBt is small enough.

The LES turbulence model needs a smaller t&te@ size when compared to the
URANS models in order to solve energyntaining eddies directlyn the literature
the timestep size for LES model has been discussed byreliffeCFD practitioners.
For instance, in some publicatio(Breuer, 2000, Young and Ooi, 200fhe CFL
conditionwhich requires the Courant numbey /Dl ) less than one is applied to
decide the timestep size, wher®l is theinterval length However, in the worlof
Kim and Mohan(2005) the timestep size was determined basedthe estimate of
the characteristic length and time scales of the smallest resolved eddigwi,

wherel was taken a®©.05D and uj as 0.2U,. The dimensionless timstep size of
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0.005 was decided from these rough estimates, which means that one turnover time

of the smallest resolved eddies could be resolved with 50 time steps.

In fact, the CFL condition@FL ¢1) is a very strong requirement which is mainly
used for explicit methods-or the LES modeland implicit solver (default) the
requirementof CFL condition would result in an unnecessanyall time step size,
and hence could significantly increase the computation csting the LES

numerical simulation of flow past a cylinder Be=1.43 10’ for example,Breuer
(2000) chose a dimensionless tirsep sizeﬁt:DtUOID as 23 10" according to
the CFL condition while the dimensionless tistep sizeadopted byKim et al.

(2005) was 53 10°°. Both simulationswith comparable mesh resolutioobtained
comparableesultseven with thaifferent timestep sizesso in the present study the
values of timestep size for LES models are selected by refering to the work of Kim
et al. (2005) while the effect of Reynolds number on the selection of dimensionless

time-step size is also consigelr When Reynolds number is lower, the valueDbf

could be biggeras Kim et al. (20053howedin his publication, wherét =0.04 was

used for laminar flow around a cylinder at the Reynolds number of 100.

5.2.6 Results and discussions

As numerical model validations, various simulations of steady flow past a cylinder
are conducted for several Reynolds numbers atatibal regime.The main aim is

to see how well the Reynolsmimber dependence of the drag coefficient of a
cylinder can be captured respectively by the URAKS v SST) andLES models.

The global flow parameterpredicted by different kinds of models (2D/3D URANS,
LES) are investigated and compared with experimental data if available. The impact
of grid resolution along the spavise directions is studied fdaoth theURANS and

LES modes, from which the effect fothe threedimensional feature of eddies is

emphasized.
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1. Numerically predicted Re-dependent global flow parameters

The global flow parameters, such as drag coefficiBmS of the lift oscillations
and Strouhal number as function Re& for a smooth circular cylinder under steady
flow have beerexperimentallystudied and plotted by different peogl¢allam et al.,
1977, Schewe, 1983t is knownthat Strouhal number has almost a constant value

of 0.2 while C, hasa practically constant value of ltf&roughout the subritical Re

range The numerical predictions of global flow parameters are plotted as function of

Re to compare with the experimental results, as illustratdegare 5-6 and Figure
5-7.
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Figure 5-7 Predicted RMS of lift coefficient of a smooth cylinder as a function of Re
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The detailed results calculated by-8BBS models are summarized Trable 5-6. It
can be seen frorfigure 5-6, Figure 5-7 and Table 5-6 that numerical results of
global flow parameters obtained by LES areaifairly good agreement with the

experimental values.

Table 5-6 Summarizations of @lculated results ofglobal parameters by LES model

Mesh Case Re Co Ci St
3D-C1 13 10 1.12 0.36 0.21
3D-C1 2310° 1.20 0.47 0.21
3D-C1 4310° 1.24 0.49 0.21
3D-C1 6310 1.24 0.53 0.21
3D-C1 8310* 1.21 0.59 0.21
3D-C2 1.1310° 1.19 0.50 0.22
3D-C2 143 10° 11 0.44 0.22
3D-C2 183 10° 1.02 0.36 0.22

Table 5-7 Global flow parameters predicted by different turbulence models

Mesh Case Re Turbulence model G, Ci St

LES 1.12 0.36 0.21

3D-C1 13 10°
k_ w SST 133 086 021
LES 1.20 0.47 0.21

3D-C1 2310
K- w SST 1.25 0.82 0.22
LES 1.21 0.59 0.21

3D-C1 8310
K- w SST 0.94 0.64 0.25
LES 1.02 0.36 0.22

3D-C2 1.8310°
K- w SST 0.81 0.59 0.26

However, from the comparison of results from 3D URANS mode! (v SST)
with those from LES model (séagure5-6 andFigure5-7), it can be seen that

1) For the relative small Re numbdis® 10%, 23 10%), compared to the LES model,
the k - w SST turbulence model ovepredicts theC, and RMS of lift with an

acceptable Strouhal numbeeeTable5-7);
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2) For high Re numbersuch as8310',1.8310°) k- w SST model will

significantlyunderestimateC, and overestimateStrouhal numbefTable5-7).

2. 3D URANS (k- w SST) modelvs.LES model

Comparative assessment of URANS and LES for flow past a cylinder at a high

Reynolds number of1.43 10°

A detailed comparative assessment of URANS and LES has been conducted for flow

over a cylinder at Re of 390(¥oung and Ooj 2007) so a similar assessment of
URANS and LES is completed at ReJo#2 10°. The selectiomf a high sukcritical

Re 0f1.43 10 is based onwo considerations: first, this high Reynoidsmber flow
is more close to real world applications; second, the experiment performed by
Cantwell and Cole§1983)at this Reynolds number provides weéticumented data

as reference for the validation of numerical simulations.

The time histories of hydrodynamic coefficients (drag and lift) obtained from LES
and URANS models are illustrated iRigure 5-8. The time traces of force
coefficients calculated bhe LES model reveal the quageriodic behaviour of drag
and lift coefficients, with their amplitudes varyimgegularly over time, while the

time histories from URANS model partly failed to capture this characteristic.

Calculated time histories by LES
T T

Calculated time histories by k-w SST
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Figure 5-8 Time histories of force coefficientsby different turbulence models(Re=1.43 10°)
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The global flow parameters af cylinder at Re number df43 10° calculated by
LES and URANS models are summarized able5-8, in which experimental values
are alsancluded. It can be seen thae LES model couldproducegoodsimulation
results whist the k- w SST model noticeably underpredictedthe meandrag
coefficient.

Table 5-8 Results calculated by different turbulence model forRe=1.43 10°compared

with other numerical results and experimental data (ZD:Zdravkovich (1997)

Global flow parameters
Turbulence model
Co Ci St
LES (Present) 1.11 0.44 0.22
LES Breuer, 2000) 1.22 - 0.22
SSTk - w(Present) 0.77 0.48 0.24
Experimental Values(ZD) 1.15 0.5/0.6 0.18/0.21

An accurate prediction of pressure distribution around the cylinder surface is critical
to realistically calculate forces on thglinder, therefore,ite time averaged pressure
distribution on the cylinder surfa@alculated by LES and URANS models is shown

in Figure 5-9, together with the expenental data obtained b@antwelland Coles
(1983).

The negative peak predicted bty numerical method is bigger than the measured
one, especially for th& - w SST model However, good agreement exists between
the measurement anthe LES modelfor the separation angle deduced from the
inflection point ofthe meanC, curve, while the separation angle predictedthmy

k - w SSTmodel is comparatively larger. Theduld partly explain why the mean

drag coefficient calculated by this URANS model is much smaller that the measured

value.
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Figure 5-9 Mean pressure coefficient on the cylinder surfaceof Re=1.43 10°

The global flow parameters such as mean drag coefficient and Strouhal number
provided some insight into how well the models perform. A further assessment of
model performance can be achieved by comparison with other experistediak.

Figure 5-10 depicts the predicted mean stremise velocities along the wake
centreline bythe two different turbulence models. There farly good overall
agreement between the numerical predictions and the experimental measurement,
whilstit is also surprimg to see thathe URANS model got much better results in
predicting the mean streawise velocities. The length of the tiraeeragd
recirculation bubble predicted by the LES model was found a little bigger that the
value that reported b@antwelland Coleg1983).
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Figure 5-10 Comparison of mean streamwise velocity along the centreline aft of the cylinder
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However, according to the studyefanke and Fran0Q), the accumulation of the
averaging time in LES has a notable influence on the accuracy of statistical quantities,
such as the recirculation bubble length. For instance, it was found that with the
increase of averaging cycles, the recirculation length ials@ases. In theurrert

study, 50 averaging cycles are used to obtain the mean strisanvelocity, mean
pressure coefficient and recirculation length.

Kim et al. (2005)lso didasimilar study about flow past a cylinder at Relaf® 10°

by usingLES. It seems that in his study the predicted mean stvwéaevelocities by

LES have quite good agreement with experiment values, although the calculated
recirculation length is also slightly ovestimated.lt should be notedthat in his
simulation 6.8 million cells are used while the currenstudy only 2.1 million cells

are used. The grid resolution in the cylinder wake may need to be improviee for
currentLES to get more accurate predictionstbé flow field in the wake. The
streamlnes of the timaveraged flow obtained from LES and URANS are plotted in
Figure5-11.
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Figure 5-11 Streamline of the time-averaged flow by different turbulence models Re=1.43 10°)

Overall, it can be seen from modelling flow past a cylinder at Reddf10° that the

LES model could get more accurate ules of global flow parameters when
compared to URANS model. The only disadvantagethaf LES model is the
computational cost, which is also compared between the two turbulence models.
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Both of the simulations are completedn t he Engi neédPC(Highg Facu

Performance Computing) using 12 cores. The dimensionless time steﬁs"sze
0.007 for LES and 0.07 for URANS model. For 120s flow time, the run time of
simulation for LES is 84 hours and for URANS is 34 hours, as showalle5-9.

Table 5-9 Computational cost of LES and URANS models

Turbulence model Mesh case Flow time Run time (hrs)
LES 3D-C2 120s 84
URANS (SSTk - w) 3D-C2 120s 34

It should be notedhat forthe URANS model coargemesh (especially alonthe
spanwise direction) can be used, and hence the run time of simulation would
become even lesdHdowever, considering the good performance of LES, the
computational cost of LES would be totally acceptable, especially with the fast

growth of computing capacity.

3. Impact of grid resolution along the spanwise direction

As mentioned before, the mesh independence is important for the simulation results.
The 2D mesh independence has been checked by comparing the results obtained
from one coarse mesh and one finer mesh. For the 3D mesh situations, the impact of

grid resoluton along the spawise direction needs to be investigated as well.

First, for the flow past a cylinder at Re numbe8dfL0*, the global flow parameters
obtained by LES model from three different mesh casesTakke 5-5) have been
summarised inTable 5-10. It can be seenhat the case with 48 spavise cells
considerably undeestimates the mean drag coefficient aRMS of lift force
coefficient, while the 64 spamise-cell case and the 80 spamsecell case have

almost the same acceptable results.
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Table 5-10 Impact of spanwise cells on numerical results by LES modelRe=83 10*)

Meshcase | N, y* [N Ci st
3D-CO 48 0.58 0.94 0.23 0.22
3D-C1 64 0.62 1.21 0.58 0.21
3D-C2 80 0.66 1.20 0.50 0.21

The time histories of forc@Odcoerndi meehnt s
63016 under Fel0 are pited inFigure 5-12. For the mesh case
603006 wit hout-wide netlsuthehirregufaraamplitudes of drag and lift

force coefficient decrease with the increase of time.

Calculated time histories of force coefficients by LES
2 T T

0 50 100 150
Non-dimensional time t*=tUo/D

Figure 5-12 Time histories of force coefficients by LES under different mesh cas¢ Re=83 10°)

Another flow past a cylinder at Re numberlg§® 10’ is considered by ES model
for me s h-C Térs ke -G23Me calchlated gloal quantities are listed in
Table5-11. For this even higher Re number flow, the 64 sp@e-cell case failed to
accurately predictne parameters while the 80 spaise-cell case has a quite good

results.

Table 5-11 Impact of span-wise cells on numerical results by LES modelRe=1.43 10°)

Mesh case N, y* C, Ci St
3D-C1 64 0.96 1.02 0.29 0.22
3D-C2 80 1.00 1.11 0.44 0.22
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Young and Ooi (2007) considered the effect of spaise cells for flow past a
cylinder at Re=3900, in which he found that 16 spése cell LES case offers
similar poor results as 3D URANS case with the same grid while the 32/48 span
wise cell LES case got a fairly gpoesults, as shown Figure5-13. To be noted, in

his study the domain size along spaise direction is als@D .

| Cae | & | G | o5 | G |
Experiment 0.98 0.90 0.215 0.03-0.08
[3]. [12]. [13] | £0.05 | £0.005 | +0.005
2D URANS 1.59 1.96 0.235 1.17
3D URANS 1.32 1.42 0.223 0.701
LESnm. =4 1.55 1.86 0.217 1.08
LESn. =16 1.25 1.36 0.196 0.549
LES n. =32 1.04 0913 0.212 0.164
LES n. =48 1.03 0.908 0.212 0.177
[8] 1.04 0.94 0.210 n/a
Table 3: Overall flow parameters obtained over 30 shedding
periods.

Figure 5-13 Numerical results for flow past a cylinder at Re=390@Young and Ooi, 2007)

The valid spafrwise cell numbers for LES model to accurately simulate flow past a
cylinder at different Re numbers are sumizeat inTable5-12.

Table 5-12 Valid span-wise cell numbers for LES modelling steady flow past a cylinder

Span-wise cell numbers (span -wise domain size D)
Re 16 32 48 64 80
3900 3 0 o) o o
82 10" 3 3 3 o o
14310 3 3 3 3 o

Table5-12 suggests that LES @nly effective when sufficient number of cells in the
spanwise directions used taesolve the smaller thretmensional eddieg.he valid
number of spatwise cells forLES modelling flow past a cylinder will increase as

the Reynolds number increases.

The effect of spamwise grid resolution upon URANS model simulating the flow past

a cylinder is also investigated, as is listed able5-13. In contrast to the cases using
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the LES model, the number of sparse cells has no effect upon the simulation
results obtained by 3D URANS model.

Table 5-13 Impact of spanwise cells on numerical results by SSk - w model (Re=83 10%)

Mesh case N, G, Ci St
3D-C0-1 32 0.91 0.62 0.24
3D-C1 64 0.94 0.64 0.25

Three-dimensional effects

As mentioned before, for flow past a cylinder R¢>200, the twedimensional
features of the vortex shedding in the range 40<Re<200 becomes distinctly three
dimensionalThethreedimensional effects of vortex shedding need to be considered
by simulations in 3D computational domain. Through the studies of the effect of
spanwise grid resolution, the conclusiomay be reachethatthe 3D URANS model

(k- w SST) can notcapture the thredimensional structures which strongly affect
the neatwake of the flow. Compared to the 2D URANS simulation, the 3D URANS
could offer comparatively better results for flow past a cylinder at some Re numbers,
asshown inTable5-14, however, at high Reynolds numbers the 2D and 3D URANS
models almost have the similar results, ddliwhich underestimate the meadrag

coefficient.

Table 5-14 Predicted global flow parameters by 2D and 30BST K - w models

Reynolds number Model C?D Ci St
2D URANS 1.48 1.13 0.24
2310
3D URANS 1.25 0.82 0.22
2D URANS 0.90 0.59 0.25
83 10"
3D URANS 0.94 0.64 0.25
2D URANS 0.85 0.61 0.26
14310
3D URANS 0.77 0.48 0.24
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The isesurface of vorticity magnitude obtained by LES, 2D and 3D URANS models
are illustrated irFigure 5-14, Figure 5-15 and Figure 5-16. It can be seen the LES
model reveals the thre#imensiomlity of the flow whilethe flow-field of the 3D

URANS model isessentially twedimensional and like th2D URANS model.

Vorticity Magnitude E/

Figure 5-15Iso-surface of vorticity magnitude by 3D URANS model Re=1.43 10°)
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Vorticity Magnitude
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13.0

Figure 5-16 Iso-surface of vorticity magnitude by 2DURANS model (Re=1.43 10°)

The isosurface of Z vorticity obtained by LES and 3D URANS models are
illustrated inFigure5-17 and Figure 5-18, from which he direction of the vorcitity

canalsobe seen.

Z Vorticity
17 \;
13 X

Figure 5-17 Iso-surface of Z vorticity by LES model (Re=1.43 1¢°)
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Z Vorticity
X

Figure 5-18Iso-surface of Z vorticity by 3D URANS model Re=1.43 10°)
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5.3 CFD model validation2- an oscillating cylinder in still water

An oscillatingcylinder in a quiescent fluid, or the converse situation of oscillating
flow past a stationary cylinder, is an effective representation of vegineder
interaction in the area of ocean engineenimgerethe computation of the fluid forces
on an offshorestructure is one of the primatgsks The wavecylinderinteraction
problem hasbeen widely studied by experiments. Amongany investigators
Sarpkaya (1976, 1977, 1985, and 1988 comprehensive experimental studies
about the oscillating flow past aasibnary cylinder by using a-shaped tunnel and

these experimental results have been well documented.

A brief discussion has been made about the flow regimes of cylinder under
oscillatory flows while the forces experienced by the cylinder are also destiBee
Appendix A), which aims to provide the comparative reference for numerical
simulations In this chapter, detailsf the CFD modelling of an oscillating cylinder in
water are depicted, and théreresults and discussions are presented.

5.3.1 Numerical representation of the cylinder movement

In order to simulate the effect of cylinder oscillations, a major problem to handle is
the treatment of the moving interface between the oscillating cylinder and the fluid.
Basically two approaches can be used t&l&acylinder oscillation and simulate the
effect of cylinder movement in the flow, regarding to the coordinate system.

In inertial (stationary) reference frame, dynamic mesh can be used to model flows
where the shape of the domain is changing with tioneeto motion of the body. Part

or whole of the mesh domain will deform or move with the moving body. Different
technigues oflynamicmesh such as Sprirhased Smoothind)ynamic Layering,

Local Remeshing or the Arbitrary Lagrangian and EuleriahE£) mehod can be

used to handle the moving cylinder, which can be seen from walikfefent people
(Nomura, 1993, Wei et al., 1995, Huang and Larsen, 20i@)nally, this method is
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computationally expensive and time consuming as it requires lots of mesh points to
be transformed to their new positions. However, the advantage of this method is that

it canconsidemotions with several degreegfreedom

The other approach is to treat the moving boundary in amestial Eulerian frame

which is fixed relative to the oscillating cylinder. So, relative to this-inertial

Eulerian grid system, the cylinder with surrounding mesh is statiomanye 0 No n

inet i al Framed method has been widely use
(Chilukuri, 1987, Blackburn and Henderson, 1999, Nehari et al., 2004, Rashid et al

2011)

The6Nemerti al F caa rbhe échieved thyh @ damertial coordinate
transformation from the stationary Eulerian frame to a-inertial Eulerian frame
system. The incomprsible NS equations need to be modified with an additional
source term to incorporate the moving reference frame of the cylibdeguse
generally the NS equations used by CFD software are only applicable in an inertial
reference frame. Assume an ostillg cylinder in the X direction with an oscillation

frequencyw and an amplitudéd and the displacement is given as

x.(t) = - Acos(at) Eq. 53
Hence thescillating velocity of cylinder is as follow:

u,(t) = Awsin(ut) Eq. 54
The noninertial coordinate transformation in thedirection enables the treatment
of the time dependent deforming interface asstationary nowleforming new
interface. The constraining of the cylinder motion is only in thdiréction and in

other two directions (Y and Z) no relative velocity change is needed. Due to the

transformation, the parameters in theliXection are trasformed as
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u=u- u(t)=u- Awsint) Eq.5-5

P=P Eq. 56

where,u and P are velocity and pressure in the moving Hioertial frame.

The momentum equation in-Arection can now be transformed to the new-non

inertial coordinate system where the cylinder appears as stationary

Du_- PP

- +UDZG- M
Dt r

Eq. 5-7

In the above equatioiqg. 5-7, the term- pu_(t)/ it is the extra source term resulting

from the coordinataansformation.

In the present study, a similar approachthed6 Nemer t i al Framed
adopted to model the oscillating cylinde]
for the Cell Zone, which can be equival e

the whole mesh domain including the cylinder is defneas &ér i giad body
cylinder (mesh) motionspecified bya user defined functign s gi ven on t he

body 6, wimesh o masieformiag is needed.

5.3.2 Other numerical aspects of modelling

Spatial discretization and time stepping

The compuational domain is similato the one used for steady flow past a cylinder.
The only difference ishe lengthupstream, which i25D here. So the domain sizes
are 50D along the Xdirection, 20D along the Y-direction andoD along the Z

direction, as shown iRigure5-19.
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Figure 5-19 Computational domain for an oscillating cylinder in water

The mesh strategy for an oscillating cylinder is similar with that for steady flow past
a cylinder. Hexahedra mesh is usedhe neaiwall region, where aadial distance
of 0.5310“D of wall-adjacent cells from the cylinder surface is selected. This aims
to directly resolve the neavall region by keeping desirable values\df less than 1

for all the Reynolds number concerned. The successive ratio (growthalatig the

radial direction of cylinder surface is properly selected to guarantee more than 10
cells in the laminar region. In the near wall region, the mesh along the
circumferential direction has 160 waltjacent cells that can properly incorporate

thecylinder curvature. Out of the neamall region, unstructured mesh is used.

The selection of timstep size for an oscillating cylinder also refers to that for a
fixed cylinder under steady flow. Dimensionleisse-step sizeDt = DU, /D is used

to decide the timstep sizeDt in the solver. The size of dimensionless tistep will

depend on the Reynolds number and the turbulence model, as discussed before.
Boundary conditions

For the oscillating cylinder in still war, the boundary conditions are summarised in
Table5-15. At Hsheeahp | ocation, the oO6Velocity
absolute velaties equal to zeroY, =U, =U, =0) is used for still water. At the
6Dowhreamb | ocation, boundary <condition
often gives better rate of convergence whmckflowdoccurs, althoughan

OOutfl ow& olma@undamy i s anoeSthreera nodp tlioocna tfioorn .
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Ifthe6 Nemerti al Framed method is wused to
relative veloti¢eamd ladoc dthieomUpan be defi

boundary condition.

Table 5-15 Boundary conditions for the oscillating cylinder in still water

Boundary locations Boundary conditions
Up-stream Velocity Inlet
Downrstream Pressure Outlet
Lateral sides (Yaxis) Symmetry
Top/bottomsides (Zaxis) Periodic
Cylinder No-slip wall

Other numerical aspects includamerical methodsadopted in different turbulence
models. Basically, for the modelling of oscillating cylinder in still water, the
numerical methods adopted Iy w SST model and LES model are similao

those listed infable5-3 for modelling steady flow past a cylinder. The difference is
mainly about the calculation of thggadients of the scalar. Considering the hybrid
mesh used in modelling the oscillating cylindére dGreenGaussNodeBased

method is adopted because this averaging scheme is known to be more accurate than
the defaultcell-based scheme for unstructured meshes, most notably for triangular

and tetrahedral meshes.

Although the URANS model has poor performance in predicting the global
parameters of steady flow past a smooth circular cylindet)RANS model is still
consdered here, together with LES model. This is bec#usé&armonic motion of a
long circularcylinder seems to suppress thdimensionality andnakeflows more
two-dimensionalthan theirfixed-cylinder counterparts,tdeast in the neawake
region (Blackburn and Henderson, 1999, Blevins, 200%) the URANS model

could get satisfactory results withwer computation cost.
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5.3.3 Results and discussions

Numerical simulations are conducted for several caseskdtmumber in range of
8~30 and Re number in range18f10°~1.53 10°. Single-pair regime ¢ < KC <15),
doublepair regime (15<KC<24) and threepair regime (24<KC<32) are
included in these cases. Comparisons are completed flimeirhydrodynamic
coefficients obtained by different fitting methods, such as tsgsare method and
Fourieraveragedmethod. Numerical results of -ime force coefficients from

different turbulence models are also compared.
1. Numerical results bythe URAN (k- w SST) model

The inline force coefficients are obtained by the fitting of Morrison equation with

calculated idine forces. Several different fitting methods can be used and detailed
descriptionscan be seen in thppendixC. The calculated drag coefficieQl, and
addedmass coefficienC, are presented as a functionk€ and b (b =Re/KC),
which is in order to compare with walbcumented experimental results from
Sarpkaya (1976). To be kept in mind, the drag coefficiehtobtained by Sarpkaya
could be slightly ovepredictedas mentioned idppendixB.

Table 5-16 Comparisons of calculated and experimental ifine force coefficients

Fourier Casel Case? Case3 Case4d Caseb Caseb
q KC=103 KC=206 KC=298 | KC=103 KC=206 KC=298
average b°3123 H°3123 H°3123 | H°5260 H°5260 b° 5260
Calculatedc, 0.90 0.78 0.65 0.65 053 052
Experimentalc, ™ 1.40 0.86 0.68 0.96 0.70 0.62
Calculatedc, 0.78 044 054 0.83 0.79 0.8
Experimentalc, ™ | 0.36 0.52 0.61 0.75 0.76 0.80

Notes:[1] values of experimental coefficients here are obtained visually from the curves drawn by

Sarpkaya (1976), so small discrepancies could exist;
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In Table 5-16 the calculated htine force coefficients of different cases by URAN
(k- w SST) model are compared with the experimental results from Sarpkaya.
These inline force coefficients are fitted by the leaguare method.

It can be seen fromable5-16 that:

1) The trend of drag coefficients varying witiC is in agreement between the
experiments and numerical calculations. For instance , for a divehe values
of C, decrease with the increase of these tike@numbers;

2) Generally, the calculatedrag coefficients obtained fromme k- w SST model
arein agreement with the experimental values except GQaaad Casel with
KC =103, of which the calculatedC, are about30-40% smaller than the
experimental values;

3) The discrepancies between calculated and experimetare comparatively
small except Casel. Overall agreemenCgfbetween numerical simulations and

experimentss better tlan that ofC, .

In Figure5-20, the calculated Hine force and fitted force are illustrated. The fitted
total force is in fair agreement with CFD calculated force.

Case6 MeshMotion-SST-k-w- b5260KC29.8
30 T T T T T

25k CFD Force

Fitted DragForce
Fitted InertialForce 7
Fitted TotalForce

20—

Inline Forces (N)

55 60 65 70 75 80
Time (s)

Figure 5-20 Calculated in-inline force and fitted force for Case 6 KC =29.86 ° 5260)
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The corresponding transverse force coefficient for @asé with KC =298 and

b ° 5260 is shown inFigure5-21. The KC number considered here belongs to the
threepair regime, and the normalized fundamental lift frequeNgyshould be 4.

However, fom theFigure5-21it can be seen that the calculated lift force Nasof

around 5.
Case6-MeshMotion-SST k-w bh5260KC29.8
1.5t T T T T 5
Lift coefficient
~— Cylinder moving \elocity | |
2 N /" N
% /\ {\ /\ M /\ /\
: SRRV
= . , |
_15 r r r r r r
15 20 25 30 35 40
Time (s)

Figure 5-21 Calculated transverse force coefficient for Case 6KC = 29.86 © 5260)

For the givenb © 5260, the lift force coefficients for other two cases wKiC

equal to 10.3 and 20.6 respectivale shown irFigure5-22 andFigure5-23.

Case5-MeshMotion-SST k-w b5260KC20.6
1 T T T T T T
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Figure 5-22 Calculated transverse force coefficient for Case 5C = 20.66 ° 5260)
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0.5

Lift coefficient

-0.5

Case4-MeshMotion-SST k-w b5260KC10.3

T T

T

Lift coefficient
rrrr Cylinder moving velocity

70

Time (S)

Figure 5-23 Calculated transverse force coefficient for Case 44C =10.36 °© 5260)

According to related experiments, f&iC = 20.6, the flow is in doublgair regime

and value ofN,_ is 3, while for KC number of 10.3 flow regime is singpair

regime withN, =2. For bothKC numbers, the predicted normalized fundamental

lift frequencies alsao notmatch the experimental vakd-or an oscillating cylinder,

especially fora cylinder inthe lower KC regimes, the lift frequency is not totally

relatedtot h e

6svhbe d kkixn g

frequencyo

due This

t

is unlike the situation of flowpast a fixed cylinder, where the lift frequency is

deci ded

oscillating cylinderstill could be affected by the vortex sheddindpich significantly

frequency ofi ortexdshedding . ydreétlynamic forceson an

affects the hydrodynamic forcen a fixedcylinder under steady flow

According to the study dflehari et al(2004) for an oscillating cylinder in gascent
water, the transvere force m the ocillating cylinder seemed be significantly
influenced by the thredimensional vorticity effects while longitudinal and axial
components of the force experienced by the cylisgemed to be weakly affected.
This findingis verified bythenumerical results her&he n-line hydrodynamic force
coefficients predicted bthe URAN modelsimulationsgenerallyagreewith the data

from experments(except Caséd and Casd). Considering the magnitude of the lift
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force C the calculated valuesre slightly bigger than the corresponding

Lmax ?

experimental values froifarpkaya (seBigure A-8).
2. Discussions
1) Goodnessof-fit of the Morison equation

It was found that Morison representatioould benot very satisfactory with respect
to the measured variation of theline forcefor certain flows In order to assess the

applicallity of the Morison equation, a goodneskfit parameter a- was

introducedSummer and Fadsge, 1997)

f{F.- F,)7dt
0 =0 Eq. 58

where, F, is measured forcef, is predicted force by Morison equatioh;is the

duration of data sampling.

Goodness-of-fit parameter & as
0.15 | function of KC. Re =5 x 10°.
Smooth cylinder. Justesen (1989).

0.10 - H
L]
L]
> L]
0.05 + .o
o L
0 —c-ﬂ‘ 1 1
0 5 10 15 KC

Figure 5-24 Goodnessof-fit parameter as function of KC (Summer and Fredsge 1997)

Figure 5-24 shows a typical variation off. with respect toKC for a smooth
cylinder atRe=5310°. Parameten). reaches a maximum value around 0.12 when

KC increases from 0 to approximately 12. Theh,decreases again with further

increase ofKC.
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From Figure 5-20 it can be seen that fokC =29.8, fitted total force and CFD
calculated force fairly agree with each. Now, considering another two cases both

with 6 equal to 5260, the comparison between fitted force and CFD calculated force

is illustrated respectively iRigure5-25 andFigure5-26.
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Case5-MeshMotion-SST-k-w-b5260K C20.6
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Figure 5-25 Calculated in-inline force and fitted force for Case5 (KC =20.66 ° 526C)
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Figure 5-26 Calculated in-inline force and fitted force for Case4 (KC =10.36 °© 5260)

As is seen, the match between fitted total force and CFD calculated force fot Case
and Caseés is alsoreasonableThe goodessof-fit parameterd; is calculated for

these three cases and listed able5-17.
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Table 5-17 Goodnessof-fit parameters for different KC cases withy © 5260

Case Case4 Case5 Case6

d- 0.066 0.059 0.091

2) Effect of fitting methods

The results mentioned above are fittedliyleastsquare methad'he Fourierseries
approach is only limited to single harmonic motion. The weighted -tepgtre
method will try to make the peak valuestbé fitted curvematch the peak of the
original curve. However, if the peak of the original curve is aotal reflecton of
the problem, then this methodill introduce errors Listed in Table 5-18 are the

results of Case 4 and Case 6 obtained by these different methods.

As seen fromTable 5-18, similar results are obtained Iblye Fourieraveraged and
leastsquare methodHowever, the fitted results by the other two methods are
generally not goodThe Morison-averaged method got shea drag coefficients and
addedmass coefficients. Although for Cadebythe Weightedleastsquare method
drag coefficient is in better agreementttwiexperimental valuethe added mass

coefficient is oveipredicted.

Table 5-18 Fitted force coefficients by different fitting methods

Case 4 Case 6
Fitting methods (kCc =103b° 5260) (kC =298b ° 5260)
Co Ca Co Ca

Fourieraveraged 0.69 0.83 0.55 0.81
Least square 0.65 0.83 0.52 0.82
Morison-averaged 0.44 0.67 0.45 0.77
Weighted least square 0.83 0.94 0.46 1.25
Exp. (Sarpkaya,1976) 0.96 0.75 0.62 0.80
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To assess the performance of different fitting methods, the goedhésparameter

d. is calculated for different cases under different fitting methods, as summarised in
Table5-19. It can be seen fromable5-19that for all three cases, the goodnetéit
parametersy. are small for the Fourieaveraged methods well as foteastsquare

method which means that the CFD calcedtinline force can be represented by
Morisonpredicted inline forces. However, the Moriseuredicted inline forces

(coefficients) are poolly predicted by the Morisonaveraged method anthe
weightedleastsquare methodsince the parameterd. of these caseare much

bigger.

Table 5-19 Goodnessof-fit parameters for different KC cases

goodness-of-fit parameter g,
Fitting methods Case 4 Case 5 Case 6
KC =103 KC =206 KC =298
b ° 5260 b ° 5260 b ° 5260
Fourieraveraged 0.067 0.059 0.080
Morison-averaged 0.123 0.094 0.102
Weighted leassquare 0.101 0.115 0.169

3) Effect of computational domain

Effect of the Xdirection domain size istudied first and it is found that current
domain size along the -Hirection is big enoughT he Ob-ratkade probl e
checked by enlarging the computational domain along th&eéction. Compared to
the former20D width, the new meh case has a width 80D along the Ydirection,
as shown inFigure 5-27. The blockage ratid /W for the numegal simulations

will change from 0.05 to 0.02.
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ZDE‘ |

s00

Figure 5-27 Enlarged computational domain for an oscillating cylinder in water

It is to be mentioned here, the cressction of the test section &ft3 3ft in
Sar p k atybe éxperirdents (1976), and several circular cylinders with diameters
ranging from 2 inches to 6.5 inches were used. So the block#gein his

experiments is in the range of 0.056~0.18.

The comparison of resultsrf Case 6 under different blockage ratios is listetable
5-20. It can be seen that the original domain with blockage ratio equal to 0.05 is
small enough to elimiria effect of blockage ratio. The comparison of fittedire

force with CFD force for Cage under small blockage ratio is showrFigure5-28.

Table 5-20 Effect of blockage ratio of computational domain

Blockage ratio Case 6 (KC =29.8b ° 5260)

(Domain case) Calculated c, Calculated c,

0.05 0.52 0.82
0.02 0.51 0.86
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Case6-MeshMotion-SST-k-w-b5260KC29.8 Blockage ratio=0.02

20 T T T

CFD Force
Fitted DragForce i
Fitted InertialForce
Fitted TotalForce

Inline Forces (N)

65 70
Time (S)

Figure 5-28 Fitted in-inline force and CFD calculated force for Case 6

4) Effect of turbulence models

For steady flow past a cylinder, the comparison between LES turbulence model and
URANS (k- w SST) turbulence model has been made. It was found that URANS
model failed to capture the thrdemensionality of the wake eddy, and hence
normally could notpredict the forces with desirable accuracy. As mentioned before,
for an oscilating cylinder in water, théhreedimensionalityof wake is sppressd,

which makedlows more twedimensionhwhen compared to a fixed cylinder under
steady flow. So the #ine force coefficients of an oscillating cylinder in still water

are generallypredicted by URAN model withcceptablaccuracy.

UsingthedMe s h mot i on 6 the ostillatihg cyliodernilee performance
of the LES model is also studied. However, it is suipgsto see that the itine
force coefficients are poorly predictég the LES model for an oscillating cylinder

in still water. The fitted forces and CFD force obtained by LES model are listed in
Figure 5-29. The goodnessf-fit parameterd; is 0.13 which meanghe Morison

predicted inline forces(coefficients)are pooly estimated.
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3D-MeshMotion-LES-B5260KC20.6
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CFD Force

1005 Fitted DragForce i
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Figure 5-29 Fitted in-inline force and CFD calculated force for Casé® by LES

Table5-21Resul ts obtained by different turbul ence

Case 5 (KC = 20656 ° 5260)
Turbulence model

Calculated c, Calculated C,

LES turbulence model 1.99 0.28
URANS (SSTk - w) model 0.53 0.79
Experiments (Sarpkaya,1976) 0.70 0.76

In Table 5-21, the calculated force coefficients of Case 5 obtained by different
turbulence models are listed. It can be seen that the LES model obtains even worse
results, with significantly oveestimatel drag coefficient and a slightly under
predicted addedhass coefficient.

Before doubting the performance of the LES model for modelling unsteady flow past

a cylinder, the treatment approach for modelling unsteady flow past a cylinder is first
studied.An effort is made to repeat the work of other people who studied unsteady

flow past a cylinder by different approaches using LES model. In the present
numerical model, only the approach to model the unsteady flow is changed, while
other numerical aspectsuch as spatial disgtization and numerical methods, are
keptt he same as the numeri cal mo d e | usi ng

moving cylinder.
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Lu et al.(1997) simulatedan oscillating flow past a fixed cylinder by using LES.
Sinusoidally oscillating flow was defined at the velocity inlet.-dlip and ne
penetration boundary conditiomgeredefined on the wall of the cylinder. Now, $hi
method is also considered here for the cd$€ ¢ 10, 6 ° 1099) in order to compare

wi t h L u K€ =10 A%1e35 .(The U D F DEBINE_PROFILB (S used
define the oscillatory flow velocity u, =0.042cos(®92t)) at the velocity inlet.
FromTable5-22 it can be seen that the present simulation could get almost the same
resul ts as thégivénkC and b kumbers The fitted forces and CFD

force obtained by LES model are listed Fingure 5-30 with the goodnesef-fit
parameterd. equal t00.17.

Table 5-22 Calculated resultsof oscillatory flow past a fixed cylinderby LES

O/ OAdeYi AEITAIO<8 1 AOD
Case
Calculated C, Calculated c,,
Presentwork (KC° 10, 6 © 1099) 2.32 0.73
Lu et al. (1997) KC =100, b ° 1035) 023 00.7
Exp. by Sarpkaya (1976) ©2.0 °©0.7

3D-OscillatoryFlow-LES-B1100KC10
T

3

1

Forces (N)

CFD Force
Fitted DragForce
— Fitted InertialForce
— Fitted TotalForce
%150 500 550 600
Time (s)

Figure 5-30Fitted in-inline force and CFD force by LES for oscillatory flow past a cylinder

Using anorrinertial coordinate transformation 6 Fr a me Mot i o,nhé i n

F

moving cylinder can be HnertaldranedThi;amethadst at i

has been used to model an oscillating cylinder in still wadeg LES by Rashid et

al. (2011).)However , in FLUENT, OFrame Motionbo
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O0Mesh Moti cammgé 6ICyo pyelteoctMes h Mot bbtamdd opt i ¢
by these two methods should be the same.

The CFD calculated idine forces obtained by different treatment approaches are
shownin Figure 5-31. It shows thathe amplitudes of force obtained bythe LES
model by different treat approaches are quite similar, whil&thar SST model got

an inline force withquitesmalleramplitude.

CFD forces obtained by using different treatment approaches for Case6
100 T T T T T T T T T

In-line Force (N)

100 - Mesh Motion-LES
Oscillatory Flow-LES

" Mesh Motion-(k-w-SST)

r r r r r r r r r

-150
150 155 160 165 170 175 180 185 190 195 200
Time (s)

Figure 5-31 CFD in-inline forces obtained by using different treatment approaches

Using the LES model, the fitted wine hydrodynamic coefficients for Case 6
obtained by different treatment approaches for modelling oscillating cylinder are
listed inTable5-23. It canbe seerhatforce coefficientpredictedoy 6 Mes h Mot i
methodand by &éOscill atory f | owboballsignificardlyd ar e

overestimatehe drag coefficient while undgredicing the added mass coefficient.

Table 5-23 Comparisons of treatment approaches for oscillating cylinder by LES model

Caseb ( KC =29.8b ° 5260)
Treatment approach

Calculated c, Calculated c,

6 MeMdtdt i on 1.70 0.12
0 Oscoryf | atwd 1.63 0.13
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In Figure5-32 arefitted forces and CFD force obtained by LES. lkmown that the
overpredicted peak Hine CFD forces by LESaused the ovesstimated fitted drag
force and hence the ovpredicted dag coefficient.

3D-MeshMotion-LES-B5260KC29.8

CFD Force

Fitted DragForce
Y Fitted InertialForce
— Fitted TotalForce

Inline Forces (N)

-50

172 177 182 187 192 197
Time (s)

Figure 5-32Fitted in-inline force and CFD force by LES for Case

The vortexsheddingcould havea dominant effect on the forces experiencedahy
oscillating cylinder, including the ihne force and transverse lift force. The lift
coefficient of Casé predicted by LES is illustrated Figure 5-33. The maximum
lift coefficient is also dramaticallgverestimated byhe LES model. It seems that in
oscillatory flow, the present LES model tends to generate enlarged-gbeexling,

which will cause ovepredicted forces in bothline and transverse directions.

Case6-MeshMotion-LES- b5260KC29.8
4 3 3 T L C t
Lift coefficient

3k — Cylinder moving \elocity -

2ﬁ

Lift coefficient
o
)
}

Time (s)

Figure 5-33 CFD calculated lift force coefficientby LES for Case6
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5.4 Summary

In this chapter, numerical simulations have been conducted for Ataathadylow

past a smooth circular cylinder. As model validations, the main purptsaseétect a
proper turbulence model that can capture the global flow parameters (esp€giplly

of flow past a bluff body. Besides, other numerical aspects, such as the effect of grid
resolution, timestep size and neavall treatmentare also investigated. Simulation
results have been compared between different cases, together with available

experimental data.

For steady flow past a cylindewerall, the LES model has a quite good performance.
However,it is more difficult to predit the forces n an oscillating cylinder when
compared to those of a fixed ondsing dMeshmotiond method to modea moving
cylinder, several cases witkC numbersin the range of 10~30 have been
consideredObtainedby the URAN model (k- w SST), the calculated addedass
coefficients are in fair agreement with experimental values wdolme of the
predicted drag coefficients are ungestimated for cases witlower Reynolds
number.Unexpected}, the present LES modelppears to havkiled to accurately

predict the global parameters of oscillating cylirsdarstill waterunder givenb and

KC numbers.The potential possiblereason could be due to the enlarged vertex
shedding simulated bthe present LES model. Another factor could duge tothe
fact that compared tdhe fixed cylinder under steady flowhe oscillating cylinder
will suppress thethreedimensionality of vortex and make flows more twe
dimensionain the neatwake regionThat could be the reason wthe URAN model
(k- w SST) can get quite satisfactory results for the oscillatory cylinder in still

water.
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6. Numerical calculation of drag coefficients of m ooring line

chain

6.1 Overview

It is known that the mooring line dampifige tensionis quite sensitive to the
variation of drag aeefficient around the touch down zoneaccording to the
investigationin Chapter4, which emphasized the importance of selection of drag
coefficient for chain.The influential factors of drag coefficient of chain have been
discussed before. Among these ¢amst however, only the effect of Re amL

number will be considered in the CFD simulation.

In this chapter, the drag coefficient @afsmoothstudless chain under the effect of
Reynolds number anC number is studied by CFD methdglefore the numerical
calculation, the range dRe number andKC number along the mooring lirghain

under different motions is investigated first.

6.2 Range of Re and KC number of the chain under different motions

The ranges oRe and KC number under different motions are mainly considered
for the chain around touch down zone, where the mooring line damping is very
sensitive to the variation of @y coefficient (se€igure4-5 andFigure4-7). The Re

numberand KC numberarecalculated according to the maximum normal velocity
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Re=

UyD o oYuT .

/70
=0 Eq. 6-1
» D 2,0D q

where,U,, is the maximum normal velocity of oscillation motior; is the normal

displacement and is the nominal diameter of the stigss chain.

Due to geometricnonlinearities inherent in the catenary equaticth® normal

displacements, is not symmetric about the mid positioBo theKC number is

calculated according to the maximum normal displacement on one side.

A single mooring lineshown inFigure3-27is selected to study the rangesré and

KC number under different motions. For the slow drift motion, amplitude equal to
10% water depth is considered with four different periods. When it comes to WF
motions, the slow drift motion will not be consideréustead, the WF motions will

be exerted on the top of line undedi®erent catenary shapes, as showrkigure

6-1. The horizontal distance of the top ends+i& 40m away fromthe mean

position

50k Negative position (NP) / i
Initial position (IP) /
2100~ Positive positon(PP) / N
3 -150 - -
S
5}
2 200 4
Q
© 250 / B
=

-300 —~ / -
350 / i

400 ; ;s ; r r r r
-800 -700 -600 -500 -400 -300 -200 -100 0 100

Horizontal X (m)

Figure 6-1 Three different catenary shges of mooring line
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The Re and KC numbes along the line under WF motions will be calculated for

these three positionsvhich aremainly usedto consider the effect othe shape

change of mooring due tbeslow drift motion while the velocity effect of slow drift

motion will be ignored. The maximurmRe number along the line will be under

estimated when compared to the case with LF motion and superimposed WF motion.

The maximumRe and KC numbes along the R3S chain under the slow drift

motions are shown ifigure6-2. It can be seen thatC number is very big under

these LF motions, which means oriRe number effect needs to be considered for

drag coefficierd of chain under such LF motions.
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Figure 6-2 Range of Re and kc number along the R3S chain under slow drift motion

The maximumRe and KC number along the R3S chain under the different surge

WF motion at three different positionseasshown inFigure6-3 andFigure6-4.
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Figure 6-3 Range of Re number along the R3S chain under surge WF motions
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WF motion at three different positions are showfigure6-5 andFigure6-6.
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Figure 6-6 Range of kc number along the R3S chain under heave WF motions

It can be seen that under

the R3S chain at arc length from 400m to 600m is in the range of around 10 to 300,

the given surge/heave WF motiongCthimber along
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while Re number is approximately in the rangelf ~10°. During the following

CFD simulation, the values dke and KC numbes considered aran theserange.

6.3 CFD simulation of steady flow past a smooth stud-less chain

From the CFD model validations the Chapteb, it can be seen that the Reynelds
numberdependent drag coefficient af circular cylindemunder steadylow is well
prediced byLES turbulence modslwhile considerabl@iscrepanciegxist between

the experimental values and numerical lssobtained from URANS models for
most of the Reynolds numbers at suttical regime. Other global flow parameters,
such asRMS of lift and Strouhal numbers are also well predicted by the LES model.
Therefore, steady flow past a smoathain is mainly simulated by LES model to

decide the drag coefficients under differén numbers.

6.3.1 Computational domain and boundary conditions

The geometrical model of a pair of stlesds chain links is illustrated Figure6-7.

D = Nominal Diameter

O =
C PRGN D
5 N

3.35D (studless) ‘ 6D

3.35D (studless)

Figure 6-7 Geometrical model of a studless chain
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The values in the figure are given in term of the nominal bar diamBtgro( the
chain normally as standard parts. However, for more detailed properties of chain, one

should refer to the catalogue data available from the chain suppliers.

The computational domain of the chain is illustratedFigure 6-8. Considering the
periodicity of the chain geometry, a complete link and two-lialts are selected as

the simulation object, as shown Hgure 6-8. Correspondingly, the boundary
condition of top and bottom surfaces of

condition. The surface of this chain segment is @efias neslip wall. The inlet at

the upstream of the chain segment is def
downstream of the chain segment is defir
turbulent quantities i astubhleneitensityod% ty 1 n

and turbulent viscosity ratio of 1. The steady flow around the chain segment is along
theXaxi s, and hence the velocil+ocerstanat OV e
U,=0 andU, =0. The boundary conditions of lateral sides of the domain are

defined as O6symmetryo. Actuall vy, t he def

chain segmeris the same atoseused forCFD modelling otthe3D cylinder.

Upstream Left side Top side
(Velocity Inlet) (Symmetry) {Periodic)
i
FYLVA
W ;‘__J
5.5 T
ﬁ' | Chain sy
£ [ (wall)
Right side
(Symmetry) — i -
Bottom side Downstream
(Periodic) (Qutflow)

Figure 6-8 lllustration of c omputational domain and boundary conditionsof stud-less chain
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The size of computational domain is summarized@able6-1. The domain size has
been verified by comparing the results of current domain with those from the domain

enlarged along Xand Y-axis.

Table 6-1 Size of computational domain for thestud-lesschain segment

Computational domain Domain size
Upstream (Xaxis) 10.0D
Downstream (Xaxis) 25.0D
Lateral side (Yaxis) 20.0D
Spanwise direction(Z-axis) 8.0D

6.3.2 Computational mesh i spatial discretization

Hybrid meshes are used to discretize the space of the computational domain due to

the complexity of the chain geometry, as showRigure6-9.
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Figure 6-9 Computational mesh for the chain segment (mesh partly displayed)
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Around the chain segment, a cylindrical domain is divided from the whole domain as
shown inFigure 6-9. By turning the cylindrical domain around theuds, different

flow angles between the upstream flow along tkexis and chain segment can be
considered. The mesh inside the cylindrical domain is showigure 6-10. Three
different flow angles, namely 0, 45 and 90 degree are consideremuire6-10, the

flow direction with 0 degree idu strated.

[
il

Figure 6-10Local mesh in the cylindrical domain (0O degree flow direction)

In order to better solve the turbulent boundary layer near the surface of the chain
segment, structured mesh witexahedral cells is used in the inner layer of the wall.
This is achieved by separating the connected point of two links with a gap of around
10%D . This sheltered gap is quite small compared to the-sfmlength of chain
segment and hence its effect could be ignored. The structured mesh around the wall

surface of half chain segment is illustratedrigure6-11.
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The neawall region is solved directly byhe 6 N evaa | | model |l i ngbd me
preferable has §" valueless than unit, which is achieved by setting the digtanc

from the wall surface small enough at the wall adjacent cells. A-alpsew of the

mesh near the chain surface can be seenfigore6-12.

Ly

N =R

Figure 6-11 Structured mesh around the wall surface of thénalf-segmentchain

Figure 6-12 Close view of the mesh near the surface of chain segment
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The total number of cells is around 6.49 million for the mesh case 1 with first cell

height ¢ of 2310°D, and is around 7.73 million for the mesh case 2 witbf

5310°D. The cell nurber along the spawise direction of chain segment is 120

andamoderate growth ratio (1.08) is used for most of the cells.

6.3.3 Other details of computation

An implicit fractional step method is adopted here to advance the time and the
selection of time step size is also referred to the LES simulations of flow past a

cylinder. The numerical solution methods are summarizacle6-2.

Table 6-2 Setting of solution methods for LES modelling flow past a chain segment

Solution parameters Method choice
Pressurevelocity coupling Fractional Step (FSM, NITA)
Pressure Standard
Momentum equations Bounded Central Differencing
Gradient GreenGaussNodeBased
Transient Formulation 1*-order Implicit
SGS model SmagorinskyLilly c_=o0.1

Most of the settings above are the same as LES modelling steady flow past a cylinder.
The only difference i sthéooGr -Gehnes so gNoadde eBa s
method is selected becausdstknown to be more accurate than the default cell

bas& scheme for unstructured meshes.
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6.3.4 Results and discussions

First, in order to illustrate the results, the Reynolds number for steady flow past a

fixed chain segment is defined as below:

u,bD
u

Re=

Eq. 6-2

where,U, is the farfield steady flow velocity;D is nominal bar diameter of chain;

v is fluid kinematic viscosity.

The drag coefficienC, and lift coefficientC_ of the studless chairare defined as

follows:

F F
c,=—%b%t _C=—-‘+_ Eq. 6-3
° 17LDUZ" Tt 1rLDU? a

where, F, is the drag force on the chain segmdnt;is the lift force on the chain

segment;L is length of the chain segment €8D); r is fluid density.

The drag force per unit length; applied tochaincan be written as

Féz%rdtDC'Dd')n@Jn Eq.6.4

From the definition of the force coefficients, it can be seen that the drag coefficient
of the studlesschain is referred to the nominal diameter of chain, whickaime as

in DNV rules (Such aBNV-OSE301 andDNV-RP-C205).
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1. Numerical resultsby LES modd
1) Calculatedforce coefficients of the stud-less chain
Impact of flow direction

As mentioned before, three different flow directions have been considered for steady
flow past a chain segment, as showkigure6-13.

Y
\ 0 degree 45 degree 90 qegree

| O > D
| o= OQQ%@
o &

Complete link

Figure 6-13 Direction definition of flow past a chain segment

To study the effect of the flow direction, steady flow past a chain segment at

Reynolds number o063 10° is considered for these three situations. The calculated

drag coefficients for different cases are summarizédlrie6-3.

Table 6-3 Impact of flow direction upon drag coefficient ofa stud-less dain (Re=63 10*)

Case Predicted c,
0 degree flow 2.42
45 degree flow 2.36
90 degree flow 2.41

It can be seen frorable 6-3 that the predicted values &f, are quite similar for

these three cases, which is especially true for tegdeeflow case and 9@egree
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flow case. This is quite reasdie due to the geometrical characteristics of chain. In
summary, the effect of flow direction (at least for these three directions) upon the

drag coefficient othe studlesschain can be ignored.

L
o

/M UAM UJW ﬂa Mﬂ I
S ) WN \/ ! \AW | UM

40 60 80 100
Non-dimensional time, t*:tUOID

Figure 6-14 Time histories of predicted forcecoefficients of chain by LES Re=63 10*, 0E flow)

In Figure 6-14 the time histories of force coefficients of chain are plotted for O

degree flow at Re o83 10°. Using a power spectrum analysis of the lift coefficient

history, it can be s@ethat no obvious single frequency of vortex shedding can be
identified, as shown ifigure6-15. This is totally different from the steady flow past
a smooth cylinder at this Reynolds number which has dominate vortex shedding

frequency and corresponding Strouhal number.

Frequency-Amplitude Spectrum of Lift Coefficient 4
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O —
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£ 0.015
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0.01
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0 . . . e A A
0 0.5 1 15 2 25 0 0.2 0.4 0.6 0.8
Frequency (Hz) St

Figure 6-15 Statistical properties of lift coefficient of the chain segment Re=63 10*, OF flow)
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Reynolds number effect

Due to the negligible effect of flow direction, here, takihg steady flow with flow
direction of O degreédor instance the impact ofReynolds numbeupon the drag
coefficient of the studlesschain isconsidered. The calculated drag coefficient as
function of Re is illustrated inFigure 6-16, together with the recommended values

from DNV-RP-C205

2.6
I\¥
—
2,4— -3 3 3 3 3 B ;5\52‘ B 3 B & B B %
%Sé\.
- 1 x \I
c
8 227
Q2
T
820— B B B B oo0®m o o®m OB OBRE ¥ I I B3
S
= — = — Present LES calculated results e
0 18- 4 7
#  DNV-RP-C205 recommended value range (Re=10 ~10
X Presentk - 8ST calculated results
16 T T T T L T T T 1
5x10° 10* 6x10"  10° 5x10°

Reynolds number

Figure 6-16 Predicted drag coefficient of studless chain as funtion of Reynolds number

From Figure 6-16 it can be seen that with the increase of Reynolds number, the

predicted drag coefficient decreases. Tdmge ofthe numericalpredictedC, is also
in quite good agreementith the DNV recommendedange (C,:2.4~2.0 for
Re:10" ~10") . For thenumericalpredictedC, values, the highest Reynolds number

considered herés 3310° due to thefact more expensive computational cdst

requiredfor even higher Reynolds number.
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2) Contours of x-velocity

Contours of xvelocity are plotted for different fiys past the chaisegment ta@ive
more vivid understanding dhe flow characteristicdn order toplot the xvelocity
contour at different planes along the sp@se direction, several surfaces have been

defined, as shown iRigure6-17.

Figure 6-17 Different X-Y planes defined along the spawise direction ofthe stud-less tain

Flows past a chain segment at Relds® 10° and 63 10" with 0-degree direction are

considered, together with 4fegree flow at Re 063 10°, as illustrated irFigure

6-18, Figure 6-19 and Figure 6-20. From these instantaneousv&locity contours
(especially at the lot@mns z=0.2/0.8), it can be seen that tleason why lift force of

the chain segment is quite small is due tofliwve interaction
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Contours of X Velooty (ms) (Times1 00008s02)
ANSYS FLUENT 130 (30, 0p, pons,

Sontours of X Velocty (mvs) (Times1 0000« 02)
ANSYS FLUENT 130 (39, op, pons, |

Contours of X Velocty (mvs) (Tines 1 0000e+02)

ANSYS FLUENT 130 (30, op, pdns
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Contours of X Velocty (mvs) (Time« 1 0000e+02)

Cortows of X Velooty co/s) 1 Tines | DO00e. 0N

Figure 6-18 Instantaneous xvelocity contour for 0-degree flow & Re=1.53 10*
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Figure 6-19 Instantaneous xvelocity contour for 0-degree flow atRe=63 10*
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Figure 6-20 Instantaneous xvelocity contour for 45-degree flow atRe=63 10°
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2. Discussions

1) Effect of computational domain and boundary conditions

If only consideringthe geometrical characteristics of chain, two {iaks could be

selectedor thesimulation due to its geometrical symmetry as showkigure6-21.

Symmetrical axis

|

|

| e :
fanus}{emmmsll)

i

Figure 6-21 Geometrical symmetry of studless chain

The correspondingiomain and boundary conditions can be defined as shown in
Figure6-22. One obvioudlifference of this numerical model from tbae shown in
Figure 6-8 is that the number of cells can be hedflucedif under same mesh
strategy. The other difference is th@ymmetry boundary conditions instead of
(Qeriodidare appliedn the top and botto surfacesbecause the physical geometry

does nohave a periodically repeating nature.

Figure 6-22 Alternative computational domain of the studless chain
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However,6 Sy mmet r yd boundar got anlgwhdn thei ppysisal ar e
geometry of intereshas mirror symmetrybut also wherthe expected pattern of the

flow/thermal solutiondoes.In order to verify this model, steady flow withdégree

direction past the chain at Re 6% 10" is considered, of which calculated drag

coefficientis compared with the value obtained from the model showngure6-8.

Table 6-4 Calculated c,_ from two different models by LES model (Re=63 10")

Model case Number of cells | Predicted C,
Two halflinks (symmetry) 3.24Million 2.57
One link plus two haHfinks (period) 6.49Million 2.42

It can be seen fromable6-4 that the first model seents slightly overpredict the
drag coefficient othe chain, which could be due to the selectionthgf (Symmetry
boundary condition. Howevewhen considering thesaving ofcomputatiomal cost,

this model is acceptable.

2) Effect of grid resolution

For thenearw a | | regiama,l [t mmdeNéeamgd met hod adc

desirabley” of value less than uniftwo mesh cases with different first cell heights
(g, =2310"D,d, =0.53 10*D) have beeronsidered in order to study the effect of

y* upon the calculated drag coefficient. The simulation results list€dble6-5 are

for steady flows past a chain segment wite@ree direction at different Reynolds

numbers.
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Table 6-5 Impact of y+ upon the calculatedc, of stud-lesschain

Reynolds number | Mesh case/Cell number/ d y Predicted C,
casel/6.49Mlion/ g 1.22 2.42
63 10' N
case2/7.73Jillion / g, 0.36 2.43
casel/6.4Million / ¢, 2.43 2.20
15310
case2/7.73Jillion / g, 0.65 2.34

As listed inTable6-5, calculatedC, valuesfor cases with Re number 6f 10" are

almost the same when values yf of two cases are 1.22 and 0.36 respectively.

However, at Re of1.5% 10’ results of two cases show some discrepancies, which

could be due to the comparatively byg of meshcasel.

Besides the impact of gridresolutionalong the spamwise direction could be nen
negligible, especially for the high Reynolds number. From the experience of LES
modelling steady flow past a smooth cylindeis known that without enough grids
along the spamwise direction, the pricted drag coefficient by LES is a little smaller
than the experimental value for high Reynolds number. That could explain why the
LES predicted drag coefficient of chaseems to decreasgickly with the increase

of the high Reynolds number, as shownFigure 6-16. Normally, it would be
expected that the Reynolds number effect on the drag coefficient of chain would be

less important when comparedthat of the smooth circular cylinder.
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3) Effect of turbulence model

The performance dhe LES and URANS modelbas been assessed by comparison
of simulation results of steady flow past a cylindelis found that URANS would
overestimate the drag coefficient @f cylinder for small Reynolds number and

underestimate the drag coeffent for high Reynolds number.
Taking Odegree flow past a chain segment at several diffeRenhumters, the
simulation results obtained from LES and URAAI® comparedas shown irFigure

6-16 andTable6-6.

Table 6-6 Predicted C, for stud-less chain by different turbulence models

Predicted C,
Re number
LES model | k- w SSTmodel
15310 2.46 2.48
63 10* 2.42 223
3310° 2.26 1.84

As indicated inTable6-6, the k- w SST model noticeably undegstimates the drag

coefficient of studess chain at high Reynolds number.

6.4 CFD simulation of a smooth chain oscillating in water

The effect ofRe number on drag coefficients of a smooth degk chain has been
studied by considering different steady flows past a fixed smoothlegadchain
segment. It can be seen thaith the increase oRe, the drag coefficient of the

smooth studess chain decreases. However, the effedReion the drag coefficient
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of the smooth chain is not as important as that for a smooth circular cylinder. The
effect of KC on the drag coefficients of the chain is considered here by simulating a
smooth chain segment oscillating in water. In order to emphasis€Gheumber
effect, theRe number will be fixed during onset of oscillating motions while the

KC number varies. This is achieved by simultaneously changing the amphtude

and the period of the oscillating motion to keep the same velocity amplitude

(U, =AGp/T).

6.4.1 Computational model and methods

CFD simulations of a smooth circular cylinder oscillating in still water have been
done to verify the numerical models. For modellihg chain segment oscillating in
water, computational model and methods will refer to those for oscillating cylinder in
water. The harmonic motion of the stleds chain segment is represented by the
movement of whole cell zone (defined by Mesh Motiorthim numerical modelThe
URANS (k- w SST) turbulence model is mainly selected to calculate thien
force of the oscillating stutikss chain due to itdesirableperformance in modelling

the oscillating cylinder in still water. Howevehe effect of this turbulence model

will be studied by comparison of results obtained ftbelURANS and LES model

Considering the bigKC number concerned for the oscillating chain, the
computational domain along the &nd Y-direction has been enlarged120D and

60D respectively, while the domain size along spase direction keeps the same
as trat for the chain under steady flow. A quarter of the computational domain

together with the chain segment is showFkigure6-23.
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60D .\\

Figure 6-23 Quarter computational domain of the studless chainunder oscillation motion

Hybrid meshes are also used to discretize the space of the computational domain due
to the complexity of the chain geomet# structured mesh witthexahedral cells is
used in the inner layer of the wall in order to better solve the turbulent boundary

layer near the surface of the chain segment. The distance from the wall surface at the
wall adjacent cells is set & 10°D, in order b guarantee a desirabi¢ valueless

than uniy for all the Re number considered. The neaall region is then solved
directl ywaby dveaeeaerd | i ngé met hod. The mesh
similar to thatof the chain segment under steady flow. The total mesh number is

around9.65 million.

Table 6-7 Boundary conditions for the oscillating chain segment in still water

Boundary locations Boundary conditions
Up-stream Velocity Inlet
Down-stream Pressure Outlet
Lateral sides (Yaxis) Symmetry
Top/bottom sides (Axis) Periodic
Studless chain No-slip wall
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The boundary conditions are summarisedlable 6-7 for the oscillating studess
chain segment in still water, which are similar as those for oscillating cylinder in still

water.

Other numerical aspects include thstepping size andumerial methodsadopted

in the turbulence model3he size of timestepping will mainly depend on thee
number. Howeverthe effect of theKC number, which is related to the oscillation
period T, is also included. For oscillating motions with same number, the
motion withbigger KC number (bigger period ), a slightly bigger timestepis used

to accelerate the simulation. The numdriocgethods adopted by LES model are
similar as those ifable6-2. For URANS turbulence model, the numerical methods

are summarised ihable6-8.

Table 6-8 Numerical methods for URANS modelling an oscillating chain segment

Solution parameters Method choice
Pressurevelocity coupling SIMPLE
Pressure Standard
Momentum equations 2"%order Upstream
Gradient GreenGausdNodeBased
Transient Formulation 1%-order Implicit

6.4.2 Numerical results and discussions

For the studess chain oscillating in water alongdfrection, the chain segment with
O-degreeflow direction (seeFigure 6-13) is considered. Several series of diffiet

oscillation motions are considered. For each series of oscillation motions with same
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Re numbers, the numerical results ofline force coefficients are compared to

mainly investigatehe effect ofKC number ordrag coefficients of stutess chain.

Before plotting the results, the definitions of force coefficients are illustrated first.
For the transverse lift force coefficient, the definition for oscillating-$#sd chain is

similar as that for the fixed sttldss chain segment under steady flow

F
Clmax = T 5 Eq. 6-5
5 r’LDUy

For the inline force coefficients, the drag coefficient and added mass coefficient is

determired by the formula

F, =1C, OLDUU|+C, O v &F Eq. 66
where, F, is the inline force along the-&xis; L is the length of the chain segment

(8D) ; DV is the displaced volume corresponding to the chain segment.

From the definition of drag coefficieand added mass coefficiernttcan be seen that
the drag coefficient of stulééss chain under oscillatios also eferred to the nominal
diameter whisttie added mass coefficient is based on the actual volume.

1. Numerical results by the URANS model

By thefitting of Morrison equationEq. 6-6) with calculated ifine forcesobtained

from the URANS (k- w SST) model and with the inline force coefficients

obt ai n e dleasthq w dittydy dnethod the time series of fitted forces and

174



Chapter6 Numerical calculation of drag coefficients of mooring line chain

CFD force are shown ifrigure 6-24 and Figure 6-25 for oscillating chains with

different Re and KC numbers

Chain-D125mm-b140K C140-k-w-SST-MeshMotion
6 T T T T T T
CFD Force
Fitted DragForce
Fitted InertialForce
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Figure 6-24 CFD force and fitted forces foroscillating chain with kKc1406140
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Figure 6-25 CFD force and fitted forces for oscillating chain with kc7062300

For the oscillating chain in still water, the-line force coefficients are plotted as a
function of KC number andRe number (sed-igure 6-26, Figure 6-27), although

alternativelythe inline force coefficiets muld be plotted as a function &€C and

b (b=Re/KC).
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Figure 6-26 Drag coefficients of studless chain under different Re and KC numbers
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Figure 6-27 Added-mass coefficients of studess chain under different Re and KC numbers

The fitted addednass coefficients of stdéss chairexhibits asmallrange of scatter
around 1.0 for all the oscillatory flows, which are better than the results obtained by
Young (2005) (se€igure2-6), which showed big scattefor fitted drag coefficients,

from Figure6-26it can be seen that:

1) For flows with lowerRe effect of KC on C, of studless chain is very important.

Under smallerKC number,the C, of studless chain is muclgreaer thanthe
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C, value of studess chain under steady flow with same Reynolds number. With
increase ofKC number,the C, of studless chain will decrease and woughtl

to the C, value under steady flow;
2) When tke Reynolds number increasesathigher value, it seems thtite effect of

KC on C, value becomes less importamthile the high Re valuill dominate
the C, value;

3) For oscillatory flows with a @rtain fixed KC number,the C, of studless chain

will decrease with increase &te, which is similar with that for steady flow.

As mentioned befordimited experiments of chain under unsteady fldvase been
completed These experiments were conducted @mcillating chainunder low

Reynolds numbers artfigr resultsseem tabe a less reliablebenchmark In Figure

2-2, C, values ofa studlink chain undepscillation tests are includeli.can be seen

that under giverRe (~10*) and KC (163~ 306), C, values of the stutink chain

are quite close to those under towing tests siithilar Re. It indicates thathe effect
of KC will become less significant wheKC is big enoughwhich is in agreement

with thepresennhumerical resultsf a studless chain.

2. Further discussion-effect of turbulence model

Despite theunsatisfyingperformance of the LES model for oscillating cylinder in
still water, an attempt is still made to check thmesults obtained by LES fdhe

oscillating chain in still water. The results comparisons betwleehES andk - w

SST modek are listed inTable6-9 for two different oscillations.
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Table 6-9 Comparisons of numerical results obtained by different turbulence models

Oscillating chain Oscillating chain
Turbulence H140KC140 H2300KC35
models
c:D Ca d; CD Ca DIF
LES 2.69 2.31 0.013 3.23 1.07 0.023
k- w SST 2.75 0.96 0.048 2.49 0.82 0.015

For the oscillating chain withKC1406140, the C, value obtained by LES model is

close to that obtained through- w SST model, whilethe addedmass coefficient
of the oscillating chain obtained by LES model is gwexdicted.To investigate the
cause of discrepancies, time series of CFbina forces calculated by different
turbulence models and their correspondiitigd inertial forces are shown Figure

6-28.

CFD forces by different turbulence models for KC140b140
6 T T T T T T T

CFD force by LES
4PN CFD force by k-w SST
”””””” Fitted inertial force-LES

Fitted inertial force-k-w SST
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6
280 300 320 340 360 380 400 420 440
Time (s)

Figure 6-28 Time histories of inline forces and fitted inertial forces

The CFD force obtained bi- w SST model is filtered to remove the high

frequency undesirable vibrations as seeRigure6-24. It can be observethatthe

CFD intline forces predicted by LES and URAN models have similar peak values
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while slight difference existin their shape. For this oscillation withigh KC equal
to 140,drag force is much biggerdh inertial force, which can also be seen from
Figure6-24. So a small difference between the CFEime forces could cause big

discrepancies between the fitted addss coefficients.

For the oscillating chain withKC356230C, both inline force coefficients of the
oscillating chain obtained HYES nmodel are bigger than those obtainediwy k - w
SST model. The time histories of CFD -lme forces calculated by these two
turbulence model, together with fitted forces tbe k- w SST model, are plotted
in Figure6-29. The peak value dhe CFD inline force calculated by LES is bigger
than that predicteffom the k- w SST model, which leads to a bigger fitted drag
coeficient. Under this given KC, the inertial force is comparable with the drag

force, and hencthe error of fitted addednass coefficient iseduced.
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Figure 6-29 Time histories of inrline forces obtained by differentturbulence models
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Overall, it can be seen that results obtained by LE$h®oscillating chaimare not
very satisactory although its performance seems to be better than thathéor

oscillating glinder.

6.5 Concluding summary

In this chapter, kg coefficients of a stutess chain undea rangeof KC and Re
numbersare predicted by CFD method=or steady flow past the stlielss chairthe

LES model is mainlysed It is foundthat theeffect of Re number(in the range of
10" ~10°) on C, of the studless chain isess important, althougWith anincrease

of Re number the drag coefficient decrease

The URANS model k- w SST) is mainly used formodellingoscillating sud-less
chain in still water. The feect of KC number onC, of the studless chain is

significant for flows with lowRe numbers while the effedf KC seems to be less

noticeable for unsteady flows with higke numbers.
Overall, with respect tthe probém of concern in this thesithe k- w SST model

is more desirable for engineering applications due to its low computational cost and

acceptable accuracy.
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7. Damping effect on FPSO motions of moorings with Cp

variation

7.1 Overview

FPSOs are often attached to the moorings through a swivelling turrevesatder

vaneinto the direction of the environmental forcésP SO6s hori zont al m
smaller natural frequenci¢san those of significant wave energy, and thresnore

likely to be excited by secondrder differencdrequencywave forces.For such
platforms,LF surge motions are the most significant horizontal motions. During part

of the slowdrift cycle when the mooring is most taut, wevweguency motionsvill

contribute andcausethe maximum tension in the taut lines. While these dikip

platforms have wg little inherent surge damping, damping of moorings/risers can

play a significant role in limiting surge resonant responsecandequentlyeducing

the probabilityof mooring failure.

In this chapterthe system damping of a moored FPSO systerth@surge direction

is first considered. Except damping of mooringsich has already been discussed,
other damping contributions to the shalnift motion are discussed in order to mainly
know the comparative importance of each component. Unlike in a sepanaigdis
where each component of system damping has to be estimated adoinpet
calculation, in the coupled analysis the damping eff€chooringsis considered by
the direct calculation ofthe mooring forces that lead to dampindResponses of the
moored FPSO system under collinear environmental conditionsatselaed here
usingcoupled analysifioweverthe responses dfie FPSO could bmore severe in

noncollinear environmentatonditions(Ward et al., 2001)Iin the coupled analysis,
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the effect of mooring linedamping on the motion responses of the moored FPSO is

investigated by considering thg, variation.

7.2 System damping of a moored FPSO system

A ship-shaped FPSO moored in deep water can experience resonant low frequency
(LF) motions in the horizontal plane due to action from the slowly changing second
order wave forces. The resonant respongbePSO is limited only by the relevant
damping mehanismsWhile for wavefrequency response, most of the damping is
provided by the radiation of free surface wavé® wave radiation damping is
normally negligible for most of practical slow drift motions.h& damping oElow-

drift motionsof amoored gstem except the damping of moorings mentioned before,

mainly consisbf the following components:

1) Wave drift damping;

2) Damping of viscous resistance of floating structure;
3) Wind damping;

4) Damping from the riser/mooring seabed interaction;

5) Damping of risers

Damping from the riser/mooring seabed interaction results from the line friction on
the seabed, hence it will depend on the nature of the bottom soil. Limited work has
been performed on this kind of damping. However, it seems that in most situations,
this damping is very small when compared to the damping of moorings/risers due to

hydrodynamic forcefQiao and Ou, 2010)
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Wind damping is due to the drag forcewdhd acting on the upper structures, which

is normally calculated by using OCIMPIil Companies International Marine Forum)
data for typical VLCCs. fie damping ofhull viscous resistanceesults from the
viscous force, which isapproximately proportionalotthe square of the motion
velocity. The viscous resistance force in surge direction can be calculated according

tothel T T Craedhdd or by using OCIMF data, which will be discussed later.

The magnitude oivave drift damping is related to tlsecondorder wave force and
proportional to the square of wave hei¢ftichers, 1982)According to the study of
Tahar and Kim (2003),of slowly varying horizontaplane responsesvave drift
dampingin surge ismuch smalker than viscous dampindgrom hull, moorng, and

risers, even under 16@ar hurricane with large wave (significant wave height

H, =12.2m).

Damping contributionglinear dampingB) as function of significant wave height

H, for an FPSO haveeen studied biolin (1993) as shown ifrigure7-1.
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Figure 7-1 Comparison of slowdrift damping components (reproduce from Molin, 1993)
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It can be seen fromigure7-1 that although proportional to the wave height squared,
the wave drift damping in surge is smaller than the viscous damping from
hull/moorings. In the coupled dynamic analysis of a temrebred FPSQKim et al.,
2005) it was also found that the wave drift damping is small and Wasnot
included n their analysisTherefore, only the damping bfill viscous resistance and

damping of moorings/risers are considerethe ensuing discussion

7.2.1 Damping of hull viscous resistance

The prediction of hull viscous damping will depend on the estimation of hull viscous
forces, which are normally calculated by empirical formufaurateestimation of

hull viscous dampings one of the difficult factors in the numericsimulation of a
turrekmoored FPS(Tahar and Kim, 2003)The viscous part in normal direction
contributes significantly to the hull dynamic responses, especially in currents. The
coupling terms due to theombined modes of motions in still water and in current
are not easy to handle as well. The damping of hull viscous resistance is important to
the sway and roll motions of the vessel, however, given the problem concerned, only

the hull viscous damping irusge will be considered.

1. Viscous resistance

The viscous resistance tbfe hull consists of two parts, namely skin friction and form
drag. The first term is themgentialto-surfacecomponent of viscous resistantee
to surface roughness, while the setderm isthe viscous part in norm&b-surface
directioncaused byhe unbalanced pressure distributiofhe complex nature dhe

problemresults inthe viscous force normallyeingcalculated by empirical formulas.
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1)1 TT Croedhdd

The viscousesistance of ship can be calculated by the following formula:

1

R:E@VOC’SNCDJZ Eq. 7-1

where,C, is theviscous resistanceoefficient; r is thewater densityS, is wetted

surface of hulllU is ship relative velocity.

C, contains two parts, i.eC, =C. +C,, where C. is the aingential component of

viscous resistanceoefficientand C, is the mrmal component of viscous resistance

coefficient Cci s due to skin friction parallel
according to the Correlation Line of I TT
_ 0075 Eq 7.0
(LogRe 2) *

whereRe=UL/u (v=1.35E6m"/s); L islength of ship.

C, is caused by unbalanced pressure distribution along the hull form of ship and can

be calculated by the product 6f with form factorK ., namelyC, =K. (€. . So,

R:%C'QHKF)CCFOCSNCDJZ £q.7-3
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2) OCIMF method

The OCIMF ha performedextensivetowing test for VLCCs,and experimental data
were comged into the current load coefficient. Here, according to the relative
velocity, the longitudinal current forceoefficient €ee Figure 7-2) is used to
calculate the viscous resistancetttd FFISO i n compari son with

method

Fy. = %CXCrUCZLBPTD Eq. 7-4

where, F,. is surge current force on vesseC,. is longitudinal current force

coefficient; U, is average current velocity.

It shouldbe notedhatthe towed test program mainly concerrletB ratios between
6.3 and 6.5 to consider the majority of existing VLCCs. For a VLCC witB of
5.0 an increase in the longitudinal coefficients of maximum 25% to 30% is to be

expected for the smaller current angles.
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Figure 7-2 Longitudinal current force coefficients of OCIMF
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3) Comparison between two different methods

The wetted surface area can be approximately calculateddmnyMumford

formula, namely:

S/V = LBP(1'7TD + B@B) Eqg. 7-5
Take C, =0.82, B=52m, T, =12m, K, =0.21, then

1

R = EC'B.BSGI:F Ow’*a, a, Eq. 7-6

In the range of 0.3-2m/s of flow velocity C. value varies slightly

(1.7310°- 2.2310°). C,,. is around 0.04 according to tRegure7-2, then

R © %c"po.011~ 0014& W2, T, Eq. 7-7

F, = % ®.04cy .2, CT, Eq. 7-8

From above, it can be seen that the velocity range 0f0.3- 2m/s the viscous
resistance othe FPSCQcalculated byOCIMF formulae isaround3.0 times bigger

than thatobtained bythe ITTC&7 method.The potential causef this discrepancy
could bedue tothe overestimated longitudinatoefficients in OCIME which were
obtained through Froude scaling without any corrections for Reynolds number.

Reynoldsnumber of the model testsas notsimilar to the prototypethe lowest
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Reynolds number in the model tests wa8.9x10°> compared to5x10’ for the

prototype.

The OCIMF methodis much more useful in predictinbe transverse force and yaw
momentof moored tanker$or routine design calculation#t is argued thafor the
OCIMF method he small longitudinal forces were not measured with sufficient
accuracyand thusthe ITTG1957 frictional resistance formukhould be used to

predict the longitudinal forcéMercier and Huijs, 2005)
2. Damping of hull viscous resistance and effect of steady current

The damping of viscous resistance in surge is calculated through the energy

dissipationE,, in one period of slow drift motion

t+T

X
E.= R @x= /R @ GQit Eq. 7-9
Xg t
Similarly, equivalent lineadampingc,, and damping rati@,, aregiven by

E.JT __E, _ Cu

= Lz, =% Eq. 7-10
2 2 2
Zp XO p MO CC

CVX:

The current force acting on the FPSQOaiso calculated bythe ATTC-576 method.
Different current velocities andifferent amplitudes of LF motion witithe same
period (T =1496s) are consideredlhe dfect of current and amplitude of the slo
drift motion on the dampinfrom hull viscous resistance are studied, as showed in

Figure7-3.
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Figure 7-3 Effect of current on damping ofhull viscous resistance under different motios

FromFigure7-3 it can be seen that:

1) The damping of hull viscous resistance in susgeery small when compared to
the damping of mooringgompared withFigure3-25);

2) Increase of current velocity will increase the dampindpdf viscous resistance
for the same drift motion ahe FFSO;

3) For the same current velocity, the minimum damping ratio egtur whenthe

motionvelocity amplitudas similarto the current velocity.

7.2.2 Damping of risers

The contribution of risers to the dynamic response obared FPSO is not only the
current loads on the risers, which could dominate the displacement of the FPSO
especially undeGulf of Mexicoloop currentconditions but also the damping effect

due to the considerable dragde caused by large diametesers.

189



Chapter7 Damping effect on FPSO motions of moorings with Cp, variation

In the moored FPSO system 24 risers are included. Their layout is illustrated in

Figure3-7. Riser properties and configuration parameters are list€dbte7-1.

Table 7-1 Riser properties and configuration parameters

Parameter Value

Outer diameter in) 0.373

Inter diameter (N) 0.250

Mass of internal fluid kg/ m) 14.75
Mass (in air) empty kg/m) 254.04
Total mass kg/m) 268.79
Bending Stiffness I &r?) 6.482E4

Torsion Stiffness K Gr?/rad ) 1.7E7
Axial Stiffness (N ) 1.11E9

Total length of riser (n) 629

The buoyancy section of the riser is hf¥%ong and has diameter of 0.946 The

mass ofthe buoyancy section (in air) with internal fluid is 490k&F m. A single

riser configuration is illustrated iRigure7-4.
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Figure 7-4 lllustration of single riser configuration
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The damping of ri ser s I|odicator ey r caselitad .G, at ed

= 1.1 for risersis assumedwith respect tother nominal diameterThe energy

dissipated in one cycle of slodrift motion can be obtaineffom the dndicator

d i a g asdllostrated irFigure 7-5. Similarly, equivalent linear damping can be
approximatelygiven byc, =E/(p X,%).
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Figure 7-5 Energy disspation of risers calculatedby6 | ndi cat or di agr amd met
In Table7-2, damping of risers are calculated for two cases, one case with LF motion
only and the other case with superimposed surge WF motions, in order to consider

the effect of superimposed WF motion the damping of risers.

Table 7-2 Effect of superimposed WF motions on damping ofrisers

Case C. (N&G/m) | Damping Ratio

SurgeLF only

9.15E+05 14.26%
(A=34mT =1496s)

Superimposed surge WF motior|

1.18E+06 18.38%
(A=4mT =15s)

It can be seen fromable7-2 that
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1) Under thesamelLF motion, the damping ratiwom risers is(41.6%)bigger than
thatfrom moorings;

2) With superposed surge WF motidhe dampingfrom therisers increases when
comparedd that under LF motion only; however, the increase of damifparg
therisers due tdhe effect of superposed WF motion is much smaller than that of
moorings.Potential reason could be duettee shape of theteep waverisers
which makes th@ormalmotion of risers noso sensitive tdhe relative small WF

motions.

The effectof steady current on damping of risers is studied by considering the risers

under the LF motion only A=34mT =1496s). The current velocity profile is the

same as showhigure3-23 and the surface current velocity is takeri@®n/s. It is
found that the dampingrom therisers increased by 31.6% due to the existence of
steady current, which hassightly more mportant influence upon thHeF damping
from risers tharfrom themoorings. This could be becays®mpared to moorings,
risers have bigger effective drag diametedaremore sensitive to the drag effaft

the current

7.2.3 Comparisons of viscous resistance damping and damping of moorings

and risers

System damping of the moored FPSO system in surge has been assessed. From the
summarization inTable 7-3, it can be seen thain the surge directionthe hull
viscous resistance damping is mushaller when compared witthe dampingof

moorings/risers
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Table 7-3 Components of systendamping under different motions

Damping Ratio of
Case i i i
hull viscous risers moorings
SurgeLF only
0.36% 14.26% 10.07%
(A=34mT =1496s)
Superimposed surge WF motio
- 18.38% 18.78%
(A=4mT =15s)

For the given moored FPSO system, when ardpsidemg the LF motion, the
damping from theisers is slightly bigger than damping of moorings. However, the
effect of superimposed WF motion on dampingm therisers is moderate when
compared to th effecton damping of moorings. Under superimpo¥¢d motions,

the damping of moorings could increase dramatically Esgere 7-6). As a result,
the contribution of mooring line damping to the total system dampingd dosi

comparative to that of risers or even be dominant.
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Figure 7-6 Effect of superimposed surge WF motions on mooring line damping

Actually, the mooring line damping is very complicated aad notbe nodeled as
simple linear damping From the previous discussion it can be seen that the

magnitude of mooring line damping will depend on the top oscillation motions,
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including LF and especially WF motions, which hawominant impact on damping

of moorings Besides, it is also affected by the mean tension in the line (line layout),
ocean current, as well as the water depth and the mooring line configuhatiba.
time-domain coupled analysis, the linearization of mooring line damping is not
necessary, batse the damping effect of mooringsll be included directly by

considering thelrag coefficient@nd henceéhedrag loads acting on them.

7.3 Coupled analysis of the moored FPSO system

7.3.1 Numerical model

Slender structures, such as mooring lines and resermodelledherebyadé L u mp e d
mass and spring model 6. The | oad model
buoyancy, weight, internal fluid flow, seabed contact and hydrodynamic loads.
Seabed contact is simulated by spring and friction models wtdléytrodynamic

loads are calculated by the Morison load model.

The large floater (FPSO) is represented by alsiyreefreedom (6DOF) rigid body,
which is actually introduced as@odal componegtin the model. The load model
for the rigid body includesvind, current and wave forces. The wind and current
forces are based on a set of direclitapendent coefficients for each of six degrees
of freedom The curent force coefficients are determinbg OCIMF data in the
OrcaFlexprogram The viscous hull daping for the horizontal slow drift motions
included automatically by the calculationdrfig force/moment on the hull. It should
be mentioned thahe calculation of current force with desirable accuracy is still a
tough task,which can be seen frorhe work of Schellin (2003) The results of

predicted maximum load in the mooring hawsers and the horizontal motions of the
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tankers were characterized by large spread among different regeaticipants for

a SMP tanker in a steady curr¢8thellin, 2003)

The wave loads on the rigid body are based on frequéepgndent coefficients
obtained by hydrodynamic potential theoryad®d on the thesdimensional panel
methodand Gr eends t h sudaceGneenwundtidna secoricordere
diffraction/radiationprogram called WAMIT is usedlhe calculations of st order
wave motions have been mentioned befofed FPSOG6s hori zont al
smaller natural frequencidghan those of significant wave energy, and thresnore
likely excited by secondrder differencdrequencywave forces. Therefore, the
inclusion of the secondrderslowly varying wave forces in FPSO motion analysis is

veryimportant.

By usinga diffractionradiation analysis and thdewman approximation, thend
order differencdrequency wave load can be calculasstl representetly mean
quadratic transfer function (QTF), as shown Rigure 7-7. (The alternative of
calculating theslow drift force obtained from integration of theecondorder
pressure will require &iner discretization on the body surfaaed very log run
times) A convergere test is made by comparingsults fromthe numerical model

with thosef r o m H a(@0d1)ferthe Sckiehallion FPSO, as showrFigure7-7

(right). The discrepancies at shorter periods could be due to the coarser panel

discretization

However, the convergence of the differefimguency QTFs is known to be much

faster than the swiftequency QTFsThe offdiagonal valueQ(w;, ;) in the full
QTF matrix is equal to an average of the corresponding diagonal \@lugs;) and

Q(w,, w) according to the Newman approximation. When the full QTF matrix is
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known, one can compute the ldvequency force spectruns.(Dw) , where

Dw=w; - w, is the difference frequency.
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For steady flowit is known that the effect oRe in the range ofio* - 10" uponC,

of the chain is not as important as thatasmooth cylinder, which can be seen both

from the former numerical calculation and from the DNV recommended values. For

harmonic oscillatory flow, the effect i{C on C, of the chain,known from the

numerical calculabns also deperslon the Re number concerned. For the flows

with small Re, the effect ofKC on C, is significant. Withan increase ofKC

number, the value of, of the studless chain decrease, which shows the value of

C, will gradually get close to that under steady flow with samseHowever, for the
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flows with high Re number, it seems the effect 8fC upon C, is not important

while the effect ofRe is dominant.

To study the damping effect of mooring line on the motions of a moored FPSO

system, the normal practice in the coupled analysis is to simply change the constant
value of C, by a factor of ZWichers and Devlin, 2001, Luo and Baudic, 2003)e
variation ofC, dueto effect ofRe and especiallj)KC has not been included in the

coupled analysis, which is due to several factors.

First, limited data about the relationship ©f with Re and KC is available for

chains. Second, for the vesselrandom waves, the effect of random flows due to

random WF motions upo@, valuesof the chain is unclearThird, in timedomain

coupled analysig is hard to consider the effect &fC, which is a parameter related

to the time period. By contrast, the effectRé upon C, of chain, which seems to be

negligible, can easilpeincluded in the coupled analysis.

To consider thec, variations in the coupled analysis,s necessary to handle the

problems mainly due to the last two factorstiapresent studyanattempt is made

based ora statistical view anthe assumption f O ener g yqudlityssi pati on

It has been shown thahe superimposed WF motions have a dominant effect on

mooring line damping and without considering t@g variations, the effect of

random WF motions on mooring line damping can be represented by an equivalent

harmonic WF motion. The, selection of chain under the random WF motions, if
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possible, should be represented by the value ofinder the equivalent harmonic

WF motion. Consequently, the proper of chain in the coupteanalysis can reflect

the damping effect of moorings, which could have considerable impact on the LF
motions. This could be practical because the random WF motions of the vessel are
not affected by the coupling effect of slender structures and one cdict e
vessel 6s random WF motions wunder gi ven
Another reason is that effect of superimposed WF motions is dominant upon the

mooring line damping.

The effect of random flows upon tl& of a smooth circular cylinder has been

studied(Longoria et al., 1991)Although in the inertiarag regime, the random flow

C, valuesof the cylinder are sigficantly different from the sinusoidal flow values,

it can be seerthat the discrepancies between the random flow values and the

sinusoidal flow values are small outside the ineditiag regime.

Therefore, it is assumed that the random floy values of the chain can be

represented by the sinusoidal flow values. Theselectionfor the chain in the

coupled analysis will depend on tRe and KC numbers related to the equivalen
harmonic WF motion, which is represeaftthe corresponding random WF motions

under given environmen{as demonstrated section 3.3.2)

7.3.3 Weather conditions and cases considered

A parallel wavecurrent environment isonisidered here while the wind environment

is not included. Although wind will affect the mean offset and slow drift motion of
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the FPSO, the reason why wind effect is not considered here in the coupled analysis
is twofold. First, the main objective of theupled analysis is to study the damping
effect of moorings on the LF motions of the moored FPSO system. The wind has no
impact on the damping of moorings. Second, the calculation of wind force and the
contribution of wind damping to the system damping separate research area
which is not included in the present study. The parameters of wave and current

corresponding to a typical 18@ar hurricane mentioned before are summarized in

Table7-4.
Table 7-4 Environmental conditions for coupled analysis
. Parameters
Description
Waves Current
H./T,: 12.2m/14s surface velocity
Hurri JONSWAP 1.0m/s
urricane
Wave spectiumtype - _25) (profile seeFigure3-23)
Wave direction: 180degree Direction:180degree

As is known from former study, the damping of risers could have considerable
contribution to the system damping. If the damping of risers is dominant in the

system damping, the LF motions of the moored FPSO system will be not sensitive to

the C, variations of moorings. In order to study the damping effect of moorings on

the motions of moored FPSO vessel, some cases without risers in the coupled model
are also considered. These cases areialagccordance witlthe experimental tests

whete the risers are normally not included in the coupled model test.

Table 7-5 Cases considered in the coupled analysis

Vessel/moorings/risers Vessel/moorings

100year Hurricane Casel Case2
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For each case mentionedTiable7-5, the C, variations of moorings with a factor of

2 are first considered in the coupled analysis. Then for the case which is most

sensitive to theC, variation with respect to the primary surge motion, d)e

selection withRe and KC number taken into account is made for the chain in the

coupled analysis and its effect on the LF surge motion of the FPSO is assessed. So

there are three cases af, variations considere for the moorings. The

hydrodynamic coefficients for moorings of each case and risers with respect to the

drag diameters are summarizedable7-6.

Table 7-6 Hydrodynamic coefficients for risers and moorings

C,_Case Item Normal C, Normal C,
Chain 1.1 1.0
Case C,,
Wire 1.2 1.0
Chain 2.2 1.0
CaseC,,
Wire 2.4 1.0
Chain Decided byRe & KC 1.0
Cc,_CFD
wire 1.2 1.0
- Risers 1.1 1.0

7.4 Results and discussions

For each case under given environment, in ciaeeflect thestatistical propertiesf
waves, all computations are performed in the same wave train with a duration of
threehours full scaleRegardinghe comparison of redts, the focus is mainly on the
surge motion of the moored FPSO. However, line tensions of the tautest line under

some cases are also investigated.
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7.4.1 Damping effect of moorings by doubling C, values of moorings

1. Coupled analysis of Vess/moorings/risers

In this coupled model, 20 mooring lines ands2depwaverisers, together with the

FPSO are included. The damping effect of moorings on the surge motion of the

moored FPSO system under iy¥¥arhurricane waves is studied by changing @y

values of moorings by a factor of ZThe spectrum of surge motion of the vessel

under 100year hurricane and time history of Casg, are illustrated irFigure 7-8.

It can be seen that the LF surge motion is dominant in the surge motion. The increase
of mooring line damping due to the doubling®f will mainly reduce the LF surge
motions around the resonant situation.
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Figure 7-8 Spectral density of surge motion of the FPSO under 18gear hurricane

The statisticalresults of surge motion under two differaf)j_Cases are listed in

Table7-7. It can be seen fromable 7-7 that the mean surge offset increases while
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the standard deviation of surge decreases due to the doubliag wdlues of

moorings. The results show that the maximum surge motion oklvetightly
decreasedue to the combination of increased damping and increased current loads

on moorings.

Table7-7St ati stics results of péashOrdcanewavesge mot i on
Casel Primary X (m) Discrepancy

(100 -year Hurricane) CaseC,, CaseC,, by

Mean(m) -13.36 -14.50 8.53%

Standard Deviation 5.27 4.73 -10.25%

Max (m) -37.19 -35.91 -3.44%
Mean upcrossing period ,I(s) 84.40 76.72 -
Mg 27.79 22.34 -

The statistial resuts of mooring loads of the Cadeare also listed iTable 7-8.
Line3 and Linel3 arthetautest and slackest lines in the planéhefsurge direction.

The results show that the standard deviation and maximum value of line force at top

increase considerably due to the doublinggfvalues of moorings.

Table 7-8 Statistics results of line forces under 10§ear hurricane waves

Casel Force in Line3 ( kN) Force in Linel3 ( kN)
(Hurricane) | Casec,, | CaseC,, | Discr. | Casec,, | CasecC,, | Discr.
Mean 1820.68 1866.62 2.52% 1200.15 1164.26 | -2.99%
St Dev. 202.27 243.65 20.46% | 167.25 231.35 38.33%
Max 3440.42 3988.27 | 15.92% | 1993.54 2326.68 | 16.71%

For bothC, cases, the maximum line force of Line3 occurs at around 4711s, which

is slightly earlier than the moment (4734.8sat the vessel reaches the maximum

surge motion. This is in agreement with former discussion that under superimposed
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wave WF motions the miamum tension will occur around the momehatthe line

reaches the maximum offset.

In Figure 7-9 the spectral densities of line forces under diffemobringsC, are

illustrated. Through the speatranalysis it can be seen that with the doublZ)g of

moorings, the line force related to the slow drift motion decssdise to the increase
of mooring line damping while thenke force related to the WF motions increase

due to the increase of dynamic drag force.

Also, as shown irFigure 7-9, for the tautsideline the force is dominatedy the
slowly varying component while the slasidemooring has appreciabl&VF
component. Therefore, th&F dynamic effectsrelative to the LF forcesre more

importanton the slack side.
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Figure 7-9 Spectral densities of lingop forces(Line3, taut; Linel3, slack)
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Overall, incurrentcase doublingc, of moorings will have considerable effect on

line tension, especially line dynamic tension, while its effect on global surge motion

of the vessel is relative small.

It should be noted th&Vichers and Devlin (2001) also studied the coupling effect on
the global motions and the mooring forces by systematically changirng,tvalues
of moorings and risers. For th@oored FPSO system in 914m water depttdunder
100-year hurricane condition, it was found that the sensitivitg o{=1 or 2) on the

global motions and mooring forces is relatively small, which listle different from

the conclumn of currert study.

After checking the dataf Wichers and Devlin (2001)it is found that the C,

variation is only made for the steel wire segment, which is the main component of

the mooring line (total length is 2088m, wire segment is 1127.&m)known fom

the former sensitivity study af, variation, theC, variation onthe wire segment

which is in the middle of chaiwire-chain mooringhas little effect on the damping

andline tension of moorings. Thas thepotentialreason why Wichers and Devlin

(2001) reached the conclusion that doublingCgfvalues would result ironly

slightly different results of mooring forces and global motiontheir study

2. Coupled analysis of Vessel/moorings

As is known, the damping of risers can have a considerable contribution to the

system damping g¢ending on the numbers and configurations of risers. The

damping contribution of risers will reduce the effectqfvariations of moorings on
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the motion of the FPSO system. Here, the risers are not included in the coupled

model in orde to have a better understanding of the effectCgfvariations of

moorings.

The surge spectrum of the FPSO with moorings only undery&80 hurricane

waves is shown irFigure 7-10 for two differentC, _Cases. It can be seen that

without damping of risers the spectral density of slow drift surge motion increase

dramatically (compared witkigure 7-8), while doubling theC, values of moorings

(Co, Vs. Cy,) Will significantly reduce the peak of the spectral density.
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Figure 7-10 Surge spectral density of the FPSO/moorings under 16@ear hurricane

The statistial results ofthe surgemotion of the FPSQunder hurricane conditions,

with moorings onlyare compared between the t@g cases as illustrated infable

7-9. It can be seen that standard deviation of surge motion decreases considerably

due to the increase of moorifige dampingfrom doublingthe C, of the moorings,

which also causes a larger mean offset due to the increase of curreakager,
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which occur almost at the same time.

little difference exists between the maximum surge motions of theCjw&€ases,

Table7-9 St ati stics results of FPSO6s surge
Case2 CaseC,, CaseC,, Discrepancy
(Hurricane) [ Time (s) | Primary X (m)| Time (s)| Primary X (m) by
Mean -9.87 - -11.08 12.26%
St Dev. 7.36 - 5.86 -20.38%
Max 4735.1 -36.66 4734.9 -35.65 -2.76%
Mean T, (s) 119.32 - 94.63 -
my 54.10 - 34.38 -

under

FromFigure7-11it can be seen that the maximum surge motion is mainly caused by

the peak wave drift forcdt shouldbe notedhatthe slow drift force spectrum is flat

in the lowfrequency range of intereand hence it is hopeless to try to detune the

mooring line system from an eventual frequency where the excitation would be

higher(Aranha and Fernandes, 1995)
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Figure 7-11 Surge motion and 2% order wave drift force in surge direction
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The corresponding line forces of two lines in the plane of surge motion are

investigated and their statistical results are listedahle 7-10. Also, doubling the

C, values of moorings will hava significanteffect on line tensions.

Table 7-10 Statistics of line forces under hurricane with vessel/moorings

Case2 Force in Line3 ( kN) Force in Linel3 ( kN)
(Hurricane) | Casec_, | Casec,, | Discr. | Casec,, | Casec,, | Discr.
Mean 1737.78 1780.63 2.47% 1265.01 1222.54 | -3.36%
St Dev. 236.97 252.84 6.70% 202.61 256.30 26.50%
Max 3298.19 3939.78 | 19.45% | 2234.43 2537.87 | 13.58%

The spectra of corresponding line forces are illustrateBigare 7-12. Compared

with the case of vessellrisers/moorings, it can be observed in the case of
vessel/moorings thahe slowly varying components are generally greater than the
wavefrequency components. This is caused by the more dominant LF surge motion

due to the absence of damping of risers.
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Figure 7-12 Spectral densites of line forces under hurricane with moorings only
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The effect of risers in the coupled analysis can be emphasised by comparing results

between cases with/without risers. Taking moorings @jthvalues of CaseC,,, the

surge motions and line forces of Line3 under the cases with/without risers are

compared and listed ifable7-11.

Table 7-11 Effect of 24risers on global surge motion and line force

Vessel primary X ( m)

Force in Line3 ( kN)

Hurricane With Without . With Without .
. . Discr. . . Discr.
risers risers risers risers
Mean -13.36 987 -26.12%| 1820.68 1737.78 | -4.55%
St Dev. 5.27 7.36 39.66% | 202.27 236.97 | 17.16%
Max -37.19 -36.66 -1.43% | 3440.42 3298.19 | -4.13%

It is shown inTable7-11 that with risers included in the coupled analysiee mean

offset will increase due to the current drag force while the standard deviation of

surge motion will redugeas aresultof the cantribution of dampindrom therisers.

7.4.2 Effect of moorings with C, variations due to Re and KC numbers

The consideration o€, variations due toRe and KC numbers in the coupled

analysis has been mentioned in cha@t&2 Under hurricane condition, the heave

WF motions at turredf the FPSO are much bigger than the surge WF motions partly

due to pitch effect. The heave WF motions wobklve dominant effect othe

mooring line damping, so the corresponding equivalent harmonic heave WF motion

will be used todecide theRe and KC numbers, and consequently the selection of

Co-
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Under the typical 10§earhurricane waves, the random heave WF motions and the

corresponding equivalent harmonic heave WF motion are mentionéabie 3-8.

The amplitude and period of the egaient harmonic heave WF motion are 3.2

and 14.% respectively. Fronfigure 6-5 and Figure 6-6 one can approximately

estimate that under given harmonic heave WF motionKth@umber is in the range

of 50~200 and th&e number is in the range af 10° ~2310° for the part of R3S

chain, whichis very sensitive to the€, variation with respect to mooring line

damping.

From the numerical results @, of the oscillating chair(seeFigure 6-26), it is

known thatunder suchRe and KC numbers,normal C, of the studess chainis

around 2.0 for the nominal diameter is about 0.95 with respect to the drag

diameter.Compared taC, of the stueless chain irCase C,;, theC, value of Case

C, _CFD is about 13.6%smallerr The FPSOOGs

surge

moti on

obtained by vessel/moorings coupled analysis usdehC_ are compared witthe

results of vessel/nwings undeCase C,, (seeTable7-12 andTable7-13).

Table7-12St at i stics of

FPSOO0s sur gec, cased e r

Case2 Case C, C,_CFD Discrepancy
(Hurricane) | Time (s) | Primary X (m)| Time (s)| Primary X (m) by
Mean - -0.87 - 9.81 -0.61%
St Dev. - 7.36 - 7.57 2.89%
Max 4735.1 -36.66 4735.1 -36.83 0.46%
Mean T (s) - 119.32 - 116.12 -
my - 54.10 - 57.25 -
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Table 7-13 Statistics of line forces under hurricaneunder different c_ cases

Case2 Force in Line3 ( kN) Force in Linel3 ( kN)
(Hurricane) | Casec,, | ¢,_CFD | Discr. | Casec,, | C,_CFD | Discr.
Mean 1737.78 1737.47 -0.02% 1265.01 1267.82 0.22%6
St Dev. 236.97 237.64 0.28% 202.61 195.84 -3.3%%
Max 3298.19 3215.83 -2.50% 2234.43 222.72 -0.52%

It can be seen fromable7-12 andTable7-13 that statistical results of surge motjon

as well as line forcedetween these twg, cases have only little differencehich
indicates that theffect of C, variationdue tothe given Re and KC numbers can be

ignored. TheC, value recommended by DNV rulesr fsteady flow can be used in

the coupled analysis undéhe given Re and KC numbersif one only needs to

consider effect oRe and KC numbers orc, of mooring chains.

However,it is knownthat C, values are affected by many other factorsrdality

the surface roughness and especially the marine growtiose effect can be
considered byC, variations could remarkably increase the, values of moorings.
The effect ofC, variations on global motions of FPSO and line forces needs to be

investigated by coupled analysis.

7.5 Concluding summary

In this chapter, different coropents of system damping the surge direction are
first studied for a turret moored FPSO systemhich aims toshow their potential
effect on global response of the moored sysaéeth also to emphasize the damping

contribution of moorings and riserBhen by coupled analysis, the damping effect of
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moorings upon the surge motion afi FPSO is investigated by considering the

variations of moorings. Meanwhile, the effect@f variations of moorings upon line

forces especially the dynamic line tension, is also stressed.

From the comparison of resultbtained by coupled analysis for the moored FPSO

system under typical 10@ear hurricane condition, it is observed that:

1) The standard deviation of surge motion oSEPwill be noticeably reduced due to

increase of damping effect of moorings caused by doubfipgvalues of

moorings. Thedamping of moorings mainly effeci.F surge motions whose

frequencies are near the natural frequency of the moored system, which can be
seen from thepectracomparison®f surge motios under differentC, cases;
2) Line forcesrelated toLF motion decreasenotablywhile the line force relateth

WF motions increasappreciablyunder the doubling, of moorings.This is due

to combination of the increase of mooring line damping and dynamic drag forces.

The maximum line forcewhich changes as a result of decreased LF conmpone

and increased WF component, are increased here due to the daypiratues.

It is also noticed that the WF componenttbé line force is relatively more

important in the slack line than in the taut lsandition
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8. Discussion, conclusion and recommended future work

This chapter will first discuss selected methodttile theproblems and challenges
encountered during the research. Then it will describe the contributions of this study
and summarize the main conclusions learnt from the study. Finally, further research

work is recommended.

8.1 Discussion

8.1.1 Work review

Mooring line integrityis veryimportant for the floating structures in deepter. As
water depth increaseise interaction/coupling between the slender structures and the
large volume floatew i | | have significant ef fect
mean offset, which in turn affect thestimaion of dynamic loads in the moorings
Especially for the surge motion ww-damped-PSOs, dampingffect from slender

structures such as risers and mooricays be very significant

Mooring line damping has beeavidely studied due to its importance and complexity.
However, its magnitude will depend on many factors, such as floater motions,
environmental conditions, line configurations and water depth. Different researchers

get different conclusions under thearameter studies.
In order to establish the basasefor this study a turretimoored FPSO system

operating in 400m water depth with 20 moorings and 24 risessselected. Under

given sea conditionsrealistic WF motions of the FPSO, which have sigaific
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effect on mooring line dampingvere determined from displacement RAOs aritie

given wave sperum. The damping of moorings waassessed under these WF
motions, together with other factors, such as LF motions, mean offset and current.
The equivalent hear damping of moorings can be used as inp@niaoncoupled
analysis. Althoughin coupled analysisthe damping effect of moorings will be
included by considering the drag force on the moorings, the preliminary assessment
of damping of moorings will @rify its contribution to the system damping and hence

its effect on the global response.

The effect of random WF ations on mooring line damping waalso included,

because former studies only considered the effect of harmonic WF motions.
Assuming theC, of moorings as constant values, the mooring line damping under

superimposed random WF motionas calculated for each period of LF motions and
averaged over the cycles of LF motioRsom a statistical analysis, it wéound the
effed of random WF motions on mooring line damping can be represented by an

equivalent harmonic WF motion.

As iswell known, damping of moorings is mainly caused by the drag force, which is

related to the selection of drag coefficient. However, in previoudies about

damping of moorings, &ypically constant value ofZ, was assumed, while the
variation of C; due toRe, KC numbers and other factonssignored. The neglect

of C, variation would not only cause the discrepancies of mooring line damping

between numerical results and experimental results, but also affect the prediction of

line tensions.
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Before the attempt to decide tk&, variation of moorings, it is desirable to know
which pars of a mooring line arenore important with respect to the contribution to
mooring line damping. Bya sensitivity study of mooring line damping G,

variation, itwas found that athte top and around touatown zone, where chain is

normally used for a chaiwire-chain line, the line haa dominant contbution to
mooring line dampingWith regard to sensitivity study of line tension @,

variation,a similar conclusion can be madée dynamic tension mainly results from

chain segment at top and around tedolwn area.

Actually, due to the fact that damping and line dynamic tension of mooring are
mainly caused by drag forces, one would know that doaces of line at top and
touchrdown zone are of significant importance. Recalling that drag force is related to
effective drag diameter, drag coefficient and relative moving velocity, special
attention needs to be paid to not only drag coefficient tsat the drag diameter,
which could be dramatically changed by marine growth. However, the change of

drag diameter can be reflected by the variation of drag coefficient.

The limited available data of, values and the importance &f, selection of

chains are two of the main reasons to initiate the research Cfhdetermination of

studless chain under different flows waonducted byhe CFD method rather than
experimental methods, which mow practical due to the limitation of experiments
and recent advancement in CFD. In order to guarantee the reliabiiitg mimerical
results, it is essential to complete the validation of numerical CFD models, which is
achieved by modelling a smooth cirautylinder under different flows. The reason

to select a smooth circular cylindir the numerical validatiomre twofold. First,

lots of available experimental results about flows past a cylinder makgaba
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benchmark for the numerical validation.c8ed, the shape similarity between the
circular cylinder and chaishould makethe flow characteristics around them have

some similarities.

In the numerical validation, effects of neaall modelling, turbulence models, mesh
independence, timstep sizingand other numerical aspewgtsreconsidered. For the
fixed cylinder under steady flow in theubcritical regime,the effect of three
dimensional vortex in the wake makiée LES model more desirabfer obtaining

satisfactory resuliespecially for higer Reynolds numbers.

However, for the oscillating cylinder in still watdlpws in the wake arenore twoe
dimensionalthan their fixed-cylinder counterparfswhich could be due tdhe
suppres®n of threedimensionalitycaused byhe harmonic motion o& long circular
cylinder. The main difficulty in the numerical modelling seems to bectygure of
shedding vortices and its interaction with moving structure. Small phase
discrepancies between the calculated force and moving velocity of cylinder could

cause considerable error in the fitted force coefficiedts. comparison with
experiments,ite URAN model k- w SST) normally can obtaimoodin-line force

coefficients, while the LES model surprisingly failed by epezdicting the drag
coefficient. By comparing the time histories of calculatedine forces obtained
throughthe LES and URAN modal(Figure5-31), it can be seen that the peak of in
line force calculated byhe LES model is ovepredicted. Similarly, the maximum
lift force coefficient predicted bthe LES model is also ovesstimated. It seems the

effect of vortex shedding has been exaggerated by the LES model.

The C, values of a studess chain segment under different flomsrecalculated by

the CFD method after the numerical model validation. The rangResnd KC

215



Chapter8 Discussion, conclusion and recommended future work

number s i s decided by considerandgF t he

motions. The numerical results indicate that the effect of Reynolds numitbe
given range on C, values of the stutess chain is less important, which is in
agreement with the recommendation of DNV practices. For thdatsal chain in

still water, the effect of KC number onC, values is significant for flows with

smaller Re numbers, while for flows at highdRe number theKC effect onC,

seems to be negligible.

Coupled analysisvas conducted to investigate the damping effect of moorings on
surge motion of the PFSO system and line tensions by considegirvgriations of
moorings. Atypical 10Qyear hurricane is selected as the environmental condition.
Under this realistic situation with higRe and bigKC, it seems that smafC,
variations due tothe impact of Re and KC numbers have little effect on line
tensions and surge motion of the FPSO. However, a chandg, imalues of

moorings by a factor of 2, which could reflect the effect of surface rouglamess
marine growth in reality, will hava significant effectboth on theLF surge motion

of the FPSQGand especiallpn WF line dynamic tensions.

8.1.2 Own contributions

The research mainly focuses on mooring line damping due to hydrodynamic drag
force. Due to the complexity of mooring line dampirige research objente is

limited to a turret moored FPSO with 20 catenary moorings operating at 400m water

depth.The main work is to determinghe C, values of chain under different flows.
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This study supplementseveral aspects dhe knowledge of drag coefficients and

dampingof moorings some of which are outlined below:

1) Due to the fact that onlyhe effect of superimposed harmonic WF motion on
mooring line damping is included in former studids effect of random WF
motions on mooring line damping is originally investigafeom a statistical
viewpoint;

2) Through sensitivity study, the most importgart of a catenary mooring line is
identified with respect to mooring line damping and dynamic tension. For this
kind of chainwire-chain mooring, special attention needs to be paid to the chain
segmerd aroundthetouchrdown zoneand near the water surfac

3) Drag coefficients of a stulétss chain under different flows are initially estimated
by the CFD method due to the limitation of experiments. The validasaof
numerical models by simulating flows around a smooth circular cylinder deepen
the understading of different turbulence models and other numerical aspects;

4) The systematic study of mooring line damping under realistic environments and
vessel motions providea valuable reference for designers to improve the global

performance analysis of deepeaFPSO system by uncoupled analysis;

5) An attempt to consider th€, variations of moorings in the coupled analysis has

been made. The comparative importancehefC, effect on surge motion and
line tension is claried for the FPSO system undegiven hurricane. Compared

to the effect of changg C, on the surge LF motion of the FPSO, the impact of

changng C, on the line dynamic tension seems to be more significant and hence

needs more attention.
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8.2 Conclusion

The main conclusions drawn from the present study are:

1) The damping of slender structures, such as moorings and risers, has a dominant
contribution to system damping of the moored FPSO in surge direGtioen the
compaable numbers of risers and mooringsthe present study, théamping
contribution of risers to the system dampisiglose to that of moorings;

2) The magnitude of mooring line damping is affected by many factors, among
which the superimposed WF motion h#s mostsignificant influenceon
damping of catenary moorings

3) The effect of random WF motions on mooring line damping can be represented by
an equivalent harmonic WF motioilnom a statistical perspectivié the C,

variations under these different flow motions are ignored;

4) With respect to mooring line damping and dynamic tension, the most important
parts along a catenary mooring line are at top and especially atioaitmuch
down zone,both of which normally consis of chain for a chakwire-chain
mooring line. Because both mooring line damping and dynamic tension mainly
result from thehydrodynamicdrag force, thisihding indicates that it is very
important to accurately estimate the drag forcethethain segmet aroundthe

touchdown zone. Consequently, special attention needs to be paid to effective
drag diameter and selection Gf, values, which could be changed due to surface

roughness, marine growth and flow regimes;

5) Recent advancement computing capacity anithe CFD method make it practical
to determine hydrodynamic coefficients of bluff bodies. From the validation of
numerical models, it is seen that LES model can get more satisfactory results for

steady flow past a fixed cylinder, wte threedimensional vortex is important.
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However, for oscillating cylinder in still water, whettee harmonic motion of

cylinder suppresses threimensional vortex and makes flow more two

dimensional, the URAN model kK- w SST) can getgood results while the

perfamance of LES is not satesftory Overall, thek - w SST turbulence model

is more desirable for engineering practice considering the low computational cost

andacceptable accuracy.

6) According to the numerical resultRe number in the range d0* ~10° has less

effect on drag coefficient of the stligss chain, which is in agreement with DNV

recommendation (DNARP-C205). Foran oscillating chain in still waterthe

effect of KCnumber onC, is important for flow with lowerRe number while

for oscillating chain with higheRe number the effect oKC number onC,

seems to be negligible; Besides, regarding the effect of turbulence models on
numerical results, it seems that for chain the numerical results obtaini by
LES and URAN models hava smaller differencethan those fora circular
cylinder;

7) As mentioned atwve, for mooring chains under flows with higte and bigKC
numbers, which are normally the case in real@y, variations of the stutess
chain due to effect oRe and KC numbers is quite small and the recommended
C, value by DNV can be adopted. However, special attention needs to be paid to
other factors, such as surface roughness and marine growth, which could be

equivalently conislered by the increase &, value. In the coupled analysis a

change ofC, of moorings by a factor of 2 will considerably affect the LF

motions and significantly increase & dynamic tensions;
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8) It is known from nurerical results that under le/Re-number oscillatory flows,
the effect of KC number on C, values is important. This indicates that in model
tests, wherehe Renumber is usually low, people need to be aware of variations

of C, values caused the KC number effect.

8.3 Recommended future work

The present study has contributed to the insight into drag coefficients, damping of
moorings and their effect on the global performance of the turret moored FPSO
system. During the research, other issues and areadsaré&entified and deserve

further investigation:

1) Effect of surface roughness dd, values of moorig chains needs to be
considered. In reality, surface roughness is very common and could have
considerablémpact on theC, values. So it is necessary to invgate this effect
in future work. The effect of surface roughness can beidersl in the
k- wSST model by defininghe roughness heiglais part of the wall boundary

conditions rather than modelling it geometricgHellsten and Laine, 1997)

2) CFD simulations are only conducted for singlarmonic oscillations in the
present workln reality, combined high frequency and low frequency oscillations
are more common and thus the numerical simulations-btmonic oscillations
will have more practical significance. However, the numerical sitrars of bi
harmonic oscillations require increased mesh refinement and consequently

reduced time steps, which will cause further computational demands. The
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expensive computational cost is the main reason that CFD simulations of bi

harmonicoscillations & not included in the present study.
3) Reliable results o, values under different flows are requiredie obtaired

from enhanced experiments, which then candexas benchmarks faralidation
of numerical methods;

4) In the present stdy, only flows with direction normal to the axis of bluff bodies
are considered. For flows past bluff bodies vathig oblique angle, thevalidity
of thecrossflow principle needs to be investigated,;

5) The emhancement othe database of mooring line damgifor different water
depths is desirable. The approximate estimation of mooring line damping by
systematical study can be used aseference by desigrerto improve the
accuracy of uncoupled analysis, which is popular in preliminary design due to its
high efficiency. Although coupled analysis can normally get more accurate results,
it is oftenonly adopted in final design due to lgyh computing cost;

6) Model tests for the couptl system of vessel/moorings/risers deepwaterstill
need to improve to see as benchmark for numerical models. Effort is edad
eliminate the limitations of model testsuch as the effect afuncation of

mooring systenand ultrasmall scale.
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Appendix A Flows around a smooth circular cylinder

The flow past a smooth cylinder has been widely experimentally studied, partly due
to thewide applications of cylindrical structures in offshore industry and partly due
to the abundant flow regimes. Experiments about steady viscous flow agarcir
cylinders were first conducted by different researcl{€om 1933; Taneda 1956
Grove et al. 1964)lt shouldbe mentionedhatthe Reynolds number is quite small

(30-300) in those early studies.

A cylinder sinusoidally oscillating in a rest fluidr sinusoidal oscillatory flow
around a cylinder attracts more interests of researches and hence has being widely
studied(Keulegan and Carpenter, 1958; Sarpkaya, 19766;188lliamson, 1985;
Bearman et al., 1985; Obasaual, 1988; Anaturk, 1991)Considering the common
phenomena of waveurrent interaction, tests about a cylinder in theexisting flow
field (uniform flow plus the sinusoidal oscillatory flow) were perfornigtbe and
Verley, 1980; Kato et al., 1983; Sarpkagad Storm 198). Exceptthesethree flow
fields (uniform flow, sinusoidal oscillating flow; uniform plus oscillatory flow), the
cylinder in random oscillatory flogvwas also experimentally studigtlongoria,
1989; Longoria et al, 1991)The experiments mentioned above are alluabo
cylinders vertical to the flow directiorlests of mclined cylinders in oscillatory
flows were also conducted by some researc(feaspkaya et al., 1982; Sundar et al.,

1998).

Here,themain focus of the review is on uniform and sinusoidal oscilldtows past
a smooth circular cylinder vertical to the flow direction. To begin with, the flow
regimes and flow characteristjcsuch as vortex sheddirand forces are reviewed

for steady flow past a cylinder.
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A.1 Steady flow past a smooth circularcylinder

Flow regimes of a smooth circular cylinder under steady flow

The flow around a smooth circular cylinder changes tremendously with the increase

of theReynolds number, which is defined as

Re= ub Eq. A-1

Reynolds number is a dimensionless number that gives a measurement of the ratio of
inertial force to viscous forc& he various flow regimes under different Re numbers

are illustrated irfFigure A-l.

232



Appendix A Flows around a smooth circular cylinder

No separation.
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Creeping flow Re <5
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to turbulence
in the wake 200 < Re < 300
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separation
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A:Laminar boundary
layer separation
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Upper transition

C: Boundary layer comple-
tely turbulent at
two sides

4x10°< Re

Transcritical

Figure A-1 Flow regimes of a smooth cylinder in steady current§ummer and Freds@e, 1997)

From Figure Al it can be seen that there are mainly two different flow regions for
each flow regime, namely the boundary layer and the wake. The boundary layer
normally has a very small thicknegswhen compared with cylinder diametBr

while the wake extends over a distance which is comparable with the cylinder
diameter(Summer and Freds@e, 1997). The definition sketch about the boundary

layer and the wake is showmFigure A2.
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Boundary Wake region
layer
N\

Separation
point

Stagnation R,
po|nt R

Figure A-2 Definition sketch (modified from Summer and Freds@e 1997)

A detailed description of each regime kigure A-1 can be seen from the book
written by Summer and Freds@e (1997). Here, several main regimes are mentioned
according to the different flow types, naméhe laminar and turbulent flows ithe

wake and the boundary layer.

For Re< 200, the flow around a smooth cylinder in the wake #dreboundary layer

is laminar. The vortex shedding is essentially-thimensional without varying in the
spanwise direction, which means a 2D numerical simulation is desirable for this
kind of laminar flow past an infinite cylindefhe wake becomes partlyrbulentat
200< Re< 300, where the twalimensional features of the vortex shedding in the

range40< Re< 200becomes distinctly thregimensional.

The threedimensional vortex shedding continugésReynolds numbers greater than

300 with completely turbulent wake ardllowing three ranges could be described:

the subcritical flow regime where800< Re< 33 10°, the criticalflow regme where

33 10° <Re<3.5% 10° and supercritical flow regime whe®53 10° < Re<1.53 1¢°.

The baundary layer over the cylinder surface remains laminaub-critical range

while followed by acompletely turbulent wakeThe so-called critical flow regime
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shows a turbulent boundary layer separation at one side of the cydimdléaminar
one at the dter side but the boundary layer &ill laminar. In the supercritical flow
regimethe boundary layer separation becomes turbulent at both sides of the cylinder
andthe boundary layer ipartly laminar and partlyurbulent(Sunmer and Fredsde,

1997).

Forces on a cylinder in steady current

As has been discussed, the feature of vortex shedding is common to all the flow
regimes except for very small Reynolds numberRe@ 40 ). The pressure
distribution around the cylinder undergoes a mhdahange as a consequence of
vortexshedding process. As a result, a periodic variation occurs in the force

components of the cylinder, which includelime force (drag) and transverse force

(lift).

Drag and drag coefficient

The total inline force (adag) consists of two parts: friction drag and form drag. The
contribution of the friction drag to the total drag force is less th@#Zor the range

of Re numbers normally encountered in prac{isehenbag¢ 1968) The majority of

the total inline force,the form drag, results from the negative pressure at the rear

side of the cylinder due to separation.

The drag force can be divided into thecstled mean drag and oscillating drag
originated from the vortex shedding. The magnitude of the oscillatirggaot a
constant set of value and can be characterized by their statistical properties such as

the rootmeansquare (RMS) value.
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Fi=F,- Fp Eq. A-2

The (mean) drag coefficient commonly used in engineepiragtice is defined as

follows:

Co =

=—2L2 _ Eq. A-3
° 1rDU?

The drag coefficierstvalues for a smooth circular cylindender steady flovean be

seen fronFigure A3 as a function of Reynolds numbers

Laminar theory

J

-
o
LN U N S B L N B

0.1 I |||ID| Il ll Ll 21 |||I3| |||I44 ”II'-.—,I ||1I6| 11l = Ia.._
100 100 10 100 10,10 10 100 10 10

Figure A-3 Drag coefficient vs. Re for a smooth cylinder in steady flow (Schlichting, 1979)

Lift and lift coefficient

The lift force on the cylindeis perpendiculato theoncomingflow direction. The

lift force oscillates atthe vortexshedding frequency f,), while the drag force

oscillates at a frequency which is twice the voiseedding frequency.

The lift coefficientis defined as follows:
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Cj=—=*t— Eq. A-4

Like the oscillating part of drag force, the amplitude of lift (coefficient) is also
measured by its statistical propertiehie RMS values of lift force of flow past a

fixed cylinder are shown iRigureA-4.

A
__10F
Gy
0.8 | /
0.6 '//@
0.4 \/é\
0.2 k &,
Lz.77, MA//&
0 1 1111 1 | N T G 1 L1 II;
10* 10° 10° 10" Re

Figure A-4 RMS values of lift coefficient of a fixed cylinder (Hallam et al., 1977)

The vortex shedding frequency, also as the frequency of oscilldtirigrte can be

related to Strouhal numbes() defined inEq. A-5.

St= f, ® Eq. A-5
U

The values of Strouhal number for a smooth circular cylinder under steady flow are
illustrated as function of Re iRigure A5. It can be seen frorRigure A5 that for
the subcritical flow regime the Strouhal number is almost constant with value nearly

equal to 0.20.
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Figure A-5 Strouhal number asfunction of Re for a smooth circular cylinder (Scheme 1983)

A.2 Unsteady flow around a smooth circular cylinder

Different from a circular cylinder in steady flow, the hydrodynamic quantities

describing the cylinder exposed to an oscillatory flow depeotd only on the
Reynolds number but also on the Keule@arpenter KC ) number, which is
defined inEq. A-6.

KC=—nm Eq. A-6

For sinusoidal motion, th&C number will be identical to

_ 207,

KC=5"h Eq. A-7
D

As a dimensionless quantity describing ttedative importance of thdrag forces
over inertia forces for bluff objects iroscillatory flows or similarly for oscillating
objects in a rest fluidhe physical meaning of th€kC number can probably be well

explained by reference tBg. A-7. On the righthand side of the equation, the

numerator is proportional to the stroke of the motion, nan2#y , while the
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denominator, the cylinder diametdd , represents the width of the cylinder.
Therefore, smalKC numbers mean separation behind the cylinder may not even
occur because that the motion of water particles is smativeek® the total width of

the cylinder. On the other hand, larg&€ numbers mean that the water particles
travel quite large distances compared to the total width of the cylinder, resulting in
separation and probably vortex shedd{@mmerand Fredsgel997) The flow
regimes of cylinder under oscillatory flows will depend on K@ number as well

as Reynolds number. Consequently, the forces experienced by the cylinder in

oscillatory flows will also be related t&iC number and Re number.

Flow regimes of cylinder under oscillatory flows

According to the studies of Williamson (1985) and Saypk@ 986, for cylinder in
oscillatory flows atRe=10°, whereRe is defined asRe=""/ , flow regimes as a

function of KC numbercan be classified into several groups. K& <1.1, laminar
flow is around the cylinder and no separation occurs.K&number increases,
separation happens with different types of vortices, and then thalled vortex
shedding regimes appear wh&C >7. The vortex shedding occurs during the
course of each half period of the oscillatory motion in the vesteedding regimes,
which have been further grouped according to the rangekCofmumber. For
instance, in the singlpair regime {7 <KC <15), one vortex is shed in each half
cycle and hence one pair of vortices convectsyafinam the cylinder in each cycle
(seeFigure A6); in the doublepair regime {5< KC < 24), two vortices are shed in
each half cycle, and as a result two trails of vortex pairs convect away from the
cylinder in opposite directiamand from opposite sides of the cylind@filliamson
1985) The number of vortex pairs will be increased by one each time wheaChe

regime is changed to a higher one, which means the number of vortex pairs
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convecting away from the bgder will be three in the case whe < KC <32 for
each cycle of motion and four in the case wBer’ KC <40 and so on. This result
is a direct consequence of the familiar Strouhal law in oscillatory f{@wsmerand

Fredsgel99).

The vortexshedding frequency, which is equal to thefititce frequency of cylinder
under steady flows, is not identical to the -fdtce frequency of cylinder in
oscillatory flows due to the presence of flow reversals. As illustrat€agure A6,

the positive peak (mark B) in the lift force is induced just after the flow reversal by
the return of the most recently shed vortex (vortex N) towards the cylintge, the
negative peaks (mark A and C) in the lift force are associated with the growth and

shedding of vorticeSSummerand Fredsgel997)
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Figure A-6 Lift -force time series (kc =11) obtained with flow visualization(Williamson, 1985)

Velocity

The fundamental lift frequencyf, can be normalized by the oscillateftgw

frequencyf,, namely
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NL

fu

f,

Eq. A-8

N, is the normalized fundamental lift frequency, which means the number of

oscillations in the lift force per flow cycle. It has been indicated Nyaincreases

with the increase oKC numberb y Wi

A-1.

|l ' i amsonos

woTallle ( 1985

Table A-1 Normalized fundamental lift frequencies observed by Williamson (1985)

KC regime KC range Reynolds number N,
Single pair 7<KC<15 1.8- 3.8310° 2
Double pair | 15<kKC<24 3.8- 6.1310° 3
Three pairs | 24<KC <32 6.1- 8.2310° 4
Four pairs 32<KC <40 8.2- 102 10° 5

It should be notedthat the flow regimes mentioned above may also change as

Reynolds number is changed. The effect of Reynolds number upon flow regimes of

cylinder under oscillatory flows can be seen frbrgure A-7. As Reynolds number

approaches to the value b8 the curves begin to bend down, which means the

normalized lift frequencyN, increases with the increase of Re in this region.
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Figure A-7 Vortex-shedding regimes in oscillatory flowsSummer and Fredsge 1997)

Forces on a cylinder in oscillatory flows

Similar to steady flow, a cylinder undescillatory flow may experience two kinds of
forces: the idine force and transverse lift force. The -fifrce frequency of a
cylinder under oscillatory flow, which is directly related to the vortex motions
around the cylinder, has already been discuabegle. Another important quantity to
depict the timevarying lift force is the magnitude of the lift force, which can be
assessed byvo methods. One method is to consider the maximum value while the
other is to use the roobeansquare value of the liforce to represent the magnitude

of the lift force. These may be written as follows in terms of the force coefficients:

Fmax =2 7CLr DU Eq. A-9
Fime =3 7CLmDU2 Eq. A-10
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If the timevarying lift force can be approximately taken as a sinusoidal form, then

the relationship between the two coefficients can be formulized as follow:

Cpoax =V2C, e Eq. A-11

3.0

2.0~

0.2~

Figure A-8 Maximum lift coefficient as a function of KC and Re(Sarpkaya and Isaacson, 1981)

The maximum lift coefficient as a function &fC and Re is illustrated iRigure AS8.

It can be seen that the value ©f

L max

will normally decrease as the Re number

increases for a giveRC number.

More attention will be paid to the ifine force. In contrast to the steady flow, the in
line force for cylinder under oscillatory flow consists of not only drag force, but also
inertia force. This idine force is usually calculated by the seempirical Morson

equation, which can be written:as
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F =1rC,DUU|+C,, rAlF Eq. A-12

It can be seen that the inertia force consists of two parts:

F, =C,rA¥+ rA¥ Eq. A-13
The first i tneans sc aflolrecde 66 aidsd ecdkaused by t he
the i mmediate surroundings of the-cylinc

Krylov forced is induced ibajoryflowdselaSoc el er a
to be noted here, there is main difference between an oscillating cylinder in quiescent
water and a fixed cylinder under oscillatory flow about the inertial force. For the
former case, the only contribution to inertia force isembuass force, while for the

latter case the inertia force is composed of Frekidgov force and addethass

force.

The measurements &, andC,, are still significantly based on the experiments. In

Figure A9, effect of KC number upon th&, is illustrated. InFigure A10, effect
of Re number upon the hydrodynamic coefficients is illustrated. It can be apparently
seen that for a giveKC number,C, of cylinder under oscillatory flow decrease

first with increasingRe number, and then begins to increase with increagreeof
and finally reaches a plateau where it remains approximately constant. This shows

the same @mnner as cylinder in steady flows. However, for cylinder under oscillatory

flows the drop inC, with Re occurs a little earlier while not as abruptly as in steady
flows. The general trend of inertia coefficied, is opposite to that observed for

C,, as shown irfrigure A10.
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Figure A-10 Force coefficients for a cylinderin oscillatory flows (Summer and Fredsge 1997)
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The effect of KC number uponC, and C,, has also been studied for a given

Reynolds number o1.7310%, as illustrated inFigure A11 The C, reaches the
maximum value withKC around 13 and will not change extensively with increasing

KC. Regarding the inertia coefficieft,, , it shows opposite trend against that of
C,. WhereC, has high valueC,, experiences low value smaller than unit, which

means the addemass coefficient €, =C,, - 1) will have a negative value. This is
due to the interaction between the vortex shedding and the hydrodynamesspro
generating the added mg&ummerand Fredsgel997) The negative values @,
can be also observed for other Reynolds numbers ffguare A10, which also
shows the variation o€, and C,, with KC for other Re numbers could be different

from that for Re of 1.73 10*.
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Figure A-11 Effect of KC number on in-line force coefficients for a given Re number

(reproduced from Summer andFredsge 1997)
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Oscillating flow past a stationary cylindeas been discussed above. Toaverse
situation of @& oscillatig cylinder in a quiescent fluids arother effective
representation of waveylinder interaction in the area of ocean engineewhgre
the computation of the fluid forces on an offshateucture is one of the primary
tasks In AppendixB, discussions have been made abbetrelationship between the
fluid mechanics of a fixed cylinder under oscillatory flow andaaillating cylinder

in a still fluid.
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Appendix B Relationship between fixed and oscillating

cylinders

Beforethe numerical simulation of an oscillating cylinder in waiteis necessary to
discuss the relationship between the fluid mechanics of a fixed cylinder under
oscillatory flow and amscillating cylinder in a still fluid In order to understand the
behaviour of wave loads on slender structures, most of the experiments a
conducted based on these two simple flow situatibris important to know how to
interpre results of such experimenBecause the numerical simulations are about an
oscillating cylinder in water, in order to compare the numerical results with
expeimental values from Wube experiments which are well documentied; quite
desirable,whereverif available, to make the comparison between experimental

results from Utube experiments and tests of oscillating cylinder in still water.

Theoretical relationship

It has been shown by Garris¢h980) that an oscillating cylinder in still water is
kinematically identical to a fixed cylinder under oscillatory flow. The only difference
between these two cases is about the inertia force, as mentioned bba&yeforE,
results from both types of experiments should be equally applicable to the situation
of wave force acting on the cylinder. The theoretical relationship of these two cases

can be seen from the following deduction.

The forces on the cylinder cae bbtainedby the integral of the pressuRe around

the cylinder surface, which can be expressed as
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P=P, +P Eq. B-1
where, P, is the pressure in the oscillatory external flow with #iesenceof the

cylinder (P, =0 for cylinder in still water);P" is the pressure due to the disturbance

caused by the cylinder.

For the case of a fixed cylindemder oscillation flow, assume the flenelocity
vector asv and the instantaneous velocity of oscillation flow along Huérection as
- iU , the NaviefStokes equation for the fixed cylinder under oscillation flow can be

written as

Dv_-BP, pyy="P(R*P)

7 ORY Eq. B-2
Dt r r

At the faraway distance from the cylinder the viscous and convective acceleration
terms vanish irEq. B-2, then the Navie6tokes equation at infinite distance can be

expressed as

W -1 Eq. B-3
VAN
UsingEq. B-3 to remove theP, item inEq. B-2, then the Navie6tokes equation for

the fixed cylinder under oscillation flow will be transformed as follow, together with
other equations for the complete bouneeamjue problem for the fixed cylinder

under oscillatory flow
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|E o, +UD% Eq. B-4
P&®=0 Eq. B-5

v=-iU (at &) Eq. B-6

v=0(on r =a(a=radiusof cylinder)) Eq. B-7

As mentioned earliefzq. B-4 is NavierStokes equatiorEq. B-5 is the continuity
equation,Eq. B-6 is the faraway kinematic boundargonditionand Eq. B-7 is the

kinematic boundary condition on the cylinderface.

Then, for the case of an oscillating cylinder in still water, the use of moving
coordinates attached to the cylinder is convenient. Assumingngiantaneous
velocity of the oscillating cylinder a&) , the total derivative of the fluidelocity
vectorv may be written in terms of moving coordinates attached to the cylinder as
Dv/ Dt = Dvi/ Dt +ipU / it , wherevj denotes the fluielocity vector neasured in
moving ®ordinates.The b operator is the same in either the moving fixed

coordinate system. Considering the presfirequal toP” for oscillating cylinder in
still water (P, =0 for cylinder in still water), the complete boundamiue problem

for oscillating cylinder in still water can be written in moving coordinates as

+ DV Eq. B-8
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PQ@i=0 Eq. B-9
vi=-iU (at =) Eqg. B-10
vi=0(on r =a) Eq. B-11

It can be seen that the boundsgjue problem for the fixed cylinder under
oscillation flow Eq. B-4~Eq. B-7) is identical to that for the oscillating cylinder in
still water €g. B-8~Eg. B-11). So te solutions tdhe boundaryalue problems must

beidentical and therefore the pressuRe is the same.

The onlydifference between oscillating the water and oscillating the cylinder is that
in the case of oscillating theater the total pressure includes the extra tdm
which isrequiredto accelerate the flow with magnitude @ /it and gives rise to

an inertia force ofr(od?/4)uU /t per unit length when integrated around the

cylinder. This inertia force of (od®/4)uU / it generates thé.0 part in the inertia

coefficient written asC,, =1+ C, for an oscillatory flow past a fixed cylinder

The inline integral of P" gives rise to the remainder of the force, which consists of

drag force and addedass fore. So, in terms of the force coefficients, the drag

coefficient C, (or theaddedmass coefficienC, ) of the oscillating cylinder in still

water will be the same as that of the fixed cylinder under oscillatory flow.

It is important to show the demonstration that the case of an oscillating cylinder in

still water is kinematically identical to the caska fixed cylinder under oscillatory
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flow. It means as much can be learned about the \feage problem through study

of an oscillating cylinder in still water or a fixed cylinder under oscillatory flow.

Comparisons of UTube experiments with tests ofan oscillating cylinder in still

water

As discussetbefore an oscillating cylinder in still water is kinematically identical to

a fixed glinder under oscillatory flowSo, theoretically, the values of coefficient

C, (or C,) obtained from these two experimental methods should be the same.

However, experimentally, uncertainties and discrepancies of the results could be
caused by the difficulties encountered in these two situations, which are of
significant difference. As arepresentative of oscillatingflow tests, Utube

experiments have been popularly used by Sarpkaya. In his experiments, a new term
called frequency parametér=D?/uT is defined, whereD is diameter of cylinder,

and T is oscillation period. Experiments were carried out with -foyned
oscillations with a natural periotl, which depends on the size ofTubes. The
amplitude of oscillation will decrease slowly per cycle, for exanmpler a period of

4 complete cycles dajdscillation at any mean amplitude, the amplitude, velocity, and
theacceleration of the fluivould onlychange about%. Then one test which could

last a period of about an hour would show the evolution of tieenend transverse

forces for all possible values &C for a givenb (Sarpkaya, 1976)

The disadvantages and advantages of each method have been discussed by several

people(Sarpkaya, 1976; Garrison, 1990), which suenmarized below.

1) Advantages and disadvantages of oscillating the cylinder include:
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a) The advantageareare that one can independently vary the Reynolds

number and the amplitudélso, one determines the fluid induced

forces and henc&€, and C, instead ofC, and 1+C, since no

pressure gradient exists in the fluid at rest;

b) Potential disadvantages mainly consist of several aspects. First, about

the driving mechanism, vibration amslipporting components can
cause additional disturbances and tadependent forces which are
not easy to eliminate. Second, the inertial force due to the mass of the
oscillating cylinder has to be subtracted from the total force by
carrying out the experinmés once in air and once in watétowever,
a small error in the phase angle can lead to large errors in the
coefficients especially in the region where drag and inertia force are
comparable. Third, this method devotes merely to the determination
of the inline force without due regard to the transverse force. Last but
not the least, theffect of waves and free surface disturbances in the

testcreated by the oscillatingylindercan bedifficult to assess

2) Disadvantages and advantages of oscillatindltivearound a cylinder include:

a) If the oscillating fluid involves a free surface, one hasdeal with the
fact that the free surface is inherently unstable

b) The Utube tunnel could cause waktockage problem, which means
the tube walls limit the influxof momentum into the wake so that
diffusion of the wakevelocity profile is hindered. Therefore, the wake

is more pronounced than it would be in unbounded flow;
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c) Another problem with the Wube experiments is that the input flow
may become polluted by bodary-layer effects and turbulence (Rashid
et al., 2011);

d) One of the advantages oftube experiments is that the oscillations can
be so smooth that there is no need for filters between the transducer
outputs and the recording system. Another advantadetgtte inline

force and transverse force can be measured simultaneously.

It can be seen the selection of one method over the other needs to carefully consider
all the difficulties as well as benefits. Now, in order to further investigate the
performare of these two situations, some results frasrtube experimerst
(oscillatingflow tests) are compared with those from oscillatytinder tests,

which can be seen froffigure B1 to Figure B5.
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Figure B-1 Drag and added mass coefficients for a cylinder in relative unsteady floWC=6.28

(reproduced from Garrison, 1990; the data from Sarpkaya(1976)is for a smoothcylinder)
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Figure B-2 Drag and added mass coefficients for a cylinder in relative unsteady floWC=9.4

(reproduced from Garrison, 1990; the data from Sarpkaya(1976)is for a smooth cylinder)
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Figure B-3 Drag and added mass coefficients for a cylinder in relative unsteady floWC=15.7

(reproduced from Garrison, 1990; the data from Sarpkaya(1976)is for a smooth cylinder)

As seen fromFigure B1 and Figure B2, for comparatively smalkC numbers

(KC =6.3/9.4) drag coefficients predicted by-tube experiments are greater than
those fom oscillatingcylinder testsWith the increase oKC and Re numbers, the
predicted drag coefficients by two situations have fairly good agreement with each

other, although it seems those frorrtlbe experiments are still slightly greater (see
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Figure B3, Figure B4 and Figure B5). However, the addenhass coefficients

measured by two situations are generally in good agreement.
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Figure B-4 Drag and added mass coefficients for a cylinder in wteady oscillatory flow

(reproduced from Garrison, 1990)
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Figure B-5 Drag and added mass coefficients for a cylinder in unsteady oscillatory flow

(Garrison, 1990)
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Appendix C Fitting methods

The hydrodynamic coefficients of slender structures are determined based on
Mori sonbés equation, in which drag force
For a circular cylinder with diametdd, the inline force acting on # unitlength

cylinder can be calculated by

F(t):%CDrDU|U|+%CMr paF Eq. C-1

where, the idine force F , velocityU , and acceleratiold, are measured guantities.

The coefficientsC, and C,, are the only unknowns, which are usually assumed to
be timeinvariant over a cycle for oscillatory flows. There are several different
methods to comput€, and C,,, which will be investigated below. The oscillatory

velocity here is assumed as
U =U,,sin(ut) Eqg. C-2
where, U, is the amplitude of velocityg =ut =20t /T is the phase angle.

C.1 Fourier-average approach

The method was introduced by Keulegan and Carpenter (1958), and can be used only

for simple harmonic motions. Together wily. G1 andEq. G2, one can get that
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