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ABSTRACT

A set of experimental results on the dynamics af-lag
mooring-lines was generated by means of towing-teasts.
These results will be employed by Petrobras asxparenental
paradigm for the calibration and validation of nuite codes
based on finite-elements method (FEM). The setupwab
combining first and second order motions on thedbthe line
with different amplitudes and frequencies. The tfigder
motions were emulated by means of circular harmarations
while alternate horizontal translations representbd drift
motions. It was also possible to emulate a unifamrplane
current profile along the suspended length of theeh

The model was composed by three different segmaAnts.
intermediate rubber hawser connected the top acdkdoarchain
segments and allowed considerable elongation dfrteeluring
the tests. Tension at the top of the model was unedsby
means of a load cell and the second-order moticgnregistered
optically.

This paper presents the procedure adopted foetis &nd
also some preliminary comparisons between expetahen
results and numerical simulations.

Keywords: Taut-leg mooring, towing-tank tests, cameld
motions, dynamic tension

INTRODUCTION

Among the many challenges imposed by deep-water olil

production, the research and development of seitai@oring
systems has deserved a great effort in recent.y@arslepth
increases, the transition from heavy all-steel ratg mooring
systems to lighter taut-leg chain moorings — fibepe
combinations allows for reduced offsets, incregsmdoads and
reduced sea floor footprints. One of the maingsstoncerning

the R&D of deep-water mooring systems is the chéicethe
best material for specific applications. High Bfficcy
Polyester and Nylon represent two of the most ushalces.
Over the past few years the topic has been includedany
joint industry projects and a good number of papldicated
to the development and analysis of lightweight fibepes for
deep-water mooring systems can be found in litezafsee, for
instance, [1], [4] and [7]).

As one of the leaders in deep-water technology,oBeds
faces the challenge of making offshore productieasible to
water depths over 3000 meters. For an estimatedlption of
1.9 million bopd in 2006, 70% of the total prodoctiwill come
from deep or ultra-deep-waters offshore CamposrB&ince
2000, Petrobras has conducted strategic R&D pjdatocap
2000 and Procap 3000) with the cooperation of mBAjazilian
universities to cope with the future requirememwtsuitra-deep-
water production and the development of reliabdest-effective
mooring systems is one of the key issues.

Although taut-leg chain-fiber moorings are nowadays
reality for the most recent systems offshore Cantpasin for
water depths up to around 1000 m, these configumsittill
pose many challenges to the designer. Apart from th
aforementioned problem of material choices, thdyaisof the
system dynamics has to deal with the highly noedmand
time-dependent behavior of the composite materiadsich
influences the floating system seakeeping chaiiatitey in an
interactive way.

Due to the inherent complexity of the problem,sitriot
unusual that different numerical codes, usuallyebasn FEM,
provide somewhat discrepant results when dealinip wie
dynamics of real deep-water moorings subjectedht® tbp
motions imposed by the floating system combined witean
current effects. Therefore, in face of the incnregsiumber of
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commercial packages aimed for the numerical armlysrisers
and mooring lines, Petrobras and the Universitysab Paulo
(USP) developed a project for generating a basiesmental
paradigm concerning the dynamic behavior of tagt-nd
catenary mooring lines. Results should emulateeffects of
top displacements imposed by th&and 2 order motions of
the floating unit combined with current action.

Since 2001, a series of towing tank tests withdrighnd
flexible risers and catenary mooring lines had alye been
performed at the State of Sdo Paulo Researchutes(itPT) for
the validation of the USP Numerical Offshore Tafhlsummary
of the results have been presented in [2], [5] @)d For the
new series of tests the previous experimental seagused but
a new mechanism had to be built to combine circ{ifiorder)
motions in the vertical plane and low-frequencyitmmtal (2
order) motions. There was also the problem of etimgahe
taut-leg behavior subjected to considerable elomgadf the
model whilst preventing rupture of the model oressive loads
on the top load-cell. The solution adopted was s @n
intermediate rubber segment with sufficiently lowkiah
stiffness.

This paper describes the experimental procedurgtado
for the tests with the model in taut-leg configioat The setup
and model characteristics are presented togethttr sdame
illustrative results. A preliminary comparison wittumerical
simulations is presented based on the results ¢redvby the
software Orcaflex®. Although not extensive, this comparison
aims to discuss the overall aspects involved inrthmerical
reproduction of the experimental data. The ansalysi the
catenary configuration tests is under developmeunt ill be
presented in a future paper.

NOMENCLATURE
R mean top-anchor horizontal distance (Neutral)pos.
h  height of top-end mean position above waterline;
H water depth;
U towing (current) velocity;

amplitude of circular (torder) top-end motion;

amplitude of alternate horizontal"{@rder) motion;

f, frequency of T order motion;

f, frequency of 2 order motion;

external diameter;

m mass per unit length in air;

axial stiffness;

bending stiffness;

Cd hydrodynamic drag coefficient;

Cf friction coefficient;

Cm added mass coefficient;

A,B,d chain link dimensions (see Fig.5)

THE EXPERIMENTAL SETUP

All the tests were conducted at the IPT facilitid$e
towing tank is 240m long, 6m wide and 4m deep. Towests
with submerged cables are performed with a subrderge

platform, which is connected to the carriage angpsus the
model's anchor. The top of the model is connectedat
mechanical device that performs the prescrib&brber and
drift motions. The whole apparatus is towed alohg tank
emulating a uniform in-plane current profile alonhe
suspended length of the model. Fig.1 illustratee th
experimental setup.
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Fig.1 Experimental setup
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For all the tests, H=3.02m and h=0.33m.

During the tests, tension at the top-end of the ehasl
acquired by means of a load-cell. A pin connechietween the
load-cell and the rotating device guarantees thattap-end of
the model is free to rotate. Top-end connectioneseh is
presented in Fig.2.

Pin
connection

Load cell

N

Fig.2 Top-end connection

Model

The horizontal offset (3 order motion) is monitored by
means of an optical device.

TESTS PARAMETERS

It must be emphasized that the definition of tests
parameters did not pursue any prescribed geometric
resemblance with real-scale taut-leg mooring liigge to the
physical constraints of the towing-tank facilitigs,is almost
impossible to guarantee geometrical and structsirailarity
with real deep-water mooring lines and still obtainset of
experimental results adequate for numerical vabdat
purposes. Nevertheless, when defining the testanpeters
some qualitative aspects of real-scale probleme vielowed,
whenever it was possible.
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The horizontal offset £420.30m was defined as 10% of the
water-depth, a somewhat typical figure for deepewaboored
systems. The ratio of*land 2° order frequencies of motion
was kept within the rang@4<f, /f, <120.

Bearing in mind the numerical validation purposts
choice of % order amplitudes and frequencies was made in
order to guarantee that very different ratios betweynamic
and static tensions would be achieved. The goaltevgenerate
results with different levels of difficulty conceng their
reproduction by numerical codes.

The mean horizontal distance between top and anchor

(R=7.00m) was defined in a sense that the wholgtheof the
model would be suspended in the so-callégutral
configuration, but the vertical load on the anctvould remain
negligible.

Table 1 presents a summary of the parameters atiapte
the tests. By combing these parameters, a totbd dftests were

performed.
Table 1 — Tests Parameters

R (m) 7.00

A (M) {0; 0.05; 0.10}

f, (Hz) | {0; 0.40; 0.55; 0.70; 0.85; 1.00
A, (M) {0; 0.30}

f, (Hz) {1/120; 1/80; 1/60}

U (m/s)* {0; +0.25; -0.25}

* The sign of U is defined according to Fig.1

THE MODEL
The model consisted of two chain segments conndnted

means of a rubber hawser with circular profile..Figresents a
detail of the chain-rubber connection. As the topves from

Neutral to Far position, the intermediate rubber segment had to

provide the necessary line elongation and at thmestime
guarantee structural integrity.

x
I
i
i

Fig.3 Detail of the model showing rubber-chain cection

Choosing a rubber profile with an adequate axiffhess
was then important in order to maintain the dynatuictatic
tension ratio between reasonable values. A setr@fngnary
numerical studies was carried out to help choosamgy

appropriate axial stiffness and also to defineitakle load cell

for top-end tension measurements.
The axial stiffness of the rubber profile was deiieed

experimentally in a set of tension tests performéth five
different specimens (S1 to S5). Load x Elongatiarves are

shown in Fig.4.

Load Tests - Rubber Segments
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Fig.4 Load x Elongation curves obtained in tensests

Mean value of Young Modulus is E = 5.813 MPa (wth
standard deviation of 6%). Mean value of the agiifness was

then assumed EA = 0.759 kN.
Table 2 presents the model main dimensions. Plieper

for each segment are presented in Table 3.

Table 2 — Model Main Dimensions

Segment Position Type | Length
1 top chain 1.00 m
2 intermediate | rubber 3.86 m
3 anchor chain 3.00 nf
Total length of the model 7.86 m

Table 3 — Segments Properties

Chain Rubber

External Diameter (De) O 12.89 mm
Link dim.* A 9.0 mm O

B 16.0 mm O

d 2.0 mm O
Mass per length (m) 0.068 kg/m 0.173 kg/m
Axial stiffness (EA) 1320 kN 0.759 kN
Bending stiffness (EJ) 0 7.88E-3 Rln||

* chain link dimensions are defined respectiveith b
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Fig.5 Definition G?Ehain-link dimensions

EXPERIMENTAL RESULTS

A first set of experimental results was derived $mme
representative static configurations of the mo8édtic tension
and anglé at the top were measured for three different cstati
offsets. The first one was represented by the Beechleutral
configuration, defined by R=7.00m. Near and Far
configurations were then obtained by imposing theximum
2" order offset A=0.30m from the initialNeutral position of
the top (hence, R=6.70m and R=7.30m fdear and Far
situations, respectively). Tension and angle weeasuared for
the zero-current condition (U=0) and also for #0:=25m/s.
Static results are summarized in Table 4. Thep kelverify
the consistency of numerical models prior to timesuming
dynamic analysis.

Table 4 — Static Values of Tension and Angle afTibe

Satic Configuration: Near Neutral Far
U (m/s) | Tension (N) 3.8p 6.50 38.03
0 Angle {) 37 50 61
U (m/s) | Tension (N) 2.78 5.27 37.02
+0.25 | Angle () 42 51 62
U (m/s) | Tension (N) 4.8p 7.72 40.25
-0.25 | Angle ) 35 48 60

A second group of tests were then performed incaitpay
drift motions only (A=0; A,=0.30m) for the three different
values of 2 order frequencies, with and without current effect
As an example, Fig.6 presents the results obtaifed
f»=1/60Hz. The upper curve represents the second-stdéc
excursion (offsets), expressed in centimeters. [dher curve
brings the tension measured at the top of the mdadery test
was performed for at least two complete cycleshaf drift
motion, which in this case corresponds to 120 s#oof
acquisition. The drift-only results allows for datation of the
numerical model concerning the horizontal excursibthe top.
It also provides a second check for the line astiffiness since
the model undergoes a significant amount of eloagads its
top-end moves from thideutral to theFar position.

! The angle is defined with respect to the vertitiaction.
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Fig.6 Offset and Static Tension. {#0;A,=0.30m;t=1/60Hz;
U=0}

No-drift tests (A=0) were also performed. In this case,
harmonic circular motions with different combinato of
amplitude (A) and frequency (J were imposed to the top of
the model. All these tests were conducted for Rm7(€eutral
static configuration). Fig.7 presents an excergheftime-series
of top-end tension measured in the test witr0A1Om and
f;=0.70Hz. In this case U=0.

25.00

000 — — — — — ¢ — — —

15.00

Tension (N)

10.00

10 12 14 16 B 20 2 K % 2 20
Time (s)

Fig.7 Top-end Tension {£0.10m;§=0.70Hz;A=0;U=0}

Finally, a series of tests combining &and 2° order
motions was performed. Tests comprised all the doations
of amplitudes and frequencies of* brder (A;f;) and drift
(Agf,) motions, already specified in Table 1. Tensiothattop-
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end of the model and horizontal excursion were oed for
at least two complete cycles of drift motion. Figi&sents the
results obtained for {f&0.05m; {=0.40s; A=0.30m;
f,=1/80Hz; U=0}.
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Fig.8 Offset and Static Tension. {#0.05m; §=0.40Hz;
A,=0.30m; $=1/80Hz; U=0}

A case with higher values of dynamic tension amgét is
illustrated by the results in Fig.9, which presethis same drift
parameters but higher values of amplitude and &equ of
circular motion {A=0.10m; {=1.00Hz; A=0.30m; $=1/80Hz;
U=0}. Compared to the results in Fig.8, it can bersthat the
results in Fig.9 present a much higher ratio betwegnamic
and static tension, as a consequence of the ircheasnplitude
and frequency of*Lorder motion. For offsets around tNear
position, the tension at the top-end of the modehedrops to
zero during part of the®order cycles, indicating that the top
anchor segment slackens for a brief period of time.
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Fig.9 Offset and Static Tension. {£0.10m; {=1.00Hz;
A,=0.30m; $=1/80Hz; U=0}

In such cases, the numerical reproduction of theleho
dynamics is very demanding in terms of mesh siz as a
consequence, also in terms of computational timeeed, one
of the goals pursued when defining the parametershe tests
was to obtain results that would request diffetemels of effort
concerning their numerical reproduction. A preliann
discussion regarding this aspect is provided imte section.

PRELIMINARY NUMERICAL ANALYSIS

Preliminary comparisons between numerical
experimental results were performed at the Uniteersf Sao
Paulo. Numerical simulations were performed with sbftware
Orcaflex®. Numerical and experimental time-series of temsio
at the top of the model were compared directly. fifan goal
of this preliminary analysis was to evaluate theeleof
difficulty involved in the numerical reproductionf ahe
experimental results obtained in the towing-tankstse
Furthermore, important aspects as numerical stabilf the
FEM code when dealing with line elongation and itifeience
of the non-linear structural restoring forces couwltdo be
assessed.

For the numerical simulations, a line composed trgd
segments was created according to the model geiometr
configuration (see Table 2). Table 4 presentsgbemetric,
structural and hydrodynamic coefficients employed the

and
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numerical simulations. The chain segment equivatemérnal
diameter and its hydrodynamic coefficients werewdalted as
suggested in th®rcaflex® user manual [8]. All the simulations
were performed with aimner time step lower than 1/28 of the
shortest natural period of the numerical modeteasmmended

by [8].

Table 4 — Segments Properties for Numerical Sirariat

Chain Rubber
External Diameter (De) 3.40 mm 12.89 mm
Mass per length (m) 0.068 kg/m 0.173 kg/m
Axial stiffness (EA) 1320 kN 0.759 kN
Bending stiffness (EJ) 0 7.88E-3 Nm
Normal drag (Cqd) 1.08 1.00
Axial drag (Cd) 0.40 0.10
Normal added mass (Gn 1.00 1.00
Axial added mass (Cth 0.06 0
Normal friction (Cf) 0.1% 0.1%
Axial friction (Cf,) 0.1% 0.1%

Next, some illustrative comparisons between nuraéend
experimental results will be presented and someoitapt
aspects concerning the numerical simulations wilttscussed.
The first group of tests that was reproduced bynwea the
FEM code was the one composed by the drift-onliggtdue to
the drift motion pattern applied in the tests (l@ifles with
constant velocity), the numerical drift motion aduhot be
modeled as dow-drift sinceOrcaflex® assumes those motions
to be sinusoidal in time. Therefore, the drift roa8 had to be
considered as successiveteady motions with constant
velocities, each one of them representing one dyalle of 2
order motion.  Fig.10 presents the comparison lewe
experimental results of the test showed in Fig.6
{A 1=0;A,=0.30m;$=1/60Hz;U=0} and the corresponding
numerical predictions of offset and tension at top. The
numerical results were simulated for only one cyfl¢he drift
motion (in this case, 60 seconds). Numerical reswere
obtained with a mesh of 70 elements.
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Fig.10 Offset and Static Tension. Experimenial) @nd
Numerical (1) results. {A=0;A,=0.30m;$=1/60Hz; U=0}

From the results above it can be inferred thatabript
change in the velocity at the extremities of theiZzumtal
excursion induce sharp tension peaks in the nualeric
simulations. Such tension peaks are indeed insendid the
simulation parameters such as mesh size and teps:st
Nevertheless, it was verified that these transitffgcts were
always almost instantly attenuated and did not esgmt a
hazard concerning the stability of the numericaelwdations. It
can also be seen that the tension is well captaftedg the
entire drift excursion. The code is able to copd wéh line
elongation, at least when isolated” 2order motions are
involved.

The T order circular motions imposed to the top of the
model were emulated numerically by assigning arr@piate
RAO (Response Amplitude Operator) to the floatimgt @nd
imposing a single harmonic wavéify Wave in Orcaflex®)
with the desired frequency of motion. In order ltastrate the
overall agreement between the time-series of tansieasured
in the no-drift tests and the numerical simulatjdfig.11 brings
the comparison for the test already presented ig.7Fi
{A 1=0.10m;{=0.70Hz;A=0;U=0}. In this case, the numerical
simulation was performed with a mesh of 210 element
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Fig.11 Top-end Tension. Experimental Y and Numericall(l )
results. {A=0.10m;§=0.70Hz;A=0;U=0}

The results above illustrate the agreement obsdnretthe
whole set of no-drift tests results. Numerical dations were
able to reproduce the maximum values of tensioallitases
tested. As expected, as the tension approaches(id®rdine
goes slack) some difficulties arise concerning dbevergence
of the numerical code and some spurious tensiokspean be
observed in the time-series close to the instahtsinimum
tension. Further refining of the numerical mesh oanimize
this problem, although simulations become much ntone-
consuming.

Numerical simulations of the tests that combin&crd 2¢
order motions presented good agreement when cocthgare
experimental results. Difficulties in numerical wengence
increase with the amplitude and frequency of tfeotder
motion, therefore requiring finer meshes. Fig.12spnts the
comparison between the simulated tension variaiothe top
of the model and experimental results for the tedth
{A =0.05m; {=0.40Hz; A=0.30m; $=1/80Hz; U=0} (test
results presented in Fig. 8). This is a somewhdd ©ase in
terms of numerical effort and a mesh with 70 elesemas
sufficient to guarantee numerical convergence.

70.00
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50.00
4000 - — — R T Tl
auuo——— - == — = k - ————————— =
,,,,,,,,,,,, il

| ‘,

i {
1000 I

0.00

Tension (N)

1000

Time (s)

Fig.12 Top-end Tension. Experimental Y and Numericall(l )
results. {A=0.05m; §=0.40Hz; A=0.30m; $=1/80Hz; U=0}

Reproduction of the results presented in Fig.9 mmueh
more demanding task due to the higher values ofiame and
frequency of T order motion {A=0.10m; §=1.00Hz;

A,=0.30m; $=1/80Hz; U=0}. Fig.13 compares the results of
this test with the simulated time-series of tensbtained with

a numerical mesh composed of 260 elements. Convegge
becomes particularly difficult as the top-end of timodel
approaches thd&lear position, due to the decrease in static
tension. The time required for the simulation ofsulés
presented in Fig.13 was more than 100 times hitfeem the
one required for those in Fig.12 for the same nigakr
processor.

\
i I
oo J

nmhlh |

Time (s)

Fig.13 Top-end Tension. Experimental Y and Numericall(l )
results. {A=0.10m; §=1.00Hz; A=0.30m; $=1/80Hz; U=0}

Results in Figs. 12 and 13 demonstrate that a goatity
reproduction of towing tests results can be obthimemeans of
numerical simulations. In Fig.12, the tension spikdserved
around 20 seconds and 60 seconds of simulatioft fesm the
abrupt change in the drift motion direction andsthéransitory
effects do not have an effect on the subsequemaritss of
simulation, a fact that has already been pointediolFig.13, it
is possible to see that the discrepancies growndrdiie Near
configuration, expressing the numerical difficudtief dealing
with situations when the cable slackens (total iengquals
zero). Another aspect that must be remarked coscéra
somewhat larger discrepancies between simulated and
experimental tension around the so-callet position of the
top-end. In fact, results in Fig.12 and 13 indic#tat the
numerical model tends to overestimate slightly dadues of
maximum tension around 20 seconds of simulatione Th
probable reason for the somewhat higher discrepanci
observed when the line is stretched is the effédthe non-
linear behavior of the restoring forces imposedthry rubber
hawser (see Fig. 4). Indeed, around #er configuration,
elongation of the taut-leg model surpasses 5% dml t
numerical prediction might be distorted by the agstion of a
linear restoring model.

The results presented above illustrate the general
agreement observed for the whole set of comparisons
performed. Current effects on the static and dynat@nsion
responses were very well captured by the numeriuadiel,
although numerical convergence is slightly mordidaift in
cases with U=+0.25m/s as a result of the lowereslof static
tension.
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CONCLUSIONS
A set of experimental results on the dynamic bedraof
taut-leg mooring lines was obtained by means ofirtgwank

tests. The tests involved combinetl drder and drift motions

imposed on the top of the model and also currdetisf The
main goal was to generate a basic experimentaldjggmafor

the validation of numerical codes, as requestedétyobras.
The model was composed by two chain segments in the
extremities united by a rubber segment, which wesighed to
provide the necessary elongation of the model. pasimeters
were calibrated in order to provide results thatiorequest

very different levels of effort concerning their merical
reproduction.

A preliminary comparison with numerical results was

performed at the University of S&o Paulo, employihg
software Orcaflex®.

of a validated FEM code. The most demanding teuigdd
pose a challenge to the FEM code simulations byireg fine
numerical meshes and, therefore, large computdtiomas in
order to guarantee numerical convergence. Curréiecte
clearly exerted an influence on the model dynamitsis
demanding a fair numerical reproduction of the

hydrodynamic properties. Furthermore, the non-lirezhavior

of the structural restoring forces plays an effextiole on the

tension as the model is stretched. Dealing with-livear
restoration is an important feature for the nunaricodes
aimed to predict deep-water taut-leg mooring lirespecially

due to the complex structural properties of elesienich as

polyester or nylon ropes.

A second set of towing-tank tests was performedh \ait

model in catenary configurations. Results are ailyebeing
analyzed and will be presented in a future paper.
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