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Abstract Floating unit, mooring lines and risers com-

prise an integrated dynamic system that responds to envi-

ronmental loading due to wind, waves and currents in a

complex way. The riser system response of a spread-

moored FPSO in deepwaters is greatly influenced by first-

order wave motions, where the consideration of wind-wave

energy spreading may have an important impact on the

integrity assessment. A 5-year database generated by a

numerical wave model (available from NOAA) provides a

proper representation of the wind-wave spreading factor

distribution for Santos Basin, offshore Brazil. Based on

these data and considering a cos2s formulation for the

spreading function, a short-term sensitivity study is per-

formed to evaluate the spreading parameter s influence on

the top tension response when the system is subjected to

beam seas. The numerical simulations are carried out em-

ploying a simultaneous dynamic analysis of the vessel and

slender structure system. Second-order loads, which may

also be important by inducing mean and slow drift motions,

are taken into account with a modification of Newman’s

method, where the drift force coefficients are averaged with

the squared surface elevation. The results show a sig-

nificant influence of s on the riser response statistics.

Keywords Wave energy spreading � Spread-moored

FPSOs � Numerical simulations � Fully coupled analysis

List of symbols

S Unidimensional wave spectrum

Sdir Directional wave spectrum

D Spreading function

x Wave circular frequency

Hs Significant wave height

Tp Peak period

c JONSWAP spectrum enhancement factor

h Propagation direction

h0 Mean propagation direction

s Spreading parameter

Sp Spectral width

m Structural mass matrix

A Frequency-dependent added mass matrix

B Frequency-dependent potential damping matrix

D1 Linear viscous damping matrix

K Hydrostatic stiffness matrix

x Vessel position vector

q Exciting force vector

q1 First-order wave forces vector

q2 Second-order wave forces vector

qEXT Loads from coupling elements vector

lx Mean

rx Standard deviation

Zm Largest expected value

1 Introduction

Numerical analysis of marine structures is usually made

under different levels of accuracy, depending on the

modeling requirements for a given phase in the project.

Simplifications may be convenient in early design stages,
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but the need for refinement increases as the project ad-

vances and requirements for precision and cost efficiency

get more rigorous.

This principle is verified during the assessment of loads

on the mooring and riser system of a Floating, Production,

Storage and Offloading (FPSO) unit. An expeditious pro-

cedure for the global analysis consists in evaluating the

floater motions through time-domain realizations of its

response spectra, obtained from the vessel’s own RAOs.

The motions are then prescribed to the risers and mooring

lines, which are described as a finite element (FE) model so

that the loads at the elements of interest—in response to the

FPSO motions—may be evaluated.

Such approach has been widely adopted in the offshore

industry, and, depending on the case, it may yield accept-

able results at reasonably short computational time. How-

ever, it does not take into account the coupling effects

between the floater and the mooring/riser system, such as

the inertial and damping loads, resulting from the dynamics

of the submerged slender structures. This is particularly

problematic for deepwaters, where the length of the lines

increases, and therefore, its dynamics becomes more rele-

vant, leading to rather inaccurate results.

Aiming at more accurate models, the development and

assessment of numerical tools incorporating coupling ef-

fects have been the subject of some recent research (e.g.,

[3, 5, 7, 17, 18]). As presented by [10], the coupling

schemes are characterized by how the equations of motion

of the floating unit and the lines are associated and solved.

In the so-called strong coupling formulation, the finite

elements of the lines are assembled together and the

floating unit is considered as a node of this model. For the

weak formulation, the coupling is performed by consider-

ing the lines influence as external forces acting on the

equations of motion of the floating unit in an iterative way.

Precise numerical tools are of low value, however, if the

model adopted for representing environmental loads lacks

in accuracy. Particularly, wave propagation may be de-

scribed either with or without consideration of the energy

distribution throughout different propagation directions. As

pointed out by [16], the responses of an offshore system

computed using a unidirectional spectrum (long-crested

sea) are usually overestimated in the main wave propaga-

tion direction, while the responses induced by waves from

other directions (short-crested sea) may be disregarded.

Modeling of wave directionality is therefore desired for

properly representing wave loads on the floating system.

Consideration of a directional wave spectrum does not

imply too much additional computational effort, but de-

mands the adoption of a reliable model for properly rep-

resenting the actual wave conditions on the operation site.

The directional wave spectrum, Sdirðx; hÞ, may be obtained

by combining the unidirectional wave spectrum, SðxÞ, with
the so-called directional energy spreading function,

Dðx; hÞ. This function may have different formulations,

among which the designer has to choose one that is ade-

quate for representing the local conditions and, at the same

time, should be simple enough to be implemented in the

available numerical tool.

Inherent complexities associated with measuring and

analyzing the directional characteristics of ocean waves

made it difficult to establish a consistent description for the

spreading function. It was not until [12] that the current

family of formulations started to be developed and, as

mentioned in [9], the last two decades experienced sig-

nificant advances in the measurement of the directional

wave spectrum, with a large number of measuring devices

working at different sites. As a result, different alternatives

for the spreading function have been developed, some of

them with relatively simple formulation.

Still, those formulations are based on parameters that are

highly dependent on the local weather conditions, so that

the designer needs specific information for a proper uti-

lization of the directional spectrum. Deploying a mea-

surement campaign is quite expensive, and as an

alternative, one can get data from one of the various nu-

merical wave models available today. Departing from the

local wind velocity fields and proper boundary conditions,

such models provide hindcasts of the sea states with ac-

curacy and commitment with the underlying physical

processes involved in the wave dynamics [4].

The objective of the present work is to evaluate how

sensitive are the riser responses to the consideration of

the wave spreading phenomenon, in comparison with

analyses carried out under unidirectional waves. The

case-study spread-moored FPSO is a converted VLCC,

operating in Santos Basin, offshore Brazil. The cos2s

wave spreading function is adopted in the model and is

adjusted with data obtained from the numerical wave

model WAVEWATCH IIIr [23] for the local conditions.

A number of sea states with varying peak periods are

selected for the simulations, which are performed either

considering or disregarding the wave spreading phe-

nomenon. A sensitivity study on the spreading parameter

is also carried out for a selected peak period. The results

are presented in terms of ship response and risers top

tension statistics.

In Sect. 2, the adopted directional energy spreading

function is presented, and aspects of the wave directionality

in Santos Basin are discussed based on the wave data

generated by WAVEWATCH III. Section 3 presents

modeling aspects of the analyses, including the FPSO

configuration, the adopted model for second-order wave

loads and the wave conditions considered. Results are
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presented and discussed in Sect. 4, and conclusions are

drawn in Sect. 5.

2 Description of waves directionality in Santos
Basin

2.1 The directional wave spectrum

The directional wave spectrum is obtained through com-

bination of the wave spectrum, SðxÞ, and the directional

energy spreading function—hereafter named ‘‘spreading

function,’’ Dðh;xÞ:
Sdir x; hð Þ ¼ SðxÞD h;xð Þ ð1Þ

where x is the wave circular frequency and h is the

propagation direction. A number of standard formulations

may be adopted for the wave spectrum, including the well-

known JONSWAP spectrum given by:

SðxÞ ¼ 320:4H2
s

T4
px

5
exp

�1951:2

T4
px

4

 !
cY ð2Þ

where Hs is the wave significant height, Tp is the wave peak

period and c is the peak enhancement factor, which may be

related to Tp as follows [16]:

c ¼ 4:42T�0:429
p ð3Þ

for Tp given in seconds. The Y parameter is found ac-

cording to:

Y ¼ exp � 0:159xTp � 1ffiffiffi
2

p
r

� �� �
ð4Þ

with r given by:

r ¼
0:07 for x� 6:28=Tp

0:09 for x[ 6:28=Tp

�
ð5Þ

The spreading function Dðh;xÞ is a nonnegative and di-

mensionless function with unitary integral in the inter-

val(�p=2, p=2):

Zp=2
�p=2

D h;xð Þdh ¼ 1 ð6Þ

A number of formulations for the spreading function can be

found in the literature (Wrapped normal, sech-2, Poisson,

von Mises, Boxcar, Triangular and others). Due to its

simplicity and adequacy for practical applications, one of

the most widely adopted is the cos2s function, which has

been introduced by [12] and is described by:

D hð Þ ¼ G sð Þcos2s h� h0ð Þ ð7Þ

where h0 is the mean wave propagation direction, GðsÞ is a
normalization factor given by:

G sð Þ ¼ 22s�1

p
Cðsþ 1Þf g2

Cð2sþ 1Þ
ð8Þ

and the spreading factor s is a positive real number that

controls the degree of concentration of the spreading en-

ergy around h0. C indicates the Gamma function. It is

noticed from Eq. 7 that the cos2s function is symmetrical

with respect to the mean propagation direction and inde-

pendent on the wave frequency. This is of course a sim-

plification, but as mentioned above the choice for this

representation is convenient for inclusion in numerical

models, since s is the only parameter to be determined for

application of the formulation. Figure 1 shows the pre-

sented spreading function DðhÞ for various values of the

spreading parameter s. It can be observed that as the

spreading parameter value increases, more energy is con-

centrated around the mean propagation direction. In the

limit case when s asymptotically tends to infinity, the

spreading function eventually approaches the unidirec-

tional case.

2.2 Wave directionality in Santos Basin

The location chosen for this study is a site in Santos Basin,

with a water depth of 1246.0 m. The wave climatology in

this region is mainly influenced by the atmospheric circu-

lation associated with the Atlantic anticyclone [1], which is

responsible for generating wind waves, and by swell sys-

tems, resulting mostly from storms at the extratropical

South Atlantic area [4]. A bimodal spectrum can be used

for representing the combined wind ? swell waves con-

dition, with the latter modeled as unidirectional. Although
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swell waves may induce significant motions to the floater,

in the present work only wind waves will be considered,

since the FPSO responses to swell waves could complicate

the interpretation of the wave spreading influence on the

risers—which is the main scope of this study.

Besides developing WAVEWATCH III, NOAA also

keeps a global wave hindcast database extending from

1999 to the present, calculated using as input wind fields

from NOAA’s Global Forecast System (GFS) [15]. The

data are publicly available and were used in this work for

determining reasonable values for the spreading factor to

be adopted in the analysis. This was done by analyzing

5 years of data, ranging from January 1, 2008 to December

31, 2012.

Wave data as calculated by WAVEWATCH III may be

given as partitioned spectral information, according to the

‘‘sub-peaks’’ of the correspondent wave systems—wind or

swell waves—that compose each sea state. This is done by

using a wave age criterion as to assess how influenced is

each partition from local winds [22], allowing the user to

properly distinguish between either kind of wave systems

through a rather physically based procedure.

In fact, for each 3-h sea condition, a block of data is

provided with a number of text lines corresponding to the

quantity of detected spectral peaks. Such lines are com-

posed by spectral parameters, including the wave sig-

nificant height and peak period, mean propagation

direction, spectral width and a factor to determine how

influenced by local winds is the correspondent sub-peak.

As shown in [11], the spreading factor s may be obtained

from the spectral width, Sp, through:

s ¼ 2

S2p
� 1 ð9Þ

with Sp given in radians. By considering only the wind-

wave partitions during the above-mentioned 5-year period

of wave data, the cumulative probability and the prob-

ability density functions are generated (Fig. 2). Above

40 % of the observed s values lay inside the 6.0–8.0 in-

terval. A s value of 7.0 is then selected as to represent a

relevant spreading condition for the analyses when wave

energy spreading is considered and the peak period is

varied.

3 System modeling and environmental conditions

3.1 FPSO–riser–mooring system

An FPSO with the characteristics given in Table 1 is

considered to be positioned by 20 taut mooring lines in a

spread-mooring configuration. Mooring lines and risers are

all modeled with bar elements, with varying mesh refine-

ment according to curvature distribution and proximity to

the floater and touch down region. Each mooring line is

composed of a polyester segment in most of its extent, with

chain segments in the extremities for connecting the anchor

and fairleads—see Table 2 for the lengths and cross-section

properties. The risers system is composed of 15 flexible

lines connected to a balcony placed at port, with properties

described in Table 3. The FPSO is headed toward
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Fig. 2 s Spreading parameter probability density (blue vertical bars)

and cumulative probability function (black line) for 5-year wind-wave

data in Santos Basin (Color figure online)

Table 1 FPSO characteristics,

where Lpp is the length between

perpendiculars, B is the beam, D

is the draft, D is the displace-

ment and Tn is the natural peri-

od in the specified degree of

freedom

Property Value

Lpp (m) 322.0

B (m) 55.0

D (m) 21.0

D (t) 380,000

Tn;heave (s) 14.0

Tn;roll (s) 15.0

Tn;pitch (s) 12.3

Table 2 Mooring characteris-

tics, where lmoor is the mooring

lines length, Dchain (m) and Dpoly

(m) are the cross-section di-

ameters for the chain and

polyester segments, respective-

ly, mchain and mpoly are the

masses per unit length and

EAchain and EApoly are the axial

stiffnesses

Property Value

lmoor (m) 2520.0

Dchain (m) 0.118

Dpoly (m) 0.225

mchain (kg/m) 260.0

mpoly (kg/m) 33.0

EAchain (kN) 980,000

EApoly (kN) 206,000
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southwest, which is a typical configuration in Santos Basin

as to avoid beam swell incidence (although, as mentioned

above, swell is not considered here). Figure 3 shows a top

view of the whole system, with indication of the risers

chosen for the analysis.

3.2 System dynamics and equations of motions

The equation of motion for the FPSO can be described as

follows:

ðmþ A1Þ€xþ D1 _xþKx

þ
Z t

0

hðt � sÞ _xðsÞds ¼ qðt; _x; €xÞ
ð10Þ

where m is the structural mass matrix, and A1 ¼ Aðx !
1Þ is the asymptotic value of the added mass matrix at

infinitely high frequency. It is well known that the viscous

damping is particularly dominant for roll motions and that

it is of highly nonlinear nature [6]. Determination of a

proper model for representing this effect involves the re-

alization of model tests or computational fluid dynamics

(CFD) analyses, a procedure that is beyond the scope of the

present work. A linear equivalent model is therefore

adopted, with D1 being a matrix of viscous linear damping

adjusted as to match a relative damping of 7.0 % in roll. K

is the hydrostatic restoration matrix, and the convolution

integral represents the radiation loads in time domain [8]:

hðtÞ ¼ 1

2p

Z1
�1

BðxÞ þ ix aðxÞ½ � expðix tÞdx ð11Þ

where aðxÞ ¼ AðxÞ � A1, with AðxÞ being the frequen-

cy-dependent added mass, and BðxÞ is the frequency-de-

pendent potential damping matrix. The exciting force term

on the right-hand side is given by:

qðt; _x; €xÞ ¼ q1 þ q2 þ qEXT ð12Þ

where q1 and q2 are the first- and second-order wave ex-

citation forces, respectively, while qEXT accounts for the

external loads induced by the coupling elements (mooring

lines and risers). Wind and current drag loads are not

considered in the present study.

For the fully coupled analysis, the complete system of

equations accounting for the rigid body model of the floater,

as well as the slender structure finite element model for the

risers and mooring lines, is solved simultaneously. The for-

mulation is of strong coupling type, that is, the floater is

modeled as a one-node rigid element with 6 DOF in the FE

matrix, together with the elements for the slender structure

model. Dynamic equilibrium is obtained at each time step

ensuring consistent treatment of the floater/slender structure

coupling effects. The restoring, damping and inertia cou-

pling effects are automatically included in the analysis. The

numerical method is based on an incremental solution pro-

cedure using the dynamic time integration scheme according

to the Newmark b-family. A Newton–Raphson iteration

method is used to achieve dynamic equilibrium.More details

on the numerical methods can be found in [18].

The slender structure meshing methodology employed

here is to consider a rather rough FE model, without

bending stiffness that is still able to accurately capture the

coupling effects (restoring, damping and mass). For a

number of selected risers and moorings lines, a refined FE

mesh is employed. This allows an accurate description of

the floater motion response with due regard of coupling

effects and also an adequate structural response calculation

for the selected risers/lines.

3.3 Wave excitation forces

The FPSO hydrodynamic coefficients and load transfer

functions were obtained through [25], a potential theory-

based program for analysis of fluid–structure interaction.

The first-order wave loads are considered through time-

domain realization of the load spectra, obtained from a

Table 3 Risers characteristics,

where lriser is the risers length,

Driser (m) is the cross-section

diameter, mriser is the mass per

unit length and EAriser is the

axial stiffness

Property Value

lriser (m) 1900.0

Driser (m) 0.112

mriser (kg/m) 30.4

EAriser (kN) 128,000

Fig. 3 Top view of the FPSO–riser–mooring system
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combination of the wave spectrum components for each

direction and the first-order load transfer functions.

A moored floating system usually has resonant period at

the same range as the slow drift loads, resulting in large

motion responses that induce important loads to the

mooring system. Risers respond mostly in the wave fre-

quency range, but the FPSO offset due to wave drift loads

may affect their geometrical configuration and, conse-

quently, the slowly varying mean tension induced on their

top connections.

By considering only the second-order loads oscillating

with difference frequencies, a precise calculation of their

magnitudes may be performed through the so-called

Quadratic Transfer Functions (QTFs). For unidirectional

seas, the second-order load time series in the DOF k is

given by:

q2;kðtÞ ¼ Re
XNfre

m

XNfre

n

amanH
ð�Þ
2;k ðxm;xnÞeiðxm�xnÞt ð13Þ

where am and an are the amplitudes associated with waves

of frequencies xm and xn, for m; n ¼ 1; . . .;Nfre and H
ð�Þ
2;k is

the QTF for a given pair of frequencies in the DOF k. In

short-crested seas, the problem has to be solved for each

pair of bi-chromatic and bidirectional waves, that is:

q2;kðtÞ ¼ Re
XNfre

m

XNfre

n

XNdir

p

XNdir

q

ampanqH
ð�Þ
2;k

� ðxmp;xnqÞeiðxmp�xnqÞt

ð14Þ

Now, the indices correspond not only to the frequencies m

and n but also to the directions p; q ¼ 1; . . .;Ndir of each

component of a wave pair. This implies that the quantity of

data is increased by N2
dir, which leads to an increase in

computational cost both for generating the QTFs and for

the time-domain simulation.

Approximations for the second-order wave loads are

well established for unidirectional cases. Newman’s

method [14], for example, consists in approximating the

off-diagonal elements of the QTF by their correspondents

in the diagonal:

H
ð�Þ
2;k ðxm;xnÞ �

1

2
H

ð�Þ
2;k ðxm;xmÞ þ H

ð�Þ
2;k ðxn;xnÞ

h i
ð15Þ

Similar approaches for the short-crested waves, however,

are not well developed as to be available in commercial

simulation codes. As mentioned in [24], components re-

sulting from the interaction between waves of different

directions have considerable influence in the total load,

besides those in the same direction of waves. In [19], a

method for approximating the QTF in directional seas is

presented where the authors avoid the whole transfer

function calculation, but still resulting in a more

computationally expensive procedure than Newton’s ap-

proximation for unidirectional waves.

In this work, Newman’s method is adopted, but with a

modification for taking into account the energy distribution

along different wave propagation directions. This is done

by averaging the drift force coefficients dðx; hÞ with the

surface elevation squared, as presented in [21]. Let the

surface elevation be denoted fðx; hÞ. The averaged drift

force coefficients for the frequency xl and direction

hk; d̂ðx; hÞ, are calculated as follows:

d̂ðxl; hkÞ ¼
PNdir

k¼1 jfðxl; hkÞj2dðxl; hkÞPNdir

k¼1 jfðxl; hkÞj2
ð16Þ

where Ndir is the number of directions considered. The

averaged drift force coefficients are then used in Newman’s

method for estimation of the second-order wave loads. This

approach does not take into account the interaction effects

among waves of different directions, while the process of

averaging the drift coefficients with the surface elevation

does not have its validity confirmed so far. It is neverthe-

less adopted as a convenient approximation for the present

purpose, which focuses on the risers system response.

3.4 Wave conditions

As to properly distinguish the action of wave spreading,

only loads induced by wind waves are taken into account.

Five different sea states are initially considered, with fixed

wave significant height and wave peak period ranging from

9.0 to 13.0 s, as shown in Table 4. The wave incidence

direction is kept constant, coming from 135�, which cor-

responds to southeast waves. Since the ship bow points

toward southwest, all sea states represent a condition of

beam seas. The JONSWAP wave spectrum presented in

Sect. 2 is adopted. In addition, a parametric analysis is

carried out by selecting different values for the spreading

parameter s between 2.0 and 20.0, under the wave condi-

tions of Case III.

4 Simulations and results

For each of the sea states presented in Table 4, 3-h

irregular wave time-domain-coupled simulations are

Table 4 Sea states considered in the analysis

Case I II III IV V

Hs (m) 4.0 4.0 4.0 4.0 4.0

Tp (s) 9.0 10.0 11.0 12.0 13.0
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performed using the software [20, 21], either considering

wave spreading—with s ¼ 7:0—or in long-crested waves.

In the former case, the wave time series are pre-generated

for a range of 41 directions around the average (SE), acting

on the port side of the FPSO.

The effect of wave spreading is analyzed in terms of the

mean and standard deviation of the FPSO motions for the

five cases of Table 4. Case III is then selected for a para-

metric variation of s (2.0, 5.0, 10.0, 15.0, 20.0 and unidi-

rectional), with verification of the spreading effect through

analysis of heave, roll and pitch responses spectral

densities.

The top tension largest expected values are numerically

calculated for risers 01 and 07 (Fig. 3) considering the five

cases shown in Table 4. The largest expected value Zm
during a given timespan corresponds to the mean value of

the distribution of the largest values of a process. For a

narrow-banded process, it may be calculated based on the

mean (lx), standard deviation (rx) and number of peaks

(np) observed in the time series [13]:

Zm ¼ lx þ rx
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln np

p
þ 0:5772ffiffiffiffiffiffiffiffiffiffiffiffiffi

2 ln np
p

 !
ð17Þ

In general, the first-order excitations due to a random sea

are filtered by the floating unit, so that motions of a reduced

band only are transferred to the fairleads of risers and

mooring lines [2]. Even though the line dynamics are also

influenced by nonlinear effects, the narrow-banded as-

sumption is then made for the tension time series, and

Eq. 17 is used for comparing the results obtained under the

five sea states considered, with and without wave direc-

tional spreading.

4.1 FPSO motions

Tables 5 and 6 show the mean and standard deviation for

the FPSO motions, either with or without consideration of

the wave spreading effect. For the mean value, only those

motions without hydrostatic restoration—the horizontal

DOFs—are of relevance, while the other DOFs are also

shown for reference.

From the sway motion statistics, it is noticed that both

the mean and the standard deviation present very low

variation among the cases with and without spreading, but

are higher when wave spreading is considered. Surge and

yaw motions present negligible values for mean and stan-

dard deviation, which is an expected behavior due to the

wave incidence direction and the symmetry of the

configuration.

For pitch motions, standard deviations are higher when

wave energy spreading is considered and present a growing

trend for increasing peak periods Tp. The values are nev-

ertheless very low, under the considered sea states. Heave

and roll present the opposite trend, i.e., higher values for

the standard deviation under long-crested waves, since

such degrees of freedom are expected to present higher

responses to beam waves.

Figures 4, 5 and 6 present the standard deviation for

heave, roll and pitch motions under the wave conditions of

Case III, considering the spreading values varying from s =

2.0 to s = 20.0 and also for the unidirectional case. For both

heave and roll, growing values of s lead to an increase in

the standard deviation values for the vessel response. The

opposite trend occurs for pitch, which presents a decrease

in the standard deviation for an increasing wave spreading

parameter s.

Figures 7, 8 and 9 show the spectral densities for heave,

roll and pitch motions, respectively, with s ¼ 2:0, s ¼ 20:0

and for the unidirectional case. The response in heave in-

creases as the energy spreading diminishes and the sea

assumes a long-crested configuration. For pitch, an oppo-

site behavior is noticed, that is, for the unidirectional case,

the response has its lowest values for long-crested sea,

when compared to the cases with more energy spreading.

Table 5 Mean values of the

FPSO motions
Case Surge (m) Sway (m) Heave (m) Roll (deg) Pitch (deg) Yaw (deg)

I s ¼ 7:0 �0.21 �5.19 �0.24 �0.43 0.04 0.31

Unidir. �0.23 �4.84 �0.24 �0.43 0.04 0.25

II s ¼ 7:0 �0.22 �5.16 �0.24 �0.41 0.04 0.31

Unidir. �0.29 �4.79 �0.24 �0.41 0.04 0.25

III s ¼ 7:0 �0.23 �4.97 �0.24 �0.37 0.04 0.28

Unidir. �0.34 �4.69 �0.24 �0.37 0.04 0.22

IV s ¼ 7:0 �0.22 �4.54 �0.24 �0.33 0.04 0.22

Unidir. �0.33 �4.40 �0.24 �0.33 0.04 0.17

V s ¼ 7:0 �0.19 �3.91 �0.24 �0.31 0.04 0.17

Unidir. �0.28 �3.84 �0.24 �0.30 0.04 0.13

32 Mar Syst Ocean Technol (2015) 10:26–37

123



Although the vessel roll response is dominated by WF

(wave frequency) motions, a modest amount of energy is

also noticed in the LF (low frequency) region, as observed

in Fig. 8.

In order to investigate the source of such LF excitation

in roll, an additional analysis was then carried out in the

absence of risers, therefore avoiding any possible influence

of their response in the floater motions. Figure 10 shows

the spectral densities for the roll moment induced on the

FPSO by the mooring lines and for the FPSO response in

sway. It is noticed that the LF peaks match fairly at the

same frequency, suggesting that the roll moment is induced

by the mooring lines in the presence of slow drift floater

motions in sway.

4.2 Top tensions on risers

Figures 11 and 12 show the largest expected tensions induced

on the risers calculated according to Eq. 17. It is observed

that for both risers 01 and 07 the values corresponding to

unidirectional seas are higher for all sea states, when com-

pared to short-crested waves. A difference of approximately

88 kN is verified for riser 07 in Case V, corresponding to an

overestimation of 13.4 %. It is also noticed that the distance

between curves increases with increasing wave peak period,

that is, as the wave period approaches the floater natural

frequency of oscillation in roll.

The sensitivity of riser top tension mean and standard

deviation to variation in the spreading parameter s is shown

Table 6 Standard deviations of

the FPSO motions
Case Surge (m) Sway (m) Heave (m) Roll (deg) Pitch (deg) Yaw (deg)

I s ¼ 7:0 0.24 3.67 0.27 0.50 0.17 0.41

Unidir. 0.21 3.55 0.34 0.67 0.04 0.25

II s ¼ 7:0 0.28 3.70 0.48 0.81 0.25 0.45

Unidir. 0.27 3.53 0.59 1.03 0.06 0.26

III s ¼ 7:0 0.31 3.66 0.71 1.20 0.32 0.47

Unidir. 0.34 3.58 0.85 1.47 0.08 0.28

IV s ¼ 7:0 0.31 3.43 0.92 1.61 0.36 0.49

Unidir. 0.34 3.52 1.08 1.92 0.09 0.29

V s ¼ 7:0 0.29 3.04 1.07 1.97 0.37 0.46

Unidir. 0.28 3.19 1.24 2.32 0.09 0.28
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Fig. 4 Heave standard deviation at various spreading values for Case

III
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in Figs. 13 and 14, respectively, for riser 07 subjected to

Case III wave conditions. It can be observed that the in-

fluence on the mean value is negligible. The standard de-

viation, however, presents a gradual increase moving from

the lowest value of spreading value adopted s ¼ 2 (more

energy spread) toward the long-crested sea.

A selected interval of the riser 07 top tension time series

is presented in Fig. 15, under the wave conditions of Case

III and for s = 2, s = 20 and for the unidirectional case. The

corresponding spectral density is shown in Fig. 16. It can

be observed that the response is mainly dominated by WF

components with higher peaks when the wave energy

spreading moves toward the long-crested sea, in a similar

fashion to what has been observed for the heave vessel

response in Fig. 7.

The analysis indicates that, for a system subjected to

beam seas, consideration of spreading effect leads to less
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Fig. 6 Pitch standard deviation at various spreading values for Case

III
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conservative results in terms of top tension variations when

compared to the consideration of unidirectional waves.

5 Summary and conclusions

The influence of wind-wave energy spreading on the riser

top tension response of a spread-moored FPSO, subjected

to beam seas, is analyzed through fully coupled time-do-

main simulations. The cos2s function is employed for the

wave energy spreading characterization, being very con-

venient for numerical applications since it is not dependent

on the wave frequency and requires only one parameter to

be defined together with the mean wave propagation di-

rection. The parameter range is then determined with basis

on average values observed for 5 years of wave data of

Santos Basin, obtained from a numerical wave model that

provides wave hindcasts departing from atmospheric input

data. The wave spreading effect can therefore be modeled

according to consistent data.

Fig. 10 Spectral density for total mooring moment around roll and

sway response
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The floating unit hydrodynamic coefficients are obtained

from a three-dimensional potential theory-based program,

where the proper evaluation of second-order loads for

short-crested seas is cumbersome. The calculation of full

QTFs involves evaluating the interaction between each pair

of bi-chromatic and bidirectional waves, resulting in a

large amount of data and therefore higher computational

cost. By keeping focus on the riser system where the

response is mainly governed by the first-order wave exci-

tation force, an alternative method is adopted. It consists in

Newman’s approximation with averaged wave drift coef-

ficients, as to take into account the energy distribution

along different wave propagation directions. This approach

is practical for the present numerical simulations, but

should be further investigated in terms of agreement with

experimental or accurately calculated numerical data,

specially when the mooring lines integrity is under

consideration.

Based on the case-study-specific short-term conditions

(beam sea with parametric variation of spreading s and

peak period Tp), the main conclusions can be summarized

as follows,

– consideration of wave directionality leads to different

floater responses in comparison with analyses consid-

ering long-crested seas. Particularly, responses in heave

and roll present a clear decrease in the respective

spectral densities as the spreading parameter decreases,

while the opposite is observed for pitch;

– heave, roll and pitch vessel responses are dominated by

WF components, although a small LF contribution is

observed for roll. This is possibly due to the roll

moment induced on the FPSO by the mooring lines

(with fairly the same spectral density peaks as slow

drift floater motions in sway);

– the standard deviation of heave and roll presents a

gradual growth as s increases, where the opposite

behavior is observed for pitch;
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Fig. 14 Top tension standard deviation at various spreading values

for Case III—Riser 07
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– the wave energy spreading presents a considerable

influence on the top tension expected largest and

standard deviation results, with negligible influence in

the mean values;

– as expected, the riser top tension response is mainly

governed by wave frequency (WF) components, where

the long-crested wave leads to higher top tension

standard deviations. This indicates that the unidirec-

tional assumption might be more conservative for

integrity assessment;

Further investigation is required in order to quantify the

wind-wave energy spreading effect on the long-term re-

sponse of the system, but the short-term analysis an-

ticipates an important influence on the riser top tension

response. Consequently, it is expected that a proper con-

sideration of this phenomenon may help leading to a more

accurate lifetime assessment. This is aligned with the

current industry need to decrease conservatism and cost in

new designs and also in the reassessment of existing sub-

sea systems.
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