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ABSTRACT: Floating Production and offloading (FPSO) systems have become the leading offshore structure
deployed in the oil and gas industry. Their station keeping capacity is usually possible with the use of mooring
lines which are anchored to the sea bed. The challenge however is that the response of an FPSO in shallow and
deep water have very different results. Studies have shown that the deep-water environment can easily be
modeled as the challenges in deep-water are easily known and can be managed, however this is not the case in
shallow water. Thus, this thesis aims to explain and show the reasons behind the possible differences in the
motion response behavior of an FPSO in shallow and deep-water scenarios in 3 degrees of freedom (surge,
sway and yaw). An analytical solution is achieved considering the Froud Krylov and diffraction forces in the
surge, sway and yaw directions, a time series relationship is obtained statistically. The analysis was done for
wave elevations of 6m 4m and 2m respectively at frequencies of 0.3,0.4,0.5 and 0.6 rad/s. The developed
procedure which is coded in MATLAB was validated against ORCAFLEX simulation for a deep-water wave
condition of surface elevation of 6m and frequency of 0.6rad/s for a similar vessel. The result for a 30s
simulation showed and error margin of between 4.1%, 12.1% and 15.6 % for the surge, sway and yaw motions
respectively. The results from the estimated motions for the different scenario showed the influence of water
depth on the response of an FPSO such that in shallow water there tends to be more motion due to the velocity
of the water which has significant effect as the distance from the seabed to the hull is short and as such the
velocity does not wear out and the low effect of damping from the mooring lines, whereas in deep water the
response is smaller as the damping effect from the mooring lines have significant effect on the FPSO’s response.
There also was seen a significant percentage difference between the shallow and deep-water hydrodynamic
forces in the surge and sway direction in a number of cases the shallow water force was more than 50%
different from the surge force which shows the reason why the motion in shallow water is more than that of the
deep water.
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I INTRODUCTION
Total oil production in the year 2000 from offshore locations accounted for about 22% of global
production and 1% of this came from deep water. As of 2010 these figures had soared to about 33% and 7%
respectively and by 2015 the latter is expected to bounce up to 11% [1]. Furthermore, the average depth of
installing subsea wells has seen a tremendous increase from about 200m in early 90s to about 1000m as of 2013
[2] and even beyond 1000m as of today. As such the offshore industry has continuously reached to new frontiers
since its inception as can be seen from the figure below.
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Figure 1 — Trend in water Depth for offshore Production [3]

Interestingly, it would seem more likely that operations in the shallow water should be less challenging
than that of deep water but unfortunately there have been some unanswered questions as to why the reverse is
the case. It would seem logical that the deeper you go into the ocean from deep to ultra-deep the challenges
should be worsened, however in most cases the challenges of the deep-water environment can already be
predicted and planned for, but in the case of shallow water the effects have proven challenging.

As some of the challenges may not be fully be understood, this project aims to compare and analyze the
maneuvering capacity of an FPSO in both shallow water and deep water by typically looking at the loading
effect on a structure (typically a moored FPSO) subjected to the hydrodynamic environment in deep water and
in shallow water to better explain some of the unknowns.

This project would enable to be more informed of the challenges that exists in both shallow and deep-
water scenarios, and in the event that certain details are yet unknown a much better safety factor can be inputted
in the design phase to cater for the cases of uncertainty.

Different standards have different ranges to define water depths for deep and shallow waters, but for
the purpose of this thesis deep water would be defined with water depths above 300m and shallow water would
be defined as water depth below 300m by industry practice.

It is important to note that a FPSO cannot produce oil and gas in isolation, it definitely would require
other offshore production systems such as the sub-sea production systems (SPS), umbilicals, flow lines and
risers (UFR), mooring lines, shuttle tankers, offloading buoy e.t.c. as shown in figure 2 below.

TLP (tension leg platform)

Figure 2 - Offshore production systems

Hydrodynamic and structural analysis take predominant roles in hull design on the grounds of safety,
environment and economy. This unit is designed to be on site for a specific number of years usually 25years
without dry docking and as such should be built to withstand environmental loads in such a way that the
structure does not go outside of a predetermined envelop, which means its sea keeping feature and its station
maneuvering is and should remain a top priority.

1.  MATERIAL

The FPSO is such that it gets its payload support from its buoyancy, the environmental loads are
resisted by vessel inertia and stability as well as mooring strength [4].

To accurately predict the response of a turret moored FPSO is often a daunting task. There are quite a
number of coupling terms and the FPSO’s global performance tends to be sensitive to variations in design
parameters. Although model testing has the limitations of Reynolds number discrepancies, physical dimensions
and current turbulence etc, when combined with numerical approach can be very effective in validating results
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[5]. The response in shallow water and deep water are not expected to be the same, in very shallow water depths
it is important that the motion performance of the FPSO is researched thoroughly for production and safety due
to the fact that the vessel may be damaged due to touching the sea bed in such shallow conditions [6]. In deep
waters, the responses of mooring lines become more significant and difficult to be accurately captured using
experimental approach [7].

Although this research is geared towards an understanding of the motion response of an FPSO it would
be of great importance to see what happens to tother vessel types. According [8] a balance between the inertial
forces, moments and hydrodynamic actions on the ship’s hull, propeller(s), and rudder(s) is essential to the
dynamic equilibrium of a moving vessel. More so, it would be essential to understand this balance between the
inertia, moments and hydrodynamic action on an FPSO as it plays a major role in the station maneuvering of the
vessel. In shallow water, the limited water depth will change the pressure distribution around the vessel and lead
to increase in hydrodynamic forces [9]. It is important to note that the maneuvering forces on a vessel are most
commonly evaluated using a ship-based axis system [10].

FPSO’s are usually fitted with mooring lines, these are used mainly for station keeping of the floating
unit and is made up of anchors, mooring lines, fairleads, tuggers and winches. There are several types of
mooring system used offshore based on the type of mooring line and its configuration. Majority of the mooring
systems are: steel chain catenary, wire catenary and taut polyester line, the main mooring line configurations
used in the offshore industry are turret moored systems or spread moored systems. Anchors provide the holding
power to the FPSO either by burying it into the seabed or by sheer mass or a combination of both.

In offshore locations where FPSO’s are used, the FPSO’s are stationed mostly through the use of a
mooring system which could either be spread moored or turret moored. The primary criteria for the choice of the
type of mooring system to be used is the prevailing environmental conditions in the region. For example, most
of the FPSO’s in West of Africa (WoA) are spread moored as the conditions in this region is relatively calm (Hs
of about 5m and Tp of 17s) although in some areas there are turret moored FPSO’s and a typical example is the
Shell SEAEAGLE situated in southern part of Nigeria. The mooring system provides the restoring force for the
floating unit and can have significant effect on the motion response in deep water. The effect of mooring lines in
shallow waters due to environmental loads are relatively small, however at greater depths the mooring lines
significantly affect the behavior of the system. Research has shown that the damping from the mooring lines
affect significantly the low frequency motions and mooring line tensions of an FPSO [11].

Figure 2.4 — Internal disconnécfable and Internal permanent turret mooring system for FPSO

Design Loads: The structural design of the hull of an FPSO needs proper and adequate
considerations for both still water loads, environmental loads and accidental loads. The still
water loads vary between the ballast and full load conditions and the still water conditions are
defined in the FPSO’s manual however the environmental loads are described through the
statistical metocean data. The focus of this thesis would be based on environmental loads.

In general, there exists Functional Loads (These refer to loads that arise due to physical existence of the
riser during operational and installation processes but neglecting environmental or accidental effects [12]),
environmental loads (these are induced by waves, wind and current) and accidental loads (these refer loads and
motions that are caused by accidental occurrences).

From a global analysis perspective, shallow water FPSO system can be much more challenging to
analyze and design than ultra-deep-water systems this is due to the environmental loading on the system in
shallow water, the hardening nonlinear stiffness of the mooring system that at extreme offsets could result in
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large variable loads, a low level of associated damping in the system and design an appropriate riser system
fluid transfer [13].

The metocean parameters which define the environment are of primary importance as these metocean
parameters include local surface wind, swells, current, tidal flows and waves [14].

IH1. METHODOLOGY
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Figure 4 (a) Analysis Flow Path

The FPSO is simply modelled as a rectangular cylinder, assumed to be slender, the unit is shown moored
according to figure 4
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Figure 5 (a) Schematic diagram of model moored FPSO (b) Plan View of FPSO model;

Equation of motion
The equation of motion resulting from the balancing of forces acting on floating unit using the popular
Newton’s law of motion is used to model the dynamic system of the floating unit. The components are as
described below in eq 1.
[M1{%} + [BI{x} + [Cl{x} = {F ()} 1)
Expanded further to accommodate the degree of freedom being investigated within this project scope (1,j=1,2,&
6), however, for the sake of easing the computational procedure, the yaw motion will be represented as i=j=3
instead of 6 during the development of the final equation of motion (eom), this is to avoid a jump during
iteration.
[m; + Ay] = (X} + [By] = (X} + [ + Kyj] = (X} = (F} )
Where;
The virtual mass matrix [M] as shown in equation 3, is composed of the actual mass and added inertial ‘m’ of
the unit and the added mass and added inertial ‘A’ components resulting from motions.
[M];; = [m]i; + [A];; 3
Using the standard form for the structural mass matrix;

(M1 My My

[m];; = [M21 M2 mzel 4)
(M1 Mgz Mg

Which can be written in actual terms as;
[ my, 0 —Yg *Myy

[m];; = 0 myq Xg * My, (5)
Vg *Mi1 TXg *Myy I,

my1 is the structural mass of the unit, the responses (displacement, velocity and acceleration) and force vectors
are denoted as:

Xl X]_ X::l Fl

m-fel o @l o w-fil e w-l e
Xe X X Fe

In the present study, the moment of inertial around the z-axis is estimated as equation 10 using the under-water

geometric dimensions of the unit,

I, = lge = % * (Lsz + BSZ) (10) or I, =mx* K222 (11)

Using the radius of gyration about the yaw axis.

Estimation of the Excitation Force
The force estimate used for this analysis is limited to the Froude Krylov and the diffraction force on the unit.
Approximate equations according [15] adopted. Figure 5 shows the coordinate system used for the development
of the force equations.
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Figure 6 Cordinate system showing a strip at section x from unit centre of gravity

Froude Krylov Force Estimate

The Froude Krylov force assumes that the wave field or pressure is unshattered or undisturbed in the presence of
the hull. The approximate equations for the dof under investigation are shown below according to equations 12
to 14

Surge:

Xei = pgb. [, A(X).dx —pg.cos (). [, F(x).A(x).sin(§; + x.cos(p) —c.t).dx (12)

Sway:

Yex = pg.sin (p). [, F(x). A(x).sin(§; + x.cos(p) —c.t).dx (13)

Yaw:

Neg = pg.sin(p) . [, F(x).A(x).x.sin {k.(§; + x.cos(p) — c.t)}.dx (14)

With

= ), ) o
sin(¢p)

Where:

A(X), B(x) are the wetted area and the breadth of each strip at each instant of time respectively.
c is the wave celerity and k the wave number,

k= %2 for deep water and k = \/%_d is for shallow water (d being the water depth)

{,, is the wave amplitude

y is the instantaneous roll angle

0 is the instantaneous pitch angle

¢ is the instantaneous yaw angle.

The yaw angle w.r.t the wave direction changes with time in 12-14, and this affects the entire system over every
time step.

Diffraction Force Estimate

The diffraction force is the wave force due to the diffracted wave pressure field as a result of the presence of the
hull. For a regular wave of frequency w , the approximate equations for the diffraction forces in sway and yaw
are given according to equation 16 and 17.

Sway:
Yor = f [mzz(x) 2 +b,, (X)WH] dx (16)
Yaw:
Npp = f [mzz(x) L0 by, (x)WH] (x)dx (17)
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With

wy =a.k.c. sin(go)_e—k(fc—x.e+z’3(x)).cos{ k. (fG + x.cos(p) —y', (x).sin(p) — c. t)} (18)
wy = a.k.c.sin(¢). e"‘(fG""eJrZ'B(")).sin{ k. (& + x.cos(p) — y',(x).sin(e) —c. t)} (19)
Wy = —a.k?2.c. sin(go).e"‘(fG""e”'B(")).cos{ k.(& + x.cos(p) — y',(x).sin(e) —c. t)} (20)
Differentiating to get the corresponding accelerations;

dd# = a.k?. c2.sin(g). e *(E—x8+2'p(0), sin{ k. (&5 + x.cos(p) — y' 5 (x).sin(p) —c. t)} (21)
dﬂ% = —aq. kz.c2.sin(go).e"‘(fG‘x'e“'B(x)).cos{ k.(é; + x.cos(p) — y',(x).sin(e) —c. t)} (22)
dﬂ% = —a. k32.cz.sin(go).e"‘(fc‘x'e“"?(x)).sin{ k. (& + x.cos(p) — y',(x).sin(ep) —c. t)} (23)

y', and z'p are the coordinate of the centroid of the instantaneous wetted hull strip.
The equations 16 and 17 can be easily solved for the appropriate values of the respective diffraction forces at
every time step, hence a time varying diffraction force is obtained which is then added to the Froude Krylov
force to get the total force before solving the motion equation.

Estimating the added mass, damping and stiffness matrix coefficients
The virtual mass matrix and the damping coefficients are the hydrodynamic coefficients significant in the
determination of the dynamic behavior of the unit in wave. The virtual mass is composed of the actual mass and
inertial ‘m or I’ of the unit and the added mass and added inertial ‘A’ components resulting from motions.
For moored FPSO with large number of initially taut or tensioned tethers, the values of the mass of the unit
changes slightly by taking up the adherent mass of the slacked polyester lines. This mass however is negligible
compared to the structural mass of the unit and thus cannot be added to the unit mass for the purpose of
computation. In the present studies, restoring capability is enabled by the taut lines depending on the number
been used. Thus, the restoring coefficient is estimated based on the number of lines and configuration used.

Determination of the Added Mass and Inertia Matrix

The standard simplified Lewis Conformal Mapping was used to estimate the added mass terms. The 2D Strip
theory is used in this form, to estimate the 2D added mass and inertial coefficients which are then integrated
over the length to determine the 3D Coefficients. The procedure according to [16] was implemented to compute
the scale factor u, , and Lewis’ coefficients a; and a;. These values are then used as input values in the
computation of 2D added mass for some of the motion states. See equations below;

Sway

Moz = ?Mgz [(1—ay)? + 3as?] (24)

Sway —Roll

Haa = 4pud Fa (1 - a)(1+a) + a2 (1 + ap) + a1 — a) — 2] (25)
Heave;

Hss = i [(1+ a;)? + 3a57] (26)

Roll;

Haa = mpps* [a,2(1 + a1)® + 2a37] (@27)

The non-zero added mass/inertial is then approximated using twenty-one (21) mid-ship sections equally spaced
at Ax. Note that for a stationary unit, like the FPSO its velocity u=0. This reduces the equation as presented by
[16] to those of equation 28 below.
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Azz = X gzAx
Azs = Y X li33. Ax
Ags = XY x. liz3. Ax
Ags = X X% lg3. Ax
Agy = Xlipp. Ax

Azs = Asp = Xfipax (28)
Aze = Ay = XXy Ax
Ayy = X sy Dx

Aye = Ags = XX [lp4-Dx
Age = XX 15 Ax

Combining the elements of equation 24 and 27 the virtual mass matrix of equation 28 can be estimated at the
given time step.

Other approximate techniques can be applied to determine the diagonal elements of the added mass matrix. See
[17] for elaborate procedure.

The final added mass matrix is then represented as;

Ay Ay, A0 0 0
[A];j = |A21 Az Az|=|0 Az Az (29)
Agr Asy Al 10 Agy  Agg

The cross-sectional areas were obtained from the generalized form of the trapezium rule for unequal intervals
applied to the offset points for each section. This brings the virtual mass matrix to
myq 0 —Yg * My,
[M];; = 0 myy + Ay, Xg *Myy + Aye (30)
—Vg*¥Myy —Xgxmy + A I+ Age
Damping coefficient approximation

Sway;

bzz = p.w.lzz.DSZ (31)
Heave;

b33”= p.a).l33.BS3 (32)
Roll;

b44 = p. . I44.DS4 (33)
Sway-Roll;

b24 = p.w.lz4.DS3 (34)

Were I;; D, B are the non-dimensional mass/Inertial coefficient of the ship form, the Lewis form draft and
beam respectively.
For a regular wave of frequency o, the time variant parameters in the equation include D, (t), B, (t), I; (t). These
values are thus used within the time loop and are recomputed at every time step.
For the regular wave scenario, the equations 25 to 34 can be easily solved for the appropriate values of the
respective 2D damping coefficients at every time step, hence time varying value is obtained. The non-zero 3D
damping coefficient can then be approximated using a predetermined odd number of mid-ship sections (21
strips) equally spaced at Ax . These values are then used to form the damping matrix before solving the resulting
motion equation. Note that for a stationary unit, like the FPSO, U=0. This again modifies the equation according
to [16] to those of equation 35.

B33 = X by3Ax )

By = x. bss. Ax

Bsy = Y x.bs3. A%

Bss = X x%.bgs. Ax

By, = Y byy. Ax

Byy = By, = X bpulx

By = Bg, = X x. b,y . Ax

Biy =Y by Dx

Bic = Bgy = X x. by, Ax

Bgg = X x%. by, Ax

) (35)
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Combining the elements of equation 31 - 34 and 35, the non-zero 3D potential damping coefficient matrix of the
eom can be solved at any given time step. Thus, the final damping matrix (potential damping) excluding the
structural damping reduces to

By Biz Big1 [0 O 0
[Blij = |B2a1 Baz By |=|0 By Bzel (36)
Bsi  Bsz Begl L0 Bgy B

Restoring coefficient

Restoring coefficient matrix resulting from the free floating FPSO (CC;;) is modified by the restoring force
introduced from the mooring lines stiffness K;; to give the final restoring coefficient matrix (C;;). It is
significant to note that, without any form of fixation of unit, there is hardly any restoring against the surge, sway
and yaw motion modes from the unit-wave interaction. The equation of the restring matrix is given by equation
35,

Cij = CCy; + K5 (37)

Using standard equations with parameters given, the non-zero elements of the CC;; matrix can easily be
approximated thus;

CCs3=pgSp or pg[Bs(x)dx
CCss = pgx;Sy  or —pg [ x.Bs(x)dx 38)
CCss = pgl, or pg [ x* Bs(x)dx

CChs = pg.V.GMy. J

Thus, the final restoring from the free-floating unit w.r.t the motions under consideration is thus;
CC;y CCp CCl [0 0 0]

[CClij = |CCy CCyy CCZGl:[O 0 0 (39)
CCy CCsy CCoel L0 0 O

Approximating the Restoring Coefficient contribution from mooring Taut Tethers

The unit is assumed to be moored using a taut tether instead of a steel catenary system. Taut polyester mooring
lines are light, and produce their restoring force via a pre-tension technique which is applied to it. It has more
advantages in terms of economy and safety of operations. The method adopted is found in [18]. The capacity to
restore is due to the elastic nature of the material with elastic stiffness 1.

The overall stiffness from the entire mooring lines is represented by

K =22k (0)
Where;

kf}. is the stiffness matrix for a single mooring line.
Nm is the number of mooring lines used.
For a single mooring line, with a pre-determined pre-tension T. T = % (41)

MBL — maximum breaking load of polyester material

SF — recommended safety factor

Two attachment points (the fairlead and anchor points) are established or approximated using the depth of water
D and the attachment angle at the sea bed.

t=0 t=t

Seabed

Te (x2, y2, 22)
Figure 7 Mooring line motion resulting from moving FPSO

At the initial position i.e., time (t)=0, when all lines are taut, the restoring force is defined by the direction
cosines. For a single line index ‘q’
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With

ar =X; =X

br =y, — J’1} (42)
Cr=2,—2;
l, = cos(a) = %}
L, = cos(p) = ’JL—T} (43)
[, =cos(y) = a

L
Initial length of taut tether is;

L= /aTZ + by’ + cp2 (44)
Due to the small motion "Ix, new tether length to 1% order approximation gives;

L'=L+6L=L+F.6x (45)
This will create additional tension, that can be evaluated as shown below;
6T = A.6L = A.-F . 6x (46)
Thus, the resulting restoring force component in x-direction can be represented as;
6T, = (T + 8T) cos(a’) — T cos (a) 47
Where the direction cosine in new position (2) is then obtained
cos(a’) = %,Sx (48)
. _ ar 1+8x/ar _mar
o Ty = (T +6T) Lr [1+6L/L] T L (49)
T, = Tcos(a). {2—’; — % + ST—T} (50)
Approximating to first order, with the change in length given as;
SL =~ éx.1, (51)
8T, = ZL XX — 1. 6x + 227 6x] (52)

L ar T

2 7.2

ST, = AL+ 0% = g 2 DO (53)
The first stiffness term is defined as the limit expression of equation 55

. ATy
K, = limg, o |22 (54)

This is then approximated as;
Ky = AL+ (55)
Other terms are estimated accordingly following similar procedure, thus;
T 3
K =[A+5] 1.1,

kfz = kg1
T
kgl =[2 +Z]'lx-lz
kfs = kg1

s 56
Ky = AL7 + - [1—- 1] (56)

T
kG, =[2+5.1,.1
kgs = kgz

Ky = AL +T[1-1,7]

The remaining terms in the 6 X 6 matrix are computed as functions of the ones already estimated above;
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a9 _ 1,9 _ 1.4 L4
kyy = kiy = kg ¥y, = kyy * 2,

kg1 = kfs = k;ll *Z3 _kgl * X
kg1 = k;16 =k31 * X2 _kfl *Y2
kgz = kgs = k3; * 2, — k3 * %
kgz = kgs Zkgz * X2 _k31 *Y2
kis = ki, = ks xy, — k3, * 2,
kg3 = kgs =k, * 2, — kis * x
kis = kis = ki, xx; — k3, * v,

ki, = kdy % y,2 — 2k, x y,.2;, + ki, * 2,°

b (57)

kg4 = kZS = kg1 *Y22y — kg1 * 727 + kgs * Vg X + kgz * Xp.Zp

kg4 = kZe = kgz * Yo Xy — kgz *Zy Xy — kg1 * Y2 + kg1 * V2.2,
kgs = kf1 * 2,7 — 2kg1 *Xp.Zy + kgs * X2

kgs = kge = kg1 *Zy. Xy — kgz * 2% — kfl *Yp.Z5 + kg1 *Y2.X;

ks = kg, * x,% — 2k, * y5.x5 + kiy * y,° )
The above procedure is repeated for all other lines (g=1: Nm). It is important to note that the fairlead position is
radially spaced around the turret base radius for all the lines, the anchor point at the sea bed varies for each line
as well. The mooring line restoring matrix K; is estimated thus using equation 39 for 3-dof been considered as
thus;

q=Nm ; q q=Nm ;. q q=Nm ;. q
[Zqzl kiy Zq:l ki, Zq:l k16]

Ki1 K, Kig | «g=nm , q q=Nm , q q=Nm ; q

[Klij = |Ka1 Koo Kpe|=|Xgor Kon Zgon Koo Zgoi Kz 0
K, K, K, = = z
61 HKe2 Mee lzgz’l\’m kg, Zgzllvm kg, Zngm kgsJ

To calculate the total stiffness, equation 59 is used
D D Wy S Wil 8

q=1 q=1 q=1
Cy = CCy + Ky = IZZii”’” S W A O (59)
DX N Wl S Wl A

Since for this study, CC;; = [0]
Numerical computation to the Equation of Motion
The final equation of motion to be solved is a 3 dof 2™ order differential equation. It is of the form in equation
2, [my; + Ay = {X3 + [By] = (X} + [Cy + K] = (X33 = (F)}
Substituting equations, 6 to 9, 29, 35 and 59 yields the eom as shown in equation 60.

myq 0 Vg *Myy ] X1 0 0 0 Xl
0 myy + Ay, Xg*Myy 4+ A1 X2 ¢+ [0 By Ba|{X, ¢+
(Vg *mMyy =Xy xmyy + A, I, + Age 1 X 0 Bs, Bes X,
T, g, g
s, v, v fhel - ©
D o e A

The mathematical model representing the system is solved using the Runge-Kutta Carskarp multistep method
after the application of the state space method.

The methods solution algorithm is designed for fixed time step. For the Runge-Kutta methods, the 3dof 2" ODE
was first converted into two 1% ODEs using the state space technique, after which they are numerically solved.

Motion Time history Analysis Technique

The output from the motion simulator is the time histories of the displacements, velocities and
accelerations (translational and rotational), forces or moments. Time series data are treated differently from the
other conventional data sets.

The wave input as well as the generated response are produced as time series from the various
simulation channels. The raw data can be directly visualized from the time history or Fourier analysis carried
out on them to enable conversion into the frequency domain for visualization. The direct first-hand visualization
of the time series is significant for use in assessing the global validity of the simulation or test, in which the
amplitude and critical periods are estimated. In a similar manner, the visualized frequency domain data is used
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to decide the possibility of using a filter with the knowledge of the response frequencies and perhaps the noise
level also [19].

Some of the descriptive statistics obtainable directly from the time series or the spectra density curve
used for the evaluation of the response include the average (a,), maximum (Xmax) and minimum (Xmin), i.e., range
(Xmax - Xmin), the variance (m,) or standard deviation(c). In addition to these statistics, the spectra moments (my)
is also required from the spectra density curve. The significant value (y3), average period (T,), and average
zero crossing period (T,) of response are estimated thus.

m, = fooo o"S(w).dw (62)
(n=0,1,2,4)
o = i)
Vi3 = 40|}
T, = Mo (63)
&
T, = m—‘l’ J

For the irregular wave and associated irregular time series, the spectra density can be obtained by using the
power density function (PSD), according to [20] and [21]

Dimensions and Data of FPSO, Wave and Mooring lines
Principal dimensions of the FPSO

Length 206.75m
Beam 38.4m
Hull depth 30.08m
Hull form coefficients (C,=0.843, C, =0.80, C,»=0.90)
Mooring Line Data Wave Characteristics
D, 245mm Elevations 6m, 4m and 2m
MBL 20307KN Frequency 0.3, 0.4, 0.5, 0.6 (rad/s)
EA 599000KN Period 20.93,15.7, 12.56, 10.46 (s)
SF 1.82 Shallow water depth 300m
ML, 40.7kg/m Deep water depth 1028m
MLz 9.4kg/m
Sg 1.38
Stiffness 310.6707KN/m (SINGLE LINE)

The above data were used in the MATLAB routine, to solve for the various output parameters and the
displacement response extracted for statistical evaluation and these results were further validated using
ORCAFLEX
IV. RESULT AND DISCUSSION
Variation of response in shallow and deep water
The figures below are derived statistically from the time series of the different runs using the MATLAB code;
20

% b= Shallow 20 —@— Shallow
¢10 | —@—Deep E —e— Deep
H g0
0 0
0 0.2 0.6 0.8 0 0.2 0.4 0.6 0.8

Wave fr

o

quency [rad/s] Wave frequency [rad/s]

Figure 8 Surge motion comparison for deep and shallow water atz=6m  Figure 9 Sway motion comparison
for deep and shallow water at z = 6m
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Figure 10 Yaw motion comparison for deep and shallow water at z = 6m
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Figure 11 Surge response in deep and shallow water [6m, 0.5rad/s]
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Figure 12 Sway response in deep and shallow water [6m, 0.5rad/s]
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Figure 13 Yaw response in deep and shallow water [6m, 0.5rad/s]
To validate the analysis carried out using MATLAB, a further analysis was carried out using

ORCAFLEX for a frequency of 0.6 rad/s, period of 20.94s and a water depth of 1200m. The results are shown
below and further explained afterwards.
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Figure 14 3D ORCAFLEX Model
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Figure 15 Surge response — MATLAB/ORCAFLEX Figure 16 Sway response —
MATLAB/ORCAFLEX
20 40
0 Yaw
~
° estimated
= Motion mode MATLAB estimate| ORCAFLEX |  Yeerror
2 Yaw
L std | 0.128050279 | 0133520339
Orcaflex surge |
sig.value| 0512201114 | 053408135 | 410
" std | L2697 | LAMBIELT
! sig.value| 507678817 | STT9MELT | 1215
-1.4E-20
Time (s) o | SO | ANEBEAL | 4TS
! sg.value| L600B1E-20 | 18959E-20 |  -15.56
Figure 17 Yaw response — MATLAB/ORCAFLEX Table 1 Error Calculation between both methods

The goodness of fit between the two methods as captured by the validation plots of figures 14 to 16
showed that the regression between MATLAB and ORCAFLEX is between 0.91, 0.85 and 0.95 for the surge,
sway and yaw motions respectively.

I1l.  CONCLUSION
FPSO’s have become a leading engineering system for offshore operations in shallow, deep and even
ultra-deep waters ranging from water depths of 50m to above 3000m and its versatility cannot be overlooked,
however there are so many different factors that can affect the motion response of the FPSO and as it continues
to remain an important aspect of the engineering system there needs to be continuous studies on the reasons for
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the different challenges that the FPSO undergoes and solutions to combat such challenges or minimize the effect
of the challenge.

As can be recalled, RAO’s which stands for response amplitude operator is a statistical phenomenon
used in the marine/offshore industry to measure the behavior of the FPSO operating at sea. This was derived
using a time series evaluation and while a Fourier series technique could be used to interpret the time series
evaluation a statistical approach was used.

From the results above it can be seen that within the envelope of the analysis (frequency range: 0.3
rad/s — 0.6 rad/s and wave elevation: 2m — 6m) the same vessel responds differently in shallow and deep water,
however this project was dedicated to motion response in 3 degrees of freedom (Surge, Sway and Yaw), and
from the analysis it can be seen that the surge, sway and yaw forces are responsible for the vessel response in
the surge, sway and yaw directions furthermore, it can be observed that majority of the time the surge, sway and
yaw motion responses in shallow water seem to be greater than that of deep water and this is often the result of
the water depth as the velocity of the water in shallow water has greater effect than in deep water due to the
water depth, also the deep water conditions allows for better damping from the mooring lines which reduces the
force on the vessel and its corresponding motion effect.

Knowing this, that the motion response in shallow water is more than that of deep water, engineers
need to take care in the design and operation of an FPSO in shallow water scenario such that during the life span
of the FPSO at field (25 years) the vessel should be able to withstand the pressure forces acting on it without
undergoing failure.
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