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a b s t r a c t

In this study, hull dimensions of an FPSO were optimized to maximize its operability at Brazil field. In
contrast with the previous works which have used simplified models to evaluate some indicators related
to stability and hydrodynamic performances of FPSOs for its own optimal design, we developed a generic
hull and compartment modeler and sophisticated stability and hydrodynamic calculation modules. With
the aid of the developed tools, the hull optimization was performed with initial dimensions of an FPSO
originally designed for west Africa field. The optimization results indicated the relative importance of
hydrodynamic performances compared with stability performances for the FPSO hull dimensioning by
showing that there were 3 active constraints related to them, which were the natural periods of heave
and roll and the maximum pitch angle under 1-year return period waves at full load condition. To the
author's knowledge, this study is the first attempt to combine altogether the hull and compartment
modeling and full set of stability and hydrodynamic calculations precisely to optimize an FPSO's hull
dimensions within 30 min. Also, it is worthwhile to mention that the developed methods are generic
enough to be applied to all types of ship-shaped offshore platforms.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

FPSOs are the most prevailing floating offshore platform due to
their large storage capacity and deck area for topside installation
compared to other offshore platforms such as semi-submersibles,
TLPs and spars. In spite of their advantages, FPSOs have relatively
large motion responses to wave excitations attributed to the large
waterplane area. Some of the topside equipment such as separators
cannot function effectively when the roll or pitch angle exceeds 5�

to the horizontal plane (Khaw et al., 2005). Therefore, when the
FPSO experiences large motions, there exist downtimes in which
the operation of the process plant has to be suspended. Indeed, the
downtime of 10e14 days per year is not uncommon in existing
FPSOs. Thus, further increase of environmental downtime is inev-
itable if they are not properly designed considering the environ-
mental conditions of target fields. Since the motion response is
closely related to the dimensions of the FPSO, it is important to
f Naval Architects of Korea.
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determine the dimensions of the FPSO carefully during the pre-
liminary design phase.

The hull dimensioning of the FPSO is an iterative process to
satisfy the functional requirements from multi-disciplines such as
hydrostatics, hydrodynamics, structural design and commercial
evaluations based on an early sizing of the topside. A few attempts
have been made on the hull dimensioning of the FPSO by a sys-
tematic approach or an optimization technique. Khaw et al. (2005)
proposed a preliminary hull dimensioning methodology with
focusing on the minimization of the downtime to avoid financial
penalties. Akandu et al. (2014) performed systematic motion and
relative wave analyses with varying hull dimensions to determine
the optimal hull dimensions to prevent the green water on deck.
The same authors extended their methodology in 2015 to take
more general design requirements into account such as storage
capacity, transverse metacentric height (GMT), natural roll period
and etc., to determine the optimal hull dimensions in terms of
motion response and wave bending moments. Schmidt et al. (2014)
applied the sequential quadratic programming (SQP) gradient-
based optimization technique and simulated annealing based
heuristic optimization method to the hull dimensioning with a
er B.V. This is an open access article under the CC BY-NC-ND license (http://creative
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Fig. 1. Main functions of developed program.

Table 1
Main dimensions of the initial FPSO model.

Length (m) Breadth (m) Depth (m)

Initial FPSO model 280 59 33
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multi-objective function of the financial costs, the heave response
variance and a penalty function for the natural roll period.

However, these previous works have used relatively simple
models with regards to hull geometry, stability and hydrodynamic
performances. The authors except Khaw et al., used a simple box-
shaped FPSO hull model. Also, only Khaw et al. modeled com-
partments realistically while others used simple box-shaped
compartments or did not model the compartments at all. In the
previous studies which took the stability into account for the hull
dimensioning, the authors evaluated the stability of the FPSO
indirectly by limiting the GMT value within a desirable range
(Akandu et al., 2015; Schmidt et al., 2014). Also, the previous works
evaluated the hydrodynamic performances indirectly by limiting
the roll and heave natural period in a desirable range (Khaw et al.,
2005) or using theoretical equations for the heave and pitchmotion
applicable only to the box-shaped FPSO under head-sea condition
(Akandu et al., 2014, 2015; Schmidt et al., 2014). The above-
mentioned modeling error may result in differences in the stabil-
ity and hydrodynamic performances than preliminary expected, so
that the designed FPSO hull does not become fully optimized for the
target field. Thus, more time and cost are needed to perform the
loop of design spirals to obtain the optimized hull dimensions.

In the present study, we investigated the optimum FPSO hull
dimensions with 1800 MBBLs tank capacity for Brazil field using a
newly developed simulation program; the Brazil field was selected
as a target field because there are still open projects even in the
current downturn of the offshore oil & gas production (EMA, 2021).
The developed simulation program provides a generic hull and
compartment modeling function for the FPSO with prismatic bow
and stern shape. It also provides with a function that makes the
selected compartments keep their volume or bottom area un-
changed by adjusting the bulkhead locations of the corresponding
compartments as the hull dimensions vary. This function helps to
find the optimal solution more easily by handling the equality
constraints on the volume or area in the hull and compartment
modeling stage, not in the optimization process. In addition, it is
capable of the full hydrostatic and hydrodynamic calculations in
real-time. The accuracy of the calculation results is at the same level
of the commercial software. With the aid of this real-time simu-
lation program, we present the optimized hull dimensions which
minimize the downtime with satisfying the constraints related to
the hydrodynamic performances such as the natural periods of roll
and heave and the extreme values of motion and acceleration as
well as intact stability requirements specified in the IMO's inter-
national code (IS Code, 2008) and MODU code (2009).

2. Methodology

2.1. Overview

The main functions of the program are summarized in Fig. 1. The
program consists of three main modules: hull & compartment
modeling, hydrostatic calculation, and hydrodynamic calculation.

At the beginning, the procedure started with the modeling of
the hull and compartments with hull geometry parameters
including length, breadth, depth and all the bulkhead locations
forming the compartments. In this work, an FPSO with 1800 MBBLs
cargo tank capacity which is the typical requirement, was used as
an initial model to be optimized at a later stage. The main di-
mensions of the initial FPSOmodel are listed in Table 1. More details
on the hull and compartments modeling are described in Section
2.2.

After the modeling work, the weight modeling was followed.
Since weights and their center of gravity depend on the hull and
compartment geometry, the weights and their locations were also
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modeled parametrically. With the defined geometries and weight
of the FPSO, the hydrostatic analysis was carried out. In order to
perform the assessment of the stability of the FPSO, additional in-
formation such as wind speed, topside area and overturning
moment coefficients is also required. In the present study, the IS
rule (IMO, 2008) and IMO MODU rule (IMO, 2009) were applied to
check the stability of the given FPSO. Details on the hydrostatic
analysis will be presented in Section 2.3.

As a result of the hydrostatic analysis, the information on the
mass and hydrostatic stiffness of the FPSO for the given dimensions
was obtained, which was the required one for the hydrodynamic
analysis. The main purpose of the hydrodynamic analysis is to
establish response amplitude operators (RAOs) for the motion and
relative waves for the interested points. Here, the RAO is a kind of
transfer function defined as the complex amplitude of a response to
an incident wave of unit amplitude, frequency u and direction q

(Newman, 1977). In order to obtain the RAOs of the motion and
relative waves, added mass, radiation-damping, wave excitation
and elevation are additionally required together with the hydro-
static stiffness calculated from the hydrostatic analysis. These
values were calculated by applying the multi-dimensional inter-
polation technique on the pre-prepared database on hydrody-
namics. The database for these items had been obtained by using a
commercial motion analysis software for all combinations of the
several selected hull lengths, breadths, depths and drafts within the
practically interested range. Based on these RAOs, the extreme
values of the motion of the FPSO at Brazil field were assessed. Also,
the operability, the portion of uptime which is the reverse notion of
the downtime, was evaluated with the wave scatter table of the
field. Details on the hydrodynamic analysis and required input in-
formation will be described in Section 2.4.
2.2. Hull and compartment model

The FPSO hull dimension optimization requires modeling tools
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for a parameterized hull. In order to obtain precise optimization
results, the parametric hull model has to be as close as the actual
FPSO. To achieve this, we developed a parametric hull and
compartment modeler for FPSOs. Parametric modeling of the hull
shape has traditionally used explicit modeling method using
parametric equations such as B-spline surfaces (P�erez et al., 2008;
Khan et al., 2017). However, it is not easy to model a hull shape
including compartments by explicit modeling. Therefore, in this
study, the shape of the hull and compartments of an FPSO was
modeled using the procedural modeling method which is widely
used in mechanical design (Pratt et al., 2005; Kim et al., 2011). In
procedural modeling, a shape is represented by a set of modeling
operations which are defined by parameters instead of explicit
parametric equations. The modification of the shape is done by
changing the parameters of the operations and sequentially re-
executing all operations. In this study, the procedural modeling of
an FPSO was implemented using the shape modeling kernel
OpenCascade version 7.4 (OpenCascade, 2021).
2.2.1. Procedural model for representing the shape of hull and
compartments

The procedural model for creating the shape of the hull and
compartments of a FPSO is shown in Fig. 2. The rounded boxes in
Fig. 2 represent modeling operations which are defined by
parameters.

The “Set principal dimensions” operation handles the length,
breadth, depth, and bilge radius of an FPSO as parameters. How-
ever, this operation does not generate a concrete shape. The “Create
a bow” and “Create a stern” operations, which have their lengths
and the inclined angles of the faces of the bow and stern as pa-
rameters, create specific bow and stern shapes, respectively. In
addition, you can choose the type of bow and stern. For the bow
shape, prismatic or round shape can be selected and for the stern
shape, only prismatic shape is selectable for now. After the bowand
stern shapes are created, the middle-body shape is automatically
created without an additional input by connecting the bow and
stern shapes. Fig. 3 (a)~(c) shows the dialog windows for defining
the parameters of the “Set principal dimensions”, “Create a bow”,
and “Create a stern” operations, and Fig. 3(d) shows the hull shape
generated by executing them.
Fig. 2. Procedural model for defining the shape of a FPSO.
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Operations from the “Create transverse bulkheads” to the
“Remove plates” in Fig. 2 are for defining compartments. As shown
in Fig. 4(a), the “Create transverse bulkheads” operation uses the
positions of each transverse bulkhead as a parameter to create the
shapes of the transverse bulkheads. At this time, the shapes of the
transverse bulkheads are created by considering the outer hull
shape. It also groups the transverse bulkheads into regions,
enabling the decks and longitudinal bulkheads to be defined region
by region in the next step. As shown in Fig. 4(b), the “Create decks”
operation uses the positions of each deck as a parameter to create
the shapes of the decks. As shown in Fig. 4(c), the “Create longi-
tudinal bulkheads” operation uses the position of each longitudinal
bulkhead as a parameter to create the shapes of the longitudinal
bulkheads. At this time, like the transverse bulkheads, the shapes of
the decks and longitudinal bulkheads are created by considering
the outer hull shape. Finally, as shown in Fig. 4(d), the “Removing
plates” operation removes the plates selected by a user. This
operation enables users to design the topology of compartments
having a complex shape. After this operation, the compartments
are automatically recognized by finding closed volumes. Fig. 5
shows the shape of the initial FPSO design used in this study.

2.2.2. Preservation of the volume or area of compartments
When optimizing, the length, breadth, and depth of a FPSO are

used as default design variables. During the optimization process,
the shape of the FPSO is regenerated by re-executing the operations
in the procedural model in Fig. 2. At this time, the values of the
parameters of the operations are changed in proportion to the
changed length, breadth, and depth. However, when changing the
shape of the FPSO, some compartments are required to keep their
length, bottom area, or volume at their initial value as constraints as
listed in Table 2.

To satisfy the constraints of the compartments, the positions of
the transverse bulkheads, decks and longitudinal bulkheads can be
adjusted. In this case, the problem for solving the constraints of the
compartments can be formulated as a system of nonlinear equa-
tions or optimization problem. However, since the number of un-
knowns to be solved increases and it takes a long time to solve the
problem, it is not suitable for the optimization of hull dimensions
that must be solved iteratively. Therefore, in this study, the problem
is simplified by two assumptions.

First, only the positions of the transverse bulkheads are adjusted
to satisfy the constraints of the compartments. Therefore, the
number of unknowns can be reduced. Second, it is assumed that the
cross-sectional area of each compartment is unchanged in the
middle-body region for the given dimensions. Then, in the middle-
body region, the constraints can be solved with linear equations.

It is simpler to find the span lengths between the transverse
bulkheads than to find the positions of the transverse bulkheads to
keep the length, bottom area, or volume of the compartments such
as shown in Table 2. Therefore, instead of the position of each
transverse bulkhead, the length of each bulkhead span Si, which is
the span between two consecutive transverse bulkheads Ti and
Tiþ1, is used as unknown variable. Then, the length of each
compartment can be expressed as the sum of the span lengths. For
example, in Fig. 6, the set of spans constituting each compartment
Ci, that is, a set of compartment span CSi is defined as Eq. (1):

CS1 ¼fS1g; CS2 ¼fS2g; CS3 ¼fS3g; CS4 ¼fS3; S4g; CS5 ¼fS3g;
CS6 ¼fS4g; CS7 ¼fS4g; CS8 ¼fS5g; CS9 ¼fS6g

(1)

In Fig. 6, it is also assumed that the bottom area of C1 is A1, the
volume of C3 is V3, the volume of C4 is V4, and the bottom area of C9
is A9 for the description of the algorithm.



Fig. 3. Dialog windows for defining the parameters of (a) “Set principal dimensions” operation, (b) “Create a bow” operation and (c) “Create a stern” operation, and the shape
generated by executing them.

Fig. 4. Defining (a) transverse bulkheads, (b) decks and (c) longitudinal bulkheads, and (d) removing plates.
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Fig. 5. Shape of the hull and compartments of the initial FPSO design.

Table 2
Constraints of the compartments used in this study.

Target type Target value

A.P.T.(S) Length 10.4 (m)
NO.1 C.O.T.(C) Volume 30,360 (m3)
NO.3 C.O.T.(C) Volume 30,360 (m3)
NO.4 C.O.T.(C) Volume 30,360 (m3)
NO.1 F.P. VOID(C) Length 19.6
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The span lengths are evaluated by dividing into the bow region,
the stern region, and the midship region. The lengths of the bulk-
head spans in the stern region are determined as follows. The span
lengths are evaluated sequentially from the end of the stern and
evaluated until the accumulated length exceeds the stern length or
until an unconstrained compartment exists. The length of each
span is determined so that the compartment containing the span
satisfies the constraint. This is expressed as a nonlinear equation
and can be calculated using the Newton-Raphson method (Chapra,
S. and Canale, R., 2020). However, there is a limitation that one
compartment must contain only one span. In Fig. 6, since there is
only S1 in the stern region, the length of S1 can be determined by
solving Eq. (2):

AreaðC1ðS1ÞÞ¼A1 (2)

where the compartment C1 is parametrized by the length of the
span S1 and AreaðC1Þ represents the bottom area of the compart-
ment C1.

The lengths of the bulkhead spans in the bow region can be
determined in a similar way as in the stern region. The only dif-
ference is that the order of evaluation proceeds from the end of the
bow to the midship. In Fig. 6, there is only S6 in the bow region, so
you can determine the length of S6.

The evaluation of the lengths of bulkhead spans in the midship
Fig. 6. Example layout of compartments.
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region considers only the spans of constrained compartments. In
Fig. 6, CS3 ¼ fS3g and CS4 ¼ fS3; S4g are considered. Compartments
with one undecided span among a set of compartment spans are
selected. In Fig. 6, CS3 is selected. In this case, since there is only one
undecided span in the compartment, the span length can be
determined. At this time, since it is assumed that the cross-
sectional area of the compartment along the length direction is
constant, the span length that satisfies the constraint can be
determined directly by a linear equation. In Fig. 6, S3 is determined.
After determining the span length, this process is repeated until all
span lengths are determined. In Fig. 6, since CS4 contains the un-
decided span S4, the length of it is determined. If the span length
cannot be determined any longer while the undecided span lengths
remain, the evaluation of the span lengths of the midship is
completed.

After determining the span lengths in the stern, bow and mid-
ship regions, the remaining undecided span lengths are evaluated.
The undecided span lengths are evaluated by dividing the total
undecided length equally. In Fig. 6, S2 and S5 are undecided spans,
and the total undecided length is divided equally and is assigned to
them.

Through this process, the new positions of the transverse
bulkheads are determined. Also, the parameters of the “Create
transverse bulkheads” operation are changed to the new positions,
and then the model is regenerated. Then, the shape that satisfies
the constraints is created.

2.3. Hydrostatics

For the real-time computation of intact and damaged stability of
the FPSO, a noble stability analysis module was developed beyond
the method of traditional naval architectural calculation.

One of the main features of the developed module is the
application of the hull offset curves which are not based on B-
Spline and allowed to have C0 continuity at the junction point be-
tween a line and a curve. So far, B-spline curves, piecewise 3rd
polynomials for example, have been widely used to model cross-
section curves. Even though the B-Spline curve guarantees C2

continuity within the region for the curve fitting, it was not easy to
model a sharp-corner connection with one curve, which normally
appears at the points between deck and side or keel and bilge. Thus,
B-Spline approaches have used a collection of B-spline curves
instead to model those parts. Of course, the sharp-corner connec-
tion is possiblewith knot insert methods, but in some cases, it was a
hard task to set up various parameters, making it difficult to
automate. As a result, in the previous approach, repetitive accesses
had to be made to the groups of curves and this resulted in high
costs of the computation time. To avoid this problem, we adopted
Akima curve (Akima, 1970) to model a hull section as one curve
which can have partial C0 ~ C2 continuity based on the assumption
that the hull has a port-starboard symmetry. By using the Akima
curve, a remarkable computation time saving was achieved
without any loss of accuracy. Two application examples of Akima
curves are presented in Fig. 7. The left one shows a comparison
result when B-spline and Akima curvewere used for some arbitrary
points. As can be seen clearly, the Akima curve gives much more
preferable result. The right is an example of a hull shape modeled
with Akima curves.

The second improvement is the application of multi-variant
Newton-Rapson method to compute the attitude of the FPSO. The
attitude of vessels can be estimated with its draft, list and trim. The
conventional methods used linear hydrostatic constants such as
TPC, MTC, waterplane area, CB, and etc., to obtain attitude of vessels
based on an assumption of small change in attitude. (Biran and
L�opez-Pulido, 2013). However, the accuracy of results with these



Fig. 7. Comparison of Akima curve and B-Spline curve (a), and Hull shape using Akima curve (b).
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hydrostatic constants was expected to be not enough when there
occurs a large change in the list due to the large amount of flooding
so that the deck of the vessel becomes immersed (Fig. 8), which it is
more likely to happen in damaged states.

To overcome this weakness of the conventional methods and
calculate the accurate attitude of the vessel in real-timemanner, we
solved following system of equations by adopting the multi-variant
Newton-Rapson method and numerical differentiation. The pro-
posed method has advantages in both accuracy and computing
time for the calculation of the vessel's attitude even with the
occurrence of large list and trim.

Fðd;f; qÞ¼ Buoyancyðd;f; qÞ� Forceðd;f; qÞ¼0 (3)

Mfðd;f; qÞ¼MfBðd;f; qÞ�MfFðd;f; qÞ¼0 (4)

Mqðd;f; qÞ¼MqBðd;f; qÞ�MqFðd;f; qÞ¼0 (5)

where d is the draft, f is the list, q is the trim, F ,Mf, andMq are the
force and moment equilibrium equation in vertical, longitudinal,
and transverse axis, respectively.

The third improved point is the consideration of free surface
effect of compartments in intact or damaged condition. The sta-
bility assessment and calculation of the attitude of the FPSO have to
be done with a consideration of change of the center of gravity of
liquid loadwhen there are compartments partially filledwith liquid
cargo or flooding. To take this into account, we modeled the water
surface of each partially filled compartment as an infinite plane
Fig. 8. Section view of vessel with immersed deck due to large list.
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with reference to the vessel coordinate system. When the FPSO has
a list and trim, the corresponding infinite plane was able to be
found by adjusting the liquid height keeping the direction of the
normal vector of the infinite plane. The adjustment method de-
pends on whether the FPSO is in intact or damaged state. In the
intact state, the water surface was found by direct solving of the
infinite plane equation defined for the inside of compartment with
the given amount of the liquid. In the damaged state, on the other
hands, the water surface formed inside the damaged compartment
was set to be the same as the outside water surface. Since the draft
of the vessel changes during the calculation, the infinite plane
equation was coupled with the fore-mentioned attitude equations
and the Newton-Rapson method was run until it converged to a
solution. The center of gravity of each liquid load inside the com-
partments was updated automatically during calculations and this
played a role to make the stability of FPSO deteriorated, which is so
called “free surface effect”.

The last one is the newly developed automatic ballast water
filling function to make the FPSO immersed to the target draft with
even list and trim condition. The algorithm of the function is
described as below:

� The automatic ballast water filling is carried out in WBT (Water
Ballast Tank), FPT (Fore Peak Tank) and APT (Aft Peak Tank).
Depending on the user's setting, some ofWBTs located closely to
both ends are able to work together with FPT and APT to adjust
FPSO's list and trim.

� At first, the required seawater volume is estimated for the target
draft. Then, ballast water is filled to WBTs until the remained
volume of it becomes smaller than the volume of FPTs.

� There are two ways in the WBT filling order. One is to fill the
ballast water from WBTs that have the least trim moment with
reference to midship. This is useful when the FPSO is in hogging
condition. In general, the WBTs located near midship have a
small effect on trim. Thus, there is more chance for the filling
process to be successful, and solutions can be obtained up to
higher target drafts. The other is to fill fromWBTs that have the
highest moment with reference to midship. This is beneficial for
the sagging condition. In contrast to the previous case, there are
less chances for the filling to be successful since the WBTs with
high moment have large effect on the trim. Thus, there may be
less range of the achievable target draft. It is also worthwhile to
mention that the WBT is always fully filled to eliminate the free
surface effect.



Fig. 10. GZ curve and wind heeling lever for initial FPSO at ballast drat; wind
speed ¼ 100 knots.
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� When it reached to 3, the algorithm tries to make the trim zero
by distributing the remained water between FPT and APT. If it
fails, the algorithm returns failure.

� If it is successful to make the trim zero, the algorithm starts to
make the list zero. Here, we assumed that there are more than
one APT and the even list is achievable by adjusting the ballast
water between port and starboard APT.

� Strictly speaking, we cannot obtain the exact optimal solution
occasionally with the developed algorithm. With this algorithm,
it is hard to drive for the APT and FPT to be fully filled and the
solution may not be found even if there exist one. However, the
developed algorithm has a fast calculation speed, and it is
indeed similar to the practice of naval architects. Practically, the
time order of hours is required to solve an optimization problem
to minimize free surface effects with ballast water filled to all
the tanks as design variables. However, it took less than a second
with this algorithm.

To verify the developed stability analysis module, intact stability
analyses were carried out for the initial FPSO (Table 1) at ballast and
full load condition and the results were compared in Figs. 9 and 10
with those calculated with HydroD (DNV, 2021) which is a DNV
software for hydrodynamic and stability analysis. For both cases,
wind speed of 100 knots was applied. As can be seen, the com-
parison results showed very good agreements for both loading
conditions. It is worthwhile to mention that a fixed trim was
assumed for each heeling angle to calculated GZ curves with the
developed module whereas free trims can also be used in GZ cal-
culations since the calculation cost is expensive and there is little
difference in results in the case of FPSOs.
2.4. Hydrodynamics

For the purpose of the hull design, the important items are such
as the responses of motions and accelerations at the points of in-
terest under the action of extremewaves at the site. The operability
assessment also matters to minimize the downtime. These values
are calculated based on the motion RAOs. The motion RAOs are
expressed as:

Zjðu; qÞ¼
X6
i¼1

h
� u2�Mij þ aij

�þ iubij þ cij
i�1

Xi (6)

where Zj is a RAO in the jthmode,Mij is mass matrix, aij is add-mass
matrix, bij is the damping matrix, cij is the hydrostatic stiffness
matrix and Xi is exciting force and moment proportional to the
Fig. 9. GZ curve and wind heeling lever for initial FPSO at ballast drat; wind
speed ¼ 100 knots.
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incident-wave amplitude. Here, aij, bij and Xi are functions of wave
exciting frequency u and direction q.

As mentioned earlier, the multi-dimensional interpolation
technique was applied to the pre-prepared database to obtain the
add-mass, damping and wave excitation. In order to establish the
database, a number of frequency domain motion analyses were
performed for the different FPSO hulls modeled with selected
lengths, breadths, depths and drafts using WADAM (DNV, 2020)
which is a radiation/diffraction software of DNV. Table 3 lists the
selected dimensions, drafts, wave frequencies and directions used
for the interpolation analysis.

The procedure of multi-dimensional interpolation developed in
this study is shown in Fig. 11. It is actually a sequential one-
dimensional cubic spline interpolation applied to the groups that
have the same item values except for the one to be interpolated for
each combination of the wave frequency and direction. The inter-
polation was applied to the draft at first. Then it continued to the
length, breadth and depth one by one with reducing the number of
groups. At the end of the procedure, the added-mass, radiation-
damping and wave excitation force and moment were obtained for
the given FPSO dimension.

Based on the obtained RAOs, the short-term extremes, the 3-
h most probable maxima of responses were calculated assuming
that the responses follow the Rayleigh distribution using Eqs.
(7)e(11).

SRðu; qÞ¼ jRAOðu; qÞj2Shðu; qÞ (7)

mnRðqÞ¼
ð∞
0

SRðu; qÞ $un$du (8)

TzðqÞ¼2p$ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0RðqÞ
m2RðqÞ

s
(9)

NðqÞ¼3$60$60
TzðqÞ (10)

RMPMðqÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2$m0RðqÞ$lnðNðqÞÞ

q
(11)

where SR is response spectrum, Sh is wave spectrum,mnR is the nth
spectral moment of response spectrum, Tz is zero-crossing period,
N is the number of cycles of response in 3 h and RMPM is the 3-
h most probable maximum of response.



Table 3
Selected lengths, breadths, depths, drafts wave frequencies and directions to
establish the database.

Lengths (m): L0, … , L5 200, 220, 240, 260, 280, 300
Breadths (m): B0, … , B5 45, 50, 55, 60, 65, 70
Depths (m): D0, … , D4 25, 30, 35, 40, 45
Drafts (m): T0, … , T4 5 drafts with step size of depth/5
Wave frequencies (rad/s):

u0, … , u26
0.209, 0.217, 0.224, 0.233, 0.242, 0.251,
0.262, 0.273, 0.286, 0.299, 0.314, 0.331,
0.349, 0.370, 0.393, 0.419, 0.449, 0.483,
0.524, 0.571, 0.628, 0.698, 0.785, 0.898,
1.047, 1.257, 1.571

Wave directions (deg): q0, … ,q8 0, 22.5, 45, 67.5, 90, 112.5, 135, 157.5, 180
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Finally, the operability of the FPSOwas calculated using Eq. (12):

PrðoperableÞ¼
XNq

i¼1

XNHs

j¼1

XNTp

k¼1

IP=F
�
R
�
$PrðqiÞ$Pr

�
Hsj; Tpk

�
(12)

where:
Nq is the number of wave direction intervals.
NHs is the number of wave height intervals.
NTp is the number of wave period intervals.
IP=F ðRÞ is an indicator function of response variables defined as:

� IP=FðRÞ :¼
(
1; R passes to meet critria
0; R fails to meet critria

)
PrðqiÞ is the long-

term probability of wave direction interval qi.
PrðHsj; TpkÞ is the long-term probability of wave height and

period interval. ðHsj;TpkÞ
To verify the proposed method, a set of RAOs for the initial FPSO

(Table 1) at full load condition were calculated and compared with
Fig. 11. Procedure of the multi-
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those calculated with WADAM. The comparison results showed
very good agreements. As an example, the comparison results for
added mass and potential damping as well as wave excitation and
motion for the heading angle of 135� are shown in Figs. 12e15. In
the figures, the blue solid line and red dots represent the results
from WADAM and the developed program respectively.

3. Optimization problem formulation

3.1. Design premises

In the present study, dimensions of an FPSO with 1800 MBBLs
cargo tank capacity were optimized. The dimension of the initial
FPSO as described in 2.1 was selected as an initial design point.
Actually, the initial FPSO was designed for one of the west Africa
fields but was chosen because it has similar cargo tank capacity
required in this study. The weight information was assumed based
on previous FPSO projects. The weights and centers of gravity of
load items were modeled parametrically with functions of di-
mensions. The lumped design payloads are summarized in Table 4.

The volume of each cargo tank has to be maintained as the one
of the initial FPSO and the area of machinery has to be equal or
larger than the one of the initial FPSO. This was achieved with the
method described in Section 2.2.2.

The FPSO has to have sufficient topside area for the topside
module layout. In the present study, the topside area was para-
metrically defined as ðLBP�LBowÞ$B where LBow is the bow length
and B is the breadth (Fig. 3). A minimum topside area requirement
was set as 15782.5 m2 based on that of the initial FPSO model.

Freeboard height is related to the stability of the vessel at large
heeling angle and green water protection at high sea states. In this
study, the freeboard height was required to be higher than 7 m at
full load condition which is one of the design premises from Pet-
robras for their new-built FPSOs at Brazil field (Cueva et al., 2005).
dimensional interpolation.



Fig. 12. Add mass comparison: developed program vs WADAM.

Fig. 13. Potential damping comparison: developed program vs WADAM.
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Fig. 14. Wave excitation RAO comparison, wave heading ¼ 135�: developed program vs WADAM.

Fig. 15. Motion RAO comparison, wave heading ¼ 135�: developed program vs WADAM.
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Table 4
Lumped design payloads.

Light weight

Hull structure (ton) 0.0901 � L � B � Da

Accommodation (ton) 3950
Hull additional (ton) 14,520
Topside structure and facility (ton) 25,710

Dead weight

Loading conditions (ballast water excluded) Ballast Full load

Cargo oil (ton) 7560 252,090
Other liquid payloads (ton) 3070 35,130
Mooring and riser loads (ton) 10,000 10,000

a The volumetric hull structure weight (¼0.0901 ton/m3) is based on a previous project, appeared as the initial FPSO in Section 2.1.

Fig. 17. GZ and wind moment lever curve to check weather criteria (IS Code Pt. A 2.3).

Fig. 18. Righting and wind heeling moment curves to check IMO MODU criteria.
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From a structural point of view, L/B ratio <5.4 was applied as a
requirement tominimize the bendingmoments since the structural
analysis is not considered in this study (Khaw et al., 2005). In order
for the FPSO to have reasonable motion response, trim control and
control of hull bending and shear stresses, the ballast draft
requirement was set to be greater than 2.0 þ 0.02∙LBP meters, the
minimum ballast draft by MARPOL regulations (Khaw et al., 2005).
The intact stability of the FPSO was assessed by the IMO's IS and
MODU code. The intact stability requirements are summarized as
follows:

General Stability Criteria (IS Code Pt. A 2.2) (see Figs. 16e18).

� Area A � 0:055m$rad at 0
�
< q<30

�
/ Table 9, Eq. [6]

� Area Aþ B � 0:09 m$rad at 0
�
< q<40

�
or qf / Table 9, Eq. [7]

� Area B � 0:03 m$rad at 0
�
< q<40

�
or qf / Table 9, Eq. [8]

� GZ � 0:2m at q � 30
�
/ Table 9, Eq. [9]

� qmax � 25
�
/ Table 9, Eq. [10]

� G0M � 0:15m / Table 9, Eq. [11]

Weather Criteria (IS Code Pt. A 2.3).

�Area B � Area A / Table 9, Eq. [12]
� q0 <minð16�

; 0:8 $qdeÞ; qde ¼ deck immersion angle / Table 9,
Eq. [13]

Intact Stability with Wind Heeling Moment (MODU Code 3.3.1.1
and 3.3.1.3).

� Area Aþ B � 1:4$ðBþCÞ / Table 9, Eq. [14]
� Positive GZ curve at 0

� � q2

The main focus of dimensioning is to minimize the FPSO's
downtimes at the target field. The most important issues are
Fig. 16. GZ curve to check general stability criteria (IS Code Pt. A 2.2).
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related to motion responses to wave excitations. Santos and Cam-
pos basin at the Brazil fields were selected as the target fields and
the wave conditions of both fields were conservatively combined.
The raw wave data of 38 years for these field locations were ob-
tained from the NOAA website (NOAA, 2021) and used to establish
the wave scatter table, directional wave distribution shown in
Tables 5 and 6, respectively.

Table 7 summarizes the 1-year return periods directional wave
extremes expressed by JONSWAP spectrum. From the table, it can
be seen that the mainwave direction comes from south-southwest.
Thus, the FPSO heading was assumed to be aligned with this di-
rection to minimize roll motions.

Minimum natural period criteria for roll and heave motionwere
determined based on the wave scatter table and 1-year return
period waves (Khaw et al., 2005). For the roll motion, the upper



Table 5
Wave scatter table for Brazil field.

Table 6
Directional wave distribution.

Direction N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW

Probability 0.004 0.038 0.162 0.149 0.110 0.097 0.089 0.091 0.110 0.111 0.028 0.007 0.002 0.001 0.001 0.001
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bound of the natural period was additionally given to minimize
potential 2nd order roll motion that cannot be captured by linear
analysis (Rezende et al., 2007, Cueva, D. and Campos, F., 2005). The
natural period criteria for heave and roll are as follows. Here, the
natural period criteria for the ballast draft were excluded to prevent
too much deviation in breadth and depth from conventional FPSOs
with similar cargo capacity.

� 16s � TRoll � 22s for ballast and full load draft
� THeave � 14:0 for full load draft

Maximummotion criteria for heave, roll and pitchmotion under
1-year return period waves were determined based on previous
projects as follows. These values were also used for operability
analysis.

� Max: Heave � 3:2 m
Table 7
1Yr return periods directional wave extremes for Brazil field.

Heading (coming from) 1-Yr RP Waves

Hs [m] Tp [s] g

NNE 4.03 8 2.24
N 3.56 7.5 2.38
NNW 3.44 6.8 2.38
NW 3.71 7 2.46
WNW 3.82 7.8 2.33
W 4.67 8.8 2.2
WSW 5.52 10 2.07
SW 6.86 12 1.85
SSW 6.75 12.5 1.85
S 5.3 12.5 1.82
SSE 4.8 11.5 1.9
SE 4.4 11 1.97
ESE 4.1 10.5 2.02
E 3.98 9.3 2.12
ENE 4.15 9 2.12
NE 4.15 8.8 2.18
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� Max: Roll � 4:2
�

� Max: Pitch � 2:5
�
.

In order to take account into the viscous damping effect in the
roll motion response, a linear roll damping coefficient corre-
sponding to the 1% of the critical damping was included addition-
ally when establishing the roll RAO in Eq. (6); this value is based on
the stochastic roll damping linearization results under 1-year wave
condition for the initial FPSO.

3.2. Objective

For the hull dimension optimization, objective fopðxÞ was
defined as the operability and was maximized.

Maximize : objective¼ fopðxÞ (13)

It is possible to formulate a multi-objective optimization prob-
lem by adding hull volume or weight as an indicator for the CAPEX
of the FPSO to this objective function. However, the focus was made
on the minimization of downtime in this study for now. Actually,
the working days per year can be calculated as 365� operability.

3.3. Design variables

Four design variables, LBP(x1Þ, Breadth (x2Þ, Depth (x3Þ, and
Draft (x4) at full load conditionwere decided to be used. The ballast
draft was fixed as 10.45 m, that of the initial FPSO, since it was
considered to be adjusted easily to meet the constraints once the
dimensions are determined. All the design variables are real type
variables, and their boundary constraints are given in Table 8. Here,
Eqs. (1)e(3) came from the lower and upper bound listed in Table 3
used to establish the hydrodynamic database. Eq. (4) came from
that the full load draft is greater than the ballast draft.

3.4. Constraints

The constraints related to geometry, stability and



Table 8
Boundary constraints for design variables.

Type of constraints No. Equation

Boundary [1] 200m � x1 � 300m
[2] 45m � x2 � 70m
[3] 25m � x3 � 45m
[4] x4 >10:45m
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hydrodynamics are summarized in Table 9 based on the design
premises described in 3.1. Note that the constraint Eq. [6]e[20]
excluding Eq. [17] are applied to both ballast and full load condition.
Eq. [17] is applied only to full load condition.

To solve the formulated optimization problem, constrained
optimization by linear approach (COBYLA) was used (Powell, 1998).
Since both objective and constraints are implicit functions and the
Table 9
Constraint functions for optimization.

Type of constraints No. Equation

Geometry [1] gðxÞarea topside ¼ ðx1 � LBowÞ$x2 � 15670:4m2

[2] gðxÞvolC :O:Ts ¼ VolC:O:Tinitial : See Table 2:
[3] gðxÞfreeboard ¼ x3 � x4 � 7:0m

[4] gðxÞL=B ¼ x1=x2 � 5:4

[5] gðxÞTballast ¼ Tballast � ð2:0þ0:02 $x1Þ � 0
Stability [6] gðxÞintact A � 0:055 m$rad at 0

�
< q<30

�

[7] gðxÞintact AþB � 0:09 m$rad at 0
�
< q<40

�
or qf

[8] gðxÞintact B � 0:03m$rad at 0
�
< q<40

�
or qf

[9] gðxÞintact GZ � 0:2m at q>30
�

[10] gðxÞintact qmax
� 25

�

[11] gðxÞintact G0M � 0:15 m
[12] gðxÞweather B�A � 0m$rad
[13] gðxÞweather q0

� minð16�
; 0:8 $qdeÞ

[14] gðxÞIMO MODU AþB�1:4ðBþCÞ � 0m$rad

Hydrodynamics [15] gðxÞTn roll � 16:0s
[16] gðxÞTn roll � 22:0s
[17] gðxÞ Tn heave � 14:0s

[18] gðxÞmax heave 1yr � 3:2m

[19] gðxÞmax roll 1yr � 4:2
�

[20] gðxÞmax pitch 1yr � 2:5
�

Table 10
Automatic ballast state of the optimum.

Tank name Ballast

Filling fraction (%) Tank volume

A.P.T.(P) 44.24 10229.88
A.P.T.(S) 35.86 10229.88
NO.1 W.B.T.(P) 46.69 9811.31
NO.1 W.B.T.(S) 46.69 9811.31
NO.2 A W.B.T.(P) 100.00 3843.83
NO.2 A W.B.T.(S) 100.00 3843.83
NO.2 F W.B.T.(P) 100.00 3843.83
NO.2 F W.B.T.(S) 100.00 3843.83
NO.3 A W.B.T.(P) 100.00 3843.83
NO.3 A W.B.T.(S) 100.00 3843.83
NO.3 F W.B.T.(P) 100.00 3843.83
NO.3 F W.B.T.(S) 100.00 3843.83
NO.4 W.B.T.(P) 0.00 8530.27
NO.4 W.B.T.(S) 0.00 8530.27
NO.5 W.B.T.(P) 34.30 13193.15
NO.5 W.B.T.(S) 27.81 13193.15
F.P.T.(C) 46.69 11099.65

* Shadowed rows mean that W.B.T. was fully filled or empty to minimize the free surfac
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accurate evaluation of the functions and their gradient requires not
small amount of time, the COBYLA, a gradient-free approach, was
considered to be suitable for this problem even though it is a local
search method.

4. Results

It turned out that therewere 3 active constraints among total 35,
side and general constraints listed in Tables 8 and 9. These corre-
spond to Eqs. (16), (17), and (20) in Table 9. Strictly speaking, the
other constraints had little to dowith the optimumwhereas these 3
active constraints made a big contribution to it and are the essential
indicators to be further investigated continuously.

Table 10 lists the amount of the ballast water automatically filled
in F.P.T, A.P.Ts and W.B.Ts of the optimum design. The results are
also illustrated in Figs. 19 and 20. The developed algorithm tried to
fill or empty the tanks completely as far as possible to minimize the
free surface effect. As can be seen, this holds for the tanks located
close to the middle-body. However, it can be found that the tanks
around forward and aft which have large impacts on trim were
filled partially to make the FPSO in even keel condition.

Table 11 shows the optimal design point and the figures evalu-
ated with the objective and constraint functions for the final
optimal solution. The operabilities from the initial and the optimal
design coincided by chance. However, the initial design violated
some constraints since it was not designed for the target field and it
turned out that the violated ones correspond to the active con-
straints mentioned above. Actually, the operability of the initial
design is not meaningful with this violation of constraints. These
facts imply the strong necessity of the optimization process.

Regarding the optimal dimensions, it can be seen that the
breadth increased considerably compared with that of the initial
FPSO. The natural periods of roll and pitch at full load condition (Eq
(16) and (17) in Table 11) are the active constraints as pointed out
above and the initial FPSO has higher roll natural period and lower
heave natural period at full load condition than the requirements.
Considering this fact, the increase of breadth is attributed that the
optimization algorithm drove to increase the metacentric height
(G0M) and heave added mass together most effectively to meet
both natural period constraints. The increase of draft also played a
role on the increase of heave natural period. As a result, the depth
also increased to satisfy the freeboard requirement without
violating all other criteria (see Figs. 21 and 22).
Full load

(m3) Filling fraction (%) Tank volume (m3)

74.49 10229.88
66.19 10229.88
83.66 9811.31
83.66 9811.31
100.00 3843.83
100.00 3843.83
100.00 3843.83
100.00 3843.83
100.00 3843.83
100.00 3843.83
100.00 3843.83
100.00 3843.83
100.00 8530.27
100.00 8530.27
57.76 13193.15
51.32 13193.15
83.65 11099.65

e effect.



Fig. 19. Automatic ballast water filling results for ballast condition at the optimum.

Fig. 20. Automatic ballast water filling results for full load condition at the optimum.

Table 11
Optimum dimensions and evaluation.

Design variables LBP ðx1Þ Breadth ðx2Þ Depth ðx3Þ Full load draftðx4Þ
Initial (m) 280.00 59.00 33.00 24.50
Optimized (m) 281.41 64.98 34.50 26.39

Objective function fopðxÞ Initial Optimized

Operability 0.986 0.986

No. Constraint equation Initial (ballast/full
load)

Optimized (ballast/
full load)

gðxÞ Satisfied? gðxÞ Satisfied?

[1] gðxÞarea topside � 15670:4 15670.4 Yes 17349.647 Yes

[2] gðxÞvol C:O:Ts ¼ VolC:O:Tinitial 30360 Yes 30360 Yes
[3] gðxÞfreeboard � 7:0 -/8.5 -/Yes -/8.11 -/Yes
[4] gðxÞL=B � 5:4 4.74 Yes 4.33 Yes

[5] gðxÞTballast � 0 3.25/- Yes/- 3.22/- Yes/-
[6] gðxÞintact A � 0:055 1.78/

0.70
Yes/yes 2.45/0.89 Yes/yes

[7] gðxÞintact AþB � 0:09 2.91/
1.07

Yes/yes 3.91/1.33 Yes/yes

[8] gðxÞintact B � 0:03 1.13/
0.37

Yes/yes 1.46/0.44 Yes/yes

[9] gðxÞintact GZ � 0:2 6.52/
2.19

Yes/yes 8.42/2.63 Yes/yes

[10] gðxÞintact qmax
� 25 34.9/

29.4
Yes/yes 34.4/28.8 Yes/yes

[11] gðxÞintact G0M � 0:15 11.8/
5.21

Yes/yes 17.1/6.97 Yes/yes

[12] gðxÞweather B�A � 0 2.67/
1.07

Yes/yes 3.36/1.32 Yes/yes

[13] gðxÞweather q0
� minð16; 0:8:qdeÞ 0.56/

0.40
Yes/yes 0.37/0.26 Yes/yes

[14] gðxÞIMO MODU AþB�1:4ðBþCÞ � 0 4.62/
1.52

Yes/yes 6.49/2.00 Yes/yes

[15] gðxÞTn roll � 16:0 18.4/
23.0

Yes/yes 17.0/22.0 Yes/yes

[16] gðxÞTn roll � 22:0 18.4/
23.0

Yes/no 17.0/22.0 Yes/yes

[17] gðxÞTn heave � 14:0 -/13.5 -/No -/14.0 -/Yes
[18] gðxÞmax heave 1yr � 3:2 3.16/

2.27
Yes/yes 2.88/1.90 Yes/yes

[19] gðxÞmax roll 1yr � 4:2 1.23/
0.51

Yes/yes 2.30/0.61 Yes/yes

[20] gðxÞmax pitch 1yr � 2:5 2.19/
2.57

Yes/no 2.04/2.50 Yes/yes

Fig. 21. GZ and heeling arm curve at optimum for ballast condition.
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For additional information on the stability of the optimal design,
GZ and heeling arm curves for ballast and full load condition are
provided in Figs. 9 and 10 respectively and compared with those at
the initial design. In general, the optimal design shows better sta-
bility performance at both small and large heeling angles except the
fact that the angle where the maximum GZ occurs for each loading
condition is slightly smaller than that of the initial design. The
heeling lever at the optimal design does not show recognizable
difference since the GZ is relatively much larger than the heeling
lever, which is typically shown in the case of FPSOs. Based on the
stability evaluation results, it can be said that it is not too difficult to
meet the stability criteria when dimensioning an FPSO. Thus, the
hydrodynamic performances are more worthwhile to be focused.
However, the caution has to be made on the angle where the
maximum GZ occurs which corresponds to the constraint Eq. (10)
in Table 11.

As a final remark, all numerical simulations were carried out
with 3.7 GHz AMD Ryzen7 CPU with eight-core processor with
16 GB memory and it took total 26 min and 5 s to finish the
optimization.

5. Conclusions

In this study, hull dimensions of an FPSO with 1800 MBBLs tank
capacity were optimized to maximize its operability under the
491



Fig. 22. GZ and heeling arm curve at optimum for full load condition.
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environments at Brazil field. In order to obtain precise optimization
results, a noble simulation program was developed with a generic
hull and compartment modeler and sophisticated real-time hy-
drostatic and hydrodynamic calculation functions. The accuracy of
the developed program turned out to be at the same level of the
commercial software.

The optimization process started with an FPSO model originally
designed for a west Africa field. The optimization results indicated
the relative importance of hydrodynamic performances compared
with stability performances for the FPSO hull dimensioning by
showing that there were 3 active constraints related to hydrody-
namic performances, which are the natural period of heave and roll
and the maximum pitch angle under 1-year return period wave
extremes at full load condition.

The optimum dimensions showed that there was considerable
increase in breadth, and this is attributed that the optimization
algorithmworked in themost effectiveway to satisfy the two active
constraints related to natural period at full load draft by increasing
the G0M and heave added mass together. The increase of draft also
played a role on the increase of heave natural period.

Most notably, this is the first study to the author's knowledge to
combine the precise inputs such as the hull and compartment
modeling and full set of stability and hydrodynamic calculations
altogether to optimize the FPSO's hull dimensions within a practical
time frame. Also, it is worthwhile to mention that the developed
procedure and methods in this study are generic enough to be
applied to all types of ship-shaped offshore platforms as well.
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