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a b s t r a c t

In order to solve the performance limitations of traditional ship-
type and cylindrical FPSO, this paper presents a new concept of
sandglass-type FPSO. For the new sandglass-type floating model,
firstly by using classic boundary element method based on wave
potential theory, the effects of shape parameters on motion per-
formance of sandglass-type model are studied. Then the wave
frequency versus minimum heave motion RAO is selected as the
critical design parameter to control heave motion of new floating
model, and its convenient engineering estimation expression is
theoretically and mathematically deduced. Furthermore, on this
basis the design guideline for sandglass shape is analyzed and
proposed. Next according to the information of a cylindrical FPSO,
a sandglass-type floating model with the same basic function has
been designed. Finally, by analyzing the numerical solution and
experimental data, the numerical boundary element method and
design guideline in this paper can be validated to be effective and
accurate. Furthermore, it can be found that the sandglass-type
design can obviously improve the hydrodynamic performance of
FPSO. Thus this paper can provide an innovative engineering
platform and a design proposal for the development of ocean oil
and gas exploitation.
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1. Introduction

As ocean oil and gas exploration expands towards the deep sea in harsh environments, FPSO
(floating production, storage and offloading unit) has played an important part in the development
mode, due to its large capacity of oil storage, multifunction, strong adaptability and convenience for
maintenance and repair. In the future, FPSO will have wide and good application prospects [2,4,14].

Traditional ship-type and cylindrical FPSOs exhibit some performance shortcomings [17,19]. Firstly,
the traditional ship-type floating body is extremely sensitive to the wave direction. Secondly, with the
complicated environment and single point mooring system, FPSO would be usually in the oblique
(beam) sea, which may result in poor heave and roll performance. Next, because the longitudinal scale
is extremely large, the phenomenon of wave impact and green water is common and would damage
the deck structure. Furthermore, the vane effect will cause frequent yaw motion, which results in the
serious wear and tear of turret structure. As a result, regular maintenance and repair would signifi-
cantly increase production costs. With a greater longitudinal scale, the relatively large bending
moment of hogging and saggingwill bring about the severe deformation and fatigue failure. Finally, the
natural period of heave motion for the cylindrical floating body is still in the centralized area of wave
energy and thus the heave motion response is very large.

Therefore recently some new concepts of ocean engineering structures are proposed. On one hand,
based on the cylindrical FPSO, the auxiliary structures (such as skirts, heave plates andmoon-pool, etc.)
are used to improve heave motion performance. Therein the MPSO (mono-column production, storage
and offloading system) is one of typical concepts [16,5e7]. On the other hand, a new concept of floating
body with an innovative sandglass-type shape was presented by Huang et al. [9,10,11] Yao et al. [20]
and Wang et al. [18], to solve the performance limitations of traditional ship-type and cylindrical
FPSOs.

In this paper, firstly the new concept of sandglass-type FPSO is introduced. Next, by using classic
boundary element method (BEM) based on potential flow theory, the effects of shape parameters on
motion performance of sandglass-type model are studied. Furthermore, in order to provide guideline
and scheme for the shape design of new floating body, the engineering estimation expressions of wave
frequency versus minimum heave motion RAO for the new floating model are theoretically and
mathematically deduced. On this basis, the basic functions of cylindrical FPSO “Sevan Piranema” (i.e.,
the design values of load capacity, displacement, storage space, topside area, etc.) are incorporated into
the design for new sandglass-type FPSO vessels. Finally, the new sandglass-type floating body is
compared with cylindrical model by numerical method and experimental analysis to verify the ac-
curacy of the numerical method in this paper and show the advantages of hydrodynamic performance
for the new sandglass-type FPSO.
2. Description of new sandglass-type FPSO

The new sandglass-type FPSO has an innovative floating bodywith sandglass-type shape, which has
not only larger spaces of oil storage than traditional ocean platforms but also better hydrodynamic
performance and adaptability to extreme sea environment than traditional ship-type and cylindrical
FPSO [18]. On this basis, various modules (such as production, processing, storage, offloading, heating,
living functions, etc.) are equipped on the upper deck, respectively, as shown in Fig. 1. Thus, the
sandglass-type FPSO can be widely applied in various sea conditions and be better for multifunctional
integration with more economic benefits.

For the new concept of sandglass-type FPSO, in order to maintain constant floating state, good
stability and hydrodynamic performance for various working conditions (full load, ballast, etc.), an
innovative method is presented by Huang et al. [12] to control performance of sandglass-type FPSO
during offloading and loading operations, which includes a new loading and offloading technique and
subdivision scheme with equal proportional volume. Then, a central cabin is settled in the middle of
the main floating body, in which all kinds of pipelines can be configured for transport of oil and gas.



Fig. 1. Sketch of new sandglass-type FPSO.
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Next, multiple water-tight tanks are uniformly distributed surrounding the center for oil storage and
other functions, therein oil tanks from bottom to top are designed according to subdivision scheme
with equal proportional volume. Moreover, the outer bulkhead can be designed as the double-layer
form, which can not only provide extra support for the main deck but also be used as ballast-water
tank to prevent the oil leakage and ensure the safety for the oil production processing. In addition,
on the upper deck various functional modules (such as production, oil storage, offloading, living and
power, etc.) are arranged based on the rules of classification society as shown in Fig. 2.

Furthermore, the new sandglass-type concept can make the hydrodynamic performance of FPSO to
be no longer sensitive to the wave direction. Therefore a multiple-point mooring system can be taken
to keep position for the lesser cost of design and maintenance. During the offloading process, on one
side of the main floating body, tandem configuration as shown in Fig. 3 can be applied to connect the
shuttle tanker by mooring lines and oil flexible hoses. This connection system can not only be more
suitable for the severe sea conditions but also support various scales of shuttle tankers.
Fig. 2. Arrangement of tanks and functional modules for new sandglass-type FPSO.



Fig. 3. Sketch of offloading and mooring system for new sandglass-type FPSO.
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3. Effects of shape parameters on motion performance of sandglass-type model

Firstly, sandglass-type shape of new floating body is introduced and its numerical model is created.
Then, based onwave potential theory [1,14,21], here numerical boundary element method of this paper
is taken to study the effects of shape parameters on motion performance of sandglass-type model.
3.1. Sandglass-type shape and numerical model of floating body

New concept of FPSO has an innovative sandglass-type floating body, which includes nine pa-
rameters. VT is the volume above the water plane, RT is the radius of the top deck, f is the freeboard, b is
the inclination angle of upper structure, R w is the radius of thewater plane, VB is displacement volume,
RB is the radius of bottom, d is the draught and a is the inclination angle of substructure as shown in
Fig. 4. Therein, based on geometrical relationship and five independent parameters, sandglass-type
shape of floating body can be identified.

Here the accuracy of numerical method in this paper is studied with a sandglass-type floating
model with VB 350000 m3, VT 150000 m3, RT 64.5 m, a 45�, R w 50 m. By analyzing the mesh sensitivity
and considering the effect of computation precision and speed, quadrilateral meshes with 4 m size are
taken on the surface of floating body as shown in Fig. 4. Furthermore, the heave and pitch motion RAOs
versus two different methods are compared in Fig. 5 between numerical method of this paper and
WAMIT CODE. From the figure, it can be found that the results obtained by these two methods are in
good agreement with each other, which shows the accuracy and availability of numerical method in
this paper.
Fig. 4. Shape parameters and numerical model of sandglass-type floating body.



Fig. 5. Comparison of heave and pitch RAOs versus different numerical methods.
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3.2. Hydrodynamic analysis of floating models with different parameters

Usually according to ship owner's requirement (DWT, displacement and storage space, etc.), shape
parameters VB, VT and RT can be selected. Furthermore, hydrodynamic performance of floating body is
determined by two shape parameters a and R w of the substructure. Thus various floating models with
Fig. 6. Hydrodynamic performance of floating models with different inclination angles.



Fig. 7. Hydrodynamic performance of floating models with different radii of water plane.
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different a and R w are created to study the effects of shape parameters on motion performance of
sandglass-type model.

Next, VB is taken as 350000 m3. Hydrodynamic coefficients of different inclination angles 30� ~70�

(R w ¼ 40 m) and different radii of the water plane 30e50 m (a ¼ 60�) are calculated. Then the steady
drift forces, pitch and heave motion RAOs without viscous damping are shown in Figs. 6 and 7.

In the Fig. 6 (a), the steady drift force is very small in u < 0.4 rad/s and then straightly increases to
the maximum value near u ¼ 0.5e0.6 rad/s. From the Fig. 6 (b), pitch motion curve of response
amplitude operator (RAO) presents variation trend of parabola in the frequency bandwidth
0 < u < 0.8 rad/s and reaches peak near u ¼ 0.4e0.5 rad/s. Moreover, it can be further found that the
influence of shape parameters on hydrodynamic performance is obvious. The larger the inclination
angle gets, the smaller the pitch motion and steady drift force in frequency bandwidth of high wave
energy will be. Furthermore, from the Fig. 7 (a) and (b), reducing the radius of water plane can improve
hydrodynamic performance of steady drift force and pitch motion in the centralized area of wave
energy.

As shown in Fig. 6 (c) and 7 (c), the heavemotion RAO of new floatingmodel has a very narrow peak
bandwidth near natural frequency and then suddenly drops on both sides. On the low-frequency zone,
heave motion response stably varies about 1.0. However, on the side of the high frequency heave
motion RAO tends to zero firstly, which is caused by the minimumwave excitation force. Thenwith the
frequency gradually increasing, heave motion response rapidly changes and has second highest peak
which should be much smaller than the maximum value. Moreover, it can be further found that by
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decreasing the inclination angle a or radius of the water plane R w, the natural frequency of heave
motion is smaller and more likely to be far away from frequency bandwidth of wave energy. However,
to further reduce the inclination angle or radius of the water plane can increase the second highest
peak of heave motion RAO, which shows that the relative position between the frequency of heave
maximum and minimum and wave energy concentration zone could determine the heave motion
performance of new FPSO. Therefore, it is very important and necessary to perform more detailed
analysis about heave motion performance of new sandglass-type floating body.
4. Further discussion on heave motion performance of sandglass-type floating body

Here, in order to search a convenient and available design scheme for model shape to control and
improve the heave motion performance of sandglass-type floating body, further discussion on hy-
drodynamic parameters of heave motion is made.

Due to the difficulty of calculation accurately on viscous damping and coupled heave-pitch
nonlinear stiffness, firstly the wave frequency versus minimum heave motion RAO, which not only
decides the position of maximum peak and second highest peak but also can be less affected by viscous
damping and nonlinear stiffness, is selected as the key parameter to control heave motion. Secondly
based on the airy wave theory [3,15] and the research of [13]; the convenient and available estimation
expressions of the frequency versus minimum heavemotion RAO are deduced. Finally, on this basis the
design guideline and scheme of sandglass-type shape are analyzed and proposed.
4.1. Influence of viscous damping and nonlinear stiffness on heave motion RAO

By introducing the estimated viscous damping and simplified nonlinear stiffness, the heave motion
equation of sandglass-type floating model can be described as follows,

ðM þ A33Þ€X3 þ B33 _X3 þ Bh _X3

��� _X3

���þ K
0
33X3 ¼ F3 (1)

therein A33 is heave added mass, B33 heave radiation damping and F3 is heave wave exciting force,
which are obtained by numerical boundary element method based on wave potential theory of this
paper. Bh as viscous damping of heave motion can be simply achieved by

Bh ¼ BhdrpD
2=8 (2)

Where Bdh is vertical drag coefficient which is selected as 0.57 by referring to the research of Ref. [23]
about Spar platform. D is the radius of bottom, r is the fluid density.

Furthermore, the nonlinear hydrostatic stiffness K
0
33 can be calculated by equation (3) and the

information of transient waterline is shown in Fig. 8.
Fig. 8. Information of water plane for floating body with sandglass-type shape.



Fig. 9. Comparison of heave motion RAOs versus different floating models.
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K
0
33 ¼

(
rgpðRW þ X3ctgbÞ2 X3 � 0
rgpðRW � X3ctgaÞ2 X3 <0

(3)

Here take two floating models for test cases. Case 1 is VB 350000 m3, VT 150000 m3, RT 51.8 m, a 60�

and R w 40 m. Case 2 is VB 350000 m3, VT 150000 m3, RT 70.5 m, a 30� and R w 50 m. By numerical
Runge-Kutta method, the different heave motion RAOs are studied and described in Fig. 9. From the
figure, it can be found that viscous damping and nonlinear stiffness have relative large effect on the
value and corresponding frequency of maximum RAO. But the corresponding frequencies (u min) of the
minimum RAO versus different stiffness and damping are almost the same and thus can be used and
chosen as the key parameter to control the heave motion performance.
Fig. 10. Sketch of surface and line integral on the submerged floating body.
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4.2. Deduction for estimation expression of frequency versus minimum heave motion RAO

By means of airy wave theory, the heave incident wave force, heave diffraction wave
force, added mass and the corresponding frequencies (u min) of the minimum RAO are studied
respectively.

4.2.1. Heave incident wave force
Assume that the complex function of incident potential can be written as follow,

4I ¼
igx
u
eikxekzeiut (4)

Where, x is wave amplitude, u is wave frequency and k is wave number. Then the incident wave force
on new floating body can be expressed,

FI ¼ �r∬
S
n3

v4I

vt
ds ¼ �r∬

S
n3

igx
u
eikxekzeiutðiuÞds

¼ rgxeiut ∬
S
n3e

ikxekzds
(5)

As shown in Fig. 10, the area of surface element on the body surface of new floating model is r d q dl,
and then the equation (5) can be converted into double integral along red (in web version) line and
angle respectively. Then based on the geometrical relationship of line integral d r ¼ n3 dl can be ach-
ieved and thus the equation (5) can be represented as,

FI ¼ rgxeiut
Z
q

Z
l

n3e
ikr cos qekzrdqdl

¼ rgxeiut
Z
q

Z
r

eikr cos qekzrdqdr

¼ rgxeiut
Z
r

� Z
q

eikr cos qdq
�
ekzrdr

(6)

Then the e ikrcosq ¼ cos (krcosq)þi sin (krcosq) in equation (6) should be further derived by using the
series,

cosðkr cos qÞ ¼ 1� ðkr cos qÞ2
2!

þ ðkr cos qÞ4
4!

�/þ ð � 1Þnðkr cos qÞ
2n

ð2nÞ! þ/ (7)

sinðkr cos qÞ ¼ kr cos q� ðkr cos qÞ3
3!

þ ðkr cos qÞ5
5!

�/þ ð � 1Þm�1ðkr cos qÞ2m�1

ð2m� 1Þ! þ/ (8)

In the frequency band of u � 0.35 rad/s, the 4th and higher order term in equation (7) can be
neglected and

R 2p
0 sinðkrcosqÞdq ¼ 0 can be obtained, which are introduced into equation (6).
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FI ¼ rgxeiut
Z
r

0
@ Z

q

("
1� ðkr cos qÞ2

2
þ :::

#
þ i

"
kr cos q� ðkr cos qÞ3

6
þ :::

#)
dq

1
Aekzrdr

zrgxeiut
Z
r

"
2p

 
1� ðkrÞ2

4

!#
ekzrdr ¼ 2prgxeiut

Z
r

"
1� ðkrÞ2

4

#
ekzrdr

(9)

Furthermore based on the research of Korvin-Kroukovshy and Jacobs, the 1-(k r)2/4 can be removed
from integral sign and then the approximate estimation formula (10) of heave incident wave force for
new sandglass-type floating body can be deduced.

FIz2prgxeiut
"
1� ðkr0Þ2

4

#
e�kdð1þdÞ

Z
r

rdr

¼ rgpR2Wxeiut
"
1� ðkr0Þ2

4

#
e�kdð1þdÞ

(10)

where d¼(RB-RW)/RW, r0¼ (RBþRW)/2, d is draft of floating body. Therein, RW is the water-plane radius,
and RB is the radius of bottom surface.

4.2.2. Heave diffraction wave force
Here based on wave diffraction and radiation theory second Green formula, the heave diffraction

wave force of sandglass-type floating body can be written as,

FD ¼ �r∬
S
n3

v4D

vt
ds ¼ �r∬

S
n3iu4Dds (11)

In this equation, the boundary condition on body surface v43=vn ¼ iun3 of radiation potential 43 is
introduced and equation can be recast as,

FD ¼ �r∬
S

v43
vn

4Dds (12)

According to the second Green formula ∬
S
4 v4

vt ds ¼ ∬
S
4 v4

vt ds and wall boundary condition of
diffraction potential v4I

vn ¼ �v4D
vn , the equation (12) can be further rewritten as follows.

FD ¼ �r∬
S

v4D

vn
43ds ¼ r∬

S

v4I

vn
43ds (13)

Furthermore, by the equation (4) of incident potential and its directional derivative v4I
vn ¼ n3k4I , the

equation can be written.

FD ¼ r∬
S
n3k4I43ds ¼ r∬

S
n3k43

igx
u
ekzeikxeiutds

¼ ruxieiut ∬
S
n343e

kzeikxds
(14)

As shown in Fig. 9, the surface integral of equation (14) can be converted into double integral of line
and angle.
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FD ¼ ruxieiut
Z
q

Z
l

n3e
ikr cos qekz43rdqdl ¼ ruxieiut

Z
l

� Z
q

eikr cos qdq
�
n3e

kz43rdl (15)

Here the series expansion (7) and (8) of
R
q
eikr cos qdq can be adopted and equation (15) can be

rewritten as,

FDz2pruxieiut
Z
l

"
1� ðkrÞ2

4

#
n3e

kz43rdl (16)

For the engineering application, the conclusions of Korvin-Kroukovshy and Jacobs can be referred
and the approximate expression of heave diffraction wave force can be achieved.

FDz2pruxieiut
"
1� ðkr0Þ2

4

#
e�kd

Z
l

n343rdl (17)

where r0¼ (RBþRW)/2, d is draft, RW is radius of water plane and RB is radius of bottom surface.
Furthermore, the heave radiation wave force T33 can be obtained by the potential flow theory.

T33 ¼ u2A33 � iuB33 ¼ �r∬
S
n3iu43ds ¼ �r

Z
q

Z
l

n3iu43rdldq ¼ �2puiu
Z
l

n343rdl (18)

where A33 is heave added mass, B33 is heave radiation damping. Thus the integral of equation (14) is
obtained.

Z
l

n343rdl ¼ �u2A33 � iuB33
2priu

(19)

Take the equation (19) into the (17), and then the diffraction wave force can be obtained.

FD ¼ �xeiut
"
1� ðkr0Þ2

4

#
e�kd

�
u2A33 � iuB33

�
(20)

Moreover, in the case of the new sandglass-type floating body, the addedmass is estimated by using
the method given by Hooft (1982) [8]. Furthermore, the shape parameter of inclination angle is
introduced to obtain the engineering estimation formula for heave added mass,

A33 ¼ 1
3
prR3B þ

�
1
3
prR3B �

1
3
prR3W

�
maxðctga; 1Þ (21)

where a is the inclination angle of submerged floating body.

4.2.3. Frequency versus minimum heave motion RAO
Because the frequency versus minimum heave RAO is less affected by viscous damping and

nonlinear stiffness, the heave motion response of sandglass-type floating body under the linear regular
wave can be calculated by neglecting viscous effect and nonlinear stiffness,
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ðM þ A33Þ€x3 þ B33 _x3 þ K33x3 ¼ F3 (22)

where €x3, _x3 and x3 are the acceleration, velocity and displacement of heave motion, respectively; A33,
B33 and K33 are addedmass, radiation damping and hydrostatic restoring stiffness of heavemotion, and
F3 is the heave excitation wave force on floating body.

Furthermore, by introducing equations (10) and (20), the heave motion RAO can be described as
follows,

x3
x
¼ jF3j

x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
K33 � ðM þ A33Þu2

�2 þ ðB33uÞ2
r

¼

"
1� ðkr0Þ2

4

#
e�kd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
rgAW � ru2AWz0 � u2A33

�2 þ ðuB33Þ2
r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
K33 � ðM þ A33Þu2

�2 þ ðB33uÞ2
r

(23)

where Aw is area of water plane, z 0 ¼ d d, d ¼ (RB-RW)/RW, RW is the radius of the water plane, RB is the
radius of bottom, d is the draught.

By analyzing the (23) of heave motion, the frequency u min corresponding to minimum RAO can be
obtained.

u2
min ¼ 2rgAW ðrAWz0 þ A33Þ � B233

2ðrAWz0 þ A33Þ2

¼ rgAW

ðrAWz0 þ A33Þ

"
1� B233

2ðrAWz0 þ A33ÞrgAW

# (24)

Furthermore, because the heave radiation damping B33 near the frequency umin is approximately
zero. Thus in the equation (24) the B33 can be neglected and the frequency u min can be achieved,

uminz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rgAW

ðrAWz0 þ A33Þ

s
(25)
4.3. Design guideline and scheme of floating body

The heave motion performance of new floating body is also associated with practical sea condition,
so here the characteristic of wave spectrum should be studied by taking the dual-parameter Pier-
soneMoskowitz (PeM) spectrum for example.

SðuÞ ¼ 1
2p

H2
S

4pT4Z

�
2p
u

�5

exp

 
� 1
pT4Z

�
2p
u

�4
!

(26)

where u is wave frequency, HS is significant wave height, TZ is average period, S(u) is density of wave
spectrum.

Then, the frequency bandwidth of concentrated wave energy (u L~ u H) is studied. Therein, the
initial frequency u L can be described as,
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uL ¼
 

� 1
pT4Z

ð2pÞ4
ln m

!1
4

(27)

where the variable of energy percentage m can be defined by equation (28) and here selected as 1%.

m ¼

Z uL

0

1
2p

H2
S

4pT4
Z

�
2p
u

�5
exp

 
� 1
pT4

Z

�
2p
u

�4
!
du

Z ∞

0

1
2p

H2
S

4pT4Z

�
2p
u

�5

exp

 
� 1
pT4Z

�
2p
u

�4
!
du

(28)

Based on the conclusions of heave motion performance for new sandglass-type floating body in
Section 3.2e4.2, it can be achieved that the frequency umin for the minimum heave motion RAO should
be slightly less than or equal to the initial frequency u L of wave spectrum, in order to not only control
the maximum RAO peak (natural frequency) to stay away from the bandwidth of high wave energy but
also guarantee to reduce the second highest peak of heave motion RAO as possible.

uminz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rgAW

ðrAWz0 þ A33Þ

s
zuL ¼

 
� 1
pT4Z

ð2pÞ4
ln m

!1
4

(29)

Furthermore, due to the above-mentioned analysis on the heave motion, pitch motion and steady
drift force, by introducing the intact stability criteria of ship classification society for ocean engineering
structure, the design guideline for new sandglass-type floating body can be made as follows.

1. Follow the equation (29) to improve the heave motion performance;
2. Satisfy the intact stability criteria of ship classification society and retainmargin tomaintain enough

stability;
3. Based on the guideline 1 and 2, design the inclination angle as large as possible to decrease the

heave motion response, pitch motion response and steady drift force in frequency bandwidth of
high wave energy.

4. Based on the guideline 1 and 2, design the radius of the water plane as small as possible to decrease
the heave motion response, pitch motion response and steady drift force in frequency bandwidth of
high wave energy.

On this basis, by taking the inclination angle and the radius of the water plane of floating body as
loop variables, the design scheme of sandglass-type floating body is made and shown as Fig. 11.
5. Validation of test cases and discussion

In order to better verify the validaty of design guideline and scheme of new sandglass-type floating
body, two test cases are designed and calculated by numerical method and engineering estimation
formula. Furthermore, by taking cylindrical floating model of “Sevan Piranema” FPSO for test case, the
new sandglass-type floating model with the same basic functions (displacement, storage space, upper
deck area, etc.) is designed by the guideline and scheme in this paper. Finally, the hydrodynamic
performance and stability of the two floating models are studied and compared by numerical and
experimental method.



Table 1
Shape parameters of sandglass-type floating model.

Displacement
volume VB (m3)

Radius of water
plane RW (m)

Bottom inclination
angle a (o)

Model 1 367,151.22 50 30
Model 2 367,151.22 50 40

ωmin ≈ ωL ?

Based on basic functions and performance 

of FPSO, decide the DWT, Δ, VB, VT and RT

Select an initial bottom inclination angle α

Calculate all shape parameters and create floating model

Compute initial stability height GM of floating body

Solve equation (21) to achieve 

added mass of heave motion

Complete design and determine shape parameters of new floating body

No, increase RW
Stability criteria?

Yes

No, decrease α

Choose an initial radius RW

By equation (25), achieve frequency 

ω min of minimal heave RAO

Use equation (27) to compute initial 

frequency ω L of wave spectrum

Yes

Fig. 11. Design scheme for shape parameters of new sandglass-type floating body.
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Fig. 12. Comparison of wave incident and diffraction forces versus different methods.
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5.1. Verification for design guideline and scheme of sandglass-type floating body

In this paper, two sandglass-type floating models with different shape parameters are designed as
test cases (see Table 1) to analyze the accuracy of estimation equations (10), (20), (21) and (25). Then
the wave incident and diffraction forces in frequency band u� 0.35 rad/s versus two different methods
of numerical boundary element method and estimation equations of this paper are calculated and
compared in Fig. 12. In this figure, the difference of wave incident and diffraction forces by two
methods is very small, which shows that on computational precision the results are almost the same.
Thus, the estimation equations (10) and (20) for wave exciting force are enough accuracy to satisfy the
precision requirement in engineering.

Furthermore, the heave added mass A33 and corresponding frequency u min for minimum RAO by
estimation equations and the numerical boundary element method are listed in Table 2. From the table,
it can be found that the relative errors from the two models are below 5%. Therefore, if engineering
estimation equations (21) and (25) are applied to calculate A33 and u min, the solutions can meet the
accuracy requirement in engineering.
Table 2
Comparison of A33 and u min versus different methods.

A33 (108 kg) Relative
error

u min (rad/s) Relative
error

BEM Estimation
formula

BEM Estimation
formula

Model 1 18.70 19.10 2.63% 0.196 0.198 1.23%
Model 2 11.70 10.50 4.64% 0.249 0.251 0.88%



Fig. 13. Hydrodynamic model and main dimensions of cylindrical FPSO.

Fig. 14. Hydrodynamic model and shape parameters of new sandglass-type floating model.
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5.2. Comparison of cylindrical and new sandglass-type floating models

In order to discuss the hydrodynamic performance and stability of new sandglass-type FPSO, here
based on the functions of “Sevan Piranema” FPSO and hydrodynamic model as shown in Fig. 13, a new
sandglass-type floating model (see Fig. 14) with the same load capacity, displacement, storage space,
and topside area is obtained by the design scheme of this paper.
Fig. 15. Experimental model of cylindrical and sandglass-type floating body.



Fig. 16. Comparison of heave motion RAO versus different floating models and methods.
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5.2.1. Motion performance RAOs of two floating models
Here the hydrodynamic performances of two floating models are studied by two methods of the

numerical boundary element and experimental methods. Therein, the experiment (1:70 scale model)
has been done in the state key laboratory of coastal and offshore engineering of Dalian University of
Technology as shown in Fig. 15.

With the numerical boundary element and experimental data, the heave motion RAO of cylindrical
and sandglass-type floatingmodels are calculated and shown in Fig. 16. From the figure, it can be found
that the difference of results by two methods is very small, which shows that the numerical method is
accurate enough to study the heave performance of floating model. Furthermore, it can be also seen
that the maximum peak of heave motion RAO for cylindrical model is totally located in the frequency
band (0.35 rad/s <u < 0.8 rad/s) of high wave energy in the South China Sea, which should result in the
large heave motion response of cylindrical model. On the other hand, the heave motion RAO of new
sandglass-type floating body has a narrow maximum bandwidth near u ¼ 0.25 rad/s and then sharply
reduces on the both sides. Therein, in the high-frequency side, with the frequency gradually being high,
the heave motion RAO rapidly increases fromminimum to the second highest peak, which is about 0.2
and much less than the maximum 1.5. Thus for the new sandglass-type floating model, the maximum
of heave motion RAO can be away from the concentration zone of wave spectrum, which can sub-
stantially improve the heave motion performance of FPSO.
Fig. 17. Comparison of pitch motion RAO versus different floating models and methods.



Fig. 18. Time history of heave and pitch motion responses for two floating models in experiments.
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Furthermore, the Fig. 17 shows the comparison of pitch motion RAO versus cylindrical and new
sandglass-type floating models by experimental and numerical methods. From the figure it can be
found that the pitch RAOs versus two different methods are in good agreement with each other, which
shows that the numerical method is accurate enough to study the pitchmotion performance of floating
model. Moreover, it also can be seen that the maximum peak (natural frequency) of pitch motion RAO
for the cylindrical floating model is near u ¼ 0.5 rad/s, which lies in the high energy band (0.35 rad/s
<u < 0.8 rad/s) of the wave spectrum. Thereby, the cylindrical floating model may generate a relative
large pitch motion response, which should need very high and serious requirements for the center-of-
gravity control in the design process. However, the contour design of the sandglass-type floating body
can greatly improve the added mass and damping of pitch motion, which can effectively reduce the
maximum peak of pitch motion RAO and thus enhance the pitch motion performance of FPSO.
Especially, the natural frequency of pitch motion for the newmodel is about 0.1 rad/s and can avoid the
frequency bandwidth of high wave energy. But it should be noted that the effect of wave drift force on
the pitch motion should be important and needed to be mainly considered in future.

5.2.2. Motion response of two floating models in the sea condition of once in a year
Here, firstly time histories of heave and pitch motion responses in experiments for cylindrical and

sandglass-type floating models under the sea condition of once in a year in the South China Sea
Fig. 19. Motion spectrum of heave motion versus different models and methods.



Fig. 20. Motion spectrum of pitch motion versus different models and methods.
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(Hs ¼ 6.2 m, T p ¼ 11.1 s in Ref. [18] are shown in Fig. 18. Then based on the experimental data and Fast
Fourier Transform (FFT) method, the heave and pitch motion spectrums can be achieved and described
in Figs. 19 and 20 along with the numerical solutions of this paper by frequency-spectrum analysis
method. Furthermore, the standard deviations of heave and pitch motion for the two models and two
methods are analyzed and listed in Table 3.

From the Figs. 19 and 20 and Table 3, it can be found that the differences of motion performance for
the two floating models between numerical and experimental methods are less than 10%, which
satisfies the engineering precision requirement and validates the accuracy of numerical method.
Furthermore, the new sandglass-type model can reduce to about 1/3 the heave motion response of
cylindrical model and the pitch motion response decreases by about 50%, which shows that the shape
design of sandglass-type floating body can effectively and significantly enhance the operation per-
formance of FPSO under the working condition.

5.2.3. Stability of two floating models
Here by classic variable displacement method of [22]; stability curves of cylindrical and

sandglass-type floating models are calculated and drawn in Fig. 21. Then based on the
stability curves, the characteristic parameters of the two models can be analyzed and shown in
Table 4.

In the table, compared with cylindrical model, the new floating model can not only satisfy the IMO
Stability criteria about initial stability but also provide smaller natural frequency and more moderate
pitch motion. Then with the heeling angle gradually increasing, the restoring moment of sandglass-
type model rapidly enlarges. Furthermore, compared with cylindrical model, the maximum
restoring moment of new model can be enhanced by over 50% and the limiting wind moment can
Table 3
Standard deviations of heave and pitch motion for two models and two methods.

Heave motion response (m) Sandglass-type model Cylindrical model Ratio

Experiment analysis 0.46 1.24 1:2.70
Numerical simulation 0.44 1.29 1:2.93
Relative error �4.35% 4.03%

Pitch motion response (o) Sandglass-type model Cylindrical model Ratio

Experiment analysis 3.68 5.38 1:1.46
Numerical simulation 3.36 5.25 1:1.56
Relative error �8.70% �2.42%



Fig. 21. Comparison of stability curves versus two different models.

Table 4
Characteristic parameters of stability curves versus two different models.

Sandglass-type model Cylindrical model

Initial stability height (m) 0.360 5.894
Maximum restoring moment (�109 Nm) 2.920 1.940
Limiting heeling angle (�) 32.000 40.000
Vanishing angle of stability (�) 77.000 80.000
Curve area (�1011 m2) 1.220 0.929
Limiting wind moment (�109 Nm) 1.295 0.928
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increase by about 40%. Thus the new sandglass-type floating body has better stability characteristic for
severe deep-water environment.
6. Conclusion

In order to solve the performance limitations of traditional ship-type and cylindrical FPSO, this
paper presents a new concept FPSO with innovative sandglass-type floating body. Then the hydro-
dynamic performances of new floating model are studied by the qualitative and quantificational
analysis. Furthermore, based on the design scheme and functions of cylindrical FPSO “Sevan Piranema”,
a new sandglass-type floating body can be achieved and discussed by numerical and experimental
methods. Finally, many useful conclusions can be made as follows.

1. The engineering estimation expressions of heave wave excitation force and frequency corre-
sponding to theminimumheavemotion RAO are derived by potential flow theory. Furthermore, the
relative error between estimation results and numerical solutions is less than 10%, which shows
that the engineering estimation expression can meet the precision requirement of practical engi-
neering and it will be further chosen as a design guideline to control the heavemotion performance
of sandglass-type floating body.

2. Based on the guideline and scheme, a new sandglass-type floating body is designed and compared
with “Sevan Piranema” cylindrical model by numerical and experimental methods.
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1) The design of sandglass-type floating body canmake themaximumpeak of heavemotion RAO away
from the frequency bandwidth of wave spectrum with high energy, and thus can significantly
improve the heavemotion performance. For the full-load FPSO under sea condition of once in a year,
the new model can reduce to about 1/3the heave motion response of cylindrical model. Further-
more because the FPSO with drilling function is much concerned about the heave motion response,
therefore the shape design of sandglass-type model in this paper can provide a potential effective
solution to improve the heave motion performance of FDPSO.

2) The design of sandglass-type floating body can greatly increase added mass and radiation damping
of pitch (roll) motion, which can effectively restrain the occurrence of maximum peak in the high
wave frequency and thus improve the pitch motion performance. For the full-load FPSO under sea
condition of once in a year, the new sandglass-type model can decrease by about 50% the pitch
motion response of cylindrical model. Therefore the new floating model can not only efficiently
improve both the working performance and the safety of FPSO but also reduce the difficulty of COG
control in the general arrangement.

3) The design of sandglass-type floating body can not only achieve smaller natural frequency of pitch
motion but also provide the larger maximum restoring moment and endure the larger limiting
wind moment. Thus the new floating model can support better stability characteristic for severe
deep-water environment.

In summary, the design scheme of sandglass-type floating body in this paper is effective and valid,
which can take the maximum peak of heave motion RAO away from the concentration zone of wave
energy. Thus the new sandglass-type floating body based on the design scheme can significantly
improve the performance (heave motion, pitch motion, stability, etc.), and thus can be applied in
deepwater oil and gas exploitation as an efficient engineering platform. Furthermore, this paper
tentatively introduces the control and optimization of hydrodynamic performance into the shape
design of floating body, which can form a more scientific and reasonable design guideline and scheme
to provide the reference and experience for the design of other ocean floating structures.
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