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a b s t r a c t

During a full-scale measurement project for Fenjin Floating production, storage and offloading (FPSO),

an unusual phenomenon, herein named "swing", was discovered. Until now, little research on this

phenomenon has been done; in this study, it was defined and its characteristics and fundamental

mechanisms were analyzed, including the threat that it poses to the safety of the FPSO. Data collected

during the period of the measurement project (October 2007 to October 2009) were statistically

analyzed and several criteria for distinguishing swing were assessed. The number of occurrences of

swing during the measurement period was obtained as well as the timing of the FPSOs yaw motion for

each occurrence. Also, the tensile forces in the mooring lines during one swing motion were calculated.

The effect of swing on the mooring system and the offloading operation process were also assessed. A

preliminary speculation as to the cause of the swing is proposed, based on wave, wind and current data.

A fundamental hydrodynamics mechanical model for the low-frequency motions of FPSO was

constructed, and a MATLAB program was written in-house to calculate the yaw motion of the FPSO

in the time domain to enable the swing mechanism to be studied.

Crown Copyright & 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Floating production, storage and offloading (FPSO) units play a
dominant role in the production of oil and gas in the South China Sea.
Due to the complex environmental conditions at sea, submerged
turret production (STP) mooring systems are always used to moor
FPSOs permanently in a given area to minimize the loading on the
vessel due to the weathervane effect. Therefore, the hydrodynamic
behavior of FPSOs remains a critical issue for designers and engineers.
There are three ways of studying the hydrodynamic characteristics
of offshore structures: numerical simulation, model testing, and full-
scale measurement. Of these, full-scale measurement has higher
credibility, provided the measurement methods and equipment are
sufficiently reliable, since neither numerical simulation nor model
testing resembles all aspects and details of the actual situation.
Furthermore, some distinctive phenomena might be found during
full-scale measurement not observed or simulated by the other two
methods.

In the past several decades, however, few full-scale measurement
projects for offshore structures have been carried out, mainly
because of their high cost and the limitations of the measuring
012 Published by Elsevier Ltd. All

31; fax: þ86 21 34207058.
techniques and instrumentation. To date, only a small number of the
results of these projects have been published. Two reports of typical
full-scale measurement projects have been selected to demonstrate
their importance (van den Boom et al., 2005; Van Dijk and van den
Boom, 2007).

One project was the real-time monitoring study on the Marco
Polo tension-leg platform (TLP) in the Gulf of Mexico from March
2004 to May 2008, a joint industry project (JIP) headed by MARIN
and supported by Anadarko, ABS, BHP Billiton, BP, Enterprise, Hess,
Modec, MMS, and Worley Parsons Sea, conducted with the purpose
of evaluating the design in operation when exposed to hurricanes
and loop-current conditions (Aalberts et al., 2008). During the
measurement period the Marco Polo TLP was subjected to three
major hurricanes, which provided a large amount of valuable data
including the motion response of the platform in hurricane condi-
tions, and environmental wave, wind and current data. Based on
these data a series of studies were carried out, including the effect
of hurricanes on the cumulative fatigue life consumption of the TLP
(Aalberts et al., 2008), and wave characteristics in hurricane
conditions. Aside from data for conventional analysis of motion
response, structural deformation and fatigue loads on the platform,
during the project, and following further data analysis, researchers
found some unexpected but valuable phenomena; one of which
was that the measured extreme wave heights of 26.9 m (including
the correction for platform motions) with an associated crest
rights reserved.
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height of 17.4 m, exceeded the expected values in hurricane
conditions. Also, high frequency vibrations were observed at the
deck level of the platform due to the impact loads of these extreme
waves on the columns.

The other project considered here was the JIP for monitoring
the GlaDowr FPSO in the North Sea, conducted over the period
October 1997 to August 1999. The objective was to collect factual
data for computer model development, for understanding fatigue
loading on FPSOs, and for validating new and existing fatigue load
prediction models used by five classification societies (van den
Boom et al., 2000). Data were collected for movement and
structural strains in the FPSO, and from pressure gauges recording
the effects of bow-slamming impact and green water on the deck,
as well as observational data of environmental conditions. Based
on this information, short- and long-term analyses were conducted
and useful conclusions were reached (van den Boom et al., 2000;
Bultema et al., 2000).

As discussed, full-scale measurement is of crucial importance
to studies of the hydrodynamics of offshore structures. To fill the
knowledge gaps in this area and apply an improved approach to
research on FPSO’s hydrodynamic characteristics, a joint industry
project on full-scale measurement for the Fenjin FPSO, headed by
Shanghai Jiao Tong University and sponsored by CNOOC, was
carried out between October 2007 and October 2009. Much of the
analytical results of this work have subsequently been published
(Hu et al., 2011; Zhao et al., 2011; Wei et al., 2011).

During the processing and analysis of the FPSO’s motion data it
was found that, under certain circumstances, the heading angle of
the FPSO changed appreciably within relatively short periods
beyond the normal range of either the weathervane effect or
fishtailing effect, potentially increasing the loading on the mooring
system and endangering the FPSO and the shuttle tanker during
offloading. To date, few studies have been reported on this
phenomenon, which is provisionally termed ‘‘swing’’ in this paper
to distinguish it from other kinds of movement. The definition,
characteristics and mechanism of the swing phenomenon, and the
extent of its threat to the safety of FPSOs, are valuable for future
research.

The present study focused on the characteristics of the swing
phenomenon for a single moored FPSO, using statistical analysis
techniques. Some preliminary deductions as to its cause were
derived from the environmental data analysis, and a fundamental
analysis of the swing mechanism was carried out using time
domain simulation methods for the numerical calculations combined
with hydrodynamic analysis to validate the results.
Fig. 1. Mooring system arrangement.

Table 1
Major scantlings of the Fenjin FPSO.

Scantlings Full loading Ballast loading

Length overall (m) 262.2

Length between perpendiculars (m) 250

Width (m) 46

Depth (m) 24.6

Operational draft (m) 16.5 7

Displacement (t) 176000 73000

Center of gravity vertically above baseline (m) 16 11
2. Description of the full-scale measurement project
of the Fenjin FPSO

2.1. Fenjin FPSO

The Fenjin FPSO, one of the largest in the South China Sea, is
located in the Wenchang offshore oil field. The South China Sea
is well known for experiencing some of the most severe sea
conditions in the world, including the effect of typhoons in
summer and fall. The Wenchang area is also subject to monsoons
and different ocean currents throughout the year, all of which
greatly complicate the environmental conditions. For FPSOs
located in the area, safety and operational efficiency under such
environmental conditions are crucial issues. Therefore, Fenjin FPSO
was chosen as the subject of the joint industry project on full-scale
measurement, with the environmental data measuring apparatus
to be installed on jacket platforms 13-1 and 13-2 located near
the FPSO.
The FPSO is moored by an STP mooring system comprising
nine moorings in three groups of three; the mooring lines are
numbered from 1 to 9. Groups of moorings are separated by 1201,
and moorings within each group are separated by 51 (Fig. 1).
Mooring lines are each 900 m long, assembled in four parts in a
‘chain-wire-chain-wire’ catenary configuration with pre-tension
set at 330 kN, giving an 877 m horizontal mooring distance. The
major scantlings of Fenjin FPSO are listed in Table 1. Mooring line
characteristics are shown in Table 2.

Model testing was carried out at the design stage to evaluate
the hydrodynamic performance of the Fenjin FPSO. This included
decay tests, current and wind force tests, irregular wave tests, and
offloading tests with a tanker moored in tandem with the FPSO.
Relevant test results were supplied by CNOOC for use in the
present study.
2.2. Description of the full-scale measurement project

The project ran from October 2007 to October 2009. Figs. 2–4
give an overview of the relative locations of measuring systems
on FPSO, the composition of one of the measuring systems, and
photographs of the main apparatus components.

During the 25 months’ data collection, the research team
obtained a very large volume of first-hand data, including the
FPSO’s six degrees-of-freedom (6-DOF) motion data, three sets of
acceleration data at different locations on the hull, wave para-
meters including wave height, period and direction, and wind and
current conditions including velocity and direction.

The 6-DOF motion data and acceleration data were measured
at a frequency of 5 Hz. Wind velocity and direction measured



Fig. 2. Relative locations of the measuring system.

Table 2
Characteristics of mooring lines.

Length (m) Diameter (mm) Weight per unit length (kg/m) Axial stiffness (kN/m) Breaking strength (kN)

Lower-chain segment 50 142 407.3 1193015 18030

Lower-wire segment 500 140 98.1 1800000 17800

Upper-chain segment 100 142 407.3 1193015 18030

Upper-wire segment 250 140 98.1 1800000 17800

Mains power 

GPS

Two sections of 
electrical power 
supply system 
operate alternately 

Central unit 
collecting 6-DOF 
motion and 
acceleration

UPS

Electricity supply 

Data from GPS 

Fig. 3. Components of measuring system.
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were collected separately at time intervals of 1 min, 10 min and
1 h. The operational draft of the FPSO at full loading is 16.5 m
(Table 1); current velocity and direction were measured every
10 min at 1 m intervals along the draft from 1 m to 18 m. The
wave parameters were measured every 30 min; these included
significant wave heights, maximum wave heights, mean wave
periods, maximum wave periods, and mean wave directions.

Because of the difference between full-scale measurement and
model testing, the coordinate systems of the motion and the
environmental loads differed somewhat from conventional sys-
tems. The characteristics of the full-scale measurement data
required three coordinate systems for motion data definition.

To define the global coordinate system, in traditional model
testing the standard procedure is to locate the null position at the
center of the floating structure model when no environmental
loads are applied to it. Surge, sway and yaw motions are then
defined as displacements away from the null position. However, it
is not possible to pinpoint the null position of a full-scale floating
structure, since environmental loads are always acting upon it
(Hu et al., 2011). It was therefore necessary to define an artificial
null position to which the measuring data was related. The STP
installation position was chosen to be the coordinate origin, since
it is a central stable point in the FPSO system. Surge and sway
motions were then defined as the displacements from the center
of the FPSO to the origin in latitude and altitude directions,
respectively (Fig. 5).

Yaw motion coordinates were defined to coincide with the
orientation of the GPS system, where the 01 axis corresponds to
the FPSO pointing north, such that yaw motion varies from �1801
to þ1801 (Fig. 6).

Heave, roll and pitch motions were unrelated to the global
positioning of the FPSO, but were referenced to a conventional
fixed-body 3D Cartesian coordinate system with origin at the
center of the FPSO at the calm water surface (Fig. 7).

The coordinate systems for environmental data were defined
as follows: (i) for wind and waves, 01 means they came from the
north, with angles measured positive clockwise 0–3601; (ii) for
current, 01 means the current moved from the south, with angles
measured positive anticlockwise 0–3601.

Analysis was then carried out on 25 months’ data recorded for
the long-term statistical characteristics of the FPSO’s motion and
short-term motion responses during seven typhoons. Mooring
system loads were calculated for the seven typhoon events using
numerical analysis techniques. Also, the environmental condi-
tions in the South China Sea were statistically summarized over
the period of the project, revealing that, while wave and wind
directions were similar in most circumstances, current directions
were very complex and exhibited few patterns (Hu et al., 2011;
Zhao et al., 2011; Wei et al., 2011).
3. Discovery of the ‘‘swing’’ phenomenon, statistical results
analysis, and the threat to safety of the FPSO

3.1. Discovery of ‘‘swing’’ phenomenon

During data processing, a unique phenomenon was discovered
(described here as ‘‘swing’’), in which the heading of the FPSO
moved through a large angle within a relatively short time,
beyond the range of either the weathervane effect or fishtailing
effect. Two typical cases are outlined below:
�
 During a typhoon on 26 June 2009, the FPSO heading began at
11:50 h to change from 182.0611, and within 90 min was
heading 264.1501. The surge of FPSO increased from 6 m to
117 m while its sway decreased from 112 m to 25 m. The
corresponding environmental data shows that rapid, large
magnitude wind direction changes took place during this time,
with corresponding changes in wave conditions.

�
 During a tandem offloading operation in calm weather condi-

tions on 28 August 2009, the FPSO yawed rapidly from a
heading of 19.21 to 89.61 within 17 min. The surge of FPSO
changed from �14 m to �94 m and its sway changed from



Fig. 4. Measuring system apparatus: (a) Central unit and UPS; (b) GPS and (c) electrical power supply.
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�100 m to �5 m. Such a large horizontal movement in calm
weather alarmed the operators on board, and a collision
between vessels was narrowly averted.

3.2. Consequences of swing

The safety consequences of the swing phenomenon were, first,
the threat to the safety of the offloading operation. In the second
case above, the shuttle tanker could not follow the FPSO as it
swung, and failed to dock safely for offloading, threatening a
collision. The operators on board the FPSO witnessed the incident,
and much attention has been drawn to the threat caused by the
phenomenon.

Second, the swing motion increases the load on the mooring
system, causing excessive wear and damage to the mooring chain.
In the first case example above, mooring system loads were
calculated using the finite element program RIFLEX (Flexible Riser
System analysis). To simulate the mooring system loads, the three
sets of linear displacements for the STP required as input data
were deduced from the measured 6-DOF motions of the FPSO.

As outlined in Section 2.2, the position of the STP installation
was chosen as the origin of the global coordinate system. Surge
and sway motions were defined separately as displacements
between the center of the FPSO and the origin in the latitude
and altitude directions (Fig. 5). Horizontal displacement of the
STP was therefore obtained from:

x¼ Z17Lcosj, ð1Þ

y¼ Z27Lsinj, ð2Þ

where x, y refer to the horizontal displacement of the STP in the x

and y directions; Z1, Z2 are the surge and sway motions; L is the
displacement between the STP and the center of the FPSO; and f
is the heading angle of the FPSO.

The centers of the FPSO and the STP are coincident at the mid-
longitudinal section of the FPSO; the vertical displacement of the
STP is therefore obtained from:

z¼ Z3�L� Z5, ð3Þ

where z is the vertical displacement of the STP in the z direction,
and Z3, Z5 are the heave and pitch motions of the FPSO.

A time series of the three linear displacements of the STP
calculated from Eqs. (1)–(3) was used as input for the RIFLEX
program, which then calculated the tensile forces in the mooring
lines. The time series of the largest tensile forces in a typical
mooring line (Fig. 8) shows an increase from 1400 kN to 4400 kN
within 90 min, outside the range of any tensile force normally
experienced. It was perhaps fortunate that this swing occurred
during a relatively mild typhoon, and that the tensile force did not
cause any components of the moorings to fail; swing movement



Fig. 8. Tensile forces in a typical mooring line during swing motion in the typhoon of 26 June 2009.

Table 3
Statistical results for the sensitivity analysis. (Number of swing events each month

from May 2009 to October 2009).

Months May June July August September October

Criteria 801/30 min 1 13 2 11 0 1

751/30 min 2 14 5 17 0 1

701/30 min 3 16 5 21 0 1

651/30 min 3 20 9 31 0 2

601/30 min 3 28 11 38 0 2

Fig. 9. Number of swing events each month October 2007–October 2009.
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of this kind in an FPSO has the potential to threaten the integrity
of the mooring system itself in sea conditions caused by a severe
typhoon.

Although only two obvious kinds of threat have been
described here, they demonstrate that the swing motion of the
FPSO poses a potential risk to operational safety, whether in
terms of its influence on the mooring system forces or its impact
on tandem offloading efficiency.

3.3. Statistical analysis of swing

The raw data obtained during the entire process of full-scale
measurement from October 2007 to October 2009 was subjected
to statistical analysis. This produced three fundamental charac-
teristics of swing, which are summarized below.

3.3.1. Definition of criteria for swing occurrence

A quantitative criterion for the definition of swing was
required for the statistical analysis to have practical value.
Initially a selection from the yaw motion data was analyzed for
statistical sensitivity, from which a quantitative criterion for the
definition of swing was determined. The time series of yaw
motion for the six months from 1 May to 31 October 2009
inclusive were chosen for this aspect of the analysis. Five criteria
were established, lying between 801/30 min and 601/30 min at 51
intervals. All of these exceed average weathervane motion angles.
A MATLAB program was written in-house to search the data for
swing events during that period. The results are given in Table 3.

Table 3 shows that the criterion that is adopted has a large
influence on what events are defined as ‘‘swing’’: the smallest-
angle criteria may include some weathervane effects, while the
largest-angle criteria may omit some swing events. Consequently,
from an overall viewpoint, a swing event was defined in this
study as heading angle change by more than 701 in half an hour.

3.3.2. Characteristics of swing in seasons of frequent occurrence

For the above definition, the results of a statistical analysis of
all yaw motion data from October 2007 to October 2009 are
summarized in Fig. 9.

Fig. 9 shows that there were a total of 92 swing events, mainly
in the northern summer months (May–October), with only 18
events, or 19.6%, at other times. Three were recorded in fall and
winter (November–February), and 15 events between March
and April.

3.3.3. Characteristics of swing on the trace of yaw motion

The data analysis produced time series of yaw motion for
specific swing events. These included the form, amplitude and
duration, initial and final heading angles.
3.3.3.1. Form. Swing events were found to occur in two forms:
monotonic and periodic yaw motions. Fig. 10(a) shows the heading
of the FPSO changing monotonically within a 30-minute period on
7 June 2009. Fig. 10(b) illustrates a periodic yaw motion in which
the heading initially changed but failed to reach a new
equilibration and changed in the opposite direction (29 August
2009). Fig. 10(c) shows an example of a more intricate multiple
periodic yaw motion (27 August 2009).

Of the 92 swing events that occurred in the 25 months
measurement period, 72 behaved monotonically, indicating that
this may be the major form.
3.3.3.2. Amplitude and duration. The amplitude and time duration
data for the swing events are shown in Tables 4 and 5. (Note that
periodic motions are each counted in the tables as a single swing
event, and the listed amplitude is the largest heading angle
change recorded during that event.)

In many cases, large-amplitude swing motion corresponded to
longer duration times. For example, one swing motion with
amplitude 143.781 occurred over 50 min, but it nevertheless
satisfied the definition of a swing event because the heading
changed by more 701 in the first 30 min. Such situations of large
amplitude change combined with rapid yaw motion are believed
to be more dangerous for the FPSO.



Fig. 10. (a) Time series of monotonic yaw motion (7 June 2009). (b) Time series of

single periodic yaw motion (29 August 2009). (c) Time series of repeated periodic

yaw motion (27 August 2009).

Table 4
Amplitudes of swing events.

Amplitude (1) 70–80 80–90 90–100 4100

Number of events 21 15 7 49

Fig. 11. FPSO heading angles after a swing event.

Table 6
FPSO direction changes.

Change directions Numbers Percentage (%)

North 4 4.35

North-east 0 0.00

East 2 2.17

South-east 20 21.74

South 2 2.17

South-west 8 8.70

West 2 2.17

North-west 54 58.70

Table 5
Durations of swing events.

Duration (min) o20 20–30 30–40 40–50 450

Number of events 15 16 26 17 12
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3.3.3.3. Initial and final heading angles. The heading angle
characteristics are believed to bear a strong relationship to the
prediction of swing events. It is known that FPSOs on a STP
mooring site produce a good weathervane response to wind and
wave direction, since the FPSO is able to head onto any bearing
and environmental loads are minimized. The bearing of the vessel
at the end of a swing motion indicates the direction of the
environmental loads to some extent, and this is also indicated
by the direction in which the FPSO yaws during a swing process.
Fig. 11 and Table 6 show the analyzed data for these two
parameters. In the pie chart in Fig. 11, the heading angle zones
are divided into 451 segments, shown as the interval [0, 45].

In Table 6, the changing direction of the FPSO means the
changing track of the center of gravity of the FPSO, assuming that
the STP does not move.

It can be seen that the final heading angles were mainly
concentrated in the [45, 225] range, while the majority of the
change directions were north-west and south-west. Further
analysis of these results is reported in Section 3.4 below, together
with proposed causes of the swing phenomenon.

3.4. Cause of the swing phenomenon

Since the swing phenomenon is a potential threat to the safety
of the FPSO, the derivation of its cause is of particular importance.
Based on the fundamental information from the full-scale mea-
surements, three possible causes are put forward:
1)
 Change of current direction and velocity within a relatively
short period.
2)
 Change of wind direction and velocity within a short period.

3)
 Collapse of the equivalence of wave-, current- or wind-induced

moments acting on the FPSO, due to the change of draft during
the tandem offloading process.



Table 8
Environmental data for the swing event at 10:35 h. 28 August 2009.
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It is not easy to reach a definitive conclusion as to the true
(a) Wind (m/s) (V-velocity, D-direction)

Time 1 min 10 min 1 h

V D V D V D

10:00:00 1.2 ESE 0.9 E 0.6 ENE

11:00:00 1.5 NNW 1.1 NNW 0.7 SSW

(b) Current (cm/s) (V-velocity, D-direction)

Depth 1 m 2 m 3 m 4 m

Time V D V D V D V D

10:49 30.5 203 20.4 193 17.4 203 13.7 182

10:59 30.6 280 22.6 283 23.2 289 15.8 296

Depth 5 m 6 m 7 m 8 m

Time V D V D V D V D

10:49 13.7 311 7.5 212 8.8 196 12.8 197

10:59 17.6 306 12.9 317 15.6 344 16.9 1

Depth 9 m 10 m 11 m 12 m

Time V D V D V D V D

10:49 9.6 202 12.6 158 13.3 165 15.3 172

10:59 15.3 20 17.7 12 17.5 217 18.6 252

Depth 13 m 14 m 15 m 16 m

Time V D V D V D V D

10:49 13.9 186 15 196 14.9 199 13.1 200

10:59 14.2 293 15.8 290 15.4 299 15.1 297
cause of the swing motion, since it might be the result of a
combination of factors. The above three possible causes are only
those considered in this paper; others may be discovered in the
future. However, the most likely dominant cause has been derived
from the environmental data corresponding to swing events.
Tables 7 and 8 give the corresponding environmental data for
the two typical swing cases discussed in Section 3.1, all of which
was measured and collated during the full-scale measurement
project. (In Table 7, data for current are presented for representa-
tive sections at each water depth.)

From Table 7, it is seen that the current conditions remained
relatively stable during the swing process, while the wind
changed quite sharply both in velocity and direction. As a
consequence of the wind change, the significant wave height
and wave direction also changed, but with minor magnitudes.
Considering the good weathervane response of the Fenjin FPSO
and the typhoon conditions when this event occurred, the change
of wind velocity and direction along with the accompanying
change of wind loading might have been the major cause. This
may also place another perspective on the increased mooring line
tensions (see Fig. 8) observed during this event.

The wave conditions are not listed here because of data lost
during the full-scale measurement procedure. Table 8 shows that,
in the prevailing normal sea environment, neither the wind
conditions nor changes in the wind conditions were very severe.
However, the current conditions changed rapidly within 10 min,
between 10:49 and 10:59. The velocity increased rapidly,
Table 7
Environmental data for the swing event at 11:50 h. 26 June 2009.

(a) Wind (m/s) (V-velocity, D-direction)

Time 1 min 10 min 1 h

V D V D V D

11:00:00 4.6 ESE 3.9 E 3.1 E

12:00:00 2.9 SSW 2.4 ESE 1.5 E

13:00:00 4.7 NNW 3.5 SW 1.3 SSE

14:00:00 1.8 WSW 1.3 SSW 0.5 S

(b) Current (cm/s) (V-velocity, D-direction)

Depth 1 m 5 m 10 m 15 m

Time V D V D V D V D

11:49:59 36.5 203 15.4 88 11.3 71 9.7 76

11:59:59 36.5 203 15.6 108 11.9 115 8.4 61

12:09:59 36.5 203 16.1 122 13.1 76 9.1 39

12:19:59 36.5 203 14.7 104 12.1 83 9.6 70

12:29:59 36.5 203 15.7 66 11.4 99 9.5 83

12:39:59 36.5 203 14.9 66 11.1 125 9.1 84

12:49:59 36.5 203 15 110 11.9 108 9.7 87

12:59:59 36.5 203 16.2 112 11.3 133 8.1 103

13:09:59 36.5 203 19.8 107 13.6 117 8.2 102

13:19:59 36.5 203 20.5 109 15.2 129 8.6 114

(c) Wave

Time Hs (m) Tp (s) Direction

10:21:00 0.3 11.2 190

10:52:00 0.4 11.4 179

11:22:00 0.4 11.6 162

11:52:00 0.4 11.7 116

12:23:00 0.4 11.9 107

12:53:00 0.5 12.6 111

13:24:00 0.6 13.1 110

13:54:00 0.6 13.7 110
accompanied by a change of direction from a bearing of about
2001 to about 3001; therefore the complete current data are given
in Table 8 to emphasize the extent of the changes. From these
data, it appears that the sudden changes in the current might
have been the major cause of this swing event. (Also, the third of
the possible causes discussed above – the change of draft during
the offloading process – may also have contributed to this swing
event, but since no draft data were recorded on that occasion, this
speculation cannot be followed up.)

These two swing cases imply that sudden, large magnitude
changes in either wind conditions or current conditions are the
dominant cause of the swing motion. To investigate this prediction,
collated and analyzed environmental data for every swing event
revealed that wind and wave conditions remained relatively stable
in most cases, whereas the current velocity and direction under-
went obvious changes. This implied that the changing current is
most likely to induce swing events. (Changes of wind loading may
also induce swing motion, especially in typhoon conditions in
which the wind direction is prone to rapid change.)

To test this hypothesis, the current conditions, frequency of
swing events, and heading angles of the swing motion were
compared for each case. As discussed, the Fenjin FPSO is located
in a region of the South China Sea that typically experiences
regular annual monsoon and typhoon activity. The south-
westerly summer monsoon causes the current to flow in a
north-easterly direction; it meets a branch of the Kuroshio
Current moving in a south-westerly direction (Fig. 12), giving rise
to complex current change phenomena. Another inducing factor
is internal solitary waves that regularly occur in this area,
generally from March to October. Studies by the Institute of
Oceanology, Chinese Academy of Science, in the Wenchang oil
field (Xu, 2009) found that the duration of internal solitary waves
is some 20 min to 30 min, similar to that of swing events, and
their north-westerly and south-westerly directions also parallel
those of swing motion (see Fig. 11 and Table 6).

It is predicted that the complex current conditions and internal
solitary waves in the region are the most likely cause of swing



Fig. 12. Summer ocean currents, South China Sea.

Y. Ma et al. / Ocean Engineering 59 (2013) 274–284 281
events; the term ‘‘current-oriented swing’’ is therefore now
introduced, and is analyzed below. A theoretical analysis of other
possible causes of the swing phenomenon will be presented in
future work.
Fig. 13. Hydrodynamic model of Fenjin FPSO.
4. Theoretical analysis of current-oriented swing
phenomenon

The following theoretical analysis of the current-oriented
swing phenomenon was carried out to deduce the fundamental
mechanism of the current-oriented swing phenomenon and test
the plausibility of the hypothesis.

The magnitude and rapidity of the FPSO yaw motion during
the swing process exceeds the normal range of the weathervane
effect; nevertheless, both are typical of low-frequency motion.
The following hydrodynamic model of current-oriented swing is
based on fundamental low-frequency dynamic equilibration in a
time domain (Marintec and Det Norske Veritas, 2004):

½MþA o¼ 0ð Þ� €xLFþD1 _xLFþKxLF ¼ qWIþqð2ÞWAþqCU, ð4Þ

where €xLF represents the three low-frequency surge, sway and
yaw motions of the FPSO, in that order; M is the 3�3 body mass
and inertia matrix obtained from the design data for the FPSO;
A(o¼0) is the 3�3 added-mass matrix when o¼0, obtained by
numerical calculation based on potential theory in the frequency
domain, using the SESAM program; D1 is the 3�3 linear damping
matrix for low-frequency motions, calculated using the method of
Wichers (1988); K is the 3�3 hydrostatic stiffness matrix; and
qWI, qð2ÞWA, qCU are the 3�1 force vectors of wind drag, second-
order wave excitation, and current drag.
The emphasis in this analysis was on the influence of changes
in the sea current, as discussed above; however, we recognize
that the FPSO also continued to sustain forces imposed by wind
and wave action. The right-hand side of Eq. (4) takes into account
all wind, wave and current forces. A 3-D hydrodynamic numerical
model constructed for the Fenjin FPSO is shown in Fig. 13.

The response amplitude operators (RAO) for second-order
wave forces were calculated by combining the wave conditions
for different sea states using the model and SESAM program.

The hydrostatic stiffness, K, for the low-frequency motions of
the FPSO on an STP mooring system was assumed to be pre-
dominantly provided by the mooring lines, and other factors were
ignored. Fig. 14 shows the force-displacement curves of the
mooring lines for the STP reference system (CNOOC, 2000), which
were subsequently transformed to a reference system with origin
at the center of the FPSO.

The wind force was calculated from Marintec and Det Norske
Veritas (2004):

qWIj ¼ CjðaÞv2
wind, ð5Þ

where: vwind refers to the relative velocity between the wind and
FPSO. The wind velocity for a 10-minute time interval was used in
accordance with classification rules for the calculation of wind
loading. All the wind velocity data were derived from the present
full-scale measurement. Cj is the wind force coefficient of motion
mode j for the instantaneous relative direction j is the motion
mode of surge, sway and yaw (j¼1,2,6). a refers to the attack
angle of the wind velocity.

Based on the traditional empirical formulae (ter Brake et al.,
2009), the wind force coefficients are given by:

Cx að Þ ¼ 0:5rAx
2cosa

1þcos2a

Cy að Þ ¼ 0:5rAy
2sina

1þ sin2a

Cxy að Þ ¼�0:5rAy
L

10 sin2a

3
775, ð6Þ

where: C(a) is the wind force coefficients under different attack
angles a; r is air density; Ax and Ay are the areas on which wind
loads are assumed to act in the x and y directions; and L is the
characteristic length of the FPSO, here referring to the length
between perpendiculars (Lpp).

As mentioned above, model wind force tests were completed
for several attack angles; the results (Table 9) were used to
determine the values of Ax and Ay.

Substituting model test data into the empirical formulae (6)
gives the wind force coefficients for any attack angle. Wind forces
are then calculated using the wind velocity data obtained from
the full-scale measurement. The Oil Company International Mar-
ine Forum (OCIMF, 1994) recommends the following empirical



Fig. 14. Force-displacement curves for mooring lines in x- and y-directions determined from model test.

Table 9
Wind force model test results (wind velocity¼41.8 m/s; vessel draught¼16.5 m).

Wind

direction

(1)

Longitudinal wind

force Fwx (kN)

Transverse wind

force Fwy (kN)

Wind moment abt.

Lpp/2 Mwz (kN m)

0 1572

20 1483.8 �975.5 �36465.5

40 1353.1 �2588.4 �69135.7

60 822.6 �3885.2 �57137.2

90 14.4 �4246.6 �2914.2

Table 10
Current force results from model tests.

Vessel

load

condition

Current

direction

(1)

Current

speed

(m/s)

Longitudinal

current force

Fcx (kN)

Transverse

current force

Fcy (kN)

Current

moment about

Lpp Mcz

(kN m)

Full load 0 2.1 670.1 238.7 16636.5

Full load 20 2.1 696.4 �1911.74 �126317

Full load 40 2.1 255.8 �4732.4 �215787

Full load 60 2.1 �280.1 �8464.7 �232969
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formulae for calculating current forces:

qCU1 ¼ 0:5rwv2
currentCcx cc

� �
TLpp

qCU2 ¼ 0:5rwv2
currentCcy cc

� �
TLpp

qCU6 ¼ 0:5rwv2
currentCcxy cc

� �
TL2

pp

3
775, ð7Þ

where: rw is water density; vcurrent is relative velocity between
the current and the FPSO, derived from the full-scale measure-
ment data; cc is attack angle of current; T is the draft of the FPSO;
Lpp is the length between perpendiculars of FPSO; and C(cc) are
the current force coefficients at different attack angles.

Based on OCIMF (1994) recommendations, and a study for the
verification of current forces on the Fenjin FPSO (Zhao et al.,
2010), the current force coefficients are given by:

CxcðccÞ ¼ C1
2coscc

1þcos2cc
ð0:00002c2

c�0:0051ccþ0:4239Þ

CyðaÞ ¼ C2
2sina

1þ sin2a
ð0:00004c2

c þ0:0139ccþ0:0133Þ

CxyðaÞ ¼ C3sin2a

3
7775, ð8Þ

where C1, C2, C3 are constants.
During model testing by CNOOC, current forces at several
attack angles were investigated (CNOOC, 2000); see Table 10.
Based on these data, C1, C2 and C3 were evaluated, enabling
the current forces to be calculated for any attack angle using
the current velocity data recorded in the full-scale measure-
ment.

From these analyses, all parameters in Eq. (4) were determined
and numerical calculation for the low-frequency motions of the
Fenjin FPSO were completed in the time domain.
5. Programming and verification

Based on the hydrodynamic model described in Section 4, an
in-house MATLAB program incorporating the central difference
interpolation method was written to solve Eq. (4) in the time
domain for three different typical swing events.
�
 Case 1 started at 04:10 h on 17 July 2008 and continued for
50 min. The FPSO heading angle changed from �116.1511 to



Tab
Env

(a

T

4

5

(b

D

T

4

4

4

4

4

5

(c

T

4

4
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126.0321 (refer to Fig. 6). Concurrently recorded environmental
data are given in Table 11. (Representative data for several
sections are shown in the table; however, data measured from
every section along the draft direction were used in the
calculation.) A comparison between the results of the numer-
ical calculations and the full-scale measurement data are
shown in Fig. 15.

�
 Case 2 started at 0510 h on 22 January 2009 and continued for

75 min. The FPSO heading angle changed from 150.8531 to
�36.2951 (refer to Fig. 6). Concurrently recorded environmen-
tal data are given in Table 12. (Representative data for several
sections are shown in the table; however, data measured from
every section along the draft direction were used in the
calculation.) A comparison between the results of the numer-
ical calculations and the full-scale measurement data is shown
in Fig. 16.

�
 Case 3 started at 18:50 h on 7 July 2009 and continued for

45 min. The FPSO heading angle changed from �15.6831 to
97.6291 (refer to Fig. 6). Concurrently recorded environmental
le 11
ironmental data recorded during the swing event at 4:10 on 17 July 2008.

) Wind (m/s) (V-velocity, D-direction)

ime 1 min 10 min 1 h

V D V D V D

:00:00 0.60 S 0.33 NE 0.18 ENE

:00:00 0.47 NE 0.17 NNE 0.10 N

) Current (cm/s) (V-velocity, D-direction)

epth 1 m 5 m 10 m 15 m

ime V D V D V D V D

:11:25 7 117 11.7 118 11.6 96 9.1 99

:21:25 6.7 90 12.1 131 11.7 133 9.1 171

:31:25 8 138 12.6 125 12.4 115 9.5 149

:41:25 8.3 262 13 152 12.4 76 9.9 78

:51:25 10.8 149 13.8 124 13.4 142 8.8 157

:01:25 12.9 192 15.4 172 14.1 158 10.6 187

) Wave parameters

ime Hs (m) Wave period (s) Direction (1)

:04:00 0.6 10.3 169

:34:00 0.6 10.3 173

Fig. 15. Time trace of FPSO yaw motion at 04:10 on 17 June 2008.
data are given in Table 13. (Representative data for several
sections are shown in the table; however, data measured from
every section along the draft direction were used in the
calculation.) A comparison between the results of the numer-
ical calculations and the full-scale measurement data is shown
in Fig. 17.

From the environmental data for these three cases it could be
seen that wind and wave conditions during the swing events
were relatively stable, despite significant changes of current
velocity and direction. The calculated results match the full-
scale data quite well, demonstrating that both the hydrodynamic
model and the programming were reasonable.

These latter three cases were examples of monotonic swing,
which is the type of event that the present hydrodynamic model
was developed to simulate. A model of periodic swing events is to
be built as part of future work.
Table 12
Environmental data recorded during the swing event at 5:10 on 22 January 2009.

(a) Wind (m/s) (V-velocity, D-direction)

Time 1 min 10 min 1 h

V D V D V D

5:00:00 7.5 NNW 7.0 NNW 6.7 E

6:00:00 6.9 NE 6.4 NNE 5.0 NNE

(b) Current (cm/s) (V-velocity, D-direction)

Depth 1 m 5 m 10 m 15 m

Time V D V D V D V D

5:10:00 52.4 131 40.4 67 33 59 29.6 62

5:20:00 56.6 94 38.6 68 32 62 29.7 64

5:30:00 62.8 79 37.8 63 30.7 46 29.4 84

5:40:00 68.2 55 36.5 60 29.5 64 29.7 75

5:50:00 64.7 108 36.6 68 30.9 61 31.1 65

6:00:00 61.3 306 36.2 69 31.6 45 34.1 64

6:10:00 55.9 152 38 67 31 59 30.6 66

6:20:00 45.5 64 39.9 70 28.7 51 29.6 63

6:30:00 36.3 48 46.7 48 24.8 304 28.6 52

(c) Wave parameters

Time Hs (m) Wave period (s) Direction (1)

5:03:00 1.3 11.7 70

5:34:00 1.3 11.7 65

Fig. 16. Time trace of FPSO yaw motion at 5:10 on 22 January 2009.



Table 13
Environmental data recorded during the swing event at 18:50 on 7 July 2009.

(a) Wind (m/s) (V-velocity, D-direction)

Date Time 1 min 10 min 1 h

V D V D V D

2009–7–7 19:00:00 1.8 S 1.1 SSE 1.1 SE

2009–7–7 20:00:00 3.7 SSE 2.9 SSE 1.6 SE

(b) Current (cm/s) (V-velocity, D-direction)

Depth 1 m 5 m 10 m 15 m

Time V D V D V D V D

18:49 36.5 203 14.1 180 15.6 211 14.2 245

18:59 36.5 203 14.1 324 16.8 216 14.3 239

19:09 36.5 203 18.2 309 16.2 220 14.7 285

19:19 36.5 203 18.7 238 16.3 207 14.9 245

19:29 36.5 203 21 250 16.3 281 15.3 282

19:39 36.5 203 23.2 257 15.7 264 16.6 274

(c) Wave parameters

Time Hs (m) Wave period (s) Direction (1)

18:44:00 0.5 9.6 212

19:14:00 0.5 9.6 213

19:14:00 0.5 9.6 213

Fig. 17. Time trace of FPSO yaw motion at 18:50 on 7 July 2009.
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6. Conclusions

The characteristics, mechanisms and consequences of the
newly observed ‘‘swing’’ phenomenon have been studied from
several perspectives, including statistical analysis, theoretical
analysis and numerical calculation. The conclusions reached
through the study are summarized below.
(1)
 In specific environmental conditions the swing phenomenon
affects single moored FPSOs in the South China Sea. Swing is
manifested as a typical low-frequency motion: during a swing
event, the heading angle of the FPSO changes by a large
amount, beyond the normal range of the weathervane effect
or of the fishtailing effect. This poses a significant potential
threat to the safety of FPSO production and offloading
activities, and should be carefully noted and taken into
consideration by the operators and designers of FPSO.
(2)
 The statistical analysis of swing was carried out with a view
to understanding its basic characteristics, including occur-
rence probability, final heading angle and yaw angle time-
series properties. Swing events occur most frequently in the
summer season. There are two modes of swing motion—

monotonic heading angle change, and periodic change. The
former is the more common. The characteristics of its ampli-
tude, time duration, and final heading direction of the vessel
are summarized in the paper, and these may relate to or be
evidence for its supposed cause.
(3)
 Three possible causes for swing are proposed. Of these, current-
oriented swing which occurs at the time of a relatively rapid
change of current velocity and direction beyond the normal range
appears be the most likely cause of swing motion. This is related
to the complex current configurations and the influence of
internal solitary waves in the South China Sea.
(4)
 The swing mechanism is also deduced in this paper, along
with an equation for the low-frequency motions of the FPSO.
A numerical calculation program was written to simulate the
swing phenomenon in the time domain. Comparison between
the simulation results and the full-scale measurement data
demonstrate that the hydrodynamic model and the simula-
tion program have produced a reasonable outcome.
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