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ABSTRACT: The maneuvering performance of a ship on the actual sea is very different from that in calm water due to wave-induced motion.
Enhancement of a ship’s maneuverability in waves at the design stage is an important way to ensure that the ship navigates safely. This paper
focuses on the maneuvering prediction of a Russian trawler in wind and irregular waves. First, a unified seakeeping and maneuvering analysis
of a Russian trawler is proposed. The hydrodynamic forces acting on the hull in calm water were estimated using empirical formulas based on
a database containing information on several fishing vessels. A simulation of the standard maneuvering of the Russian trawler was conducted in
calm water, which was checked using the International Maritime Organization (IMO) standards for ship maneuvering. Second, a unified model
of seakeeping and maneuvering that considers the effect of wind and waves is proposed. The wave forces were estimated by a three-dimensional
(3D) panel program (ANSYS-AQWA) and used as a database when simulating the ship maneuvering in wind and irregular waves. The wind
forces and moments acting on the Russian trawler are estimated using empirical formulas based on a database of wind-tunnel test results. Third,
standard maneuvering of a Russian trawler was conducted in various directions under wind and irregular wave conditions. Finally, the influence
of wind and wave directions on the drifting distance and drifting angle of the ship as it turns in a circle was found. North wind has a dominant
influence on the turning trajectory of the trawler.

1. Introduction

motion problems, and low-frequency maneuvering problems.
Yasukawa (2006, 2008) performed a free-running model test in regular

The maneuvering performance of a ship on the actual sea is very
different from that in calm water due to wave-induced motion. It is
crucial to account for the ship’s maneuverability in waves at the design

waves using the SR108 container ship. The experiment was conducted
with various wavelengths in head sea and beam sea conditions. Skejic
and Faltinsen (2007, 2008) presented a seakeeping and maneuvering

stage. Numerous prior studies have investigated the maneuverability
of ships in waves. According to the International Towing Tank
Conference (ITTC) (ITTC, 2011), there are four methods of predicting

analysis of two ships. They focused on overtaking and replenishment
maneuvers between two ships.
Seo et al. (2011) applied linear and nonlinear ship motion analysis to

the movements of a ship maneuvering in waves: experiments,
two-time scale, unified theory, and contract for difference (CFD)
methods.

analyze ship-maneuvering performance in high-amplitude waves. The
maneuvering performance of the S-175 container ship was discussed
with regard to wave slope. Also, the wave drift force was calculated

Yasukawa (2006) proposed a method of estimating the
hydrodynamic force components, including added mass, wave
damping, and wave excitation forces. In his study, the basic motion

using the direct pressure integration method. Skejic (2013) presented a
maneuvering simulation of ships in a seaway and discussed the
significant role of unified maneuvering and seakeeping. Zhang et al.

equations were divided into two groups, high-frequency induced

(2017) proposed a method for predicting ship maneuvering in regular
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waves of the S-175 container ship. Wang and Wan (2018) used a CFD
solver called naoe-FOAM-SJTU to analyze a ship’s maneuverability
in waves.

maneuvering motion in 3DOF was applied, which is described by Eq.
(1).  and  are the velocity components in the x-axis and y-axis
direction, respectively. ̇ and ̇ are the surge acceleration and sway

Previous studies only focused on the influence of regular waves on
the ship’s maneuverability. However, the ocean waves are actually
irregular waves, so it is really necessary to study the effect of the

acceleration, respectively. ̇ ,  , , and  are the angular

irregular waves on the maneuvering performance of the ship,
especially when designing a trawler. This paper proposes a unified
model of seakeeping and maneuvering, which is used to predict the

respectively.  and  are the hydrodynamic forces, and  is the
moment around the z-axis. The subscripts  ,  , and  denote the
hydrodynamic forces due to the hull, propeller, and rudder in calm

maneuverability of a Russian trawler in wind and waves. In this study,
ANSYS-AQWA was utilized to estimate wave drift forces and
moments. In addition, the wind forces and moments acting on the

water, respectively. The subscripts  and  denote the hydrodynamic
forces induced by waves and wind, respectively.

acceleration, the moment of inertia about the z axis, the ship’s mass,
and the longitudinal position of the ship’s center of gravity,

Russian trawler were estimated using empirical formulas, which are
based on a database containing wind tunnel test data.
Standard maneuvers of the Russian trawler were conducted in calm

̇                

water, wind, and irregular wave conditions, and the effect of the
operation scenario on turning trajectories are discussed. Previous
studies have not investigated the operation conditions of this vessel. In

 ̇   ̇          

this study, the operation conditions of the trawler in the Sea of
Okhotsk were investigated to determine the wave and wind conditions
for operation conditions. The ship’s maneuverability in different
seasons was checked with changes in the wind and wave directions.

2. Mathematical Formulation
2.1 Coordinate System
In order to predict a ship’s maneuvering performance in wind and
waves, two right-handed coordinate systems were adopted, including a
body-fixed coordinate system  and an earth-fixed coordinate
system   , as shown in Fig. 1. The body-fixed coordinate system

(1)

̇     ̇         

2.3 Hull Force
In this study, the mathematical model of hydrodynamic forces
suggested by Yoshimura and Ma (2003) was used to predict the ship’s
maneuvering performance in calm water. They proposed empirical
formulas to predict the hydrodynamic derivatives are based on a
database of hydrodynamic derivatives containing information on
several fishing vessels, including a recent European wide-beam vessel.
 ,  and  are modeled as functions of the non-dimensional
,
sway velocity and non-dimensional yaw rate using Eq. (2). ′ and ′
are non-dimensional velocity components in the x-axis and y-axis
directions, respectively. ′ is the non-dimensional yaw rate, and  is
the ship resistance. ′ , ′  , ′ , ′ ,  ′ ,  ′ ,  ′ ,  ′ ,
 ′  ,  ′   ,  ′ ,  ′ ,  ′ ,  ′ ,  ′  , and  ′   are the

advances with the ship’s forward speed  and rotates with rotation
speed  . In addition, ,  , ,  , and  are the rudder angle, heading

hydrodynamic derivatives of the polynomials and are estimated based
on empirical formulas for fishing vessels suggested by Yoshimura and

angle, incident wave direction, drift angle, and incident wind direction,
respectively. The ship’s position is expressed with respect to the
earth-fixed coordinate system.

Ma (2003).

2.2 Equation of Motion
Two types of hydrodynamic models are commonly used to predict
the maneuverability of a ship: the Abkowitz model and Maneuvering
Modeling Group (MMG) model. In this study, the MMG model for
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2.4 Rudder Force
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Fig. 1 Maneuvering coordinate system in wind and waves

The rudder force and moment can be estimated through a
combination of the interaction factor and the rudder normal force using
Eq. (3).  ,  , and  are the rudder’s normal force, the rudder’s
force increase factor, and the steering resistance deduction factor,
respectively. The rudder’s normal force is expressed in Eq. (4).  and
 are the longitudinal position of the rudder and the additional lateral

force component, respectively.
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2.6 Wave Drift Force and Moment
The steady wave-induced forces in irregular waves can be estimated
using Eq. (7).  and  denote the significant wave height and the
 , 
 , and 
 denote the
gravity acceleration, respectively. 

       cos

average value of the steady wave-induced force and moment

      sin 


(4)

 are estimated based on the short-term prediction technique
and 

by Yasukawa et al. (2017). These coefficients are stored in files in


  

where   

databases and used when simulating the ship’s maneuverability in
irregular waves. ζζ ω and  θ denote the wave spectrum and the

  
  
   tan

 , 
 ,
coefficients in irregular waves estimated using Eq. (8). 



wave direction distribution function, respectively. The ITTC spectrum
is used as the wave spectrum ζζ ω . The cosine-squared spreading

 



≈ 




function is used as the wave direction distribution function  .
 ωχ ,  ωχ , and  ωχ denote the wave-induced steady

    and     ′

force and moment coefficient in regular waves expressed as a function






   

           


  

of the wave frequency  and the wave direction .



    
 
 


(7)

where  and  are the lateral and longitudinal inflow velocities
induced on the rudder by propeller rotation, respectively. Λ and 


  
 
 

are the rudder aspect ratio and the rudder area. α represents the rudder
lift gradient coefficient, and  represents the resultant inflow
velocity to the rudder.  denotes the ratio of the propeller diameter to
the rudder span.  represents the ratio of the wake fraction at the rudder
position to that of the propeller position.  represents the interaction
between the propeller and rudder.
 denotes the effective inflow angle to the rudder.  represents
the effective inflow angle to the rudder, and  represents the flow


 
  

 
















  




  







∞
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straightening coefficient. ′ is an experimental constant that is used to
express  accurately.  represents the wave coefficient at propeller




  

position. The interaction force coefficients  ,  , ′ , and  can be
obtained from Yoshimura and Ma’s empirical formulas for fishing
vessels.








  




(8)


  




  




2.7 Wind Force and Moment
The hydrodynamic forces due to wind can be obtained using the

2.5 Propeller Force
The longitudinal force of the propeller  can be estimated using

empirical formula presented by Kitamura et al. (2017), which is based

Eq. (5).  , , and  are the thrust deduction factor, the water density,

of the ship,  is the frontal projected area,  is the lateral projected

and the diameter of the propeller, respectively. For simplicity, the
thrust deduction factor  is assumed to be constant at any given

area, and  is the distance from mid-ship to the centroid of  .  is

on a wind tunnel test and is shown in Eq. (9).  is the overall length

the height of centroid of  from the calm water level.  ,  ,

propeller load.  is the thrust coefficient, which can be expressed as

  , and  are coefficients of the multiple regression formulae.

the 3rd polynomial of the propeller advance ratio  using Eq. (6).  ,

The hydrodynamic coefficients due to wind can be estimated using Eq.

 ,  , and  are coefficients representing  .

(10).

      
   

              and   


where      



(5)

        


(6)

        







         

(9)
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    sin    cos  sin cos

(10)

Table 1 Principal dimensions of the Russian trawler



  cos  sin cos 
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3. Numerical Method
3.1 Simulation Conditions
In order to investigate the ship maneuverability, a Russian trawler
designed by Deahea Ship Design Corporation was selected. Fig. 2
shows the geometry of the Russian trawler. The principal dimensions
are listed in Table 1.

Item

Unit

Symbol

Value

Length between perpendiculars

m



32.45

Breath

m



9.00
587

Displacement

t

Δ

Draft at bow

m



2.40

Draft at stern

m



3.34

Mean draft

m



3.00

Effective mean

m



3.49

Block coefficient (by  )

-



0.559

The standard maneuvers of the trawler in calm water are conducted
with constant propeller revolution. The propeller revolution is selected
to produce a speed of 12 knots (6.17 m/s) when the trawler vessel
moves forward in calm water. The propeller speed was 4.384
revolutions per second. Simulations of the ship turning in a circle were
conducted in wind and irregular waves based on the operation
conditions in the Sea of Okhotsk.
The maximum wind speed was selected for the simulation according
to the wind direction in Table 2. East wind is defined using the period
of April to May, South wind is defined using the period of May to

Fig. 2 Geometry of the Russian trawler

September, and North wind is defined using the period of September to
April of the following year. The maximum wind speed is the time

Fig. 3 Operation scenario in the Sea of Okhotsk (Weather Spark, 2020)
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Table 2 Operation scenario in the Sea of Okhotsk
Item

Apr. –May

May–Sep.

Sep. –Apr

East wind South wind North wind
(38%)
(50%)
(89%)

Wind direction
Average wind speed (m/s)
Maximum wind speed (m/s)

2.1
5.1

The wavelength is greater than the length of the vessel when the wave
frequency is smaller than 1.35 rad/s. The surge drift force decreases
gradually with an increase in the wave frequency and wave direction
and almost disappears in following sea.

3.3
5.1

6.2

Table 3 Hydrodynamic coefficients
Hull coefficients

Value

Hull coefficients

 ′

-4.06E-02

 ′

7.55E-02

 ′ 

-6.90E-03

 ′ 

-4.50E-01

 ′

-1.59E-01

 ′

-1.35E-01

 ′

3.87E-01

 ′

-3.37E-01

 ′

-6.10E-01

 ′

-6.99E-02

 ′

-1.36E+00

 ′  

-8.20E-03

 ′

5.45E-02

 ′

-4.62E-01

 ′  

-1.75E-02

 ′ 

-1.81E-02

Value

(a) Surge drift force

selection value that is equivalent to each wind direction. The wind
direction and average wind speed at 10 m above the ground in the Sea
of Okhotsk were obtained from the Weather Spark website. The wind
speed and wind direction change dramatically depending on seasonal
variation. Fig. 3 shows the wind direction and wind speed in the Sea of
Okhotsk. A comparison of the wind speed and wind direction in
various seasons is presented in Table 2.
3.2 Hydrodynamic Coefficients
The hydrodynamic coefficients of the trawler were estimated based
on the empirical formulas presented by Yoshimura and Ma (2003).
The hydrodynamic coefficients of the trawler are listed in Table 3. The
interaction coefficients among the hull, propeller, and rudder were also
estimated based on Yoshimura and Ma’s empirical formulas and are
listed in Table 4.

(b) Sway drift force

Table 4 Interaction coefficients
Interaction
coefficients

Value

Interaction
coefficients

Value

  

0.853



0.458



0.048



0.995

′

-0.450



0.428

′

-0.936

-

-

3.3 Hydrodynamic Force Due to Waves
Fig. 4 shows the wave drift forces and moment in various wave
directions and wave frequencies. The surge drift force has a similar
tendency to the overall trend of the surge drift force in the head sea.
The maximum value of surge drift force occurs at low wave
frequencies, where the wavelength is greater than the ship’s length.

177

(c) Yaw drift moment
Fig. 4 Wave drift forces and moment
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The maximum value of the sway drift force occurs at high wave
frequency and in oblique sea, especially at a wave direction of 120
degrees. The sway drift force decreases gradually as the wave

4. Results and Discussion
4.1 Turning Circle in Calm Water

frequency decreases and it almost disappears in the head sea and the
following sea. At wave directions of 180 degrees and 0 degrees, a
small value of the sway drift force is observed without a distinct peak.

The predicted turning trajectory of the trawler in calm water is
shown in Fig. 6(a). The surge velocity, sway velocity, and yaw rate of

The maximum value of yaw drift moment occurs in oblique sea,
especially at wave directions of 150 degrees and 60 degrees. The yaw
drift moment increases significantly at high wave frequency, while it

Table 5 Maneuver parameters in turning circle in calm water
Item

Trawler

IMO standard

4.496

4.5

3.600

5.0

(1)

Advance (  )

decreases gradually as the wave frequency decreases and almost
disappears in the head sea and the following sea.

Tactical diameter (  )
(1)

Length between perpendiculars

3.4 Drifting Distance and Drifting Angle
To analyze the turning trajectories in irregular wave and wind
conditions, we applied the drifting distance and the drifting angle
suggested by Kim et al. (2019). The drifting distance  is the
distance between lines that are perpendicular to the tangent to the
turning trajectory, as shown in Fig. 4. For example,   
represents the magnitude of the vector between two points
corresponding to heading angles of 90 degrees and 450 degrees.
The drifting angle  is the angle between the tangential line of the
turning trajectory and the ship’s approach direction in the x direction,
as shown in Fig. 5. For instance,    represents the angle
between the ship’s approach direction in the x direction and the
tangential line of two points corresponding to heading angles of 90
degrees and 450 degrees. The relative drift angle  is the angle

(a) Ship’s trajectory

between the drifting angle and the wave propagation direction, which
can be estimated using Eq. (11).  is the rudder angle, χ is the wave
propagation direction, and  is the drifting angle. The relative
drifting distance  is suggested by Kim et al. (2019) to describe the
ship’s turning trajectory in waves.
(11)

  δχ 

(b) Surge velocity

5

Wave and wind direction

4

3

2

(c) Sway velocity

1

0

0

1

2
3
Y/Lpp [-]

4

Fig. 5 Definition of drifting distance and drifting angle

5

(d) Yaw rate
Fig. 6 Turning circle in calm water
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the turning circle in calm water are shown in Figs. 6(b), 6(c), and 6(d),
respectively. The results of the advance and the tactical diameter of the
trawler are compared to the standards of the International Maritime

induced by wind and waves, even though the sway and yaw moment
changed by the motion induced by wind and waves are close to zero.
Fig. 10 shows the drifting distance and drifting direction for various

Organization (IMO) for ship maneuverability, as shown in Table 5.
Therefore, the turning ability of the trawler in calm water is confirmed
and satisfied with the value proposed by the IMO’s standards.

wind directions. It is evident that the North wind has the dominant
influence on the turning trajectory of the trawler. In particular, when
the ship moves in the North wind, the value of the drifting distance is
bigger than that of the East or South winds, as shown in Fig. 10. The

4.2 Turning Circle in Wind and Waves
In order to investigate the effect of the operation scenario, we

Wave and wind direction

simulated the movements of the trawler as it turns in a circle in wind
and irregular waves. The wave direction is similar to the wind
direction. The maximum wind speed was selected in this simulation.
Fig. 7 shows the turning trajectories of the trawler in the operation
scenario for various wind directions. It can be seen that the wind
direction and significant wave height have dominant effects on the
turning trajectories of the trawler.
The direction of the wind and waves slightly influences the advance
of the trawler, while it significantly affects the tactical diameter, as
shown in Fig. 8. This happens because the ship turns at the initial stage
until the heading angle is 90 degrees, and the ship’s trajectory changes
slightly. During the initial turning, the hydrodynamic forces induced
by the rudder produce a surge acceleration, sway acceleration, and yaw
acceleration. There is a gradual increase in the hydrodynamic forces
and moment acting on the ship hull, which consist of an acceleration-

(a) East wind
Wave and wind direction

dependent term and velocity-dependent term.
When the ship turns at times less than 50 s, the hydrodynamic forces
and moment are changed by the motion induced by wind and waves, as
shown in Fig. 9. However, these hydrodynamic forces are very small
in comparison to the hydrodynamic forces caused by the acceleration
in the initial turning. Therefore, the ship’s trajectory changes very
slightly at the early stages of turning. This is the reason why the
advance is relatively similar when the ship turns in various wind and
wave directions.
The changing of the hydrodynamic forces and moment changed by
the motion induced by wind and waves for North wind (green line) can
be divided into 4 phases: A, B, C, and D. Phase A is related to the

(b) North wind

occurrence of the maximum value of the sway and yaw moment
changed by the motion induced by wind and waves. These
hydrodynamic forces occur when the incident wave direction is 90
degrees, as shown in Fig. 9. Phase B involves the occurrence of the
maximum surge force changed by the motion induced by wind and
waves at the incident wave direction of 180 degrees or the incident
wind direction of 0 degrees, as seen in Fig. 9. In this case, the sway
force and yaw moment changed by the motion induced by wind and
waves are approximately zero.
Phase C is similar to phase A and causes a large sway force and yaw
moment changed by the motion induced by wind and waves when the
incident wave direction reaches 90 degrees. At the time of phase C, the
speed of the ship has reached steady turning, and the effects of the
acceleration changes are small. Likewise, phase D is similar to phase B
and causes the greatest reduction in surge force changed by the motion

Wave and wind direction

(c) South wind
Fig. 7 Turning circle in wind and irregular waves
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(a) Tactical diameter
Fig. 8 Maneuver parameters in wind and waves
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Fig. 9 Comparison of maneuvering motion in wind and waves
South wind has the smallest influence on the drifting distance. The

direction and 180 degrees earlier than East wind and South winds.

drifting direction is approximately parallel to the wind and wavepropagation direction. This happens because the North wind causes a
change of the wave direction relative to ships in the 90-degree

This is the reason why the ship turning in North wind causes the
largest drifting distance. It is also why the ship’s tactical diameter in
the North wind is the largest, as shown in Fig. 8. The ship enters the
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Heading at start & end point [deg.]

Ddr360-720

(a) Drifting distance

(b) Sway velocity

Rdr [deg.]

(b) Drifting angle

(c) Yaw rate
Fig. 11 Comparison of maneuvering motion in wind and waves
velocities with various wind directions are similar to the approach
surge velocities in calm water, while the sway velocity and yaw rate
oscillate in wind and irregular waves. Although the speed at the
(c) Relative drifting angle

Fig. 10 Drifting parameters in turning circle in wind and waves
steady turning phases after 50 s due to the hydrodynamic force and
moment acting on the hull and the control force and moment due to
rudder and propeller reaching equilibrium. However, the surge
velocity, sway velocity, and yaw rate oscillate in wind and irregular
waves due to the hydrodynamic forces changed by the motion induced
by wind and waves. This makes the ship’s trajectory change
dramatically after initial turning.
Fig. 11 shows the maneuvering motion including the surge velocity,
sway velocity, and yaw rate with various wind directions and the
significant wave heights. It can be seen that the approach surge

beginning of a turn differs greatly depending on the wind direction, the
histories of speed variations in various wind directions become similar
during steady turns, as shown in Fig. 11. For this reason, the drifting
distance and drift angle are quite different during the initial circle, but
these values become similar after the second and third circles. The
results of the relative drifting angle reveal the difference between the
propagation direction and the drifting angle, and the drifting direction
is similar to the wind and wave propagation direction when the ship
reaches the second and third circles.

5. Conclusions
In this paper, the movements of a trawler as it turned in circles in
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calm water, wind, and irregular waves were simulated using a unified
model of seakeeping and maneuvering. Our concluding remarks are as
follows. First, the operation scenario of the trawler in the Sea of
Okhotsk was analyzed. The hydrodynamic coefficients of the trawler
were estimated using empirical formulas. The hydrodynamic forces
due to wind and irregular waves were estimated, and the wave drift
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Skejic, R., & Faltinsen, O.M. (2008). A Unified Seakeeping and
Maneuvering Analysis of Ships in Regular Waves. Journal of
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forces and moment in irregular waves are estimated by applying a
short-term prediction technique.
Second, the standard maneuvering parameters in calm water satisfy

Motion on Ship Maneuvering in Large Amplitude Waves.

the criteria of the IMO standards for a ship’s maneuverability. The
direction of the wind and waves slightly influences the advance of the
trawler, while it significantly affects the tactical diameter because the

Skejic, R. (2013). Ships Maneuvering Simulations in a Seaway – How

ship’s trajectory changes slightly at the initial stage. Finally, the North
wind has a dominant effect on the tactical diameter and the turning
trajectories of the trawler. The North wind causes the largest drifting
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ABSTRACT: Tomographic particle image velocimetry (PIV) is a widely used method that measures a three-dimensional (3D) flow field by
reconstructing camera images into voxel images. In 3D measurements, the setting and calibration of the camera's mapping function significantly
impact the obtained results. In this study, a camera self-calibration technique is applied to tomographic PIV to reduce the occurrence of errors
arising from such functions. The measured 3D particles are superimposed on the image to create a disparity map. Camera self-calibration is
performed by reflecting the error of the disparity map to the center value of the particles. Vortex ring synthetic images are generated and the
developed algorithm is applied. The optimal result is obtained by applying self-calibration once when the center error is less than 1 pixel and
by applying self-calibration 2–3 times when it was more than 1 pixel; the maximum recovery ratio is 96%. Further self-correlation did not
improve the results. The algorithm is evaluated by performing an actual rotational flow experiment, and the optimal result was obtained when
self-calibration was applied once, as shown in the virtual image result. Therefore, the developed algorithm is expected to be utilized for the
performance improvement of 3D flow measurements.

1. Introduction

developed, including stereoscopic PIV (SPIV), holographic PIV

Particle image velocimetry (PIV) is a contactless and quantitative
flow measurement method that is widely used for internal and external

(HPIV), tomographic PIV (TomoPIV), and tomographic PTV
(TomoPTV) (Arroyo and Greated, 1991; Doh et al., 2012a; Elsinga et
al., 2006; Hinsch, 2002).

flow measurements in various fields, such as fluid machinery, ocean
engineering, and environment-friendly energy generation. In
particular, PIV is an effective visualization method for experimental

Among them, TomoPIV is a 3D flow-measurement method that
reconstructs 2D pixel images that are obtained using several cameras
as a 3D voxel image and utilizes the 3D cross-correlation in the

approaches in complex marine areas such as the flow field
measurement of submerged bodies in the ocean (Hong et al., 2019) and
flow structure analysis of breaking waves (Jo et al., 2009). In this

reconstructed voxel image to measure the velocity field (Doh et al.,
2012b; Elsinga et al., 2006). The novelty of TomoPIV is the
reconstruction of a 3D image from multiple 2D images obtained from

method, tracer particles are placed in the fluid flow and the behavior of
the particles is examined using cameras by particle tracing, thereby
finding a vector or vector field. This method has evolved from

different perspectives. Among the many 3D reconstruction methods,
algebraic reconstruction techniques (ART), multiple ART (MART),
simultaneous ART (SART), and simultaneous multiplicative ART

two-dimensional (2D) PIV and 2D particle tracking velocimetry
(PTV) that involve finding a three-dimensional (3D) vector or vector
field through the use of an observation equation in the images obtained

(SMART) are widely used (Andersen and Kak, 1984; Byrne, 1993;
Herman and Lent, 1976). These methods have both advantages and
disadvantages depending on the calculation time, accuracy, and flow

from two or more cameras. Various methods have been studied and

field characteristics.
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In 3D measurements using PIV, the observation equation setting of
cameras and the camera calibration significantly impact the results.
Thus, many studies have been conducted to improve the observation

determined as a 3D position. Various methods of camera observation
equations have shown the relation between the space and the camera
image; however, in this study, we used an observation equation that

equations and calibration methods (Prasad, 2000; Soloff et al., 1997).
However, there are camera calibration errors depending on the
hardware and algorithm. To reduce the occurrence of such errors, a

had 10 elements [camera’s external elements (        ) and

volume self-calibration (VSC) method has been developed (Wieneke,
2008). The VSC method first determines the 2D particle positions in
the 2D camera images, followed by the positions of all particles that
can exist in the 3D space. The difference between the positions of
particles at the time when the particles in the 3D space were projected
to each camera and the positions of the particles in the image is the
calibration error of the camera. The error is minimized by a method
that reflects the error in the position values of the particles and
performs the calibration again. The VSC method has been
continuously improved by many researchers (Wieneke, 2008; Lynch
and Scarano, 2014).
Among them, Doh et al. (2012a) used an equation derived from
pinhole model’s observation by exploiting 10 intuitive parameters to
develop TomoPIV and VolumePTV algorithms, and they compared
the advantages and disadvantages of each algorithm. In this study, we
perform self-calibration by using the VSC method through the
observation equation with 10 parameters proposed by Doh et al.
(2012a). We also develop a VSC algorithm that improves the
performance of the TomoPIV and TomoPTV algorithms.

2. Camera Calibration
2.1 Principle of Calibration
The observation equation of cameras is an equation that shows the
relationship between the camera coordinates and the spatial coordinate
system; it is expressed as follows:

      

(1)

In Eq. (1),  is an observation equation for the image coordinates

  and the spatial coordinates    for the -th camera. For
every camera, the corresponding observation equation is used to
convert the spatial coordinates to the image coordinates. Conversely, a
point on the image is represented in a 3D space by using the inverse
transform of Eq. (2):
         

(2)

In other words, a point on the image is represented by a line-of-sight
(LOS) function, for which it is expressed in the form of a straight line
according to the position of  in the space. Therefore, a point on the
image has a solution corresponding to a straight line in the space, and it
is represented as a line in each camera. Finally, the position that
minimizes the LOS error of the matching particles of each camera is

internal elements (      )] used by Doh et al. (2012a), which were
intuitively represented by using the camera distances and rotation
angles. It is expressed as follows:
  
     ∆ ,
 
  
     ∆ ,
 

 

     
 
  

 



(3)

 and  denote the ratio between the image and space for the x-

and y-axes, respectively, and  denotes the shortest distance between
the center of the camera and the plane that passes through the
zero-point of the space.    , and  are the spatial coordinates
rotated by   , and  on the X-, Y-, and Z-axes, respectively, in the
space.  and  denote the misalignment between the z-axis in the
image space and the Z-axis in the 3D space, and ∆ and ∆ are the
equations that represent the degree of refraction of the lens, which are
expressed as follows:
∆   ×      

(4)

∆   ×       ,   
  

(5)

2.2 Camera Self-calibration
The camera calibration uses a 3D position point     in the
space and a position point  on the image to determine the
element values of the observation equation that minimize the error of
Eqs. (3)–(5). It uses special marks such as circles or cross marks on the
calibration plate to provide the X and Y information; by providing the
Z information while vertically moving at certain intervals on the
calibration plate, the 3D position information     is obtained.
Here, the cameras are used to obtain the image of the calibration plate,
and image processing is used to obtain the position of the marked
points,  . Using the position information that is obtained in this
way, the element values of the observation equation are determined in
such a way that the RMS (root-mean-square) error of the position
points is minimized; based on this, the camera is calibrated. The
obtained camera calibration values have many errors arising from the
error of the mark points on the calibration plate, the error of Z-axis
movement on the calibration plate, the error of image acquisition
device, algorithm errors occurring during the process of finding the
center and finding the optimal solution, and others. These errors have
adverse effects on the reconstruction of voxel images. Moreover, the
reliability of the 3D measurement result can be considerably improved
by minimizing these errors.
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Fig. 1 Process for self-calibraton
To this end, this study developed a self-calibration method that

onto each camera image in order to obtain the coordinates. The error

minimizes the errors of the cameras using the process shown in Fig. 1.
The centers of particles are obtained in every camera image. The
process for self-calibration includes the following steps: (a) The region

between the projected coordinates and the particle’s center on the
image is obtained, and the particles of the Gaussian distribution with a
sigma of 1 voxel are drawn at the position distanced by the error from

and shape of a virtual 3D voxel space are determined from the entire
region to be measured. Here, for the size of the voxel image, the ratio
of the pixel and the voxel is maximally set to 1 to reduce the errors in

the center and superimposed on the disparity map. In this study, the

the calculation (Scarano, 2013). (b) The inverse transform of the
observation equation for the -th particle,  in the image of camera 1

particles deemed as real particles. Therefore, in this study, we
calculated the 3D positions from thousands of test images until more
than 10,000 particles are superimposed in each voxel region, and we

is utilized to obtain the LOS. (c) The obtained LOS is projected to
camera 2, and all particles,  , within a certain distance (1.5 voxels is
used in this study) from the LOS are obtained. (d) Particles  and 
that are selected in the two cameras are used to find the 3D position,
 . In other words,  is the position in the 3D space where two

straight lines meet, i.e., the LOS of  and the LOS of  . (e) When
the LOS for a single particle is projected to the other camera, the
projected LOS is a straight line across the image in the other camera.
Therefore, multiple particles exist on the straight line, and from this,
results are obtained, including not only the actual particles but also
many virtual particles. To reduce the number of such virtual particles,
the obtained 3D particle,  , is projected onto the images of the
remaining cameras 3 and 4. (f) If a particle exists within a certain
distance (1.5 voxels) from the position of the particle projected onto
the camera (  and  ), then it is determined to be a real particle;
otherwise, it is determined to be a virtual particle. (g) For only the
particles that are determined to be real particles, the new 3D particle’s
position is calculated using the least square method from the selected
2D particle positions (  ,  ,  and  ) corresponding to each
camera. (h) This process is used to find all possible 3D particles for
every particle of camera 1, and the particles corresponding to the
coincident regions that are set up based on the voxel position are
classified and collected. (h) The 3D particles that are collected for each
region are used to compose a disparity map.

pixel size was magnified by a factor of 10 to improve the accuracy. For
a high degree of accuracy, it is necessary to superimpose many

superimposed them on the disparity map to draw the Gaussian
particles, thereby composing the entire disparity map.
If the peak point is obtained in the disparity map for all regions, then
the distance between the peak point and the center is the calibration
error. As the last step, the obtained fixed error is reflected in the center
value of the particle to perform the recalibration, and the parameters of
the camera observation equation are then changed to perform the
self-calibration.
2.3 Evaluation of Camera Self-calibration using Virtual Image
To evaluate the performance of the self-calibration method
developed in this study, we set the measurement region to be –50 mm
to 50 mm, –50 mm to 50 mm, and –15 mm to 15 mm on the X, Y, and Z
axes, respectively. The camera image size was set to 512 × 512 pixels,
and the cameras were placed in a row by setting the rotation angle of
the X-axis to –20°, –5°, 5°, and 20°. The voxel size was 500 × 500 ×
150 voxels, and 1 mm corresponds to 5 voxels. To produce a virtual
image, we used a ring vortex flow field that is expressed by the
following equation for the flow of particles:




     
        



(6)

The disparity map refers to an image that shows the difference
between a particle position on the camera image and a particle position
that is obtained by projecting onto the image of the camera the 3D

where  is the vector size,  , and  are the vector components. 
represents the thickness of the ring vortex,  and  denote the

particle that was calculated using that particle. To obtain the disparity
map, all 3D particles of the corresponding region are first projected

vortex flow field that is applied in this study, and its thickness and size
are 16 mm and 40 mm, respectively.

distance from the center of the ring vortex. Fig. 2 shows the virtual ring
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5 × 5 regions for the self-calibration, and the process of Section 2.2
was performed repeatedly for each region, thereby producing a
disparity map, as shown in Fig. 3.
Fig. 3 shows disparity maps of 125 points according to 25 points on
the XY plane, and 5 points of z-axis for camera 1. First, in the disparity
map that is based on the initial calibration values without selfcalibration, the misaligned center has a large error, but the regions are
widely distributed. As the self-calibration is performed, the shapes of
particles in the disparity map converged at the center point and
improved.
The error in the algorithm was evaluated by assigning a random
error to the center of the particle in order to evaluate the degree of
Fig. 2 Ring vortex flow field
In this study, after performing the initial calibration using a virtual
calibration plate, a particle with a diameter of 2.5 voxels was created in
the voxel space, and then thousands of virtual particles [particle per
pixel (PPP) = 0.01] were created. Based on the created voxel image, a
virtual image was produced again using the following equation:
 

 

∈  





(7)

where superscript  denotes a pixel in the camera image,  denotes a
voxel in the 3D space,  is the virtual image, and  is the voxel image.
 denotes the weight according to the distance between the camera
pixel’s LOS and voxel. In other words, the brightness of the virtual
image is determined by the sum of values obtained by multiplying the
weight by all voxels existing in a certain range of the LOS. In this
study, the above method was used to produce voxel images and the
virtual image for each camera.
As explained in Section 2.2, the voxel space was subdivided into 5 ×

Fig. 3 Disparity map of camera 1 with iteration

convergence of the self-calibration, and the results are shown in Fig. 4.
As shown in Fig. 4, the errors are high initially because of the given
random errors, but as the first self-calibration is performed, most of the
errors were improved. When the center error was 1 pixel or higher, the
optimal result could be obtained by repeating the self-calibration two
or three times, and even if the self-calibration was repeated, there was
no further improvement above a certain level. This result shows that
the developed self-calibration algorithm significantly improves the
errors that can occur during the camera calibration process.
Furthermore, it was found that it is not necessary to repeat the
self-calibration more than two or three times depending on the error
size.
Next, a multiplicative algebraic reconstruction technique (MART)
algorithm was used to reconstruct the voxel image (Atkinson and
Soria, 2009; Elsinga et al., 2006; Worth et al., 2010; Doh et al., 2012b).
The MART algorithm is a reconstruction algorithm that is widely used
in the field of tomography. This method combines the 3D image
intensity along the LOS to obtain the projected 2D image and
reconstructs a 3D image by making a comparison with the original
image. This process is repeated to reconstruct the entire 3D voxel
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recovery ratio of the voxel image according to the PPP (number of
particles per pixel). Here, the recovery ratio indicates the degree of
recovery of the particles, which existed before the calculation, after
performing the calculation based on the virtual image. The voxel
images were created by setting PPP to 0.002–0.1. The performance of
the constructed calculation algorithm was determined by evaluating
the recovery ratio. Fig. 5 shows the reconstruction performance results
that are expressed by Eq. (9) of the voxel image according to the result
of the self-calibration for each PPP. When the recovery ratio is 1, it
means that the reconstructed image and the created image match
perfectly.
The “Make” indicator that is illustrated in each figure shows the

Fig. 4 Error rate with given random error of particle’s center

result of reconstructing the voxel image by employing the variable
values of the cameras used in the voxel image creation, and the “Init”
indicator shows the result of reconstructing using the camera

image, and the algorithm is represented by the following equation:

 
 
       
∑∈   

(8)

where  is the coefficient of convergence, and  is the coefficient of
weight according to the distance between the LOS for the  coordinate
of the image selected as the weight and the voxel  . In other words, this
algorithm reconstructs the voxel image in such a way that the ratio of
the sum of all voxel images existing on the LOS to the brightness of
the image at the pixel position on the image will converge to 1. The
voxel image reconstructed by the MART method and the voxel image
produced virtually were directly compared using the following
equation to evaluate the accuracy of the proposed algorithm:

calibration values without the self-calibration. The “Iter. 1,” “Iter. 2,”
“Iter. 3,” and “Iter. 5” indicators show the results of reconstructing the
voxel image after performing the self-calibration process 1, 2, 3, and 5
times, respectively. Furthermore, the x-axis in the figure represents the
number of iterations in the MART algorithm. The value 0 is the voxel
value that is initialized using the MLOS (multiplied line-of-sight), and
finally, the MART algorithm was repeated 10 times for the calculation.
As a result (Make) of performing the MART algorithm with the
ground truth used in the virtual image creation, a recovery ratio close
to 90% was obtained. However, it decreased as the PPP increased,
showing the maximum recovery ratio of about 70% when the PPP was
0.1. The number of virtual particles increased significantly as the

(9)

number of particles in the space increased, and the voxel ratio
decreased significantly as the number of particles increased.
“Init.” indicates the recovery ratio when the calibration is performed

In Eq. (9),  denotes the recovery ratio, which indicates the

using the calibration plate and the self-calibration is not performed.
The best recovery ratio is shown when PPP is 0.004, but it decreases
sharply as the number of particles increases. Based on the result of

reconstruction accuracy, and the superscripts  and  represent the
reconstructed and created voxel images, respectively. Fig. 5 shows the

performing the self-calibration algorithm developed in this study, the
recovery ratio was higher compared to the case when the



∑         ∙    

∑         ∙∑        

Fig. 5 Recovery ratio with MART iteration, according to change PPP from 0.002 to 0.1
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self-calibration was not performed. A high improvement rate was
observed in the first self-calibration, but even when the self-calibration
was performed two, three, or five times, the result was similar to that
of the first self-calibration. This implies that a good result can be
obtained by performing self-calibration only once. Furthermore, when
the MART algorithm was repeated five times with a PPP of 0.05, a
recovery ratio of 74% was shown based on the recovery ratio of Make,
but when the self-calibration was performed, a high recovery ratio of
96% was shown. Based on this result, it was determined that the
developed self-calibration algorithm exhibits significant improvement.

3. Performance Evaluation Using Experimental Data
To evaluate the performance of the algorithm developed in this
study, we created an experimental flow, as shown in Fig. 6. The size of
the water tank was (440 × 440 × 220) mm3, and a pump having a flow
rate of 540 L/h was installed to create a constantly rotating flow. Then,
polyamide nylon particles with a diameter of 50 microns were inserted.
An 8-W Laser System Europe Blits Pro Laser was used as the light

Fig. 6 Experimental circulation flow setup
the rotation angle will be approximately –15°, –5°, 5°, and 15° from the
front side.
A flat calibration plate of a circular pattern was used to perform the
calibration. Here, the total measurement area was (40 × 10 × 10) mm3.
Fig. 7 shows an image of the first camera obtained in the experiment.
To minimize the number of virtual particles, a small number of
particles were entered to obtain a low-density particle image (1,000
particles, or about 0.001 PPP in an image of 1,216 × 1,200 resolution);
then, after performing the self-calibration, a high-density particle

10 mm, as indicated by the green region in Fig. 6. Four high-speed

image (about 10,000 particles or 0.01 PPP) was obtained for the
tomographic PIV measurement, and the velocity vector was measured.
Fig. 8 shows the disparity map obtained when performing the

cameras were installed by arranging them in a row in such a way that

self-calibration. As shown in Fig. 8(a), when the self-calibration was

source, and the laser light was projected with a thickness of about 10 ×

(a) for self-calibration

(b) for tomographic PIV

Fig. 7 Experimental images of camera 1. (a) for self-calibration, PPP ≑ 0.001, (b) for tomographic PIV, ppp = 0.01

(a) Initial calibration
Fig. 8 Disparity map of self-calibration

(b) First self-calibration

(c) Second self-calibration

Development of a Camera Self-calibration Method for 10-parameter Mapping Function
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method of a flow field using an observation equation of a
ten-parameter-based pinhole model of cameras. Furthermore, we
developed a self-calibration algorithm that uses the initial calibration
values of the cameras to calculate the 3D particle positions. After
producing a disparity map in order to reconvert the 3D positions of
these particles on a 2D image, it re-corrected the particle positions
based on it to perform the re-calibration of the camera parameters.
The developed algorithm was used to evaluate virtual images using
the vortex core flow. When the self-calibration was performed using
the initial calibration values of the camera parameters, a relatively high
recovery ratio was observed, and the result improved slightly when the
calibration was performed repeatedly.

Fig. 9 Error rate with iteration of self-calibration
not performed, the center of the particle was misaligned sufficiently
for it to be distinguished by the human eye. In the case of the center,
most errors were less than 0.2 pixel, but in the case of the flank, some
errors were larger than 0.5 pixel. When the self-calibration was
performed, these errors decreased significantly, and after performing
the first self-calibration, the pixel errors of all points had converged to
less than 0.2 pixel. However, when the self-calibration was performed
two or more times, the pixel errors did not change much. This implies
that a sufficiently good improvement effect can be obtained by
performing the self-calibration once or twice in the experiment.

Furthermore, the actual 3D flow was measured using optical devices
and cameras, and after performing an evaluation using a median
filter-based method of removing the errors, it was found that the result
obtained when the self-calibration was performed was much higher
than that of the conventional calibration method. The optimum number
of times that the self-calibration was performed could be determined
through the error rate evaluation using the median filter.
Based on the above results, it was determined that the selfcalibration method developed in this study can significantly improve
the 3D PIV/PTV results using 10 parameters.

To analyze the effect on the actual experimental results, we used a
fast Fourier transform (FFT) cross-correlation in two recovered
continuous voxel images to obtain the vector, and we evaluated the
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ABSTRACT: Studies on very large offshore structures are increasing owing to the development of deep sea, large-scale energy generation using
ocean resources, and so on. The enlargement of offshore structures makes the hydroelastic effect and low natural frequency related responses
important. Numerical analyses and model tests for hydroelastic and higher-order springing responses of fixed cylindrical structures are conducted
in this study. The panel methods with and without the hydroelastic effect with shell elements, and the Morison analysis method with beam
elements are applied. To observe the hydroelastic effect for structural strength, two structures are considered: bottom-fixed cylindrical structures
with high and low bending stiffnesses, respectively. The surge motions at the top of the structure and bending stresses on the structure are
observed under regular and irregular wave conditions. The regular wave conditions are generated considering the ratios of the cylindrical outer
diameter to the wave lengths, and keeping the wave steepness constant. The model tests are performed in the three-dimensional ocean
engineering basin in the KRISO (Korea Research Institute of Ships and Ocean Engineering). From the numerical and experimental results, in
which the hydroelastic responses are only observed in the case of the structure with a low bending stiffness, it is confirmed that the hydroelastic
responses are highly dependent on the structural stiffness. Additionally, the higher-order phenomenon on the specified wave condition is analyzed
by observing the higher-order springing responses when the incident wave frequency or its multiples with the high wave height coincides with
the natural frequency of the structure.

1. Introduction

so on, are in constant progress. The enlargement of offshore structures

Because offshore oil production operations are entering distant
waters with increase of water depths, oil production and storage

increases the relative deformations of the structures, and thus, the
hydroelastic effect, which is the interaction between the waves and
structural deformation, becomes important. To rigorously estimate the

structures are being enlarged to ensure those structural stabilities.
Furthermore, as researches and developments on eco-friendly
energies, such as offshore wind power generation, wave power

wave-induced and structural responses of large offshore structures,
fluid-structure interaction analysis is required, and the hydroelastic
effect must be considered. Various numerical analysis methods have

generation, floating photovoltaic power generation and so on, are
being actively undertaken, the related studies on large structures for
large-scale power generation are also increasing. Additionally, the

been developed and studied based on the aeroelasticity concept in
aeronautical engineering to address the need for analysis that considers
the hydroelastic effect of offshore structures (Heller and Abramson,

researches and developments for very large structures, including
floating LNG (liquefied natural gas) bunkering, floating airports, and

1959). Studies on hydroelastic analysis were conducted by Bett et al.
(1977) and Bishop & Price (1977) based on the strip theory, which is
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the early fluid analysis method for ships, and beam theory. The
second-order nonlinear strip theory was applied to the existing method
to solve nonlinear problems with large ranges of motion and

of low structural strength is also considered. From the results of the

deformation (Jensen and Pedersen, 1981). Attempts were also made to
solve three-dimensional hydroelastic analysis problems by applying
the potential theory and the finite element method (Wu, 1984; Price

structure, and that the higher-order springing responses occur when the

numerical and experimental studies, it is confirmed that the structural
strength has a significant effect on the hydroelastic responses of the
wave height is large and the wave frequency or its multiples
approaches the natural frequency.

and Wu, 1985; Bishop et al., 1986). Lakshmynarayana et al. (2015)
conducted the study on a fluid-structure interaction using the
computational fluid dynamics (CFD) method. Additionally, several

2. Model Tests

methods were developed to predict the hydroelastic response of large
offshore structures; these hydroelastic analysis methods were applied
in studies on hydroelastic problems of various offshore structures,

2.1 Structures for Model Tests
To compare the hydroelastic responses depending on the structural
strength of the fixed cylindrical structures in the numerical analyses

ranging from ships to semi-submersible structures (Andrianov, 2005;
Kim et al., 2014). Major studies on very large floating offshore
structures include the Mega-Float project (Japan Technical Research
Association) and the Mobile Offshore Base (MOB) project (US Navy)
(Rognass et al., 2001; Shuku et al., 2001).
Also, as offshore structures become larger, the natural frequency of

and model test, two cases are considered: the stiff-type structure with a
small hydroelastic effect and the flexible-type structure with a large
hydroelastic effect. The structures are 74 m in height and 6 m
(stiff-type) or 4.32 m (flexible-type) in outer diameter on a real scale.

the structures decreases and becomes close to the wave frequency or
its multiples. If the height of the incident wave is large and the
multiples of the frequency approach the natural frequency of the
structure, the higher-order component of the wave force generates
resonance responses, resulting in the springing phenomenon with the
occurrence of regular natural frequency responses. Numerical and
experimental studies have been conducted on this phenomenon mainly
for very large ships (Hong and Kim, 2014; Shin et al., 2015).
Most studies on the hydroelastic responses and higher-order
springing phenomenon of offshore structures have focused on floating
structures, including ships. In this study, numerical analyses and
model tests were performed to consider the hydroelastic and
higher-order springing responses of fixed cylindrical structures, and
the result of each numerical analysis method was analyzed and
compared to the result of the model tests. As numerical analysis

(a) Stiff type structure (Aluminum)

methods to study the hydroelastic responses of fixed cylindrical
structures, the panel method that considers only wave diffraction but
not the hydroelastic effect, the panel method that considers the
radiation effect for the bending modes of the structure and applies the
hydroelastic effect, and the Morison analysis method with beam
elements are applied (Kim et al., 2018). In the panel method, the
higher-order boundary element method (HOBEM; Choi et al., 2000;
Hong et al., 2005) and the shell elements of the finite element method
(FEM) (Bathe, 1996; Kim et al., 2018) are applied. The surge motions
at the top of the structure and stress responses acting on the main body
are studied, and the response amplifier operator (RAO) characteristics
under regular wave conditions and the responses under irregular wave
conditions are evaluated. To compare the responses based on the
structural strength of the structure, two cases are evaluated: the case
where the hydroelastic effect was insignificant owing to high structural
strength and the other case where the hydroelastic effect was large

(b) Flexible type structure (PVC)

owing to low structural strength. The case where the springing

Fig. 1 Test models installed at ocean engineering basin in KRISO
(Kim et al., 2020)

phenomenon occurs under certain model test conditions with the case
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Table 1 Dimensions of fixed cylindrical models (Kim et al., 2020)
Item
Scale
Water depth ( )
Material
Diameter (  )
Length ( )
Bending stiffness (  )
Equivalent thickness (  )
Topside
Body
Mass
Total

Stiff type structure
Real
Model
1/1
1/20
64 m
3.2 m
Steel
Aluminum
6 m
0.3 m
74 m
3.7 m
7.338 × 1012 N·m2
2.293 × 106 N·m2
0.55656 m
0.003 m
23.632 t
2.954 kg
226.800 t
28.350 kg
250.432 t
31.304 kg

Flexible type structure
Real
Model
1/1
1/20
64 m
3.2 m
Steel
PVC
4.32 m
0.216 m
74 m
3.7 m
2.896 × 1011 N·m2
9.050 × 104 N·m2
0.04584 m
0.0065 m
167.600 t
20.950 kg
189.280 t
23.660 kg
356.880 t
44.610 kg

The stiff-type structure is made of an aluminum pipe, and the
flexible-type structure is made of a PVC pipe.

structures, the second moment of area,  , can be easily obtained
through accurate calculations using cross-sectional dimensions;

Model tests are conducted in the three-dimensional ocean
engineering basin at the Korea Research Institute of Ships and Ocean
Engineering (KRISO). The outer diameters, lengths, and bending

however, Young's modulus,  , is determined through a loading test
owing to the presence of uncertainties. Additionally, the perfect fixed
condition could not be implemented at the connection part between

stiffnesses of the structures are scaled at the scaling factor of 1/20 to
meet the conditions of the model test facility. Fig. 1 and Table 1 show
the installed structures for the model tests and their specifications.

the cylindrical structure and bottom plate, which results in slight
rotational spring stiffness. It is necessary to consider this point in
the numerical analyses and this is calculated through the loading test.

In the case of the flexible-type structure, the hydroelastic effect can
be observed more clearly by maintaining the low stiffness of the
structure and increasing the weight of the topside structure relatively

Fig. 3 shows the schematic of the loading test.
Fig. 4 shows the loading test results. From the strain distribution
results depending on the position, the strain at the bottom part of the

high to reduce the natural frequency.
The contactless motion-measuring sensor is installed to measure
surge motions the top of the structures, and strain gauges are installed

cylindrical structure is estimated through regression analysis, and the
elastic modulus and bending stiffness can be determined based on the
beam theory (Eq. (1)).

on the main bodies to determine the strains and calculate the stresses of
the structures. Fig. 2 shows the detailed dimensions of the models and
the sensor locations for the tests.
2.2 Loading Test
When determining the bending strength (  ) of cylindrical

(a) Stiff type structure (Aluminum)


 
 

(1)

 is the load, and  and  are the structure height and outer diameter.
 and  are the strain and second moment of area, respectively.

(b) Flexible type structure (PVC)

Fig. 2 Detailed dimensions and sensor positions of test models (Kim et al., 2020)
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Table 2 Loading test results
Structure type
Item

Fig. 3 Loading test to find E and 

Notation

Stiff type
(Aluminum)

Flexible type
(PVC)

Load



294.21 N

14.7105 N

Length



3.7 m

3.7 m

Diameter



0. 3m

Strain



Young's modulus

0.216 m
-6

64.954 × 10-6

71.203 × 10



74.29 GPa

3.852 GPa

Bending stiffness in
real scale

 

7.338 × 1012
N·m2

2.896 × 1011
N·m2

Measured
displacement



0.005 m

0.002892 m

Displacement by
bending



0.00217 m

0.00274 m

Rotational spring
constant



1.421 × 106
N·m/rad

1.366 × 106
N·m/rad

Rotational spring
constant in real scale

  

2.274 × 1011
N·m/rad

2.186 × 1011
N·m/rad

measured during the loading test, and this displacement can be
expressed as the sum of the displacement by bending deformation
(  ) and the displacement by the rotational spring effect at the
bottom connection part (Fig. 3). By applying this relation and the beam
theory, the rotational spring constant,  , at the bottom connection
part can be derived.
 
  


(a) Stiff type structure (Aluminum)

(2)

 
  
 


(3)



Table 2 shows the results obtained from the above process. The
real-scale values for numerical analyses are determined by applying
the similarity law to the model test results.
2.3 Hammering Test
The natural frequency of a structure is one of the most important
factors in evaluating hydroelastic responses. In this study, it is
numerically evaluated through finite element analysis using shell
elements. And the actual natural frequencies of the test models are
measured by performing hammering tests. These are performed by
applying an impact to the top of the structures under dry and wet
(b) Flexible type structure (PVC)
Fig. 4 Results of loading test to find E and 
The results in Fig. 4 indicate that the regression lines and results of
finite element analysis using shell elements are almost identical. The
displacement at the top of the structure, denoted as  , can be

conditions. Figs. 5‒6 show the time series and power spectral density
(PSD) results on hammering tests, and the overall results are
summarized in Table 3. The natural period of the stiff-type structure is
0.838 s in a wet condition, which is slightly different from that in the
dry condition. The hydroelastic effect is predicted to be small in both
conditions because the results are outside the range of wave period.
The natural period of the flexible-type structure is 2.571 s in the wet

Comparison of Numerical Analyses and Model Test for Evaluation on Hydroelastic and Higher-order Springing

(a) Time series of hammering test in dry condition

(b) PSD of hammering test in dry condition

(c) Time series of hammering test in wet condition
Fig. 5 Hammering test results of stiff type structure

(d) PSD of hammering test in wet condition

(a) Time series of hammering test in dry condition

(b) PSD of hammering test in dry condition

(c) Time series of hammering test in wet condition
Fig. 6 Hammering test results of flexible structure

(d) PSD of hammering test in wet condition
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Table 3 Hammering test results
Item
Shell eigenvalue analysis (dry)

Natural frequency

Natural period

Stiff type

Flexible type

Stiff type

Flexible type

2.567 Hz

0.489 Hz

0.390 s

2.044 s

Hammering test (dry)

2.329 Hz

0.456 Hz

0.429 s

2.194 s

Hammering test (wet)

1.193 Hz

0.387 Hz

0.838 s

2.571 s

condition, which is within the range of the wave period under the test
condition, and the hydroelastic effect would be confirmed.

2.4 Environmental Conditions
The model tests are conducted by applying a wave load as the only
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Table 4 Regular wave conditions
Case

Wave period ( ) (s)

Wave height (  ) (m)

Real

Model

Real

Model

01

2.235

0.500

0.390

0.020

02

2.401

0.537

0.450

0.023

03

2.773

0.620

0.600

0.030

04

3.396

0.759

0.900

0.045

05

4.384

0.980

1.500

0.075

06

6.200

1.386

3.000

0.150

07

7.595

1.698

4.500

0.225

08

8.779

1.963

6.000

0.300

09

11.656

2.606

10.200

0.510

acting environmental load, and varying the ratio of the wavelength (  )
to the outer diameter (  ) of the structure from 1.3 to 34 in the regular
wave condition. The wave height (  ) is set such that its ratio to the
wavelength (  ) is 1/20 (Table 4). For the irregular wave condition,
the JONSWAP spectrum is used, and the significant wave height (  )
of 5 m and the modal period (  ) of 12.4 s are considered. Fig 7 shows
the calibration and theoretical results for the irregular wave condition
for the model test.

Fig. 7 Spectrum and calibration results on irregular wave condition

3. Numerical Analysis
3.1 Numerical Analysis Model
For the numerical analysis to study the hydroelastic effect of the
fixed cylindrical structures, the panel method using the higher-order

(a) Panel model of the stiff type structure

(b) Panel model of the flexible type structure

(c) Beam model of the stiff type structure
Fig. 8 Numerical models for potential flow and structural analyses

(d) Beam model of the flexible type structure

Comparison of Numerical Analyses and Model Test for Evaluation on Hydroelastic and Higher-order Springing

boundary element method (HOBEM) and shell elements, and the
Morison analysis method using the beam elements are applied. The
panel analyses are performed separately for when only diffraction is
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pressure in a frequency domain can be obtained as follows.
  

(9)

considered without a hydroelastic effect and when the radiation effect
for the bending modes is considered, and the results are compared. Fig.
8 shows the numerical models consisting of the panel and beam

The pressure RAO (Response Amplitude Operator) of the frequency
domain in Eq. (9) can be transformed into the time domain through the

elements.

inverse Fourier transform and random time series methods, as follows.

3.2 Numerical Analysis Methods
The higher-order boundary element method (HOBEM) is applied as
a fluid analysis method to calculate the hydrodynamic load acting on
the fixed cylindrical structures. The higher-order boundary element
method is a type of numerical analysis method for calculating the flow
field of waves around a structure, which only divides the boundary of
the floating structure using the Green function rather than dividing the
fluid domain.
This method improves convergence and accuracy by applying
9-node higher-order elements instead of 4-node elements of the
existing boundary element method (Choi et al., 2000; Hong et al.,
2005). The velocity potential satisfying the governing equation and the
boundary conditions is calculated, based on which the hydrodynamic
coefficients of the motion equation in the frequency domain can be
determined.


in regular wave
  


    
(10)
       
 in irregular wave
  ∆  

  




  in Eq. (10) represents the irregular wave spectrum, and the

JONSWAP spectrum is applied in the numerical analyses of this study.
 denotes the number of spectrum partitions and  is the random

phase angle. By applying the time-domain pressure load obtained
through Eq. (10) to the motion equation for the structural analysis, the
displacements and stresses in the time domain can be determined for
structures to which wave load is applied (Eq. (11)).
      

(11)

In the above Eq. (11),  and   represent the mass, damping,
∇   

(4)
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Eq. (4) is the governing equation in a fluid domain, and Eqs. (5)‒(8)
represent the free surface boundary condition, sea bed boundary
condition, radiation condition, and body surface boundary condition,
respectively. In the above equations,  is the wave-induced velocity
potential that consists of three components: incident, scattered, and

and stiffness matrices, respectively.  is the displacement vector,
and  is the external force vector including the pressure load caused
by the wave.   denotes the buoyancy spring matrix of the structure.
In the Morison analysis method using beam elements, the load
acting on the structure is assumed to be the sum of the drag and inertial
force, and the velocity of the water particles could be determined using
the velocity potential. The Morison equation can be expressed as
shown in Eq. (12).


    ∣
∣
∆   
 ∆


  
 ∆   ∣
∣
∆


(12)

In Eq. (12),  ,  , and  are the width, projected area, and
perimeter length for the beam elements, respectively, ∆ is the length
of the beam elements, and  is the fluid density.  ,  ,  , and 

radiation potentials. For the panel method that does not consider the
hydroelastic effect, only the incident potential and scattered potential
are considered. In case that the hydroelastic effect is considered, the

denote the drag, mass, added mass, and friction coefficients,
respectively, and corresponding values of 1.2, 2.0, 1.0, and 0.05 are

analysis is performed not only by considering the incident and
scattered potentials but also the radiation potential for the bending
modes of the structures.  is the wave frequency,  is the water depth,

normal and tangential directions between the water particles and beam

 and 
 denote the relative velocity in the
applied in this study. 
 and 
 denote the relative acceleration in the normal
elements. 

direction and the tangential direction, respectively.

and  is the radiation boundary.  and  denote the normal and
displacement vectors of the structures, respectively. Based on the
Bernoulli equation, and the velocity potential that satisfies the


 
 
 
  
 
 ∙ 

(13)

governing equation and boundary conditions, the hydrodynamic


 
 
 
 ∙ 

(14)
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 and 
 are the velocity and acceleration of the
In Eqs. (13)–(16), 
 and 
 are the velocity and
water particles, respectively. 

acceleration of beam elements, and  is the unit tangential vector of the
beam elements. By substituting the Morison load obtained through the
equations into the motion equation (Eq. (11)), the structural analysis
can be performed to determine the displacements and stresses of the
structure composed of beam elements.
3.3 Comparison of Numerical Analysis and Test Results
Figs. 9–10 show the results under regular wave conditions. Fig. 9
shows the surge motion results at the top of the structures, and Fig. 10
shows the stress results at the bottom part of the structures. The results

on the surge motions at the top and the stresses at the bottom of the
stiff type structure confirm that there is no significant difference
between considering and not considering the hydroelastic effect, and
that the numerical analysis and test results are similar. Based on this,
the hydroelastic effect is found to be small when the structural
strength is large. However, for the flexible-type structure, the
hydroelastic responses occur by the low stiffness of the structure in the
model test. Thus, the result of the numerical analysis, which does not
consider the hydroelastic effect of the structure, varies from the results
of model test for the flexible type structure. This implies that the
hydroelastic effect needs to be considered if a structure is flexible.
Comparing the Morison analysis and test results, the analysis and test
results are similar when the wavelength is long relative to the outer
diameter of the structure, but they are different when the wavelength is
short relative to the outer diameter of the structure. If the wavelength
is relatively short compared to the outer diameter of the structure, the
diffraction effect should be considered through the boundary element

(a) Stiff type structure
Fig. 9 Comparison results on surge RAO

(b) Flexible type structure

(a) Stiff type structure

(b) Flexible type structure

Fig. 10 Comparison results on stress RAO
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method, and so on.
Figs. 11‒12 show the power spectral density (PSD) results on the
surge motions at the top and the stresses at the bottom part of the

near the wave frequency are observed.
Under regular wave conditions, if the wave height is high, and the
multiples of the wave frequency coincide with the natural frequency of

structures under irregular wave conditions. The results of numerical
analyses correspond to the ones of the panel analysis, which consider
the hydroelastic effect, and are similar to the model test results in all

the structure, the higher-order components of the wave force may
cause a resonance, resulting in the springing phenomenon where the
natural frequency responses of the structure occur regularly. This

cases. For the flexible type structure, it is confirmed that the wave
frequency responses occur near 0.1 Hz, and the natural frequency
responses of the structure occur near 0.4 Hz. For the stiff type

phenomenon is observed under the conditions of the model tests in
which the actual phenomenon is embodied. Among the test conditions,
the phenomenon is found to occur at the case having a wave height of

structure, the natural frequency is rarely measured, and only responses

4.5 m and a period of 7.595 s (0.13 Hz) as shown in Fig. 13. Under this

(a) Stiff type structure

(b) Flexible type structure

Fig. 11 Surge PSD results in irregular wave condition

(a) Stiff type structure

(b) Flexible type structure

Fig. 12 Stress PSD results in irregular wave condition

(a) Surge time series

(b) Surge PSD

(c) Stress time series

(d) Stress PSD

Fig. 13 Regular wave test results for considering springing phenomenon at  = 4.5 m and  = 7.595 s
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(a) Surge time series

(b) Surge PSD

(c) Stress time series

(d) Stress PSD

Fig. 14 Regular wave test results at  = 1.5 m and  = 4.384 s

(a) Surge time series

(b) Surge PSD

(c) Stress time series

(d) Stress PSD

Fig. 15 Regular wave test results at  = 6.0 m and  = 8.779 s
condition, it is confirmed that the natural frequency response

frequency differ from the natural frequency of the structure (Fig. 15).

(third-order springing response) also occurs regularly in addition to the
wave frequency response (first-order response), because the triple of
the wave frequency of 0.13 Hz, 0.39 Hz, almost coincides with the

In these cases, it could be confirmed that there is no difference
between the first-order responses and the overall responses in the time
series results (Figs. 14–15 (a) and (c)).

natural frequency of 0.387 Hz. The time-series results in Fig. 13 (a)
and (c) show the difference between the first-order response results
and the third-order springing response results.

4. Conclusion

Among the wave conditions, the double of the wave frequency is
close to the natural frequency of the structure when the wave period is
4.384 s (0.23 Hz), but there is no springing phenomenon because the
wave height is small (Fig. 14). Even when the wave height is large (6
m), no springing phenomenon is observed if the multiples of the wave

In this study, the hydroelastic response and higher-order springing
one that is a nonlinear response of the waves for fixed cylindrical
structures are evaluated numerically and experimentally. Furthermore,
the cases where each structural stiffness is high and low are studied to
confirm the hydroelastic responses based on the structural stiffness of

Comparison of Numerical Analyses and Model Test for Evaluation on Hydroelastic and Higher-order Springing

the structure. For the numerical analysis methods, the panel method
with no hydroelastic effect considered but only the scattering effect,
the panel method with the hydroelastic effect considered by applying
the radiation effect for the bending modes of the structure, and the
Morison analysis method using beam elements are reviewed; the
corresponding results are compared and analyzed.
Among the waves, the surge motions at the top and stresses at the
bottom part of the fixed cylindrical structures are compared and
reviewed. When the stiffness of the structures is high, the difference
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Betts, C.V., Bishop, R.E.D., & Price, W.G. (1977). The Symmetric
Generalized Fluid Forces Applied to a Ship in a Seaway.
Transactions of the Royal Institution of Naval Architecture, 119,
265–278.
Bishop, R.E.D., & Price, W.G. (1977). The Generalized
Antisymmetric Fluid Forces Applied to a Ship in a Seaway.
International Shipbuilding Progress, 24(269), 3–14. https://www.
doi.org/10.3233/ISP-1977-2426901
Bishop, R.E.D., Price, W.G., & Wu, Y. (1986). A General Linear

between the panel method with and without hydroelastic effect
considered is small, and the results are also found to be similar to the
model test results. In case that the structure is flexible, there are

Hydroelasticity Theory of Floating Structures Moving in a

differences on the analysis results with and without hydroelastic effect
considered, and the results on analysis with hydroelastic effect
considered is similar to the ones of model test. Through these results, it

Choi, Y.R., Hong, S.Y., & Choi, H.S. (2000). An Analysis of Second-

is confirmed that the analysis considering the hydroelastic effect is
necessary when a structure is flexible. The Morison analysis method
using beam elements is found to give different results from the model
test when the wavelengths are relatively short compared to the outer
diameter of the structure. This indicates that the scattering effect of the
wave caused by the structure should be considered if the wave is
shorter than the size of the structure, which can be achieved through
the boundary element method and so on.
Furthermore, under regular wave conditions in the model tests,
when the wave height is large and the multiples of the wave frequency
coincide with the natural frequency of the structure, the higher-order
components of the wave force result in a higher-order springing
phenomenon where the natural frequency response occurs regularly.
This phenomenon can be observed in the model tests that realize the
actual phenomenon. It is found that the phenomenon does not occur
when either of the two conditions of a high wave height and the
coincidence of the multiples of the wave frequency with the natural
frequency is not satisfied. In the future, nonlinear phenomena such as a
higher-order springing phenomenon will be studied through the
improvement of numerical fluid analysis methods.

Acknowledgements

Seaway. Philosophical Transactions of Royal Society, London,
A316. https://doi.org/10.1098/rsta.1986.0016
order Wave Forces on Floating Bodies by Using a Higher-Order
Boundary Element Method. Ocean Engineering, 28(1), 117–138.
https://doi.org/10.1016/S0029-8018(99)00064-5
Heller, S.R., & Abramson, H.N. (1959). Hydroelasticity: A New
Naval Science. Journal of America Society of Naval Engineers,
71(2), 205–209. https://doi.org/10.1111/j.1559-3584.1959.tb
02326.x
Hong, S.Y., & Kim, B.W. (2014). Experimental Investigations of
Higher-order

Springing

and

Whipping-WILS

Project.

International Journal of Naval Architecture and Ocean
Engineering, 6(4), 1160–1181. https://doi.org/10.2478/IJNAOE2013-0237
Hong, S.Y., Kim, J.H., Cho, S.K., Choi, Y.R., & Kim, Y.S. (2005).
Numerical and Experimental Study on Hydrodynamic
Interaction of Side-by-Side Moored Multiple Vessels. Ocean
Engineering, 32(7), 783-801. https://doi.org/10.1016/j.oceaneng.
2004.10.003
Jensen, J.J., & Pedersen, P.T. (1981). Bending Moments and Shear
Forces in Ships Sailing in Irregular Waves. Journal of Ship
Research, 25(4), 243-251.
Kim, B.W., Cho, S.K., & Sung, H.G. (2018). Time Domain Full Ship
Finite Element Analysis with or Without Scattering or Radiation
Potential. Proceedings of 2018 Joint Conference of the Korean
Association of Ocean Science and Technology Societies, 97–
100.

We acknowledge that this study is part of the research conducted

Kim, H.S., Kim, B.W., Won, Y., Oh, Y.J., & Lee, K. (2020). Numerical

with support from the Korea Institute of Ships and Ocean Engineering
under the project, “Core Technology Development of Hydro-elasticity
based Structural Damage Assessment for Offshore Structures

and Experimental Evaluation on Wave-Induced Responses of

considering Uncertainties (Grant No. PES3930)”. We appreciate the
support for research funding.

References

Cylindrical Structure with or without Hydroelastic Effect.
Proceedings of 2020 Joint Conference of the Korean Association
of Ocean Science and Technology Societies, 869–872
Kim, J.G., Cho, S.P., Kim, K.T., & Lee, P.S. (2014). Hydroelastic
Design Contour for the Preliminary Design of Very Large
Floating Structures. Ocean Engineering, 78, 112–123.
https://doi.org/10.1016/j.oceaneng.2013.11.006

Andrianov, A.I. (2005). Hydroelasitc Analysis of Very Large Floating

Lakshmynarayanana, P.A., Temarel, P., & Chen, Z. (2015). Coupled

Structures (Doctorial Thesis). Delft University of Technology,

Fluid-Structure Interaction to Model Three-Dimensional

Delft, Netherlands.

Dynamic Behaviour of Ship in Waves. Proceedings of 7th

Bathe, K.J. (1996). Finite Element Procedure. Prentice Hall.

International Conference on Hydroelasticity in Marine

202

Hyun-Sung Kim et al.

Technology, Split, Croatia, 623–636.
Price, W.G., & Wu, Y. (1985). Structural Responses of a SWATH of
Multi-Hulled Vessel Traveling in Waves. Proceedings of
International Conference on SWATH Ships and Advanced
Multi-hulled Vessels. Royal Institution of Naval Architects,

Shuku, M., Shin, H., Inoue, S., Kobayashi, E., & Simamune, S. (2001).
Overview of Mega-Float and Its Utilization. Mitsubishi Heavy
Industries, Ltd. Technical Review, 38(2), 39–46.
Wu, Y. (1984). Hydroelasticity of Floating Bodies (Ph D. Thesis).
Brunel University, UK.

London.

Author ORCIDs

Rognaas, G., Xu, J., Lindseth, S., & Rosendahl, F. (2001). Mobile
Offshore Base Concepts: Concrete Hull and Steel Topsides.
Marine Structure, 14(1–2), 5–23. https://doi.org/10.1016/S0951-

Author name
Kim, Hyun-Sung

ORCID
0000-0002-2627-6625

Springing Analysis of a 16,000 TEU Container Ship in Regular

Won, Younguk
Oh, Young Jae
Lee, Kangsu

0000-0002-7065-2763
0000-0002-0568-0151
0000-0002-9505-6802

Waves. Ships and Offshore Structures, 10(5), 498–509.

Kim, Byoung Wan

0000-0001-7325-1546

8339(00)00019-8
Shin, K.H., Jo, J.W., Hirdaris, S.E., Jeong, S.G., Park, J.B., Lin, F.,
Wang, Z., & White, N. (2015). Two- and Three- Dimensional

https://doi.org/10.1080/17445302.2015.1014255

Journal of Ocean Engineering and Technology 35(3), 203-215, June, 2021
https://doi.org/10.26748/KSOE.2021.008

pISSN 1225-0767
eISSN 2287-6715

Original Research Article

Numerical Investigation of Residual Strength of
Steel Stiffened Panel Exposed to Hydrocarbon Fire
Jeong Hwan Kim 1, Dae Yu Baeg

2

and Jung Kwan Seo

3,4

1
Research Professor, The Korea Ship and Offshore Research Institute, Busan, Korea
Graduate Student, Department of Naval Architecture and Ocean Engineering, Pusan National University, Busan, Korea
3
Professor, Department of Naval Architecture and Ocean Engineering, Pusan National University, Busan, Korea
4
Professor, The Korea Ship and Offshore Research Institute, Busan, Korea

2

KEY WORDS: Residual strength, Hydrocarbon jet fire, Thermal response analysis, Stiffened plate panel, Design formulae
ABSTRACT: Current industrial practices and approaches are simplified and do not describe the actual behavior of plated elements of offshore
topside structures for safety design due to fires. Therefore, it is better to make up for the defective methods with integrated fire safety design
methods based on fire resistance characteristics such as residual strength capacity. This study numerically investigates the residual strength of
steel stiffened panels exposed to hydrocarbon jet fire. A series of nonlinear finite element analyses (FEAs) were carried out with varying
probabilistic selected exposures in terms of the jet fire location, side, area, and duration. These were used to assess the effects of exposed fire
on the residual strength of a steel stiffened panel on a ship-shaped offshore structure. A probabilistic approach with a feasible fire location
was used to determine credible fire scenarios in association with thermal structural responses. Heat transfer analysis was performed to obtain
the steel temperature, and then the residual strength was obtained for the credible fire scenarios under compressive axial loading using
nonlinear FEA code. The results were used to derive closed-form expressions to predict the residual strength of steel stiffened panels with
various exposure to jet fire characteristics. The results could be used to assess the sustainability of structures at risk of exposure to fire
accidents in offshore installations.

1. Introduction
Ships and ship-shaped offshore installations can be exposed to

assumed to remain the same throughout the exposed fire duration.
However, this method tends to be simplified and does not describe the
actual behavior, which accompanies time, space characteristics,

hydrocarbon fires and explosions. These dangers have serious
consequences for human health, structural safety, and the surrounding
environment (Czujko, 2001; HSE, 2000). Current industrial practices

radiation, and convection. The outcome of these assumptions results in
time-release changes of flammable materials in fire accidents. Current
industrial practices in fire safety design methods consist of various

develop an initial design prediction to prevent and mitigate the
escalation of accidental events, which requires appropriate
understanding of related design methods and effectiveness. The safety

applicable of international/national regulations, standards, and
guidance. Therefore, it is better to make up for the defective methods
with integrated fire safety design methods based on fire resistance

concerns are reflected in current regulations and guidelines for
qualitative or quantitative fire and explosion risk analysis (QRA) and
risk management (Vinnem, 2007; NORSOK, 2010; Nolan, 1996; Paik

characteristics such as the residual strength capacity. An essential
integrated fire safety design method requires fire computational fluid
dynamics (CFD) simulations and thermal finite element analysis

and Czujko, 2011; Seo et al., 2017).
In current fire safety design (Franssen and Real, 2010; Purkiss,
2006), the fire scenario of steel structures is generally considered as

(FEA) simulation (Paik et al., 2010; Shetty et al., 1998).
For these reasons, previous researchers have suggested procedures
or guidance for fire risk analysis that consist of probabilistic-based fire

fire heat exposed to the surface of structural members with the same
intensity. For the thermal structural response, heat intensities are

accidental design loads, fire CFD analyses, and nonlinear FE analyses.
Applications for ships and offshore installations have also been
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(a) Major fire accident (Deepwater Horizon, 2010)

(b) Minor fire accident (Hercules Jack-up, 2013)

Fig. 1 Fire accidents at offshore platforms
suggested and examined (Soares et al., 1998, Paik et al., 2013; Kim et

Definition of structure characteristic

al., 2013; Salem et al., 2016). Most of the methodologies assumed only
one-dimensional steel structures because the structures consist of
primary structural strength members (beams, columns, etc.). However,

Fire damage identification

ship-shaped offshore structures and the topsides of an offshore
installation include living quarters, process modules, drilling modules,
etc., which are mostly assembled or welded steel plates with primary
structural strength members. Therefore, their structural layout and
arrangement have to be considered regarding functional, performance,
and safety requirements for the design philosophy.
The most common fire accident case in offshore platforms is when a
pressurized leak gas causes a jet fire. The main constituent is
hydrocarbon gas materials in offshore installations, which can lead to
various fire characteristics. Therefore, it is necessary to study the jet
fire load characteristics with flammable hydrocarbon material in
topside process modules of platforms (Sun et al., 2017). However,
current approaches and studies of fire exposure areas and fire duration
only consider major fire accidents (Fig. 1(a)) in safety design and
management, but minor fire accidents (Fig. 1(b)) should also be

Characterization of fire
damage parameters
Probabilistic
identification of
damage parameters

Selection of
fire damage scenarios

Sampling
technique

Calculation of damage index for selected
fire damage scenarios

Calculation of residual strength for
selected fire damage scenarios

Development of the diagram comparing
the residual strength with the damage index

Fig. 2 Proposed method for the development of residual strength
versus damage index diagram (R-D diagram)

considered for structural sustainability in operating conditions.
Current industrial practices and approaches provide only limited
information on plated elements of offshore topside structures for

damage. A fire damage index in a credible scenario is identified as a
phenomenological fire exposure characteristic, such as location and

safety design and assessment of sustainability due to fires. Therefore,
the effect of residual strength capacity and the thermal response
behavior of plated structures during a fire should be identified. This

time. The residual strength (ultimate strength) capacity of stiffened
panel structures in a fire scenario can be analyzed by appropriate
numerical tools. The proposed procedure was conducted for each of

study looks at the residual strength of plated panels under fire load by

the selected credible scenarios in realistic fire accidents, and a diagram
can show the reduction or sustainable structural strength (residual
strength) and the fire’s effect on the damage index. This diagram

numerical analysis using a nonlinear finite element method (FEM).
The results were used to derive closed-form expressions to predict the
residual strength of steel stiffened panels with various exposures to jet
fire areas and times.

serves as a first-cut design evaluation and is used to identify the
acceptance criteria for ships and offshore installations’ safety design
against fire accidental damage.

2. Residual Strength versus Damage Index Diagram
Fig. 2 shows the proposed approach for determining residual
strength and fire damage index in this study. Credible scenarios for all

2.1 Fire Load Identification
Once an object’s structural topology has been defined with
geometrical and material properties, the type of fire load should be

possible exposed fire scenarios for a target structure were selected
using probabilistically characterized variables that affect the structural

identified. Fire is a complex chain reaction where fuel is combined
with oxygen, generating heat, smoke, and light. Most hydrocarbon
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Fig. 3 The time versus gas temperature profile for hydrocarbon
(EN 1991-1-2, 2002) and pool (ISO, 1999) fires

scenarios were selected based on scenario sampling methods, such as
the Latin hypercube sampling method (LHS), etc. It was necessary to

fires can be divided into jet fires and pool fires for health, structural
safety, and environmental safety requirements for a design philosophy.

consider as many damage scenarios as possible to develop an R-D
diagram that could reflect a smaller interval of random variables in a
wider range of damage extent.

A jet fire occurs when a flammable liquid or gas is ignited after its
release from a pressurized, punctured vessel or pipe and is a turbulent
diffusion flame resulting from the combustion of a hydrocarbon fuel

2.4 Calculation of Damage and Residual Strength for the Scenarios
After selecting the fire damage scenarios, the fire damage index can

continuously released with some significant momentum in a particular
direction. A pool fire occurs when a flammable liquid leaks from a
vessel or pipeline to form a fluid reservoir, which then ignites.

be defined in the form of an R-D diagram. A residual strength analysis
was performed for each selected fire damage scenario. The fire
damage index (r/b) was determined by the ratio of the flame radius (r)

Common characteristics of a hydrocarbon jet fire are a turbulent flame,
a high heat flux, and the capability of eroding a material that it impacts.
Pool fires are turbulent diffusions, burning above an upward-facing,

and the breadth of the plate (b). Candidate methods (numerical,
analytical, and experimental methods) are able to calculate the residual
strength. In this study, numerical methods were most commonly

vaporizing liquid fuel. The vaporizing fuel has almost zero or low
initial momentum. The fire load can be obtained by performing a CFD
analysis or using a profile specified in the regulations, such as

applied to structural analysis as they have been found to be the most
efficient (Kim et al., 2014). Once the fire damage index and the
ultimate strength were simulated for the selected fire damage

hydrocarbon fire and pool fire regulations (ISO, 1999). Fig. 3 shows
the general profiles for hydrocarbon and pool fires.

scenarios, the diagram was expressed in form of Fig. 4. R-D diagrams
can be used to predict the residual strength with fire exposure damage.

2.2 Characterization of Fire Damage Variables
After determining the type of fire load, the damage parameters that
affect the residual ultimate strength should be characterized. The

3. Applied Examples
3.1 Definition of Structure Characteristics

location and exposed areas of fire damage were the basic parameters used
in this study. The other parameters depend on the type of damage. For
example, gas temperature is a critical parameter of fire damage when

Fig. 5 shows a floating, production, storage and offloading (FPSO)
structure, which is one type of ship-shaped offshore installation. Steel
stiffened panels were used to construct part of the deck of the FPSO. It

calculating the residual ultimate strength of structures. CFD may be
performed to calculate a more accurate damage index. CFD simulation
results, such as temperature, time, and heat flux etc., may give damage

was supported by girders and frames along the longitudinal and
transverse edges. The spacing of the stiffeners was a = 4000 mm
between the transverse stiffeners and b = 800 mm between the

parameters to calculate the residual ultimate strength of structures.
2.3 Credible Fire Damage Scenarios

longitudinal stiffeners. This study considered T-bars as both
longitudinal and transverse stiffeners. Fig. 6 and Table 1 show the
cross sections of the longitudinal and transverse stiffeners (Paik and

The fire damage scenarios were established via sampling techniques
based on characterized damaged parameters, which were calculated
using the probability density function. A small number of fire damage

Thayaballi, 2003).
The stiffened plate panel was modeled using shell elements to
perform the heat transfer analysis and nonlinear structural response
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Trans. stiffeners
b/2
b
Longi.
stiffeners

Symmetry

b
b
b/2
a/2

a

a/2

Fig. 5 The steel stiffened panel part of the FPSO deck

tp

tp
twx

hwx

hwy

tfx

twy

welding-induced initial deflections (in Fig. 7(a)). The initial
deflections are denoted by wopl for plating between stiffeners and wosx
and wosy for x- and y-stiffeners, respectively. The stiffened plate panel

tfy

may also have welding-induced residual stresses. Fig. 7(b) shows the
typical idealization of residual stresses in plating between stiffeners.
The simplified residual stresses are considered uniform compressive
residual stresses, which are denoted by σrsx and σrsy for x- and
y-stiffeners, respectively. In this study, both initial deflection and
residual stress were considered.

bfy

bfx
(a) Longitudinal

(b) Transverse

Fig. 6 Longitudinal (a) and transverse (b) stiffeners
Table 1 Principal dimensions of plate girders and stiffeners.
Longitudinal (x-direction)

analysis. The mesh size was 45 mm, and the number of four-noded
shell elements was 17 in between the longitudinal stiffeners (Hughes
and Paik, 2010). The stiffened plate panels are considered to have

Transverse (y-direction)

3.2 Characterization of Fire Damage Parameters
The fire damage parameters for the calculation of the fire damage
index can be defined as follows:
• X1 - Fire duration (min): the time exposed to fire
• X2 - Exposed side: the side exposed to fire

 (mm)

6

 (mm)

6

  (mm)

125

  (mm)

430

  x (mm)

7

  (mm)

12

 (mm)

75

 (mm)

150

• X3 - Fire position: location of flame center
• X4 - Fire area: extent of flame
In general, fire profiles can be obtained through numerical,

 (mm)

7

 (mm)

15

analytical, and experimental methods. The jet and pool fire curves

y
a - 2at

at

bt

at

b – 2bt

Comp.

bt

Tens.
Tens.

x
(a) Pattern of initial deflection
Fig. 7 Initial deflection and residual stress of stiffened plate panel

(b) Distribution of welding induced residual stress
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shown in Fig. 3 were obtained by analytical methods. With the
numerical method, the temperature-time profile was calculated using
CFD programs. The temperature-time profile could also be obtained
by measuring the gas temperature in experiments. In this study, jet fire
was calculated by the analytical method and used as the fire type. The
fire duration, position, and radius of the flame were primary
parameters to calculate the extent of fire damage.
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Table 3 Probability of fire position
Fire position

Probability (%)

A

25

B

25

C

25

D

25

Total

100

3.3 Selection of Fire Damage Scenarios
A total of 120 scenarios were selected to calculate the fire damage
index, and the range of each parameter was probabilistically defined.
The fire duration was classified into six groups with 10 min. per group,
and the probability density of each group was equal. Table 2 shows the
probability of fire duration. The direction of the side exposed to fires
affects the temperature and strength of structures. In this study, it was
assumed that the plate was only exposed to fire as shown in Fig. 8.
Fig. 9 shows the position of the flame center, and Table 3 represents
the probability of fire position. The fire position was classified into
four groups as follows:
• A - Center of plate
• B - Intersection of plate and transverse stiffener

Flame radius

Fig. 10 Concepts of fire area based on flame radius
Table 4 Probability of fire area

• C - Intersection of plate and longitudinal stiffener
• D - Intersection of transverse and longitudinal stiffener
As the shape of flames resembles circles, the shape of the fire was
Table 2 Probability of fire duration

Fire radius r

Radius-breadth ratio (r/b)

200

0.25

400

0.50

600

0.75

800

1.00

Duration time (min)

Probability (%)

1000

1.25

10

16.667

Total

-

20

16.667

30

16.667

assumed to be circular. The probabilistic characteristics of the fire area

40

16.667

50

16.667

60

16.667

were identified based on the radius of the flame. Fig. 10 and Table 4
show the shape and probability of the fire area. Table A1 lists 120
representative fire damage scenarios using the four major parameters

Total

100

that were considered. The selected scenarios included all of the
variables for each parameter.
3.5 Calculation of Damage Index for Selected Fire Damage
Scenarios
The fire damage index for selected scenarios was calculated using
LS-DYNA code, which uses shell elements to model the structures
(ANSYS, 2018). The gas temperature did not determine the
temperature of the exposed steel because of the effects of radiation and

Fig. 8 The direction of the side exposed to fires

convection. Thus, a heat transfer analysis needed to be carried out to
identify the steel temperature while considering the effects of radiation
and convection (Kim et al., 2013).

Fig. 9 Position of flame center

A

B

C

D

Fig. 11 shows the heat transfer analysis method conceptually. The
applied method conducts the heat flux and temperature between the
gas (Tg) and surface (Ts1) of the steel structural element with an
exposed side. Radiation, convection, and heat loss should be
considered for the unexposed side. In the case of shell elements in
LS-DYNA, the temperature was uniform (Ts1 = Ts2) in the steel
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and thermal conductivity of carbon steel shown in Fig. 12 were
considered to result in an accurate heat transfer analysis. Fig. 13 shows
a typical temperature distribution of fire position A after 10 minutes.

Steel

Tg
Gas temperature

(Shell element)

Convection
Radiation

Ts1

3.6 Calculation of Residual Strength
The residual strength analysis was performed using LS-DYNA with

Ts2

Convection

T∞
Ambient temperature

Radiation

Unexposed side

Exposed side

Fig. 11 Concepts of method for heat transfer analysis in LS-DYNA
thickness direction. In this study, the coefficient of convection was hc
= 25 W/m2K, and the emissivity of carbon steel was εs = 0.7
(Franssen and Real, 2010). The temperature-dependent specific heat

the shell element models that were used for the heat transfer analysis to
calculate the residual ultimate strength. To perform the residual
ultimate strength analysis under fire conditions, the mechanical
properties related to temperature changes needed to be applied
properly. This study used the elastic perfectly plastic material model
according to the steel temperature. The strength of steel should be
taken as 0.2% of the proof strength, and the section modulus and the
cross-sectional effective area can be determined with EN 1993-1-5
(2006) and the mechanical properties at 20°C.
Fig. 14 shows the relation between the characteristics of the yield
stress and elastic modulus of carbon steel and temperature increments.
The yield stress and elastic modulus of the steel stiffened panel at 20°C

ka,Conductivity
Conductivity (W/mK)
(W/mK)
a

60

50

40

30

20
0

200

400

600

800

1000

Temp. (°C)

(a) Specific heat

(b) Thermal conductivity

Fig. 12 Thermal properties of carbon steel: (a) specific heat and (b) thermal conductivity

Flame radius = 200 mm

Flame radius = 600 mm

Flame radius = 400 mm

Flame radius = 800 mm

Fig. 13 Temperature distribution of steel stiffened panel at 10 min (Fire position A)

Flame radius = 1,000 mm

1200
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1.0

Yield strength

Reduction factor

0.8

0.6

Elastic modulus

0.4

Proportional limit
0.2

0
0

200

400

600

800

1000

1200

Temp. (°C)

Fig. 14 Mechanical properties of steel versus temperature increments
Fig. 17 Steel temperature versus exposure time of position A
Fig. 17 shows the steel temperature versus exposure time of position
A at various time durations. As shown in the figure, when the fire
duration is more than 40 minutes, the steel temperature distribution of
the stiffened panel does not reach steady state, but it can be confirmed
that the temperature rises slowly. Fig. 18 shows the typical ultimate
strength behavior of the steel stiffened panel under axial compression
y

at various time durations among 120 selected fire damage scenarios.
As expected, the ultimate strength was lower when the radius of the
flame was widened. The overall lateral deflection shape of the plate

x

Gas temperature

Thermal load
Mechanical load

X2- duration time

Mechanical load
(Axial compressive load)

Fig. 15 The boundary and loading conditions

along the longitudinal direction tended to be similar to the initial
applied imperfection mode shape. This finding could help to identify
the effect of fire damage on the compressive ultimate strength of the
steel stiffened panel.

4. Development of R-D Diagram
Fig. 19 shows the variation of the residual ultimate strength
reduction factor of the steel stiffened panel under longitudinal axial

Time

Fig. 16 Loading condition
were 240 MPa and 200 GPa, respectively, and the Poisson ratio was
0.3. The residual strength analysis considered a reduction factor for the
stress-strain relationship of carbon steel at elevated steel temperatures.
Fig. 15 and Table 5 show the boundary conditions and loading
conditions. A uniaxial compressive load in the longitudinal direction
was applied, and the mechanical load was applied after the thermal
load, as shown in Fig. 16.

compression with different sizes and locations of the area exposed to
fire, which was obtained by FEA. The R-D diagram was developed
using the residual ultimate strength reduction factor. In this study, R-D
diagrams were developed based on the yield stress and ultimate
strength at ambient temperature.
4.1 R-D Diagram Based on Residual Strength
R-D formulae are proposed to estimate the ultimate strength of a
stiffened panel under a compressive axial load at each fire position. In

Table 5 Boundary conditions (U = translational degree of freedom, R= rotational degree of freedom)

1)

Part

Description1)

Loaded edge

Ux = 0, Uy = 0, Uz = 0, Rx = 1, Ry = 0, Rz = 1

Unloaded edge

Ux = 0, Uy = 0, Uz = 0, Rx = 0, Ry = 1, Rz = 1

Transverse frames (dotted line)

Ux = 0, Uy = 0, Uz = 1, Rx = 0, Ry = 0, Rz = 0

1 is translational constraint, 0 is no translational constraint

210

Jeong Hwan Kim, Dae Yu Baeg and Jung Kwan Seo

(a) 10 minutes

(b) 60 minutes

(c) Deformation of Flame radius = 1,000 mm
(d) von Misses Stress of Flame radius = 1,000 mm
Fig. 18 Typical ultimate strength behavior of steel stiffened panel after 10 and 60 minutes of fire exposure (Position A)

Trans. stiffeners

b

Trans. stiffeners
Longi.
stiffeners

r

b

a

r
a

(a) Fire position A

(b) Fire position B

Trans. stiffeners

Trans. stiffeners

Longi.
stiffeners

b

Longi.
stiffeners

b

r
a

Longi.
stiffeners

r
a

(c) Fire position C
(d) Fire position D
Fig. 19 Variation of the ultimate strength reduction factor of the steel stiffened panel under longitudinal axial compression with different sizes
and locations of the area exposed to fire: (a) Fire position A, (b) Fire position B, (c) Fire position C, and (d) Fire position D
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Trans. stiffeners

b

Trans. stiffeners

Longi.
stiffeners

r
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Longi.
stiffeners

b
r

a

a

①

①

②

②

∗

∗

①
②

2.878

0.306 27.444 ∗
1

2.878

0.456 43.97 ∗

1

①

1
0.198 27.444 ∗

2.878

0.284
1

②

0.568 31.37 ∗

0.366

2.878

0.366

0.768

Fig. 20 The empirical formulae for fire position A and fire position C
design practice, it is considered that Positions A to D can be

The accuracy of the present formulae calculated against the ratio of

determined as critical fire positions. Positions B and D are both on
webs of a large transverse frame. These fire positions tend to have
conservative residual strength compared to Positions A and C.

the flame radius and the breadth of the plate was checked by
comparison with the FEA results at fire position A, as shown in Fig.
20. The mean, standard deviation, and coefficient of variation values

Therefore, the formulae were derived from a numerical database of
120 cases, the elastic buckling strength, and the plate slenderness ratio.
The design formulae were derived using the least squares method

for the design formulae in Eqs. (1)–(2) were 0.985 and 0.977, 0.028
and 0.120, and 0.029 and 0.123, respectively. Likewise, the values for
the design formulae in Eqs. (3)–(4) were 1.038 and 0.972, 0.091 and

based on the FEA results. The fire duration was divided at 10 min. for
formulations. The residual ultimate strength (σrxu) under a
compressive axial load at fire position A was formulated as follows:

0.180, and 0.088 and 0.185, respectively.
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For fire position C, the design formulae of residual ultimate strength
were derived as follows:
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4.2 Development of Design Formulae Based on Residual
Ultimate Strength
A residual ultimate strength reduction factor (Rxu) is proposed to
estimate the ultimate strength of a steel stiffened plate panel under
longitudinal axial compression with varying area and duration of fire
exposure. The residual ultimate strength reduction factor can be
defined by a polynomial equation in terms of flame radius and plate
aspect ratio as follows:
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(a) Fire duration ≤ 10 min

(b) Fire duration > 10 min

Fig. 21 Accuracy of the residual ultimate strength reduction factor: (a) fire duration ≤ 10 min and (b) fire duration > 10 min
Mean = 1.038
Standard deviation = 0.091
COV = 0.088

(a) Fire duration ≤ 10 min

Mean = 0.972
Standard deviation = 0.180
COV = 0.185

(b) Fire duration > 10 min

Fig. 22 The mean, standard deviation, and COV for residual ultimate strength reduction factor
A polynomial equation is among the most frequently used empirical
equations for fitting functions (Kim et al., 2019). The polynomial
equation has well-known and understood properties. Also, a polynomial

stiffened panel under longitudinal axial compression. The R-D
diagram was developed using the residual ultimate strength reduction
factor based on the yield stress and ultimate strength at ambient

equation is computationally easy to use and has moderate flexibility of
shapes. However, polynomial models have poor extrapolatory
properties. Polynomials may provide good fits within the range of data,

temperature. However, the empirical formula in this study has the
following limitations:
(1) The empirical formula only considers the configuration of the

but they will frequently deteriorate rapidly outside the range of the data.
Fig. 21 shows the accuracy of Eq. (5) by comparison to the FEA results,
and Fig. 22 indicates the mean, standard deviation, and COV.

plate, not the shape of the stiffener.
(2) The empirical formula cannot be applied to other types of loads
and stiffened panels.

5. Conclusions
This study presented methods for the development and application
of an R-D diagram. As a first step, fire damage parameters were
characterized. The selected parameters were the fire duration, fire
position, and fire area. Heat transfer analysis was carried out to
identify the fire damage index for selected fire damage scenarios.
Subsequently, an ultimate strength analysis was performed for a steel

The final goal of this study is to develop an empirical equation that
can calculate the residual ultimate strength that can be applied to all
types of stiffened panels and load types. To develop the equation, the
following plan will be carried out:
(1) Numerical analysis for the development of empirical formulae
considering the configuration of stiffener
(2) Development of empirical formulae for the combined load,
lateral load, shear load, and bending load.
(3) Accuracy analysis of empirical formulae developed in this study

Numerical Investigation of Residual Strength of Steel Stiffened Panel Exposed to Hydrocarbon Fire

From the obtained R-D diagram, the residual strength of the
structure under fire conditions in offshore installations could be easily
predicted.
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Appendix
Table A1 Results and fire damage scenarios (Continued)
No

time
(min)

Fire
Position

Flame
radius
(mm)

Maxi.
temp
(oC)

1

10

A

200

459.38

2

10

A

400

3

10

A

600

4

10

A

5

10

6

10

7

σrxu/σrxu,20

No.

time
(min)

Fire
Position

Flame
radius
(mm)

Maxi.
temp
(oC)

144.9

1.03

41

30

A

200

720.16

135.1

486.55

137.1

0.98

42

30

A

400

760.11

105.2

0.75

485.05

121.7

0.87

43

30

A

600

760.96

80.8

0.58

800

485.22

95.6

0.68

44

30

A

800

760.86

66.8

0.48

A

1000

485.22

86.5

0.62

45

30

A

1000

760.89

52.4

0.37

B

200

369.79

138.0

0.98

46

30

B

200

548.59

134.3

0.96

10

B

400

476.61

128.4

0.91

47

30

B

400

744.00

108.0

0.77

8

10

B

600

484.55

108.2

0.77

48

30

B

600

757.24

85.0

0.61

9

10

B

800

485.06

95.9

0.68

49

30

B

800

760.68

75.5

0.54

10

10

B

1000

485.05

84.8

0.60

50

30

B

1000

760.83

58.2

0.41

11

10

C

200

387.56

138.7

0.99

51

30

C

200

587.49

129.5

0.92

12

10

C

400

487.24

132.6

0.94

52

30

C

400

746.77

108.3

0.77

13

10

C

600

484.97

116.9

0.83

53

30

C

600

759.67

83.3

0.59

14

10

C

800

485.10

107.4

0.76

54

30

C

800

760.80

62.3

0.44

15

10

C

1000

485.39

69.4

0.49

55

30

C

1000

760.95

35.5

0.25

16

10

D

200

299.40

135.0

0.96

56

30

D

200

439.63

126.3

0.90

17

10

D

400

467.20

122.9

0.87

57

30

D

400

735.39

111.3

0.79

18

10

D

600

483.04

113.3

0.81

58

30

D

600

754.28

94.8

0.68

19

10

D

800

484.78

102.6

0.73

59

30

D

800

759.51

68.5

0.49

20

10

D

1000

485.08

71.0

0.51

60

30

D

1000

760.76

33.4

0.24

21

20

A

200

634.36

139.1

0.99

61

40

A

200

755.88

131.08

0.93

22

20

A

400

688.69

114.9

0.82

62

40

A

400

867.76

97.89

0.70

23

20

A

600

689.22

87.8

0.63

63

40

A

600

871.27

77.09

0.55

24

20

A

800

688.97

75.5

0.54

64

40

A

800

871.31

60.93

0.43

25

20

A

1000

688.99

65.1

0.46

65

40

A

1000

871.32

44.07

0.31

26

20

B

200

486.41

136.2

0.97

66

40

B

200

588.59

132.27

0.94

27

20

B

400

670.82

117.8

0.84

67

40

B

400

821.00

100.44

0.71

28

20

B

600

687.31

92.2

0.66

68

40

B

600

863.91

82.44

0.59

29

20

B

800

688.87

81.1

0.58

69

40

B

800

870.37

73.02

0.52

30

20

B

1000

688.95

66.5

0.47

70

40

B

1000

871.17

52.07

0.37

31

20

C

200

517.64

134.9

0.96

71

40

C

200

633.34

125.33

0.89

32

20

C

400

674.49

117.6

0.84

72

40

C

400

830.91

102.10

0.73

33

20

C

600

688.11

94.2

0.67

73

40

C

600

867.07

75.63

0.54

34

20

C

800

688.98

76.4

0.54

74

40

C

800

870.81

53.49

0.38

35

20

C

1000

689.07

45.5

0.32

75

40

C

1000

871.36

30.65

0.22

36

20

D

200

388.19

130.0

0.93

76

40

D

200

475.52

124.24

0.88

37

20

D

400

651.16

115.5

0.82

77

40

D

400

783.16

108.61

0.77

38

20

D

600

683.34

101.8

0.72

78

40

D

600

850.99

88.73

0.63

39

20

D

800

687.96

80.3

0.57

79

40

D

800

866.58

60.39

0.43

40

20

D

1000

688.92

44.9

0.32

80

40

D

1000

870.77

29.03

0.21

σrxu
(MPa)

σrxu
(MPa)

σrxu/σrxu,20

0.96
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Table A1 Results and fire damage scenarios
No

time
(min)

Fire
Position

Flame
radius
(mm)

Maxi.
temp
(oC)

81

50

A

200

800.16

82

50

A

400

83

50

A

84

50

A

85

50

86
87

σrxu/σrxu,20

No.

time
(min)

Fire
Position

Flame
radius
(mm)

Maxi.
temp
(oC)

127.15

0.91

101

60

A

200

836.13

123.48

0.88

950.95

92.63

0.66

102

60

A

400

1001.57

88.82

0.63

600

957.78

74.26

0.53

103

60

A

600

1011.24

72.43

0.52

800

957.98

56.95

0.41

104

60

A

800

1011.56

54.40

0.39

A

1000

960.25

39.33

0.28

105

60

A

1000

1011.57

38.26

0.27

50

B

200

617.03

130.05

0.93

106

60

B

200

638.37

127.73

0.91

50

B

400

889.25

94.53

0.67

107

60

B

400

935.54

89.91

0.64

88

50

B

600

945.62

82.43

0.59

108

60

B

600

995.88

82.33

0.59

89

50

B

800

955.96

70.14

0.50

109

60

B

800

1008.50

67.27

0.48

90

50

B

1000

957.74

46.07

0.33

110

60

B

1000

1011.14

41.34

0.29

91

50

C

200

666.28

121.89

0.87

111

60

C

200

691.74

119.07

0.85

92

50

C

400

902.64

97.78

0.70

112

60

C

400

950.90

94.55

0.67

93

50

C

600

950.81

71.28

0.51

113

60

C

600

1002.42

68.87

0.49

94

50

C

800

956.97

48.43

0.34

114

60

C

800

1010.08

46.56

0.33

95

50

C

1000

958.02

28.14

0.20

115

60

C

1000

1011.57

28.33

0.20

96

50

D

200

502.84

122.65

0.87

116

60

D

200

524.69

121.25

0.86

97

50

D

400

840.74

106.23

0.76

117

60

D

400

883.43

104.13

0.74

98

50

D

600

927.35

84.16

0.60

118

60

D

600

975.60

79.97

0.57

99

50

D

800

949.82

54.27

0.39

119

60

D

800

1000.97

49.30

0.35

100

50

D

1000

956.74

27.81

0.20

120

60

D

1000

1009.59

26.96

0.19

σrxu
(MPa)

σrxu
(MPa)

σrxu/σrxu,20
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ABSTRACT: In the present study, the performance of a floating oscillating water column (OWC) device has been studied in regular waves. The
OWC model has the shape of a hollow cylinder. The linear potential theory is assumed, and a matched eigenfunction expansion method(MEEM)
is applied for solving the diffraction and radiation problems. The radiation problem involves the radiation of waves by the heaving motion of a
floating OWC device and the oscillating pressure in the air chamber. The characteristics of the exciting forces, hydrodynamic forces, flow rate,
air pressure in the chamber, and heave motion response are investigated with various system parameters, such as the inner radius, draft of an
OWC, and turbine constant. The efficiency of a floating OWC device is estimated in connection with the extracted wave power and capture
width. Specifically, the piston-mode resonance in an internal fluid region plays an important role in the performance of a floating OWC device,
along with the heave motion resonance. The developed prediction tool will help determine the various design parameters affecting the
performance of a floating OWC device in waves.

1. Introduction

of the WEC with respect to the direction of incident wave propagation.

The utilization of ocean energy has become an important and urgent
issue owing to its abundance and value as clean energy. In particular,

The attenuator type composes of multiple WECs connected parallel to
the direction of incident wave propagation; thus electrical energy is
generated from the relative motion of converters at the joints by the

the development of new energy sources is inevitably necessary to
respond to the carbon emission trading system. However, the
commercialization of ocean energy, that has economic feasibility, has

action of the waves. The Pelamis is a well-known attenuator WEC.
The point-absorber type can generate electricity regardless of the
direction of incident wave propagation. Particularly, it enhances

not yet been realized because of expensive installation and power
transmission costs along with irregularity of the ocean environment.
Several efforts have been being taken to resolve these inherent

energy extraction efficiency by amplifying the heave motion of the
WEC through resonance with the incident wave with a low energy
density. Power buoy and Wavebob are typical point-absorber WEC.

demerits; these efforts include combined power generation, where at
least two power sources among wind, wave, and current power are
used for a single support structure, direct consumption of generated

Lastly, the terminator type has a WEC positioned in the direction
perpendicular to the propagation direction of the incident wave to
extract wave energy. Examples of this type include Salter’s duck WEC

power at the site, and storing the generated power into the battery
without transmission to land.
The technologies related to wave power generation have been

and dual-functional WEC that has a function of a breakwater.
For converting wave energy into electrical energy, the wave energy
is modified through two-step transformations. The first step

developed since the 1980s mainly in Europe and Japan, where wave
energy sources are abundant. Several devices have been suggested for
wave energy generation, which are near the commercialization stage.

transformation converts the wave energy into the mechanical energy
such as the kinetic and potential energy. These transformation devices
are called the movable body, oscillating water column (OWC), and

Existing wave energy converters (WECs) are categorized as
attenuator, point-absorber, and terminator types, based on the position

overtopping type (Falcão, 2010). In particular, an OWC device is
presently installed and operated in several regions, as the technology
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has been stabilized. Moreover, the maintenance cost is also fairly low
due to a small number of moving machinery parts. The OWC has a
enclosed air chamber positioned on top of a supporting structure

the optimization of design parameters was performed using an
objective function. Park et al. (2018) evaluated the performance of an
axisymmetric floating OWC device using a finite element method

(fixed, floating) having an open bottom. The free-surface inside the air
chamber oscillates up and down due to incident waves, thus inducing
airflow due to pressure difference between inside and outside of the

(FEM) under a linear potential theory. For considering the damping
effects of power take-off, the nonlinear modified kinematic and
dynamic free surface boundary conditions proposed by Koo et al.

chamber; the airflow rotates a turbine located on a passage outside the
air chamber; in the final stage, electricity is produced from the
generator. The Wells turbine and impulse turbine are used as a second

(2010) were linearized to be applied. Furthermore, Luo et al. (2014)
applied computational fluid dynamics (CFD) codes for considering
viscosity effects. They analyzed the coupling effect of the heave

step transformation device that converts the flow energy of air into
electrical energy, changing bidirectional airflow into unidirectional
turbine’s rotation. The OWC device was first proposed by Masuda

motion of a floating OWC device and oscillating air pressure using a
commercially available code FLUENT, which is based on the
Navier-Stokes equations.

(1979); since then, it has been extensively studied by numerous
researchers through analytical, numerical, and experimental
approaches. The OWC devices are installed in many regions

In this study, the extracted wave power and absorption efficiency of
a floating OWC device of a hollow cylinder shape has been
extensively investigated in the frequency domain by extending the

throughout the world, and the Land Installed Marine Powered Energy
Transformer (LIMPET) installed in Scotland in 2000 is known as the
world’s first wave power generation system that is operated through

analytical tool developed by Bae and Cho (2013). Boundary value
problems for the diffraction and radiation (heave motion of a floating
OWC device, oscillating pressure in the air chamber) were formulated

connection with an existing power grid (Heath et al., 2000). The Korea
Research Institute of Ships and Ocean Engineering (KRISO) has
recently constructed a real-sea pilot plant that houses fixed type OWC

and analytically solved using a MEEM to obtain the hydrodynamic

(31.2 × 37.0 m) at water depth 15 m near Chagwido Island, Jeju, and is
currently conducting tests to evaluate its performance and efficiency.
To analyze the performance of the fixed and floating OWC device,

coupled with oscillating pressure in the air chamber was formulated
and solved; finally, the extracted wave power and capture width of the
OWC device was calculated. Particularly, the piston-mode resonance

Evans and Porter (1995, 1997) calculated the wave-energy absorption
efficiency by solving the radiation problem due to oscillating pressure
in the air chamber and the diffraction problem of a fixed OWC in

of the internal fluid in the air chamber was intensively examined.
Using the developed predictive tool, the effects of the shape (radius,
draft, thickness, etc.) of a floating OWC device and turbine

waves. Mavrakos (1985, 1988) analyzed the diffraction and radiation
problems of a hollow cylinder using a matched eigenfunction
expansion method (MEEM). Sioris and Memos (1999) performed

characteristics on the hydrodynamic loads, flow rate, oscillating air
pressure, heave motion response, and extraction efficiency were
clarified.

numerical analysis using the Green’s function method and obtained
results that were different from those of Mavrakos (1985, 1988). Cho
(2002) used a MEEM to analyze the performance of a fixed cylindrical

2. Mathematical Formulation

OWC device. Hong et al. (2004) and Suzuki et al. (2004) numerically
analyzed the performance of a floating OWC device using a
higher-order boundary element method. Mavrakos and Konispoliatis

force as well as the flow rate of the internal fluid of the air chamber.
Subsequently, the equation of the heave motion of a floating OWC

A floating OWC device consisting of a hollow cylindrical body

(2012) used a MEEM to theoretically calculate the extracted power
and efficiency of a floating OWC device. Bull (2015) investigated the
motion responses and oscillating pressure in the air chambers of a
Backward Bent Duct Buoy (BBDB), which belongs to the floating
OWC, and an axisymmetric OWC considering the resonance of the
internal fluid of an air chamber; they further examined the coupling
effect between a floating OWC device and air pressure using a
commercially available code WAMIT. Gomes et al. (2012, 2016)
carried out systematic researches on the energy extraction performance
of an axisymmetric floating OWC device. They replaced the surface of
the internal fluid with a thin disk having no weight under the
assumption that the size of an air chamber is smaller compared to the
wavelength of incident waves and evaluated the extraction power of an
OWC device from the relative heave motion between the floating
OWC and disk. Regular waves were extended to irregular waves, and

Fig. 1 Schematic of a floating axisymmetric OWC wave energy
converter
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with an inner radius , outer radius , draft , and an air chamber with
a height  is selected as a calculation model as shown in Fig. 1. The
cylindrical coordinate system is introduced, in which the origin is set
on the free surface, and the direction of the -axis is set vertically
upward. Air pressure inside the air chamber is expressed as the sum
of atmospheric pressure  and oscillating pressure   due to
waves. The oscillating pressure is assumed to be constant inside the
air chamber in space. When the incident wave exhibits a harmonic
motion with a frequency , the velocity potential can be written by

        

  



 

(3)





 

where,  is the bottom surface of a floating OWC, and     is
the free-surface area inside the air chamber. Substituting Eq. (1) in Eq.
(3),  ,  and  can be obtained as follows.

  
   
   

potential theory. The velocity potential  , which is a complex

  

function, can be expressed as the sum of the scattering potential (  ),



and the radiated potential (  ) due to the heave motion of a floating




       




     under the assumption of a linear

i.e., the sum of incident potential (  ) and diffracted potential (  ),














(4)





OWC, and the radiated potential (  ) due to oscillating air pressure in
the chamber, as shown in Eq. (1). All motion modes are constrained,
and only the heave motion is taken into consideration. Since the
calculation model is axisymmetrical, the radiated potential is not
associated with the  -axis, unlike the scattered potential that is a
function of  .

where,  is the wave exciting force, while  and  are the
hydrodynamic vertical forces on an OWC device by heaving motion of
a floating OWC and oscillating pressure in the air chamber,
respectively.
If Eq. (1) is substituted in Eq. (3) in the same manner, the flow rate
inside the air chamber can be calculated as follows.


            ,


(1)

where  is the amplitude of incident wave,  is the heave motion
velocity (      ) of a floating OWC, and  is the
oscillating pressure (      ) in the chamber. The velocity
potential     in Eq. (1) satisfies the boundary value


  


(5)





 
 


   


 














problem shown below (Eq. (2)).
where  is the flow rate inside the air chamber due to an incident wave


     
    
   

 





 

 

       
   
 
  

 



    
  


 
 

for   

       


 
for   

with a unit amplitude, while  and  are the flow rates due to the
relative heave motion of a floating OWC and oscillating pressure with
a unit pressure inside the chamber, respectively. The flow rate in Eq.
(5) causes oscillating pressure inside the air chamber; thus, the turbine
operates with the pressure difference from outside.
(2)



             




         →  →∞



       →  →∞   
 


2.1 Diffraction Problem
For applying a MEEM, the whole fluid region is divided into regions
(I), (II), and (III) as shown in Fig. 1. Region (I) is defined as
 ≥   ≤  ≤  ; region (II) is defined as  ≤  ≤   ≤  ≤ ,

and region (III) is defined as  ≤  ≤   ≤  ≤ . If the method of
separation of variables is applied to the scattered potential (  ) using
the eigenfunction ( cos ) in the -axis direction, the following
equation is obtained.

where,  is the wave number, and  is a unit normal vector.
The velocity potential is determined by solving the boundary value
problem of the scattering (    ) and radiation (    ) given above.

 in the vertical direction
on a floating OWC and the flow rate (      ) due to

∞

  



 



cos

(6)

The hydrodynamic force    

 

surface oscillation of interior fluid are expressed as follows.


The scattered potential 
  that satisfies the boundary conditions

belonging to region (I) in Eq. (2) is written as follows.
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(7)
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(13)) can be obtained by applying the continuity of the velocity
potential at   . In the process of derivation, the orthogonality of
eigenfunction ( cos       ) in region (II) is applied.

When    in Eq. (7),    , and when  ≥  ,    .   
represents the component of propagating waves, while  ≥  means
the component of evanescent waves that are only present around

  
       
 


∞





    



  

(13)

objects.  and  are the Bessel function of the first kind and the
modified Bessel function of the second kind, respectively.



Eigenvalues (         ) satisfy the linear dispersion
relation (  tan     ) where the eigenfunction   is
given by
     cos   
sin 

      

 



  

where   
  







 cos   

In similar way, the following equation can be derived from the
matching condition where the velocity potentials of regions (II) and
(III) at    are the same.

(8)






Eigenfunction   defined in Eq. (8) satisfies the orthogonality.

∞

 





    





(14)

  


The matching condition that 
         at

   yields










    

(9)

∞
 
 
  ′   
 
          




where,  is the Kronecker-Delta function having a value of 1 when
   and a value 0 when  ≠.

 



    

≤≤

∞

The scattered potential satisfying the boundary conditions of region
(II) is given by





(15)

     

cos     

   
         ≤  ≤ 
  

where

 



∞







             cos   

(10)

where,  is the Neumann symbol having a value of 1 when    and
a value 2 when  ≥  . The eigenvalue in region (II) is
        , and   
    has the following

form.
          
    
          

  
        





  

        


′ 
   
 
The following equation can be obtained by multiplying both sides of
Eq. (15) with     , integrating  from   to 0 and

(11)

          

     
          

applying the orthogonality of eigenfunction   given in Eq. (9).
  ′ 
       
 
∞



where,  is the modified Bessel function of the first kind.

 







  
  
      

(16)
  

The scattered potential in region (III) is given by
Similarly, the following equation can be obtained from the matching

 

     
    
 

∞



(12)

condition where the radial velocities at    are the same.
∞

        in Eqs. (7), (10), and (12) are
Unknowns        

     

 






   
  
      

calculated by imposing the continuity of the velocity potential and
radial velocity at the interface (   ). The following equation (Eq.

  ′ 

 

where    
  




(17)
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By eliminating        from Eqs. (13), (14), (16), and (17), the
algebraic equations of unknowns   




can be obtained. The

 

number of eigenfunctions in the  direction is set to be finite
(   ).
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∞
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The particular solutions     satisfying the body

   


    of a floating OWC and the
boundary condition 


free-surface boundary condition inside the air chamber are given by
where,


 







 









        
  





 
   


 
 

   



Similar to the diffraction problem in section (2.1), the algebraic

 




 
 

   








     can be derived from the
equations of unknowns  



 

matching condition where velocity potential and radial velocity are the
same at   .
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Unknowns    





 
   





 
   








  

 
   

 
 

 
   

 








(23)

by solving the algebraic equations given in Eq. (18), and the remaining
unknowns         are determined by substituting them in Eqs. (16)

where

and (17).
The wave exciting force ( ) in Eq. (4) can be calculating by

 
  
  

integrating the scattered potential with respect to the bottom surface of
a floating OWC.

 
  
  



     

  







 
   

(19)

The flow rate inside the air chamber due to incident wave defined in
Eq. (5) is as follows.





 
  


  





      






(20)





    cos      









    cos      


 
  
    



radiated potential in each region is expressed by the series of
eigenfunctions, as shown below.



 




 











    
   



    
   







cos     

(23), unknowns         can be calculated as follows.
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(24)

2.2 Radiation Problem
For solving the radiation problems    due to the heaving
motion of a floating OWC and oscillating pressure in the air chamber,
the fluid region is divided into regions (I), (II), and (III), and the

 


 



     determined by solving the algebraic equation
Using  
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(25)
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The hydrodynamic forces acting on a floating OWC due to the
heaving motion and oscillating pressure inside the air chamber are
expressed as follows.


     

  









 
  

     

  







 
 


   

(26)

chamber is expressed as follows.



 ≡









The equation of motion for the heave motion of a floating OWC is as
follows.
(31)

where      is the mass of a floating OWC device.
In Eq. (31),      is the force acting on the ceiling of the air



chamber by oscillating air pressure, while      is the
vertical hydrostatic force of a floating OWC, where       is
the waterplane area of a floating OWC device.
 is the damping force due to viscosity; the viscous drag used in the
present study is given by the following equation.

 


 
        
 


(30)

         

coefficient.
The flow rate of internal fluid in the chamber due to the relative
heaving motion of a floating OWC and oscillating pressure inside the






                 


    

where    are called the added mass and radiation damping
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(27)

     







(32)

    



In Eq. (32),  and       are the drag coefficient and the
relative heave velocity of a floating OWC device with respect to an

where  is radiation conductance, and  is radiation admittance.

incident wave, respectively.  is the vertical water particle velocity of
2.3 Oscillating Air Pressure in the Chamber
To determine the oscillating pressure in the air chamber, a

an incident wave having a unit amplitude. The vertical particle
velocity at the bottom surface of a floating OWC, where viscous drag

continuity equation is used, for which the rate of change of mass inside
the air chamber is equal to the mass flow rate exiting a turbine. It is
assumed that the air in the chamber is a compressible fluid, and the

acts predominantly, is used.

compression and expansion follows an adiabatic process.
 

      

 

(28)

where  is the density of air,   is the specific heat for adiabatic
situation,  is atmospheric pressure, and      is the volume
of the air chamber. The flow rate      exiting a turbine is
assumed to be linearly proportional to the oscillating pressure in the air

  is the function of the damping coefficient
chamber.   
 ) that is dependent on the shape of a turbine, turbine diameter (  ),
(
 ) of a turbine.
and rotational velocity (



The rate of change (  ) of the volume of the air chamber in Eq. (28)
is equal to the flow rate of the internal fluid inside the air chamber, which
is determined previously. The oscillating pressure and flow rate inside
the air chamber are assumed to be in a harmonic motion.

        



(29)

 sinh   
   

cosh 

(33)

Due to the nonlinear viscous drag, which is proportional to the
square of velocity in Eq. (32), the higher harmonic components
(  ) are generated for input frequency . Therefore, the
velocity potential is expressed as a Fourier series represented in
multiples of ; only the first term is taken while the other terms are
assumed to be small enough to be disregarded. The Fourier coefficient
of the first term is  . Eq. (32) can be rewritten as follows through
an equivalent linearization.
(34)

   



where,      
If   and hydrodynamic forces        are
substituted in Eq. (31), the equation for the heave motion of a floating
OWC device in the frequency domain is as follows:

    

  



   
                       


(35)
The following equation can be derived by substituting Eq. (29) in
Eq. (28).

The coupled Eqs. (30) and (35) can be expressed as a matrix form as
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shown below.
 

 

ignored in Eq. (36), the heave motion velocity and oscillating pressure
in the chamber are as follows.

  
   
 
    


 



(36)

      
  
   
            




 
  
 
           
 

(41)

where,               


      
   

       


In that case, the optimal turbine constant   is as follows.



  

The nonlinear equation (36) is solved with an iteration method to



      




determine the heave motion velocity (  ) and oscillating air pressure (  ).

(42)

3. Results and Discussions

2.4 Extraction Power
The time-averaged extracted power per unit width of a regular wave
with an amplitude  is as follows.





For verifying the validity of the present solutions obtained using a
MEEM, the calculation results are compared with those of Chau and
1.5


    


(37)
'
'
'
'

1.0

where  is the group velocity.
The time-averaged power absorbed by an OWC device is the
product of the oscillating pressure at a turbine and flow rate passing

0.5

through a turbine. It is expressed as follows.


  


0.0

(38)



-0.5

The oscillating pressure (  ) determined by solving the coupled

0

1

2

3

The capture width has a length dimension and is expressed as the ratio
of the time-averaged extracted power by an OWC device to the
time-averaged power per unit width of the incident wave.

5

k1a

equation (36) is substituted into Eq. (38) to obtain the time-averaged
extracted power.
As a measure for evaluating the performance of an OWC device, the
capture width representing the WEC’s efficiency is used generally.

4

Fig. 2 Comparison of non-dimensional added mass and radiation
damping coefficients with Chau and Yeung's results(●,
○) (   1.0,   0.25,   0.5)
f1

 g (a 2  b 2 )
1.8


 

     

 





 

(39)

d=6m
d=8m
d=10m

1.5

1.2

To determine the optimal turbine coefficient   , which gives the

0.9

maximum time-averaged extraction power of Eq. (38), the equation
    is used. The optimal turbine constant  


  calculated

thereby is as follows.

      
  

0.6

0.3

(40)

0.0
0.4

0.6

0.8

1.0

1.2

1.4

 [rad/s]
If the coupling effect between the heave motion velocity (  ) of a
floating OWC device and oscillating pressure (  ) in the air chamber is

Fig. 3 Non-dimensional wave exciting forces as a function of
draft  with   6 m,   4 m,   30 m
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Yeung (2010) as shown in Fig. 2. A hollow cylindrical OWC device
has the dimensions of   1.0,   0.25,   0.5. The solid line
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represents the present solutions using a MEEM, while the circle line

drafts. Thus, the resonance frequency, where peak values are observed
in Fig. 3, is closely related to the piston mode resonance.
Fig. 4 shows the non-dimensional added mass (  ) and radiation

represents the results obtained by Chau and Yeung (2010). The

damping coefficient (  ) due to the heaving motion of a floating

non-dimensional added mass ( ′    ) and radiation damping

OWC under the same calculation conditions as those used for Fig 3.

coefficient ( ′    ) of a floating OWC device agree well with

The radiation damping coefficient has a peak value when the added

each other. Here, the number of eigenfunctions   in  and 
directions is 50 and 10, respectively. The same number of

mass changes significantly, from a positive to a negative value, at the

eigenfunctions is used in subsequent calculations.
Fig. 3 shows the non-dimensional wave exciting forces with respect

occurs when a fluid region inducing resonance is present inside an

to the changes in the draft (   6, 8, and 10 m). Here, the -axis
represents the frequency ( ) of the incident wave. The outer radius ( )

since the fluid region inducing resonance exists within the hollow

and inner radius ( ) of a floating OWC are 6 m and 4 m, respectively,
and the water depth is 30 m. The drag coefficient (  ) due to viscosity

coefficient having unique characteristics influence the motion response

is 0.7. A peak value is observed at a specific frequency within the
calculation region, and the peak frequency moves towards the
low-frequency region as the OWC’s draft becomes deeper. The

displayed since the internal fluid region is smaller than the wavelength

presence of these peak values can be explained based on the resonance.
Two different types of natural frequency are present in a hollow
cylindrical OWC. The first type is the natural frequency of a floating

not smaller than the wavelength of incident wave (Molin, 2001).

body’s heave motion. The natural frequency of heave motion varies
according to the draft ( ) of a floating OWC, where the natural

due to an incident wave when an OWC is fixed has a peak value at the

    corresponding to three different
frequency   

Meanwhile, the flow rate (  ) by oscillating pressure in the air chamber

drafts of 6, 8, and 10 m is 1.19 rad/s, 1.05 rad/s, and 0.95 rad/s,
respectively. Specifically, the natural frequency of heave motion

has real part ( ) and imaginary ( ) parts. The curve shapes are similar

decreases as the draft increases. Another type is a piston-mode natural
frequency that exists within the enclosed fluid region inside an air
chamber. The surface motion at the piston mode oscillates vertically in

Fig. 4. As the draft decreases, the peak values of B and C also decrease,

unison without changes in the form. Fukuda (1977) proposed a
the piston mode. When the simplified equation of Fukuda (1977) is

power as a function of frequency using Eq. (40). The optimal turbine
constant has peak values at specific frequencies. Notably, the peak
values of a turbine constant occur at the natural frequency of heave

applied to the present calculation model, the natural frequency of the
piston mode is 1.05 rad/s, 0.95 rad/s, and 0.87 rad/s, corresponding to

motion. Fig. 6(b) shows the response amplitude operator (RAO) of
heave motion of a floating OWC when the optimal turbine constant is

 
  for natural frequency at
simplified equation   

resonance frequency at the piston mode. This unique phenomenon
object in motion. This phenomenon is observed in the present model
OWC in heave motion. The added mass and radiation damping
of a floating OWC device. Only the resonance at the piston mode is
of incident wave; however, not only piston mode, but also sloshing
mode resonance needs to be considered if the internal fluid region is
Fig. 5 shows the flow rate inside the air chamber due to the incident
wave and oscillating pressure in the chamber. First, the flow rate (  )
natural frequency of piston mode, similar to a wave exciting force.

to those of the added mass and radiation damping coefficient shown in
while the resonance width increases.
Fig. 6 shows the optimal turbine constant that results in maximum
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Fig. 4 Non-dimensional hydrodynamic coefficients (a) added mass (b) radiation damping coefficient as a function of draft  with   6
m,   4 m,   30 m
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Fig. 5 Induced flow rates due to the incident waves (a) and oscillating pressure (b), (c) as a function of draft  with   6 m,   4
m,   30 m
applied. The RAO curve of heave motion has two peaks, at the natural
frequency of heave motion and at the piston mode natural frequency of
the internal fluid. A relatively larger heave motion occurs at the natural

the resonance width decreases; this is because the energy inside the
internal fluid region cannot be escaped to the outside. Therefore, the
draft of a floating OWC should be designed appropriately for

frequency of the internal fluid. Fig. 6(c) shows the oscillating pressure
inside the air chamber with respect to the frequency of an incident
wave when the optimal turbine constant is applied. As predicted, the

maximizing energy absorption by identifying the wave characteristics
of the installation site in advance.
Fig. 7 shows the heave RAO and capture width of a floating OWC

oscillating pressure has a peak value at the internal fluid resonance
frequency, and no significant variation is observed at the natural
frequency of heave motion. The extracted power shown in Fig. 6(d) is

with respect to the inner radius ( ) of 3 m, 4 m, and 5 m, which is
another important design parameter. The draft ( ) and outer radius ( )
of a floating OWC are fixed at 8 m and 6 m, respectively. The drag

determined by the turbine constant and the oscillating pressure in the
air chamber, as shown in Eq. (38). The frequencies that produce the
maximum values of oscillating pressure and turbine constant are

coefficient of a floating OWC is 0.7, and the optimal turbine
coefficient is used. The heave natural frequency of a floating OWC
within the calculated frequency region is 1.03 rad/s, 1.05 rad/s, and

different; therefore, two peak values are also observed in the extracted
power curve, similar to the heave RAO curve. Fig. 6(e) shows the
capture width, determined by dividing the extracted power by the

1.07 rad/s as the inner radius increases; meanwhile, the resonance
frequency of internal fluid in the piston mode is 0.98 rad/s, 0.95 rad/s,
and 0.92 rad/s, thus being unaffected greatly by the inner radius of a

power of incident wave per unit width. As expected, two peaks are
present, where the peak value is relatively larger at the internal fluid
resonance frequency, similar to the heave RAO and extracted power

floating OWC. However, the peak value of heave motion amplitude at
the internal fluid resonance increases as the inner radius increases. In
the maximum capture width curve obtained by applying optimal

curves. Moreover, with the increase in the draft of a floating OWC, the
peak value at the internal fluid resonance frequency increases while

turbine constant, the capture width has one peak at the internal fluid
resonance frequency when the inner radius is the largest at 5 m; the
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Fig. 6 Optimal turbine constant and corresponding heave RAO, oscillating pressure, extracted power, and capture width as a function of
draft  with   6 m,   4 m,   30 m,   5 m
peak value decreases when the inner radius is the smallest at 3 m, and
it increases again at the heave natural frequency, thus yielding two
peak values. Consequently, the peak value decreases with the decrease

installation site.
Fig. 8 shows a comparison of the coupled results between the
oscillating pressure and the heave motion of a floating OWC with the

of inner radius, but the frequency range for wave energy extraction
increases. Similar to the draft, the inner radius of a floating OWC also
needs to be designed appropriately for the wave characteristics of the

uncoupled results obtained using Eq. (41). The heave RAO illustrated
in Fig. 8(a) shows that the coupled heave RAO has a decreased peak
value at the heave resonance frequency due to the influence of
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Fig. 8 Comparison of heave RAO and oscillating air pressure between coupled and uncoupled condition at optimal turbine condition
with   6 m,   4 m,   8 m,   30 m,   5 m
oscillating pressure inside the air chamber. The oscillating pressure
inside the air chamber illustrated in Fig. 8(b) shows that the results of
oscillating pressure uncoupled with a floating OWC are identical to the
results of the fixed type of an OWC. Thus, when the oscillating
chamber pressure and heave motion of a floating OWC are coupled,
the oscillating pressure is closer to zero due to a small relative heave
motion as a floating OWC moves along with the incident long waves;
subsequently, a peak value is observed at the internal fluid resonance
frequency due to the large displacement of the internal fluid. As
predicted from Fig. 8, the power generation of a floating OWC is less
efficient than that of a fixed OWC in long waves. Therefore, it is
recommended to design the system such that the heave motion of the
OWC is minimized. To this end, a damping plate can be installed at the
bottom of a floating OWC, or a tension-leg mooring system can be
introduced to minimize the heave motion of the OWC. Furthermore, a
latching control technique, which is often adopted in a movable-type
WEC, can be introduced to a floating OWC to maximize the extraction
efficiency.

4. Conclusions
The following conclusions have been drawn from investigation of
the heave RAO, oscillating air pressure, extracted power, and capture
width of a floating hollow cylindrical OWC device with respect to
changes in draft and radius of an OWC.
(1) The oscillating chamber pressure, which significantly affects the
extracted power of a floating OWC device, is considerably influenced
by the heave motion of an OWC. Therefore, an equation of motion in
which the heave motion of an OWC and oscillating air pressure in the
chamber are coupled needs to be solved to accurately evaluate the
performance of a floating OWC device. In the present study, a
nonlinear viscous drag is considered through an equivalent
linearization technique.
(2) When an enclosed fluid region is present inside an OWC, the
resonance of internal fluid is generated, and a corresponding double
peaks are observed, unlike the motion characteristics of a general
floating body exhibiting a single resonance. The heave motion

Effect of Internal Fluid Resonance on the Performance of a Floating OWC Device

response at the internal fluid resonance frequency is relatively larger
than that at the heave natural frequency. The added mass at the internal
fluid resonance frequency has a negative value, the corresponding
radiation damping coefficient has a peak value. Furthermore, the flow
rate of internal fluid due to oscillating pressure in the chamber, called
radiation admittance and radiation conductance, shows a similar
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Offshore Mechanics and Arctic Engineering, 119(4), 210–218.
https://doi.org/10.1115/1.2829098
Falcão, A.F.O. (2010). Wave Energy Utilization: A review of the
Technologies. Renewable and Sustainable Energy Reviews,
14(3), 899–918. https://doi.org/10.1016/j.rser.2009.11.003
Fukuta, K. (1977). Behavior of Water in Vertical Well with Bottom

tendency as added mass and radiation damping coefficient.
(3) The changes in draft and diameter of a floating OWC affect the
two different resonance frequencies existing in the hollow cylindrical

Opening of Ship, and Its Effects on Ship-Motion. Journal of the

OWC model. The corresponding peak values and resonance width are
changed too with the draft and radius. Therefore, the wave
characteristics of the installation site need to be examined in advance

Gomes, R.P.F., Henriques, J.C.C., Gato, L.M.C., & Falcão, A.F.O.

to appropriately design the draft and radius for yielding the maximum
extraction power.
(4) For a floating OWC device that is identical in shape to a fixed

Conversion. Renewable Energy, 44, 328–339. https://doi.org/

OWC, the power generation efficiency in the long waves is less than
that of the fixed OWC. Therefore, the damping plate can be installed at
the bottom of a floating OWC, or a tension-leg mooring system can be
introduced to minimize the heave motion of an OWC. Moreover, a
latching control technique can be introduced to a floating OWC to
maximize extraction efficiency.
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ABSTRACT: A numerical hydrodynamic performance analysis of the pitch-type multibody wave energy converter (WEC) is carried out based on
both linear potential flow theory and computational fluid dynamics (CFD) in the unidirectional wave condition. In the present study, Salter's
duck (rotor) is chosen for the analysis. The basic concept of the WEC rotor, which nods when the pressure-induced motions are in phase, is that
it converts the kinetic and potential energies of the wave into rotational mechanical energy with the proper power-take-off system. This energy
is converted to useful electric energy. The analysis is carried out using three WEC rotors. A multibody analysis using linear potential flow
theory is performed using WAMIT (three-dimensional diffraction/radiation potential analysis program), and a CFD analysis is performed by
placing three WEC rotors in a numerical wave tank. In particular, the spacing between the three rotors is set to 0.8, 1, and 1.2 times the rotor
width, and the hydrodynamic interaction between adjacent rotors is checked. Finally, it is confirmed that the dynamic performance of the rotors
slightly changes, but the difference due to the spacing is not noticeable. In addition, the CFD analysis shows a lateral flow phenomenon that
cannot be confirmed by linear potential theory, and it is confirmed that the CFD analysis is necessary for the motion analysis of the rotor.

1. Introduction

2019a). These previous studies, however, focused on only one WEC

A wave energy converter (WEC) that generates electrical energy
from wave energy is a subject of high research interest in academia.

rotor, so the effects of hydrodynamic interactions between adjacent
modules must be analyzed considering how multiple WECs are
simultaneously installed in the seas in general (Kim et al., 2020).

Salter's duck, which is a pitch-type WEC positioned on the water
surface to primarily convert wave energy into rotational kinetic energy
of a floating body (rotor), is one of the oldest WECs and has been

Previous studies on analyzing dynamic behavior by arranging multiple
WECs include an analysis of multiple cylindrical WECs in a heaving
motion in the frequency domain (Lee et al., 2018) and in the time

researched since the 1970s (Salter et al., 1975). Salter’s duck
maximizes wave energy absorption by designing the front and rear
shapes differently and thus is theoretically known to have nearly 90%

domain (Bae and Lee, 2017) as well as a study on optimal arrangement
for improving the overall performance of multiple cylindrical WECs
(Kim and Bae, 2019b). In these studies, a multibody analysis was

energy absorption efficiency (Swift-Hook et al., 1975). Several recent
studies in South Korea have designed Salter’s duck-type WECs
suitable for the western waters of Jeju Island. The design parameters

performed for cylindrical WECs in the frequency domain to which a
linear potential theory was applied, based on which the motion
performance of individual WECs was evaluated by solving the

and performance of a rotor have been verified through a parametric
study of optimal motion performance using the wave data of the
western waters of Jeju Island (Poguluri and Bae, 2018), a study on

coupled equations of motion in the time domain. An approach for
computing performance changes and interactions may be effective for
multiple cylindrical WECs with a fairly weak nonlinearity of motions;

estimating viscous coefficients of a rotor using computational fluid
dynamics (CFD) (Poguluri et al., 2019a), and a numerical and
experimental study on the linear behavior of a rotor (Kim et al.,

however, there are limitations in examining performance changes and
interactions of arrayed WEC rotors based only on linear potential
theory, because asymmetrical WEC rotors applied in this study have a
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greater nonlinearity of motions than cylindrical WECs. Therefore, this
study conducted a frequency domain analysis based on linear potential
theory in addition to a CFD analysis for simulating nonlinearity of
motion in order to examine the performance of multiple WEC rotors
with an asymmetrical shape.
First, WAMIT, a three-dimensional diffraction/radiation potential
analysis program based on linear potential theory, was used to
calculate motion characteristics of three arrayed rotors in the frequency
domain, and the response characteristics were analyzed by adjusting
the spacing between arrayed rotors. Motion response characteristics
were analyzed when three rotors were arranged using a commercial
CFD code that adequately reflects nonlinear characteristics of rotor
motions. The spacing between three rotors was adjusted during a CFD
analysis to observe the changes in motion characteristics, and the
effects of hydrodynamic interactions of adjacent WEC rotors were
quantitatively computed.

Fig. 1 Schematic representation of arrayed rotors (top view)
In Eq. (1),  ,  , and  , represent the rotational acceleration,
velocity, and displacement, respectively, of rotor  (   1, 2, 3).
Moreover,  ,  ,  , and  represent the mass moment of inertia,
added mass moment of inertia, radiation damping coefficient, and
restoring moment coefficient, respectively, of rotor .  represents

2. Numerical Analysis Conditions

the viscous damping coefficient, which was experimentally computed
by performing a free decay test in a two-dimensional wave tank.  

To conduct a numerical analysis in the frequency domain based on
linear potential theory, the coupled equations of motion of three

represents the wave exciting moment in the direction of rotational
motion of rotor  . From Eq. (1), the added mass moment of inertia 

arrayed WEC rotors were established first, and then the hydrodynamic
coefficients of the coupled equations of motion were computed using
WAMIT. A response amplitude operator (RAO) of three rotors in the

and radiation damping coefficient  have coupled terms among three
rotors, which are expressed as  and   ≠   using different

frequency domain was calculated, and the results were compared. For
a CFD analysis, wave generation and wave absorption were performed
using a three-dimensional numerical wave tank in which three rotors

rotor . The added mass moment of inertia, radiation damping

were arranged in the center to perform a regular wave simulation for
60 s. The performance was compared using the average amplitude of
motions after obtaining the motion response of each rotor through this
process.
2.1 Linear Motion Equation of Multiple Arrayed Rotors
When three WEC rotors are arranged on a still water surface, each
rotor is not mechanically coupled with another rotor but still moves in
the same fluid domain; thus, the equation of motion must be
established considering the effects of hydrodynamic interactions. The
coupled equations of motion of three rotors with three degrees of
freedom (DOF) can be expressed as shown in Eq. (1), where the
subscripts 1, 2, and 3 indicate rotors no. 1, 2, and 3, respectively.
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subscripts. These refer to the added mass moment of inertia and
radiation damping coefficient of rotor  due to rotational motions of
coefficient, and wave exciting moment including coupled terms were
computed using a multibody analysis of WAMIT. The wave exciting
moment was computed using diffraction potential while having the
behavior of three rotors confined; hydrodynamic forces acting on the
structure being moved and hydrodynamic forces (coupled added mass
moment of inertia and coupled radiation damping coefficient) acting
on adjacent rotor without being moved were computed by having three
rotors move sequentially one at a time using radiation potential.
To construct the same environment as the 3D CFD analysis when
performing a multibody analysis using WAMIT, walls were built 5 m
from both ends of the arrayed rotors. The motion performance of the
arrayed rotors may partially change owing to the wall effects of both
sides, but this is an inevitable arrangement for comparison in the same
simulation environment as the 3D CFD analysis. Fig. 2 illustrates three
rotors and a mesh model of the wall for a WAMIT multibody analysis
where the number of meshes used for one rotor is 2,800.



      
  

       
  

       





As shown in Fig. 1, the analysis was conducted by designating two
rotors on each side as rotor 1 and rotor 3 and the rotor in the center as
rotor 2.

Fig. 2 Mesh model for multibody analysis

Performance Analysis of Multiple Wave Energy Converters due to Rotor Spacing

2.2 Experimental Calculation of Viscous Damping Coefficient
Viscous damping coefficient  was calculated by performing a free
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decay test in a 2D wave tank. When a rotor in still water is forced to

2.3 CFD Analysis Conditions
A CFD analysis was conducted using commercial software
STAR-CCM+, where a continuity equation (a governing equation of a

rotate at a certain angle upward or downward from equilibrium position
and confinement is removed, the rotor moves in two-way rotational
motions where rotational displacement gradually decreases during

turbulent flow) and the Reynolds-averaged Navier Stokes (RANS)
equations (including momentum equations) were applied to single or
multiple rotors. The computation domain is shown in Fig. 4, where

which a pitch displacement with respect to time is obtained using an
image tracking technique as shown in Fig. 3. Subsequently, the
damping ratio ζ= 0.0928 was calculated using the logarithmic

three rotors are arranged in the center. Waves are advanced from the
  to the   direction where the free surface is set to   0. Velocity
inlet is located at the upstream side of the model, while the pressure

decrement ratio relation expressed in Eq. (2). Here,  is a positive or a

outlet boundary is found in the downstream side. Top as pressure
outlet and all other boundaries as wall boundaries except   0 as
symmetry. Wave forcing was applied at inlet and outlet boundaries

negative -th peak value; as shown in Table 1, the damping ratio was
calculated using only  ‒  values in this study, excluding the initial
transient response part of the free decay test (Kim et al., 2019a). The
overall damping coefficient including the radiation damping coefficient
and viscous damping coefficient was computed using the damping ratio
obtained previously; an approximate viscous damping coefficient was
computed by subtracting the numerical radiation damping coefficient
obtained through WAMIT from the overall damping coefficient.
However, the effects of the reflected wave from the sides are present
when conducting a free decay test in a 2D wave tank, in contrast to a
3D environment; thus, it is inappropriate to directly apply the
calculated viscous damping coefficient in WAMIT analysis, which is
based on 3D potential theory. Most radiated waves of the WEC rotors
used in this study spread toward a beak during free decay motions
owing to the characteristics of a shape, and radiated waves due to
rotational motions were not generated on the sides of the rotors, which

with 0.5 ×  , where  is the wave length. The forcing is performed
using fifth-order Stokes wave theory. The middle portion in the
vicinity of the WEC rotor of the computational domain was chosen as
2 ×  . Fifth-order Stokes waves were generated to represent realistic
regular waves. Water depth is fixed at 40 m. The distance between the
rotors on the sides and walls was set to 5 m. Considering the large
rotational displacement of a rotor, overset meshes were used as shown
in Fig. 5, where a variable grid method was applied in which small
meshes were arranged around the rotors and larger meshes were
arranged in the outer region for computational efficiency.
CFD analysis can simulate the nonlinearity of a rotor's motion
because it can accommodate the effects of viscosity according to the
application of a turbulence model. However, the motion response of an

were vertical planes. Therefore, the radiated waves due to the internal
walls of a 2D wave tank were considered not to have a significant
effect on the damping motions of the rotors. The approximate viscous
damping coefficient computed through the experiment conducted in a
2D wave tank was applied in a 3D CFD analysis in this study.



  

    

  



(2)

Fig. 4 Computation domain of the numerical wave tank

Fig. 3 Time-history data obtained through free decay test
Table 1 Specification of experimental model
Peak points


Peak displacement
-8.047



6.297



-4.421



3.587

Fig. 5 Overset mesh around the rotors
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RAO form for which the motion amplitude is normalized to the
incident wave height, such as a potential flow, cannot be computed,
and motion responses vary depending on the wave height used for the

resonance frequency of rotor 2 (center), marked with a red dotted line,
decreased far more than the motion response of rotors 1 and 3 (side)
regardless of rotor spacing. Rotors 1 and 3, located on the sides, were

analysis. Therefore, rotor behavior was simulated for the wave height
of 1.5 m, which corresponds to the wave height used in the downscaled
experiment, and the wave height of 2 m, which was set as the operation

mostly affected by hydrodynamic interactions through only one
surface facing rotor 2 in the center, whereas the surfaces facing
outward were less affected by the interactions with a neighboring

conditions of the rotors. The changes in the normalized motion
amplitude of a rotor with respect to the changes in the height of regular
waves during a CFD analysis can be confirmed in the results of a

rotor. Contrarily, rotor 2, located in the center, had neighboring rotors
on both sides and thus was greatly affected by interactions; these
hydrodynamic interactions had negative effects around the resonance

previous study (Ko et al., 2020).

3. Results and Discussion

frequency, which resulted in a decrease in motion response. The
motion response of all three rotors outside the resonance frequency
domain was almost identical under long period incident wave

3.1 Numerical Analysis Based on Linear Potential Theory
First, the RAO of the arrayed rotors computed by performing a

conditions of 0.8 rad/s or below, whereas the response of rotor 2 in the
center was almost identical to or slightly smaller than that of the rotors
on the sides.

WAMIT multibody analysis was verified. The spacing between the
rotors was varied by 0.8, 1, and 1.2 times the rotor width (   5 m),
and motion response was computed for each case for comparison. The

Moreover, as rotor spacing increased from 0.8  to 1.0  to 1.2 ,
the motion amplitude of the rotors on the sides gradually increased
near the resonance frequency, whereas the motion amplitude of the

analysis in this study was performed only for head waves whose
incident wave angle was 0°, so the response of rotors 1 and 3 was the
same because they were symmetrically positioned with respect to the

rotor in the center barely improved near the resonance frequency. Fig.
7 shows the radiation damping coefficients according to the changes in
rotor spacing. The radiation damping coefficient of the rotors on the

 -axis of incident waves. Therefore, the RAO was illustrated by
distinguishing between side and center rotors. The RAO of a single
rotor is also illustrated with a solid line to compare the performance

sides decreased near the resonance frequency as spacing increases
(Fig. 7(a)), whereas the changes in the radiation damping coefficient of
the rotor in the center were minimal near the resonance frequency (Fig.

when only one rotor is arranged.
The RAO of multiple rotors was compared with respect to the
changes in spacing, as shown in Fig. 6. The motion response near the

7(b)). Based on the trend of changes in radiation damping coefficients,
it can be inferred that the maximum motion amplitude gradually
increased as rotor spacing increased only for the rotors on the sides.

(a)

(b)

(c)

Fig. 6 Rotor RAO with respect to spacing

(a)
Fig. 7 Radiation damping coefficients of the rotors

(b)
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Table 2 RAO values of single and multiple rotors by potential analysis (   4.75 s)
Side

Multiple
Rotors

Center

RAO

Ratio (%)

RAO

Ratio (%)

q-factor

0.8

2.107

92.82

1.948

85.81

0.905

1.0

2.142

94.36

2.046

90.13

0.930

1.2

2.161

95.20

2.151

94.76

0.951

2.270

100.00

2.270

100.00

-

Single rotor

The RAO of a single rotor as illustrated by a solid line also was
compared, as shown in Fig. 6. The RAO of the rotors on the sides
approached the RAO of a single rotor near the resonance frequency as
the spacing between arrayed rotors increased, whereas no significant
changes in the RAO of a single rotor were observed. In this study, the
RAO of WEC rotors was compared at zero crossing period   4.75
s, which is the most frequent wave period occurring in the installation
sea area, based on the design strategy of WEC rotors for maximizing
the annual power generation time. Hence, the time average of the
significant power generation amount, using seasonal wave
distributions and the wave spectrum of the installation area, and annual
power generation prediction have been separately examined in
different studies (Lee et al., 2019). Table 2 presents the RAO values at
  4.75 s of single and multiple arrayed rotors.
As the rotor spacing increased, the RAO values also increased for
both center and side rotors. For quantitative comparisons, the ratio (%)
of RAO values of multiple rotors according to rotor spacing with
respect to the RAO value of a single rotor (100%) is shown in Table 2.
The performance of multiple rotors was approximately 85%–95% of
the performance of a single rotor in terms of RAO, in which a single
rotor outperformed multiple arrayed rotors at   4.75 s. As shown
in Fig. 6, however, the performance of multiple rotors may have been
more outstanding than the performance of a single rotor at
approximately 1.2 rad/s (   5.34 s); the difference in the overall
performance in the irregular wave environment must be compared by
computing the motion spectrum of a rotor within the wave period
range of the relevant waters (Kim et al., 2020). The RAO value of the
center rotor was less than that of side rotors, but the rate of increase in
RAO with respect to the increase in rotor spacing was greater in the
center rotor. The effects of interactions were significantly reduced for
the center rotor when the rotor spacing increased because it was

(a)
Fig. 8 Rotor RAO with respect to location

influenced by the hydrodynamic interactions of the side rotors. Only
one side of the side rotors was affected by hydrodynamic interactions
with the center rotor, so the increase in motion of the side rotors was
less than that of the center rotor, even when the rotor spacing
increased.
The RAO of the center and side rotors with respect to the changes in
rotor spacing is shown in Fig. 8. The side rotors in Fig. 8(a) show that
the motion response evidently increased near the resonance frequency
as the rotor spacing increased, whereas no significant changes in
motion response with respect to rotor spacing were observed in the
regions other than the resonance frequency. Rotor 2, or the center
rotor, in Fig. 8(b) shows that the motion response in the angular
frequency range of 1.2–1.4 rad/s increased with increasing rotor
spacing, similar to the response trend shown by the side rotors.
The interaction effects of arrayed rotors can be quantitatively
represented as the ratio of the RAO value of a single rotor multiplied
by 3 to the sum of each RAO value of three arrayed rotors, which is
referred to as the q-factor. A q-factor greater than 1 indicates that the
interactions of arrayed rotors have a positive effect on the rotor
motion, whereas a q-factor less than 1 indicates that the motion of
arrayed rotors becomes smaller than that of a single rotor owing to
hydrodynamic interactions. The q-factor is expressed as a function of
the frequency of incident waves, but here it was calculated based on
the RAO value at   4.75 s, as shown in Table 2. All calculated
q-factors were less than 1 for three-rotor spacing conditions, which
indicates that the three arrayed rotors had slightly reduced motion
performance on average compared to a single rotor under the given
incident wave conditions. Furthermore, the q-factor approached 1 as
the spacing of rotors increased, and the performance of arrayed rotors
became similar to that of a single rotor as the spacing sufficiently
increased.

(b)
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3.2 Numerical Analysis Results Based on CFD
According to previous studies on the behavior of WEC rotors, the
motion of a rotor has a highly nonlinear nature (Ko et al., 2019;

rotors can be observed from the pattern of wave height; in particular,
the effects of radiated waves caused by the rotor motion are present at

Poguluri et al., 2019a; Poguluri et al., 2019b), which is attributed to the
asymmetrical shape of a underwater rotor shape, the nonlinearity of a
rotor’s restoring moment, and the effects of nonlinear viscous damping

diffracted waves are present in the back of the rotors.
Fig. 10 shows the rotational displacement and angular velocity of a
rotor at a wave height of 1.5 m in time series. Only the spacing of 1.0

moment. Motion response based on linear potential theory is very
similar to the actual motion response of a rotor when the rotational
displacement of a rotor is very small (Kim et al., 2019a); however,

 is indicated when the three rotors are arranged. When the incident

the front of the rotors, and the effects of both radiated waves and

waves are regular waves, the rotational displacement and angular
velocity of a single rotor and multiple rotors do not vary considerably.
To quantitatively compare the rotors’ motion, RAO values at  

different motion responses from a linear response nature are exhibited
when the rotational displacement increases owing to the increased
height of the incident wave. When multiple rotors are arrayed, the

4.75 s were compared as shown in Tables 3 and 4 to correspond to the
analysis based on linear potential theory. Table 3 shows the results of

rotor behavior pattern becomes more difficult to predict owing to the
nonlinear nature and the hydrodynamic interactions with neighboring
rotors. Therefore, the behavior of one rotor was simulated using a

calculating the RAO at a wave height of 1.5 m, and Table 4 shows the
simulation results at a wave height of 2 m.
The RAO values of side rotors tended to increase with increasing

commercial CFD code to analyze the characteristics of motion in
previous studies (Ko et al., 2019; Poguluri et al., 2019a; Poguluri et al.,
2019b); a 3D CFD analysis was performed for three arrayed rotors in

rotor spacing, which corresponds to the linear potential analysis result
in Table 2. In the case of the center rotor, however, the RAO value
increased when rotor spacing increased from 0.8  to 1.0  but

this study.
Fig. 9(a) and (b) show the changes in the height of 1.5-m regular
waves in the simulation of a single rotor and three rotors arranged in a

slightly decreased when rotor spacing further increased to 1.2 .
Compared to the simulation of a single rotor at a wave height of 1.5 m,
the response of the side rotors becomes similar to that of a single rotor

numerical wave tank.
Fig. 9(a) shows the pattern at 57 s of a simulation, and Fig. 9(b)
shows the pattern at 57.5 s of a simulation. Irregular flows around the

as the rotor spacing increases, in which the RAO slightly increases
farther than a single rotor at a rotor spacing of 1.2 . The RAO of the
center rotor was 96%–97% of that of a single rotor. The q-factor

(a) Single rotor

(b) Multiple rotors

Fig. 9 Wave elevation along the numerical wave tank

(a) Pitch motion

(b) Pitch velocity

Fig. 10 Time series of the pitch response with 1.5-m wave height
Table 3 RAO values of single and multiple rotors by CFD analysis (   1.5 m)
Side

Multiple
Rotors
(   1.5 m)
Single rotor

Center

RAO

Ratio (%)

RAO

Ratio (%)

q-factor

0.8

1.613

97.46

1.619

97.24

0.976

1.0

1.635

98.79

1.622

97.42

0.985

1.2

1.665

100.60

1.602

96.22

0.993

1.655

100.00

1.665

100.00

-
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(b) Pitch velocity

Fig. 11 Time series of the pitch response with 2.0-m wave height
Table 4 RAO values of single and multiple rotors by CFD analysis (   2.0 m)
Side

Multiple
Rotors
(   2.0 m)
Single rotor

Center

q-factor

RAO

Ratio (%)

RAO

Ratio (%)

0.8 

1.252

95.72

1.294

98.93

0.968

1.0 

1.277

97.63

1.311

100.23

0.985

1.286

98.32

1.303

99.62

0.988

1.308

100.00

1.308

100.00

-

1.2 

ranged from 0.976 to 0.993 as the rotor spacing increased; the

The RAO of the center rotor decreased slightly when the rotor

interactions of the arrayed rotors had a fairly negative effect, with
q-factor values less than 1, similar to the linear potential analysis
results in Table 2. However, the q-factor values were closer to 1

spacing increased from 1.0  to 1.2  at wave heights of both 1.5 m
and 2 m owing to slamming and large impact pressure forces on rotor 2
caused by a rigorous mixing of the flow resulting from violent liquid

overall compared to those of linear potential analysis, which signifies
that the difference in the performance between a single rotor and
arrayed rotors based on the CFD analysis is not greater than that of the

motions along the cylindrical passage of the rotor. The violent liquid
motions were barely observed when the rotor spacing was 0.8  or 1.0
, but they became observable at the rotor spacing of 1.2  because

linear potential analysis.
Fig. 11 shows the rotational displacement and angular velocity of a
rotor at a wave height of 2.0 m in time series. The nonlinearity of the

the flow was more active in the lateral direction. In order to examine
this phenomenon, the velocity of the fluid particle on the free surface
at the rotor spacing of 1.2  is shown in Fig. 12.

rotors’ motion increased substantially as the height of incident waves
increased to 2 m. The motion response of the rotors gradually showed
the incident wave frequency component and additional harmonic

As shown Fig. 12, a great number of flow velocity vectors were
generated around the cylindrical passage of the center rotor, whereas
no flow was observed around the side rotors. Violent fluid flow

frequency terms. Consequently, the response of the incident wave
frequency component, which was most dominant, decreased as shown
in Table 4.

occurring in the cylindrical hole of the center rotor is a physical
phenomenon that is difficult to obtain in a potential analysis and can be
observed only in a CFD analysis or a scaled model test. A lateral flow

The motion amplitude decreased as the wave height increased, but
identical to the pattern shown for the wave height of 1.5 m. In addition,

interferes with a rotor’s motion but also accelerates motion depending
on the period of incident waves. The motion performance of arrayed
rotors according to the effects of a flow passing through a cylindrical

the RAO slightly decreased as the rotor spacing increased from 1.0 

passage will be examined further in a separate study.

the increase in RAO with respect to the increase in rotor spacing was

to 1.2  for the center rotor. In terms of the motion response pattern,
the side rotors have approximately 95%–98% and the center rotor has
98%–100% of the motion amplitude of a single rotor. According to the
results of the potential analysis and CFD analysis at the wave height of
1.5 m, the motion amplitude of a single rotor was closer to that of the
side rotor than the center rotor. In the CFD analysis results at the wave
height of 2 m, on the other hand, the motion amplitude of a single rotor
was closer to the center rotor because of an increase in the nonlinearity
of a rotor’s motion from the increased amplitude of incident waves.
The q-factor ranged from 0.968 to 0.988. Excluding the spacing of 1.0
, similar results to that of the CFD analysis at the wave height of 1.5

m were produced, in which the interaction effects of arrayed rotors had
a negative influence on the motion performance of the rotor.

Fig. 12 Velocity magnitude of the multiple rotors with 1.2 
spacing at   4.75s
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4. Conclusion

between a single rotor and arrayed rotors has been reported. Therefore,
wave energy can be efficiently absorbed without a considerable loss of

This study aimed to examine the linear potential theory and a CFD

motion performance of rotors when a WEC system is operated in

analysis to comparatively analyze the motion performance of

which multiple rotors are arranged or when a previously installed

individual rotors and thus identify the characteristics of motion

WEC is expanded by arranging additional rotors.

performance of multiple arrayed WEC rotors. The changes in motion
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ABSTRACT: The survivability of a naval ship is the ability of the ship and its onboard systems to remain functional and continue a
designated mission in man-made hostile environments. A passive decoy system is primarily used as a weapon system for improving the
survivability of a naval ship. In this study, an engagement scenario-based simulation program was developed for decoy effectiveness assessments
against an anti-ship missile (ASM), which tracks a target with sea-skimming and active radar homing. The program can explain the
characteristics of a target ship, such as the radar cross section and evasive maneuvers, as well as the operational performance of the onboard
decoy system, the guidance method of the ASM, and the engagement environment’s wind speed and direction. This paper describes the theory
and formulations, configuration, and user interface of the developed program. Numerical examples of a decoy effect assessment of a virtual
naval ship against an ASM are presented.

1. Introduction

variation in RCS and performance of a decoy system for various
engagement scenarios.

The survivability of a naval ship is the ability of the ship and its
onboard systems to remain functional and continue a designated
mission in man-made hostile environments. The survivability can be

There have been studies on engagement scenario-based simulations
(TTI, 2002; Kumar, 1990; Manji et al., 2002). Chapman and Benke
(2000) described a ship-to-air defense model (SADM) for

categorized using three sub-parameters: susceptibility, vulnerability,
and recoverability. The total survivability can be assessed combining
the probability measures of the sub-parameters (Kim and Lee, 2014).

susceptibility assessment in engagement environments, which
includes soft-kill ability modeling with active decoys, chaff, and
jammers; hard-kill ability modeling with missiles, guns, and fire-

Susceptibility is the probability of not avoiding being hit by threats
like anti-ship missiles (ASMs) and depends on the performance of
threats and anti-air warfare (AAW) systems against them, as well as

control systems; and a command-and-control system to track targets
and coordinate soft-kill and hard-kill responses. Dan et al. (2016)
presented a modeling and simulation (M&S) technique for a decoy

their signature characteristics.
The signatures of naval ships, such as the radar cross section (RCS),
infrared (IR) signature, and visual signature, directly influence the

system and its countermeasure capability against ASMs. Lukenbill

susceptibility to threats. Particularly, RCS of a target ship is a factor
for determining the performance of passive or active decoy systems for
onboard soft-kill warfare against ASMs that use active radar homing

guidance methods. Poulos (1994) studied anti-air warfare for a small
navy group in defensive scenarios. Regarding the decoy effect, Seo et
al. (2012) estimated the dynamic behavior and the corresponding RCS

for targeting and tracking. The decoy effectiveness is used as an index
for the performance of passive decoy systems. A cumulative Gaussian
distribution model has been used as a simple tool for decoy

of decoy clouds in an engagement environment with wind conditions.
Kim (2020) introduced a framework on a decoy effect simulation
against an ASM to consider the RCS and tactical diameter of warships.

effectiveness assessment (An and Seo, 2015) but cannot explain the

In this research, an engagement scenario-based simulation program

(1990) and Swee (2000) simulated a target aircraft in an anti-air
missile engagement scenario based on a state-space model and various
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named ASMD/RCS (ASM Defense/RCS) was developed for decoy
effectiveness assessments. This program was implemented in
MATLAB/Simulink with the assumption that ASMs are the seaskimming type and use an active radar homing for targeting and
tracking (Kim, 2020). The theory and formulations were obtained from
Swee (2000). ASMD/RCS can explain the RCS and evasive
maneuvers of a target ship, the operational performance of an onboard
passive-type decoy system, the tracking scheme of ASMs, and
engagement environments, including the wind speed and direction.
This paper describes details of the developed program, the theory and
formulations, configuration, the scenario designation, and the user
interface. A decoy effectiveness assessment of a virtual naval ship is
presented as a numerical example.

2. Theory and Formulations
Countermeasures with a decoy system are a general means of
avoiding being hit by ASMs. Traditionally, a passive-type decoy
system has been used, which is a soft-kill method of guiding ASMs to
a fake target that is generated with a decoy cloud instead of the real
target ship (Fig. 1). The decoy effectiveness depends on the RCS
characteristics of the target ship and the decoy system. Generally, the
higher the difference in RCS level is between the target ship and the
decoy, the lower the hit probability is. However, the characteristics of
the ship, decoy, and engagement environments collectively influence
the probability. Examples are the evasive maneuver and RCS pattern
of the target ship, the deploying scheme (range and direction) and RCS
of the decoy, the dynamic performance of the ASM, and
environmental conditions, such as the wind speed, direction, etc. In
this study, these characteristic parameters were considered for the
decoy effect simulation in a more realistic engagement scenario.

Fig. 2 Turning radius of the target ship for evasive maneuver
against ASMs
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acceleration in m/s2,  is gravitational acceleration (9.81 m/s2), and
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The target ship dynamics is implemented with the state-space
equation below (Swee, 2000) based on the coordinate system in Fig. 2:
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where  and  are the coordinates of the cross range and the range in
m, respectively,   and  are the instantaneous speed of the target
ship in m/s, ω  ⋅  is the commanded evasive turning rate in
1/s of the target ship and is constant during the simulation, and
means the time derivative of these variables. For reference, a constant
g-value  was used for the evasive maneuverability of the target ship
instead of the centripetal acceleration. Negative and positive values
mean starboard-side (right turn) and port-side evasive maneuvers (left
Fig. 1 Concept of soft-kill against ASMs using passive-type decoy
system
2.1 Target Ship Dynamics
The decoy effectiveness against ASMs depends on the evasive
maneuvers of the target ship, which are based on the turning radius of
the ship, as shown in Fig. 2. In general, the turning radius of the ship
depends on the rudder angle and the instantaneous moving speed. In
this study, however, the turning radius was calculated in meters with
Eq. (1).

turn) of the target ship, respectively.
2.2 Target Ship RCS
The inherent RCS pattern of the target ship influences the decoy
effect on ASMs. The RCS pattern of the target ship varies with the
azimuth angle, as shown in Fig. 3, which means that the RCS level also
changes with the approach angle of the ASM, and the decoy effect
varies with it as well. The predefined RCS pattern of the target ship
was used to calculate the decoy RCS value of the azimuth angle
corresponding to the ASM approach.
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Fig. 5 ASM guidance to the target ship
Similarly to the target ship, the ASM dynamics can be implemented with
the state-space equation below with the coordinate system in Fig. 5:

Fig. 3 RCS pattern of the target ship with azimuth angle
2.3 ASM Dynamics
The ability of an ASM to intercept a target ship mainly depends on
the guidance method. Two main types of guidance methods can be
employed: proportional navigation (PN) and command to line of sight
(CLOS). PN is the most widely used homing guidance law and seeks
to null the line-of-sight (LOS) angle rate by making the missile turn
rate directly proportional to the LOS rate. CLOS uses only the angular
coordinates between the ASM and the target ship, and the ASM is
made to be in the LOS between the launcher and target. Any deviation
of the missile from this line is corrected.
CLOS has inherent range limitations due to its sensitivity to angular
tracking errors between the launching station and the ship target. PN is
self-homing and relies on an on-board seeker to provide the target's
LOS information directly, so it does not suffer from the range
limitations encountered by CLOS (Swee, 2000). 2-dimensional missile
dynamics was simulated by assuming an engagement scenario where
the target ship does evasive maneuvers against sea-skimming ASMs
that employ a PN homing law when tracking the ship target (Fig. 4).
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where  and  are the coordinates of the cross range and the range
in m,   and  are the instantaneous speeds of the ASM in m/s,
respectively, and  is the commanded turning rate of the ASM in 1/s,
which varies depending on the applied guidance method and state.
Two types of PN can be applied: true- and pure-proportional
navigation (TPN & PPN). This study employs TPN, and the
commanded turn-rate of the ASM is calculated by Eq. (4):
⋅⋅
  
cos   
   

(4)

where  is a proportional constant that typically varies from 3 to 5 (3
was used in this study).  is the instantaneous closing velocity of the
ASM to the target ship in m/s.  is the LOS rate between the ASM and
the target ship in rad/s.  and  are the moving directions of the
ASM and the LOS angle with respect to the cross-range axis in rad,
respectively.
2.4 Decoy Dynamics
The decoy dynamics is a complex problem that is influenced by the
engagement environment, including the wind speed and direction.

Fig. 4 Proportional navigation to intercept the ship target

Fig. 6 Geometry of decoy dynamics
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Therefore, the problem should be simplified for convenience in the
simulation. This study assumes that the decoy operates as follows: (1)
launching to the direction  in rad and deploying at the range  in m,
(2) forming a decoy cloud and retaining its size, and (3) moving at the
wind speed  in m/s along the wind direction  in rad, where the
decoy has an omni-directional scatter, and the RCS level is kept
constant during the simulation (Fig. 6).
2.5 Equivalent Scattering Center Targeting
The RCS of the target ship can be represented with a scattering
source point called a “scattering center” in the far field, which is when

Fig. 8 Equivalent scattering center position

the target ship is electromagnetically far enough from the ASMs.
Interestingly, in an engagement environment, an ASM intercepts the
virtual scattering center, not the real target ship (Fig. 7(a)). Therefore,

Referring to the coordinate system in Fig. 8, this study estimates the
RCS level σ in dBsm and position (, ) in m of the equivalent

when the target ship deploys a decoy with the intended RCS level to
the offboard range and direction, the scattering center moves along the
target-to-decoy line (Fig. 7(b) and Fig. 7(c)). As a result, the LOS
moves, and the susceptibility changes. The larger the decoy RCS is,
the further the scattering center is from the target ship, and the lower
the susceptibility is to the ASM.
(a)

scattering center, which is distinguished from that of the target ship
using Eq. (5) and Eq. (6), respectively:
σ

σ   log 
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(6)

where  and  are the RCS level in dBsm of the target ship and the
decoy cloud, respectively. (, ) is the instantaneous position of the
(b)

decoy cloud in m and is determined by assuming that the deployed
cloud moves along the wind direction with the same speed as the wind.

3. ASMD/RCS
ASMD/RCS was implemented using the theory and formulations
presented in the previous section. ASMD/RCS can consider the
performance of the target ship and the ASM, the engagement

(c)

environments, and the way to simulate the decoy effectiveness (Fig.9).
The program consists of four blocks, as shown in Fig. 10: a decoy
block, guide block, target ship block, and missile block. The decoy
block includes the decoy performance and dynamics (RCS,
deployment range and direction, and movement wind and its
direction). The guide block implements the ASCM’s targeting and
tracking with the missile-to-target guidance algorithm. The target ship
block includes the target ship performance and status (the initial

Fig. 7 Scattering center position change by decoy RCS level: (a)
no decoy, (b) small decoy (w/ low RCS), and (c) large
decoy (w/ high RCS)

Fig. 9 Considerations of ASMD/RCS for decoy effectiveness assessment
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(a)

(b)

(c)

(d)

(e)

Fig. 10 ASMD/RCS block configuration: (a) ASMD/RCS, (b) decoy block, (c) guide block, (d) target ship block, and (e) missile block
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(a)

(b)

Fig. 11 ASMD/RCS (a) user interface and (b) engagement trajectory viewer

Fig 12 Definition of missing distance
position, RCS, speed, direction, and evasive maneuver of the target
ship). Finally, the missile block simulates the ASM dynamics.
Fig. 11 shows the program’s user interface and a plot of the
simulation results. The interface is composed of 13 input boxes for
simulation parameters and two buttons for program execution and a
result plot. The plot displays trajectories of the ASM, the target ship,
and the decoy, as well as text-based results, such as the missing
distance and time to intercept. The term “missing distance” means the
closest point of approach (CPA) synchronized from the center of the

Fig. 13, the engaging speed  , lock-on range  , and approach angle
 of the ASM were set to Mach 0.9 (~306 m/s), 8 km, and 180

degrees, respectively. The centripetal acceleration was limited to 20-g.
The length of the target ship was 45 m, and the corresponding missing
distance threshold was two times the target ship length. The ship speed
 was 35 knots (~18 m/s), and the RCS pattern  is shown in Fig. 14.

The decoy is launched toward any direction  and deployed at a range
 of 150 m.

target ship to the ASM trajectory at the moment “time of intercept”
(Fig. 12). This judges whether the target ship will be intercepted by the
ASM or not by assessing whether the resultant missing distance in m
exceeds the pre-defined threshold. This study uses two times the
length of the target ship as a threshold.

4. Numerical Examples
4.1 Engagement Scenarios
Decoy effect simulations were conducted using ASMD/RCS in
some engagement scenarios. Following the input parameter symbols in

Fig. 13 Input parameter for engagement simulation

244

Kookhyun Kim

(a)

Fig. 14 RCS pattern of the target ship for engagement simulation
The RCS level  of the decoy varies (27, 30, 33, 37, and 40 dBsm,
which correspond to 500, 1000, 2000, 5000, and 10000 m2,
respectively). There is only one chance of launching a decoy, and an
evasive maneuver is done during the engagement at the same time as
the ASM lock-on. The simulation designated three engagement
scenarios with varying g-value  of the target ship to 0-g, 0.05-g, and
–0.05-g when the wind speed  and direction  were 10 knots (~5.14
m/s) and 45 degrees, respectively.
(b)
4.2 Simulation Results
Fig. 15 shows simulation results for the scenarios for when the
decoy launching direction  is 135 degrees and the RCS of the target
ship is 40 dBsm (10,000 m2). The target ship survives when doing no
evasive maneuver (0-g), but it is intercepted when doing the port-side
(0.05-g) and starboard-side (–0.05-g) evasive maneuvers. In starboardside evasive maneuvers, the primary deception succeeds, but the ship
is eventually intercepted. This means that ASMD/RCS can simulate
complicated engagement scenarios more realistically.
Fig. 16 shows polar plots of the simulated missing distance versus
the decoy launching direction  for the scenarios. The curves present
the simulated missing distance with respect to the RCS level  of the
decoy (27 dBsm (500 m2), 30 dBsm (1,000 m2), 33 dBsm (2,000 m2),
2

2

(c)

37 dBsm (5,000 m ), and 40dBsm (10,000 m )). The dotted red
reference line shows the pre-defined threshold (two times the target

Fig. 15 Engagement simulation results when the decoy launching

ship length: 90 m).
With no evasive maneuver (0-g), the missing distance increased as
the decoy RCS increased. When the decoy RCS levels were above 37

(b) port-side evasive maneuver (0.05-g), and (c) starboardside (–0.05-g) evasive maneuver

dBsm (5,000 m2), the target ship was hit less overall. When the decoy
of 33 dBsm (2,000 m2) was launched between 150 degrees and 300
degrees, the target ship was hit less. When the decoy RCS level was 40

the 45-degree direction, which slightly increased the susceptibility of
the decoy deployments at 0 degrees, 300 degrees, and 330 degrees. For
the starboard-side evasive maneuver (–0.05-g), the missing distance

dBsm (10,000 m2), wind reduced the susceptibility of the 300-degree
and 330-degree decoy deployments.
For the port-side evasive maneuver (0.05-g), the decoy effect was

increased as the decoy RCS increased. Simultaneously, the
susceptibility was reduced when the decoy was deployed toward 120
to 240 degrees. It was confirmed that the ASMD/RCS program was

minimal in general. An evasive maneuver works unfavorably in terms
of susceptibility to ASMs. The decoy was moved by the wind along

successfully implemented and could be applied to decoy effect
simulations of various engagement scenarios.

direction  is 135 degrees: (a) no evasive maneuver (0-g),
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decoy effect on a sea-skimming ASM using an active radar homing for
targeting and tracking. The programs can consider the RCS and
tactical maneuvers of the target ship, the onboard decoy system
performance, the ASM guidance algorithm, and the engagement
environment’s wind speed and direction. The program provides a user
interface for input parameters, executing the program, and plotting
results. Numerical simulations of virtual engagement scenarios were
conducted for various RCSs and launching directions of the decoy.
The results showed that the input parameter variations in engagement
environments influence the decoy effect. It is expected that the
program could be practically used for assessing a decoy system’s
performance for naval ships.
(a)
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1. Introduction
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in which ,  , and  represent the location (“Shift” in figures), scale, and shape parameters, respectively.
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Table 1 Tables should be placed in the main text near to the first time they are cited
Item

Buoyancy riser
1)

Segment length (m)

370

Outer diameter (m)

1.137

Inner diameter (m)

0.406

Dry weight (kg/m)

697
2

Bending rigidity (N·m )

1.66E8

Axial stiffness (N)

7.098E9

Inner flow density (kg·m3)

881

2

Seabed stiffness (N/m/m )

6,000

1)

Tables may have a footer.

3.4 Figures
Figures should be numbered consecutively with Arabic numerals. Each figure should be fully titled. All the illustrations should be of high
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(a) Description of what is
contained in the first panel

(b) Description of what is
contained in the first panel

Fig. 1 Schemes follow the same formatting. If there are multiple panels, they should be listed as: (a) Description of what is contained in the first
panel; (b) Description of what is contained in the second panel. Figures should be placed in the main text near to the first time they are cited
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4. Results
This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation
as well as the experimental conclusions that can be drawn. Tables and figures are recommended to present the results more rapidly and easily. Do
not duplicate the content of a table or a figure with in the Results section. Briefly describe the core results related to the conclusion in the text when
data are provided in tables or in figures. Supplementary results can be placed in the Appendix.

5. Discussion
Authors should discuss the results and how they can be interpreted in perspective of previous studies and of the working hypotheses. The
findings and their implications should be discussed in the broadest context possible. Future research directions may also be highlighted
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6. Conclusions
This section can be added to the manuscript.
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