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drift/Rudder angle, Coupled hydrodynamic force and moment, Turning motion simulation
ABSTRACT: The prediction of maneuverability is very important in the design process of an underwater vehicle. In this study, we predicted the
steady turning ability of a symmetrical underwater vehicle while considering interactions between the yaw rate and drift/rudder angle through a
simulation-based methodology. First, the hydrodynamic force and moment, including coupled derivatives, were obtained by computational fluid
dynamics (CFD) simulations. The feasibility of CFD results were verified by comparing static drift/rudder simulations to vertical planar motion
mechanism (VPMM) tests. Turning motion simulations were then performed by solving 2-degree-of-freedom (DOF) equations with CFD data. The
turning radius, drift angle, advance, and tactical diameter were calculated. The results show good agreement with sea trial data and the effects
on the turning characteristics of coupled interaction terms, especially between the yaw rate and drift angle.

Nomenclature


Density (kg/m3)

m

Mass of Underwater Vehicle (kg)

I

Moment of Inertia (kg-m2)



X Position in Earth-Fixed Frame (m)



Y Position in Earth-Fixed Frame (m)

1. Introduction
Many kinds of underwater vehicles have been developed for military,
commercial, and scientific purposes, such as submarines, torpedoes,
autonomous underwater vehicles (AUVs), remotely operated vehicles
(ROVs), underwater gliders, etc. Underwater vehicles need to have
various types of performance depending on their operating concept and
tasks. For example, maneuverability, course-keeping ability, turning



Yaw Angle in Earth-Fixed Frame (rad)

u

Surge Velocity in Body-Fixed Frame (m/s)

v

Sway Velocity in Body-Fixed Frame (m/s)

U

Overall Speed (m/s)

r

Yaw Rate in Body-Fixed Frame (rad/s)



Drift Angle (rad)



Rudder Deflection Angle (rad)

X

Surge Force in Body-Fixed Frame (N)

Y

Sway Force in Body-Fixed Frame (N)

N

Yaw Moment in Body-Fixed Frame (N-m)

L

Length of Underwater Vehicle Body (m)

xg

X coordinate of Center of Gravity (m)

accurately based on the model of Gertler and Hagen. Healey and
Lienard (1993) proposed a dynamic model for a large AUV for
low-speed flight. Many another researchers have also carried out

yg

Y coordinate of Center of Gravity (m)

research on equations of motion (Bae et al., 2009; Park et al., 2015).

ability, and course-changing ability are the most fundamental elements,
so their prediction is very important work in the design process of
underwater vehicles.
The process of predicting maneuverability consists of constructing
equations of motion, obtaining hydrodynamic derivatives, and
performing flight simulation. Most equations of motion of an
underwater vehicle are based on the submarine dynamic model by
Gertler and Hagen (1967). Feldman (1979) proposed a modified
dynamic model to describe extreme turning and a high angle of attack
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There are mainly two ways to obtain hydrodynamic derivatives of an
underwater vehicle during the design stage. One is by experiments, and
the other is by computational fluid dynamics (CFD) simulations. Kim

force and moment derived by CFD. In order to find the derivatives by
experimental methods, we normally have to perform both vertical
planar motion mechanism (VPMM) and rotating arm tests. The reason

et al. (2012) estimated hydrodynamic derivatives of an underwater
vehicle from a captive model test using a computerized planar motion
carriage (CPMC). Park et al. (2015) conducted coning motion tests and

is that the rotary derivatives obtained by rotating arm tests are more
accurate than those from pure yaw in VPMM tests. Performing two
tests requires much money and time. Therefore, we carried out only

derived hydrodynamic coefficients for roll motion.
Jeong et al. (2016) predicted hydrodynamic derivatives of a
submarine after performing rotating arm tests. Nguyen et al. (2018)

VPMM tests, and rotating arm tests were replaced by numerical
simulations.
Static derivatives and control derivatives of fins from CFD were

estimated hydrodynamic derivatives of a submarine by CFD analysis
using a full-scale Reynolds-Averaged Navier-Stokes (RANS) solver.
De Barros and Dantas (2012) numerically predicted the effects of a

compared to the results of VPMM tests and verified. Based on CFD
data, motion simulation of a turning circle test was conducted by
solving dynamic equations in a horizontal plane. The turning radius,

duct on the maneuverability. Kim et al. (2015) estimated the roll
derivatives of an underwater vehicle, and Cheon et al. (2018) carried
out virtual dynamic tests on an X-form configuration submarine using

drift angle, advance, and tactical diameter were calculated and
compared to sea trial data.

dynamic mesh methods.
After obtaining hydrodynamic derivatives, equations of motion are
generally solved to analyze maneuverability. Bae et al. (2009)

2. Configuration and Specifications of

performed a simulation of the emergency rising, depth change, and
floating of a manta-type AUV. Wang and Liang (2019) performed a
maneuverability analysis of a modular underwater vehicle that has four
tail thrusters and two tunnel thrusters. Go et al. (2017) conducted a
6-degree-of-freedom (DOF) motion analysis of a tow-fish-type
underwater vehicle using hydrodynamic derivatives based on CFD.
Turning ability is also significant and critical to the maneuverability
of an underwater vehicle, and many researchers have been trying to
predict it in the design phase before sea trials. Seol et al. (2005)
performed a simulation of turning and zigzag motion of an underwater
vehicle using experiment data from a horizontal planar motion
mechanism (HPMM). Jeon et al. (2018) did a sensitivity analysis for
the parametric optimization of a hull form by the calculating turning
and course changing ability based on a 3-DOF dynamic model.
Dubbioso et al. (2017) compared the turning ability of cruciform and
X-rudder submarines using unsteady free-running maneuvering
simulations.
To predict the maneuverability accurately, research about dynamic

Underwater Vehicle
The underwater vehicle configuration is shown in Fig. 1. The vehicle
is symmetrical in the vertical and lateral directions. There are four
fixed fins and movable fins with 90-degree intervals, and the fixed fins
are located in front of the movable fins. The four movable fins consist
of two elevators that control the attitude and depth in the vertical plane
and two rudders that control the attitude and trajectory in the horizontal
plane. There is a ducted propeller behind the body. Table 1 shows the
specifications of the underwater vehicle in this study.
Rudder

Duct

Fixed Fin

Hull

Elevator

Fig. 1 Configuration of symmetrical underwater vehicle
Table 1 Specifications of underwater vehicle in this study
Item

Value

model using coupled hydrodynamic effects has been conducted
actively. Park et al. (2016) verified the interactions between the angle
of attack and elevator angle of underwater vehicles that have fixed fins

Length (m)

6.6

Diameter of body (m)

0.53

and movable fins. Dantas and de Barros (2013) numerically analyzed

Wing span of fins (m)

0.53

the coupled effects of the control surface deflection and angle of attack
in an AUV that has only movable fins. Jeong et al. (2016) carried out a

X position of  (center of buoyancy)
from nose (m)

3.14

rotating arm test of a submarine for coupled motion, and Nguyen et al.
(2018) performed a CFD analysis of a submarine for coupled motion.
Thus, we can assume that there is some significant coupling of

3. Equations of Motion

hydrodynamic derivatives in the turning phase of an underwater
vehicle because there is large rudder deflection in turning motion, and
most underwater vehicles turn with a drift angle.

3.1 Coordinates
In order to analyze the motion of the underwater vehicle, two
coordinate systems were adopted. One is an earth-fixed frame, and the

In this study, we predicted the steady turning ability of an
underwater vehicle while considering interactions between the yaw
rate and drift/rudder angle. We did this by applying the hydrodynamic

other is a body-fixed frame. The earth-fixed frame can be transformed
to the body-fixed frame by the Euler angles, and reverse transformation
is also possible. The definition of each coordinate and Euler angle is

Simulation-Based Prediction of Steady Turning Ability of a Symmetrical Underwater Vehicle Considering
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vehicle goes straight or turns.
Hydrostatic terms can be removed because the roll (φ) and pitch
angle (θ) are not considered in horizontal plane motion.
Hydrodynamic terms (YH and NH) including the interactions between
the yaw rate and drift/rudder angle can be expressed as follows:

Fig. 2 Definition of coordinates (left) and Euler angles (right)

                     
     
                     
     

(Park et al., 2015)

(4)

shown in Fig. 2. In this study, the origin point of the body-fixed frame
was set to be the center of buoyancy.
The equations of motion of the underwater vehicle are generally
represented by the body-fixed frame because it is easy to express the

In Eq. (4), v is the sway velocity,  is the yaw rate, and δ is the
rudder angle.  is the sway acceleration,  and  is the yaw
acceleration. The subscript “coup” means coupled derivatives.  and 
are not important in steady motion, so    and    can be

hydrodynamic force and moment acting on body. The position and
attitude of the body are calculated in the earth-fixed frame, and the
translational velocity and angular rate are transformed from the

neglected. In order to solve the equations for steady turning motion, we
have to obtain the damping derivatives of the sway and yaw motion,

body-fixed frame to the earth-fixed frame using Eq. (1).

the control derivatives of the rudder, and coupled interaction terms.

    coscos cossin sin   sin cos cossin sin   sin  sin     


sin cos sin  sin sin   cos cos sin  sin sin   cossin  
 
 cossin 
 
  sin 
cossin 


 

 



4. CFD Analysis

 




     sin tan  costan     
 sin 

 cos

    sin sec cossec    


 

 

(1)

Since only horizontal motion is considered in this study, Eq. (1) can be
rewritten in the horizontal plane as follows:

 

(2)

3.2 Equations of Motion in Horizontal Plane
The equations of motion of the underwater vehicle to describe steady
turning motion are as follows:
                 
                   

by CFD, we have to perform static drift/rudder and rotating arm
simulations. Static drift/rudder simulations calculate the force and
moment with respect to the drift/rudder angle when the vehicle goes
straight at constant speed (Figs. 3–4). Rotating arm simulations
calculate the force and moment with respect to the yaw rate when the
vehicle turns just like a circle. Rotating arm simulations can also

  cos  sin


sin cos  

 
 

4.1 Simulation Method
In order to obtain the hydrodynamic data for steady turning motion

calculate the interaction terms by combining with the static drift/rudder
angle (Fig. 5).
In static drift/rudder simulations, a rectangular domain was adopted,
a velocity inlet condition was set at one end, and a pressure outlet
condition was set at the other end. This is a very classical method to
solve external flow problems. In rotating arm simulations, a cylindrical
domain shaped like a donut was used, and the rotation of the vehicle
was described by a moving reference frame method (Ansys Inc., 2018;
Nguyen et al., 2018). The relative velocity in the moving reference

(3)

                  
              

X, Y, and N are the external force and moment on the underwater
vehicle, including hydrodynamic, hydrostatic (gravity and buoyancy),
and thrust terms. Roll motion can be neglected because there is little
snap roll angle when the vehicle turns steadily. The roll angle is
controlled by the elevators. In addition, a surge equation is not
included since it can be considered as constant, and the speed of the
vehicle is uniformly controlled in the sea trial of this study when the

Body
Rudder

Fig. 3 Static drift simulations
Body
Rudder

Fig. 4 Static rudder simulations
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7L

3L

4L

Fig. 7 Domain and mesh shape of rotating arm simulations

Fig. 5 Rotating arm simulations (a) without drift and rudder angle
(b) with drift angle (c) with rudder angle
frame is expressed as follows:

detailed propeller configuration is described in the CFD model, the
number of mesh elements increases greatly due to the complex
geometry. This causes an increase of the computing resources and
solution time. Therefore, we adopted the actuator disk theory to
simulate propeller thrust. Actuator disk theory represents the thrust
force by a pressure jump through a 2D membrane. The pressure jump
can be calculated as follows:


 
 


 

 

×


(5)




∆  

(6)

vr is the relative velocity in the moving frame, v is the absolute
velocity in the stationary frame, ur is the velocity of the moving frame
in the stationary frame, vt is the translational frame velocity, and ω is

 is the thrust, and A is the area of the disk (propeller surface), as
shown in Fig. 8. In this study, the input value of thrust is defined as the

the angular frame velocity.
The domain size is large enough to avoid a blockage effect. A
polyhedral mesh based on a tetrahedral mesh was basically adopted,

propeller force in self-propulsion conditions of the vehicle speed and
was obtained by self-propulsion tests in the towing tank of the Korea
Research Institute of the Ship and Ocean Engineering (KRISO).

and a prism layer was produced on the surface of the underwater
vehicle body to solve the boundary layer flow (Ansys Inc., 2018). The
shapes of the domain and mesh are shown in Figs. 6–7.
The propeller thrust affects the hydrodynamic characteristics of the
underwater vehicle and changes the flow around it. However, if the

6L

3.5L
10L
Fig. 6 Domain and mesh shape of static drift and rudder simulations

Fig. 8 Pressure distribution around propeller and relation between
thrust and pressure jump (Kim and Chung, 2007)

Simulation-Based Prediction of Steady Turning Ability of a Symmetrical Underwater Vehicle Considering

4.2 Governing Equations and Solver Setting
The governing equations of fluid mechanics are the continuity
equation and momentum equations called the Navier-Stokes equations.
The equations in the moving reference frame are as follows:

5. Results of the CFD Simulations
5.1 Results of the Static Drift/Rudder Simulations
First of the all, static drift and rudder simulations were performed to
obtain hydrodynamic data when the vehicle goes straight ( ′ = 0).
Since the vehicle is symmetrical, simulations for only positive ′ and 


 ∇∙
 


 
 
 
 ∇  ∇∙  
   
×


 ∇∙ 
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(7)

In the case of the stationary frame, ω and vt are 0 and vr equals v.
The -ω SST turbulence model was applied, and the Semi-Implicit
Method for Pressure Linked Equations – Consistent (SIMPLEC) was
used as a pressure-velocity coupling scheme. The operating fluid is sea
water, of which the density is 1025.87 kg/m3, and the viscosity is
0.00122 kg/m·s. Sea water is considered as an incompressible fluid.
All CFD simulations in this study were performed in Ansys Fluent,

were conducted, and then the simulation results were compared to
VPMM test results from the towing tank of KRISO.
Fig. 9 shows the facilities at KRISO and the VPMM tests of the
underwater vehicle used in this study. Static rudder simulations and
experiments were performed in conditions where two rudders are all
actuated with the same value. The towing speed was 2.29 m/s, which is
lower than the CFD simulations because a free surface effect can occur
at high speed in VPMM tests.

which is well known and verified commercial CFD software.
4.3 Simulation Conditions
The hydrodynamic derivatives of the underwater vehicle are
generally expressed in dimensionless forms. Eq. (4) with nondimensional coefficients is as follows:
   ′′      ′ ′′  ′′      ′′′ ×     
 ′   ′′′   ′′





   ′′      ′′′  ′′      ′′′ ×      (8)
 ′   ′′′   ′′







 ′ 
′
   
   
 


 ′      sin  ′  





(9)



Fig. 9 Towing tank and carriage at KRISO lLeft) and VPMM
tests of underwater vehicle in this study (right)
The hydrodynamic force and moment with respect to the drift angle
and rudder angle are presented in Figs. 10‒13. Although there are some
errors at high drift angle (large ′ ), the simulation results follow the
tendency of the experiments well and have feasibility for predicting to
the hydrodynamic derivatives of the underwater vehicle. According to
the operating concept of the underwater vehicle, it is very rare that the
drift angle is larger than 10 degrees ( ′ = 0.1736) during all flight
times.
It is still difficult to predict the wake flow characteristics past a body
with a high angle of attack using the RANS method. In addition, the
gap between the top of the vehicle and free surface is narrow at high

  
  

As examples of the notation, the non-dimensional derivative  ′
means  ′ ′ , and    ′ means  ′ ′ ′ .
In this study, the ranges of the yaw rate, drift angle, and rudder angle
were determined by considering the operating concept and mission of
the underwater vehicle, as shown in Table 2.  is the overall speed of

drift angle. When the drift angle is 0 degrees, the depth of the vehicle is
2.2 m. As the drift angle changes to 12 degrees, the minimum gap
between the vehicle and free surface is reduced to 1.3 m. This may
have a slight effect on the results.
Fig. 14 shows the flow vector field and pressure distribution around

the underwater vehicle and is set to 10 kn (≒ 5.1 m/s). In the case of
the rotating arm simulations, the turning radius changes as the yaw rate
changes, and the overall speed is constant.
Table 2 Ranges of yaw rate, drift angle and rudder angle
Item

Non-dimensional value

Note

Yaw rate

‑0.4–+0.4

Turning radius
16.5–66 (m)

Drift angle

‑0.2079–+0.2079

‑12–+12 (deg)

Rudder angle

‑0.3491–+0.3491 (rad)

‑20–+20 (deg)

Fig. 10 Non-dimensional force ′ with respect to drift angle
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carried out to estimate the rotary derivatives and coupled
hydrodynamic terms. The simulations for only positive ′ and the
whole range of ′ and  were conducted because the vehicle is
symmetrical, but the relative direction between yaw rate and
drift/rudder angle can affect the tendency of the interactions. Figs.
15‑16 show the total non-dimensional force ′ and moment N’ for the

Fig. 11 Non-dimensional moment ′ with respect to drift angle

yaw rate and drift angle, and Figs. 17–18 show the results for the yaw
rate and rudder angle.
The results when ′ = 0 are the same as in the static drift and rudder
simulations, and rotary derivatives for the yaw rate can be estimated
from the results when ′ = 0 and  = 0. If there is no interaction
between them, the shape of the force and moment graphs will coincide
regardless of the yaw rate. However, the shape of the graphs changes
according to the yaw rate.

Y’

Fig. 12 Non-dimensional force ′ with respect to rudder angle

v’

Fig. 15 Total non-dimensional force ′ with respect to yaw rate
and drift angle

N’
Fig. 13 Non-dimensional moment ′ with respect to rudder angle

v’

Fig. 16 Total non-dimensional moment ′ with respect to yaw
rate and drift angle

Fig. 14 Flow vector field and pressure distribution around stern body
of underwater vehicle in case of static rudder simulations

Y’

the stern body of the underwater vehicle in the case of the static rudder
simulations. The change of velocity due to the fin angle makes a
pressure distribution on the fin surface, and the pressure distribution
makes a force and moment that act on the vehicle (Huang et al., 2015).
5.2 Results of Rotating Arm Simulations with Drift/Rudder Angle
Rotating arm simulations with the drift angle and rudder angle were

δ(rad)

Fig. 17 Total non-dimensional force ′ with respect to yaw rate
and rudder angle
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N’

δ(rad)

Fig. 18 Total non-dimensional moment ′ with respect to yaw
rate and rudder angle

Fig. 20 Coupled non-dimensional moment   ′′′ with respect

In order to analyze the interactions between the yaw rate and

to yaw rate and drift angle

drift/rudder angle, coupled terms were separated from the total force
and moment. The total force and moment consist of terms for the yaw
rate, drift angle, rudder angle, and coupled terms. The terms of the yaw
rate are obtained from rotating arm simulations without the drift and
rudder angle, those of the drift angle are obtained from static drift
simulations, and those of the rudder angle are obtained from static
rudder simulations. The coupled terms can be calculated as follows:
  ′′′  ′   ′′  ′′
  ′′′  ′   ′′  ′′

(10)

  ′′  ′   ′′  ′

Fig. 21 Coupled non-dimensional force   ′′ with respect to
yaw rate and rudder angle

  ′′  ′   ′′  ′

The coupled terms have different tendencies with respect to the
relative direction between the yaw rate and drift/rudder angle, as
shown in Figs. 19‒22. We predicted that these tendencies would be
caused by the change of the flow’s incidence angle and tangential
velocity of the partial vehicle body. When the yaw rate ( ′ ) is positive
and the drift angle ( ′ ) is negative (in other words, the bow of the
vehicle is heading for the inside of the turning circle), the tangential
velocity of the bow becomes slower, and that of the stern becomes
faster because the partial turning radius changes. In addition, the flow

Fig. 22 Coupled non-dimensional moment   ′′ with respect
to yaw rate and rudder angle
incidence angle of the bow becomes smaller, and that of the stern
becomes bigger, as shown in Fig. 23(b). These phenomena become
stronger as the yaw rate increases.
In contrast, when the yaw rate ( ′ ) and drift angle ( ′ ) are both
positive (in other words, the bow of the vehicle is heading for the
outside of the turning circle), the tangential velocity of the bow
becomes faster, that of the stern becomes slower, the flow incidence
angle of the bow becomes bigger, and that of the stern becomes

Fig. 19 Coupled non-dimensional force   ′′′ with respect to
yaw rate and drift angle

smaller, as shown in Fig. 23(c). However, in this direction, the
interaction force and moments are weak compared to the opposite
direction.
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Fig. 25 Velocity distribution in case of rotating arm simulations
the rudder becomes slower, and flow’s incidence angle becomes
smaller, as shown in Fig. 24(b). Therefore, reduction of the sway force
and yaw moment increases as the yaw rate increases. In contrast, When
the yaw rate ( ′ ) and rudder angle ( ) are both positive, the tangential
Fig. 23 The change of the turning radius and flow incidence
angle of the partial vehicle body in turning motion (a)
without drift angle (b) when yaw rate is positive and
drift angle are negative (c) when yaw rate and drift
angle are both positive

velocity of the rudder becomes faster, and flow’s incidence angle
becomes bigger, as shown in Fig. 24(c). Therefore, the additional sway
force and yaw moment increase as the yaw rate increases. Fig. 25
shows the velocity distribution of the whole domain in the case of the
rotating arm simulations.
5.3 Estimation of Hydrodynamic Derivatives
The static coefficients for the drift and rudder angle were obtained
from static drift and rudder simulations, and the rotary coefficients for
the yaw rate were obtained from rotating arm simulations without the
drift and rudder angle. The derivatives were calculated by the leastsquares method, as shown in Table 3. Interaction terms are too difficult
to define as coefficients because they have strong non-linearities.
Therefore, the coupled hydrodynamic force and moment are functions
of the yaw rate and drift angle/rudder angle and are calculated by an
interpolation method from the data shown in Tables 4–7. These coupled
terms are applied to simulate the turning motion of the underwater
vehicle. Figs. 26‒29 show 3D contours of the coupled hydrodynamic
force and moment from Tables 4–7.
Table 3 Hydrodynamic derivatives in this study
Item

Drift angle
Fig. 24 Change of turning radius and flow incidence angle of
partial vehicle body at turning motion (a) without rudder
angle (b) when yaw rate is positive and rudder angle are
negative (c) when yaw rate and rudder angle are both
positive
In the case of the simulations with a coupled yaw rate and rudder
angle, the same analysis can be applied. When the yaw rate ( ′ ) is
positive and the rudder angle ( ) is negative, the tangential velocity of

Rudder angle

Yaw rate

Non-dimensional value
 ′

-8.6468E-03

 ′

-3.4639E-02

 ′

-4.6481E-03

 ′

8.2357E-03

 ′

2.7162E-03

 ′

-1.2529E-03

 ′

4.1112E-03

   ′

2.7877E-03

 ′

-2.1336E-03

 ′

-1.3915E-03
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Fig. 28 3D contour of coupled non-dimensional force   ′′

with respect to yaw rate and drift angle

with respect to yaw rate and rudder angle

Fig. 27 3D contour of coupled non-dimensional moment   ′′′

Fig. 29 3D contour of coupled non-dimensional moment   ′′

with respect to yaw rate and drift angle

with respect to yaw rate and rudder angle

Table 4 Coupled non-dimensional force   ′′′ with respect to yaw rate and drift angle
′
′

-0.2079

-0.1736

-0.1392

-0.1045

-0.0698

-0.0349

0.0000

0.0349

0.0698

0.1045

0.1392

0.1736

0.2079

-0.4001

6.1497E- 7.7087E- 6.4444E- 3.3128E- 3.2153E- 1.6937E- 0.0000E -1.4237E -3.1695E -4.4827E -6.6151E -1.0208E -1.2630E
04
04
04
04
04
04
+00
-04
-04
-04
-04
-03
-03

-0.3000

1.3557E- 3.1364E- 2.6363E- 1.8984E- 1.7871E- 1.5263E- 0.0000E -1.0550E -2.4639E -3.0944E -3.9312E -6.1641E -7.1614E
04
04
04
04
04
04
+00
-04
-04
-04
-04
-04
-04

-0.2000

3.4696E- 7.8682E- 3.0706E- -1.1219E 3.9708E- 1.1340E- 0.0000E -6.1355E -1.8201E -1.8271E -2.3648E -3.1965E -4.2384E
05
06
06
-06
05
05
+00
-05
-04
-04
-04
-04
-04

-0.0999

-5.3242E -8.1058E -8.3033E -6.9284E -4.9907E -9.3416E 0.0000E -2.5361E -5.7996E -8.0089E -8.4197E -1.1209E -1.4858E
-05
-05
-04
-04
-05
-05
-05
-05
-05
-06
+00
-06
-05

0.0000

0.0000E 0.0000E 0.0000E 0.0000E 0.0000E 0.0000E 0.0000E 0.0000E 0.0000E 0.0000E 0.0000E 0.0000E 0.0000E
+00
+00
+00
+00
+00
+00
+00
+00
+00
+00
+00
+00
+00

0.0999

1.4858E- 1.1209E- 8.4197E- 8.0089E- 5.7996E- 2.5361E- 0.0000E 9.3416E- 4.9907E- 6.9284E- 8.3033E- 8.1058E- 5.3242E04
04
05
05
05
06
+00
06
05
05
05
05
05

0.2000

4.2384E- 3.1965E- 2.3648E- 1.8271E- 1.8201E- 6.1355E- 0.0000E -1.1340E -3.9708E 1.1219E- -3.0706E -7.8682E -3.4696E
04
04
04
04
04
05
+00
-05
-05
06
-06
-06
-05

0.3000

7.1614E- 6.1641E- 3.9312E- 3.0944E- 2.4639E- 1.0550E- 0.0000E -1.5263E -1.7871E -1.8984E -2.6363E -3.1364E -1.3557E
04
+00
-04
-04
-04
-04
-04
-04
04
04
04
04
04

0.4001

1.2630E- 1.0208E- 6.6151E- 4.4827E- 3.1695E- 1.4237E- 0.0000E -1.6937E -3.2153E -3.3128E -6.4444E -7.7087E -6.1497E
03
03
04
04
04
04
+00
-04
-04
-04
-04
-04
-04
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Table 5 Coupled non-dimensional force   ′′′ with respect to yaw rate and drift angle
′
′

-0.2079

-0.1736

-0.1392

-0.1045

-0.0698

-0.0349

0.0000

0.0349

0.0698

0.1045

0.1392

0.1736

0.2079

-0.4001

7.4834E- -6.9004E- -3.5817E- -5.5624E- -6.7992E- -5.8538E- 0.0000E+ 6.3072E- 1.4061E- 2.0734E- 3.1433E- 4.6798E- 6.2255E05
06
05
05
05
05
00
05
04
04
04
04
04

-0.3000

1.3229E- 5.9630E- 2.5779E- -9.8648E- -4.1839E- -5.1254E- 0.0000E+ 5.1434E- 1.2023E- 1.5915E- 2.0885E- 3.1186E- 4.0267E04
05
05
06
05
05
00
05
04
04
04
04
04

-0.2000

1.5937E- 9.6579E- 6.7199E- 3.1432E- -4.9397E- 2.0174E- 0.0000E+ 3.4131E- 9.7470E- 1.0845E- 1.4318E- 1.8756E- 2.4816E04
05
05
05
06
06
00
05
05
04
04
04
04

-0.0999

9.2874E- 6.3237E- 5.4371E- 3.0718E- 1.9978E- 2.5101E- 0.0000E+ 7.9577E- 4.2802E- 6.4631E- 7.0833E- 9.0230E- 1.0952E05
05
05
04
05
05
05
05
05
06
00
06
05

0.0000

0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+ 0.0000E+
00
00
00
00
00
00
00
00
00
00
00
00
00

0.0999

-1.0952E- -9.0230E- -7.0833E- -6.4631E- -4.2802E- -7.9577E- 0.0000E+ -2.5101E- -1.9978E- -3.0718E- -5.4371E- -6.3237E- -9.2874E04
05
05
05
05
06
00
06
05
05
05
05
05

0.2000

-2.4816E- -1.8756E- -1.4318E- -1.0845E- -9.7470E- -3.4131E- 0.0000E+ -2.0174E- 4.9397E- -3.1432E- -6.7199E- -9.6579E- -1.5937E04
04
04
04
05
05
00
06
06
05
05
05
04

0.3000

-4.0267E- -3.1186E- -2.0885E- -1.5915E- -1.2023E- -5.1434E- 0.0000E+ 5.1254E- 4.1839E- 9.8648E- -2.5779E- -5.9630E- -1.3229E05
00
05
05
06
05
05
04
04
04
04
04
04

0.4001

-6.2255E- -4.6798E- -3.1433E- -2.0734E- -1.4061E- -6.3072E- 0.0000E+ 5.8538E- 6.7992E- 5.5624E- 3.5817E- 6.9004E- -7.4834E04
04
04
04
04
05
00
05
05
05
05
06
05

Table 6 Coupled non-dimensional force   ′′ with respect to yaw rate and rudder angle

′

-0.3491

-0.2618

-0.1745

-0.0873

0.0000

0.0873

0.1745

0.2618

0.3491

-0.4001

-4.2212E-04 -4.2142E-04 -2.7900E-04 -1.6135E-04 0.0000E+00

5.3939E-05

1.5945E-04

1.3306E-04

1.4649E-04

-0.3000

-3.2579E-04 -3.1258E-04 -1.8642E-04 -1.1136E-04 0.0000E+00

4.2042E-05

1.0176E-04

5.5598E-05

8.6339E-05

-0.2000

-2.3897E-04 -2.2288E-04 -1.2582E-04 -6.3218E-05 0.0000E+00

8.1034E-06

3.6522E-05

3.5266E-06

3.0353E-05

-0.0999

-1.4705E-04 -1.1034E-04 -5.6058E-05 -2.0011E-05 0.0000E+00 -4.6288E-06

2.2573E-05

9.1181E-06

1.5477E-05

0.0000

0.0000E+00

0.0000E+00

0.0000E+00

0.0000E+00

0.0000E+00

0.0000E+00

0.0000E+00

0.0000E+00

0.0999

-1.5477E-05 -9.1181E-06 -2.2573E-05

4.6288E-06

0.0000E+00

2.0011E-05

5.6058E-05

1.1034E-04

1.4705E-04

0.2000

-3.0353E-05 -3.5266E-06 -3.6522E-05 -8.1034E-06 0.0000E+00

6.3218E-05

1.2582E-04

2.2288E-04

2.3897E-04

0.3000

-8.6339E-05 -5.5598E-05 -1.0176E-04 -4.2042E-05 0.0000E+00

1.1136E-04

1.8642E-04

3.1258E-04

3.2579E-04

0.4001

-1.4649E-04 -1.3306E-04 -1.5945E-04 -5.3939E-05 0.0000E+00

1.6135E-04

2.7900E-04

4.2142E-04

4.2212E-04

0.1745

0.2618

0.3491

0.0000E+00

Table 7 Coupled non-dimensional force   ′′ with respect to yaw rate and rudder angle


-0.3491

-0.2618

-0.1745

-0.0873

-0.4001

1.9664E-04

1.7975E-04

1.3176E-04

5.6064E-05

0.0000E+00 -4.5222E-05 -7.6196E-05 -8.5088E-05 -6.8309E-05

-0.3000

1.6013E-04

1.3581E-04

9.6289E-05

3.9105E-05

0.0000E+00 -3.2789E-05 -4.0580E-05 -4.1706E-05 -3.2202E-05

-0.2000

1.1606E-04

9.8663E-05

6.4774E-05

2.1217E-05

0.0000E+00 -1.1807E-05 -1.3636E-05 -1.1556E-05 -9.0645E-06

-0.0999

7.1287E-05

5.0039E-05

2.8824E-05

4.2862E-06

0.0000E+00 -1.9530E-06 -9.0946E-06 -1.0856E-05 -5.1526E-06

0.0000

0.0000E+00

0.0000E+00

0.0000E+00

0.0000E+00

0.0000E+00

0.0999

5.1526E-06

1.0856E-05

9.0946E-06

1.9530E-06

0.0000E+00 -4.2862E-06 -2.8824E-05 -5.0039E-05 -7.1287E-05

0.2000

9.0645E-06

1.1556E-05

1.3636E-05

1.1807E-05

0.0000E+00 -2.1217E-05 -6.4774E-05 -9.8663E-05 -1.1606E-04

0.3000

3.2202E-05

4.1706E-05

4.0580E-05

3.2789E-05

0.0000E+00 -3.9105E-05 -9.6289E-05 -1.3581E-04 -1.6013E-04

0.4001

6.8309E-05

8.5088E-05

7.6196E-05

4.5222E-05

0.0000E+00 -5.6064E-05 -1.3176E-04 -1.7975E-04 -1.9664E-04

′

0.0000

0.0873

0.0000E+00

0.0000E+00

0.0000E+00

0.0000E+00
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6. Results of Turning Motion Simulations and
Sea Trial of Underwater Vehicle
Based on hydrodynamic force and moment data from CFD, motion
simulations were performed. Combining Eqs. (3), (4), (8), and (9) and
removing high-order terms, 2-DOF equations of motion for the sway
and yaw were constructed as follows:
     
  ′′      ′′′  ′′      ′′′ ×   
 ′   ′′′   ′′





        
  ′′      ′′′  ′′      ′′′ ×   
    ′′′    ′′



(11)



The sway velocity (v) and yaw rate (r) in the body-fixed frame were
calculated by solving these equations. The surge velocity (u) was
considered as constant. The values in the body-fixed frame were then
transformed to the earth-fixed frame using Eq. (3), and the turning
radius and drift angle were obtained by deriving the trajectory and
attitude of the vehicle. The simulations were carried out using
MATLAB.
Three kinds of simulations were performed. In one of them, coupled
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performance, turning radius, drift angle, advance, and tactical
diameter. These are defined in Fig. 31. In the case of the sea trial, the
turning radius can be calculated with the yaw rate and overall speed (
   .), and the drift angle can be calculated with the difference
between the Euler angle and the flow’s incidence angle from the X
velocity and Y velocity in the earth-fixed frame. The advance and

tactical diameter are estimated with the Euler angle, X velocity, and Y
velocity in the earth-fixed frame.
The simulation and sea trial results of the turning motion are shown
in Table 8. These values are the average of the steady turning period of
the underwater vehicle for 3 minutes. The non-dimensional yaw rates
( ′   ) are 0.289–0.377, which is in the range of the CFD analysis
(0–0.4). When coupled terms are not included, the turning radius,
advance, and tactical diameter are smaller, and the drift angle is bigger
than the sea trial data.
When coupled terms between the yaw rate and drift angle
(   ′′′ and   ′′′ ) are included, the turning radius,
advance, and tactical diameter become bigger, and the drift angle
becomes smaller because additional force and moment opposite to the
rotational direction are produced by the interaction. When coupled
terms between the yaw rate and rudder angle (   ′′ and
  ′′ ) are included, the turning radius, advance, and tactical

translational acceleration and angular rate of the underwater vehicle,
and a guidance and control unit (GCU) calculated and recorded flight
data such as the velocity and Euler angles in the earth-fixed frame and

diameter become smaller, and the drift angle becomes bigger because
additional force and moment in the rotational direction are produced by
the interaction.
The additional force and moment from the coupled terms of the
simulation (Case C) are shown in Figs. 32–33. The simulation results
considering the coupled hydrodynamic force and moment terms agree
well with the sea trial results, and the interactions between the yaw rate
and drift/rudder angle affect the turning performance of the underwater
vehicle. In particular, the effects of the coupled terms for the yaw rate
and drift angle are critical. Based on the difference between the results
of the simulations and sea trial, it is estimated that the additional force
and moment terms due to the combination of the yaw rate and drift
angle are bigger in the real flow.
The non-dimensional yaw rate, drift angle, and overall speed are
shown in Figs. 34–36. The turning motion starts at 0 s, and the
underwater vehicle turns steadily for 3 minutes from 10 s to 190 s. Fig.

the yaw rate in the body-fixed frame. During the sea trial, the speed and
depth of the underwater vehicle were constantly controlled. Fig. 30
shows the scenario of the sea trial in this study.

37 shows the trajectory of the underwater vehicle. Because there are
some disturbances in the sea, the sea trial data have fluctuation, and the
trajectory is slightly biased relative to the simulation results.

hydrodynamic forces and moments are not applied (Case A). In another,
only coupled terms between the yaw rate and drift angle (   ′′′
and   ′′′ ) are applied (Case B). In the third one, all coupled terms
(   ′′′ ,   ′′′ ,   ′′ and   ′′ ) are applied
(Case C). The initial velocity is 4.15 m/s because this it makes it easy to
compare the results with sea trial data. The rudder angle was set to –20
degrees to turn with a positive yaw rate.
Next, we performed a sea trial with a vehicle that has the same
geometry as in the simulations. After level flight via way-points, the
underwater vehicle steadily turned for 3 minutes with a rudder angle of
–20 degrees. An inertial measurement unit (IMU) measured the

Through the simulation and sea trial, we can obtain the turning
Table 8 Turning performance of underwater vehicle by simulations and sea trial
Item
Simulations
(Case A)
Simulations
(Case B)
Simulations
(Case C)

Not including coupled terms
Including only   ′′′
and   ′′′
Including   ′′′ ,   ′′′ ,
  ′′ and   ′′
Sea trial

Turning radius
(m)

Drift angle
(deg)

Advance
(m)

Tactical diameter Non-dimensional
(m)
yaw rate

17.5

9.2

27.5

36.4

0.377

22.8

7.4

31.2

46.2

0.289

21.9

7.7

30.6

44.6

0.301

22.8

7.7

31.1

45.0

0.289
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200
100

해
해 Trial
해해
Sea
sim
Sim

0

y 축 거거(m)

-100
-200
-300
-400

Turning at-500
this point-600
-700
-800

Fig. 30 The scenario of the sea trial

Fig. 33 Additional force and moment due to interaction between
yaw rate and rudder angle in turning motion simulation
(Case C)

Fig. 31 Definition of turning radius, drift angle, advance and tactical
diameter in turning circle motion

sec

Fig. 34 Non-dimensional yaw rate of underwater vehicle during
turning motion
deg

sec

Fig. 35 Drift angle of underwater vehicle during turning motion
m/s

Fig. 32 Additional force and moment due to interaction between
yaw rate and drift angle in turning motion simulation
(Case C)

sec

Fig. 36 Overall speed of underwater vehicle during turning motion
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and Ocean Engineering, 12, 1–10. https://doi.org/10.1016/j.ijnaoe.
2019.04.008
Jeon, M.J., Yoon, H.K., Hwang, J.H., & Cho, H.J. (2018). Analysis

performance of the underwater vehicle more accurately.
In the future, we will research a transient and detailed analysis of the

of the Dynamic Characteristics for the Change of Design
Parameters of an Underwater Vehicle Using Sensitivity
Analysis. International Journal of Naval Architecture and

turning ability of the underwater vehicle by solving full 6-DOF
equations that include all hydrodynamic, hydrostatic, added mass, and
thrust terms. In addition, other types of maneuverability will be

Ocean Engineering, 10, 508–519. https:// doi.org/10.1016/
j.ijnaoe.2017.10.010
Jeong, J.H., Han, J.H., Ok, J.H., Kim, H.D., Kim, D.H., Shin, Y.K.,

analyzed, such as depth changing and course-changing ability.
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ABSTRACT: In order to perform a precise wave tank experiment, it is necessary to maintain the incident wave generated by the wavemaker in
a steady state and to effectively remove the reflected waves. In this paper, a combined sloping-wall-type punching plate wave absorber was
proposed to attenuate reflected waves effectively in a two-dimensional mini wave tank. Using the four-point reflection separation method, the
reflected waves were measured to determine the reflection coefficients. Experiments were conducted under various punching plate porosities,
sloping plate angles, and incident wave conditions to evaluate the performance of the combined punching plate wave absorber. The most
effective wave absorbing performance was achieved when the porosity was 10% and the inclination angle of the punching plate was 18.6° under
the present condition. It was also found that the installation of the sloping plate could improve the wave attenuation performance by generating
the shoaling effect of the incident wave.

1. Introduction

reflected waves using the least square method (Mansard and Funke,
1980) to determine the performance of the wave absorber. This

A two-dimensional (2D) wave tank generates water waves and has
been used as an experimental device to perform various hydrodynamic
analyses; for example, it is used to investigate the wave-wave and

method is to minimize the sum of squares of error between the
waveform obtained through an equation and the measured waveform.
This method usually uses three wave gauges to measure wave

wave-body interactions. However, such a wave tank generates
unnecessary reflected waves at the end wall of the tank owing to its
limited physical size. Therefore, it is crucial to install an efficient wave

elevations. However, in this study, we measured the incident waves
and the separated reflected waves by installing four wave gauges for
better accuracy.

absorber to continuously measure the waves generated by the wave
maker and maximize the observation range.
Jung and Cho (1999) confirmed that when used as a wave absorber,

The sections of the measured waves to be analyzed should be
selected appropriately to achieve an accurate separation between the
incident waves and reflected waves. The reflected waves were

a flat punching plate performs better than conventional wave
absorbers. Cho and Hong (2004) confirmed that the porosity of the
punching plate should be 10% and its sloping angle should be within

measured in the steady-state section until the incident waves were
reflected from the wave absorber at the end of the tank and then
reflected again from the wave maker and reached the same wave

10°–20° to achieve maximum wave absorption performance when an
inclined punching plate is used as a wave absorber.
In this paper, we proposed a combined wave absorber by

gauge. The measured waves were separated into incident waves and
reflected waves. In this study, we proposed a novel combined
punching plate wave absorber that combined a flat punching plate and

combining a flat punching plate and a sloping punching plate to
minimize the reflected waves in a 2D mini wave tank. Additionally,
an experimental study was conducted to evaluate the performance of

sloping punching plate. Additionally, we determined the wave
absorption performance, and porosity and slope conditions required
for the optimal wave absorption performance of the proposed

the proposed punching plate. We separated the incident waves and the

punching plate.
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2. Separation of Reflected Waves
In this study, we installed four wave gauges at appropriate intervals
in the wave tank to separate the incident and reflected waves. We used
the reflected wave separation method proposed by Goda and Suzuki
(1977) using the measured wave height data, referring to Suh et al.
(2001) and Park et al. (1992). When the frequency of the incident wave
is , the incident wave elevation   and the reflected wave elevation
  can be expressed using Eqs. (1) and (2), respectively.

Meanwhile, the measurement data error for separating the incident
and reflected waves can be expressed as the sum of the squares of
errors included in the measurement data, as shown in Eq. (5).










  



(5)






(6)

Here,  represents the number of wave gauges, and  represents the
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   cos     




(2)

   cos     


measured time. With error (  ), which is the sum of measurement
errors, if the differential value for  , a coefficient related to the wave
heights and phases of incident and reflected waves, becomes 0, the
error for each coefficient can be minimized. If four  –  were
calculated using this method, the height and phase of the incident and

Here,  and  denote the incident wave height and reflected wave
height, respectively,  and  denote the phase difference of the
incident wave and reflected wave, respectively, and  denotes the
wave number. The time series of waves measured at a particular
position by the superposition method of the incident and reflected
waves can be represented by Eq. (3):




   cos        cos        



reflected waves can be obtained. Eq. (7), which is a linear algebraic
matrix equation, can be composed using Eq. (6), which can minimize
the minimum/maximum of the error (  ):
       
    

 
    

       

(7)

(3)
where  expresses the right side of Eq. (4) as a trigonometric

where   refers to the measurement error for the non-linear
interference or noise of waves included in the wave height data
measured by the  measurement position (  wave gauge), and 
indicates the distance from the reference point to the  measurement
position.

function, and  denotes the wave measured at each wave gauge. This
equation is provided in detail in the appendix. By calculating Eq. (7),
the coefficient  can be obtained. Finally, Eqs. (8)–(11) were applied
to calculate the wave height and phase of the incident and reflected
waves.

  tan  
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Fig. 1 Distance between the wave maker and the first wave gauge
The reference point was set at a distance of 2 m (  ) from the wave
maker to the first wave gauge (Fig. 1). If Eq. (3) was organized using a
trigonometric theorem, it can be represented as Eq. (4), and the
equation for  is provided in the appendix.
   cos      cos   
  sin      sin      

(4)







3. Experimental Equipment and Description
3.1 Two-dimensional Wave Tank
In this experimental study, we used the 2D mini wave tank in Inha
University. The wave tank was 0.3 m wide, 6 m long, and 0.5 m deep.
As the bottom and sides of the tank were made of transparent acrylic
material, the waves could be observed from any direction (Fig. 2). The
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Fig. 2 Overview of Two-dimensional mini wave tank
piston-type wave maker was installed in this tank (not an activedamping wave maker). The experiment was conducted by excluding
the effect of reflected waves by measuring the wave before the

and the flat punching plate (Position A) was installed such that it was

generated wave was re-reflected by the wave maker. A 0.1 s period
interval was used in a 0.8–1.2 s range of the incident wave period, and
the wavelength was 0.98–1.86 m.

(  ), respectively. The spacing between each wave gauge was all set

Uniform regular waves were generated at a wave height of 0.5 cm, 1
cm, 2 cm, and 3 cm, respectively. Wave data were collected 20 times
per second using wave gauges. Fig. 3 shows the side view and plan
view of the overall schematics of the 2D mini wave tank with the
punching plates installed. Table 1 shows the experimental conditions
for wave length for each wave period.

In the side view shown in Fig. 3, the water depth (  ) was 0.35 m,
submerged 0.01 m (Gap) from the free surface. The ultrasonic wave
gauges were named as wave gauge #1 (  ), #2 (  ), #3 (  ), and #4
uniformly to 0.3 m, and the spacing (  ) between the wave maker and
wave gauge #1 (  ) was set to be 2 m considering the evanescent
wave mode. The length ( ) of the flat punching plate was 0.5 m, and in
Case 1, the length ( ) and angle (  ) of the sloping punching plate were
1 m and 18.6°, respectively. The experiment was conducted on three
conditions for the length ( ) and angle (  ) of the sloping punching
plate. In the plan view of Fig. 3, the width of the wave tank ( ) was 0.3
m, and in Case 1, the projected length ( ′ ) of the sloping punching

Table 1 Wave conditions

plate was 0.94 m. The signals measured by the ultrasonic wave gauges

Wave period

Wave length

were amplified using an amplifier (AMP) and sent to a data acquisition

0.8 s

0.977 m

device (DAQ). Then, the data were stored and analyzed on a computer.

0.9 s

1.201 m

1.0 s

1.425 m

1.1 s

1.645 m

1.2 s

1.861 m

Fig. 3 Overview of an experimental setup

3.2 Punching Plate Wave Absorber
The wave absorber was installed at the end of the mini wave tank by
combining a flat punching plate and a sloping punching plate. Fig. 4
shows a schematic diagram of the punching plates used in the wave
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Fig. 4 Conceptual drawing of a punching plate wave absorber

Fig. 5 Various porosities of flat punching plates

absorber. Holes of the same diameter (  ) and spacing ( ) were drilled

Table 3 Dimension of punching plates

onto the plates to maximize the wave absorption effect.  and  of all
punching plates were identical, and the number of pores (circles)
varied depending on the porosity of the punching plate. The punching

Porosity
(%)
0

Number of
circles
-

Diameter of hole
(  ) (mm)
-

5.22

11

30

10.44

22

30

15.65

33

30

20.87

44

30

0

-

-

4.74

20

30

plates were fabricated using an acrylic material having a thickness of
10 mm.
Fig. 5 shows the punching plate corresponding to the flat plate of the
combined wave absorber. The dimension of the flat punching plate
was 500 × 298 mm. In this study, porosity (  ) is given as a ratio of the
perforated area to the total area of the plate.
Fig. 6 shows the sloping punching plate with various porosities
having the dimension of 1000 × 298 mm, and Table 2 shows the
dimension of the flat and sloping punching plates. Each punching plate
was fabricated with a porosity of approximately 0%–20% (Table 3). In
this study, we conducted the experiment by changing the installation
angle and length (Table 2) at a porosity of 0% (  = 0) for the sloping
punching plate (b).

Flat
plate

Sloping
plate

9.49

40

30

14.23

60

30

18.98

80

30

3.3 Ultrasonic Wave Height Gauge
In this experiment, we used Senix TSPC-30S2 ultrasonic wave
gauges, whose picture and specifications are shown in Fig. 7 and Table
4. Each ultrasonic wave gauge was installed in the vertical direction on
the free surface. This device measures the height of the free surface by
measuring the time that the ultrasonic wave generated by the wave
gauge is reflected at the free surface. The wave gauges have a built-in
temperature compensation circuit because the propagation speed of
ultrasonic waves is slower in air than in water. Furthermore, the
change in speed of ultrasonic waves due to temperature change cannot
be ignored.

Fig. 6 Various porosities of sloping punching plate
Fig. 7 Ultrasonic wave height gauge (TSPC-30S2)
Table 2 Dimension of wave tank with a sloped wave absorber
Parameter
 (Flat plate length)
 (Sloping plate length)
′ (Sloping projection length)

 (Wave gauge interval)

 (Water depth)

Gap
 (Tank width)
 (Theta)

Condition
Case 1
Case 2
0.5 m
1 m
0.53 m
0.94 m
0.41 m
0.3 m
2 m
0.35 m
0.01 m
0.3 m
18.6°
39.3°

Table 4 Specifications of TSPC-30S2
Case 3
0.33 m
0 m

Measuring distance
Resolution
Sampling rate
Interface

4.4–61 cm (Max. 91 cm)
0.086 mm
20 Hz (50 ms)
RS-485

4. Results and Analysis of Reflected Wave
Separation Experiment
90°

Fig. 8 shows the time-series results comparing the change in the free
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surface when the wave absorber was installed and when it was not
installed. Here, a combined punching plate with an average porosity of
10% (  = 0.0980), which combined a flat punching plate with a

was installed, crest and trough values of the free surface elevations
were well maintained in a section of 2 cm, i.e., the incident wave
height. This meant that the incident wave was no longer reflected from

porosity of 10% (  = 0.1043) and a sloping punching plate with a
porosity of 10% (  = 0.0948), was installed as the wave absorber, and
the time series data measured by the third wave gauge were compared.

the wave absorber and most of the energy was dissipated, thereby
showing the wave absorption performance of the punching plate.
Based on these results, we compared the wave absorption

The wave period of the incident wave was 1.2 s and the wave height
was 2 cm. The free surface elevation measured between approximately
6 and 9 s after the generation of an incident wave confirmed that the

performance of the flat punching plate (Fig. 9) and combined punching
plate (Fig. 10) according to the porosity of the punching plate in terms
of the reflection coefficient. Here,  denotes the reflection coefficient,

steady-state was shown irrespective of whether the wave absorber was
installed or not. Therefore, it was determined that the reflected waves
did not enter the measurement section of the mini wave tank

 denotes the wave number, and  denotes the water depth. The

incident waves were generated at 0.1 s intervals with wave height of 2
cm and wave period of 0.8–1.2 s. The experiment was performed using

completely. However, after approximately 9 s, when the incident wave
was reflected from the end wall of the tank entered the measurement
section after being re-reflected by the wave maker plate, the free

punching plates with five porosities (  = 0–0.2087).
Fig. 9 shows that the reflection coefficient is similar for when a flat
punching plate with 0% porosity (  = 0) is installed and when no

surface elevation increased by approximately 100% in the case of no
wave absorber. On the other hand, when the combined punching plate

punching plate is installed. Furthermore, the reflection coefficient
generally increases from the short-wave to the long-wave. This shows
that although the flat punching plate (0% porosity,  = 0) has been
installed, the incident waves are not attenuated by the flat plate alone.
However, when the flat plate was porous, considerably superior wave
absorption performance was observed, and particularly, good wave
absorption performance was confirmed for long-waves. Furthermore,
it was confirmed that the deviation of the reflection coefficient
according to the wavelength was not very large. When the porosity of
the flat punching plate was approximately 5% (  = 0.0521), the
reflection coefficient was less than or equal to 0.3, but when the
porosity was approximately 10% (  = 0.1043), the reflection
coefficient was less than or equal to 0.1, i.e., it demonstrated the best
wave absorption performance. However, for a large porosity of 20%
(  = 0.2087), the reflection coefficient increased rather slightly in the

Fig. 8 Time series of measured wave elevations at the 3rd wave
gauge (  = 0.8 s,  = 2 cm)

Fig. 9 Comparison of reflection coefficients on various porosity
conditions with a flat punching plate wave absorber (  =
2 cm)

long-wave region (  = 1.2). In brief, when the porosity was 10% (  =
0.1043) on the flat punching plate, the mean reflection coefficient was
approximately 0.07, i.e., the best reflection coefficient.
Fig. 10 compares the reflection coefficient of different incident

Fig. 10 Comparison of reflection coefficients on various porosity
conditions with a combined punching plate wave absorber
(  = 2 cm)
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0.9

W/O Wave absorber
Angle 18.6°
Angle 39.3°
Angle 90°

0.8
0.7
0.6
0.5
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0.3
0.2
0.1
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1

1.2

1.4

1.6

1.8

2

2.2

2.4

kh

Fig. 11 Comparison of reflection coefficients on various plate
angles with a combined punching plate wave absorber
(  = 0,  = 2 cm)
wavelengths for the combined punching plate. The porosity was
identical between the flat plate and sloping plate in each condition.
The combined punching plate was inclined at 18.6°. Compared with
the flat punching plate case (Fig. 9), a significantly better wave
absorption performance was observed with a reflection coefficient of
approximately 0.1 for 0% porosity condition (  = 0). Based on this, it
was determined that the installation of the sloping plate results in a
shoaling effect of incident waves, and the wave energy decreases due
to the interaction with the flat plate. Similar to the case of the flat
punching plate, it was confirmed that the best wave absorption
performance (a low reflection coefficient) was observed for a porosity
of 10% (  = 0.0980) under the combined punching plate condition.
This shows that the optimal porosity was generally approximately
10% irrespective of the incident wavelength. Cho (2013) also obtained
similar results. Therefore, it can be expected that the energy loss rate
of the incident wave is the largest when the porosity of the punching
plate is 10%. As reported by Ko and Cho (2018), the load on the
punching plates is expected to decrease if the porosity increases. This
is because the pressure difference between the punching plates
decreases. Furthermore, for the combined punching plate, the effect of
installing the sloping punching plate is greater than the wave
absorption performance produced by the porosity change.
Fig. 11 shows the comparison of wave absorption performance
between various slope angles of the sloping plate of a combined wave
absorber with 0% porosity (  = 0). When the installation angle of the
sloping plate was 90°, the result was very similar to that of the case
where there was no wave absorber. Moreover, the reflection
coefficient increased in the short-wave region. When the angle of the
sloping plate was 39.3°, the reflection coefficient was approximately
0.3 to 0.4, showing a certain degree of wave absorption performance.
However, when the slope angle was 18.6°, the best wave absorption
performance was recorded. Therefore, for the given conditions of this
experiment (incident wave period: 0.8–1.2 s, water depth: 0.35 m), it

Fig. 12 Comparison of reflection coefficients on various wave
heights with a combined punching plate wave absorber
(  = 0.098, case 1)
was appropriate to maintain the angle of the sloping plate at
approximately 18.6° to achieve effective wave absorption
performance. Ko and Cho (2018) reported that the optimal angle for
the sloping punching plate ranged from 10°–20°. Therefore, we
determined the angle that can produce an appropriate shoaling effect
when an incident wave enters the punching plate area. In this
experiment, no breaking wave occurred on the sloping punching plate.
However, some breaking waves occurred on the flat punching plate
because the waves that entered the flat plate were reflected at the end
wall of the wave tank, resulting in superposed waves.
Fig. 12 shows the comparison of the change in wave absorption
performance of the combined punching plate at different incident wave
heights. The sloping plate was inclined at 18.6° and the porosity of the
combined punching plate was 10% (  = 0.098). When the incident
wave height was 0.5 cm, the reflection coefficient increased in all
wave frequencies. This is because the installation depth of the flat
punching plate was 1 cm below the free surface, so when the incident
wave height is small, the wave absorption effect of the flat punching
plate cannot be expected. When the wave height was greater than 1 cm,
the reflection coefficient was less than or equal to 0.1, which showed
significantly effective wave absorption performance. Generally,
similar wave absorption performance was shown irrespective of the
wave height. Furthermore, the reflection coefficient generally
increases as the incident wavelength increases (as  decreases). This
result is similar to the conclusion of a study conducted by Yuan et al.
(2013), which states that the reflection rate increases as the wave
frequency increases on a sloping punching plate.
Overall, combined punching plates have better wave absorption
performance than separated punching plates. As the flat plate is
combined with the sloping plate, the incident water particles with a
circular or elliptical trajectory produce a shoaling effect with the
sloping plate, thereby increasing the wave height. Here, as the water
particles near the free surface enter more above the flat plate, the wave
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energy is attenuated at the pores of the flat plate, and additional energy
is attenuated as the waves reflected from the end wall of the wave tank
are superposed, thereby breaking the waves. The energy of wave

for Advancement of Technology (KIAT) as a source of the “Industry
Professional Manpower Competency Reinforcement Project” of the
Ministry of Trade, Industry, and Energy. (2020 Future Ocean Plant

particles below the free surface is consumed at the pores of the sloping
plate. Therefore, it is understood that a significant amount of wave
energy is attenuated on the flat punching plate, and additional wave

Global Advanced Professional Training Project, No.: P0012646). In
addition, This research is supported by the National Research
Foundation of Korea, a basic research project in the field of science

energy is consumed by the sloping punching plate.

and engineering (NRF-2018R1D1A1B07040677).
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The variables of Eq. (4) in the paper are represented by Eqs. (A1)–


(A4).

   


   cos 


(A1)


   cos 

(A2)




   sin 

(A3)




   sin 

(A4)











   







 



















 cos   sin   

sin    



 

cos   sin   





   







 sin   sin   



sin    



(A5)

The coefficients in Eq. (6) are represented by Eqs. (A5) and (A6).
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ABSTRACT: In this study, a computational fluid dynamics (CFD) simulation based on an Eulerian-Eulerian approach was used to evaluate the
mixing performance of a mud agitator through the distribution of bulk particles. Firstly, the commercial CFD software Star-CCM+ was verified
by performing numerical simulations of single-phase water mixing problems in an agitator with various turbulence models, and the simulation
results were compared with an experiment. The standard model was selected as an appropriate turbulence model, and a grid convergence test
was performed. Then, a simulation of the liquid-solid multi-phase mixing in an agitator was simulated with different multi-phase interaction
models, and lift and drag models were selected. In the case of the lift model, the results were not significantly affected, but Syamlal and
O’Brien’s drag model showed more reasonable results with respect to the experiment. Finally, with the properly determined simulation
conditions, a multi-phase flow simulation of a mud agitator was performed to predict the mixing time and spatial distribution of solid particles.
The applicability of the CFD multi-phase simulation for the practical design of a mud agitator was confirmed.

1. Introduction

pre-mixed in a mud tank, and the homogeneous material properties are
maintained using the swirling motion of a mechanical impeller. The

Offshore drilling refers to a mechanical process of drilling mud to
extract petroleum or natural gas through a wellbore in the seabed. The
mud is a mixture of oil (or water) and bulk materials (barite, bentonite,

achievement of required material properties through the mud agitator
is essential to stabilize a drilling system. Thus, it is important to
analyze the multi-phase flow and system and guaranteeing safety.

polymer, etc.) and it has high viscosity. It can be used to remove
cuttings, provide hydrostatic pressure, and cool down or lubricate the
drill bit. There are many different types of facilities where offshore

There have been some experimental and numerical investigations
for the design of agitators, including fundamental experiments
regarding the change geometric shape of the impeller (Nagata et al.,

drilling operations take place, and the core system is a drilling system
that is mainly maintained by mud-handling and bulk-handling
systems.

1959), performance of agitation with various sizes of the impeller
(Nienow, 1997), and experiments in regard to change torque and
position of impellor with 45° pitched blades (Chang and Hur, 2000;

When a drilling operation is being performed, many physical and
chemical changes occur in the wellbore. In order to handle many
changes in the well conditions and maintain the drilling process, bulk

Choi et al., 2013). Experimental measurement was done using a laser
Doppler velocimeter (LDV), and numerical simulation was done for
the flow patterns in an agitator relating to its geometric shape and

additives are added to drilling mud through a mixing system.
Examples of additives include bentonite for increasing the density of
the drilling mud, barite for increasing the viscosity, polymer for

power of agitation (Kumaresan and Joshi, 2006). Unsteady numerical
simulation was done with a free surface in an agitator (Ahn et al.,
2006), and a solid-liquid multiphase simulation was done using a

chemical control, surfactants, etc. In this process, a mud agitator
performs the function of mixing both the mud and bulk, which are

granular flow model in the commercial software ANSYS-Fluent for
multiphase interaction (Darelius et al., 2008). Numerical simulations
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were done to predict the solid particle distribution in an agitator using
various baffle types (Kim et al., 2009) and various impeller speeds
(Wadnerkar et al., 2012), and a numerical simulation was done for

velocity vector,  is the pressure,  is the stress,  is the turbulent
stress,  is the gravity acceleration,  is the momentum transfer term

particle distribution in an agitator using the commercial software
STAR-CCM+ (Lo, 2012; Kubicki and Lo, 2012), etc..
In summary, many experimental investigations have been

subscript  indicates the type of fluid.
Components of multiphase interaction models composed of
momentum transfer and internal force terms on the RHS of Eq. (2)

performed to design an agitator and predict the solid particle
distribution in a stirred tank using an experiment, and it seems to be
difficult to predict the mixing performance and to conduct an

were modeled in the same manner as Kim et al. (2017) and
CD-Adapco (2014). In order to consider the momentum exchange at
the interface, the drag, lift, and turbulent diffusion forces for

experiment directly for high-viscosity fluids. As an alternative way,
computational fluid dynamics (CFD) simulations have also been
carried out for predicting the performance of an impeller and the

multiphase flow are introduced in the present study. For the drag force,
we used Gisdaspow’s model (Gidaspow, 1994) and Syamlal and
O'Brien’s model (Syamlal and O'Brien, 1989), which consider the

distribution of solid particles inside a mixing tank. However, for more
practical application of a mud agitator to some equipment in an
offshore plant, a multiphase simulation of solid-liquid flow should be

behavior of solid particles. In the case of Gisdaspow's model, the
linearized drag coefficient can be obtained by the following equation (3):

performed with high-viscosity mud inside the tank.
In the present study, the numerical simulation of swirling and
liquid-solid multiphase flow around a mechanical agitator system was
carried out to investigate the distribution of bulk particles in a system
using commercial CFD software, STAR CCM+ ver.8.04, based on an
Eulerian-Eulerian approach. First, for verifying the CFD tool, water
mixing problems for a model-scale agitator were simulated with
various turbulence models, and the results of the simulation for the
velocity components around the impeller were compared to those of
experiments performed by Guida et al. (2009) and Guida (2010). Next,
the liquid-solid multiphase flow in a mud agitator was simulated with
different multi-phase interaction models, and both the velocity profile
and solid concentration were compared with the experiments (Guida et
al., 2009) and another numerical simulation (Kubicki and Lo, 2012).
Finally, the liquid-solid multiphase flow in a mud agitator was
simulated under properly adopted simulation conditions. The
prediction of the mixing time and distribution of bulk particles in the
mud agitator are discussed.

2. Numerical Formulation and Conditions
2.1 Governing Equations and Numerical Modeling
The governing equations for an incompressible and viscous flow
involving multiple phases are the continuity and Reynolds-averaged
Navier-Stokes (RaNS) equations. To solve the liquid-solid multiphase
flow, governing equations were modified with the volume fraction of
each phase, and momentum transfer and internal force terms were
added to the right hand side (RHS) of the RaNS Eq. (2) as follows:

between the different phases,    is the internal forces, and the
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Here,  is the volume fraction for solid phase, which was obtained as
0.2 through an experiment.  is the viscosity of the liquid phase,  is
the density of liquid,  is the average diameter of particles,  is the
volume fraction for liquid, and  is the relative velocity between
adjacent phases. The drag coefficient  is corrected by a correlation
equation from Schiller and Naumann and is written as Eq. (4):
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where the Reynolds number for the dispersed phase can be expressed
in Eq. (5):
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Similarly, Syamlal and O'Brien's drag model is obtained from the
measured value of the terminal velocity in the bed where solid
particles are deposited and is calculated as Eq. (6):
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where  is the minimum fluidization velocity, and  is the drag
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where  is the volume fraction,  is the density,  is time,  is the

coefficient of the solid particle group, which is presented as Eq. (7):
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Here,   is the drag coefficient of a single solid particle and is given
in Eq. (8):
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(15)

where  is the solid pressure,  is the effective granular viscosity, 
is the isotropic tensor, and  is the bulk viscosity.
In the granular pressure model, the interactions between particles

where  is the Reynolds number of a single solid particle in Eq. (9),
and  is the ratio of the terminal velocity of the single particle in Eq.
(10) and the total particles:

are considered by dividing them into several cases. First, in the case of
the kinetic regime, the collision between particles is defined by the
distribution function  of Ding and Gidaspow (1990) if the particle
distribution is lower than the maximum distribution criterion as Eq.
(16):

  

 
  

(9)
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where  is the particle volume fraction, and m ax is the maximum



 


(11)

particle volume fraction.
The distribution function  is used to calculate the granular
temperature  , which determines the effective granular viscosity. The
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(12)

effective granular viscosity is composed of the collisional ( ) and
kinetic (  ) contributions (Gidaspow, 1994) as given in Eqs. (17)~(19):

where  is the viscosity coefficient of the solid phase, and  is the

    


density of the solid phase.
The lift acts in the direction perpendicular to the relative velocity
between solid and fluid particles and can be calculated as Eq. (13) by
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Auton’s formula (Auton, 1987):

(17)



(13)

      ×∇×

The formula of Schaeffer (1987) was used for the frictional regime,
where  is the velocity of fluid, and  is the lift coefficient. In the
case of the lift coefficient, the default value is set to 0.25, but in this
study, a value of 0.1 was used because it is suitable for small-sized
particles according to Ekambara et al. (2009).
Next, the turbulent diffusion force due to the interaction between
solid particles and fluid eddy is considered as shown in Eq. (14):
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where  and  are the turbulent Prandtl numbers of the solid and
fluid, respectively, and both are set to a value of 1. Additionally, 
and



represent the kinematic viscosity of the solid and fluid due to

turbulence, respectively. Inside the solid phase, a pressure force
between the solid phases acts when the distribution of the solid reaches
the maximum distribution. In order to consider the pressure of the
solid, in this study, the granular pressure model was used, as
represented by Eq. (15):

in which the distribution of solid particles is close to the maximum
distribution criterion. In this case, the solid pressure and effective
granular viscosity can be written as Eqs. (20)–(21). In this case,  is
given as 25° from Schaeffer (1987). In addition, the maximum
distribution criterion for rigid spherical solid particles is applied based
on the representative value of 0.624 obtained from an experiment.
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(21)

 ≤ 

 is the frictional solid pressure,  is the effective granular viscosity,
 is the angle of internal friction, and   is the second invariant of

deviator of is the strain rate tensor.
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2.2 Geometric Shape and Ggrid System
For the verification of the CFD tool, STAR-CCM+, firstly, the
single-phase swirling flow in an agitator was simulated and compared
with an experiment (Guida et al., 2009). The experiment was
conducted in a model-sized cylindrical tank with 4-plate baffles and a
45°-pitch 6-blade impeller, as illustrated in Fig. 1. The connection
between the hub and blades of the impeller was referenced from Guida
et al. (2009), as shown in Fig. 2. The detailed dimensions of geometric
shapes are summarized in Table 1. In the experiments, the rotation of
the impeller was set to 360 rpm. Salt water with a density of 1,150
kg/m3 and viscosity of 0.0045 Pa·s was used as the working fluid. The
Reynolds number was calculated based on the maximum diameter of
the impeller as about 106.
The grid system shown in Fig. 3 was generated almost automatically
by an algorithm in STAR-CCM+. For solving the rotary motion of the
impeller, a cylinder-like rotational region including both the impeller

Fig. 2 45°-pitch 6-blade impeller (from Guida et al., 2009)
Table 1 Details of pitched-blade agitator
Type
Vessel

Impeller

Shaft
Hub
Baffles
Fig. 1 3D configuration of pitched-blade agitator

Height

288

Diameter

288

Diameter

144

Height

28

Clearance

72

Thickness

3

Diameter

16

Diameter

28

Height

30

Width

29

Thickness

5

(b) Vertical section

(a) Overall view
Fig. 3 Grid system used

Value (mm)

(c) Horizontal section
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and its shaft was designated using polyhedral meshes with a prism
layer that has a minimum size of y+≈30. The total number of grid
elements used was about 1.8 million for the turbulence model test, and

with a radius of 0.072 m and then gradually decreases. However, it was
found that the tendency of the velocity profile is slightly different
between the simulation results depending on turbulence models

5 grid systems in the range of about 800,000–4,800,000 elements were
used for the grid convergence test.

employed in the simulation. It seems that all of the turbulence models
cannot predict accurately the peak value of a tangential velocity.
In the vector field shown in Fig. 7, it can be seen that the SKE model

2.3 Boundary Conditions
The boundary conditions for the simulation are defined in Fig. 4. A
symmetry boundary condition was adopted at the top of the tank,

forms stronger vortices around the wall where the vertical baffles are
attached. However, the KW model represents the small and large-scale
of eddies in complicated manner in the lower part around the impeller.

assuming that the free-surface motion does not significantly affect the
entire flow field. Other wall boundaries including the impeller were
given no-slip wall conditions. The rotary motion of the impeller was

In the case of the real RKE model, the influence of vortices is
somewhat scattered and weakened near the wall, which seems to lead
to a decrease in axial velocity, as shown in Fig. 6. In the case of the

applied by introducing a rigid body motion (RBM) model that directly
rotates the rotational region inside the grid system. The time step in the
simulation was set to 0.001 s in consideration of the rpm of the

KW model, small vortices around blades make different patterns of the
tangential velocity compared with the experiment.
Next, numerical tests for the Reynolds stress model (RSM) and large

impeller.

eddy simulation (LES) were performed. In this study, the linear
pressure strain and Smatorinsky models were used as sub-models of
RSM and LES, respectively. The RSM is a higher-level turbulence
model, and LES can resolve an ample range of both time- and
length-scale eddies. In the LES, about 4.8 million grid elements were
used. In Fig. 8, it seems that the results of the axial component from
the RSM and LES models look more similar to the experiment at the
peak value than the SKE, but the trend of the distribution after the
blade ends shows a difference from the experiment.
On the other hand, in the tangential component, especially in the case
of the RSM and LES, there are more severe fluctuations toward the wall
after the blade end. As shown in the velocity vector field in Fig. 9, it can

Fig. 4 Boundary conditions for agitator

3. Simulation Results
3.1 Verification of Single-phase Swirling Flow Around Agitator
Numerical simulations for single-phase water mixing in an agitator
were performed with various turbulence models to verify the
applicability of the commercial software STAR-CCM+. The software
can cope with the turbulent swirling flow generated by the agitator
inside a cylindrical tank. The simulation results regarding the velocity
components around the impeller were compared to experiments
(Guida et al., 2009; Guida, 2010). In the present simulation, as shown
in Fig. 5, the time-averaged velocity components were measured along

be considered that the generation and development of more vigorous
vortices in the case of RSM and LES are due to the fluctuations in the
velocity distribution. As a result, both the RSM and LES models will
likely require more test cases for the complemented grid system and
solution setup to determine the suitability for agitation simulation.
Therefore, we used the SKE, which can capture the overall average
behavior of the flow field and has a relatively fast computation time.
Finally, a grid convergence test was performed using SKE and five
grid sizes of 0.8–4.8 million. The results of the axial velocity profile
from a center position between the hub and tank bottom are shown in
Fig. 10. Except for slight differences in the vicinity of the wall baffles,
it seems to show a tendency to converge overall.

the probe line just below the impeller after the flow field reached
quasi-steady state.
First, turbulence models based on 2-equation models were tested:
the standard   (SKE), realizable   (RKE), and   models
(KW) models. The initial conditions for turbulence in the flow field for
all subsequent cases were turbulence intensity (TI) = 0.01 and
turbulent viscosity ratio (TVR) = 10. Fig. 6 shows the time-averaged
profiles of the simulated axial and tangential velocities compared to
the experiments. Similarly, in both the simulation and experiment, the
magnitude of the velocity tends to increase toward the end of the blade

Fig. 5 Definition of probe line located below the impeller
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(a) Axial velocity

(b) Tangential velocity

Fig. 6 Comparison of velocity profiles in case with 2-equation turbulence models for single-phase agitator

(a) Standard  

(b) Realizable  

(c) Standard  

Fig. 7 Instantaneous velocity vectors in case with 2-equation turbulence models for single-phase agitator

(a) Axial velocity

(b) Tangential velocity

Fig. 8 Comparison of velocity profiles with higher level turbulence models for single-phase agitator

(a) Standard  

(b) Reynolds stress model

Fig. 9 Instantaneous velocity vectors with higher-level turbulence models for single-phase agitator

(c) Large eddy simulation
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to a density of 1,150 kg/m3 by adding NaCl. Spherical glass beads (d =
2.85–3.30 mm) with a density of 2,485 kg/m3 were used as the solid.
Initially, solid particles are evenly distributed in the space and mostly
settle down from their own weight for 3 seconds. After 3 seconds, a
swirling flow is generated by the rotational motion of the impeller in
the agitator, and then the particles slowly start to suspend.
Fig. 11 shows the concentration distribution of the particles at the
time when the mixed flow reaches steady state. Here, the concentration
of particles refers to the volume fraction of the solid phase in a cell. A
stagnation zone with a concentration higher than the average is
observed below the hub and bottom corner of the wall baffles, where
the flow rate is relatively low.

Fig. 10 Numerical results of grid convergence tests
3.2 Verification of Liquid-solid Multi-phase Flow Around Agitator
The mixing problem of liquid-solid multi-phase flow was set in the
same manner as the experimental conditions of Guida et al (2009). The
flat-base cylindrical vessel has a diameter of T = 288 mm and 4 wall
baffles. The inner 6-blade 45°-pitch impeller has a diameter of 0.5T
and rotates at 360 rpm. The liquid was a suspension of water adjusted

(a) Vertical section

In order to find the optimal combination of liquid-solid interaction
model, a multi-phase flow simulation was performed to decide
whether or not to use a lift model and two different drag models (Eqs.
(3) and (6)). The plane-averaged concentration according to the height
was compared with the experiment by Guida et al. (2009) and the CFD
simulation by Kubicki and Lo (2012). The numerical simulation by
Kubicki and Lo (2012) was performed in steady state using the same
CFD software (STAR-CCM+) as in this study, and the SKE turbulence
model was applied. The modeling of the drag force and turbulent
dispersion force for interfacial forces is the same as in this study, but

(b) Horizontal section

Fig. 11 Concentration distribution of particles at multi-phase agitator

Fig. 12 Concentration with and without lift model

Fig. 13 Concentration with different drag mode
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(a) Velocity: liquid phase

(b) Velocity: solid phase

Fig. 14 Liquid and solid velocity profile for multi-phase agitator
for the solid pressure force, an exponential function was used instead
of the granular pressure model used in this study.
Simulation results for the interaction model tests are shown in Figs.
12–13. The results show that the lift model has less effect on the
concentration distribution, whereas for the drag model, the
concentration distribution with Syamlal and O'Brien's drag model
becomes closer to the experiment. This suggests that the drag
coefficient calculated directly from flow field of the Syamlal-O’Brien
drag model is more suitable for the prediction of concentration. In
addition, the simulation results obtained in this study show that the
concentration distribution is more similar to that of the experiment
compared to the other CFD simulation, especially in the lower part
(Kubicki and Lo, 2012).
Finally, based on the Syamlal-O’Brien drag model, the three
velocity components of each phase for the liquid and solid were
compared with those from the experiments and other CFD simulations,
as shown in Fig. 14. The overall trend of the velocity profiles shows
that the simulation results and experiments are similar to each other.
However, the tangential velocities for both liquid and solid phase have
better agreement with the experiment than the other CFD simulation
results. From these validation results, the Syamlal-O’Brien drag model
was employed to simulate the multi-phase flow of a mud agitator in the
next step.

Fig. 15 3D view of modeled mud agitator and operating conditions
Table 2 Detailed dimensions of mud agitator and impeller
Variable
Vessel

3.3 Multi-phase Flow Simulation Around Mud Agitator
The mud agitator for the CFD simulation is a cube-shaped tank with
a side length of 4 m. It contains a double-bladed impeller, which was
modeled as shown in Fig. 15. The detailed dimensions of the mud
agitator, including the inner 4-blade 45°-pitch impeller, are
summarized in Table 2. The boundary conditions and grid system are
almost the same as in the previous simulations, and about one million

Impeller

4.00

Width (m)

4.00

Diameter (m)

1.20

Height (m)

0.085

Thickness (m)

0.005

Clearance (m)

1.837 and 0.655 (from flat-base)

Revolution (rpm)
Shaft

Value

Height (m)

Diameter (m)

60
0.12
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Fig. 16 Location of 3 probes for measuring concentration in mud
tank
grid points were used. To account for the multi-phase mixing between
the liquid mud and bulk (barite) in the mud tank, the liquid mud is

Fig. 18 Time history of concentration for solid-phase at 3 probes

4. Conclusions

assumed to be Newtonian fluid that has constant material properties.
The detailed properties for each of the liquid and solid phases are
specified in Fig. 15. To check the mixing process of the mud agitator,

In this study, the mixing performance of a mud agitator for offshore

the concentration inside the mud tank was measured through probes
located at three different heights, as shown in Fig. 16.
During actual operation, the role of the mud agitator is to maintain

drilling was evaluated through a CFD simulation based on an
Eulerian-Eulerian approach. For verification of the CFD tool, the
velocity distribution for the vortical flow of single-phase water

uniform density and viscosity of the pre-mixed mud. In this
simulation, however, it is initially set to have a discontinuous
concentration distribution as the initial distribution, as shown in in Fig.

generated by an impeller inside a model-scale tank was compared with
an experiment (Guida et al., 2009; Guida, 2010). Moreover, after
alternately employing various turbulence models (STE, RKE, KW,

16 (0 s). The average concentrations of the solid-phase at the higher
and lower parts of the tank are 3.75% and 1.25%, respectively. As time
goes by, as shown in Fig. 17, the concentration distribution of the solid

RSM, and LES), the SKE showed more valid results with respect to the
experiment and faster in computation. Thus, it was selected through
comparison of the average velocity distribution during the mixing

phase in the space gradually becomes homogeneous and seems to be
almost mixed after 100 s. In Fig. 18, it can be observed quantitatively
that the time history of the concentration measured at 3 places

process.
Subsequently, a comparison of the multiphase interaction models
was performed in the mixing problem for the liquid-solid multiphase

converges to a constant value of about 2.5% after 100 s, and the mud
becomes well mixed. The total torque acting on the two impellers after
thoroughly mixing was calculated to be about 532 N·m, which can be

flow. As a result, it was found that the Syamlal-O'Brien drag model,
which directly calculates the drag coefficient, has better agreement
with the experiment (Guida et al., 2009) than other CFD results

seen to consume about 26.7% more power compared to mixing
single-phase water.

(Kubicki and Lo, 2012) in the concentration distribution and velocity
file during the mixing process. Using the verified simulation

Fig. 17 Time-sequential distribution of concentration for solid-phase in mud tank
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conditions, a liquid-solid multiphase flow simulation was then
performed. In the simulation, it was observed that the solid
concentration uniformly converged and mixed well in all places
measured

(2009). Positron Emission Particle Tracking in a Mechanically
Agitated Solid-Liquid Suspension of Coarse Particles. Chemical
Engineering Research and Design, 87(4), 421–429. https://doi.
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ABSTRACT: The paper deals with comparative study of various surrogate models based approximate optimization in the structural design of
the passive type deck support frame under design load conditions. The passive type deck support frame was devised to facilitate both
transportation and installation of 20,000 ton class topside. Structural analysis was performed using the finite element method to evaluate the
strength performance of the passive type deck support frame in its initial design stage. In the structural analysis, the strength performances
were evaluated for various design load conditions. The optimum design problem based on surrogate model was formulated such that thickness
sizing variables of main structure members were determined by minimizing the weight of the passive type deck support frame subject to the
strength performance constraints. The surrogate models used in the approximate optimization were response surface method, Kriging model, and
Chebyshev orthogonal polynomials. In the context of numerical performances, the solution results from approximate optimization were compared
to actual non-approximate optimization. The response surface method among the surrogate models used in the approximate optimization showed
the most appropriate optimum design results for the structure design of the passive type deck support frame.

1. Introduction

Studies that investigate the optimum design for offshore structures
or related equipment have been conducted in a limited scope hitherto.

The importance of developing float-over installation technology and
additional-structure designing technology for the safe installation of
topside has increased in recent years owing to the increase in the size

Song et al. (2011) conducted a reliability-based design optimization
using a constraint-feasible moving least-squares method, which is a
conservative approximation model, to minimize the design risk of

and weight of offshore plants. Float-over installation is one of marine
construction methods used to load a completely constructed topside
weighing tens of thousands of tons on an installation ship at a quay

floating production storage and offloading (FPSO) riser support. Jung
et al. (2009) investigated the impact load that can occur on a topside
and an offshore structure’s platform during float-over installation.

wall or pier, and then safely transport and install it on an offshore
platform, to which the topside will be connected. Among the
additional structures applied in the float-over installation method, a

Park et al. (2019) used design of experiments (DOE) to devise an
optimum design method that can solve the resonance problem of radar
mast occurring from the conventional operating area of the main

deck support frame (DSF), which can safely support a heavy topside,
should be designed by applying classification rules considering actual
operating conditions. For a DSF developed in a new format, weight-

engine of a large ship. Park et al. (2011) conducted an optimum design
using an evolution algorithm to minimize the design weight of support
while satisfying the strength constraints provided in pipeline design

reduction design is crucial for ensuring the buoyancy and motion
performance of offshore installation ships to which the DSF is applied,
as well as for ensuring the safety of the structural design. This requires

regulations for FPSO flare systems. Ji et al. (2015) used a genetic
algorithm to develop an optimal arrangement design that can satisfy
the stress and dynamic characteristics of resilient mounts installed for

a design optimization that can satisfy the structural design safety of
DSFs and secure a minimal weight simultaneously.

vessels.
In this study, structural analysis was performed using finite element
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method (FEM) to review the initial design of structural safety of
passive type DSF, and an approximate optimization was performed
using various surrogate models to obtain the most efficient optimum
design results for the structural design of passive-type DSFs. Because
newly developed offshore plant equipment such as passive-type DSF
lack design information or validation data, surrogate-model-based
approximate optimization results may not satisfy the constraint
feasibility based on the characteristics of design problems. Therefore,
it must be reviewed using various surrogate models. The approximate
optimization method is often applied to multidisciplinary optimization
and stochastic optimization, which require involved numerical
calculations. If an appropriate surrogate model is selected based on a

(a) ISO view

deterministic approximate optimization, then the efficiency of
performing deterministic optimization such as reliability-based
optimization can be increased. To evaluate the structural safety for the
initial design of passive-type DSFs, design load conditions reflecting
the classification rules were selected, and a three-dimensional (3D)
structural analysis model was created using FEM to evaluate the
strength performance for each design load condition. The optimum
design problem was formulated to determine the thickness dimension
variables of primary structural members that can minimize the total
structure weight while satisfying all constraints of strength
performance for each design load condition. For an approximate
optimization, three surrogate models, i.e., the response surface method
(RSM), Chebyshev orthogonal polynomials (COP), and Kriging model
were applied to investigate the optimization design results, and the
optimization results were compared based on the surrogate model
characteristics. The results of approximate optimization methods by
surrogate model characteristics were compared with the results of
actual non-approximate optimization. Moreover, considering the
optimum design characteristics and numerical calculation cost, the
study was conducted to identify the most appropriate approximate
optimization method for the structural design of passive-type DSFs.
Among the surrogate models applied in this study, the approximate
optimization method based on the RSM yielded the most efficient
optimum design results for the structural design. Herein, Section 2
presents an FEM-based strength performance evaluation for each
design load condition with respect to the initial structural design of
passive-type DSFs. Section 3 provides a brief review of the surrogate
model theory and summarizes the results of approximate optimization
based on approximate model characteristics. Finally, the conclusions
are presented.

2. Safety Evaluation of Initial Design Structure
A DSF is an offshore equipment mounted on a deck transportation
vessel (DTV) for offshore plant installation to transport and install a
constructed topside. It can be classified into truss-type, independentstructure-type, and beam-structure-type DSFs. As shown in Fig. 1, the
passive-type DSF considered in this study was developed to transport
and install a 20,000-ton class topside; it was designed to accommodate

(b) Front view
Fig. 1 Topside mating procedure via float-over installation with
passive type DSF
a deck support unit (DSU) to finely adjust the height during topside
installation at the center of the DSF. In the float-over method, the
topside is loaded onto the passive-type DSF connected to the center of
gravity of the DTV. Hence, the topside was connected to the offshore
platform, which was installed in advance at the offshore field, as
shown in Fig. 1(a). As illustrated in Fig. 1(b), the passive-type DSF
was equipped with a DSU at the center, and it was designed to be 14 m
wide and 6 m high. Furthermore, a 40-m-wide grillage was mounted
on the DTV to prevent excessive strain on the DTV deck caused by the
heavy topside, whereas the passive-type of DSF was installed on the
upper side of the grillage.
To evaluate the structural safety in the initial design of the DSF, the
design load conditions were first determined by applying the
classification rules pertaining to the actual operating conditions. For
the performance evaluation of the structural design, a 3D structural
analysis model was created, and the design load conditions were
applied to the structural analysis model to yield structural analysis
results. Subsequently, the maximum stress was analyzed at each
design load condition.
2.1 Design Load Cases
The design load cases for the structural performance evaluation of
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Table 1 Design load case for structure analysis of passive type DSF
Operation
condition

Design load
case
LC1 - weighing

Load-out

LC2 - initial
LC3 - skidding

Transportation

LC4 - transport

Reference to rule
& guidance
- Guidelines for load-outs
- Load transfer operations
- Guidelines for marine
transportations
- Offshore installation
operations

(a) LC1 – weighing

the passive-type DSF comprised four cases, as shown in Table 1.
These cases reflect the classification rules pertaining to the offshore
installation operation (DNV-GL, 2012; DNV-GL; 2013, GL, 2015a;
GL, 2015b). As shown in Table 1, the design load cases comprised
operation conditions for load-out and transportation, separately: the
cases for load-out included weighing (LC1), initial (LC2), and
skidding (LC3) cases, which reflected the operation conditions of
loading a completely constructed topside on the passive-type DSF and
shifting it to the DTV; the cases for transportation comprised the
transport (LC4) case, which was for shifting the DTV, on which the
topside and passive-type DSF were loaded, to the offshore platform. In

(b) LC2 – initial

the case of LC1, the topside weighing beam part was fastened, and the
weighing load of the topside was applied to verify whether a heavy
topside can be safely loaded onto the passive-type DSF. In LC2, the
topside was connected to the passive-type DSF while considering the
center of gravity of the topside after completing the weighing review
prior to the load-out operation. In LC3, the topside-connected

(c) LC3 – static skidding

passive-type DSF was shifted to the DTV. In LC4, the topsideconnected passive-type DSF was loaded, fastened, and transported to
the grillage of the DTV.
The design load cases shown in Table 1 were used as load
conditions for FEM-based structural analysis, and Fig. 2 shows the
load and boundary conditions applied to the passive-type DSF in
detail.
As shown in Table 1 and Fig. 2, for the load and boundary
conditions of LC1, the weight of the topside was converted into a load
and then applied in the gravity direction from the center of gravity, and
the degree of freedom in the lateral direction on the fastened part of the
topside weighing beam was constrained and considered. For the load
and boundary conditions of LC2, the load of the topside weight was
applied in the gravity direction from the center of gravity, and the
degree of freedom in the lateral direction on the surface of lower part

(d) LC4 – transport
Fig. 2 Load and boundary conditions for structure analysis of DSF
          

(1)

where

of the passive-type DSF was constrained and considered. For the load
conditions of LC3, the weights of the topside and load-out equipment
were applied in the gravity direction from the center of gravity, and the

   : static upper bound design friction coefficient (0.3)

hydraulic operating force of a strand jack was applied in the load-out
direction. Furthermore, as shown in the following equation specified
in the classification rules, a static skidding force (  ) was applied in

 : inertial load or environmental load occurring during break-out

the opposite direction of the load-out direction (DNV-GL, 2012; GL,
2015a).

: topside weight
 : loadout equipment weight

For the boundary conditions of LC3, the degree of freedom in the
lateral direction on the surface of the lower part of the passive-type
DSF was constrained and considered. For the load conditions of LC4,
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the load of the topside weight was applied in the gravity direction from
the center of gravity, and the motion acceleration for each direction
calculated through the motion analysis of DTV (Kim et al., 2017) was

was used for the tube-shaped member, whereas the SM490YB material
was used for the other members. The properties of these materials are
summarized in Table 2.

considered and applied as an inertia load. In the boundary conditions
of LC4, a contact condition was applied to the part where the passivetype DSF and the grillage coincided to consider the condition of the

Based on the 85% yield strength of the classification rules, the
estimated allowable stresses were 301.75 and 318.75 MPa for the
SM490YB and API-5L-X52 materials, respectively. The structure

passive-type DSF loaded onto the DTV. In addition, eight steel tension
wires that fastened the passive-type DSF on the DTV deck were
idealized as 1-D rigid link elements, and the degree of freedom in the

Table 2 Material properties

lateral direction was constrained. As for the allowable stress in the
structural performance evaluation, the working stress design method
(DNV-GL, 2015) used in offshore structure designs was applied,
where 85% of the material yield strength was considered.
2.2 Structure Analysis Results
FEM-based structure analysis was performed to evaluate the
structural performance of the passive-type DSF designed for the
installation of a 20,000-ton class topside on an offshore platform using

Material property

SM490YB

API-5L-X52

Elastic modulus (N/mm )

206,000

208,000

Poisson’s ratio

0.3

0.3

Density (N-s /mm )

7.85E-9

7.85E-9

Yield strength (MPa)

355

375

2

2

4

Table 3 Structure analysis results of passive type DSF
Design load case

Max. stress (MPa)
SM490YB

API5LX52

Structure
safety

the float-over method. The geometry used in the FEM modeling for the
structure analysis is shown in Fig. 3
As shown in Fig. 3, the structure analysis model of the passive-type

LC1

244.023

0.952

OK

LC2

194.926

120.139

OK

LC3

297.313

189.624

OK

DSF was created using 717,452 elements and 654,452 nodes,
including the DSF and the grillage based on the LC4 case provided in
Fig. 2. In addition, shell elements were applied for the primary

LC4

153.521

103.403

OK

structural members; meanwhile, the steel tension wires for fastening
and the load-applied part were modeled using a rigid link. Among the
structural members of the passive-type DSF, the API-5L-X52 material

(a) Structure member of SM490YB

(a) Overall view

(b) Detail view
Fig. 3 FEM model of passive type DSF

(b) Tube member of API-5L-X52
Fig. 4 Stress contour results of LC3
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analysis was performed using ABAQUS/Implicit (Simulia, 2018), a
general-purpose finite element analysis software. The results from the
structure analysis are summarized in Table 3 based on the von-Mises

regressive method of polynomial form or an interpolative method that
considers the design area based on a stochastic method. In this study, an
approximate optimization was performed using three surrogate models,

stress.
As shown in Table 3, the maximum stress of the passive-type DSF
satisfies the allowable stress of the classification rules for all design

i.e., the regressive methods of RSM and COP, and the interpolative
method of Kriging. In this subsection, the three surrogate models are
briefly described.

load conditions. Furthermore, the structural member of the SM490YB
material indicated a higher stress level than the structural member of
the API-5L-X52 material. In the case of LC3, the maximum stress

The RSM is expressed as a regression model of quadratic
polynomial form using the least-squares method.

level of the passive-type DSF was 297.3 MPa, which was similar to the
limit of the allowable stress, indicating that this design load case
requires precaution during design. Fig. 4 shows the stress distribution



   



   



 


 







     


(1)

  

of LC3 as a representative case.
In the conditions for LC3, as shown in Fig. 4, the maximum stress of
the passive-type DSF occurred at the internal connecting member of

If an actual response vector  and a matrix  of  basic variables are
provided from the experimental points calculated using DOE, then the
relationship between  and  can be expressed as follow (Song and

the lower part among the structural members of SM490YB material.
Meanwhile, the structural member of API-5L-X52 material shows that
the maximum stress occurred at the tube member connected to the

Lee, 2010):

position where the maximum stress occurred in the structural member
of SM490YB material. Therefore, the weight must be minimized while
the design load conditions of LC3 satisfied for structure optimization
to achieve the minimum weight design of passive-type DSFs.

3. Approximate Optimization Design of
Passive-Type DSF
Surrogate model-based approximate optimization methods were
used in this study to derive efficient and optimal weight-reducing
design approaches for the structural design of passive-type DSFs.
Three surrogate models were used for the approximate optimization:

(2)

    

If a least-squares function is applied to calculate the RSM’s
approximation coefficient of vector  after minimizing the random
error vector  , and the approximation coefficient of the surrogate
model is applied, then the regression surrogate model can be obtained.
The Kriging surrogate model is expressed as the sum of a global
model exhibiting the global characteristics of the actual design space
function to be approximated, and the local model corresponding to the
deviation between the actual function and the global model, as follows
(Cho et al., 2009):

      

(3)

the RSM, Kriging, and COP. The formulation for the optimum design
problem was configured to determine the optimal thickness of the
primary structural members to minimize the structure weight, while

where

satisfying all the constraints of strength performance below the
allowable maximum yield strength for each design load condition. The
approximate optimization results were analyzed based on the surrogate

a design variable ∈ .   is assumed to be an independent
normal distribution, and the response vector obtained from 

model characteristics. Subsequently, by comparing them with the
results of actual non-approximate optimization, the most appropriate
approximate optimization method for the minimal-weight structural
design of passive-type DSFs was identified. For the non-approximate
optimization, we used sequential approximate optimization (SAO),
which is used for typical constraint optimization problems (Haftka and

      ⋯   

is

a

coefficient

vector,

and



      ⋯    is a global model vector defined by


experimental points is defined as follows:
       ⋯    



(4)

  is defined as Gauss function, i.e., a correlation function. It can

be expressed as a spatial correlation of design data, as follows:

Gürdal, 1991).


3.1 Surrogate Model Theory
Surrogate models used for approximate optimization were developed
to predict the response characteristics of a constraint function and the
response characteristics of an objective function with minimal errors
within a specified design scope. Furthermore, they are applied during
optimization analysis to improve the convergence and numerical
calculation speed. Surrogate models are generally developed using a

     exp








      






 

(5)

where  ∈ , and the correlation matrix is a positive definite
matrix with a diagonal element of 1. The correlation coefficient  can
be calculated stochastically as the most likely correlation coefficient
using maximum likelihood estimation, which maximizes the
likelihood function.
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The COP surrogate model for a quadratic polynomial regression
model is defined as follows using Chebyshev orthogonal polynomial
  (Baek et al., 2011).

          


  
             ⋯




(6)


          
     


                 
               ⋯

 is the mean of the design variable,  the number of levels, and
where 
 the level interval coefficient; the degree  must be smaller than the

number of levels , and the maximum degree of each design variable
becomes   .  is an approximate coefficient, which is defined by the
as follows:
(7)
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 ≤ 
 ≤ 
 ≤ 
 ≤ 
 ≤ 
 ≤ 
 ≤ 
 ≤ 

      
 
     



                   

(8)

Subject to

where

  


Minimize

   

     ⋯ 
  

  





3.2 Formulation of Approximate Optimization Design
Fig. 5 shows the design variables and their range for the structural
design optimization of the passive-type DSF considered in this study.
In the design variables, the upper and lower limits were applied to
nine primary structural members of different thicknesses within ±
20% of the initial design thickness, as shown in Fig. 5, and they were
set considering the range that facilitated actual fabrication and
production. The formulation for an optimum design was defined as
follows to minimize the weight under the constraints of strength
performance:






  stress ≤  MPa
  stress ≤  MPa
  stress ≤  MPa
  stress ≤  MPa

≤  mm
≤  mm
≤  mm
≤  mm
≤  mm
≤  mm
≤  mm
≤  mm
≤  mm

The upper limit applied to the non-equivalence constraints of Eq. (8)
was the design performance reference value for ensuring the structural
safety of the passive-type DSF; it was set to less than or equal to
301.75 MPa, i.e., the allowable material yield strength of SM490YB
material. Because the maximum stress from the LC3 conditions
calculated from the initial values of the design variables (shown in
Table 3) was similar to the upper limit of the design, a weightminimizing design method that satisfies the LC3 conditions must be
identified when designing a passive DSF.
3.3 Approximate Optimization Process
The following approximate optimization was performed to compare
approximate optimization methods based on the surrogate model
characteristics for the structural design of passive-type DSFs.
(1) In the DOE for creating a surrogate model, an orthogonal array
design (Park, 2012) was used to construct the experimental matrix, and
a structure analysis using the FEM was performed to generate
experimental data for surrogate modeling.
(2) Experimental data based on a structure analysis using the FEM
were used to create surrogate models of RSM, Kriging, and COP for
the objective function and constraint functions of Eq. (8).
(3) The optimal solution was obtained by applying the SAO method
using each surrogate model.
(4) A structure analysis using the FEM was performed for the
converged optimal solution to validate the feasibility of the constraint
function of each approximate optimal solution.
(5) Actual non-approximate optimization based on a structure
analysis using the FEM was performed, and the approximate optimum
design characteristics and numerical calculation costs were compared.
In the orthogonal array design used in the DOE of clause (1), a
three-level experimental matrix was applied, and the experimental
matrix was constructed for 243 times considering the lower, initial,

Fig. 5 Design variables and their range for passive type DSF

and upper limits of the design variables shown in Fig. 5. The SAO used
in the approximate optimization using the surrogate model of clause
(3) is a method of determining whether to perform repetitive
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optimization calculation through a sequential determination of the
convergence of the optimal solution. This method involves a move
limit strategy, which prevents excessive approximation by
determining the moving distance (Haftka and Gürdal, 1991). The
surrogate model of the RSM developed for the design of the
passive-type DSF is expressed as follows:
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Table 4 Correlation coefficient of Kriging surrogate model
Response

Correlation coefficient














    0.843 0.222 1.386 0.052 0.942 0.834 0.003 0.332 0.101

    0.491 0.019 0.682 0.083 0.954 1.134 0.094 0.705 0.349

    0.265 0.018 0.671 0.113 1.062 0.859 0.133 0.406 0.853

    0.631 0.578 0.760 0.041 0.888 0.457 0.091 0.240 0.658

    1.511 0.374 0.757 0.18 0.772 0.005 0.691 0.071 0.198

The correlation coefficients of the Kriging surrogate model obtained
for the design of the passive-type DSF are summarized in Table 4.
Furthermore, the COP surrogate model developed for the design of
the passive-type DSF is expressed as follows:

       
        
        
        
        
        
     

(10)


           
           
           
           
           

           
           
           
           
           

           
           
           
           
           

           
           
        
        
        
        

where
                  
            
            
            
            
            
            
            
      

3.4 Approximate Optimization Results
Approximate optimal solutions were obtained by applying the RSM,
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Kriging, and COP surrogate models, separately, in the design range
defined during the formulation of an approximate optimum design for
the passive-type DSF. To compare the efficiencies of the approximate
optimization results based on the surrogate model characteristics, an
FEM structure-analysis-based non-approximate optimization was
performed, through which the optimal solution was derived and
compared with the result of approximate optimization. The
convergence result of the approximate optimization was recalculated
using the FEM structure analysis to validate the actual value. In Table
5, the optimization results are summarized for the optimal design
variable, satisfying the constraint feasibility; weight reduction, which
is the objective function; and number of function evaluations (NFE).
Fig. 6 illustrates the optimization convergence results of the objective
function.
Table 5 Comparative results of approximate optimization
Method

Optimum
(mm)










=
=
=
=
=
=
=
=
=

20
30
24
48
40
66
48
70
105











=
=
=
=
=
=
=
=
=

21
27
25
47
41
63
48
70
100











=
=
=
=
=
=
=
=
=

19
33
27
48
46
65
47
70
100





FEM

(Nonapproximate) 




=
=
=
=
=
=
=
=
=

18
29
19
48
43
63
46
70
97

RSM

Kriging

COP

1)

Infeasible constraint
2)
Active constraint

Objective
(t)

1263.70

1235.18

Approximate
constraint
(MPa)











=
=
=
=

=
=
=
=

213.24
202.28
301.75
163.73

221.01
200.79
301.15
171.26

Actual
constraint
(MPa)











=
=
=
=

=
=
=
=

229.08
199.88
299.34
167.54

NFE

260

Fig. 6 Iteration history of objective functions
As shown in Table 5 and Fig. 6, the approximate optimization result
using the Kriging model indicated the most significant weight
reduction. However, although the result of LC3 constraints satisfied the
upper limit of the constraints in the approximate optimization, the
actual constraint evaluation result showed that the feasibility was not
satisfied. This is attributable to the design problem and the surrogate
model’s characteristics; hence, it indicates that an approximate optimal
solution may exist outside the feasible area because of the nonlinear
characteristics of the constraint function. Therefore, such a Krigingbased approximate optimum design does not satisfy the constraints and
hence cannot be used in passive-type DSF designs. The FEM-structureanalysis-based non-approximate optimization shows activated results

217.78
202.23
200
303.871)
166.16

for the upper limit of LC3 conditions, which is the most critical aspect
in the design of passive DSFs. Under the LC3 conditions, the
approximate optimization results of the RSM and COP were distributed
in approximately 0.7% and 3.9% of the feasible range, respectively,
compared with the FEM-structure-analysis-based non-approximate
optimization results. These characteristics afforded increased structural
safety with respect to uncertainties in design and manufacturing.
Except for the Kriging-based approximate optimization, the RMS
indicated the most significant weight reduction effect among the

1336.80

1,217
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=
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269.38
200.56
301.752)
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approximate optimization methods. Considering the initial design
weight, i.e., 1,341 ton, of the passive-type DSF, the RSM-based
approximate optimization yielded a 5.8% weight reduction. The
convergence was excellent in the case of using Kriging since the NFE
was the lowest; however, because the constraints of LC3 were violated,
it can be concluded that the RSM-based approximate optimization
demonstrated a more appropriate convergence. Based on the
convergence results of the objective function and the NFE, it is
concluded that the RSM is the most efficient method for the

-

approximate optimization design of passive-type DSFs.

4. Conclusion
In this study, an approximate optimization was performed using
various surrogate models to identify the most appropriate optimal
design method for the structural design of passive-type DSFs. The

Surrogate Model Based Approximate Optimization of Passive Type Deck Support Frame for Offshore Plant

139

efficiency and feasibility analysis of the approximate optimization was
performed based on the characteristics of the surrogate models because
a feasibility validation through approximate optimization or reliability

Based on the results of this study, we plan to conduct a study
pertaining to stochastic optimization, such as robustness and
reliability-based optimum designs, in the future.

analysis is crucial to enable the use of surrogate models in actual
design problems. The primary findings of this study are as follows.
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ABSTRACT: The A60 class deck penetration piece is a fire-resistance apparatus installed on the deck compartment to protect lives and to
prevent flame diffusion in the case of a fire accident in a ship or offshore plant. In this study, the sensitivity of the fire-resistance
performance and approximation characteristics for the A60 class penetration piece was evaluated by conducting a transient heat-transfer
analysis and fire test. The transient heat-transfer analysis was conducted to evaluate the fire-resistance design of the A60 class deck
penetration piece, and the analysis results were verified via the fire test. The penetration-piece length, diameter, material type, and insulation
density were used as the design factors (DFs), and the output responses were the weight, temperature, cost, and productivity. The quantitative
effects of each DF on the output responses were evaluated using the design-of-experiments method. Additionally, an optimum design case was
identified to minimize the weight of the A60 class deck penetration piece while satisfying the allowable limits of the output responses.
According to the design-of-experiments results, various approximate models, e.g., a Kriging model, the response surface method, and a radial
basis function-based neural network (RBFN), were generated. The design-of-experiments results were verified by the approximation results. It
was concluded that among the approximate models, the RBFN was able to explore the design space of the A60 class deck penetration piece
with the highest accuracy.

1. Introduction
A fire that occurs in a ship or offshore plant can result in large-scale

offshore plants has only been partially conducted. Yu et al. (2000)
proposed electric arc furnace test and tank test methods for the
evaluation of the fire-prevention performance of oil boom material

structural damage and loss of lives owing to the flame spread. Thus,
the International Maritime Organization (IMO) is strengthening the
fire-prevention regulations for the major sections of ships and offshore

types. Choi et al. (2013) conducted the fire-prevention performance
test by adjusting the fireproof material conditions of the fire damper
blade and coaming to satisfy the H-120 fire-prevention performance of

plants. With regard to A60 class fire-prevention equipment, the
fire-prevention design regulated by Safety of Life at Sea (SOLAS)
should be applied to prevent the flame spread in the section where the

the H-120 class fire damper. Choi et al. (2014) conducted a fireprevention test considering the manufacturing conditions of various
composite materials to assess the fire-prevention performance for

corresponding equipment is installed for 60 min (IMO, 2010). The
A60 class deck penetration piece (A60 DPP) is fire-prevention
equipment applied in the case where the cable for control or

fiberglass-reinforced plastic ship materials. Jang et al. (2014)
performed thermal analysis on the fire-prevention design items of the
H-120 class fire damper and conducted a fire-prevention test by

communication must penetrate the horizontal structure of the section,
introducing a high risk of fire. The IMO requires the verification the
fire-prevention performance of the A60 DPP according to the fire test

changing the fire-prevention design conditions. Song and Kim (2020)
verified the design items of the A0 class bulkhead penetration pipe
applied to vertical structures of a ship through a heat-transfer analysis

procedure (FTP) regulations (MSC, 2010).
Research on evaluating the fire-prevention performance of ships and

and fire prevention test.
In this study, the approximation characteristics of the design space
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were evaluated via a sensitivity analysis of the fire-prevention
performance of the A60 DPP used for a ship and offshore plant, a
fire-prevention design sensitivity analysis based on the design of
experiments to minimize the weight, and various approximate models.
By applying statistical methods such as design of experiments to the
design process of the fire-prevention system, such as the newly
developed A60 DPP, the design space was explored effectively, and
the optimum design plan was easily deduced. For the evaluation of the
fire-prevention performance of the A60 DPP, a transient heat-transfer
analysis based on the finite-element method (FEM) was performed by
reflecting the specimen specifications and temperature conditions on
the FTP regulation code. A fire test was conducted for verifying the
transient heat-transfer analysis results, in accordance with the FTP
regulation code of the Maritime Safety Committee. The verified
finite-element model and transient heat-transfer analysis results were
linked with the design of experiments. For the design factors (DFs),
the length of the A60 DPP, diameter, material type, and insulation
density were used, and for the output responses, the weight,
temperature, price, and productivity were individually applied. In the
sensitivity analysis, the effect of each DF on the output response was
quantitatively assessed using the design-of-experiments results, and
the optimum design combinations to minimize the weight while
satisfying the tolerance limit of the output response, such as the
temperature, price, and productivity, were identified. On the basis of
the design-of-experiments results, various approximate models, e.g., a
Kriging model, the response surface method (RSM), and a radial basis
function-based neural network (RBFN), were produced. The
design-of-experiments results were verified by analyzing the accuracy
of each approximate model to approximate the design space of the A60
DPP. The results indicated that the RBFN could approximate the A60

Fig. 1 Design specifications of the A60 DPP
As shown in Fig. 1, the length of the penetration pipe body was
designed to be 200 mm, the diameter of the tube was designed to be
∅ and ∅ mm, and the diameter of the body was designed to be
∅ and ∅ mm. The insulation was attached 90 mm lean to one
side from the center of the penetration pipe. Regarding the materials of
the penetration pipe, the specifications for the carbon steel for machine
structural use (S45C) and austenitic stainless steel (SUS316L) were
separately applied.
The A60 DPP should be designed to make the temperature measured
at the other side of the inflamed side <180 °C under the flame heating
conditions set for 60 min. Fig. 2 shows the configuration of the
specimen for the fire test (structure steel core) based on the FTP code.

DPP design space with the highest accuracy. The design items and
fire-prevention performance evaluation regulations of the A60 DPP,
transient heat-transfer analysis results, and fire-test verification results
are presented in Chapter 2, the design-of-experiments and sensitivityanalysis results are presented in Chapter 3, and the theory for the
approximate models and approximation characteristics is reviewed in
Chapter 4. The conclusions are presented at the end of the paper.

2. Evaluation of Fire-Prevention Performance
2.1 Fire-prevention Design and Performance Evaluation
Regulations for A60 DPP
The A60 DPP applied to ships and offshore plants is fire-prevention
equipment used for the maintenance of confidentiality in the case of a
deck fire, along with the safe operation of cables penetrating the deck
for control and communication. The objective of this study was to
evaluate the fire-prevention performance of the newly developed A60
DPP by reducing the body length and applying insulating refractory
materials for improving the productivity and quality. The design
configuration of the A60 DPP investigated in this study is presented in
Fig. 1.

Fig. 2 Configuration of the structure steel core (MSC, 2010)

Evaluation on Sensitivity and Approximate Modeling of Fire-Resistance Performance for A60 Class Deck

As shown in Fig. 2, the specimen for the fire test for the A60 DPP
must be made of steel, and the L-type reinforcement with dimensions
of  ±×  ±×  ± mm should be arranged with intervals of
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applied by referring to the results of previous research to improve the
accuracy of the transient heat-transfer analysis, as shown in Figs. 4–7.

600 mm on a slab with a width of 2,440 mm, length of 2,500 mm, and
depth of 4.5 ± 0.5 mm. The fire-prevention performance of the A60
DPP should be verified through the fire test, where it is attached with
insulation between L-type stiffeners of the specimen shown in Fig. 2.
For the fire-test specimen with the A60 DPP and insulation attached,
the insulation should be placed on the flamed side for the evaluation,
identical to the installation status of an actual ship and offshore plant.
It should be installed horizontally to the furnace and heated to 940 °C
for 60 min.
2.2 Transient Heat-Transfer Analysis and Fire Test
A transient heat-transfer analysis was conducted using the

(a) Thermal conductivity

general-purpose FEM software ABAQUS/Implicit (Simulia, 2019).
The transient heat-transfer analysis model, which was generated on the
basis of the A60 DPP design configuration shown in Fig. 1 and the
fire-test specimen presented in Fig. 2, is displayed in Fig. 3. The
detailed specifications of this analysis model are presented in Table 1.
The finite-element model applied to the transient heat-transfer
analysis comprised 1,352,236 elements and 323,738 nodal points, and
for the finite element, a tetrahedral heat-transfer element (DC3D4)
was utilized.
Regarding the thermal conductivity and specific heat characteristics
of the material, the characteristics with different temperatures were

(b) Specific heat
Fig. 4 Material properties of SUS316L (Piscopo et al., 2019)

(a) Thermal conductivity
Fig. 3 Transient heat-transfer analysis model
Table 1 Specifications of the analysis model
No.

Part

Dimension (mm)
(Tube / Body)

Material type

1

Penetration piece

∅8 / ∅20

SUS316L

2

Penetration piece

∅8 / ∅20

S45C

3

Penetration piece

∅12 / ∅25

SUS316L

4

Penetration piece

∅12 / ∅25

S45C

A

Structure steel core

-

SS400

B

Insulation

-

A60 class

(b) Specific heat
Fig. 5 Material properties of S45C (Magnabosco et al., 2006)
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(a) Thermal conductivity
(a) Furnace condition

(b) Specific heat
Fig. 6 Material properties of SS400 (Suman et al., 2016)

(b) Furnace control temperature
Fig. 8 Furnace flame condition
heat-transfer analysis, as shown in Fig. 8. As indicated by Fig. 8(a), the
specimen in which the A60 DPP is embedded at the furnace is installed
in a horizontal direction to give the insulation-attached side an internal

(a) Thermal conductivity

orientation toward the furnace. The internal temperature of the furnace
is increased to 940 °C for 60 min with the flame of flaming point
following the furnace control temperature curve presented in Fig. 8(b).
The furnace control temperature curve is defined by Eq. (1). (MSC,
2010):
  log       ℃ 

(1)

where  represents the heating temperature (℃), and  (min)
represents the heating time.
Regarding the temperature measurement, the maximum temperature
at the A60 DPP body is measured at the unexposed ambient domain of
the furnace. We decided to satisfy the regulations in the case where the
(b) Specific heat
Fig. 7 Material properties of insulation (Ohmura et al., 2003)

temperature deviation is below 180 °C.
Because the furnace heating condition regulated in the FTP code is a
method of increasing the atmosphere temperature inside the closed

The furnace heating condition regulated by the FTP code was
identically applied for the heat input condition of the transient

furnace, Eq. (2) for calculating the convection coefficient was utilized
in the transient heat-transfer analysis (Yunus and Afshin, 2012):

Evaluation on Sensitivity and Approximate Modeling of Fire-Resistance Performance for A60 Class Deck

Fig. 9 Temperature distribution contour results for unexposed
ambient domain
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(a) Horizontal furnace

(2)

  

  ∞  
  




(b) Fire test of the A60 DPP
Here,  represents the Nusselt number,  represents the Rayleigh

Fig. 10 Fire-test setup

number, Pr represents the Prandtl number,  represents the thermal
conductivity of the fluid,  represents the characteristic length, 
represents the kinematic viscosity of the fluid,  represents the
gravitational acceleration,  is the cubic expansion coefficient, 
represents the surface temperature, and ∞ represents the temperature
of the fluid far from the surface.
The temperature-distribution results of the transient heat-transfer
analysis at the heating time point of 60 min are presented in Fig. 9.

Table 2 Comparison of the temperature measurement results
No.

Analysis (℃)

Test (℃)

Error (%)

1

63.7

58.6

8.7

2

84.3

95.0

11.3

3

64.6

58.2

11.0

4

88.1

99.7

11.6

The temperature distribution at the unexposed ambient domain was
between 20 and 195 °C, as shown in Fig. 9, and the temperature of the

As shown in Fig. 10(b), the A60 DPP temperature was measured at

part where the A60 DPP was installed was found to be high. In the

the position used for the transient heat-transfer analysis during the fire

transient heat-transfer analysis, the temperatures measured at the A60

test, and the measurement results were compared with the analysis

DPP body at the unexposed ambient domain at the heating time point

results, as shown in Table 2.

of 60 min were 63.7, 84.3, 64.6, and 88.1 °C at points 1, 2, 3, and 4,
respectively, which correspond to the numbers in Fig. 3 and Table 1.

As shown in Table 2, the minimum error between the A60 DPP
transient heat-transfer analysis and the fire test (8.7%) was obtained

For the verification of the transient heat-transfer analysis results, the

for measurement point 1, and the maximum error (11.6%) was

specimen was manufactured in accordance with the FTP regulation

obtained for point 4. The average error for all the measurement

code, similar to the analysis model, and a fire test was performed

positions was 10.7%, and the tendency of change in temperature

according to the international standard test method. The horizontal

characteristics depending on different design specifications was also

furnace, i.e., fire-testing equipment for the A60 DPP, is an instrument

found to be similar. Considering that it is the transient heat-transfer

for testing fire-prevention equipment of the A-class horizontal sections

analysis for the 60 min-fire test, it was concluded that the accuracy of

used in ships and offshore plants, and it requires an effective heating

the analysis results is verified. Therefore, it was confirmed that the

area of 3,000 mm × 3,000 mm. The internal temperature of the furnace

fire-prevention design specifications of the A60 DPP considered in

is controlled by following the furnace control temperature curve, as

this study satisfy the FTP code regulations. Furthermore, because the

shown in Eq. (1), through the burner installed at the lower part of the

fire-prevention design and heat-transfer characteristics of the A60

side, and the fire test is performed for different durations depending on

DPP were confirmed to be suitable via the transient heat-transfer

the fire rating (ISO, 1999). The furnace equipment and the

analysis, a sensitivity analysis of the fire-prevention performance of

composition of the test setup utilized for the A60 DPP fire test are

the A60 DPP along with an evaluation of the approximation of the

shown in Fig. 10.

design space was conducted using analytical methods.
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3. Sensitivity Analysis

Table 5 Main effect results (unit: %)

In the sensitivity analysis of the A60 DPP, the verified finiteelement model and transient heat-transfer analysis results were linked
with the design of experiments, and the effect of each DF on the output
response was quantitatively evaluated. For the DFs of the design of
experiments, the length of the A60 DPP, diameter, material type, and
insulation density were used. For the output responses, the weight,
temperature, price, and productivity were individually applied.
According to the design-of-experiments results, the optimum design
combinations that can minimize the weight while satisfying the
tolerance limit of the output response, such as the temperature, price,
and productivity, were identified. In the design of experiments, the DFs
and their levels were defined to be three levels for the body length and
tube diameter, two levels for the material type of the A60 DPP, and
three levels for the insulation type. Details are presented in Table 3.
Among the output responses, the weight of the A60 DPP (excluding
the specimen and the insulation connected to the A60 DPP) was
considered as the weight, the measurement results from the transient
heat-transfer analysis were applied as the temperature, and the price
for each material type of the A60 DPP per the unit weight in a unit of
Table 3 Design factors and their levels
Design factor

Level 1

Level 2

Level 3

DF#1: Length of body (mm)

150

200

250

DF#2: Diameter of tube (mm)

∅6

∅8

∅12

S45C

SUS316L

-

96

128

160

DF#3: Material type of A60 DPP
3

DF#4: Insulation density (kg/m )

Design factor
DF#1 (mm) DF#2 (mm)

DF#1

DF#2

DF#3

DF#4

Weight

22.65

40.96

1.52

0.50

Temperature

8.96

4.12

19.95

21.33

Cost

3.73

7.07

20.82

0.02

Productivity

50.01

38.57

0.42

0.00

1,000 KRW was considered as the price. A productivity grade was
assigned to each of the following and used as a quantitative index: the
A60 DPP length, diameter, and the material type. The minimum
weight was set to be preferred, and the tolerance limit of the
temperature was defined to be below 180 °C, in accordance with the
FTP code regulation. The maximum values for price and productivity
calculated in the DF fluctuation level range of Table 3 were 37 and 17,
respectively, and the 20% upper limit and lower limit of the maximum
value were set as the tolerance limits, respectively. A full-factorial
experiment with 54 runs was designed by applying the DF fluctuation
level shown in Table 3, and the output-response results with changes
in the DFs are presented in the experimental matrix of Table 4.
In the sensitivity analysis, a quantitative main effect analysis of the
DFs on each output response was conducted using the experimental
matrix of Table 4, and the results are presented in Table 5. The main
effect analysis indicates the average change of the output response
observed with the fluctuation of DF levels, i.e., the sensitivity, and if
the magnitude of the effect calculated from a DF is high, the
importance of this factor to the output response is high.
As shown in Table 5, the DFs with the most significant effects on
the weight, temperature, price, and productivity were found to be the
A60 DPP diameter, insulation density, material type of the A60 DPP,
and length of the A60 DPP, respectively. On the basis of the
sensitivity-analysis results, the selection of the insulation and A60

Table 4 Full-factorial experiment results
Run

DF#3

DF#4 (kg/m3)

1

150

6

S45C

96

2

150

6

S45C

128

3

150

6

S45C

160

⋮

⋮

⋮

⋮

⋮

52

250

12

SUS316L

96

53

250

12

SUS316L

128

54

250

12

SUS316L

160

DPP material type in the fire-prevention design was found to be highly
important. Furthermore, the effects of the A60 DPP length and
diameter on the productivity were significant. The optimum design
combinations that minimized the A60 DPP weight while satisfying the
tolerance limit of the output responses were selected from the results
presented in Table 4 and are presented in Table 6.
Table 6 Optimum design cases for A60 DPP
Content

Output response
Run Weight (kg)

Design factor

Output
response

Temp. (℃) Cost (1000×₩) Productivity

Initial design Optimum design case

DF#1 (mm)

200

150

DF#2 (mm)

8

6

DF#3

S45C

S45C

1

0.65

100.05

3.8

12.6

2

0.65

86.17

3.8

12.6

3

0.65

74.15

3.8

12.6

DF#4 (mm)

128

⋮

Weight (kg)

0.84

0.65 (↓22.6%)

84.29

100.05 (↑18.7%)

⋮

⋮

⋮

52

1.30

71.24

37

12

53

1.30

63.39

37

12

54

1.30

54.21

37

12

Design
factors

Temp. (℃)
Output
response Cost (1000×₩)
Productivity

5.0
11.6

96

3.8 (↓24.0%)
12.6 (↑8.6%)
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As shown in Table 6, using the optimum DF combinations, the
weight and price were reduced by 22.6% and 24%, respectively, while
the productivity was increased by 8.6%. Although the temperature was
increased by 18.7%, it sufficiently satisfied the condition of a
temperature below 180 °C, which is the FTP code regulation. In
summary, useful design information regarding the fire-prevention
performance and productivity of the A60 DPP was obtained via the
design of experiments and sensitivity analysis.

4. Approximation Modeling
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(5)

By applying the approximation coefficient calculated using Eq. (5),
the RSM second-degree regression approximate model can be
generated.
The RBFN was developed to approximate the scattered multivariate
data with high accuracy (Dyn et al., 1986). The RBFN uses linear
combinations of the radial symmetry function utilizing Euclidean
distance for the approximation of the output response. When the
node-set of the neural network, i.e.,   ⋯  ∈ ⊂   , is

Because an approximate model is generally obtained from the
design of experiments, the general suitability of the design of
experiments, such as the number of experiments conducted and levels
of the DFs, can be verified by reviewing the accuracy of the
approximate model (Song and Lee, 2010). Meanwhile, securing an
approximate model suitable for the design problem can reduce the
numerical cost for optimization analysis, robust analysis, and
reliability analysis, which are computationally expensive; thus, the
generation of an approximate model with high accuracy is important in
design space exploration research. In the approximation modeling
evaluation, different approximate models, i.e., Kriging, the RSM, and
RBFN, were created according to the design-of-experiments results for
the A60 DPP. Moreover, the suitability of the design-of-experiments
results was verified by examining the accuracy of the approximation
modeling results, and the accuracies of the models for approximating
the A60 DPP design space were compared.
The Kriging model is defined as the sum of the whole model of the
actual design space function to be approximated and the local model
corresponding to the deviation of the actual function and whole model
(Cho et al., 2009).

provided, the basis function of the RBFN is defined as follows:
   ∥  ∥∈    ⋯ 

(6)

where  represents the power spline basis function, and norm
∥  ∥ represents the Euclidean distance. Using the Euclidean
distance, the input layer data of the neural network is classified into
uniform clusters. The power spline basis function is defined as
follows:
  

(7)

where  is a positive constant and a variable of the shape function.
When the response data   ⋯  ∈ ⊂   to be approximated
with the input data   ⋯  ∈ ⊂   is provided, the RBFN
approximate model is defined as outlined in Eq. (8) after the
neural-network learning process, as shown in Fig. 11.


    



     



 



(8)




      

(3)

Here,  represents the unknown coefficient vector, and 
represents the global model vector.   represents the spatial
correlation of design data and is defined as the Gaussian correlation
function.
The RSM is expressed as the following second-degree polynomial
regression model using the least-squares method (Song and Lee,

     





 

      ⋯ 

Here,  is the unknown approximation coefficient.
The accuracy of the approximate model was determined using the
  value, as follows:

   
   











    
 

2010).


   



   



 




 





     


  

(4)

When the matrix  defined by response vector  and  base
variables is obtained from  experimental points, the unknown RSM
approximation coefficient vector  is calculated using the following
equation, by minimizing the random error vector  from the
relationship between  and .

Fig. 11 Learning procedure of the RBFN

(9)
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Table 7 Comparison of approximate modeling results


 value

Approximate
model

Weight

Temp.

Cost

Kriging

0.978

0.947

0.955

0.976

0.964

RSM

0.999

0.987

0.998

1.000

0.996

RBFN

1.000

0.999

1.000

0.999

1.000

Productivity Avg.

where  represents the actual value,  represents the predicted value
 represents the average
estimated using the approximate model, and 

the FTP code regulation. A fire test for verification of the transient
heat-transfer analysis results was conducted in accordance with the
FTP regulation code of the Maritime Safety Committee. The minimum
and maximum errors between the transient heat-transfer analysis and
fire test were 8.7% and 11.6%. Moreover, the average error for all the
total measurement positions was 10.7%, and the tendencies of the
changes in the temperature characteristics with different design
specifications were similar. The verified finite-element model and
transient heat-transfer analysis results were linked with the design of

value of the actual values.   = 1.0 indicates that the predicted value
estimated using the approximate model perfectly matches the actual

experiments. The length of the A60 DPP, diameter, material type, and
insulation density were used as DFs, and the weight, temperature,
price, and productivity were individually applied as output responses.

value of the total design space. The accuracy analysis results for each
output response of the A60 DPP calculated using each approximate
model are presented in Table 7.

In the design of experiments, a total of 54 full-factorial experiments
were performed after applying the DF fluctuation level. For the
sensitivity analysis, the effect of each DF on the output response was

As indicated by Table 7, the   values for the output responses of
all the approximate models were >0.96 on average, indicating a high
accuracy. Among approximate models, the Kriging model exhibited

quantitatively assessed using the results of the design of experiments,
and the optimum design combinations that minimized the weight
while satisfying the tolerance limit of the output responses, such as the

the lowest accuracy overall, while the average   results for the RSM
and RBFN were high: 0.996 and 1.000, respectively. For all the
approximate models, the accuracy of the temperature response was the

temperature, price, and productivity, were identified. On the basis of
the sensitivity-analysis results, the DFs with the most significant
effects on the weight, temperature, price, and productivity were found

lowest, and that of weight response was the highest. This difference in
approximation accuracy can be explained by the fact that the weight
response is a linear characteristic while the temperature response,

to be the A60 DPP diameter, insulation density, A60 DPP material
type, and length, respectively. Furthermore, it was found that selecting
the proper insulation and A60 DPP material type are highly important

which is the result of the transient heat-transfer analysis, has a
relatively high nonlinearity. The design-of-experiments method used
in this study was verified to be suitable for the design-space analysis of

in the fire-prevention design, and with regard to productivity, the
effects of the A60 DPP length and diameter are significant. According
to the results of the optimum DF combinations of the design of

A60 DPP. Among the approximate models used in the full-factorial
experiment of this study, the RBFN allowed exploration of A60 DPP
design space with the highest accuracy and is expected to be used for

experiments, the weight and price were reduced by 22.6% and 24%,
respectively, and the productivity was improved by 8.6%. Although
the temperature was increased by 18.7%, it was below 180 °C,

optimization analysis, robust analysis, and reliability analysis to
improve the efficiency of numerical calculations in the future. The
RBFN has a higher accuracy for the exploration of the A60 DPP

satisfying the FTP code regulation. Using the results of the design of
experiments, various approximate models, i.e., a Kriging model, RSM
model, and RBFN, were produced. According to the analysis results

design space than the RSM and Kriging models because it can
effectively approximate the nonlinear response results of the transient
heat-transfer analysis through the neural-network learning process.

for the accuracy of each approximate model for approximating the
A60 DPP design space, the approximation accuracies of all the
approximate models for the output response were high, confirming

5. Conclusions

that the design-of-experiments method used in this study is suitable for
the analysis of the A60 DPP design space. Furthermore, it was found
that among the approximate models used in the full-factorial

The approximation characteristics of the design space for the A60
DPP used for ships and offshore plants were evaluated by performing a
sensitivity analysis on the fire-prevention design via the design of

experiment of this study, the RBFN allows the exploration of the A60
DPP design space with the highest accuracy.

experiments and applying various approximate models to a sensitivity
analysis on the fire-prevention performance and minimum weight
design. To evaluate the fire-prevention performance of the A60 DPP, a
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ABSTRACT: To ensure the international competitiveness of the domestic offshore plant industry, a consensus has been formed regarding the
requirement for large offshore basins for performing offshore plant performance verification. Accordingly, the Korea Research Institute of Ships
& Ocean Engineering has built the world's largest deep ocean engineering basin (DOEB). The purpose of this study is to evaluate the
characteristics of velocity distribution under various conditions of the DOEB. An independent measuring jig is designed and manufactured to
measure the current velocities of many locations within a short time. The measurement jig is a 15-m-high triangular-truss structure, and the
measurement sensors can move 15 m vertically through an electric motor-wire device. The current speed is measured under various impeller
revolutions per minute and locations of the DOEB using the jig. The spatial distribution characteristics of the current velocity in the DOEB
and the performance of the current generator are analyzed. The maximum speed is 0.56 m/s in the center of the DOEB water surface, thereby
confirming sufficient current velocity distribution uniformity for model testing.

1. Introduction
In the past around 2010, the offshore plant construction industry was

enabling the use of prototype models instead of truncated models for
model tests of deep-sea risers and tension leg platforms, where the
effect of water depth is important. The deep ocean engineering basin is

extremely active, and the demand for model test basins for verifying
offshore plant performance increased significantly. However, almost
all demand was concentrated in the large European basins; as such,

equipped with a wave generating system, wind generator, and current
generator to simulate the various environments of the ocean, rendering
it an optimal facility for evaluating offshore plants. In this study, the

tests could only be performed during available slots. Accordingly, a
consensus was formed regarding the requirement for a large ocean
engineering basin in Korea to increase its international competitiveness

characteristics of currents generated through a current generator,
which is one of the environment simulation devices inside the deep
ocean engineering basin, were measured and analyzed. The current

in the offshore plant industry and to verify the front-end engineering
design and performance of offshore plants. Consequently, the world’s
largest deep ocean engineering basin was constructed in Korea.

generating system comprises five impellers and six layers, and it can
generate the vertical velocity profile of a current based on
requirements imposed.

The deep ocean engineering basin is the world’s largest rectangular
basin, with an operating area measuring 100 m (length) × 50 m
(width). Equipped with a depth control device, it can simulate all

Yang et al. (2000) measured and analyzed the current characteristics
of existing rectangular offshore basins in Korea and derived a
relationship correlating the rotational speed of the impeller and the

depths in the range of 0 to 15 m. The pit in the middle of the basin is 12
m in diameter and 50 m deep based on the waterplane, thereby

average flow velocity. Oh and Lee (2018) enabled flow rate control by
installing a circulation system inside a two-dimensional wave

Received 11 September 2020, revised 4 February 2021, accepted 4 February 2021
Corresponding author Sungjun Jung: +82-51-604-7827, jungsj@kriso.re.kr
ⓒ 2021, The Korean Society of Ocean Engineers
This is an open access article distributed under the terms of the creative commons attribution non-commercial license (http://creativecommons.org/licenses/by-nc/4.0) which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

150

Current Measurement and Velocity Spatial Distribution of Deep Ocean Engineering Basin

151

generating basin. However, the only publicly available data pertaining
to the current generator of a large offshore basin capable of controlling
the vertical velocity profile are those of the ocean engineering basin

guide vane and various rectifying devices in the mixing chamber,
thereby yielding a uniform current. Similar rectifying devices are
installed downstream, and as shown in Fig. 1(b), the flow circulates in

currently operated by the Maritime Research Institute of Netherlands
(MARIN) (Buchner et al., 1999; Buchner et al., 2001; Buchner and de
Wilde, 2008). The basin operated by the MARIN measures 46 m

the counterclockwise direction. To produce a uniform current, various
rectifying devices (net grid, perforated side wall, distributing plate,
screen, etc.) were designed for the inlet and outlet based on various

(length) × 36 m (width) × 10.3 m (depth) and is smaller than a deep
ocean engineering basin; nonetheless, it is the most preferred
commercial rectangular basin in the world. The MARIN’s basin

computational fluid dynamics(CFD) analyses (Park et al., 2014; Haro
et al., 2018).

comprises a weight to be fixed to the floor, a wire system, and a
lightweight structure that is connected to the wire system and can
move along the water depth, allowing the velocity at each depth to be

2.2 Design of Jig for Current Velocity Measurement
Similar to a previous study by the MARIN, if the measuring device
is fixed to the floor, then the operation of the current pump must be

measured.
In this study, the current velocity was measured under various test
operating conditions of the deep ocean engineering basin current

halted, the control device depth increased, and the weight-type fixing
device on the floor shifted to change the horizontal position. This
necessitates a significant amount of time for current measurement. In

generator using a custom-developed current measurement jig.
Subsequently, the performance of the current generator and the spatial
distribution characteristics of the current velocity within the deep

this study, a current measurement jig optimized for current
measurement and the deep ocean engineering basin environment was
designed and assembled.

ocean engineering basin were analyzed. Based on the results of this
study, an optimal current generator operation plan for the performance
evaluation of the offshore plant will be derived.

To obtain the current velocity profile inside the deep ocean
engineering basin, many areas must be measured when the current
pump is being operated. Considering the length, width, and depth of

2. Method for Measuring Current

the basin, it is essential to reduce the measurement time. Therefore, a
measurement jig that requires a shorter measurement time is
necessitated, and a structure that does not cause deformation,

2.1 Current Generator of Deep Ocean Engineering Basin
The main components of the deep ocean engineering basin current
generator are shown in Fig. 1. Flow is generated from the five ducts,
composed of pumps and motors, inside the impeller room. The basin
comprises six layers of different depths. Because the wave maker is
above these layers, the first layer is distant from the water surface. In
the fifth and sixth layers, flow is generated by a single impeller. The
rotational speed of the impeller in each of the ducts, which are
separated by depth, can be controlled independently. However, in the
fifth and sixth layers, the flow velocity is controlled only through the
fifth impeller at the bottom. Subsequently, the flow passes through a

(a) Side view, inlet part
Fig. 1 Current generator system of deep ocean engineering basin

deflection, and vibration due to fluid flow (current) must be designed
for a stable current velocity measurement.
To satisfy these conditions, the deep ocean engineering basin
measurement jig was installed on the measuring frame of the towing
tank to enable movement in the X–Y plane (forward/horizontal
movement of the tank), and three current measurement sensors were
attached on the measurement jig in equal intervals along the depth
direction. If the jig is fixed only onto the measurement frame of the
tank, the jig may shake; therefore, the bottom of the jig was reinforced
by a rubber support such that it can be supported on the floor. Because
the upper and lower ends were strongly fixed, vibration can be

(b) Top view
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minimized. As confirmed during the actual operation, even when the
jig was not fixed to the floor, the vibration of the jig or the measured
value was not affected. The initial design features are shown in Fig. 2.

The basic shape was of a 15-m-long heavy structure, and a primary
fluid load analysis was performed on the basic design using
StarCCM+(Ver. 11.06) to determine the load value required for

The basic shape of the current measurement jig was based on a
vertical triangular-truss structure that allowed movement in all
sections of the 15 m depth, and a linear motion guide for the Z-axis

structural analysis (Fig. 3(a)). The fluid load analysis was performed
using two flow velocities: 0.5 m/s, which is the design value for the
deep ocean engineering basin current velocity; and 1 m/s, which is the

(depth direction) movement was placed vertically at the front of the
current inlet such that the installation jig for the measurement sensor
can move. The measurement sensor installation jig was driven by

extreme environmental condition. The current velocity decreased
toward the lower part compared with the conditional velocity;
however, a uniform flow was assumed for a conservative structural

rotating the electric clutch type winch using an electric motor as well
as driving it up and down both ways; meanwhile, the wire cable in the
vertical direction was wound up and rotated. Stainless use steel, which

strength calculation. Using this value as the load condition, the
primary structural analysis was performed using Ansys (2020 R2), and
the structural characteristics, strength, and stress of the current

can be used underwater, was used as the material for the wire cable,
and it was designed to maintain a constant tension to maintain an
accurate position. The motion of the sensor bracket was restrained in

measurement jig structure were analyzed. Based on the result of the
structural analysis, a maximum stress of 60.934 MPa was confirmed at
the uppermost assembly of the triangular-truss, and a maximum

all directions except the vertical transfer direction.

deflection of 15.66 mm at the bottom of the structure. The structural

Fig. 2 Modelling of the current measurement jig (initial design)

(a) Surface pressure distribution
Fig. 3 CFD & structural analysis of the jig

(b) Structural deformation and stress distribution

Current Measurement and Velocity Spatial Distribution of Deep Ocean Engineering Basin

Table 1 Current load acting on frame based on CFD analysis of
frame (detailed design)
Current
velocity

Front area of vertical
frame (Pa)

Front area of truss
frame (Pa)

0.5 m/s

135

130

1.0 m/s

525

515

the efficiency in terms of manufacturing/assembly/installation, the
vertical frame shape, measurement sensor jig size and shape, pipe
diameter, and truss length were slightly modified. A secondary fluid
load analysis and a structural analysis were conducted on the modified
detailed design structure. The shape was modeled based on a CAD
drawing of the detailed design with the mesh generated using
approximately 15 million cells, and a steady state numerical analysis
in a single phase was performed while disregarding the free surface
effect. The results are shown in Table 1 and Fig. 4.

deformation and stress distribution are shown in Fig. 3(b). The
maximum stress generated on the structural member was satisfactory.
Similarly, the deflection, which was approximately 1/1000 the total
height of the structure, was satisfactory. Therefore, the detailed design
phase was proceeded in the study.
A detailed design was performed based on the basic design. For it to
be operable in shallow water, it was designed such that it can be
disassembled in the longitudinal direction. Subsequently, considering

(a) Vertical frame shape
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Table 2 Static structural Analysis of current measurement jig
Maximum

Average

Total deformation

5.003 mm

0.409 mm

Equivalent stress

71.327 MPa

1.490 MPa

(b) 0.5 m/s condition

Fig. 4 Pressure distribution of the jig (detailed design)

Fig. 5 Structural analysis of current measurement jig (deformation and stress distribution)

(c) 1 m/s condition
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Fig. 6 Current measurement jig
Under the 1 m/s condition, the highest pressure of 525 Pa occurred
on the front surface center of the vertical frame of the current

0.5 m/s in the surface layer, and the velocity decreased rapidly with
depth. As the measurement jig was designed to withstand up to 1 m/s

measurement jig and on both ends owing to flow separation, and a
similar level of 515 Pa occurred on the front side of the reinforced truss
frame. Based on the pressure distribution obtained from the CFD

of uniform flow velocity, the strength of the jig was considered to be
sufficient. In addition, the extremely small deflection of the jig implies
that the position change of the measuring sensor will be small.

analysis under the 1 m/s condition, a structural analysis was
performed, of which the results are shown in Table 2 and Fig. 5.
Based on the structural analysis, the safety factor was approximately

Accordingly, the design structure was confirmed, and the assembled
jig is shown in Fig. 6.

2.8 times the yield strength (205 MPa) of the STS304 pipe, i.e., a
member of the current measurement jig; moreover, the deflection was
5 mm, which was approximately 1/3000 the total frame height. The

2.3 Current Measurement Sensor
A number of current sensors for the current measurement have been
reviewed; however, ultrasonic waves were used in most current

expected maximum flow velocity with the impeller operating at the
maximum rotational speed of 592 revolutions per minute (RPM) was

measurement sensors, i.e., a method based on the Doppler effect.
Hence, particles must be present inside the fluid to enable

Table 3 Comparison of current measurement sensors
Type

Kenek VM-1001RS

Nobska MAVS4

Electromagnetic

Differential travel time

MEAS. Axis

3-Axis

3-Axis

Range

0 ~ ±2 m/s (0.25, 1, 2–3 range switching)

0 ~ ±2 m/s

Accuracy

0.04 m/s (F.S.)

0.003 m/s (F.S.)

Response time

2 Hz

25 Hz

Depth

20 m

2,000 m or 6,000 m

Dimension

Φ20 × 335 (mm)

Φ82.6 × 914 (mm)

(a) Sensor
Fig. 7 Current measurement sensor

(b) Installed sensor on the jig

(c) Current measurement with the jig
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measurement. However, the model test basin uses clear water, where
particles are almost non-existent; therefore, the current measurement
sensors available for this study were limited. Table 3 shows a

current flow velocity was measured at the center of the basin (pit
center); the results are shown in Fig. 8. The rotational speed was
increased in intervals of 100, 200, 300, 400, 500, 592 RPM. In the

comparison of two types of current measurement sensors.
The comparison shows that the Nobska MAVS4 model demonstrated
better response time and accuracy; however, it was considerably larger

initial stage of the graph within 2,000 s, a stairstep graph was
observed, whereby the fluid velocity remained flat while the rotational
speed RPM was maintained at the same level for approximately 5 min.

than the Kenek VM-1001RS model. The sensor to be installed on the
current measurement jig for measurements should be small to reduce
fluid load and disturbance on the current flow field; therefore, the

When the RPM of the current impeller was changed, the fluid velocity
converged to a new velocity almost instantaneously. The current
velocity stabilized in a short duration. This measurement was

Kenek VM-1001RS model was selected. It is a sensor that measures
the flow velocity based on the change in the electromagnetic field as
well as measures three-dimensional flow directions. Its measurement

performed for more than 4 h at the maximum RPM. After 2,000 s, a
constant current velocity was maintained without any significant
change. At the maximum RPM, the maximum velocity was measured

accuracy is 0.02 m/s within the measurement range of ±1 m/s. All
signals are in 2 Hz frequency; therefore, the measurements were
obtained in 0.5 s intervals. Fig. 7(a) shows the sensor, and Fig. 7(b)

to be approximately 0.56 m/s in the surface layer.
For frequency analysis, Fig. 9 shows the spectrum matching of the
velocity time series measured in the maximum RPM test shown Fig. 8

shows the sensor attached to a jig that was temporarily laid down. Fig.
7(c) shows the three attached measurement sensors used for actual
measurements.

for the 3,000–15,000 s range, where the velocity stabilized and the
acceleration and deceleration excluded sufficiently. From each
velocity time series, the mean component was removed to conceal the

3. Analysis of Current Measurement Results

zero-frequency component. In the surface layer (0.1 m), the variation
component was small, and a specific frequency component that was
relatively larger did not exist. At a depth of 3.1 m, the energy

3.1 Vertical Space Distribution Inside Basin
After installing the current measurement jig onto the tank, all the
impellers were operated at maximum speed of 592 RPM, and the

Fig. 8 Current velocity (0 to 592 RPM)

Fig. 9 Energy spectrum of current velocity

component was large at a frequency of 0.2 rad/s or less. Although no
specific resonance frequency existed, a long-cycle vibration
component of 30–200 s appeared. This vibration component will not
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(a) X-velocity

(b) Y-velocity

(c) Z-velocity
Fig. 10 Current velocity profile
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affect the ships and offshore plants that are floating on the surface;
however, it will affect slender structures such as mooring lines that are
located deep in the water. Therefore, further investigations are

extremely small velocities were measured. This implies that the
straightness of the flow was obtained in the targeted direction.
Although the velocity was less than 0.002 m/s, i.e., significantly lower

necessitated.
During low velocity or deceleration, such as from 200 to 100 RPM,
a longer time was required to stabilize the current velocity.

than the accuracy of the measurement sensor, the sign trend changed at
intervals of approximately 1.5 m. Because the three sensors were
installed on the measurement jig in 1.5 m intervals, the

Nevertheless, in all cases, sufficient current velocity stabilization was
achieved, enabling the model test to be performed within 20 min after
reaching the target RPM.

abovementioned phenomenon was regarded as a consequence of a
minute error in the sensor installation angle, not as an actual flow
velocity phenomenon. Considering the mounting angle error and

Fig. 10 shows the current velocity measurements at the center of the
basin for various depths and RPMs. As mentioned earlier, the surface
layer (0.1 m) velocity was approximately 0.56 m/s when all the current

measurement error, the mean velocity component on the Y- and Z-axes
was non-existent.
Fig. 11 shows the turbulence intensity by depth. The turbulence

pumps were operating at a maximum rotational speed of 592 RPM.
This exceeded the initial design target velocity of 0.5 m/s of the current
generating system, thereby indicating sufficient performance. For

intensity,  , is expressed as shown in Eq. (1).
  

(1)

example, in a model test of the offshore plant, which is considered to
be the most general, if the model ratio is 1/50, then a model speed of
0.5 m/s would translate to an extremely high velocity of approximately

Here,  is the standard deviation of the velocity, and  is the average
current velocity. In the surface layer, the turbulence intensity was

3.5 m/s on an actual ship. Therefore, all current velocities applied to
marine structures can be reproduced.
By interpolating the result at 500 RPM and the velocity at 592 RPM,

measured to be 5%–7%. Furthermore, the turbulence intensity
increased with a constant slope up to approximately 4 m in depth.
As shown in Fig. 11, the flow was directed upward from the bottom

a 0.5m/s surface layer velocity was expected to be achieved at
approximately 530 RPM; therefore, the velocity profile was measured
up to a depth of 12.4 m for only 530 RPM. In general, the change in the

to the surface. In addition, the inlet was segmented into six layers, and
the inlet became narrower toward the upper layers, causing the
velocity to be highest in the surface layer. As the flow ejected rapidly

RPM resulted in a relatively constant change in the velocity. Up to a
depth of 4 m, the velocity gradient was almost linear with the depth.
The RPM condition was the same for all duct layers; however, a low

from the discharge port and coincided with the free water surface, it
dissipated and stabilized. Therefore, almost no spatial velocity
gradient was observed in the surface layer, resulting in insignificant

speed was measured in depths of 5 m and less owing to the large area
of the outlet at the fourth, fifth, and sixth layers, i.e., the lower parts of
the current generator.

velocity fluctuations.
For the lower velocity fluctuations (lower turbulence intensity), it
will be difficult to reduce the porosity of the already installed

The velocity on the Y- and Z-axes was close to 0, and only

perforated side wall; however, it will be relatively easy to install

Fig. 11 Turbulence intensity profile
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additional rectifying devices such as a screen at the discharge port.
This will enable a constant flow velocity, but the velocity performance
will decrease due to pressure loss.

the velocity gradient stabilizing as the high velocity flow in the surface
layer became mixed downstream.
A peculiar phenomenon was also observed from the Y-axis. As

3.2 Horizontal Spatial Distribution of Current Velocity
As previously mentioned, the initially designed target velocity of

shown in Fig. 13, the velocity increased and decreased at regular
intervals. This trend was observed in the preliminary CFD analysis at
the designing stage, but the effect was excessive in the actual

0.5 m/s was expected to be achieved by applying a rotational speed of
530 RPM; therefore, the vicinity of the center of the basin was
measured at 2 m intervals. Fig. 12 shows the trend in velocity change

measurement. It was observed that the velocity increased and
decreased in 5 m intervals, which is equivalent to the distance between
the vertical walls at the discharge port (Fig. 1(b) shows the vertical

as the flow moved from upstream to downstream. In general, a target
velocity of approximately 0.5 m/s was measured, with the surface
layer velocity being high upstream (near  = 5 m) and decreasing

wall location). The flow velocity was expected to decrease at the
vertical wall due to viscosity; however, a higher velocity was
measured. The cause was investigated and shown in Fig. 14. The

downstream. In the graph, the position of the origin is the center of the
pit, and the direction of the axis is shown in Fig. 1(b). It is noteworthy
that a different trend was shown in deep water. At a depth of 3.1 m, the

velocity decreased at the vertical wall near the discharge port, resulting
in a velocity gradient. However, the vorticity in the opposite direction
(Z-axis vorticity) to offset this velocity gradient occurred from a

velocity increased slightly downstream. This is considered to be due to

distance of 10 m or more from the discharge port, and this rotational

Fig. 12 Current velocity changes from upstream to downstream (530 RPM)

Fig. 13 Current velocity changes based on Y-position (water depth = 0.1 m)

Current Measurement and Velocity Spatial Distribution of Deep Ocean Engineering Basin

159

Fig. 14 Z-vorticity effect on X-velocity due to vertical walls (water depth = 1.5 m)
component might have increased the flow velocity (i.e., a momentum
surfeit).

turbulence intensity, was confirmed. A turbulence intensity of 5%–7%
for each RPM was confirmed in the surface layer, thereby ensuring

Other measurement results confirmed that it is advantageous to
perform tests slightly downstream from the center of the basin (or pit
center) to obtain a more even distribution of the current velocity.

sufficient uniformity in the model tests.
An additional turbulence control device can be installed at the
discharge port to reduce the variation component over time and to

However, for some tests that require the 50 m depth of the pit, those
tests can only be conducted at the center. In addition, the quality of the
waves is expected to be better at the center rather than downstream.

obtain a more homogeneous current. In such a case, a decrease in
velocity due to pressure loss is expected; therefore, an optimal
turbulence control device must be developed. The variation

Therefore, the appropriate test location must be determined based on
the characteristics and purpose of the offshore plant model test, such as
the wave quality, current uniformity, and pit utilization. In this study,

component by area and the main cause were identified, and it was
discovered that the velocity fluctuation occurred primarily around the
vertical wall at the discharge port. By further investigating the flow

we obtained sufficient current distribution results from the model test;
however, whether more rectifying devices can be added to the
discharge port to achieve a more uniform current distribution should

control device at the discharge port, improvements in the spatial
distribution and homogeneous currents are expected.
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be investigated.

4. Conclusion
In this study, an efficient current velocity measurement jig was
designed and assembled to verify the performance of a current
generator in a deep ocean engineering basin. The jig was a 15-m-high
triangular-truss structure, and the measurement sensor can move along
the entire 15 m section through an electric motor-wire device. Fluid
load and structural stability analyses were performed, and
measurements were performed without significant deflection or
deformation even at a current velocity of 1.0 m/s. Using this device,
the performance of the current generator of a deep ocean engineering
basin was confirmed, and the operation method and limitations of the
current generator for future offshore plant performance verification
model tests were summarized.
The current velocity was measured in various vertical and horizontal
positions. The velocity profile by depth was derived from various
rotational speeds including the maximum driving speed of 592 RPM.
A maximum velocity of 0.56 m/s was achieved in the surface layer,
and all current conditions required for the offshore plant model test
within a realistic range were achievable. The variation component of
the current velocity over time, which can be represented as an index of
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ABSTRACT: For the fatigue design of offshore structures, it is essential to understand and use the S-N curves specified in various industry
standards and codes. This study compared the characteristics of the S-N curves for five major codes. The codes reviewed in this paper were
DNV Classification Rules (DNV GL, 2016), ABS Classification Rules (ABS, 2003), British Standards (BSI, 2015), International Welding
Association Standards (IIW, 2008), and European Standards (BSI, 2005). Types of stress, such as nominal stress, hot-spot stress, and effective
notch stress, were analyzed according to the code. The basic shape of the S-N curve for each code was analyzed. A review of the survival
probability of the basic design S-N curve for each code was performed. Finally, the impact on the conservatism of the design was analyzed by
comparing the S-N curves of three grades D, E, and F by the five codes. The results presented in this paper are considered to be a good
guideline for the fatigue design of offshore structures because the S-N curves of the five most-used codes were analyzed in depth.

1. Introduction

there are insufficient aspects to simulate real structures accurately due

The largest issues for offshore structures in terms of steels are the
development of heavy thick plate and heavy wall thickness pipe,

to the release of the residual stress.
When evaluating the fatigue life of an actual structure using the
small specimen-based S-N curve, it is essential to recognize the

improvement of the corrosion resistance, and the development of high
toughness steel at cryogenic temperatures. Improving the fatigue
strength of welded joints is an important issue from the viewpoint of

stochastic characteristics of the S-N curve. The S-N curve, including a
specified survival or failure probability, is defined as a basic design
S-N curve.

the design of offshore structures because the fatigue lives at weld
joints can be reduced due to stress concentrations and weld
imperfections.

The symbols and formulae describing a basic design S-N curve
differ according to the fatigue guidelines, recommendations, or codes.
Let the guideline, recommendation, and code associated with fatigue

Some S-N curves, also known as Wöhler curves, are necessary to
evaluate the fatigue life of offshore structures. Because the formation
of S-N curves for real structures has considerable limitations in terms

denote the fatigue codes. In this paper, the basic design S-N curves of a
non-tubular member made of steel and the corresponding material
constants by the fatigue codes were analyzed, and the S-N curves were

of the size of the test equipment and the experimental budget, it is
common to derive the S-N curve through experiments on small
specimens instead of the actual structure.

compared according to the codes.
The fatigue codes provide the basic design S-N curves for each
structural detail category (SDC). The SDC is also called the

Experiments on the stress ranges of at least three levels are required
to produce a single S-N curve, but at least 10 levels or more are
required for a reliable S-N curve. On the other hand, small sized-

classification of details, detail category, classification reference, and
joint classification. The SDC is determined by the type of stress,
geometry detail, and the direction of stress relative to the potential

specimens may have different imperfections, such as residual stress
and initial deformation, because of the different manufacturing

fatigue crack (normal and shear stresses) (BSI, 2015).
The fatigue codes considered in this study were DNVGL-RP-C203
(DNV GL, 2016), Guide for Fatigue Assessment of Offshore Structures

processes. Even if a small specimen is taken from an actual structure,
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(ABS, 2003), BS 7608 (BSI, 2015), and IIW-1823 (IIW, 2008), and
Eurocode3 (BSI, 2005). In this paper, these codes are termed as DNV
GL, ABS, BS, Det Norske Veritas, and EC3, respectively.

3.1 Nominal Stress
The nominal stress is the stress away from the local stress
concentration area, where fatigue cracking can occur. That is, the

2. Notations

nominal stress does not include welding residual stresses and SCFs
due to the weld geometry. The stress concentration must not be
included in the nominal stress (see Fig. 1). Most of the basic design

In this review paper, five codes (DNV GL, ABS, BS, IIW, and EC3)
were analyzed intensively. Table 1 lists the symbols used here.

S-N curves in the five codes are based on the nominal stress approach.

Table 1 Symbols and abbreviations
Item

DNV GL ABS

BS

IIW

EC3

Nominal stress

σ





σ

-

Hot-spot stress

σ 

 



σ 

-

Stress range

Δσ





Δσ

Δσ

Fatigue strength of the detail
in MPa at 2×106 cycles

-

-

-

FAT

Δσ

Number of cycles to failure











Intercept of the design S-N
curve with the log  axis



 





-

3.2 Effective Notch Stress

Intercept of the mean S-N
curve with the log  axis



  



-

-

As shown in Fig. 2, the local stress at a weld toe, which is called the
effective notch stress, was calculated by modeling the notch radius of
1 mm. Because the effective notch stress approach assumes a very

Negative inverse slope of the
S-N curve











Standard deviation of log 

log 

log 



-

-

Fig. 1 Schematic stress distributions near a weld

small notch radius, it cannot be obtained through direct measurements
and can only be derived through finite element analysis with a very
fine mesh.

Unless stated otherwise, the basic design S-N curves in the five
codes are based on the nominal stress, and the different notations for
the nominal stress are used for each code. Here, the nominal stress
means stress that does not include any form of stress concentration.
The extrapolated stress, including the stress concentration factor (SCF)
caused by the geometric detail, is called hot-spot stress, and the
corresponding notations are used for each code. The basic design S-N
curve uses a stress range rather than a stress amplitude, and various
stress range notations are shown for each code. Some codes (DNV GL,
ABS, and BS) plot the S-N curves with slope and intercept, while
others (IIW and EC3) use the fatigue strength (FAT) and slope at 2
million cycles.
To represent the survival probability applied to the basic design S-N
curve, some codes (DNV GL, ABS, and BS) provide the standard
deviation of the logarithmic life to failure. Therefore, a mean S-N
curve is suggested together. In contrast, IIW and EC3 provide a basic
design S-N curve by specifying the 95% survival probability instead of
the standard deviation.

Fig. 2 Sketch for effective notch stress
The effective notch stress approach is applicable to structures with
thicknesses of 5 mm or more. Internal defects or surface roughness
cannot be modeled as the effective notch radii. In addition, the
effective notch stress approach cannot be applied to cases under the
loads parallel to the weld or root gap. DNV GL and IIW support the
basic design of S-N curves based on the effective notch stress
approach.

3. Types of Stresses

3.3 Hot-spot Stress
The hot-spot stress is the imaginary stress obtained by extrapolating
the surface stresses at the two or three points in front of the weld toe.

The stress range used for the S-N curve is very important. That is,
nominal stress, hot-spot stress, and effective notch stress are used
mainly in the S-N curve.

The hot-spot stress approach is used mainly in the shipbuilding and
offshore industries because it can derive the hot-spot stress at a low
cost with a relatively coarser mesh. The hot-spot stress can be
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(1)

     

(2)

       

(3)

3.3.2 Type b hot-spot stress
According to IIW, Eqs. (4) and (5) are applied to the fine and coarse
(a) Types of hot spots

mesh models, respectively. The subscripts in Eqs. (4) and (5) refer to
the physical distance from the weld toe.
In the case of BS, there is no special indication or recommendation
for the finite element sizes. Provided the surface stresses can be
derived at the specified positions, Eqs. (4) and (5) can be applied to
both fine and coarse mesh models.
       

(4)

     

(5)

(b) Example of hot-spot types (Lee et al., 2010)
Fig. 3 Schematic stress distributions near a weld
calculated by finite element analysis or measurements using strain
gauges.
When applying finite element analysis, the hot-spot stresses can be
calculated using either the shell or solid elements. When shell
elements are used, there is no need to contain weld beads. It is common
to include weld beads for solid elements application.
Weld residual stresses and stress concentrations due to the weld
detail and structural geometry should not be included in the hot-spot
stress. Alternatively, the SCFs for representative structural details can
be obtained from handbooks or other codes.
According to BS and IIW, the hot-spot stress is divided into types a
and b. Type a is a case where the hot-spot stress is affected by the base
plate thickness, while the base plate thickness varies the hot pot stress
in the case of type b (see Fig. 3(a)). In Fig. 3(b), point A is classified as
a type a hot spot because it is affected by the base plate thickness, and
point B should be classified as a type b hot spot.
3.3.1 Type a hot-spot stress
The type a hot-spot stress is obtained by linearly extrapolating the
stress either at 0.4t and 1.0t away or 0.5t and 1.5t away from the weld
toe (see Eqs. (1) and (2)). This type of hot-spot stress can be
determined by quadratic extrapolation of the stresses at 0.4t, 0.9t, and
1.4t away from the weld toe (see Eq. (3)). Here, t means the base plate
thickness.
According to IIW, the hot-spot stresses should be obtained by the
mesh sizes. That is, Eq. (1) or (3) should be applied for a fine mesh
model that has an element size less than the base plate thickness, while
Eq. (2) is used for a coarse mesh model with an element size equal to
the base plate thickness.
According to BS, because there are no special instructions or
recommendations for the finite element sizes, Eqs. (1)–(3) can be
applied regardless of the element sizes.

Because DNV GL and ABS do not distinguish the hot-spot stress
derivation formulas by the hot-spot types, Eq. (2) may be used to
determine the type a and type b hot-spot stresses.

4. Basic Design S-N Curves
The fatigue lives obtained through fatigue tests inevitably have a
scatter that tends to increase for long lives or low stresses. A mean S-N
curve is derived by regression analysis for the fatigue lives to failures.
To consider this scatter probabilistically, after assuming that the log
fatigue lives obey a normal distribution, the S-N curve corresponding
to a specific probability of survival can be derived. This S-N curve is
defined as the basic design S-N curve.
Among the five codes investigated in this study, DNV GL and ABS
define a basic design S-N curve based on the mean minus two standard
deviations. This corresponds to a survival probability of 97.7% or a
failure probability of 2.3%. On the other hand, BS provides
multiplication factors to the standard deviations according to the
probability of failure. IIW and EC3 use the basic design S-N curves
corresponding to a 95% probability of survival.
4.1 Basic Design S-N Curves of DNV GL
DNVGL-RP-C203 (DNV GL, 2016) and DNV Classification Notes
No. 30.7 (DNV, 2014) are representative fatigue codes published by
DNV GL. After DNV and GL were integrated, Classification Notes
No. 30.7 were revised to DNVGL-CG-0129 (DNV GL, 2018). In this
process, there were cases, in which some of the basic design S-N
curves presented by DNVGL-RP-C203 and DNVGL-CG-0129
conflicted with each other. For example, DNVGL-CG-0129 specifies
the B grade S-N curve, while DNVGL-RP-C203 does not. On the other
hand, DNVGL-RP-C203 suggests F1 to W3 grades, but DNVGLCG-0129 does not. In addition, the material constants of the basic
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design S-N curves for grades B1 to C2 are different between the two
codes. In particular, the S-N curves in DNVGL-RP-C203 were shown
using the slope and intercept, whereas those in DNVGL-CG-0129 also
included the fatigue strength (FAT) at 2 million cycles as well as the
slope and intercept.
In this paper, DNVGL-RP-C203 was judged to be a code commonly
applied to offshore structures rather than DNVGL-CG-0129. Thus, the
basic design S-N curves were summarized based on DNVGL-RPC203. Hereinafter, DNV GL refers to DNVGL-RP-C203.
DNV GL defines the basic design S-N curves using the following
Eq. (6), where log  is 0.2 for weld joints of non-tubular and tubular
members under an in-air environment (IA), a seawater environment
with cathodic protection (CP), and a free corrosion environment (FC).
In the case of high-strength steel with a yield strength exceeding 500
MPa, log  is 0.162.
log   log ̅  ⋅log   log  ⋅log



 ⋅log 

(6)

To select a basic design S-N curve that can be applied to a real
offshore structure, the environmental conditions (IA, CP, and FC
environments), SDC, type of stress (nominal, hot-spot, and effective
notch stresses), and stress component (normal and shear stresses)
should be determined. DNV GL provides the basic design S-N curves
according to the environmental conditions and SDCs, whereas
selection according to the type of stress is unclear. When using
hot-spot stress, the D grade curve is recommended, regardless of the
SDCs. Therefore, only the D grade curve has been used for hot-spot
stress applications.
Tables 2–4 summarize the material constants required in the basic
design S-N curves corresponding to the environmental conditions of
IA, CP, and FC, respectively. The basic design S-N curves for the IA
Table 2 Constants of basic design S-N curves in an in-air
environment by DNV GL
SDC
B1
B2
C
C1
C2
D
E
F
F1
F3
G
W1
W2
W3

N ≤ 107

N > 107



log ̅



4.0
4.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

15.117
14.885
12.592
12.449
12.301
12.164
12.010
11.855
11.699
11.546
11.398
11.261
11.107
10.970

5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0

Fatigue limit

7
log ̅ at 10 cycles

17.146
16.856
16.320
16.081
15.835
15.606
15.350
15.091
14.832
14.576
14.330
14.101
13.845
13.617

106.97
93.59
73.10
65.50
58.48
52.63
46.78
41.52
36.84
32.75
29.24
26.32
23.39
21.05

SCF

log 

1.00
1.13
1.27
1.43
1.61
1.80
2.00
2.25
2.50

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

Table 3 Constants of basic design S-N curves in seawater
environment with cathodic protection by DNV GL
SDC
B1
B2
C
C1
C2
D
E
F
F1
F3
G
W1
W2
W3

N ≤ 106

N > 106



log ̅



log ̅

4.0
4.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

14.917
14.685
12.192
12.049
11.901
11.764
11.610
11.455
11.299
11.146
10.998
10.861
10.707
10.570

5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0

17.146
16.856
16.320
16.081
15.835
15.606
15.350
15.091
14.832
14.576
14.330
14.101
13.845
13.617

Fatigue limit
SCF
at 107 cycles
106.97
93.59
73.10
65.50
58.48
52.63
46.78
41.52
36.84
32.75
29.24
26.32
23.39
21.05

1.00
1.13
1.27
1.43
1.61
1.80
2.00
2.25
2.50

log 

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

Table 4 Constants of basic design S-N curves for free corrosion
environment by DNV GL
SDC
B1
B2
C
C1
C2
D
E



log ̅

log 

3.0
3.0
3.0
3.0
3.0
3.0
3.0

12.436
12.262
12.115
11.972
11.824
11.687
11.533

0.2
0.2
0.2
0.2
0.2
0.2
0.2

SDC
F
F1
F3
G
W1
W2
W3



log ̅

log 

3.0
3.0
3.0
3.0
3.0
3.0
3.0

11.378
11.222
11.068
10.921
10.784
10.630
10.493

0.2
0.2
0.2
0.2
0.2
0.2
0.2

and CP environments have two slopes. In addition, each curve contains
the inherent SCF. As shown in Tables 2–3, the slope of the basic
design S-N curve for the IA environment changes at 10 million cycles,
but that for the CP environment varies at 1 million cycles. The
intercept of the first slope for the CP environment is smaller than that
for the IA environment.
The basic design S-N curve for the FC environment has a single
slope. The single slope was assumed because the fatigue limit was
ignored due to the stress corrosion effect. The basic design S-N curve
for the FC environment does not include the inherent SCF. The SCF,
which is strongly dependent on the structural shape, was not included
due to the variability of the structural details under the FC
environment.
Fig. 4 shows the basic design S-N curves corresponding to Tables 2–
4. Because the fatigue strength of the weld joint cannot exceed that of
the base metal, the C and C1 curves corresponding to the weld joints
where they intersect the B1 curve are shown. In a similar principle, the
C curve where it intersects the B1 curve is shown because the C curve
joins the B1 curve at 10,399 cycles.
The second intercepts of the basic design S-N curves corresponding
to the IA and CP environments are identical, so the basic design S-N
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4.2 Basic Design S-N Curves of ABS
The basic design S-N curves of ABS are similar to those of DNV
GL, but the SDCs of ABS are simpler. The SDCs for non-tubular joints
defined by ABS are B, C, D, E, F, F2, G, and W, while DNV GL
RP-C203 has 14 SDCs. Let  be the number of cycles to fatigue
failure. The basic design S-N curves corresponding to the cases where
the number of failure cycles are smaller and larger than  are
expressed as Eqs. (7) and (8), respectively.
ABS provides the basic design S-N curves according to the
environmental conditions and SDCs, but the advice for selecting the
type of stress is unclear, which is similar to DNV GL. ABS
(a) In-air

recommends the E curve be used as the basic design S-N curve for
hot-spot stress applications.
log   log   ⋅log   log   ⋅log   ⋅log 

(7)

log   log   ⋅log   log   ⋅log   ⋅log 

(8)

Table 5 Constants of basic design S-N curves in the IA environment
by ABS
SDC

(b) Seawater with cathodic protection

B
C
D
E
F
F2
G
W

N ≤ 107

N > 107



log 



log 

Fatigue limit
at 107 cycles

log 

4.0
3.5
3.0
3.0
3.0
3.0
3.0
3.0

15.004
13.626
12.182
12.017
11.799
11.633
11.398
11.197

6.0
5.5
5.0
5.0
5.0
5.0
5.0
5.0

19.009
17.413
15.636
15.362
14.999
14.723
14.330
14.009

100.2
78.2
53.4
47.0
39.8
35.0
29.2
25.2

0.1821
0.2041
0.2095
0.2509
0.2183
0.2279
0.1793
0.1846

Table 6 Constants of basic design S-N curves in the CP environment
by ABS
SDC

(c) Free corrosion
Fig. 4 Basic design S-N curves by DNV GL

B
C
D
E
F
F2
G
W

N ≤ 107

N > 107



log 



log 

Fatigue limit
at 107 cycles

log 

4.0
3.5
3.0
3.0
3.0
3.0
3.0
3.0

14.606
13.228
11.784
11.619
11.401
11.236
11.000
10.806

6.0
5.5
5.0
5.0
5.0
5.0
5.0
5.0

19.009
17.413
15.636
15.362
14.999
14.723
14.330
14.009

158.5
123.7
84.4
74.4
62.9
55.4
46.2
39.8

-

curves over 10 million cycles coincide with each other, as shown in
Fig. 4(a) and (b). On the other hand, there is an apparent difference in
the fatigue strengths at less than 10 million cycles between the IA and
CP environments. The fatigue strength in the FC environment is
considerably lower than that in the CP environment. On the other
hand, the fatigue strengths of the B1 and B2 curves for less than 98,401
cycles in the FC environment are greater than those in the CP
environment.

Table 7 Constants of basic design S-N curves for the FC environment
by ABS
SDC
B
C
D
E



log 

log 

4.0
3.5
3.0
3.0

14.528
13.149
11.705
11.540

-

SDC
F
F2
G
W



log 

log 

3.0
3.0
3.0
3.0

11.322
11.155
10.921
10.727

-
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Tables 5–7 and Fig. 5(a)–(c) present the material constants required
for the basic design S-N curves corresponding to the IA, CP, and FC
environments, respectively. The basic design S-N curves in the IA
and CP environments are doubly sloped. As shown in Tables 5–6 and
Fig. 5(a)–(b), the curve slopes in the IA environment change at 10
million cycles, but two curves in the CP environment intersect at
approximately 1 million cycles (to be exact 1,010,000 cycles),
excluding the B and C curves.

Comparing ABS and DNV GL, the standard deviation of log  in
DNV GL, which is denoted as log  , is constant regardless of the
SDCs, but those in ABS, log  , vary with the SDCs, which were
copied from Almar-Næss (1985) and BS.
4.3 Basic Design S-N Curves of BS
The basic design S-N curve of BS is expressed as the slope ( ) and
intercept ( log  ), as shown in Eq. (9). Table 8 lists the  value
according to the probability of failure. For example, if the probability
of failure is 2.3%;  equals 2.0 and  corresponding to this 
becomes  .
log   log   ⋅log   log   ⋅  ⋅log 

(9)

Table 8 Nominal probability factors
Probability of failure (%)
50
31
16
2.3
0.14



0.0
0.5
1.0
2.0
3.0

(a) In-air
For the relative comparison between the codes,  was assumed to
equal 2.0 for the BS S-N curves. Tables 9-11 list the material constants
for the three environments (the IA, CP, and FC). In Table 9,  is the
fatigue limit at 10 million cycles except for the S1 and S2 grades.
Therefore, the IA environment S-N curves show an infinite life after
10 million cycles. BS also presents the S1 and S2 grades under shear
stress conditions. S1 is used if fatigue cracking occurs in the weld toes,
while the S2 is used for weld throats.
Table 10 lists the material constants of the S-N curves under the CP
environment, which was more complicated than those by the other
codes. The three fatigue strength points (   ,  , and  ) are the
slope change points, where the   is listed in Table 10. The  and
(b) Seawater with cathodic protection

 are the fatigue strengths corresponding to 10 million and 50

million cycles, respectively. The S-N curves in the CP and FC
environments cannot be applied to the cases under shear stresses.
Table 11 presents the basic design S-N curves in the FC
environment, where they have single slopes like those in DNV GL and
ABS.
Fig. 6(a) shows the basic design S-N curves in the IA environment.
The fatigue life at low stress or high cycles in ships or offshore
structures under variable loadings can be calculated after the fatigue
strength  corresponding to 50 million cycles. A bilinear S-N curve
can be applied to variable loading conditions because the variable
stress may sometimes exceed the fatigue limit, even though the
average stress is less than the fatigue limit. For example, assuming that
the second slope is 5 ( =5), the S-N curve can be obtained, as shown

(c) Free corrosion
Fig. 5 Basic design S-N curves by ABS

in Fig. 6(b).
Because the slopes of the S-N curves in the CP environment change
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Table 9 Constants of the basic design S-N curves in the IA environment
by BS
N ≤ 107
SDC
B
C
D
E
F
F2
G
G2
W1
S1
S2

N > 107



log 



4.0
3.5
3.0
3.0
3.0
3.0
3.0
3.0
3.0
5.0
5.0

15.0055
13.6262
12.1818
12.0153
11.8005
11.6344
11.3940
11.2014
10.9699
16.3010
15.8165

∞
∞
∞
∞
∞
∞
∞
∞
∞
∞
∞

Fatigue limit
at 107 cycles
log  
 (MPa)
-

 (MPa)

100
78
53
47
40
35
29
25
21
46 at 108 cycles 46 at
37 at 108 cycles 37 at

67
49
31
27
23
21
17
15
12
108 cycles
108 cycles

(a) In-air for standard application

Table 10 Constants of the basic design S-N curves in a seawater
environment with cathodic protection by BS
 ≥  

SDC
 



log 

    ≤  


log 

    ≤  
 



   

log 

 



log 

B

251 4.0 14.6075 5.0 17.0086 100 4.0 15.0043 67 5.0 16.8319

C

144 3.5 13.2279 5.0 16.4654 78

3.5 13.6263 49 5.0 16.1673

D

84 3.0 11.7839 5.0 15.6365 53

3.0 12.1818 31 5.0 15.1703

E

74 3.0 11.6170 5.0 15.3579 47

3.0 12.0170 27 5.0 14.8927

F

63 3.0 11.4031 5.0 15.0000 40

3.0 11.8007 23 5.0 14.5353

F2

55 3.0 11.2355 5.0 14.7243 35

3.0 11.6345 20 5.0 14.2577

G

46 3.0 10.9961 5.0 14.3243 29

3.0 11.3945 17 5.0 13.8573

G2

40 3.0 10.8035 5.0 14.0043 25

3.0 11.2014 14 5.0 13.5366

W1 33 3.0 10.5717 5.0 13.6170 21

3.0 10.9699 12 5.0 13.1492

(b) In-air for high cycle application

Table 11 Constants of basic design S-N curves for a free corrosion
environment by BS
SDC



log 

SDC



log 

B
C
D
E
F
F2

3.5
3.5
3.0
3.0
3.0
3.0

13.1492
13.1492
11.7050
11.5378
11.3243
11.1584

G
G2
W1

3.0
3.0
3.0

10.9170
10.7243
10.4928

(c) Seawater with cathodic protection

at three fatigue strength points, each S-N curve must show a total of
four lines (see Fig. 6(c)). Fig. 6(d) shows that the S-N curve in the FC
environment has a single slope.
Unlike DNV GL, ABS, BS can select the basic design S-N curves by
comprehensively considering the structural shape, stress component
(normal and shear stresses), stress type (nominal and hot-spot
stresses), and potential crack direction. In particular, the S-N curves
are so well structured that an engineer can easily pick an S-N curve for
structural details either subjected to nominal stress or hot-spot stress.
Hence, BS is recognized as a code that can minimize human errors.

(d) Free corrosion
Fig. 6 Basic design S-N curves by BS
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4.4 Basic Design S-N Curves of IIW
Unlike DNV GL, ABS and BS, IIW uses the fatigue strength (FAT)
at 2 million cycles and the corresponding slope to define the basic
design S-N curves. The basic form of an S-N curve is expressed in Eq.
(10). Eq. (12) was obtained by calculating  using equation (11) and
substituting it into Eq. (10).
 ⋅  

  



(10)
(11)

⋅ ×


  

   × ⋅ 


(12)
Fig. 7 Basic design S-N curves in the in-air environment by IIW

IIW provides the basic design S-N curves for aluminum and steel,
but this paper concentrates on only the S-N curves for steel. The value
of FAT determines the SDC of the basic design S-N curve provided by
IIW. All basic design S-N curves can be applied to the IA condition. In
the case of the CP or FC environment, it was stated that the strength

Table 13 Structural detail for hot-spot stress approach by IIW
Structural detail

Description

requirement

FAT

Butt joint

As welded; NDT

100

level of the basic design S-N curve could be reduced by up to 70%. On
the other hand, it is difficult to apply the basic design S-N curve of IIW
in the case of non-IA environments.

Cruciform or
T-joint with full
K-butt welds;
penetration K-butt No lamellar tearing
welds

IIW provides the basic design S-N curves using nominal stress,
hot-spot stress, and effective notch stress. The S-N curve by stress
components was also provided. That is, thirteen and two basic design

Transverse non-load
Non-load-carrying carrying attachment,
100
fillet welds
not thicker than the
main plate, as welded

100

S-N curves are provided for the normal and shear stress conditions,
respectively. FAT80 and FAT100 are for problems under a shear
stress, while normal stress should be applied to FAT36 to FAT160.

Bracket ends, ends Fillet welds welded
of longitudinal
around or not,
100
stiffeners
as welded

As shown in Table 12, the basic design S-N curves over 10 million
cycles for the normal stress application have either a fatigue limit, or a
slope of 22.0. Fig. 7 includes the basic design S-N curves based on

Cover plate ends
and similar joints

As welded

100

Cruciform joints
with load-carrying
fillet welds

Fillet welds,
as welded

90

Lap joint with
load-carrying fillet
welds

Fillet welds;
As welded

90

important to select a structural detail that is most similar to the welded
part of the target structure. An S-N curve corresponding to the selected
structural detail should then be chosen. For most of the structural

Short attachment

Fillet or full
penetration weld;
As welded

100

details, the applicable grades are only FAT100 or FAT90, as listed in
Table 13.

Long attachment

Fillet or full
penetration weld;
As welded

90

normal stress with the second slope =22.0. The basic design S-N
curves for the shear stress application can be considered to be single
sloped because they have a fatigue limit of 100 million cycles.
IIW provides the following two approaches to construct the basic
design S-N curve for the hot-spot stress application. For the first
approach, among the nine structural details presented in Table 13, it is

Table 12 Constants of basic design S-N curves in the in-air
environment by IIW
Under normal stress
SDC



Under shear stress


(N ≤ 107) (N > 107)

SDC





(N ≤ 108) (N > 108)

FAT 160

5.0

∞ or 22.0 FAT 100

5.0

∞ or 22.0

FAT 140
or less

3.0

∞ or 22.0 FAT 80

5.0

∞ or 22.0

The second method is to construct a new basic design S-N curve
after revising FAT through finite element analysis. The following
gives a summary of the process.
- Out of the 83 SDCs in the IIW code, select a reference structure
detail, which should be most similar to the target.
- Derive two hot-spot stresses through finite element analyses for
two structural details:    and   corresponding to the
reference structural detail and target one.
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- Derive a new FAT (  ) based on the ratio of the hot-spot
stresses using Eq. (13).
-To construct a new basic design S-N curve using the  .


  
    ⋅  


(13)

 

The SDC should be FAT225 for effective notch stress applications.
A basic design S-N curve can be constructed using a single slope ( 
=3.0).
4.5 Basic Design S-N Curves of EC3.
EC3 provides the basic design S-N curves for steel. All curves can
be applied to an IA environment and cannot be used in the CP or FC
environment.
In the same way as the SCD by IIW, EC3 refers to the fatigue
strength corresponding to 2 million cycles as Δσ . EC3 determines the
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Table 14 Comparison of nominal SDCs
BS family
B1
B2
C
C1
C2
D
E

IIW family
FAT160
FAT140
FAT125
FAT112
FAT100
FAT90
FAT80

BS family
F
F1
F3
G
W1
W2
W3

IIW family
FAT71
FAT63
FAT56
FAT50
FAT45
FAT40
FAT36

environment, as listed in Table 14. Here, the BS family includes DNV
GL, ABS, and BS, while the IIW family refers to IIW and EC3.
Although the 14 SDCs are classified in the same group, some SDCs
are used only in specific codes. Hence, Table 14 cannot be a perfect
comparison table.
5.2 Comparison of the Probabilities of Failure

SDC based on Δσ . For intervals less than 5 million cycles, the slope is

As previously explained, DNV GL and ABS use two standard

3.0. The fatigue strength at 5 million cycles is defined as Δσ . The

deviations, so the probability of failure of the basic design S-N curves
is 2.3%. If  = 2.0, the S-N curves of BS also have the same

slope from 5 million cycles to 100 million cycles is 5.0. The fatigue
strength at 100 million cycles is defined as Δσ , which is the fatigue
limit.
In summary, Eq. (14) with =3.0 and Eq. (15) with =5.0 can be

probability of failure as DNV GL and ABS. On the other hand, IIW
and EC3 provide the S-N curves with a 5% probability of failure (refer
to Table 15).

used for  ≤  × and  ×   ≤  × , respectively. Fig. 8
Table 15 Comparison of the probabilities of failure

presents the schematics of Eqs. (14) and (15).


 



   × ⋅ 


(14)





 


   × ⋅ 



(15)



Code Probability of failure (%)
DNV GL
2.3

Remark

ABS

2.3

Not shown in updated code

BS
IIW
EC3

2.3
5.0
5.0

Selectable

5.3 Comparison of the S-N Curves
The S-N curves in the IA environment were compared because the
S-N curves of some codes cannot be used in the CP or FC
environment. The S-N curves of the D-, E-, and F grades were
compared. Fig. 9 presents the S-N curves corresponding to the mean,
+2 standard deviations, and -2 standard deviations as thick solid lines,
thin dotted lines, and thick dotted lines, respectively.
5.3.1 Grade E or FAT80
The E grade of the BS family and the FAT80 grade of the IIW

Fig. 8 Basic design S-N curves in in-air environment by IIW

5. Comparison between Codes
5.1 Comparison of Nominal SDCs
The nominal grades in the IA environment are divided into two
groups because some codes do not provide S-N curves in the CP or FC

family are equivalent to each other; Fig. 9(a) shows the S-N curves for
the grades. The E grade mean curves by ABS and BS are the same up
to 10 million cycles. Up to the same life, the mean curves by DNV GL
were lower than those by ABS and BS. Therefore, the average S-N
curves of DNV GL were the most conservative for 10 million cycles
among the E grade curves belonging to the BS family. The mean S-N
curve by BS was the most conservative for the long life of over 10
million cycles.
The basic design S-N curves (-2 standard deviation curves) of the
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BS family coincide until 5 million cycles. The BS curve is the most
conservative after 10 million cycles, while the basic design S-N curves
by DNV GL and ABS are the second most conservative. The EC3

The mean S-N curves by the five codes are similar up to 10 million
cycles. If it exceeds 10 million cycles, the mean S-N curve by BS is the
most conservative. As with the grade E, the three basic design S-N

curve is most optimistic after 10 million cycles.

plots by the BS family were identical for up to 5 million cycles. Above
10 million cycles, the BS basic design curve was the most
conservative.

5.3.2 Grade D or FAT90
The grade D of the BS family and the FAT90 of the IIW family are
equivalent. Fig. 9(b) presents the S-N curves in the IA environment.

5.3.3 Grade F or FAT71
The grade F of the BS family is equivalent to the FAT71 of the IIW
family. Fig. 9(c) shows the IA environment S-N curves. The trend of
the F grade curves by the codes was similar to that in the D grade
curves.

6. Conclusions
This paper analyzed the characteristics of the S-N curves according
to various industry standards and codes to provide guidelines for
applying the appropriate codes when designing ships and offshore
structures. The S-N curves of the five codes (DNV GL, ABS, BS, IIW,
and EC3) were analyzed and compared for the non-tubular members
made from steels.
(a) Class E

Before the code-by-code comparison, the notations and symbols
were summarized into a single table by each code to minimize
confusion.
Unless stated otherwise, the S-N curves presented in most codes
were based on the nominal stress. On the other hand, because the
hot-spot stress has been used mainly in the design of offshore
structures, it is important to select a basic design S-N curve for a
hot-spot stress application problem code by code. In addition, a
method of evaluating hot-spot stresses was introduced.
DNV GL, ABS, and BS define an S-N curve with an intercept and
slope, while IIW and EC3 describe it with a fatigue strength at 2
million cycles and a slope. An examination of the probability of failure

(b) Class D

for each code, DNV GL, ABS and BS used a basic design S-N curve
based on a failure probability of 2.3% and those corresponding to a 5%
failure probability by IIW and EC3.
The material constants of the basic design S-N curves presented in
each code were arranged in a table so that the reader can easily use
them. The corresponding S-N curves are provided graphically so that a
design engineer can apply them without needing to read the complex
codes fully.
The nominal grades by the BS family (DNV GL, ABS, and BS) and
IIW family (IIW and EC3) were tabulated to enable a relative
comparison. In addition, the mean and basic S-N curves by the five
codes were compared for the E, D, and F grades. Overall, the BS
presented the most conservative basic design S-N curves.
Part 1 of this paper compared the basic design S-N curves. Part 2
discussed various factors influencing the basic design S-N curves.

(c) Class F
Fig. 9 Comparison of various S-N curves in IA environment

Nevertheless, because this paper targeted the non-tubular steel
members, it will be necessary to deal with tubular members in future
studies.
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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
quality meeting with the publishing requirement with legible symbols and legends. All figures should be referred to in the texts. They should be
referred to in the text as, for example, Fig. 1, or Figs. 1–3.

(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
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