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a b s t r a c t

In this study, a parametric investigation is performed using CFD for towing stability and loads according
to the forward and aft slope angles of a barge-shaped FPSO. The forward slope angle is considered in a
range of 30e60� and the aft slope is examined in a range of 20e50�. As a result of a comparative study
based on CFD towing simulations, it is found that the yaw motion is damped out and stabilized when the
aft slope is more than 40� regardless of the forward slope angle. The vortex contours in the y-axis plane
near the aft slope are analyzed and it is observed that the vortex developed at the bottom knuckle is bent
upward along the aft slope when the aft slope is less than 40�, and completely fallen from the bottom
knuckle when the aft slope is more than 40�. Based on the results, a guide to forward and aft slope angles
of a barge-shaped FPSO is presented from a practical point of view considering towing stability as well as
towing load.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A barge-shaped floating structure has been widely used for
Floating Production Storage and Offloading (FPSO) or Floating Liq-
uefied Natural Gas (FLNG) which are designed to be operated in
relatively mild environmental conditions. In recent years, floating
barges are used not only for FPSO and FLNG, but also for various
projects such as Floating LNG Power Plant (FLPP). Large floating
barges are usually towed into offshore fields after being con-
structed in shipyards. For safe towage, it is essential to examine the
towing stability, which means the performance whether the towed
floating body follows the towing route in a stablemanner or not. If a
fishtailing phenomenon, which means a periodic yawing motion, is
occurred, it becomes difficult to safely maintain the route of the
large towed structure. In consequence, the risk of a collision with
other ships or marine terrain can be increased. In the event of a
collision, not only the structure itself may be damaged, but also the
entire project may be disrupted. Also, significant damage such as
human injury and marine pollution may occur. Therefore, it is
required to assess the towing stability from the initial design stage.

Many studies on the towing stability of floating structures have
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been mainly conducted since the 1950s. Strandhagen et al. (1950)
studied the towing stability criteria of towed vessels using the
Routh-Hurwitz stability criterion. Bernitsas and Kekridis (1985)
derived characteristic equations and suggested discriminants
through the equations of motion of towed vessels. Latorre (1988)
studied the scale effect on towing load and stability through
model tests. He pointed out that caution is necessary when the
model test result is analyzed because the model test showed
optimistic result than the full scale one. Lee (1989) proposed the
concept of an equilibrium position of a towed barge to predict the
dynamic stability of a nonlinear barge-towing system.

By the year 2000, many researches on towing performance of
FPSO according to hull shape and skeg have been conducted. You
(2000) performed a comparative towing model test on tanker
and barge shaped FPSO. It was observed that the tanker shape had
less towing stability than the barge-shaped FPSO. Jung et al. (2005)
experimentally analyzed the effect of the bow shape of FPSO. A
spoon bow and barge shapes were compared, and the towing sta-
bility of the barge shapes was shown to be superior to that of the
spoon bow shape. Yang and Hong (2006) performed a series of
towing model tests for FPSO with consideration of various stern
shapes and skeg conditions. Kwon (2007) performed a towing
model test on the fore blocks of tankers and container ships. It was
observed that the fishtailing phenomenon was strong for the fore
blocks of container ships which are relatively close to streamlined
body. Nam et al. (2014) conducted towing model tests with and
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Nomenclature

aii Added mass in i-direction
Iz Added mass moment of inertia in z-axis
m Mass of the ship
NH Yaw hydrodynamic moment acting on the towed

body
NT Yaw moment acting on the towed body in yaw

direction
j Yaw angle
_j Yaw velocity
€j Yaw acceleration
u Surge velocity
_v Sway acceleration
xT Longitudinal position of tow line connection
YH Sway hydrodynamic force acting on the towed

body
YT Towing force acting on the towed body in y-axis

Table 1
Main dimensions of FPSOs operating in West Africa.

Project LBP (m) Breadth (m) Depth (m) L/B

MYSTRAS 271 55 22 4.9
SEA EAGLE 274 50 28 5.5
KIZOMBA A 285 63 32 4.5
KIZOMBA B 285 60 32 4.8
AKPO 300 61 31 4.9
GIRASSOL 300 60 31 5.0
BONGA 305 58 32 5.3
CLOV 305 61 32 5.0
USAN 320 61 32 5.2
DALIA 322 56 29 5.8
PAZFLOR 325 61 32 5.3
EGINA 330 61 34 5.4
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without skegs for transport barges and compared with numerical
analysis results. Kwon et al. (2015) investigated different effects of
center skeg and twin skeg of a barge shaped floating structure. A
towing model test and captive test to obtain the maneuvering co-
efficients were carried out. The experimental results were
compared with the Computational Fluid Dynamics (CFD) analysis
results. It was observed that lateral force was generated due to the
asymmetric vortex induced by the center skeg. Accordingly, the
yaw motion became unstable, resulting in fishtailing or yaw offset
phenomenon. On the other hand, it was observed that flow sepa-
ration occurred stably near the twin skeg. The vortex strengths
were balanced in both skeg regions. In consequence, lateral force
was not generated and the yaw motion was stabilized.

It is known that the towing stability of the barge-shaped floating
structure is relatively superior to that of the ship-shaped one (You,
2000; Jung et al., 2005; Kwon, 2007), but the effect of the fore and
aft slope angles of the barge has not been studied yet. In order to
reduce the bending moment in terms of the longitudinal strength
of the floating structure, it is recommended to decrease the volume
at the fore and stern. One of the reasons why the slope is applied to
barge design is to reduce the bending moment. If a large slope is
applied to a barge, then the bending moment is diminished and the
amount of steel can be decreased. It means the reduction of the
capital expenditures (CAPEX) for the project. In addition, towing
resistance can be decreased. A larger slope has many advantages in
a barge design, but it can be expected that the towing stability will
be deteriorated. Therefore, a systematic study is needed on towing
performance according to the slope angle of barge.

In order to examine the towing performance according to the
shape change with an experimental approach, a large number of
models are required, which incurs a high cost. In addition, a lot of
time and effort is necessary to prepare the loading change of the
barge model. On the other hand, the influence of the shape and
loading condition can be analyzed relatively easily through the CFD
approach. Lee et al. (2004) compared hydrodynamic force accord-
ing to the stern shape of FPSO using CFD. Boo et al. (2004) calcu-
lated hydrodynamic force according to the stern shape and skeg of
FPSO through CFD analysis. Shin (2011) analyzed the fluid-structure
interaction of towed bodies based on CFD simulation. Nam et al.
(2013) performed numerical towing simulations of a barge, and
analyzed differences according to the maneuvering motion equa-
tions based on the Maneuvering Modeling Group (MMG) and the
787
Cross-Flow models. Toxopeus et al. (2013) performed a CFD study
on the optimization of skeg shape of offshore barge. Nam et al.
(2015) conducted numerical time domain analysis for towed
barges in consideration of wind loads, and the effect of wind speed
and direction were examined. Also, Nam (2020) performed a
parametric study regarding towing speed, initial positions and hull
force coefficients through numerical analysis using the MMG
model.

In this study, towing stability and resistance according to the
fore and aft slope angles of a barge-shaped floating structure are
investigated based on a series of CFD towing simulations. As a
result, a guide to forward and aft slope angles of a barge-shaped
floating structure is presented from a practical point of view
considering towing stability as well as towing load, longitudinal
bending moment of the hull structure, and the risk of bow bottom
slamming.
2. Barge-shaped floating structure

2.1. Main dimension and slope angles of a barge

The main dimensions of barge-shaped FPSOs operating in West
Africa fields in 2019 (Barton et al., 2019) are shown in Table 1 and
Fig. 1. The range of LBP is 271 me330 m and breadth is 50 me63 m.
The length to breadth ratio (L/B) ranges from 4.5 to 5.8. Based on
the data, main dimension of a representative barge is determined
and summarized in Table 2. The LBP is selected as 300 m, and L/B
ratio is selected as 5.0. Accordingly, the breadth becomes 60 m. The
depth is selected as 30 m and towing draught to depth ratio (T/D) is
assumed to be 50% (DNVGL, 2016), so the towing draught becomes
15 m. The barge shape according to the selected main dimension is
illustrated in Fig. 2.

The forward and aft slope angles of the floating barge denote the
angle consisting of the horizontal plane and the slope surface as
shown in Fig. 2. If the slope angle is large, it gets closer to the
vertical plane and box shape. If the slope angle is small, it gets
closer to the horizontal plane and sharp shape, and the volume
decreases. For reference, in the case of an FPSO installed offshore of
West Africa, forward and aft slope angles of 60� and 30� were
applied, respectively. According to the result of CFD towing simu-
lation, fishtailing occurred in this case. Therefore, twin skeg had to
be applied to stabilize the yawing motion. In this study, in order to
analyze the influence of a wide range of slope angles, the forward
slope angles of 30e60� are considered with 10� intervals. The aft
slope angles are examined with 5� intervals for the range of
20e50�. The slope starts at a height of 15 m, which is towing
draught. Four forward slope angles and seven aft slope angles are
considered, and towing simulations for a total of 28 combinations
are carried out. For convenience, the slope angles are expressed



Fig. 1. Main dimensions of FPSOs operating in West Africa.

Table 2
Main dimensions of a barge.

Symbol Items Unit Value

LBP Length m 300
B Breadth m 60
D Depth m 30
T Towing draught m 15
L/B Length/breadth e 5.0
T/D Towing draught/depth e 50%

Fig. 2. A floating barge and definition of forward and aft slope angle.
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simply as “F00A00”. For example, F40A30 means 40 degrees of
forward slope and 30 degrees of aft slope.

The weight is considered as much as the displacement volume
according to the shape change. The F60A50 condition has the
largest displacement, and based on this, the weight difference from
the F30A20 condition with the smallest displacement corresponds
to about 8%. The yaw radii of gyration are assumed to be 25% of LBP.
The position of center of gravity in the longitudinal direction is
assumed to be midship.
3. Numerical towing simulation

A towing system can be illustrated as shown in Fig. 3. The O-XYZ
denotes an earth-fixed coordinate system, and the Z-axis is
Fig. 3. Coordinate system.

788
vertically upward. The o-xyz with the origin at the center of gravity
of the towed body denotes a body-fixed coordinate system. In this
study, it is assumed that the tug boat is going straight at a constant
speed. The equation of motion for the sway and yaw of the towed
body is expressed as follows (Bernitsas and Kekridis, 1985; Latorre,
1988).

ðmþ a22Þ _vþðmþ a11Þu _j¼YH þ YT (1)

ðIz þ a66Þ€j¼NH þ NT (2)

The towing stability discriminant for the above equation of
motion can be derived, and as a result, two inequalities must be
satisfied. The first condition is that the towing point where the tow
line is connected to the towed object must be located in front of the
longitudinal center of the lateral hydrodynamic force. And the
second condition is the required minimum towing tension. In this
study, the motion of the towed body on the horizontal plane is
directly calculated in the time domain through CFD analysis.

3.1. Computational set-up

Kwon et al. (2015) performed CFD towing simulation on a barge-
shaped floating body and the results were verified with experi-
mental results. The computational approach used in this study is
based on their research. An Unsteady Reynolds-Averaged Navier-
Stokes (URANS) solver of STAR-CCM þ v.13 is used for the CFD
analysis. An implicit unsteadymethod is utilized and themaximum
number of inner iteration in a physical time step is set as 10. The
realizable K-Epsilon model is employed for the turbulence
modeling since it showed good results in the previous study (Kwon
et al., 2015). The DFBI rotation and translation method, which
moves the entire mesh domain according to body motion, is
applied to enable three degrees of freedom motion on the hori-
zontal plane of the floating body. The volume of fluid high resolu-
tion interface capturing (VOF HRIC) model is employed for the free
surface capturing. The level of second order accurate approxima-
tion of the volume fraction at cell faces is taken into account.

CFD analysis is performed under 1/50 scale condition for the
comparisonwith the model test results in future. The towing speed
of 0.364 m/s which is corresponded to 5 knots in full scale is taken
into account. This speed is theminimum ocean towing speed that is
practically considered in FPSO projects. The corresponding flow
velocity is considered in the CFD simulation. Fig. 4 shows the size of
Fig. 4. Boundary condition.



Fig. 6. Tow line configuration.

Table 3
Towing condition.

Items Full Scale Model

Scale 50 1
Tow line length 1000 m 20 m
Tow line stiffness 724 kN/m 290 N/m
Tow speed 5 knots 0.364 m/s
Initial yaw rate 0.0025 rad/s 0.0175 rad/s

Table 4
Cases for convergence study.

Items Base Size Volume Mesh Time Step

Coarse 0.48 m 1.8 M 0.05 s.
Medium 0.40 m 2.7 M 0.100, 0.050, 0.025 s.
Fine 0.32 m 5.6 M 0.05 s.

Fig. 7. Mesh size study result.

Fig. 8. Time step study result.
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computational domain and far boundary conditions. The pressure
outlet boundary condition is applied to the rear boundary, and the
velocity inlet condition is employed for the remaining far bound-
aries. Fig. 5 shows the generated grid system. The grid size near the
hull and the free surface is refined.

The towing line configuration and information of stiffness
modeling are shown in Fig. 6 and Table 3. The main towing line
from the tug boat to the bridle apex is modeled as a spring, and the
length is 20 m in model scale. The bridle apex is assumed to be 45�.
The model conditions are calculated according to Froude's law of
similarity.

A constant yaw disturbance is given at the beginning of the
simulation to quickly check whether the fishtailing phenomenon is
developed or not. A constant yaw rate is selected so that initial yaw
amplitude becomes about 10�. The simulation time is 500 s in the
model scale, which is corresponding to 3535 s in the full scale. 320
CPU cores are employed for CFD analysis.

3.2. Convergence study for mesh size and time step

In the case of explicit solvers, it is important to satisfy the CFL
(CouranteFriedrichseLewy) condition because if the CFL condition
is not satisfied, the solution becomes unstable and inaccurate. In
this study, there is no issue about the instability of the solution even
if the CFL number is large since the implicit solver is employed.
However this does not guarantee the accuracy of the solution. The
appropriate level of the CFL value varies according to the inherent
characteristics of the physical phenomenon of the problem to be
calculated. In order to obtain an accurate result, a convergence
study of the solution depending on the grid size and time step is
performed. The F40A40 case where both forward and aft slope
angles are 40� is selected for the study. The number of volume
meshes and time step conditions for convergence study are sum-
marized in Table 4. The base mesh size is changed by 20% and the
yaw time histories obtained from CFD analysis are compared in
Fig. 7. The time step is fixed as 0.05 s. In all three conditions,
damped oscillation appears in yaw motion. However, the magni-
tude of yaw oscillation is relatively large in the case of coarse grid
condition. That is, the damping of yaw motion is calculated to be
small as the grid size increases. On the other hand, yaw time his-
tories appear almost similar in the medium and fine mesh condi-
tions. Therefore, the medium mesh condition is selected as the
reference condition for the remaining CFD towing simulations.

The results of the convergence study for the time step are
compared in Fig. 8. The time steps of 0.100, 0.050 and 0.025 s are
considered for the medium mesh condition. As a result, it is
observed that the results of the time steps of 0.05 s and 0.025 s are
very similar. That is, it can be seen that the converged result is
obtained when the time step is less than 0.05 s for the medium
mesh condition. Accordingly, 0.05 s is selected as the reference
Fig. 5. Mesh refinement.
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condition for the time step.
The level of the CFL number according to the grid size and time

step is compared as shown in Table 5. The CFL values between 490
and 500 s are averaged. Depending on the grid size and time step,
the CFL numbers range from 20 to 72. As a result of grid size and
time step dependency study, the medium mesh and time step of
Table 5
CFL numbers according to mesh size and time step.

Time Step (sec) 0.100 0.050 0.025

Coarse e 20.838 e

Medium 43.481 25.634 12.885
Fine e 72.477 e
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0.05 s condition is selected as the reference condition and corre-
sponding CFL value is turned out to be 25.6.
4. Results and discussion

4.1. CFD towing simulation results

For the forward slope angles of 30, 40, 50, and 60�, the results of
considering the 5� intervals from 20 to 50 degrees of aft slope angle
are shown in Figs. 9 and 10. The time histories of yaw and towing
resistance are compared and it is observed that fishtailing is very
strong in the case of F30A20. At the same time, the fluctuation of
resistance is also very large. The magnitude of yaw motion in the
fishtailing phenomenon gradually decreases as the aft slope in-
creases. An important finding is that when the aft slope is less than
40�, the fishtailing phenomenon becomes stronger, and when the
aft slope is more than 40�, the fishtailing disappears and changes
into a damped oscillation. When the aft slope is more than 40�, the
yaw motion is stabilized and the resistance fluctuation is signifi-
cantly reduced.

The vorticity contours in the y-axis near the aft slope at the
moment when the yaw angle is large are shown in Fig. 11. The
vortex contour when the forward slope is 30� is shown in the
leftmost column of Fig. 11. The results of the aft slope of 30, 35, and
40� are compared from top to bottom. In the conditions of aft slopes
of 30� and 35�, it is observed that a strong vortex developed at the
knuckle of hull bottom is bent upward along the aft slope. On the
Fig. 9. Yaw time series according to slope angles.

Fig. 10. Resistance time series according to slope angles.

Fig. 11. Vorticity contours in y-axis near the aft slope.
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other hand, the vortex developed at the knuckle of the hull bottom
is separated from the hull when the aft slope angle is 40�. Based on
the results, it can be seen that the yaw motion is stabilized as the
vortex is separated from the hull when the aft slope angle is more
than 40�.

In the case of forward slope of 40�, strong fishtailing phenom-
enon also appears when the aft slope is 20� (F40A20) as shown in
Fig. 9. However, the yaw magnitude is slightly reduced compared



Fig. 13. Comparison of yaw standard deviation.

Fig. 14. Comparison of resistance ratio to F60A50.

C.S. Kwon and S.M. Yeon International Journal of Naval Architecture and Ocean Engineering 13 (2021) 786e793
with that in the forward slope of 30� condition (F30A20). That is,
the magnitude of fishtailing decreases when the forward slope
increases. It is observed that fishtailing occurs when the aft slope is
less than 30� and changes to damped oscillationwhen the aft slope
is more than 35�. Above 40 degrees of aft slope, yaw motion is
strongly damped and stabilized, and the difference according to aft
slope angle becomes insignificant.

In the middle column of Fig. 11, the vortex contours for the aft
slope of 30, 35, and 40� are compared when the forward slope is 40
degrees. In the condition of the aft slope of 30� (F40A30), it is
observed that the vortex developed at the knuckle of hull bottom is
bent upward along the aft slope. As the aft slope angle increases to
35� (F40A35) and 40� (F40A40), the vortex gradually moves away
from the aft slope and falls off. Comparing the conditions of 30� and
40 degrees of the forward slope, the larger the forward slope is, the
faster the vortex generated from the hull bottom knuckle moves
away from the aft slope.

As a result, the important point is that the vortex is completely
separated from the aft slope face and the yaw motion is stabilized
when the aft slope is greater than 40�, regardless of the forward
slope.

In the case of forward slope of 50�, a strong fishtailing phe-
nomenon also appears in the aft slope of 20� (F50A20) as shown in
Fig. 9. Fishtailing occurs when the aft slope is less than 25�, but
changes to damped oscillation when the aft slope is more than 30�.
It is observed that the yaw motion is strongly damped and stabi-
lized when the aft slope is over 40�. In the rightmost column of
Fig. 11, the vortex contours with the aft slope of 30, 35, and 40� are
compared when the forward slope is 50�. It is observed that the
vortex generated from the hull bottom knuckle is bent upward
along the aft slope face when the aft slope is 30� (F50A30). The
vortex is completely off the aft slope face when the aft slope is
greater than 35�.

Fishtailing does not appear when the forward slope is 60�.
However, the barge is towed with yaw offset when the aft slope is
less than 30� as shown in Fig. 9.

In summary, the yaw magnitude of fishtailing phenomenon is
reduced and stabilized when forward slope is increased from 30 to
50�. However, the barge can be towed with yaw offset when for-
ward slope reaches 60�. The yaw motion is stabilized when the aft
slope is greater than 40� regardless of forward slope angle.
Fig. 15. Comparison of resistance standard deviation.
4.2. Statistical comparisons of yaw and towing resistance

The average and standard deviation (stdev) of yaw and towing
resistance according to the forward and aft slope angles are
compared in Figs. 12e15. For comparison of averaged resistance,
F60A50 case is chosen as a reference since the shape is the closest
to box. The yaw average is expressed as an absolute value. Data for
Fig. 12. Comparison of averaged yaw angle (absolute).
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time between 300 and 500 s in model scale is used to obtain the
average and standard deviation values.
4.2.1. Forward slope of 30�

In the case of forward slope of 30�, fishtailing occurs when the
aft slope is 20e35�. Therefore, yaw average value is 1.5e4.4�, and
standard deviation is 16e29� as shown in Figs. 12 and 13. As for aft
slope of above 40�, yaw motion is stabilized, resulting in both yaw
average and standard deviation close to zero. The case of aft slope of
40� shows the smallest yaw average and standard deviation.
Therefore, this seems to be the most stable towing condition. It is
observed that the resistance ratio and standard deviation increase
as the aft slope decreases from 35� to 20� when the forward slope is
30� as shown in Figs. 14 and 15. It can be seen that decreasing aft
slope results in a strong fishtailing phenomenon and increment of
towing resistance. In particular, it is observed that the towing
resistance of F30A20 and F30A25 are greater than those of F50A20



Fig. 16. Comparison of yaw time traces.

Fig. 17. Comparison of resistance time histories.

Fig. 18. Comparison of yaw and resistance.
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and F50A25, respectively. When the aft slope reaches over 40�, the
resistance standard deviation becomes close to zero since the yaw
motion is stabilized. The resistance ratio decreases to a level of 50%
compared to that in the F60A50 condition.

4.2.2. Forward slope of 40�

In the case of forward slope of 40�, the averaged yaw value is
0.8e4.4� and standard deviation is 12e24� due to the influence of
fishtailing in the range of aft slope of 20e30� as shown in Figs. 12
and 13. A trend of resistance ratio according to the aft slope
when the forward slope is 40� is similar to that in the condition of
forward slope of 30� as shown in Fig. 14. Compared to the case of
forward slope of 30�, the overall fishtailing phenomenon is allevi-
ated, and both of yaw motion and resistance are slightly reduced.
When the aft slope is more than 40�, the yaw motion is stabilized,
and yaw average, standard deviation and resistance standard de-
viation become all close to zero. The towing resistance is reduced to
a level of 60% compared to the F60A50 case.

4.2.3. Forward slope of 50�

When the forward slope is 50�, the yaw standard deviation is
11e15� in the range of aft slope of 20e25� as shown in Fig. 13. It is
observed that the fishtailing phenomenon is alleviated and overall
standard deviations of yaw and resistance decrease as the forward
slope increases. The resistance ratio tends to increase slightly as the
aft slope increases. It can be seen that the towing resistance for the
cases of forward slope of 50� decreases to a level of 70% on average
compared to the F60A50 case as shown in Fig. 14.

4.2.4. Forward slope of 60�

As for forward slope of 60�, the standard deviations of yaw
motion and resistance become close to zero regardless of the aft
slope angle because the fishtailing does not occur. Due to the yaw
offset phenomenon, the yaw average value increases as the aft
slope approaches 20� from 35�.

To summarize, it is observed that the barge is towed in a stable
manner when the aft slope is more than 40� regardless of the for-
ward slope angle in the rage of 30e60�. In addition, it appears that
the towing resistance can be significantly reduced as the forward
slope is decreased from 60 to 30�.

4.3. Recommended slope angle

It is shown that yaw motion is stabilized when the aft slope is
above 40�. In order tominimize the bendingmoment of the floating
structure, it is recommended to reduce the volume of the bow and
stern by decreasing the slope angle. Therefore, it is considered
desirable to select an aft slope of 40� in order to sufficiently satisfy
the towing stability and to make the bending moment small. Then,
what can be an appropriate forward slope angle from an engi-
neering point of view. The time series of yawmotion and resistance
for the cases of forward slopes between 30 and 60� when the aft
slope is maintained as 40� are compared in Figs. 16 and 17. It is
observed that yaw motion decays faster as the forward slope in-
creases as shown in Fig. 16. It can be seen that the resistance is
considerably reduced when the forward slope is decreased from
60� to 30� as shown in Fig. 17.

The yaw average and standard deviation, resistance ratio and
standard deviation according to the forward slope are compared in
Fig. 18. In fact, there is no problem in towing stability no matter
what value of the forward slope angle is between 30 and 60� as long
as the aft slope angle is 40�. To make a comparison, F50A40 case
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appears to be the most stable condition since the yaw average and
standard deviation as well as resistance standard deviation are all
become zero. On the other hand, from a resistance perspective, the
resistance can be reduced to about 69%, 56%, and 49% when the
forward slope angle is decreased from 60� to 50, 40, 30�, respec-
tively. Therefore, decreasing the forward slope angle can be a way
to diminish the towing load. However, there is a concern that
slamming impact on the forward slope area is likely to be increased
when the forward slope is small. Accordingly, it is considered
desirable for the forward slope angle to be adopted as 40e50� as
shown in Fig. 19.

The effect of forward slope angle on towing speed and towage
duration are shown in Fig. 20. The aft slope is fixed as 40�. The
towing load includes resistance by wind and waves, but only the
calm water resistance is examined here. Based on the case of for-
ward slope of 60� (F60A40), the towing speed and towage duration
of the remaining conditions are expressed as ratios. When the
forward slope decreases from 60� to 50, 40, and 30�, the towing
speed is expected to be increased to 120%, 133%, and 143%,
respectively. The towage duration is expected to be decreased to a
level of 83%, 75%, and 70%, respectively.



Fig. 19. Recommended forward and aft slope angles.

Fig. 20. Estimated tow speed and towage duration.

C.S. Kwon and S.M. Yeon International Journal of Naval Architecture and Ocean Engineering 13 (2021) 786e793
5. Conclusion

In this study, a parametric investigation is performed using CFD
for towing stability and loads according to the forward and aft slope
angles of a barge-shaped floating structure. A representative
dimension of towed barge is selected using database of FPSOs. The
forward slope angle is considered in the range of 30e60� with an
interval of 10�. The aft slope is examined at an interval of 5� in the
range of 20e50�. In the CFD analysis, a convergence test for mesh
size and time step is performed to select the appropriate condition.

As a result of CFD towing simulations, it is found that the yaw
motion is damped out and stabilized when the aft slope is more
than 40�, no matter what value of the forward slope angle is be-
tween 30 and 60�. The vortex contours in the y-axis plane near the
aft slope are analyzed. As a result, it is observed that the vortex
developed at the bottom knuckle is bent upward along the aft slope
when the aft slope is less than 40�, and completely fallen from the
bottom knuckle when the aft slope is more than 40�. From a
viewpoint of the bending moment of the hull structure, it is pref-
erable to reduce the volume of bow and stern parts by decreasing
the slope angle. As a result, the smallest aft slope angle for which
towing stability is satisfied is turned out to be 40�. Therefore, it is
considered most desirable for the aft slope to be selected as 40�.

In fact, there is no problemwith towing stability no matter what
value of the forward slope is selected in between 30 and 60� as long
as the aft slope is 40�. For comparison, the larger the forward slope
is, the faster the yaw motion is attenuated. In terms of yaw average
and standard deviation, 50 degrees of forward slope condition
(F50A40) is evaluated as the most stable. From a resistance point of
793
view, it is recommended to decrease the forward slope angle.
However, there is a concern that slamming impact on the forward
slope area is likely to be increased when the forward slope is small.
Accordingly, it is considered desirable for the forward slope angle to
be adopted as 40e50�.
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