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a b s t r a c t

This paper aims to provide the most useful method of determining an optimum LCB position and design
direction of fore- and aft-body hull shape for a SLBV. It is known that the SLBV has a lower length-to-
beam ratio, larger Cb and simpler stern shape designed for the installation of azimuth thrusters
comparing to those of conventional LNG carriers. Due to these specific particulars of SLBV, the optimum
LCB position was very different to that of conventional LNG carrier. And various approaches were applied
to determine the optimum fore- and aft-body hull shape. The design direction for the optimum hull-form
was evaluated as the minimization of the total resistance which includes the wave-making resistance
and form-drag with numerical simulation.
© 2020 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As environmental regulations have been become more strin-
gent, the demand for LNG-fueled vessel is increasing as alternative
to conventional fossil-fueled ones. In line with this trend, it is
necessary to investigate a SLBV (Small scale LNG Bunkering Vessel)
that supplies LNG fuel to LNG-fueled ships. And it is known that the
LNG cargo capacity of the SLBV is about 5,000 m3e8,000 m3.
Despite of the interest for the SLBV, the published research is
limited. The concept study for the SLBV design was conducted in
UBC (University of British Columbia) with ship owner, classifica-
tion. They investigated the powering estimation, the electrical
systems, the piping system, the HVAC system and the detailed
analysis of the life cycle cost as well as the return on investment
(Zargham et al., 2016). Several Korean shipyards such as SHI
(Samsung Heavy Industries), HMD (Hyundai Mipo Dockyard), HHIC
(Hanjin Heavy Industries & Construction) and STX have a track
record of building the SLBV. It can be observed that the SLBV has
relatively lower L/B ratio and larger Cb (Block Coefficient) than
those of conventional LNGc (Kim and Lee, 2005). And various types
for the propulsion system are applied to the SLBV due to the
importance of maneuverability for the bunkering. Typical

propulsion system for the SLBV is the combination of CPP
(Controllable Pitch Propeller) and high lift rudder or special pro-
pulsor such as an azimuth thruster. According to the propulsion
system, the design constraint for arrangement is determined and
consequently, the hull-form design of the SLBV is also affected. In
this study, wewould like to suggest the design direction of the SLBV
including its specific main particulars and special propulsion sys-
tem. The results of this study had been applied to the ship-building
at SHI, as shown in Fig. 1.

2. Numerical details

2.1. Target vessel

The main particulars of the target ship are presented in Table 1
with those of the previous studies (Zargham et al., 2016) and
conventional LNGc (Kim and Lee, 2005). Generally, the SLBV has
relatively small L/B, larger Cb to those conventional LNGc. From
these differences of main particulars, it is inferred that the opti-
mum design direction of SLBV is also different to that of conven-
tional LNGc.

2.2. Numerical setup

This study was performed by numerical simulation with com-
mercial code, STAR-CCMþ. The fundamental information used in
numerical simulations is presented in Table 2.
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2.3. Resistance test

Firstly, we compared to resistance results from model test and
CFD simulation to validate the numerical setup used in this study.
The numerical simulation was carried out using the mother ship of
the target ship. The main particulars of the mother ship and target
ship are presented in Table 3 (Kim, 2018), and they have almost
same values. We defined the Fn from 0.137 to 0.257 for numerical
simulation as shown in Table 4.

For this simulation, computational domain, boundary condition
and grid systemwere presented in Fig. 2, respectively. To reduce the
computational time and cost, half of the hull was modeled and the
symmetry boundary condition was defined in the centerline plane.
The hexahedral unstructured grid system, called trimmer mesh in
STAR-CCMþ, was applied and the grids were clustered for realistic
elevation and propagation of wave around a ship. The total number
of grid is about 3.8M. The free surface was captured by the VOF
methodwith HRIC scheme. And the time stepwas defined as 0.001s
and total computational time was 80s. The number of inner itera-
tion per time step was defined as 5. The value of y þ on hull surface

was defined as 40, which is located in the recommended range to
apply the wall function for the high y þ wall treatment model
(Siemens, 2013). Fig. 3 (a) shows the time history of Rtm at 13 Kts
simulation and we judged the value was converged at 80s. As
presented in Fig. 3 (b), the difference of EHP calculated from Rtm
evaluated from model test and numerical simulation in all ship
speed range is within 1.0%. Fig. 4 shows the y þ range simulated at
13 Kts of ship speed, most of yþ value on the hull was distributed in
the range of 30e50 likewise we targeted.

2.4. Design process

The procedure of hull form optimization was established in
three categories: 1) the LCB (midship 0%, FWD þ, AFT-) study, 2)
fore-body design and 3) aft-body design. The detailed design pro-
cess was shown in Fig. 5.

3. Optimum design for hull form

The hull form design is intended to address several design
constraints, including not only hydrodynamic performance but also
space requirements for targeted cargo volume and the installation
of engines, machinery, equipment, etc. In this study, these design
constraints were examined to assess its suitability of the design for
actual ships. All numerical simulations for hull design was carried
out at 13 Kts (Fn ¼ 0.223), target ship speed.

3.1. Study for optimum LCB position

The study on the LCB position, one of the main particulars, was
carried out firstly. It was assumed that the values of length, beam,
draught and Cb are fixed and determined by external conditions
such as cargo capacity, port limitation and routing of a ship.

There are three typical methods for selecting an optimum LCB
position (Kim, 2013) as follows:

(1) Statistics (Society of naval architects of Korea, 2009)
(2) Partially parametric hull design (Lackenby transformation)
(3) CNP (Conventional Non-Parametric) hull design (Kim, 2013)

Fig. 1. The target vessel.

Table 1
The comparison of main particulars.

Target vessel SLBV Conventional
LNGc

L/B 4.4 4.4e6.9 6.1
B/Td 3.4 3.4e5.1 3.8
Cb About 0.8 0.74e0.8 0.74
Target Fn 0.22 0.20e0.23 0.20
Propulsion

system
Special propulsor (Azimuth
thruster)

Various propulsion
system

Conventional
Type

Table 2
Numerical setup.

Item Description

Governing equation RANS
Temporal discretization 1st order
Convection term 2nd order upwind
Gradient method Green-Gauss
Pressure-Velocity coupling SIMPLE
Turbulence model Reynolds stress model

Table 3
Main particulars of target ship and mother ship.

Target ship Mother ship

LOA [m] 97 97
B [m] 21.8 21.8
Td [m] 6.5 6.9
Cb About 0.8 About 0.77
Fn 0.223 0.223
Propulsor Special propulsor (Azimuth

thruster)
Special propulsor (Azimuth
thruster)

Table 4
Ship speed and Fn number for resistance test
in numerical simulation.

Vs [Kts] Fn

8 0.137
11 0.188
13 0.223
15 0.257
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Fig. 2. Numerical set-up for the simulation.
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Fig. 3. The validation for numerical set-up.

Fig. 4. Distribution of y þ on the hull surface.

Fig. 5. Design process for optimizing hull form.

Fig. 6. LCB position study by statistics data.
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Firstly, statistics were used to seek the optimum LCB’s position
(Society of naval architects of Korea, 2009). As shown in Fig. 6, the
LCB’s position of the low-speed vessels is generally to be located in
forward from midship. However, the LCB position of the middle-
speed vessels is to be located around midship position due to
relatively higher portion of wave making resistance. So, the proper
LCB position for the target vessel is difficult to be determined using
statistics (Society of naval architects of Korea, 2009) due to its
specificity of the target vessel with similar Fn value in middle-
speed vessel and Cb value in low-speed vessel.

Secondly, the Lackenby transformation and changed SAC (Sec-
tion Are Curve) line’s distribution were used, as shown in Fig. 7 (a).
In order to look into the EHP with different position of the LCB, a
vessel’s total resistance was classified in Table 5. Basically, the
resistance of each case in Table 5 was evaluated by ITTC 1978 2D
method, total resistance is divided by skin friction and residual
resistance. As shown in Table 5, total resistance of both cases
(LCB_Case01 and LCB_Case02) are increased comparing to Base
case due to the increased residual resistance. The residual resis-
tance is evaluated from the difference between total resistance and
skin friction. The portion of residual resistance in total resistance is
relatively higher than that of general ship, about 20e25%. This
tendency is oriented by characteristic of main particulars of the
target vessel and is also observed in previous research (Zargham
et al., 2016). To investigate the effect of the wave making resis-
tance, we carried out an additional numerical simulation without
free surface, called the double body simulation. We assumed that
the wave making resistance can be simply estimated by the dif-
ference of total resistance between these numerical simulations
namely, with and without free surface. As shown in Table 6, the
wave making resistances of LCB_case1 was much increased
comparing to Base case with LCB position, �0.7%, while the wave
making resistances of LCB_case2 was decreased comparing to Base
case. This can be explained by Fig. 7 (b) and (c). As the LCB’s position
moves forward, the wave making resistance was increased because
of higher shoulder wave whereas aft-body pressure resistance is
decreased by increase in pressure recovery of aft-body shown in
Fig. 7 (c). The LCB’s position of Base hull is evaluated to be optimum
position. This result means that although the target vessel has a
relatively lower L/B ratio and larger Cb value than those of con-
ventional LNGc, the optimum LCB’s position is similar to conven-
tional LNGc that is predicted using statistics (Society of naval

Fig. 7. LCB’s position study by using the Lackenby transformation (at Fn ¼ 0.223).

Table 5
Comparison of resistance component.

Case LCB Position Residual Resistance Skin friction Total resistance

Lcb_case01 þ0.5% 58% 52% 110% (þ10%)
Base �0.7% 48% 52% 100% (Base)
Lcb_case02 �1.8% 50% 52% 102% (þ2%)

Table 6
Comparison of Wave making Resistance.

Case LCB
Position

Total Resistance
with Free surface

Total Resistance
without Free surface

Wave making
resistance

Lcb_case01 þ0.5% 110% 84% 26%
Base �0.7% 100% (Base) 85% 15%
Lcb_case02 �1.8% 102% 88% 14%
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Fig. 8. LCB’s position study by using the conventional non-parametric aft-body design (at Fn ¼ 0.223).
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Fig. 8. (continued).
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architects of Korea, 2009).
Lastly, the CNP hull design was carried out. It is the typical hull-

form design method, the lines for presenting hull-form are directly
modified by designer using CAD tool. Most CAD tools provide the
ability to perform these tasks conveniently. This method has the
advantage of being able to express the alignment delicately as
intended by the designer, but takes considerable time to optimize

the LCB’s position because general vessels have a complex three-
dimensional shape. Since the target vessel’s aft body shape can
be designed by a few representative design parameters such as
stern profile, design load water line, side tangent line and the
transom line in Fig. 8 (a), the CNP hull designwas possible with less
time comparing to general complex hull shape. Thus we performed
the optimization with CNP hull design in the aft-body and with the
Lackenby method in the fore-body. Fig. 8 (b) represents the com-
parison of SAC curves. Although the LCB’s position is moved toward
the aft-body position, the region of negative pressure greatly
related to resistance of the vessel wasmaintained as shown in Fig. 8
(c).

The optimum LCB’s position is clearly different when using the
Lackenby transformation and the CNP hull design of aft-body based
on hull characteristics. As shown in Fig. 8 (e), the optimum LCB’s
position,�2.4%, is located. This is similar to that of container vessels
(Society of naval architects of Korea, 2009). In addition, the

Fig. 10. Study of the entrance angle optimization (at Fn ¼ 0.223).

Fig. 9. Study of the bulbous bow section area (at Fn ¼ 0.223).
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difference of the EHP reduction ratio was about 4% between the
Lackenby transformation and the CNP aft-body design. Therefore,
the CNP hull designwas better way to optimize the LCB’s position of
the target vessel in this study.

3.2. Study for optimum fore-body design

One of the design targets for fore-body design is to minimize
wave making resistance. For this purpose, the bulb section area
study was carried out like Fig. 9 (a). The area ratio starts from 7.5%
because the optimum bulb area ratio is recommended that value at
20th. according to the previous study (Society of naval architects of
Korea, 2009). As shown Fig. 9 (b) and (c), the bow wave peak was
reduced as the bulb area is increased. But, when the bulb area ratio
is larger than 10%, the bow wave peak didn’t reduce anymore and
the 2nd wave peak was produced. Finally, the optimum bulb area
was determined as 10%.

Next, an entrance angle related to shoulder wave resistance was
examined. As shown in Fig. 10 (a), the entrance angle at around
19.75st. was increased from 13deg which is determined from the
previous study (Kim and Lee, 2005). As the entrance angle is
increased, the bow wave peak was also increased. However, the
magnitude of wave hollow around shoulder was mitigated. The
angle around shoulder area in the red circle shown in Fig. 10 (b) is
relatively decreased as the entrance angle is increased. The
magnitude of bow wave peak has a normally large effect on wave
resistance in conventional LNGc. However, since the target vessel
on this research has a low L/B ratio and large Cb, wave hollow

around the shoulder was strongly generated in a wide range.
Therefore, it is more effective to minimize wave hollow around the
shoulder than to minimize bow wave peak as shown in Fig. 10 (c).

3.3. Study for optimum aft-body design

The SLBV is fitted with azimuth thrusters, mainly. Therefore, the
stern should not be in a stern bulb form. The study on an optimum
shape of aft-body, as shown in Fig. 11 (a), was carried out into two
categories: a barge type generating buttock flow and a balanced
type generating combined buttock and waterline flow. The values
of Cb and transom area were kept. As shown in Fig. 11 (b), the
negative pressure was distributed at side region of the balanced
type in the red circle because waterline flow is generated. However,
the pressure recovery area was expanded in the blue circle. The
reason is that the change of stern profile’s curvature on the
balanced type is relatively smaller than that of the barge type. The
vortex shedding strength at the transom area in the balanced type
was reduced more than so that the pressure recovery of the
transom area is increased. Therefore, the resistance of the aft-body
with the balanced type was about 10% less than that of the barge
type. Therefore, the balanced type was adopted as the base shape.
The balanced hull type, as presented in Fig. 12 (a), was modified to
satisfy some design constraints. The stern1 hull-form is further
analyzed to optimize the stern profile, which was a key factor for
pressure recovery of aft-body as shown in Fig. 12 (c).

Firstly, the curvature of the stern profile was optimized to move
the volume from profile region to side region, presented as the

Fig. 11. Comparison of the aft-body (at Fn ¼ 0.223).
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stern 2 in Fig. 12 (b). The pressure recovery was improved as shown
in the red circle, but the negative pressure area was increased as
shown in the purple circle from Fig. 12 (c). As a result, the total
resistance was increased about 4% from Stern 1. The reason is that
since the profile region is relatively wider than the side region, the
position of side tangent is excessively moved to the stern in the
longitudinal direction as shown Fig. 12 (b).

Secondly, the curvature of the stern profile was optimized by
increasing the transom immersion, presented as the stern 3 in
Fig. 13 (a). As shown Fig. 13 (b), the pressure recovery around the
bottom area was improved as shown in the red circle because the
curvature of the stern profile was totally reduced. The increase of
the negative pressure area around the side region in the stern 2 is
not induced as shown in the purple circle because this design
concept leads to absorbing the change of volume at the profile
region. However, the pressure recovery around the transom area
becomes worse as shown in the blue circle because strong flow
separation was induced at the transom region resulting from
increasing transom immersion under the water as shown in Fig. 13

(b). As a result, the total resistance was increased about 3%
compared to Stern 1.

Lastly, the curvature of the stern profile was optimized with
convex curve shape presented as the stern 4 in Fig. 14 (a). This
optimum design has the most improved pressure recovery as
shown in the red circle in Fig. 14 (b) because this design concept
does not change the transom immersion and position of side
tangent as shown in Fig. 14 (b). The total resistance was decreased
about 5% from Stern 1 as shown in Table 7. As a result, the optimum
design direction of the aft body is to maximize the pressure re-
covery by changing the curvature of stern profile and design load
water line as well as the area and immersion of the transom under
water.

3.4. Summary of hull form design

As mentioned in previous chapters, we modified the hull-form
from initial hull-form, defined as “Base” of Fig. 7 in Chapter. 3.1,
to final hull-form, presented as “Stern 4” of Fig. 14 in Chapter 3.3.
Hull shape and wave pattern of these two hull-forms are compared
in Fig. 15. As shown Table 8, the total EHP reduction of target vessel
by the hull-form design improvement is 9.5%.

4. Conclusions

In this study, it was conducted to optimize the performance of
the SLBV which has a lower L/B ratio and larger Cb than those of
conventional LNGc. The optimization study was performed in three
sections: LCB, Fore-body and Aft-body. Accordingly, this study
presents the optimal design direction for the SLBV.

(1) The optimum LCB’s position was considered and compared
using three different methods. It is concluded that, due to its
special particulars of the target vessel, it is inappropriate to
predict the optimum LCB’s position using statistics or the
Lackenby transformation method. However, the optimum
LCB’s position should be obtained by conventional non-
parametric hull design considering the characteristics of
hull form. In particular, unlike conventional LNGc, the aft-
body on the target vessel can be simply designed with four
lines being represented.

(2) A study on the optimization of bulb shape and entrance angle
for fore-body was performed. It indicates that the optimi-
zation of the shoulder wave is more effective than the
reduction of bowwave peak, which is well known as general
approach to middle or fast speed vessels. The reason is that
the target vessel has relatively large volume distribution in
shoulder region due to its low L/B ratio and large Cb. Hence,
severe shoulder wave in that region is essentially generated
and directly affects aft-body without adjusting parallel part.

(3) A study on the optimization of stern profile, one of the major
design parameters, was carried out based on aft-body with a
balanced hull type. Although the balanced hull type gener-
ating complex flow by combining buttock flow and waterline
flow, the resistance was smaller than that on barge type. And
the convex type profile on aft-body is muchmore effective to
maximize the pressure recovery and reduce to resistance
rather than the volume change of hull side and transom.

Based on the hull-form improvement, consequently, the total
EHP of final hull-form was reduced 9.5% from the initial hull-form
in this study.

Fig. 12. 1st design concept for aft-body (at Fn ¼ 0.223).
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Fig. 13. 2nd design concept for aft-body (at Fn ¼ 0.223).

Fig. 14. Final design concept for aft-body (at Fn ¼ 0.223).
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Comparison of the EHP as the shape of stern type.
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Stern 4 The Profile shape of the convex type �5%

Fig. 15. The comparison of hull shapes and wave pattern of initial and final Hull-Form for the target ship (at Fn ¼ 0.223).

Table 8
Comparison of total resistance.

Case EHP Ratio

Initial hull-form (Base) Base
Final hull-form (Stern 4) �9.5%
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