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a b s t r a c t

Decisions of the design speed, MCR, and engine capacity have been empirically made by assuming the
value termed the sea margin. Due to ambiguity regarding the effect of some factors on the sea margin,
the value has been commonly decided based on experience. To evaluate the value from a new viewpoint,
it is necessary to construct an approach to estimate the sea margin through an objective procedure based
on a physical and mathematical model.

In this paper, a framework to estimate the actual sea margin of an LNGC based on the maneuvering
equations of motion is suggested by considering the hull, propeller, rudder, and given sea route under
wind and waves. The fouling effect is additionally quantified as the increase of total resistance by
considering the re-docking period. The operation data is reviewed to amend the increase of the total
resistance considering the speed loss of a ship. Finally, the factor of how much the resistance increases
due to fouling is newly obtained for the vessel. Based on the comparison of the estimated sea margin
with the empirical range of the sea margin, the constructed framework is regarded as feasible.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since the hull form of a ship is ideally designed based on the
results obtained from the resistance and self-propulsion tests un-
der the calmwater condition, various approaches have been carried
out to consider the effects of irregular wind, waves, and other
factors, in terms of the power increments that are encountered in
an actual voyage. In reality, it is difficult at an initial design stage to
quantify all the factors related to the power increment. Decisions of
the design speed, MCR, and engine capacity have been empirically
made by assuming various margins.

The ITTC defined the terms of the powering margin, sea margin,
engine operation margin, and light runningmargin used in the ship
design process to make the meaning of the empirical values clear
(ITTC, 2017). Among them, the sea margin was defined as the value
considering the environmental effects, such as wind and waves, on
the route, shallow water, steering effects, air and water tempera-
ture, based either on experience or on statistical values, the effects
of aging, fouling on the hull, and roughness of the hull and the
propeller surface. Kwon (2004) studied estimation of the sea
margin by considering the environmental loads, including wind

and waves. However, the value has been commonly decided based
on the experience in a shipyard or shipping company, due to the
ambiguity regarding the effect of some factors on the sea margin.
Different values of the sea margin were chosen for the ship design
according to the ship type, ship size, expected route, request of ship
owners and others. It was empirically found to be in the range of
15e30% (ITTC, 2017; Magnussen, 2017). As ship owners, classifica-
tion societies, international organizations, and shipyards have
shown high interest in the economical operation of ships, their
understanding regarding the actual operation has been improved
based on the accumulated knowledge and records (Ball et al., 2015).
An attempt has been made to determine the engine capacity by
following an objective procedure (ISO, 2015), rather than by refer-
ence to experience. Nabergoj and Prpi�c-Or�si�c (2007) carried out a
comparison of the estimated sea margins for a RO-RO vessel by
applying an analytic and statistical approach, respectively. Ahmad
and Adnan (2014) proposed a method to estimate the sea margin
for an LNGC based on full-scale measurement and noon report.
Szelangiewicz and Zelazny (2016) recognized that the sea margin
depends on the environmental conditions encountered, ship size,
and other factors. After they assumed the LNGC as a liner, the sea
margin was deduced according to the different sailing speed.
Likewise, various studies have been conducted to find an appro-
priate approach to estimate the sea margin of a vessel.

You et al. (2017a, 2017b, 2018a) carried out studies in which the
RPM and power of an LNGC were predicted by solving the
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maneuvering equations of motion at an arbitrary time. First of all,
the error due to the ignorance of environmental loads, including
wind and waves, was investigated, after the predicted values by
using the AIS data were compared with the measured values (You
et al., 2017a). The succeeding research was carried out to reduce
the error by considering the environmental loads, obtained from
the full-scale measurement data (You et al., 2018a). They reviewed
the feasibility of replacing the full-scale measurement data by
combining the AIS data and the ECMWF database (You et al.,
2017b). The studies carried out by You et al. (2017a, 2017b, 2018a)
replicated the actual voyage of a ship affected by environmental
conditions that were continuously changing. Since the hull, pro-
peller, rudder, and the environmental conditions could be inde-
pendently considered as external forces in the maneuvering
equations of motion, it was possible to investigate the effect of each
term.

Recently, shipyards had received multiple requests regarding
the estimation of the full-scale performance from ship owners. First
was the request for the prediction of the most efficient speed of a
ship, considering the hydrodynamic characteristics and equipment
operation. The first request had been satisfied by the previous
research (You et al., 2018b). Second was the request for the esti-
mation of the sea margin based on the objective procedure not only
by analyzing the operation data, but also by using a physical and
mathematical model of the ship. When wrapping up the previous
studies (You et al., 2017a, 2017b, 2018a), it was recognized that the
actual sea margin could be deduced from the estimated power
increment.

This paper suggests a framework to estimate the actual sea
margin of an LNGC based maneuvering equations of motion in
which consider the hull, propeller, rudder, and given sea route
under wind and waves as a succeeding research conducted by You
et al. (2017a, 2017b, 2018a, 2018b). First of all, an LNGC with twin-
screw was chosen to study the sea margin considering hydrody-
namic characteristics. The configuration of the LNGC, including
hull, propellers, and rudders, was taken into account. Since the
vessel was designed and constructed in DSME, design information,
model test results, and calculation results regarding the resistance,
self-propulsion, maneuvering, and seakeeping could be acquired.
The resistance and self-propulsion performance was considered
based on the model test results. Although the maneuvering per-
formance was predicted based on the empirical formulae, free-
running model test results were used to raise the reliability of the
simulated performance (Kijima et al., 1990; Fujii and Tsuda, 1961,
1962; You and Choi, 2017; You, 2018). Wind loads were predicted
based on the wind tunnel model test results. Wave loads were
predicted based on the calculated QTFs of the mean drift forces and
moment. A sea route obtained from the AIS data and environmental
conditions obtained from the ECMWF database were additionally
considered to calculate the wind and wave loads.

The basic concept of this research was affected by the approach
proposed by Szelangiewicz and Zelazny (2016). It was assumed that
the LNGC was operated by following a command speed of constant
value from a departing harbor to a final destination. To investigate
the effect of the command speed on the estimated sea margin, the
identical sea route and environmental conditions had to be pre-
mised. Moreover, diverse sea routes and weather conditions could
not be taken into account in this research. Consequently, the ac-
quired sea margins had a limitation that the value was for the
specified environmental conditions.

The RPM and power were estimated considering the hull, pro-
pellers, rudders, and environmental conditions including wind and
waves along the sea route. From the calculated power increment,
actual sea margin could be acquired. It was necessary to review
whether the shallow water effect, air and water temperature,

effects of aging, fouling on the hull, and roughness of the hull and
the propeller surface could be further considered or not, from the
perspective of the sea margin defined by the ITTC (ITTC, 2017). The
factors (shallowwater effect, air and water temperature and effects
of aging) other than fouling had to be ignored, due to the appro-
priateness of ship design philosophy or ambiguity of quantifying
the effect. The fouling effect was quantified as the increase of total
resistance by considering the re-docking period in the referred
documents (Larsson and Simonsen, 2014; Gold Standard
Foundation, 2017; Molland et al., 2011). It was needed to amend
the increase of the total resistance considering the speed loss of a
ship from the operation data. Since there were not measured data
for the fouling effect of the LNGC, the development of an approach
was alternatively attempted considering the MMT data (Larsson
and Simonsen, 2014). The factor of how much resistance in-
creases due to the fouling was obtained by the speed loss. The
newly acquired seamargin and fuel oil consumptionwere reviewed
for the LNGC with 20 knots according to the re-docking period.

Although the applicability of the acquired sea margin on the
ship designwas restricted due to the representation of weather and
operation data, the constructed framework gave a clue to devise an
approach to achieve the actual sea margin. It was anticipated that a
shipbuilding company or shipping company could perceive how to
determine the sea margin for a newly designed ship based on the
physical and mathematical model in the near future.

2. Mathematical modeling

2.1. Principal particulars of the LNGC and coordinates

Due to the fact that ship owners had high interests in LNGCs, a
lot of membrane type LNGCs with twin-screw had been ordered
(Gas Strategies, 2017). Therefore, LNGC was regarded as an appro-
priate vessel for us to study the actual sea margin that was recently
requested from ship owners. The LNGC was constructed in DSME.
Table 1 summarizes the principal particulars of the LNGC with
design draft (You and Choi, 2017; You, 2018). Fig. 1 shows the twin-
screw LNGC under way. Fig. 2 shows the coordinates used in the
framework. Coordinates were independently defined for the
maneuvering equations of motion, wind loads, wave loads, the AIS
data, and the ECMWF database, respectively. They had to be
adjusted for the same coordinate as shown in Fig. 2.

2.2. Maneuvering equations of motion considering the hull with
fouling effect, propellers, rudders, wind and waves

Since research regarding the maneuvering performance of the
LNGC had been carried out, how to construct and verify the
mathematical model was summarized in the referred papers (You
and Choi, 2017; You, 2018). The maneuvering equations of motion
were constructed as shown in Eq. (1). Since the fouling effects were

Table 1
Principal particulars of the LNGC with design draft.

Data

LPP [m] 284.5
B [m] 48.4
Design draft [m] 11.7
CB [-] About 0.77
Propeller diameter [m] 8.5
Design speed [knots] 19.4
RPM at design speed [-] About 67.0
Mean chord length of a rudder [m] 8.0
Mean span height of a rudder [m] 5.0
MCR [kW] of two engines About 25,000
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considered as the increase of the total resistance, they were written
as ðXHÞF , ðYHÞF , and ðNHÞF .

In Eq. (1), the resistance performance of the LNGC was consid-
ered from the resistance model test. The thrust loads of the pro-
pellers were considered from the self-propulsion and propeller
openwater test. The hydrodynamic coefficients and the slope of the
lift according to the rudder deflection angle were predicted by
using empirical formulae (Kijima et al., 1990; Fujii and Tsuda, 1961,
1962). External forces andmomentwere obtained fromEqs. (2), (3),
and (6). Propeller torque and power were also predicted from Eqs.
(4) and (5).

It was necessary to supplement the potential inaccuracy of the
hydrodynamic coefficients obtained from the empirical formulae.
The simulated maneuvering performance was compared with that
obtained from the free-running model test as shown in Fig. 3. The
comparison confirmed that the simulation was appropriate to
replicate the maneuvering behavior of the LNGC. The detailed
feasibility study for 35� turning tests, 10�/10� zigzag tests, and 20�/
20� zigzag tests were described in the referred papers (You and
Choi, 2017; You, 2018).
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FN;PORT ¼0:5$r$A2
R$U

2
R;PORT$CL;a$sinaR;PORT

FN;STBD ¼0:5$r$A2
R$U

2
R;STBD$CL;a$sinaR;STBD

CL;a ¼
6:13L

Lþ2:25

aR;PORT ¼ dPORT �g
�
b� lR

0r0
�

aR;STBD ¼ dSTBD�g
�
b� lR

0r0
�

(6)

Wind loads were predicted by considering the relative wind
speed and relative wind incident angles, after wind load co-
efficients were obtained from the wind tunnel model tests. Like-
wise, wave loads were calculated by considering the significant
wave height, wave mean period, and wave incident angles, after
wave loads were calculated from the analysis by using the com-
mercial software. Wind loads and wave loads had to be non-
dimensionalized, to consider the loads. Eq. (7) shows how to non-
dimensionalize the wind loads and wave loads, respectively
(DSME, 2008).

The wind tunnel model tests were conducted with the 1:200

Fig. 1. The twin-screw LNGC under way.

Fig. 2. The coordinates.

Fig. 3. Turning trajectories obtained from the simulation and the free-running model
test.
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model of the LNGC in December 2007. The size of the facility, tested
wind conditions, etc. were described in the referred document
(You, 2018; DSME, 2008). The LOA of the LNGC was about 290m, AT
was about 1500m2, and AL was about 6700m2. Wind loads could
be calculated by using Eq. (8).

XWI ¼ CX;WIðjÞ0$
1
2
$rair$AT$V

2
rWI

YWI ¼ CY;WIðjÞ0$
1
2
$rair$AL$V

2
rWI

NWI ¼ CN;WIðjÞ0$
1
2
$rair$AL$LOA$V

2
rWI

where;

urWI ¼ VWI cosðjWI � jÞ þ u

vrWI ¼ VWI sinðjWI � jÞ þ v

VrWI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðurWIÞ2 þ ðvrWIÞ2

q

jrWI ¼ tan�1ðvrWI=urWIÞ

(8)

The QTFs of the LNGC were calculated by using the HYDROSTAR
developed by BV. In order to take into account the forward speed,
the so-called encounter frequency approximation was imple-
mented in HYDROSTAR. The direct pressure integral method was
applied to obtain the QTFs. This research did not focus on the pe-
riodic response of a ship, but considered the constant load
component like the added resistance. The mean drift forces and
momentwere considered as the external forces andmoment due to
waves. The time-averaged part of the increase of resistance due to
waves is called the added resistance (Kim et al., 2017;
Alexandersson, 2009), and this kind of approach has been broadly
applied. The drift force indicates non-linear (second-order) wave
potential effects (Journ�ee and Massie, 2001).

Wave mean drift forces and moment were calculated according
to the frequency, ship speed, and wave incident angle. Wave

conditions, including the significant wave height, wave mean
period, and wave direction, were considered in the prediction of
the wave loads. EðwÞ was generated by using the significant wave
height and wave mean period. By multiplying EðwÞ and the QTFs as
shown in Eq. (9), the wave mean drift forces and moment due to
waves could be acquired at an arbitrary time. It was impossible for
us to calculate the QTFs for arbitrary ship speed, heading angle, and
wave incident angle. After the calculation was carried out with a
certain interval, the wave loads were deduced by applying the
linear interpolation. Here, calculations were conducted for 29 wave
frequencies, 6 heading angles, and 3 speeds. Of course, the QTFs
could be densely obtained for more speeds, frequencies, and wave
incident angles that cover most of the operating conditions. In
practical terms, it was not only impossible, but also inefficient,
because the preparation time and computing time were drastically
increased.
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w
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(9)

Fig. 4 shows the non-dimensionalized surge wave drift forces
according to the wave frequencies. The calculated frequencies were
0.2721, 0.2768, 0.2817, 0.2868, 0.2923, 0.2981, 0.3042, 0.3108,
0.3178, 0.3252, 0.3333, 0.3419, 0.3513, 0.3615, 0.3726, 0.3848,
0.3923, 0.4134, 0.4302, 0.4494, 0.4713, 0.4968, 0.5269, 0.5633,
0.6085, 0.6665, 0.7452, 0.8605, and 1.0539 rad/s. The tested wave
incident angles were 0, 30, 60, 90, 120, 150, and 180�. The tested
speeds were 10.75, 16.125, and 21.5 knots. As the ship speed was
faster, the peak of the non-dimensionalized surge force shown in
Fig. 4 was greater in the relatively long wave ranges. The detailed
calculation procedure and characteristics, such as the tendencies,
could also be seen in Ref. You et al. (2018a).

2.3. Consideration of the fouling effect and the regressed data
regarding the speed loss

After the ship owner takes delivery of a vessel, fouling consis-
tently causes the loss of ship efficiency. Fouling is defined as the
formation of biological coatings on a hull surface, which increases
the resistance of a ship (in other words, under the same power, the
ship speed decreased). Molland et al. (2011) defined the effect of
fouling on a hull as the increase of friction resistance. In terms of
the total resistance, they claimed that the total resistance increased
about 1.0e2.0%/month, due to fouling. The idea of how to consider
the fouling effect on the sea margin was conceived from their
approach. The increased value in terms of the total resistance was
assumed by using the average value of 1.5%/month. The effect of
fouling was assumed as the increase of total resistance in propor-
tion to the re-docking period (or operation period). The re-docking
period was generally determined by the fleet operation plan of a
shipping company. And, the re-docking period ranges from one to
five years.

The increase of total resistance could be affected by the ship
Fig. 4. The non-dimensionalized surge wave drift forces according to the wave fre-
quencies with design draft at 10.75, 16.125, and 21.5 knots.
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type, length, sea route and others. It was necessary for us to obtain
appropriate value from the actual operation in the newly proposed
approach. MMT statistically investigated the speed loss of a ship
according to the re-docking period. Since the detailed information
of the vessel, including the ship type, length, etc., was not disclosed,
there was the limitation in referring to the data (Larsson and
Simonsen, 2014). However, the plot provided a clue to perceive

the effect of the fouling on the speed. First, it was natural that the
speed have to be consistently decreased, as the operation period
increased. Second, since the biological coating on the hull was
removed during the re-docking work, the speed loss disappeared
immediately after re-docking work. As shown in Fig. 5, ship speeds
after re-docking work varied by about 98e103%, since the reques-
ted scope of the repairs could be changeable. Because it was
impossible to consider the different repair work, the speeds from
about 4.75 to 6.0-year were selectively used to estimate the actual
sea margin as shown below.

3. Description of simulation procedure

3.1. Simulation procedure

Fig. 6 and Table 2 show the detailed procedure to estimate the
sea margin. In Fig. 6, the sailing simulation module developed in
the previous research is highlighted as a grey section. Before the
simulation started, all inputs regarding the principal particulars,
resistance, self-propulsion, maneuvering, seakeeping, sea route,
and environmental conditions were inserted. The initial settings
including ui, vi, ri, ðxgÞi, ðygÞi, ðjÞi, ðdPORT Þi, ðdSTBDÞi, ðnPORT Þi and
ðnSTBDÞi, were set for the ship at the starting point.

First of all, the maneuvering equations of motion considering

Fig. 5. The speed of a ship after the re-docking work based on the measured speed
(You, 2018).

Fig. 6. A flow chart to estimate the actual sea margin from the simulation.

Table 2
Simulation procedure to estimate the actual sea margin.

Step Input Execution Output

1 ui , vi , ri , ðxgÞi , ðygÞi , ðjÞi , ðdPORT Þi , ðdSTBDÞi
, ðnPORT Þi , ðnSTBDÞiand other basic
information.

Solving equations ((1)e(3) and (6) and
(8) and (9) (You et al., 2018b)

uiþ1, viþ1, riþ1, ðxgÞiþ1, ðygÞiþ1, ðjÞiþ1, ðdPORT Þiþ1, ðdSTBDÞiþ1, ðnPORT Þiþ1, and
ðnSTBDÞiþ1

2 Uiþ1, KQ ðJP;PORT Þiþ1, KQ ðJP;STBDÞiþ1,
ðnPORT Þiþ1 and ðnSTBDÞiþ1

Calculating equations (4) and (5) poweriþ1

3 ðnPORT Þiþ1, ðnSTBDÞiþ1 and poweriþ1 Calculating the time averaged RPM and
power naverage ¼

R tf
0
ðnPORT Þiþ1 þ ðnSTBDÞiþ1

2
tf

, poweraverage ¼
R tf
0 ðpowerÞiþ1

tf
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the hydrodynamic characteristics of the LNGC, and sea route (You
et al., 2018b) were repeatedly solved at one second interval to
predict the kinematic information and RPM at an arbitrary time.
After Eqs. ((1)e(3) and (6) and (8) and (9) were solved, uiþ1, viþ1,
riþ1, ðxgÞiþ1, ðygÞiþ1, ðjÞiþ1, ðdPORT Þiþ1, ðdSTBDÞiþ1, ðnPORT Þiþ1, and
ðnSTBDÞiþ1 could be updated at one second interval at step 1. Second,
the propeller torque and power were successively calculated at one
second interval. Eqs. (4) and (5) were solved. At step 2, the value of
poweriþ1 were updated. From the initial location to the final loca-
tion, Step 1 and 2 were repeatedly calculated. The aggregated RPM
and power calculated at one second interval were divided by the
entire time of the voyage to obtain the time averaged RPM and
power. At step 3, naverage and poweraverage were obtained at the final
location. To estimate the sea margin as shown in Fig. 6, simulations
were repeatedly carried out with environmental conditions and
without environmental condition. Eqs. (10) and (11) indicate how
to calculate the relative ratio of RPM and power, respectively.

Relative ratio of RPM ¼ naverageðw= Env:Þ � naverageðw=o Env:Þ
naverageðw=o Env:Þ

(10)

Relative ratio of Power ðsea marginÞ

¼ Poweraverageðw= Env:Þ � Poweraverageðw=o Env:Þ
Poweraverageðw=o Env:Þ

(11)

3.2. Sea route and environmental condition considered to estimate
the actual sea margin

A ship owner provides a detailed sea route for estimating the sea
margin and the environmental conditions as a statistical format to
design a ship in the initial design stage. This research was planned
for us to construct a new framework to estimate the sea margin
based on the physical and mathematical model. For the research
purpose, the used sea route and environmental conditions were
assumed as follows.

To select a sea route that was considered to estimate a sea
margin of the LNGC, the LNG export volume and import volume of
each country were reviewed (Canadian Association of Petroleum
Producers (CAPP), 2015). (Of course, the chosen sea route and the
estimated sea margin for the route could not represent all of the
LNG transporting routes and the seamargin of the LNGCs.) Based on
the technical report, the major exporters could be simplified as the
Middle East, Southeast Asia, Australia, and West Africa, and major
importers could be seen in East Asia and Europe. One of the
available records was selected as the target sea route where an
LNGC sailed from Nigeria in West Africa to Japan in East Asia
through Cape Town, Madagascar, and the Straits of Malacca. Fig. 7
shows the recorded sea route of the LNGC. The original records
for about 26 days included the time in UTC, longitude, latitude, SOG,
COG, and others.

Since it was necessary to obtain the environmental conditions to
estimate the sea margin, the environmental conditions were given
by matching the recorded time in UTC and location through the
ECMWFdatabase as shown in Fig. 8. From the ECMWF database, the
weather data could be obtained at 6-h intervals. The latitude and
longitude were divided into 0.25� � 0.25� intervals, and the closest
node was matched to the location of the simulated ship during the
simulation. Whether the matched weather condition through the
ECMWF database was quite similar to the actual weather data had
been reviewed in the previous research carried out by You et al.
(2017b). The weather conditions according to the location were

reviewed. Since most of the obtained wind speed for the voyage
was slow and the significant wave height was small, the LNGC had
been operated at mild weather below Beaufort number 4 and Sea
state 4. Young (1999) divided the world's seas into 19 zones, and
analyzed monthly changes of the environmental data for ten years.
Representative values for 5 seas near the recorded route among the
19 seas were compared with the obtained values from the ECMWF
database. On the whole, there was insignificant difference between
the values obtained from the ECMWF database and the seasonal
statistical values analyzed by Young (1999).

An assumption was needed to use the given environmental
conditions to estimate the sea margin. To investigate the effect of
the command speed on the estimated sea margin, the environ-
mental conditions should be identical. The simulated ship had to be
differently located, according to the command speed at a certain
time. If the environmental conditions were varied according to the
time and location of the simulated ship by considering the reality,
the number of variables increased. After assuming that the envi-
ronmental condition obtained from the actual voyage was fixed

Fig. 7. The recorded sea route of an LNGC from Nigeria to Japan.

Fig. 8. The time history of the wind speed and significant wave height obtained from
the ECMWF database.
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along the recorded location, this study to estimate the sea margin
started.

3.3. Feasibility check of the simulated results

To check the feasibility of the simulated results, the trajectories
for the voyagewere compared with the recorded sea route that was
assumed as the waypoints. And, the simulated speeds of the LNGC
was compared with the command speeds. This kind of approach
had already been applied to the studies carried out by You et al.
(2017a, 2017b, 2018a, 2018b). Here, the simulation results at the
maximum speed of 20 knots and the minimum speed of 12 knots
were selectively reviewed. It was confirmed for the simulated ship
to follow the inputted waypoints and command speed well.

Fig. 9 shows the entire sea routes of the simulated LNGC with 20
and 12 knots from Nigeria to Japan. Due to the poor readability by
plotting all of the calculated and recorded locations, the locations
were plotted at regular intervals of 10min. For all conditions, the
LNGC could follow thewaypoints well. Since it showed a very broad
area in a plot, it was necessary to enlarge a specific section where
the LNGC was steered with a big difference. The chosen sectionwas
near the Strait of Malacca, and it is marked as a black rectangle in
Fig. 9.

Fig. 10 shows the partial sea routes of the simulated LNGC with
20 and 12 knots near the Strait of Malacca. Although the course
changewith large differencewas being carried out near the Strait of
Malacca, the LNGC followed the waypoints well. A general mer-
chant ship with propellers and rudders in stern could only secure
straight line stability regarding the controllability. Consequently, it
is impossible for a ship to follow a sea route without error (Lewis,
1989). Therefore, some difference between the recorded route
and simulated route was inevitable.

Fig. 11 shows that the LNGC with the command speed of 20 and
12 knots sails to the final destination. On the whole, the simulated
speeds matched well with the command speeds. Although most of

the operations with 20 knots were carried out at 20 knots for 24
days, the ship speed significantly decreased by 10 knots on day 18
and 23. Speed decreases by about 1e2 knots were also observed
from time to time. The LNGC with the command speed of 12 knots
was operated for about 39 days. The ship speed decreased by about
5 knots on day 30 and 38. Since the command speeds were
different, significant speed losses were observed on different days.
However, the locations where the significant speed losses were

Fig. 9. The entire sea routes of the simulated LNGC with 20 and 12 knots from Nigeria
to Japan.

Fig. 10. The partial sea routes of the simulated LNGC with 20 and 12 knots near the
Strait of Malacca.

Fig. 11. The time histories of the simulated speed of the LNGC with 20 and 12 knots
under wind and waves, and under calm water condition.
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observed were the same.
Large speed losses were first observed near the Strait of Malacca.

There was frequent steering with a large difference, due to the
complex coastline and traffic volume in the area. In addition, it was
observed for the second time near Japan. The steering had been
concentrated to access the LNG terminal, and to avoid other vessels
in the area. It was natural that when maneuvering behaviors were
carried out, the ship speed decrease, due to the increased resistance
affected by the increased drift angle and the increased drag by the
deflected rudder. Consequently, the speed loss should be taken into
consideration in estimating the sea margin of a ship, because it is a
common hydrodynamic response of a ship that sails along the sea
route.

However, after finishing the course change with a large differ-
ence, speed increases of about 1e2 knots were observed. This un-
realistic behavior was related to the tips on how to maintain the
command speed. Here, to reduce the unrealistic behavior (You
et al., 2018b), the RPM control was paused if the deflected rudder
angle was larger than |3.5|�. Although the tip was applied to the
simulation, there was a concern that speed increases of 1e2 knots
were still observed, as shown in Fig. 11. Regarding the sea margin,
the effect of the speed increase was insignificant, because it was
short enough to ignore.

4. Simulation results

4.1. Hydrodynamic characteristics of the ship during the voyage

It was possible to investigate the loads during the voyage by
comparing the relative ratio of the hull, rudders, wind, and waves.
The definition of the relative ratio was the same as that given in You
et al. (2017b, 2018a) and it was shown in Eq. (12). The absolute
surge forces due to the hull, rudders, wind, and waves were
aggregated. By dividing the absolute force of an element into the
aggregated force, the relative ratio was obtained. The absolute
values were used, in order to ignore the direction of the force. If the
direction of each force is considered, the summation of the relative
ratio can be more or less than 100%. The relative ratios for the sway
force and yaw moment are not plotted here. Since the sway force
and yaw moment were almost equilibrated to maintain the course
of the ship by controlling the rudders, interesting phenomenawere
not observed.

Ratio of wave load :
jXWAj

jXH j þ jXRj þ jXWIj þ jXWAj

Ratio of wind load :
jXWIj

jXH j þ jXRj þ jXWIj þ jXWAj

Ratio of rudder load :
jXRj

jXH j þ jXRj þ jXWIj þ jXWAj

Ratio of hull load :
jXHj

jXH j þ jXRj þ jXWIj þ jXWAj

(12)

Figs. 12 and 13 show the time histories of the relative surge ratio
of the hull, rudder, wind, and wave loads of the LNGC with 20 and
12 knots. The tendencies of the wind and wave loads were similar
those of the wind speed and significant wave height as shown in
Fig. 8 (You et al., 2017b, 2018a). The tendencies of the relative surge
ratio of the hull, rudders, wind, and waves in Fig. 12 were, overall,
similar to those in Fig. 13. Since the command speed was different,
only the time at a certain location was different. If the different
arrival time at a certain location was considered, the operation
characteristic seemed to be similar. However, the proportion of the
environmental loads with the command speed of 20 knots was
smaller than those with 12 knots. The qualitative difference could

be understood as follows.
The resistance of the hull was in proportion to the square of the

ship speed. Therefore, as the ship speed decreased, the magnitude
of the hull load reduced in proportion to the square of the ship
speed. Rudder load was in proportion to the square of the wave
inflow speed at the rudders. Although there were plural factors
regarding the inflow speed, the ship speed and RPM of the

Fig. 12. The time histories of the relative surge ratio of the hull, rudders, wind load,
and wave load of the LNGC with 20 knots.

Fig. 13. The time histories of the relative surge ratio of the hull, rudder, wind load, and
wave load of the LNGC with 12 knots.
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propellers mainly affected the inflow speed. Therefore, as the ship
speed decreased, the magnitude of the rudder load decreased.
Wind load was also in proportion to the square of the relative wind
speed. Since the relative wind speed had to take into account the
wind speed, wind direction, ship speed, and heading angle, the
relative wind speed was not the same as the absolute wind speed.
However, as the ship speed decreased, the magnitude of the wind
load decreased as well. But the mean wave drift force for surge
became small as the ship speed increased for the head sea condi-
tion in the dominant wave range. The dominant wave frequency in
the sea route was longer than the peak frequencies. Consequently,
when the command speed was reduced, the relative ratio for wave
loads became larger. For example, the peaks of the wave loads were
observed on day 6 in Fig. 12, and on day 8 in Fig. 13. The relative
surge ratio of the wave load in Fig. 12 was about 12e13%. On the
other hand, in Fig. 13, the ratio was about 22e23%.

4.2. Sea margin considering the hull, propellers, rudders, and given
sea route under the specified wind and waves

Fig. 14 shows the time averaged RPM, the regressed curve by
assuming the 1st order polynomials for the time averaged RPM, and
the relative ratio according to the command speed. The time
averaged RPM indicated that the aggregated RPM from the
departing terminal to the final destination was divided by the
estimated time on the final location. In the figure, the time aver-
aged RPM under wind and waves was 1.4e1.8% larger than that
under the calm water condition. The relative ratio of the difference
decreased as the ship speed increased. The reason why the relative
ratio of the difference became small according to the increased ship
speed was as follows. As mentioned, the resistance due to the hull
was in proportion to the square of the ship speed, and thewind load
was in proportion to the square of the relative wind speed. How-
ever, as the ship speed increased, the mean wave drift force for the
surge decreased. The increased magnitude of the hull load was
larger than the increased value of the wind load, and as the ship

speed increased, thewave load even decreased. The denominator of
the relative ratio of the difference was the resistance under calm
water condition. In comparison with the increment of the de-
nominator, the increment of the numerator became small for the
faster ship speed. In addition, as the RPM increased, less increment
of RPM was needed to offset the increased resistance due to wind
and waves.

Furthermore, thrust was also in proportion to the square of the
RPS (or RPM). Consequently, the resistance was in linear proportion
to the RPM (Lewis, 1989). The relation could be observed from a
speed-RPM curve obtained from a model test (Behrendt and
Kucharski, 1997). Eq. (13) shows the assumption of the 1st order
polynomials plotted in Fig. 14. By applying the least square method,
awas obtained. Each regressed curvewas plotted by calculating the
obtained a. The plotted results werewell matchedwith the physical
knowledge in terms of the speed-RPM relation.

Time averaged RPMðUÞ¼a$U (13)

Fig. 15 shows the time averaged power, the regressed curve by
assuming the 3rd order polynomials for the time averaged power,
and the relative ratio according to the command speed. The time
averaged power indicated that the aggregated power from the
departing terminal to the final destination was divided by the
estimated time at the final location. The relative ratio indicated the
sea margin by considering the hull, propellers, rudders, and given
sea route under wind and waves with a certain command speed.

Since the power was in proportion to the cube of the RPS (or
RPM), the time averaged power was also in proportion to the cube
of the ship speed. Consequently, the tendencies of the difference of
the estimated sea margin according to the ship speed were similar
to those of the difference of the time averaged RPM, as shown in
Fig. 14. Fig. 15 shows that as the design speed increased, the sea
margin became small. The reason why the increased value of RPM
became small was already discussed. The tendency of the estimated
power had to be the same. Eq. (14) shows the assumption of the 3rd

Fig. 14. The time averaged RPM, the regressed curve by assuming the 1st order
polynomials for the time averaged RPM, and the relative ratio according to the com-
mand speed.

Fig. 15. The time averaged power, the regressed curve by assuming the 3rd order
polynomials for the time averaged power, and the relative ratio (sea margin) according
to the command speed.
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order polynomials plotted in Fig. 15. By applying the least square
method, b was obtained. Each regressed curve was plotted by
calculating the obtained b. The plotted results were also matched
with the physical knowledge.

As the command speed increased, the estimated sea margin
decreased along the identical sea route under the identical weather
conditions. The slope of the sea margin became gradual. The range
of the sea margin was 7.0e9.2% for the command speed from 20 to
12 knots.

Time averaged powerðUÞ¼b$U3 (14)

The sea margin empirically ranged from 15 to 30%. Although the
assumed environmental condition could be regarded as the typical
weather condition, it seemed to be relatively small. The difference
resulted from the missing parameters on the estimation of the sea
margin.

The missing parameters written in the ITTC recommendation
were shallow water effect, effect of aging, air and water tempera-
ture, fouling on the hull, roughness of the hull and the propeller
surface, and others. First, shallow water effect was regarded as the
parameter connected to the restricted water with heavy traffic
volume. In a canal, like the Suez Canal or the Panama Canal, it is
impossible to maintain the design speed. The situation is similar in
the Strait of Malacca, due to the heavy traffic volume, or safety
issue. Consequently, it is not reasonable to consider the shallow
water effect on the estimated sea margin. Second, it is difficult to
consider the aging effect as a quantified form, since the effect is a
functional loss caused by the equipment aging ormachinery failure.
Third, the air andwater temperature varied according to the time of
day and year and the sea route. Of course, the temperature affects
the viscosity and friction resistance of a ship. It was assumed that
the effect of temperature was already considered in the increase of
total resistance. Fourth, it was also hard to quantify the roughness
of the hull and the propeller surface, like the effect of aging.
Therefore, they had to be excluded from the scope of this research.
The quantification of the fouling effect has been researched as a
major cause of the speed loss in several studies. Molland et al.
(2011) and MMT (Larsson and Simonsen, 2014) provided a clue to
consider the fouling effect on the estimation of the sea margin.

4.3. Additional consideration of fouling on the actual sea margin

By referring to the values of the fouling effect anticipated by
Molland et al. (2011), the increased total resistance of 1.5%/month
was assumed as the fouling effect acting on a ship. The sea margins
were estimated according to the re-docking periods of 0.5, 1.0, 1.5,
and 2.0-year by following the constructed procedure shown in
Fig. 6.

Fig. 16 shows the time averaged RPM and the regressed curves
by assuming the 1st order polynomials for the time averaged RPM,
additionally considering the fouling effect according to the com-
mand speed. As the ship speed increased, the time averaged RPMs
increased. And as the considered re-docking period became longer,
the time averaged RPM increased as well.

Fig. 17 shows the time averaged power and the regressed curves
by assuming the 3rd order polynomials for the time averaged po-
wer, additionally considering the fouling effect according to the
command speed. As the ship speed increased, the time averaged
power increased in proportion to the cube of the ship speed.
Furthermore, as the considered re-docking period became longer,
the time averaged power increased as well.

Fig. 18 shows the estimated sea margin of the LNGC, additionally
considering the fouling effect according to the re-docking period.
As the command speed increased, the estimated sea margins

decreased in common. If the value of 1.5%/month was considered
for 0.5-year, the sea margin was increased by about 10%. When the
fouling effect for 2.0-year was considered, the estimated seamargin

Fig. 16. The time averaged RPM and the regressed curves by assuming the 1st order
polynomials for the time averaged RPM, additionally considering the fouling effect
according to the command speed.

Fig. 17. The time averaged power and the regressed curves by assuming the 3rd order
polynomials for the time averaged power, additionally considering the fouling effect
according to the command speed.
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increased by about 40%. The estimated sea margin for the re-
docking periods ranged from 10 to 50%. Since the value of 1.5%/
month was not obtained with the physical evidence, it was
necessary to find a way to amend the value. To acquire the new
value of the fouling effect, the speed loss was considered from the
regressed data of a ship from 4.75 to 6.0-year, as shown in Fig. 5.
There were restrictions due to the vagueness of the referred data
and the non-generalized characteristics of the fouling effect.
However, the amendment was devised by the speed loss that is a
common feature of a ship under way.

A ship with 20 knots at a certain power condition could sail at
19.10 knots two years later. In Fig. 17, after a virtual line could be
drawn from the green left triangle at 20 knots to the y-axis, an
additional virtual line was drawn vertically from the 19.10 knots.
The intersection point could be assumed as the time averaged po-
wer by considering the fouling effect for two years. Since the time
averaged power could be regressed by assuming the 3rd order
polynomials, the coefficient, which corresponded to b in Eq. (14),
could be predicted. The intersection point was marked between the
curves of 0.5 and 1.0-year. By considering the relative magnitude of
the coefficient and the increased total resistance for 0.5 and 1.0-
year (9 and 18%, respectively), the increased proportion in terms
of the total resistance could be predicted. To acquire the increased
proportion of the total resistance per month, the obtained value
was divided by 24 months (two years), and 0.5699%/month was
newly obtained. The value of 0.5699%/month indicates the aver-
aged increase of the total resistance matched to the sample oper-
ation data. The speed loss (from 4.75 to 6.0-year in Fig. 5) could be
similarly replicatedwhen the total resistance of the LNGC increased
by the average 0.5699%/month, so long as there was not any repair
work. This approach could be regarded as a way that the fouling
effect was considered in a physical and mathematical model based
on the measured or predicted speed loss.

4.4. Estimated sea margin considering the hull with fouling effect,
propellers, rudders, and given sea route under the specified weather
conditions

Fig. 19 shows the estimated sea margins of the LNGC with the
design speed of 20 knots, and with the fouling effect of 0.5699%/
month. If there was no consideration of the fouling effect (that was
marked on the 0-year), about 7.1% was regarded as the sea margin
for the given sea route under the identical environmental condi-
tions. As the re-docking period became longer, the estimated sea
margin became larger.

The differences from the estimated sea margin of one to zero
years and from that of five to four years were about 6.2 and 4.0%,
respectively. Fig. 19 shows that although the total resistance
increased linearly according to the re-docking period, the differ-
ence between the sea margins became gradual. This could be un-
derstood based on the RPM-power relations. In common, the re-
docking period of a ship ranged from one to five years (Gold
Standard Foundation, 2017), and the empirical sea margin ranged
from 15 to 30%. Since the estimated sea margin for the re-docking
period ranged from 13.3 to 32.2%, the estimated sea margin was
regarded as the comprehensible value.

In reality, an LNGC had been designed by using the seamargin of
about 21% (of course, the sea margin could differ according to the
target sea route, request from the ship owner, and others). The
median of the estimated sea margin considering the re-docking
period from zero to five years was similar to the empirical design
criteria in a shipyard. Although more research has to be carried out
to use the estimated sea margin as the design basis, this research
could show the possibility of deciding a sea margin based on the
physical and mathematical model of a ship.

Fig. 20 shows the estimated fuel oil consumption and the in-
crease of the fuel oil consumption according to the re-docking
period. It was assumed that HFO was combusted for the main en-
gine operation. The SFOC information of the main engine was

Fig. 19. Estimated sea margin considering the fouling effect of 0.5699%/month.

Fig. 18. The estimated sea margin of the LNGC, additionally considering the fouling
effect according to the re-docking period.
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referred from the previous research (You and Park, 2018). The fuel
oil consumption and the increase of fuel oil consumption increase
as the re-docking period increases. Although the tendencies of the
estimated fuel oil consumption and the increase of the fuel oil
consumption shown in Fig. 20 are similar to that of the sea margin
shown in Fig. 19, the increase of the fuel oil consumption according
to the re-docking period is larger than the estimated seamargin at a
certain re-docking period.

5. Conclusion

In this paper, a framework to estimate the actual sea margin of
an LNGC based on the maneuvering equations of motion was sug-
gested, by considering the hull with fouling effect, propellers,
rudders, and the given sea route under wind and waves. By
assuming the identical sea route and environmental conditions, the
estimated sea margins were investigated according to the com-
mand speed. The two conclusions are as follows.

First, the fouling effect on the estimated sea margin was
considered by assuming it as the increased total resistance ac-
cording to the re-docking period. However, the representative
value of 1.5%/month was recognized as of incredible. Although the
approach provided a clue as to how to consider the fouling effect on
the sea margin, a suitable way to consider the fouling effect by the
speed loss had to be newly suggested. A new value of 0.5699%/
month was obtained from the suggested approach with the
assumptions.

Second, the sea margin was estimated for the vessel with 20
knots. The sea margin ranged from about 7.1 to 32.2% according to
the re-docking period. If the common re-docking period was
considered, the sea margin ranged from about 13.3 to 32.2% for the
fouling effect of one to five years. The range of the estimated sea
margin was similar to the empirical range of the sea margin of
15e30%, as given in the ITTC recommendation and the referred
paper. The estimated sea margin based on the physical background
could show the potential applicability to the ship design, and
matched well with the described ship owner's request.

The constructed framework gave a clue to devise an approach to

achieve the actual sea margin based on the physical and mathe-
matical model considering the actual operation. Of course, the ac-
quired sea margin in this study did not have its own significance,
since the value was not generalized for all kind of vessels, sea
routes, and environmental conditions. What was worse, the
considered speed loss was not obtained from the identical LNGC.
However, it was possible to perceive how to acquire the sea margin
not based on the empirical approach or post-processing of the
operation data, but based on the physical and mathematical model.
Although this paper showed the calculation results for a scenario
(sea route and weather conditions) only, simulation can be
repeatedly conducted for diverse sea routes and weather condi-
tions. From the diverse simulation results, it will be possible for the
empirical sea margin to be substituted into a representative value
(or calculated sea margin), for an engineer to decide the main en-
gine capacity at an initial design stage. In addition, a shipping
company can perceive the type of operation datawhich is needed to
estimate the sea margin, by following the physical and mathe-
matical approach of this research. In concluding this paper, the
necessity for further study has become more evident to generalize
the approach. For future suggestions, it can be helpful for engineers
to decide the design speed, MCR, and engine capacity according to
the acquired design basis.

Nomenclature

Abbreviation
LNGC Liquefied Natural Gas Carrier
MCR Maximum Continuous Rating
ITTC International Towing Tank Committee
RO-RO Roll-On/Roll-Off
RPM Revolution Per Minute
AIS Automatic Identification System
ECMWF European Center for Medium-range Weather Forecasts
DSME Daewoo Shipbuilding and Marine Engineering Co., Ltd.
QTF Quadratic Transfer Function
MMT Maersk Maritime Technology
BV Bureau Veritas classification
LNG Liquefied Natural Gas
UTC Universal Time Coordinated
SOG Speed Over Ground
COG Course Over Ground
RPS Revolution Per Second
HFO Heavy Fuel Oil
SFOC Specific Fuel Oil Consumption

Symbol
LPP Length between perpendiculars
B Breadth
CB Block coefficient
O;xg ;yg Global coordinate axis
f; l Latitude and longitude in the global coordinate system
o;x;y Body fixed coordinate axis
X; Y ; N Longitudinal and transverse forces acting on the ship

and yaw moment
U Ship speed
J Heading angle
b Drift angle
VWI Absolute speed of wind
JWI Absolute angle of wind
JWA Absolute angle of waves
dPORT ; dSTBD Deflected angle of a rudder installed on the port side

and starboard side

Fig. 20. Estimated fuel oil consumption and increase of the fuel oil consumption ac-
cording to the re-docking period.
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m Mass of the ship
Izz Mass moment of inertia
u; v; r Longitudinal and transverse speeds, and angular

velocity (or turn rate)
_u; _v; _r Time derivatives of the longitudinal, transverse speed,

and the angular velocity
xG Distance of the longitudinal center of gravity from mid-

ship
H Hull
P Propeller
R Rudder
WI Wind
WA Wave
F Fouling
0 (Inverted comma) Non-dimensionalized value
r Density of sea water
mx; my Added mass along the longitudinal and transverse

directions
Jzz Added mass moment of inertia
T Draft
nPORT ; nSTBD Revolution per second (RPS) of a propeller installed

on the port side and starboard side
KT ðJP; PORT Þ; KT ðJP; STBDÞ Thrust coefficient of a propeller installed

on the port side and starboard side
KQ ðJP; PORT Þ; KQ ðJP; STBDÞ Torque coefficient of a propeller installed

on the port side and starboard side
QP;PORT ; QP;STBD Torque of a propeller installed on the port side and

starboard side
JP; PORT ; JP; STBD Advance ratio of a propeller installed on the port

side and starboard side
t Thrust deduction coefficient
yP Distance from center line to a propeller
wP Wake fraction at the position of the propeller
yR Distance from center line to a rudder
FN;PORT ; FN;STBD Normal pressure on the rudder installed on the

port side and starboard side
AR Rudder area
tR Correction factor of the resistance increase due to

steering
aH Fraction of increase of the sway force due to steering
xR Rudder location
xH Point of application of the additional sway force due to

steering
UR Velocity of the flow at the rudder location
CL; a Slope of the lift coefficient
aR; PORT ; aR; PORT Angle of attack of a rudder installed on the port

side and starboard side
L Aspect ratio of a rudder
CX;WI

0ðjÞ; CY ;WI
0ðjÞ; CN;WI

0ðjÞ Non- dimensionalized wind load
coefficients

LOA Overall length of the ship
AL Lateral projected area
AT Transversal projected area
rair Density of the air
zA Wave amplitude
VrWI Relative wind speed
jrWI Relative wind incident angle acting on the hull
jrWA Relative wave incident angle acting on the hull
urWI Longitudinal relative wind speed acting on the hull
vrWI Transverse relative wind speed acting on the hull
QTFX ; QTFY ; QTFN Quadratic transfer functions of wave mean drift

forces and moment for surge, sway, and yaw
EðwÞ ITTC wave spectrum
w Mean wave frequency

aW Wave incident angle
HS Significant wave height
wm Modal wave frequency
Tm Wave mean period

Unit
% Percentage
knotðsÞ Knot (one nautical mile per hour)
m meter
kW Kilowatt(s)
� Degree(s)
m2 Square meter
rad =s Radian per second
%/month Percentage per month
MW Megawatt(s)
�C Celsius
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